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Abstract

Family Rhinoceroidae exhibits a complex and debated phylogeny, with fossil records spanning over 50 million years. This
study presents a comprehensive phylogenetic total-evidence analysis of Rhinocerotidae to date, integrating morphological,
molecular, fossil and paleoclimatic data within maximum parsimony, maximum likelihood, Bayesian and time-calibrated frame-
works. A matrix of 106 taxa and 534 morphological characters, including 11 newly defined ones, was assembled through system-
atic revision of previously ambiguous characters. In contrast to earlier studies, a fossil-based outgroup was selected in place of
extant Tapirus to improve character polarity and reduce topological artefacts associated with distant outgroup choice. The
resulting cladograms resolve longstanding conflicts in rhinocerotid systematics and identify many supported clades. Analyses of
the studied clades revealed an association between lineage diversification and climatic thresholds, which appear to have mediated
ecological turnover and the differential persistence of traits. The application of an integrative total-evidence approach illustrates
the role of climatic and ecological filters in shaping the evolutionary trajectories of megafaunal lineages and contributes to
broader methodological discussions in phylogenetics. The analytical framework developed provides a comparative model appli-
cable to both extinct and extant taxa, reaffirming the value of rigorous cladistic methods in paleobiology and systematics.
© 2025 Willi Hennig Society.

Introduction

Rhinoceroses are on the brink of extinction, their
once-diverse lineage within the family Rhinocerotidae
now reduced to a single subfamily with a limited geo-
graphic range (Heissig, 1973; Groves, 1983). Despite
their precarious status today, many species within

Rhinocerotidae thrived for over 40 million years, with
horns playing a central role in their evolutionary success
(Prothero et al., 1989; Prothero and Schoch, 2002).
These mammals evolved a wide range of body plans
and ecological adaptations, from short-limbed,
semi-aquatic taxa such as Teleoceras, to large grazing
forms like Ceratotherium and Coelodonta and dwarf
browsers such as Peraceras hessei and Teleoceras meri-
dianum (Prothero, 1998). Horn morphology also varied
considerably, including single nasal horns (Teleoceras,
Rhinoceros), single frontal horns (Elasmotherium), paired
nasal horns (Diceratherium, Menoceras) and both
nasal and frontal horns (Diceros, Dicerorhinus,
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Stephanorhinus, Ceratotherium, Coelodonta). The
absence of horns in many extinct taxa suggests that
horn loss and gain may have occurred multiple times
independently across lineages, potentially as evolu-
tionary responses to varying ecological pressures
(Prothero and Schoch, 2002; Fortelius et al., 2003).
However, the precise evolutionary pathways and
selective forces underlying these morphological tran-
sitions remain only partially understood. This mor-
phological and ecological diversity positions
Rhinocerotidae as a model clade for studying macro-
evolutionary responses to climatic and environmental
perturbations. As large herbivores, rhinoceroses have
acted as key ecosystem engineers, with evolutionary
trajectories highly sensitive to long-term environmen-
tal fluctuations. Once comprising a diverse and wide-
spread assemblage, rhinocerotids are now restricted
to five extant and mostly threatened species, reflect-
ing a deep history of ecological turnover and selec-
tive extinction linked to global environmental change
(Heissig, 1996; Fortelius et al., 2014; Bai et al.,
2020). The group’s biogeographic history reflects the
interplay between tectonic processes, such as
the uplift of mountain ranges and climate changes
including global cooling and habitat shifts (Fortelius
et al., 2014; Bai et al., 2020).
Initial diversification of rhinoceroses occurred in Eur-

asia and North America during the Oligocene, followed
by a major dispersal event into Africa in the Early Mio-
cene (Prothero et al., 1986; Saarinen, 2019; Bai
et al., 2020). These distributional shifts coincided with
significant climatic transitions, including global cooling,
the expansion of open environments and fluctuations in
atmospheric CO2 (Mudelsee et al., 2014)—factors likely
influencing habitat preferences, body size evolution and
extinction susceptibility (Fortelius et al., 2014).
Over the past three decades, phylogenetic relationships

among rhinocerotids have been extensively reconstructed
using morphology-based character matrices and parsi-
mony analyses (e.g. Antoine, 2002; Piras et al., 2010; Deng
et al., 2011; Lord et al., 2019). These studies have greatly
improved our understanding but have also revealed persis-
tent uncertainty and conflict in certain nodes, especially
regarding the interrelationships among subfamilies such
as Aceratheriinae, Teleoceratinae and Elasmotheriinae, as
well as the placement of enigmatic Eurasian taxa (Kam-
pouridis et al., 2021; Tissier et al., 2021; Lu et al., 2023;
Pandolfi and Martino, 2024). Conflicting topologies often
result from differences in taxon sampling, character cod-
ing and analytical approaches, including the choice and
number of outgroups.
While tapirs (Tapiroidea) are widely accepted as the

sister group to rhinocerotoids and have been used as
outgroups in many studies (e.g. Antoine, 2002; Becker
et al., 2013; Lord et al., 2019), relying on a single out-
group taxon may limit phylogenetic resolution and

robustness. Increasing outgroup diversity to include
other perissodactyl lineages closely related to rhinocer-
oses could help better root their phylogenies and clar-
ify their evolutionary relationships.
The rhinocerotid fossil record is comparatively rich

and well-studied—arguably among the best within
Rhinocerotoidea—providing a strong foundation for
phylogenetic research (Prothero and Schoch, 2002;
Fortelius et al., 2003). Nevertheless, fragmentary
remains, morphological convergence and homoplasy
complicate character selection and coding, contributing
to unresolved phylogenetic inference, systematic ambi-
guities and conflicting hypotheses (Groves, 1997;
McKenna and Bell, 1997; Moodley et al., 2020).
This study addresses these challenges by presenting

the most extensive and comprehensive phylogenetic
analysis of Rhinocerotidae to date, integrating a
detailed morphological matrix with genetic data,
fossil-based time calibrations and paleoclimatic recon-
structions to resolve longstanding uncertainties. In
particular, it clarifies debated nodes within the family
and improves outgroup representation. The morpho-
logical data were further examined to explore biogeo-
graphic dispersal and ecological adaptation within a
paleoclimatic framework.

Materials and methods

Notations and terminology

This study follows the cranial and dentognathic notation and ter-
minology established by Gu�erin (1980), Antoine (2002) and Lacom-
bat (2006). Upper teeth are denoted by capital letters (e.g. M1, M2
and M3), while lower teeth are represented by lowercase letters (e.g.
m1, m2 and m3). Deciduous teeth are indicated by a combination of
capital and lowercase ‘d’. The abbreviations Mc and Mt refer to
metacarpal and metatarsal bones, respectively.

For phylogenetic analyses, the following acronyms are used: ML
(Maximum Likelihood), BI (Bayesian Inference), BIC (Bayesian
Information Criterion), SH-aLRT (Shimodaira-Hasegawa-like
approximate likelihood ratio test), BS (Bootstrapping), NNI (Near-
est Neighbor Interchange) and MPI (Message Passing Interface).
For morphological data analysis, the relevant acronyms include
OTU (Operational Taxonomic Unit), MP (Maximum Parsimony),
CI (Consistency Index), RI (Retention Index), TL (Tree Length) and
TBR (Tree Bisection and Reconnection). For divergence time estima-
tion, the following acronyms are used: BEAST (Bayesian Evolution-
ary Analysis by Sampling Trees), MK (Lewis MK substitution
models), MC (Markov Chain), LogAnalyzer (Log File Analyzer for
Bayesian analyses), ESS (Effective Sample Size) and Highest Poste-
rior Density (HPD).

Molecular data analyses

Phylogenetic analyses were conducted using sequences from 37
concatenated mitochondrial protein-coding and RNA genes, as well
as noncoding regions, for 12 species. These sequences included 11
extant and 10 extinct rhinoceroses, with four tapirs serving as out-
groups (Table S1). Sequence data were retrieved from GenBank

2 A. Borrani et al. / Cladistics 0 (2025) 1–17

 10960031, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cla.70015 by <

Shibboleth>
-m

em
ber@

unifi.it, W
iley O

nline L
ibrary on [07/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(www.ncbi.nlm.nih.gov) and aligned using the MAFFT L-INS-i
algorithm (Katoh and Standley, 2013), running for 1000 iterations.
The alignment, consisting of 16 602 base pairs (bp), was manually
inspected and refined in JalView (Waterhouse et al., 2009)
(Appendix S2).

To determine the most appropriate substitution models, 64 poten-
tial partitions were evaluated. These partitions correspond to the
three codon positions of each protein-coding gene, as well as sepa-
rate partitions for RNA genes and noncoding regions. The suitability
of separate versus combined substitution models was assessed using
ModelFinder (Chernomor et al., 2016; Kalyaanamoorthy
et al., 2017) within IQ-TREE, selecting nine substitution models
based on BIC.

ML phylogenetic analyses were performed in IQ-TREE 2.3.4
(Nguyen et al., 2015). Branch support was assessed using SH-aLRT
with 10 000 replicates, alongside non-parametric BS with 1000 repli-
cates. Tree searching was carried out using the NNI optimisation
algorithm, starting from 1000 initial parsimony trees and retaining
the top 100 for further refinement.

Bayesian phylogenetic analyses were conducted using MrBayes
3.2.7a (Ronquist et al., 2012), applying the partitioning scheme iden-
tified by ModelFinder. Mixed substitution models (Huelsenbeck
et al., 2004) were used to explore a broader parameter space, with
rate heterogeneity across sites modelled according to ModelFinder
results. Two independent runs, each with 64 MCs, were performed,
sampling every 100 generations over 30 million generations. To opti-
mize convergence, the chain heating temperature in the Markov
chain was set to 0.001 based on preliminary tests. Convergence was
assessed based on split frequency (<0.01), and the final posterior con-
sensus tree was derived from the last 8.355 million generations after
discarding the burn-in phase. All parameters showed adequate mix-
ing, with ESS values >200 and Potential Scale Reduction Factor
(PSRF) close to 1.0.

Phylogenetic analysis was also conducted using PhyloBayes-MPI
1.9 (Lartillot and Philippe, 2004) under the CAT-GTR+Γ model,
with parameters inferred directly from the data. Two independent
MCs were run for 100 000 generations, sampling every 100 genera-
tions. The last 75 000 trees from each chain were used to compute a
posterior consensus after confirming convergence (maxdiff <0.1).

A consensus tree incorporating results from ML and BI was gen-
erated in IQ-TREE. This consensus tree was used to infer evolution-
ary relationships and assess the robustness of the recovered clades.

Morphological data analysis

Phylogenetic analyses were performed using 106 OTUs and a mor-
phological matrix comprising 534 traits, including four outgroups
and 11 newly introduced characters (see descriptions and Figs. S1–
S12 in Appendix S1, Tables S2 and S3 for details and Appendix S3
for the Tree analysis using New Technology (TNT) file of the
matrix). Most traits were compiled and refined from previously pub-
lished datasets (e.g. Antoine, 2002; Becker et al., 2013; Lu
et al., 2023), while 11 were newly created and are described in detail
in Appendix S1. Some characters were examined firsthand, but the
majority were extracted from the literature. All characters underwent
critical review to standardize definitions, states and transformation
polarities, with redundant or ambiguous characters removed and
additional morphological traits incorporated based on firsthand
specimen examination. Furthermore, because many extinct taxa are
represented by only a few specimens—sometimes just one—charac-
ters originally based on within-taxon frequency have been recorded
as simple presence/absence states.

This approach generated an expanded and robust dataset exceed-
ing previous matrices in both character number and quality. A full
list of characters, their sources and definitions is provided in
Tables S2 and S3. This matrix represents the most comprehensive

dataset to date, surpassing previous studies, where the highest num-
ber of characters considered was 392 (Lu et al., 2023).

Selected outgroups, treated at the generic level, include Heptodon
(Tapiroidea), Hyrachyus (Rhinocerotoidea), Hyracodon (Hyracodon-
tidae) and Juxia (Paraceratheriidae). These taxa were chosen based
on their antiquity (all are of Eocene age, except Hyracodon, which
persisted into the Oligocene), their primitiveness relative to the focal
clades and the completeness of available material.

Phylogenetic analyses employed three approaches: MP parsimony
in TNT v.1.6 (Goloboff and Morales, 2023), ML in IQ-TREE 2.3.4
(Nguyen et al., 2015) and BI in MrBayes 3.2.7a (Ronquist
et al., 2012). Calculations in TNT used a script developed by
Zhang (2025). Topology constraints were applied in all analyses to
align the results with molecular-based phylogenetic hypotheses for
Rhinocerotidae. A consensus tree integrating the three methods was
obtained in IQ-TREE.

For MP analyses in TNT, heuristic tree searches employed TBR
swapping and TNT’s search options, including sectorial searches,
tree drifting, ratchet and tree fusing, to efficiently explore tree space
and identify optimal trees. Parameters included 100 000 replicates
with 10 trees saved per replicate. All characters were treated as unor-
dered. Three weighting strategies were tested: equal weighting,
implied weighting and extended implied weighting. For implied
weighting, the K parameter controlling the downweighting of homo-
plastic characters was explored from 1 to 50. The optimal K value
was selected based on a combined assessment of tree metrics—Con-
sistency Index (CI), Retention Index (RI), Tree Length (TL)—and
the degree of resolution and stability of resulting topologies. The
best results maximized CI and RI, minimized TL and produced
well-resolved clades with high Bremer support. Extended implied
weighting at K = 48 yielded the most balanced and robust topology.
Branch support was assessed using relative Bremer support, jackknif-
ing, BS and symmetric resampling, with 20 000 replicates.

In IQ-TREE, ModelFinder (Kalyaanamoorthy et al., 2017) identi-
fied the best-fitting morphological substitution model as
MK + FQ + R4 based on BIC. Tree searches applied an extensive
NNI optimisation method, starting from 1000 initial parsimony trees
with 1000 unsuccessful iterations as stopping criteria and optimizing
the top 100 initial parsimony trees using NNI searches. Branch sup-
port was assessed using SH-aLRT with 10 000 replicates, as well as
non-parametric BS with 2000 replicates.

For BI in MrBayes, a standard discrete morphological model was
used, incorporating gamma-distributed rate heterogeneity across sites
with five categories. Two independent runs, each with 96 Markov
chains, sampled trees every 100 generations over 100 million genera-
tions total. The chain heating temperature was set to 0.0001 based
on preliminary testing. A posterior consensus tree was generated
from trees sampled in the final 31,143 million generations after con-
vergence was confirmed by a stabilized standard deviation of split
frequencies well below the recommended threshold of 0.01. ESS
values exceeded 200 and PSRF approached 1.0 for all parameters.

Divergence time estimation

Divergence times within Rhinocerotoidea were estimated using
BEAST 2.7.6 (Bouckaert et al., 2019), implementing the fossilized
birth–death model (Stadler et al., 2018) with topological constraints
derived from consensus trees based on combined morphological and
molecular datasets. An optimized relaxed clock model was employed
alongside an independent Mk model (Lewis, 2001), allowing
gamma-distributed rate heterogeneity across sites. Nine character
partitions, automatically identified, were assigned five discrete rate
categories each. Heptodon served as the outgroup.

Model selection through marginal likelihood estimation using path
sampling/stepping-stone algorithm (Baele et al., 2012) with eight
steps tested combinations of strict, random local and optimized
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relaxed clock models, alongside substitution models with either equal
or gamma-distributed rate variation. The Markov Chain Monte
Carlo (MCMC) was run for 100 million generations, with sampling
every 500 steps and a 50% burn-in. Calibration assigned tip dates
corresponding to minimum occurrence times of taxa, with maximum
age modelled as the mean of normal distributions reflecting esti-
mated lineage origins (Table S4) and sigma (standard deviation) set
to 1. Other parameters remained at default settings.

Posterior distributions were examined in Tracer 1.7, and all
parameters achieved effective sample sizes (ESS) exceeding 200. Con-
vergence and sampling adequacy were confirmed using LogAnalyzer
and Tracer. Maximum clade credibility trees were generated in
TreeAnnotator, with a 10% burn-in and the assumption of common
ancestor node heights. Final trees were visualized using FigTree
1.4.3.

Estimated divergence times displayed strong concordance with the
fossil record. Median divergence ages exhibited a high Spearman
correlation with the oldest fossil occurrences (q = 0.95, P < 2.2e-16),
and a paired Wilcoxon signed-rank test indicated no significant sys-
tematic difference between estimated and fossil-based dates
(P = 0.188). The median absolute difference was 1.42 Ma; more than
80% of cases fell within 3 Ma of the fossil record, and over 94%
within 5 Ma. Most fossil dates were located within or near the 95%
Highest Posterior Density (HPD) intervals. In the few instances
where fossil dates exceeded the upper HPD bound, the median devi-
ation from the boundary was only 1.15 Ma. These discrepancies are
likely attributable to stratigraphic uncertainties associated with fos-
sils lacking direct radiometric age estimates.

Results and discussion

Phylogenetic relationships based on molecular data

To establish a reliable backbone topology for down-
stream analyses, phylogenetic relationships among

rhinocerotid taxa were initially inferred from molecu-
lar data, which are generally considered less prone to
homoplasy than morphological characters. All three
analytical approaches produced a congruent and
well-resolved tree, in which the extinct genera Coelo-
donta and Stephanorhinus formed a clade sister to
extant Dicerorhinus, collectively comprising the sub-
tribe Dicerorhinina (Fig. 1). The two extant species of
Rhinoceros (subtribe Rhinocerotina) were recovered as
sister to Dicerorhinina, forming the tribe Rhinocero-
tini, which in turn is closely related to the tribe Dicer-
otini, represented by Ceratotherium and Diceros. These
lineages comprise the subfamily Rhinocerotinae, which
was recovered as sister to Elasmotheriinae, represented
by the extinct genus Elasmotherium. Support values
were maximal for all major nodes, except for the rela-
tionship uniting Dicerorhinina and Rhinocerotina,
which received moderate but consistent support across
all three analytical methods (Fig. 2). The molecular
topology was subsequently employed as a constraint in
morphological phylogenetic analyses and divergence
time estimation.
The molecular dataset used in this study, represent-

ing the most comprehensive to date for Rhinoceroti-
dae, and analysed using advanced probabilistic
models, yields robust insights into longstanding taxo-
nomic uncertainties. As previously noted by Willerslev
et al. (2009), individual mitochondrial genes often dis-
play conflicting phylogenetic signals, a limitation that
has affected prior studies. While some
mitochondrial-based phylogenies have produced

Fig. 1. Phylogenetic consensus tree inferred from mitochondrial genome sequences using three analytical approaches. Node support values are
shown in the following order: (1) the number of methods (out of three) supporting each clade; (2) posterior probabilities from MrBayes and Phy-
loBayes and (3) SH-aLRT and bootstrap support (BS) values from IQ-TREE. Posterior probabilities <0.5 and BS values <50% are omitted or
indicated with a dash (‘–’).
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Fig. 2. Phylogenetic consensus tree inferred from morphological character data using three analytical approaches. Clades are colour-coded based
on synapomorphies and inferred phylogenetic relationships, including the calibrated tree. Node support values are presented in the following
order: (1) number of methods (out of three) supporting each clade; (2) posterior probabilities from MrBayes; (3) SH-aLRT and bootstrap (BS)
values from IQ-TREE and (4) relative Bremer support, jackknife, BS and symmetric resampling values from TNT. Posterior probabilities <0.5
and BS values <50% are omitted or represented by a dash (‘–’).

A. Borrani et al. / Cladistics 0 (2025) 1–17 5
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consistent topologies, others have suggested alternative
relationships—for example, Rhinoceros more closely
related to Dicerotini than to Dicerorhinina (Margar-
yan et al., 2020), or even questioned the monophyly of
Diceros bicornis (Stefaniak et al., 2023). Studies by
Kirillova et al. (2017), Liu et al. (2021) and Kosintsev
et al. (2019) recovered similar topologies, although
with fewer taxa and generally lower support values.

Phylogenetic relationships based on morphological data

In contrast to the molecular analyses, the three phy-
logenetic approaches based on morphological data
yielded differing tree topologies. The resulting
consensus tree (Fig. 2) resolves relationships among
early-diverging taxa, although several later-diverging
lineages remain unresolved and appear as polytomies.
Nonetheless, multiple clades were consistently recov-
ered by at least two of the methods, including those
corresponding to the subfamilies Aceratheriinae,
Diceratheriinae and Teleoceratinae, as well as Elas-
motheriinae and Rhinocerotinae, which were recovered
as sister groups. Within Rhinocerotinae, three distinct
clades—Dicerorhinina, Dicerotini and Rhinocerotina
—were identified, although their interrelationships
remain unresolved. The lack of full congruence across
topologies generated by different analytical approaches
highlights the need for caution when interpreting
results derived from a single method. This methodo-
logical inconsistency may also account for conflicting
phylogenetic hypotheses reported in previous studies.
The phylogenetic results based on morphological and

molecular datasets were subsequently used as topologi-
cal constraints for estimating the time-calibrated tree
(Fig. 3 and Fig. S13). This integrative framework
resolves several longstanding systematic and taxonomic
uncertainties and recovers a sequence of well-supported
clades and evolutionary transitions that correspond
closely with major global climatic events discussed in
the following sections. Detailed descriptions of synapo-
morphies defining individual clades are provided in
Appendix S1 with associated Fig. S12.

Early-diverging lineages

The phylogenetic placement of key early rhinocero-
toid taxa is essential for reconstructing the early

evolutionary history of true rhinoceroses. However,
previous studies have variably assigned taxa such as
Uintaceras radinskyi, Subhyracodon, Trigonias and Tel-
etaceras to different positions within Rhinocerotoidea
and Rhinocerotidae, reflecting ongoing uncertainty
(Bai et al., 2020; Tissier et al., 2020; Deng
et al., 2021).
The present analysis consistently recovers Uintaceras

radinskyi (Fig. 3 and Fig. S13) as an early-diverging
member of Rhinocerotoidea, closer to Rhinocerotoidea
sensu stricto (Bai et al., 2020) than to Hyracodontidae
or Paraceratheriidae. This supports its attribution to
Eggysodontidae rather than Rhinocerotidae, based on
multiple morphological features (see synapomorphies
in Fig. S12 in Appendix S1, as well as Tables S2 and
S3 for details), clarifying its previously ambiguous tax-
onomic status. Uintaceras is thus interpreted as a stem
lineage within Rhinocerotoidea, distinct from crown
rhinocerotids.
The well-supported sister-group relationship between

Subhyracodon and Trigonias—based on shared mor-
phological traits (Appendix S1)—suggests parallel eco-
logical adaptations among Oligocene North American
rhinocerotids. This finding helps resolve conflicting
phylogenetic hypotheses (Bai et al., 2020; Pandolfi
et al., 2021a, b; Antoine et al., 2022; Li et al., 2022,
2024; Uzunidis et al., 2022; Pandolfi, 2023; Pandolfi
and Martino, 2024). Along with Teletaceras, these taxa
likely approximate the ancestral morphotype of
Rhinocerotidae.
Teletaceras radinskyi represents a separate lineage

that has also been subject to conflicting interpreta-
tions. While Tissier et al. (2020) placed it within Rhi-
nocerotidae, Bai et al. (2020) argued for its position as
an early-diverging taxon within Rhinocerotoidea, pre-
dating the origin of true rhinocerotids. Nonetheless,
several morphological features support its inclusion
within Rhinocerotidae (Appendix S1).
The monophyly of the genus Epiaceratherium is not

supported by the results of this study. The Italian spe-
cies E. bolcense and the Vietnamese E. naduongense
(Tissier et al., 2020) consistently form a sister group
and are placed at the base of the derived rhinocerotid
clade by all three phylogenetic methods. In contrast,
other species traditionally assigned to Epiaceratherium,
such as the European ‘E.’ delemontense and ‘E.’ mag-
num, instead cluster with early Eurasian rhinoceroses

Fig. 3. Time-calibrated phylogenetic tree (chronogram) based on morphological characters. The colours assigned to the subtrees represent clades
defined by synapomorphies and inferred phylogenetic relationships. Drawings of skulls from representative taxa illustrate each clade. Node
values indicate the median estimated age along with the 95% Highest Posterior Density (in brackets). The curve under the tree shows variations
in global deep-sea oxygen isotope ratios (d¹⁸O), expressed relative to SMOW (Standard Mean Ocean Water) and reflecting long-term trends in
global temperature (Zachos et al. 2001). Light red and light blue boxes highlight warm and cold climatic events, respectively: EECO (Early
Eocene Climatic Optimum); LTEC-I (Long-term Eocene Cooling I); MECO (Mid-Eocene Climatic Optimum); LTEC-II (Long-term Eocene
Cooling II); EOT (Eocene–Oligocene Transition); LOW (Late Oligocene Warming); OMB (Oligocene–Miocene Boundary); MMCO (Mid-
Miocene Climatic Optimum); MMCT (Mid-Miocene Climatic Transition) and CT10–4 (Climate Transition between 10 and 4 Ma).
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including Molassitherium and Ronzotherium. This
revised circumscription indicates that Epiaceratherium,
as previously defined, is polyphyletic. Its constituent
species represent multiple, independent early rhinocer-
otid lineages with distinct evolutionary and biogeo-
graphic histories.
Overall, this study provides a clearer resolution of

the phylogenetic positions of early rhinocerotoid taxa
and highlights evolutionary transitions leading to
crown Rhinocerotidae. However, persistent uncer-
tainties—particularly regarding highly fragmentary
early fossils—underscore the need for additional mor-
phological and molecular data to further refine early
rhinocerotid phylogeny.

Diceratheriinae

A well-supported clade comprising Diceratherium,
Menoceras and Mesaceratherium is recognized as the
subfamily Diceratheriinae, distinguished by a suite of
morphological features that set it apart from other
early rhinocerotids (Appendix S1). Although previous
studies have variably placed Diceratherium and Meno-
ceras—with some authors positioning them basal to
both Rhinocerotinae and Elasmotheriinae (Lu
et al., 2023) and others assigning them to Elasmother-
iinae (Tissier et al., 2020; Pandolfi et al., 2021a; Li
et al., 2022)—the current analyses consistently recover
these genera, along with Mesaceratherium, as forming
a distinct lineage. This lineage appears to be ancestral
to the other subfamilies within Rhinocerotidae,
highlighting its pivotal role in the early diversification
of the group and providing new insights into the
macroevolutionary patterns that have shaped rhinocer-
otid history.

Teleoceratinae and Aceratheriinae

The phylogenetic relationships among the
later-diverging subfamilies Teleoceratinae and Acer-
atheriinae have long been contentious. Some studies
have linked Teleoceratinae to Rhinocerotinae (Antoine
et al., 2010, 2022; Pandolfi et al., 2021a, b, 2023; Uzu-
nidis et al., 2022; Li et al., 2024; Pandolfi and Mar-
tino, 2024) or even to Elasmotheriinae (Antoine
et al., 2003), whereas others have proposed closer ties
with Aceratheriinae (Tissier et al., 2020; Li et al., 2022;
Lu et al., 2023). The calibrated phylogenetic tree pre-
sented here supports the last interpretation. This con-
clusion is reinforced by distinctive synapomorphies,
notably a low nasal notch–orbital rim distance relative
to skull length and a concave secondary palate.
Additional taxa are newly linked to these subfamilies.

In two of the phylogenetic trees, Floridaceras and Dia-
ceratherium emerge as sister taxa to Teleoceratinae,
while the calibrated analysis clusters Hoploaceratherium

and Dromoceratherium with Aceratheriinae—albeit with
weak support. Protaceratherium, traditionally classified
within Aceratheriinae (Roman, 1911; Heissig and Fej-
far, 2007), does not show a clear subfamily affiliation in
this study.
Teleoceratinae is composed of a diverse array of

taxa from Eurasia, Africa and North America, includ-
ing Shanshirhinus, Chilotherium, Aprotodon, Brachy-
potherium, Prosantorhinus and Teleoceras, all of which
share key derived features (Appendix S1). Although
Chilotherium and Shanshirhinus have frequently been
classified within Aceratheriinae/Aceratheres (Antoine
et al., 2010; Li et al., 2022; Lu et al., 2023), the present
study recovers them as sister taxa within Teleocerati-
nae in two cladistic analyses. Moreover, Chilotheri-
dium, originally described as an independent genus
(Hooijer, 1971), is here considered synonymous with
Chilotherium based on shared derived traits, with Chi-
lotheridium pattersoni being more closely related to
Chilotherium kowalevskii than to other species
(Appendix S1).
Consistent with findings by Pandolfi et al. (2021a)

and Lu et al. (2023), two analytical approaches sup-
port a close relationship between Shanshirhinus and
Chilotherium. Similarly, Brachypotherium brachypus
consistently clusters with Aprotodon across all three
trees, sharing several apomorphic features in agree-
ment with Li et al. (2022) (Appendix S1). In contrast,
‘Brachypotherium’ perimense and ‘Brachypotherium’
pugnator exhibit closer affinities to one another than
to either Aprotodon or the type species Brachypother-
ium brachypus, based primarily on dental characteris-
tics (Appendix S1).
The taxonomy of Aceratheriinae remains controver-

sial. Antoine et al. (2010) narrowly defined the clade
to include Chilotherium, Aceratherium and Alicornops,
whereas broader definitions have included Protacer-
atherium, Pleuroceros and Plesiaceratherium (= Dromo-
ceratherium) mirallesi. Similar phylogenies have been
recovered by Pandolfi et al. (2021b), Uzunidis
et al. (2022), Pandolfi and Martino (2024) and Li
et al. (2024). Additional taxa, such as Hoploacerather-
ium (Antoine et al., 2022) and Plesiaceratherium miral-
lesi (Pandolfi, 2023), have also been assigned to this
clade. Notably, the phylogenetic tree by Li
et al. (2022) expanded the group to include Chilother-
ium, Aceratherium, Alicornops, Hoploaceratherium,
Aphelops, Peraceras, Acerorhinus and Shanshirhinus,
while Lu et al. (2023) further added Subchilotherium
and Persiatherium following Pandolfi et al. (2021a).
In the present study, using three phylogenetic

methods, the clade Aceratheriinae is defined to include
Aceratherium, Acerorhinus, Alicornops, Aphelops, Pera-
ceras, Plesiaceratherium, Subchilotherium and Turka-
natherium, based on multiple shared synapomorphies
(Appendix S1). The analysis focused specifically on

8 A. Borrani et al. / Cladistics 0 (2025) 1–17

 10960031, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cla.70015 by <

Shibboleth>
-m

em
ber@

unifi.it, W
iley O

nline L
ibrary on [07/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Rhinocerotidae, with only limited sampling of Elas-
motheriinae. One of the genera examined, Turka-
natherium—analysed primarily from the holotype
described by Deraniyagala (1951) and more recently
by Geraads (2010), as well as from approximately coe-
val remains from Kenya (Hooijer, 1966, 1967)—was
consistently recovered within Aceratheriinae across all
analyses, based on the available cranial and dental
characters. This placement is consistent with past con-
clusions (Gu�erin, 2008), as well as with those of recent
studies (e.g. Geraads, 2010). Additional elasmotheriine
taxa, such as Victoriaceros, were not included due to
the scope of the current dataset and the limited avail-
ability of comparable morphological data. Future ana-
lyses incorporating broader taxon sampling may offer
further insights into the affinities of Turkanatherium
and related taxa.
All three methods employed in this study recover

‘Plesiaceratherium’ lumiarense as more closely allied
with the North American Peraceras than with its type
species P. gracile (Lu et al., 2016), suggesting that ‘Ple-
siaceratherium’ lumiarense may belong to a genus more
closely related to Peraceras, in contrast to the hypoth-
esis of Lu et al. (2023). Furthermore, Turkanatherium
is consistently recovered not as an Elasmotheriinae but
rather as a member of Aceratheriinae, displaying
closer affinities to Subchilotherium than to other mem-
bers of the subfamily across all three analyses.
The North American genus Aphelops is revealed to

be non-monophyletic and exhibits unexpected com-
plexity. All three trees and multiple morphological
characters support the grouping of Aphelops mutilus
with Aceratherium, whereas ‘Peraceras’ superciliosum
clusters with the type species, Aphelops megalodus,
indicating that it should remain within Aphelops. Addi-
tionally, Aphelops malacorhinus is recovered as sister
to the latter clade in two of the analyses, sharing the
absence of an ectorbital bone as a defining
synapomorphy.

Elasmotheriinae and Rhinocerotinae

Recent analyses have suggested a closer affinity
between the horned subfamilies Elasmotheriinae and
Rhinocerotinae than previously recognised (Lu
et al., 2023), contrasting with earlier studies (Antoine
et al., 2010; Pandolfi et al., 2021a; Li et al., 2022). In
this study, two phylogenetic methods consistently
recover shared synapomorphies supporting this revised
hypothesis.
Within this framework, Elasmotheriinae is composed

of the genera Bugthirhinus, Elasmotherium, Hispanother-
ium, Iranotherium, Ningxiatherium, Parelasmotherium
and Sinotherium (Antoine, 2003). This well-supported
clade, identified across three phylogenetic approaches, is
subdivided into two groups: one comprising

Bugthirhinus and Hispanotherium and the other (Elas-
motheriini) containing the remaining genera. Notably,
Hispanotherium beonense clusters with the more primi-
tive Bugthirhinus rather than with H. matritense, corrob-
orating its reassignment to the genus Aegyrcitherium, as
originally proposed by Antoine (1997). The second
major clade, which includes the type species Elasmother-
ium sibiricum, is strongly supported across all methods
and is defined by distinct cranial, dental and postcranial
synapomorphies, such as a well-developed nuchal tuber-
cle, cement-covered cheek teeth and robust limb adapta-
tions (Appendix S1). Contrary to the interpretations of
Antoine et al. (2003) and Sun et al. (2023), this
study positions Parelasmotherium (Deng, 2007) at the
base of Elasmotheriinae, alongside Iranotherium
(Deng, 2005).
The crown group of Rhinocerotidae, encompassing

all extant rhinoceroses, has been variably defined in
the literature. Some authors refer to this group as Rhi-
nocerotina (Pandolfi et al., 2021a; Uzunidis
et al., 2022; Pandolfi, 2023; Pandolfi and Mar-
tino, 2024), while others include Aceratheriinae and
Teleoceratinae within Rhinocerotinae (Tissier
et al., 2020; Antoine et al., 2022; Uzunidis
et al., 2022). Moreover, Pandolfi et al. (2021b) incor-
porated taxa classified as Teleoceratina into Rhinocer-
otinae. In this study, following the classifications of Li
et al. (2024) and Lu et al. (2023), Rhinocerotinae is
treated as a distinct subfamily, separate from Acer-
atheriinae and Teleoceratinae, defined by several syn-
apomorphies (Appendix S1) and supported by two
independent cladistic methods.
Within Rhinocerotinae, various clades with differing

compositions have been proposed by different authors
(e.g. Liu et al., 2021; Pandolfi et al., 2021a, 2022;
Antoine et al., 2022; Pandolfi, 2023). Following Liu
et al. (2021), this study recognizes two tribes: Dicerotini,
which includes extant African species such as Cera-
totherium and Diceros, as well as species such as ‘Diho-
plus’ pikermiensis, ‘Dihoplus’ ringstroemi, Paradiceros
and Shennongtherium and Rhinocerotini (sensu Liu
et al., 2021), comprising genera like Coelodonta, Diceror-
hinus, Dihoplus, Gaindatherium, Lartetotherium, Nesorhi-
nus, Rhinoceros, Rusingaceros and Stephanorhinus.

Dicerotini

The present analysis recovers ‘Dihoplus’ pikermiensis
and ‘Dihoplus’ ringstroemi as early-diverging sister taxa
within Dicerotini, based on distinctive morphological
characters (Appendix S1). Given their phylogenetic
position, these species cannot be assigned to Dihoplus,
the type species of which, D. schleiermacheri, is firmly
placed within Rhinocerotini. This finding emphasizes
the need for a taxonomic revision of these early mem-
bers of Dicerotini.
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The internal composition of Diceros and Ceratother-
ium has long been debated due to the shifting assign-
ment of various fossil species. In this study, Diceros is
clearly diagnosed by several synapomorphies
(Appendix S1) and includes D. bicornis, D. douariensis,
D. gansuensis and D. praecox, forming a well-supported
clade across all three phylogenetic approaches. In con-
trast, ‘Diceros’ australis is excluded from this clade and
not recovered within Diceros, likely due to its distinc-
tively more robust Mc II relative to D. bicornis, support-
ing its exclusion from the genus.
The analysis also sheds light on Paradiceros mukirii,

which emerges as phylogenetically closer to Shen-
nongtherium hyposodontus in two trees, united by at
least two synapomorphies: a relatively smaller P2 com-
pared to P3–4, and a constriction on the metaloph.
Shennongtherium remains an enigmatic taxon. Initially
described by Huang and Yan (1983) from four isolated
teeth and originally referred to Elasmotheriinae, it was
later reassigned to Teleoceratina by Antoine
et al. (2003). However, this study suggests it represents
a derived member of Dicerotini, potentially sister to
the Diceros–Ceratotherium clade. Nonetheless, its pre-
cise phylogenetic position remains tentative due to the
fragmentary nature of the available material.
The composition and monophyly of Ceratotherium

have also been debated, particularly with regard to
several Neogene taxa. The results support the distinc-
tion of Ceratotherium from Diceros based on multiple
cranial and postcranial traits, with its monophyly con-
firmed in two of the three phylogenetic analyses. These
findings support the inclusion of Ceratotherium
advenientis within the genus, as previously proposed
by Pandolfi et al. (2021a). In contrast to Giaourtsa-
kis (2022), Ceratotherium neumayri is not recovered as
part of a separate genus (Miodiceros), but rather as a
valid species within Ceratotherium, closely related to
C. simum, based on results from all three analytical
methods and several shared derived features
(Appendix S1). The synonymizing of Ceratotherium
mauritanicum with C. efficax has been explicitly
rejected by some authors (e.g. Geraads, 2005, 2020).
Consistently, the present analyses do not recover it as
sister to the C. neumayri–C. simum clade. Instead, C.
mauritanicum occupies a more basal position within
Ceratotherium, consistent with its distinct morphologi-
cal features, including more gracile limbs, differences
in cranial and horn structure and unique dental traits.
These observations support its recognition as a valid
and separate taxon, although additional data are
required to confirm this placement.

Rhinocerotini

The remaining members of Rhinocerotinae are
assigned to the tribe Rhinocerotini, based on a set of

shared synapomorphies. This tribe is further divided
into two major clades: Rhinocerotina, which includes
Gaindatherium, Lartetotherium, Nesorhinus, Rhinoceros
and Rusingaceros and Dicerorhinina, comprising Coe-
lodonta, Dicerorhinus, Dihoplus and Stephanorhinus.
The clade Rhinocerotina is well-supported by several

synapomorphies (Appendix S1) and is consistently
recovered across two phylogenetic methods. Within
this clade, the genus Nesorhinus is confirmed as mono-
phyletic, supported by shared traits between its two
species, and forms a sister group to the remaining Rhi-
nocerotina. Other genera within Rhinocerotina show a
closer relationship to Rhinoceros, a pattern confirmed
by both morphological and phylogenetic evidence.
The genus Rhinoceros itself is characterized by several

synapomorphies (Appendix S1) and is confirmed as
monophyletic across all three phylogenetic methods.
Two strongly supported clades are identified: one con-
sisting solely of extant species (R. unicornis and R. son-
daicus) and the other composed exclusively of extinct
species (R. sinensis, R. platyrhinus and R. sivalensis).
These two clades are distinguished by multiple synapo-
morphies, particularly in the extant lineage. Based on
this evidence, it is proposed to divide the genus into two
subgenera: Rhinoceros (Rhinoceros) for the extant species
and Rhinoceros (Punjabitherium) for the extinct clade.
The second major clade, Dicerorhinina, is united by

a series of synapomorphies that distinguish it from
Rhinocerotina. Dicerorhinina consists of two primary
groups: (1) Dihoplus and Dicerorhinus and (2) Coelo-
donta and Stephanorhinus.
Dicerorhinus has traditionally been considered closely

related to Rhinoceros (Pandolfi et al., 2021b; Antoine
et al., 2022; Pandolfi, 2023; Li et al., 2024; Pandolfi and
Martino, 2024). However, the present analysis demon-
strates that Dicerorhinus is more closely related to Diho-
plus, based on several synapomorphies (Appendix S1).
To a lesser extent, it also shares a closer relationship
with Coelodonta and Stephanorhinus, which aligns with
previous studies (Liu et al., 2021; Pandolfi et al., 2021a;
Li et al., 2022; Uzunidis et al., 2022).
The genus Dicerorhinus is restricted to the type spe-

cies Dicerorhinus sumatrensis and the extinct D.
fusuiensis, with D. cixianensis potentially belonging to
this genus, though it was excluded from this analysis
due to the fragmentary juvenile specimen available.
Notably, Dicerorhinus gwebinensis is here reassigned to
the genus Dihoplus, based on the support of two phy-
logenetic trees and shared synapomorphies with the
type species Dihoplus schleiermacheri (Appendix S1).
This analysis also reinforces the close relationship

between Coelodonta and Stephanorhinus, a connection
previously suggested by several authors (e.g. Liu
et al., 2021; Li et al., 2022, 2024; Uzunidis et al., 2022;
Lu et al., 2023; Pandolfi, 2023). This relationship is
strongly supported by synapomorphies and is
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consistently reflected by high support values across
three trees. However, contrary to recent proposals
(Cappellini et al., 2019), Coelodonta is not included
within the genus Stephanorhinus. Both genera remain
monophyletic across all three approaches, each distin-
guished by several synapomorphies (Appendix S1).
Recent studies have suggested that Stephanorhinus

miguelcrusafonti and Dihoplus megarhinus (originally
described as Rhinoceros megarhinus and later assigned
to Dicerorhinus and subsequently Stephanorhinus by de
Christol, 1834; Mottl, 1939; Kretzoi, 1942; The-
nius, 1955; Fortelius et al., 1993; Giaourtsakis, 2003)
may belong to a newly established genus, Pliorhinus
(Pandolfi et al., 2021b; Pandolfi, 2023; Li et al., 2024;
Pandolfi and Martino, 2024). However, the present
study finds that Pliorhinus is no longer supported as a
monophyletic genus. Instead, Pliorhinus megarhinus is
placed at the base of Stephanorhinus, while Pliorhinus
miguelcrusafonti is embedded within Stephanorhinus,
potentially at the base of a clade containing Stephanor-
hinus etruscus and S. hundsheimensis. Consequently,
Pliorhinus is synonymized with Stephanorhinus, with S.
megarhinus regarded as one of the least derived species
in this group, alongside S. jeanvireti. Additionally, Ste-
phanorhinus kirchbergensis and S. hemitoechus are
found to be closely related in all three trees, based on
multiple traits.
Although S. kirchbergensis and S. megarhinus share

notable similarities in dental and metapodial morphol-
ogy (e.g. Fortelius et al., 1993), recent comprehensive
phylogenetic analyses suggest that these traits are more
likely the result of convergent evolution than of close
common ancestry (e.g. Pandolfi et al., 2021b; Li
et al., 2024). Consistent with previous studies, S. kirch-
bergensis is recovered as the sister taxon to S. hemitoe-
chus, while S. megarhinus occupies a more basal
position within the genus Stephanorhinus. This topol-
ogy is supported by a broad set of cranial, dental and
postcranial characters, indicating that the traditional
hypothesis of a clade comprising S. megarhinus and S.
kirchbergensis is not supported by the total evidence.
Although some superficially similar morphological fea-
tures may appear shared by the two species in the
character matrix, the broader dataset yields a stronger
and more reliable phylogenetic signal.
Finally, Stephanorhinus miguelcrusafonti may be

more closely related to S. etruscus and S. hundsheimen-
sis, although this hypothesis is supported by a rela-
tively limited number of dental characters and only
two of the cladistic methods employed.

Evolutionary history and ecological adaptations of
major Rhinocerotoidea clades

The well-resolved, time-calibrated phylogenetic tree
presented in this study provides a robust framework for

synthesizing rhinocerotoid evolutionary history within a
temporal context, integrating patterns of diversification,
biogeography and ecological change with major climatic
and environmental changes. This framework facilitates
the exploration of how environmental pressures,
lineage-specific constraints and stochastic processes
have shaped rhinocerotoid evolutionary trajectories.
Rather than adopting overly simplistic adaptationist
narratives, the study embraces the complexity of evolu-
tionary responses and emphasizes the formulation of
testable hypotheses grounded in morphological and
paleoecological evidence (Zachos et al., 2001; Mudelsee
et al., 2014; Pandolfi, 2018; Bai et al., 2020).

Divergence and early evolution in the Eocene and
Oligocene

The initial divergence and early diversification of
rhinocerotoids appear closely linked to the geological
and climatic transformations of the Paleogene. The
divergence between Tapiroidea and Rhinocerotoidea is
estimated at approximately 53–46 Ma, with the stem
Rhinocerotoidea dating to approximately 57–52 Ma
(Bai et al., 2020). This interval coincided with signifi-
cant geotectonic and climatic events, including global
temperature fluctuations (Zachos et al., 2001; Mudel-
see et al., 2014) and major paleogeographic reorganisa-
tions, such as the collision of the Indian subcontinent
with Asia (Hu et al., 2016) and the rifting between
Europe and North America (~55–53 Ma: Buiter
et al., 2023), which occurred at the transition from the
Palaeocene-Eocene Thermal Maximum (PETM) to
the Early Eocene Climatic Optimum (EECO: Mudelsee
et al., 2014). These events likely influenced early rhino-
cerotoid dispersal and ecological diversification by
reshaping habitats and corridors, as reflected in the
early branches of the calibrated phylogeny (Fig. 3).
Stem Rinocerotidae diverged from other rhinocero-

toids around 45–42 Ma, with early rhinocerotid diver-
sification occurring between 43 and 39 Ma during the
initial uplift of the Southern and Central Tibetan Pla-
teau (Tada et al., 2016) and the Middle Eocene Cli-
matic Optimum (MECO), which temporarily
interrupted the Long-term Eocene Cooling Phases I
and II (LTEC-I and LTEC-II: Zachos et al., 2001;
Mudelsee et al., 2014). Early lineages, such as Subhyra-
codon and Trigonias, exhibited ecological differentia-
tion: Subhyracodon shows cursorial limb adaptations
consistent with more open habitats, while Trigonias
retained graviportal limb morphology suited to mixed
woodland environments (Prothero, 2005; Pan-
dolfi, 2018). These morphological differences illustrate
early ecological partitioning within Rhinocerotidae,
likely influenced but not solely determined by climatic
trends, with potential roles for phylogenetic constraints
and habitat heterogeneity.

A. Borrani et al. / Cladistics 0 (2025) 1–17 11

 10960031, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cla.70015 by <

Shibboleth>
-m

em
ber@

unifi.it, W
iley O

nline L
ibrary on [07/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Between approximately 39 and 34 Ma, rhinocerotoid
diversification intensified, particularly in Europe, coin-
ciding with the Late Eocene Cooling and the Eocene–
Oligocene Transition (EOT: Mudelsee et al., 2014).
During this interval, the common ancestor of four
major subfamilies—Teleoceratinae, Aceratheriinae,
Elasmotheriinae and Rhinocerotinae—emerged. The
genus Epiaceratherium, which originated around
36 Ma in either Europe or South Asia, exemplifies
early Europe-Asia transcontinental dispersal events
likely facilitated by sea level regressions and changing
land connections (Antoine et al., 2003; Bai
et al., 2020). Species such as Teletaceras borissiaki
adapted morphologically to transitional environments,
while representatives of Ronzotherium, Epiacerather-
ium, Plesiaceratherium and Pleuroceros occupied tem-
perate to subtropical habitats, demonstrating notable
dietary flexibility inferred from dental morphology and
microwear analyses (Fortelius et al., 2003, 2014; Wang
and Secord, 2020). This dietary flexibility may have
facilitated survival during fluctuating climatic regimes,
although the extent to which it reflects active adapta-
tion versus pre-existing ecological breadth remains
unresolved.
The emergence of the subfamily Diceratheriinae dur-

ing this period, characterized by morphological adap-
tations to open plains and sparsely wooded habitats,
including limb proportions favouring cursorial loco-
motion and dentition suited to a mixed diet of fibrous
grasses and browsing foliage, further illustrates the
interplay between climate-driven habitat shifts and
morphological evolution (Prothero, 2005; Pan-
dolfi, 2018). By 32 Ma, Diceratheriinae had dispersed
into North America under cooler climatic conditions,
which may reflect both environmental pressures and
biogeographic opportunities.

Late Oligocene and Miocene radiations and extinctions

The major diversification events and extinctions of
rhinocerotids during the Oligocene and Miocene
epochs can also be linked with climatic and environ-
mental changes. The common ancestor of the remain-
ing subfamilies of Rhinocerotidae likely existed
between 32 and 24 Ma, coinciding with the Late Oli-
gocene Warming (LOW: 26.5–24 Ma). The Teleocera-
tinae diversified between 28 and 23 Ma, primarily in
Europe or north-central Asia, inhabiting riparian and
wetland habitats. Genera such as Prosantorhinus and
Teleoceras developed robust dentition adapted to pro-
cessing fibrous vegetation, consistent with isotopic evi-
dence for mixed feeding (Fortelius et al., 2014). The
Aceratheriinae radiated slightly later, between 26 and
20 Ma, exhibiting broad ecological flexibility that
allowed them to occupy woodlands, riparian zones
and open habitats, as inferred from morphological

diversity and paleoenvironmental reconstructions
(Agust�ı et al., 1997; Fortelius et al., 2003; Pan-
dolfi, 2018). These radiations coincided with the
Oligocene–Miocene Boundary (OMB), a period
marked by climatic fluctuations including a transient
glaciation, which likely influenced habitat availability
and connectivity.
Relatively rapid climate fluctuations—the warm

Mid-Miocene Climatic Optimum (MMCO, 17–15 Ma)
followed by the colder Middle Miocene Climate Tran-
sition (MMCT, 15–13 Ma)—further influenced the
diversification of rhinocerotid subfamilies. During this
period, members of the Aceratheriinae expanded into
North America. In the late Miocene (ca. 7–5 Ma), C4
grasslands began to spread globally (Cerling et al.,
1993), and some genera, such as Teleoceras exhibited
adaptations to these new vegetation types, as indicated
by dental morphology and stable isotope data (Mac-
Fadden, 1998). However, both Teleoceratinae and
Aceratheriinae became extinct during the Climate
Transition at 10–4 Ma (CT10–4), likely due to increas-
ing aridification and cooling temperatures that reduced
warm, subtropical habitats and favoured open, dry
landscapes dominated by tough vegetation
(Prothero, 2005; Pandolfi, 2018). These extinctions
highlight the complex and sometimes lineage-specific
responses of rhinocerotids to long-term climatic
change, emphasizing that extinction risk is modulated
by multiple factors including ecological specialisation
and geographic range.

Later evolved subfamilies

The diversification and ecological adaptations of the
most recent groups, Elasmotheriinae and Rhinoceroti-
nae, occurred after the extinction of other major line-
ages, Teleoceratinae and Aceratheriinae, and show a
strong correlation with Neogene climatic shifts. The
common ancestor of Elasmotheriinae and Rhinoceroti-
nae likely appeared between 28 and 22 Ma during the
Late Oligocene Warming (LOW). Their diversification
began in Europe between 24 and 19 Ma, during the
cold Oligocene–Miocene Boundary (OMB), a relatively
cool period marked by episodic Antarctic glaciation
and the uplift of the Tibetan Plateau (Agust�ı
et al., 1997; Tada et al., 2016), and continued through
MMCO and MMCT. The diversification then acceler-
ated in the Late Miocene, driven by progressive global
cooling and the expansion of C4 grasslands associated
with the Climate Transition (CT10–4), which fostered
adaptations to increasingly diverse environments and
feeding strategies (Agust�ı et al., 1997, 1999; Pan-
dolfi, 2018). These evolutionary patterns mirror
broader ecological trends observed in large herbivores
across different continents, demonstrating the influence
of climatic events on megafaunal diversification.
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Elasmotheriinae evolved into large-bodied grazers
adapted to steppe-like environments dominated by
fibrous vegetation, with grazing adaptations initiating
in the middle to late Early Miocene, well before the
Late Miocene climatic events (Kahlke, 1999, 2014;
Antoine, 2002). This protracted evolutionary trend
underscores the importance of long-term climatic and
environmental factors rather than singular events in
shaping morphology and ecology.
Dietary and habitat adaptations within Rhinoceroti-

nae exhibit considerable heterogeneity. For example,
one genus of the tribe Dicerotini, Ceratotherium,
shows a well-documented trend towards increased
grazing, supported by dental morphology and stable
isotope analyses (Hernesniemi et al., 2011; Pan-
dolfi, 2018), whereas the other, Diceros, remained pre-
dominantly a browser, consistent with its conserved
dental and cranial morphology (Hernesniemi et al.,
2011). Even within the sole extant genus of Rhinocero-
tina (Rhinoceros), R. sondaicus, with brachyodont
molars, has remained a browser, whereas R. unicornis,
with mesodont molars, has evolved towards mixed
feeding (Taylor et al., 2013). This dietary differentia-
tion likely reflects ecological niche partitioning rather
than uniform clade-wide adaptation.
Similarly, Dicerorhinus (Dicerorhinina) has main-

tained relatively conservative morphology and low-
level browsing strategies in dense woodlands and
grasslands, suggesting evolutionary constraints
and ecological stability over time despite environ-
mental fluctuations (Pandolfi, 2018). However, diver-
gence between other genera within Dicerorhinina—
namely Coelodonta and Stephanorhinus—is estimated
to have occurred between 13 and 6 Ma, with subse-
quent species diversification between 8 and 0.4 Ma.
These evolutionary patterns may reflect responses to
climatic and environmental changes occurring
during the CT10–4 interval (Kahlke, 1999;
Antoine, 2002).
Climatic aridification and cooling during the Messi-

nian (6–5.3 Ma) prompted rhinocerotid migration and
radiations in Africa and North America, leading to the
emergence of new taxa adapted to cold, open environ-
ments. Extreme adaptations to cold, open
environments evolved independently in Elasmotherii-
nae and Rhinocerotinae, as exemplified by Elasmother-
ium and Coelodonta. These genera developed traits
such as thick hair coats and highly specialized denti-
tions. In Elasmotherium, the molars were rootless and
ever-growing (hypselodont), while Coelodonta exhib-
ited hypsodont molars with increased crown height
and thick coronal cement—a condition known as
plagiolophodonty in Coelodonta. These specialized
molar morphologies, strongly associated with grazing,
enabled efficient processing of abrasive grasses and
fibrous vegetation typical of steppe environments

(Kahlke, 1999, 2014; Antoine, 2002; Prothero, 2005;
Deng et al., 2011; Fortelius et al., 2014; Wang, 2016;
Pandolfi, 2018; Wang and Secord, 2020).
Overall, the evolutionary history of rhinocerotoids

reflects a complex interplay of climatic change,
geographic dispersal, ecological opportunity and
lineage-specific constraints. Morphological adapta-
tions, dietary shifts and habitat preferences evolved
over protracted timescales and varied among clades,
underscoring the importance of integrating phyloge-
netic, paleoecological and paleoclimatic data to under-
stand megafaunal macroevolution.

Conclusions

This study demonstrates the effectiveness of an inte-
grative framework combining morphological, molecu-
lar, fossil and paleoclimatic data to reconstruct the
evolutionary history of Rhinocerotidae. A robust
backbone topology, derived from molecular data,
served as a constraint for phylogenetic analyses based
on an expanded morphological dataset, enabling the
inclusion of numerous extinct taxa. Although the ana-
lytical approaches applied to this combined dataset
yielded some topological discrepancies, the resulting
consensus tree recovered several well-supported clades,
including both early-diverging and more derived
clades. Time-calibrated analyses, informed by fossil
constraints, resolved previously ambiguous relation-
ships and provided a framework for reevaluating long-
standing systematic and taxonomic issues. The
phylogenetic and temporal structure recovered here
clarifies the origins and early diversification of Rhino-
cerotidae, supporting a North American origin in the
Late Eocene (Chadronian, ~37–34 Ma), followed by
dispersal into Eurasia at the Eocene–Oligocene transi-
tion (~34 Ma). This dispersal into Europe triggered a
major diversification event, ultimately giving rise to
five subfamilies. Aceratheriinae and Teoleoceratinae
likely originated from a common European ancestor
and subsequently dispersed back into North America,
as evidenced by Miocene fossils such as Aphelops and
Peraceras. Meanwhile, Elasmotheriinae and Rhinocer-
otinae evolved in Europe and Africa from around
25 Ma, replacing earlier lineages adapted to warm,
subtropical climates and instead thriving in open habi-
tats and cooler climates. The expansion of grasslands
in the Late Miocene played a pivotal role in their
diversification, driving dental adaptations in grazing
taxa. Morphological changes, particularly in cranial
and dental structures, underscore the evolutionary
impact of dietary specialisation. This multidisciplinary
and comprehensive study provides a solid foundation
for future research into the evolutionary history of
Rhinocerotidae.
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