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Tip dating supports a Middle Ordovician origin for
total-group chondrichthyans and a rapid radiation
of acanthodian-grade taxa

Lorenzo Emanuele Morra®'

The early evolutionary history of acanthodians, a paraphyletic group of Palaeozoic stem chondrichthyans, is reconstructed using a comprehensive
and updated morphological phylogenetic dataset consisting of 429 characters scored for 87 articulated taxa. Results of a time-calibrated Bayesian
analysis suggest a Middle Ordovician origin for total-group Chondrichthyes, coinciding with the end of the Great Ordovician Biodiversification
Event, and an Early Devonian age for the most recent common ancestor of crown Chondrichthyes. Further, major acanthodian lineages are
inferred to originate towards the end of the Late Ordovician. This supports a diversification model in which interordinal cladogenesis occurred
in the Middle-Late Ordovician and most intraordinal cladogenesis occurred in the Silurian. Divergence dates and short internodes inferred
by the tip-dating analysis indicate a relatively rapid pattern of successive cladogenetic splits for major groups of acanthodians that diverged
from the chondrichthyan stem in the Darriwilian and Sandbian. These speciation events possibly produced daughter lineages that remained
morphologically similar to their ancestors before undergoing other cladogenetic splits, as suggested by the relatively low rates of morphological
evolution (number of morphological changes per million year) reconstructed for the same branches. The lack of synapomorphies resulting from
such a compressed pattern of divergences is likely the cause of low branch support and the topological instability that characterizes acanthodian
relationships. The results presented in this study confirm that underlying evolutionary processes such as rapid radiations, in conjunction with
the fragmentary nature of the fossil record, can further negatively impact phylogenetic reconstruction based on morphological data.
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Introduction in a variety of arrangements. Climatiids are usually retrieved as

either the earliest diverging clade of total-group Chondrichthyes
Acanthodii are a globally distributed and morphologically distinct (Burrow et al., 2016, Frey et al. 2019, Klug et al., 2023) or as more
grade of Palaeozoic cartilaginous fishes, with a fossil record ranging closely related to crown-group chondrichthyans by more inclusive
from the early Silurian (Andreev et al., 2022b; Zhu et al., 2022)  jnaiyses (King and Riicklin, 2020, Cui et al., 2025). The respective

to the Permian (Schyltze, 1985). Found in both mariqe and  gystematic positions of the other three orders, Acanthodiformes,
freshwater palaeoenvironments (Schnetz et al., 2022), their most  pjp|acanthifomes and Ischnacanthiformes, are equally elusive, with

distinctive and easily preserved features are the fin spines, located  ihe three groups generally recovered as a clade (Burrow et al.
anteriorly to all fins except the caudal one, and the characteristic 2016) or with Diplacanthiformes as the earliest diverging clade of

micromeric scales (Moy-Thomas, 1971). Except for lineages that  «Acanthodii’, followed crownwards by Ischnacanthiformes and then
possess pectoral dermal plates (e.g., climatiids and diplacanthids)  Acanthodiformes (Zhu et al., 2022).

and for the body scale bases, which are composed of bone, the
skeleton of acanthodians is primarily cartilaginous. This limited
their conservation potential and caused a scarcity of morphological
information, which hindered our understanding of their anatomy
and phylogenetic relationships. In turn, this is corroborated by the
variety of hypotheses regarding their systematic position on the
jawed vertebrates tree (Nelson, 1969; Denison, 1979; Janvier, 1996;
Sansom, 2009; Davis et al., 2012).

In recent years, due to advancements in methods of phylogenetic
reconstruction and in data collecting practices, with phylogenetic
datasets containing an ever-growing number of characters and
taxa (Laing et al., 2018), almost all the large-scale phylogenetic
analyses recovered Acanthodii as a paraphyletic array leading
to crown-group Chondrichthyes (Burrow et al., 2016; Qiao et al., Author affiliations: 2Dipartimento di Scienze Chimiche e Geologiche, Universita
2016; King et al., 2017, Brazeau et al., 2023; Cui et al., 2025).  degli Studi di Modena e Reggio Emilia, Via Campi 103, 1-41125 Modena, ltaly;
Despite this seemingly robust consensus and the wealth of new httpsi/orcid.org/0000-0002-7771-957X
information about the early evolutionary history of the group (Burrow
and Ricklin, 2014; Andreev et al.,, 2022b, Zhu et al., 2022), 7o whom correspondence should be addressed: 231157@studenti.unimore.it.
relationships along the chondrichthyan stem remained obscure,  wianaging Editor: Harriet B Drage, Thomas Wong Hearing; Handling Editor: Juan D.
with different analyses recovering the four main acanthodian orders ~ Carrillo; Peer reviewers: Christian Klug, Plamen Andreev; Typesetter:Juan D. Carrillo

The recovery of conflicting phylogenetic hypotheses is possibly
due to the different taxon and character samples used in different
analyses and in the methods of tree inference used (Fonseca et
al., 2024) or can be a direct consequence of underlying complex
evolutionary processes (Whitfield and Lockhart, 2007). Moreover,
new data about the early evolutionary history of the group, repre-
sented by the recently described early Silurian taxa Shenacanthus
(Zhu et al., 2022) and Fajingshania (Andreev et al., 2022b) have
never been incorporated in a tip-dating analysis and used to infer
the timing of the early radiation of ‘Acanthodii’. The aim of this study
is to construct a new comprehensive morphological dataset focused

https://doi.org/10.26034/la.opal.2026.8549 OPal — 02March2026 — vol.3 — no.1 — 1of9


https://doi.org/10.26034/la.opal.2026.8549

on early total-group chondrichthyans’ relationships, including all
the informative characters available in the literature and most of
the better known and reasonably complete acanthodian taxa. The
matrix will then be used to test previously proposed phylogenetic
hypotheses and to infer divergence ages for major acanthodian-
grade and early crown chondrichthyan clades.

Dataset assembly

To construct a comprehensive morphological dataset focused
on the relationships of stem chondrichthyans and early crown
chondrichthyans, the matrix presented in Zhu et al., (2022) was
used as a starting point. First, all extinct total-group chondrichthyan
taxonomic units present in the dataset were selected, excluding
those above the genus level, together with 9 osteichthyans and
2 placoderm outgroups. Second, all the parsimony informative
characters for the chosen taxa were selected and included in the
matrix. Twenty-six direct autapomorphic traits were also included
in the dataset because they provide information and influence
estimation of the duration of terminal branches in morphological
clock-type analyses (Matzke and Irmis, 2018) and considering future
expansions. Lastly, the dataset was complemented with 9 additional
taxa, scored using the primary literature and examination of
tomographic slices and 3D renderings. The newly added taxonomic
units are: Acanthodes lopatini Rohon, 1889 (scored based on
Beznosov, 2009), Diplacanthus crassissimus Duff, 1842 (scored
based on Burrow et al., 2016), Fallodentus davidsoni Newman et
al., 2020 (scored based on Newman et al., 2020), Fanjingshania
renovata Andreev et al., 2022b (scored based on figures and
tomographic data in Andreev et al., 2022b), Howittacanthus kentoni
Long, 1986 (scored based on Long, 1986), Lodeacanthus gaujicus
Upeniece, 1996 (scored based on Upeniece, 1996), Orcadacanthus
pusillus Agassiz, 1844 (scored based on Newman et al., 2023),
Tricuspicanthus gannitus Blais, Hermus and Wilson, 2015 (scored
based on Blais, Hermus and Wilson, 2015 and tomographic data
in Blais, 2017) and Utahacanthus guntheri Schultze, 1990 (scored
based on Schultze, 1990). Furthermore, characters 24, 25 and
26 of the current character list were rescored in Entelognathus
primordialis based on new data in Cui et al. (2023).

The complete matrix comprises 429 characters (of which 403
are parsimony informative) scored for 87 taxa. Nexus files used
for phylogenetic analyses, a complete character list, and all the
recovered trees are present as supplementary material.

Phylogenetic analyses

A Bayesian inference analysis integrating both morphological and
stratigraphic data was performed using MrBayes ver. 3.2.7 (Ronquist
et al., 2012). Tip-dating Bayesian methods are used to simultane-
ously infer tree topology, branch lengths and divergence dates using
morphological and stratigraphic information from the terminal taxa.
As a result, topologies obtained by these methods are generally
more stratigraphically congruent than trees retrieved by undated
Bayesian and parsimony analyses (King, 2021; Lopez-Antofhanzas
and Pelaez-Campomanes, 2022) and are, hence, preferable to other
a posteriori time-scaling methods for inferring divergence dates.
The time-calibrated analysis was conducted using the fossilized
birth-death (FBD) model (Gavryushkina et al., 2014; Heath et al.,
2014) with a relaxed clock, and the Mkv model (Lewis, 2001) of
character evolution. Uncertainty regarding stratigraphic occurrences
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of all the included taxa was accounted for using uniform prior
distributions for tip ages (Barido-Sottani et al., 2019), except for
the age of Tribodus Brito and Ferreira, 1989, which was fixed at 106
millions of years ago (Mya) because MrBayes ver. 3.2.7 requires the
age of the most recent taxon to be fixed if the sample is composed
of fossil taxa only.

Stratigraphic information for each terminal taxon was obtained
from the Paleobiology Database (2024) and from Zhu et al. (2022).
The tree age prior was specified using a uniform distribution set
between 433.4 and 486.85 millions of years ago (a maximum
age conservatively set in the Early Ordovician based on results
presented in Marjanovi¢, 2021). The crown Gnathostomata node
was also calibrated, following Marjanovi¢ (2021), using a uniform
prior distribution with a minimum age of 465 Mya and a maximum
age of 475 Mya. Dicksonosteus Goujet, 1975 and Entelognathus
Zhu et al., 2013 were used as successive outgroups, based on
results of most previous phylogenetic analyses on total-group
gnathostomes (Zhu et al., 2016; Li et al., 2021).

Two runs of four chains each were performed for 15,000,000
generations, with the temperature set at 0.10 and sampling every
500 generations. The first 25% of the sampled trees were discarded
as burn-in and all characters were unordered. Results of the FBD
analysis were summarized in a maximum clade credibility tree.
Convergence of independent runs was assessed examining the
MrBayes output and visually using Tracer ver. 1.7.2 (Rambaut et
al., 2018): effective sample size was greater than 200 for the tested
parameters and average standard deviation of split frequencies was
0.0137 at the end of the analysis.

A maximum parsimony analysis was performed in PAUP* ver.
4.0a169 (Swofford, 2002), using a heuristic search with tree
bisection and reconnection (10,000 replicates) a maximum of 10
trees per replicate with a score above 1, maxtrees set at 100.000
and all characters set as having equal weights.

Phylogenetic networks

The consensus network method is adopted here to further explore
and visually summarize topological uncertainty and instability of
taxa in the set of most parsimonious trees recovered by the
parsimony analysis. Phylogenetic consensus networks show all
taxon relationships reconstructed by a phylogenetic analysis over
a specified proportion of the recovered set of trees, presenting
conflicting phylogenetic hypotheses that are usually not displayed
by traditional consensus trees (Holland and Moulton 2003; Moon,
2017). Consensus networks were computed in SplitsTree v. 6.4.13
(Huson and Bryant, 2006) with default options, and frequency
thresholds of 33%, 20%, 10% and 0% were used (Serra Silva, 2024).
Additionally, cluster networks were also computed in SplitsTree using
the same set of most parsimonious trees and the same thresholds
and default options.

Phylogenetic results

The topology recovered from the FBD analysis is presented in
Figures 1 and 2 and is in overall agreement with previous large-
scale phylogenetic analyses of stem chondrichthyans and total-
group gnathostomes, such as Chevrinais et al. (2017), Andreev
et al. (2022b) and Zhu et al. (2022). A clade formed by
Ischnacanthiformes plus Diplacanthiformes is recovered as the
earliest diverging group of acanthodians (posterior probability:

OPal — 02March2026 — vol.3 — no.1 — 2o0of9


https://doi.org/10.26034/la.opal.2026.8549

yPal

Open Palaeontology

Dicksonosteus_arcticus

Entelognathus_primordialis

482,07 e |OSteIChthyeS
Ramirosuarezia_boliviana

_EjeeGladiobranchus >_probaton
“Uraniacanthus

. *% fm Rhadinacanthus Diplacanthiformes
' %E' Diplacanthus_crassissimus

Diplacanthus_tenuistriatus
[ Culmacanthus_stewarti

T = Teta'nopsyrus_lmdoel_ breviacanthias
= Nerepisacanthus

T35.67 Tricuspicanthus_gannitus .
1 ggchnacanthus_gracilis Ischnacanthiformes
Poracanthodes_menneri
Latviacanthus_ventspilsensis

x
478,22

L

— Euthacanthus_macnicoli AcanthOd IfOI’meS
o R Cassidiceps_vermiculatus
72 [ ]
B X Promesacanthus_eppleri

Mesacanthus_mitchelli
422,35 Tl

Orcadacanthus_pusillus
418,25 —é o

== | odeacanthus_gaujicus

sosd = Fallodentus_davidsoni w
: Cheiracanthus_spp

== [Halimacanthodes

Homalacanthus_concinnus

Howittacanthus_kentoni

Acanthodes_lopatini
9

261,05| it

Acanthodes_bronni

= Utahacanthus_guntheri
== Fanjingshania_renovata

Brachyacanthus_scutiger
Climatius_reticulatus

1. =" ptomacanthus_anglicus 6 Climatiida
Parexus_recurvus
% Gyracanthides

T I ‘Zernicomacanthus_waynensis
Lupopsyrus_pygmaeus

] _EmObtusacanthus_corroconis

'T Paucicanthus

L Shenacanthus

Brochoadmones_milesi
Kathemacanthus_rosulentus
Gladbachus
Pucapampella_rodrigae

Crown Lhondnchthxes'

Ordo. Sil. Devon. Carbonif. Perm. Trias. Jurassic Cretaceous
500 460 420 380 340 300 260 220 180 140

1(I)0 Mya

[t
Figure 1. Maximum clade credibility tree recovered by the Bayesian time-calibrated analysis. Numbers at nodes are median age values inferred by the analysis. Silhouettes are
taken from Phylopic: Ptomacanthus anglicus by T. Michael Keesey used under CCO 1.0 Universal Public Domain Dedication, Diplacanthus crassisimus by RP Dearden used under

CCO0 1.0 Universal Public Domain Dedication, Hexanchus griseus by Ignacio Contreras used under Attribution 3.0 Unported, Acanthodes bronni by Nobu Tamura used under
Attribution 3.0 Unported, Ischnacanthus gracilis by RP Dearden used under CCO 1.0 Universal Public Domain Dedication.
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Figure 2. Maximum clade credibility tree recovered by the time-calibrated Bayesian analysis. Numbers at nodes are posterior probability values, branches coloured according
to median rates of morphological evolution. Parexus sp. by SeismicShrimp, used under a Creative Commons Attribution 4.0 International license. Abbreviations: LOME, Late
Ordovician Mass Extinction.
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0.17). This clade is followed crownwards by Acanthodiformes,
the latter including Euthacanthus and Latviacanthus (posterior
probability: 0.33). Acanthodiformes, in turn, is recovered as sister
taxon to Climatiida + a paraphyletic array composed of the more
crownward acanthodians and other stem chondrichthyans (including
Brochoadmones, Kathemacanthus, Gladbachus and Pucapampella,
here termed the ‘Brochoadmones grade’) + crown Chondrichthyes
(posterior probability: 0.28). This arrangement is not consistent with
the topology found by the tip-dating Bayesian analysis performed by
Klug et al. (2023) and parsimony analyses in Burrow et al. (2016),
in which Climatiida is recovered as the earliest diverging clade of
‘Acanthodii’, and Ischnacanthiformes and Diplacanthiformes are
found closely related to Acanthodiformes. Differently from the
results in Zhu et al. (2022), Janusiscus is recovered as the earliest
diverging osteichthyan in the tip-dating analysis, and Culmacanthus
and Tetanopsyrus are found forming a clade, which in turn is
closely related to Ischnacanthiformes, albeit with very low support
(posterior probability: 0.07). Furthermore, in Klug et al. (2023)
Pucapampellidae is recovered as monophyletic, a hypothesis not
supported by phylogenetic results presented herein.

Ramirosuarezia (Pradel et al., 2009) is recovered as the earliest
diverging total-group chondrichthyan in the tip-dating analysis,
although support for this hypothesis is low (posterior probability
of a clade comprising all total-chondrichthyans excluding Ramiro-
suarezia: 0.36). Fanjingshania is recovered as the earliest diverging
climatiid, whereas in phylogenetic analyses presented by Andreev
et al. (2022b) this taxon is recovered in a more derived position.
Immediately crownwards of Climatiida, the FBD analysis recovered
a clade containing Shenacanthus, Paucicanthus, Lupopsyrus and
Obtusacanthus (posterior probability: 0.32). Relationships retrieved
among crown Chondrichthyes are mostly consistent with the results
of the Bayesian analysis in Zhu et al. (2022). Congruence of
topologies retrieved herein with results presented in the latter study
possibly suggests a good stratigraphic fit for this arrangement of the
chondrichthyan stem.

Divergence dates retrieved from the time-calibrated analysis are
summarized in Table 1. Total-group Chondrichthyes is inferred to
originate in the Darriwilian, 465.8 millions of years ago (Mya), right
after the Great Ordovician Biodiversification Event (Servais et al.,
2008; Harper et al., 2019). The clade composed of Acanthodiformes
+ Climatiida + the ‘Brochoadmones grade’ + crown chondrichthyans
and the clade comprising Climatiida, the ‘Brochoadmones grade’
and crown chondrichthyans are inferred to originate at 464.72 and
461.05 Mya, respectively. The origins of major acanthodian lineages
are placed in the Katian: the clade comprising Ischnacanthiformes
and Diplacanthiformes is reconstructed to originate 447.32 Mya,
whereas the most recent common ancestor of Acanthodiformes is
placed at 445.79 Mya. Climatiida is inferred to originate 448.3 Mya.
The most recent common ancestor of crown-group chondrichthyans
is placed at 410.34 Mya by the tip-dating analysis, an age consistent
with the divergence dates inferred by Inoue et al. (2010) and
Renz et al. (2013) for crown Chondrichthyes. Furthermore, the
Chondrichthyes-Osteichthyes split is inferred to occur in the Floian,
472.08 Mya.

Median rates of morphological divergence (number of mor-
phological changes per million year) inferred by the FBD anal-
ysis are relatively high on the branches leading to crown-group
Gnathostomata and total-group Chondrichthyes (values of 10.74
and 12.18, respectively), as shown in Figure 2 and Supplementary
Figure 1. They gradually decrease on branches leading to major
acanthodian-grade clades (values of 1.74, 5.75 and 3.07), after the
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Table 1. Divergence dates of major crown gnathostome clades inferred by
the Bayesian time-calibrated analysis.

Clade Median age inferred (in millions of years)
Crown Gnathostomata 472.08
Total-group Chondrichthyes 465.8
Ischnacanthiformes 433.67
Diplacanthiformes 430.87
Acanthodiformes 445.79
Climatiida 448.3
Crown Chondrichthyes 410.34
Total-group Osteichthyes 462.27

Ramirosuarezia split. Relatively low rates of morphological evolution
are also inferred among crown chondrichthyans (Suppl. Fig. 1).

The parsimony analysis recovered 1530 most parsimonious trees
of length 1043, these are summarized as a strict consensus tree
shown in Supplementary Figure 2. The tree is generally poorly
resolved, the only well resolved part of the topology being the clade
formed by Climatiida, more crownward stem chondrichthyans and
crown Chondrichthyes. Shenacanthus is recovered as sister taxon
to crown chondrichthyans as in the parsimony analysis in Zhu et al.
(2022).

Consensus networks results

Results of the consensus network analyses are shown in Figure 3,
and, regardless of the used split frequency threshold, all show that
most of the split incompatibilities are found in the area corresponding
to the early radiation of total-group Chondrichthyes. The same
area displays low support values in the Bayesian maximum clade
credibility tree and corresponds to an unresolved polytomy in the
strict consensus tree recovered by the parsimony analysis. In
this area of the chondrichthyan stem, four cladogenetic events are
concentrated and very close to each other (less than 10 millions
of years from the appearance of the common ancestor of total-
group chondrichthyans to the Climatiida divergence), with very short
internodes. This, coupled with relatively low rates of morphological
divergence inferred by the tip-dating analysis, possibly suggests
little morphological change in daughter lineages compared to their
inferred ancestor. The results of the cluster network analyses are
shown in Supplementary Figures 3-6 and are consistent with the
consensus networks.

Discussion and Conclusion

Here, | have provided a revised and expanded phylogenetic
analysis of acanthodians and early crown chondrichthyans. The
tip-dating Bayesian analysis inferred divergence dates consistent
with previous molecular estimates for the crown-group (Inoue et al.,
2010; Renz et al., 2013) and with the fossil record of total-group
Chondrichthyes (Sansom and Andreev, 2018; Andreev et al., 2022a).
Nevertheless, the results presented here are not congruent with
a previous morphological clock analysis of stem chondrichthyans
(Klug et al., 2023), which recovered significantly younger divergence
dates. However, this discrepancy in the results is not unexpected,
given their comparatively reduced taxon sample and the absence
of the key Silurian acanthodian-grade taxa Shenacanthus and
Fanjingshania in their matrix.

Differently from the time-adjusted parsimony analyses in Andreev
et al. (2022a,b) and Zhu et al. (2022), the tip dating analysis

OPal — 02March2026 — vol.3 — no.1 — 50f9


https://doi.org/10.26034/la.opal.2026.8549

A Crown Chondrichthyes

Acanthodiformes

. ) Osteichthyes
Diplacanthiformes

C Crown

hondrichthyes

Acanthodiformes

Acanthodiformes

Acanthodiformes

B Crown Chondrichthyes

. Osteichthyes

D

Crown Chondrichthyes

\ Osteichthyes

Figure 3. Consensus networks computed using 1530 most parsimonious trees recovered by the parsimony analysis. A, 33%; B, 20%; C, 10% and D, 0% split frequency

thresholds. Some taxa have been omitted for clarity.

presented herein recovered an Early Ordovician (Floian) age for
crown gnathostomes, a Middle Ordovician (Darriwilian) age for total-
group chondrichthyans and Late Ordovician dates for the origin of
major acanthodian groups. For acanthodians, this suggests a model
of diversification in which all interordinal diversification took place
in the Ordovician and most of the intraordinal cladogenesis that
produced the Devonian taxonomic diversity of the group occurred
in the Silurian. Such a diversification pattern would also imply a
relatively low taxonomic diversity in the Middle-Late Ordovician and
for most of the Silurian, consistent with the patchy fossil record of
the group in these time periods.

Older divergence dates recovered herein could be explained by
the more complete ingroup taxon sample and the smaller sample
of outgroup taxa in the present matrix, as well as the different
tree reconstruction method used. A Floian age for the origin
of crown gnathostomes is 20 million years older than previous
estimates based on morphological data (Andreev et al., 2022b and
Zhu et al., 2022) and is possibly supported by Middle Ordovician
chondrichthyan-like scales described in Sansom et al. (2012). This
seems to lend further support to the hypothesis that the initial
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diversification of Gnathostomata was part of the Great Ordovician
Biodiversification Event, as already discussed in Marjanovi¢ (2021)
and Andreev et al. (2022b).

Both Bayesian and maximum parsimony analyses yielded
generally poorly supported topologies, in which nodes along the
chondrichthyan stem, right after the Osteichthyes-Chondrichthyes
split, display very low posterior probability values or are collapsed,
respectively. This area of the topology corresponds to a region of in-
stability of the recovered relationships among taxa, as evidenced by
the network analyses. The same problematic nodes and branches
display relatively low rates of morphological evolution compared
to more rootward clades. Comparatively low rates of divergence
could be due to the sparse fossil record of jawed vertebrates in
the Late Ordovician and early Silurian. Cryptic morphological
diversity caused by preservation bias could have artificially lowered
rates of morphological evolution in this case. Alternatively, this
could mean that during the initial interordinal diversification of
acanthodians, daughter lineages remained relatively similar, from
a morphological point of view, to their inferred ancestors. After
cladogenetic events, they had relatively little time to accumulate
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potential synapomorphies before undergoing other evolutionary
splits (Whitfield and Lockhart, 2007). This is supported by the
very short internodes, and hence temporal proximity of major
cladogenetic events along the chondrichthyan stem (see Shaffer
et al., 1997), starting after the Osteichthyes-Chondrichthyes split
and reaching up to the Climatiida divergence. Such instances
of rapid successive speciation episodes, similarly to cryptic or
budding cladogenesis (i.e. when two or one of the daughter
lineages resulting from a cladogenetic event remain morphologically
undifferentiated from their ancestor, see Bapst, 2013), pose a
challenge to morphological phylogenetic reconstruction, due to the
intrinsic unresolvability, given by the possible lack of phylogenetic
signal, of clades that originated in this way (Rokas and Carroll, 2006;
Bapst 2013).

While short internal branch lengths do not directly represent
budding speciation events (see Caetano and Quental, 2023), short
internodes and low rates of morphological divergence suggest little
morphological change in at least one of the daughter lineages after
a bifurcation, as the amount of phylogenetic signal of a given branch
is proportional to the duration of that branch (Rokas and Carroll,
2006). Therefore, they support an ancient rapid radiation hypothesis
for early clades along the chondrichthyan stem and, possibly, for
early crown gnathostomes (see Rokas et al., 2005; Rokas and
Carroll, 2006; Whitfield and Lockhart, 2007 and Townsend et al.,
2011).

The matter is further complicated by the possibility that periods of
such rapid diversification can be characterized, and even promoted,
by reticulate evolutionary processes, such as hybridization, intro-
gression and gene flow (Seehousen, 2004; Mallet et al., 2015; Chan
et al., 2020; Cai et al., 2021), and this has been demonstrated for
the early radiation of jawed vertebrates (Simakov et al., 2020). This
can result in patterns of divergence that are more complicated to
reconstruct, and which may require more complicated frameworks
and tools than phylogenetic trees only (see Caparros and Prat,
2021).

Ancient rapid radiations are often detected and discussed in
molecular studies (Fishbein et al., 2001; Whitfield and Kjer, 2008;
Larridon et al., 2024) but have rarely been properly explored in a
strictly morphological context (but see Shaffer et al., 1997). We can
expect these areas of phylogenetic topologies to display low support
values or to be completely unresolved. Further, we can expect them
to be the future objects of debates around relationships of fossil taxa,
because relationship instabilities, depending on taxon sampling
and models used, are characteristic of short ancient internodes
(Whitfield and Kjer, 2008). This could, in part, explain uncertainties
regarding relationships of major acanthodian clades.

Divergence age estimates recovered in this study receive little
support from the fossil record and are considerably older than previ-
ous ones. Nonetheless, a model of diversification where taxonomic
diversity of stem-group chondrichthyans remained relatively low in
the Middle-Late Ordovician and Silurian could help explain the very
limited fossil evidence of the group in these time periods.

Data availability

All the original files used to conduct the phylogenetic analyses
are included in nexus format as supplementary files and all the
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present in the Supplementary Material.
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