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Abstract

Despitemegaherbivore ontogeny being relatively walidied, little research has
been conducted on the ecological implications of gratdgesUsing ecomorphological
dietary correlates, investigations into potential ecological differences between mature and
immature ceratopsids and hadrosaurids were undert@kenesults suggeshatjuvenile
megaherbivores selectively consumed softer, legvewing vegetation than their adult
counterpartswhich likely reduced intrapecific competition. Ecomorphological
investigations into the potential for competition between juvenile megaherbivores and
small ornithischiansand investigations into relative abundaneesre conducted to test
the competition and taphonomic hypothegasoverlapin resultsindicateda potental
for competition between juvenile megaherbivores and leptoceratppaidiss predicted
by the competition hypothesssnall ornithischiansveregenerally less abundant than
megaherbivores. Other groups showed separation in the ecomorphospace and some
distributions showed similar abundances between groups as predicted by the taphonomic
hypothesis. Thus, size differences were important for resource partitianiohg

competition and taphonomy both influenced observed Late Cretaceous size distributions.
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Chapter 1:Introduction

1.1 Background

During the Late Cretaceous (286 Ma), the Western Interior Seaway ran
through North America, extending from the Gulf\déxico to the Arctic Ocean (Lucas et
al., 2016). The coastal plains that dominated western North America at this time were
broken up by rivers flowing eastwards towards the western shoreline of the seaway.
These rivers were sourced from the westich was an area of active mountain building.
At this time, the North American climate was subtropical, and included primitive
flowering plants, ferns, czekanowskialeans, bennettitaleans, conifers, and cycads (Coe et
al., 1987). Of these plant varietiéstns are thought tbave beethe most abundant and
were responsible for the extensive fern savannas and prairies of the time. Coastal
shrublands and interior forest®re also kegxomponents of the landscape (Lucas et al.,

2016).

These environmentswereo me t o a variety of megaherob
dinosaurs, including armoured ankylosaurids, doitlled hadrosaurids, and horned
ceratopsids (Brown et al., 2012; Codron et al., 2012; Mallon et al., 2012; Brown et al.,
2013, Lucas et al., 2016; Stricés et al., 2016). Smalldrodied dinosaurs, such as
leptoceratopsids, thescelosaurids and the dosaeled pachycephalosaurids, also
inhabited Late Cretaceous North America. The ecolodgrgér herbivorouslinosaurs
has long been a subjectiotdepth resarcn( O6 Gor man and Hone, 2012;
2012, 2013; Mallon et al., 2012, 2013; Brown et al.,2013a,b; Mallon and Anderson,

2014a,b, 2015), and forms the basis of my thesis.
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1.2 Taxonomy

Hadrosauridae was a clade of abundant and diverse ornithischiam®otym
referred to as dueckilled dinosaurs (Figure.1). At adult size, these animals werdZ m
in | ength and weighed over 3000 kg (Horner
were edentulous and likely used to crop vegetation, which was tbed ahd crushed by
numerous teeth arranged in complex dental batteries. These animals possessed hollow or
bony crests on top of their heads that were likely usethtierspecies recognition or
sexual display (Horner et al., 2004).

Ceratopsidae was atfer clade of larg&odied (48 m long; ~2500 kg)
herbivores that existed during the Late Cretaceous of North America and China (Xu et
al., 2002; Dodson et al., 2004; Lehman, 2006) (Figute Ceratopsids, also known as
horned dinosaurs, exhibited a widgriety of elaborate horn and frill morphologies that
are theorized talsohave been used for sexual displaymer-species recognition
(Dodson et al., 2004). Ceratopsids possessed a parrot like beak that was covered in a
keratinous sheath. These bealese likely used to obtain foliage that was then sliced by
teeth arranged into tooth batteries that worked in a sdiksdiashion.

Ankylosaurs were a clade lafrge ¢ 1,000i 5,000kg), quadrupedal herbivores
that existed from the Latiurassic (~157.3 Ma) to the end of the Cretaceous (66.0 Ma)
(Vickaryous et al., 20Q4Arbour and Mallon, 201, Benson et al., 20} {Figurel.l).
Remains have been recovered from every continent with the possible exception of Africa.
These animals are bdstown for the rows of osteoderms distributed across the dorsal
surfaces of their bodies and osseous ornamentations on the head. The ankylosaurs can be

divided into two clades: Ankylosauridae and Nodosauridae. Some members of

18



Ankylosauridae (e.gAnkylosairus) are famous for their possession of ac¢hib. To
support this tail c¢club, these animals evol
the distal caudal vertebraéhas been proposed that thad clubwasused in
intraspecific combat, as aeapon against predators,esenas a lure mimicking thkead
(Vickaryous et al., 2004). Ankylosaurs possessed small denticulate teeth that, on the basis
of microwear evidence, may have been used to process fruit and leaves (Mallon and
Anderson, 2014b).
Leptoceratopsids (e,d.eptoceratops, Prenoceratops, Montanoceratopsre a
basal group o$malkbodied (196350 kg)neoceratopsians found in Asia and North
America during the Cretaceous (Chinnery and Horner, 2007; Farke et al. B&0bn
et al., 201y (Figure 11). Like the betteknown ceratopsids (e,glriceratops,
leptoceratopsids possessed an edentulous beak and frill at the back of the skull (You and
Dodson, 2004). This frill, however, was less ornamented compared to those of
ceratopsids. Leptetatopsids possessed ksafaped teeth arranged in loose tooth
batteries with only one replacement tooth in each tooth position (Dodson et al., 2004;
You and Dodson, 2004). Leptoceratopsids were facultatively bipedal (Senter, 2007).
Thescelosaurids (e,grhescelosaurus, Parksosauyexistedduringthe
Cretaceous, with remains recovered from North America, South America, Asia,
Australia, Europe and Antarctica (Norman et al., 2004; Boyd et al., 2009) (Fidure 1
Members of this clade possessauple skulls that were small compared to the body.
Unlike ceratopsids and hadrosaurids, teeth were present along the entire length of the

jaw. Thescelosaurids were small (>4 13-356 kg, bipedal herbivores that inhabited a

20



Nodosauridae

®

®
p

Ankylosauridae

CD Thescelosauridae %‘;%imm,

—— Hadrosaurinae

Lambeosaurinae

—— Centrosaurinae

—— Chasmosaurinae

Leptoceratopsidae

Pachycephalosauridae ﬁfm‘

Figurel.1: Phylogenetic relationships of herbivorous ornithischian dinosaurs fror
Late Cretaceous of North Agrica. Taxonomy: 1, Ornithischia; 2, Thyreophora; 3,
Ankylosauria; 4, Ornithischia; 5, Hadrosauridae; 6, Marginocephalia; 7, Ceratop
Ceratopsidae. After Butler et al., 2008, Dodson et al., 2004; Horner et al., 2004;
Maryanska et al., 2004; Normanatt, 2004; Vickaryous et al., 2004; You and Dod
2004. Skeletal drawings (not to scale) by S. Hartman (used with permission).
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wide variety of environmentad climates (Norman et al., 20rown et al., 2013b;
Boyd, 2014 Campione et al., 20}4
Pachycephalosaurids (e.Bachycephalosaurus, Stegoceragre smal(16-370
kg) bipedal, doméneaded dinosaurs thatre mainly restricted to the Late Cretaceous of
North America and Asia (Maryanska et al., 20Bdown et al., 2013b; Bensen et al.,
2017 (Figure 11). The dome was formed by a websified, thickened frontoparietal
region of the skull (Galton and Sué982; Maryanska et al., 2004). Similar to
thescelosaurids, the entire length of the jaws were dentulous (Maryanska et al., 2004).
Unlike many other ornithischians, this group exhibited heterodonty, with mo+kpeg
teeth in the front of the mouth and radeaflike teeth in the maxilla and dentary.
Pachycephalosaurids are often reconstructed as low browsers (Maryanska et al., 2004).
Theropods like ornithomimids and caenagnathid3Q80 kg) arenot considered
in this work as thewere comparatively rareomponents of the Late Cretaceous
ecosystem, and may have been omnivorous (Kobayashi et al. B&888t, 2005Zanno

and Makovicky, 2013; Bell et al., 2014; Lamanna et al., 2014).

1.3 Coexistence

Two hypotheses have been proposed to explain the coexistesueh adiverse
Late Cretaceous herbivore fauna: 1) plant resources were not limiting because of factors
such as lowered metabolic rates for herbivorous dinosaurs, elevated primary productivity,
predation pressures and/or disease (Ostrom, 1964; Fetrlalvy 1995; Lehman, 1997;
Sampson, 2(8), or, 2) plant resources were limiting and coexistence was achieved via

dietary niche partitioning (Coe et al., 1987; Lehman, 2001; Sander et al M20d@ et

22



al., 2013 Mallon, 2019. Recent research into megahivorous dinosaurs of the middle

to upper Campanian Dinosaur Park Formation suggests that plant resources may have
been limiting based on evidence for dietary niche partitioning (Mallon and Anderson,
2013; Mallon et aJ 2013; Mallon and Anderson, 2018aMallon and Anderson, 2015).
However, multiple questions regarding Cretaceous dinosaur palaeoecology remain
unanswered. For instance, did the ecological niches of megaherbivores change through
ontogeny, and if so, how? Did young megaherbivores comp#tesmiall ornithischians?
Codron et al. (2012, 2013) used population models to suggest that small ornithischian
richness was limited as a result of competition with the young of larger herbivores.
However, ecomorphologlgased investigations into the competi hypothesis are

lacking, and form the primary line of investigation for tiissis

1.4 Ontogenetic Niche Shifts
Body size disparity has been cited as one of the primary mechanisms by which
organisms avoid resource competition (Werner@itighm, 1984; ten Brink and de
Roos, 2018). Differences in body size within a species can also vary enough to result in
intraspecific niche partitioning. As a result, organisms undergo an ontogenetic niche shift
(ONS) wherein different developmental stagecupy different ecological niches,
requiring different foods, habitats, and/or being active at different times of day
Ontogenetic niche shifts can increase
intraspecific competition (Werner and Gilliam, 1984; ten Band de Roos, 2018)
(Figurel.2). Decreased intraspecific competition means that more resources are

potentially available to be exploited and available for growth, which results in higher
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Growth Rate

Body Size

Figurel.2: Absolute growth rates as a function of body size for a hypothetical <
undergoing an ontogenetic habitat shift (this could presumably represent other
resources (e.g., food), too). The blue curve (gl) is the growth rate in habitat 1
green cwe (g2) is the growth rate for the same hypothetical species in habitat
star marks the intersection between the two growth curves at which the habita
maximizes growth rate (modified from Werner and Gilliam, 1984).
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growth rates. This, in turn, means that less time is spent aesynmatire vulnerable sizes,
which can result in decreased predatated mortality. Therefore, because organisms
can impact resourcesfidirently during ontogeny (both in the type and amount of
resource beingonsumed), it is important to consider ONSs when studying ecological
interactions (Schellekens et al., 2010; Werner and Gilliam, 1984).

Ontogenetic niche shifts can be continuousiscréte (Werner and Gilliam,
1984). Continuous ONSs manifest in species that do not show distinct ecological stages
and undergo constant changes in habitat and/or diet with growth. Discrete ONSs, on the
other hand, involve a sudden change in habitat adi#bas one developmental stage
transitions to the next. This type of ONS is less common, and typically occurs in species
that undergo metamorphosis, where the juvenile morphology is significantly different
from that of the adult (Werner and Gilliam, 19&benman, 1992; Claessen and

Diekmann, 2002).

1.4.1 OntogeneticNiche Shifts in Extant Taxa

Ontogenetic niche shifts are reported in various extant taxa and can manifest in
different ways. Continuous dietary ONSs occur in species that gradually incorporate
larger prey items into their diet during maturation. Crocodilians generally experience a
continuous dietary ONS in which there is a gradual increase in the consumption of fishes
with maturity, until these comprise most of the diet. In this example, nicfte sbcur in
relation to what can be caught and overpowered. Thus, the changes that occur are mainly
related to sizenot morphology (Dodson, 19@5PIatt et al., 2006) (Figure3). White sea

catfish Genidens barbysand dwarf squeaker frogS¢houtedenella xenodactyloijles
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Figurel.3: Continuous dietary ontogenetic niche shifts in select taxa (created based on
information from Blackburn and Moreau, 2006; Durtsche, 2000; Dodson, 1974; Mendoza
Carranza and Paes Vieira, 2009; Platt et al., 2006). Silhouetskignmel, F. &yol, J. Wolfe,
K. S. Jaron, K. S. Collins, L. Hughes, M. Ghazal, O. Griffith, R. Bishaplor, S. Hartman, S.
McCann, S. Traver, T.M. Keesey, and zooshow (taken from phylopic.org).
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experience a similar sizelated niche shift (Mendozaarranza and Paes Vieira, 2009;
Blackburn and Moreau, 2006) (Figut&). Juvenile white sea catfish consume copepods
and gradually shift to consume fishes as adults. Dwarf squeaker nogisnee

collembolans and mites as juveniles, and then gradually incorporate a higher percentage
of ants into their diet with maturation.

Ontogenetic niche shifts also occur in some lizards, such as the Mexican spiny
tailed iguanaCtenosaura pectinajawhich experience a more drastic change in diet
during ontogeny (Durtsche, 2000) (Figudr8). Immature individuals primarily consume
insects and some plant material, whereas adults primarily consume plants alone,
especially legume flowers and leaves. Althojigveniles are capable of consuming
plants, insects may be preferentially consumed to avoid depletion in nitrogen which can
cause slowed growth rates and reduce rates of protein synthesis.

Some dietary niche shifts are less permanent. For exaatpik African elephant
(Loxodonta africanpfemales tend to feed in lower portions of the canopy when juveniles
are absent, and transition higher up in the canopy when juveniles are present (Woolley et
al., 2011). Young elephants also tend to feed on matréious, less abundant plant
parts, such as fruits, while adults tend to consume more abundant, less nutritious
vegetation because these fruits are unavailable in quantities capable of sustaining them.

Dietary niche shifts are often associated with tatwhanges (Werner and
Gilliam, 1984). Eastern cottonmoutAdkistrodon piscivoroyguveniles primarily
consume salamanders, and occupy muddy, sparsely vegetated habitats, whereas adults
exploitmanydifferent microhabitats and consumgraatevariety of prey(Eskew et al.,

2008). A change in coloration is also associated with this habitat shift, where juveniles
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possess a yellow tail (used to lure prey) that is lost inrfieging adults. During their
first decade of life, loggerhead sea turti€areta carettg inhabit floatingSargassum
matts, which they also feed upon, in addition to epipelagic prey items. They then
transition to a neritic habitat and consume benthic prey. This shift is thought to relate to
predation risk, which decreases with iresi|g body size. Alternatively, the patchy and
narrow distribution of the algal mats, upon which loggerhead turtles feed and live during
their first decade of life, may be unable to sustain larger turtles. Thus, the transition from
one habitat to anotheray be required to optimize foraging strategy (Ramirez et al.,
2017).Common chameleorChamaeleo chamaelepadults generally occupy trees and
large bushes highan the canopythanjuvenileswhich inhabit lower levelsThis habitat
shift decreases the aarrence of intraspecific aggression and cannibalism by reducing
the amount of interaction between juveniles and adults (KRatem et al., 2006).

Increased risk of predation (including cannibalism) can also cause diel (nocturnal
vs. diurnal) ontogenetishifts. For example, young slimy sculpi@dttus cognatys
restrict feeding to shallower depths at night to avoid diurnal predators until reaching
maturity when they shift to a more continuous feeding style at greater depths (Brandt,
1986). Similarly, crek chub §emotilus atromaculatyguveniles exhibit opposing
activity periods to the adults in order to avoid predation (Magnan and FitzGerald, 1984).
However, unlike slimy sculpin, creek chub adults are nocturnal, and the juveniles are
diurnal in order tavoid predation by brook chai®dlvelinus fontinalls which are most
active at dawn and dusk. Among cane to&igdq marinu¥, juveniles are diurnal to
avoid being consumed by larger individuals, which are most active at night (Pizzatto et

al., 2008).
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1.4.2 Ontogenetic Niche Shifts in Dinosaurs

Unlike in modern taxa, behavioural observations cannot be used to identify
ONSs in dinosaurs. In such instances, the extant phylogenetic bracket approach is
commonly recommended (Witmer, 1995), whereby setneture or behaviour is
inferred in a fossil taxon based on its homologous presence in extant relatives
(crocodiliansand birds, in the case of dinosaurs). However, as it relates to the inference
of ONSs, this approach is not readily applicable to dimssbecause, with a few notable
exceptions (Nakazawa and Yamamura, 2007; McLeay et al., 2009), ONSs are not
commonly observeth birds; rather, birds mature quickly after leaving the neshaeualy
consume the same food as their parents. This makes tleagead an ONS ambiguous
in dinosaurs.

An alternative is to study ONSs in dinosaurs using an ecomorphological
approach, which has been applied successfully in several studies. Ontogenetic niche
shifts have been inferred in spinosaurids from the middieaGeetis Kem Kem beds of
Morocco (Lakin and Longrich, 2019). The remains of both juvenile and adult
spinosaurids were found in the same saquatic deposits, suggesting that growth stages
were not separated geographically. Although juveniles and adultpieddhe same
habitat, they may have fed on slightly different food sources because of their size
disparity. Young spinosaurids may have fed on small fish and other small prey, gradually
incorporating larger prey into their diet as they grew (égganodn, Lepidote$, similar

to extant crocodilians (Charig and Milner, 1997; Dodson, 1974). Further evidence of a
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potential niche shift is the absence of hatchlings. While this absence of hatchling material
may be related to taphonomic biases, it is also plesiat hatchlings inhabited different
environments than older individuals. Determining which of these two hypotheses is most
likely requires further research. If hatchlings did occupy a different environment than
more mature individuals, this would fuethsuggest that spinosaurids behaved in a
fashion similar to some modern crocodilians (Dodson, 1974; Platt et al., 2006).
Ontogenetic niche shifts have also been pr
herbivorous) theropolimusaurus inextricabiligWang et al., 2017) (Figure4A).
Several juvenile, subadult and adult specimeris afextricabilishave been recovered
from the Upper Jurassic deposits of China. The most striking difference between
ontogimorphs (different ontogenetic stages) is extbmber of teethYoungL.
inextricabilis possessed fully toothed jaws, whereas progressively more mature
individuals possessed fewer teeth until re
adults. In addition, adult. inextricabilispossessed gastris that were conspicuously
absent in individuals from earlier ontogenetic stagjés. progressive loss of teeth and
introduction of gastroliths during ontogeny suggestslthatextricabilisgradually
shifted from an omnivorous to herbivordifestyle as it matured.

Ontogenetic differences in diplodicoids have also been used to sthgdisis
group underwent ONSs (Woodruff et al., 2018) (Figu#i). When compared with the
wide and square snouts of the adults, juveniles exibiediolaterally narrower snouts.
This narrower snout suggests more selective feeding, possibly in forested environments,
while a wider snout is believed to have enabled open grtawedl browsing. The

distribution of the teeth along the jaw, not only in terms ohber but also of shape, also
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changed during ontogeny (Figut&B). Both juveniles and adults possespeglike
teeth in the premaxilla; however, juveniles also possegstulate cheek teeth. In
herbivorous taxa, spatulate teeth are efficient for cosrgetation and/or bulk feeding,
while nonspatulate teeth are inferred to be more efficient for softer foliage and/or
concentrate feedingriorillo, 1998). The presence of both pég and spatulate teeth in
juveniles suggests that they may have fed gneater variety of plants, and processed
food differently compared to adults.

Erickson and Zelenitsky (2014) studied developmental differences in the dentition
of Hypacrosaurud one of the few studies to focus on how +wwast related structures
developd in hadrosaurids (Figue4C). They found that the occlusal surfaces of
embryos and hatchlinggeremore horizontal compared to subadults and adults.
Additionally, adults possesddual planar occlusal surfaces, with a slicing edge at 56
60°, and anothemore horizontal surface at 3Embryos and hatchlings exhiitmore
mesiodistally elongate surfacegile adults possessllabiolingually elongate surfaces,
and subadultarereintermediate. The number and topography of the teeth alseeshow
ontogenetioariation (Figurel . 4C). These differences in morphologgreinferred to

represent dietary differences between different ontogenetic stages.
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Figurel.4: Ontogenetic niche shifts in select dinosaur species. A) Premaxilla, maxilla and
dentary in the ceratosauimusaurus inextricabilishowing progressive tooth loss in ontogen
stages |, Il and IV (modified from Wang et al., 2017). B) Progressive tosghn®iplodocussp.
during ontogeny. Skulls of different ontogenetic stages are to proportionately scaled (moc
from Woodruff et al., 2018; dorsal view of adDliplodocusfrom Whitlock, 2011). C) Dentary
teeth of neonate (TMP 1987.079.0241), subg@MN 2246) and adult (CMN 8501)
Hypacrosaurushowing differences in wear surfaces that occur during ontogeny (neonate
drawing modified from Horner and Currie, 2016; information taken from Erickson and
Zelenitsky, 2014).

Ontogeny
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1.5 Structure and Aims of Thess

Theresearctaims of this thesis are twofold: (1) itovestigate what
megaherbivorous dinosa@NSsmay have looked like, and (2) to determine how these
niche shifts (if any) affected the structure of the contemporaneous herbivore community.
Theapproach is primarily morphometric in nature, and focuses on aspects of skull and
skeletal ecomorphology, and dental microwear

Chapters 2 and 3 address the first aim,@mtes on hadrosaurids and
ceratopsids, respectively. These clades were chosendeeiteey include reasonably
known growth serieDespite numerous investigations into ontogenetic allometry in crest
and limb proportions in these animals (Horner, 1983; Goodwin et al., 2006; Lehman,
2006; Evans, 2010; McGarrity et al., 2013; Farke eR@all4; Frederickson and
TumarkinDeratzian, 2014; Vanderveen et al., 2014; Konishi, 2015; Woodward et al.,
2015; Wosik et al., 2018; Drysdale, 2019), most of this research has not explored the
trophic implications of ontogenetic differences.

Chapter 4 willfocus on identifying and quantifying ecomorphological overlap
between ceratopsids, hadrosaurids and small ornithischians, and comment on how these
results may have impacted overall community dynamics. Chapter 5 will provide a
summary of the findings of a@pter 2 through 4 and the implications these results had for
dinosaur ecology. Topics for future research will also be identified and discussed in this

chapter.
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Chapter 2: Ontogenetic niche shifts in hadrosaurids of Late Cretaceous

North America

2.1 Introduction
2.1.1 What is ahadrosaurid?

Hadrosauridae is a diverse family of herbivorous dinosaurs, colloquially known as
duckbilled dinosaurs (Bretburman, 1997; Lucas et al., 2016). Hadrosaurids appeared in
the Late Cretaceous (~80 Ma) and were mainly restricted to Launatfighe exception
of several species also found in Gondwana.

Hadrosaurids consist of two subclades: Hadrosaurinae and Lambeosaurinae
(Horner et al., 2004). Hadrosaurines had solid adestdacked bony crests altogetBer
whereas lambeosaurines possessemplex, hollow crests. These crests are thought to
have been used farter-species recognition, communication, and/or sexual display
(Evans, 2010; Farke et al., 2013; McGatrritty et al., 2013).

All hadrosaurids possessed multiple tooth rows that could be used for mastication
of various types of plant matter (Erickson and Zelenitsky, 2014; Bramble et al., 2017).
Their interlocking teeth were arranged in up to four vertical rows forming a complex
dental batterywhich have no equivaleimt modern animals (Erickson and Zelenitsky,

2014; Bramble et al., 2017). These teeth were constantly replaced in a celoei¢yiée
fashion. The beaks of these animals were covered in a horny sheath that lkelyasea
cropping device (Farke et al., 2013).

Similarities between hadrosaurids anddernungulateaveled some to

postulatehese groups occupied similar niches (Carrano et al., 1999). Both hadrosaurids

and ungulates wefareterrestrial herbivores. Based on the distribution of fossil remains,
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hadrosaurids are interpreted to have occupied both open and closed habitats similar to
modern ungulates (Carrano et al., 1999). The complex dental batteries of hadrosaurids
have also beeinterpreted as being analogous to the cheek teeth of ungulates, which are
used to process coarse vegetation. However, unlike ungulates, hadrosaurids grew to much
larger body sizes, with some reaching 20 m in length (wetinan, 1997; Codron et al.,

2012,2013; Lucas et al., 2016).

2.1.2 Hadrosaurids and ontogenetic niche shifts

In modern organisms, size disparity is a mechanism through which resources are
partitioned, both interand intraspecifically (Werner and Gilliam, 1984; ten Brink and de
Roos, 2018)Ontogenetic niche shifts (ONSs) occur when conspecific individuals of
different ages occupy different ecological niches (Werner and Gilliam, 1984); individuals
that pass through various sizes during growth often undergo such nich&osghifts
potentially redicingcompetition within a specigsVerner and Gilliam, 1984).

Ontogenetic niche shifts manifest throughdettebrataIn crocodilians, body
size limits the size of prey that can be consumed (Dodson, 1975a; Platt et al., 2006).
During ontogeny, isometrigrowth of the skull relative to body size and positive
allometry of the snout, allow progressively larger prey items to be consumed. For
approximately the first 10 years of life, loggerhead sea tu@lasefta carettq inhabit
and consum®&argassunsea mé#s until they attain a certain size, at which point, they
become fregoaming and consume benthic prey (Ramirez et al., 2017). This may in part
be related to larger turtles being no longer able to sustain themselvesSamghssum

matts. Shifts observad loggerhead sea turtles also result in the segregation of different

35



size classes; where smaller turtles inhabit oceanic habitats and larger turtles inhabit
neritic habitats. Crested ter8térna bergiji adults primarily consume Degén
leatherjacketsThamnaconus degerand barracootarfiyrsites atupwhile the chicks
sustain mainly on clupeids fed to them by the adults (McLeay et al., 2009).

Like crocodilians, hadrosaurids are interpreted as having passed through a long
growth trajectory with rapid gmth occurring in the first few years of life, followed by
slower growth in subsequent years (Dodson, 1975a; Carpenter, 1999; Varricchio, 2011;
Codron et al., 2012, 2013; Vanderveen et al., 2014; Woodward et al., 2015). Similar to
loggerhead turtles, chaeg in size and accompanying niche shifts may have also resulted
in sizesegregated aggregations of hadrosaurids. This phenomenon is evidenced by the
presence of bonebeds where not all size classes are presen(TalAdditionally, the
potential for paental care and the oviparous nature of hadrosaurids would have facilitated
the segregation of breeding from Abreeding individuals (Varricchio, 2011). This is
because the needs of breeding individuals,(eegting sites, potential territoriality
during the breeding season) and #weeding individuals (e.gfood resources for
growth) would have conflicted, necessitating the formation of sizefagegated groups
and, potentially, niche shiftBasedon ogeological evidence (see Horner, 2000),
hadrosauridsnay have undergone niche shifts similar to that of crested terns where
adults select higher quality foodstuffs for their young than they themselves cah#sume
is also possible that once hadrosauridsabee independent from their parents they

continued to forage for themselves on material different from that consumed by adults.
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Table2.1: Select Upper Cretaceous hadrosaur bonebed localities and theirdghios)
Abbreviations: Fm= Formation; BB= bonebed; MNI=minimum number of individuals.

Locality Taxon/Taxa present| Ontogenetic Reference(s)
stage(s) present
Liscomb BB Edmontosaurusp. Late juvenile Gangloff and
(Prince Creek Fm, Alaska) (MNI=36) Fiorillo, 2010
Standing Rock Hadrosaur Sif Edmontosaurus Subadult to adult| Bell et al., 2018
(Hell Creek Fm, South annectens (MNI=4)
Dakota)
Danek BB (Horseshoe Edmontosaurus Subadult to adult| Ullmann et al.,
Canyon Fm, Alberta) regalis (MNI=12) 2017
West Hadrosaur BB (Two Maiasaura Adult (MNI=1) Varricchio and
Medicine Fm, Montana) peeblesorum and juveniles Horner, 1983
(MNI=8)
Camposaur BB (Two Maiasaura Juvenile to Varricchio and
Medicine Fm, Montana) peeblesorum subadult Horner, 1983
(MNI=20)
Wendyo6s BB ( O Gryposaurusp. Early and late Scott, 2015
Alberta) juveniles
(MNI=3)

Westside quarry (Two
Medicine Fm, Montana)

Prosaurolophus
blackfeetensis

Subadults and
adults

Varricchio and
Horner, 1983

(MNI =5)

Jac k 6 sySsd (Two h d| Prosaurolophus Small juveniles | Varricchio and
Medicine Fm, Montana) blackfeetensis, and large Horner, 1983

Gryposaurussp., subadults

Hypacrosaurusp. (MNI=17)
Sun River BB (Two Medicing| Lambeosaurinae Latejuvenile Scherzer and
Fm, Montana) indet. (MNI=?) Varricchio, 2010
Basturs Poble BB (Conques | Lambeosaurinae Juvenile to adult | Fondevilla et al.,
Fm, Spain) indet. (MNI=?) 2018

Blagoveschensk locality Amurosaurusp. Late juvenile to | Lauters et al.,
(Udurchukan Fm, Russia) early subadult 2008

(MNI=?)
Quarry 11 (Dinosaur Park Fnj Corythosaurusp. Juvenile Eberth and
Alberta) (MNI=4) Evans, 2011
Blacktail Creek North Hypacrosaurusp. Juvenile Varricchio and
Assemblage (Two Medicine (MNI=18) Horner, 1983
Fm, Montana)
Lambeosite (Two Medicine | Hypacrosaurusp. Large juveniles | Varricchio and

(Nemegt Fm, Mongolia)

angustirostris

Fm, Montana) and adults Horner, 1983
(MNI=4)
ADragonds T o m Saurolophus Juvenile, Bell et al., 2018

subadult, large
adult (MNI=100)
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2.1.3 Chapter goals

Hadrosaurids have one of the most complete fossil records known among
dinosaurs, with different growth stages (from embryos to adults) preserved (e.g.
Campione and Evans, 2011; Erickson and Zelenitsky, 2014; ®Metguez, 2014;

Wosik et al.2017). This makes them an ideal fossil group in which to investigate ONSs.
Investigations into how cranial ecomorphology, snout shape and microwear may have
changed during ontogengnd the potential dietary implications of these potential
differences, wl be the focus of this chapter.

Despite multiple studies on hadrosaurid ontogeny, very few have focused on the
implications that growth had on diet. Most studies have focused on cranial crest
development, with some also investigating overall skeMelopment (e.gDodson,
1975b; Evans, 2010; Campione and Evans, 2010; Farke et al., 2013; McGaritty et al.,
2013). Despite predictions made regarding ONSs in hadros#éernidsErickson and
Zelenitsky, 2014)virtually none have been specifically tekfeom an ecomorphological
perspective.

Changes in the cranium during growth have been a subject of interest for studies
on both modern and extant taxa (el@pdson, 1975a; Herrel, 2006; Evans, 2010;
Campione and Evans, 201 0)assically, morphologicataits have beedefined as
developing isometrically or allometrically (Gould, 1968pwever, some more recent
literature has defined isometry as a type of allometry (e.g., Klingenberg, 2016). For the
purposes of my thesis, | will use the definitions aradly put forth by Gould (1966) as
these are the classical interpretations of how trait develop through ontogearg and

commonly used in the palaeontological literat{gg., Evans, 2010; Campione and
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Evans, 2011) Herein isometryoccurs when there i change in the relative
proportions of features with sizaed allometry is when there are disproportionate
changes in the developing trait relative to sizéhe trait disproportionately increases
relative to size, this is positive allometry and if tragt disproportionately decreases, this
is negative allometry.

Allometric growth is not required for an ONS to occur. Because size disparity is a
mechanism through which resources can be partitioned (Werner and Gilliam, 1984; ten
Brink and de Roos, 20),80NSs can also occur in animals that experience isometric
growth (e.g.loggerhead sea turtles) (Ramirez et al., 2017). Given hadrosaurids undergo a
change in body size on the level of several orders of magnitude through growth
(Carpenter, 1999; Varricaty 2011; Vanderveen et al., 2014), it is likely that they also
underwent ONSDietary differences between juvenile and adult hadrosaumids,
uncertain. The aim of this chapter to provide some insight into hadrosaurid ONS using
ecomorphological correles of the skull, snout shape analysis and dental microwear

analysis.

2.2 Methods

Skull morphology, snout shape and dental microwear have been used to quantify
dietary differences in extant animals and their ancestors (Dodson, 1975a; Janis and
Ehrhardt, 1988Solounias et al., 1988; Janis, 1990; Spencer, 1995; Dompierre and
Churcher, 1996; Erickson et al., 2003; Herrel et al., 2006). These ecomorphological
correlates have also been used in investigations into dinosaur dietary preferences (e.qg.

Williams et al, 2000; Whitlock, 2011; Mallon and Anderson, 2013; Mallon, 20IBus,
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changes in these ecomorphological correlates during growth can be used to infer the
presence of, and interpret the nature of an ONS.

Investigations into hadrosaurid ONSs were condugitidreference tskull
morphology, snout shape and microwear for species preserving relatively complete
individuals from multiple ontogenetic stages. This includes the hadrosahtai@saura
peeblesorumEdmontosaurus annecteasdE. regalis,and the lambeosaurines
Hypacrosaurus stebingeri, H. altispinddypacrosaurusp.,Lambeosaurus lambei,
Lambeosaurusp.,Corythosaurus casuariyu€. intermediusandCorythosaurusp.
which have the begireservedjrowth series amonijorth Americarhadrosaurids to date
(Dodson, 1975b; Evans, 2007; Campione and Evans, 2011;-Riaetuez, 2014; Wosik

et al., 2017).

2.2.1 Skull allometry

Skull allometry was analyzed usihgelvelinear measurements previously
considerd by Mallon and Anderson (2018hd one sizproxy (here quadrate height; see
below for explanation(Figure2.1). In modern animals, including ungulatdstwelve
linearmeasurementssed are knowreflect aspects such as plant qualiychanical
properties, and growth habit (Janis, 1990, 1995; Spencer, 1995; Mendoza et al., 2002). In
instances where only half of a measurement could be taken across the midline (e.g.
maximum beak width) due to damage, the measurement was doubled tocepaddil

value.
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Figure2.1: Linear measurements used for cranial morphometric analysis of hadrosaurid
specimens (modified from Mallon and Anderson, 2013). Abbreviatiais quadrate heighsl:
snoutlength; dl: diastema length; trl: tooth row lengthnal: distance from jaw joint to distal
end of tooth row; sw: maximum beak width; dh: midpoint dentary height; ppb: paroccipital
process breadth; oh: occiput heightjjcplistance from coronoid procespex to middle of jaw
joint; sd: depression of snout below occlusal plane; sh: skull height; gb: quadrate breadth
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There are few exampled articulateduvenile hadrosaurids. Thus, it was
necessary to include composite specimens constructed by scaling and combining
elements from various individuals into a single skull. The use of such composites may
therefore be a potential source of error in the dat@kely were, however, included
because they were based on real material and deemed adequate representations of real
individuals. To the extent that the reconstructions are erroneous, so too thél be
functional interpolations.

Specimen maturity was gaudywith reference to the degree of suture closure
between the bones of the dermal skull ro@.(ihe frontals and the parietals, prefrontals
and postorbitals), bone texture and size (Dodson, 1975b; Evans, 2010; Hone et al., 2016).
In hadrosaurids (espetly lambeosaurines), cranial crest development is another
indicator of relative maturity (Dodson, 1975b; Evans, 2010; Brink et al., 2011; McGarrity
et al., 2013). In this study, juveniles were defined as individuals that lacked a cranial crest
(Figure2.2), had little to no sutural closure between the bones of the dermal skull roof
and lightly striated bone surface textures. Subadults possessed underdeveloped cranial
crests, some sutural closure between the bones of the dermal skull roof and a mixture of
lightly straited and rugose bone surface textures. Adults were identified by the possession
of completely or almost completely developed cranial crests, fusion of the dermal skull
roof and the presence of rugose bone surface textures. Because subaguvsriied
were the most difficult to distinguishnd due to small sample sizgiveniles and
subadults were grouped t ogaeannagyofteo f or m an
analyses. In hadrosaurines, especiatiynontosauruygelative cranial crest devglment

cannot be used to reliably distinguish immature from mature individuals. Hadrosaurines,
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10 em 10 cm 10 ¢m
— | — [ — |
juvenile subadult adult

Figure2.2: Determination of basic ontogenetic classifications in hadrosaurids based on cri
crest development and amount of sutural fusion. Specimen numbers for illustypsetosauru
specimens (from lefto-right): AMNH 28497, CMN 2247, CMN 2246 and CMN 8501
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therefore, were separated into these maturity groups using information provided by
previous studies that aimed to identify growth trajectorieEdmontosaurusmore
immature specimens exhibit a thinner reflected premaxillary margin, decreased snout
height, and shorter postorbital length (Campione and Evans, 20Pirpdaurolophus
however, a small cranial crest is present and thus more useful in the determination of
relative maturity (McGarrity et al., 2013).
To identify allometric trajectoriesesearchers often regress a morphological trait
of interest against a sizelated parametelsometry is then distinguished from allometry
using the confidence intervals (CIs) for the slope of the regressioiiflihe.Cls include
values all above 1, &m the relationship is positively allometric, and if the values are all
below 1, then the relationship is negatively allometric (Klingenberg, 2616g Cls
include 1 as a potential slope value, then the relationskspngetric.However, due to
the naure of palaeontological research (e.g. small sample sizes, incomplete sampling), it
can often be difficult to determine if the inclusion of 1 as a potential slope value is due to
samplingor if thedevelopmental trajectory is truly isometric. Brown and Vavrek (2015)
suggested the use of fAhardd and Asoftod i so
statistically different from 1 and is unlikely to change with continued sampling (i.e.,
reflectiveof actual isometry). Soft isometry is when the slope is not statistically different
from 1 but this result is likely due to small sample size or low statistical power. For the
purposes of my thesisdo not distinguish the two, but it should be stated p@aported
instances of isometry may be fAsofto in the
Data were recorded & Microsoft Excefile prior to being imported into R (v.

3.6.1; R Core Team, 2019) where subsequent data manipulation was conducted. To
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identify potential allometry in ecomorphological correlatdgjll measurements were
initially log-transformed to linearize relationships between variaMessurements were
plotted against logransformedjuadrate height because it has been shownaie
isomarically with skull sizeand generally sustains little taphonomic distor{igaans
and Reiz, 2007; McGarrity et al., 2013; LeMierri and Evans, 2039Figure 2.1)
Quadrate height is also independent of the other measurements being used thereby
decreasig the possibility of autocorrelation which can falsgtgducefi s i gni fi cant o
regression values (McDonald, 20®&ppendix A.

Each cranial measurement was regressed agpiadtrate heighising reduced
maj or axis (RMA) regression wipadkage he A s ma (
(Warton et al., 2012). Reduced major axis regression was used instead of ordinary least
squares (OLS) regression because RMA accounts for error in both the xamables
(Hammer and Harper, 2006).

To identify potential differences in ontogenetic trajectories between
lambeosaurines and hadrosaurines for each variable, tests for similarities in slopes were
conducted using the sl atpmackage (Warjowetdl,unct i on
2012). The Aslope.com()o6 function tests fo
groups using logikelihood (or simply likelihood) ratios. A likelihood test statistic is
used instead of other test statistics becauseataively robust to nomormality and
does not assume (1) equal residual variances across groups, and (2) that the sum of
squares of the numerator and denominator are independent (Warton et al., 2006).

If slopes were not significantly different betweambeosaurines and

hadrosaurines, then tests for similarities in intercepts were conducted using the

45



Afel ev.com()o function (Warton et al., 2012
statistic because unlike other test statistics, it is not sentit{lg differences in mean x
values between groups, (2) unequal residual variances, and (3) unbalanced designs
(Warton et al., 2006).

If slopes and intercepts were found to be significantly different (p<0.05) between
lambeosaurines and hadrosaurines, tagbeosaurines and hadrosaurines were
considered separately for that variable. If there were no significant differences in slope
and intercept, then the regression line was calculated using lambeosaurine and
hadrosaurine data combined together as a siragleosaurid dataséfo control the
inflation of familywise error rates, the resultinggpal ues wer e passed to
function from the fAstatso pvaleekusigghewdlsn c h ¢ a
correction method (R Core Team, 20IR)e Holm adjustment method wasedinstead
of the classical Bonferroni method because the Holm method is less conservative and

more powerful.

2.2.2 Snoutshape

In extant ungulatesnoutshape has been shown to correlate with dietary
category, withmore selectivéeedergpossessing relatively narronwamoutscompared to
the broader, more rectangutarouts obulk feedergJanis and Ehrhardt, 1988jodern
animals that consume large qutes of lownutrition vegetation (e.g. grasses) often
possess wider snouts than animals that specialize on {tjghkty vegetation (e.g.,
fruits, leaves)Thus, quantifying snout shape helps distinguish between potential bulk

and selective feeders.
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To determine if snout shape changed during ontogeny, it was quantified using a
methodsimilarto that of Dompierre and Churcher (1996). Photos of the snout in dorsal
view were traced in InkScape v.0.92k8a(rington et al., 2004 The least distorted half
of the snout was used to reduce the amount of taphonoraretdhed distortion. A
vertical line was drawn at the midline to define the boundary between the two snout
halves (Figure 2.3). The outer boundaries of the snout were defined by drawing lines at
thewidest point of the snout (vertical line) and at the anteriost point of the snout
(horizontal line) Figure 2.3. Another line was drawn at 26om the midline, where it
intersects the anterior part of the sndute 26 angle was arbitrary, but was used for
comparability with other studies and because it adequately captures the shape of the
snout.These intersecting lines together create a triangle that can be used to quantify the
shape of the snout. In Dompierreand Clmh er 6 s (1996 ) thessedauth od, t h e
contained within the triangle was used. For the purposes of this study, the area between
the anterior margin of the snout contained within the triangle was used ibstzadse,
unlike ungulates, hadrosauridssgess snouts that curve back on themselves, and the

negative space posterior to the widest point of the snout is thus uninformative.
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26°

Figure2.3: Snout shape analysis conducted for hadrosaurids baseohopiddre
and Churcher (1996). Blue region denotes the area of negative space mea
analysis. Red triangle indicates the triangle area measured for analysis.
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These areas were measured in ImageJ v.1.52a (Schneider et al., 2012) using the
ARectangled and fAiwWwando tools. The ratio of
produces the snout shape index (SSI) (SSI= negative space areal/triangleiguea) (

2.3). The SSI will be higher (closer to 1) for narrower, more pointed snout$owaad
(closer to 0) for wider, more square snouts. Snout simalex was plotted against
guadrate heighb identify potential shape changes through ontogeny.

Comparisons between SSls of immature and mature hadrosaurines and
lambeosaurines were conductesing a KruskaWallis test with the function
Akruskal .test()o0o from the fist a-Wallstesiisa kage
nontparametric test designed to determine if two or more independent samples were
taken from populations with equal mads (Hammer and Harper, 2006). If the results of
the KruskalWallis test indicated significant differences between groups, then folfpw
pairwise ManAWhitney U comparison&ith Holm-corrected prvalueswere conducted to

identify which groups differed frommne another.

2.2.3 Tooth wear analysis

Dental microwear is the damage inflicted on teeth during contact with various
surfaces (Whitlock, 2011). In particular, microwear is formed during fontfooth,
tooth-on-food and tootkandgrit interactions. Tooth miowear is often separated into
two categories: scratches and pits (Nelson et al., 2005). Scratches are defined as features
with a length four or more times greater than the width, and pits are deep circular to ovate

features.
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Studying dental microwear primes useful insights into the diet of an organism,
in particular, the last few meals consumed prior to death (Walker et al., 1978). Dental
microwear is especially useful feossilanimals, such as hadrosaurids, that lack extant
descendants that can be diser comparison of other ecomorphological correlates.
Microwear has been used previously for various fossil animals including dinosaurs (e.g.
Fiorillo, 1998; Williams et al., 2000; Goillot et al., 2009; Whitlock, 2011; Mallon and
Anderson, 2014b; DeSagti2016).

Tooth wear was analyzed using in situ teeth to maximize taxonomic certainty,
following the methods of Mallon and Anderson (2014b). Unlike Mallon and Anderson
(2014b), teeth from both maxillae and dentaries were used to increase sample size, as
juvenile specimens are relatively rare and microweand otherwise be difficult to
obtainfrom these early stagellallon and Anderson (2014b) indicated that the primary
orientation of jawfeeding movements is beadbtained by sampling threntiretooth row.

Thus, the number of teeth from each individual and the number of indivaheals
important to obtain a represetiva sample.

Tooth wear facets were cleaned using cotton swabs and acetone to remove any
surface contaminants. After cleaning, the tooth surfaces were molded using President
regular body polyvinylsiloxane. These peels were then dammed using Presitembsof
part putty in preparation for casting.

Casts were constructed using Epotek 301 pard epoxy. After mixing, the epoxy
was put into a vacuum chamber to remove air bubbles that would obstruct the surface of
the tooth. The epoxy was then poured thi®dams and allowed to set for a minimum of

24 hours prior to being removed from the molds.
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Casts with potential microwear were identified using an Olympus SZX12 stereo
light microscope. Thedg®oth castsvere then sputter coated using a Denton Vacuum
Desk Il at 50 atm for 30 seconds under adiliamp current. After sputter coating,
specimens were loaded into an FEI Scanning Electron Microscope (SEM) for imaging at
a chamber pressure of 50 Pa, voltage of 5.00 kV, and a beam current of 0.10 nA.
Micrographs were taken at 100X magnification. When microwear features extended
outside the field of view, multiple overlapping images were taken and then overlaid in
InkScape v.0.92.3Harrington et al., 20040 produce a composite image of the wear
facet. Prior ® being exported as png files, all teeth were rotated so that the apex of the
tooth crown faced upwards. If teeth were taken from the left dentary or right maxilla,
then the image was also mirrored along the vertical axis to standardize to the right
dentay. Teeth were standardized to the right dentary to allow for direct comparison to
previous work (Mallon and Anderson, 2014b).

Composite images were imported into ImageJ v.1.52a (Schneider et al., 2012)
where a 0.4 X 0.4 mm bounding box was drawn on an area of the tooth with the best
preserved microwear. Lengths, widths and orientations of microwear features observed in
thisboxwer e taken using the AStraighto |ine se
spreadsheet, which was then imported into R for further analysis. In some instances, data
for multiple individuals from the samgenus andelative ontogenetic staged(,juvenile,
subadult or adult) were combined and treated as a single individual for more complete
sampling along the tooth row.

Previous research on extant ungulates and primates has highlighted the

importance of scratch modality, average widths of scratches arabavatto scratch
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countratiosin distinguishing between dietary categories (Solounias and Semprebon,
2002; Semprebon et al., 2004; Rivals and Semprebon, 2011). Therefore, to identify
potential dietary differences between ontogenetic stages, scratchtynedarage
scratch width and average pit/scratch count ratios were compared between ontogenetic
stages.

To investigate scratch modality, data were imported into R and plotted as rose
di agrams using the AwindRose( abslawanshct i on
Ropkins, 2012). Rose diagrams were generated as pooled rose diagrams for each growth
stage to identify overathodality.

Comparisons of microwear variables were made between stages at the subfamily
level and, when more than two individualsrereampled for each stage, at the genus
level. Non-parametric tests were used thesecomparisonbecause sample sizes were
small andhe data weréheteroscedastic arde residuals did not exhibit a normal
distribution Because there werts to three potential ontogenetic stages to compare,
KruskalWallis test was used for all comparisotfighe pvalue from a KruskaWallis
test with more than two ontogenetic stages was statistically significant, then adpllow
pairwise ManAWhitney U test wittHolm corrected pvalues was used to identify which
ontogenetic stages were statistically different

In some instances, analysis of ratios can result in a variety of problems including
violations of standard statistical asqutitans and the potential for misinterpretation of
results (Liermann et al., 2004). Ratios of particular concern include those where the
expected ratio of the numerator and denominator is isometric or a ratio where the

denominator is used as a standardizate.g, 12 animals in 200R). However, if the
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ratio being analyzed is one where the numerator is independent of the denominator, then
traditional types of analysis can be used. In the instance of pit/scratch ratio, there is no
reason tresumehat pitcount would be dependent on scratch count and vice versa
because there is no discernable relationship between average pit count and average

scratch count.

2.3 Results
2.3.1 Skull allometry

Raw measurements used for skull morphometric analysis are provided in
Apperdix B. The number of specimens used for each stage (juvenile, subadultaeelult)
given in Table 2.2Analyses of regression lines showed that there was no statistical
difference in slope between hadrosaurines and lambeosaurines for all variables
considered (Table.2). Significant differences in intercepts were observed for sl
dentaryheight. Therefore, separate regression lines were plotted for hadrosaurines and
lambeosaurines for ithvariable(Figure 2.4) Strong positive allometrislope > 1.1)was
observed ihadrosaurid snout depression, snout lerdjisstema lengtand occiput
height(Table2.4). All other measurementxhibitedsoftisometry.

Smaller individuals cluster together at one end of the regression with
progressively large(i.e., more mature) individuals spreading out along the regression
l'ine in a fAfand s hape .tedhighea tpwn tlee rgrasdiondirea ur i n

than lambeosaurines due to their larger sizes, (dgnontosaurys
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Table2.2: Sample sizes fdradrosaurigpecimens used in analyses. Noteréotuced major axis
regression the numbers provided are maximum possible sample sizes as the actual sample size
used varied based on whaeasurements could be obtained from each specimen.

Taxon Stage Sample size by analysis
Reduced major | Snout shape | Dental
axis regression microwear
Juvenile 3 3 0
Hadrosauridae (overall) Subadult 10 5 2
Adult 33 16 4
Brachylophosaurus Adult 3 0 0
Juvenile 1 1 0
Edmontosaurus Subadult 6 4 1
Adult 20 11 3
Gryposaurus Subadult 1 1 0
Adult 4 2 0
Juvenile 2 2 0
Maiasaura Subadult 1 0 0
Adult 1 0 0
Prosaurolophus Subadult 2 0 1
Adult 5 3 1
Lambeosaurinae Juvenile 11 9 3
(overall) Subadult 8 8 7
Adult 36 25 2
Lambsaurinae indet. Juvenile 2 2 0
Juvenile 2 1 0
Lambeosaurus Subadult 2 2 0
Adult 14 10 0
Juvenile 1 1 1
Corythosaurus Subadult 4 4 3
Adult 18 12 2
Juvenile 5 5 2
Hypacrosaurus Subadult 1 1 4
Adult 3 2 0
Juvenile 1 0 0
Parasaurolophus Subadult 1 1 2
Adult 1 1 0
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Table2.3: Results for test of equivalent slopes and interceptefmessions of various variables
against quadrate height between hadrosaurines and lambeosaurines. Abbreviaticseanpléa
size for hadrosaurine specimens; ngample size for lambeosaurine specimens]jik&ihood
ratio; SStsnout shape index. All-palues reported are adjusted using the Holm correction
method. Statistically significantyalues are in bold.

LR statistic - biEle p-value

Log-transformed Y variables nHa nLa (slope) value statistic (intercept)
(slope) (intercept)

snhout length 42 50 0.309 1 0.512 1
diastema length 42 48 1.991 1 0.023 1
tooth row length 45 52 0.325 1 3.167 0.661
distal end of tooth row to mit
quadrate 42 53 1.595 1 3.204 0.661
snout width 31 41 0 1 0.033 1
height dentary 45 52 4.446 0.42  9.59 0.025
paroccipital process breadth 34 35 1.837 1 0.001 1
occiput height 28 27 6.712 0.124 6.936 0.089
coronoid process apex tomi 45 49 5 355 1 2887  0.661
jaw joint
snout depression 40 49 0.048 1 2.136 0.863
skull height 45 52 1.046 1 9.571 0.025
distance between quadrates 33 39 0.393 1 0.078 1
SSI 24 42 0.084 1 7.021 0.089
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Symbols Lines
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Figure2.4: Bivariate allometric plots for reduced major axis regression efremgsformed
hadrosaurid cranial variables. A) snout length, B) diastema length, C) tooth row length, D
tooth row to middle quadrate length, E) snout width, F) dentary heigharGgqipital process
breadth, H) occiput height, I) distance from coronoid process to jaw joint, J) snout depres
below occlusal plane, K) skull height, L) distance between quadrates. Positive allometry i
observed for hadrosaurids in A, B, H and J. knE K two regression lines are plotted due to
statistically significant differences in intercept (Table 2.2).
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Table2.4: Values obtained from reduced major axis regression of hadrosaurid variables against
guadrate height. Reportedvalues have been adjusted using the Hodmrection method.
Abbreviations: grpgrouping; HHadrosauridae; Heladrosaurine; Lédeambeosaurinae; SSI

shout shape index:isometry;- negative allometry; + positive allometry; Nf®n sgnificant

slope. Note: SSI does not show a slope significantly different from 0 and so it was not graphed
with the other variables.

Log- 9 0
transformed Y grp  n R?  2-tailed p intercept i?\tsef,cglt slope 93? gl trend
variables P P
snoutlength H 92 0778 331630 -1.198 oo 1358 L2300
diastema -1.873 to 1.174 to
ongth . H 90 0503 10514 -1375 "in® 1362 jggC +
toothrow  H 97 0899 51E48 019 o0 ® 1058 %0500 i
distal tooth
rowmid H 95 0749 B9E20 -0645 oiol® 1079 OIS0
quadrate ) '
snoutwidth H 72 072 302820 -0.494 9210 1102 077210
Ha 45 093 44825 -0679 0910- 4q75 09910
height dentary = Lo 610
) -
la 52 0912 117626 -0413 0°071% 0949 P20
paroccipital ]
process H 69 0.654 1.78E16 -0.072 0'5‘% © 0.942 0.183).37'[0 i
breadth ' '
occiput height H 55 0.722 6.85E16 -1.022 _%643330 1.247 1'10121t° .
coronoid
process apex H 92 079 3.26E31 -0.187 042710 4415 092210
0.053 1.117
mid jaw joint ' '
snout -1.882 to 1.194 to
domession N 89 0672 627822 148 70 1348 500+
Ha 45 0904 378822 0037 018810 g3 084710
skull height 0.261 1.025
10.293 to 0912t0 .
la 52 0903 141E25 -0.081 a0 0996 'pood’ i
quadrate ) -0.632 to 0.93 to .
acs®  H 72 0695 477E19 0292 Tpoet® 106 G
0.945to -1.135to
ssl H 66 0002 0.742532 1483 o0 -0.886 o0 ® NS
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2.3.2 Snout shape

Raw snout shape data are provided\ppendixC and specimens used and their
corresponding stages are provided in Talki*e Phere was no linear relationship between
SSI andquadrate heighfTable2.4) and so a bivariate plot of SSI agaigaadrate height
is shown (Figur@.5). On the SSI axis, immature hadrosaurids appear to occupy the same
range as mature hadrosaurids. Overlap is generally observed between lambeosaurines and
hadrosaurines, and ispported by the results of the Kruskafallis test(p=0.9).
Lambeosaurines and hadrosaurines wgithdrate heights150 mm or 3350 mm do not
show complete overlap in the morphospace. This lack of overlap at the sanadlest
largest skull sizes is likely @sult of reduced sampling of small individuals and the

larger sizes attained by hadrosaurines.

2.3.3 Microwear

Dental microwear was recovered for juvenile and subatiypcrosaurus
juvenile, subadult and adultorythosaurussubadultParasaurolophussubadult and
adultEdmontosaurusand subadult and aditosaurolophugAppendixD, E; Table 22,

Figure2.6).
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Figure2.5: Snout shape plot for hadrosaurid specimens. Abbreviationssri®8t shape index.
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JUVENILE SUBADULT ADULT

IVISIN

BASAL

Figure2.6: Microwear recovered from basic ontogenetic stages in hadrosaurines and
lambeosaurines. All photos have betandardized to the right dentary and oriented so that 1
tooth apex is directed upwards. Microwear recovered from A) juvElgi@crosauru§MOR
548 C, LD9), B) subadullypacrosaurugTMP 1988.151.0005, LD8), C) subadult
EdmontosauruéCMN 8509, LD5), D) adulCorythosaurug TMP 1982.037.0001, RD28), and
E) adultEdmontosauru§USNM 5389, LD48). Abbreviations: Lieft dentary.
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2.3.3.1 Scratchorientation and distribution

In general, hadros@ids exhibiteddorsomesialventrodistal scratch orientations
regardless of ontogenetic stage (Figii& 2.8). Unlike hadrosaurines, scratch
orientation for lambeosaurines was more variable between ontogenetic stages and some
specimens exhibited scratshgenerally oriented dorsodistalBoth hadrosaurines and
lambeosaurines exhibited variability between stages in the angle of the scaaithes
the modality of scratcheRose diagrams for scratch orientations along the tooth row for
select hadrosaur@s and lambeosaurines are provided in AppeBdird not discussed
here

Scratches are commonly oriented dorsomesially in subadult and adult
EdmontosaurusDorsodistal scratches are the next most comffgure 2.7)Unlike
adultEdmontosaurussubadulEdmontosaurusxhibits fewer dorsodistal scratches
relative to the number of dorsomesial scratches. Scratch orientations observed
Prosaurolophusre most similar between stages with both subadults and adults
exhibiting a primary mode aforsanesialscratches and a secondary moddatodistal
scratches. The main difference between subadult andRrdsturolophuss the angle
of the main set odcratches. In subadlrrosaurolophusdorsomesiascratches are

directed more horizontally thahdse of adults which tend to be more vertically oriented.
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Figure2.7: Rose diagrams for overall scratch orientation in subadult and adult hadrosaurir
teeth are standardized to the righthtary. Abbreviations: atotal number of individuals used t:

construct diagram;:Atotal number of teeth used to construct each diagram. Me%ial=0

Apical/dorsal=96, Distal= 180, Basal/ventral= 270
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The wear observed in juveni@rythosauruss dstinct from the wear observed
in the other specimens in that there is no clear directionality observed (Eiguré€he
only possible sense of directionality indicated is by the orientation of the longest
scratches which are generally directledisomesiallyWear in subadul€orythosaurus
exhibits a primary mode of longer, dorsodistally oriented scratches andralagcset of
shorterdorsomesiascratches. Wear in ad@orythosauruss unimodal and oriented
dorsomesially.

In juvenileHypacrosauruswear is mainly oriented dorsomesially with a second
mode of shorter scratches oriented dorsodistally (Fig@)eWear in subadult
Hypacrosauruss generally oriented dorsomesially with a secondary set of is a second set
of vertically oriented scratches which may correspond tadingodistakcratches
observed in juveniles.

The wear observed between larger subg® @M 183; cf.Parasaurolophusand
smaller subadulfMP 1990.036.0155yarasaurolophuss very different (Figur@.8). In
the smaller subadult, scratches are orientediadistally with only a few scratches in
thedorsomesialrentrodistaldirection. In he larger subadult, however, the longest
scratches are orienteldrsomesiallywith a secondetof scratches in thdorsodistal

direction.
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Figure2.8: Rose diagrams for overall scratmhientation in juvenile, subadult and adult
lambeosaurines. All teeth are standardized to the right dentary Abbreviatidotalmumber of
individuals used to construct diagram:total number of teeth used to construct each diagra
Mesial=C, Apicd/dorsal=90, Distal= 180, Basal/ventral= 270
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2.3.3.2 Scratches and pits

Hadrosaurids generally exhibit fine scratches regardless of ontogenetic stage
(Table2.5). Statistical analysis of average scratch widths reveals no statistical difference
betweerontogenetic stagg3able2.6). Boxplots of average pit/scratch counts do suggest
that juvenileshad higher ratios than subadults and ad#iguie 2.9. However,
statistical comparisons do not indicatgnificant differences between ontogenetic stages,

possibly due to small sample si{@sible 27).

2.4 Discussion
2.4.1 Jaw mechanics

The matter of hadrosaurid feeding mechanics has long been contentiqus (e.g.
Weishampel 1984, 1985; Williams et al., 2009; Cuthbertson et al., 2012; Mallon and
Anderson, 2014b). Elrwork by Ostrom (1961) proposed that hadrosaurid skulls were
mai nly akinetic based on observations of
neurocranial and maxillary segments; the short, mesiodistally oriented scratches observed
on teeth were thoung to be produced during a propalinal power stroke.

Later studies (Weishampel, 1983, 1984; Norman and Weishampel, 1985)
proposed a more complex, pleurokinetic model involving lateral flaring of the maxillae
with occlusion, based on kinematic analysisraindal joints. Subsequent work (e.g.

Holliday and Witmer 2008; Rybczynski et al., 2008; Cuthbertson et al., 2012), however,
indicated that pleurokinesis was impractical given the intracranial kinematic limitations
of the skull, and Cuthbertson et @012) advocated for a partially kinetic model where
rotational and translational movement occurred predominately at the jaw/jaiirdms

et al. (2009) invoked pleurokinetic hinge model to explain the formation of the four
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Table2.5: Average microwear featumaformationfor hadrosaurids used in analysis by

ontogenetic stage and genus. Classification (based on the categories provided by Mihlbachler et
al., 2012) for scratches are provided with the vatlue¥erage scratch width. Microwear data

were combined for several specimens of the same stage to increase samphibeizdgationsn

T number of individuals

: Avg scratch  Avg pit/
Genus Stage & specimen number(s) width (mm) _scratch count
Juvenile(ni= 1) 0.00282 0121
(USNM 16600) (fine) '
Subadul{(ni= 3) 0.00233
Corythosaurus (USNM 11839, ROM 1947 & 759) _(fine) 0.267
Adult (ni= 2) 0.00323 0.250
(TMP 1982.037.0001, ROM 871)  (fine) '
Juvenile(ni= 2) 0.00250 0.525
(MOR 548C & 548F) (fine) '
Hypacrosaurus Subadult(ni= 4) 0.00240
(ROM 61784, TMP 1985.036.0042 (fine) 0.123
& 1988.151.0005, USNM 11950)
Subaduli(ni= 1) 0.00244 0.058
Parasaurolophus (TMP 1990.036.0155) (fine) '
Large subadulfni= 1) 0.00331 0.177
(ROM 183) (fine) '
Subaduli(ni= 1) 0.00314 0.168
Prosaurolophus (TMP 2016.037.0001) (fine) '
Adult (ni= 1) 0.00305 0.078
(CMN 2870) (fine) '
Subaduli(ni=1) 0.00369 0.234
Edmontosaurus (CMN 8509) (fine)
Adult (ni=3) 0.00242 0.288
(USNM 4808 & 5389, MOR 003)  (fine) '
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Table2.6: Holm-correctedwo-tailed pvalues for KruskaWallis tests of average scratch widths

for hadrosaurids by ontogenetic stalger average values and specimens used see 4.apk5
andAppendix C Abbreviations: J juvenile, Si subadult, Ai adult; dfi degrees of freedonm;

T number of individuals

juvenile (n=2) vs subadul{n=4)

: . Corrected | Statistical
Comparison df Chi-square o-value Conclusion
Hypacrosaurus _
juvenile (n=2) vs subadul{ni=4) 1 0.15 0.699 J=S
Corythosaurus _
subaduli{ni=3) vs adult(n=2) 1 24 0.121 S=A
Lambeosaurinae
juvenile (ni=3) vs subadul{ni=7) 2 1.723 0.422 J=S=A
vs adult(n=2)

Hadrosaurinae _
subadultni=2) vs adult(ni=4) 1 0.857 0.355 S=A
Hypacrosaurus 1 o015 0.699 J=s
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Figure2.9: Boxplots of pit/scratch ratios fguvenile, subadult and adult hadrosaurids. Samp

sizes for each stage are indicated above each boxplot.
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Table2.7: Holm-corrected twetailed pvalues for KruskaWallis tests of pit/scratch count ratios

for hadrosaurids by ontogenetic stage. Significant results are in bold. For average values and

specimens used see TaBl@,2.4 and Appendix C. Abbreviationsi Juvenile, Si subadult, A
adult; dfi degrees of freedopmi i number ofindividuals.

subadultni=2) vs aduli(ni=4)

: . Statistical
Comparison df Chi-square | p-value Conclusion
Hypacrosaurus _
juvenile (n=2) vs subadul{ni=4) 1 3.429 0.064 J=S
Corythosaurus _
subaduli{ni=3) vs adult(n=2) 1 0 1 S=A
Lambeosaurinae
juvenile (ni=3) vs subadul{ni=7) 2 1.348 0.51 J=S=A
vs adult(n=2)

Hadrosaurinae 1 0 1 S=A

69



main scratch modes that they observed (in order of most to least frequent): class 2 (steep
dorsodistal), class 1 (shallow dorsodistal), class 4 (shallow dorsomesial) and class 3
(steep dorsomesial). More recent work by Mallon and Anderson (2014b) ané-River

Sylva et al. (2019) also observed a dominant set of dorsodistal scratches with a secondary
set of mesiodistal scratches. Dorsodistal scratches were interpreted as having formed
during an orthopalinal power stroke while mesiodistal scratches were fogmed b
supplemental propalinal motion of the mandible.

The primary dorsomesial and secondary dorsodistal scratch orientations identified
in the present study, however, were rarely observed by several of the most recent studies
(Williams et al., 2009Mallon and Anderson; 2014b; Rivegylva et al., 2019). Itis
likely that the difference in preferred scratch orientations between the current study and
previous studies is a result of microwear quality (Teaford, 2007). At higher
magnifications, postmortem damage (e.gacid etching) becomes more visible, resulting
in the elimination of more specimens from analyses (Teaford, 2007; pers. obs.). Higher
incidences of acid etching (which tend to occur at higher magnifications), can also
obscure more of the ath surface, making it harder to find multiple areas with wear of
high enough quality for analysis. With decreasing sample sizes and reduction in the
number of sampling areas on each tooth, obtaining data representative of the general
population becomes m@difficult. Incomplete sampling along the tooth row is likely the
cause of this differential sampling as Mallon and Anderson (2014b) had shown that the
preferred dorsodistal scratch orientation was best identified with complete sampling

along the toothaw.
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Despite differences in directionality, the observed bimodality in adults and larger
subadults is consistent with that of Mallon and Anderson (2014b). By comparison,
scratch distributions in juveniles and smaller subadults are more weakly constrained a
higher modality than those of adults (gjgvenile and subadu€orythosaurusand
Hypacrosaurus Even when scratch orientations @aoled by individual rather than
stagejuveniles stillappear taexhibit greater variability than adults suggestingt this
result is a reflection of anntogenetigattern rather than due to individual variability
(AppendixE). This greater variability in juvenile scratch orientation/modality may be
related o thequality of microwear preserved (at higher magntfmas acid etching
became more visible and obscured more of the tooth surface), sample siaedfighe
amount of sutural fusiobetweernthe bones comprising the dermal skolbf (Evans,

2007) In more immature individuals, parts of the skull rod enfused and joints are
more cartilaginous permitting greater kinesis within the skull and potentially resulting in

greater variability in scratch orientation (Hone et al., 2016).

2.4.2 Diet

Previous work on juvenile hadrosaurids (Erickson and Zelenitskyl)2tbted
cup-shaped occlusal surfaces that appear to have beesuitelll for crushing fruits and
seeds. This work also noted that subadults exhibitedwsetical occlusal surfaces and
adults exhibited a combination of horizontal crushing and vedfedring surfaces that
were hypothesized to have been indicators of folivory and mixed feeding, respectively.
From this, gynificant differences in pit/scratch ratios betwgareniles and adulteould

be expected. However, statistical comparisons at select genus and subfamily levels
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indicate no statistically significant differences between ontogenetic stages. Given the
small sample sizes (<10 individuals/stage), the lack of statistical signgicafikely due
to lack of powerlUntil more specimens are found so that more microwear data can be
obtainedjt is currentlynot possiblgo inferdietary differences betwedradrosaurid
ontogimorphgased on dental microwear.

Differences in the skull tmugh ontogengtronglysuggestthat juveniles
subsisted on softer vegetation (such as frthigh adults. In modern browsers, the
anterior portion of the snout is relatively short and positioned above the occlusal plane,
the occiput is relatively talleand the width of the snoigrelatively narrower than in
modern grazers (Janis 1990, 1995; Spencer, 1995; Mendoza, PR@Bss depressed
snoutsandshorter facesf juvenile hadrosauridareshared withmodernbrowsers The
shorter occiputs observéa juveniles suggesthat theydid notuse sharp
backward/upward motions of the head to strip plants. Potentially, juvenile hadrosaurids
fed on softer vegetation that required minimal effort to pl&ekatively shorter snouts
would have increased mecheali efficiencyand increased relative bite forces at the tip of
the snout making it easier to plustfterlow-growing vegetation. However, smaller sizes
would have meant less muscle mass and, as a result, lower absolute bite forces in
juveniles restrictng them to softer vegetatidiMallon and Anderson, 2015 onversely,
the greater absolute bite forces observed in adults in combination with taller oaciguts
longer,more depressed snowtsuld have enablethemto access vegetation of various
mechanical resistances growing at different levels.

Although the longer faces of adults would have been useful for the exploitation of

a wide variety of plant matter, the underlying cause for the development of this feature
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may be related to a conserved evolutionary allometry which has been described in
mammals (Cardini and Polly, 2013; Cardini et al., 2015). This research suggests that
facial length is strongly constrained by adult size wherein larger animals experience
fadal lengthening (i.e., positive allometry of the face) and smaller animals are typically
more brachycephalic. This trend could also be observed in hadrog&igae 210).

The dwarf hadrosaut,elmatosaurugxhibits a relatively shorter face comparedbiger,
more derived hadrosaurids sucheasnontosaurugWeishampel et al., 1993). Regardless
as to why, differences in facial length may have contributed to differences in niche
breadth between hadrosaurid ontogimorphs.

Snout shape and width also likedgntributed to ontogenetic changes in niche
breadth by influencing relative selectivity. Even though no difference in snout shapes or
relative snout widths were observed, because of absolute differences in size, the snouts of
juvenile and subadult hadras#&s would have been narrower than those of adults. Thus,
changes in overall size of the animal would have resulted in relatively more selective
feeding behaviour in juveniles and subadults, and less selective behaviour in adults

without necessitating ehange in snout shape.

73



_/,

10 cm

Figure2.10: Differences in relative facial length betwdedmontosauruandTelmatosaurusA)
Large adulEdmontosauruskull (MOR 003) (jugal, quadratojugal, distal end of the quadrat
parts of the orbit and postorbital fenestra have been drawn ifiglBjatosaurusomposite
reconstruction modified from Weishampel et al. (1993). Note: drawings have been scaled
the distance between the anterior edge of the orbit to the middle of the quadrate is the sa
facilitate easier comparison between facial length.
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2.5 Conclusiorns

Many investigations into hadrosaurid ontogeny have been conducted focusing on
cranial cresand overall skull development (e.Bodson, 1975b; Evans, 2010; Campione
and Evans, 2010; Farke et al., 2013; McGatrrity et al., 2013) but very few studies have
considered the potential dietary implications of growth (Erickson and Zelenitsky, 2014).
Thepresent study explodghe dietary implications of growth in hadrosaurids by
investigating differences in ecomorphological correlates between ontogenetic stages.

Hadrosaurid skull allometrgndsnout shape are consistent with ONSs in
hadrosaurids. Howevethese results may be under or over representing actual trends
observed in the overall population due to reduced sampling at small body sizes as some
variability within the population is left unaccounted for. Pending the discovery of more
juvenile specimes the present work is currently the best available estimate of what
hadrosaurid ontogenetic niche shifts may have looked like in Late Cretaceous North
America. After more juvenile material is recovered, future work involving a greater
number of immaturendividuals, and more complete sampling of microwear along the
tooth row, will be needed to determine if the interpretations of the present study are
supported at larger sample sizes. Additionally, investigations aimed at quantifying
differences in the ocakal morphology of the tooth row between ontogenetic stages could
be conducted to further support the potential for ONSs and better distinguish dietary
habits of different ontogimorphs (Melstrom, 2012).

Multimodality of scratch orientations in juvenile spaens may also have
important biomechanical implications. Earlier work on hadrosaprolgsosed a

pleurokinetic chewing model in hadrosaurids on the basis of occlusal morphology
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(Weishampel, 1983, 1984; Norman and Weishampel, 1985). More recent wot&dejec
this pleurokinetic model based on the relative immobility of cranial joints (Holliday and
Witmer 2008; Rybczynski et al., 2008; Cuthbertson et al., 2012. However, all work has
focused on kinesis in adult skulls with little consideration of the kinesafijuveniles.

The multimodality of scratch orientations as well as lack of sutural fusion of the dermal
skull roof (Evans, 2007) may indicate that juvenile skulls were more kinetic than their
adult counterparts.

Future investigations into evolutionarjometry of facial length may also prove
interesting. In modern placental mammals and macropodids, taxa with small adult body
sizes have been shown to have shorter faces and taxa with large adult body sizes to have
longer faces as part of a conserved etvhary allometry across all mammalian clades
(Cardini and Polly, 2013; Cardini et al., 2015). Thus, the positive allometry observed in
hadrosaurid facial length, and the relatively shorter faces in smaller hadrosauroids such as
TelmatosaurugWeishampel eal., 1993), raises the question as to whether this is a
broader evolutionary constraint that is observed in ornithopods, or even amniotes as a
whole.

Evidence supporting the potential for an ONS in hadrosaurids has important
implications for thestructuring of Late Cretaceous ecosystems. Previous work showed
that competition between adult hadrosaurines and lambeosaurines was mediated by
ecomorphological differences (Mallon, 2019). The findings of this chapter suggest that
intra-specific competitia in hadrosaurids was also mediated by ecomorphological
differences. Because different ontogenetic stages occupied different roles, and body size

is one of the main mechanisms through which resources are partitioned (Werner and
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Gilliam, 1984), juvenile hadsaurids may have instepdtentiallycompeted with other
similar-sized dinosaurs including juvenile ceratopsids, and adult small ornithischians

such as leptoceratopsids, pachycephalosaurids and thescelosaurids. The potential impacts
that hadrosaurid ONSsad in Late Cretaceous ecosystems will be further explored in

chapter4.
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Chapter 3: Ontogenetic niche shifts in ceratopsids of Late Cretaceous

North America

3.1 Introduction
3.1.1 What s a ceratopsid?

Ceratopsids (also known as horned dinosaurs) were a clade of quadrupedal
herbivorous dinosaurs that inhabited Late Cretaceous North America and Asia (Dodson
et al., 2004; Chinnerpllgeier and Kirkland, 2010; Xu et al., 2010). W&hown for
their elaborate frill and horn morphologies, these dinosaurs grew to largé-266
kg) with some reaching lengths of 8 m. Ceratopsids are reported from the Turonian (~91
Ma) through to the end of the Cretaceous (~65.5 Ma) and have been collected in North
America from localitiegrom Alaska through to Mexico.

There are two ceratopsstibclades: Centrosaurinae and Chasmosaurinae (Dodson
et al., 2004). Most chasmosaurines (eAgchiceratops, Pentaceratggdsave a frill that
is more elongate than that of the centrosaurines (@egtrosaurul The frills and nasal
horns of ceratopsidsre thought to serve one or more purpaselsiding predator
defense (Sternberg, 1917), body temperature regulation (Wheeler, 1978), species
recognition and sexual display (Sampson, 1997). The frills of ceratopsids are extremely
large andangedrom 60%to just over 100% basal skull length.

Ceratopsids possessed dental batteries that were used for the mastication of tough
and fibrous plant matter (Ostrom, 1966; Mallon and Anderson, 2014b). Ceratopsid dental
batteries are relatively simple compared to those observed in hadrosaurids inytkat onl
single functional tooth is observed in each tooth family. Beneath each functional tooth are

three to five replacement teeth. These teeth are arranged so that the crown of a tooth
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nestles into the split root of the tooth above it, forming a dentalrpa8ach an
arrangement is thought to have provided stability, ensured continuous tooth replacement

and provided a single, continuous cutting surface (Ostrom, 1966).

3.1.1.1 Ceratopsids and ontogenetic niche shifts

In modern ecosystems, resource partitioninglmafacilitated by differences in
body size (Werner and Gilliam, 1984; ten Brink and de Roos, 2018). Resources can be
partitioned intraspecifically when different ontogenetic stages occupy different
ecological niches (commonly called an ontogenetic ngttiie or ONS) (Werner and
Gilliam, 1984). These differences in diet and/or habitat through ontogeny can be
facilitated by changes in body size and/or morphology.

Many extant vertebrates, including those comprising the extant phylogenetic
bracket for ceratpsids, undergo ONSs. In crocodilians, isometric growth of the skull and
positive allometry of the snout facilitate ONSs by allowing progressively larger prey
items to be consumed (Dodson, 1975a; Platt et al., 2006). Changes in body size also
facilitate ONSs in loggerhead sea turtl€safetta carettq (Ramirez et al., 2017kor the
first 10 years of life, loggerhead sea turtles inhabit and conSamgassunsea matts
until they attain a certain sifRamirez et al., 2017) At this size, loggerhead turtles
become freeoaming and consume benthic prey. This mapdoly related to larger
turtles beingunable to sustain themselves on 8&rgassunmatts. These shifts also
facilitate the segregation of different size classes; where smaller turtles inhahitocea
habitats and larger turtles inhabit neritic habitats. Some birds also exhibit ONSs. In the

crested ternSterna bergi , f or exampl e, adults primarily
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leatherjacketsThamnaconus deggrand barracootarfiyrsites atuphwhile the chicks
sustain mainly on clupeids fed to them by the adults (McLeay et al., 2009).

Similar tocrocodilians, ceratopsidsay have experienced long growth
trajectories where rapid growth occurred in the first few years and was followed by
several years of slowergwth (Sampson, 1997; Lehman, 2006; Reizner and Horner,
2006; Erickson and Druckenmiller, 2011). Most studies indicate that ceratopsids attained
a nearadult body sizérom anywherebetween six an@0years of age (Currie and
Dodson, 1984; Reizner and Hem2006; Erickson and Druckenmiller, 2QMallon et
al., 2016. The different body sizes and needs of sexually immature f@og) and
mature (e.g.nesting sites, territory, food) animals may have also led to the formation of
sizesegregated aggregatis in ceratopsids. This formation is evidenced by the recovery
of many large ceratopsid speciménseaning that these individuals were at or near full
adult sizeatdeatl® and the relative scarcity of juvenile individuals (Lehman, 2006;
Table 3.1). This cdd be partially attributed to taphonomic biaddewever, there have
been instances where the disarticulated remains of multiple juvenile individuals have
been preserved (e.d.riceratopssp. Hell CreelHomersite, collection of Brachyceratops
montanensis from the Two Medicine formation) and lack any indications that
extraordinary preservational processes were occur@igdre 1914; Hunt and Farke,

201Q Mathews et al., 2012).
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Table3.1: Select ceratopsid bonebeds from Late Cretaceous North America. Abbreviatiens: Fm

Formation, BBbonebed, MNdminimum number of individuals.

Locality Ceratopsid Ontogenetic Reference(s)
Taxon/Taxa present | stage(s) msent

Homer Site (Hell Creek Fm, | Triceratopssp. Juvenile Mathews et al.,

Montana) (MNI=3) 2012

Quitten Time BB (Hell Creek Triceratopssp. Juvenile to young | Keenan and

Fm, Montana) adult (MNI=?) Scannella, 2014

ASout e BEiatde p g Wendiceratops Juvenile and adult | Evans and Ryan,

(Oldman Fm, Alberta) pinhornensis (MNI=4) 2015

Kikak-Tegoseak Quarry
(Prince Creek Fm, Alaska)

Pachyrhinosaurus
perotorum

Subadult (MNI=9)

Fiorillo et al.,
2010; Fiorillo and
Tykoski, 2012

Pipestone Creek BB (Wapiti

Pachyrhinosaurus

Juvenile to adult

Currie et al., 2008

Fm, Alberta) lakustai (MNI=27)

Scabby Butte (St. Mary Riveg Pachyhrinosaurus ?- adult Hunt and Farke,

Fm, Alberta) canadensis (MNI=27) 2010

Centrosaurus BB 43/ Quarry Centrosaurus apertug Juvenile to adult | Ryan and Russell,

143 (Dinosaur Park Fm, (MNI=47) 2001

Alberta)

? (Judith River Fm, Montang A Br a ¢ h y ¢ e r subadult Gilmore 1914;
mont anens i (MNI=5) Hunt and Farke,

2010

TMM 41361 (Javelina Fm,

Torosaurusutahensis

Juvenile and adult

Hunt and Lehman,

Texas) (MNI=3) 2008

Mansfield BB (Judith River | Medusaceratops lokii| ?- adult Ryan et al., 2010

Fm, Montana) (MNI=?)

Bluewash BB Utahceratops gettyi | Juvenile to adult | Levitt, 2013
(MNI=3)

WPA-1 BB (Aguja Fm, Agujaceratops Juvenile to adult | Lehman, 2006

Texas) mariscalensis (MNI=20)
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3.1.1.2 Chapter goals

Some ceratopsid genera (eyiceratopg have multiple growth stages (from
juveniles to adults) preserved (¢ @oodwin et al., 2006; Horner and Goodwin, 2006,
2008; Campbell et al., 2016). This makes them a suitable fossil group in which to
investigate ONSs. Investigations into how cranial ecomorphology, snout shagerald
microwear may have changddring ontogeny will be the focus of this chapter.

Despite multiple studies on ceratopsid ontogeny, none have focused on the
implications that growth had on diet. Most studies have focused on frill and horn
development, with some also investigating ovestalill development (e.gSampson,
1997; Goodwin et al., 2006; Tumarkiveratzian, 2009; Longrich and Field, 2012;
Frederickson and TumarkiDeratzian, 2014; Konishi, 2015; Mallon et al. 2015;
Campbell et al., 2016). No predictions have been made reg@#l8g in ceratopsids,
and none have tested this specifically from an ecomorphological perspective.

Like the hadrosaurids investigated in Chapter 2, ceratopsids also underwent a change in
body sizespanningseveral orders of magnitude through grovRleigne and Horner,

2006; Erickson and Druckenmiller, 2011; Mallon et al., 20a6y, sdikely exhibited
ONSs.Using conceptdefinitionsand methodgreviously discussed in Chapter 2, this
chapter aims to investigateratopsid ON$Ising ecomorphological calates of the

skull, snout shape analysis and dental microwear analysis.

3.2 Methods
The ecomorphological correlates used in Chapter 2 for hadrosaurids were also

used for ceratopsids. For this reason, only deviations from the methodologies established
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in Chapter 2 will be noted. Species preserving relatively complete individuals from
multiple ontogenetic stages were used to investigate ceratopsid ONSBicludes the
chasmosaurinegShasmosaurus belli, Ch. russelli, Chasmosawsudriceratops

horridus, T.prorsusandTriceratopssp., and the centrosauri@entrosaurus apertus
(Sampson, 1997; Goodwin et al., 2006; Lehman, 2006; Frederickson, and Tumarkin

Deratzian, 2014; Campbell et al., 2016; Currie et al., 2016).

3.2.1 Skull allometry

Skull allometry was analyzed usitize saméwelve linear measuremerits
Chapter 2 (Figure 3.1). However, unlike for hadrosausdsut to midquadrate length
(herein referred to as skull lengtias used aa proxy forskull sizebecause it is
unknown low quadrate height scales with skull size in ceratopsids

There are few examples of intact juvenile ceratopsids. Thus, it was necessary to
include composite specimens constructed by scaling and combining elements from
various individuals into a single skuThe inclusion of such composites may therefore be
a potential source of error in the dataset. However, these composites were included
because they were based on real material and deemed adequate representations of real
individuals. To the extent thatdhlreconstructions are erroneous, so too will be my

functional interpolations.
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Figure3.1: Linear measurements used for cranial morphometric analysis of ceratops
specimens (modified from Mallon and Agrdon, 2013). Abbreviatiorispsmg: distance
from jaw joint to rostral beak tipeferred to as skull length in texd: snout length; dl:
diastema length; trl: tooth row length:mig: distance from distal end of tooth row to
middle ; sw: maximum beak dih; dh: midpoint dentary height; ppb: paroccipital proc
breadth; oh: occiput height; gjp distance apex of coronoid process to middle of jaw j
sd: depression of snout below occlusal plane; sh: skull haighdjstance between
quadrates.
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Specimen maturity was gauged with reference to bone texture, size, and degree of
suture closure (Sampson, 1997; Goodwin et al., 2006; TurrBdiatzian, 2009;
Longrich and Field, 2012; Frederickson and Tumatkeratzian, 2014; Konishi, 2015;
Campbell etll., 2016). In ceratopsids, the fusion of epijugal to the jugal and
guadratojugal, fusion of the nasals, and the articulation of epiossicifications to the
posterior margin of the frill occurs at the subadult stage. The contacts between epijugal to
the jugdand quadratojugal, the two nasals, and the epiossicifications and posterior
margin of the frill are obliterated in adults. Contacts between the frontals, and the frontals
and postorbitals are also closed in adults and then later obliterated laterThdiféegree
of development of cranial ornamentation (especially frill ornamentation) was another
indicator of relative immaturity used to distinguish between ontogenetic stages in the
present study.

Juveniles were defined as individuals that possesset] shderdeveloped frills
and horns (Figure 3.2), and had little to no sutural closure. Subadults possessed
moderately developed frills and horns and some sutural closure. Adults were identified
by the possession of almost completely or completely deselbpls and horns/partially
resorbed horns and sutural fusion. Because subadults and juveniles were the most
difficult to distinguish, and due to small sample sizes, juveniles and subadults were

grouped together to for m themnafysesnmat ur eodo cat
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Figure3.2: Determination of basic ontogenetic classifications in ceratopsids based on sutt

fusion, relative frill development and relative development of the nasal and orbital horns.

Specimen numbers for illustrat@diceratopsspecimens (from lefto-right, topto bottom):

UCMP 154452, MOR 2569, MOR 2951, MOR 1110, MOR 1120, and MOR 004.
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After measurements were collected in a Microsoft Excel file, data were imported
into the programming platform R to conduct subsequent data manipulation (R Core
Team, 2019). Foreduced major axis regressions (RMA),-tognsformed values of the
linear measurements of interest were plotted againgtdogformed skull lengtha proxy
for body sizeto identify positively allometric, negatively allometric and (softly)
isometric trends using the exclusion/inclusion of 1 in confidence intervals as in the
previous chapter (see Chapter 2 for detaiscause some variables such as snout,
diastema and tooth row length are measured along the same axis of the skull as the siz
parameter (skull length), there is potential for autocorrelaiio investigate thidjolm-
corrected DurbifWatson testsvere conducted and the results are discussed below.

Slopes and intercepts of regressions betveeatrosaurines and chasmosaurines
were also compardd determine if separate regressions should be used for
centrosaurines and chasmosaurines, or if these subfamilies could be lumped together for

an overall regression of a larger ceratopsid dataset.

3.2.2 Snoutshape

To investigate potentiahanges in snout shape through ontogeny, the snout shape
analysis method used in Chapter 2 was also employed for cerat@pgid® 3.3)

Snout shape index was regressed against skull length to identify potential shape
changes through ontogeny. A Krubkdallis test was also conducted to compare snout
shape between immature and mature ceratopsids antgopairwise comparisons were
conducted using ManwWhitney U tests with Holatorrections as needed (see Chapter 2

for details).
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Figure3.3: Snout shape analysis conducted for ceratopsids based o
Dompierre and Churcher (1996). Blue region denotes the area of ne
space measured for analysis. Red triangle indicates the triangle are
measured for analysis.
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3.2.3 Tooth wear analysis

Dental micravear was also quantified for ceratopsids at different ontogenetic
stages to identify potential dietary differences through ontogeny. Intact teeth from both
the maxillae and dentaries were sampled to increase possible sample size using the
methodology prewusly discussed in Chapterl2owever, unlike hadrosaurids, small
ceratopsids, especially those with teeth are rare and sample sizes are relatively small.
Only scratch modality could be qualitatively compared as statistical comparisons between

ontogeneticstages could not be conducted due to small sample sizes.

3.3 Results
3.3.1 Skull allometry

Raw measurements used for the skull morphometric analysis are provided in
AppendixF. Sample sizes for the three ontogenetic stages previously discussed are
provided in Tale 3.2.Holm-corrected DurbifWWatson testalsoindicate no significant
autocorrelation for any of the variables teqiggpendix G).There were no statistical
differencesin slope or intercept between chasmosaurines and centrosaurines for all
variables casidered (Table 3). Positive allometry was observed for snout depression,
paroccipital process breadth, snout length, diastema length, quadrate breadth and distance
from the distal end of the tooth row to middle of the quadrate (Tadsl&@ure 3.4).
Negative allometry was observed in the distance from the jaw joint to coronoid process
apex in both chasmosaurines and centrosaurines. Isocoedd/not be rejectefdr all

other variables.
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Table3.2: Sample sizes for ceratopsid specimens used in analyses. Note: for reduced major axis
regression analysis the numbers provided are maximum possible sample sizes as the actual
sample size used varied based on what measurenuerdsbe obtained from each specimen.

Classification Stage Analysis
Reduced major | Snout shape | Dental
axis regression microwear
Ceratopsidae indet| Juvenile 0 0 1
Centrosaurinae Juvenile 1 1 0
(overall) Subadult 1 1 1
Adult 13 10 1
Brachyceratops Juvenile 1 1 0
Centrosaurus Subadult 1 1 1
Adult 11 8 1
Apachyr hi|Adult 1 1 0
Pachyrhinosaurus | Adult 1 1 0
Anchiceratops Adult 1 1 0
Chasmosaurinae | Juvenile 3 5 0
(overall) Subadult 4 2 0
Adult 23 17 1
Chasmosaurus Juvenile 1 1 0
Subadult 0 0 0
Adult 7 7 1
Triceratops Juvenile 2 4 0
Subadult 4 2 0
Adult 12 8 0
Torosaurus Adult 1 0 0
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Table3.3: Results for test of equivalent slopes and intercepts for regressions of various variables
against skull length between centrosaurines and chasmosaurines. Abbrevi&emsmber of
centrosaurines; nCmumber of chasmosaurindsk-likelihood ratio;SSksnout shape index.
Statistically significant gvalues are in boldReported pvalues have been adjusted for multiple
comparisons using the Holmethod.

L ¢ d'Y variabl h LR statistic p-value ngd_ p-value
og-transformed Y variables nCe nC (slope) slope _statlstlc intercept
(intercept)

snhout length 15 30 0.04 1 8.129 0.052
diastema length 15 30 1.138 1 0.026 1
tooth row length 15 28 1.619 1 2.547 0.773
distal end tooth row to mid
quadrate 14 30 2.381 1 4.13 0.421
snout width 15 28 3.047 0.971 0.827 1
height dentary 12 15 0.924 1 3.094 0.638
paroccipital process breadth 11 22 0.22 1 8.326 0.051
occiput height 10 16 4.07 0.568 3.261 0.638
distance jaw joint to coronoid 10 14 0.648 1 0.061 1
process
snout depression 15 25 0.067 1 4.406 0.394
skull height 15 30 0.054 1 1.818 1
distance between quadrates 13 23 0.018 1 0.964 1
SSI 12 24 0.243 1 0.101 1
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Table3.4: Values obtained from reduced major axis regression of ceratopsid variables against
skull length Abbreviations: grggrouping; GCeratopsidaeSSksnout shape indexisometry;-
negative allometry; + positive allometry; Mfon significant slope. Note: SSI does not show a
slope significantly different from 0 and so it was not graphed with the other varidblesrted
p-values have been adjusted for multiple compassming the Holmmethod.

Log-
: : 95% ClI 95% ClI
2 9.
transf_ormedY grp n Re 2-tailed p intercept intercept slope slope trend
variables
-1.985to 1.095to
shoutlength C 45 0.766 4.55E14 -1.448 091 1.269 1472 +
. -3.506 to 1.363 to
diastemalengtl C 45 0.561 1.96E08 -2.538 157 1.669 5043 +
-0.678 to 0.88to .
Tooth row C 43 0.86 5.65E18 -0.345 0013 0.99 1114 i
distal tooth
rowmid ~ C 44 0.338 1.39E04 2137 L7410 4,437 111810
-1.1 1.846
guadrate
. -1.567 to 0.89to .
snout width C 43 0.645 6.35E10 -0.996 0.424 1.072 1,292 i
. -1.118 to 0.807 to .
height dentary C 27 0.841 1.4E10 -0.676 0234 0.95 1.119 i
paroccipital . i -1.684 to 1.009 to
process breadt C 33 0.667 3.39E08 -0.943 0203 1.245 1536 +
. . -2.726 to 0.864 to .
occiput height C 26 0.232 0.026 -1.433 -0.139 1.24 178 i
coronoid
process apex C 24 0.94 7.38E14 -0081 033410 gog 0.74lt0
oY O 0.173 0.92
mid jaw joint
snout -6.374 to 1.61to
depression C 40 0.202 0.011 -4.575 2776 2.151 872 +
. -0.86 to 0.865to .
skull height C 45 0.703 6.8612 -0.372 0.115 1.022 1.207 i
guadrate i -1.801 to 1.096 to
el C 36 0.758 4.77E11 -1.173 -0.544 1.3 1542 +
-1.811to 0.325t0
SSi C 36 0.064 0.137 -1.38 -0.948 0.452 0629 NS
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Figure3.4: Bivariate allometric plots for reduced major axis regression ofrimgsformed

ceratopsid cranial variables. A) snout length, B) diastema length, C) tooth row length, D)
tooth row to middle quadrate length, E) snaidth, F) dentary height, G) paroccipital proces:
breadth, H) occiput height, I) distance from coronoid process to jaw joint, J) snout depres
below occlusal plane, K) skull height, L) distance between quadrates. Positive allometry i
observed for vaables in plots A, B, D, G, J, and L. Negative allometry observed for variab
plot I.
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3.3.2 Snoutshape

Raw snout shape data are provided in Appendi@ainple sizes are provided in
Table 3.2There is no linear relationship between SSI and $mgth (Table 3) and so
a bivariate plot of SSI against skull length is shown (Figure 3.5). On the SSI axis,
immature ceratopsids appear to occupy the same range as mature ceratopsids. Overlap is
generally observed between centrosaurines and chasmesaamal is supported by the
results of the Kruskalvallis (p=0.1465). Centrosaurines and chasmosaurines with skull
lengths <300 mm or >950 mm do rsbtow complete overlap in the morphospace. This
lack of overlap at the smallest and largest skull sizekdlyla result of reduced sampling

of small individuals and the larger sizes attained by chasmosaurines, respectively.

3.3.3 Microwear

Dental microwear was recovered for an indeterminate juvenile ceratopsid (n=1),
subadult (n=1) and adultentrosaurugn=1), ar an aduliChasmosaurug=1)
(Appendix I; Figure 3.6Table 3.2. ChasmosauruandCentrosaurusvere used because
the stratigraphic and temporal position of the juvenile ceratopsid specimen (upper
Campanian Dinosaur Park Formation, Alberta) was similtrase two species and
therefore these species were the most likely adult candidate of this juvenile specimen.
Other small ceratopsid jaws are known; however, they either lack intact dentitions
(UCMP 154452 Triceratopg, have dentitions with inaccessildeclusal surfaces
(UALVP 526342,Chasmosaurysor have no preserved microwear (MOR 1999,

Triceratops.
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Figure3.5: Snout shape plot for ceratopsid specimens. Snout outlines indicate relative diff
in snout shape corresponding to different SSI values at opposite ends-aiihe y
Abbreviations: SSknout shape index.
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juvenile adult

Ceratop
n,

idae indet

Centrosaurus Chasmosaurus

IVISTIN

Figure3.6: Microwear recovered from juvenile and adult ceratopsids. All photos have beet
standardized to the right dentary and oriented so that the tooth apex is directed upwards.
Microwear recovered from A) juvenile ceratopsid (UC 16624 LD5), B) &lettrosaurs (TMP
1997.085.0001 RD24), C) ad@hasmosauruCMN 8801 RD11). Line drawings for juvenile
and adult ceratopsids jaws are based off offtieeratopsdentaries (from left to right) MOR
1199 and MOR 2574.
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The pooled results in the juvenile ceratopeiel multimodal, and bimodal in
subadult and adult ceratopsids (Figure 3.7). Each pooled rose diagram represents the
scratch distributions for a single individual and therefore any variability observed is not
due to the variability between individuals.dtalso possible that there will be more
variability in specimens where more teeth from along the row have been sampled. The
greater distribution observed between adults and juveniles is likely a real signal because
scratch variability (especially for sccaies longer than 0.5 mm) is greater in the juvenile
ceratopsid compared to the addhasmosauryseven though there are more teeth
sampled for the adu€hasmosaurugy=7) than the juvenile (n4). If the greater
variability in juveniles was entirely due to variation as a result of more teeth being
sampled in a given specimen, then the juvenile should have less variability when
compared to the aduthasmosaurug/hich has more teeth from along the tooth row
sampl@. Rose diagrams for individual teeth along the tooth row for the ceratopsid
specimens considered are provided in Appendix J and not discussed here.

In the juvenile ceratopsid, steeply inclined dorsodistally oriented scratches are the
l ongest (> 1 mm) and most common, foll owed
mm) and steeper dorsomesial scratches (0OO0.
recovered from all angles. In subaddéentrosauruslonger (> 1 mm), dorsodistal
scratches are present in similar proportio
Scratches in adu€entrosaurusare long (> 1mm) and primarily mesiodistally oriented
with a secondary set of equally long, but less frequent dorsodistal scratches. In adult

Chasmosaurughe longest scratches are oriented dorsomesially (>1 mm) while the
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Figure3.7: Rose diagrams for ovdracratch orientatioffior individual juvenile, subadult and
adult ceratopsids. All teeth are standardized to the right dentary. Number of teeth used to
construct each rose di ag? distal=188 Apical/dbisal=8a e (
Basal/ventral=270
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greatest number of scratchessteeplyi ncl i ned and orientAd dors

few longer (> 1mm) mesiodistal scratches are also present.

3.4 Discussion
3.4.1 Jaw mechanics

Microwear has previously been usedriter feeding motion of the jaws in
ceratopsids (e.gVarriale, 2011; Mallon and Anderson, 2014b). Early work by Ostrom
(1966) proposed that ceratopsids were only capable of simple orthal jaw motions based
on the presence of vertically oriented occlusalases which were argued to have
prevented any lateral motion of the fully adducted mandibles.

Subsequent studies (Varriale, 2011; Mallon and Anderson, 2014b), however,
suggested on the basis of dental microwear analysis that ceratopsids were in bdet capa
of more complex jaw movements than the simple orthal motions proposed by Ostrom
(1966) based on dental microwear analyses. Work conducted by Varriale (2011)
identified four main scratch orientations (in order of most to least frequent): class 1
(dorsodstal), class 2 (shallow dorsodistal to mesiodistal), class 3 (shallow dorsomesial to
mesiodistal) and class 4 (dorsomesial). Mallon and Anderson (2014b) also observed a
dominant dorsodistal scratch mode and, like Varriale (2011), proposed that the high
frequency and overall greater length of dorsodistal scratches were indicative of an
orthopalinal power stroke. Both studies also agreed in the interpretation of the infrequent,
typically shorter, dorsomesial scratches as disengagement scratches. Howdwar, Mal
and Anderson (2014b) alternatively suggested that these scratches may have been formed

during the repositioning of the jaws between power strokes. Mallon and Anderson
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(2014b) also differed from Varriale (2011) in their interpretation of mesiodisttiches.
In their study, Mallon and Anderson (2014b) observed a single set of more tightly
constrained mesiodistal scratches rather than the two distinct sets observed by Varriale
(2011). Two models were suggested to explain the formation of these mdige tigh
constrained mesiodistal scratches: 1) a passive mechanism occurring during adduction in
which the mandible is pushed palinally as the predentary traces a dorsocaudal arc defined
by its contact with the inner surface of the rostral hon&) occasiorigropalinal
movements accompanying mandible adduction with influences of complementary actions
of the pterygoideus and posterior adductor musculature. Mallon and Anderson (2014b)
advocated for the second mechanism, given that the first is highly urbigedyuse it
predicts the presence of correspondingly curved scratches that are almost never seen.
The generally polymodal scratch distributions with dominant dorsodistal scratch
modes observed in this study are consistent with the findings of Mallon atedtsm
(2014b), supporting previous interpretations of an orthopalinal power stroke with
occasional propalinal movements during adduction and the repositioning of food within
the mouth between power strokes. Juveniles also exhibit a dominant dorsotistal se
scratches but, unlike subadults and adjutseniles exhibit scratch distributions that
apparently are more weakly constrained (see juvenile ceratopsid in Figure 3.7). The
apparent multimodality observed in juveniles is consistent with more fléxilmilthe

skull but the results are not statistically robust and require further testing.
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3.4.2 Diet

3.4.2.1 Ceratopsid ontogeny

Both juvenile and adult ceratopsids possess vertical occlusal surfaces (Figure 3.6;
pers. obs.), suggesting that all ontogenetic stages used their teeth for shearing plant
matter. Mallon and Anderson (2014b) proposed that adult ceratopsids were tough brows
specialists. Based on overall similarities in occlusal surface between different ontogenetic
stages, it is possible that juveniles were also tough browse specialists. However, because
of small sample sizes, statistical comparisons of dental microwesediebntogenetic
stages to confirm this inference will have to wait until more juvenile ceratopsids with
preserved dentitions can be sampled.

In modern ungulategservical musculature responsible for elevating the head
attach tatheparoccipitalprocesseglanis, 1990). Increases in the breadth of the
paroccipital processes, and subsequently the cervical musculature that elevate the head,
may have been necessary to lift the heavier, more ornamented heads of adults.
Differences in snout morphology, howeveo, seem to suggest differences in feeding
ecology between ontogenetic stages. Even though relative snout width and shape did not
change through ontogeny, absolute size differences would have had implications for
relative selectivity of different ontogemestages. The absolutely larger size of adult
rostra would have made adults relatively less selective than juveniles. The longer snouts
observed in adults may have also made them less selective as they would have been able
to access vegetation growingvairious different level§.e., their niche breadth would
haveincreasell However, it is also possible that the reduced cranial ornamentdition

juvenile ceratopsidsnay have meant that they were capable of rearing up on their hind
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legs to feed. Rearingowon the hind legs to feed has previously proposed for less derived
ceratopsians such as leptoceratopsids which also lack heavy and complex cranial
ornamentation (Mallon et al., 201&)ertain aspects of immature ceratopsid postcranial
morphology (e.g., kerally narrow glenoid) have also been shown to share similarities
with more basalbipedalceratopsians (e.§sittacosaurus(Slowiak et al., 2019).

Whether or not juvenile ceratopsids could actually rear up on their hintblésed is
uncertain and wuld requirefurtherinvestigations that is beyond the scope of the present
research.

Changes in the length and depression of the gipuhe distance from the apex
of the coronoid process to the jaw joint, and width of the quadrates may have also had
important dietary implications (Janis 1990, 1995; Spencer, 1995; Mendoza, 2002). For
juveniles, relatively shorter muzzles and increased distance from the coronoid process
apex to the jaw joint would have resulted in greater mechanical efficiency and so
generated greater relative bite forces (Ostrom, 1966; Henderson, 2010; Mariano et al.,
2015; Mitchell et al., 2018). However, the relatively narrower quadrate breadths and less
depressed snotips observed in juvenile ceratopsids are suggestive of redeta/e
bite forces.

The reason for this conflicting signal may be related to the implications of overall
body size. Mallon and Anderson (2015) suggested that the absolute bite forces were
lower in juveniles because overall muscle mass was smaller due to the smaller overall
size of juveniles themselves. Presumably, as in modern lizards and finches, narrowing at
the back of the skull (i.e., narrower quadrate breadth) would have meant that the jaw

adductors were also smaller in juveniles producing reduced bite forces (Meyers et a
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2002; Herrel et al., 2006). In addition to increased area for musculature, greater quadrate
breadth is also proposed to be correlated to increases in relative bite force because wider
skulls are better able to resist torsional forces that are gendrated biting (Greaves,
1997). Thus, lower overall bite forces due to reduced musculature would have also
meant that torsional forces within the skull would be lessened and so the skull would not
need to be as effective at resisting these forces inijagen

Similarly, the association of higher bite forces with greater ventral deflection of
the snoutn adults (Figure 3.8)Bowman, 1961; van der Meij and Bout, 2008) may be
less related to the generation of those bite forces and more to stress accaommnodat
During vertical biting, forces exerted on the snout can be resolved into two parts: 1)
fracturerisk components which must be resisted by the strength of materials comprising
the beak, and 2) pressure components that act tangentially to beak clamdtare taken
up by bone and subsequently dissipated (Bowman, 1961; Soons et al., 2010). With
increasing ventral deflection of the snout, more of the overall force is taken up as
pressure. This is because the fractisk component decreases as the abgteieen the
direction of the overall force and the slope of the beak decreases (see Figure 39 in
Bowman, 1961). At the very tip of the snout, the pressure component is eliminated, and
the overall force is resolved into the fractuigk component. Lengtimng of the snout,
and perpendicular orientation of the beak to the mandible, steepens the slope of the beak
further reducing the magnitude of the fractusk component because the upper
mandible is brought into better alignment with the orientatioh@fain biting forces.
The more ventrally deflected and longer snouts in adult ceratopsids would therefore serve

to allow higher bite forces to be exerted without exceeding the maximum strength of the
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Figure3.8: Differences in relative snout length and deflection of the snout tip between juve
and adult ceratopsids. Left: juvenasmosauru@JALVP 52613). Right: adul€hasmosauru
(CMN 2245). Note: skulls have been scaletidwe the same snout tip to ngdadrate length.
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materials comprising the rostra and the rest of the skull. Based on the above information,
the shorter snouts and increased distance between the coronoid apex and jaw joint in
juvenile ceratopsids would W@ served to increase relative bite forces by increasing
mechanical advantage but due to differences in absolute size and head width, adults
would have possessed larger muscles and been capable of producing higher bite forces.
These differences in morphaip would therefore suggest that juveniles selectively fed
on softer, lower growing vegetation than adults which may have fed on larger quantities
of tougher, slightly higher growing vegetation.

As in hadrosaurids, the longer faces of adult ceratopsidilwaue been useful
for the exploitation of a wide variety of plant matter and may indicate conserved
evolutionary allometrysee Chapter 2 discussio8maller bodied ceratopsians, such as
Leptoceratopspossess relatively shorter faces compared to nesreed ceratopsians
such asChasmosauruandTriceratops(Figure 39). Further, comparison between more
derived ceratopsids such@sasmosauruandTriceratops(both from the subfamily
Chasmosaurinae) shows that the lay@reratopspossesses a relatively longer face than
Chasmosaurysas would be expected if ceratopsians experienced evolutionary facial
allometry.The potential for conserved evolutionary alletny in both hadrosaurids and
ceratopsids may be related to broader evolutionary trends within the Dinosauria or,
alternatively, related to related to the possession of a dental battery by members of both

clades (see section 3.4.3).
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Figure3.9: Differences in relative facial length betwdegptoceratops, Chasmosaurasd
Triceratops A) Leptoceratopskull (CMN 8887). B) AdultChasmosauruskull (CMN 2245). C
Large adulfTriceratopsskull (MOR 004) (daséd line indicates the inferred location of the er
the rostrum). Note: drawings have been scaled so that the distance flrametiar edge of the
orbit to middle of the quadrate are the same.
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3.4.2.2 Subfamily differences

Previous work on adult centrosaurines and chasmosaurines indicated that
centrosaurines possessed relatively shorter faces, and suggested that centrosaurines were
capable of generating greater bite forces (Henderson, 2010). More recent geometric
morphometic work by Maiorino et al. (2017) also found that chasmosaurines possessed
relatively longer faces than centrosaurines. Results of the NPMANOVA conducted by
Mallon and Anderson (2013)r the same linear measuremensgdin the present study
also suggestethat there were significant differences in relative skull proportions
between ceratopsids subfamilies but small samplesrgdased certainty in the
reliability of theseresults.In the present study, resutte not indicate statistically
significant dfferences between ceratopsid subfamilies. Perhaps the allometric trajectories
of both subfamilies are the same even though there are differences in the overall skull
length. If this were the case, then the resulth@ ANCOVA would not be expected to
bestatistically significant. However, it is also possible that because relatively few small
individuals areavailable for study, estimates of the slopes being made for these groups
are inaccurate and there are actual differences in allometric trajechatiesuhnot be
detected. Like the work of Mallon and Anderson (2013), sample sizes are presently too
small to tease out potential differences between the allometric trajectories and further

research will be warranted once more specimens are found.

3.4.3 Comparison with hadrosaurids
Both hadrosaurids and ceratopsids are characterized by independently evolved

tooth batteries. Despite differences in the adult number of functional teeth in each tooth



family (ceratopsids have one functional tooth and hadrosauri@stheae to four

function teeth in each tooth family), both groups experience an increase in the number of
tooth families through ontogeny (Erickson and Zelenitsky, 2014; Godfrey and Holmes,
1995; Currie et al., 2016). Investigations into cranial allomeame suggested that both
groups experienced positive allometric growth in the lengths of the snout and diastema
(seechapter 2 and results and discussion this chapter). Potentially, this shared ontogenetic
trend is related to the development of the ddpddtiery, where the addition of tooth

families along the dental battery also results in lengthening of the face. However, positive
allometric growth does appear to occur in the saur@pplbdocusand theropod
Limusauruswvhich both undergo a reduction irethumber of teeth during ontogeny
(Woodruff et al., 2017; Wang et al., 2017). Until further quantitative investigations into
ontogenetic development of facial length in other dinosaurian clades can be conducted,
whether positive allometry of the snontceratopsids and hadrosauirsddue to

development of the dental battery or not, remains uncertain. However, if facial elongation
is confirmed to be unrelated to tooth count, this may provide further evidence for

evolutionary cranial allometry in ornithopqds even dinosaurs in general.

3.5 Conclusiors

Despite several studies previously conducted on ceratopsid ontogeny (Sampson,
1997; Goodwin et al., 2006; Tumarkideratzian, 2009; Longrich and Field, 2012;
Frederickson and TumarkiDeratzian, 2014; Konish015; Campbell et al., 2016), the
implications that growth had on ceratopsid diet were previously not investigated. Work

on ontogeny and diet interpreted the presence of ONSs in spinosaurids (Lakin and
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Longrich, 2019), diplodocids (Woodruff et al. 201B)ynusaurusgnextricabilis (Wang et

al., 2017) and in hadrosaurids (Erickson and Zelenitsky, 20iter 2) based on
changes in body size as well as differences in skull morpholiggervations of these
potential ONS$n multiple dinosaurian taxa would appear to suggest that, as in modern
reptiles and some birds, ONSs are the rule rather than thetiexcien animals that
experience long growth trajectories

Facial lengthening observed in ceratopsids and in hadrosaurids may have been
related to the lengthening of the dental battery. However, preliminary comparisons
between photos of juvenile aadult material fot.imusaurusandDiplodocussuggests
that these dinosaurs also experienced positive allometric growth despite a reduction in the
number of teeth in the skull during ontogeny. Future investigations into the prospect of
positive facial alloretry during ontogeny for other dinosaurian taxa will help to further
elucidate whether or not the evolution and development of the hadrosaurid and ceratopsid
dental battery influenced development of the rest of the skull. Statistical support for
positive dometric growth of the length of the snout, if found in other dinosaurs such as
LimusaurusandDiplodocus could potentially suggest that other factors (e.g.
developmental constraint, ecology) are responsible for controlling development of the
skull.

Based on investigations of ceratopsid skull allometry and snout shape conducted
in the present study, it would appear that ceratopsids also underwent ONSs. However,
these results may be under or over representing actual trends observed in the overall
populaton due to reduced sampling at small body sizes as some variability within the

population is left unaccounted for. In addition, quantitative analysis of dental microwear



features could not be conducted due to small sample sizes. Pending the discoveey of mo
juvenile specimens, the present work is currently the best available estimate of what
ceratopsidDNSsmay have looked like. After more juvenile material is recovered, future
work involving a greater number of immature individuals, and more completdisgmp

of microwear between stages and along the tooth row, will be needed to determine if the
interpretations of the present study are supported at larger sample sizes.

Multimodality of scratch orientations in juvenile specimens may also have
important bianechanical implications. Earlier work on ceratopsids had previously
proposed a simple scisslike motion for ceratopsid chewing on the basis of occlusal
morphology (Ostrom, 1966). More recent work using dental microwear, however,
suggested that ceratopsithay have been capable of more complex jaw motions,
invoking an orthopalinal power stroke with supplementary propalinal motion of the
mandible (Mallon and Anderson, 2014b). The multimodality of scratch orientations as
well as lack of sutural fusion withithe skull and more cartilaginous joints (Frederickson
and TumarkirDeratzian, 2014; Campbell et al., 20Hbne et al., 2016) may indicate
that juvenile skulls were more kinetic than their adult counterparts. However,
investigations into how kinesis magve changed through ontogeny have yet to be
conducted.

Future investigations into evolutionary allometry of facial length may also prove
interesting. In modern placental mammals, taxa with small adult body sizes have been
shown to have shorter faces aagd with large adult body sizes to have longer faces as
part of a conserved evolutionary allometry across all mammalian clades (Cardini and

Polly, 2013; Cardini et al., 2015). The positive allometry observed in ceratopsid and
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hadrosaurid (seehapter 2) faial length and the relatively shorter faces in smaller
ceratopsians such asptoceratopgand hadrosauroids suchBalmatosaurus;

Weishampel et al., 1993) raises the question as to whether this is a broader evolutionary
constraint that is observed imndathischians, or even amniotes as a whole.

Evidence supporting the potential for an ONS in ceratopsids has important
implications of the structuring of Late Cretaceous ecosystems. Previous work suggested
that competition between adult chasmosaurines anttasaurines was mediated by
ecomorphological differences (Mallon, 2019). The findings of this chapter suggests that
intra-specific competition in ceratopsids may have also been mediated by
ecomorphological differences. Because different ontogeneticsspagentially occupied
different roles, and body size is one of the main mechanisms through which resources are
partitioned (Werner and Gilliam, 1984), juvenile ceratopsids may have insteattially
competed with other similar sized dinosaurs inclugingnile hadrosaurids, particularly
the closely related leptoceratopsids. The potential impacts that ceratopsid ONSs had in

Late Cretaceous ecosystems will be exploredhapter 4.

111



Chapter 4: Juvenile megaherbivores versus small ornithischians

4.1 Introduction
4.1.1 Community structure and the fossil record

Body size distributions of both fossil and modern mammalian communities are
positively-skewed and relatively consistent through time and space (Damuth, 1982;
Peters and Wassenberg, 1983; Siemann and Brown, 1999; KkiziowisGawelcyzk,
2002; Smith and Lyons, 2011) (Figure 4.1). Some authors have pradpasemmals
exhibit positivelyskewed distributions because smaller taxa can more easily subdivide a
habitat, enabling them to coexist in larger numbers (Damuth, P#@rs and
Wassenberg, 1983; Siemann and Brown, 1999). If this were more generally applicable to
norrmammalian communities, the smallest body sizes should always be the most
abundant (Kozlowski and Gawelcyzk, 2002). However, the relationship betweest habit
subdivision and body size cannot explain why some avian distributions are negatively
skewed.

A more broadly applicablexplanatiormay be related to energy acquisition
(Smith and Lyons, 2011). Metabolic theory suggests that many individual, population,
community and ecosystem level attributes scale with body size and temperature in a
manner similar to masspecific metabolic rate (Bwn and Sibly, 2006). These
relationships have been shown to hold true within and between species. With metabolic
rate, masspecific production rate (i.e., the rate of energy assimilation minus the rate of
respiration) is lower in larger animals comparedmaller ones (Gaston and Blackburn,
2000; Brown and Sibly, 2006). Assuming Darwinian fitness (=birthdatgh rate),

natural selection will favour reduced body sizes because production is increased as long
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as mortality is unaffected (Brown and Sibly, 2006). If mortality is affected, then body
size increases are favoured as long as these increases reduce mortality or enhance
reproductive succegnough to sufficiently overcome the production constraint. Larger
body sizes may also involve morphological/physiological innovations which overcome
pre-existing constraints making new food sources available. For instance, larger body
sizes may be favouden mammalian herbivores that consume high quantities of low
guality vegetation because gut capacity is greater at larger body sizes. A larger gut
increases passage time allowing hattdedigest plant materials to be broken down
increasing nutrition androductivity. Complex processes at the community level such as
competition may also be important in the shaping of size distributions, as this can
influence food availability especially if some food resources are only accessible to
organisns of a certain ge range (Kozlowski and Gawelcyzk, 2002).

In contrast to mammalian communities, North American Jurassic and Cretaceous
herbivorous dinosaur communities appear to have consisted of diverse and abundant
largebodied taxa, and relatively fewer smalltaxa@ur e 4. 1) ( O6 Gor man
2012; Codron et al., 2012, 2013; Brown et al., 2013b). The Jurassic Morrison Formation,
for example, preserves a higher diversity and abundance oftdadied dinosaur
remains (e.g., sauropods) compared to smaller ornifais¢axa (Dodson et al., 1980;
Foster, 2003; Noto and Grossman, 2010). The Upper Cretaceous Dinosaur Park
Formation also shows low small herbivore diversity and abundance (Brown et al.,
2013b).

Codron et al. (2012, 2013) proposed that the low diversisynaiitbodied taxa

was due to competition between the young of large herbivores and simédradults of
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small ornithischiandntuitively, the larger adult:offspring mass ratios observed in
dinosaurs relative to similar sized mammals and differencepnoductive strategy
(dinosaurs are oviparous and mammals viviparous) would have led to more pronounced
changes in diet during ontogeny. Because of this more complex life history, Codron et al.
(2013) hypothesized th#tere would be more overlap in bosige and niche occupation

and a higher frequency of density dependent ecological interactions in dinosaurian
ecosystemslo investigate how competition between sim#éaed taxa influenced the
relative abundances of dinosaurian size classes, the awh@izestructured,

mathematical modelassuming the presence of simduced competitioriTheir results
suggested that competition between juvenile megaherbivores and small ornithischians
would have also reduced the relative abundances of the latter.

Brown et al. (2013b) alternatively reasoned that taphonomic biases were at least
partly, if not completely, responsible for the patterns described above (Figure 4.2; Figure
4.3). They found that, with the Campanian Dinosaur Park Formation of Alberta, thxa wi
estimated adult body masses less than 60 kg were generally < 41% complete, and only
five of the smalletbodied taxa (most of which were carnivores) were known from more
than 10% of the skeleton (Figure 4.4A). Plots of taphonomic mode (i.e., preseastion
articulated skeleton, associated skeleton, isolated skeleton) against body size showed
smaltbodied taxa are also most commonly represented by isolated elements (Figure
4.4B). The same preferential preservation of latgetied animals is also observed
within largebodied dinosaur clades. Trends within Hadrosauridae and Ceratopsidae
showedhatjuvenile specimens were less likely than adults to be preserved as complete

specimens, and are more often represented by isolated elements. Taphonomic biases may
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Figure4.2: Body size distribution results from O'Gorman and Hone (2012) and Brown et ¢
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thus be at least partly responsible for the limited diversity and abundance of small

ornithischian taxa.

4.1.2 Hypothesesand Predictions

Thus, there exigivo alternatie (but not mutually exclusivd)ypotheses
(ecological competition vs. taphonomic artifact) that purport to explain the unusual size
distribution of dinosaur assemblages. But while the evidence for a taphonomic size bias
seems unassailabome predictionthat followfrom thecompetition hypothesis remain
untested.For instance, if lefskewed richness distributions resulted from competition at
smaller body sizes, then this competition should have resulted in niche partitioning
betweerremaining specied his prediction has never been tested so will form the
first line of investigation for this chapter.

Under the taphonomy hypothesishas also been argued that small ornithischians
were not only more diverse than is currently reflected in the fiestd, but that they
were also more abundant and that this signal is biased by taphonomic processes (Brown
et al., 2013a,b). If this were true, then, all else being equal, small ornithischians should be
relatively more abundant than simisizedimmaturemegaherbivores (Figure 4.6). The
second part of this chapter will test this prediction to attain a better understanding of

herbivore community structure during the Late Cretaceous.
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limiting and there is no competition between species.
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4.2 Methods

During the Late Cretaceous (~65.80.0 Ma), the Western Interior Seaway
extended from the Gulf of Mexico to the Arctic Ocean diviled North America in two
(Laramidia in the west and Appalachia in the east) (Gates et al., 2012; Luca2Gt6)l.
Fluctuations in sefevels as a result of pulses of orogenic activity along the western edge
of Laramidia likely contributed to thadh rates of dinosaur turnover that occurred at this
time, especially during the Campanian (Horner et al., 1992; Gates et 2)., P0is
orogenic activity was also the source of eastward flowing rivers which connected to the
western shoreline of the seayvand formed extensive alluvial and coastal plains across
the landscape that were home to a diverse array of large (i.e., hadrosaurids, ceratopsids,
ankylosaurs) and small (i.e., thescelosaurids, pachycephalosaurids, leptoceratopsids)
ornithischians (Gateet al., 202; Mallon, 2019). Of these taxa, hadrosaurids and
ceratopsids appear to have dominated the landscape, with the remains of various
ontogenetic stages being recovered for these taxa. Small ornithischians (thescelosaurids,
pachycephalosaurids afeptoceratopsids) were relatively more dispersed across the
landscape. Ankylosaurs were also rarer than hadrosaurids and ceratopsids, and very little
juvenile material has been recovered from North America. For this reason, | consider
only hadrosaurids,ecatopsids and small ornithischians below (Table 4tli¥ also
worthy of mention that the taxa considered represent a time span byt Hhd thus do
not comprise a Atrueodo ecol ogical community
are present throughout the Cretaceous, these taxa likelgotored and therefore, time
averaging is unlikely to have appreciably influenced ecologitatioaships between

these taxa.
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Table4.1: Late Cretaceous North American taxa used in ecological analyses. Asterisk (*)
indicates temporal ranges for the given species. Otherwise, the ranges providethare fo
specified time period, formation(s) or genus.

Classification Formation & time range Reference(s)
Hadrosauridae
Hadrosaurinae
Maiasaura peeblesorum Two Medicine Dilkes, 2001

(74.07 82.6 Ma)

Edmontosaurus annectens

Hell Creek/ LanceFrenchmar Campione and

(65.51 66.7 Ma)*

Evans, 2011;
Eberth et al., 2017

Edmontosaurus regalis

Horseshoe Canyon
(71.01 72.5 Ma)*

Eberth et al., 2013

Edmontosaurusp. St. Mary River Eberth et al., 2013
(71.0 Ma)

Edmontosaurusp. Prince Creek Fowler, 2017

(=Ugtunaaluk kuukpikengis) (68.41 73.4 Ma)*

Brachylophosaurus canadensis  Oldman/ Judith River/ Fowler, 2017;
Kaiparowits Lowi-Merri and
(76.51 77.5 Ma)* Evans, 2019

Prosaurolophus maximus

Dinosaur Park/ Two Medicin

(74.1i 75.7 Ma)*

McGarrity et al.,
2013

incurvimanus

Gryposaurus notabilis/ Gryposaurt Kaiparowits/ Dinosaur Park

(74.01 76.6 Ma)

Gates and
Sampson, 2007;
Lowi-Merri and

Evans, 2019
Gryposaurus latidens Two Medicine Gates and
(80.0 Ma)* Sampson, 2007
Gryposaurus monumentensis Kaiparowits Lowi-Merri and

(74.01 76.1 Ma)

Evans, 2019

Lambeosaurinae

Hypacrosaurus stebingeri

Oldman/ Two Medicine

(71.01 74.0 Ma)*

Eberth et al., 2013

Hypacrosaurus altispinus

Horseshoe Canyon
(68.41 71.0 Ma)*

Eberth et al., 2017
Fowler, 2017

Lambeosaurus lambei

Dinosaur Park
(75.57 76.3 Ma)*

Mallon et al.,
2012; Eberth et al
2013

Lambeosaurus magnicristatus

Dinosaur Park
(75.57 75.7 Ma)*

Mallon et al.,
2012; Eberth et al
2013

Lambeosaurusp. Dinosaur Park Evans, 2007;
(75.51 77.0 Ma) Fowler, 2017
Corythosaurus casuarius Dinosaur Park Mallon et al.,

(76.2i 76.5 Ma)*

2012; Eberth et al
2013

Corythosaurus intermedius

Dinosaur Park
(76.07 76.2 Ma)*

Mallon et al.,
2012; Eberth et al
2013
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Corythosaurusp. Dinosaur Park Evans, 2007;
(75.57 77.0 Ma) Fowler, 2017
Ceratopsidae
Chasmosaurinae
Chasmosaurus belli Dinosaur Park Mallon et al.,

(75.71 76.0 Ma)*

2012; Eberth et al
2013

Chasmosaurus irvinensis

Dinosaur Park
(75.57 75.7 Ma)*

Mallon et al.,
2012; Eberth et al
2013

Chasmosaurus russelli

Dinosaur Park
(76.07 76.5 Ma)*

Mallon et al.,
2012; Eberth et al
2013

Triceratops horridus

Lance/ Hell Creek/Scollard

(65.5i 65.7 Ma)

Eberth et al., 2013

Triceratops prorsus

Lance/ Hell Creek/Scollard

(65.51 65.7 Ma)

Eberth et al., 2017

Centrosaurinae

Centrosaurus apertus Dinosaur Park Fowler, 2017
(76.51 76.9 Ma)*
Styracosaurus albetensis Dinosaur Park Fowler, 2017

(76.2i 76.4 Ma)*

Brachyceratops montanensis

Two Medicine
(74.01 75.0 Ma)*

McDonald, 2011

Leptoceratopsidae

Leptoceratops gracilis

Scollard/ Lance/ Hell Creek

(65.57 66.7 Ma)*

Eberth et al.2013;
Fowler, 2017

Montanoceratops cerorhynchus

St. Mary River/ Horseshoe

Canyon
(69.57 71.0 Ma)*

Eberth et al., 2017

Pachycephalosauridae

Pachycephalosaurus wyomingeihs Lance/ Hell Creek

Pachycephalosaurusp.

(65.51 66.8 Ma)

Maryanska eal.,
2004; Williamson
and Carr, 2006;
Sullivan, 2006

Stygimoloch spinifer/

Lance/ Hell Creek/ Ferris

Maryanska et al.,

Stygimolochsp. (65.01 77.0 Ma) 2004; Williamson
and Carr, 2006;
Russell and
Manabe, 2002

Stegoceras validum Dinosaur Park/ Horseshoe Fowler, 2017;

Canyon/ Judith River

(74.07 81.0 Ma)

Maryanska et al.,
2004; Williamson
and Carr, 2006;
Russell and
Manabe, 2002

Thescelosauridae

Parksosaurus warreni

Horseshoe Canyon
(68.41 70.4 Ma)*

Eberth et al., 2013
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Thescelosaurus neglectus/

Lance/ Hell Creek/ Scollard/ Brown, 2009;

Thescelosaurus garbanii Frenchman Boyd et al., 2009
(65.51 70.6 Ma)
Oryctodromeusgubicularis Blackleaf/ Wayan Brown, 2009;
(95.07 100.0 Ma) Krumenacker,
2017
Orodromeus makelai Two Medicine/ Judith River Brown, 2009

(71.3i 83.5 Ma)
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4.2.1 Skull morphometrics

42.1.1 Selection andcollection of measurements

From the competition hypothesis of Codron et al. (2012,201i3)piedicted that,
within a sizestructured assemblage such as that consideredsheat, ornithischians and
similar-sized young megaherbivoresuld occupy different niche3o investigatehis.
niche relationships were approximated by examining ecomorphospace occupation for the
assemblage as this has been previously done in other palaeontological investigations
(e.g., Mallon, 2019)To evaluate the distribution of small ornithischians and
megaherbivores in ecomorphospace, two lines of investigation were explored. The first
included size as a factor because this is an ecologically important variable. The second
controlled for size and addressed shape alone.

Twelve linear measurements prewsbuconsidered by Mallon and Anderson
(2013) and snout shape index (SSI) were used, following the methods previously
established ichapters 2 and 3-{gure 4.74.8).0nly specimens preserving more than
50% of these measurements were used in the anadtysmdern animals, including
ungulates, these parameters have been shown to reflect aspects such as plant quality,
mechanicaproperties, growth habit and feeding stikaty (Janis and Ehrhardt, 1988;

Janis, 1990, 1995; Spencer, 1995; Mendoza et al., 2002).
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Figure4.7: Linear measurements used for cranial morphometric analysis (modified fron
Mallon andAnderson, 2013). A) Hadrosaurid skull, and B) ceratopsid skull. Measureme
sl: snout length, dI: diastema length, trl: tooth row lendtimg: distance from jaw joint to
distal end of tooth row, sw: maximum beak width, dh: midpoint dentary height, ppb:
paroccipital process breadth, oh: occiput heighij:abstance from coronoid process apex
middle of jaw joint, sd: depression of snout below occlusal plane, sh: skull height, gb:
quadrate breadth.
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26°

Figure4.8: Snout shape analysis conducted based on Dompierre and Churcher (1
Blue region denotes the area of negative space measured for analysis. Red trian
indicates the triangle area measured for analysis.
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4.2.1.2 Ontogeneticconsderations

Immature megaherbivores were identified using their relatively smaller size,
degree of suture closure, bone texture and relative development of cranial ornamentation,
as in chapters 2 and 3 (Goodwin et al., 2006; Tumddleratzian, 2009; Evang010;
Frederickson and Tumarkiberatzian, 2014; Campbell et al., 2016; Hone et al., 2016)
(Figure 4.9). Because subadults and juveniles were rare and the most difficult to
di stinguish, they were grouped togted her to
analyses.

There are few examples afticulateduvenile megaherbivores and small
ornithischian taxa. This necessitated the inclusion of composite specimens constructed
from the scaling and combination of elements from various individuals into & sikgjl
(e.g, hatchling and nestlingizedMaiasauraandHypacrosauruscomposite
reconstruction 0Oryctodromeuk Inclusion of these composites into the dataset may
therefore be a potential source of error. These composites were included because here
they were mostly based on real material and deemed adequate representations of real
individuals. To the extent that the reconstructions are erroneous, so too will be my

functional interpolations.



juvenile subadult adult

juvenile subadult

(/)
~——

adult

Figure4.9: Basic ontogenetic classificationsriregaherbivorous dinosauws) Basic
ontogenetic stages for hadrosaurids based on cranial crest development and an
sutural fusion. B) Basic ontogenetic stages for ceratopsids basadural fusion,
relative frill development and relative development of the nasal and orbital horns
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4.2.1.3 Ordination and comparisons

Data were recorded inMicrosoft Excel file prior to being imported into R v.
3.6.1 (R Core Team, 2019) where subsequata chanipulation was conducted. Prior to
any further analysis, cranial measurements werérbogsformed to linearize
relationships between the variables (Hammer and Harper, 2q@8jormed two
analyses: the first on a sirecluded dataset containingeasurements from
megaherbivores of varioustogenetic stages (including adults) and small ornithischians,
and a second on a sizerrected dataset containing measurements from sisidad
megaherbivores and small ornithischians. It was necessary toat@nsizecorrected
analysis because the potential shape differences at small sizes was of particular interest to
investigate if small ornithischians overlapped with immature megaherbivores in the
ecomorphospace as a result of similarities in shape.duweethe amount of sizelated
variation in cranial measurements | regressed my cranial measurements against a size
proxy and used the residuals from these regressions in subsequent analyses. To produce
the sizecorrected dataset, cranial measurements fith specimens (including adult
megaherbivores) were regressed against anterior snout-guaitiate lengtfmy size
proxy, herein referred to as skull lengtigingreduced major axis regressi(see
Chapter 2 methods for detail®esiduals for specimens with a skull length shorter than
or equal to the skull length of the largest small ornithischian (CMN 40602;
Pachycephalosaurusp.; skull length=375 mn) were then selected for use in subsequent
sizecorrectecanalyses.

Given the multivariate nature of the dataset and the complexities associated with

trying to identify relationships within such a muiimensional spacéoth sizeincluded
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and sizecorrected datasets wesabjected to principalaanponent analysis (PCA). The
goal of PCA is to reduce multidimensional space down to a few variables of maximal
variance to make trends/groupings in the data easier to identify (Hammer and Harper,
2006). Because not all variables shared the same uniBCise used the correlation
matrix rather than the typical variancevariance matrix to calculate principal
component (PC) scores (Hammer and Harper, 2006; Jolliffe and Cadima, 2016).

Like many other multivariate morphometric procedures, PCAs can only be
conducted on complete datasets (Strauss et al., 2003). Thenafbemplete nature of
fossil specimens means that palaeontological datasets typically contain missing values
thathave to be addressed prior to analysis. Missing values were iterativelyatsdcul
using an uncentered Bayesian PCA (BPCA) wi
ApcaMet hodso package (Strauss et al ., 2003
was used because, unlike other substitution methods@Geogwe r 6 s di st ance ma
substituton of mean, correlated variable regression), Brown et al. (2012) found that
BPCA introduced the least amount of error. Bayesian PCA uses existing values within
the dataset to calculate values for the missing data, individual BPCAs were run on family
or stbfamily level subsets to reduce potential taxonomic biases from influencing the
imputed values. A separate imputation was also ruadataset containing the log
transformed skull lengths in order to decrease the amount influence size had on the
datasetAfter the incorporation of imputed values into the individual data subsets, these
subsets were combined into a single dinosaur datadéiwing the imputation of
missing values, RMA was conducted to obtain the-steected dataset. Both the size

included and sizeorrected datasets were then independently subjecte&CA using
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the Aprincomp()o fun@rnliynPCR rCeopree sTermtm, n @ 0
variation in the dataset were considered.

A non-parametric analysis of variance (NPMAN@)/was then conducted on PC
scores of the sizeorrected dataséd test if taxa differed significantly from one another
The PC scores for the stemcorrected dataset were not analyzed further. An
NPMANOVA is a nonparametric test for significant differees in means between two
or more groups in a multivariate dataset (Hammer and Harper, 2006). Unfortunately, the
number of specimens in each group are different, thus necessitating the implementation
of rarefaction. Rarefying the data removes influencaseaxh by sample size differences
between compared datasets (Hammer and Harper, 2006). Bebaptars 2 and 3
indicated little difference between megaherbivore subfamilies (especially at small body
sizes), and to increase overall sample size, comparisemesoonducted at the family
level. To rarefy the data, hadrosaurids, ceratopsids, thescelosaurids, pachycephalosaurids,
and leptoceratopsids were first separated into different data subsets so that an equal
number of representatives could be selected fraah family. The maximum number of
individuals that could be selected from and used for all subsets was then determined by
finding the number of rows in the small est
t he package fAdpl yr 0esaméinenbdér af manderly selécted 201 8)
specimens from the other, larger data subsets was selected and combined to produce a
single data frame. The NPMANOVA omnibus test was then conducted using the
Aadoni s2()o6 function fr om 20Mgusiiigthegano pack
Mahalanobis distance metric and 1000 permutations. This process was repeated 1000

times and the results were averaged over these intervals. The Mahalanobis distance
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metric was used for similarity/dissimilarity values (sim.method) becaws® ihandle
correlated multidimensional variables (Lewicki and Hill, 2006).
If the averaged omnibus\yalue was <0.05, then followp posthoc comparisons
were conducted on rarified datasets wusing
Af unf unge @rachsal20Y over 100Permutationsising the Mahalanobis
distance metric. This was repeated andlues were averaged over 1000 iterations. The
Apairwise.adonis()o function also all ows t
obtain adjusted-walues when multiple comparisons are being made. For the purpose of
this analysis, fvalues were adjusted using Holm correction because it is less
conservative and more powerful than the Bonferroni method (Holm, 1B@&)crease
the rigour of the statial tests, rarefaction and subsequent NPMANOVASs were

conducted over 1000 iterations.

4.2.2 Maximum feeding height estimates

Maximum feeding height was calculated to determine the height at which
immature megaherbivores were able to extend beyon@#oh of small ornithischian
taxa. Maximum feeding height was determined following the methods of Mallon et al.
(2013). The feeding heights of quadrupedal ceratopsids was calculated by summing the
lengths of the humerus, radius (or ulna if the radius @vaiteble), and metacarpal 11l
(Figure 4.10. This is based on the assumption that the large patgtamosal frill
observed in ceratopsids would have prevented the beak from being elevated much higher

than the shoulders.
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Figure4.10: Quadrupedal maximum feeding height proxies used. Shoulder height (calc
from the summation of humerus, radius/ulna and metacarpal Il lengths) used to appro
the maximum feeding height for ceratopsids.
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Hadrosars, leptoceratopsids, pachycephalosaurs and thescelosaurids are assumed
to be bipedal or facultatively bipedal. Because this analysis is focused on determining the
maximum feeding height for these animals, only the bipedal feeding heights were
calculatedCalculating bipedal feeding height requires estimations of hip height, tail
length and trunk length because these calculations assume that, when the animal reared
up on its hind legs, it could only do so until the distal tip of its tail touched the ground
(Figure 4.11). Hip height was obtained by summing the lengths of the femur, tibia (or
fibula if the tibia is unavailable), and metatarsal Ill. Tail and trunk length was measured
by draping a tailords measuri ng,andaghpe al ong
boundary between tail and trunk was considered to be the middle of the acetabulum.

Using the hip height (vertical side) and tail length (hypotenuse), a smail right
angle triangle can be constructed (Figure 4.11). From this triangle, ang&Ancse, be
calculated# = sin(hip height/tail length). The hypotenuse of this small triangle can be
extended by adding neck and torso length to tail length. The vertical side of this larger
triangle is the maximum feeding height, and can be calculategd tigrangle of the
smaller triangle with the equation (i) A( body | engt h) . Barplots

bipedal feeding heights for each family were then generated.
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maximum feeding height

hip height

=

Figure4.11: Trigonometric model sed to estimate bipedal maximum feeding heigt
for hadrosaurids, thescelosaurids, leptoceratopsids, and pachycephalosaurids (i
from Mallon et al., 2013). See text for details.




The AQE() o0 function in the R package AM

used to estimate the body masses at which hadrosaurids and ceratopsids would have
surpassed the maximum feeding heights of small ornithischian taxa. This function takes
advantage of theniversal and highly conserved relationship between proximal weight
bearing limb bone circumferences and body mass observed in extant terrestrial
mammalian and reptilian quadrupeds to construct a bivariate regression from which body
masses of dinosaursrche calculated from humeral and femoral circumferences

(Campione and Evans, 2012).

4.2.3 Relative abundances

Taphonomic processes are important to consider because they can impact how
likely (or unlikely) a specimen is to enter the fossil record. For exarpiebeds often
originate due to flooding events, which involve rapid burial of skeletal elements, causing
the preservational potential to be higher
2007). Many bonebeds represent mass death assemblages edropseveral to
thousands of individuals of a single species. Unlike small ornithischiears;
megaherbivore clades..,centrosaurines, lambeosaurines, hadrosaunmes likely
gregarious for at least part of the year (Varricchio and Horner, 19@@w-et al., 1995;
Ryan and Russell, 2001; Varricchio, 2011), and so comprise the majority of such
monodominant bonebeds (e.Gentrosaurudonebeds from Dinosaur Provincial Park);
small ornithischians are more often preserved as isolated individualsclBging these
monodominant bonebeds in the dataset, there is a risk of potentially biasing the results

towards higher proportions of megaherbivores because it requires less effort to recover
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the remains of multiple individuals from a single site thaloés to recover multiple
individuals from multiple sites (conversely, the very existence of these assemblages
likely attests to the dominance of their constituent species on the landscape). The same
can be said for the inclusion of nesting sites, as maomng megaherbivore nesting sites
have been recovered (Rogers and Kidwell, 2007). Microsites on the other hand, often
contain small elements from a variety of taxa which, in some instances, have been
concentrated by physical processes. Because micrositeehdxds and nests are instances
where multiple individuals can be preserved, it is important to take steps to prevent
artificial inflation in the number of individuals represented at each site due potential
0duplicationd. To rddptecaheopbétehemalafof
originating from different sides of the body were removed from the dataset (i.e., the
minimum number of individuals were counted based on femora).

Differences in lithology are also important to consider due to théarkhip
between grain size and flow energy (Wilson and Moore, 2016). Small bones can be
transported at lower flow velocities and over greater distancesh{eg.have higher
transportatiorpotentia) than larger elements (Martin, 1999; Wilson and Mpa4.6).
The farther an element is transported from its source, the more likely it is to be destroyed
(Wilson and Moore, 2016). This means that smaller elements are less likely to be
preserved in the fossil record, even if they were actually more commaoattyer
elements, especially in river channel settings (Martin, 1999).

To control for these biases while investigating relative abundances of small
ornithischians and megaherbivores, femoral lengths (in mm) were measured (both

directly and from the liteature) and information regarding taphonomic mode (i.e., found



in bonebed/microsite/nest or not) and lithology (i.e., found in sandstone, mudstone or

other lithology) was collected. Femoral length was used because it is known to scale

isometrically withbdy si ze in terrestrial vertebrates

Campione and Evans, 2012) and because femoral shapes are robust, easy to identify and

broadly similar between ornithischian taxa, making their transportation potential at equal

lengths comparabl@oore and Norman, 2009). Only ceratopsian and hadrosaur femora

that were of the same length or shorter than the largest small ornithischian femur (468

mm; ThescelosaurysMilOR 1158) were included in the dataset to compare abundances at

small body sizes.d¥ simplicity, ceratopsid and hadrosaurid femora were grouped

together under a fAimegaherbivoreo category

pachycephal osaurid femora were grouped und
After importing the data int® v. 3.6.1 (R Core Team, 2019), the specimens were

pl otted on a histogram using the fAgeom_his

(Wickham, 2016) and bins were set for 100 mm increments, with the relative proportion

of counts in each bin displayed percentages. Expressing countpersentageallows

visual comparisons of relative abundance to be made more easily by removing

differences in overall sample size at each bin. Horner et al. (2000) identified early

nestling, late nesting, early juvenibnd late juvenile stages at femoral lengths of

approximately 70, 120, 180 and 500 mm, respectivelylarasaura(Wosik et al., 2017

and references therein). Similarly, late nestling and late juvenile stages for

Edmontosaurubave been established for fera of lengths of 148 and 567 mm,

respectively. IrHypacrosaurushowever, embryonic, nestling and juvenile stages were

identified at femoral lengths of approximately 80, B85, and 600 mm. Setting bins at
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100, 200, 300, 40@nd500 mm increments allowisr abundance differences at various
life stages in hadrosaurs to be investigated while accounting for variability between
species. Bin increments cannot be related to ceratopsid growth data because relatively
few femora were recovered for ceratopsidieatoral lengths <300 mm. A ckguare

test was used to determine if the counts observed for each subset (i.e., all, bonebed,
isolated, sandstone, mudstone) and bin were significantly different from a 50:50
distribution (i.e., assuming equal distributidos megaherbivore and small

ornithischians). The resultingyalues from all of these tests were adjusted for multiple

comparisons usinthe Holm-correctionmethod

4.3 Results
4.3.1 Skull morphometrics
4.3.1.1 Sizeincluded PCA

The raw data are provided Appendix Kand sample sizes are provided in Table
4.2 The first two PC axes account for 81.5% of the total variation within the dataset
(PC1=68.4%, PC2=13.1%). Loading plots for these axes are provided in Appendix L.
Immature megaherbivores and all snmatiithischians are separated from mature
megaherbivores along PC1 due to their overall smaller sizes (Figure 4.12). Along PC2, a
large amount of overlap occurs between leptoceratopsids and juvenile ceratopsids, and
thescelosaurids and juvenile hadrosaiieigure 4.12). Pachycephalosaurids show some
overlap between immature hadrosaurids (especially lambeosaurines), leptoceratopsids
and immature ceratopsids. Snout shape index loads heavily and negatively along PC2,

followed by paroccipital process bread#&ppendix L). Snout depression, distance from
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Table4.2: Sample sizes for principal components analysis ofsizkided and sizeorrected

datasets.

Classification Stage Sizeincluded | Sizecorrected

Hadrcsauridae Juvenile 15 4
Subadult 21 3
Adult 70 0

Ceratopsidae Juvenile 4 4
Subadult 8 0
Adult 42 0

Pachycephalosauridg Adult 5 5

Thescelosauridae Adult 5 5

Leptoceratopsidae | Adult 4 4
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LEGEND

Ceratopsidae Hadrosauridae Leptoceratopsidae (n=4)
W mature (n=42) W mature (n=70) ¥ Thescelosauridae (n=5)
W/ immature (n=12) O immature (n=36) ~+ Pachycephalosauridae (n=>5)

PC2(13.1%)
o

PC1(68.7%)

Figure4.12: Principal component analysis of megaherbivores and small ornithischians shc
the plot of PC2 against PC1 for the rsined corrected dataset.
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the distal end of the tooth row to middle quadrate, and snout width Is@t/@ly along

PC2.

4.3.1.2 Size corrected PCA

Sample sizes are provided in Table ZRe first six PC axes account for 87.3%
of the total variation within the dataset (PC1= 33.6%, PC2=17.9%, PC3= 12%,
PC4=10.2%, PC5= 6%, PC6=5.5%). Loading plots for theseaargwovided in
Appendix M. Thescelosaurids are separated from other taxa along PC1 due to their
narrower snouts and paroccipital processes, shorter snout lengths anterior the diastema,
and squatter skulls, occiputs and dentaries (Figure 4.13). Pachipsepinals have
intermediate values for these variables and show slight overlap with leptoceratopsids,
hadrosaurids, ceratopsids and thescelosaurids. Pachycephalosaurids are separated from
other taxa along PC2, distinguished by their longer tooth rowsjégsessed snouts, and
shorter diastema lengths (Figure 4.13).

Most taxa show overlap along PC3 except for ceratopsids, which do not exhibit
any overlap with pachycephalosaur{&sgure 4.13) Overlap between juvenile
ceratopsids andadrosaurids along PC3 is minimal. The lack of overlap between
ceratopsids and pachycephalosaurids and the minimal amount of overlap between
ceratopsids and hadrosaurids may be due to small sample sizes for juvenile ceratopsids,
as there is likely variatiowithin the population unaccounted for. However, because a
wide range of sizes have been sampled, this overlap will likely remain relatively
minimald even with increased sample sizes. Along PC3, SSI, occiput height, skull height

and distance from the distend of the tooth row to the middle of the quadrate load
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negatively, and snout width, snout length and the distance from the coronoid apex to the
middle jaw joint load positively (Appendix M). Overlap is observed for all taxa along
PC4, PC5 and PCeigure 4.13;Appendix N).

The omnibus tests for the rarified NPMANOVA indicate statistically significant
differences (p=0.001) between some of the small ornithischians and juvenile
megaherbivores considered in the siperected dataset (Table81. Toincreag the
power of poshoc pairwise tests, comparisons were made between thescelosaurids,
pachycephalosaurids and juvenile megaherbivores because, based on the results of the
PCA, thescelosaurids and pachycephalosaurids showed the most separation between each
other and with juvenile megaherbivores. Leptoceratopsids were not considered because
this group exhibited some overlap with other small ornithischian taxa and overlap with
juvenile megaherbivores along all PCs. Even though significant differences westedet
by theomnibustest, poshoc pairwise NPMANOVAs were unable to identify groups
that significantly differed from onanother (Table 4). From the results of these pdsic
comparisons, it is expected that pachycephalosaurids would be significéietigrdi

from all other taxa, as these comparisons yielded the least signifivahigs.
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PC4 (10.2%)

%/ immature Ceratopsidae {n=4)
O immature Hadrosauridae (n=13}
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Leptoceratopsidae (n=4)
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Figure4.13: Principal component analysis of simisized megaherbivores and small
ornithischians showing the plot of the first four PCs for the-stzeected dataset. A) Plot of
PC1 vs. PC2. B) PC3 vs. PC4. The plot of PC5 vs. PC6 is available in Appendix N.
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Table 4.3: Average omnibus values for NPMANOVA tests conducted on rarifiedcgsimected
small ornithischian and juvenile megaherbivore datasets. Abbreviatiorde@®es of freedom,
SS sum of squares. Sampizes are provided in Table 4.2.

Df SS R? F Pr(>F)
Model |4 45.063 0.395 2.459 0.001
Residual| 15 68.937 0.605
Total 19 114.000 1.000




Table4.4: Average values for select pdsic pairwissNPMANOVAs conducted on rarified size
corrected small ornithischian and juvenile megaherbivore data. Sample sizes are provided in
Table 4.2.

Pairwise comparison F statistic R? Uncorrected | Holm-corrected
(of model) p-value p-value
Hadrosauridae v&eratopsidae 1.162 0.162 | 0.272 0.748
Hadrosauridae vs. Thescelosauridae 1.167 0.163 | 0.249 0.724
Hadrosauridae vs. Pachycephalosauridae| 1.191 0.166 | 0.146 0.624
Ceratopsidae vs. Thescelosauridae 1.125 0.158 | 0.377 0.816
Ceratopsidae v®achycephalosauridae 1.192 0.166 | 0.162 0.674
Thescelosauridae vs. Pachycephalosauriq 1.183 0.165 | 0.188 0.685
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4.3.2 Maximum feeding height estimates

Raw postcranial data and feeding height estimates are provided in Appendix O.1.
The estimated feeding heights for all specimens from the five ornithischian families are
depicted in Figure 4.14 and given in Appendix O.2. Of the small ornithischian taxa,
leptoceratopsids were the most restricted and unable to reach much higher than 1 m, even
when assuming a bipedal feeding posture. Most pachycephalosaurids and thescelosaurids
were also restricted feeding at or below ~1.5 m, with the exception of a single larg
ThescelosaurugVIOR 979R), which has a feeding height of ~2 m.

Hadrosaurids would have surpassed the feeding heights of all small ornithischians
when they reached a bipedal feeding height of ~2.3 m. Ceratopsids would have fed within
the samdneight ranges as most small ornithischians, as the maxsatatopsid feeding
height is estimated at around ~ 1.3 m (Figure 4.14). The only small ornithischians that
ceratopsids surpassed in feeding height were the leptoceratopsids, and this only occurred

at very large adult body sizes (~4,400 kg).
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Ceratopsidae
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Pachycephalosauridae
Thescelosauridae

Figure4.14: Maximum feeding heights calculated for megaherbivores through
ontogeny and adult small ornithischian taxa. Each point represents a feedinig
calculated for a single specimen (see Appendix for raw data and calculated
maximum feeding heights for each group). Note: estimates provided for ceral
are quadrupedal feeding heights and the estimates for all other taxa are bipe
feeding heiglg. Styracosaurusilhouette modified from C. Dylke (taken from
phylopic.org). Hadrosaur silhouette created based on drawing of bipedal had
from Mallon et al. (2013) anHarasaurolophusilhouette by J.M. Wood (taken
from phylopic.org) Thescelosaurusilhouette constructed from drawings in Boy
al., 2009; leptoceratopsid silhouette constructed from artwork taken from
paleofile.com Pacycephalosaurusilhouette constructed based on artworkShé.
Vega
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4.3.3 Relative abundancs

The rawfemoral dataset is provided in Appendix P. Young megaherbivore femora
generally outnumber those of small ornithischiarab{e 4.5Figure 4.15). This is
particularly true for bonebednd mudstonéosted occurrences. Isolated and sandstone
hosted occurrases exhibit no significant differences in abundai@ihin the combined
dataset, megaherbivores significantly outhnumbered small ornithischians for femora <100
mm, and between 400 and 600 mhaljle 4.6;Figure 4.15). Megaherbivores outnumber
small ornithighians in mudstone deposits for femora between 200 and 500 mm in length.
In the bonebed dataset, megaherbivores also outnumber small ornithischians for femora
<100 mm in length and between 300 and 500 mm. No significant differences were
observed otherwise.

The above results include specimens from multiple sedimentary formations, time
averaged over a period of approximately 10 Myr. To reduce the effects of time
averaging, comparisons of relative abundances were also made for the Two Medicine
(n=43) and Dinsaur Park (n=30) formations, as these formations are the best sampled.
The Dinosaur Park and Two Medicine formations contain significantly greater numbers
of young megaherbivoréslikely due to the number of bonebeds found in these
formations Table 4.5;Figure 4.15). Within the three formations, most comparisons at the
bin-level did not indicate significant differences with the exception of the5000mm
bin in the Two Medicine Formation, which indicated significantly higher proportions of

megaherbivoreglable 4.6Figure 4.15).
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Table4.5: Results for chsquared tests conducted on femoral dataset angegsibSignificant p
values are given in bold. Abbreviations: Fanmation; MH megaherbivore (ceratopsids,
hadrosaurids); SGmall ornithischians (leptoceratopsids, pachycephalosaurids, thescelosaurids).

, Observed count .
comparison Expected count | ¢ statistic p-value
MH SO

complete 116 56 86 20.930 4.76E06
sandstone 16 15 15.5 0.032 0.857
mudstone 49 9 29 27.586 1.50E07
isolated 11 26 18.5 6.081 0.014
bonebed 76 17 46.5 37.430 9.47E10
Dinosaur Park Fm 24 6 15 10.800 0.001
Two Medicine Fm 41 12 26.5 15.868 6.79E05
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Table4.6: Bin-level chisquared comparisons. Significant@lues are given in bold.
Abbreviations: MH megaherbivore (ceratopsids, hadrosaurids), s@all ornithischians

(leptoceratopsids, pachycephalosaurids, thescelosaurids).

. Observed count - Un-adjusted | Holm-adjusted
comparison MH ‘ S0 Expected count | ¢ statistic p-value p-value
Complete Dataset
[0,100] 24 5 145 12.448 4.18E04 0.002
(100,200] 26 20 23 0.783 0.376 0.753
(200,300] 20 17 185 0.243 0.622 0.753
(300,400] 21 8 145 5.828 0.016 0.047
(400,500] 25 6 155 11.645 0.001 0.003
Sandstone subset
[0,100] 1 0 0.5 1.000 0.317 1.000
(100,200] 5 5 5 0.000 1.000 1.000
(200,300] 2 6 4 2.000 0.157 0.786
(300,400] 5 2 3.5 1.286 0.257 1.000
(400,500] 3 2 2.5 0.200 0.655 1.000
Mudstone subset
[0,100] 7 1 4 4.500 0.034 0.068
(100,200] 12 5 8.5 2.882 0.090 0.090
(200,300] 12 2 7 7.143 0.008 0.027
(300,400] 10 1 5.5 7.364 0.007 0.027
(400,500] 8 0 4 8.000 0.005 0.023
Isolated subset
[0,100] 2 0 1 2.000 0.157 0.472
(100,200] 1 7 4 4.500 0.034 0.136
(200,300] 2 11 6.5 6.231 0.013 0.063
(300,400] 3 6 4.5 1.000 0.317 0.635
(400,500] 3 2 2.5 0.200 0.655 0.655
Bonebed subset
[0,100] 16 4 10 7.200 0.007 0.022
(100,200] 17 10 135 1.815 0.178 0.178
(200,300] 12 3 7.5 5.400 0.020 0.040
(300,400] 13 0 6.5 13.000 3.11E04 0.001
(400,500] 18 0 9 18.000 2.21E05 1.10E04
Dinosaur Park Formation subset
[0,100] 3 0 15 3.000 0.083 0.354
(100,200] 11 4 7.5 3.267 0.071 0.354
(200,300] 4 2 3 0.667 0.414 0.414
(300,400] 3 0 15 3.000 0.083 0.354
(400,500] 3 0 15 3.000 0.083 0.354
Two Medicine Formation subset
[0,1000 |6 3 | 45 1.000 0.317 0.635
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(100,200] 13 7 10 1.800 0.180 0.539
(200,300] 6 1 3.5 3.571 0.059 0.235
(300,400] 3 1 2 1.000 0.317 0.635
(400,500] 13 0 6.5 13.000 3.11E04 0.002
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Figure4.15: Femoral count distributions for the overall dataset and select data subsets. |
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4.4 Discussion
4.4.1 Potential for competition at small bodysizes

It was predicted that, if competition at small body sieelgo the leftskewed
body sizedistributions observed for Late Cretaceous North American herbivorous
dinosaurs, then small ornithischians should have been isolated from sixgdr
megalerbivores within the ecomorphospaCeerlap isnotobserved between some
similar-sized ornithischians in both the sizerrected and sizecluded
ecomorphospaces, and is generally consistent with the predictions made by the
competition hypothesisn thesizecorrected ecomorphospace, some separation is also
observed between juvenile megaherbivores and pachycephalosaurids and thescelosaurids.
Even thoughherarified omnibus NPMANOVA results did indicate that there were at
least some significant differees betweegroups,posthoc tests could not identify which
groups differed likely due to low powerDespite being unable to detestatistical
differences between groups, there were likely differences between small ornithischian
taxa as well as betweeaghycephalosaurids (and possibly thescelosaurids) and juvenile
megaherbivores based on separation along the first two PCs in theszdaed
ecomorphospace. The inability to detect significant differences between groups in post
hoc tests and distributig in the ecomorphospace indicates that, despite some results
being consistent with the competition hypothesis, there are further considerations to be
made regarding sample sizes and potential deviations from the predictions made
regardingseparation

In the sizecorrected dataset, the maximum number of individuals that could be

selected from each group is small (n=EB¢spite this limitation, a large amount of
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variance was accounted for especially inttlescelosauridpachycephalosaurid, and
hadrosaud subsets, as individuals from a variety of different sizes are included. In
addition, the data were rarified and permuted to make statistical comparisons more
robust. Given that all currently available and usable juvenile megaherbivores and small
ornithischians from the Late Cretaceous of North America were sampled, the results
presented here are the best estimates currently available for investigations into potential
for competition at small body sizes. When more specimens are found that are suitable for
ecomorphological investigations, it will be important to conduct a fellpvstudy to
determine how and if the results presented here change with larger sample sizgsc Post
power tests suggest that at least six more specimens per family would be basdédd,

on the effect size of the current dataset (Appendix Q).

The eomorphological overlap between leptoceratopsids and juvenile
megaherbivorealso demands some attention as it does not necessarily follow from the
competition hypothesis. One possibilisythat these taxa were still experiencing some
competitive process on the palaeolandscape. Another possibility is that they were
separated along some other niche dimension that was not or could not be considered here
(e.g., diel activity, preferred habijaGiven that leptoceratopsids and ceratopsids
coexisted throughout the Late Cretacebasduration of ~10 million yeaiisseparation

along another niche dimensi@quite probable.

4.4.2 Diet and Ecology
It is also important to consider how these morphalalgilifferences may have

impacted feeding ecology. Two organisms may feed on the same resource but possess



different morphological features (e.g., due to phylogeny) that would allow them to feed
on this resource. Because the taxa investigated here beldiftetent families, it is

likely that there are phylogenetic and/or behavioural differences that could contribute to
the differences in morphology detected along PC1 and 2 in themimscted
ecomorphospace.

Absolute size differences have implicatidosfeeding selectivity, bite forces and
feeding height. The absolutely greater sizes of adult megaherbivores compared to small
ornithischians would have meant that adult megaherbivores cadldhelarge quantities
of mechanically resistant vegetatioroging at different heights. Juvenile
megaherbivores and small ornithischians would have selectively fed orreofeeasily
croppedvegetation that grew close to the ground.

Within the sizecorrected ecomorphospace, separation of thescelosaurids and
pachycephalosaurids suggests there may have been some differences in feeding
behaviour despite overall size similariti#e narrower snouts of these taxa would have
made them more selective compared to juvenile hadrosaurids.

The deeper mandibles and taksulls inleptoceratopsids and juvenile
megaherbivorewould have provided better resistance against bending stresses generated
during biting of mechanically resistant materials (Janis, 1990, 1995; Spencer, 1995;
Mendoza, 2002; Henderson, 2010). The gedistance between the coronoid process
apex and jaw joint observed in leptoceratopsids and juvenile megaherbivores would have
also enabled them to process more mechanically resistant materials by positioning the
coronoid apex more anteriorly relativethe distal end of the tooth row, increasing

mechanical advantagand consequently, bite for@@strom, 1966; Henderson, 2010).
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Taxonomic differences in overall snout length and depression would have had
consequences for feeding behaviour due to differences in relative bite forces generated at
the snout tip. Shortening of the snout and/or increases in ventral deflection of the snou
would increase bite forces generated at the cropping mechanism by moving the bite point
caudally (Greaves, 1974, 1991; Spencer, 1995; van der Meij and Bout, 2008; Mitchell et
al. 2018). A more caudally located bite point shortens the moment arm ofplleslap
force (the length of the snout anterior the tooth row) relative to the moment arm of the
resistance force (length of the lower jaw anterior the jaw joint) (Mallon and Anderson,
2015). Because vertebrate jaws generally behave likedlsiss levershy decreasing the
length of the moment arm relative to the resistance force, the leverage increases and, as a
result, so does relative bite foréemore ventrally deflected beak tip may have also
facilitated the consumption of lowgrowing vegetation athe cropping mechanism
would have been positioned closer to groidawkl. The longer tooth rows and less
ventrally deflected snouts in pachycephalosaurids would have reduced relative bite forces
at the snout tignd assisted with the cropping of higiggowing vegetatiorwhile the
shorter length of the snout increased relative bite forces. The shortened length of the
snout anterior the diastema observed in thescelosaurids compared to other forms
(especially leptoceratopsids and juvenile megaherbivoresvwawe increased relative
bite forces at the snout tip.

In modern bovids, differences in paroccipital process breadth and occiput height
are correlated with differences in feeding behavidanis, 1990; Spencer, 1995;

Mendoza, 200R Unlike browsers, with use their tongues and lips to pluck vegetation

off of branches, grazers use sharp head motions to sever vegetation gripped between the



incisors. Because the paroccipid occipitabrea are area$or the insertion of cervical
musculature, increasesthe width of the paroccipital processes and height of the occiput
correspond to increases in the size of this musculature. Hadrosaurs, ceratopsians and
thescelosaurids would have lacked lips altogether, instead possessing a hard, keratinous
sheath ovethe rostral bone/premaxilla, and would have therefore had to rely on head
movements or increased forces at the snout tip to sever vegetation (Morris, 1970; Dodson
et al., 2004; Boyd, 2014). The wider paroccipital processes and taller occiputs in juvenile
megaherbivores and leptoceratopsids may be reflective oéldtesely more important

role of sharp head movements made during feeding as bite forces generated at the snout
tip may have not been enough to sever vegetation. The narrower paroccipitalgzratess
thescelosaurids and pachycephalosaurids, on the other hand, may indicate that these taxa
relied on higher relative bite forces at the tip of the snout to sever vegetation, rather than

sharp head movements.

4.4.3 Ecological Release

Increasing size woulbdave been especially important for hadrosaurids as it relates
to feeding height. Feeding heigirid body massastimates indicate that hadrosaurid
feeding height would have exceeded that of the largest small ornithischian specimen
(Thescelosaurysat ~335 k. Based on the calculated growth curvesMarasaura
(Woodward, 2015), this means that hadrosaurids would have outgrown their small
ornithischian competitors within the first
with small ornithischians is knowas competitive release (Begon et al., 2006), which

occurs when the niche of an organism expands in the absence of a competitor. Thus,
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when hadrosaurids were able to outreach and process more mechanically resistant food
than their smalbodied ornithischia competitors, they were able to expand their niche as
suggested by the fanning of megaherbivore data within thersizeled
ecomorphospace.

Competitive release may have also occurred in ceratopsids; however, this release
would have only been a resuftrdche expansion due to increasing bite forces. Feeding
height would not have helped to alleviate competition because ceratopsids would have
only exceeded the maximum feeding height of leptoceratopsids by ~4408 ¢ige that,
for most ceratopsids (witlhé exception oTriceratopg would have been attained
sometime during adulthood. In addition, even the largest ceratopsids were unable to
outreach thescelosaurids and pachycephalosaurids as the maximum feeding heights for
these taxa are greater than theximaum 1.3 m feeding height attained by ceratopsids.

In animals undergoing ONSSs, ecological release from resource competition may
be accelerated by higher intrinsic growth rates at sizes where competitive pressure is
highest (Werner and Gilliam, 1984; Akt and Wi | son, 1997). With
growtho strategy, these higher intrinsic g
time in size classes where competition for resources are relatively high. However, the
tradeoff is that the probability ofigviving to larger size classes is reduced due to a
competitive juvenile bottleneck. AOptimist
the competitor. In situations where the other competitor species does not shift its niche
with size, lower intrigic growth rates are expected because theshidting species
experiences competition (i.e., poor resource conditions) for their entire life cycles. It is

possible that hadrosaurids and ceratopsi ds
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as there isigh potential for ONSs in these groups and growth rates in the first couple
years of life are known to be high (see Chapter 2 and 3 for details; Lehman, 2006;
Reizner and Horner, 2006; Erickson and Druckenmiller, 2011; Varricchio, 2011;
Vanderveen et al2014; Woodward et al., 2015). Small ornithischiépecifically
orodromineyare also known to have secondarily developed slower growth rates
compared to these larger dinosaumtentially due to competition (Padian et al., 2001).
Future research invigating if higher growth rates observed in latgmlied dinosaurs

(e.g., hadrosaurids, ceratopsids) secondarily evolved may provide further support for this

concept of fAoptimistic growtho.

4.4.4 Relative abundance

Interspecific competition is oftedmghly asymmetric and stronger interspecific
competitors will typically outcompete weak interspecific competitors (Begon, 2006).
Because megaherbivores appeared to have been able to escape competition after a certain
point in their development (for hadrasals, this would have been within the first year),
this would have made them potentially better competitors than small ornithischians (see
end of previous section). Competitive asymmetry is expected to influence the relative
densities of the competing @axvhere the better interspecific competitor is expected to be
more abundant than the weak interspecific competitor. Thus, assuming interspecific
competition was more important than intraspecific competition (which may be expected
given the presence of ON8smegaherbivoresand competitive asymmetry, juvenile
megaherbivores should be relatively more abundant than small ornithischians under

taphonomic equivalency.
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Overall, the distributions andyalues for chisquared tests match this prediction.
Even hough small ornithischians outhumber megaherbivores as isolated occurrences, this
is not completely unexpected given that small ornithischians are commonly (though not
exclusively) interpreted as having been solitary animals (Rogers, 1990; Farlow et al.,
1995). Thus, it is more likely that they would be preserved as isolated individuals
compared to the more gregarious megaherbivores.

Similarities in the relative number of small ornithischians and megaherbivores in
sandstones may also be a resutrafispotation. As discussed previously, small
elements have higher transportation potential. Thus, remains found in sandstones are less
likely to represent true ecological assemblages. Dodson et al. (1998) proposed that small
ornithischians preferred upland segis which have poor preservational potential
compared to floodplain/fluvial settings. If small ornithischians did prefed were more
abundant inupland settings, then, potentially, rivers nieaye carriemall
ornithischian remains from the uplandwladeposi#dthem in the lowland areas where
megaherbivores are typically found, thus producing a deposit with statistically similar
proportions of megaherbivores and small ornithischians. Distinguishing this would
require more taphonomic informatiée.g, rounding/scouring or other evidence of leng
distance transport)n short, there does appear to be some influence of competition and
taphonomy in the observed body size distributions. It is also worth noting that there are
no instances where small orngbhians significantly outnumber megaherbivores as may

be expected if taphonomy were purely responsible for the shaping of these communities.
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4.5 Conclusiors

Dinosaur assemblages exhibit a bias towards ldrgeied herbivores, which runs
contrary to modermammal communities. Some workers proposed that dinosaur
communities were so different because of competition between juvenile megaherbivores
and small ornithischians, which limited the relative abundances (and diversity) of the
latter (Codron et al., 2012013). Other workers proposed that the negatiskéwed
distributions may have been the result of taphonomic biases (Brown et al., 2013b).

The present study demonstrates, providing some evidence for the competition
hypothesis. This is further attestieglthe generally greater abundances of the immature
megaherbivores under taphonomic equivaleriowever, some caution is needed with
the interpretation of these results at face value as it is also possible that these taxa
partitioned resources along other niche dimensions ¢kefactivity, habitat preferenge
that were not/could not be accounfedin these analyseBecause niche partitioning is
expected to originate under conditions of strong competitive pressure, it should be
expected that ancestral assemblages should exhibit more overlap in ecomorphospace.
Under the competition hypothesisalso follows that these ancestral assemblages should
also contain a greater diversity of small species. However, research to tres end
required

Given their larger adult body sizes and oviparous nature (Varricchio, 2011),
megaherbivorous dinosaurs expaced more complex life histories than mammals,
which would have resulted in differences in overall community structure. Results
presented ithapters 2 and 3 provide evidence for changes in niche occupation through

ontogeny which would have allowed méggbivorous dinosaurs to occupy various roles
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within the ecosystenburing ontogenygeratopsids and hadrosaurids experienced

changes in size and shape would have endahldto escape competition with small
ornithischians and broaden their occupied récB&pansiorof these niches would have
increased survivorship as there would have been less competition for resources at larger
body sizes, resulting in their relatively higher obseraledndancem the fossil record.
Conversely, small ornithischians wdlhave remained in these competitive bottlenecks

and remained relatively limited in terms of diversity and abundance.

This study is the first to investigafecompetition produced lefkewed body
sizespecies richness distributions of herbivorous dinos of Late Cretaceous North
Americafrom an ecomorphological perspective. Presently, only a handful of individuals
from each family (n<10) have been collected and are available for study. These small
sample sizes may not accurately reflect morpholog@ahtion within these groups
despite the individuals includedpresenting aange of body size®.g., 16 kgStegoceras
vs. 370 kgPachycephalosauru8rown et al., 2013; Bensen et al., 201@hce more
adequate specimens are found and made availaldtufty, followup investigations will
be prudent to test the findings presented here. Research into dental microwear may also
prove useful as analyses of dental microwear in both extinct and extant animals have
been shown to reflect dietary differencesl@@aias and Semprebon, 2002; Semprebon et
al., 2004; Rivals and Semprebon, 2011; Whitlock, 2011; Mallon and Anderson, 2014b).
Again, caution should be used with the interpretation of competition based exclusively on
overlap within reconstructed ecomorphasg as partitioning can occur along other
dimensions which were not or cannot be accountedrtdure investigations into relative

abundances will also be needed once more complete and detailed specimen locality
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information can be obtained as this wiltiease the power of statistical tests conducted

on lithological and taphonomic mode subsets allowing researchers to construct a more
detailed picture of how these dinosaurs were distributed across the landscape. Given the
incomplete nature of the fossilo@d and the complexity of dinosaur ecosystems,
competition and taphonomy appear to have both played a role in shaping the observed

distributions of dinosaur communities.

16¢€



Chapter 5: Conclusiors

Late Cretaceous North America hosted an array of {rg@1 000 kg-) and s
bodied(<100 kg)herbivorousdi nosaurs ( O6Gor man and Hone,
2012, 2013; Mallon et al., 2012, 2013; Brown et2013a,b; Mallon and Anderson,
2014a,b, 2015). Multiple questions have arisen regarding how so mioyoinescould
have occupied the same landmass at the same Megaherbivores comprised-82%
of the total dinosaur fauria terms ofabundanceand in some instances updia species
of megaherbivores coexisted at one tifpedson, 1983)Previous reearch has shown
that adult megaherbivores were able to coexist via niche partitioning (Mallon, 2019).
However, little is known about the roles juvenile megaherbivores and stipadiexd
ornithischians played in these communitiésvas proposed that, beaese dinosaur life
strategies were likely different from those of mamnfalg., oviparity vs. viviparity,
reproductive output, adult:neonate mass rajioyng megaherbivores occupied their own
ecological roles and were potentially important competitbssrall ornithischians
(Codron et al., 2012, 2013; Mallon, 2019).

Unlike mammals, dinosaurs were oviparous and experiencedymaaltigrowth
which likely meant that they had more complex life histofies, experienced more
nichechanges during ontogg) (Varricchio, 2011; Codron et al., 2012, 2013). Because
many modern oviparous animals, such as crocodilians and some birds, undergo ONSs, it
was proposed that megaherbivorous dinosaurs also underwent ONSs (Dodson, 1975a,;
Platt et al., 2006; McLeay et.aR009). Investigations into the dietary implications of
growth in hadrosaurids and ceratopsicsapters 2 and 3) provided evidence for ONSs in

these taxa. Results suggested that juvenile megaherbivores selectively fed onsoft, low
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growing vegetatiopwhile adultsatetougher, more mechanically resistant vegetation
growing at various different heights. Thus, morphological differences would have not
only mediateccompetition interspecificallyhut alsointraspecifically

Differences in dietary requirementay have also helped facilitate the
segregation of different aggassesas implied bythe existencef bonebed$acking
certain ageclasses. These agegregatd groupsnay have been necessitated by
differences in the needs of sexually mature and $igxoanature individuals
(Varricchio, 2011)Oviparity would have meant sexually mature individuals had to seek
out suitable nesting sites and potentially even have had to defend territory to earn
breeding rights and/or prime nesting sites. If dinosaurs sieilar to modern
archosaurs, the pieatching portion of the reproductive cycle may have taken 4 to 7
months to complete. If parental care was also provided, the reproductive cycle would
have lasted even longer, potentially taking most of the yeamplete. Parental care has
been implicated for several different dinosaurs, including the hadroddardaura In
Maiasauranestlings the ends of the limb bones have an incomplete, spongy
endochondral metaphysis which would have been unable to withstand prolonged
locomotor activity (Horner, 2000). Thus, (at least some) dinosaurs would have been nest
bound and required parental caregome period of time after hatching, further
extending the length of the breeding season and spatially and temporally restricting
reproductively mature adults to nesting areas for most of the year (Varricchio, 2011).
Non-breeding individuals, on the othieand, would have been mobile yeaund and
probably relied on resources farther away from nesting areas to reduce competition

and/or because territorial breeders drove them away from the area. Thus, differences in
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dietary requirements would have alloweddxding and nobreeding individuals to form

separate aggregations and occupy different areas of the landscape (Varricchio, 2011).
The greater complexity of dinosaur life histories may have also meant that

dinosaur ecosystems were controlled by diffepgntesses than mammalian ecosystems

In both modern and extinct mammalian ecosystems, smaller animals are more abundant

and diverse compared to larger anim8larquth, 1982; Peters and Wassenberg, 1983;

Siemann and Brown, 1999; Kozlowski and Gawelcyzk 22@mith and Lyons, 20}1In

Late Cretaceous North American dinosaur ecosystems, howgevalierbodied

ornithischianssuch as leptoceratopsids, thescelosaurids and pachycephalgseenéds

relatively less diverse and less abundant than larger taxah@drosaurids and

ceratopsids) (0O6Gorman and Hone, 2012; Cod

2013a,b) This bias towards megaherbivores was proposed to be the result of competition

between similasized juvenile megaherbivores and small ornitheas which

ultimately limited the diversity of the latter (Codron et al., 2012, 204/&hin a size

structured assemblage such as tlidtate Cretaceous North America, small

ornithischians and similagized young megaherbivores are expectanttmpy different

niches (i.e.different areas of the ecomorphospat#)e assemblageepresented the

result of strongcompetitive forces acting overolutionary historylt would also be

expected that this past competition would have limited the abundance and richness of

small ornithischian species, especialy megaher bi vores exhibited

(see Chapter 4 end of sectibid.3 for details If taphonomic kases were responsible for

the body sizalistributions observed in Late Cretaceous assemblageswhen



accounting for these biasesnall ornithischians are expected to be as or more abundant
than megaherbivores.

Chapter 4 demonstrated potential competition betwseamgjuvenile
megaherbivores and small ornithischians, specifically between leptoceratopsids and
juvenile megaherbivores, as other small ornithischian clades (thescelosaurids,
pachycephalosaurids) are separated from other groups within the ecomorphospace.
However, this separation (i.e., niche partitioning) is also to be expected as@s@hd
under condibns of strong ompetition.Regardless of which groups of small
ornithischians juvenile megaherbivores competed with, megaherbivores hawad
outgrown their competitors, undergoing ecological release and expanding their occupied
niches(for hadrosauridghis would have been within the first year of lif€pdron et al.
(2012,2013) also predicted that small ornithischians would be less abundant than juvenile
megaherbivores as a result of their competitive disadvantage. The relative abundances of
similar-sized megaherbivores and small ornithischians generally match this prediction.
However, for isolated and sandstone occurrences, small ornithischians were present in
statistically similar abundances as megaherbivorespafl be expected if taphondmn
processeswvere responsible for the observed dinosaur body size distribufibos, both
competition and taphonomy are likely responsible for the body size distributions

observed in Late Cretaceous North American dinosaur assemblages.

5.1 Limitations
This studypresents &rst step inexaminingthe potential influences ONSs had in

the structuring of dinosaur communitié®wever, further research is needéde
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relative rarity of smaltinosaummaterial means that sample sizeslavg and analyses
inescapablyely on composite reconstructionEhe analyses presented here will need to
berepeatednce more suitable specimens have been recovered and made available for
study to see itheyare supported

There are other inherent difficulties associated with workimgalaeontological
dataset. With dental microwear analyses for example, obtaining useful data can be
extremely difficultbecausevear is not always preserved on occlusal surfaces and, unlike
with modern datasets, the pool of specimens to sample frdneaslg limited to a small
subset as teeth often fall out of the skull shortly after déatBlénc et al., 2016
Another issue that arises from working with dental microwear is that postmortem damage
(e.g., acid etching, tool marks) can obscure wear fiatimreducing samples sizes even
further.How dental microwear is measured can also create is§gemparabilitywith
other studie®ecausehere can be variability not only imorking magnification, but also
in the numbers of features countestween observersi{hlbachler et al., 2012;
Mihlbachler and Beatty, 20}2

The inclusion of measurements taken from composite reconstructions is another
important consideration that must be made. Composite reconstructions are typically
produced by scalgnand combining material belonging to multiple individuals into a
single skull(Lautenschlager, 2016J his process makes assumptions regarding how these
elements may have actually scaled with size. Sometimes these assumptions are not even
made using matel from the same genus. Other times assumptions regarding relative
proportions are best guesses made using material from cletstigd taxa. The inclusion

of such composites can thus create a false representation of morphological variability
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within a pgulation. Attempts were made to reduce the amount of error associated with
the use of such composites in my datasets by only selecting composite specimens
produced from individuals of the same taxon from the same bonebed (e.g., MOR 548).
While this makesdwer assumptions, there is still the opportunity for error to be
introduced because variation across multiple individuals is being concentrated and treated
as a Asingleodo individual. Because sampl es
(e.g., smalbrnithischians), it is necessary to use these constructions but acknowledge
that these reconstructions can potentially introduce error into analyses.

There are also possible issues with using morphology as an ecological proxy.
Even though anatomical fesies have been shown to be closely correlated with diet,
habitat and feeding behaviours in modern animals (e.g., Spencer, 1995; Janis, 1990,
1995; Mendoza et al., 2002), there are som
not be accounted for in itkeletal morphology. Modern animaigy have similar
morphologies but not compete with each other due to differences in, for example, habitat
preference, diel activity, and migration patterns (Begon et al., 2006). In ornithischian
dinosaurs, this createsmae difficulties because there are no extlrgcendantelative
available to study. It is therefore impossible to know for certain if, for example, two taxa
were active at the same times of day or if they occupied the same area at the same time.
This meas that, even though leptoceratopsids do overlap in ecomorphospace with
juvenile megaherbivord€hapter 4)they may have still partitioned resources along
another niche dimension that was not or could not be accounted for.

Lastly, error can batroduced through the use of a thaeeraged dataset. For

competition to even potentially occur, taxa must overlap in both space an@egun et
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al., 2006) In the case of the present study, it was necessary to include specimens from
various formationso achieve a sample size large enough for analysis. However, because
taxa were sampled from various formations, the datasets weravenaged over ~10

Myr. This means that many specimens never overlapped in time and/or space and
therefore did notcommie a ftr ue o0 e c ddweverjbecause ottlremmuni t y .
nature of the fossil record, there is no real way to study comrlewiy interactions

without timeaveraging being present in the dataset. All than can be done is to
acknowledge that the sampldiime-averaged and how this tiraveraging may

influence the results. Therefore, the presaralyses were still conductesien though the
samples weréme-averaged becausiee basic composition of Late Cretaceous
communitiegemainbroadly similar throulg time and space (i.e., pachycephalosaurids,
thescelosaurids, leptoceratopsids, hadrosaurids and ceratopsids are all found together)
Thus, thestructuringof Late Cretaceous communities should be broadly similar.
Additionally, if overlap does not occur all even when there is time averaging then

overlap will be absent evext finer temporal and spatial scales.

5.2 Future linesof inquiry

Research into ONSs in other taxa could provide further insight into factors
influencing the structure aftherdinosaurcommunitiesMorphological changes have
been shown to occur duri@jplodocusontogeny and haveeencited as evidence for an
ONS (Woodruff et al., 2018)As in Late Cretaceous communities, tlae Jurassic
Morrison Formatioralso shows relatively higher abundancekajebodiedtaxa (here

sauropods such &plodocus CamarasaurusndBarosauruy compared to smaller
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bodied taxa (Dodson et al., 1980; Noto and Grossman, ZBa@ntially the structuing

of the Morrison palaeocommuigswereinfluenced by sauropod ONSs in much the
same wy thathadrosaurid and ceratopsid ONgxpear to havmfluenced the structuring
of Late Cretaceous North American communities.

Ontogenetic niche shiftmayhave also had important implications for the
structuring of other palaeocommunities. Lakin and Longrich (2019) proposed that the
piscivorous theropodgpinosaurusilso underwent ONSs based on size disparity through
ontogeny and absence of any hatchisiged material. This relative absence of juvenile
material is likely not related to taphonomgcausemaller theropods with similar
preservation potential have been recovered from the Kem Kem beds. The Cretaceous
Kem Kem beds from which many of these rersdiave been found, show unusually
high abundances of spinosaurids compared to other theropod taxa (Benyoucef et al.,
2015). Undergoing an ONS would have reducedsprecific competition giving
spinosaurids a competitive advantage over other theropodargiosmhow ONSs in North
American megaherbivores gave them a competitive advantage over small ornithischians.

Ontogenetic niche shifts have also been proposeatiiercarnivorous dinosaur
taxa (e.g.Tyrannosaurus réxoased on morphological differerscebserved through
ontogeny (Carr, 1999). These ONSs may also explain negasikelyed body size
distributions observed in carnivorous taxa as well as why observed predator/prey
proportions irsomedinosaur communities are higher than predictions maae usi
mammalian predator/prey proportions and relationships. For example, in the Hell Creek
Formation (with the exception obakotarapto) mediumsized predators between 200

and 900 kg are virtually absent (Horner et al., 20Rifjerences in the shape dfd skull
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(e.g, snout shape, skull height, tooth shape) may have allotted different ontogenetic
stages different mechanical advantagdlewing different stages to consumliéerent
prey and potentiallpccupying all available niche space that would oties be
occupied by other mediunto largebodied predatordn T. rex juvenile skulls are more
gracile (e.g.snout is longer and narrower) and probably unable to withstand bending
stresses generated by bite forces needed to process bone, thus restricting them to
consuming softer animal materials. Other tyrannosaurids f&dbgrtosauru$ exhibit a
similar shiftfrom a more gracile to more robust morphotype over ontogeny suggesting
ONSs may have been prevalent within the tyrannosaurid clade. Investigations into the
potential for ONSs in tyrannosaurids facilitated by these possible changes in bite forces
and mechaical resistances using Finite Element Analysis may prove an interesting line
of investigation.

When archosaurody massspecies richness distributionecame negatively
skewed is also uncertain, although some distributions observed from the MiddlerPermia
to Early Jurassic Beaufort Group of the Karoo Supergroup are negatikeied
(Codron et al., 2016). Carnivore size distributions for the Middle Permian
Tapinocephalusssemblage zone was positivekewed, and negativekewed in the
Late PermiarfropidostomaandCynognathusissemblage zones, and the remaining
assemblage zones could not be distinguished from normal (Figure 5.1). Most herbivore
distributions from the Karoo Basin at this time were posithgiigwed with the exception
of the Middle Permia Tapinocephalusind Triassid.ystrosaurusassemblage zones,
which could not be distinguished from normal. This would suggest that negatively

skewed size distributions were present in terrestrial ecosystems by the Triassic. However

17t



Tapinocephalus AZ Daptocephalus AZ

0.8 1
0.7 1
0.6 1
0.5 1
0.4 1
0.3 1
0.2 4
0.1 1

0.0 -

08 Tropidostoma AZ Lystrosaurus AZ

0.7 1
0.6 1
0.5 1
0.4 4
0.3 1
0.2 1

Proportion of individuals

0.1 1

0.0 -

08 - Cistecephalus AZ Cynognathus AZ

0.7 1
0.6 1
0.5 1
0.4 1
0.3 1
0.2 1
0.1 1

0.0 -
4 5 6 7 8 9 4 5 6 7 8 9

log, basal skull length (mm)

. Carnivore . Herbivore

Figure5.1: Logy-transformed basal skull length distributions of carnivores and
herbivores from six assemblages zones in the Karoo PE&riassic sequence
(modified from Codron et al., 2016)he graphs show the means (bars) and 95
confidence intervals (whiskers) taknm 1000 random subsamples. Subsamp
sizes were equal to the smallest sample in the sequence. Abbreviatiens: AZ
assemblage zone.
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in the Middle to Late Jurassic Yanliao BiataNortheastern China, sauropodomorphs
and other vertebrates larger than a few kg are completely absent from this fauna (Xu et
al., 2016). The cause of this absence is uncertain but taphonomic and collection biases are
at least partly responsible for tiee@bsences as most deposits are lacustrine (i.e., there is
preferential preservation) and most excavations of this biota have been conducted
commercially. What can be said for certain is that archosaur/dinosaur communities were
dominated by largebbodiedtaxa by the Late Jurassic of North AmeriBa(son et al.,
1980; Foster, 2003; Noto and Grossman, 2010).

Pakeontologistdave proposed a variety of different reasons to explain the
structuring of dinosaurian communities (etbitat preferenceompetiion,
taphonomy) (Farlow et al., 1995). The results of the present ptodide someupport
the roleof ONSs in community dynamickike North American assemblages, some
assemblages from other parts of the world (e.g., Jurassic sediments of the Tramip Bas
Spain, Upper Cretaceo®mo KhuaandKhok Kruatformatiors of northeastern Thailand)
also show a bias towards larger bodied taxa (sauropods or ornithopods) (Buffetaut and
Suteethorn, 1999; Buffetaut et al., 208%¢era et al., 2009 However, otherssemblages
do not. For example, iguanodontids atypsilophodorare the most common taxa found
in Early Cretaceous Wessex Formation assemblages (Insole and Hutt, 1994). A mixture
of both large (titanosaurgelmatosaurusand small Zalmoxe} taxa also dominate
various deposits throughout the Ha$Seg Basi
Botfalvai et al., 2016). Other assemblages even exhibit a bias towards sudlknt
taxa. The Lower Cretaceous Jehol Group in Liaoning, China thk sanatopsian

Psittacosauruss typically the most common herbivorous dinosaur recovered (Xing and



Norell, 2006). Small to mediwsized animals are alselativelymore abundarthan

large animals within the arid eoli@eposits of thé.ate Cretaceous Bglokhta Formation

in Inner Mongolia (Jerzykiewicz et al., 1993his isunexpected based dme research
presented bioto and Grossman (201@hich suggested small taxa were less common

in more arid conditiondue torelatively lower densities of loMying groundcover to

protect against predators atodsupport a vast array of herbivor@® gain insight into

why dinosaur assemblages from other parts of the world are not always negatively
skewed, future research will need to consider how interactiongéetand within a

species through ontogeny structured these communities and how taphonomy may have

altered those distributions.

5.3 Final remarks

In modernoviparous normammalian animals, such as crocodiligDblSs are
more often the norm rather than theeption (Dodson, 1975a; Platt et al., 2006; McLeay
et al., 2009). Given that animals comprising the extant phylogenetic bracket for dinosaurs
undergo ONSsand that many dinosaurs experience long growth trajectories (e.g.
ceratopsids, hadrosaurids, saurdg)oit is likely that ONSs occurred more commonly in
dinosaus than is presently knowinhile the results presented here represent a good first
step in providing insight into other factors influencing the structuring of dinosaur
communities, further resezh will be needed to better understand how the interactions
between species as well as within a species through ontogeny structured dinosaur
communities and how these interactions are masked by taphonomic processes to produce

the archosaur body size dibtitions currently observed in the fossil record.
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Appendices

Appendix A Holm-adjusted pvalues for DurbiAwWatson tests of regression of linear

hadrosaurictranial measurements agaigstidrate height

Cranial measurement

Adjusted pvalue DW
(x= quadraténeight)

Snout length 1.000
Diastema length 0.158
Tooth row length 0.445
Distance from distal end of tooth row to nidadrate 0.195
Snout width 0.097
Dentary height 0.001
Paroccipital process breadth 1.000
Occiput height 0.267
Distance frontoronoid process apex to middle jaw joint 0.445
Depression of snout below occlusal plane 0.381
Skull height 1.000
Quadrate breadth 1.000




Appendix B Raw cranial data used for regression analyklsmadrosaurid dataset
Abbreviations:Subfamsubfamily, On.ontogenetic description usegljad quadrate
height sk snout length, dldiastema length, trtooth row length, ding- distance from
jaw joint to distal end of tooth row, sunaximum beak width, dimidpoint dentary
height, ppb paoccipital process breadth, -obicciput height, cfj: distance apex of
coronoid process to middle of jaw joint-stepression of snout below occlusal plane, sh
skull height, gbquadrate breadth, Lleambeosaurinae, Hdadrosaurinae, Cory
CorythosaurusLamb-Lambeosaurud.amb indetLambeosaurinae indet., Hyp
HypacrosaurusParaParasaurolophusGryp-GryposaurusBrachyBrachylophosaurus
Maia-Maiasaurg EdmEdmontosaurus}uvenile, Ssubadult, Aadult; *cast, if the
original specimen is known the nuetls provided;composite®measured original and
reconstructed portions of specimé@ampione and Evans, 20PFarke et al., 2013;
3Gates and Sampson, 200Zull and Wright, 1942°Mallon and Anderson, 2013l
measurements are in mempty cells deate missing data.

Sub Genus| Specimen on. |93 s |dI |trl dt sw |dh |ppb|oh P lsd |sh gb
fam d mg il
L, [Lamb [TMP , [32.[14.[16.]25. [10. |14 [12. I 20.
indet. |1989.079.0052 7 1o lo o |o |o |o 0o |> 0
Lamb 171|97. |41, |170(80. | 180|66. |140|62. | 130|65. | 112|156
La |inder, |YALVP 7103 101510 1o |0 o |0 o |0 |o |0 |0 |0 |0
™P
La |cory |1689.031.000% |3 1266 go. 85. 1039 86. 1000 83. go. 1015 go. 1030 84.
cast ROM 759
174]106|76. |220/80. | 182 50. 180|35. | 125
La |Cory |ROM 1947 S 1o lolo |olo |olo 0|0 |0
199(88. [48. |241|61. |112|60. 175/42. [180]210
La |Cory |CMN34825 IS 157157 | |0 |0 |0 |0 010 |o |o
218(86. [52. |145|38. |97, |49, | 154 21. [131]185
La |Cory |USNM 16600 S | o"\o"" |0 |5 |0 |0 |0 |0 0o |.0 |0
o cory |TMP < |213[140]33 [231]56. 68, 170[55. [192
Y |1997.012.0232 00 |0 |0 |0 0 0 |0 |0
256 24297, 75. |94, 195 |212|134
La |Cory |ROM870 Ala 0 |0 0 |0 0 0 |0
o cory |TMP . |262110(75. | 251(93.136(74. | 122[141] 214[65. | 221|150
Y |1082.037.0001 4010 |olo |olo |olololo |o|o
312|127|73. |287[102] |97, 235(120| 255
La |Cory |FMNH1357 A |27 0" 0™ |'g | g 0 0 |0 |0
331|156 129 294] 112| 124] 96. 226 |292/190
La |Cory |ROM 868 Ale oo lololo o 0 0 |.0
247/182|83. | 345|50. | 165|84. |250| 90. 112295
La |Cory JUALVP 52826 |A | 5" 'y 1o |0 o |0 |3 |0 |0 0 |0
312|137|115|285|80. | 147|87. | 160| 123|224| 107|230
La |Cory |ROM 1933 A lololololo |olo |ololo|olo
238|580]  |271136] |57 10274, [197
La |Cory |TMM 4048488 |A o lo 2 |9 8 5 g 0
308(132|130|299(118] | 89. 238(86. | 248
La |Cory |AMNH 5338 A 7 |6 1 6 |8 4 9 |3 6
402 100 |108|188|156|225|  |275|75.
La [Cory |ROM 87F A 5 0 o lo lo |o o lo
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La lcory |TMP . |319]118[102[241[114]209] 90. [262] 169[230[ 53. [ 266]363
Y 11980.040.000% 2 lolololololo |o]o oo |o]o
La lcory |TMP A |276[123[123( 28599, [215(92. |222|200| 235[ 44. | 260|285
Y 11984.121.0001 5 1.0 (0o lo |.oo |ol]o oo |o o
La lcory |TMP A |258 34086, 212 260 262(278
Y 1980.023.000% 1 0 |0 0 0 0 |.0
264(130(96. | 248]90. | 141|81. | 151|140|179|74. | 213|300
La |Cory |CMN 8676 Alelolo |lolo |olo |olololo |o o
367/166|45. | 303|82. | 120|84. 145(233[77. [271] 220
La |Cory |CMN 8704 Alololo |olo |o |o o lolo |o |o
371]168|82. | 298/109|220(83. [170[160]271|91. | 270|256
La |Cory |ROM77€ Adl1lolo |lolololo |olololo |o o
311]141]137|305]100] 173[82. 237/76. [260[190
La |Cory |ROM77P Alololo o lo|o |o 0o |0 |0
350(139]122[269] 100|220/ 90. [205[135]230] 100| 273|247
La |Cory |ROM 845 Al71olololololo |ololololo |o
17884, |41. [185(79. 49. 11264, [119
La |Lamb |AMNH 5340 J 317 15 16 I3 6 310 |8
T™P
La |Lamb |1983.031.000% |3 1356 go. 88. 1039 33. go. 88. 1040 go. 1020 614. 1035 1050
cast ROM 758 : : : : ik
264(86. |104]236|104]114]75. | 120 212/80. [218]180
La |Lamb |ROM 869 S 1200 |ololololo |o 0o |o|o
254(102[74. | 216|80. | 82. |64. | 148|38. | 168|52. | 154] 168
La |Lamb |CMN 8633 S |5 ]olo oo lo o |olo |olo |olo
290(97. [67. | 250/55. | 104] 72, | 102|119]186|28. | 211|140
La |Lamb |CMN 8503 A ls 1o [o |olo |olo |olololo |0 ]o
301/591 304/100 87. 245(36. [271
La |Lamb |NHMUK R9527 |A | 27| % el 0 Pl
401]153]177|305] 213 86. [ 240 76. |304
La |Lamb |USNM 10309 (A |7 ">%) JO1P°| T o |3
294(142(108]242]106|130[ 89. | 142 19152, |256|248
La |Lamb |CMN 2869 Alolo|ololo oo |o 0o |0 |0
330[174]107| 293 107|226/ 95. [160]148| 212|128 263[190
La |Lamb [FMNH 1479 A 15" 515" ' |0 |0 |0 |0 |0 |.0 |0 |.0 |.0
364[184]76. | 327|95. | 196/ 101|205|168| 216| 114] 282|257
La |Lamb |ROM 1218 Alololo |olo |ololololololo |o
338[136/205|269]95. | 182/99. [174]162]210] 153 290|185
La |Lamb |ROM 794 A lololololo |olo |ololololo|o
Lo | Lamp | TMP o |357|114[57.[244|77. [215[85. | 280| 140| 238| 98. [ 247|375
1982.038.0001 7 lolo |ojo |olo |o]o oo |0 o
357(127|152|295| 105|116 89. 235(32. [279
5
La |Lamb |CMN 35T A lg o |o lolo |o o 0|0 |0
335/119]153|309]90. | 160|94. | 186]160|216/59. |310[190
La |Lamb |CMN 8703 Alololololo |olo |olololo |olo
Lo | Lamp | TMP A |298(124[131]327|82. |202[92. | 205(175[227]93. [ 258/ 155
1981.037.0001 4 |olololo |olo |.o]o oo |o]o
338[161|94. | 300|113 152(102[176| 152|256 65. | 290|192
La |Lamb |CMN 8705 A 17 1o lo |olololololololo |o]o
L2 Lamp | TMP . |310[138[118|28593. 140[100| 142 225(91. [265/116
1966.004.000% 3o lololo |0 l]o o 0 lo |0 |0
144]66. |34. |117|38. | 128]47. 110[49. [108[140
La |Hyp | CMN 2247 J 16 lo lo |olo |o |o o0 lo |o |o
40. [12. [18.|27.|25. | 20. [11. [50. [25. | 25. 41. |46,
*
La [Hyp |AMNH 28497 |3 |2 |57 [0 167 157 19 1o 1o 16 167 19015 |
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o I T™P J |174[80.70. [141]55. [71. [44. [140[ 61. | 127]35. [107[ 120
YP 11994.385.0001 8 1o |o oo |o [o |olo |.o o |5 |0
16145, |30. |129]45. |92. |47. |127|51. |121|48. | 147|150
La |Hyp JAMNHS461  1J 12737 15 |9 |5 |0 |5 |0 |0 |0 |0 |0 |.0
90. [31. [20. |72. |32. |54. |27. [80. [34. |66, 75. (87,
La |Hyp |MOR 5488 3 e e T R e B e 19018 g
18178. |86. |196]59. | 200|67. | 130[40. |185(69. [152]112
La |Hyp |CMN 2246 S |5 1o o |olo |olo lolo |olo |o|o
208[128(52. | 250|140| 260| 102[204[87. [245(30. | 245|220
La |Hyp | CMN 8501 Alelolo |olololololo |olo |o o
313[135/115|273[ 127 110 201[58. [251
La |Hyp |AMNHDS278 1A |\ 271 717712 |1 9 6 |2 |7
255(148[142[321] 86. 80. 223[100(238[233
La |Hyp |MOR 549 Alal2 o |lo|a 3 8 |9 |0 |1
112(34. [14. [102]51. |52. | 20. 33. (103
La |Para |RAM 1400C¢ J 3 lo la |6 la 17 |3 4 |1
La |para | TMP < |171[80.[53.147|85. |127[52, 140|35. |161
1990.036.0155 3o |lo |0 ]o |0 |o 0o |o
284(151(82. | 291]113| 180|102 192 235 125|229/ 185
La |Para |ROM 768 Adlr1lolo |olololo o 0|0 |0 |0
334[162|94. |314]93. 96. [152 247|76. [218
Ha |Pro  |ROM 1928 S lalolo |o o 0 |o 0|0 |0
324[140/80. | 305| 114] 104]91. 223[110[222
Ha |Pro  [TMM 41262 S |7 0" 0™ | 07| g |0 |o 0|0 |0
370(129] 172|382 116130/ 131 254]62. | 296|235
Ha |Pro  |CMN 2277 A7 1o lo |o |o |o |o 010 |0 |0
381]180|111|414] 98, |221|129]270]142| 258|67. | 295|330
Ha |Pro  |CMN 2870 Als |lolo|olo |olololololo |0 ]o
376|184]121|364] 124 166| 133[170] 183] 271| 79. | 302|200
Ha |Pro |ROM 787 Alololololololololololo |o o
ha lpro | TMP . |403(250| 115[395|140| 248|139 294[125(280
1984.001.000% 4 |olo|ololo |0 01]0 |0
409|276 124]435]140[130] 123 100|272(83. [348| 240
Ha |Pro  JUSNM 12712 |A [ 271071 01 o |0 |0 |.0 o lolo |o |o
ha lavo | TMP < |325|140[58.|277|105(94. [92.197|153[220| 75. | 238[ 174
YP 11980.022.000% 4 |olo |ololo o |o]o oo |00
528(271 408[143 132 248[110[339
Ha |Gryp |RAM 6797 Aldls |7 1877 |5 6 6 |9 |2
460|181|94. | 381]140| 238|142[423[ 211|289/ 89. | 337|318
Ha |Gryp |CMN 2278 Ad2 1o o |lolololololololo |olo
432[208(53. | 396| 134]201[ 125|176 146| 284] 107| 305|190
Ha |Gryp |ROM 873 A1 1o o |lololo|olololololo|o
Ha | vaia |MOR*cast YPM| |~ [63.[17.[18.]50. [25.[39. [18. [54. 45. [12. |55, | 49.
22400 6 [0 [0 [0 |0 |o |o |o o lo [0 |o
. 32 [11. 34 (11, |19, |11, |31, 39. [20.
_ *
Ha |Maia |MOR-cast090 J 4 o 9.0 0 o lo o lo 5.0 0 0
. 212/90. | 48. | 186/ 78. | 181|58. |55. | 63. | 146|65. | 158|209
*
Ha |Maia |MOR cast019" |S | 3710 |5 |0 |5 |5 |5 |0 |0 |5 |5 |.0 |.0
Ha |Maim | MOR cast 089 |\~ [310]170|85. |280| 160|320(88. | 180 212[90. [191
of OTM F138 9o o [ol]ololo |o 0lo |o
Brach 335(156|95. | 320/ 100|220/ 98. [210[81. | 243[25. | 260|401
Ha | CMN 8893 Alololo |lolololo oo |ols |o o
Brach 265(125(100/ 180/ 95. | 252/ 60. | 200 15570. | 165|224
Ha | GPDM.115 Al7 1o lololo |olo |o o0 lo |0 |o
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Brach 327[69. [251]160 105]170 249[104]218[322
Ha | GPDM.200 1A 15 1o |0 |0 0 |.0 0 /0 |0 |0
147(55. | 78. |107|60. | 108]45. | 100|37. | 115|25. |97. | 148
*
Ha |Edm |CMN 58500 |3 17157 [g |0 |0 |.0 |0 |0 o |0 o |o |0
ha |gdm | CMN 40586* | " [319120(194]253| 168|190| 15| 155(86. [270|40. | 216|156
cast NHM R8927> |6 [0 |.0 |.0 |.0 |0 |0 |0 o [0 |0 |.0 |.0
299(150( 210/ 210]180] 174 110[ 220/ 95. [220[80. | 164|230
Ha |Edm |CMN 8399 Sl1lo0lololololololo |olo |o o
353(180[113] 289|164 118 285[115/279
Ha |Edm |CM 26259 S |lo |8 |3 |3 |7 4 3 |0 |1
236/60. | 115|245 15861, |154|61. | 150/ 39. | 150|188
Ha |Edm |AMNHS046 IS |77 | g | o 0o |o]o [ol]o oo
315(85. | 240|285 110/ 210]112[190] 120|255/ 60. | 200|266
Ha |Edm | CMN 8509 S 1100 |lo]olololololololo |o o
388(265/120] 238|167 137 231[99. [262
Ha |Edm |SM R4050 S lole |15 |5 0 2 |8 |2
409|164| 268|418 127 167|351|151|315 515
Ha |Edm | CMN 2289 Ao lo o |lo o 010 |0 |0 0
373 308[152 125/150[ 121|270 291(222
Ha (Edm |MOR1626B A | 0 |0 010 |0 |0 0 |0
ha | Edm | TMP . |383[219[124[444 204]114]180 250/60. | 280
2017.014.0001 7 lo o |0 0 1]0 |0 0o |o
T™P
ha |dm  |1980.051.0001% | A 2699 1032 2083 3025 2035 3006 1010 2090 gs. 3002 go. 2010 4020
cast AMNH5730  |[© |0 [° |0 |00 P : E
439]310] 135/ 360] 190|340/ 168|224| 198] 355/ 60. | 360| 245
Ha (Edm |ROM 801 A ls o lo|o oo lololololo |0 ]o
385 365|185 144 248[143[325 340(256
Ha |Edm |AMNH 5254 A | & 0 |.0 0|0 |0 |0 0 |0
524(235(130|358| 212|238 162|272[ 146]300] 175| 296|388
Ha |Edm |CMN 2288 Al1lololololololololololo|o
424]344]113|344] 225/ 108|166 163|212]393] 103[ 426|143
Ha |Edm [FMNH 15004 A | o\ 5 13715 |1 |2 [0 |9 |6 |4 |.3 |0 |7
396|315/ 91. | 444 120[290 206|151 65. |336|315
Ha |Edm JUSNM 12711 1A 1275710 |0 |0 |.0 0 |.0 0o |.0 |0
ha |Edm | MOR* cast A |362(230[141]410]99. | 255|135/ 245(120| 257| 122|260/ 326
DMNH 1493 1|5 1o lolo |.0o|5]0o]o o lo |0 |0
ha |Edm | MOR* cast A |390[209]146]339] 180| 450| 130|340 255(89. [ 285/ 215
UCMP 128374 0o lo|olololo]o 0 lo |o |o
431]227/194]303[180[ 202|126 162|229|65. | 236|246
Ha |[Edm |USNM2414 1A 17157 |0 |0 |0 |.0 |0 01]0 o |5 |0
346|304|142|295] 166 119 138[254
Ha |Edm | YPM 2182 A7 05 |1 |5 |9 5 6 |.9
402[222[208[ 482 138[170]170|265/85. | 293] 260
Ha |Edm |ROM57100 A | 475" | o |0 0]0l0ololo |o|o
417]225/189]316]190[310| 167|256 284|55. | 265| 324|324
Ha |Edm |USNM3814 A | "5\ 0 |0 |0 |0 |0 |0 |o|o |0 |0 |0
471]248]280| 369|171 262| 165|424 259]300| 259] 351|564
Ha |Edm |MOR 003 Alalolololololololololo|o|o
443(288]157|322[180 101 278[121[360
Ha |Edm |UMMP 20006 |A | 52" 97| 5" | 5 5 8 |9 |9
370(328/106| 346|160 130 296/ 145|350
Ha |Edm [NCSM 23119 A |57 57 g |7 3 115 |2
410|286/ 245| 442|54. 150 293 261
Ha |Edm |CCM# Ao ls o |1 1 0 6 7
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Ha

Edm

ROM 867

327

255

175

120

172

135

275

271

184



























































































































