
 

 
Downloaded from UVicSpace Research & Learning Repository 

dspace.library.uvic.ca 

 

Reclassification of ankylosaurs with ambiguous taxonomy 
using tooth morphometrics 

Emily G. Cross, Andrew J. Fraass, Terry A. Gates, & Victoria M. 
Arbour 

2026 
 

Faculty of Science 
Faculty Publications 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2026 The Author(s). This is an open access article distributed under the terms of 
the Creative Commons license CC BY-NC: 
https://creativecommons.org/licenses/by-nc/4.0/  
 
Original citation: 
Cross, E. G., Fraass, A. J., Gates, T. A., & Arbour, V. M. (2026). Reclassification of 
ankylosaurs with ambiguous taxonomy using tooth morphometrics. Zoological 
Journal of the Linnean Society, 206(4). https://doi.org/10.1093/zoolinnean/zlag068 

https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/zoolinnean/zlag068


Zoological Journal of the Linnean Society, 2026, 206(4), zlag068
https://doi.org/10.1093/zoolinnean/zlag068

Reclassification of ankylosaurs with ambiguous taxonomy 
using tooth morphometrics

Emily G. Cross1,2,3,*, , Andrew J. Fraass1,4, Terry A. Gates2,3, Victoria M. Arbour1,5,

1School of Earth and Ocean Sciences, University of Victoria, Victoria, BC V7P 5C2, Canada
2Department of Biological Sciences, North Carolina State University, Raleigh, NC 27607, USA

3Paleontology, North Carolina Museum of Natural Sciences, Raleigh, NC 27601, USA
4Invertebrate Paleontology, The Academy of Natural Sciences of Drexel University, Philadelphia, PA 19103, USA

5Department of Natural History, Royal BC Museum, Victoria, BC V8V 9W2, Canada

*Corresponding author. School of Earth and Ocean Sciences, University of Victoria, Victoria, BC V7P 5C2, Canada. E-mail: em.g.cross@gmail.com

ABSTRACT

New morphometric methods of analysis of phylliform ornithischian teeth provide the opportunity to study clade associations of ankylosaurs of 
ambiguous taxonomy that include dental material. With recent extensive sampling of ex situ/in situ dentition of ankylosaurs, we present new dental 
characters for phylogenetic analyses of Thyreophora that we use in seven phylogenetic analyses of both parsimony and Bayesian methods. Our 
analyses do not recover the previously proposed clades of Panoplosauridae, Polacanthidae, and Struthiosauridae. Prior dental characters that have 
been used as unambiguous synapomorphies to define Struthiosauridae suffered from vague descriptions that are not accurate portrayals of anky-
losaur tooth morphology; therefore, these characters are not useful for thyreophoran phylogenetic analyses. Our phylogenetic analysis results 
suggest a large degree of homoplasy and support the need for a systematic revision of Nodosauridae. Tooth morphometrics supplement the 
placement of taxa in phylogenetic analyses and allow clade-level classification of taxa solely or primarily based upon tooth material. We identify 
clade associations of enigmatic ankylosaur taxa, such as Peloroplites with Panoplosauridae, Aletopelta with Nodosauridae/Panoplosauridae, and 
Priconodon with Nodosauridae, through a combination of morphometrics and phylogenetics, with implications for palaeobiogeography.

Keywords: morphometrics; phylogenetics; Dinosauria

I N T RO D U CT I O N
The phylogenetic and taxonomic utility of ankylosaurian dental 
traits has been proposed by several authors (Carpenter and 
Breithaupt 1986, Coombs and Deméré 1996) and recently tested 
in a quantitative manner by Cross et al. (2025). Ankylosaur teeth 
can be assigned confidently at higher clade levels using linear dis-
criminant analyses of outline shapes, from linear morphometric 
measurements, and, in some cases, based on absolute size. This 
success provides the potential to test the clade-level affiliations of 
several taxa that currently have ambiguous phylogenetic relation-
ships, such as those taxa known only from isolated teeth or frag-
mentary skeletons. Here, we investigate the clade affiliation of 
several ankylosaur species with ambiguous taxonomy using tradi-
tional and geometric morphometric analyses of their teeth 
(Table 1).

Dental characters are commonly used in ankylosaur phyloge-
netic studies (e.g. Thompson et al. 2012, Raven et al. 2023). We 
investigate the influence of dental characters on resolving the phy-
logeny of ankylosaurs, especially in light of recent studies rejecting 
the long-standing Ankylosauridae–Nodosauridae dichotomy 
within Ankylosauria that had been accepted for 50 years 
(Soto-Acuña et al. 2021, Raven et al. 2023). Raven et al. (2023) 
recovered a novel topology for ankylosaurs consisting of four 
clades: Ankylosauridae, Panoplosauridae, Polacanthidae, and 
Struthiosauridae. Soto-Acuña et al. (2021) recovered the tradi-
tional Nodosauridae and Ankylosauridae, in addition to identify-
ing a new clade that they named Parankylosauria. Based upon the 
quantified differentiation of ornithischian teeth associated with 
skulls from Cross et al. (2025), we here modify and develop new 
tooth characters for ankylosaur systematics. We also include 
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several recently named thyreophoran taxa that were published 
after data collection was completed for the study by Raven et al. 
(2023), including the unusual taxa Stegouros (Soto-Acuña et al., 
2021) and Jakapil (Riguetti et al. 2022a), to allow for a more com-
plete investigation of thyreophoran relationships.

M AT E R I A L S  A N D  M ET H O D S
Morphometric materials and methods

Cross et al. (2025) developed a morphometric dataset of 325 
ankylosaur teeth from 35 species. For each taxon in this study, 
we use the data in the study by Cross et al. (2025) or, for new 
taxa, we follow the morphometric protocol described by Cross 
et al. (2025) to collect new data. For all measurements, we mea-
sured crown base lengths (CBL) and crown heights (CH) using 
digital callipers on the specimens directly when possible or dig-
itally using images on JMorph (Lelièvre and Grey 2017). Outline 
geometric morphometrics were done on both labial and lingual 
views of each tooth, when possible, from images in JMorph 
(Supporting Information, File S1). As in the study by Cross et al. 
(2025), tooth position was not considered, because many 

ankylosaur skulls do not have enough teeth in situ to assess dif-
ferences in tooth morphology confidently across a tooth row. 
Additionally, several taxa in the study by Cross et al. (2025) and 
taxa assessed here are ex situ teeth associated with skulls and can-
not be assigned a tooth position. The ankylosaur taxon 
Priconodon, based solely on teeth, and associated or in situ teeth 
of species with ambiguous taxonomy and those included in 
Parankylosauria (sensu Soto-Acuña et  al. 2021) are plotted as 
isolated teeth in principal component analysis (PCA) space to 
test clade associations based on tooth morphology. Linear dis-
criminant analysis (LDA) classifications and likelihood percent-
ages from multiple classification methods were compared to 
investigate the consistency of identification. Teeth treated as 
isolated do not contribute to the construction of the PCA or 
LDA; instead, they are plotted onto the PCA produced by the 
teeth associated with other cranial material that allows confident 
taxonomic assignment. Each PCA space was calculated from a 
carefully built dataset that did not include any taxa we tested in 
our taxonomic hypothesis test. Our specific aim is to test the 
taxonomic association of ankylosaur taxa that are known to be 
rogue taxa in prior studies for the specific reason that they 

Table 1. Specimens used in morphometric analyses to test family association.

Taxon Specimen number Age Geological unit Image source

Acanthopholis horridus 
Huxley, 1867

BGS GSM 109045b Cenomanian Lower Chalk Lomax et al. (2014)

Aletopelta coombsi Ford & 
Kirkland, 2001

SDSNH 33909a A, SDSNH 
33909a B, SDSNH 33909a C

Campanian (Coombs and 
Deméré 1996)

Point Loma Fm Coombs and 
Deméré (1996)

Antarctopelta oliveroi Salgado 
& Gasparini, 2006

MLP86-X-28-1aA, 
MLP86-X-28-1aB

Campanian (Salgado and 
Gasparini 2006)

Gamma Mbr, Santa 
Marta Fm

Salgado and 
Gasparini (2006)

Borealopelta markmitchelli 
Brown et al., 2017

TMP2011.033.0001aA, 
TMP2011.033.0001aB

Aptian (Brown et al. 2017) Clearwater Fm C. Brown 
(pers. comm.)

Cedarpelta bilbeyhallorum 
Carpenter et al., 2001

CEUM 1264a #86 Aptian–Albian (Chure et al. 
2010, Gulbranson et al. 2022)

Ruby Ranch Mbr, 
Cedar 
Mountain Fm

EGC

Jakapil kaniukura Riguetti 
et al., 2022a

MPCA-PV-630a A, 
MPCA-PV-630a B, 
MPCA-PV-630a C, 
MPCA-PV-630a D

Cenomanian (Riguetti 
et al. 2022a)

Candeleros Fm Riguetti et al. (2022a)

Kunbarrasaurus ieversi 
(Leahey et al., 2015), 
Minmi sp. Molnar, 1996

QM18101a Albian (Molnar 1996) Allaru Mudstone Molnar (1996)

Peloroplites cedrimontanus 
Carpenter et al., 2008

CEUM 34580a Aptian–Albian (Chure et al. 
2010, Gulbranson et al. 2022)

Ruby Ranch Mbr, 
Cedar 
Mountain Fm

EGC

Priconodon crassus 
Marsh, 1888

USNM 437985 A, USNM 
437985 B

Aptian Arundel Fm VMA

Priodontognathus phillipsii 
Seeley, 1875

CAMSM B5340a Upper Jurassic (Galton 1980) Oxford Clay Lomax et al. (2014)

Sarcolestes leedsi 
Lydekker, 1893

NHMUK R2682a Middle Jurassic (Galton 1980) Oxford Clay VMA

Sauropelta edwardsorum AMNH 3016 Valanginian–Cenomanian Cloverly Fm Coombs (1990)

YPM 5350, YPM 5525 Valanginian–Cenomanian Cloverly Fm Galton (1980)
Stegouros elengassen 

Soto-Acuña et al., 2021
CPAP 3165a Upper Campanian–Lower 

Maastrichtian (Soto-Acuña 
et al. 2021)

Dorotea Fm Soto-Acuña 
et al. (2021)

aThe specimen is the holotype for a taxon.
bThe specimen is a syntype.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/206/4/zlag068/8661487 by U

niversity of Victoria, M
cPherson Library Serials user on 04 M

ay 2026

https://academic.oup.com/zoolinnean//article-lookup/doi/10.1093/zoolinnean/zlag068#supplementary-data


﻿Ankylosaur tooth morphometrics    •  3

contain scant skeletal material, yet all include teeth within their 
hypodigm.

Taxa of interest
Acanthopholis horridus (Table 1) was named by Huxley (1867) 
based upon fragmentary material, including several teeth. It has 
been assigned to Nodosauridae and was not considered in the 
analyses by Raven et  al. (2023). Seeley (1869) named several 
other Acanthopholis species; however, all of these are now consid-
ered nomina dubia (Pereda-Suberbiola and Barrett 1999) of vari-
ous taxa. Acanthopholis horridus is variably considered valid or not 
valid in systematic reviews (Coombs 1978, Coombs and 
Maryańska 1990, Pereda-Suberbiola and Barrett 1999). 
Pereda-Suberbiola and Barrett (1999) consider features of the 
Acanthopholis horridus holotype material consistent with 
Nodosauridae; however, they note that they are unsure that the 
teeth alone could be used for a clade-level identification.

Aletopelta coombsi (Table 1) is known from a single specimen, 
SDSNH 33909, preserving primarily the dorsal skeletal section 
and associated teeth. The clade affiliation of Aletopelta has been 
inconsistent. Coombs and Deméré (1996) suggested that 
Aletopelta is a nodosaurid based upon characteristics of the scap-
ular spine, prespinous fossa, posterior margin of the ilium, and 
fourth trochanter, but noted that none of the clade-level diagnos-
tic cranial synapomorphies is preserved. Ford and Kirkland 
(2001) suggested that Aletopelta is ankylosaurid based upon char-
acteristics of armour and limb morphology. Its phylogenetic posi-
tion has changed across different analyses (Vickaryous et al. 2004, 
Thompson et  al. 2012, Arbour and Currie 2016, Raven et  al. 
2023). Most recent phylogenetic analyses place Aletopelta as a 
nodosaurid or panoplosaurid (Maidment et  al. 2025, Agnolín 
et al. 2026).

Antarctopelta oliveroi, the ankylosaur from Antarctica, has been 
identified as a parankylosaurian (Soto-Acuña et al. 2024, 2021, 
Agnolín et al. 2026), basal nodosaurid (Thompson et al. 2012), 
indeterminate nodosaurid (Arbour and Currie 2016), polacanthid 
(Maidment et al. 2025), ankylosaurid (Raven et al. 2023), and 
bearer of both ankylosaurid and nodosaurid features (Salgado and 
Gasparini 2006).

Cedarpelta bilbeyhallorum was originally classified as a 
shamosaurine-like ankylosaurid (Carpenter et al. 2001), but has 
been classified as ankylosaurid, nodosaurid, and basal ankylosaur 
in subsequent systematic studies (e.g. Vickaryous et  al. 2004, 
Arbour and Currie 2016, Raven et  al. 2023, respectively). 
Maidment et al. (2025) classified it as an early diverging thyreo-
phoran under equal weights, and as an early diverging ankylosaur 
with implied weights k = 3, where k is the concavity constant. 
Agnolín et al. (2026) recovered Cedarpelta as an early diverging 
ankylosaur in all analyses (equal weights, k = 3, k = 7, k = 11).

Brown et al. (2017) indicated that Borealopelta markmitchelli is 
a nodosaurid; however, Raven et al. (2023) recovered it as anky-
losaurid, noting that its placement might be attributable to its 
exceptional preservation. Maidment et  al. (2025) recovered 
Borealopelta as a polacanthid with equal weights and an ankylo-
saurid with implied weights k = 3. Agnolín et al. (2026) classified 
it variably as a nodosaurid and within a large ankylosaur polytomy 
between different analyses. C. Brown (personal comment, 13 
March 2025) provided images of two teeth of the Borealopelta 

holotype (TMP 2011.033.000) in labial view with ultraviolet 
fluorescence.

Jakapil kaniukura is known from a partial skeleton 
(MPCA-PV-630) that includes maxillary and dentary teeth 
(Riguetti et al. 2022a). Jakapil contains features of early diverging 
thyreophorans but is recovered from the Cenomanian and might 
represent a separate branch of South American thyreophorans 
(Riguetti et al. 2022a). Fonseca et al. (2024) found Jakapil as either 
a basal thyreophoran or the basal-most ankylosaur in a compre-
hensive analysis of ornithischians.

The holotype of Kunbarrasaurus ieversi (QM F18101) was orig-
inally described as Minmi sp. (Molnar 1996). Prior to the discov-
ery of Stegouros and proposal of the clade Parankylosauria, Minmi 
sp. was considered an ankylosaur, yet not assigned a less inclusive 
clade (Molnar 1996, Arbour and Currie 2016). Leahey et  al. 
(2015) redescribed QM F18101 as Kunbarrasaurus ieversi, sup-
porting the idea that it represents a basal ankylosaur. The descrip-
tion of Stegouros suggests that Kunbarrasaurus might fit within the 
Gondwanan thyreophoran clade of Parankylosauria that branches 
off before the ‘nodosaurid–ankylosaurid’ dichotomy (Soto-Acuña 
et al. 2021). Recent phylogenetic analyses place Kunbarrasaurus 
in monophyletic Parankylosaria (Agnolín et al. 2026). However, 
Maidment et al. (2025) recovered Kunbarrasaurus as a nodosaurid 
(equal weights) and a polacanthid (implied weights k = 3). We 
used one tooth of the holotype QM F18101 figured by Molnar 
(1996) to compare the tooth morphology of Kunbarrasaurus rel-
ative to the other parankylosaurs (Table 1).

Peloroplites cedrimontanus was classified as a polacanthid by 
Raven et al. (2023) and Maidment et al. (2025). However, the 
majority of the characters that are considered synapomorphic for 
Polacanthidae and Panoplosauridae are missing in Peloroplites 
specimens. Agnolín et al. (2026) classified Peloroplites as an anky-
losaurid (equal weights, k = 7, k = 11) and as an ankylosaur with 
no less inclusive clade, across analyses. When the single associated 
tooth was plotted in the morphospace by Cross et al. (2025), it 
plotted in a location far from the rest of Polacanthidae and had a 
much larger absolute size than any other polacanthid species.

Priconodon crassus (Table  1) was first described by Marsh 
(1888) based solely on an isolated tooth. Lull (1911) noted sim-
ilarity to Palaeoscincus, yet assigned it to Stegosauridae. It is typi-
cally recognized as an ankylosaur with uncertain clade affinities.

Priodontognathus phillipsii (Table 1) is named based upon a 
single maxilla fragment (Seeley 1875). It has been identified var-
iously as a stegosaur, an ankylosaur, and a basal thyreophoran 
(Ősi 2015).

Sarcolestes leedsi is represented by a left maxilla (Lydekker 
1893) (Table 1). Sarcolestes has historically been included in both 
Stegosauria and Ankylosauria, although it is currently considered 
a nodosaurid ankylosaur (Galton 1980, 1983).

Sauropelta edwardsorum has been accepted as a nodosaurid 
since the study by Coombs (1978). In the study by Raven et al. 
(2023), Sauropelta was recovered outside of Ankylosauridae but 
not within any of the three newly recognized clades representing 
what were traditionally considered nodosaurids. Maidment et al. 
(2025) classified Sauropelta as a nodosaurid (equal weights) and 
an early diverging ankylosaur (implied weights k = 3). Agnolín 
et al. (2026) classified it variably as a nodosaurid (equal weights), 
an early diverging ankylosaur (implied weights k = 7), and an 
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ankylosaur with no less inclusive clade (implied weights k = 3, 
k = 11). We use three teeth of Sauropelta (Table 1) to investigate 
its tooth morphology in comparison to the clades of Raven 
et al. (2023).

Stegouros elengassen is a highly divergent ankylosaur recently 
described from southern Chile, bearing an independently evolved 
tail club dissimilar to ankylosaurids and convergent with glypt-
odonts. Soto-Acuña et al. (2021) recovered Stegouros along with 
Antarctopelta and Kunbarrasaurus to form the new basally diverg-
ing clade Parankylosauria. Parankylosauria was supported by a 
broad ornithischian phylogenetic analysis by Fonseca et al. (2024) 
and further reinforced by Agnolín et al. (2026); however, it was 
not recovered by Maidment et al. (2025), with Stegouros instead 
in a basal position in Ankylosauria.

Phylogenetic analyses
We test the effects of some of the diagnostic traits identified by 
Cross et al. (2025) on the interrelationships of ankylosaurs using 
the phylogenetic dataset developed by Raven et al. (2023) by cre-
ating new tooth characters and by modifying and removing vari-
ous characters from Raven et al. (2023), because we considered 
the wording ambiguous and difficult to replicate in coding 
(Supporting Information, File S2). Specifically, we consider 
aspects of crown striae and fluting as separate morphological char-
acters, because they are not synonymous; neither the scorings nor 
character descriptions by Raven et al. (2023) accurately represent 
this distinction. Striae tend to originate from the base or cingulum 
of the tooth, are often not equidistant, and do not form deep 
crevice-like structures, whereas fluting tends to originate at the 
carinae, is often equidistant, and forms larger crevice-like struc-
tures (Fig. 1). To reduce ambiguity of crown shape, character 113 
in the present character matrix is a modified version of character 
114 (tooth crown roundness) of Raven et al. (2023), adding a 
subrounded tooth state: the crown is rounded, but an apex is still 
discernible. We excluded character 115 (tooth crown height to 
width comparison) of Raven et al. (2023) from the analysis, and 
we defined two new characters (114 and 115) following the CH 
and CBL criteria of Cross et al. (2025), codifying the occurrence 
of at least one tooth with a CBL and/or CH of ≥10 mm. We 
removed character 116 (presence/absence of a central apical 
ridge) of Raven et al. (2023), because these authors indicated that 
it might be more ecologically correlated, and is yet to be tested. 
Characters 1–112 are the same as those of Raven et al. (2023). 
Our characters 126–343 are the same as characters [123–340] of 
Raven et  al. (2023), only shifted forward three numbers (e.g. 
Raven et al. [123] is our 126).

Additionally, we have coded taxa not present in the study by 
Raven et  al. (2023): Jakapil (Riguetti et  al. 2022a), Stegouros 
(Soto-Acuña et al. 2021), Patagopelta (Riguetti et al. 2022b), and 
an unnamed ankylosaur from Argentina (Álvarez Nogueira et al. 
2025), for more comprehensive sampling. Furthermore, we were 
able to score dental characters for species unscored by Raven et al. 
(2023), including Anodontosaurus, Borealopelta, Cedarpelta, 
Crichtonpelta, Denversaurus, Gobisaurus, and Jinyunpelta. We did 
not score tooth characters for some species included by Raven 
et al. (2023), because there are no published images or descrip-
tions of the teeth, or the illustrations lack fine detail. The species 
we did not score for dental characters that Raven et al. (2023) 

included are as follows: Dyoplosaurus, the Paw Paw juvenile, 
Scolosaurus, and Tsagantegia. Additionally, we scored tail charac-
ters for Zuul that were marked as missing by Raven et al. (2023). 
We do not consider Tarchia teresae, Minotaurasaurus, and 
Zhejiangosaurus as valid taxa (Arbour and Currie 2016). We 
include specimen PIN 3142/250, the specimen that Raven et al. 
(2023) scored for Tarchia teresae as Saichania, and INBR21004, 
the specimen that Raven et al. (2023) scored for Minotaurasaurus 
as Tarchia kielanae (Arbour et al. 2014).

We perform maximum parsimony and Bayesian inference 
phylogenetic analyses following methods from Raven et  al. 
(2023) to make direct comparisons, and also extend these phy-
logenetic methodologies to take greater advantage of available 
data with analytical capabilities (Supporting Information, File 
S3). All character scoring was completed in Mesquite v.3.81 
(Maddison and Maddison 2023). In all analyses, Lesothosaurus 

Figure 1. Differences between fluting and striae. A, B, Pinacosaurus 
grangeri (ZPAL MgD II/1) teeth with strong fluting. C, D, 
Euoplocephalus tutus (CMNFV 8876) tooth with minor fluting and 
striations. Scale bar: 1 cm in A, C.
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is designated as the outgroup. Maximum parsimony trees were 
constructed in TNT v.1.6 (Goloboff and Morales 2023) using 
new technology algorithms with 100 random addition sequences 
and sectorial search, parsimony ratchet with 20 substitutions, 
tree drifting, and tree fusing with five rounds, as in the study by 
Raven et al. (2023). One thousand trees are held in RAM, and 
we execute a second round of TBR branch swapping. We identify 
potential rogue taxa using quick pruning heuristic. The consis-
tency index (CI) and retention index (RI) are calculated using 
the TNT script STATS.RUN. Total fit and adjusted homoplasy 
are calculated by TNT. In addition to equal weights, we follow 
the use of implied weights of Raven et al. (2023), with k = 3, k = 8, 
and k = 12, respectively.

Raven et al. (2023) use the R package ‘strap’ (Bell and Lloyd 
2015) to tip date their trees. Studies show that ‘strap’ uses a less 
ideal tip dating method than the ‘cal3’ method or MrBayes tip 
dating algorithm (Bapst 2014, Bapst and Hopkins 2017). Instead, 
we used MrBayes (Altekar et al. 2004, Ronquist et al. 2012) to 
time scale our parsimony trees, which is similar to ‘cal3’ methods 
but is much less likely to create zero-length branches (Matzke and 
Wright 2016). We add in a ‘dummy taxon’ that has an age of zero 
and is adjacent in the tree to Ankylosaurus, which has a ‘fixed date’ 
at 66.88 Myr. Given that the MrBayes algorithm is designed for 
tree construction with extant taxa, the dummy taxon ensures that 
our fixed date taxon is properly dated. We used the functions ‘cre-
ateMrBayesConstraints’ and ‘createMrBayesTipDatingNexus’ 
from the package ‘paleotree’ (Bapst 2012) in R v.2023.09.1 + 494 
(R Core Team 2021) to convert our trees and occurrence data 
into a nexus file with MrBayes formatting (Supporting 
Information, File S3). After Bayesian tree inference, we removed 
the dummy taxon from the parsimony trees using Mesquite 
v.3.81 (Maddison and Maddison 2023).

Raven et  al. (2023) also ran a Bayesian inference tree in 
MrBayes using the non-clock model with parameters gamma 
rates, number of gamma categories equal to four, 20 million gen-
erations, four runs, eight chains, and a 25% burn-in, which we 
mimic for analytical comparison. Given that lognormal rate dis-
tributions have been shown to approximate discrete morpholog-
ical character evolution better (Harrison and Larsson 2015), we 
replaced the gamma rates with lognormal to see whether this 
modification produced a different topology from the gamma rates. 
Additionally, we ran a fossilized birth–death clock model that 
included a dummy taxon coded as all ‘?’ with no time constraints. 
The clock rate prior was set using the results from a non-clock 
version of the same taxon–character matrix.

Stratigraphic congruence metrics of all trees were computed 
using ‘StratPhyoCongruence’ from the R package ‘strap’ (Bell and 
Lloyd 2015). We compared the stratigraphic consistency index 
(SCI), relative completeness index (RCI), gap excess ratio (GER), 
and modified Manhattan measure (MSM*) between analyses to 
determine the most supported tree. Our new characters were 
mapped onto our preferred tree using ‘to.matrix’ from the R pack-
age ‘phytools’ (Revell 2024).

Institutional abbreviations
AMNH, American Museum of Natural History, New York, NY, 
USA; BGS GSM, British Geological Survey, Keyworth, 
Nottingham, UK; BYU, Brigham Young University Museum of 

Paleontology, Provo, UT, USA; CAMSM, Sedgwick Museum of 
Earth Sciences, University of Cambridge, Cambridge, UK; 
CEUM, Utah State University Eastern, Prehistoric Museum, 
Price, UT, USA; CMNFV, Canadian Museum of Nature, Ottawa, 
ON, Canada; CPAP, Colección de Paleobiología de Antártica y 
Patagonia, Instituto Nacional Antártico Chileno, Punta Arenas, 
Chile; DMNH, Denver Museum of Nature and Science, Denver, 
CO, USA; MLP, Museo de La Plata, Argentina; MPCA-PV, 
Colección de Paleovertebrados de la Museum Provincial de 
Cipolletti ‘Carlos Ameghino’, Cipolletti, Rio Negro Province, 
Argentina; NHMUK, Natural History Museum, London, UK; 
PIN, Paleontological Institute, Russian Academy of Sciences, 
Moscow, Russia; QM, Queensland Museum, Geoscience 
Collection, Brisbane, Queensland, Australia; ROM, Royal 
Ontario Museum, Toronto, ON, Canada; SMA, Sauriermuseum 
Aathal, Switzerland; SDSNH, San Diego Natural History 
Museum, San Diego, CA, USA; TMP, Royal Tyrrell Museum of 
Paleontology, Drumheller, Alberta, Canada; USNM, Museum of 
Natural History, Smithsonian Institution, Washington, DC, USA; 
YPM, Yale Peabody Museum, New Haven, CT, USA; ZPAL, 
Zaklad Paleobiologii (Institute of Paleobiology), Polish Academy 
of Sciences, Warsaw, Poland.

R E SU LTS
Tooth morphometrics

Genus-/species-level analysis of individual clades
Plotting individual nodosaurid species (sensu Coombs 1978) 
using the dataset of Cross et al. (2025) compares possible mor-
phospace occupation between individual species and genera 
(Fig.  2). Much of the PCA morphospace is occupied by 
Edmontonia rugosidens (three skulls) (Fig. 2A, C). In PCA labial 
view, all other nodosaurid species occupy part of the same mor-
phospace as Edmontonia rugosidens (Fig. 2A). Edmontonia rugos-
idens is represented by a large number of specimens in comparison 
to other species in our results using the dataset of Cross et  al. 
(2025) at species level and adding new data. The large morpho-
space spread of Edmontonia rugosidens might represent variation 
between individuals and some heterodonty within individual 
skulls. Other species represented by multiple individuals (e.g. 
Gastonia burgei) have a smaller spread in PCA morphospace, 
potentially indicating less dental variability. Panoplosaurus mirus 
and Edmontonia longiceps occur entirely within morphospace 
enclosed by the convex hull of Edmontonia rugosidens in the labial 
view PCA plot (Fig. 2A). The labial view LDA shows considerable 
overlap between all species (Fig. 2B). Europelta (two individuals) 
has a larger spread in labial LDA space than Edmontonia rugosidens, 
in contrast to their PCA morphospace arrangements (Fig. 2A, B). 
This finding suggests that Europelta has more variation in linear 
dimensions, thus those dimensions might best be used for differ-
entiating between species in labial view. Interestingly, Edmontonia 
indet. from the Matanuska Formation in Alaska, Edmontonia lon-
giceps, and Animantarx plot entirely outside of the Edmontonia 
rugosidens morphospace in lingual view. Both species of Gastonia 
plot entirely inside the lingual view PCA morphospace of 
Gargoyleosaurus (Fig. 2C). The lingual view LDA shows separation 
of Edmontonia longiceps, Animantarx, Struthiosaurus languedocen-
sis, and Denversaurus (Fig. 2D).
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Ankylosaurid species have less overlap in comparison to the 
nodosaurid species in labial view and are comparable in overlap 
in lingual view (Fig. 3). In labial view PCA, the largest morpho-
space is occupied by Anodontosaurus (Fig. 3A). Tarchia kielanae 
falls entirely within the labial PCA morphospace of Anodontosaurus 
(Fig.  3A). Two species, Liaoningosaurus paradoxus and 
Ankylosaurus magniventris, plot within morphospace not occupied 
by other species, for both PCA and LDA, in labial view, whereas 
the labial LDA shows separation between all ankylosaurid species 
plotted (Fig. 3A, B). Liaoningosaurus is located on the extreme left 
of principal component (PC) 1, far from all other ankylosaurid 
species, whereas Ankylosaurus is located to the right extreme of 
PC 1 (Fig. 3A). The lingual PCA shows overlap of most ankylo-
saurid species (Fig.  3C). Crichtonpelta benxiensis has a unique 
morphospace in comparison to other ankylosaurids in lingual 
LDA and PCA (Fig. 3C, D). Contrary to the labial view, the lingual 

view LDA does not completely separate out any species besides 
Crichtonpelta. If geographical location and time are taken into 
consideration, penecontemporaneous North American taxa have 
lingual PCA and LDA scores that overlap (e.g. Anodontosaurus, 
Euoplocephalus, and Zuul), whereas Asian taxa have minimal over-
lap only in LDA (Pinacosaurus and Saichania) (Fig.  3C, D). 
Ankylosaurus magniventris is our only Late Maastrichtian North 
American ankylosaurid representative, and it overlaps in morphol-
ogy only with Anodontosaurus within the ankylosaurid-only lin-
gual LDA (Fig. 3D).

Clade-level analysis of isolated teeth
Several taxa have CH and/or CBL absolute sizes greater than the 
10 mm threshold that Cross et al. (2025) correlated with a likely 
nodosaurid identification (sensu Coombs 1978). Aletopelta has 
one tooth with a CBL of 9.93 mm and a CH of 9.12 mm, whereas 

Figure 2. Principal component analyses (PCAs) and linear discriminant analyses (LDAs) of nodosaurid (sensu Coombs 1978) phylliform 
ornithischian teeth at the Coombs (1978) clade level. Labial view: A, PCA; B, LDA. Lingual view: C, PCA; D, LDA.
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the other two teeth have CBLs and CHs of >11 mm (Table 2). 
CH and CBL sizes of the two Antarctopelta (P 86-X-28-1) teeth 
approach the 10 mm threshold (Table  2). The holotype of 
Cedarpelta has a single in situ tooth (CEUM 1264 #86), which is 
not fully erupted, hence we are unable to measure CBL or to carry 
out an outline analysis. However, the height of the crown is 
exposed, permitting a CH measurement of 8.49 mm, which is 
towards the larger side for ankylosaurids and basal ankylosaurs. 
The single tooth of Peloroplites has a CBL of 15.37 mm and a CH 
of 18.62 mm, placing it well within the range restricted to pano-
plosaurid nodosaurs in North America. Both teeth of Priconodon 
have high values of CBL and CH (Table 2), identifying them as 
nodosaurid, panoplosaurid, or struthiosaurid based on size. 
Priodontognathus has a large tooth size, with a CBL of 9.58 mm 
and a CH of 9.4 mm. Although this value is below the conservative 
cut-off of 10 mm in size for a definite nodosaurid identification 
from Cross et al. (2025), it approaches the real cut-off from their 
data (9.4 mm). We assessed one Sarcolestes tooth associated with 

the holotype in labial view. The CBL is 8.48 mm and the CH is 
10.83 mm. Sauropelta is considered an uncategorized nodosaur 
by Raven et al. (2023). Two Sauropelta teeth (YPM 5350 and YPM 
5525) have CBL and CH values of >10 mm (Table 2). A third 
tooth, AMNH 3016, falls below the 10 mm threshold for both CH 
and CBL.

PCAs and LDAs suggest clade associations with high likeli-
hoods for some of the taxa we assessed (Supporting Information, 
Files S4 and S5). The analysis of Aletopelta by Coombs (1978) 
provides a nodosaurid identification for two teeth in lingual view 
(SDSNH 33909 B and C) and all three teeth in labial view with 
high likelihoods (Tables 3 and 4). The analysis by Raven et al. 
(2023) provides a panoplosaurid identification for SDSNH 
33909 B in both labial and lingual view with high likelihoods. 
SDSNH 33909 A has an ankylosaurid identification with low 
likelihood in lingual view and a panoplosaurid identification with 
high likelihood in labial view. SDSNH 33909 C has lingual and 
labial identifications as struthiosaurid. When Struthiosauridae is 

Figure 3. Principal component analyses (PCAs) and linear discriminant analyses (LDAs) of ankylosaurid phylliform ornithischian teeth at the 
Coombs (1978) clade level. Labial view: A, PCA; B, LDA. Lingual view: C, PCA; D, LDA.
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removed as an option from the analysis (given the Late 
Cretaceous Laramidian origin of Aletopelta contrasting with the 
primarily European distribution of known struthiosaurids), 
SDSNH 33909 C has a panoplosaurid identification with high 
likelihood in both views (98% in labial and 95% in lingual). One 
tooth (SDSNH 33909 C) falls within morphospace that is occu-
pied only by Panoplosauridae in lingual view (Fig. 4).

Antarctopelta tooth outlines (in both labial and lingual views) 
plot in the PCA cluster where many of the ornithischian clades 
overlap in lingual view using the taxonomic frameworks of both 
Coombs (1978) and Raven et al. (2023) (Fig. 4). In labial view, 
one tooth plots outside of the morphospace for all clades, not near 
any other teeth treated as isolated in this analysis. In the LDAs, 
Antarctopelta resolves as a thescelosaurid, nodosaurid, or pachy-
cephalosaurid depending on the analysis, and all identifications 
have <60% likelihood (Tables 3 and 4). Given this inconsistency, 
no conclusions on Antarctopelta systematics can be drawn, other 
than noting that the one tooth in labial view falls outside the mor-
phospace of other ankylosaur clades, unlike the teeth of the other 
parankylosaurian, Stegouros, suggesting that it might have unique 
dietary mechanics or feeding ecology.

Jakapil in labial view has inconsistent identifications with low 
likelihoods (two teeth identified as thescelosaurid, one tooth as 
ankylosaurid, and one tooth as nodosaurid; Table 3). In lingual 
view, MPCA-PV-630 C has a stegosaurid identification with low 
likelihood (Table 4). In all PCAs, the Jakapil teeth cluster in mor-
phospace occupied by multiple clades. The inconsistent 
low-likelihood identifications of Jakapil teeth most probably 
reflect the highly disparate morphology relative to other thyreo-
phorans represented by this taxon.

Molnar (1996) figures three teeth of Kunbarrasaurus (attributed 
to Minmi sp. by Molnar 1996). We analyse one tooth in what we 
interpret to be labial view (QM18101). In LDA, the tooth has an 
ankylosaurid identification with low likelihood (Table 3), and in 
the PCAs it plots in morphospace occupied by multiple clades 
(Fig. 4).

The Peloroplites tooth is strongly classified as struthiosaurid or 
panoplosaurid. The analysis by Coombs (1978) suggests a nodo-
saurid identification with 91% likelihood (Table 3). Morphometric 
analysis with all clades of Raven et al. (2023) resolves the tooth 
as struthiosaurid with a 60% likelihood. However, Peloroplites is 
from Cretaceous Laramidia, whereas struthiosaurids are known 
primarily from Europe. The analysis was completed again without 
struthiosaurids, and the Peloroplites tooth was classified as pano-
plosaurid with 87% likelihood (Supporting Information, File S5). 
Notably, Peloroplites falls outside of the morphospace of all anky-
losaur clades in lingual view PCA space, with the closest clades 
being Struthiosauridae and Panoplosauridae (Fig. 4).

Using the classification by Coombs (1978), both Priconodon 
teeth are very likely to be nodosaurid (89% and 97%). With the 
classification by Raven et al. (2023), both teeth are identified as 
likely to be struthiosaurid (97% and 70%). Both Priconodon teeth 
fall strongly in PCA morphospace occupied only by Nodosauridae 
using the classification by Coombs (1978), and morphospace 
overlapped by Struthiosauridae and Panoplosauridae with the 
classification by Raven et al. (2023).

The analysis by Coombs (1978) of Priodontognathus provides 
an ankylosaurid identification with 46% likelihood (Table 4). The 
classification by Raven et al. (2023) also suggests an ankylosaurid 
identification with 76% likelihood. When the Priodontognathus 
isolated tooth is plotted on the PCAs of the associated teeth from 
Cross et al. (2025), it plots in the cluster of all clades (Fig. 4). 
Given this plot, low LDA likelihoods, and differences in LDA 
identifications between methods, we suggest that the clade affili-
ation of Priodontognathus remains ambiguous.

Using the classification by Coombs (1978), Sarcolestes has a 
nodosaurid identification with only a 61% likelihood. Using the 
classification by Raven et al. (2023), the tooth has a basal ankylo-
saur identification with 32% likelihood. Given the Middle Jurassic 
age, the large size, and the variable identification of nodosaurid 
and basal ankylosaur, Sarcolestes is likely to represent an early 
nodosaurid or an early diverging ankylosaur.

In labial view, two Sauropelta teeth (AMNH 3016 and YPM 
5350) have an ankylosaurid identification with low likelihood 
(Table 3). The third tooth (YPM 5525) has a struthiosaurid iden-
tification with low likelihood (60%). In lingual view, AMNH 3016 
continues to have a low-likelihood ankylosaurid affiliation, 
whereas YPM 5350 and YPM 5525 both have weak panoplosaurid 
identifications (Table 4). With struthiosaurids removed from the 
analysis based on location, YPM 5525 in labial view has a pano-
plosaurid identification with high likelihood (93%) and plots in 
the PCA morphospace only occupied by panoplosaurids (Fig. 4). 
The other two teeth plot in the PCA morphospace covered by all 
clades. Given the large tooth sizes paired with YPM 5525 plotting 
in panoplosaurid-only morphospace, using tooth morphometrics 
Sauropelta should be considered a panoplosaurid nodosaur.

Table 2. Crown height and crown base length measurements of 
specimens with ambiguous higher-level taxonomy.

Taxon Specimen number CH 
(mm)

CBL (mm)

Acanthopholis BGS GSM 109045 9.39 7.39
Aletopelta SDSNH 33909 A 9.29 9.91
Aletopelta SDSNH 33909 B 11.85 11.22
Aletopelta SDSNH 33909 C 12.13 11.50
Antarctopelta MLP86-X-28-1A 10.19 9.46
Antarctopelta MLP86-X-28-1B 8.86 7.48
Cedarpelta CEUM 1264 #86 8.49
Jakapil MPCA-PV-630 A 7.53 5.44
Jakapil MPCA-PV-630 B 8.30 5.08
Jakapil MPCA-PV-630 C 7.87 5.54
Jakapil MPCA-PV-630 D 6.80 4.87
Kunbarrasaurus QM18101 7.77 5.36
Peloroplites CEUM 34580 18.62 15.37
Priconodon USNM 437985 A 12.54 13.48
Priconodon USNM 437985 B 15.23 14.08
Priodontognathus CAMSM B5340 9.59 9.41
Sarcolestes NHMUK R2682 10.83 8.48
Sauropelta AMNH 3016 7.80 7.69
Sauropelta YPM 5350 12.49 10.69
Sauropelta YPM 5525 11.60 11.31
Stegouros CPAP 3165 5.42 4.70

Abbreviations: CBL, crown base length; CH, crown height.
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In all of the PCA plots in lingual and labial views, Stegouros plots 
on the edge of the morphospace occupied only by Ankylosauridae. 
Labial view LDA suggests an ankylosaurid identification with low 
likelihood, whereas lingual view LDA suggests a pachycephalo-
saurid identification with low likelihood (Tables 3 and 4).

Tree analysis
All tree statistics from each of the parsimony analyses are reported 
in Table 5 and for the Bayesian analyses in Table 6.

In all of our analyses (both parsimony and Bayesian), we recov-
ered Ankylosauridae and Stegosauria (Figs  5–7; Supporting 
Information, File S2). Several taxa move around, and yet, the 
overall clades are retained. Nodosauridae as defined by Coombs 

(1978) is not recovered or is paraphyletic in all our analyses, 
except for the Bayesian non-clock analysis (analysis E). Analysis 
A has the lowest stratigraphic congruence values for nearly every 
metric, suggesting the lowest performance (Table 5). Analysis C 
produces our most supported tree using stratigraphic congruence 
metrics. Parsimony trees have a CI of <.5, and as the implied 
weights k increases, the fit also increases, suggesting high levels of 
homoplasy.

Within analyses E–G (Bayesian inference), fit is examined 
through posterior probabilities. Analysis E (non-clock gamma) 
has no polytomies and recovers both Stegosauria and 
Ankylosauridae (Supporting Information, File S2). After the run, 
analysis E reached a standard deviation of 0.0085, and an average 

Figure 4. Teeth of ankylosaur species with ambiguous taxonomy plotted in principal component analysis (PCA) space. A, Coombs (1978) 
clades in labial view. B, Raven et al. (2023) clades in labial view. C, Coombs (1978) clades in lingual view. D, Raven et al. (2023) clades in 
lingual view.
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Table 3. Linear discriminant analysis-suggested identifications of teeth of ambiguous taxonomy in labial view.

Taxon Specimen number Labial Coombs 
(1978) clade

Percentage 
likelihood of 
Coombs 
(1978) clade

Labial Raven et al. 
(2023) clade

Percentage 
likelihood of 
Raven et al. 
(2023) clade

Acanthopholis BGS GSM 109045 Ankylosauridae 47.22 Ankylosauridae 52.84
Aletopelta SDSNH 33909 A Nodosauridae 85.87 Panoplosauridae 87.85
Aletopelta SDSNH 33909 B Nodosauridae 50.29 Panoplosauridae 48.18
Aletopelta SDSNH 33909 C Nodosauridae 94.11 Struthiosauridae 81.25
Antarctopelta MLP86-X-28-1A Nodosauridae 58.26 Panoplosauridae 41.56
Antarctopelta MLP86-X-28-1B Nodosauridae 54.31 Thescelosauridae 30.68
Borealopelta TMP2011.033.0001A Ankylosauridae 34.50 Ankylosauridae 31.42
Borealopelta TMP2011.033.0001B Ankylosauridae 43.14 Ankylosauridae 41.46
Jakapil MPCA-PV-630 A Thescelosauridae 38.06 Thescelosauridae 37.43
Jakapil MPCA-PV-630 B Thescelosauridae 51.97 Thescelosauridae 39.02
Jakapil MPCA-PV-630 C Ankylosauridae 33.30 Ankylosauridae 39.92
Jakapil MPCA-PV-630 D Nodosauridae 55.98 Nodosauridae 36.33
Kunbarrasaurus QM18101 Ankylosauridae 62.01 Ankylosauridae 62.45
Priconodon USNM 437985 A Nodosauridae 88.83 Struthiosauridae 97.45
Priconodon USNM 437985 B Nodosauridae 97.47 Struthiosauridae 70.38
Sarcolestes NHMUK R2682 Nodosauridae 60.79 Basal ankylosaur 32.16
Sauropelta AMNH 3016 Ankylosauridae 40.96 Ankylosauridae 46.69
Sauropelta YPM 5350 Nodosauridae 52.93 Ankylosauridae 42.99
Sauropelta YPM 5525 Nodosauridae 80.08 Struthiosauridae 56.93
Stegouros CPAP 3165 Ankylosauridae 31.11 Ankylosauridae 30.47

Table 4. Linear discriminant analysis-suggested identifications of teeth of ambiguous taxonomy in lingual view.

Taxon Specimen number Lingual Coombs 
(1978) clade

Percentage 
likelihood of 
Coombs 
(1978) clade

Lingual Raven et al. 
(2023) clade

Percentage 
likelihood of 
Raven et al. 
(2023) clade

Aletopelta SDSNH 33909 A Ankylosauridae 54.25 Ankylosauridae 51.85
Aletopelta SDSNH 33909 B Nodosauridae 79.30 Panoplosauridae 61.72
Aletopelta SDSNH 33909 C Nodosauridae 87.25 Struthiosauridae 77.25
Antarctopelta MLP86-X-28-1A Pachycephalosauridae 31.87 Thescelosauridae 43.85
Antarctopelta MLP86-X-28-1B Pachycephalosauridae 40.91 Pachycephalosauridae 38.57
Jakapil MPCA-PV-630 C Stegosauridae 61.56 Stegosauridae 78.17
Peloroplites CEUM 34580 Nodosauridae 90.65 Struthiosauridae 60.16
Priodontognathus CAMSM B5340 Ankylosauridae 46.06 Ankylosauridae 52.49
Sauropelta AMNH 3016 Ankylosauridae 54.24 Ankylosauridae 51.85
Sauropelta YPM 5350 Nodosauridae 52.40 Panoplosauridae 62.97
Sauropelta YPM 5525 Nodosauridae 74.15 Panoplosauridae 36.07
Stegouros CPAP 3165 Pachycephalosauridae 72.15 Pachycephalosauridae 38.57

Table 5. Parsimony analysis parameters, resulting analysis metrics, and stratigraphic congruence values.

Analysis Parameters Trees 
retained

Fit Adjusted 
homoplasy

CI RI SCI RCI GER MSM*

A Equal weights 6 156.592 186.408 .190 .239 .370 −175.940 .687 .055
B Implied 

weights (k = 3)
6 180.285 162.715 .232 .409 .568 −86.260 .795 .082

C Implied 
weights (k = 8)

19 243.189 99.811 .231 .406 .493 −75.631 .808 .087

D Implied weights 
(k = 12)

8 269.283 73.717 .240 .434 .560 −175.720 .688 .055

Highest values are in bold.
Abbreviations: CI, consistency index; GER, gap excess ratio; MSM*, modified Manhattan stratigraphic measure; RCI, relative completeness index; RI, retention index; SCI, 
stratigraphic consistency index.
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effective sample size of 5690.42 for tree length and 5297.95 for 
rate (alpha). Analysis E recovers a monophyletic Nodosauridae. 
Analysis F (lognormal non-clock) has the same outcomes as anal-
ysis E, with a standard deviation of 0.0085, and an average effective 
sample size of 5690.42 for tree length and 5297.95 for rate (alpha) 
(Supporting Information, File S2). Analysis G (clock gamma) has 
large polytomies; however, there are still clades representing 
Stegosauria and Ankylosaurinae (Supporting Information, 
File  S2). Analysis G reached a standard deviation of 0.00999 
(upon which time we stopped the analysis), with a tree length 
average effective sample size of 107.83, tree height 109.14, and 
alpha 3353.80. All the metrics for analysis G reached convergence 
except for TK02 variation (effective sample size of 90.49). The 
analysis G clock tree is plotted on the geological time scale using 
the median root age of 228.6 Mya. Stratigraphic congruence met-
rics for analysis G include SCI = .333, RCI = −404.335, GER = .413, 
and MSM* = .030.

D I S C U S S I O N
Phylogenetic topologies recovered from parsimony or Bayesian 
analyses are the result of both the data input and the model param-
eters set by the researchers. Constant additions and modifications 
to analyses are essential to reach consensus of both alpha and 
higher-level taxonomic stability. We applied results from the larg-
est morphometric dataset of thyreophoran and basal ornithischian 
teeth to modify phylogenetic characters of the most recent and 
largest thyreophoran character matrix (Raven et al. 2023). Results 
from our study weigh heavily into the discussion of clade-level 
taxonomy and species-level evolutionary relationships.

Higher-level taxonomy
As noted above, Raven et al. (2023) proposed a new four-clade 
taxonomy for Ankylosauria, eliminating the prior dichotomous 
clade taxonomy. These authors included two dental characters 
as unambiguous synapomorphies used to define 
Struthiosauridae: character 114, subtriangular shape of the tooth 
crown; and character 118, striations not extending to the cingu-
lum. We modified character 114 to include an intermediate char-
acter state of sub-rounded, because the crown can be rounded 
with a still discernible crown apex (character 113 in this study). 
We scored one taxon (Struthiosaurus austriacus), included within 
Struthiosauridae by Raven et al. (2023), as having a shape dif-
ferent from sub-triangular and 30 taxa not included in 
Struthiosauridae as having a sub-triangular shape. In our char-
acter matrix, we completely changed the second dental character 
that Raven et al. (2023) used to define Struthiosauridae. These 
authors did not discriminate between striations and fluting, 
using the term ‘striations’ while describing ‘fluting’, resulting in 
inconsistent scoring. We separate characters related to striations 
and fluting, with 10 non-‘struthiosaurid’ taxa having scores for 
the extent of fluting and/or striations not extending across the 
full crown. As such, the two dental characters that Raven et al. 
(2023) used as unambiguous struthiosaurid synapomorphies 
do not accurately assess thyreophoran tooth morphology or 
taxonomy.
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With the changes to nine dental characters in the matrix, only 
one of our five analyses recovered a topology similar to the pre-
ferred tree structure of Raven et al. (2023), although with key 
differences (Fig. 6). Analysis B resolves the Stegosauria clade, 
with the inclusion of Invictarx. Importantly, analysis B is the only 
consensus tree that resolves Borealopelta within Ankylosauridae, 
as in the study by Raven et al. (2023). We do recover a clade with 
the same members of Panoplosauridae as Raven et al. (2023), 
although our Panoplosauridae has the addition of Aletopelta (an 
ankylosaurid in the study by Raven et al. 2023), and the relation-
ships amongst species differ between our topology and the latter 
authors. Likwise, we recover clades of ‘struthiosaurids’ and ‘pola-
canthids’, although the constituents of these groups differ. Raven 
et al. (2023) defined Struthiosauridae as ‘all ankylosaurs more 
closely related to Struthiosaurus austriacus than to Ankylosaurus, 
Panoplosaurus, or Gastonia burgei’ (p. 18). We do recover a clade 
that matches this description, although it contains 10 additional 
taxa not present in the Struthiosauridae of Raven et al. (2023). 
It is likely that our revision of the dental characters mentioned 
above contributes to these changes. Raven et al. (2023) defined 
Polacanthidae as ‘all ankylosaurs more closely related to Gastonia 
burgei than to Ankylosaurus, Panoplosaurus, or Struthiosaurus 
austriacus’ (p. 18). In our analysis B, Gastonia burgei is in a dif-
ferent clade to Polacanthus, with Polacanthus being more closely 
related to Struthiosaurus austriacus, and with the two species of 
Gastonia occurring at the base of Ankylosauridae. Using the defi-
nitions of Raven et al. (2023), Polacanthidae is not recovered in 
analysis B.

Overall, the increase in total fit values with increases in implied 
weights shows that there is a large amount of homoplasy in the 
character matrix used in this study. Analysis A (equal weights) 
here has a large polytomy within Ankylosauria (Fig. 5). There is a 
clear Ankylosauridae branch, but no nodosaurid (sensu Coombs 
1978) or stegosaur clades are resolved. The large polytomy sug-
gests that more work is needed on basal and nodosaurid (sensu 
Coombs 1978) species to investigate whether an ankylosaur 
dichotomy is realistic. Analysis C (implied weights k = 8) has a 
topology different from both those of Coombs (1978) and Raven 
et  al. (2023), with two main nodosaurid clades (Fig.  7). Both 
nodosaurid clades contain species from all Raven et al. (2023) 
nodosaurid clades and are characterized by large polytomies. 
Raven et al. (2023) found their implied weights k = 3 tree to be 
the most supported through stratigraphic congruence metrics; 
however, we find analysis C (implied weights k = 8) to be the tree 
with the most support in our analyses. Analysis D (implied weights 
k = 12) has nearly all nodosaurid species (sensu Coombs 1978) in 
a large polytomy. Although we have attempted to focus purely on 
clades here, if considering only the rigid taxonomic hierarchy, 
Ankylosauridae is the only resolved ankylosaur family in analysis 
D. Analysis G (Bayesian inference, fossilized birth–death model) 
contains a large polytomy within Ankylosauria. Much of the anky-
losaur material scored in the matrix of Raven et  al. (2023) is 
incomplete and therefore scored as ‘missing’. The large amount of 
missing data contributes heavily to the polytomies in the Bayesian 
analysis. Further work revising other skeletal characters and reduc-
ing the inclusion of largely incomplete taxa might provide resolu-
tion in Bayesian analyses.

We mapped our characters 113–120 on our most supported 
tree (tree C) to understand the homoplasticity of tooth characters 
(Supporting Information, File S2K–R). Characters 114–115 seem 
to have a non-random phylogenetic signal. Character 113 is homo-
plastic across the tree (Supporting Information, File S2K), sug-
gesting that overall tooth shape should be assessed with geometric 
morphometrics, which can identify subtler and continuous dif-
ferences in tooth shape between clades. Striation and fluting char-
acters are also homoplastic (characters 117, 119, and 120) 
(Supporting Information, File S2O, Q, R), which is consistent 
with the outcomes of Cross et al. (2025) on fluting. State 1 (fluting 
non-confluent with denticles) of character 118 is present in only 
two taxa in the tree: an early diverging ornithischian 
(Laquintasaura) and a nodosaur (sensu Coombs 1978) 
(Panoplosaurus) (Supporting Information, File S2P). Character 
114 (at least one tooth CBL > 10mm) shows less homoplasy, pres-
ent only in nodosaurids (one clade) and a few stegosaurs 
(Supporting Information, File S2L). There are no ankylosaurids 
with this trait. The large amount of evolutionary time separating 
the stegosaurs and nodosaurs with at least one tooth with 
CBL > 10 mm suggests that these two groups independently 
derived large CBLs. Character 115 (CH) is more homoplastic 
than CBL (Supporting Information, File S2M). Sarcolestes appears 
at the base of Ankylosauridae in our tree; however, this taxon is 
very incomplete, known from only a single left mandible. The 
scoring of character 115 of the Sarcolestes maxillary tooth suggests 
a likely nodosaurid identification. The only ‘ankylosaurid tooth’ 
that scored with a CBL > 10 mm for character 115 is the shamo-
saurine Gobisaurus, with ankylosaurines scoring only zero or miss-
ing. As with character 114, the large amount of time and nodes 
between transitions to state 1 suggest independent derivations of 
this character state.

Through all of our analyses, we obtained only a single tree that 
had some similarity to the preferred tree of Raven et al. (2023), 
thus suggesting substantially lower confidence in their four-clade 
system, especially given that they become unresolved with mod-
ifications to only a few dental characters and three additional taxa. 
Our new and modified tooth characters and time scaling in 
MrBayes rather than the R package ‘strap’ (Bell and Lloyd 2015; 
as in the study by Raven et al. 2023) contribute to the recovery of 
higher stratigraphic congruence metric values for our two most 
supported trees (analyses B and C) than Raven et al. (2023) recov-
ered from any of their trees.

The consistent polytomies of nodosaurs between our analyses 
supports the idea that Nodosauridae (sensu Coombs 1978) need 
a systematic revision. There has been limited systematic work on 
Nodosauridae in comparison to Ankylosauridae, the latter of 
which has had several alpha-taxonomic revisions in recent years 
(e.g. Arbour and Currie 2013, 2016, Arbour et al. 2014). As high-
lighted earlier, there are many nodosaurid species (sensu Coombs 
1978) that should be re-evaluated for synonymy or over-lumping, 
such as the large variation in Edmontonia rugosidens (see below). 
Although many interesting and well-preserved nodosaurid species 
have been described over the past decade, much of the North 
American ‘mid’-Cretaceous material has not been reassessed in 
light of these newly described taxa since the work by Carpenter 
and Kirkland (1998). Phylogenetic analyses of all ankylosaur 
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clades would be undertaken most effectively only once an 
alpha-taxonomic level revision of Nodosauridae has been 
completed.

None of our phylogenetic analyses was able to resolve the other 
new ankylosaurian clade proposed recently, Parankylosauria 
(Soto-Acuña et  al. 2021). Soto-Acuña et  al. describe 
Parankylosauria as including ‘the first ancestor of Stegouros—but 
not Ankylosaurus—and all descendants of that ancestor’ (p. 262), 
yet all of our analyses place Stegouros within Ankylosauria. The 
closest results we received were analyses B and D, proposing 
Antarctopelta and Stegouros as sister taxa. Raven et al. (2023) did 
not include Stegorous and did not resolve a clade similar to 

Soto-Acuna’s Parankylosauria. Maidment et  al. (2025) added 
Stegouros to the matrix of Raven et al. (2023) and did not recover 
Parankylosauria. Additional characters related to tail weaponry 
might be able to provide better resolution; however, that is beyond 
the scope of the present work. The paper by Agnolín et al. (2026), 
which was published while the present manuscript was in review, 
added 24 new characters from the Raven et al. (2023) matrix that 
they indicate are present and important for Parankylosauria, in 
addition to modifying the scorings for several parankylosaurian 
elements. Agnolín et al. (2026) added one tooth character relating 
to whether the basal cingulum is smooth or crenulate from fluting. 
As we observed, fluting traits are homoplastic between 

Figure 5. Analysis A (equal weights) strict consensus tree.
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thyreophoran groups, and this is likely to be a non-informative 
character. With these additional characters and modified scorings, 
Agnolín et al. (2026) recovered Parankylosauria as a clade in mul-
tiple phylogenetic analyses. It is unsurprising that Parankylosauria 
does not resolve in our study, because the data we used were only 
a modification of tooth characters in the analysis by Raven et al. 
(2023), and we find no tooth characters unique to Parankylosauria.

Isaberrysaura + Huayangosaurus is recovered in the majority of 
our analyses but is unusually placed within Ankylosauria. 
Huayangosaurus is described as an early diverging stegosaur, not 
displaying four of the synapomorphies that unite the rest of the 

stegosaurs (Sereno and Zhimin 1992). Isaberrysaura is known 
from a relatively incomplete holotype specimen (only 5.9% com-
pleteness score in the study by Raven et al. 2023), but displays 27 
synapomorphies with Huayangosaurus (Raven et al. 2023). Raven 
et al. (2023) recovered Isaberrysaura + Huayangosaurus as a clade 
within Stegosauria. Our analyses B–D also recover this clade. 
However, analyses B (k = 3) and C (preferred tree k = 8) place this 
clade within Ankylosauria after time scaling. Prior to time scaling, 
this clade is in a large polytomy within Eurypoda (Supporting 
Information, File S2D, E). Agnolín et  al. (2026) recovered 
Isaberrysaura and Huayangosaurus within a large Eurypoda 

Figure 6. Analysis B (implied weights k = 3) strict consensus tree.
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polytomy with equal rates, although when pruning unstable taxa, 
it places Isaberrysaura and Huayangosaurus at the base of 
Stegosauria. With implied weights k = 3, Agnolín et  al. (2026) 
recover two large clades within Stegosauria, and the clade of 
Isaberrysaura + Huayangosaurus is within a clade containing 
Gigantspinosaurus, Chungkingosaurus, and Tuojiangosaurus. The 
clade of Isaberrysaura + Huayangosaurus is at the base of 
Stegosauria in the study by Agnolín et al. (2026) with k = 7 and 
k = 11. As outlined above, Isaberrysaurus and Huayangosaurus 
appear to be unstable taxa when comparing different phylogenetic 
analyses. Our unusual placement of this clade within Ankylosauria 
is probably attributable to the ‘primitiveness’ of Huayangosaurus 

+ Isaberrysaura and thus analyses not pulling their grouping into 
Stegosauria within the non-time-scaled trees, and or the MrBayes 
time-scaling methodology.

Lower-level taxonomy
Nodosaurid tooth morphometric data plot over a wide PCA space, 
and much of this variation is occupied by the genus Edmontonia, 
particularly Edmontonia rugosidens. Our data include 54 
Edmontonia teeth, 44 from Edmontonia rugosidens, 9 from 
Edmontonia longiceps, and 1 from Edmontonia indet. As a point of 
comparison to contextualize the scale of this variation, the dispe-
cific genus Gastonia (represented by 13 teeth of the two species) 

Figure 7. Preferred tree from analysis C (implied weights k = 8).
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displays less variation than that observed in Edmontonia. 
Numerous authors, such as Carpenter (1990) and Burns (2015), 
have noted that Edmontonia is in need of a revision. Raven et al. 
(2023) found Edmontonia to be paraphyletic and suggested that 
additional work is needed to resolve the phylogeny and taxonomy 
of species within Panoplosauridae. Specifically, they found 
Edmontonia longiceps and Edmontonia rugosidens as species with 
relative completeness of known material, but somewhat unstable 
in classification, indicating variation in traits between specimens 
identified as the same species and suggesting the need for further 
descriptive work. Additionally, Edmontonia has a large geograph-
ical and temporal range with respect to other ankylosaurs 
(Vickaryous et al. 2004). Given how much morphological, geo-
graphical, and temporal variation in Nodosauridae is covered by 
Edmontonia (Fig.  2), this research supports the call for the 
re-evaluation of Edmontonia.

There are a handful of taxa within Ankylosauria that switch 
between clades among phylogenetic analyses in different studies, 
but our morphometric and phylogenetic data provide evidence 
towards clade-level identifications. Aletopelta has been interpreted 
variously as both a nodosaurid and ankylosaurid ankylosaur. The 
teeth of Aletopelta consistently plot within the size and morpho-
space ranges for nodosaurids/panoplosaurids (Fig. 4). Given the 
absolute tooth sizes, LDA likelihoods, and PCA plots, it is strongly 
plausible that Aletopleta is a nodosaurid/panoplosaurid. 
Additionally, Aletopelta does not plot within Ankylosauridae in 
any of our phylogenetic analyses. The only known specimen of 
Aletopelta is sourced from marine sediments in California, USA 
(Coombs and Deméré 1996). A nodosaurid identity for Aletopelta 
strengthens the previously identified positive association of nodo-
saurids in marine formations compared to ankylosaurids (Arbour 
et  al. 2016, Cross et  al. 2025), supporting different ecological 
preferences.

All of our trees (except analysis B), place Borealopelta as a nodo-
saurid, disagreeing with the ‘ankylosaurid’ classification from 
Raven et al. (2023). Although the teeth of Borealopelta were not 
figured in the original description, we were able to acquire photo-
graphs of the teeth for this project, allowing us to score these in a 
phylogenetic matrix for the first time. We recovered Borealopelta 
within the nodosaurids, which is more consistent with many of 
its anatomical features, and as it was originally recovered by Brown 
et al. (2017). This indicates that the inclusion of dental characters 
is important for thyreophoran systematics. The inclusion of 
Borealopelta in Nodosauridae (sensu Coombs 1978) further sup-
ports the hypothesis by Arbour et al. (2016) of nodosaurid–marine 
formation associations.

The three parankylosaur species investigated here for tooth 
morphology (Antarctopelta, Kunbarrasaurus, and Stegouros) occu-
pied different regions of PCA morphospace in our morphometric 
analyses. One tooth of Antarctopelta plotted within the cluster of 
multiple leaf-shaped ornithischian clades, whereas the other tooth 
plotted outside of the occupied morphospace from the associated 
data from Cross et al. (2025) in labial view. Prior to the discovery 
of Stegouros and the identification of Parankylosauria, Antarctopelta 
was sometimes recovered as a nodosaurid (Thompson et al. 2012, 
Arbour and Currie 2016) or sometimes ankylosaurid (Salgado 
and Gasparini 2006, Raven et  al. 2023). Kunbarrasaurus also 

plotted in the cluster of multiple ornithischian clades, close to the 
tooth of Stegouros. All parankylosaurian teeth, other than one 
Antarctopelta tooth in labial view, plot in morphospace occupied 
by other clades, suggesting that their teeth are also not distinct in 
morphology. The CH and CBL of parankylosaurs also fall below 
the 10 mm threshold for nodosaurids (sensu Cross et al. 2025). 
Isolated teeth from South America should be defined taxonomi-
cally with caution, because there are no discerning dental features 
distinguishing a parankylosaurian from the other ankylo-
saur clades.

Cedarpelta has been resolved variously as an early diverging 
ankylosaurid (Arbour and Currie 2016), a nodosaurid (Vickaryous 
et al. 2004), or an early diverging ankylosaur (Raven et al. 2023). 
A crucial taxon for understanding the evolution of ankylosaurids, 
Cedarpelta is potentially the oldest ankylosaurid ankylosaur in 
North America, and may or may not be an ancestor to all other 
ankylosaurids found in the Campanian–Maastrichtian of North 
America (Arbour and Currie 2016, Arbour et al. 2016). Cedarpelta 
is found slightly below the Aptian–Albian boundary (Suarez et al. 
2023), with the next oldest Laramidian ankylosaurid represented 
from skeletal material being Euoplocephalus from the Campanian 
of Canada (Oldman Formation). Cedarpelta did not plot in prox-
imity to the shamosaurine ankylosaurids (Gobisaurus and 
Shamosaurus) or within the larger Ankylosauridae in any of our 
phylogenetic analyses. The single Cedarpelta tooth studied here 
was only partly erupted and could not be included in the geomet-
ric morphometric outline analyses; however, crown height falls 
within the range of overlap between nodosaurids and ankylosau-
rids, but the tooth is larger than most ankylosaurid and basal anky-
losaur teeth (CH = 8.33 mm; ankylosaurid mean, 6.49 mm). The 
tooth does not have a basal cingulum or fluting, suggesting, but 
not confirming, affinities with Polacanthidae or basal Ankylosauria, 
rather than Panoplosauridae or Ankylosauridae as suggested by 
Cross et  al. (2025). Carpenter et  al. (2008) suggested that 
Cedarpelta could be a shamosaurine ankylosaurid, like Gobisaurus 
and Shamosaurus from Asia, whereas the ankylosaurids in this 
study belong to the ankylosaurid subclade Ankylosaurinae. 
Gobisaurus has large teeth, with a CBL of 9.5 mm and a CH of 
11 mm (Vickaryous et al. 2001), larger than what was observed 
for all ankylosaurine ankylosaurids. The large size of Gobisaurus 
teeth suggests that shamosaurine ankylosaurid tooth size and mor-
phology might differ from those of ankylosaurine ankylosaurids. 
Gobisaurus and Cedarpelta have long nodosaurid-like snouts rather 
than the shorter, wider snouts of ankylosaurine ankylosaurids 
(Carpenter et al. 2001, Vickaryous et al. 2001). Their large tooth 
size relative to ankylosaurids, in combination with a long, narrow 
snout, might suggest dietary convergence with nodosaurids in 
shamosaurine ankylosaurids. Small ankylosaurid tooth size might 
be more representative of ankylosaurines, with larger tooth sizes 
in shamosaurines and basal ankylosaurids. Cross et  al. (2025) 
propose that teeth >10 mm CH and/or CBL are nodosaurid 
(sensu Coombs 1978); however, Asian shamosaurine ankylosau-
rid teeth exceed that size. We propose, in Late Cretaceous Asia 
specifically, that teeth >10 mm CH and/or CBL size could be from 
shamosaurine ankylosaurids. Despite similarities to shamosaurine 
ankylosaurids, Cedarpelta falls outside of Ankylosauridae in all our 
analyses, suggesting a nodosaurid affinity.
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Jakapil has been used to suggest a South American clade of 
thyreophorans, distinct from Parankylosauria (Riguetti et  al. 
2022a). In most of our phylogenetic analyses, Jakapil plots near 
nodosaurids (sensu Coombs 1978) and taxa considered paranky-
losaurian. Riguetti et al. (2022a) suggest that Jakapil is the contin-
uation of a ‘basal thyreophoran’ lineage; however, none of our 
phylogenetic analyses supports that hypothesis either. All our 
analyses, except one, plot Jakapil within Ankylosauria. Analysis D 
plots Jakapil as an early stegosaur. Our morphometric analyses of 
both maxillary and dentary teeth place Jakapil in morphospace 
occupied by several ornithischian clades, including Stegosauria, 
Ankylosauridae, and Nodosauridae. Jakapil does not present any 
tooth morphology that either supports or refutes the potential 
new South American thyreophoran clade.

Peloroplites was initially considered a large nodosaurid ankylo-
saur by Carpenter et al. (2008), but Raven et al. (2023) recovered 
it as a polacanthid. Raven et al. (2023) found four unambiguous 
synapomorphies for Polacanthidae and one for Panoplosauridae, 
but only one of the four polacanthid synapomorphies is present 
in Peloroplites because of missing data, and the sole panoplosaurid 
synapomorphy is also missing. As such, this leaves only one char-
acter of the scapulocoracoid (the presence of the ventral process 
at the posteroventral margin of the glenoid, character 192 of Raven 
et al. 2023) present as the feature identifying Peloroplites as pola-
canthid in the dataset from Raven et al. (2023). Peloroplites jumps 
between clades in our various phylogenetic analyses, making it 
difficult to resolve with only these data. In the morphometric anal-
yses and size comparisons presented here and in the study by 
Cross et al. (2025), Peloroplites plots far from Polacanthidae and 
shows similarities to Panoplosauridae. The Peloroplites tooth is 
more than double the CH and CBL size of all other polacanthid 
specimens in the dataset of Cross et al. (2025). Within both tra-
ditional morphometrics and geometric morphometrics, the tooth 
shape of Peloroplites plots on the complete opposite side of the 
PC1 and LD 1 axes to the rest of Polacanthidae (e.g. Fig. 4D). 
Considering only dental features, our morphometric results 
strongly suggest that Peloroplites is more likely to be a panoplosau-
rid ankylosaur, rather than a polacanthid ankylosaur. Alternatively, 
it is possible that Peloroplites is a polacanthid that evolved a spe-
cialized dentition reflecting its much larger body size in compar-
ison to all other polacanthids.

Priconodon is an Appalachian taxon, and there is very little 
Appalachian dinosaur material. In this case, using tooth morphol-
ogy Priconodon is confirmed as a nodosaurid taxon (sensu Coombs 
1978), with Struthiosauridae being a potential Raven et al. (2023) 
clade identification. Given the paleogeography of Appalachia, it 
is possible that struthiosaurids might have migrated from Europe 
and been present in North America. No ankylosaurid ankylosaur 
material has been recovered from Appalachia until the 
Maastrichtian (Brownstein 2018).

CO N CLU S I O N
A combined approach of tooth morphometrics and phylogenetic 
analyses provides insight into the clade associations of ankylo-
saur taxa with ambiguous taxonomic designations. We develop 
new dental characters for phylogenetic analyses that accurately 

represent the morphology present in the clade and have some 
association with phylogeny. Geometric morphometric analyses 
allow for the study of shape characteristics that can be phyloge-
netically relevant yet are difficult to describe using discrete char-
acters in phylogenetic analyses, providing additional evidence 
to support placement of taxa in these analyses. Methodologies 
pairing geometric morphometrics with phylogenetic analyses 
could potentially be applied to other clades for improved phylo-
genetic clarity.

Resolution and consensus of phylogenetic relationships is nec-
essary for understanding the palaeoecology and palaeobiogeog-
raphy of ancient organisms. Among ankylosaurs, nodosaurids are 
found more often in marine/brackish environments, indicating 
potential different habitat preferences to Ankylosauridae (Arbour 
et al. 2016). This environmental association is useful only if the 
taxonomic data used in the statistical analysis are grounded with 
high support. Within this study, we showed that combining mor-
phological and phylogenetic data improved taxonomic assign-
ment for rogue taxa, including Aletopelta and Borealopelta, which 
are more strongly supported as nodosaurids. Placing these two 
taxa within Nodosauridae allows for a stronger association of this 
ankylosaur clade to marine/brackish environments.

Dental morphometric analyses are useful for finding likely clade 
associations for taxa described primarily or solely on tooth mate-
rial. The tooth morphometric identification of Priconodon as 
nodosaurid supports the interpretation that there is no ankylo-
saurid material from Appalachia prior to the Maastrichtian (sensu 
Brownstein 2018). This insight into Cretaceous terrestrial 
Appalachian fossil material is crucial for understanding the palae-
obiogeography and phylogenetic relationships of North American 
taxa. Combined morphometric and phylogenetic analyses have 
the potential to provide better phylogenetic resolution of taxa with 
meagre material.
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