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Abstract

Ankylosaurian dinosaurs were low-browsing quadrupeds that were thought of as simple orthal

pulpers exhibiting minimal tooth occlusion during feeding, as in many extant lizards. Recent

studies, however, have demonstrated that effective chewing with tooth-tooth occlusion and

palinal jaw movement was present in some members of this group. Qualitative and

quantitative analysis of feeding characters (i.e. craniodental features, tooth wear patterns,

origin and insertion of jaw adductors) reveal at least three different jaw mechanisms during

the evolution of Ankylosauria. Whereas, in basal members, food processing was restricted to

simple orthal pulping, in late Early and Late Cretaceous North American and European forms

a precise tooth occlusion evolved convergently in many lineages (including nodosaurids and

ankylosaurids) complemented by palinal power stroke. In contrast, Asian forms retained the

primitive mode of feeding without any complex chewing, a phenomenon that might relate to

the different types of vegetation consumed by these low-level feeders in different habitats on

different landmasses. On the other hand, a progressive widening of the muzzle is

demonstrated both in Late Cretaceous North American and Asian ankylosaurs, and the width

and general shape of the muzzle probably correlates with foraging time and food type, as in

herbivorous mammals.

Key words: Ankylosauria, feeding characters, tooth wear, dental occlusion, palinal jaw

movement, herbivory
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1. Introduction

Ankylosaurs were dominantly herbivorous dinosaurs during the last 100 million years of the

Mesozoic. They are known from the Middle Jurassic to the end of the Cretaceous (Callovian–

Maastrichtian) on all continents except Africa. As massively built quadrupeds with short

forelimbs and low-slung heads, ankylosaurs were typical low-level browsers (Vickaryous et

al. 2004, Mallon and Anderson 2013) capable of reaching no higher than ~1.5 m above the

ground (Bakker 1978; Weishampel and Norman 1989; Carpenter 2004; Mallon et al. 2013).

Cololite in the Australian Kunbarrasaurus (Leahey et al. 2015), consisting of plant remains

including fragments of vascular tissue, seed-bearing organs, seed and possible sporangia,

suggest the feeding of soft vegetation at least in some forms (Molnar and Clifford 2000;

Molnar and Clifford 2001). On the other hand, fish remains in gut or stomach contents of the

small bodied Liaoningosaurus suggest that some species might have been at least partly

piscivorous (Ji et al. 2014). The relatively small, thinly enamelled and leaf-shaped teeth bear

wear facets, oversight of which led earlier workers to suggest that oral processing in these

animals was restricted to simple orthal pulping, as in many extant lizards (Owen 1861;

Weishampel 1984; Galton 1986; Weishampel and Norman 1989; King 1996; Hwang 2005).

However, several recently recognized craniodental features (e.g., fleshy cheeks, complex

hyobranchial apparatus, precise tooth occlusion, biphasal jaw mechanism; Galton 1973;

Maryanska 1977; Barrett 2001; Rybzynski and Vickaryous 2001; Carpenter 2004; Mallon and

Anderson 2014a; Mallon and Anderson 2014b; Ősi et al. 2014a; Hill et al. 2015) indicate that,

similar to ornithopods and marginocephalians, feeding movements in ankylosaur jaws were

probably more complex than initially thought.

The present study is a first attempt to examine the aforementioned ankylosaur feeding

characters in an evolutionary context (Figure 1, Table 1). In addition to comparative

description of these features, we apply traditional morphometric methods to the skulls and

Törölt: important
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mandibles of the most relevant taxa to infer the evolution of key feeding specializations.

Analyses of dental macrowear and microwear patterns further document changes in the

feeding mode and dietary preference. Together, these observations give important insight into

the ecomorphological factors that led to the evolutionary success of the group.

2. Material and methods

2.1. Materials

Sixty-five ankylosaur species were examined (Table 1), representing most of the valid species

known to date (Vickaryous et al. 2004; Arbour and Currie 2016). Twenty-seven species were

studied first-hand, and the remainder were examined on the basis of the available literature or

photographs. Cranial material was available for 52 species, 36 of which have in situ or

associated teeth. Twenty-four species were used for cranial morphometric analysis

(Supplementary data 1), and 15 have teeth adequate for wear analysis (Table 2). Specimens of

some species not included in the wear analysis (e.g., Pinacosaurus mephistocephalus

[Godefroit et al. 1999], Liaoningosaurus [Xu et al. 2001], Zhongyuansaurus [Xu et al. 2007])

also possess in situ dentition; however, we had no access to them. In Chuanqilong, the

maxillary teeth are poorly preserved and exposed only in labial view (Han et al. 2014:fig. 4C),

preventing examination of the more informative lingual (working) side of the crowns.

Specimens of other taxa (e.g. Stegopelta [Moodie 1910], Priconodon [USNM 2135, Lull et al.

1911], Texastes [Coombs 1995], Antarctopelta [Gasparini et al. 1996], Pawpawsaurus [Lee

1996], Kunbarrasaurus [Leahey et al. 2015], Niobrarasaurus [Carpenter et al. 1995],

Dyoplosaurus [Arbour et al. 2009], Tatankacephalus [Parsons and Parsons 2009]) also

possess teeth, sometimes with wear facets, but the low tooth count and/or poor preservation

do not allow us to infer details of tooth occlusion or jaw mechanics. Additionally, specimens

of many taxa possess exclusively or mostly unerupted replacement teeth (e.g. Sarcolestes

Törölt: 2015
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[Galton 1983], Priodontognathus [Galton 1980a], Crichtonpelta [Dong 2002], Animantarx

[Carpenter et al. 1999], Peloroplites [Carpenter et al. 2008]) which are useless for tooth wear

analysis.

In four genera of nodosaurids (Gargoyleosaurus, Hungarosaurus, Panoplosaurus CMN 2759

and 3 specimens of Edmontonia spp.: CMN 8531, ROM 1215, TMP 98.98.01) and four

species of ankylosaurids (Maleevus disparoserratus, Saichania chulsanensis, Euoplocephalus

tutus, Ankylosaurus magniventris) in situ teeth are available and suitable for microwear

analysis.

Some taxa (e.g. Sauropelta edwardsi, Edmontonia spp., Euoplocephalus tutus, Ankylosaurus

magniventris) known from multiple specimens were used in both the morphometric and tooth

wear analyses to better understand patterns of intraspecific variation. Given uncertainty

regarding the assignment of various specimens to Panoplosaurus mirus, Edmontonia

longiceps and E. rugosidens (Burns and Currie 2012), we refer only the type specimen CMN

2759 to Panoplosaurus mirus. The other specimens, variably assigned to any of these three

species, are referred to as Edmontonia.

For institutional abbreviations to the specimens used in the text, tables and supplementary

files, see Supplementary data 2.

2.2. Methods

In our consideration of ankylosaur feeding, we examined both qualitative and quantitative

variables relating to the skull. The former include the quadrate-articular joint, the

intermandibular joint (symphysis), muzzle shape, tooth shape, and jaw adductor muscle

attachment sites. These are described either from first-hand observations or from photographs.

Our analysis of quantitative variables is described below.

Törölt: ; Arbour and Currie 2015
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2.2.1. Cranial morphometrics

Our morphometric analysis was based on that of Mallon and Anderson (2013). These authors

took 10 linear measurements from the cranium and two from the mandible to produce an

ecomorphological model for the megaherbivorous dinosaurs of the Upper Cretaceous

Dinosaur Park Formation. We eliminated one of the cranial measurements (‛depression of

snout below occlusal plane’: variable 10 of Mallon and Anderson 2013) because this feature

is difficult to measure in most ankylosaurs due to the frequent dorsoventral compression of

the lightly built muzzle. Following Bowman (1961), we added some new linear measurements

that may also reflect functional differences in feeding adaptations (for the list of

craniomandibular measurements see Supplementary data 1, for graphical representation of the

measurements see Figure 2).

2.2.2. Quantitative analyses

All quantitative analyses were performed in PAST version 2.17c (Hammer et al. 2001).

Correlation among the measured variables was tested using a Pearson correlation analysis.

Principal component analysis (PCA) was performed on the variance-covariance matrix of

standardized and row-normalized data to ensure equal character weights and to focus on shape

variance by minimizing the effect of absolute size on the results. We recognize that size is an

important ecological discriminator between species (Peters 1983), but given our focus on

shape differences and their influence on feeding mechanics, it was ignored. Cranial and

mandibular measurements were analysed separately to maximise the number of specimens

available for each functional complex.

2.2.3. Tooth wear analysis
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Ankylosaur teeth have labiolingually compressed, mesiodistally denticulate crowns with a

mesiodistal width usually ranging from 3 to 12 mm. Most species possess a basal cingulum

both on the labial and lingual sides that can be smooth or more frequently crenulated. In some

forms, especially in nodosaurids, the cingulum is better developed on the labial side of both

the maxillary and dentary teeth (Coombs 1990; Mallon and Anderson 2014a). This crown

morphology restricts macrowear and microwear features to the labiolingual surfaces and the

cuspidate carinae of the teeth. As in most toothed tetrapods, the upper teeth of ankylosaurs are

positioned labially relative to the lower teeth so that attritional wear mainly occurs on the

lingual side of the upper and the labial side of the lower teeth. In some cases (e.g. TMP

92.36.313, referred to as Panoplosaurus), a reverse wear pattern may occur; however, this

appears to be related to malocclusion. We follow Smith and Dodson (2003) in numbering

tooth positions sequentially from anterior to posterior.

In describing macrowear features, we note the positions of wear facets on the crown,

orientation relative to the crown axes, and their size relative to crown area. The nature of the

enamel–dentine interface (EDI) is also used as a means to determine jaw mechanics.

Following earlier authors (e.g. Greaves 1973, Rensberger 1973, Weishampel 1984), a flush

interface occurs at the leading edge of the wear facet (where the hard enamel protects the

underlying dentine), and a stepped interface occurs at the trailing edge (Figure 3).

Microwear features are typically produced during feeding, and are manifested as scratches

and pits. Following Ungar (1996), pits are defined as having a length : width ratio smaller

than 4:1. In scratches, this ratio is greater than 4:1.

Macrowear patterns were initially examined using light microscopy. Detailed examination of

the EDI and microwear features was conducted using a Hitachi S-2360N scanning electron

microscope (SEM). High resolution molds were taken from all teeth used in this study,

following the procedure described by Grine (1986). Specimens were first cleaned with cotton
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swabs soaked with ethanol. Impressions were then made using Coltene President Jet Regular

(polysiloxane vinyl) impression material, and casts were made with EPO-TEK 301 epoxy

resin. This procedure reproduces features with a resolution of a fraction of a micron. Casts

were then sputter-coated with approximately 5 nm of gold, and examined using the SEM at 20

kV. Images of the microwear sites were taken at magnifications of up to 150x for most

specimens. Forty micrographs of both enamel and dentine surfaces were analysed. Each

micrograph was saved at 200 dpi resolution, then cropped to a 640 x 480 pixel image (850 μm

× 570 μm) and saved as a grayscale image file. These microwear images were analyzed using

MICROWARE 4.0 following the procedure described by Ungar (1995). Five variables were

quantified on the micrographs: 1) pit percentage, 2) mean scratch width, 3) mean scratch

length, 4) mean pit width, and 5) mean pit length. We also report the total number of

measured features and the standard deviation of means for comparison among the different

taxa (Table 3).

2.2.4. Jaw adductor reconstruction

Based on the extant phylogenetic bracket (Witmer 1995), it is supposed that jaw adductor

musculature in ankylosaurs was similar to that of extant archosaurs (e.g. Iordansky 1964,

Busbey 1989, Baumel 1993; Holliday and Witmer 2007; Holliday 2009), so the position of

the origin and insertion surfaces of jaw adductors are suggested to be on the same elements as

those of extant archosaurs. In ankylosaurs, jaw adductors have already been reconstructed for

Panoplosaurus (Holliday 2009), Hungarosaurus (Ősi et al. 2014a), Euoplocephalus (Haas

1969; Coombs 1971) and Saichania (Carpenter et al. 2011). In this work, we mainly followed

the interpretations of Holliday (2009) completed with personal observations examining the

bony features (muscle scars) on the available specimens.

Formázott: Betűtípus: Dőlt
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3. Results

3.1. Morphometric analysis of the skull and mandible

Among cranial measurements, correlation is highest between paroccipital process breadth

(PPB) and distance between quadrate condyles (DQ) (r2 = 0.95), and between anterior and

posterior muzzle width (AMW and MW, respectively) (r2 =0.89). Correlation among

mandibular variables is generally lower, with the strongest correlation (r2 = 0.85) between

mandible length and depth (ML and MD, respectively). Only nine of the 55 cranial correlation

values, and four of the six mandibular correlation values, are above 0.5, meaning that PCA is

suitable for describing the data structure. Pairwise correlations among different characters are

shown in Supplementary data 3.

Due to the elimination of size effects via data transformation (see methods above), shape

variance is evenly distributed across PC axes. In the case of the cranial variables, PC1

explains approximately 30% of the variance, and PC2 accounts for 21.5%. Posterior and

anterior muzzle width (MW and AMW, respectively) load most heavily and positively PC1,

while maxillary tooth row length (TRL) has a lower but still considerable and negative

loading on this axis (Figure 4(A)). This pattern suggests a relative widening and shortening of

the snout moving in the positive direction along PC 1. The major positive and negative

contributors to PC2 are temporal fossa length (TFL) and paroccipital process breadth (PPB),

respectively, suggesting that positive values on PC2 represent skulls with elongate temporal

fossae (presumably equating to larger jaw adductors) and a narrow posterior region. Thus,

specimens with short, wide snouts and relatively posteriorly narrow skulls, (e.g., the

nodosaurid Edmontonia USNM 11868) are positioned in the upper right quadrant (positive

PC1 and PC2 values), whereas those with elongate, narrow snouts and posteriorly wide crania

(e.g., the ankylosaurid Gobisaurus IVPP V12563), are located in the lower left quadrant

(negative PC1 and PC2 values) (Figure 4(A)).



10

In the mandible morphospace, PC1 explains 62% of the variance, whereas PC2 accounts for

30%. Mandible length (ML) loads strongly negatively on PC1, while glenoid-coronoid

process distance (JCP) and glenoid-occlusal plane distance (DGO) have less substantial but

positive loadings on PC1. Thus, increasingly positive scores on PC1 represent relative

shortening of the mandibles with a concomitant enlargement of the coronoid process and

lowering of the glenoid relative to the occlusal plane. PC2, conseversely, is dominated by the

effect of mandible depth (MD) which loads positively on this axis. Thus, specimens

exhibiting relatively short and narrow jaws with an enlarged area for adductor muscle

insertion and a ventrally displaced glenoid (e.g. the nodosaurids Hungarosaurus and

Panoplosaurus) occur in the lower right quadrant (negative PC1 and PC2 scores), while

specimens exhibiting deeper and more elongate jaws with less extensive adductor insertion

sites (e.g., the ankylosaurids Euoplocephalus and Ankylosaurus) occur in the upper left

quadrant (positive PC1 and PC 2 scores) (Figure 4(B)).

3.2. Muzzle shape

As demonstrated by PCA, muzzle width varies considerably within Ankylosauria (Figure

4(A), 5). The ventral outline of the muzzle is likewise quite variable (Figure 5; Mallon and

Anderson, 2014:fig. 5). Whereas, in some forms, the muzzle is rectangular/trapezoidal in

ventral view (e.g. Pawpawsaurus, Panoplosaurus [CMN 2759, Figure 5(G)], Edmontonia

[USNM 11868, Figure 5(F)]), in other forms (e.g. Euoplocephalus [AMNH 5405, Figure

5(L)], Edmontonia [ROM 1215, Figure 5(E)], Hungarosaurus [Figure 5(D)]) it is rounded or

pointed (Cedarpelta, Gobisaurus, Shamosaurus). A progressive widening of the premaxillae

can only be unambiguously demonstrated in the lineage of Asian ankylosaurids (Figure 6).

Mid-Cretaceous Asian forms (Gobisaurus [Figure 5J], Shamosaurus [Figure 5(I)],

Crichtonpelta) retain a narrow, pointed muzzle, whereas Turonian-Maastrichtian forms
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(Tsagantegia, Saichania [Figure 5(K)], Tarchia) possess a wide, sometimes rectangular

muzzle.

In Cedarpelta, as an Early Cretaceous representative of North American ankylosaurids

(Arbour et al. 2016), the muzzle is still narrow. The phylogenetic analysis of Arbour and

Currie (2016) suggests that Late Cretaceous ankylosaurids in North America (i.e.

Ankylosaurini) are the descendants of Asian ancestors that immigrated to North America no

later than the Campanian. Similar to their Turonian-Maastrichtian-aged Asian relatives, these

North American ankylosaurids (e.g. Euoplocephalus, Ankylosaurus, Scolosaurus,

Anodontosaurus) also possessed anteroposteriorly short and wide, edentulous muzzles (Figure

6).

Among North American nodosaurids, a progressive widening of the muzzle is observed

(Figure 6), but there is also great variability in muzzle outline (Figure 5). The earliest

ankylosaur with preserved premaxillae is the basal nodosaurid Gargoyleosaurus, which

possesses a narrow, toothed, and trapezoidal muzzle (Figure 5(A)). The Barremian Gastonia,

variably classified as either a nodosaurid (Thompson et al. 2012; Arbour et al. 2016) or a

basal ankylosaurid (Arbour and Currie 2016), has an edentulous muzzle that is much wider

(Figure 5(H)) than that of Gargoyleosaurus or later, mid-Cretaceous forms, indicative of early

feeding variability among the North American ankylosaurs. Most of the Aptian-Albian

species exhibit toothed premaxillae (but see Peloroplites Carpenter et al. 2008), with either a

narrow (Silvisaurus [Figure 5B]), or relatively wide, trapezoidal muzzle (Pawpawsaurus

[Figure 5(C)], Peloroplites). In contrast, Campanian-Maastrichtian nodosaurids from North

America (Edmontonia, Panoplosaurus) are characterized by a relatively wide and edentulous

muzzle with highly variable outline. The type specimen of Panoplosaurus (CMN 2759) has a

robust and rectangular muzzle. In specimens referred to Edmontonia, at least two different

muzzle types can be distinguished (compare Figure 5(E) and (F)). Whereas the first

Törölt: 2015

Törölt: 2015

Törölt: , Cedarpelta
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morphotype (ROM 1215, TMP 98.98.01, TMP 2000.12.158) is smooth and rounded with

relatively narrow nasal processes, the other one is massive and trapezoidal with wide and

ornamented nasal processes (e.g. CMN 8531, USNM 11868, TMP 1983.25.2, AMNH 5381).

Direct evidence for muzzle shape in European ankylosaurs is only known in the Late

Cretaceous Hungarosaurus (Figure 5(D)). This taxon is characterized by a relatively narrow

and rounded muzzle with a lateroventral cutting edge and teeth, and, in contrast to most other

ankylosaurs, the anterior edge of the premaxillae is not straight but crenulated, forming a thin,

uneven margin. In other European forms (Sarcolestes, Anoplosaurus, Europelta,

Struthiosaurus), muzzle width can be roughly estimated based on the shape of the symphyseal

part of the dentary. In all of these forms, the symphyseal region is lateromedially narrow, and

either lacking (Sarcolestes, Anoplosaurus) or having (Europelta, Struthiosaurus) a short

edentulous articulation surface for the predentary (Galton 1983; Pereda-Suberbiola et al.

1995; Pereda-Suberbiola and Galton 2001; Kirkland et al. 2013). This condition suggests that

the muzzle was relatively narrow in early forms but became slightly wider in Late Cretaceous

species. The edentulous, wide-beaked forms, as seen in the North American and Asian record,

are apparently missing from the European ankylosaurian fauna.

3.3. Quadrate-articular joint

In many ankylosaurs, especially nodosaurids (e.g., Sarcolestes, Gargoyleosaurus,

Peloroplites, Sauropelta, Hungarosaurus, Edmontonia USNM 11868) and some

ankylosaurids (Gastonia DMNH 50191, Pinacosaurus Hill et al. 2003), the oval mandibular

glenoid faces slightly medially, and is subtly longest anteroposteriorly. In these forms, the

distal articular surface of the quadrate—particularly the medial condyle—is robust and

anteroposteriorly elongate. By contrast, the glenoid of some advanced forms (e.g.,

Euoplocephalus AMNH 5405, Saichania PIN 3142/250, Ankylosaurus AMNH 5214) is

Törölt: crenelated
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mediolaterally elongate and articulates with the anteroposteriorly short, mediolaterally wide

distal articular end of the quadrate. The quadrate-articular joint of Edmontonia (ROM 1215)

slightly differs from that of other ankylosaurs. In this form, the glenoid is oriented

anterolaterally-posteromedially, and the medial quadrate condyle is elongate and more

anteriorly positioned than the lateral one. This feature results in an unusual jaw joint, with the

anterior part of the quadrate medial condyle almost being excluded from articulation with the

glenoid. This configuration might be related to limited anteroposterior movement of the

mandible, as suggested by the orientation of dental microstriae (Mallon and Anderson 2014a).

In both Euoplocephalus (Rybczynski and Vickaryous 2001) and Hungarosaurus (Ősi et

al. 2014a), the glenoid facilitated some anteroposterior movement (at least 5-10 mm, based on

observed dental microstriae of AMNH 5405) of the mandible during occlusion. In

Euoplocephalus (AMNH 5405) the oval distal end of the quadrate is mediolaterally elongate,

and the glenoid is correspondingly mediolaterally elongate and perpendicular to the lateral

surface of the mandible (Rybczynski and Vickaryous 2001). In Hungarosaurus, the distal

quadrate articulation is more rounded and relatively longer anteroposteriorly than that of

Euoplocephalus. Even so, the glenoid permitted 5-6 mm of anteroposterior movement of the

mandible, resulting in a palinal jaw movement (Ősi et al. 2014a). Thus, it is not the specific

shape, but the anteroposterior length of the glenoid relative to that of the quadrate condyles,

that relates to the potential for anteroposterior jaw movement.

In all ankylosaurs, the jaw joint is placed ventral to the occlusal plane. There also appears

to be a positive correlation between the depression of the jaw joint and the height of the

coronoid process, as demonstrated in mammals (Maynard-Smith and Savage 1959; Smith

1993) and crocodyliforms (Ősi and Weishampel 2009). The jaw joint is particularly well

depressed, and the coronoid process is especially well-developed, in nodosaurids, such as

Törölt: ,

Törölt: occurs
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Animantarx, Sauropelta, Edmontonia and Hungarosaurus. This condition corresponds to a

higher relative bite force in these forms (Mallon and Anderson, 2014b).

3.4. Intermandibular joint

The symphyseal surface of the dentary in ankylosaurs is moderately long, anteriorly

tapering, and oval, with a vertical surface ornamented either by small pits (e.g. Edmontonia

ROM 1215) or horizontal grooves (Hungarosaurus, Ankylosaurus). The predentary is a

single, crescentric, mediolaterally long bone that connects the symphyseal ends of the two

dentaries at their anterodorsal, anteroventral and laterodorsal margins. It is known only in a

few ankylosaurs (e.g. Panoplosaurus CMN 2759, Pinacosaurus ZPAL Mg D-II/1,

Euoplocephalus AMNH 5405) and even less is known about the mobility of the dentary-

predentary joint (Vickaryous et al. 2004). The predentary articulation on the dentary,

however, may be informative of the function of this joint (Nabavizadeh and Weishampel in

press). Some differences exist between the edentulous anterior end of the mandibles of

nodosaurids and ankylosaurids. In Euoplocephalus (AMNH 5405, TMP 1980.16.1685, Figure

7(A)), Ankylosaurus (AMNH 5214), Pinacosaurus (IGM 100/1014, Hill et al. 2003),

Saichania (PIN 3142/250), Tarchia (INBR 21004, Miles and Miles 2009) and probably other

ankylosaurids, the anterodorsal margin of the dentary is bordered from beneath by a deep and

irregular groove. This groove is also seen in Gastonia (DMNH 53025) and Shamosaurus (PIN

3779/2), although it is shallower, elongate and rugose, and the symphyseal joint is more

massive in these basal ankylosaurids. This groove accommodates the prominent crest present

on the medial side of the predentary. In nodosaurids (e.g., Sauropelta (AMNH 3032),

Animantarx (Carpenter et al. 1999), Edmontonia longiceps (CMN 8531), Panoplosaurus

(CMN 2759), or Hungarosaurus (MTM 2007.25.2, Figure 7(B)), the dentary does not bear a

deep groove, but a few foramina occur along the anteroventral margin of the crest-like
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edentulous margin of the dentary, and this margin attaches to the posterior groove of the

predentary. This edentulous margin is quite thick in Edmontonia (ROM 1215) and bears a

shallow groove in TMP 98.98.01.

3.5. Dentition

The dentition of most ankylosaurs is homodont, though in some forms (e.g.

Gargoyleosaurus) the premaxillary, maxillary, and dentary teeth show subtle morphological

differences. Ankylosaur teeth are labiolingually compressed and phylliform, with an apical

cusp and a series of secondary cusps along the mesial and distal edges (Coombs 1990).

Nodosaurid teeth (Figure 7(C)) are generally larger in absolute size (e.g. greatest mesiodistal

crown width in Hungarosaurus [MTM 2007.25.2] 9-10 mm; Sauropelta [YPM VP 005528]:

9 mm; Edmontonia [TMP 98.98.01]: 10-11 mm; Europelta [FCPTD/MAP AR-1-325/10] 17.5

mm) than those of ankylosaurids (e.g. Pinacosaurus [ZPAL Mg D-II/1]: 4-5 mm [Figure

7(D)]; Euoplocephalus [AMNH 5405]: 3-5 mm (Rybzynski and Vickaryous 2001); Saichania

[PIN 3142/250]: 7-8 mm). Nodosaurid teeth are more blade-like and usually more complex

than the cusp-like teeth of ankylosaurids (Mallon and Anderson 2014a) in having a larger

crown, a rough enamel surface, crenelated cingulum and fluting that is confluent with the

grooves of the marginal cusps (Coombs 1990, Figure 7(C)).

3.6. Tooth wear analysis

Wear facets on ankylosaur teeth are highly variable, and macrowear patterns differ markedly

between nodosaurids and ankylosaurids. Whereas nodosaurid wear facets are usually more

extensive and steeply inclined, those of ankylosaurids are smaller low-angled, and typically

restricted to the apical region of the crown (for exceptions see Rybczynski and Vickaryous
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2001; Mallon and Anderson 2014a, and results below). These wear differences reflect

underlying differences in shape-constrained function (Mallon and Anderson 2014a).

3.6.1. Nodosaurids

The record of nodosaurid tooth wear is comparatively poor (Table 2). The earliest

record is in the Late Jurassic Gargoyleosaurus which exhibits an unusual wear pattern (Figure

8(A), Figure 8 (B)). Three upper and three lower teeth bearing wear facets are known in this

genus. Wear facets on the upper, slightly distally curved teeth have irregular, not smooth

surface, mainly situated apically and along the mesial carina (Figure 8(A), Figure 8 (B)). The

labial surfaces near the bases of two of the maxillary teeth are also slightly worn (Figure

9(A)). The enamel-dentine interface (EDI) is obscured by locally fractured enamel. The three

preserved dentary teeth possess labially positioned, steep wear facets that are flat but not as

extensive as in Late Cretaceous forms (e.g. Hungarosaurus, Edmontonia). On the 20th right

dentary tooth, the wear facet extends from the apex to the base of the crown in an elongate,

slightly concave surface exposing the underlying dentine (Figure 9(B)). The EDI is flush

along most of the wear facet, but slightly stepped basally. Large, rough pits are relatively

frequent, and scratches > 1 mm long are oriented apicobasally.

Among Early Cretaceous nodosaurids, only specimens of Sauropelta (Ostrom 1970; Galton

1983) and Silvisaurus (Eaton 1960) show in situ fully erupted, functional teeth with wear

facets. In Sauropelta, some isolated but associated teeth (e.g. YPM. VP. 005350, VP. 005351,

VP. 005367, VP. 005526, VP. 005527) bear significant attritional wear (Figure 9(E-H)). In all

cases, the cingulum of the working side is extensively worn, producing a steep facet. Two of

these teeth (YPM. VP. 005350, VP. 005526) have steep apical wear as well. Early apical wear

(YPM. VP. 005526) results in the erosion of only some cusps (Figure 9(F)), and later apical

wear produces a more extensive and low-angled facet (YPM. VP. 5351, VP. 5527, Figure
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9(G)). Wear facets (both apically and on the cingulum) occur on either the distal or mesial

sides of the crown and are rarely present in the central part of the apex/cingulum. These wear

facets show great similarity to those of Edmontonia (ROM 1215, see below).

In the Early Cretaceous Silvisaurus wear is present on one of the posterior teeth of the left

mandible of UKMNH 10296 (Figure 8(C), Figure 8(D); Eaton 1960:fig. 6B). This wear facet

is quite similar to the extensive, bowl-like facets preserved on the teeth of Hungarosaurus

(Ősi et al. 2014a). It forms a relatively large (up to 70% of the labial crown surface), smooth

surface that is slightly concave basally where the cingulum is eroded. Microwear features on

this tooth are presently unknown.

Most of the teeth of the Albian Europelta are in very poor condition (Kirkland et al. 2013),

and wear patterns cannot be observed, but some teeth (e.g. FCPTD/MAP AR-1-324, AR-1-

325) show some wear (Figure 9(C), Figure 9(D)). Smaller apical wear facets occur along the

denticulate margin (AR-1-325/10), and steep, slightly oblique wear facets are present either

on the distal or mesial sides of the tooth (AR-1-417/10). Since the surfaces of these teeth are

in a very poor condition, microwear cannot be observed.

Wear facets are most prevalent among Late Cretaceous nodosaurids. Tooth wear in the

Santonian Hungarosaurus has been studied by Ősi et al. (2014a). As in Scelidosaurus (Barrett

2001), the upper and lower teeth show markedly different wear patterns. Wear facets on the

upper teeth are mainly found apically, and are low angled and not as extensive basally as

those on the lower teeth, covering approximately 20-40% of the lingual crown surface. Lower

wear facets are more extensive, steeply inclined and, in some cases, slightly concave, bowl-

like surfaces covering almost 70% of the labial crown surface (Figure 8(E), Figure 8(F)). The

EDI is flush distally but stepped mesially on most of the lower teeth. Scratches are usually

apicobasally oriented on the apical half of the facet (Figure 9(J)), and mesiobasally and
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apicodistally oriented (at angles of 25° to 40° relative to the horizontal plane) where the facet

has eroded the cingulum (Figure 9(K)).

Dental wear in the most wide-spread European ankylosaur Struthiosaurus have been reported

in some specimens. Nopcsa (1929) mentioned some wear pattern on the teeth of S. austriacus.

One of these teeth bears some apical wear and some steep wear on the cingulum (PIUW

2349/105b) occurs as well. Two teeth (UM2 OLD-18 CV, OLD-19 CV) referred to S.

languedocensis (Garcia and Pereda-Suberbiola 2003) bear informative wear facets. The wear

facet on UM2 OLD-19 CV, covering approximately the 30% of the crown, is steeply inclined

(ca. 60° relative to the horizontal plane) and extends from the apex to the base of the

cingulum (Figure 9(I)). The apex and the mesial or distal cusps are also eroded, exposing the

underlying dentine. Steep wear is either mesially or distally positioned on the lingual or labial

side of the crown. Scratch orientation is unknown. Recently, Csiki et al. (2016: fig. 12P)

published on a nodosaurid tooth (LPB R.22.88) from the Late Cretaceous of Romania that

shows steeply inclined wear along its labial or lingual surfaces, and the three preserved cusps

are also worn apically, as in S. languedocensis.

The type of Edmontonia longiceps (CMN 8531) possesses two left and two right posterior

functional maxillary teeth. The right teeth bear apical wear and most denticles are also worn

on their mesial and distal sides. On one of these teeth, the wear facet is steep and extends to

the base of the crown (Figure 12(D)). The lingual side of the crown, having an originally

coarse enamel surface, is smooth but the dentine is not exposed. The EDI is best visible on the

worn cingulum, where the apical junction is flush and the basal interface is stepped.

Microwear pits are rare and triangular; scratches are fine, usually shorter than 1 mm, and non-

uniformly oriented.

In Edmontonia specimen ROM 1215, the posterior maxillary teeth are significantly worn

(Russell 1940; Coombs 1990, Figure 8(I), Figure 8(J)). Mallon and Anderson (2014a) gave a
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detailed description of tooth wear in this specimen, thus only some comments are added here.

Every second tooth in the left series 10-15 is markedly worn (Figure 8(I), Figure 8(J)), a

phenomenon resulting from the alternating pattern of tooth replacement. As noted by Mallon

and Anderson (2014a), early stage tooth wear (e.g. the left 11th maxillary tooth) results in

small, subvertical (40°-60° relative to the horizontal plane) facets, whereas later stage wear

(e.g. left 14th maxillary tooth; Figure 9(L), Figure 10(B), Figure 10(C)) results in a larger and

more nearly horizontal facet (20°-30° relative to the horizontal plane) . Early-stage wear

facets are either apically or mesially arranged, with the mesial facet typically extending more

basally on the crown, and having a smooth surface with rare pits (Figure 9(M)). Late-stage

wear facets may be slightly concave, and the exposed dentine bears many triangular pits

(Figure 10(B), Figure 10(C)). Scratches (> 1 mm long) are usually apicomesially-distobasally

oriented. A stepped EDI occurs on the basal and distal sides of the wear facets.

One isolated lower tooth from ROM 1215 (Figure 10(E)) shows a rounded apical wear facet

with exposed dentine that extends labially into a steeply inclined facet. This labial facet has an

oblique, most probably mesiobasal-apicodistal orientation with scratches over 1 mm in length

oriented in the same direction. Triangular pits are numerous on the exposed dentine.

Right maxillary teeth 13-16 (Figure 8(G), Figure 8(H)) of Edmontonia specimen TMP

98.98.01 show heavy wear that slightly differs from that seen in ROM 1215. Whereas the

wear facet on the 13th tooth is mainly located on the distal carina, forming a deep, lobe-like

surface, those of teeth 15 and 16 are apically situated, planar, low-angled, and face labially,

but are less extensive than those on the posterior teeth of ROM 1215. The eroded dentine

surfaces bear many pits; however, scratches > 1 mm long are uncommon. None of the cingula

or labial tooth surfaces are eroded, in contrast to ROM 1215 or CMN 8531. Opposite

maxillary tooth 13, dentary tooth 16 exhibits similar lobe-like wear on the mesial carina. This

type of wear is not typical in ankylosaurs and is probably related to malocclusion (Figure
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8(G), Figure 8(H), Figure 10C). Steeply inclined labial wear is only observed on the 9th

dentary tooth, especially on the cingulum, and on the left maxillary teeth 4 and 6-8.

One isolated tooth associated with the type of Panoplosaurus mirus (CMN 2759) shows

steeply inclined wear apically (Figure 10(G)) and on the cingulum. Scratches > 1 mm are rare

and show no preferred orientation.

3.6.2. Ankylosaurids

The record of in situ dentition in ankylosaurids is more complete than in nodosaurids

(Table 2). Among Early Cretaceous forms, Gobisaurus (HGM 41HIII-0002, described as

‛Zhongyuansaurus’ by Xu et al. 2007 and referred to as Gobisaurus by Arbour and Currie

2016), bears teeth in the right maxilla (Xu et al. 2007) that appear minimally worn at most.

The type specimen of Gobisaurus (IVPP V12563) has eight teeth in the left and five teeth in

the right maxilla (Vickaryous et al. 2001). Apical wear facets are present on a few teeth (e.g.

anteriormost right tooth with a small, lingually facing, low-angled apical facet).

Among Late Cretaceous ankylosaurids, the Turonian-Coniacian Maleevus has at least two

worn maxillary teeth (Figure 8(M), Figure 8(N)). Although the taxonomic status of this

ankylosaur is problematic (PIN 554, regarded as nomen dubium by Arbour and Currie 2016),

the presence of worn ankylosaur teeth from this underrepresented period is quite important.

Wear facets on the 6th left maxillary tooth are apically, linguodistally and mesiodistally

oriented (Figure 11(B)). Apical wear, probably representing abrasive wear, is shallow,

smooth, and rounded. Steep linguodistal wear extends basally on the crown with a few

vertically oriented scratches. The EDI cannot be observed because the enamel is poorly

preserved. A linguomesially positioned, slightly concave, steeply inclined wear facet occurs

on a right anterior maxillary tooth.
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The Santonian Pinacosaurus grangeri (ZPAL Mg D-II/1) has well preserved teeth both in the

upper and lower jaws (Figure 8(Q), Figure 8(S)). In contrast to most ankylosaurs, it does not

show any indication of attritional wear, a phenomenon that might be related to its juvenile

ontogenetic status. Minimal wear occurs on the apices of some mesial and distal cusps, which

is likely due to food abrasion (Figure 11(A)).

Teeth of the Campanian Saichania (MPC 100/151; PIN 3142/250 a referred specimen to

Tarchia gigantea Maryanska, 1977, see Arbour et al. 2014a) provide clear evidence for tooth

wear (Barrett 2001). In PIN 3142/250, wear facets are generally apically positioned and

subcircular, with the mesial and distal cusps apically eroded and with the dentine exposed in

many cases (Figure 8(O), Figure 8(P), Figure 11(C), Figure 11(D)). Wear facets are usually

low-angled; steeper (>45º) facets are rare. The lingual cingulum of the maxillary and the

labial cingulum of the dentary teeth, and the labial/lingual sides of the crowns, are unworn.

Some teeth also show signs of slight abrasion on the enamel. Both scratches and pits

frequently occur on worn facets. Some scratches are >1 mm and many are mesiodistally

oriented. Arbour et al. (2014a) referred Minotaurasaurus ramachandrani Miles and Miles,

2009 to Tarchia kielanae (INBR 21004). Teeth of this specimen are nicely preserved and

show some wear. Wear facets are similar to those in Saichania (PIN 3142/250) in being small

and apically occurring.

In contrast to Asian ankylosaurids, North American forms show markedly different wear

patterns. Many teeth of Euoplocephalus (AMNH 5405, ROM 1930) are strongly worn

(Rybczynski and Vickaryous 2001; (Figure 8(K), Figure 8(L)). Wear facets on the right

maxillary teeth of AMNH 5405 are steeply inclined and slightly concave, extending from the

crown apex to the shallow cingulum (Figure 8(K), Figure 8(L), Figure 11(G), Figure 11(H)).

The angle of the facets relative to the horizontal plane decreases as the extent of tooth erosion

increases, as in Edmontonia (ROM 1215). In contrast to Hungarosaurus, wear facets on the

Törölt: I

Törölt: ,

Törölt: t

Törölt: he

Törölt: type

Törölt: of

Törölt: ¶



22

maxillary teeth of Euoplocephalus are rather steeply inclined, sometimes slightly concave.

Highly eroded crowns with extensive wear facets are present in the case of the anterior right

maxillary teeth (Figure 11(G)). Here many scratches are > 1 mm long and mesiodistally

oriented. The eroded dentine surfaces bear many pits. Many deep, subvertical scratches occur

on the last four maxillary teeth. The EDI cannot be observed well on all the worn teeth of

AMNH 5405. Some of the posterior teeth (e.g. the 14th) of ROM 1930 show lingual wear

facets. This facet is similar to those on the right maxillary teeth of AMNH 5405 in being steep

and slightly concave. Microwear features are unobservable on ROM 1930.

Specimen TMP 1997.132.1, orignally referred to Euoplocephalus by Vickaryous and Russell

(2003) and later assigned to Anodontosaurus (Arbour and Currie 2013), also have a few teeth,

but they seem to be not fully erupted and are completely unworn.

The only other North American ankylosaurid with dental wear is Ankylosaurus (CMN 8880).

A single, associated tooth bears steep wear facets on the cusps of the ?mesial carina and on

the ?mesial part of the cingulum (Figure 11(E), Figure 11(F)). The dentine is deeply eroded

between the labial and lingual enamel margins of the cusps (a groove separates the cuspidate

margin from the body of the crown, see Figure 11(E)), and the eroded surfaces of the

individual cusps are confluent, bearing some subvertical scratches. Wear on the cingulum is

very similar to that on the isolated tooth of Panoplosaurus (CMN 2759). The apical region is

only slightly worn, showing mesiodistally oriented scratches along the lingual enamel surface.

3.6.3. Comparison of microwear features

In nodosaurids, pit percentage is usually lower than 40%, with only one of the associated

teeth of Panoplosaurus (CMN 2759, Figure 12(C)) showing a higher pit ratio. Although

based only on two micrographs, Panoplosaurus (CMN 2759) has the highest pit percentage

(58%) and the second shortest scratches among all the ankylosaurs. There is generally neither
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positive nor negative correlation between scratch number and scratch width or between

scratch width and length (see numbers in Table 3). Scratch width is similar in most taxa; only

Euoplocephalus and Hungarosaurus (Figure 12(A), Figure 12(B)) have slightly higher mean

scratch width values. Euoplocephalus (AMNH 5405, seven micrographs, Figure 13(E), Figure

13(F)) has a lower mean pit ratio (32%) than Saichania (51%, PIN 3142/250, three

micrographs, Figure 13C) and Maleevus (56% PIN 544 1-2, two micrographs, Figure 13(B));

a considerable difference between North American and Asian forms that is in line with the

different macrowear patterns observed in these taxa. Ankylosaurus (CMN 8880) is

represented by a single tooth (Figure 13(D)) with a pit ratio of 43%. Scratch length and width

does not differ appreciably between ankylosaurids and nodosaurids, and regarding the

microwear patterns in general, Mallon and Anderson (2014a) found no significant differences

between North American Late Cretaceous ankylosaurids and nodosaurids. Hungarosaurus

and Euoplocephalus, however, have a much higher number of elongate scratches (over 1 mm

in length) than the other ankylosaurs. Gargoyleosaurus (Figure 13(G), Figure 13(H)) has a

low pit number (32%), relatively long scratches and the lowest pit size among the studied

forms, making it most similar to forms with complex jaw movement.

Interestingly, some important differences occur between the two specimens of Edmontonia

rugosidens (TMP 98.98.01. and ROM 1215). In ROM 1215 (Figure 12(G)), the pit number is

lower (31%) than in TMP 98.98.01 (43%), whereas scratches are almost two times longer and

pits are 1.5 times wider. In the type of Edmontonia longiceps (CMN 8531), only two

micrographs (Figure 12(D)) could be evaluated, indicating a very low pit percentage (18%).

Microwear features from different (i.e. anterior and posterior) regions of the tooth row of a

single specimen are available in Edmontonia rugosidens (TMP 98.98.01), Hungarosaurus

(MTM 2007.25.2), Euoplocephalus (AMNH 5405), and Saichania (PIN 3142 250). However,

none of the wear features show an appreciable change along the tooth row. Only scratch



24

length values appear to be slightly higher in the posterior teeth of Euoplocephalus compared

to the anterior ones, but even in this taxon there are too few specimens to draw firm

conclusions.

These data further support the previous interpretations that wear pattern in ankylosaurs is not

as uniform as those seen in e.g. hadrosaurs and ceratopsids, and ankylosaurs have more

variable microwear values (e.g. scratch/pit ratio) than to those seen in the other herbivorous

forms (Mallon and Anderson 2014a).

3.7. Jaw adductor muscles

Jaw adductors have already been reconstructed both in nodosaurids (Holliday 2009; Ősi et al.

2014a) and ankylosaurids (Haas 1969; Coombs 1971; Carpenter et al. 2011) (see comparison

of muscle origin and insertion surfaces in Supplementary data 4).

The cranial adductor fossa of ankylosaurs is a dorsoventrally deep chamber bordered

posteriorly by the dorsoventrally elongate, slightly anteriorly oriented quadrate shaft, dorsally

by the squamosal and postorbital, laterally by the orbital region, and medially by the braincase

and pterygoid (Figure 14(A), Figure 14(B)). The dorsal part of this cavity bears the origin for

the external adductors (M. adductor mandibulae externus profundus (MAMEP), M. adductor

mandibulae externus medialis (MAMEM), M. adductor mandibulae externus superficialis

(MAMES)), and that of M. pseudotemporalis superficialis (MPSS) (Figure 14(A), Figure

14(B)), and is morphologically conservative within the group. The dorsal surface of the

temporal fossa (i.e. the ventral surface of the skull roof) can be observed only in some well

preserved and sufficiently prepared specimens (e.g. ankylosaurids: Shamosaurus (PIN

3779/2), Pinacosaurus (Zpal-MgD II/1), Saichania (PIN 3142 250, Figure 14(B)) and

Euoplocephalus (AMNH 5405); nodosaurids: Edmontonia (ROM 1215, Figure 14(A)), and

partly in Struthiosaurus transylvanicus (NHM R4966)). This region is rugose, but usually
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does not bear any marked crests or muscle scars. Therefore, determining a more precise origin

for these muscles is controversial (Supplementary data 4). In the case of M. pseudotemporalis

profundus (MPSP) different origins have been reconstructed in different taxa (see Haas 1969;

Holliday 2009; Carpenter et al. 2011, Supplementary data 4), but these regions, if available,

do not provide information about the size of the origin. The origin of the M. adductor

mandibulae posterior (MAMP) is the anterior (Carpenter et al. 2011) or lateral (Holliday

2009) side of the quadrate (Figure 14(A), Figure 14(B)). These areas are similar in most

ankylosaurs and do not bear distinct scars or aponeuroses for muscular attachment.

Based on the size of the muscular origins and insertions, it is clear that the pterygoid muscles

(M. pterygoideus dorsalis (MPTD), M. pterygoideus ventralis (MPTV)), in ankylosaurs had

relatively lower mass than in crocodyliforms, so their role was probably less important in jaw

closure. Nevertheless, the pterygoids apparently differ in relative size and orientation between

nodosaurids and ankylosaurids, suggesting some difference in the mass of these internal

adductors (Figure 14(A), Figure 14(B)). In Euoplocephalus and Gobisaurus (and in many

other ankylosaurids Figure 14(B)), the pterygoids are almost vertically oriented and relatively

narrow. In early nodosaurids (e.g. Gargoyleosaurus, Gastonia), the pterygoid complex is not

yet well developed anteroposteriorly and mediolaterally but, in later forms (e.g. Silvisaurus,

Pawpawsaurus, Edmontonia, Figure 14(A)), they are much wider, with more robust lateral

wings, and anteroposteriorly more expanded than in basal forms, reaching the level of the

distal quadrate condyles. This suggests relatively more developed pterygoid muscles (MPT)

in later nodosaurids than in ankylosaurids.

Muscle insertions on the mandible appear to be more informative than those on the skull

(Figure 14(C-F)). Comparison of the mandibular adductor fossa among ankylosaurs provides

evidence for a relatively more developed jaw adductor musculature in nodosaurids than in

ankylosaurids. The mandibular adductor chamber was larger and the coronoid process
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relatively higher (Figure 14(C), Figure 14(D)) in many nodosaurids than in ankylosaurids,

implying differences in muscle size and/or in the angle at which jaw adductors attached to the

coronoid process. As these features largely determine the relative force and speed of muscle

action (as in extant crocodiles [Endo et al. 2002; Mueller-Töwe 2006] or mammals [Maynard-

Smith and Savage 1959; Smith 1993]), they most probably reflect a more efficient jaw

adductor system in nodosaurids than in most ankylosaurids (Mallon and Anderson 2015).

4. Discusison

4.1. Cranial characters related to the mode of feeding

In many herbivorous mammals, the width of the muzzle correlates with both foraging time

and diet (Owen-Smith 1979; Owen-Smith 1982; Owen-Smith 1985; Owen-Smith 1988;

Solounias et al. 1988; Dompierre and Churcher 1996, but see Tennant and MacLeod 2014). In

ruminants, for example, muzzle width is an important indicator of grazing vs. browsing habits

(IIIius and Gordon 1987; Gordon and IIIius 1988). Whereas broad muzzles can crop larger

amounts of food (e.g. dry grass of low nutritional value) from a flat surface per bite (Gordon

and Illius 1988; Owen-Smith 1988), a narrow muzzle permits the selection of more nutritious

parts for consumption (Jarman 1974; Owen-Smith 1982; Clutton-Brock and Harvey 1983;

Janis and Ehrhardt 1988).

It is likely that ankylosaur muzzle shape also reflects feeding habits. Based on the

available fossil record, the most conspicuous change in muzzle shape was a progressive

widening sometime in the middle Late Cretaceous (Figure 6). Jurassic and mid-Cretaceous

forms with narrow and pointed muzzles (Figure 5(A-C), Figure 6) were presumably selective

feeders, akin to mammalian browsers (Jarman 1974; Shipley 1999). Most of the Late

Cretaceous (Santonian-Maastrictian) forms (Figure 5(E-G), Figure 5(K), Figure 5(L), Figure

6) were less selective or adapted to bulk feeding on less nutritious food (ferns have been
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suggested: Weishampel and Norman 1989; Weishampel and Jianu 2000; Sander et al. 2010;

Mallon and Anderson, 2014a; Mallon and Anderson, 2014b). The edentulous, wide-beaked

forms of North America and Asia, are notably missing from the European record, possibly

reflecting a lack of open habitats on the islands of the European archipelago (Csiki et al.

2015). Nevertheless, it has to be also noted that the European record is much less complete

that that in North America and Asia (Ősi 2015).

Other cranial elements may also relate to ankylosaur feeding. A nearly complete

hyobranchial apparatus has been described in Pinacosaurus grangeri (IGM 100/3186), and

some articulated elements are also preserved in other taxa (e.g. Edmontonia AMNH 5381,

Euoplocephalus AMNH 5405, Saichania MPC 100/151) (Maryanska 1977; Hill et al. 2015).

The presence of these rarely fossilized elements, combined with the inferred relatively slow

tooth replacement (Erickson 1996), implies that ankylosaurs had fleshy, muscular tongues

that played a more important role in their feeding than previously thought (Hill et al. 2015).

Although the degree of tongue protrusion and prehension in ankylosaurs is unknown, it is

likely that, at least in Saichania and Pinacosaurus, lingual food manipulation was an

important component of feeding that might also have included the ability to crop vegetation

akin to a giraffe (Maryanska 1977; Carpenter 2012; Mallon and Anderson 2013; Hill et al.

2015). Thus, the presence of a fleshy tongue and lack of extensive tooth attrition in these

ankylosaurids suggests that tongue function might have indeed been more complex than

previously thought.

In ankylosaurs, the most convincing evidence for the previous existence of fleshy cheeks

and chewing is the presence of cheek plates preserved in original position just lateral to the

tooth rows in Panoplosaurus mirus (CMN 2759, Lambe 1919, Figure 7(E)) and in

Edmontonia (AMNH 5381, Vickaryous 2006, Figure 7(F)). A larger, oval shaped,

anteroposteriorly elongate plate occurs anteriorly, and few smaller elements occur posteriorly.



28

These osteoderms are fused neither to the mandible nor to the maxilla (Vickaryous 2006),

suggesting some limited mobility within the bucca. These elements unambiguously

demonstrate that a fleshy bucca, embedding these osteoderms, covered the tooth rows to

prevent lateral food loss during chewing.

The lack of cheek plates in the exceptionally preserved specimens of Saichania and

Pinacosaurus deserves further consideration. In the Pinacosaurus specimen IGM 100/3186,

where the delicate hyobranchial apparatus is preserved intact (Hill et al. 2015), the lack of

cheek plates hardly seems attributable to preservational bias. Instead, it seems much more

likely that at least these ankylosaurids genuinely lacked cheek plates, perhaps because they

did not chew like Edmontonia or Panoplosaurus. This hypothesis would in line with the

markedly different wear regimes between ankylosaurids and nodosaurids mentioned above.

On the other hand, however, the type of ‛Minotaurasaurus ramachandrani’ Miles and Miles,

2009 (INBR 21004, later referred to as Tarchia kielanae by Arbour et al. (2014a) has a pair of

small, unfused osteoderms present just below the orbits. Whether these elements are

homologous with the posterior cheek plates of the above mentioned nodosaurids or not is hard

to decide. Nevertheless, in INBR 21004 these bones are in the level of the last three maxillary

teeth suggesting that the bucca might have been not as extended anteriorly as in Edmontonia

or Panoplosaurus. An alternative hypothesis is that an anteriorly extended fleshy bucca was

present in INBR 21004 (and in other ankylosaurids as well), but they did not embed extensive

cheek plates.

4.2. The process of tooth–tooth contact in chewing

In Gargoyleosaurus parkpinorum, the earliest ankylosaur with dental wear, tooth occlusion

cannot be confirmed. The labially oriented wear facets on the lower teeth are likely the result

of food abrasion rather than precise tooth occlusion (Figure 15(A), Figure 15(F)).
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Alternatively, some incidental or local occlusion of the upper and lower teeth can produce

similar, weak wear facets.

The earliest unambiguous evidence for precise dental occlusion can be demonstrated in the

Early Cretaceous Sauropelta. Tooth wear in this form clearly indicates some sort of occlusion

between the upper and lower teeth (Figure 15(B)). Since information on microscratch

orientation is currently unavailable, it is unclear how the upper and lower teeth of Sauropelta

occluded. Nevertheless, the shape and position of the wear facets suggest that the main

direction of the power stroke was orthal (Figure 15(B)). There might have been some

anteroposterior component of jaw movement but this cannnot be supported at the moment.

The relatively low-angled wear facet on one maxillary tooth (YPM 5527) suggests that the

plane of occlusion was offset from the vertical plane, a phenomenon also seen in the basal

thyreophoran Scelidosaurus (Barrett 2001) and the nodosaurid Hungarosaurus (Ősi et al.

2014a).

The extensive, bowl-like wear facet on one of the posterior dentary teeth of Silvisaurus

suggests tooth occlusion in at least this one case. This wear facet is quite similar to those on

the lower teeth of Hungarosaurus, but because the other lower teeth do not show extensive

wear, and the upper tooth crowns seem to be complete and unworn, only localized tooth

occlusion can be inferred in Silvisaurus.

The steep, slightly oblique wear facets on teeth in the Early Cretaceous Europelta (e.g.

FCPTD/MAP AR-1-325/10) could have been produced by tooth–tooth occlusion. However,

the few teeth with this wear pattern, and their poor condition, obscure further details.

Sophisticated dental occlusion (Figure 15(C), Figure 15(D)) among Late Cretaceous

nodosaurids can be demonstrated in Hungarosaurus, Edmontonia, and possibly in

Panoplosaurus on the basis of tooth wear, although tooth occlusion was evidently

accomplished in different ways in these taxa. Tooth wear in Hungarosaurus reveals attritional
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facets that vary in their orientation relative to the vertical plane (Figure 15(C), Figure 15(D)).

Scratch orientation indicates a palinal power stroke (see below) (Ősi et al. 2014a, Figure

15(D), Figure 15(E), Figure 15(G)). Struthiosaurus languedocensis appears to have possessed

a similar type of occlusion.

In Edmontonia (CMN 8531, ROM 1215) the extensive wear facets (Figure 8(I), Figure 8(J),

(Figure 9(L), Figure 9(M)) were certainly formed by tooth occlusion. The vertically oriented

scratches present on the upper teeth indicate orthal jaw closure, whereas the mesiobasal-

apicodistally oriented scratches (Figure 10(A–C), Figure 10(E)) suggest a palinal power

stroke (Mallon and Anderson 2014a). The slightly different wear pattern of Edmontonia

specimen TMP 98.98.01 suggests a simple orthal shearing without any significant

anteroposterior movement of the lower jaw (Figure 15(B)). Precise tooth occlusion is

suggested for Panoplosaurus (CMN 2759) as well, though more data are needed to confirm

this hypothesis and to elucidate the details of the dental function during jaw closure.

Among ankylosaurids, tooth occlusion is present in Euoplocephalus (Rybczynski and

Vickaryous 2001) and possibly Ankylosaurus. In Euoplocephalus, the presence of steeply

inclined and extensive wear facets along the tooth row (AMNH 5405, Figure 8(K), Figure

8(L)) suggests precise tooth occlusion, and the mesiodistal orientation of many scratches

(Mallon and Anderson 2014a) clearly indicates a palinal power stroke (Rybczynski and

Vickaryous 2001, Figure 15(G)). Wear features in Ankylosaurus (CMN 8880) suggest a

similar capacity for tooth occlusion, but further evidence is needed.

In Asian ankylosaurids (e.g., Gobisaurus, Pinacosaurus spp., Saichania, Tarchia) tooth wear

is either restricted to the apical cusps slightly exposing the underlying dentine, or it is more

extensive basally as a smooth surface, yet does not penetrate the thin enamel. Steep wear

facets, similar to those seen in nodosaurids, are present neither on lingual/labial sides of the

crown, nor on the cingulum. In ‛Maleevus disparoserratus’, considered as a nomen dubium
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by Arbour and Currie (2016), two maxillary teeth show apical and minimal lingual wear, but

these facets are much less developed than those of nodosaurids with precise tooth occlusion.

Wear typical of Asian ankylosaurids is most likely the result of food abrasion (Figure 15(A),

Figure 15(F)) rather than habitual tooth occlusion. It is inferred that, in the lineage of Asian

ankylosaurids (from Aptian to Maastrichtian taxa), food processing was devoid of precise

tooth occlusion, and food was triturated by simple orthal pulping, similar to most extant

lizards (Schwenk 2000).

4.3. Jaw mechanism in ankylosaurs

Craniomandibular and tooth wear features imply that ankylosaur jaw movement was not

restricted to simple orthal pulping uniformly in all species, as traditionally assumed

(Weishampel 1984; Galton 1986; King 1996; Hwang 2005). Variation in adductor

musculature, jaw joint morphology, and tooth wear reveal at least three different jaw

mechanisms during the evolution of Ankylosauria:

1) Orthal pulping. The main component of jaw action was orthal. The mandibular glenoid is

anteroposteriorly short, preventing extensive motion in this plane. Teeth did not occlude

(Figure 15(A), Figure 15(F)); only abrasive wear occurs on teeth. Origin surfaces of pterygoid

muscles and insertion surfaces for external adductors were relatively small (low coronoid

process), and partitioning of the MAME group was less developed than in ankylosaurs with

more a complex jaw mechanism. Orthal pulping was typical of Asian ankylosaurids and

probably in Gastonia as well.

2A) Local or incidental occlusion. The main component of the power stroke was orthal

(Figure 15(A), Figure 15(F)). The mandibular glenoid is anteroposteriorly short, minimizing

movement in this plane, but some mediolateral displacement or long axis rotation of the

mandibles might have occurred. Local occlusion can be inferred for Gargoyleosaurus and

Törölt: 2015
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Silvisaurus, where attritional wear is restricted to a few teeth. Local occlusion might also have

been present in Europelta, given that few teeth show attritional facets.

2B) Tooth occlusion along the whole maxillary tooth row. In a few ankylosaurs, attritional

wear occurs along the entire tooth row, but the position and orientation of wear facets together

with EDI and scratch orientation shows that jaw closure was strictly orthal (Figure 15(B),

Figure 15(F)). A mediolateral displacement or long axis rotation of the mandibles may have

existed. The pterygoid external adductor musculature was well developed. Wear patterns

indicate that this type of orthal shearing existed in Edmontonia (TMP 98.98.01) and possibly

Panoplosaurus (CMN 2759) and Struthiosaurus, though more material is needed from the last

two taxa to determine whether jaw closure was truly orthal or more complex.

3) Palinal movement. This is the most advanced jaw mechanism reported in ankylosaurs so

far, consisting of two phases. In the first phase, simple orthal movement brought the teeth into

occlusion (Figure 15(C), Figure 15(G)). The quadrate condyles were situated posteriorly in

the mandibular glenoid. This type of mandibular movement is reflected in the near vertical

orientation of microstriae. The second phase consisted of a palinal power stroke, pulling the

mandible posteriorly and slightly dorsally with precise tooth occlusion (Figure 15(D), Figure

15(G)). This phase of jaw movement produced slightly curved and oblique, mesiobasally-

apicodistally oriented scratches on the teeth. This biphasal jaw mechanism was present in the

nodosaurid Hungarosaurus, at least some specimens of Edmontonia (ROM 1215, Mallon and

Anderson, 2014; CMN 8531), and might have already been present in Sauropelta as well.

This mechanism has been demonstrated in the North American ankylosaurid Euoplocephalus

(Rybzynski and Vickaryous 2001; Mallon and Anderson, 2014a) and possibly Ankylosaurus.

In the latter taxon, the mesiodistally oriented scratches on a tooth associated with the skull of

CMN 8880, and the anteroposteriorly elongate glenoid, support this hypothesis.



33

The predentary-dentary joint of both nodosaurids and ankylosaurids allowed a

mediolateral displacement and/or long axis rotation of the mandibular rami (Rybczynski and

Vickaryous 2001; Ősi et al. 2014a). To achieve precise occlusion of the teeth, the

complimentary work of the pterygoid and external adductor muscles was essential.

Contraction of the pterygoid muscles would have produced minimal medial rotation of the

mandibles about their axes to bring the teeth into precise occlusion. Palinal movement of the

mandibles, however, required exertion of the external mandibular adductors. Whether their

work was alternating unilateral, as in mammals (Mills 1967; Crompton and Hiemae 1970),

some heterodont crocodyliforms (Pol 2003; Ősi 2014), and possibly ceratopsids (Mallon and

Anderson 2015), or bilateral, as extant crocodylians (Busbey 1989), is unknown at present.

4.4. Evolution of key feeding specializations among thyreophorans

The different types of thyreophoran tooth occlusion and jaw mechanics can be mapped onto

existing phylogenetic trees (Supplementary data 5 and 6 based on Thompson et al. (2012) and

Arbour and Currie (2016), respectively). In basal thyreophorans, such as in Scutellosaurus

(Colbert 1981) and Emausaurus (Haubold 1990), tooth occlusion was absent (Popowics and

Fortelius 1997, Barrett 2001, Supplementary data 5). Scelidosaurus is the basalmost and

earliest thyreophoran with precise tooth occlusion, and for which a puncture–crushing feeding

mechanism has been demonstrated (Barrett 2001, Supplementary data 5 and 6). Among

stegosaurs (e.g. Huayangosaurus (Sereno and Dong 1992 and Stegosaurus Barrett 2001,

DMNH 2818 A.Ő. pers. obs.)), local or incidental tooth-tooth contact occurred, but a well-

controlled shearing bite along the length of the tooth row was absent (Supplementary data 5

and 6).

Among nodosaurids, the coronoid process was already prominent in Early Cretaceous forms

(Animantarx, Sauropelta, Silvisaurus), and a complex tooth crown with a rough enamel
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surface, crenelated cingulum, and fluting confluent with the grooves of the marginal cusps

was widespread. Whereas dental occlusion appears to have been localized or incidental in the

Late Jurassic Gargoyleosaurus, in Cretaceous nodosaurids it occurred more frequently

(Figure 16). Unfortunately, the incompleteness of the fossil record and the problematic

nodosaurid phylogeny prohibit optimization of a precise shearing bite.

Palinal jaw movement might have been present in many Cretaceous nodosaurids, but most

likely evolved independently in various lineages (perhaps in some Early Cretaceous forms

[Sauropelta], Late Cretaceous European forms [Hungarosaurus], and Late Cretaceous North

American forms [Edmontonia ROM 1215, Panoplosaurus CMN 2759]) (Supplementary data

5 and 6, Figure 16).that is further supported by the most recent nodosaurid phylogeny of

Arbour et al. (2016:fig. 1). In these forms, the coronoid process is high, the elongate

mandibular glenoid allowed the lower jaws to shift anteroposteriorly, and the mandibular rami

were capable of minimal long-axial rotation (Figure 16).

Dental occlusion and a complex jaw mechanism were generally absent among ankylosaurids

(Figure 16), except for some Late Cretaceous North American forms (e.g., Euoplocephalus

and Ankylosaurus), where a shearing bite and palinal movement of the lower jaws evolved

independently of Nodosauridae. The minimal dental wear in the taxonomically dubious

‛Maleevus’ suggests that, in some basal Asian forms, local or incidental tooth occlusion might

have occurred (Figure 8(M), Figure 8(N), Figure 11(B)). Ankylosaurids retained a low

coronoid process and the muzzle became significantly wider both in Asian and North

American Late Cretaceous forms (Figure 16).

4.5. Paleoecological inferences

Our results demonstrate that several nodosaurids were able to render food with precise tooth-

tooth occlusion, whereas most ankylosaurids processed food without precise occlusion. The
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North American Euoplocephalus (Rybzynski and Vickaryous 2001) and Ankylosaurus were

possible exceptions among ankylosaurids, showing dental occlusion and, in case of the former

taxon, a palinal jaw movement as well. What could be the reason for these markedly different

feeding strategies? According to the most recent phylogenetic hypotheses (Thompson et al.

2012, Arbour and Currie 2016, Arbour et al. 2016), tooth occlusion and a palinal power stroke

occured convergently in many lineages (including nodosaurids and ankylosaurids) suggesting

that this functional novelty may correlate better with geography and ecology.

Based on the geographical and temporal distribution of tooth wear patterns, precise dental

occlusion may have been a crucial innovation in late Early Cretaceous (Sauropelta) to Late

Cretaceous (Edmontonia, Panoplosaurus) North American nodosaurids and at least in some

Late Cretaceous (and perhaps some Early Cretaceous) European nodosaurids

(Hungarosaurus, and perhaps in Struthiosaurus). Since no cranial material of Asian

nodosaurids (Dongyangopelta, Sauroplites, Taohelong) is preserved, no information about

their tooth wear is available. Among Asian and North American ankylosaurids, only the Late

Cretaceous North American Euoplocephalus and Ankylosaurus provide evidence for dental

occlusion (Anodontosaurus, Scolosaurus, Ziapelta have no functional teeth).

Bearing these observational limitations in mind, these data suggest that oral food processing

with dental occlusion and biphasal jaw mechanism evolved in several North American

ankylosaurids and nodosaurids, and in the European nodosaurids, but may not have existed in

Asian representatives.

Differences in feeding strategies among ankylosaurs might be related to the different types of

vegetation consumed by these low-level feeders on different landmasses. Climate

reconstruction for the depositional environments of the Belly River and Edmonton groups in

Alberta, Canada, where Edmontonia, Panoplosaurus, Euoplocephalus and Ankylosaurus are

found, reveals that the climate was warm, subtropical/temperate monsoonal with occasional
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rainfalls, tropical storms and forest fires (Dodson 1971; Jarzen 1982; Wood et al. 1988;

Eberth et al. 1990; Noad 1993; Eberth and Hamblin 1993; Eberth 2005; Eberth 2015; Fricke

et al. 2010; Brown et al. 2012). European ankylosaurs (Europelta, Hungarosaurus,

Struthiosaurus) lived on an archipelago during the Cretaceous (Csiki et al. 2015), where most

of the islands experienced humid, subtropical and, in some cases, seasonally variable climate

conditions (Astibia et al. 1999; Van Itterbeeck et al. 2004; Therrien 2005; Bodor and Baranyi

2012; Popa et al. 2014; Csiki et al. 2015). By contrast, the Cretaceous Central Asian

ankylosaurs lived in arid to semi-arid habitats that were characterized by active and stabilized

dune fields, complemented by episodic fluvial environments with relatively little freshwater

supply (Jerzykiewicz and Russell 1991; Dashzeveg et al. 1995; Loope et al. 1998;

Jerzykiewicz 2000). Ankylosaurs living under humid, tropical to subtropical climates might

have eaten tougher leaves, stems, bark, and seeds that had higher cellulose and lignin content

and that had to be ruptured for digestion before swallowing (King 1996). The undergrowth in

these humid environments is mainly represented by ferns (e.g. Osmundaceae, Polipodiaceae)

and angiosperms (e.g. Araceae, Proteaceae) (Koppelhus 2005; Popa et al. 2014). Processing

of these plants would have been aided by a continuous shearing bite, controlled by an efficient

musculature, in which the labiolingually compressed, cuspidate upper and lower teeth

precisely occluded with each other. On the other hand, Central Asian ankylosaurids, living

under more xeric conditions, might have consumed other types of plants (perhaps more

succulent forms), the pre-digestive preparation of which did not require such complex

chewing. Alternatively, these ankylosaurs might have relied more on hindgut fermentation

than on oral processing.

The development of complex tooth morphology, dental occlusion, and a biphasal jaw

mechanism during the late Early Cretaceous, and the progressive widening of the muzzle in

some lineages during the Late Cretaceous, are craniodental novelties that may at least Törölt: interpreted as crucial
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partially account for the evolutionary success of the ankylosaurs. These changes imply that

oral food processing became more effective and, at least in some lineages, the amount of

processed plant food might have been increased in accordance with generally increasing body

size.

5. Conclusions

Analysis of craniodental features in ankylosaurs reveals the appearance of numerous

functional morphological novelties during the evolution of the group, and mapping these

features onto the phylogenetic tree of ankylosaurs (Thompson et al. 2012; Arbour and Currie

2016) inspires the following conclusions:

1) Precise tooth occlusion was absent in the basalmost thyreophorans (Scutellosaurus,

Emausaurus). The earliest and basalmost form with precise tooth occlusion (in a puncture–

crushing feeding mechanism) is Scelidosaurus (Barrett 2001). In basal ankylosaurs, the

muzzle is relatively narrow, premaxillary teeth are present in many forms, and the cingulum is

absent or weekly developed on the teeth (but well developed in Kunbarrasaurus Leahey et al.

2015). Tooth-tooth contact, if present (e.g., Gargoyleosaurus), was incidental or local, and a

biphasal jaw mechanism was not present.

2) In late Early Cretaceous nodosaurids of North America and Europe, the premaxillary

teeth are still present in many forms, the cingulum is more pronounced, the attachment

surfaces for the cranial adductors (e.g. pterygoid, coronoid process) are well developed, and

muzzle shape becomes more diverse but still relatively narrow. The earliest unambiguous

evidence for dental occlusion along the whole tooth row occurs in the Albian Sauropelta that

might have been completed by a biphasal jaw mechanism (orthal closure + palinal

movement).

Törölt: 2015
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3) Among Late Cretaceous North American ankylosaurs, the muzzle is generally wide and

morphologically diverse, premaxillary teeth are absent, and teeth bear a massive cingulum.

By contrast, the European forms retain a narrow muzzle with premaxillary teeth. Complex

jaw movement with a palinal component appears to have evolved independently in various

lineages of North American and European nodosaurids (?Sauropelta, Edmontonia-

Panoplosaurus, Hungarosaurus) (teeth of Asian nodosaurids are unknown). This mechanism

required some mobility of the predentary-dentary contact to allow long-axis rotation of the

mandibular rami.

4) Dental occlusion and a biphasal jaw mechanism was not present in ankylosaurid

dinosaurs except for some Late Cretaceous North American forms (Euoplocephalus and

Ankylosaurus), where tooth occlusion and palinal movement (at least in Euoplocephalus)

appeared independently from the nodosaurids. A progressive widening of the muzzle is seen

in Albian to Maastrichtian Asian ankylosaurids, and probably correlates to foraging time and

food type, as in herbivorous mammals.

5) Oral processing with dental occlusion and a complex jaw mechanism early evolved

multiple times by the late Early Cretaceous in North American (both ankylosaurid and

nodosaurid) and European forms, whereas no evidence of such features is seen so far in Asian

forms. If this pattern represents a genuine difference between Asian and non-Asian

Cretaceous ankylosaurs, it might relate to the different types of vegetation consumed by these

low-level feeders in different habitats on different landmasses (i.e. humid, subtropical

environments in North America and Europe versus the arid-to semiarid conditions in Asia).

6) Functional tooth-tooth contact involved in a complex jaw mechanism appeared in

ankylosaurs no earlier than the late Early Cretaceous. These changes were generated by the

diversification of craniodental features, followed by a trend of increasing muzzle width and

jaw adductor attachment size. One possible reason for the appearance of these functional
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morphological novelties might be paleofloral change during the Cretaceous, but this cannot be

supported at the moment.
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Figure captions:

Figure 1. Geographic and chronostratigraphic distribution of the most important ankylosaur

taxa with known cranial material. For references of the different taxa see Table 1.
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Figure 2. Linear measurements used for morphometric analysis in this study (see also

Supplementary data 1). A, Schematic drawing of an ankylosaur skull (Pawpawsaurus) in left

lateral view; B, ventral view; C, ankylosaur mandible in left lateral view.

Figure 3. Interpretative drawing and SEM micrograph demonstrating the macro- and

microwear features documented on the ankylosaur teeth.

Figure 4. Graphical output of PCA performed on the craniomandibular morphometric data.

A, PC1-PC2 biplot. Two dimensional beam models placed in the four quadrants of the biplot

represent ventral aspects of the skulls illustrating the most important cranial shape changes in

this morphospace. Note that distribution of specimens reflects differences in skull shape

rather than phylogenetic relationships. B, PC1-PC2 biplot. Note that ankylosaurid and

nodosaurid taxa largely occupy different ranges in this biplot. Explanation of colour coding

and legends are shown in the figure. Loadings of different variables (abbreviations in blue) on

the PC axes are indicated by green lines. For variable abbreviations, see Figure 2 and text.

Figure 5. Muzzle shape variation in ankylosaurs. A-G, nodosaurids. H-L, ankylosaurids.

Figure 6. Muzzle width (blue shaded area) relative to quadrate condyle distance (blue dots) of

different taxa mapped onto the phylogenetic tree of ankylosaurs (after Arbour and Currie

(2016), modified to show only taxa with well preserved muzzles). Note the progressive

widening of muzzle in both nodosaurids and ankylosaurids.

Figure 7. Craniodental features related to the mode of feeding in ankylosaurs. A, mandibular

symphyseal region of an ankylosaurid dinosaur (TMP 1980.16.1685) in anterior view. B
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mandibular symphyseal region of Hungarosaurus tormai (MTM 2007.25.2) in anterior view.

C, tooth of the nodosaurid Sauropelta edwardsi (YPM VP 5350, image by Juri Miyamae). D,

tooth of the ankylosaurid Pinacosaurus grangeri (ZPAL MG D-II/1). E, skull of

Panoplosaurus mirus (CMN 2759) with the left lateral cheek plates in anterolateral view. F,

skull of Edmontonia (AMNH 5381) with the left lateral cheek plates in lateral view.

Anatomical abbreviations: ci, cingulum; cp, cheek plate; ed, edentulous margin; f, foramen;

fl, fluting; gr, groove; is, irregular surface; ssu, smooth surface; sy, mandibular symphysis.

Figure 8. Wear patterns on in situ ankylosaurian teeth. A-B, Gargoyleosaurus parkpinorum

(DMNH 27726) left posterior maxillary teeth in lingual view. C-D, Silvisaurus condrayi

(UKMNH 10296, image by Joshua Schmerge) left posterior dentary teeth in labial view. E-F,

Hungarosaurus tormai (MTM 2007.25.2) right dentary teeth in labial view. G-H, Edmontonia

(TMP. 98.98.01) posterior upper and lower teeth in labial view. I-J, Edmontonia (ROM 1215)

left posterior maxillary teeth in lingual view. K-L, Euoplocephalus tutus (AMNH 5405) right

maxillary tooth row in lingual view. M-N, ’Maleevus disparoserratus’ (PIN 554) right

maxillary teeth in lingual view. The other functional teeth are broken and not worn by

occlusion. O-P, Saichania chulsanensis (PIN 3142/250) right upper and lower teeth in lingual

view. Q-R, Pinacosaurus grangeri (ZPAL MG D-II/1) left maxillary teeth in lingual view.

Anatomical abbreviations: awf, apical wear facet; bwf, bowl-like wear facet; cwf, wear facet

on the carina; ewf, extended wear facet; swf, steeply inclined wear facet.

Figure 9. Macrowear features on the teeth of nodosaurid ankylosaurs. A, Gargoyleosaurus

parkpinorum (DMNH 27726) maxillary tooth in labial view. B, Gargoyleosaurus

parkpinorum (DMNH 27726) dentary tooth in lingual view. C, Europelta carbonensis

associated tooth (FCPTD/MAP AR-1-325). D, Europelta carbonensis associated tooth
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(FCPTD/MAP AR-1-324). E, Sauropelta edwardsi associated maxillary tooth (YPM VP

5351, image by Juri Miyamae). F, Sauropelta edwardsi associated maxillary tooth (YPM VP

5528, image by Juri Miyamae). G, Sauropelta edwardsi associated dentary tooth (YPM VP

5527, image by Juri Miyamae). H, Sauropelta edwardsi associated maxillary tooth (YPM VP

5350, image by Juri Miyamae). I, Struthiosaurus languedocensis associated tooth (UM2

OLD-19 CV) J-K, Hungarosaurus tormai right dentary tooth (MTM 2007.25.2) in labial

view. L, Edmontonia (TMP 98.98.01) right dentary tooth in mesiolabial view. M, Edmontonia

(ROM 1215) left posterior maxillary tooth in lingual view. N, Edmontonia (ROM 1215) left

posterior maxillary tooth in distolingual view. Anatomical abbreviations: a, apical; awf,

apical wear facet; b, basal; cwf, wear facet on the carina; d, distal; de, dentine; eb, enamel

bumps; edi, enamel-dentine interface; en, enamel; ewf, extended wear facet; m, mesial; sc,

scratch; swf, steeply inclined wear facet; wci, worn cingulum; wci, worn cusp; we, worn

enamel.

Figure 10. Macrowear features on the teeth of nodosaurid ankylosaurs. A, Edmontonia (CMN

8531) posterior right maxillary tooth. B, Edmontonia (ROM 1215) right 14th maxillary tooth

in lingual view. C, Edmontonia (ROM 1215) left posterior maxillary tooth in lingual view. D,

Edmontonia (TMP 98.98.01) posterior right maxillary tooth. E, Edmontonia (ROM 1215)

dentary tooth in labial view. F, Edmontonia (TMP 98.98.01) left 16th dentary tooth. G,

Panoplosaurus mirus (CMN 2759) associated tooth. H, Edmontonia (TMP 98.98.01) 5th right

maxillary tooth. Anatomical abbreviations: a, apical; b, basal; d, distal; de, dentine; eb,

enamel bumps; edi, enamel-dentine interface; en, enamel; gr, groove, la, labial; li, lingual; m,

mesial; or, ornamentation; p, pit, sc, scratch; swf, steeply inclined wear facet; wci, worn

cingulum; wcu, worn cusps; we, worn enamel.
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Figure 11. Macrowear features on the teeth of ankylosaurids. A, Pinacosaurus grangeri

(ZPAL MG D-II/1) right dentary tooth in lingual view. B, ’Maleevus disparoserratus’ (PIN

554) right anterior maxillary tooth in lingual view. C, Saichania chulsanensis (PIN 3142/250)

left maxillary tooth in apicolingual view. D, Saichania chulsanensis (PIN 3142/250) left

posterior maxillary tooth in apicolingual view. E-F, Ankylosaurus magniventris (CMN 8880)

associated tooth. G, Euoplocephalus tutus (AMNH 5405) left anterior maxillary teeth in

mesiolingual view. H, Euoplocephalus tutus (AMNH 5405) right posterior maxillary tooth in

lingual view. Anatomical abbreviations: a, apical; awf, apical wear facet; b, basal; d, distal;

de, dentine; edi, enamel-dentine interface; en, enamel; la, labial; li, lingual; m, mesial; p, pit,

sc, scratch; swf, steeply inclined wear facet; wci, worn cingulum; wcu, worn cusps.

Figure 12. Microwear features on the teeth of nodosaurids. A, Hungarosaurus tormai right

dentary tooth (MTM 2007.25.2). B, Hungarosaurus tormai right dentary tooth (MTM

2007.25.2) worn cingulum region with obliqe scratches. C, Panoplosaurus mirus (CMN

2759) associated tooth. D, Edmontonia (CMN 8531) posterior right maxillary tooth. E,

Edmontonia (TMP 98.98.01) 5th right maxillary tooth. F, Edmontonia (TMP 98.98.01) 16th

left dentary tooth. G, Edmontonia (ROM 1215) left posterior maxillary tooth. H, Edmontonia

(ROM 1215) associated dentary tooth. Anatomical abbreviations: a, apical; b, basal; d, distal;

edi, enamel-dentine interface; la, labial; li, lingual; m, mesial; p, pit, sc, scratch.

Figure 13. Microwear features on ankylosaur teeth. A, Pinacosaurus grangeri (ZPal Mg-II/1)

right dentay tooth. B, ’Maleevus disparoserratus’ (PIN 554) right anterior maxillary tooth. C,

Saichania chulsanensis (PIN 3142/250) left posterior maxillary tooth. D, Ankylosaurus

magniventris (CMN 8880) associated tooth. E, Euoplocephalus tutus (AMNH 5405) right

anterior maxillary tooth. F, Euoplocephalus tutus (AMNH 5405) right posterior maxillary
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tooth. G-H, Gargoyleosaurus parkpinorum (DMNH 27726) left maxillary tooth basal region.

Anatomical abbreviations: a, apical; b, basal; d, distal; eb, enamel bumps; edi, enamel-

dentine interface; en, enamel; la, labial; li, lingual; m, mesial; p, pit, sc, scratch; we, worn

enamel.

Figure 14. Reconstruction of origin and insertion surfaces of the most important jaw adductor

muscles in nodosaurids and ankylosaurids. A, nodosaurid (Edmontonia ROM 1215) and B,

ankylosaurid (Saichania PIN 3142/250) skulls in ventral view with the origin surfaces. C,

nodosaurid (Edmontonia ROM 1215) and D, ankylosaurid (Saichania PIN 3142/250) left

mandibles in medial view with E and F, their respective interpretative drawings indicating

muscle insertion surfaces. G, orientation of the jaw adductor muscles in nodosaurid skull and

mandible in lateral, and H, in occipital view. Colours indicate different muscles. For muscle

name abbreviations, see text.

Figure 15. The process of tooth occlusion and different types of jaw mechanism in

ankylosaurs. A, jaw closure is orthal, tooth occlusion is usually absent, only local, or

incidental. Wear (in red), if present, is minimal and occurs only apically. B, Orthal jaw

closure with tooth occlusion. Attritional wear occurs along the whole tooth row, wear facets

are steeper on the lower than on the upper teeth. C-D, Interaction of the upper and lower teeth

in distal (C) and labial (D) views, when the mandible moves dorsally and posteriorly (at least

3-5 mm) (modified from Ősi et al. 2014a). Dashed lines in A-D show the way of the lower

tooth crown during palinal power stroke. Wear facets on the lower teeth are steep,

occasionally bowl-like, are shown in grey and light grey on the upper teeth. Red crosses

connected with red solid lines represent the path of one of the lower teeth during the palinal

power stroke. E, the anteroposterior movement of the mandible relative to the quadrate

Törölt: positions of the lower teeth at the
end of the
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condyles (red). F, chewing cycle during simple orthal movement. G, chewing cycle during

palinal movement. It starts with the opening of the mandibles (2). In the beginning of the

closing phase, the mandible shifts forward (3). When the mandible is closed, and the upper

and lower teeth come into contact (4), the mandible is pulled upward and backward bringing

the lingual surface of the upper teeth and the labial surface of the lower teeth into a shearing

contact (1). Green filled circles show the position and route of the anterior end of the lower

jaw during chewing cycle.

Figure 16. Geographic and phylogenetic distribution and inferred evolution of key feeding

specializations among thyreophorans. Simplified phylogenetic tree follows Arbour and Currie

(2016), Arbour et al. (2016), and Thompson et al. (2012). Only those taxa are indicated that

have available cranial material and dental wear pattern. Note that all the forms having

biphasal jaw mechanism with tooth occlusion are from North America and Europe.

Table 1. List of ankylosaur species examined in this study.

Table 2. Macro- and microwear features of different ankylosaurs having in situ or associated

dentition.

Table 3. Measurments of wear features in ankylosaurs. Length-width data are in μm.

Törölt: Figure 16. The evolution of jaw
mechanism in ankylosaurs mapped onto the
phylogenetic tree of Thompson et al.
(2012).¶
¶
Figure 17. The evolution of the jaw
mechanism in ankylosaurs mapped onto the
phylogenetic tree of Arbour and Currie
(2015).¶
¶
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