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Abstract
During the Late Cretaceous, megaherbivorous dinosaurs flourished in the Western
Interior of North America (Laramidia). At any one time, there were typically two
ankylosaurs (one ankylosaurid plus one nodosaurid), two ceratopsids (one centrosaurine
plus one chasmosaurine), and two hadrosaurids (one hadrosaurine plus one
lambeosaurine) living in sympatry. This diversity exceeds that of living megaherbivorous
mammal communities, and is only rarely observed in the mammalian fossil record.
Opinions differ about how this diversity was achieved. Some have argued that
megaherbivorous dinosaurs thrived because of their low metabolic rates, or because of
high primary productivity during the Late Cretaceous, implying that food resources were
not limiting. A similar outcome might have been achieved if predation pressure from
theropods was sufficiently high to depress megaherbivore population densities, leading to
reduced demand on plant resources. Others have argued that dietary niche partitioning
played an important role in the coexistence of these animals, with each species
consuming a different plant resource than the next, thereby minimizing interspecific
competition.
This dissertation uses the megaherbivorous dinosaur assemblage from the upper
Campanian Dinosaur Park Formation (DPF) of Alberta, Canada, as a model to test the
dietary niche partitioning hypothesis by examining several aspects of ecomorphology
known to relate to the procurement and mastication of food. These include feeding
height, skull and beak morphology, jaw mechanics, and tooth morphology and wear.
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Evidence is sought for taxonomic separation in ecomorphospace, particularly between
coexisting species, which is known to reflect niche relationships with some fidelity.
Although sympatric taxa are better discriminated by some features than others,
consideration of the total evidence supports the dietary niche partitioning hypothesis, as
even the most closely related, sympatric taxa can be statistically distinguished according
to their ecomorphology. Whether these dietary niche relationships arose as a result of
long-term competition, or whether they evolved allopatrically is not clear. However, the
fact that consubfamilial species coexistence was uncommon—and when it did occur, was
either short-lived or involved only rare species—implies that the structure of the
megaherbivorous dinosaur assemblage from the DPF was at least partly influenced by
competitive interactions.
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CHAPTER 1: INTRODUCTION
During the Late Cretaceous, a shallow, inland sea divided North America into two,
longitudinally arrayed landmasses (Figure 1.1). The eastern landmass—called Appalachia
(Archibald, 1996)—supported an enigmatic fauna known only from scant fossil remains
(Weishampel and Young, 1996). The western landmass—called Laramidia (Archibald,
1996)—supported a rich diversity of herbivorous dinosaurs. Included among these were
such small forms (< 100 kg) as hypsilophodontids, pachycephalosaurids, and
leptoceratopsids. Putatively facultative herbivores (or omnivores) included troodontids,
oviraptorosaurs, ornithomimids, and therizinosaurids (Zanno and Makovicky, 2011).
However, the most significant component of this fauna, in terms of both population and
body size, was the megaherbivorous (herbivores with a mass > 1 tonne) dinosaurs,
represented by armoured ankylosaurs, horn-faced ceratopsids, and duck-billed
hadrosaurids (Lehman, 1987, 1997, 2001).
Megaherbivores exhibit a unique ecology that confers on them a suite of
advantages not otherwise shared by smaller forms (Owen-Smith, 1988). For one,
megaherbivores possess lengthy gut retention times and low mass-specific metabolic
rates that together allow for an expanded dietary range, including plants of particularly
low quality (high fibre). These same factors also render megaherbivores resistant to
drought conditions. Moreover, megaherbivores are less prone to predation at maturity
because they are simply too large to bring down. Finally, large body size also correlates
with vast geographic ranges, resulting in a decreased risk of localized extinction.
Perplexingly, the megaherbivorous dinosaurs of Laramidia seem to fit this
characterization in all but one way: the geographic range of any one species was, in fact,
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Figure 1.1. North America as it appeared during the late Campanian, ~75 Ma ago
(from Sampson et al., 2010).
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comparatively small (Lehman, 1997, 2001). This appears to have been the result of two
factors. First, the Laramidian landmass was itself relatively diminutive, with a total
estimated area between just 4 million km2 (Sampson and Loewen, 2010) and 7.7 million
km2 (Lehman, 1997). By contrast, the area of sub-Saharan Africa, where living
megaherbivores are most abundant, is ~23.6 million km2. Second, Laramidian dinosaur
distribution was segregated into distinct northern and southern faunal provinces that
presumably reflect a palaeoclimatic gradient (Lehman, 1987, 1997, 2001; Gates et al.,
2010). In the northern province, dinosaur distribution was further influenced by
proximity to the Western Interior Seaway to the east such that different faunas typified
inland and more coastal environments (Brinkman, 1990; Brinkman et al., 1998; Lehman,
2001).
The strict endemism of the megaherbivorous dinosaurs, in combination with both
their presumably large nutritional requirements (Farlow, 1976; Béland and Russell, 1978;
Coe et al., 1987; Farlow et al., 1995) and high population densities (Horner and Makela,
1979; Lockley et al., 1983; Currie and Dodson, 1984; Varricchio and Horner, 1993;
Lockley and Hunt, 1995; Ryan et al., 2001; Eberth et al., 2010; Hunt and Farke, 2010),
have caused numerous workers to ask how so many large herbivores could coexist. One
school of thought contends that plant resources were simply not limiting, a scenario that
could be explained by numerous causal factors. For example, it may have been that, in
spite of the fact that the nutritional requirements of the megaherbivorous dinosaurs were
absolutely high, the bradymetabolic thermoregulatory systems of these animals imparted
relatively low nutritional requirements compared to their mammalian counterparts,
minimizing pressure on the resource base (Farlow et al., 1995; Lehman, 1997; Sampson,
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2009). Alternatively, plant resources may not have been limiting because primary
productivity was elevated during the Late Cretaceous (Ostrom, 1964a; Sampson, 2009).
This suggestion was also advanced to account for the increased abundance of browsers
during the Miocene (Janis et al., 2000, 2004). Increased primary productivity may have
resulted in part from the prevalence of marginal coastal environments during the Late
Cretaceous (Miller and LaPasha, 1984); however, palaeoclimatological modeling
(Beerling, 1994, 2000) and experimental evidence (Decherd, 2006) also suggest that
elevated atmospheric pressure and CO2 during the Late Cretaceous would have yielded
similar effects. A third option might be that predation pressure from tyrannosaurids and
dromaeosaurids was sufficiently high during the Late Cretaceous to suppress
megaherbivore population densities, leading to reduced pressure on the resource base as
in the first scenario. A similar mechanism is thought to help shape the structure of
modern African ungulate communities (Sinclair, 1985).
Another school of thought maintains that megaherbivorous dinosaur coexistence
was facilitated by dietary niche partitioning (Coe et al., 1987; Lehman, 2001; Sander et
al., 2010). If so, these animals should have been adapted in such a way as to avoid
competing with one another, perhaps varying in morphology so as to specialize on
different plant types (Bakker, 1978, 1986; Dodson, 1975, 1983; Carrano et al., 1999;
Henderson, 2010; Carpenter, 1982, 1997a,b, 2004; Sampson and Loewen, 2010). This
hypothesis has not yet been examined systematically, and forms the central focus of this
dissertation.
The late Campanian aged Dinosaur Park Formation (DPF) of Alberta provides a
unique opportunity to study dietary niche partitioning among Late Cretaceous
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megaherbivorous dinosaurs. The DPF is one of the most fossiliferous dinosaur-bearing
units in the world, and represents an ancient alluvial-coastal plain setting that was
deposited between ~76.5 Ma and ~75 Ma ago (Eberth and Hamblin, 1993; Eberth, 2005).
The biostratigraphy of this formation has been resolved in considerable detail; currently,
~18 megaherbivore species are recognized (Figure 1.2), all of which are distributed
heterogeneously throughout the formation such that different species are restricted to
different horizons within the formation (Sternberg, 1950; Ryan and Evans, 2005; Currie
and Russell, 2005). The aim of this dissertation is to test the hypothesis that the long-term
coexistence of these animals was facilitated by dietary niche partitioning, using various
lines of evidence relating to their ecological morphology (ecomorphology).
Palaeoenvironments of the DPF
The DPF, previously subsumed under the Oldman Formation, is the uppermost unit of the
Belly River Group, which is a transgressive sedimentary sequence found throughout
much of southern Alberta and southeastern Saskatchewan (Eberth, 2005). The DPF is
best exposed in the area of Dinosaur Provincial Park (DPP), where it is ~70 m thick and
disconformably overlies the Oldman Formation (Figure 1.3). The sandy lower exposures
of the DPF comprise alluvial palaeochannel deposits that have been interpreted as having
been at least partly influenced by rhythmic tidal backwater conditions, due to the
presence of inclined heterolithic strata in paleochannel deposits (Koster et al., 1987;
Wood et al., 1988; Wood, 1989). However, Thomas et al. (1987) provided evidence that
these strata can develop in alluvial (non-coastal) settings as well, and the
palaeoenvironment of the lower DPF is currently interpreted as an alluvial plain
dominated by meandering river systems (Eberth, 2005). The muddier upper exposures of
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Figure 1.2. Phylogenetic relationships of the megaherbivorous dinosaurs from the
DPF. Suprageneric taxonomy: 1, Genasauria; 2, Ankylosauria; 3, Ankylosauridae;
4, Nodosauridae; 5, Cerapoda; 6, Ceratopsidae; 7, Centrosaurinae; 8,
Chasmosaurinae; 9, Hadrosauridae; 10, Hadrosaurinae; 11, Lambeosaurinae. After
Butler et al. (2008), Prieto-Márquez (2010), Sampson et al. (2010), and Thompson et
al. (2012). Skeletal drawings (not to scale) by Gregory S. Paul (used with
permission).
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Figure 1.3. Geographic and stratigraphic context of the Dinosaur Park Formation
(DPF). A, Locality map of Dinosaur Provincial Park (DPP), Alberta, where the DPF
is best exposed (modified from Ryan et al., 2010a). B, Stratigraphy of the Belly
River Group exposures and shallow subsurface at DPP (from Eberth, 2005).
Abbreviations: IHS, inclined heterolithic strata; c.z., coal zone; ss., sandstone.
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the DPF comprise overbank facies that culminate in the Lethbridge Coal Zone (LCZ).
These exposures are interpreted as poorly drained, organic-rich (swampy)
palaeoenvironments that formed in coastal settings. Marine flooding surfaces are
common here, recognized on the basis of marine microfossils and trace fossils, and lateral
continuity with mud-filled incised valleys (Eberth, 2005). The LCZ is estuarine in origin,
comprising a coaly to carbonaceous-dominated mixed freshwater, brackish, and marine
succession, and was likely deposited along a wave-dominated shoreline (Sato et al.,
2005). The LCZ interfingers with the overlying marine Bearpaw Formation, which
comprises massive to laminated shales.
Numerous lines of evidence, including tree-, tooth-, and bone-growth ring data
(Dodson, 1971; Johnston, 1979), sedimentological data (Eberth, 2005), and
biogeographic data (Brinkman, 2003, 2005), indicate that the overarching palaeoclimate
of the DPF was warm temperate. Yearly seasonality was probably wet-dry (Braman and
Koppelhus, 2005; Eberth and Getty, 2005). Although the current latitude of DPP is ~51°
N, its palaeolatitude at the time of the late Campanian is estimated to have been ~60–65°
N (Braman and Koppelhus, 2005). This places it firmly within the mesothermal
vegetation zone of Upchurch and Wolfe (1993), where leaf physiognomic data indicate a
mean annual temperature between 13° C and 20° C (today, this temperature range
corresponds to latitudes between 23.5° and 66.5° north and south of the equator). Béland
and Russell (1978) also used palaeobotanical data to infer a mean annual rainfall of >
1,200 mm. Monsoons appear to have been quite common (Eberth, 2005), and likely
produced many of the mass-death assemblages found throughout the DPF, particularly in
its lower limits (Eberth and Getty, 2005).
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The rivers and streams that typify the depositional settings of the DPF were lined
by dense vegetation, with more open habitats occurring further distally (Braman and
Koppelhus, 2005). Shrubby and herbaceous angiosperms formed dense thickets along the
riverbanks, a result of their weedy growth habits and high tolerance for disturbed
environments (Bakker, 1978; Béland and Russell, 1978; Krassilov, 1981; Retallack and
Dilcher, 1986; Crane, 1987; Wing and Tiffney, 1987; Tiffney, 1992). Angiosperm shrubs
also would have occurred elsewhere in more open habitats, growing within ferndominated communities (Wing et al., 1993). More inland, gymnosperm forests prevailed
(Retallack and Dilcher, 1986; Crane, 1987; Wheeler and Lehman, 2005). These were
dominated by taxodiaceous, cupressaceous, and podocarpaceous conifers. Angiosperm
trees were virtually non-existent, as evidenced by the lack of representative fossil wood
found to date (Braman and Koppelhus, 2005). Plant physiognomic data indicate that the
forests were relatively open, with sunlight penetrating fully through to the forest floor
(Wolfe and Upchurch, 1987). Such a mosaic of habitats evidently supported a great
diversity of dinosaurs, providing food, shelter, and concealment.
Dinosaur Assemblage of the DPF
In many ways, the dinosaur fauna of the DPF is typical of most Late Cretaceous
assemblages from Laramidia in preserving the full suite of variably herbivorous taxa
mentioned at the outset of this chapter, in addition to the carnivorous dromaeosaurids and
tyrannosaurids (Ryan and Evans, 2005; Currie, 2005). The megaherbivorous dinosaurs of
the DPF are by far the most diverse and abundant forms, represented by the ankylosaurs,
ceratopsids, and hadrosaurids. Evidence for their dominance came initially by way of
their abundance in macrofossil assemblages (Russell, 1967; Béland and Russell, 1978).
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However, it has been argued that this pattern may instead reflect a taphonomic or
collecting bias, and may not be biologically meaningful (Bakker, 1972; Farlow, 1976;
Dodson, 1983). Careful examination of microfossil assemblages, which more accurately
reflect palaeobiodiversity because they do not suffer from the same biases, have
subsequently demonstrated the dominance of the megaherbivores to be a true
palaeoecological signal (Dodson, 1983; Brinkman, 1990; Brinkman et al., 1998).
The diversity, abundance, and wide-ranging stratigraphic distribution of the
megaherbivorous dinosaurs from the DPF have incited some to recognize the existence of
distinct assemblage zones in the formation, particularly where it is best exposed in the
area of DPP (Béland and Russell, 1978; Ryan and Evans, 2005). These findings are
important because they show that the DPF fossil assemblage does not represent a single
palaeocommunity, as was previously assumed (Dodson, 1975), but rather a series of
palaeocommunities that collectively span ~1.5 Ma. Although the standing crop
megaherbivore biodiversity may not have been as high as once assumed, it was
nevertheless quite impressive; within any given horizon, approximately six—and in some
instances, as many as nine—large, herbivorous dinosaurs occur together. These typically
include two ankylosaurs (one ankylosaurid plus one nodosaurid), two ceratopsids (one
centrosaurine plus one chasmosaurine), and two hadrosaurids (one hadrosaurine plus one
lambeosaurine).
Ecological Considerations
Compared to the fossil assemblage of the DPF, megaherbivores are relatively rare in
modern ecosystems (Figure 1.4). Today, eight megaherbivore species are known,
comprising mammals alone: two elephants (Loxodonta africana and Elephas maximus),

13

Figure 1.4. Body mass distributions for Recent and fossil herbivore/omnivore
communities. Mammal dietary data from Paleobiology Database
(http://paleodb.org/), and size data from Lambert (2006), estimated from tooth and
limb bone scaling. Dinosaur dietary data from Zanno and Makovicky (2011) and
Weishampel et al. (2004), and size data from Paul (2010), estimated from scale
models. Note that, although the Dinosaur Park Formation is time-averaged over a
span of ~1.5 Ma, the assemblage contains proportionally more megaherbivores (>
1,000 kg) than the mammal assemblages.
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four rhinoceroses (Ceratotherium simum, Diceros bicornis, Rhinoceros unicornis, and R.
sondaicus), and one hippopotamus (Hippopotamus amphibius) and giraffe (Giraffa
camelopardalis). These animals are restricted to sub-Saharan Africa and tropical Asia
(Owen-Smith, 1988), and usually no more than four or five species occupy the same
region at once (e.g., Sinclair and Arcese, 1995; Lambert, 2006; van Wieren and van
Langevelde, 2008).
Modern mammalian megaherbivore diversity is depressed relative to that of prehistoric
times. The reason for this decline is unclear, but it likely involved some combination of
human predation and climate change (Owen-Smith, 1987, 1988; Roberts et al., 2001).
Regardless, the fossil record provides excellent evidence that mammalian
megaherbivores were, in fact, quite diverse, particularly during the Neogene and early
Pleistocene (Owen-Smith, 1988; Janis et al., 2000, 2004; Lambert, 2006; Calandra et al.,
2008), with up to six megaherbivores living in sympatry, rivalling the average diversity
of the DPF.
The question of megaherbivore coexistence has been a subject of ongoing interest
(Bakker, 1986; Owen-Smith, 1988; Fiorillo, 1991, 1998, 2008; Calvo, 1994; Stevens and
Parrish, 1994, 2005; Barrett and Upchurch, 1995; Upchurch and Barrett, 2000; Calandra
et al., 2008; Pradhan et al., 2008; Lyson and Longrich, 2010; Christian and Dzemski,
2011; Tütken, 2011; Whitlock, 2011). The problem stems from the fact that large body
size equates to concomitantly large nutritional requirements. However, Gause’s
Competitive Exclusion Principal states that, in a resource-limited environment, no two
organisms can occupy the same realized niche (Gause, 1934). Coexisting megaherbivores
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must therefore consume enough vegetation to satisfy their metabolic requirements, while
at the same time minimizing dietary niche overlap.
Evidence for dietary niche partitioning is observed in the megaherbivore faunas of
today. For example, in the Serengeti-Mara region of Africa (Sinclair and Arcese, 1995),
the hippopotamus grazes primarily on grasses, whereas the giraffe browses almost
exclusively on the leaves and shoots of trees and shrubs. By contrast, the African
elephant is somewhat more of a generalist, feeding on grass in the wet season and woody
browse in the dry season. Finally, the black rhinoceros typically feeds on forbs and lowgrowing woody scrub (Owen-Smith, 1988). In this way, these animals avoid competing
with one another, and may even facilitate the coexistence of some smaller herbivores by
stimulating new growth (Fritz et al., 2002).
Evidence for dietary niche partitioning among megaherbivores has also been
documented in the fossil record, in spite of the fact that behaviour does not fossilize.
Rather, behaviour must be inferred on the basis of fossil evidence. Such inferences can be
made because of the integration of the form-function complex (Bock and von Wahlert,
1965), whereby organismal form and function interact over evolutionary time to maintain
some mode of optimal foraging (MacArthur and Pianka, 1966; Charnov, 1976). The
ecomorphology of an organism is therefore a reflection of the environment in which its
parent population evolved (Wainwright and Reilly, 1994). This relationship is imperfect,
owing to redundancy in the form-function complex (Lauder, 1995) and to the
confounding effects of phylogenetic inertia (Losos and Miles, 1994). Nonetheless, a
considerable body of work has demonstrated a fundamental relationship between
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herbivore morphology and the physical properties of the plants on which they feed (e.g.,
Bowman, 1961; Anapol and Lee, 1994; Janis, 1995; Spencer, 1995).
Also of use in the inference to dietary niche partitioning are so-called
“morphology-free” approaches (Calandra et al., 2008). These approaches are lauded
because they are capable of overcoming the abovementioned inadequacies of the formfunction complex; they reflect what an animal did do, not what an animal could do
(Teaford, 1994, 2007). One example of this approach is dental microwear analysis, which
is the study of microscopic pits and scratches left on teeth as a result of feeding. Different
feeding strategies and plant types are known to leave different microwear features on
teeth, allowing one to infer palaeodiet by analogy to modern forms. Another example is
stable isotope analysis, which typically involves the study of carbon and oxygen isotope
ratios in fossil hard parts (e.g., teeth and bones). These ratios will vary depending on the
habitat in which the organism lived, a result of the fact that different isotopes are
differentially distributed throughout the environment (Fricke and Pearson, 2008).
Morphology-free approaches can be especially powerful if they are combined with other,
independent lines of evidence (e.g., form-function correlations, biomechanical design
analyses) to produce coherent explanations for the fossil data.
Problems and Hypotheses
The DPF contains a rich diversity of megaherbivorous dinosaurs that appear to have been
highly endemic (Lehman, 1997, 2001) because they are not found in time-equivalent
deposits elsewhere. This strict endemicity, in combination with the large nutritional
requirements and high population densities of these animals, suggests that the potential
for competitive interactions for plant food was great. How did these animals coexist for
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the ~1.5 Ma represented by the DPF? Did they differ morphologically in such a way that
allowed them to achieve dietary niche partitioning? Did the feeding structure of the
megaherbivorous dinosaur assemblage of the DPF change through time? To address these
questions, some testable hypotheses are proposed as follows:
H10: Sympatric megaherbivorous dinosaurs did not differ appreciably in their
diets, and achieved coexistence because food resources were not limiting,
either due to the low energetic requirements of these animals (Farlow et al.,
1995; Lehman, 1997; Sampson, 2009), to elevated primary productivity
during the Late Cretaceous (Ostrom, 1964a; Sampson, 2009), or to high
predation pressure.
H1A: Plant food was limiting during the Late Cretaceous; therefore, sympatric
megaherbivorous dinosaurs achieved coexistence by feeding on different
plant types (Coe et al., 1987; Lehman, 2001; Sander et al., 2010).
Ricklefs and Miles (1994) suggested a means by which to test these hypotheses using
established morphometric procedures. They noted that, in ecological communities shaped
by the forces of competition, species overlap in morphospace tends to be minimized,
reflecting the different niche requirements of the constituent species. The corollary of this
is that, in communities where competition plays a negligible role, morphological overlap
of species is unconstrained (see Grant and Schluter, 1984 for further details). This is not
to say that, in such communities, all species will overlap completely in morphospace;
presumably, some separation is expected even under the null scenario of randomlyassembled communities (Hubbell, 2001), particularly if the species concerned are only
distantly related. However, given the close relationships of the sympatric ankylosaurids
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and nodosaurids, centrosaurines and chasmosaurines, and hadrosaurines and
lambeosaurines from the DPF, it follows that certain aspects of morphological disparity
between these clades might be reasonably interpreted as evidence for dietary niche
partitioning. In fact, under nutrient limiting conditions, closely related species are
expected to exhibit dietary niche partitioning because their niche requirements are
otherwise very similar (Elton, 1946; Brown and Wilson, 1956; Hutchinson, 1959). The
present study therefore seeks to test the role of dietary niche partitioning in facilitating
the coexistence of the megaherbivorous dinosaurs from the DPF by determining the
statistical significance of taxonomic overlap in morphospace. More taxonomic separation
would indicate more distinct niches; maximal taxonomic separation would suggest that
food resources were limiting and that the megaherbivore assemblage of the DPF therefore
adhered to certain “assembly rules” (Diamond, 1975).
The second set of hypotheses relates to the temporal stability of megaherbivore
niche relationships in the DPF:
H20: The feeding structure of the megaherbivorous dinosaur assemblage did
not change through the time represented by the DPF. Individual species may
have come and gone, but the assemblage always maintained the same
proportion of ecomorphs.
H2A: The megaherbivore assemblage did change throughout the time
represented by the DPF, either by incorporating new ecomorphs via
cladogenesis or immigration, by losing ecomorphs via extinction or
emigration, or by achieving different proportions of ecomorphs.
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These hypotheses can be tested only by minimizing the confounding effects of timeaveraging. This has the consequence of masking palaeoecological patterns that are
otherwise distinguishable only at fine temporal resolutions (Behrensmeyer and Hook,
1992). Previous authors have recognized the existence of distinct assemblage zones
within the DPF (Béland and Russell, 1978; Ryan and Evans, 2005), which is an excellent
first step to addressing the problem of time-averaging by imposing temporal constraints
in a biologically meaningful way. Unfortunately, these zonation schemes have not been
tested quantitatively, leaving objectivity a concern. Formal testing of these zones using
conventional biostratigraphic methods would help determine their validity and otherwise
aid in the development of a modified scheme by which to frame the palaeoecology of the
megaherbivorous dinosaurs from the DPF.
Dissertation Organization
Chapter 2 lays the groundwork for the remainder of this dissertation by developing an
objective biostratigraphic framework by which to assess the palaeoecology of the
megaherbivorous dinosaurs from the DPF. The study employs a suite of ordination and
statistical procedures to divide the DPF into discrete assemblage zones based on the
distribution of its megaherbivorous dinosaurs. This allows for the minimization of timeaveraging in a biologically meaningful way. (Note: at the time of submission of this
dissertation, Chapter 2 has been accepted for publication in the journal
“Palaeogeography, Palaeoclimatology, Palaeoecology”.)
Chapters 3–7 address the question of dietary niche partitioning among the
megaherbivores from the DPF. It is necessary to devote such prolonged attention to the
matter because niche partitioning can be achieved along any of countless
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multidimensional axes representing the ecological requirements/impacts of an organism
(Hutchinson, 1957; Chase and Leibold, 2003). As such, an approximation of a totalevidence approach (Carnap, 1947) is taken here, examining various aspects of
morphology and tooth wear. It would have been ideal to include stable isotope analysis in
this study, but doing so would have required destructive sampling of otherwise pristine
fossil specimens in order to achieve the taxonomic resolution of interest—something
which conservation regulations typically do not allow.
Chapter 3 examines the role of feeding height stratification in enabling niche
partitioning among the DPF megaherbivores. This mechanism is commonly observed in
ungulate communities from sub-Saharan Africa (Lamprey, 1963; Bell, 1971; Hirst, 1975;
Leuthold, 1978; McNaughton and Georgiadis, 1986; du Toit, 1990; Arsenault and OwenSmith, 2008), where different species avoid competing with one another by feeding at
different heights above the ground. Feeding height stratification has also been posited to
have operated in Late Cretaceous ecosystems of Laramidia (Bakker, 1978; Béland and
Russell, 1978; Coe et al., 1987), but has never been formally tested.
Chapter 4 takes a quantitative look at the general skull morphology of the
megaherbivores from the DPF to determine how it might reflect their different dietary
niche requirements. This is possible only because of the bevy of previous studies that
have demonstrated a tight correlation between herbivore skull morphology and the types
of plants on which those animals feed (e.g., Bowman, 1961; Anapol and Lee, 1994; Janis,
1995; Spencer, 1995). Similar approaches have been used to examine megaherbivorous
dinosaur coexistence (Dodson, 1975; Carrano et al., 1999; Henderson, 2010), but never
with the specific questions in mind here.
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Chapter 5 employs geometric morphometric techniques to elucidate subtleties in
the beak shapes of the megaherbivorous dinosaurs. The shape of the cropping mechanism
has been repeatedly shown to correlate with feeding specificity among living herbivores,
and has often been used to distinguish browsing and grazing ungulates (Gordon and
Illius, 1988; Janis and Ehrhardt, 1988; Janis, 1990, 1995; Solounias and Moelleken,
1993; Spencer, 1995; Dompierre and Churcher, 1996; Mendoza et al., 2002; Fraser and
Theodor, 2011a). Differences in beak shape are also thought to have facilitated the
coexistence of ankylosaurids and nodosaurids (Carpenter, 1982, 1997a,b, 2004),
centrosaurines and chasmosaurines (Lull, 1933), and hadrosaurines and lambeosaurines
(Dodson, 1983; Bakker, 1986; Carrano et al., 1999; Whitlock, 2011), but this has yet to
be tested in an ecologically meaningful way that limits time-averaging.
Chapter 6 examines the possible influence of jaw mechanics on dietary niche
partitioning using lever analysis of the mandible. Differential jaw mechanics are often
observed among contemporaneous herbivores, allowing them to specialize on different
plant types (Bowman, 1961; Turnbull, 1970; Axmacher and Hoffman, 1988; Anapol and
Lee, 1994; Janis, 1995; Solounias et al., 1995; Herrel et al., 2005a,b; Clauss et al., 2008;
van der Meij and Bout, 2008). Jaw systems may vary in size, shape, and in their muscular
attachments. Ostrom (1966) proposed that ceratopsids from the DPF differed in their jaw
mechanics, but did not test this hypothesis in a statistically rigorous manner.
Chapter 7 addresses the question of dietary niche partitioning using dental
microwear analysis. With just a few exceptions (Fiorillo, 1991, 1998, 2008; Upchurch
and Barrett, 2000; Whitlock, 2011), microwear analysis has rarely been used to deal with
the matter of dinosaur coexistence. Although the field of dental microwear analysis as a
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whole is still maturing, the ongoing development of tooth wear associations reveals new
avenues in the study of vertebrate palaeoecology.
Finally, Chapter 8 concludes by summarizing some of the more important
findings of this work, exploring their implications, and offering some directions for future
research.
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CHAPTER 2: MEGAHERBIVOROUS DINOSAUR TURNOVER IN THE
DINOSAUR PARK FORMATION (UPPER CAMPANIAN) OF ALBERTA,
CANADA
Introduction
Distinct but essentially contemporaneous northern and southern dinosaur faunal
provinces in the Campanian and Maastrichtian (Late Cretaceous) of western North
America are believed to reflect adaptation to latitudinal climatic gradients and associated
differences in vegetation (Lehman, 1987, 1997, 2001; Gates et al., 2010; Sampson et al.,
2010b). Purported differences in faunal composition between inland and more coastal
palaeoenvironments in the northern province imply that proximity to coastline influenced
the distribution of dinosaurs and other taxa (Brinkman, 1990; Brinkman et al., 1998;
Lehman, 2001). This suggests that, unlike mammals of comparable size,
megaherbivorous dinosaurs (> 1 t) had relatively small geographic ranges that were
governed by strict habitat preferences, particularly during the late Campanian when the
Western Interior Sea was at its transgressive maximum (Lehman, 2001), and that
populations of these animals were sensitive to palaeoenvironmental and palaeoclimatic
change.
The palaeontologically well-documented Belly River Group (ca. 79.1–74.8 Ma
ago) of Alberta is of particular importance for understanding these patterns of Late
Cretaceous dinosaur palaeoecology and biogeography and testing the sensitivity of
megaherbivores to environmental change. The uppermost unit of this group, the upper
Campanian Dinosaur Park Formation (DPF), is particularly rich in megaherbivorous
dinosaur fossils that represent Ankylosauria, Ceratopsidae, and Hadrosauridae. Recent
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high-resolution biostratigraphic and detailed taxonomic work has confirmed a nonrandom distribution of taxa within the DPF. Species are restricted in range to different
parts of the formation (Sternberg, 1950; Godfrey and Holmes, 1995; Holmes et al., 2001;
Currie and Russell, 2005; Eberth and Getty, 2005; Evans and Reisz, 2007; Evans et. al.,
2009), prompting the recognition of discrete assemblage (faunal) zones within the DPF
where it is best exposed in the area of what is now Dinosaur Provincial Park (DPP) near
Brooks (Béland and Russell, 1978; Ryan and Evans, 2005). The DPF was deposited
during a major transgressive phase of the Western Interior Sea (Eberth and Hamblin,
1993), and geological, vertebrate microfossil, and invertebrate fossil data indicate that the
local environment became increasingly more coastally influenced up-section at DPP until
its final inundation by the sea (Eberth and Hamblin, 1993; Brinkman et al., 1998; Eberth,
2005; Johnston and Hendy, 2005). Species turnover within the formation is often linked
to palaeoenvironmental change associated with this marine transgression (Ryan and
Evans, 2005; Evans and Reisz, 2007; Evans, 2007), and the possibility of turnover pulses
has been suggested (Sampson, 2009; Sampson and Loewen, 2010), but these hypotheses
have not been rigorously tested. In this paper, previous zonation schemes of DPF
megaherbivorous dinosaurs, and their potential association with palaeoenvironmental
factors, are quantitatively tested using multivariate clustering and ordination methods for
the first time. The suggestion that the pattern of megaherbivorous dinosaur distribution is
related to turnover pulses is also tested.
Geology of the DPF
The DPF, previously subsumed under the Oldman and Judith River formations, is the
uppermost unit of the Belly River Group, which is a transgressive sedimentary succession
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found throughout much of southern Alberta and southeastern Saskatchewan (Eberth,
2005). The DPF is best exposed in the area of DPP, where it is ~70 m thick and
disconformably overlies the Oldman Formation. The sediments of the DPF were
deposited during the late Campanian, ca. 76.5–74.8 Ma ago, and reflect the third order
transgressive event of the Western Interior Sea (Eberth, 2005). The sandy lower
exposures of the DPF comprise alluvial palaeochannel deposits that have been interpreted
as having been at least partly influenced by rhythmic tidal backwater conditions, due to
the presence of inclined heterolithic strata in the palaeochannel deposits (Koster et al.,
1987; Wood et al., 1988; Wood, 1989). However, Thomas et al. (1987) provided
evidence that these strata can develop in alluvial (non-coastal) settings as well, and the
palaeoenvironment of the lower DPF is currently interpreted as an alluvial plain
dominated by meandering river systems (Eberth, 2005). The muddier upper exposures of
the DPF comprise overbank facies that culminate in the Lethbridge Coal Zone (LCZ).
These exposures are interpreted as poorly drained, organic-rich (swampy)
palaeoenvironments that formed in coastal settings. Marine flooding surfaces are
common in the LCZ, recognized on the basis of marine microfossils and trace fossils, and
lateral continuity with mud-filled incised valleys (Eberth, 1996). The LCZ is estuarine in
origin, comprising a coaly to carbonaceous-dominated mixed freshwater, brackish, and
marine succession, and was likely deposited along a wave-dominated shoreline (Eberth,
1996). The LCZ interfingers with the overlying marine Bearpaw Formation, which
comprises structureless and laminated shales.
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Biostratigraphy of the DPF
The DPF is best known for its abundant dinosaur fossils, which often occur as articulated
skeletons or in bonebeds , although isolated bones and vertebrate microfossil sites are
also common (Dodson, 1971; Brinkman, 1990; Brinkman et al., 2005; Eberth and Currie,
2005; Eberth and Getty, 2005). The locations of many of these fossils within the bounds
of present day DPP were initially mapped by Sternberg (1936a, 1950), who also used an
aneroid barometer to provide hyposmetric elevation data (metres above sea level = masl)
for many of the quarries collected until then. With these data, Sternberg (1950)
demonstrated that the stratigraphic distributions of the megaherbivorous dinosaur genera
of the DPF are not homogeneous. For example, he observed that, among ceratopsids,
Centrosaurus occurs low in section, followed successively by Chasmosaurus and
Styracosaurus. The hadrosaurids were said to exhibit a similar pattern, whereby the
hadrosaurines Gryposaurus and Prosaurolophus appear low and high in section,
respectively, and, among the lambeosaurines, Corythosaurus occurs low in the formation,
and Lambeosaurus occurs nearer the top. Sternberg (1950) further resolved the
stratigraphic distribution of the lambeosaurine genera at the species level. Within
Corythosaurus, Co. casuarius appears low in section and Co. intermedius appears higher
up. Within Lambeosaurus, L. clavinitialis and L. lambei occur relatively low in section,
and L. magnicristatus occurs at the top of the DPF.
Béland and Russell (1978) also commented on the biostratigraphy of the DPF.
They arbitrarily divided the DPF into three vertical “levels” and observed the distribution
of dinosaur genera within each, using the data of Sternberg (1950) and subsequently
collected specimens. They recognized the existence of two assemblage zones within the
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DPF: a lower one characterized by the presence of the ankylosaur Euoplocephalus, the
hadrosaurid Kritosaurus (= Gryposaurus) and the large theropod Albertosaurus (=
Gorgosaurus), and an upper one characterized by the presence of the ankylosaur
Panoplosaurus, and the hadrosaurids Lambeosaurus and Prosaurolophus.
Unfortunately, these early attempts at describing the biostratigraphy of the DPF
were hampered by their reliance on raw altitudes. The beds of the entire Belly River
Group, including the DPF, exhibit a gradual dip < 1° to the west (Eberth and Hamblin,
1993; Eberth, 2005), thereby rendering the elevation data of Sternberg (1950) and Béland
and Russell (1978) of limited use. More recent work on the biostratigraphy of the DPF
has relied on the use of the more sophisticated survey grade Ground Positioning System
(MacDonald et al., 2005) and the Oldman/DPF contact as an isochronous datum to more
accurately reflect the stratigraphic positions of the fossils within the area of DPP. The
contact is not isochronous over a wider geographic area because the DPF thins in an
eastward direction so that it is just 31 m thick where it is exposed near Manyberries,
Alberta (Eberth and Hamblin, 1993). The most recent studies to comment on the
biostratigraphy of the DPF have used the Oldman/DPF contact isochron to refine
biostratigraphic patterns within DPP with great success. Different patterns have been
noted for the distribution of various fossil palynomorphs (Braman and Koppelhus, 2005),
mollusks (Johnston and Hendy, 2005), fish, frogs, turtles (Brinkman, 1990), mammals
(Sankey et al., 2005), and dinosaurs (Brinkman, 1990; Brinkman et al., 1998; Currie and
Russell, 2005; Eberth and Getty, 2005; Ryan and Evans, 2005). Currie and Russell
(2005) noted that, among centrosaurine ceratopsids, Centrosaurus apertus occurs low in
section, followed sequentially by Styracosaurus albertensis and an as-yet-unnamed
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‘pachyrhinosaur’ (Ryan et al., 2010a). The chasmosaurine ceratopsids are represented by
Chasmosaurus russelli low in section, followed sequentially by Ch. belli and “Ch.” (=
Vagaceratops) irvinensis. Among hadrosaurine hadrosaurids, Gryposaurus notabilis
occurs low in section and Prosaurolophus maximus occurs higher up. Among
lambeosaurine hadrosaurids, Corythosaurus occurs low in section, and is replaced by
Lambeosaurus in the upper half of the DPF, with the only specimen of L. magnicristatus
occurring near the base of the LCZ (Ryan and Evans, 2005; Evans and Reisz, 2007).
Evans (2007, in review) further demonstrated that the hypothesized sexual dimorphs of
C. casuarius and L. lambei (sensu Dodson, 1975) are separated stratigraphically, and
therefore likely represent either distinct species or perhaps phyletic chronospecies (Evans
et al., 2006; Evans 2007). Parasaurolophus sp. is restricted to the lower half of the DPF
(Evans et al., 2009).
These distributional patterns (Figure 2.1) led Ryan and Evans (2005) to propose three
informal assemblage zones within the DPF: a lower zone (0–30 m) comprising
Centrosaurus, Ch. russelli and Corythosaurus, a middle zone (30–50 m) comprising
Styracosaurus, Ch. belli and Lambeosaurus, and a possible third upper zone (~50–55 m)
comprising rare occurrences of poorly-known taxa including “Ch.” (= Vagaceratops)
irvinensis, a ‘pachyrhinosaur’, and L. magnicristatus.
Materials and Methods
Data collection
Megaherbivorous dinosaur distributions have proved useful in the establishment
of assemblage zones within the DPF for the following reasons: (1) ankylosaurs,
ceratopsids, and hadrosaurids are collectively among the most abundant vertebrate fossils
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Figure 2.1. Biostratigraphic ranges of megaherbivorous dinosaurs within the
Dinosaur Park Formation. The turnover of the three environmental variables
considered in this study, and the inferred megaherbivore assemblage zones (MAZs),
are given at right.
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in the DPF (Dodson, 1983; Brinkman, 1990); (2) they are found throughout the DPF
(Sternberg, 1950; Béland and Russell, 1978; Currie and Russell, 2005; Ryan and Evans,
2005); (3) individual species exhibit limited stratigraphic ranges within the DPF
(Sternberg, 1950; Béland and Russell, 1978; Godfrey and Holmes, 1995; Holmes et al.,
2001; Currie and Russell, 2005; Ryan and Evans, 2005; Evans and Reisz, 2007, Evans et
al., 2009). The biostratigraphy of the megaherbivorous dinosaurs was examined with
reference to the most common species; species represented in the dataset by a single
specimen (hereafter called ‘singleton’ species) were disregarded because they are not
useful for establishing assemblage zones (Valentine and Peddicord, 1967; Gordon and
Birks, 1972; Grimm, 1987; Bennett, 1996). This limits the ability to assess species
distributions in the LCZ because sampling of this interval is inadequate.
The biostratigraphic data used here (Appendix 2.1) were obtained from the
supplemental CD-ROM provided in Currie and Koppelhus (2005), which supplied
positional and elevation data for nearly 250 fossil quarries within DPP, where the DPF is
best exposed. Data pertaining to subsequently relocated quarries (Eberth and Getty, 2005;
Tanke, 2005, 2006, 2010; Ryan et al., 2007) were also used where possible. The
taxonomy of Eberth and Evans (2011) was followed, except as it pertains to the
nodosaurid ankylosaurs, in which case Coombs (1978) was followed. The culled dataset
comprised a total of 123 specimens and their associated quarries representing two
ankylosaur, four ceratopsid, and seven hadrosaurid species. The heights of some quarries
above the Oldman/DPF contact were already given in the supplemental CD-ROM, but for
those that were not, it was necessary to estimate their heights above the contact with the
use of a structural contour map provided by Eberth and Getty (2005:fig. 3.3). By locating
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a quarry on the structural contour map, its position above the contact was estimated by
calculating the difference between the elevation of the quarry and the elevation of the
nearest formational contact (Eberth and Getty, 2005). Heights above the contact
measured in this way usually come to within ±2 m of ground truth. However, many
fossils from the DPF occur within palaeochannels that exhibit a maximum postcompactional relief of 5 m (Eberth and Getty, 2005), further reducing the confidence of
stratigraphic assignment. Therefore, the best resolution that can be achieved by this study
is ±7 m. Occasionally, quarries positioned relative to the Oldman/DPF contact using a
structural contour map would result in their placement below the Oldman/DPF contact
due to the aforementioned stratigraphic uncertainties. Because ground truth reveals that
these specimens did not, in fact, occur in the underlying Oldman Formation, which is
relatively fossil-poor, it was assumed instead that they occur at the Oldman/DPF contact
(0 m).
Cluster analysis
The presence of discrete megaherbivore assemblage zones within the DPF was tested
using stratigraphically-constrained Q-mode cluster analysis. This is an exploratory
technique commonly used to identify nested groupings of stratigraphic intervals that
share a similar fossil assemblage (e.g., Gordon and Birks, 1972; Birks, 1987; Grimm,
1987; Bennett, 1996), given a predetermined clustering algorithm and distance/similarity
metric. Q-mode cluster analysis proceeds by joining the two most similar intervals in the
dataset, followed by the next most similar, and continues in this agglomerative fashion
until all intervals have been grouped into a single, all-inclusive cluster. In
stratigraphically-constrained Q-mode cluster analysis, the clustering proceeds as
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described above, except the amalgamations are allowed to occur only between adjacent
intervals or interval clusters. The result is a dendrogram that depicts the intervals
assembled as a nested hierarchy. The distance/similarity values are given on the abscissa,
such that intervals that exhibit the strongest similarity (or nearest distance) cluster high
on the axis, whereas intervals that exhibit the weakest similarity (or furthest distance)
cluster low on the axis.
In the present study, one-metre stratigraphic intervals were clustered according to
the presence or absence of taxa they shared in common. A matrix with taxa arranged in
columns and one-metre intervals arranged in rows (up to 52 m, which is the position of
the highest occurring diagnostic specimen used in this analysis) was constructed. Taxa in
the matrix were coded as ‘1’ when present or as ‘0’ when absent from a particular
interval. The use of binary (presence/absence) data in ecological community analysis was
advocated by Hirst and Jackson (2007) because, among other reasons, it more accurately
reflects true community relationships than does relative abundance data. Regardless,
despite its richness, the DPF is still not well-sampled enough to permit the use of relative
abundance data at the stratigraphic and taxonomic resolution desired here. Because
cluster analysis is not a statistical procedure, several clustering algorithms and similarity
coefficients were applied in order to assess the robustness of the results (Birks, 1987;
Kovach, 1989; Gates et al., 2010). The Unweighted Pair Group Method with Arithmetic
Mean (UPGMA) algorithm, a type of average linkage clustering, was used preferentially
because it generally performs best with palaeoecological data (Hammer and Harper,
2006). This algorithm defines the distance between clusters as the average of all possible
distances between their respective objects (Sokal and Michener, 1958). However, Ward’s
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method is also occasionally employed in biostratigraphic cluster analyses (e.g., Birks and
Gordon, 1985; Grimm, 1987) and was therefore used here for the purpose of comparison.
It works by grouping only those objects or clusters whose fusion minimally increases the
sum, over all objects, of the squared Euclidean distances between objects and cluster
centroids (Ward, 1963; Shi, 1993; Legendre and Legendre, 1998; Hammer and Harper,
2006). This method tends to produce clusters with similar numbers of objects.
The similarity coefficients available for use with the UPGMA algorithm are
numerous, but assessments of their individual performances (Hubálek, 1982; Kovach,
1989; Shi, 1993) generally support the use of the Jaccard (Jaccard, 1912), Ochiai (Ochiai,
1957), and Spearman’s rho (Spearman, 1904) coefficients. The Dice coefficient (Dice,
1945; Sørensen, 1948) is also commonly employed, but tends to produce similar, albeit
less conservative, results compared to the Jaccard coefficient (Jackson et al., 1989). The
Jaccard coefficient is defined as M/{M+N}, where M is the number of species present in
both samples, and N is the number of species present in one but not both samples. The
value of this coefficient will be small when one sample is much larger than the other
(Hammer and Harper, 2006). The Ochiai coefficient is calculated as
{[M/(M+N1)][M/(M+N2)]}½, where N1 is the number of species present in the first
sample and N2 is the number of species present in the second sample. Finally,
Spearman’s rho (= rank-order correlation coefficient) is defined as 1-{[6∑d2]/[n3-n]},
where d is the difference between the ranks of two samples, and n is the total number of
ranks. This is similar to Pearson’s correlation coefficient, except that it uses ranks rather
than absolute values.
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In addition to implementing different clustering algorithms and similarity
coefficients, the robustness of the results was assessed in other ways. Sokal and Rohlf
(1962) proposed the cophenetic correlation coefficient, which measures the degree of
correlation between the cophenetic matrix derived from a dendrogram and its original
similarity matrix. High coefficients imply minimal distortion caused by the cluster
analysis and the existence of natural groupings in the original dataset. Bootstrapping
procedures were also used to estimate the likelihood that any given cluster will be
recovered by resampling the dataset. This is an iterative procedure whereby a parameter
of interest is estimated based on the random resampling of objects from the population
sample. The resampling procedure is performed with replacement. Thus, a parameter can
be estimated hundreds or thousands of times for the population sample, and the likelihood
of the estimation can be gauged from the consistency of the results. In this study, 1,000
bootstrap replicates were used. Finally, Grimm (1987) recommended relaxing the
stratigraphic constraints inherent in the clustering methods described above. If the same
assemblage zones are not recovered, their boundaries may simply be an artificial
construct of the cluster analysis, rather than a reflection of a real biological signal, and
thus be unwarranted.
Ordination analysis
Cluster analysis has been criticized for producing clusters where none exist (Jackson et
al., 1989; James and McCulloch, 1990; de Quieroz and Good, 1997). For this reason,
many authors (e.g., Sneath and Sokal, 1973; Jackson et al., 1989; Shi, 1993) have
recommended the additional use of ordination procedures to gain further insight into the
structure of the data. Many ordination methods are available, but Hirst and Jackson
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(2007) found that correspondence analysis (CA) is most suitable for binary ecological
data that are highly variable. CA is a three-step process (Legendre and Legendre, 1998)
that involves: (1) transforming the initial data matrix into a matrix of contributions to the
Pearson chi-square statistic, (2) applying singular value decomposition to the transformed
matrix and calculating eigenvalues and eigenvectors, and (3) plotting the taxa and
samples in the same multidimensional space so as to maintain correspondence between
the two such that taxa are positioned near the samples in which they occur and samples
are positioned near the taxa which they contain. Likewise, samples containing similar
combinations of taxa are positioned near one another, and taxa with similar distributions
across samples are positioned near one another (Hammer and Harper, 2006). Once the
data have been plotted, CA calculates axes through the data cloud such that the first axis
passes through the densest part of the cloud, the second axis passes through the next
densest part, and so on. Each of these axes represents a variable or gradient that accounts
for the distribution of data points along it. In ecology, these axes often reflect
environmental gradients such as geography, temperature, or salinity. When placed in a
stratigraphic context, they may also reflect environmental changes through time.
Like other ordination methods, CA is susceptible to the arch (or horseshoe) effect,
in which the data occur in a parabolic fashion relative to the first axis. This is a
mathematical artefact that occurs when the gradient signal captured by the first axis
“leaks” over onto the second axis (Hammer and Harper, 2006:226). Moreover, the
objects at either end of the first axis tend to be compressed in spite of their true distance
values. When combined, these defects can hinder the interpretation of the ordination
results. For this reason, detrended correspondence analysis (DCA) was used to
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retroactively correct for these defects. This is a two-step process that involves rescaling
and detrending procedures. The rescaling step entails standardizing the sample and taxon
scores to have variances equal to 1 so that the widths of the species response curves are
equal. The detrending step entails dividing the arch into an arbitrary number of segments
(in this case, the standard 26) of equal length and then centering each segment on the
second axis by subtracting the mean ordination score for that segment on the second axis.
This is repeated for all higher axes. While DCA generally performs well with ecological
data, Hirst and Jackson (2007) have advocated using it cautiously because there is little
theoretical justification for its application. Nonetheless, DCA was applied here for the
sake of completeness.
In addition to the above ordination methods, canonical correspondence analysis
(CCA) was used as a direct test of those palaeoenvironmental variables that best account
for the variation in the data. CCA makes the same assumptions as CA and works by
constraining ordinations of a response matrix of species distributions so that they are
related to an explanatory matrix of environmental variables (Legendre and Legendre,
1998). Thus, the environmental gradients are known a priori, and the species distributions
are considered in response to those gradients. The palaeoenvironmental proxies used here
are lithotypes, pedotypes, and palynomorphs because these are known to vary within the
non-coaly, dinosaur-bearing exposures of the DPF (Figure 2.1). By contrast, fossil turtle
and mollusk distributions, although known to track palaeoenvironmental change
(Brinkman, 2003, 2005; Johnston and Hendy, 2005), have not yet been resolved enough
within the dinosaur-bearing exposures of the DPF to assess them in the context of the
turnover of the megaherbivorous dinosaurs. Eberth (2005) showed that, within Dinosaur
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Provincial Park, the DPF can generally be divided into a lower (< 40 m) sandy zone and
an upper (> 40 m) muddy zone, reflecting alluvial and coastal habitats, respectively.
Likewise, Matson (2010) demonstrated the existence of three pedotypes within the DPF:
the lower 6 m are characterized by well-drained palaeosols, intervals 7–54 m exhibit a
mix of well-drained and wetland palaeosols, and intervals 54–65 m consist predominantly
of wetland palaeosols. Braman and Koppelhus (2005) also showed that many
palynomorphs within the DPF vary in their distributions. Stratigraphic intervals were
therefore binned according to the appearance and disappearance of palynomorph taxa,
yielding the following bins: 0–9 m, 10–19 m, 20–29 m, 30–39, 40–59 m, and 60–69 m.
Finally, a simple temporal gradient was considered as a standard control factor,
comprising one-metre intervals from 0–52 m. All clustering and ordination procedures
were performed using the software package PAST 2.09 (Hammer et al., 2001).
Results
Cluster analysis
UPGMA
The first series of Q-mode cluster analyses was performed on the raw data matrix using
the UPGMA algorithm. Clustering was generally poor, regardless of the similarity
coefficient used (Figure 2.2). This is likely a reflection of both the incomplete fossil
record and insufficient sampling. In order to improve clustering, a range-through
assumption was applied to the data matrix. This involves coding all intervals between the
first and last appearance data for a taxon as ‘1’, effectively assuming that taxon to be
continuously present throughout its entire range in the formation. This is a relatively
common procedure in biostratigraphy, particularly where sampling is incomplete

38

Figure 2.2. UPGMA Q-mode cluster analysis of the raw data matrix using the
Jaccard coefficient. The lack of clustering is likely due to both the incompleteness of
the fossil record and insufficient sampling. Similar results were achieved using
different clustering algorithms and coefficients.
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(Cheetham and Deboo, 1963; Hazel, 1970; Brower, 1985). Application of the rangethrough assumption improved clustering considerably and did not artificially increase
similarities between the middle intervals, as cautioned by Boltovskoy (1988). The
UPGMA algorithm generally produced similar results regardless of whether the Jaccard,
Ochiai, or Spearman’s rho coefficient was used; topology differed only among the
highest scoring (most exclusive) clusters, which are generally uninformative because they
fall outside the range of biostratigraphic certainty. The Jaccard coefficient proved to be a
more conservative estimator of similarity than the other two coefficients. It also retained
a higher cophenetic correlation (0.936) than either the Ochiai (0.898) or Spearman’s rho
(0.927) coefficient. For these reasons, only the results of the UPGMA analysis using the
Jaccard coefficient are reported here, but additional data are provided for comparison
(Appendix 2.2).
The UPGMA cluster analysis using the Jaccard coefficient yields a subsymmetrical dendrogram with a basal dichotomy that groups the lower half of the DPF
(0–28 m) apart from the upper half (29–52 m). Bootstrap values for these clusters are
moderate to low (< 58%). The taxa that influenced the formation of these different
clusters were determined by comparing their distributions alongside the corresponding
dendrogram (Figure 2.3). The boundaries of the lower DPF cluster are determined
primarily by the distribution of Centrosaurus apertus and Parasaurolophus sp., which
range throughout the lower 28 m of the formation. The ankylosaurs Euoplocephalus tutus
and Panoplosaurus mirus are also found throughout the lower DPF, but their ranges
extend into the upper half of the formation as well. The DPF can be further divided into
more exclusive sub-clusters on the basis of its apparently rarer or shorter-lived species,
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Figure 2.3. Two-way UPGMA Q-mode cluster analysis using the Jaccard coefficient
and a range-through assumption. Dendrogram shown at left and species
distributions at right. Bootstrap values considered in the text appear next to their
respective nodes on the dendrogram. The range-through assumption greatly
improves clustering (compare with Figure 2.2).
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although this sometimes yields interval successions that are smaller than their associated
stratigraphic uncertainty (±7 m). However, given the unlikelihood that the uncertainty
varies systematically, and considering that the establishment of assemblage zones is
primarily a matter of convenience, the topology of the dendrogram was investigated a
step further (nevertheless, it is doubtful whether sub-clusters scoring higher than ~0.7 are
biologically meaningful and so they are not considered here). The lower DPF comprises
two sub-clusters of similar size, both of which have low bootstrap values (< 43%). The
lowermost sub-cluster groups intervals from 0–16 m, and its bounds are determined
primarily by the distribution of Corythosaurus casuarius, which ranges throughout the
lower 16 m of the formation. Gryposaurus notabilis is also restricted to the lowermost
cluster, whereas the range of Chasmosaurus russelli extends upward beyond the cluster
boundary. The stratigraphically superior sub-cluster of the lower DPF groups intervals
from 17–28 m and its limits exactly reflect the biostratigraphic range of Lambeosaurus
clavinitialis. Co. intermedius is also restricted to this sub-cluster, whereas the ranges of
Ch. belli and L. lambei extend into the upper DPF. Ch. russelli last appears at the 21 m
interval.
The upper DPF is primarily characterized by the presence of Prosaurolophus
maximus and Styracosaurus albertensis. Lambeosaurus lambei is also present throughout
much of the upper DPF, but it first appears in the lower DPF. Interval sub-clustering in
the upper DPF is less symmetrical than in the lower half of the formation; a large subcluster groups intervals from 29–41 m, with intervals from 42–46 m and 47–52 m
forming successive outgroups to this. Bootstrap values for these sub-clusters are low (<
34%). The sub-cluster grouping intervals from 29–41 m marks the last appearance of
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many megaherbivore species, including Chasmosaurus belli, Panoplosaurus mirus,
Euoplocephalus tutus, and L. clavinitialis. L. lambei and S. albertensis last appear in the
cluster grouping intervals from 42–46 m, and the range of P. maximus within the DPF
does not extend beyond 52 m. Relaxation of the stratigraphic constraints yields the same
general clustering patterns described above, suggesting that they are not an artificial
construct of the clustering algorithm.
Ward’s method
Ward’s method, paired with a range-through assumption, yields results that are generally
comparable to those generated using UPGMA. The cophenetic correlation coefficient
(0.904) is lower than those produced using UPGMA with the Jaccard and Spearman’s rho
coefficients, but higher than that produced using the Ochiai coefficient. The dendrogram
(Figure 2.4) generally agrees with those produced using UPGMA, with some distinct
differences in topology, many of which are again manifested at levels too poorly resolved
biostratigraphically to be meaningful. Most significantly, clustering in the upper DPF is
more symmetrical than that produced using UPGMA, such that the upper half of the
formation can be divided into two discrete sub-clusters, much like the lower half.
Bootstrap values for these sub-clusters were low (< 34%). The lower sub-cluster
comprises intervals from 29–39 m, and its species composition agrees closely with that
given for intervals from 29–41 m in the UPGMA scheme above. The uppermost subcluster groups intervals from 40–52 m and marks the last appearances of Chasmosaurus
belli, Lambeosaurus lambei, Prosaurolophus maximus, and Styracosaurus albertensis in
the DPF. Again, the same broad clustering relationships were recovered when the
stratigraphic constraints were relaxed.
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Figure 2.4. Two-way Q-mode cluster analysis using Ward’s method and a rangethrough assumption. Dendrogram shown at left and species distributions at right.
Bootstrap values considered in the text appear next to their respective nodes on the
dendrogram. The topology of the dendrogram generally agrees with those produced
using UPGMA (Figure 2.3, Appendix 2.2), except clustering in the upper DPF is
more symmetrical.
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Correspondence analysis
CA
The correspondence analysis (CA) produced 11 axes from the dataset, of which each of
the first four accounted for more than 5% of the total variance (Table 2.1). A scatter plot
of the first two axes (Figure 2.5A) reveals a strong arch effect when the interval data are
plotted, suggesting that the variation accounted for by the second and higher axes may be
artificially inflated, making them difficult to interpret. The interval data occur along the
first axis in stratigraphic order such that the intervals lowest in section score negatively
on the axis and the intervals highest in section score positively. The same is true of the
megaherbivorous dinosaur species when plotted in the same space (Figure 2.5B).
Notably, the two lower DPF sub-clusters identified in the cluster analyses above appear
isolated in space, but there is no clear, meaningful separation of intervals from the upper
DPF. Thus, axis 1 appears to represent a stratigraphic gradient, but whether it more
accurately reflects the response of the DPF megaherbivorous chronofauna to
environmental change through time, or to change in the absence of environmental
influences, is difficult to say given these results.
DCA
The detrended correspondence analysis (DCA) predictably corrected the arch effect
introduced by the CA, although the lower intervals of the DPF remain somewhat
distorted (Figure 2.5C). This detrending procedure greatly increased the variation
accounted for by the first axis so that only the first two axes accounted for more than 5%
of the total variance each (Table 2.2). Axis 1 again sorted the intervals and species in
stratigraphic order (Figure 2.5D), although the separation of interval clusters in
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Table 2.1. Results of the correspondence analysis (CA) showing the first four
eigenvectors.
Axis Eigenvalue Variance (%)
1
0.718516
45.885
2
0.369965
23.626
3
0.206323
13.176
4
0.116406
7.434

49

Table 2.2. Results of the detrended correspondence analysis showing the first two
eigenvectors.
Axis Eigenvalue Variance (%)
1
0.7185
84.91
2
0.08307
9.82
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Figure 2.5. Ordination analysis biplots of the first two axes. Interval clustering is
shown at left, whereas species clustering is shown at right. A-B, correspondence
analysis; C-D, detrended correspondence analysis; E-F, canonical correspondence
analysis. The variable vectors extending from the origin in (E) and (F) illustrate the
magnitudes and directions of their loadings on the first two axes. The associated
eigenvalues of the variables along axis 1 are given in brackets. Abbreviations: Ce.,
Centrosaurus; Ch., Chasmosaurus; Co., Corythosaurus; E., Euoplocephalus; G.,
Gryposaurus; L., Lambeosaurus; Pan., Panoplosaurus; Par., Parasaurolophus; Pr.
Prosaurolophus; S., Styracosaurus; V., Vagaceratops.
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space is not as pronounced as in the CA. Despite correcting for the arch effect, there is no
obvious explanation for the distribution of the data along axis 2.
CCA
The results of the canonical correspondence analysis (CCA) resemble those of the DCA
in that just the first two axes account for more than 5% of the total variance each (Table
2.3); however, the uncorrected arch effect remains, as in the original CA (Figure 2.5E–F).
The intervals and megaherbivore taxa are once again separated along the first axis in
stratigraphic order (Figure 2.5E–F). The triplot reveals that all variables load positively
on the axis 1. Time loads most strongly, followed closely by palynology, and more
distantly by lithology and pedology, in that order. Lithology loads strongly on axis 2,
whereas time, pedology, and palynology load progressively less strongly. Pedology is the
only variable that loads negatively on axis 2.
Discussion
Megaherbivore assemblage zones of the DPF
The establishment of assemblage zones in biostratigraphy is useful because it not only
facilitates the characterization of the structure underlying the data, but it also allows the
study of evolutionary palaeoecology to be framed so that the confounding effects of timeaveraging are limited in a biologically meaningful way (as opposed to binning
stratigraphic intervals using some arbitrary criterion). The generally symmetric
biostratigraphic clustering schemes of the DPF presented above are useful for the
stratigraphic intervals are recovered irrespective of the clustering algorithm or similarity
coefficient used, suggesting that these clustering schemes preserve a real biological signal
and are not simply artificial outcomes of a particular methodology. The fact that similar
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Table 2.3. Results of the canonical correspondence analysis showing the first two
eigenvectors.
Axis Eigenvalue Variance (%)
1
0.54267
75.55
2
0.14694
20.46
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topologies are recovered when the stratigraphic constraints are relaxed, and that these
clusters can generally be discerned in ordination space, further attests to the robust nature
of the results. Despite the consistency of the clustering schemes, the bootstrap values
reported for cluster nodes were generally low (< 50%) across all dendrograms, suggesting
that the clusters are not sharply defined. The robustness of the clustering schemes
presented here can be further tested with the addition of newer fossil finds.
For the purposes of evolutionary palaeoecology, the fossils of the DPF can be
sampled either broadly, by comparing fossils from the lower DPF to those from the upper
DPF, or more narrowly, by comparing fossils between sub-clusters restricted to each half
of the DPF. Both approaches entail a trade-off: broader stratigraphic clustering increases
sample size, but also increases the confounding effects of time-averaging; narrower
stratigraphic clustering decreases time-averaging, but also reduces the available sample
size. Clusters more exclusive than about 14 m (i.e., ±7 m) are currently not very
meaningful because they fall outside the limits of biostratigraphic certainty. This problem
could be alleviated with more accurate positioning of fossil quarries relative to the
Oldman /DPF contact and by correcting for palaeochannel depth on a case-by-case basis.
For convenience, the megaherbivore assemblage zones of the lower and upper
DPF are designated MAZ-1 and -2, respectively (Table 2.4). Their stratigraphic
boundaries are determined primarily by the results of the UPGMA cluster analysis using
the Jaccard coefficient because this yielded the highest cophenetic correlation; however,
in light of the biostratigraphic uncertainty just mentioned, these zone boundaries should
be considered somewhat flexible. MAZ-1 comprises intervals from 0–28 m (Figure 2.1),
and is primarily characterized by the distribution of Centrosaurus apertus and
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Table 2.4. Species composition of the Megaherbivore Assemblage Zones identified in
this study.
Megaherbivore
Assemblage
Zone
MAZ-1
(0–28 m)

Subzone

Common species

Singleton species

-1a
(0–16 m)

Centrosaurus apertus
Chasmosaurus russelli
Corythosaurus casuarius
Gryposaurus notabilis
Parasaurolophus sp.
Panoplosaurus mirus
Euoplocephalus tutus
Centrosaurus apertus
Chasmosaurus russelli
Ch. belli
Corythosaurus
intermedius
Parasaurolophus sp.
Panoplosaurus mirus
Euoplocephalus tutus
Lambeosaurus
clavinitialis
L. lambei
Chasmosaurus belli
Panoplosaurus mirus
Euoplocephalus tutus
Lambeosaurus
clavinitialis
L. lambei
Prosaurolophus maximus
Styracosaurus albertensis
Lambeosaurus lambei
Prosaurolophus maximus
Styracosaurus albertensis

Dyoplosaurus
acutosquameus

-1b
(17–28
m)

MAZ-2
(29–52 m)

-2a
(29–41
m)

-2b
(42–52
m)

Vagaceratops irvinensis
Lambeosaurus
magnicristatus
‘pachyrhinosaur’
Chasmosaurinae indet. ?
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Corythosaurus. Other species restricted to this zone are as follows: Chasmosaurus
russelli, Gryposaurus notabilis, Parasaurolophus sp., and the singleton species
Dyoplosaurus acutosquameus. Species that first appear in MAZ-1 but whose ranges
extend beyond this are: Ch. belli, Panoplosaurus mirus, Euoplocephalus tutus, L.
clavinitialis, and L. lambei. MAZ-2 comprises intervals from 29–52 m (Figure 2.1), and
is primarily characterized by the overlapping distributions of Prosaurolophus maximus
and Styracosaurus albertensis, which are the only species whose distributions are
restricted to this zone apart from the singleton species Vagaceratops irvinensis and L.
magnicristatus. It is possible that MAZ-2 may extend into the estuarine deposits of the
Lethbridge Coal Zone, which forms the upper 15–20 m of the DPF, but dinosaur remains
from this interval are rare; however, the fortuitous discovery of two Prosaurolophus sp.
specimens in the overlying marine Bearpaw Formation (Pierce, 2002) suggests that the
MAZ-2 assemblage may have persisted beyond the bounds of the DPF. The presence of
an unnamed ‘pachyrhinosaur’ from the LCZ (Ryan et al., 2010a) further attests to the
distinctiveness of MAZ-2. Eberth (2005) calculated an average sedimentation rate of 4.1
cm/Ka for the exposures in the area of Dinosaur Provincial Park. Given this, the durations
of MAZ-1 and -2 are estimated at ~600 Ka each.
Both MAZ-1 and -2 can be further divided into smaller sub-zones for more
resolved sampling (Table 2.4), yet here the limits of biostratigraphic certainty are
sometimes breached. MAZ-1 comprises two sub-zones, which are designated MAZ-1a
and -1b, in accordance with the hierarchical nature of the clustering schemes. MAZ-1a
omprises intervals from 0–16 m (Figure 2.1) and its boundaries exactly reflect the range
of Corythosaurus casuarius. Dyoplosaurus acutosquameus (a singleton species) and
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Gryposaurus notabilis are the only other species restricted to MAZ-1a, whereas
Centrosaurus apertus, Chasmosaurus russelli, Panoplosaurus mirus, Euoplocephalus
tutus, and Parasaurolophus sp. extend upwards beyond the bounds of MAZ-1a. MAZ-1b
comprises intervals from 17–28 m (Figure 2.1), and its boundaries mirror the distribution
of Lambeosaurus clavinitialis. Co. intermedius is the only other species restricted to this
zone, whereas Ce. apertus and Ch. russelli last appear in this zone, and Ch. belli and L.
lambei first appear here. E. tutus and Pa. mirus range through MAZ-1a.
The decomposition of MAZ-2 into equivalent sub-zones is not as straightforward,
given the pectinate nature of this cluster in the UPGMA dendrograms (Figure 2.3,
Appendix 2.2); however, there is some support for doing this. First, the dendrogram
produced using Ward’s method (Figure 2.4) suggests that MAZ-2 can be divided into
roughly equal halves, although this is likely due in part to the fact that Ward’s method
tends to produce clusters of similar size (Hammer and Harper, 2006). Second, there is
evidence from outside the bounds of Dinosaur Provincial Park, near Manyberries,
Alberta, that Styracosaurus albertensis may have ranged to within 10 m of the LCZ
(Ryan et al., 2007). If so, then the UPGMA cluster succession from 42–46 m would
expand to include those higher intervals, and the cluster succession from 47–52 m would
shrink accordingly. Third, evidence in the form of singleton species suggests that the
uppermost DPF contained a unique megaherbivorous dinosaur assemblage (Ryan and
Evans, 2005), including Lambeosaurus magnicristatus, Vagaceratops irvinensis, and an
unnamed ‘pachyrhinosaur’ (Figure 2.1). Given this, it is appropriate to designate the
existence of two sub-zones in the upper DPF, MAZ-2a and -2b. MAZ-2a comprises
intervals from 29–41 m (Figure 2.1). It marks the first appearance of Prosaurolophus
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maximus and Styracosaurus albertensis, and the last appearance of Chasmosaurus belli,
Panoplosaurus mirus, Euoplocephalus tutus, and L. clavinitialis. L. lambei ranges
through MAZ-2a. MAZ-2b comprises intervals from 42–52 m (Figure 2.1), and marks
the last appearance of L. lambei, Pr. maximus, and S. albertensis. As implied above, it
also contains unique occurrences of L. magnicristatus, V. irvinensis, and a
‘pachyrhinosaur’. Lambeosaurus magnicristatus is also known from this interval in the
Manyberries area (Evans and Reisz, 2007). In addition, there is also a poorly-known
ceratopsid from the upper intervals of the DPF near Manyberries (Ryan and Russell,
2005) that may have affinities with either Anchiceratops (Langston, 1959) or
Pentaceratops (Longrich, 2010), and that may pertain to MAZ-2b. Each of these
assemblage sub-zones likely lasted ~300 Ka (Eberth, 2005).
As a quantitative test of the distinctiveness of the MAZs identified here, their
species compositions were compared using analysis of similarity (ANOSIM) in PAST
2.09 (Hammer et al., 2001). This is a non-parametric test similar to the standard analysis
of variance, except that ANOSIM tests the amount of similarity between groups rather
than the amount of variance (Clarke and Green, 1988; Clarke, 1993). The test returns an
R statistic, which usually varies between 0 (total similarity) and 1 (total dissimilarity),
and a p-value, which is the probability that the tested groups are the same. Singleton
species were included in their respective MAZs to more accurately reflect the total
megaherbivore biodiversity. The ANOSIM test using the Jaccard coefficient and 10,000
permutations yields a highly significant difference between MAZ-1 and -2 (R = 0.894, p
< 0.0001). Significant differences are also recovered at more resolved levels, between
MAZ-1a, -1b, -2a, and -2b (R = 0.923, p < 0.0001). Posterior pairwise comparisons yield
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highly significant differences between each of the four zones (p < 0.0001). Therefore, all
assemblage zones differ significantly in the composition and distribution of taxa used to
define them, at both coarse and fine stratigraphic resolutions. It is important to note that,
while ANOSIM is able to test for significant differences in species composition between
samples, it cannot determine whether there exists a significant break in stratigraphic
succession. If a gradually evolving chronofauna is split arbitrarily into discrete
assemblage zones, ANOSIM is likely to return a significant difference between these
zones even if the transition is not abrupt (Hammer and Harper, 2006).
Comparison with previous assemblage zone schemes
Two previous studies have recognized biostratigraphic assemblage zones within the DPF
(Béland and Russell, 1978; Ryan and Evans, 2005). The designation of MAZ-1 and -2
here loosely corroborates the two assemblage zones noted by Béland and Russell (1978),
with some important caveats. The authors proposed a lower assemblage zone in the DPF
characterized by the presence of the large theropod Albertosaurus (= Gorgosaurus), and
the megaherbivorous dinosaurs Euoplocephalus and Kritosaurus (= Gryposaurus), and
an upper assemblage zone characterized by the presence Panoplosaurus, Lambeosaurus,
and Prosaurolophus. With respect to the lower zone, Gorgosaurus actually ranges
throughout the DPF (Currie, 2005), and is therefore of little use as an assemblage zone
marker within the DPF. Likewise, Euoplocephalus is present throughout the lower three
quarters of the DPF, and is not simply restricted to the lower half of the DPF as implied
by Béland and Russell (1978). Only Gryposaurus is confined to the lower half of the
DPF, or more specifically, to the lower quarter of the DPF. Regarding the upper zone,
Panoplosaurus is actually found throughout the lower three-quarters of the DPF, and
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therefore cannot be used to characterize an upper zone. The hadrosaurids Lambeosaurus
and Prosaurolophus are, however, found throughout the upper half of the DPF and do
serve to distinguish it from the lower half of the formation.
The results of these multivariate analyses correspond closely with the assemblage
zones proposed by Ryan and Evans (2005). They proposed a lower zone, confined to the
lower 30 m of the DPF, characterized by the common presence of Centrosaurus,
Chasmosaurus russelli, and Corythosaurus, and an upper zone containing Styracosaurus,
Lambeosaurus, and Ch. belli. They also noted the existence of a possible third zone,
located between intervals ~50–55 m of the DPF, defined by the common presence of
“Ch.” (= Vagaceratops) irvinensis, an unnamed ‘pachyrhinosaur’, and L. magnicristatus.
Each of these zones roughly corresponds to those identified here. Therefore, MAZ-1 is
broadly recognized as the ‘Centrosaurus-Corythosaurus Zone’ and MAZ-2 as the
‘Styracosaurus-Lambeosaurus Zone’, following Ryan and Evans (2005), with their
poorly-sampled uppermost zone as MAZ-2b. However, greater resolution can be
achieved by further subdividing the lower 30 m of the DPF based on the rapid and
coordinated turnover of its chasmosaurine and lambeosaurine species.
Turnover of the megaherbivorous dinosaur assemblage
The apparent stability of the megaherbivore assemblage zones identified by Ryan and
Evans (2005), in concert with their perceived rapid turnover, has led some (Sampson,
2009; Sampson and Loewen, 2010) to suggest that these zones were subject to regular
turnover pulses. A turnover pulse occurs when one fauna is rapidly replaced by another
as a result of changes to the physical environment, usually stemming from climatic or
tectonic disturbances (Vrba, 1995a). This replacement may vary in scale, affecting
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different lineages to different degrees over different temporal scales (Vrba, 1995a). The
turnover pulse hypothesis has been invoked to explain the apparent rapid turnover of late
Pliocene African mammal faunas in response to climate change (Vrba, 1985, 1993,
1995a,b), but this scenario has been strongly criticized (e.g., Hill, 1995; Behrensmeyer et
al., 1997; Prothero, 1999).
The turnover pulse hypothesis predicts that MAZ turnover in the DPF should
mirror that of one or more palaeoenvironmental proxies. The results of the
correspondence analyses suggest that the turnover of the megaherbivorous dinosaurs
most closely mirrors that of the fossil palynology, followed sequentially by lithology and
pedology. It is not surprising that the turnover of such large herbivores should correspond
to that of their food source; however, relatively little can be said about the nature of this
relationship because the DPF palynomorphs are of mostly unknown affinity (Braman and
Koppelhus, 2005). Palynomorphs from non-marine intervals in the upper DPF indicate a
palaeoflora rich in aquatic plants, including relatives of Trapa and Nelumbo (D. Braman,
pers. comm. 2010), suggesting that megaherbivorous dinosaurs restricted to these
intervals (e.g., Vagaceratops irvinensis, Lambeosaurus magnicristatus, ‘pachyrhinosaur’)
may have preferred the hydrophytes that dominated these muddy, coastal settings, but
little can be said beyond this. Megaherbivorous dinosaur turnover mirrors that of
lithology to a modest degree; the onset of fine-grained, muddy sediments in the DPF
roughly corresponds to the turnover from MAZ-2a to -2b and the disappearance of
several taxa, including Chasmosaurus belli, Lambeosaurus lambei, and Euoplocephalus
tutus. Perhaps these taxa could not tolerate the more coastal environments preserved
higher in section. This may have been especially true of the ankylosaurs, which do not
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persist beyond MAZ-2a. Corroborating this pattern, Brinkman (1990) and Brinkman et al.
(1998) noted a paucity of ankylosaur microsite material (e.g., teeth) from the uppermost
intervals of the DPF. Because microsites, by definition, yield large samples of
identifiable, small elements from vertebrates of varying sizes (teeth, scales, osteoderms,
bone fragments), they generally provide a good sample of local vertebrate biodiversity
(Dodson, 1983). The scarcity of ankylosaurs in MAZ-2b therefore appears biologically
significant and is not simply a reflection of collecting bias. Interestingly, this
interpretation contradicts that of Butler and Barrett (2008), who suggested on the basis of
palaeobiogeographical evidence that nodosaurid ankylosaurs had an affinity for coastal
habitats. Pedology does a particularly poor job of explaining megaherbivorous dinosaur
turnover, although the turnover from well-drained to mixed palaeosols at 7 m appears to
coincide roughly with the appearance of Chasmosaurus russelli in MAZ-1a (Figure 2.1).
Perhaps this ceratopsid could not tolerate feeding on those plants growing in well-drained
soils—the data are currently too poorly resolved to support such speculation.
Despite the modest explanatory power offered by the palaeoenvironmental
proxies considered here, the turnover of the DPF megaherbivorous dinosaurs is explained
at least as well by a simple time gradient, which loads more strongly on axis 1 of the
CCA biplots than any other variable (Figure 2.5E–F). This may be attributed to the
following possibilities: (1) the distributions of the palaeoenvironmental proxies
considered here are simply too poorly resolved to explain the turnover of the
megaherbivorous dinosaurs; (2) the appropriate proxies were not considered; (3)
megaherbivorous dinosaur turnover was not strongly linked to environmental change, and
may have been driven in part by immigration or by other internal, random, or contingent
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factors. Whatever the mechanism, there appears to be no strong evidence that turnover
pulses characterized the evolution of the DPF megaherbivorous dinosaur chronofauna,
although further testing is clearly needed.
Whether the appearance and disappearance of the megaherbivorous taxa of the
DPF was due to evolution, migration, or to a combination of these factors, is difficult to
determine. Currie and Russell (2005:565) referred to many of the megaherbivore species
in the DPF as “transitional”, suggesting possible anagenetic relationships between them.
Given the apparent stratigraphic segregation of many of ankylosaurs, ceratopsids, and
hadrosaurids, this conclusion cannot be rejected, and remains plausible in some cases
(e.g., Evans, 2007). Moreover, the difficulties associated with distinguishing between
some of these species due to their morphological continuity are also suggestive of
anagenesis. For example, a stratomorphometric analysis of Corythosaurus and
Lambeosaurus reveals compelling evidence of phyletic transformation between species
within each genus (Evans, in review). Additionally, some of the discrete morphological
features once thought to distinguish the ceratopsids Chasmosaurus russelli and Ch. belli
(Godfrey and Holmes, 1995; Mallon and Holmes, 2006) have been shown to vary
intraspecifically (Maidment and Barrett, 2011), and Lehman (1998) has even suggested
that only a single, variable species of Chasmosaurus is present in the DPF. Likewise, the
presence of the centrosaurine Spinops in the DPF, apparently intermediate in morphology
between Centrosaurus and Styracosaurus (Farke et al., 2011), is also suggestive of a
possible intermediate in an unbroken anagenetic series, but the exact stratigraphic
position of this species is not yet known. If anagenesis is eventually shown to
characterize the evolution of some of DPF megaherbivorous dinosaur assemblage, the
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bridging of morphological gaps between supposedly discrete, congeneric species will
ultimately prove to be problematic for the more exclusive assemblage sub-zones
proposed here (Boucot, 2009). Nonetheless, the distribution patterns analysed at the
genus level appear to strongly support the more inclusive lower (MAZ-1) and upper
(MAZ-2) assemblage zones, which are therefore less susceptible to change. In fact, the
few hadrosaurid skulls from the DPF not diagnostic beyond the genus level reinforce the
existence of both MAZ-1 and -2 (Table 2.5).
Whether the first and last appearances of the megaherbivore species in the DPF
correspond to migration (immigration/emigration) is relatively easier to test. Assuming a
habitat-tracking model, species found in the lower DPF, where alluvial plain settings
dominated (Eberth, 2005), should be expected to occur in similar palaeoenvironments
within correlative strata beyond DPP. Likewise, species found in the upper DPF, where
coastal plain settings dominated (Eberth, 2005), should be expected to occur in similar
palaeoenvironments within correlative strata outside the DPF. Unfortunately, few of the
species found within the DPF occur outside of the formation, a pattern repeated across
many Late Cretaceous deposits from North America. This has led some (Lehman, 1987,
1997, 2001) to posit extreme provinciality in Laramidian dinosaurs from this epoch. To
date, Centrosaurus apertus appears to be the only exception. It is commonly found in the
alluvial plain palaeoenvironments of the DPF, but was more recently discovered in the
putatively more xeric palaeoenvironments of correlative deposits of the Oldman
Formation near Manyberries, suggesting that at least one species of megaherbivorous
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Table 2.5. Hadrosaurid specimens identifiable only to genus-level reinforce the
broad zonation schemes proposed here.
Genus

Specimen

Height above
Oldman/DPF (m)
Corythosaurus CMN 34825 0.7
Corythosaurus ROM 1947 21.6
Prosaurolophus ACM 578
37.5

MAZ
1
1
2
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dinosaur from Alberta was robust to the palaeoenviromental differences between the
correlative portion of the Oldman and Dinosaur Park formations (Ryan et al., 2010b).
Palaeoecological implications of DPF biostratigraphy
At one time, it was assumed that the DPF spanned no more than 500 Ka and that its entire
fossil assemblage was contemporaneous (Dodson, 1975). While biostratigraphic overlap
of megaherbivore species within the DPF is not as pronounced as previously assumed,
the results presented here suggest that, for most of the duration of the DPF, Ankylosauria,
Ceratopsidae, and Hadrosauridae were each represented by at least two sympatric
species. That is, at any one time, there were usually six, and perhaps as many as eight,
megaherbivorous dinosaur species living in sympatry. The implications of this are
particularly interesting, given what is known about the palaeoecology of these animals.
First, their large body masses (> 1 t) suggest that each species consumed substantial
amounts of vegetation, regardless of whether ecto- or endothermic metabolisms are
assumed (Farlow, 1976; Béland and Russell, 1978; Farlow et al., 1995). Second, there is
evidence that at least some ceratopsid and hadrosaurid species formed vast herds (Horner
and Makela, 1979; Lockley et al., 1983; Currie and Dodson, 1984; Varricchio and
Horner, 1993; Lockley and Hunt, 1995; Ryan et al., 2001; Eberth et al., 2010), sometimes
numbering in the tens of thousands of individuals, that likely would have devastated local
vegetation when passing through a given area as do elephant herds (Owen-Smith, 1988;
Ben-Shahar, 1993; Fritz et al., 2002), both through feeding activity and trampling. Third,
the megaherbivorous dinosaur assemblage of the DPF appears to have been endemic
(Lehman 1997, 2001; Gates et al., 2010), restricted to what is now southern Alberta and
southwestern Saskatchewan. Thus, it appears that the potential for resource competition
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between megaherbivore species was high (Farlow et al., 1995; Lehman, 1997; Sampson,
2009), due to the combined effects of high energy demands and high species density, yet
the chronofauna of Late Cretaceous North America, comprising numerous ankylosaurs,
ceratopsids, hadrosaurids, and tyrannosaurids, persisted for ~20 Ma (Bakker, 2005).
Presumably, these animals were adapted in such a way as to avoid competing with one
another, perhaps facilitating niche partitioning as a result of their different
ecomorphologies (e.g., Carrano et al., 1999; Henderson, 2010; Sampson and Loewen,
2010). The results presented here suggest that further study of possible mechanisms of
niche partitioning among these animals is necessary.
Caveats
As noted earlier, the average sediment accumulation rate (ASAR) of the DPF is 4.1
cm/Ka (Eberth, 2005). By contrast, ASARs in the coeval Two Medicine (Montana) and
Kaiparowits (Utah) formations are 7.0 cm/Ka (Rogers et al., 1993), and 41 cm/Ka
(Roberts et al., 2005), respectively. Thus, the ASAR of the DPF is depressed relative to
those of time-equivalent formations further south. In light of this, the question arises as to
how the results presented here might be affected by different sediment accumulation
regimes.
Although largely hypothetical, different ASARs in the DPF would presumably
have some effect on the biostratigraphic zonation schemes presented here. For example,
an increased ASAR would enhance the probability of fossilization, which would tend to
increase the biostratigraphic ranges of individual species, leading to more inclusive
clustering schemes. An increased ASAR would also increase the likelihood of recovering
short-lived taxa that might not otherwise appear in the fossil record. This, in turn, would
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allow for progressively finer biostratigraphic clustering, and would further mitigate the
problem of time-averaging. (Of course, this improved temporal resolution would require
a concomitant improvement in the ability to place individual specimens relative to the
Oldman-DPF contact, which is a problem in itself.) Conversely, a decreased ASAR
would result in consistently coarser clustering schemes and exaggerated time-averaging,
irrespective of whether stratigraphic uncertainty could be improved. Bearing these
thoughts in mind, such sediment-rich formations as the Kaiparowits may ultimately serve
as ideal proving grounds on which to test fine-scale palaeoecological hypotheses.
Another bias worth considering is preferential palaeoenvironmental representation
in the DPF. As noted by Eberth and Currie (2005), the lower half of the formation is
dominated palaeochannel sandstones that outnumber mudstones by a ratio of 5:1. By
contrast, this ratio is 1:3 in the upper half of the formation (Eberth and Currie, 2005).
Therefore, there is clearly an environmental bias towards the preservation of
palaeochannel and marginal settings in the lower half of the DPF. Lyson and Longrich
(2011) recently noted that this bias can have serious consequences for the interpretation
of palaeobiogeography and biostratigraphy if differences in lithology are not accounted
for. Their admonition stemmed from their finding that, within the Upper Cretaceous Hell
Creek Formation and time-equivalent strata, ornithopods show a strong association with
sandy palaeochannel settings, whereas ceratopsids are associated with muddy
interchannel palaeoenvironments. If these patterns translate to the older DPF, it would be
reasonable to assume that the lower half of the formation (MAZ-1) favours the
preservation of hadrosaurids, whereas the upper half (MAZ-2) favours ceratopsids.
However, a chi-square test of the data provided in Appendix 2.1 reveals that there are no
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differences in palaeoenvironmental association for these taxa (N = 104, X2 = 1.267, p >
0.05). Similar results are obtained when the data are binned according to the sandy and
muddy zones illustrated in Figure 2.1 (N = 104, X2 = 0.066, p > 0.05). In a sense, these
findings echo those of Dodson (1971), who found no evidence that ceratopsids and
hadrosaurids from the DPF differ in their associated lithotypes. Nonetheless, Dodson
(1971) also noted that both these taxa tend to be found in palaeochannel deposits, which
runs contrary to the findings given here. This discrepancy presumably reflects
methodological differences between studies; Dodson (1971) considered the lithology of
individual quarries, whereas the approach taken here is much coarser in scale. Even so,
the point remains that palaeoenvironmental associations are explicitly accounted for in
the present study and are therefore not expected to undermine the results. The
contradictory findings of Lyson and Longrich (2011) may be taken as tentative evidence
for evolving habitat preferences among ceratopsids and hadrosaurids through the Late
Cretaceous.
Conclusions
The DPF is among the most fossiliferous dinosaur-bearing deposits in the world and
records significant palaeoenvironmental changes associated with marine transgression
and tectonism (Eberth and Hamblin, 1993). As such, it provides an excellent dataset to
test previous hypotheses of megaherbivorous dinosaur distribution, niche segregation,
and turnover pulses. This statistical study supports the existence of two broad assemblage
zones in the DPF, each lasting ~600 Ka: a lower one characterized by the presence of the
ceratopsid Centrosaurus apertus and the hadrosaurids Corythosaurus, and an upper one
characterized by the presence of the ceratopsid Styracosaurus albertensis and the
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hadrosaurid Prosaurolophus maximus. Each of these assemblage zones can be further
divided into two ~300 Ka sub-zones based on the distributions of their rarer or shorterlived ankylosaurs, ceratopsids, and hadrosaurids. Although the turnover of the
megaherbivorous dinosaurs mirrors that of the fossil palynology to a modest degree, a
simple time gradient corresponds to dinosaur turnover more closely than any
palaeoenvironmental proxy, suggesting that the turnover pulse hypothesis is currently not
well-supported. Immigration or climatic change not directly related to marine
transgression, or other unknown factors, may also account for faunal turnover and further
work is required to determine the nature of the faunal shifts within the Belly River Group.
The biostratigraphy of other Upper Cretaceous deposits from the Western Interior Basin
is currently being resolved (e.g., Horner et al., 1992; Trexler, 2001; Fowler, 2006;
Sullivan and Lucas, 2006; Sampson et al., 2010a), and it is hoped that the present study
will serve as an example for addressing similar questions in these locales.
This study suggests several future lines of inquiry. Although the results are robust
given the current dataset, it is anticipated that future fossil discoveries from the DPF will
allow testing of the biostratigraphic patterns identified here, and may eventually enable
the use of abundance data, which could prove to be more informative than simple binary
data. Further detailed study of the distributions of various palaeoenvironmental proxies
(e.g., invertebrates, lithotypes, palaeobotany, pedotypes, turtles, etc.) could also enable
more rigorous testing of the turnover pulse hypothesis. This study should be considered
as a first step toward answering the question of how closely megaherbivorous dinosaur
turnover corresponds to palaeoenvironmental change. Finally, although species overlap is
not as pronounced as previously assumed, there still remains a surprising number of
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sympatric megaherbivorous dinosaurs within the DPF. It is anticipated that solutions
regarding the coexistence of such a great diversity of large herbivores may lie in the
study of Late Cretaceous primary productivity, dinosaur metabolism, and possible
mechanisms of niche partitioning.
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Appendix 2.1. Biostratigraphic data used in this study. Heights given in bold were
estimated using the method outlined in the text. Specimens marked with an asterisk
(*) represent singleton species that were not used in the multivariate analyses. All
data from Currie and Koppelhus (2005) unless otherwise noted. Specimens
estimated as occurring below the Oldman/DPF contact were assumed to occur at the
contact (0 m) because ground truth confirms that none of the taxa considered here
occur in the Oldman Formation.
Quarry
#

Specimen

Species

Q001

ROM 767

Centrosaurus apertus

Height above
Oldman/DPF contact
(m)
9.5

Q022

ROM 1428

Centrosaurus apertus

0.0

Centrosaurus apertus

25.4

Centrosaurus apertus

26.1

Centrosaurus apertus

10.3

Centrosaurus apertus

3.4

Centrosaurus apertus

4.5

Centrosaurus apertus

0.0

Centrosaurus apertus

4.8

Centrosaurus apertus
Centrosaurus apertus

1.8
14.7

Centrosaurus apertus

24.6

Centrosaurus apertus

5.3

Centrosaurus apertus

18.1

Centrosaurus apertus

7.4

Centrosaurus apertus

5.8

Centrosaurus apertus

9.8

Q033
Q042
Q044
Q057
Q081
Q083
Q088
Q091
Q102
Q109
Q135
Q136
Q148

Q181

Q204

MLP
79/XI/23/2
USNM
8897
ROM 1426
AMNH
5239
CMN
12229
CMN 347
AMNH
5377
CMN 8795
CMN 8798
CMNH
11374
UALVP
11735
UALVP
16248
TMP
1980.054.0
001
TMP
1982.016.0
011
TMP
1992.082.0
001

Comment

Measured by
DCE

Tanke, 2005

73
Appendix 2.1. (Continued)

Species

Height above
Oldman/DPF contact
(m)

Centrosaurus apertus

4.0

Centrosaurus apertus

4.7

Centrosaurus apertus
Centrosaurus apertus
Centrosaurus apertus
Centrosaurus apertus

6.2
7.6
6.0
3.0

TMP

Centrosaurus apertus

2.6

TMP

Centrosaurus apertus

3.0

Centrosaurus apertus

10.5

Centrosaurus apertus

2.4

TMP

Centrosaurus apertus

8.0

TMP

Centrosaurus apertus

2.4

TMP

Centrosaurus apertus

2.4

TMP

Centrosaurus apertus
Centrosaurus apertus

2.0
3.0

BB168

TMP

Centrosaurus apertus

1.0

BB180
BB188

TMP
TMP

Centrosaurus apertus
Centrosaurus apertus

5.0
7.0

BB178

Centrosaurus apertus

1.0

BB152

Centrosaurus apertus

5.0

BB165

Centrosaurus apertus

8.0

Quarry
#
Q217

Q224
Q231
Q249
BB030
BB041
BB041
A
BB041
AA
BB043
BB091
BB091
A
BB091
B
BB091
C
BB162
BB166

Specimen
TMP
1994.164.000
1
TMP
1997.085.000
1
ROM 1427
YPM 2015
TMP
TMP

TMP
1979.011
TMP

BB061

TMP

BB061
A

TMP

Centrosaurus apertus
plus mixed faunal
Centrosaurus apertus
plus mixed faunal

Comment

Tanke, 2006

Eberth and
Getty, 2005

Eberth and
Getty, 2005

Eberth and
Getty, 2005

Eberth and
Getty, 2005
Eberth and
Getty, 2005
Eberth and
Getty, 2005

14.0
14.0

Eberth and
Getty, 2005
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Appendix 2.1. (Continued)
Quarry
#

Specimen

BB062

TMP

BB128

TMP

Q105
Q240
Q019
Q025
Q037
Q049
Q078
Q110
Q164

Q010
Q063
Q184
Q005

AMNH
5351
TMP
2002.076.0
001*
ROM 843
ROM 839
CMN 2245
Rio de
Janeiro
NHMUK
R4948
YPM 2016
TMP
1981.019.0
175
CMN 2280
CMN 8801
TMP
1987.045.0
001*
SDNHM
2989

Q027

ROM 870

Q030

ROM 871

Q040

ROM 868

Q082

CM 11375

Q111

AMNH
5338

Species
Centrosaurus apertus
plus mixed faunal
Centrosaurus apertus
plus mixed faunal

Height above
Oldman/DPF contact
(m)
2.5
10.0

Centrosaurus apertus

28.7

‘pachyrhinosaur’

53.6

Chasmosaurus belli
Chasmosaurus belli
Chasmosaurus belli

33.4
35.8
41.0

Chasmosaurus belli

41.7

Chasmosaurus belli

20.1

Chasmosaurus belli

24.5

Chasmosaurus russelli

10.5

Chasmosaurus russelli
Chasmosaurus russelli

15.9
21.0

Vagaceratops
irvinensis

50.4

Corythosaurus
casuarius
Corythosaurus
casuarius
Corythosaurus
casuarius
Corythosaurus
casuarius
Corythosaurus
casuarius
Corythosaurus
casuarius

1.7
4.2
10.2
2.2
15.9
7.3

Comment
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Appendix 2.1. (Continued)
Quarry
#

Specimen

Species

Height above
Oldman/DPF contact
(m)

Q117

ROM 1933

Corythosaurus
casuarius

12.5

Corythosaurus
casuarius

16.6

Q150
Q024

TMP
1980.040.0
001
AMNH
5240

Q013

ROM 776

Q014

ROM 845

Q015

ROM 777

Q067

CMN 8676

Q068

CMN 8704

Q128

Q174

TMP
1980.023.0
004
TMP
1982.037.0
001

Q002

ROM 784*

Q008

CMN 2759
TMP
1998.067.0
001
TMP
1998.074.0
001
AMNH
5665
ROM 1215
AMNH
5381
TMP
1991.036.0
507

Q228

Q229
Q009
Q043
Q101
Q201

Corythosaurus
casuarius
Corythosaurus
intermedius
Corythosaurus
intermedius
Corythosaurus
intermedius
Corythosaurus
intermedius
Corythosaurus
intermedius

0.3
23.3
21.4
19.7
26.5
22.0

Corythosaurus
intermedius

26.1

Corythosaurus
intermedius

20.8

Dyoplosaurus
acutosquameus
Panoplosaurus mirus

7.7
24.9

Panoplosaurus mirus

31.0

Panoplosaurus mirus

18.7

Panoplosaurus mirus

17.5

Panoplosaurus mirus

26.4

Panoplosaurus mirus

25.3

Panoplosaurus mirus

30.0

Comment
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Appendix 2.1. (Continued)
Quarry
#
Q230
Q041
Q052
Q059
Q080
Q089
Q100
Q195

Q198

Q203
Q034
Q035
Q077
Q099
Q118
Q137
Q149

Specimen
TMP
1998.098.0
001
ROM 2162
ROM 813
UALVP 31
NHMUK
R5161
AMNH
5404
AMNH
5409
TMP
1998.083.0
001
TMP
1991.127.0
001
TMP
1992.081.0
001
ROM 873
CMN 2278
FMNH?
ROM 764
ROM 1939
MCSNM
v345
TMP
1980.022.0
001

Q032

ROM 869

Q062

CMN 8703

Q071

YPM 3222

Species

Height above
Oldman/DPF contact
(m)

Panoplosaurus mirus

4.2

Euoplocephalus tutus
Euoplocephalus tutus
Euoplocephalus tutus

39.6
4.5
31.6

Euoplocephalus tutus

4.5

Euoplocephalus tutus

-4.8

Euoplocephalus tutus

4.3

Euoplocephalus tutus

4.4

Euoplocephalus tutus

17.1

Euoplocephalus tutus

21.5

Gryposaurus notabilis
Gryposaurus notabilis
Gryposaurus notabilis
Gryposaurus notabilis
Gryposaurus notabilis

0.0
9.7
6.9
13.5
5.1

Gryposaurus notabilis

2.0

Gryposaurus notabilis

9.3

Lambeosaurus
clavinitalis
Lambeosaurus
clavinitalis
Lambeosaurus
clavinitalis

24.0
17.1
29.5

Comment
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Appendix 2.1. (Continued)
Quarry
#
Q163
Q003
Q023
Q050
Q175
Q108
Q206
Q084

Specimen
TMP
1981.037.0
001
ROM 1218
ROM 794
FMNH
1479
TMP
1982.038.0
001
CMN
8705*
TMP
1992.053.0
021
UALVP
300

Q012

ROM 768

Q004a

ROM 787

Q004b

MLP ????

Q046

USNM
12712

Q086

CMN 2277

Q114

ROM 1928

Q116
Q192

Q208

Q213

TMM
41262
TMP
1984.001.0
001
TMP
1980.016.0
923
TMP
1993.081.0
001

Species

Height above
Oldman/DPF contact
(m)

Lambeosaurus
clavinitalis

22.6

Lambeosaurus lambei
Lambeosaurus lambei

38.0
45.3

Lambeosaurus lambei

23.7

Lambeosaurus lambei

23.6

Lambeosaurus
magnicristatus

46.7

Parasaurolophus sp.

23.0

Parasaurolophus sp.

28.5

Parasaurolophus
walkeri
Prosaurolophus
maximus
Prosaurolophus
maximus
Prosaurolophus
maximus
Prosaurolophus
maximus
Prosaurolophus
maximus
Prosaurolophus
maximus

1.9
32.6
32.6
32.0
32.7
52.6
45.3

Prosaurolophus
maximus

40.5

Prosaurolophus
maximus

38.5

Prosaurolophus
maximus

35.1

Comment
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Appendix 2.1. (Continued)
Quarry
#

Specimen

Species

Height above
Oldman/DPF contact
(m)

BB042

TMP

Styracosaurus
albertensis

29.0

Styracosaurus
albertensis

40.3

Styracosaurus
albertensis

37.0

Styracosaurus
albertensis

45.0

Q179

Q183

?

TMP
1986.126.0
001
TMP
1987.052.0
001
TMP
1988.036.0
020

Q016

CMN 344

Styracosaurus
albertensis

46.9

Q248

TMP
2005.012.0
058

Styracosaurus
albertensis

38.2

Comment
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Appendix 2.2. UPGMA Q-mode cluster analyses using a range-through assumption
and the Ochiai (A) and Spearman’s rho (B) coefficients.
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CHAPTER 3: FEEDING HEIGHT STRATIFICATION AS A MEANS OF NICHE
PARTITIONING AMONG THE MEGAHERBIVOROUS DINOSAURS FROM
THE DINOSAUR PARK FORMATION (UPPER CAMPANIAN) OF ALBERTA,
CANADA
Introduction
Ecological separation of coexisting species is achieved along the axes of food, time, and
space (Pianka, 1973; Schoener, 1974). For example, the African savannah biome
supports 31 species of large (> 5 kg), herbivorous mammals (Owen-Smith, 1982), and
competition among its members is typically alleviated via the selection of different food
types, the occupation of the same habitat at different times, or the occupation of different
habitats at the same time (Lamprey, 1963; Bell, 1971; McNaughton and Georgiadis,
1986). The ecological separation of these ungulates may also be achieved along a vertical
gradient, with different species feeding at different heights within the canopy or grass
cover (Lamprey, 1963; Bell, 1971; Hirst, 1975; Leuthold, 1978; McNaughton and
Georgiadis, 1986; du Toit, 1990; Arsenault and Owen-Smith, 2008). For example, Bell
(1971) demonstrated that, among grazers, zebra (Equus burchelli) tend to ingest the
tallest, most fibrous portions of the herb layer, wildebeest (Connochaetes taurinus) and
topi (Damaliscus korrigum) select the more nutritious middle layer, and Thomson’s
gazelle (Gazella thomsoni) take in fruits from the ground. With the exception of the topi,
this grazing succession is reflected by the decreasing body size of the animals (but see
Arsenault and Owen-Smith, 2008). Similarly, feeding height stratification has been said
to operate among browsing ungulates (Lamprey, 1963; Leuthold, 1978; McNaughton and
Georgiadis, 1986). This hypothesis was tested explicitly on a subset of African browsers
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by du Toit (1990), who found that giraffe (Giraffa camelopardalis), kudu (Tragelaphus
strepsiceras), impala (Aepyceros melampus), and steenbok (Raphicerus campesteris) are
stratified by mean feeding-height. On average, giraffe feed at heights between 2 and 3 m,
kudu at heights near 1 m, and impala and steenbok at heights below 0.5 m. Although
there was significant overlap between the browsing heights of some of these species, du
Toit (1990) observed that feeding height stratification is more pronounced during the dry
season, when the use of woody browse is increased to compensate for the reduced
availability of green forage in the herb layer. The long neck of the giraffe has been cited
as an example of an adaptation to escape competition occurring at lower browsing
heights (Cameron and du Toit, 2007).
Niche partitioning via feeding height stratification is also thought to have
facilitated sauropod diversity during the Late Jurassic (Bakker, 1978, 1986; Calvo, 1994;
Fiorillo, 1991, 1998, 2008; Stevens and Parrish, 1999, 2005; Upchurch and Barrett, 2000;
Whitlock, 2011). Likewise, some (Bakker 1978, Béland and Russell 1978; Coe et al.,
1987) have suggested that the rich diversity of ankylosaurs, ceratopsids, and hadrosaurids
in the Late Cretaceous of western interior North America was fostered, in part, by a
similar mechanism, but formal tests of this hypothesis are lacking. The purpose of this
chapter is to test this hypothesis with reference to the megaherbivorous dinosaurs from
the DPF.
Materials and Methods
The data used in this study are listed in Appendix 3.1. I excluded juvenile specimens,
identified by their small size and/or under-developed cranial ornamentation, because I
was specifically interested in estimating the feeding heights of fully-grown individuals.
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Presumably, juveniles fed at intermediate heights and their inclusion in this study would
have no effect on the calculation of maximum feeding envelopes.
Feeding envelope estimation
When estimating the browse heights of the megaherbivorous dinosaurs, it was important
to devise some metric that allowed for the use of both articulated and disarticulated
skeletons, thereby maximizing sample size. Browse height can often be measured directly
from mounted specimens, but many reasonably complete skeletons remain disarticulated
in museum collections. For this reason, I calculated browse height as follows: for the
quadrupedal ankylosaurs and ceratopsids, I estimated browse height from shoulder
height, calculated by adding the lengths of the humerus, radius, and metacarpal III.
Observations of mounted skeletons reveal that this is an appropriate proxy for browse
height because the mouth is approximately level with the glenoid of the shoulder (Figure
3.1A, B). In the case of ceratopsids, the mouth could not be brought much higher than
this because the extension of the head at the atlanto-occipital joint would eventually
cause the huge parietosquamosal frill to abut the dorsal surface of the shoulders (Figure
3.1B). For hadrosaurids, quadrupedal browse height was estimated from hip height,
calculated by summing the lengths of the femur, tibia, and metatarsal III. Again,
observations of mounted hadrosaurid skeletons confirm that this is an appropriate proxy
for maximum quadrupedal feeding height (Figure 3.1C).
It is widely accepted that hadrosaurids were facultatively bipedal and could occasionally
rear up onto their hind limbs to feed (Lull and Wright, 1942; Ostrom, 1964a; Galton,
1970; Bakker, 1978; Béland and Russell, 1978; Dodson, 1983; Maryańska and Osmólska,
1984; Coe et al., 1987; Dilkes, 2001; Horner et al., 2004). Maximum bipedal browsing
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Figure 3.1. Maximum quadrupedal feeding height proxies used in this study.
Shoulder height (calculated as the combined lengths of the humerus, radius, and
metacarpal III) is used to approximate the maximum feeding heights of ankylosaurs
(A) and ceratopsids (B). Hip height (calculated as the combined lengths of the
femur, tibia/fibula, and metatarsal III) is used to approximate the maximum
quadrupedal feeding height of hadrosaurids (C). Dashed lines indicate the
approximate maximum quadrupedal feeding height. Image (B) provided by G.
Danis (used with permission).
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height was therefore calculated using trigonometry: assuming that the animal could rear
up on its hind legs only so far as the distal tip of its tail would touch the ground (a
reasonable assumption, given that the tails of these animals were relatively inflexible due
the tendon trellis that extended much of their lengths), a right triangle is formed (Figure
3.2) with the vertical side equal to hip height and the hypotenuse equal to tail length. The
intersection of the hypotenuse and the horizontal side of the triangle forms angle θ, which
can be calculated as θ = sin-1(hip height/tail length). The triangle can then be extended by
adding the combined length of the trunk and neck to the hypotenuse to give the full body
length. The product of sin θ and body length yields an estimate for the maximum bipedal
feeding height.
I took measurements from the literature when they could not be made directly. Examples
of complete, articulated vertebral columns from the DPF are nonexistent. For this reason,
I assumed that mounts that included restored vertebrae were reasonably accurate and
were included in this study; however, entirely missing or restored sections of the
vertebral column (e.g., cervicals, thoracics, caudals) or limb elements were not used. I
estimated these missing elements from more complete specimens using reduced major
axis regression (Appendix 3.2). RMA is preferable to ordinary least squares (OLS)
regression because it does not assume that the independent variable is measured without
error. There is some debate, however, about whether RMA is preferable to OLS when
extrapolating beyond the dataset (Smith, 2009), as I occasionally did here.
Statistical comparisons
I compared feeding envelopes at coarse (family/suborder), medium (subfamily/family),
and fine (genus) taxonomic scales. I did not consider the species level because sample
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Figure 3.2. Depiction of the trigonometric model used here to estimate bipedal
feeding height in hadrosaurids. See Materials and Methods for details.
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size was generally too low at this resolution to permit meaningful statistical comparisons.
I used the non-parametric Kruskal-Wallis test because samples were typically quite small
(n < 30) and non-normal. I conducted posthoc pairwise comparisons using MannWhitney U tests with Bonferroni correction. Bonferroni correction was designed to
counteract the problem of multiple comparisons, wherein the probability of committing a
type I error increases with the number of simultaneous comparisons being made (Sokal
and Rohlf, 1995). This problem is rectified by multiplying the p-value by the number of
pairwise comparisons, effectively lowering the significance level. However, because
Bonferroni correction provides little power and is probably too conservative (Sokal and
Rohlf, 1995; Nakagawa, 2004), I also report uncorrected probabilities for interpretation. I
performed all statistical procedures using the software program PAST 2.12 (Hammer et
al., 2001).
Because the DPF does not represent a single assemblage of contemporaneous
organisms, time-averaging is an issue. This has the effect of masking palaeoecological
patterns that are otherwise distinguishable only at fine temporal resolutions
(Behrensmeyer and Hook, 1992). For this reason, I minimized the effects of timeaveraging by making the above comparisons within each of the two most inclusive
Megaherbivore Assemblage Zones (MAZs) identified in Chapter 2. To summarize,
MAZ-1 encompasses the lower 28 m of the DPF, and MAZ-2 encompasses intervals
from 29–52 m. Whereas this time-constrained approach theoretically increases the
probability of recovering differences that would otherwise be masked by the effects of
time-averaging, there is a trade-off in that sample size (and hence statistical power) is
reduced considerably. Also, this approach does not completely remove the effects of
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time-averaging because the MAZs are themselves time-averaged over a period of
approximately 600 Ka (Chapter 2).
Results
Time-averaged approach
The feeding envelopes for the time-averaged analysis are depicted in Figure 3.3A. The
average neutral feeding heights of ankylosaurs generally fall below 1 m, whereas those of
ceratopsids plot slightly above 1 m. The average quadrupedal feeding heights of
hadrosaurids consistently plot above 2 m, and their average bipedal feeding heights plot
around 4 m. Hadrosaurines (Gryposaurus and Prosaurolophus) have slightly taller
average bipedal feeding heights than lambeosaurines, but the uncertainty intervals for all
hadrosaurids in this posture are quite large and overlap substantially. This may reflect
variation in reconstructed portions of the spinal column and estimated missing elements.
The Kruskal-Wallis test reveals highly significant differences among all higherlevel taxa (N = 62, H = 55.82, p < 0.001), with Ankylosauria, Ceratopsidae, and
Hadrosauridae each differing significantly from one another in quadrupedal feeding
height (Table 3.1). As expected, the differences are exacerbated when bipedal
hadrosaurids are considered, which differ significantly from all quadrupedal postures. No
further significant differences are recovered with increasingly finer taxonomic resolution,
even between the apparently different bipedal hadrosaurines and lambeosaurines (Tables
3.2–3.3).
Time-constrained approach
The results of the time-constrained analyses (MAZ-1 and -2) largely mirror those of the
time-averaged analysis; the same feeding height relationships are maintained (Figure
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Table 3.1. Mann-Whitney U test results for the time-averaged, suborder/family level pairwise comparisons. Bonferroni
corrected p-values shown in lower left triangle; uncorrected pairwise comparison p-values shown in upper right triangle.
Significant results reported in bold. Abbreviations: Q, quadrupedal posture; B, bipedal posture.
Ankylosauria Ceratopsidae Hadrosauridae (Q) Hadrosauridae (B)
(n = 11)
(n = 12)
(n = 19)
(n = 20)
Ankylosauria (n = 11)
0.000
0.000
0.000
Ceratopsidae (n = 12)
0.003
0.000
0.000
Hadrosauridae (Q) (n = 19)
0.000
0.000
0.000
Hadrosauridae (B) (n = 20)
0.000
0.000
0.000
Kruskal-Wallis test: N = 62, H = 55.82, p = 0.000
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Table 3.2. Mann-Whitney U test results for the time-averaged, family/subfamily
level pairwise comparisons. Bonferroni corrected p-values shown in lower left
triangle; uncorrected pairwise comparison p-values shown in upper right triangle.
Significant results reported in bold. Taxonomic abbreviations: An, Ankylosauridae;
Ce, Centrosaurinae; Ch, Chasmosaurinae; Ha, Hadrosaurinae; La,
Lambeosaurinae; No, Nodosauridae. Other abbreviations as in Table 3.1.
An
No
Ce
Ch
Ha (Q) Ha (B) La (Q) La (B)
(n = 7) (n = 4) (n = 8) (n = 4) (n = 6) (n = 7) (n = 13) (n = 13)
An (n = 7)
0.508 0.001 0.011 0.003 0.002
0.000
0.000
No (n = 4)
1
0.107 0.194 0.014 0.011
0.004
0.004
Ce (n = 8)
1
0.671 0.002 0.001
0.041
0.000
0.000
Ch (n = 4)
0.301
1
1
0.014 0.011
0.004
0.004
Ha (Q) (n = 6) 0.905 0.398 0.068 0.398
0.357
0.003
0.001
Ha (B) (n = 7) 0.061 0.301 0.041 0.301 0.095
0.303
0.000
La (Q) (n = 13) 0.010 0.109 0.005 0.109
1
0.010
0.000
La (B) (n = 13) 0.010 0.108 0.005 0.108 0.020
1
0.000
Kruskal-Wallis test: N = 62, H = 56.17, p = 0.000
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Table 3.3. Mann-Whitney U test results for the time-averaged, genus level pairwise comparisons. Bonferroni corrected pvalues shown in lower left triangle; uncorrected pairwise comparison p-values shown in upper right triangle. Significant
results reported in bold. Taxonomic abbreviations: Cen, Centrosaurus; Cha, Chasmosaurus; Cor, Corythosaurus; Euo,
Euoplocephalus; Gry, Gryposaurus; Lam, Lambeosaurus; Pan, Panoplosaurus; Par, Parasaurolophus; Pro, Prosaurolophus;
Sty, Styracosaurus. Other abbreviations as in Table 3.1.
Euo
Pan
Cen
Sty
Cha Gry (Q) Gry (B) Pro (Q) Pro (B) Cor (Q) Cor (B)
(n = 6) (n = 4) (n = 5) (n = 2) (n = 3) (n = 4) (n = 4) (n = 2) (n = 3) (n = 7) (n = 7)
Euo (n = 6)
Pan (n = 4)
Cen (n = 5)
Sty (n = 2)
Cha (n = 3)
Gry (Q) (n = 4)
Gry (B) (n = 4)
Pro (Q) (n = 2)
Pro (B) (n = 3)
Cor (Q) (n = 7)
Cor (B) (n = 7)
Lam (Q) (n = 4)
Lam (B) (n = 4)
Par (Q) (n = 2)
Par (B) (n = 2)

0.594
1
0.852
1
1
1
1
1
1
0.358
0.358
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1

0.008
0.391
1
1
1
1
1
1
0.605
0.605
1
1
1
1

0.067
0.105
0.333
1
1
1
1
1
1
1
1
1
1
1

0.028
0.377
0.551
0.773
1
1
1
1
1
1
1
1
1
1

0.014
0.030
0.020
0.105
0.052
1
1
1
1
1
1
1
1
1

0.014
0.030
0.020
0.105
0.052
0.030
1
1
1
1
1
1
1
1

0.067
0.105
0.081
0.245
0.149
0.817
0.105
1
1
1
1
1
1
1

0.028
0.052
0.037
0.149
0.081
0.052
0.596
0.149
1
1
1
1
1
1

0.003
0.011
0.006
0.057
0.023
0.925
0.011
0.188
0.023
0.227
1
1
1
1

0.003
0.011
0.006
0.057
0.023
0.011
0.508
0.057
0.362
0.002
1
1
1
1

Lam
(Q)
(n = 4)
0.014
0.030
0.020
0.105
0.052
0.665
0.030
0.105
0.052
0.508
0.012
1
1
1
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Table 3.3. (Continued)
Lam (Q) Lam (B) Par (Q) Par (B)
(n = 4)
(n = 4) (n = 2) (n = 2)
Euo (n = 6)
0.067
0.067
0.014
0.014
Pan (n = 4)
0.105
0.105
0.030
0.030
Cen (n = 5)
0.081
0.081
0.020
0.020
Sty (n = 2)
0.105
0.105
0.245
0.245
Cha (n = 3)
0.052
0.052
0.149
0.149
Gry (Q) (n = 4)
0.665
0.817
0.105
0.030
Gry (B) (n = 4)
0.885
0.105
0.488
0.030
Pro (Q) (n = 2)
0.105
0.105
0.699
0.245
Pro (B) (n = 3)
0.052
0.860
0.149
0.773
Cor (Q) (n = 7)
0.508
0.306
0.057
0.011
Cor (B) (n = 7)
0.925
0.057
0.378
0.011
Lam (Q) (n = 4)
0.247
0.105
0.030
Lam (B) (n = 4)
1
0.105
0.817
Par (Q) (n = 2)
1
1
0.245
Par (B) (n = 2)
1
1
1
Kruskal-Wallis test: N = 59, H = 53.52, p = 0.000
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Figure 3.3. Reconstructed feeding envelopes of the megaherbivorous dinosaurs from
the DPF. A, time-averaged analysis; B, MAZ-1 analysis; C, MAZ-2 analysis. Scale
bars represent 95% confidence intervals.
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3.3B, C). Note that some taxa, while known from the DPF, are not represented in either
MAZ-1 or -2 due either to a lack of appropriate material or imprecise provenance data
(e.g., ankylosaurs in MAZ-2, Chasmosaurus in MAZ-1). Probabilities are reduced in the
time-constrained analyses, often below significant levels, due to correspondingly reduced
sample sizes (Tables 3.4–3.9).
Discussion
Comparison with previous studies
Numerous studies have commented on the importance of feeding height stratification as a
mechanism for niche partitioning among megaherbivorous dinosaurs. For example,
within the Upper Jurassic Morrison Formation of the western United States, up to five
sauropod species are thought to have lived in sympatry (Fiorillo, 1994). Feeding height
stratification has been repeatedly invoked as a means of facilitating their coexistence,
with different sauropods using their long necks to feed at different heights within the
environment. Evidence cited for this interpretation includes reconstructed neck
morphology (Bakker, 1978, 1986; Stevens and Parrish, 1999, 2005), tooth wear analysis
(Fiorillo, 1991, 1998, 2008; Barrett and Upchurch, 1995; Upchurch and Barrett, 2000;
Whitlock, 2011), and jaw mechanics (Calvo, 1994; Fiorillo, 1998).
Feeding height stratification has likewise been invoked to account for the diverse
megaherbivorous dinosaur fauna of the DPF (Bakker, 1978; Béland and Russell, 1978;
Coe et al., 1987), but no formal test of this hypothesis has been conducted to date. Béland
and Russell (1978) and Coe et al. (1987) suggested that the DPF ankylosaurs browsed at
different heights, with Euoplocephalus feeding on herbs below 0.5 m and Panoplosaurus
feeding on woody vegetation up to 1 m. However, the current data do not support this
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Table 3.4. Mann-Whitney U test results for the MAZ-1, suborder/family level
pairwise comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected pairwise comparison p-values shown in upper right triangle. Significant
results reported in bold. Abbreviations as in Table 3.1.
Ankylosauria Ceratopsidae Hadrosauridae (Q) Hadrosauridae (B)
(n = 6)
(n = 4)
(n = 13)
(n = 13)
Ankylosauria
(n = 6)
Ceratopsidae
(n = 4)
Hadrosauridae (Q)
(n = 13)
Hadrosauridae (B)
(n = 13)

0.241
1
0.004

0.001

0.000

0.003

0.000

0.023

0.004
0.023
0.000
Kruskal-Wallis test: N = 36, H = 31.11, p = 0.000

0.000
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Table 3.5. Mann-Whitney U test results for the MAZ-1, family/subfamily level
pairwise comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected pairwise comparison p-values shown in upper right triangle. Significant
results reported in bold. Abbreviations as in Tables 3.1 and 3.2.
An
No
Ce
Ha (Q) Ha (B) La (Q) La (B)
(n = 2) (n = 4) (n = 4) (n = 3) (n = 3) (n = 10) (n = 10)
An (n = 2)
0.817 0.105 0.149 0.149
0.041
0.041
No (n = 4)
1
0.665 0.052 0.052
0.006
0.006
Ce (n = 4)
1
1
0.052 0.052
0.006
0.006
Ha (Q) (n = 3)
1
1
1
0.081
0.554
0.014
Ha (B) (n = 3)
1
1
1
1
0.800
0.014
La (Q) (n = 10) 0.866 0.122 0.122
1
0.299
0.000
La (B) (n = 10) 0.866 0.122 0.122 0.299
1
0.004
Kruskal-Wallis test: N = 36, H = 31.25, p = 0.000

Table 3.6. Mann-Whitney U test results for the MAZ-1, genus level pairwise comparisons. Bonferroni corrected p-values
shown in lower left triangle; uncorrected pairwise comparison p-values shown in upper right triangle. Significant results
reported in bold. Abbreviations as in Tables 3.1 and 3.3.
Pan
Cen Gry (Q) Gry (B) Cor (Q) Cor (B) Lam (Q) Lam (B) Par (Q) Par (B)
(n = 4) (n = 4) (n = 3) (n = 3) (n = 6) (n = 6) (n = 2)
(n = 2) (n = 2) (n = 2)
Pan (n = 4)
0.665
0.052
0.052
0.105
0.105
0.105
0.105
0.014
0.014
Cen (n = 4)
1
0.052
0.052
0.105
0.105
0.105
0.105
0.014
0.014
Gry (Q) (n = 3)
1
1
0.081
0.897
0.387
0.149
0.773
0.149
0.028
Gry (B) (n = 3)
1
1
1
0.897
0.149
0.773
0.149
0.773
0.028
Cor (Q) (n = 6) 0.640 0.640
1
1
0.617
0.067
0.405
0.067
0.005
Cor (B) (n = 6) 0.640 0.640
1
1
0.228
0.067
0.868
0.067
0.404
Lam (Q) (n = 2)
1
1
1
1
1
1
0.245
0.699
0.245
Lam (B) (n = 2)
1
1
1
1
1
1
1
0.245
0.699
Par (Q) (n = 2)
1
1
1
1
1
1
1
1
0.245
Par (B) (n = 2)
1
1
1
1
1
1
1
1
1
Kruskal-Wallis test: N = 34, H = 29.26, p = 0.000
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Table 3.7. Mann-Whitney U test results for the MAZ-2, suborder/family level
pairwise comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected pairwise comparison p-values shown in upper right triangle. Significant
results reported in bold. Abbreviations as in Table 3.1.
Ceratopsidae Hadrosauridae (Q) Hadrosauridae (B)
(n = 6)
(n = 3)
(n = 4)
Ceratopsidae (n = 6)
0.028
0.014
Hadrosauridae (Q) (n = 3)
0.085
0.052
Hadrosauridae (B) (n = 4)
0.156
0.043
Kruskal-Wallis test: N = 13, H = 10.38, p = 0.000
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Table 3.8. Mann-Whitney U test results for the MAZ-2, family/subfamily level
pairwise comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected pairwise comparison p-values shown in upper right triangle. Significant
results reported in bold. Abbreviations as in Tables 3.1 and 3.2.
Ce
Ch
Ha (Q) Ha (B)
(n = 3) (n = 3) (n = 2) (n = 3)
Ce (n = 3)
0.383 0.149 0.081
Ch (n = 3)
1
0.149 0.081
Ha (Q) (n = 2) 0.894 0.894
0.149
Ha (B) (n = 3) 0.485 0.485 0.894
Kruskal-Wallis test: N = 11, H = 8.561, p = 0.035
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Table 3.9. Mann-Whitney U test results for the MAZ-2, genus level pairwise
comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected pairwise comparison p-values shown in upper right triangle. Significant
results reported in bold. Abbreviations as in Tables 3.1 and 3.3.
Sty
Cha Pro (Q) Pro (B)
(n = 2) (n = 3) (n = 2) (n = 3)
Sty (n = 2)
0.773
0.245
0.149
Cha (n = 3)
1
0.149
0.081
Pro (Q) (n = 2)
1
0.894
0.149
Pro (B) (n = 3) 0.894 0.485
0.894
Kruskal-Wallis test: N = 10, H = 7.727, p = 0.052
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hypothesis. The mean maximum feeding height of Euoplocephalus is closer to 0.8 m,
whereas that of Panoplosaurus approximates 0.9 m. There is also considerable overlap of
maximum browse heights between these taxa, with some specimens of Euoplocephalus
reaching as high as 0.88 m, and some specimens of Panoplosaurus only reaching 0.77 m.
Apart from the reduced ankylosaur sample (see below), this moderate overlap of
maximum browse heights likely accounts for the fact that Euoplocephalus and
Panoplosaurus do not differ significantly from one another. The contention of
Weishampel and Norman (1989) that ankylosaurs were generally restricted to browsing
between 1 and 2 m is not supported here. By extending the forelimb proportions of
Euoplocephalus (AMNH 5403) to the 542 mm-long humerus of Ankylosaurus (AMNH
5214), the largest known ankylosaur, the total forelimb length is estimated to be only 1.1
m.
Several authors (Béland and Russell, 1978; Coe et al., 1987; Weishampel and
Norman, 1989; Weishampel and Jianu, 2000) have likewise suggested that ceratopsids
were capable of reaching heights of 2 m; however, there is no evidence for this. Instead,
ceratopsids more likely browsed no higher than ~1 m (Dodson, 1983). How the figure of
2 m was reached is not clear because no supporting data were provided by any of the
studies just mentioned. One well-preserved specimen of Triceratops (NSM PV 20379),
among the largest ceratopsids that ever existed, evidently could not reach far beyond ~1.2
m, either (Fujiwara, 2009).
The common claim that hadrosaurids could reach heights up to ~4 m (Bakker,
1978; Béland and Russell, 1978; Dodson, 1983; Coe et al., 1987; Weishampel and
Norman, 1989; Weishampel and Jianu, 2000) is supported here. In fact, the largest
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hadrosaurids from the DPF, Gryposaurus and Prosaurolophus, probably could reach
heights approaching 5 m in a bipedal posture (Figure 3.3). Despite these maxima, some
authors (Weishampel and Norman, 1989; Horner et al., 2004) have proposed that
hadrosaurid feeding was probably concentrated below 2 m, which would accord with the
quadrupedal feeding postures calculated here.
Dinosaur browsing and vegetation structure
The prevailing climate of the DPF has been described as warm temperate, as revealed by
tree-, tooth-, and bone-growth ring data (Dodson, 1971; Johnston, 1979),
sedimentological data (Eberth, 2005), and biogeographic data (Brinkman, 2003, 2005).
Regional leaf physiognomic data have also reinforced this interpretation (Wolfe and
Upchurch, 1987). This climate is, in part, thought to have given rise to both open and
closed habitats (Krassilov, 1981; Crane, 1987; Upchurch and Wolfe, 1987; Wolfe and
Upchurch, 1987) akin to those of modern ecosystems (Carrano et al., 1999). Braman and
Koppelhus (2005:124) describe the landscape of the DPF as having been “wet
everywhere, at least for portions of the year”, with dense vegetation lining the rivers, and
more open habitats occurring further distally.
The open habitats of the DPF and surrounding regions were likely dominated by
ferns and low-growing angiosperms. Coe et al. (1987:235) even proposed the existence of
extensive “fern prairies”, analogous to modern grasslands, but Tiffney (1992) stressed
that evidence for such fern-dominated communities is lacking. Nonetheless, Wing et al.
(1993) subsequently reported one exceptional fossil flora from the mid-Maastrichtian in
which ferns and other “pteridophytes” account for nearly 50% of the total ground cover.
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By comparison, these same plants account for ~40% of the total palynomorph abundance
in the DPF (Jarzen, 1982).
The Late Cretaceous saw the radiation of the angiosperms, which typically took
the form of “weedy” herbs and shrubs growing in open or marginal habitats (Bakker,
1978; Béland and Russell, 1978; Krassilov, 1981; Retallack and Dilcher, 1986; Crane,
1987; Wing and Tiffney, 1987; Tiffney, 1992). Angiosperm trees, although inferred to
have existed elsewhere (Wolfe and Upchurch, 1987), probably did not occur in the DPF,
as evidenced by the lack of diagnostic fossil wood (Braman and Koppelhus, 2005). It is
commonly argued (Retallack and Dilcher, 1986; Crane, 1987:125; Wolfe and Upchurch,
1993) that angiosperms occurred most regularly in coastal and fluvial depositional
settings, occupying “stream-side and aquatic habitats, the forest understory and early
successional thickets”; however, Wheeler and Lehman (2005) noted the existence of
angiosperm-dominated communities in southern upland environments as well, where
conifers were otherwise thought to have dominated (Retallack and Dilcher, 1986; Crane,
1987). By virtue of their r-selected life history strategies, it is likely that angiosperms
were capable of growing in a wide variety of habitats (Tiffney, 1992).
A common theme in the literature is the persistence of open-habitat cycadophytes
(bennettitaleans + cycads) as forage for Late Cretaceous megaherbivores (Ostrom, 1964b;
Krassilov, 1981; Weishampel, 1984a; Bakker, 1986; Taggart and Cross, 1997; Mustoe,
2007; Aulenback, 2009; Tanoue et al., 2009). However, bennettitaleans went extinct by
the Santonian (Nichols and Johnson, 2008), and cycads were probably absent from the
DPF (Dodson, 1993, 1996, 1997; D. R. Braman, pers. comm., 2012), having been
replaced by angiosperms (Crane, 1987; Wing and Sues, 1992). It is by no means clear
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that cycadophytes were common enough elsewhere during the Late Cretaceous to support
dense megaherbivore populations, but their seed coats may have served to supplement
dinosaur diets (Krassilov, 1981; Weishampel, 1984a; Taggart and Cross, 1997; Mustoe,
2007).
Unlike tropical forests, temperate forests typically exhibit limited stratification
(Allaby, 2008), and there is little reason to suspect that the temperate forests of the DPF
were any different. Wolfe and Upchurch (1987) proposed that such forests were, in fact,
relatively sparse, with sunlight often penetrating fully through to the ground. Palynofloral
and macroplant evidence from the DPF suggests that the forest canopy was formed
primarily by taxodiaceous, cupressaceous, and podocarpaceous conifers (Ramanujam,
1972; Braman and Koppelhus, 2005; Koppelhus, 2005), a composition typical of most
Late Cretaceous warm temperate forests (Wing and Sues, 1992). Angiosperm shrubs may
(Crane, 1987) or may not (Crabtree, 1987) have formed an understory, alongside tree
ferns and gymnosperm saplings (Braman and Koppelhus, 2005). The herb layer would
have included ferns, lycopods, angiosperm herbs, and gymnosperm saplings, and ground
cover comprised mosses, lichens, fungi, hornworts, and decaying vegetable matter
(Braman and Koppelhus, 2005).
Opinions vary about the degree to which habitat structure influenced the regional
distribution of the Late Cretaceous megaherbivorous dinosaurs. Some (Krassilov, 1981;
Tiffney, 1992; Aulenback, 2009) argued that these animals were likely restricted to
feeding in open habitats, partly as a result of their large sizes. However, it appears that
the forests of the Late Cretaceous were not particularly dense (Wolfe and Upchurch,
1987), and probably did not inhibit the movement of even the more massive Late
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Cretaceous herbivores (Coe et al., 1987; Wolfe and Upchurch, 1987). Alternatively,
Baszio (1997) suggested that, within the DPF, ankylosaurs and ceratopsids occupied open
habitats, whereas hadrosaurids lived in forested environments. His reasoning was that
ankylosaurs and ceratopsids, being limited in their range of vertical movements, could
not have taken full advantage of stratified forest vegetation in the same way that
hadrosaurids presumably could. However, it is unlikely that hadrosaurids could have
accessed the entire forest structure; the canopy was almost certainly out of reach,
particularly if Late Cretaceous taxodiaceous and cupressaceous conifers grew as tall as
their modern descendants (> 90 m). Hadrosaurids likely could forage among the shrubs of
the forest understory, but shrubs were abundant in more open habitats as well (Bakker,
1978; Béland and Russell, 1978; Krassilov, 1981; Crane, 1987; Wing and Tiffney, 1987;
Tiffney, 1992). In that case, there is little reason to suspect that hadrosaurids could not
have occupied both open and closed habitats (Carrano et al., 1999), alongside
ankylosaurs and ceratopsids.
None of this is to say that these dinosaurs did not prefer certain environments over
others. Various lines of sedimentological evidence have been brought to bear on the
matter (Dodson, 1971, 1983; Béland and Russell, 1978; Brinkman, 1990; Brinkman et al.,
1998; Retallack, 1997; Lyson and Longrich, 2010). There simply does not appear to have
been any major structural obstacles to impede the movement of these animals. Consider
that elephants, which are subequal in size to the megaherbivorous dinosaurs considered
here, regularly occupy even dense forests and thickets in search of food (Owen-Smith,
1988). In fact, their movements and feeding habits typically result in the creation of new,
more navigable habitats (Ben-Shahar, 1993; Fritz et al., 2002).

108
Regardless of where hadrosaurids spent most of their time, it is likely that they
usually foraged quadrupedally on low-lying herbage (Weishampel and Norman, 1989;
Dilkes, 2001; Horner et al., 2004), occasionally rearing up onto their hindlimbs to feed
among the angiosperm shrubs. Additional evidence for bipedal feeding in these animals
comes from the Campanian aged Blackhawk Formation of Utah, where hundreds of
dinosaur footprints are preserved in association with taxodiaceous conifer and palm roots
and fallen logs (Balsley and Parker, 1983). In many places, pes prints attributed to
hadrosaurids are found straddling the roots. The fact that manus prints are not also found
in these areas suggests that these animals were rearing up to feed on the high foliage.
This bipedal feeding behaviour would have been particularly beneficial in instances
where large herds of low-browsing ceratopsids were passing through the same area
(Currie and Dodson, 1984; Ryan et al., 2001; Eberth et al., 2010; Hunt and Farke, 2010).
Dietary niche partitioning could have been achieved among hadrosaurids if they utilized
different levels within the shrub layer, as do living ruminants (du Toit, 1990). This may
also have served to limit niche overlap between different ontogenetic stages of the same
species (Werner and Gilliam, 1984). The larger feeding envelopes of the hadrosaurids
suggest that these animals were able to reach a wider variety of plant types than other
sympatric herbivores. Circumstantial evidence for diet in these animals comes from
multiple examples of fossil gut contents (Kräusel, 1922; Currie et al., 1995; Tweet et al.,
2008), which preserve conifer and angiosperm browse, including twigs and stems, bark,
seeds, leaves, and fruit. Probable hadrosaurid coprolites (Chin and Gill, 1996; Chin,
2007) also contain abundant fungally-degraded conifer wood, which would presumably
indicate that hadrosaurids fed at ground level at least occasionally. However, in light of
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the problems associated with the attribution of some of these fossils (Abel, 1922; Currie
et al., 1995; Chin, 1997; Sander et al., 2010), their interpretation as dietary residues must
be regarded with due caution.
Ankylosaurs and ceratopsids may have partitioned the herb layer by feeding
height, as do the ungulates of the Serengeti today (Bell, 1971). Ceratopsids, being slightly
taller, may have even facilitated the existence of ankylosaurs by cropping the herb layer
to expose new growth. Of course, this is a highly speculative scenario requiring further
investigation. Unfortunately, no ceratopsid gut contents are known by which to gauge
these ideas, but an ankylosaurid cololite from Australia is reported to contain fibrous
tissue (probably leaves), angiosperm fruits or endocarps, small seeds, and possible fern
sporangia (Molnar and Clifford, 2001). Ankylosaurs, it would seem, consumed less
woody browse than hadrosaurids, which is in line with the interpretation given here.
One final aspect of megaherbivore ecology bears consideration. Elephants are
known to regularly fell trees up to 10 m tall to feed on the otherwise unreachable browse,
effectively increasing the feeding envelope of these animals up to three times (Coe et al.,
1987; Owen-Smith, 1988). It is possible that the megaherbivores of the DPF were
capable of the same behaviour (Coe et al., 1987; Dodson, 1996). If so, tree felling may
have served to increase dietary overlap between these animals, with the squat ankylosaurs
and ceratopsids consuming foliage otherwise in reach of hadrosaurids alone.
Unfortunately, while tree felling behaviour among dinosaurs is plausible, there is not yet
any evidence supporting this speculation. For this reason, the prospect of this behaviour
is not considered further.

110
Evolutionary palaeoecological implications
Feeding height stratification does not appear to have played as significant a role in
facilitating megaherbivorous dinosaur niche partitioning in the DPF as previously
assumed (Béland and Russell 1978, Coe et al., 1987). Despite the 13 genera considered
here—six of which typically coexisted at a time (Chapter 2)—only four statistically
distinct feeding envelopes are detected. If niche partitioning did allow megaherbivorous
dinosaurs from the DPF to coexist, it must have been achieved by other means in addition
to feeding height stratification. Although this hypothesis has yet to be subjected to
rigorous testing, multiple morphological features have been proposed to have fostered
megaherbivore coexistence. For example, Carpenter (1982, 1997a,b, 2004) suggested that
differences between the tooth and beak shapes of ankylosaurids and nodosaurids may
have allowed these taxa to specialize on different plant types. Similarly, differences
between centrosaurines and chasmosaurines in cranial (Henderson, 2010), mandibular
(Ostrom, 1966), and beak (Lull, 1933; Sampson and Loewen, 2010) morphology have
been cited as evidence for dietary niche partitioning. Finally, variations in beak shape
(Dodson, 1983; Bakker, 1986; Carrano et al., 1999; Whitlock, 2011), tooth morphology,
and skeletal proportions (Carrano et al., 1999) are thought to have enabled hadrosaurines
and lambeosaurines to forage differentially. Many of these assumptions have not been
tested and require further examination, particularly in light of questions regarding the
significance of intraspecific variation and the influence of time-averaging.
The disappearance of ankylosaurs from the upper intervals of MAZ-2 of the DPF
(Chapter 2) suggests the possibility that some change in their habitat structure caused
their displacement. Although it is by no means obvious whether such a change did occur,
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the gradual transgression of the Western Interior Sea over the ~1.5 Ma span of the DPF
undoubtedly would have had some influence on the palaeoflora. It may be that some of
the herbaceous plants preferred by the ankylosaurs disappeared, but this scenario is
difficult to test at present.
Overall, the distribution of megaherbivore feeding envelopes changed minimally
over the course of the DPF. Rather, feeding heights were quite stable in spite of rapid and
continual species turnover, and roughly the same ratio of low to high browsers was
upheld. This, in turn, suggests that time-averaging does not completely obscure
palaeoecological signals within the DPF, other than to artificially inflate estimates of
standing crop biodiversity. It also suggests that the feeding envelopes maintained by their
respective species were evolutionarily viable strategies, and may reflect correlated
stability in the growth habits of the surrounding plants. Major changes in habitat structure
do not appear to have occurred until the beginning of the Paleocene (Wing and Tiffney,
1987; Tiffney, 1992).
Limitations of this study
The present study suffers from some shortcomings that are currently beyond control.
First, sample size is quite small, which greatly reduces the power of the statistical tests
applied here. This is a consequence of the fact that associated or articulated appendicular
and axial skeletons are preserved relatively rarely, even if articulated material is common
in the DPF (Dodson, 1971, 1983; Béland and Russell, 1978; Eberth and Currie, 2005).
The prohibitive effects of small sample size are especially apparent at fine taxonomic and
temporal resolutions. Nonetheless, the current survey is the best that can be offered with
respect to the questions in mind here, and the results are likely to endure until the DPF is
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sampled more intensively over time. Sokal and Rohlf (1995:263) provide the following
equation as a means for iteratively calculating the minimum sample size per group
needed to detect a given difference in an analysis of variance (ANOVA):
n ≥ 2 (σ/δ)2(tα[ν] + t2(1-P)[ν])2
where n is the number of replications, σ is the true standard deviation, δ is smallest
detectable difference of interest, ν is the degrees of freedom of the sample standard
deviation for a predetermined number of groups with n replications per group, α is the
significance level, P is the power of the test, and tα[ν] and t2(1-P)[ν] are values taken from a
t-table with ν degrees of freedom and corresponding to probabilities of α and 2(1 – P),
respectively. σ and δ can be calculated based on a priori knowledge about how the groups
vary. Assuming α = 0.05 and P = 0.80, ~22 adult specimens per group would be
necessary to detect a ~12% difference in maximum feeding height between the
ankylosaurs Euoplocephalus and Panoplosaurus, which Béland and Russell (1978) and
Coe et al. (1987) felt differed systematically, but for which no statistical support was
found here. Under the same assumptions, ~28 adult specimens per group would be
necessary to detect a ~9% difference in maximum bipedal feeding height between
hadrosaurine and lambeosaurine hadrosaurids.
Second, although I took steps to minimize the amount of time-averaging in this
study (see Materials and Methods above), the time bias remains too large to effectively
capture true, interacting palaeocommunities. It is possible to reduce the time bias further
by dividing the MAZs into ~300 Ka sub-zones (Chapter 2), more closely approximating
true palaeocommunities, but the sample size (and resulting statistical power) per sub-zone
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becomes drastically reduced in doing so. This problem further emphasizes the importance
of continued fossil collecting in the DPF.
Third, various sources of error associated with the reconstruction of feeding
envelopes must be noted. For instance, habitual limb flexion in any of the taxa considered
here would result in overestimated maximum feeding heights. Ceratopsids, in particular,
are generally thought to have held their forelimbs in a semi-sprawled posture (Johnson
and Ostrom, 1995; Dodson, 1996; Dodson and Farlow, 1997; Thompson and Holmes,
2007; Fujiwara, 2009), which would result in smaller feeding envelopes and might
ultimately render the maximum feeding height differences between them and ankylosaurs
insignificant. Conversely, the neglect given here to the influence of epiphyseal cartilage
on feeding height calculations would result in underestimated feeding envelopes.
Holliday et al. (2010) recently showed that, among archosaurs, epiphyseal cartilage
significantly increases limb length relative to that calculated from the bones alone, the
results differing by up to ~10%. By accounting for missing cartilage in multi-tonned
dinosaurs using various “cartilage correction factors” (CCFs), Holliday et al. (2010)
found that the heights of these animals may be consistently underestimated by up to 0.5
m. Unfortunately, it is not possible to determine exactly how much epiphyseal cartilage is
missing from every individual, and to apply different CCFs to separate taxa in the
reconstruction of maximum feeding heights would tell us more about the influence of
CCFs in producing (or reducing) statistical differences, and less about how the fossil
bones themselves differ. On the other hand, applying the same CCF across all taxa would
be futile. In the best case scenario, the confounding effects of limb flexion and epiphyseal
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cartilage on the calculation of maximum feeding heights would cancel each other out.
Failing that, their impact is at least minimized.
Finally, it must be noted that, while differences in estimated feeding envelopes are
consistent with the hypothesis of feeding height stratification, they are not sufficient for
this hypothesis to be true. It is possible that, despite these differences, all megaherbivore
taxa from the DPF spent most of their time feeding at ground level (Bakker, 1978, 1986).
In this sense, they may be compared to grazing ungulates, which spend most of their time
feeding on low grasses, despite being physically capable of reaching higher browse.
Therefore, although it seems likely from an ecological perspective that the
megaherbivorous dinosaur fauna of the DPF exhibited some form of feeding height
stratification, competing hypotheses about the role of this mechanism in the facilitation of
niche partitioning are underdetermined (Turner, 2011) by the available evidence. To
reject the null hypothesis of no feeding height stratification, it would be necessary to
show that the megaherbivorous dinosaurs browsed to their full potential, utilizing their
entire reconstructed feeding envelopes, and did not simply spend all their time feeding at
ground level. Unfortunately, this type of behaviour simply does not fossilize.
Nevertheless, it may be possible to approximate the amount of time spent feeding at
different heights by observing other aspects of morphology. For example, it has been
shown that low-level grazers often possess a suite of cranial characteristics that allow
them to efficiently crop short grass, including wide, ventrally deflected muzzles, elongate
faces, transversely wide paroccipital processes, deep mandibles, and tall withers (Janis
and Ehrhardt, 1988; Solounias and Dawson-Saunders, 1988; Janis, 1990, 1995; Solounias
and Moelleken, 1993; Spencer, 1995; Mendoza et al., 2002; Fraser and Theodor,
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2011a,b). Similarly, primates feeding close to the ground generally possess narrower
dental microwear scratches than those feeding higher up in the forest canopy, a function
of mean particle size and the ratio of soil particles to phytoliths (Walker, 1976; Ungar,
1994, 1996). These same features might be sought among the megaherbivorous dinosaurs
to more accurately determine their browsing habits.
Conclusions
Niche partitioning between ankylosaurs, ceratopsids, and hadrosaurids from the DPF
could have been facilitated via feeding height stratification, as is commonly observed
among the ungulates of the Serengeti (Bell, 1971; du Toit, 1990). Ankylosaurs and
ceratopsids were restricted to feeding below 1 m, and therefore likely partitioned the herb
layer. Hadrosaurids may also have fed on herbs, but could have avoided competing with
ankylosaurs and ceratopsids by feeding on taller angiosperm shrubs in times of duress.
Sympatric hadrosaurid species, or ontogenetic stages, also could have avoided competing
with one another in this way. There is, as yet, no evidence to suggest that any of these
taxa were restricted to feeding in either open or closed habitats.
Despite the evidence for feeding height stratification among ankylosaurs,
ceratopsids, and hadrosaurids, there is currently no evidence for feeding height
stratification within these clades (with the possible exception of quadrupedal versus
bipedal hadrosaurids described above). Therefore, if the coexistence of the
megaherbivorous dinosaurs from the DPF was facilitated by dietary niche partitioning, it
must have been achieved by other means in addition to feeding height stratification.
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Appendix 3.1. Data used in this study. Lengths reported in bold are imputed using methods outlined in Materials and
Methods. Anatomical abbreviations: mc, metacarpal; mt, metatarsal. Taxonomic abbreviations: A, Ankylosauria; An,
Ankylosauridae; C, Ceratopsidae; Ce, Centrosaurinae; Cen, Centrosaurus; Ch, Chasmosaurinae; Cha, Chasmosaurus; Cor,
Corythosaurus; Dyo, Dyoplosaurus; Euo, Euoplocephalus; Gry, Gryposaurus; H, Hadrosauridae; Ha, Hadrosaurinae, La,
Lambeosaurinae; Lam, Lambeosaurus; No, Nodosauridae; pac, ‘pachyrhinosaur’; Pan, Panoplosaurus; Par, Parasaurolophus;
Pro, Prosaurolophus; Sty, Styracosaurus; Vag, Vagaceratops. Other abbreviations: MAZ, Megaherbivore Assemblage Zone.
Suborder/ Family/
Genus Humerus Radius Ulna Mc III Femur Fibula Tibia Mt III
family
subfamily
ROM 784
A
An
Dyo
245
?
544
?
?
108
424
116
AMNH 5337
A
An
Euo
275
?
?
?
?
?
439
121
AMNH 5403
A
An
Euo
450
305
390
125
?
?
?
?
AMNH 5404
A
An
Euo
420
271
?
548
?
412
?
120
AMNH 5405
A
An
Euo
447
260
?
?
?
?
?
118
AMNH 5406
A
An
Euo
243
312
116
?
?
?
?
423
ROM 1930
A
An
Euo
415
215
350
?
?
?
?
112
AMNH 5381
A
No
Pan
570
?
?
?
?
?
347
128
AMNH 5665
A
No
Pan
582
355
500
130
?
?
?
?
CMN 2759
A
No
Pan
430
?
110
?
310
385
?
252
ROM 1215
A
No
Pan
420
245
350
?
?
?
?
109
AMNH 5351
C
Ce
Cen
600
345
435
127
797
560
588
207
AMNH 5427
C
Ce
Cen
?
143
800
460
500
230
735
445
ROM 1426
C
Ce
Cen
535
305
412
125
867
495
555
193
ROM 767
C
Ce
Cen
538
343
418
118
?
?
?
?
YPM 2015
C
Ce
Cen
592
297
439
120
788
519
545
190
TMP 2002.076.0001
C
Ce
pac
682
395
530
159
600
483
510
136
AMNH 5372
C
Ce
Sty
618
375
?
140
?
?
?
244
CMN 344
C
Ce
Sty
575
378
483
818
577
626
?
130
Specimen

Appendix 3.1. (Continued)
Specimen
CMN 2245
ROM 839
ROM 843
CMN 41357
MCSNM 345
TMP 1980.022.0001
AMNH 5350
ROM 764
ACM 578
ROM 787
TMP 1984.001.0001
AMNH 5240
AMNH 5338
CMN 8676
ROM 845
TMP 1980.023.0004
TMP 1984.121.0001
TMP 1980.040.0001
CMN 8703
ROM 1218
TMP 1966.004.001
TMP 1982.038.0001
ROM 768
UALVP 300

Suborder/ Family/
Genus Humerus Radius Ulna Mc III Femur Fibula Tibia Mt III
family
subfamily
C
Ch
Cha
508
318
432
235
749
483
533
?
C
Ch
Cha
555
345
425
130
829
?
547
202
C
Ch
Cha
620
395
470
160
905
515
560
205
C
Ch
Vag
600
526
409
136
767
489
555
150
H
Ha
Gry
730
680
785
1150
?
1080 330
211
H
Ha
Gry
540
502
520
224
955
815
860
316
H
Ha
Gry
?
?
?
?
1140
930 1030 343
H
Ha
Gry
600
560
615
220
1050
890
865
345
H
Ha
Pro
?
?
?
?
?
?
?
?
H
Ha
Pro
535
475
545
230
975
835
850
320
H
Ha
Pro
560
540
584
261
1045
900
895
343
H
La
Cor
?
?
?
?
1080
950 1000 380
H
La
Cor
546
577
609
242
987
882
924
378
H
La
Cor
450
535
570
215
890
775
813
320
H
La
Cor
530
640
695
270
1055
915
925
390
H
La
Cor
546
616
671
?
1145
?
996
410
H
La
Cor
530
640
650
255
1040
?
980
349
H
La
Cor
570
629
645
254
1070
905
949
394
H
La
Lam
520
616
660
265
1020
940 1000 336
H
La
Lam
500
600
665
250
1070
900
925
385
H
La
Lam
505
630
680
275
1063
976 1020 365
H
La
Lam
?
651
685
213
1125 1012 1067 420
H
La
Par
495
490
540
185
1035
?
909
424
H
La
Par
511
?
?
?
991
885
870
406
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Appendix 3.1. (Continued)
Suborder/ Family/
Genus
family
subfamily
ROM 784
A
An
Dyo
AMNH 5337
A
An
Euo
AMNH 5403
A
An
Euo
AMNH 5404
A
An
Euo
AMNH 5405
A
An
Euo
AMNH 5406
A
An
Euo
ROM 1930
A
An
Euo
AMNH 5381
A
No
Pan
AMNH 5665
A
No
Pan
CMN 2759
A
No
Pan
ROM 1215
A
No
Pan
AMNH 5351
C
Ce
Cen
AMNH 5427
C
Ce
Cen
ROM 1426
C
Ce
Cen
ROM 767
C
Ce
Cen
YPM 2015
C
Ce
Cen
TMP 2002.076.0001
C
Ce
pac
AMNH 5372
C
Ce
Sty
CMN 344
C
Ce
Sty
CMN 2245
C
Ch
Cha
ROM 839
C
Ch
Cha
ROM 843
C
Ch
Cha
CMN 41357
C
Ch
Vag
Specimen

Tail

Trunk Neck Tail-Head θ

?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
1651
?
2400
?

?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
1640
?

?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
550
?

?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?

?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?

Quadrupedal Bipedal
MAZ
height
height
786
?
1
835
?
?
880
?
?
811
?
1
825
?
?
782
?
?
742
?
?
1045
?
1
1067
?
1
792
?
1
774
?
1
1072
?
1
1322
?
?
965
?
1
999
?
1
1009
?
1
1236
?
2
1133
?
2
1083
?
2
1061
?
2
1030
?
2
1175
?
2
1262
?
?

Appendix 3.1. (Continued)
Specimen
MCSM 345
TMP 1980.022.0001
AMNH 5350
ROM 764
ACM 578
ROM 787
TMP 1984.001.0001
AMNH 5240
AMNH 5338
CMN 8676
ROM 845
TMP 1980.023.0004
TMP 1984.121.0001
TMP 80.40.1
CMN 8703
ROM 1218
TMP 1966.004.001
TMP 1982.038.0001
ROM 768
UALVP 300

Suborder/ Family/
Quadrupedal Bipedal
Genus
Tail Trunk Neck Tail-Head θ
MAZ
family
subfamily
height
height
H
Ha
Gry
3770 2070 1100
6940
43
2560
4713
1
H
Ha
Gry
5651
43
2131
3846
1
3131 1690 830
H
Ha
Gry
?
?
42
2513
4559
?
3737
6778
H
Ha
Gry
1620
990
6052
41
2260
3974
1
3442
H
Ha
Pro
?
?
?
?
?
?
5486
2
H
Ha
Pro
3700 1720 875
6295
35
2145
3649
2
H
Ha
Pro
4255 1900 2750
8905
32
2283
4778
2
H
La
Cor
4130 1783 1173
7086
37
2460
4221
1
H
La
Cor
3955 1505 1130
6590
35
2289
3814
1
H
La
Cor
?
?
34
2023
3227
1
3588
5725
H
La
Cor
4300 1910 1210
7420
33
2370
4090
1
H
La
Cor
1720
1050
7272
?
2551
4120
1
4502
H
La
Cor
?
?
35
2369
3987
?
4126
6944
H
La
Cor
7278
35
2413
4149
1
4233 1895 1150
H
La
Lam
?
?
30
2356
3675
1
4684
7306
H
La
Lam
4120 1810 1040
6970
35
2380
4026
2
H
La
Lam
6799
36
2448
3964
?
4199 1600 1000
H
La
Lam
3500 1920 1180
6600
48
2612
4925
1
H
La
Par
7766
31
2368
3983
1
4616 2030 1120
H
La
Par
4420 1944 1072
7436
31
2267
3814
1
Data for the following specimens were taken from the sources cited below:
ACM 578: Anonymous (1937)
AMNH 5427: Brown (1917)
AMNH 5240: Brown (1916)
CMN 8676: Sternberg (1935)
AMNH 5338 Lull and Wright (1942) MCSNM 345: Pinna (1979)
AMNH 5350: Lull and Wright (1942)
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Appendix 3.2. Reduced major axis regression results used to estimate missing elements in this study. Abbreviations as in
Appendix 3.1.
Suborder/ Family/
Genus Estimated element
Family Subfamily
ROM 784
A
An
Dyo
humerus
ROM 784
A
An
Dyo
mc III
AMNH 5337
A
An
Euo
humerus
AMNH 5337
A
An
Euo
mc III
AMNH 5404
A
An
Euo
mc III
AMNH 5405
A
An
Euo
mc III
AMNH 5406
A
An
Euo
humerus
ROM 1930
A
An
Euo
mc III
ROM 784
A
An
Euo
humerus
ROM 784
A
An
Euo
mc III
AMNH 5381
A
No
Pan
radius
AMNH 5381
A
No
Pan
mc III
CMN 2759
A
No
Pan
radius
ROM 1215
A
No
Pan
mc III
AMNH 5427
C
Ce
Cen
humerus
AMNH 5428
C
Ce
Cen
radius
CMN 344
C
Ce
Sty
mc III
AMNH 5350
H
Ha
Gry
mt III
AMNH 5350
H
Ha
Gry
tail
AMNH 5350
H
Ha
Gry
head-tail
MCSNM 345
H
Ha
Gry
mt III
ROM 764
H
Ha
Gry
tail
TMP 1980.022.0001
H
Ha
Gry
tail
Specimen

Equation

r2

y = 0.48599x + 305.31 0.50637
y = 0.1452x + 80.726
1
y = 0.48599x + 305.31 0.50637
y = 0.1452x + 80.726
1
y = 0.1452x + 80.726
1
y = 0.1452x + 80.726
1
y = 0.48599x + 305.31 0.50637
y = 0.1452x + 80.726
1
y = 0.48599x + 305.31 0.50637
y = 0.1452x + 80.726
1
y = 0.679x - 40.185
1
y = 0.1316x + 53.421
1
y = 0.679x - 40.185
1
y = 0.1316x + 53.421
1
y = 8.215x - 440.08
0.098288
y = 5.9606x - 407.67 0.008427
isometric
y = 0.14873x + 173.92 0.22057
isometric
y = -1.386x + 8358.1 0.062608
y = -0.0667x + 260
1
isometric
isometric

Correlate
radius
radius
radius
radius
radius
radius
radius
radius
radius
radius
humerus
humerus
humerus
humerus
mc III
mc III
humerus
femur
femur
femur
femur
femur
femur

Appendix 3.2. (Continued)
Specimen
TMP 1980.022.0001
TMP 1984.001.0001
CMN 8676
CMN 8676
TMP 1980.023.0004
TMP 1984.121.0001
TMP 1984.121.0001
TMP 1984.121.0001
TMP 1980.040.0001
CMN 8703
CMN 8703
CMN 8703
TMP 1966.004.001
ROM 768
ROM 768
ROM 768
UALVP 300
UALVP 300

Suborder/ Family/
Genus Estimated element
Equation
Family Subfamily
H
Ha
Gry
head-tail
isometric
H
Ha
Pro
mt III
isometric
H
La
Cor
tail
y = 3.5843x + 398.28
H
La
Cor
head-tail
y = 5.5356x + 1186.9
H
La
Cor
tail
y = 3.5843x + 398.28
H
La
Cor
mt III
y = 0.35029x - 15.119
H
La
Cor
tail
y = 3.5843x + 398.28
H
La
Cor
head-tail
y = 5.5356x + 1186.9
H
La
Cor
tail
y = 3.5843x + 398.28
H
La
Lam
mt III
y = 0.81985x-500.36
H
La
Lam
tail
y = -11.273x + 16182
H
La
Lam
head-tail
y = -6.7273x + 14168
H
La
Lam
tail
y = -11.273x + 16182
H
La
Par
tibia
isometric
H
La
Par
mt III
isometric
H
La
Par
tail
isometric
H
La
Par
neck
isometric
H
La
Par
trunk
isometric

r2

0.50743
0.50239
0.50743
0.87766
0.50743
0.50239
0.50743
0.93213
1
1
1

Correlate
femur
femur
femur
femur
femur
femur
femur
femur
femur
femur
femur
femur
femur
femur
femur
femur
femur
femur
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CHAPTER 4: SKULL ECOMORPHOLOGY OF THE MEGAHERBIVOROUS
DINOSAURS FROM THE DINOSAUR PARK FORMATION (UPPER
CAMPANIAN) OF ALBERTA, CANADA, AND ITS IMPLICATIONS FOR
DIETARY NICHE PARTITIONING
Introduction
Plants vary in a number of important ways such that no single herbivore can feed
effectively on them all. For example, graminoids (grasses, sedges, and rushes) tend to be
low-growing and homogenously distributed throughout the landscape. They are
particularly resistant to mastication due to the presence of indigenous silica phytoliths
and/or exogenous grit, which accelerate tooth wear (Walker et al., 1978; Sanson et al.,
2007). Moreover, although graminoids are a rich source of protein (Hummel et al., 2008),
their high cellulose content renders them difficult to digest in the absence of
physiological or behavioural adaptations (Hummel et al., 2006). By contrast,
dicotyledonous (dicot) plants can often be found growing well above the ground in the
form of shrubs or trees, and are heterogeneously distributed throughout the landscape.
With the exception of the woody twigs and stems, dicot browse (particularly fruits and
shoots) is especially high in protein (Hummel et al., 2008) and readily-digested (Hummel
et al., 2006). Thus, the most nutritious food items tend to be patchily dispersed in a
background of readily-available, but poor-quality fodder, especially during seasonally dry
episodes. This pattern is fractal in nature; for example, even within a single shrub, the
most nutritious fruits and shoots occur within a matrix of less nutritious twigs and stems
(Jarman, 1974; Lucas, 2004).
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If natural selection has acted to allow vertebrate herbivores to forage optimally
(MacArthur and Pianka, 1966; Charnov, 1976) on different plants or plant parts, those
herbivores should be expected to exhibit a variety of skull morphologies that correspond
to variation in the plants they eat. The relationship between an organism and its
environment (‘synerg’ sensu Bock and von Wahlert, 1965) comprises the interaction
between the biological role of some feature of that organism and the selection force
acting upon it by the environment. The ecological morphology (ecomorphology) of an
organism is therefore a reflection of the environment in which its parent population
evolved (Wainwright and Reilly, 1994). This relationship is imperfect, owing to
redundancy in the form-function complex (Lauder, 1995) and to the confounding effects
of phylogenetic inertia (Losos and Miles, 1994). Nonetheless, a considerable body of
work has demonstrated a fundamental relationship between herbivore skull morphology
and the physical properties of the plants on which they feed (Gordon and Illius, 1988;
Janis and Ehrhardt, 1988; Janis, 1990, 1995; Solounias and Moelleken, 1993; Dompierre
and Churcher, 1996; Mendoza et al., 2002; Fraser and Theodor, 2011a,b). For example,
grazing herbivores exhibit adaptations for high rates of intake, such as a wide, square
muzzle, in order to offset the low nutritional yield of the graminoids they ingest. They
also exhibit features that allow them to effectively masticate highly abrasive and fibrous
graminoids, such as hypsodonty, improved leverage of the mandible, increased
development of the mandibular adductor muscles, and reinforcement of the skull and
mandible against bending stresses due to repeated mastication. In contrast, animals that
specialize on dicot browse have narrow, pointed rostra that allow them to feed selectively
on the most nutritious forbs and shoots. They do not exhibit the same adaptations to high-
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fibre herbivory as grazers because their food tends to be more easily processed and
digested. In this way, differential skull morphology allows herbivores to coexist by
reducing competition and facilitating dietary niche partitioning (e.g., Bowman, 1961;
Anapol and Lee, 1994; Spencer, 1995).
With these principles in mind, numerous authors have suggested that dietary niche
partitioning among the megaherbivorous dinosaurs from the DPF might have been
facilitated via differential morphology of the skull (Lull, 1933; Ostrom, 1966; Dodson,
1975, 1983; Carpenter, 1982, 1997a,b, 2004; Bakker, 1986; Carrano et al., 1999;
Henderson, 2010; Whitlock, 2011); however, this hypothesis has never been tested in a
methodical fashion. Ricklefs and Miles (1994) noted that, in ecological communities
shaped by the forces of competition, species overlap in morphospace tends to be
minimized, reflecting the different niche requirements of the constituent species. The
corollary of this is that, in communities where competition plays a negligible role, the
morphological overlap of species is unconstrained. The present study therefore seeks to
test the role of niche partitioning in facilitating the coexistence of the megaherbivorous
dinosaurs from the DPF by quantifying taxonomic overlap in morphospace; less
morphological overlap is taken to indicate more distinct niches. Ricklefs and Miles
(1994:30) also emphasized that meaningful interpretations of morphospace require “a
judicious selection of morphological variables reflecting a priori biomechanical
function”. The morphometric model used here was therefore conceived in light of
biomechanical design analyses and form-function correlations (sensu Rudwick, 1964)
observed in living herbivores.
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Dinosaurs almost certainly did not inhabit environments quite like those of the
present. For example, although grasses were in existence during the Late Cretaceous
(Prasad et al., 2005), they did not form the extensive grasslands observed today (Taggart
and Cross, 1997). Angiosperm-dominated forests were probably also quite rare. Instead,
angiosperms likely took the form of herbs and shrubs growing in open and disturbed
habitats (Bakker, 1978; Béland and Russell, 1978; Krassilov, 1981; Retallack and
Dilcher, 1986; Crane, 1987; Wing and Tiffney, 1987; Tiffney, 1992). As a result, conifer
forests are thought to have been sparser than at present, with sunlight penetrating fully
through to the ground (Wolfe and Upchurch, 1987). It is therefore reasonable to ask
whether modern herbivore ecomorphology should serve to inform interpretations of
dinosaur palaeoecology. Two observations are offered in response to this concern. First,
many modern plant genera are, in fact, known from fossil deposits of the Late Cretaceous
Western Interior, including the DPF (Braman and Koppelhus, 2005; Koppelhus, 2005). It
is therefore likely that many dinosaurs did consume plants similar to those alive today,
despite the fact that the environments in which they lived were different in many other
respects from those existing presently. Second, the independent acquisition of certain
traits in response to different, but mechanically similar, plants suggests that herbivore
morphology is at least partially decoupled from phylogeny and likely adheres to certain
general functional principles. For example, granivores of all types (Bowman, 1961;
Bouvier and Hylander, 1981; Anapol and Lee, 1994; Lucas, 2004; Nogueira et al., 2005)
repeatedly evolve short skulls, deep jaws, rostrally displaced jaw adductors, and
durophagous dentitions (when present); the taxonomic identity of either the granivore or
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the seed in question is irrelevant. Therefore, the approach taken here, whereby various
aspects of palaeodiet are inferred from form-function correlations, is warranted.
Materials and Methods
Morphometrics
The ecomorphological model employed here comprises 12 linear measurements of the
skull (Figure 4.1; Table 4.1), selected because of their perceived ability to reflect such
aspects as plant quality, mechanical properties, and growth habit. The choice of variables
stemmed from a literature pertaining to a variety of vertebrates, including lizards, turtles,
birds, ungulates, and macropodids. Only specimens preserving more than half of the
measurements were included in the analysis to reduce the confounding effects of missing
data. The total dataset (Appendix 4.1) comprised 82 specimens spanning 12
megaherbivorous dinosaur genera from the clades Ankylosauria, Ceratopsidae, and
Hadrosauridae, all from the DPF. The ankylosaur Dyoplosaurus (Parks, 1924; Arbour et
al., 2009) and ceratopsid Spinops (Farke et al., 2011) are not represented in the dataset
because they lack suitable skull material (the exact provenance of Spinops is also
uncertain, and may be situated outside the DPF). Juvenile specimens, identified by their
small size and undeveloped cranial ornamentation (e.g., Dodson, 1975; Evans, 2007), are
excluded because body size tends to be an ecologically discriminating factor (Peters,
1983), and their inclusion would only serve to obscure the results with respect to the
question of interspecific dietary niche partitioning. I took measurements to the nearest
mm with dial callipers or with a tailor’s measuring tape, where appropriate. When one
side of the skull was damaged or more poorly preserved than the other, I measured only
the best-preserved side; otherwise, I averaged bilateral measurements to yield a single

128
Table 4.1. Form-function complex of the herbivore skull (compare with Figure 4.1). Plus (+) and minus (-) symbols indicate
whether the variable and its functional and environmental correlates are positively or negatively correlated, respectively,
when all other variables are held constant.
Variable
1. Distance from jaw
joint to rostral beak tip

2. Distance from jaw
joint to caudal beak tip

3. Distance from jaw
joint to mesial end of
tooth row
4. Distance from jaw
joint to distal end of
tooth row
5. Maximum beak
width

Functional
correlate
Bite force (-)
Feeding height
(-)
Feeding
selectivity (+)
Bite force (-)
Feeding height
(+)
Feeding
selectivity (+)
Bite force (-)

Environmental
correlate
Plant mechanical
resistance (-)
Plant height (-)
Plant quality (+)
Plant mechanical
resistance (-)
Plant height (+)
Plant quality (+)
Plant mechanical
resistance (-)

References
Bowman, 1961; Ostrom, 1964b, 1966; Greaves, 1991; King, 1996;
Metzger and Herrel, 2005; Stayton, 2005; Henderson, 2010
Janis, 1988, 1990, 1995; Solounias and Moelleken, 1993; Spencer,
1995
Janis, 1988, 1990, 1995; Solounias and Moelleken, 1993; Spencer,
1995
Bowman, 1961; Ostrom, 1964b, 1966; Greaves, 1991; King, 1996;
Metzger and Herrel, 2005; Stayton, 2005; Henderson, 2010
Janis, 1988, 1990, 1995; Solounias and Moelleken, 1993; Spencer,
1995
Greaves, 1978; Janis, 1988, 1990, 1995; Solounias and Moelleken,
1993; Spencer, 1995
Ostrom, 1964b, 1966; Metzger and Herrel, 2005

Bite
Plant mechanical
performance (-) resistance (-)

Ostrom, 1964b, 1966; Metzger and Herrel, 2005

Feeding
selectivity (-)

Plant quality (-)

Gordon and Illius, 1988; Solounias et al., 1988; Janis and Ehrhardt,
1988; Solounias and Moelleken, 1993; Janis, 1995; Spencer, 1995;
Dompierre and Churcher, 1996; Mendoza et al., 2002

Feeding height
(-)

Plant height (-)

Table 4.1. (Continued)
Variable
6. Mandible depth, measured at midpoint
of tooth row

7. Paroccipital process breadth, measured
as the sum of the lengths of the left and
right paroccipital processes
8. Occiput height, measured from ventral
edge of foramen magnum to dorsal edge
of occiput
9. Distance from jaw joint to coronoid
process apex
10. Depression of snout below occlusal
plane
11. Cranial height, measured from base
of tooth row to dorsal surface of orbit

12. Distance between quadrates

Functional
correlate
Accommodate
cheek teeth (+)
Masseter insertion
(+)

Environmental
correlate
Dietary grit (+)

Resistance to
bending stress (+)
Feeding height (-)

Plant mechanical
resistance (+)
Plant height (-)

Feeding height (-)

Plant height (-)

Janis, 1990, 1995; Mendoza et al., 2002

Bite force (+)

Plant mechanical
resistance (+)
Plant height (-)

Ostrom, 1964b, 1966; Greaves, 1974;
Metzger and Herrel, 2005
Janis, 1990, 1995; Spencer, 1995; Mendoza et
al., 2002
Henderson, 2010

Feeding height (-)

Plant mechanical
resistance (+)

Resistance to
bending stress (+)
Bite force (+)

Plant mechanical
resistance (+)
Plant mechanical
resistance (+)

Bite force (+)

Plant mechanical
resistance (+)

References
Janis, 1995; Spencer, 1995; Mendoza et al.,
2002
Solounias and Dawson-Saunders, 1988; Janis,
1990, 1995; Anapol and Lee, 1994; Mendoza
et al., 2002; Nogueira et al., 2005
Hylander, 1979; Bouvier and Hylander, 1981;
Anapol and Lee, 1994; Spencer, 1995
Janis, 1990; Spencer, 1995; Mendoza et al.,
2002

Herrel et al., 2001a,b, 2002, 2005; Metzger
and Herrel, 2005; Stayton, 2005; Henderson,
2010
Herrel et al., 2005; Henderson, 2010
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Figure 4.1. Linear measurements used in this study (compare with Table 4.1). A,
ankylosaur skull in left lateral (left) and caudal (right) views; B, ceratopsid skull in
left lateral (left) and caudal (right) views; C, hadrosaurid skull in left lateral (left)
and caudal (right) views.
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value. I log-transformed the data to produce linear relationships between variables (Sokal
and Rohlf, 1995).
Missing data
As is common in palaeontology (e.g., Carrano et al., 1999), missing data was an issue
because it hinders the implementation of otherwise helpful ordination procedures used to
aid the interpretation of morphometric data. Numerous imputation methods have
traditionally been applied in morphometric studies, but many of these are inadvisable
(Strauss et al., 2003). For example, deletion methods (e.g., listwise deletion, pairwise
deletion) tend to decrease statistical power, bias parameter estimates, and lead to
mathematically inconsistent matrices that are not positive definite. Similarly, many
substitution methods (e.g., substitution of means, prediction by regression) lead to
underestimated variances and spurious statistical significance. I therefore used the
principal-component method of imputation, which accurately estimates missing values
and does not suffer from the aforementioned shortcomings (Strauss et al., 2003). It works
by substituting the column mean and iteratively running principal component analysis
(PCA) to improve the estimates until convergence is reached. PCA allows the projection
of a multivariate dataset down to a few orthogonal dimensions of maximal variance
(principal components or PCs) to simplify interpretation of the data distribution (Hammer
and Harper, 2006).
Statistical comparisons
I drew statistical comparisons between taxonomic samples using those imputed PCA
scores accounting for a significant majority (> 95%) of the total variance. However, I
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relaxed this constraint where deemed appropriate. I made comparisons in a hierarchical
fashion at coarse (family/suborder), medium (subfamily/family), and fine (genus)
taxonomic scales. I did not consider the species level because sample size was generally
too low at this resolution to permit meaningful statistical comparisons. I used nonparametric multivariate analysis of variance (NPMANOVA) as a statistical test because
samples were typically quite small (n < 30) and non-normal. NPMANOVA tests for
differences between two or more groups of multivariate data, based on any distance
measure (Anderson, 2001). I used the Mahalanobis distance measure (Mahalanobis,
1936) because it is better suited to non-spherically symmetric data than the traditional
Euclidean distance measure. In NPMANOVA, significance is estimated by permutation
across groups, which I performed using 10,000 replicates.
I likewise conducted post-hoc pairwise comparisons using NPMANOVA with
Bonferroni correction. Bonferroni correction was designed to counteract the problem of
multiple comparisons, whereby the probability of committing a type I error increases
with the number of simultaneous comparisons being made (Sokal and Rohlf, 1995). This
problem is rectified by multiplying the p-value by the number of pairwise comparisons,
effectively lowering the significance level. However, because Bonferroni correction
provides little power and is probably too conservative (Sokal and Rohlf, 1995;
Nakagawa, 2004), I also report uncorrected probabilities for interpretation.
I examined those variables that best distinguish the samples using discriminant
function analysis (DFA) of the imputed PCA scores. DFA is an ordination procedure
whereby two or more groups of multivariate data are projected onto a reduced set of
dimensions in a way that maximizes the ratio of between-group variance to within-group
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variance. For N groups, there are N-1 discriminant axes of diminishing importance, of
which only the first few are usually informative (Hammer and Harper, 2006). DFA, like
PCA, returns both a series of eigenvalues that indicates the amount of variation explained
by each axis, and a set of loadings that denotes the importance of each variable as a
discriminator along each axis. I performed all statistical and ordination procedures using
the software program PAST 2.12 (Hammer et al., 2001).
Because the DPF does not represent a single assemblage of contemporaneous
organisms, time-averaging is an issue. This has the effect of masking palaeoecological
patterns that are otherwise distinguishable only at fine temporal resolutions
(Behrensmeyer and Hook, 1992). For this reason, I minimized the effects of timeaveraging by making the above comparisons within each of the two most inclusive
Megaherbivore Assemblage Zones (MAZs) identified in Chapter 2. To summarize,
MAZ-1 encompasses the lower 28 m of the DPF, and MAZ-2 encompasses intervals
from 29–52 m. Whereas this time-constrained approach theoretically increases the
probability of recovering differences that would otherwise be masked by the effects of
time-averaging, there is a trade-off in that sample size (and hence statistical power) is
reduced considerably. Also, this approach does not completely remove the effects of
time-averaging because the MAZs are themselves time-averaged over a period of
approximately 600 Ka (Chapter 2).
Results
The supporting ordination data (eigenvalues and variable loadings) for the results given
below are presented in appendices 4.2–4.27. They are presented in the same order as the
corresponding results.
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Time-averaged approach
NPMANOVA of the first six PCs reveals significant differences among the most
inclusive clades (N = 82, F = 16.18, p < 0.0001). Posthoc pairwise comparisons show that
Ankylosauria, Ceratopsidae, and Hadrosauridae each differ significantly from one
another (Table 4.2). The corresponding DFA (Figure 4.2A) yields a 97.56% successful
classification rate. The first discriminant function (DF 1) accounts for 79.14% of the total
between-group variance. Ankylosaurs score negatively on this axis, whereas ceratopsids
and hadrosaurids score positively. Ceratopsids place slightly more distally on DF 1 than
hadrosaurids. PC 1 loads strongly and positively on DF 1, indicating that ankylosaurs
differ from ceratopsids and hadrosaurids in having smaller skulls, which are relatively
broader transversely, and relatively shorter tooth rows and deeper mandibles. DF 2
accounts for the remaining between-group variance. This axis best separates ceratopsids
from hadrosaurids, with ankylosaurs falling in between. PC 2 loads strongly and
positively on this axis, indicating that hadrosaurids possess transversely narrower
paroccipital processes and snouts with a strong ventral deflection, followed sequentially
by ankylosaurs and ceratopsids.
Ankylosauria
The ankylosaur families Ankylosauridae and Nodosauridae (represented by
Euoplocephalus and Panoplosaurus, respectively) are significantly different from one
another, as revealed by NPMANOVA of the first five PCs (N = 17, F = 3.095. p <
0.0001). The corresponding DFA perfectly discriminates Euoplocephalus and
Panoplosaurus (Figure 4.2B). The separation is most strongly influenced by PC 1, which
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Table 4.2. NPMANOVA results for the time-averaged, suborder/family level
pairwise comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle. Significant results reported in
bold.
Ankylosauria Ceratopsidae Hadrosauridae
(n = 17)
(n = 23)
(n = 42)
Ankylosauria (n = 17)
0.000
0.000
Ceratopsidae (n = 23)
0.000
0.000
Hadrosauridae (n = 42)
0.000
0.000
Total analysis: N = 82, F = 16.18, p = 0.000
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Figure 4.2. Time-averaged DFAs. A, coarse-scale analysis; B, ankylosaur family
analysis; C, ceratopsid subfamily analysis; D, hadrosaurid subfamily analysis; E,
hadrosaurid genus analysis.
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loads negatively on the discriminant axis. Thus, Panoplosaurus mainly differs from
Euoplocephalus in having a greater offset between the jaw joint and coronoid apex.
Ceratopsidae
NPMANOVA of the ceratopsid subfamilies Centrosaurinae and Chasmosaurinae (chiefly
represented by Centrosaurus and Chasmosaurus, respectively), using the first four PCs,
produces no significant difference (N = 23, F = 1.022, p = 0.424). The p-value decreases
if all 12 PCs are included in the comparison (p = 0.077), but otherwise remains
insignificant. DFA of the first four PCs yields a 73.91% successful classification rate
(Figure 4.2C). PC 4 loads most strongly and positively on the discriminant axis,
indicating that centrosaurines generally have taller crania with slightly more distally
extended tooth rows than chasmosaurines (but not significantly so). More comprehensive
genus-level comparisons within subfamilies are not possible due to sample size
limitations.
Hadrosauridae
NPMANOVA of the first five PCs yields a significant difference between the hadrosaurid
subfamilies Hadrosaurinae and Lambeosaurinae (N = 42, F = 4.19, p < 0.001). DFA
yields an 88.10% successful classification rate, with lambeosaurines scoring more
negatively on the discriminant axis, and hadrosaurines scoring more positively (Figure
4.2D). In order of decreasing magnitude, the two subfamilies are best discriminated by
PCs 3 and 1, both of which load positively on the discriminant axis. Thus, hadrosaurines
primarily differ from lambeosarines in having larger skulls (PC 1) that are transversely
narrower, and with less ventrally deflected beaks (PC 3).
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I subjected the hadrosaurines Gryposaurus and Prosaurolophus, and the
lambeosaurines Corythosaurus and Lambeosaurus, to a genus-level NPMANOVA of the
first five PCs (I excluded Parasaurolophus due to a lack of sufficient material). I
recovered significant differences among the genera (N = 41, F = 1.804, p < 0.05).
Posthoc pairwise comparisons reveal that the differences occur between lambeosaurines
and hadrosaurines; there are no significant differences within these two subfamilies
(Table 4.3). DFA of the first five PCs yields a 56.10% successful classification rate. DF 1
captures 86.10% of the total between-group variance, and DF 2 captures 8.80%.
Generally, lambeosaurine genera score more negatively along DF 1, whereas
hadrosaurine genera score more positively (Figure 4.2E). There is poor separation along
DF 2. Examination of the loadings reveals that PCs 1 and 3 both load strongly and
positively on DF 1, which unsurprisingly mirror the shape changes captured by the
hadrosaurine-lambeosaurine analysis above.
MAZ-1
NPMANOVA of the first five PCs recovers significant differences among ankylosaurs,
ceratopsids, and hadrosaurids (N = 40, F = 10.33, p < 0.0001). Posthoc pairwise
comparisons demonstrate that each of these clades differs significantly from the other
(Table 4.4). The corresponding DFA yields a 100% successful classification rate. The
ordination results (Figure 4.3A) correspond to those of the time-averaged analysis, such
that all three clades occupy similar areas of morphospace; however, there is better
separation of all taxa—particularly ceratopsids and hadrosaurids—probably a reflection
of the overall smaller sample size. Although the discriminant axes capture a similar
amount of between-group variation as the time-averaged DFA, their loadings differ

Table 4.3. NPMANOVA results for the time-averaged, hadrosaurid genus pairwise comparisons. Bonferroni corrected pvalues shown in lower left triangle; uncorrected p-values shown in upper right triangle. Significant results reported in bold.
Gryposaurus (n = 5) Prosaurolophus (n = 7) Corythosaurus (n = 15) Lambeosaurus (n = 15)
Gryposaurus
(n = 5)
Prosaurolophus (n = 7)
Corythosaurus (n = 15)
Lambeosaurus (n = 15)

0.705
1
0.499
0.323

0.083

0.054

0.005
0.029
0.172
1
Total analysis: N = 41, F = 1.804, p = 0.025

0.029
0.805
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Table 4.4. NPMANOVA results for the MAZ-1, suborder/family level pairwise
comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle. Significant results reported in
bold.
Ankylosauria Ceratopsidae Hadrosauridae
(n = 6)
(n = 12)
(n = 22)
Ankylosauria (n = 6)
0.000
0.000
Ceratopsidae (n = 12)
0.000
0.000
Hadrosauridae (n = 22)
0.000
0.0003
Total analysis: N = 40, F = 10.33, p = 0.000
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Figure 4.3. Time-constrained MAZ-1 DFAs. A, coarse-scale analysis; B, ceratopsid
subfamily analysis; C, hadrosaurid subfamily analysis; D, hadrosaurid genus
analysis.
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slightly. In the MAZ-1 analysis, PCs 1 and 2 load subequally on the first axis. This
appears to be a consequence of the increased group separation along DF 1. PC 1 captures
a similar signal to that reported for the time-averaged analysis, separating ankylosaurs
from ceratopsids and hadrosaurids on the basis of skull length and breadth, tooth row
length, and mandible depth. Conversely, PC 2 appears to reflect the fact that ceratopsids
possess broader paroccipital processes and less ventrally deflected snouts than
hadrosaurids. Evidently, some of the signal captured by DF 2 in the original, timeaveraged DFA has ‘leaked’ over onto DF 1 in this analysis. PC 1 loads strongly and
negatively on DF 2, whereas PC 2 loads strongly and positively. The morphological
signal captured by DF 2 is similar to that captured by DF 1; the different loadings
between the first two DF axes simply reflect the different relative positions of the taxa
along those axes.
Ankylosauria
I did not conduct statistical comparisons of ankylosaurs due to sample size limitations.
Ceratopsidae
Centrosaurines and chasmosaurines (represented solely by Centrosaurus and
Chasmosaurus, respectively) cannot be distinguished from one another using
NPMANOVA of the first four PCs (N = 12, F = 1.799, p > 0.05), but the two taxa are
significantly different with the inclusion of PC 5 (N = 12, F = 1.92, p < 0.05). DFA using
the first five PCs yields a 100% successful classification rate, but given the particularly
small chasmosaurine sample (n = 4), this result may be artificially inflated.
Chasmosaurines score negatively on the discriminant axis, and centrosaurines score
positively (Figure 4.3B). PC 1 loads most strongly and negatively on the discriminant
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axis, indicating that chasmosaurines generally possess a transversely wider occipital
region of the skull. PC 4 also loads strongly and positively on the axis, reflecting the fact
that centrosaurines possess a relatively wider beak and dorsoventrally deeper skulls.
Hadrosauridae
Hadrosaurines and lambeosaurines are significantly different (N = 22, F = 2.586, p <
0.01), as revealed by NPMANOVA of the first six PCs. DFA results in a 95.45%
successful classification rate. Lambeosaurines generally score negatively on the
discriminant axis, whereas hadrosaurines score positively (Figure 4.3C). PC 1 loads most
strongly and positively on the discriminant axis, indicating that hadrosaurines possess
larger skulls with slightly wider occipital regions than lambeosaurines. PCs 3 and 5 also
load strongly and positively on the discriminant axis, but their signals are more difficult
to interpret because their loadings sometimes conflict. Both PCs reveal that hadrosaurines
have relatively narrower snouts than lambeosaurines.
I included Gryposaurus, Corythosaurus, and Lambeosaurus in a genus level
comparison. No significant differences are recovered among the genera (N = 21, F =
1.437, p > 0.05), but the posthoc pairwise comparisons do support the contention that
hadrosaurines and lambeosaurines tend to be most different (Table 4.5). DFA yields a
71.43% successful classification rate. The ordination and loadings correspond to those of
the subfamily comparisons (Figure 4.3D).
MAZ-2
The MAZ-2 analyses do not include ankylosaurs due to sample size limitations in this
interval (Chapter 2). NPMANOVA of the first three PCs yields a highly significant
difference between ceratopsids and hadrosaurids (N = 16, F = 5.434, p = 0.001). Both

146

Table 4.5. NPMANOVA results for the MAZ-1, hadrosaurid genus level pairwise
comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle. Significant results reported in
bold.
Gryposaurus Corythosaurus Lambeosaurus
(n = 4)
(n = 12)
(n = 6)
Gryposaurus (n = 4)
0.195
0.017
Corythosaurus (n = 12)
0.940
0.051
Lambeosaurus (n = 6)
0.585
1
Total analysis: N = 21, F = 1.437, p = 0.121
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taxa are perfectly discriminated using DFA. Hadrosaurids score negatively on the
discriminant axis, whereas ceratopsids score positively (Figure 4.4A). This separation is
most influenced by PC 1, which correlates negatively with the discriminant axis. Thus,
hadrosaurids are distinguished from ceratopsids primarily by their ventrally deflected
rostra and transversely narrow skulls.
Ceratopsidae
I did not conduct statistical comparisons of ceratopsids due to sample size limitations.
Hadrosauridae
Hadrosaurines and lambeosaurines (represented by Prosaurolophus and Lambeosaurus,
respectively) are significantly different, as revealed by NPMANOVA of the first four
PCs (N = 11, F = 2.026, p < 0.05). DFA results in a 90.91% successful classification rate.
Lambeosaurines score more negatively on the discriminant axis, and hadrosaurines score
more positively (Figure 4.4B). PC 1 loads most strongly and positively on this axis,
reflecting the larger skull size of Prosaurolophus relative to Lambeosaurus.
Discussion
Palaeodietary implications
Ankylosauria
The inferred ankylosaur ecomorph is characterized by a small, proportionally wide skull,
with a relatively deep mandible and short tooth row. The snout is ventrally deflected, but
not as strongly as in hadrosaurids. First-hand examination of ankylosaur specimens
reveals that the depth of the mandible is exaggerated by the dorsal bowing of the tooth
row (Figure 4.1A). Ankylosaurs are not strongly distinguished from either ceratopsids or
hadrosaurids based on the distance between the jaw joint and coronoid process apex. This
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Figure 4.4. Time-constrained MAZ-2 DFAs. A, coarse-scale analysis; B, hadrosaurid
analysis.
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is somewhat surprising because both ceratopsids and hadrosaurids possess elevated
coronoid processes and depressed jaw joints that are otherwise not developed to the same
degree in ankylosaurs (Ostrom, 1961, 1964b; Tanoue et al., 2009). It may be that the
ankylosaur coronoid apex is more rostrally displaced than in ceratopsids and
hadrosaurids, resulting in subequal measurements of this variable. Further work is
necessary to illuminate the differences in jaw mechanics between these taxa.
Because jaw adductor muscle mass—and by extension, bite force—generally
scales positively with skull size (e.g., Kiltie, 1982; Herrel et al., 2001; Verwaijen et al.,
2002; Meers, 2002; Erickson et al., 2011), it is likely that ankylosaurs possessed a weaker
bite than the larger ceratopsids and hadrosaurids. Likewise, the rostral placement of the
tooth row relative to the coronoid process in ankylosaurs means that they did not possess
as powerful a bite as the other two taxa, in which the tooth row extends caudal to the
coronoid process, resulting in increased leverage of the distal tooth row (Ostrom, 1961,
1964b; Tanoue et al., 2009). Other evidence cited in favour of a relatively weak bite in
ankylosaurs is the presence of small, phyliform teeth with peg-like roots (Russell, 1940;
Weishampel, 1984a; Galton, 1986), and simple jaw musculature (Haas, 1969).
Nonetheless, the ankylosaur skull exhibits other features thought to correlate with
either high bite forces or repetitive masticatory movements—both adaptations for
comminuting resistant plant matter. For example, the proportionally great transverse
breadth of the skull may have accommodated larger jaw adductor muscles. This
explanation was offered by Herrel et al. (2005) to account for the fact that finches with
relatively wide skulls also possess the highest bite forces. Henderson (2010) likewise
used beam theory to show that wider skulls are able to resist high torsional stresses
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incurred by elevated bite forces. Furthermore, the curved tooth row of ankylosaurs is
reminiscent of that of grazing macropodoids, the function of which Sanson (1989)
surmised was to concentrate bite forces in response to a tough diet. The secondary
increase in the depth of the mandible likewise would have served to withstand repeated
bending forces associated with mastication, preventing bone fatigue (Hylander, 1979;
Spencer, 1995). Finally, Vickaryous et al. (2004) cited the presence of an ossified
secondary palate in ankylosaurs as evidence that their skulls were adapted to resisting
strain resulting from complex jaw movements used in the comminution of tough plants.
Besides reconstructed feeding envelopes (Chapter 3), several other morphological
characters attest to the low-browsing habit of ankylosaurs. First is the broad, ventrallydeflected snout, which is otherwise observed most frequently among grazing bovids
(Spencer, 1995). The relatively great breadth of the snout undoubtedly enables these
mammals to feed more efficiently on fibrous, low-growing grasses (Gordon and Illius,
1988; Janis and Ehrhardt, 1988; Janis, 1990, 1995; Solounias and Moelleken, 1993;
Dompierre and Churcher, 1996; Mendoza et al., 2002; Fraser and Theodor, 2011a).
However, the purpose of the ventral deflection of the snout is not yet fully understood. It
may serve to bring the cropping mechanism (incisors) closer to the ground, but this is
purely speculation. It may also reflect the fact that grazers tend to have faces more
strongly flexed on the basicranium than browsers (Janis, 1990, 1995; Mendoza et al.,
2002), but the reason for this correlation is likewise unknown.
Second is the relatively great transverse breadth of the paroccipital processes,
which is common among grazing bovids. Spencer (1995) suggested that this may reflect
the fact that grazers tend to use sharp head movements for cropping forage, effected by
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the nuchal musculature, whereas browsers rely more on their lips and tongue. Perhaps
ankylosaurs also relied on head movements to sever plant food, but no corresponding
study on head mobility in these animals has been conducted to date. Challenging this
hypothesis is the observation of Maryańska (1977) that ankylosaurs possessed a welldeveloped hyoid apparatus and entoglossal process, which would have supported a long
and mobile tongue. Ankylosaurs may have used such a tongue in the cropping of
vegetation.
Therefore, while it is likely that they consumed soft, pulpy plant tissues (e.g.,
fruits, Weishampel, 1984a; Mustoe, 2007), ankylosaurs probably subsisted on tough
leaves that required more thorough mastication as well (Rybczynski and Vickaryous,
2001). This interpretation is corroborated by circumstantial evidence in the form of a
cololite associated with a Lower Cretaceous ankylosaurid from Australia (Molnar and
Clifford, 2001). The fossil comprises angiosperm fruits or endocarps, small seeds,
possible fern sporangia, and abundant vascular tissue (probably leaves). The plant
material exhibits signs of having been comminuted by the jaws (Molnar and Clifford,
2001); however, the finding of gastroliths associated with a specimen of Panoplosaurus
mirus (ROM 1215; Carpenter, 1990) suggests that additional food processing occurred in
the gizzard. If so, then it is likely that the ankylosaur skull ecomorph does not accurately
reflect the associated palaeodiet. Nonetheless, there is some doubt about whether the
gastroliths truly pertain to the specimen in question, as neither the field notes nor the
original description (Russell, 1940) mention the existence of gizzard stones (K. Seymour,
pers. comm., 2011).
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Ankylosaur families differ in their morphologies such that nodosaurids possess a
relatively greater offset between the jaw joint and coronoid apex than ankylosaurids. This
suggests that the mechanical advantage of the nodosaurid mandible was elevated relative
to that of ankylosaurids (due to the increased length of the applied force moment arm),
resulting in a more powerful bite. Supporting this interpretation, Carpenter (1990) and
Vickaryous (2006) reported on the existence of dorsoventrally deep (fused) vomers with
a distally dilated process among nodosaurids, which may have served to further dissipate
stress associated with either elevated bite forces or repetitive masticatory movements.
Therefore, it seems likely that nodosaurids subsisted on harder or tougher plants than
ankylosaurids, necessitating a more powerful bite and cranial structures associated with
stress distribution.
Perhaps surprisingly, the contention of Carpenter (1982, 1997a,b, 2004) that
ankylosaurids and nodosaurids differ appreciably in relative beak width is not wellsupported here. In the time-averaged ankylosaur analysis above, the separation of the two
families along PC 1 is due in part to the relatively wider beak of ankylosaurids, but this
variable loads comparatively weakly on the axis, and its signal is otherwise contradicted
by loadings on other PCs. It is possible that relative beak width did not prove to be a
stronger discriminator of ankylosaurids and nodosaurids because: (1) it was overwhelmed
by other, stronger loading variables; (2) it was not captured by the first PCs considered
here; or (3) it was not captured at all due to the confounding effects of missing data.
Additional research into the specific question of ankylosaur beak width variation is
necessary.
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Ceratopsidae
The inferred ceratopsid ecomorph is characterized by a particularly large and narrow
skull, distally-elongate tooth row, and rostrally projecting snout. Although the relative
transverse width of the paroccipital processes is most developed in ankylosaurs, the
separation of ceratopsids from hadrosaurids along DF 2 of the time-averaged analysis
suggests that the former taxon is characterized by slightly wider paroccipital processes as
well.
Two features in particular attest to the especially powerful bite of ceratopsids. The
first is overall skull size, which is the largest of any of the DPF forms. The second is the
distal extension of the tooth row beyond the apex of the coronoid process. Ostrom
(1964b, 1966) demonstrated that this morphology equates to a shift in the behaviour of
the jaw mechanism, from a class 3 to a class 1 lever, because the relative lengths of the
applied and resistance force moment arms are switched. Therefore, even controlling for
size differences, the ceratopsid jaw mechanism appears to have been more efficient than
that of ankylosaurs. The elevation of the coronoid process and concomitant depression of
the jaw joint would have further served to enhance the leverage of the ceratopsid
mandible (Ostrom, 1964b, 1966).
The transversely wide paroccipital processes of ceratopsids—although not as
developed as in ankylosaurs—may correlate with low browsing. On the other hand, it
may reflect the development of the nuchal musculature in support of the large
parietosquamosal frill. Paradoxically, although ceratopsids appear to have been restricted
to feeding below one metre from the ground (Chapter 3), the cropping mechanism is not
ventrally deflected as in mammalian grazers (Spencer, 1995). This might be attributable
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to the great mobility of the head, which could have pivoted easily about the spherical
occipital condyle to bring the beak near to the ground (Tait and Brown, 1928).
Bearing these points in mind, ceratopsids can be characterized as low-level
browsers that probably sustained themselves on mechanically resistant vegetation
requiring high bite forces. Mechanical resistance comprises various physical properties
such as strength, toughness, and ‘hardness’ (a general term that encompasses the
properties of plasticity and stiffness). The bladed dentition of ceratopsids (Hatcher et al.,
1907; Lull, 1908, 1933; Ostrom, 1964b, 1966; Varriale, 2011) almost certainly was not
suitable for processing particularly strong or hard plant types, which require a
durophagous dentition (Lucas, 2004). Therefore, it is likely that ceratopsids specialized
on tough plant parts that resisted crack propagation, such as low-growing, woody browse.
The ‘weedy’ angiosperms of the Late Cretaceous, which grew most commonly in coastal
plain settings (Upchurch and Wolfe, 1993) alongside ceratopsids (Brinkman et al., 1998),
may have provided an abundant and renewable food resource for these animals (Dodson,
1993, 1996, 1997). The interpretation of ceratopsids as woody browse specialists might
help to explain the narrowness of their beaks, which would have restricted them to
selective foraging, but more work in this area is required.
NPMANOVA indicates that centrosaurines and chasmosaurines probably differ in
their skull proportions, but low sample size generally impedes the interpretation of the
results. For example, whereas the two subfamilies differ primarily according to cranial
depth and distal tooth row extension in the time-averaged comparison (where the
probabilities are not quite significant), their differences are better attributed to the
transverse width of the occipital region in the MAZ-1 comparison (where the

155
probabilities are significant). It is possible that morphological disparity between
centrosaurines and chasmosaurines may truly manifest itself differently within MAZ-1,
but it is also likely that the smaller samples in this assemblage zone do not adequately
capture the true ecological signal therein, and, in fact, artificially inflate statistical
significance by reducing taxonomic overlap in morphospace (Strauss, 2010).
There is some evidence, however, that ceratopsid subfamilies differ at least partly
according to cranial depth in MAZ-1, as in the time-averaged analysis. This might be
taken as tentative support for the finding of Henderson (2010) that centrosaurines possess
taller crania than chasmosaurines, making them more resistant to bending and torsional
stresses. These differences were said to have facilitated niche partitioning between the
two subfamilies, as centrosaurines presumably would have been capable of subsisting on
a more resistant plant diet than sympatric chasmosaurines. Nonetheless, although
Henderson (2010) was careful to account for the confounding effects of taphonomic
distortion, he considered only a single specimen per species, and therefore did not
account for intraspecific variation. This omission is likely to have introduced some
systematic bias into the results because numerous studies have shown that individual
ceratopsid species actually vary quite widely, even when ontogenetic effects are
accounted for (Hatcher et al., 1907; Lull, 1933; Dodson, 1990; Lehman, 1990; Ostrom
and Welnhoffer, 1986, 1990; Godfrey and Holmes, 1995; Forster, 1996; Farke, 2006;
Currie et al., 2008; Mallon et al., 2011). For example, long-faced Centrosaurus apertus
have been described (e.g., Ce. “longirostris”, Sternberg, 1940), as well as short-faced
Chasmosaurus belli (e.g., Ch. “brevirostris”, Lull, 1933). It is therefore necessary that
statistical approaches be taken to account for the significance of this variation.
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Hadrosauridae
The inferred hadrosaurid ecomorph is characterized by a relatively large, narrow skull
(though not as large as in ceratopsids), distally extended tooth row, and ventrally
deflected snout. Hadrosaurids do not differ appreciably from ceratopsids in either the
offset between the jaw joint and coronoid process apex or the distal extension of the tooth
row, so it is likely that both jaw systems shared a similar mechanical advantage.
However, the smaller size of the hadrosaurid skull suggests that these animals possessed
a slightly weaker bite than ceratopsids.
Reconstruction of the hadrosaurid feeding envelope suggests that these animals
could browse at heights up to 4 m above ground level (Chapter 3), but it is otherwise
unclear which height they browsed at most regularly. Unfortunately, those morphological
features of the skull that correlate with feeding height do not clarify the matter. For
example, the paroccipital processes are relatively narrow, a condition common among
high-level browsers. However, the ventral deflection of the snout is most commonly
observed among low-level grazers. Relative beak width is intermediate between that of
ankylosaurs and ceratopsids, and does not otherwise provide convincing evidence for
browse height. This unique combination of morphological characters might therefore
indicate that hadrosaurids were equally comfortable browsing at both high and low
levels. It is not difficult to imagine these animals feeding low in the herb layer,
occasionally rearing up to feed bipedally among the surrounding shrubs when a herd of
low-browsing ceratopsids passed through the area (Chapter 3).
The strong jaws and large feeding envelope of hadrosaurids suggests that these
animals could subsist on a variety of plant types, and, as the largest members of the DPF
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megaherbivore assemblage, hadrosaurids likely possessed correspondingly large niche
breadths (Owen-Smith, 1988). Their dentition was probably capable of both crushing and
shearing functions (Carrano et al., 1999), and could therefore process both tough and hard
foodstuffs, encompassing a variety of browse types. Circumstantial evidence in favour of
this hypothesis comes by way of fossil gut contents (enterolites), associated with various
hadrosaurids, that contain conifer and angiosperm twigs and stems, bark, seeds, and
leaves (Kräusel, 1922; Currie et al., 1995; Tweet et al., 2008), although some have also
cautioned that these materials may have been washed into the gut cavity post-mortem
(Abel, 1922; Currie et al., 1995). Chin and Gill (1996) and Chin (2007) also reported on
hadrosaurid coprolites containing an abundance of conifer wood, which cannot have been
derived allochthonously.
Hadrosaurid subfamilies differ most noticeably in the development of cranial
crests (Lull and Wright, 1942; Hopson, 1975; Horner et al., 2004), but from the
perspective of inferred dietary ecomorphology, hadrosaurine skulls are consistently larger
than those of lambeosaurines. Hutchinson (1959) noted that, in cases where two closelyrelated species, occupying the same position on the food-web, coexist, the skull of the
larger form usually exceeds that of the smaller form in length by a ratio of ~1.3, a figure
that has come to be known as the Hutchinsonian ratio (Lewin, 1983). Although there is
some question as to the actual statistical validity of this ratio (Grant, 1972; Horn and
May, 1977; Grant and Abbott. 1980; Schoener, 1984; Pianka, 1994), it is generally
thought that these size differences are what allow closely related species to specialize on
different foodstuffs, thereby circumventing interspecific competition. Interestingly, the
ratio of mean skull length (measured as the distance from the jaw joint to the
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premaxillary apex) between hadrosaurines (754 mm) and lambeosaurines (612 mm) is
1.23, which is close to the figure of 1.3 noted by Hutchinson (1959). This difference in
size could mean that the larger hadrosaurines incorporated less digestible plant matter in
their diet than lambeosaurines. Although I found no other morphological characters to
corroborate this hypothesis, Weishampel (1984b) and Carrano et al. (1999) noted that
hadrosaurines tend to exhibit more steeply inclined tooth facets than lambeosaurines,
equating to a higher capacity for shearing in the former taxon. This, in turn, would allow
hadrosaurines to more effectively rend tougher, more fibrous plant tissues (Lucas, 2004).
Numerous authors (Dodson, 1983; Bakker, 1986; Carrano et al., 1999; Whitlock,
2011) have noted that hadrosaurines generally possess relatively wider, squarer beaks
than lambeosaurines, attributing this distinction to differences in their feeding ecologies.
Unfortunately, previous attempts to quantify variation in hadrosaurid beak shape have not
controlled for time-averaging, and have instead grouped forms spanning much of the Late
Cretaceous. Thus, genera such as the late Campanian Lambeosaurus were compared
alongside the late Maastrichtian Edmontosaurus, although the two were separated in time
by ~10 Ma. The time-constrained approach taken here suggests that sympatric
hadrosaurines and lambeosaurines did not always differ in beak shape. Overlap in beak
shape was noted by both Carrano et al. (1999) and Whitlock (2011), but the
palaeoecological implications of this were not addressed. In fact, the DFA results suggest
that, if anything, hadrosaurines possessed relatively narrower beaks than lambeosaurines
within the boundaries of the DPF, but a posthoc Mann-Whitney U test reveals that the
differences in arcsine-transformed relative beak width are not quite significant (N = 33, U
= 64, p = 0.079).
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Chapman and Brett-Surman (1990) also noted, on the basis of geometric
morphometrics, that lambeosaurines have more ventrally deflected beaks than
hadrosaurines. There is some support for this position, particularly in light of the results
for the time-averaged analysis. This might be taken as evidence that lambeosaurines
habitually fed closer to the ground than hadrosaurines. If so, this interpretation runs
contrary to that of Carrano et al. (1999), who suggested, on the basis of beak, tooth, and
hindlimb morphology, that hadrosaurines foraged near to the ground in open habitats,
whereas lambeosaurines foraged in closed habitats.
Finally, the results of Dodson’s (1975) morphometric investigation of
lambeosaurine skulls are supported here. His survey comprised 48 variables measured
over 36 specimens, and the data were examined using bivariate and multivariate
approaches. Dodson (1975:50) noted that “the differences among the five [morphological
patterns among lambeosaurines] relate not to structures that have apparent significance in
the differential utilization of trophic resources necessary for the coexistence of closely
related species of large animals. Instead, they are confined to several parameters of the
bony crest.” This finding was especially surprising to Dodson because it was then
assumed that the DPF represented a single ‘snapshot’ in time, and that all dinosaurs from
the DPF were contemporaneous. This hypothesis has since been falsified, and the
temporal overlap of the lambeosaurines minimized (Sternberg, 1950; Currie and Russell,
2005; Ryan and Evans, 2005; Chapter 2).
Evolutionary palaeoecology
The rationale behind the expectation that the coexistence of the megaherbivorous
dinosaurs from the DPF was facilitated by dietary niche partitioning is provided

160
elsewhere (Chapter 1). Of the 12 genera considered here—six of which typically
coexisted at any given time (Chapter 2)—five or six distinct ecomorphs are recovered
using skull morphometrics. Ankylosaurs, ceratopsids, and hadrosaurids are each
characterized by unique morphologies, the distinguishing characteristics being
concentrated in the absolute size of the skull, and in its relative width, degree of ventral
deflection of the snout, distal extension of the tooth row, and depth of the mandible.
Ceratopsids and hadrosaurids are more alike than ankylosaurs, probably a reflection of
the more recent common ancestry of the first two taxa (Butler et al., 2008), and of their
independently acquired tooth batteries, implying that ankylosaurs were least likely to
compete with the other megaherbivores from the DPF. Corroborating this hypothesis, the
convergent evolution of dental batteries in ceratopsids and hadrosaurids suggests
adaptation to the comminution of similar plant food (but see Dodson, 1993).
Ankylosaurids and nodosaurids are themselves distinguished primarily by differences in
the construction of the mandible, and hadrosaurines and lambeosaurines differ mainly in
skull size. Due to sample size limitations, it is difficult to determine whether
centrosaurines and chasmosaurines differ at all, but there is reasonable evidence to
suggest that they did. How they differ is also not immediately obvious, and the signal
may change depending on whether time-averaging is minimized. Nonetheless,
conventional knowledge that the two subfamilies differ according to cranial depth is
tentatively confirmed. Therefore, with the above considerations in mind, the contention
that dietary niche partitioning supported the rich megaherbivore diversity of the DPF is
confirmed by this study.
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There is no evidence for dietary niche partitioning among genera belonging to the
same subfamily. For example, all hadrosaurine genera occupy nearly identical regions of
morphospace, as do all lambeosaurine, centrosaurine and chasmosaurine genera. This is
hardly surprising in light of the fact that consubfamilial taxa rarely lived in sympatry
(Chapter 2). In fact, it may be precisely because of the morphological similarity of such
taxa that they were unable to coexist, owing to the effects of competitive exclusion. In
those rare instances where such taxa do overlap in time (Chapter 2), their coexistence is
either short-lived (e.g., ~214 Ka for Corythosaurus and Lambeosaurus) or involves rare
or transient forms (e.g., Parasaurolophus). The apparent rarity of the ankylosaurid
Dyoplosaurus in MAZ-1 of the DPF, where Euoplocephalus is most common (Chapter
2), also fits this pattern. These biostratigraphic relationships might be taken as evidence
that the megaherbivorous dinosaur assemblage of the DPF was structured by the effects
of competition, rather having assembled by happenstance (Hubbell, 2001), because the
rarity of sympatric consubfamilial taxa suggests that niche space was saturated and could
not accommodate the addition of new species without the concomitant loss of already
established species. This hypothesis further predicts that taxonomic overlap in
morphospace should remain negligible with the recovery of additional fossils, and that
the assemblage should adhere to certain ‘assembly rules’ (Diamond, 1975) whereby the
addition of new species results in an increase in total morphospace (niche) volume, an
increase in morphological (niche) specificity, or the localized extinction of competitors
(Ricklefs and Miles, 1994). Where taxonomic overlap in morphospace does occur, it
should involve only rare taxa that would not have posed serious competition to more
established members of the assemblage.
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The temporal stability of the morphological patterns identified here (compare
Figures 4.2–4.4), spanning ~1.5 Ma, supports the contention of Brinkman et al. (2004)
that fossils from the upper Campanian Belly River Group (which includes the DPF)
constitute a chronofauna. This is a term introduced by Olson (1952:181) to refer to “a
geographically restricted, natural assemblage of interacting animal populations that has
maintained its basic structure over a geologically significant period of time.” Thus, while
individual species appear and disappear with time, the ecological relationships of the
chronofauna remain stable. Olson (1952) accounted for this stability with reference to
environmental stasis, but the megaherbivore chronofauna of the DPF appears to have
been rather impervious to environmental change, as the formation itself records the
gradual transgression of the Western Interior Seaway (Eberth and Hamblin, 1993; Eberth,
2005). Perhaps the change was slow enough that the megaherbivore chronofauna could
adapt accordingly, but there is no evidence to date that species turnover in the DPF
responded to environmental change (Chapter 2). The apparent displacement of
ankylosaurs from the upper limits of the DPF (Brinkman, 1990; Brinkman et al., 1998;
Chapter 2) may indicate a reshaping of the megaherbivore chronofauna in response to the
encroaching sea, with ankylosaur congeners appearing in younger sediments of the
Horseshoe Canyon Formation subsequent to the regression of the sea (Arbour et al.,
2009). Alternatively, DiMichele et al. (2004) have also invoked evolved mutualisms,
historical contingency, and the ‘law of large numbers’ to account for ecological stasis in
fossil assemblages.
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Limitations of this study
This study suffers from a few shortcomings that are currently beyond reconciliation.
First, although I made every effort to sample as many specimens as possible, sample size
remains small. This is an unavoidable consequence of the incomplete nature of the fossil
record. The prohibitive effects of small sample size are especially apparent at fine
taxonomic and temporal resolutions, where statistical power suffers markedly.
Nonetheless, the current morphometric survey is the best that can be offered with respect
to the questions in mind here, and the results are likely to endure until the DPF is sampled
more intensively over time. Sokal and Rohlf (1995:263) provide the following equation
as a means for iteratively calculating the minimum sample size per group needed to
detect a given difference in an analysis of variance (ANOVA):
n ≥ 2 (σ/δ)2(tα[ν] + t2(1-P)[ν])2
where n is the number of replications, σ is the true standard deviation, δ is smallest
detectable difference of interest, ν is the degrees of freedom of the sample standard
deviation for a predetermined number of groups with n replications per group, α is the
significance level, P is the power of the test, and tα[ν] and t2(1-P)[ν] are values taken from a
t-table with ν degrees of freedom and corresponding to probabilities of α and 2(1 – P),
respectively. σ and δ can be calculated based on a priori knowledge about how the groups
vary. Assuming α = 0.05 and P = 0.80, ~19 specimens per taxon would be required to
detect an ~11% difference in arcsine-transformed relative skull height between
centrosaurines and chasmosaurines, which are among the few taxa for which significant
differences were expected (Henderson, 2010) but not irrefutably demonstrated.
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Small sample size may also prove problematic for DFA as applied here (Strauss,
2010). For example, it may yield unstable solutions that vary widely when the
populations are resampled. Small sample size can also produce inflated discrimination
between groups. As a rule of thumb, the number of specimens should be at least five to
20 times the number of variables, with no less than five specimens per group (Hair et al.,
1998; Strauss, 2010). Unfortunately, this was not always possible here. Accordingly,
DFA results for small group comparisons must be regarded with added scrutiny.
Second, although I took steps to minimize the amount of time-averaging in this
study (see Materials and Methods above), the time bias remains too large to effectively
capture true, interacting palaeocommunities. It is possible to reduce the time bias further
by dividing the MAZs into ~300 Ka sub-zones (Chapter 2), more closely approximating
true palaeocommunities, but the sample size (and resulting statistical power) per sub-zone
becomes drastically reduced in doing so. This problem further emphasizes the importance
of continued fossil collecting in the DPF.
Third, taphonomic distortion is likely to confound the results presented in this
study. Such distortion would have the effect of introducing additional variation into the
ecomorphological signal, and assuming that this variation is random rather than
systematic, it would increase taxonomic overlap in morphospace (particularly between
the most closely related taxa) and reduced statistical significance. Although conventional
steps were taken to minimize the effects of taphonomy, no specimen included in this
study was completely unaffected by distortion. Unfortunately, this is an unavoidable
reality of the fossil record.
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Fourth, this study could be improved through the use of more modern
morphometric techniques, namely geometric morphometrics (Rohlf, 1990; Bookstein,
1991; Zelditch et al., 2004). This is effectively the study of variation in landmark
coordinates, defined as “discrete, homologous anatomical loci” (Zelditch et al.,
2004:418). Landmarks can be studied in two or three dimensions, using either
photographs or computer models, and the results are easily visualized and interpreted.
Unfortunately, the methods of geometric morphometrics are difficult to apply to the study
of the skulls considered here because of their complex nature. For example, the skulls of
ankylosaurs are covered in dermal ossifications, which obscure many of the
morphological features of interest if studied only from two-dimensional photographs.
Furthermore, the large size of megaherbivorous dinosaur skulls inhibits the collection of
three-dimensional data because the skulls will not fit into conventional computed
tomographic scanners (although the recent advent of handheld laser scanners will
undoubtedly help to overcome this problem). Even though the more traditional, linear
morphometric approach used here is typically not as easily visualized or interpreted, this
approach continues to be used successfully to study morphological variation within
numerous taxa (e.g., Mendoza et al., 2002; Herrel et al., 2004; Metzger and Herrel,
2005).
Finally, it must be emphasized that the present study assumes perfect adaptation
of the megaherbivorous dinosaurs to their surroundings, an achievement that necessarily
occurred over evolutionary time. This study is therefore powerless to detect short-term
ecological signals on the order of an individual’s lifetime. For example, if a population of
hadrosaurids endured an unprecedented drought and was forced to consume a fallback
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diet, the present study would fail to detect such an event. Similarly, if there were a lag
between the switch to a new diet and the emergence of an associated adaptation, it is
possible that the resulting dietary signal would not be recovered. Such short-term events
presumably could be detected through the analysis of dental microwear (Fiorillo, 1991,
1998, 2008; Williams et al., 2009; Varriale, 2011; Whitlock, 2011) or stable isotopes
(Fricke and Pearson, 2008), which are more responsive to ephemeral ecological change.
Conclusions
In their appraisal of research into dinosaur feeding behaviour, Barrett and Rayfield
(2006:218) recently lamented the lack of studies attempting to “place feeding within
more holistic evolutionary or ecological frameworks”. The present study is an attempt to
address this concern by examining dinosaur feeding in a geographically and temporally
constrained manner, thereby approximating true ecological relationships. The
implementation of statistical procedures also allows for more robust comparisons and
provides a means by which to gauge the palaeoecological significance of variation.
This study supports the hypothesis that the great standing crop megaherbivore
diversity of the DPF is largely attributable to dietary niche partitioning. Coexisting
ankylosaurids and nodosaurids, hadrosaurines and lambeosaurines, and probably
centrosaurines and chasmosaurines, differ significantly in their morphologies, and likely
differed in their food preferences as a result. The interpretation that niche partitioning
facilitated megaherbivore coexistence in the DPF can be tested further by examining the
response of the assemblage structure to the appearance of new species as new fossil
discoveries are made. The inferred ecological relationships appear to have been stable
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over the ~1.5 million year span of the DPF, as revealed by time-constrained analyses of
morphological patterns. This stability is characteristic of chronofaunas (Olson, 1952).
Variation in such aspects as body size, beak breadth, jaw mechanics, and tooth
morphology are commonly cited as evidence for dinosaur feeding ecology (Bakker, 1978,
1986; Béland and Russell 1978; Carpenter, 1982, 1997a,b, 2004; Dodson, 1983; Coe et
al., 1987; Weishampel and Norman, 1989; Fiorillo, 1991, 1998, 2008; Calvo, 1994;
Carrano et al., 1999; Stevens and Parrish, 1999, 2005; Upchurch and Barrett, 2000;
Whitlock, 2011), but this study identifies several other morphological variables that may
help to reveal subtle differences in dinosaur palaeoecology. Chief among these are
variables relating to the development of the nuchal musculature and the ventral deflection
of the beak. Unfortunately, the functional significance of these and other morphological
variables is only poorly understood, emphasizing the need for further detailed analyses of
herbivore functional morphology and the development of general functional principles
(Bock, 1977).
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Appendix 4.1. Raw data used in this study. Taxonomic abbreviations: A, Ankylosauria; An, Ankylosauridae; C, Ceratopsidae;
Ce, Centrosaurinae; Cen, Centrosaurus; Ch, Chasmosaurinae; Cha, Chasmosaurus; Cor, Corythosaurus; Euo, Euoplocephalus;
Gry, Gryposaurus; H, Hadrosauridae; Ha, Hadrosaurinae; La, Lambeosaurinae; Lam, Lambeosaurus; No, Nodosauridae; pac,
‘pachyrhinosaur’; Pan, Panoplosaurus; Par, Parasaurolophus; Pro, Prosaurolophus; Sty, Styracosaurus; Vag, Vagaceratops.
Other abbreviations: MAZ, Megaherbivore Assemblage Zone. Estimated values listed in bold. See Figure 4.1 and Table 4.1 for
variable descriptions.
Variable
Suborder/ Family/
Genus
Specimen
family
subfamily
1
2
3
4
5
6
7
8
A
An
Euo
AMNH 5337
290 210 207 85 185 80 268 63
A
An
Euo
AMNH 5403
? 213 229 104 235 69 286 50
A
An
Euo
AMNH 5405
278 173 184 77 180 67 250 67
A
An
Euo
CMN 8876
266 199 202 84 171 ? 285 62
A
An
Euo
NHMUK R4947
280 190 185 61 170 ? 236 59
A
An
Euo
ROM 1930
280 186 216 90 210 ? 241 62
A
An
Euo TMP 1991.127.0001 232 156 148 72 160 ? 211 57
A
An
Euo TMP 1997.132.0001 293 186 208 78 170 76 258 55
A
An
Euo
UALVP 31
285 209 178 115 182 89 244 42
A
No
Pan
AMNH 5381
331 229 ? 115 132 ? 271 65
A
No
Pan
CMN 2759
295 213 184 84 127 56 218 47
A
No
Pan
ROM 1215
300 208 174 81 131 58 214 46
A
No
Pan TMP 1983.025.0002 334 210 220 104 159 ? 178 37
A
No
Pan TMP 1998.074.0001 342 255 259 115 154 ? 256 70
A
No
Pan TMP 1998.098.0001 380 252 260 124 162 77
?
?
A
No
Pan TMP 2000.012.0158 365 255 260 143 139 ? 233 91
A
No
Pan
UALVP 16249
405 299 285 120 190 ? 261 70
C
Ce
Cen
AMNH 5351
637 507 330 42 128 126 371 96
C
Ce
Cen
AMNH 5377
?
? 475 50
? 102 390 193
C
Ce
Cen
CMN 348
723 573 409 85 89 124 448 151

9
50
61
45
?
?
?
?
69
57
115
91
65
?
?
92
?
?
180
187
225

10
33
34
35
36
30
48
31
36
40
24
45
29
29
21
43
20
30
14
?
63

11
133
104
116
103
127
171
78
111
91
105
94
90
?
112
112
134
127
385
511
361

12
251
261
225
223
230
240
182
260
249
230
190
235
140
254
244
235
237
199
310
295

MAZ
?
?
?
?
?
?
1
?
2
1
1
1
?
1
1
?
?
1
?
?

Appendix 4.1. (Continued)
Suborder/ Family/
Genus
Specimen
family
subfamily
1
2
3
4
5
C
Ce
Cen
CMN 8790
? 580 313 60
?
C
Ce
Cen
CMN 8795
664 504 356 60 120
C
Ce
Cen
NHMUK R4859
656 495 345 30 110
C
Ce
Cen
ROM 767
652 498 353 56 97
C
Ce
Cen TMP 1997.085.0001 735 544 371 74 173
C
Ce
Cen
UALVP 11735
592 440 293 35 147
C
Ce
Cen
UALVP 16248
540 424 320 ?
95
C
Ce
Cen
USNM 8897
665 491 336 61 101
C
Ce
Cen
YPM 2015
676 523 365 74 129
C
Ce
pac TMP 2002.076.0001 750 548 406 100 125
C
Ce
Sty
CMN 344
?
? 307 53
?
C
Ch
Cha
CMN 2245
?
?
? 105 ?
C
Ch
Cha
ROM 839
? 565 398 49
?
C
Ch
Cha
ROM 843
?
? 424 68
?
C
Ch
Cha
YPM 2016
703 558 386 43 101
C
Ch
Cha
CMN 2280
685 512 364 70 102
C
Ch
Cha
CMN 8801
840 666 465 109 103
C
Ch
Cha TMP 1981.019.0175 695 570 358 69 101
C
Ch
Cha
UALVP 40
? 458 315 39
?
C
Ch
Vag
CMN 41357
703 568 ?
79 124
H
Ha
Gry
CMN 2278
796 615 521 140 238
H
Ha
Gry
ROM 764
?
?
? 125 ?
H
Ha
Gry
ROM 873
791 583 530 134 201
H
Ha
Gry TMP 1980.022.0001 580 440 382 105 94

Variable
6
7
? 431
115 489
? 480
105 352
136 ?
? 499
95 360
108 392
113 451
119 ?
116 564
128 508
133 430
140 645
? 558
116 470
137 ?
? 502
99 350
107 ?
142 423
105 376
125 176
92 197

8
63
175
127
127
?
90
140
147
158
?
98
150
120
80
110
140
?
131
104
?
211
148
146
153

9
10 11
?
? 247
168 40 310
?
20 340
186 37 352
164 72 273
?
32 261
140 29 340
181 31 384
199 73 400
186 20 519
203 ? 319
195 ? 305
218 ? 346
200 ? 313
?
25 246
170 60 300
?
14 453
?
18 313
?
? 261
198 72 319
289 89 337
245 ? 223
284 107 305
220 75 238

12
?
322
200
190
525
270
214
230
325
320
409
317
186
530
375
306
?
360
180
340
318
236
190
174

MAZ
?
1
?
1
1
1
1
1
1
2
2
2
2
2
1
1
1
1
?
?
1
1
1
1

169

170

Appendix 4.1. (Continued)
Suborder/ Family/
Genus
Specimen
family
subfamily
H
Ha
Gry TMP 1991.081.0001
H
Ha
Pro
CMN 2277
H
Ha
Pro
CMN 2870
H
Ha
Pro
ROM 1928
H
Ha
Pro
ROM 787
H
Ha
Pro
TMM 41262
H
Ha
Pro TMP 1984.001.0001
H
Ha
Pro
USNM 12712
H
La
Cor
FMNH 1357
H
La
Cor
ROM 1933
H
La
Cor
ROM 870
H
La
Cor
ROM 871
H
La
Cor TMP 1980.040.0001
H
La
Cor TMP 1984.121.0001
H
La
Cor
CMN 8676
H
La
Cor
CMN 8704
H
La
Cor
ROM 776
H
La
Cor
ROM 777
H
La
Cor
ROM 845
H
La
Cor TMP 1980.023.0004
H
La
Cor
ROM 868
H
La
Cor TMP 1982.037.0001
H
La
Cor TMP 1997.012.0232
H
La
Lam
CMN 8703

1
560
799
803
663
793
639
900
975
589
617
?
?
575
630
564
596
657
683
630
?
691
529
460
671

2
410
670
623
501
609
499
650
699
462
480
?
?
457
507
434
430
489
542
491
?
535
419
320
552

3
355
498
512
407
488
419
535
575
389
365
339
?
355
384
338
385
407
405
369
426
406
344
287
399

4
55
116
98
93
124
114
140
140
102
80
97
100
114
99
90
82
109
100
100
86
112
93
56
90

5
?
130
221
?
166
104
248
130
?
147
?
?
209
215
141
120
220
173
220
?
124
136
?
160

Variable
6
7
91 150
131 ?
129 270
96 152
133 170
91
?
139 ?
123 ?
97
?
87 160
75 94
108 188
90 262
92 222
81 151
84
?
83 170
82
?
90 205
? 212
96
?
74 122
68
?
94 186

8
?
?
142
?
183
?
?
190
?
123
?
156
169
200
140
145
160
?
135
?
?
141
?
160

9
217
254
258
247
271
223
294
272
235
224
195
225
230
235
179
233
271
237
230
260
226
214
170
216

10
97
62
67
76
79
110
125
83
120
107
?
?
53
44
74
77
91
76
100
?
?
65
55
59

11
243
296
295
218
302
222
280
348
255
230
212
275
266
260
213
271
270
260
273
262
292
221
192
310

12
?
235
330
?
200
?
?
240
?
?
134
75
363
285
300
220
256
190
247
278
190
150
?
190

MAZ
?
2
?
2
2
2
2
2
?
1
1
1
1
?
1
1
1
1
1
1
1
1
?
1

Appendix 4.1. (Continued)
Suborder/ Family/
Genus
Specimen
family
subfamily
H
La
Lam
ROM 869
H
La
Lam TMP 1981.037.0001
H
La
Lam
CMN 2869
H
La
Lam
FMNH 1479
H
La
Lam
ROM 1218
H
La
Lam
ROM 794
H
La
Lam TMP 1982.038.0001
H
La
Lam TMP 1997.012.0128
H
La
Lam
CMN 8705
H
La
Lam TMP 1966.004.0001
H
La
Lam
CMN 351
H
La
Lam
CMN 8503
H
La
Lam
NHMUK R9527
H
La
Par
ROM 768

1
530
664
598
681
682
705
492
605
668
634
679
469
591
637

2
444
540
456
507
498
569
378
472
507
496
552
372
?
486

3
340
409
348
400
422
364
321
350
413
378
400
305
404
404

4
104
82
106
107
95
95
77
67
113
93
105
55
100
113

5
114
202
130
226
196
182
215
110
152
140
116
104
?
180

Variable
6
7
75 120
92 205
89 142
95 160
101 205
99 174
85 280
100 ?
102 176
100 142
89
?
72 102
87
?
102 192

8
?
175
?
148
168
162
140
?
152
?
?
119
?
?

9
212
227
191
212
216
210
238
207
256
225
235
186
245
235

10
80
93
52
128
114
153
98
90
65
91
32
28
36
125

11
218
258
256
263
282
290
247
271
290
265
279
211
271
229

12
180
155
248
190
257
185
375
?
192
116
?
140
?
185

MAZ
1
1
?
1
2
2
1
2
2
?
?
2
?
1

171

172

Appendix 4.2. Results for the time-averaged, suborder/family level PCA.
PC Eigenvalue % variance Cumulative %
1
0.186643
52.183
52.183
2
0.108687
30.388
82.571
3
0.021298
5.9546
88.5256
4
0.014996
4.1928
92.7184
5
0.007147
1.9982
94.7166
6
0.006985
1.9529
96.6695
7
0.00433
1.2105
97.88
8
0.003362
0.94005
98.82005
9
0.002154
0.60229
99.42234
10 0.001209
0.33793
99.76027
11 0.000591
0.1652
99.92547
12 0.000267
0.074591
100

Appendix 4.3. Variable loadings for the time-averaged, suborder/family level PCA. See Figure 4.1 and Table 4.1 for variable
descriptions.
PC
Variable
1
2
3
1
0.3207 0.1384 0.0047
2
0.3572 0.1774 -0.0224
3
0.2777 0.0664 0.0772
4
0.0540 -0.2302 0.6145
5
-0.0025 -0.2193 0.3346
6
0.1591 0.1611 0.1251
7
-0.0472 0.5280 0.3224
8
0.4059 0.0152 -0.0196
9
0.4625 0.0520 -0.0869
10
0.3857 -0.6314 0.1301
11
0.3668 0.2734 -0.1347
12
-0.0078 0.2506 0.5842

4
5
6
7
-0.0672 0.0565 0.0350 0.1986
-0.0972 0.0104 0.0340 0.3014
-0.1563 0.0604 0.0764 0.1535
-0.6382 0.2113 -0.2220 -0.1317
0.1670 0.1538 0.8734 -0.0193
0.0397 0.2848 0.0623 0.2156
0.3481 0.5015 -0.2141 -0.0167
-0.0249 -0.1050 0.0081 -0.7213
-0.1797 -0.2521 0.0680 0.3311
0.5427 0.1227 -0.3297 0.0941
0.0834 0.0956 0.1134 -0.3776
0.2634 -0.7024 -0.0610 0.0193

8
0.2281
0.2214
0.1164
-0.0064
-0.1158
0.3783
-0.4161
-0.1225
-0.6751
0.0253
0.2430
0.1588

9
0.1433
0.1250
0.1080
-0.1869
-0.0084
0.2598
0.0424
0.5318
-0.1424
-0.0820
-0.7323
-0.0422

10
-0.2398
-0.4659
-0.1713
0.0021
-0.0866
0.7567
-0.1447
0.0285
0.2941
-0.0278
0.0731
0.0396

11
-0.0334
-0.4739
0.8621
-0.1122
-0.0639
-0.0905
0.0181
-0.0534
-0.0502
0.0114
0.0065
0.0218

12
0.8357
-0.4824
-0.2394
0.0188
0.0122
-0.0927
0.0014
-0.0337
0.0265
-0.0178
-0.0196
0.0010
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Appendix 4.4. Variable loadings for the time-averaged, suborder/family level DFA.
DF
PC
1
2
1
3.6002 -0.81702
2
1.4234
1.925
3
-0.9215 -0.12294
4 0.39485 0.60565
5 -0.41136 0.37414
6 -0.00953 -0.28906
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Appendix 4.5. Results for the time-averaged, ankylosaur family PCA.
PC Eigenvalue % variance Cumulative %
1
0.069201
54.734
54.734
2
0.033777
26.716
81.45
3
0.010242
8.1003
89.5503
4
0.004245
3.3572
92.9075
5
0.003042
2.4063
95.3138
6
0.00224
1.7714
97.0852
7
0.001526
1.2067
98.2919
8
0.000838
0.66254
98.95444
9
0.000579
0.45785
99.41229
10 0.000413
0.32672
99.73901
11 0.000281
0.22224
99.96125
-5
12 4.97x10
0.039345
100
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Appendix 4.6. Variable loadings for the time-averaged, ankylosaur family PCA. See Figure 4.1 and Table 4.1 for variable
descriptions.
PC
Variable
1
2
3
4
5
6
7
8
9
10
11
12

1
2
3
4
0.1605 0.1830 0.1732 0.1197
0.1671 0.2322 0.1905 0.0412
0.1582 0.3063 0.1980 -0.0073
0.2501 0.2870 0.3852 -0.1790
-0.1424 0.0853 0.3090 -0.5459
-0.1317 0.3818 0.1007 -0.1090
-0.0679 0.1981 0.0461 -0.2063
0.0098 0.4261 -0.4036 0.2878
0.8363 -0.0137 0.0251 0.1183
-0.2482 -0.1320 0.6779 0.5743
-0.2106 0.5164 -0.1230 0.3371
-0.1049 0.2798 0.0150 -0.2433

5
0.0245
-0.1522
0.3110
-0.2277
0.6449
-0.2886
-0.0406
0.3633
0.0755
0.0627
0.0724
-0.4242

6
0.3076
0.3498
0.2876
-0.6264
-0.0043
-0.2071
0.1299
-0.3803
0.0356
-0.0839
0.1687
0.2583

7
-0.2022
-0.1283
0.0566
-0.1389
-0.1034
-0.1186
0.7278
0.2999
0.1487
0.2737
-0.3229
0.2729

8
-0.2367
-0.3196
-0.0473
-0.3727
0.1538
0.6426
-0.0743
-0.1735
0.4336
0.1228
0.1536
0.0430

9
0.2106
0.5502
-0.2883
-0.2550
0.0945
0.4029
-0.0189
0.2963
-0.0755
0.0238
-0.4371
-0.2193

10
0.3511
-0.2101
-0.2754
-0.0456
0.2151
-0.1616
-0.4007
0.2617
0.1071
0.1440
-0.1250
0.6368

11
-0.4308
0.4352
-0.5250
0.0450
0.2632
-0.2707
0.0753
-0.0257
0.2161
0.0736
0.3745
0.0782

12
0.5925
-0.2824
-0.4716
0.0559
0.0643
0.0019
0.4372
-0.1380
0.0693
-0.0630
0.2277
-0.2619

177

Appendix 4.7. Results for the time-averaged, ceratopsid subfamily PCA.
PC Eigenvalue % variance Cumulative % variance
1
0.225234
75.139
75.139
2
0.046105
15.381
90.52
3
0.011846
3.9519
94.4719
4
0.005669
1.8912
96.3631
5
0.003683
1.2285
97.5916
6
0.003187
1.0632
98.6548
7
0.001558
0.51979
99.17459
8
0.001141
0.3807
99.55529
9
0.000712
0.23747
99.79276
10 0.000414
0.13795
99.93071
11 0.000159
0.053093
99.9838
-5
12 5.02x10
0.01676
100
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Appendix 4.8. Variable loadings for the time-averaged, ceratopsid subfamily PCA. See Figure 4.1 and Table 4.1 for variable
descriptions.
PC
Variable
1
2
3
4
5
6
7
8
9
10
11
12

1
-0.0333
-0.0369
0.0418
0.0368
0.0533
-0.0376
-0.0468
0.2214
-0.0122
0.9649
0.0591
-0.0655

2
0.1781
0.1763
0.1743
0.6531
0.0316
0.1445
0.2561
0.1022
0.0962
0.0093
0.0989
0.6026

3
0.0160
0.0443
0.1179
0.4645
-0.2819
-0.0123
-0.2665
0.1016
0.1325
-0.1095
0.5272
-0.5474

4
-0.0015
-0.0143
0.2089
-0.4760
0.1373
-0.0698
0.1698
0.1451
-0.0398
-0.0570
0.7658
0.2543

5
-0.0187
-0.0825
-0.1543
0.2042
0.8496
0.1853
-0.0743
-0.3265
-0.0109
0.0044
0.1682
-0.1749

6
0.1251
0.3007
0.3609
-0.2015
-0.0908
0.2740
0.2809
-0.4625
0.5364
0.1400
-0.0490
-0.1926

7
0.0820
0.1438
0.0005
-0.0326
0.2140
0.2274
0.5208
0.6372
-0.0363
-0.1321
-0.1525
-0.3933

8
0.0475
0.2358
0.3778
-0.1624
0.1430
0.4445
-0.6555
0.2894
-0.0175
-0.0712
-0.1423
0.1264

9
0.0647
0.1682
-0.6156
-0.1020
0.0442
-0.0502
-0.1840
0.2460
0.6721
-0.0166
0.0742
0.1474

10
0.1376
0.0793
0.4166
0.0416
0.3125
-0.7589
-0.0895
0.1242
0.2382
-0.0803
-0.1911
-0.0522

11
0.9103
0.1537
-0.1813
-0.0885
-0.0394
-0.0488
-0.0710
-0.1021
-0.2776
0.0576
0.0496
-0.0691

12
0.3003
-0.8565
0.1675
-0.0078
-0.0206
0.1820
-0.0063
0.1116
0.3105
-0.0378
-0.0601
0.0240
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Appendix 4.9. Results for the time-averaged, hadrosaurid subfamily PCA.
PC Eigenvalue % variance Cumulative % variance
1
0.072896
46.168
46.168
2
0.057289
36.283
82.451
3
0.012217
7.7372
90.1882
4
0.00477
3.0212
93.2094
5
0.004074
2.5803
95.7897
6
0.002268
1.4363
97.226
7
0.001491
0.94431
98.17031
8
0.001104
0.69911
98.86942
9
0.000785
0.49715
99.36657
10 0.000693
0.43909
99.80566
11 0.000226
0.14332
99.94898
-5
12 8.03x10
0.050859
100
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Appendix 4.10. Variable loadings for the time-averaged, hadrosaurid subfamily PCA. See Figure 4.1 and Table 4.1 for
variable descriptions.
PC
Variable
1
2
3
4
5
6
7
8
9
10
11
12

1
2
3
4
5
6
7
8
0.2192 0.0404 0.3219 0.0887 0.0419 0.1742 -0.1525 -0.3984
0.2039 0.0741 0.3243 0.1074 0.0714 0.0833 -0.0886 -0.5328
0.1986 0.0650 0.3195 0.0702 0.0077 0.0461 -0.3072 0.0410
0.2492 0.1217 0.3217 -0.6399 0.4243 -0.3686 0.0513 0.0956
0.3784 0.0911 -0.4617 0.4380 0.6447 -0.0867 -0.0892 -0.0181
0.2197 0.0646 0.3126 0.1934 -0.0944 0.3096 -0.1799 0.3916
0.4668 0.3220 -0.1110 0.1634 -0.5905 -0.4907 0.0492 -0.0413
0.1340 0.1064 0.1098 0.0502 0.0711 -0.1138 0.6869 0.0133
0.1360 0.0894 0.1363 0.0857 0.0509 -0.0507 -0.1861 0.6107
0.5645 -0.7082 -0.2038 -0.2606 -0.1540 0.1870 0.0432 0.0176
0.1270 0.0835 0.1958 0.1835 0.0431 0.4218 0.5615 0.1271
0.1681 0.5744 -0.3897 -0.4459 -0.0808 0.5021 -0.0738 -0.0405

9
0.0974
0.0925
0.1659
-0.0790
-0.0696
-0.6993
0.0295
-0.2273
0.5252
0.0434
0.3521
0.0151

10
0.1441
-0.0059
0.2909
-0.2717
-0.0630
-0.1267
-0.2047
0.6431
0.2739
0.0714
-0.4919
0.1521

11
-0.1442
0.5784
-0.6553
-0.0301
-0.0562
0.1287
-0.0397
0.0225
0.4062
0.0347
-0.1593
0.0314

12
-0.7574
0.4351
0.4578
-0.0377
0.0024
-0.0197
-0.0371
0.0183
-0.1383
0.0376
0.0474
0.0336
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Appendix 4.11. Results for the time-averaged, hadrosaurid genus PCA.
PC Eigenvalue % variance Cumulative % variance
1
0.0732
46.304
46.304
2
0.056716
35.877
82.181
3
0.012434
7.8653
90.0463
4
0.00485
3.0679
93.1142
5
0.004171
2.6386
95.7528
6
0.002289
1.448
97.2008
7
0.001512
0.95657
98.15737
8
0.001132
0.71602
98.87339
9
0.000767
0.48516
99.35855
10 0.000702
0.44386
99.80241
11 0.000231
0.14595
99.94836
-5
12 8.17x10
0.051691
100
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Appendix 4.12. Variable loadings for the time-averaged, hadrosaurid genus PCA. See Figure 4.1 and Table 4.1 for variable
descriptions.
PC
Variable
1
2
3
4
5
6
7
8
9
10
11
12

1
2
3
4
5
0.2275 -0.0017 0.3178 0.0830 0.0459
0.2171 0.0332 0.3211 0.1032 0.0743
0.2088 0.0285 0.3187 0.0724 0.0089
0.2625 0.0852 0.3278 -0.6281 0.4147
0.3841 0.0498 -0.4656 0.4372 0.6429
0.2278 0.0277 0.3126 0.1983 -0.0901
0.5050 0.2550 -0.1065 0.1759 -0.6011
0.1474 0.0862 0.1114 0.0518 0.0702
0.1475 0.0670 0.1364 0.0893 0.0503
0.4616 -0.7694 -0.2291 -0.2759 -0.1479
0.1408 0.0583 0.1891 0.1620 0.0552
0.2405 0.5615 -0.3766 -0.4563 -0.0724

6
0.1613
0.0684
0.0506
-0.3898
-0.0907
0.3520
-0.4788
-0.1127
-0.0360
0.1808
0.4111
0.4877

7
-0.1678
-0.1084
-0.3063
0.0430
-0.0887
-0.1385
0.0417
0.7003
-0.1690
0.0438
0.5560
-0.0744

8
-0.3933
-0.5248
0.0566
0.1118
-0.0153
0.3370
-0.0208
-0.0433
0.6470
0.0178
0.1270
-0.0552

9
0.1557
0.1271
0.2214
-0.1669
-0.0869
-0.7233
-0.0290
-0.0429
0.5356
0.0580
0.2353
0.0614

10
0.1000
-0.0571
0.2527
-0.2314
-0.0419
0.0635
-0.2029
0.6655
0.1595
0.0599
-0.5754
0.1393

11
-0.1435
0.5755
-0.6541
-0.0292
-0.0558
0.1343
-0.0402
0.0265
0.4061
0.0340
-0.1701
0.0315

12
-0.7580
0.4359
0.4565
-0.0373
0.0022
-0.0194
-0.0363
0.0181
-0.1377
0.0380
0.0457
0.0326
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Appendix 4.13. Variable loadings for the time-averaged, hadrosaurid genus DFA.
DF
PC
1
2
3
1
0.77489 -0.18685 -0.37033
2
0.21329 0.22028 0.60709
3
0.95579 0.51117 0.1243
4 0.030212 -0.35577 0.67517
5 -0.51443 0.73872 -0.03555
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Appendix 4.14. Results for the MAZ-1, suborder/family level PCA.
PC Eigenvalue % variance Cumulative % variance
1
0.15028
46.223
46.223
2
0.116148
35.725
81.948
3
0.021347
6.5659
88.5139
4
0.013845
4.2583
92.7722
5
0.007778
2.3924
95.1646
6
0.00724
2.2269
97.3915
7
0.003314
1.0193
98.4108
8
0.002437
0.74948
99.16028
9
0.001548
0.47608
99.63636
10 0.000782
0.24055
99.87691
11 0.000321
0.098723
99.97563
-5
12 8.07x10
0.024834
100

Appendix 4.15. Variable loadings for the MAZ-1, suborder/family level PCA. See Figure 4.1 and Table 4.1 for variable
descriptions.
PC
Variable
1
2
3
4
1
0.2544 0.2232 -0.0463 0.0363
2
0.2836 0.2493 -0.0855 0.0637
3
0.2621 0.1369 -0.0032 0.1868
4
0.1159 -0.1968 0.3767 0.7877
5
0.1348 -0.1694 0.3635 -0.0399
6
0.1403 0.2382 0.0320 -0.0087
7
-0.1424 0.5366 0.2601 -0.1847
8
0.3630 0.1639 0.0256 0.1062
9
0.3800 0.0847 -0.0430 0.1356
10
0.5784 -0.4605 0.1902 -0.4908
11
0.3157 0.3726 -0.2456 -0.0172
12
-0.0657 0.2688 0.7408 -0.1808

5
-0.0336
-0.0931
-0.0021
0.1930
0.2875
0.2080
0.6667
-0.1028
-0.1016
0.1785
-0.0778
-0.5690

6
0.0403
0.0682
0.0330
-0.2625
0.8392
0.0500
-0.2317
-0.1124
0.1297
-0.3496
0.0920
-0.0570

7
0.3752
0.3386
0.2823
0.0261
-0.0727
0.4385
-0.1918
-0.4718
-0.3919
0.0749
-0.2161
0.0373

8
-0.0652
-0.1151
-0.1434
0.1073
0.1244
0.1639
-0.1631
0.4024
-0.7338
0.0169
0.4252
-0.0033

9
-0.0747
-0.1360
-0.1657
0.2266
-0.0306
-0.0347
-0.0109
-0.6431
0.1182
0.1166
0.6655
0.1039

10
-0.2498
-0.4363
-0.0365
-0.0554
-0.1038
0.7835
-0.1643
0.0643
0.2823
-0.0428
-0.0610
0.0417

11
-0.1964
-0.3821
0.8596
-0.1128
-0.0006
-0.1809
0.0354
-0.0508
-0.1199
0.0138
0.1090
0.0277

12
0.7923
-0.5916
-0.0927
-0.0019
0.0060
-0.0988
-0.0084
0.0389
0.0301
-0.0302
-0.0200
-0.0124

185
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Appendix 4.16. Variable loadings for the MAZ-1, suborder/family level DFA.
DF
PC
1
2
1
3.3679
-1.6196
2
2.9917
1.6046
3
-1.1139 -0.17758
4 -0.96599 -0.62823
5 -0.73891 0.20387
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Appendix 4.17. Results for the MAZ-1, ceratopsid subfamily PCA.
PC Eigenvalue % variance Cumulative % variance
1
0.10992
54.316
54.316
2
0.065596
32.414
86.73
3
0.014876
7.3511
94.0811
4
0.005124
2.5318
96.6129
5
0.003016
1.4902
98.1031
6
0.002533
1.2518
99.3549
7
0.000769
0.3802
99.7351
8
0.00036
0.17793
99.91303
9
0.000136
0.067344
99.98037
-5
10 2.72x10
0.013431
99.99381
11
1.3210-5
0.006521
100
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Appendix 4.18. Variable loadings for the MAZ-1, ceratopsid subfamily PCA. See Figure 4.1 and Table 4.1 for variable
descriptions.
PC
Variable
1
2
3
1
0.1191 0.0390 0.0287
2
0.1327 0.0033 0.0523
3
0.1267 0.0327 0.0909
4
0.3005 0.2408 0.5532
5
-0.0047 0.1262 -0.4107
6
0.0984 0.0171 -0.0917
7
0.4309 0.0394 -0.2640
8
0.1010 0.2628 0.3587
9
-0.0302 0.0276 0.0424
10
-0.2541 0.9101 -0.1219
11
0.0781 -0.0530 0.4896
12
0.7647 0.1440 -0.2242

4
0.0750
0.0517
-0.0870
0.1312
0.7511
0.2907
-0.1001
-0.0761
0.2779
-0.0860
0.4583
-0.0885

5
0.3042
0.3233
0.2135
0.1312
-0.2992
0.1150
0.0706
-0.6126
0.4729
0.1553
-0.0276
-0.0928

6
7
8
9
10
11
12
0.2671 0.1806 0.0816 0.2714 -0.7789 0.2581 0.1664
0.3181 0.1932 -0.1102 -0.3820 0.1862 -0.3476 0.6484
0.1263 0.4243 -0.4281 -0.0627 0.3384 0.6210 -0.1953
0.2167 -0.6409 0.0689 -0.0437 0.1097 0.1806 -0.0472
0.1525 -0.0694 0.0247 -0.1915 0.0364 0.2898 0.1050
0.3273 0.0051 -0.3855 0.5741 0.1517 -0.4512 -0.2682
-0.1892 0.0140 0.3991 0.4998 0.3629 0.1762 0.3468
0.3566 0.4408 0.2703 0.0757 0.0398 -0.0937 -0.0168
-0.0061 0.2768 0.5901 -0.1792 0.1297 -0.1367 -0.4507
-0.2031 0.0260 -0.1011 0.0395 -0.0140 -0.0606 0.0562
-0.6281 0.2455 -0.1722 0.1247 -0.0569 -0.0696 0.1803
-0.1881 0.0472 -0.1532 -0.3218 -0.2328 -0.1992 -0.2632
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Appendix 4.19. Results for the MAZ-1, hadrosaurid subfamily PCA.
PC Eigenvalue % variance Cumulative % variance
1
0.049433
45.981
45.981
2
0.034048
31.67
77.651
3
0.009242
8.5968
86.2478
4
0.004774
4.4406
90.6884
5
0.004325
4.023
94.7114
6
0.002498
2.3239
97.0353
7
0.001119
1.0409
98.0762
8
0.000896
0.83303
98.90923
9
0.000582
0.54149
99.45072
10 0.000446
0.41459
99.86531
11
0.00011
0.10248
99.96779
-5
12 3.50x10
0.032511
100
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Appendix 4.20. Variable loadings for the MAZ-1, hadrosaurid subfamily PCA. See Figure 4.1 and Table 4.1 for variable
descriptions.
PC
Variable
1
2
3
4
5
6
7
8
9
10
11
12

1
2
3
4
5
0.1386 0.2919 0.1780 0.1258 -0.0503
0.1233 0.2713 0.2094 0.0897 -0.1519
0.1587 0.2678 0.2183 0.0909 0.0370
0.1505 0.1040 0.2927 0.4149 0.4590
0.4816 0.1141 -0.4520 0.3728 -0.5579
0.2270 0.1782 0.2155 0.0270 0.2517
0.6323 -0.0238 0.1100 -0.7107 0.0250
0.1448 0.0184 0.2466 -0.0125 -0.1372
0.1525 0.0415 0.0843 0.1492 0.0570
0.0835 0.5061 -0.6107 -0.0566 0.4898
0.1382 0.0622 0.2525 0.2241 -0.1254
0.4053 -0.6717 -0.1541 0.2741 0.3309

6
0.0571
-0.0331
0.1149
-0.6096
-0.2271
0.1854
-0.1461
0.0557
0.2413
0.2106
0.5951
0.2089

7
-0.3403
-0.3736
0.0721
0.1007
0.0716
-0.0830
0.0473
0.0933
0.7983
-0.0419
-0.0635
-0.2515

8
-0.2777
-0.2083
-0.3276
0.1280
0.0720
0.1919
-0.0658
0.7461
-0.2831
0.1613
0.1869
-0.1083

9
10
11
12
0.1758 0.1731 -0.1271 -0.7566
0.0535 0.2065 0.6743 0.3899
0.4818 -0.1856 -0.5038 0.4470
-0.2247 0.1862 -0.1125 0.0460
-0.0830 -0.1675 -0.0614 0.0020
-0.1522 -0.7989 0.2252 -0.1263
-0.1668 0.1414 -0.0779 0.0111
0.5358 0.1813 0.0824 -0.0609
0.0538 0.1182 0.3473 -0.1710
0.0597 0.2032 0.0259 0.0564
-0.5327 0.2834 -0.2631 0.1445
0.2203 0.0598 0.0698 0.0242
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Appendix 4.21. Results for the MAZ-1, hadrosaurid genus PCA.
PC Eigenvalue % variance Cumulative % variance
1
0.051788
47.492
47.492
2
0.033068
30.325
77.817
3
0.00926
8.4916
86.3086
4
0.005016
4.5998
90.9084
5
0.004143
3.7998
94.7082
6
0.002578
2.3644
97.0726
7
0.001154
1.0583
98.1309
8
0.00087
0.79815
98.92905
9
0.0006
0.55062
99.47967
10 0.000428
0.39288
99.87255
11 0.000105
0.096682
99.96923
-5
12 3.41x10
0.031317
100
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Appendix 4.22. Variable loadings for the MAZ-1, hadrosaurid genus PCA. See Figure 4.1 and Table 4.1 for variable
descriptions.
PC
Variable
1
2
3
4
5
6
7
8
9
10
11
12

1
2
3
4
5
0.1291 0.3271 0.1240 0.1157 -0.0427
0.1146 0.3114 0.1559 0.0630 -0.1529
0.1504 0.3020 0.1748 0.1031 0.0436
0.1462 0.1164 0.3022 0.5010 0.2747
0.4786 0.1039 -0.5137 0.2285 -0.6062
0.2212 0.1967 0.2042 0.0887 0.2441
0.6323 0.0041 0.1674 -0.6874 0.1356
0.1443 0.0350 0.2487 -0.0061 -0.1846
0.1519 0.0536 0.0586 0.1686 0.0544
0.0676 0.4076 -0.6276 0.0073 0.5727
0.1383 0.0901 0.1936 0.2384 -0.0919
0.4251 -0.6808 -0.0910 0.3211 0.2802

6
0.0316
-0.0351
0.0961
-0.6416
-0.1696
0.1806
-0.1451
0.1488
0.2496
0.1249
0.6121
0.1406

7
0.3186
0.3526
-0.0823
-0.1311
-0.0586
0.1417
-0.0766
-0.0222
-0.8055
0.0388
0.0705
0.2550

8
-0.3162
-0.2344
-0.3943
0.2315
0.0685
0.1374
0.0071
0.6502
-0.2510
0.2030
0.2314
-0.1785

9
10
11
12
0.1297 0.2184 -0.1997 0.7341
0.0104 0.2737 0.6752 -0.3561
0.4227 -0.2173 -0.4649 -0.4791
-0.1681 0.1525 -0.1036 -0.0513
-0.0823 -0.1737 -0.0525 -0.0008
-0.1691 -0.7809 0.2591 0.1618
-0.1608 0.1445 -0.0848 -0.0203
0.6422 0.1063 0.0896 0.0699
0.0384 0.1184 0.3336 0.1956
0.1097 0.1823 0.0257 -0.0567
-0.4995 0.2875 -0.2757 -0.1696
0.1991 0.0704 0.0651 -0.0224
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Appendix 4.23. Variable loadings for the MAZ-1, hadrosaurid genus DFA.
DF
PC
1
2
1
0.99279 -0.63136
2
0.49389 -0.01857
3
0.95684 0.45839
4 0.021342 0.57246
5
1.0615 0.077951
6 -0.62225 -0.16457

194

Appendix 4.24. Results for the MAZ-2, suborder/family level PCA.
PC Eigenvalue % variance Cumulative % variance
1
0.385902
79.594
79.594
2
0.073412
15.142
94.736
3
0.008032
1.6566
96.3926
4
0.006398
1.3195
97.7121
5
0.004546
0.93756
98.64966
6
0.002858
0.58942
99.23908
7
0.001668
0.34403
99.58311
8
0.000753
0.15534
99.73845
9
0.000504
0.1039
99.84235
10 0.000484
0.099849
99.9422
11 0.000229
0.047282
99.98948
12 5.51x10-5
0.011359
100

Appendix 4.25. Variable loadings for the MAZ-2, family level PCA. See Figure 4.1 and Table 4.1 for variable descriptions.
PC
Variable
1
2
3
4
5
6
7
8
9
10
11
12

1
0.0307
-0.0066
0.0402
0.1542
0.1615
-0.0475
-0.3288
0.1509
0.0512
0.8791
-0.0611
-0.1875

2
0.2646
0.2292
0.2318
0.3710
0.2381
0.2373
0.5869
0.1286
0.1031
0.1691
0.1967
0.3661

3
0.1691
0.2497
0.3126
0.1656
-0.5521
0.2452
-0.0146
0.2019
0.2700
-0.1013
0.0387
-0.5416

4
-0.0389
-0.0003
-0.1746
-0.4706
0.0948
0.0597
0.3168
0.1280
-0.2247
0.1496
0.6310
-0.3823

5
-0.0322
0.1017
0.1015
-0.3894
0.5656
0.3067
0.0752
0.0860
0.3771
-0.1137
-0.4252
-0.2525

6
-0.0071
-0.1771
0.0304
0.3632
0.4160
0.0957
-0.4595
0.0589
0.2297
-0.3154
0.5277
-0.0905

7
0.0969
0.2223
-0.0108
-0.3767
-0.2052
0.5153
-0.3515
-0.3097
0.1646
0.1470
0.2207
0.4181

8
0.0916
0.0240
-0.5428
-0.0959
-0.1617
-0.2616
0.0470
0.4359
0.5964
0.0095
0.0548
0.2041

9
0.1186
0.2842
-0.3997
0.1363
0.0642
0.3768
-0.2036
0.4772
-0.5117
-0.1343
-0.1765
0.0251

10
0.1398
-0.3343
0.5432
-0.3349
-0.0578
-0.0870
-0.1519
0.5713
-0.1264
-0.0522
0.0269
0.2859

11
0.6434
0.4626
0.0779
-0.1540
0.1805
-0.4807
-0.1783
-0.1521
-0.0882
-0.1010
0.0392
-0.0639

12
-0.6576
0.6220
0.2229
-0.0241
0.0467
-0.2447
-0.0891
0.1721
0.0075
-0.0280
0.1164
0.1282
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Appendix 4.26. Results for the MAZ-2, hadrosaurid genus PCA.
PC Eigenvalue % variance Cumulative % variance
1
0.085941
68.575
68.575
2
0.023324
18.611
87.186
3
0.008108
6.4692
93.6552
4
0.003348
2.6714
96.3266
5
0.002108
1.6823
98.0089
6
0.001351
1.0777
99.0866
7
0.000618
0.49326
99.57986
8
0.000339
0.27031
99.85017
9
0.000176
0.14008
99.99025
10 1.32x10-5
0.010521
100

Appendix 4.27. Variable loadings for the MAZ-2, hadrosaurid genus PCA. See Figure 4.1 and Table 4.1 for variable
descriptions.
PC
Variable
1
2
3
4
5
6
7
8
9
10
11
12

1
2
3
4
5
6
7
0.2670 0.2153 -0.0833 0.1738 -0.0742 0.0562 -0.4134
0.2368 0.2077 -0.1340 0.2587 -0.2053 0.1221 -0.4259
0.2290 0.2973 -0.1119 -0.1036 0.1588 0.1578 -0.1486
0.3813 0.3008 -0.1998 -0.5428 -0.1830 -0.4616 0.0355
0.2961 -0.1063 0.9133 -0.0787 -0.1403 -0.0520 -0.1568
0.2438 0.2401 0.0383 0.2933 -0.2280 0.4898 0.5324
0.2923 -0.0133 0.0517 -0.0597 0.4074 -0.1958 0.3308
0.2022 0.1078 -0.0025 0.0351 -0.0084 0.1361 -0.1720
0.1550 0.2260 0.0272 -0.2114 -0.2458 0.1408 0.3769
0.5460 -0.7564 -0.2852 0.0307 -0.1194 0.0747 0.0208
0.1574 0.1374 0.0125 0.6741 0.0467 -0.6043 0.1798
0.2333 0.0939 0.0465 -0.0212 0.7610 0.2323 -0.0500

8
0.4825
-0.3498
0.2660
-0.3456
-0.0321
-0.3238
0.0890
-0.0477
0.5509
0.0627
0.0850
-0.1545

9
0.1028
0.5382
-0.4482
-0.0696
-0.0264
-0.1298
0.3079
-0.4921
0.3170
-0.0567
-0.1459
0.1205

10
-0.2192
0.0206
-0.3077
0.0573
-0.0202
-0.1936
-0.5195
0.3049
0.4628
0.0710
0.2229
0.4289

11
-0.5203
0.3003
0.6303
-0.1141
0.0870
-0.1399
-0.1413
-0.3620
0.1438
0.0959
0.1411
-0.0301

12
-0.3216
0.2736
-0.0101
-0.2031
-0.0631
-0.2034
0.4493
0.6554
0.1353
-0.0765
-0.0631
-0.2746
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CHAPTER 5: IMPLICATIONS OF BEAK MORPHOLOGY FOR THE
EVOLUTIONARY PALAEOECOLOGY OF THE MEGAHERBIVOROUS
DINOSAURS FROM THE DINOSAUR PARK FORMATION (UPPER
CAMPANIAN) OF ALBERTA, CANADA
Introduction
Plants typically differ in both nutritional quality and the way they are distributed
throughout the environment. For example, grasses are of low nutritional quality and are
homogeneously distributed throughout the environment. By contrast, dicotyledonous
(dicot) plants are often of higher nutritional quality and are heterogeneously distributed
throughout the environment. In this way, the most nutritious food items are variably
dispersed in a substrate of readily-available, but low-nutrient fodder. This pattern is
fractal in nature (Jarman, 1974; Lucas, 2004); for example, even within a single shrub,
the most nutritious fruits and shoots occur within a matrix of less nutritious leaves and
twigs.
If natural selection has acted to allow vertebrate herbivores to forage optimally
(MacArthur and Pianka, 1966; Charnov, 1976) on different plants, they must differ in the
size and shape of their rostra, which are employed in the cropping of vegetation (Hanley,
1982). Because grasses are of low nutritional quality, yet uniformly distributed across the
substrate, natural selection would be expected to produce animals with wide, square
rostra that allow them to increase intake rates to offset the low nutritional quality of grass.
By contrast, animals that specialize on dicot browse should have narrow, pointed rostra
that allow them to feed selectively on the most nutritious forbs and shoots distributed
patchily throughout the environment.
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Because different rostral morphologies are required to feed on different plants or
plant parts, it might be expected that sympatric herbivore species facilitate coexistence by
evolving disparate rostral sizes and shapes, thereby reducing competition for food
resources. This is seen among modern bovids from the African Serengeti, which exhibit a
panoply of rostral morphologies that allow them to specialize on different plant tissues
(Gordon and Illius, 1988; Janis and Ehrhardt, 1988; Janis, 1990; Solounias and
Moelleken, 1993; Spencer, 1995; Dompierre and Churcher, 1996; Mendoza et al., 2002;
Fraser and Theodor, 2011a). The gerenuk (Litocranius walleri) possesses a particularly
narrow, pointed rostrum, even for its small size, allowing it to feed selectively on dicot
forage. At the other extreme, the African buffalo (Syncerus caffer) possesses a wide,
square rostrum that allows it to feed non-selectively on grass. There are also a variety of
intermediate feeders, including gemsbok (Oryx gazella), common eland (Taurotragus
oryx), and hartebeest (Alcelaphus buselaphus), which have intermediate-shaped rostra
that enable them to feed effectively on both grass and dicot browse. Similar adaptations
to differential feeding selectivity among ungulates have been noted in cervids (Gordon
and Illius, 1988; Janis and Ehrhardt, 1988; Solounias and Moelleken, 1993; Dompierre
and Churcher, 1996; Fraser and Theodor, 2011a), camelids (Dompierre and Churcher,
1996), and megaherbivorous rhinocerotids (Janis and Ehrhardt, 1988; Janis, 1990; OwenSmith, 1988).
It follows from the aforementioned principles of ecomorphology that the
megaherbivorous ankylosaurs, ceratopsids, and hadrosaurids from the DPF might also
have differed in their feeding selectivity. However, given that Cretaceous grasses were
quite rare (Prasad et al., 2005), the browser-grazer continuum typically used to classify
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mammals cannot be extended to dinosaurs. Dodson et al. (2004:511) suggested the terms
“generalized (nonselective) and specialized (selective) feeders”, instead, citing the
narrow-beaked ceratopsids as an example of the latter. However, it must be noted that
animals with wide rostra may also feed selectively, typically specializing on a lownutrient diet requiring high rates of intake (e.g., grazing ungulates requiring > 90% grass
in their diet; Hofmann and Stewart, 1972). Therefore, the nomenclature of Hofmann and
Stewart (1972) is offered as a more profitable alternative. They distinguish between bulk
feeders, concentrate feeders, and intermediate feeders. Bulk feeders are adapted to eating
low nutrient roughage, and possess wide rostra as a result. At the opposite end of the
spectrum, concentrate feeders select only the most nutritious plant parts using their
relatively narrow rostra. Intermediate feeders fall between these two extremes,
consuming a range of plant types, and having intermediate snout shapes accordingly.
The palaeoenvironments of the DPF varied, and likely contained a mix of open
and closed habitats that would have been suitable for dinosaurs practicing these different
feeding strategies (Krassilov, 1981; Crane, 1987; Upchurch and Wolfe, 1987; Wolfe and
Upchurch, 1987; Carrano et al., 1999; Braman and Koppelhus, 2005). Differences in
beak shape are also thought to have facilitated the coexistence of ankylosaurids and
nodosaurids (Carpenter, 1982, 1997a, b, 2004), centrosaurines and chasmosaurines (Lull,
1933), and hadrosaurines and lambeosaurines (Dodson, 1983; Bakker, 1986; Carrano et
al., 1999; Whitlock, 2011), but no formal test of the hypothesis that beak shape differs
within and between all these groups has been offered to date. The present study addresses
this challenge using geometric morphometrics.
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Materials and Methods
Specimens examined
The dataset used here (Appendix 5.1) comprises 72 specimens spanning 12 genera from
the megaherbivorous dinosaur clades Ankylosauria, Ceratopsidae, and Hadrosauridae.
The ankylosaurid Dyoplosaurus (Parks, 1924; Arbour et al., 2009), although known from
the DPF, is not included because suitable material is lacking.
Caveats
In describing dinosaur beak morphology, a few caveats must be considered. First, while
the outline of the beak can be seen in dorsal profile in ceratopsids and hadrosaurids, this
is not the case in ankylosaurs. The reason for this is that the dermal ossifications of the
ankylosaur skull usually overhang the beak, thereby obscuring its true morphology. For
nodosaurids in particular, the dorsal profile of the rostrum appears wider and squarer due
to the overhanging ossifications. Ventrally, the beak is narrower and spoon-shaped. For
this reason, I measured and photographed ankylosaur beaks in ventral view to discern
their true morphology.
Second, dinosaur beaks are prone to taphonomic distortion, particularly those of
hadrosaurids. This is probably because, unlike ankylosaurs and ceratopsids, hadrosaurid
skulls are less robust and their bones remain largely unfused even into adulthood. In light
of this problem, I made a concerted effort to minimize the effects of distortion by
considering only the best preserved side of the beak. To this end, I considered such
criteria as the completeness and continuity of the cutting edge of the beak, and the
occlusion of the beak with the triturating surface of the predentary. I did not take into
further account beaks that were deemed too deformed.
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Third, the external margin of the hadrosaurid beak is often fluted. It remains
unknown what the adaptive significance of this was, if there was one at all, but Morris
(1970) has suggested that it may be related to a straining mechanism possessed by some,
if not all, hadrosaurids. Regardless, some rare fossil finds demonstrate that the
hadrosaurid beak was capped by a keratinous rhamphotheca in life that, despite adhering
closely to the margins of the premaxillae, nonetheless possessed a relatively smooth outer
margin (e.g., Sternberg, 1935; Morris, 1970). For this reason, the outer margins of the
hadrosaurid premaxillae used in this study were likewise ‘smoothed out’ to better reflect
the outline of the beak in life and to reduce the noise that the fluted premaxillae would
undoubtedly introduce into the geometric morphometric analyses described below.
Measures of feeding selectivity
The ability of an herbivore to feed more or less selectively is a function of both the size
and shape of the rostrum. For example, given two herbivores with rostra that differ only
in size, the herbivore with the smaller rostrum will be able to feed more selectively than
the other. Likewise, given two herbivores with rostra that differ only in shape, the
herbivore with the narrower, more pointed rostrum will be able to feed more selectively
than the other. Therefore, any assessment of feeding selectivity in fossil herbivores must
account for both the size and shape of the rostrum.
Beak size
There are many expressions rostrum size (e.g., length, width, depth); however, the width
of the rostrum has been shown to strongly correlate with feeding selectivity (Gordon and
Illius, 1988; Janis and Ehrhardt, 1988; Janis, 1990, 1995; Solounias and Moelleken,
1993; Spencer, 1995; Dompierre and Churcher, 1996; Mendoza et al., 2002; Fraser and
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Theodor, 2011a). Therefore, I measured the maximum transverse width of the beak using
dial calipers for all mature megaherbivorous dinosaur specimens available from the DPF.
I did not include immature individuals in the dataset because their small size would
introduce ontogenetic noise into the ecomorphological signal sought here. All immature
specimens identified were the lambeosaurine hadrosaurids Corythosaurus and
Lambeosaurus (CMN 8633, CMN 34825, ROM 758, ROM 1947), and were excluded on
the basis of their small size and under-developed cranial ornamentation (Dodson, 1975;
Evans, 2007). In specimens where taphonomic distortion was an issue, I measured only
the width of the best-preserved side of the beak (see Caveats above), which I then
doubled to provide the full width of the restored beak.
Beak shape
Many efforts have been made to quantify rostral shape (Gordon and Illius, 1988; Janis
and Ehrhardt, 1988; Janis, 1990, 1995; Solounias and Moelleken, 1993; Spencer, 1995;
Dompierre and Churcher, 1996; Mendoza et al., 2002; Fraser and Theodor, 2011a;
Whitlock, 2011; Chapter 4); however, I quantified beak shape using geometric
morphometrics because it has become the preferred approach among morphometricians.
The reasons for this are numerous: (1) geometric morphometrics is well-grounded in a
robust theory of shape, (2) it is able to distinguish very subtle shape differences, and (3) it
yields results that are easily visualized and interpreted (Adams et al., 2004; Zelditch et
al., 2004; Perez et al., 2006). Most geometric morphometric methods are concerned with
describing displacements in biologically homologous landmarks, located at points of
intersection between tissues or at points of maximal curvature, for example.
Unfortunately, the ornithischian beak, like the rostrum of nearly all other vertebrates, is a
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curve generally deficient in homologous landmarks. For this reason, sliding semilandmark methods have been developed (Green, 1996; Bookstein, 1997; Bookstein et al.,
1999; Sheets et al., 2006; Perez et al., 2006). In addition to the scaling, translation, and
rotation operations common to Procrustes superimposition, these methods allow semilandmarks to be slid along a curve in order to reduce their distances from a reference
form. This is permissible because, while the curves are homologous across specimens,
their individual semi-landmarks need not be (MacLeod, 1999).
I photographed the transverse profile of the beak using a Sony Cyber-shot DSCW50 digital camera. I minimized the effects of parallax by photographing the beak from
at least 1 m away, but this proved difficult in some cases due to space constrictions (e.g.,
specimens on display). Because the beak is prone to taphonomic distortion, I analyzed
only the best-preserved or least-distorted side of the beak (see above). I digitally traced
the beak using the curves tool in tpsDig 2.15 (Rohlf, 2010a) and resampled the digitized
outline to produce a curve with 50 equally-spaced points. I placed an additional point on
the sagittal midline at a level coincident with the caudal edge of the beak because there
was no homologous landmark along the midline that could be used to capture the axis of
symmetry for all specimens.
I identified the two points on the sagittal midline and the point at the caudal-most
extremity of the beak as landmarks because they are functionally equivalent across
specimens, whereas I identified the other 48 points along the beak contour as sliding
semi-landmarks using tpsUtil 1.46 (Rohlf, 2010c). I made the semi-landmarks slide along
the curve of the beak to minimize the square root of the summed squared distances
between landmarks (Procrustes distance) in tpsRelw 1.49 (Rohlf, 2010b), using the
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maximum 40 iterations. This produced a size-corrected Procrustes transposition of
landmarks and semi-landmarks, which I then mirrored about the sagittal midline to
facilitate the visualization of shape deformations in the entire beak using Vis_Proto
(Sheets, 2004).
The objective of the beak shape analysis was to determine whether different
clades of megaherbivorous dinosaurs differ within a predetermined morphospace. The
morphospace in question is that which encompasses beak shapes that facilitate
differential feeding selectivity—specifically, shapes ranging from relatively broad, square
beaks to relatively narrow, pointed ones. I constructed this morphospace using Principal
Component Analysis (PCA) with singular value decomposition of the full complement of
symmetrised Procrustes residuals. I identified those axes capturing the morphological
aspects of interest and I subjected the corresponding specimen scores within the preferred
morphospace to comparative statistics (see Statistical Comparisons below). PCA of the
Procrustes residuals is effectively equivalent to a relative warps analysis of the partial
warps scores including the affine (uniform) component (Rohlf, 1993; Rohlf and
Bookstein, 2003; Hammer and Harper, 2006). I performed all PCA computations and
thin-plate spline visualizations of shape change using the PAST 2.12 software package
(Hammer et al., 2001).
Beak shape and body size correlation
Because shape is independent of size in the absence of allometry (Zelditch et al., 2004),
the lambeosaurine beak shape sample could be increased by the addition of immature
individuals if the absence of allometry could be demonstrated. Therefore, I regressed the
lambeosaurine (Corythosaurus and Lambeosaurus) PC scores calculated as above against
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basal skull length (a proxy for body size) using reduced major axis regression (RMA).
RMA is preferable to ordinary least squares regression because it does not assume that
the independent variable is measured without error. I then computed the coefficient of
determination (r2) and the probability (p) that size and shape are not correlated to
determine the strength of this relationship using PAST 2.12 (Hammer et al., 2001).
Statistical comparisons
I conducted statistical comparisons of beak morphology at coarse (family/suborder),
medium (subfamily/family), and fine (genus) taxonomic scales. I did not consider the
species level because sample size was consistently too low at this resolution to permit
meaningful statistical comparisons. I employed non-parametric statistics because of
issues with both non-normality and low sample size (n < 30). These tests lack the power
of parametric statistics but are more robust to committing Type I errors (reporting
differences where none exist). I made comparisons of two univariate samples using the
Mann-Whitney U test. I made comparisons of more than two univariate samples using the
Kruskal-Wallis H test. I made multivariate comparisons using the non-parametric
multivariate analysis of variance (NPMANOVA), which tests for differences between
two or more groups of multivariate data using a specified distance measure (Anderson,
2001). I used the Mahalanobis distance measure (Mahalanobis, 1936) because it is better
suited to non-spherically symmetric data than the traditional Euclidean distance measure.
In NPMANOVA, significance is estimated by permutation across groups, which I
performed using 10,000 replicates. Such resampling based methods also avoid the
common problem in geometric morphometrics of too many variable coordinates for the
degrees of freedom (Zelditch et al., 2004).
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I conducted post-hoc pairwise comparisons when appropriate. I used MannWhitney U tests in the univariate case, whereas I used NPMANOVA tests in the
multivariate case. I adjusted all pairwise comparisons using Bonferroni correction.
Bonferroni correction was designed to counteract the problem of multiple comparisons,
whereby the probability of committing a type I error increases with the number of
simultaneous comparisons being made (Sokal and Rohlf, 1995). This problem is rectified
by multiplying the p-value by the number of pairwise comparisons, effectively lowering
the significance level. However, because Bonferroni correction provides little power and
is probably too conservative (Sokal and Rohlf, 1995; Nakagawa, 2004), I also report
uncorrected probabilities for interpretation. I set statistical significance at α = 0.05 and
performed all tests using PAST 2.12 (Hammer et al., 2001).
Because the DPF does not represent a single assemblage of contemporaneous
organisms, time-averaging is an issue. This has the effect of masking palaeoecological
patterns that are otherwise distinguishable only at fine temporal resolutions
(Behrensmeyer and Hook, 1992). For this reason, I minimized the effects of timeaveraging by making the above comparisons within each of the two most inclusive
Megaherbivore Assemblage Zones (MAZs) identified in Chapter 2. To summarize,
MAZ-1 encompasses the lower 28 m of the DPF, whereas MAZ-2 encompasses intervals
from 29–52 m. While this time-constrained approach theoretically increases the
probability of recovering differences that would otherwise be masked by the effects of
time-averaging, there is a trade-off in that sample size (and hence statistical power) is
reduced considerably. Also, this approach does not completely remove the effects of
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time-averaging because the abovementioned MAZs are themselves time-averaged over a
period of approximately 600 Ka (Chapter 2).
Results
Configuration of morphospace
The shape PCA (Figure 5.1) produced two principal components (PCs) that cumulatively
account for ~96% of the total shape variance (Table 5.1), indicating that most of the
variation in the dataset can be accounted for by just a couple of simple shape
deformations. PC1 is identified as an axis of interest because positive scores along it
correspond to elongate, pointed beaks, whereas negative scores correspond to stout,
square beaks. PC 2 is likewise of interest because positive scores along it correspond to
‘spoon shaped’ beaks that constrict caudally, whereas negative scores correspond to
triangular beaks in conjunction with a ‘pinching out’ of the rostral apex. These shape
gradients are consistent with a variety of selective feeding capabilities. None of the other
PCs were used to establish the morphospace because they account for an insubstantial
amount of shape variation (< 5%).
Beak shape and basal skull length correlation
The RMA regressions reveal virtually no correlation between beak shape and basal skull
length among the lambeosaurines Corythosaurus and Lambeosaurus (Figure 5.2). The R2
values are low, meaning that the regression line explains little of the variance in the data,
and the p-values reveal no significant correlation between beak shape and skull size. For
this reason, the juvenile lambeosaurine specimens are retained in the shape comparisons
below.
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Table 5.1. Results of the snout shape PCA.
PC Eigenvalue % variance Cumulative % variance
1
0.027131
86.487
86.487
2
0.003131
9.983
96.470
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Figure 5.1. Shape changes along PC 1 (top) and PC 2 (bottom). Numbers correspond
to PC scores along their respective axes. Middle image represents the mean beak
shape of the megaherbivores from the DPF.

212

Figure 5.2. Basal skull length (BSL)-beak shape correlations. A, BSL vs. PC 1; B,
BSL vs. PC 2. Note the lack of correlation between BSL and beak shape.
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Time-averaged comparisons
Beak width
Absolute beak width varies greatly, such that ceratopsids have narrower beaks and
ankylosaurs and hadrosaurids have broader beaks, but there is considerable overlap
among all three taxa (Figure 5.3A). Hadrosaurids are especially variable. The KruskalWallis test reveals highly significant differences among the ankylosaurs, ceratopsids, and
hadrosaurids (N = 71, H = 23.20, p < 0.0001). Posthoc pairwise comparisons demonstrate
that ceratopsids have narrower beaks than both ankylosaurs and hadrosaurids, but the last
two taxa do not differ significantly from one another (Table 5.2). Increasing taxonomic
resolution demonstrates that ankylosaurids and nodosaurids (represented by
Euoplocephalus and Panoplosaurus, respectively) differ significantly (Figure 5.3A;
Table 5.3), but there are otherwise no further differences recovered within either
Ceratopsidae or Hadrosauridae.
Beak shape
Beak shape is a better discriminator than width because it reduces taxonomic overlap in
morphospace. Ceratopsids are isolated in morphospace, scoring positively on PC 1 and
negatively on PC 2. Their beaks are relatively long, narrow, and triangular. By contrast,
ankylosaurs and hadrosaurids score more negatively on PC 1 and positively on PC 2, and
overlap considerably in morphospace. Their beaks are relatively short, broad, and square
(Figure 5.4A). NPMANOVA reveals significant beak shape differences among all three
taxa (N = 72, F = 41.97, p < 0.0001). Post-hoc pairwise comparisons show that each
taxon differs significantly from the other (Table 5.4).
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Table 5.2. Mann-Whitney U test results for the time-averaged, suborder/family level
pairwise comparisons of beak width. Bonferroni corrected p-values given in lower
left triangle; uncorrected p-values given in upper right triangle. Significant results
reported in bold.
Ankylosauria Ceratopsidae Hadrosauridae
(n = 18)
(n = 21)
(n = 32)
Ankylosauria (n = 18)
0.785
0.000
Ceratopsidae (n = 21)
0.000
0.000
Hadrosauridae (n = 32)
1
0.000
Kruskal-Wallis test: N = 71, H = 23.20, p = 0.000

216
Table 5.3. Mann-Whitney U test results for the time-averaged, family/subfamily level pairwise comparisons of beak width.
Bonferroni corrected p-values given in lower left triangle; uncorrected p-values given in upper right triangle. Significant
results reported in bold.
Ankylosauridae Nodosauridae Centrosaurinae Chasmosaurinae Hadrosaurinae Lambeosaurinae
(n = 10)
(n = 8)
(n = 14)
(n = 7)
(n = 8)
(n = 24)
Ankylosauridae
(n = 10)
Nodosauridae
(n = 8)
Centrosaurinae
(n = 14)
Chasmosaurinae
(n = 7)
Hadrosaurinae
(n = 8)
Lambeosaurinae
(n = 24)

0.007
0.100

0.000

0.001

0.894

0.179

0.009

0.024

0.372

0.528

0.940

0.015

0.001

0.056

0.007

0.002

0.129

0.011

0.359

1

1

1

0.231

0.836

1

1

0.015

0.099

Kruskal-Wallis test: N = 71, H = 26.32, p = 0.000

0.446
1
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Table 5.4. NPMANOVA results for the time-averaged, suborder/family level
pairwise comparisons of beak shape. Bonferroni corrected p-values given in lower
left triangle; uncorrected p-values given in upper right triangle. Significant results
reported in bold.
Ankylosauria Ceratopsidae Hadrosauridae
(n = 12)
(n = 25)
(n = 35)
Ankylosauria (n = 12)
0.000
0.000
Ceratopsidae (n = 25)
0.000
0.000
Hadrosauridae (n = 35)
0.001
0.000
Total analysis: N = 72, F = 41.97, p = 0.000
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Figure 5.3. Absolute beak width box plots. A, time-averaged analysis; B, MAZ-1
analysis; C, MAZ-2 analysis. Outliers depicted as circles, and outer fences depicted
as stars.
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Figure 5.4. Results of the beak shape analysis. A, time-averaged, suborder/family
level analysis; B, time-averaged, family/subfamily level analysis; C, MAZ-1,
suborder/family level analysis; D, MAZ-1, family/subfamily level analysis; E, MAZ2, suborder/family level analysis; F, MAZ-2, family/subfamily level analysis. See
Figure 5.1 for PC shape gradients. Note that there is minimal movement of taxa
through morphospace with time. Genus level analyses do not further minimize
taxonomic overlap, and are therefore not shown.
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More detailed examination of the data reveals that the ankylosaur families occupy
very different areas of morphospace; ankylosaurids remain isolated, scoring negatively
on both PCs 1 and 2, whereas nodosaurids and hadrosaurids score more positively on
these axes and overlap considerably. These patterns indicate that ankylosaurids
(represented solely by Euoplocephalus) have relatively wider, squarer beaks than
nodosaurids (represented solely by Panoplosaurus) and hadrosaurids (Figure 5.4B). This
interpretation is supported statistically; ankylosaurids differ significantly from both
nodosaurids and hadrosaurids, but the last two taxa are indistinguishable (Table 5.5). The
ceratopsid and hadrosaurid subfamilies are likewise indistinguishable (Table 5.5), and no
further within-group differences are recovered with increasing taxonomic resolution.
MAZ-1 comparisons
Beak width
The beak width comparisons closely mirror those of the time-averaged analysis (Figure
5.3B). Ceratopsid beaks are significantly narrower than those of ankylosaurs and
hadrosaurids, but the first two taxa are indistinguishable when the Bonferroni-corrected
probabilities are considered (Table 5.6), likely due to reduced sample size. Otherwise, no
further within-group differences are recovered with increasing taxonomic resolution.
(Note that ankylosaurids are not included here due to a lack of sufficient material from
this interval.)
Beak shape
The beak shape comparisons also correspond to those of the time-averaged analysis
(Figure 5.4C,D). NPMANOVA reveals significant beak shape differences among the
ankylosaurs, ceratopsids, and hadrosaurids (N = 40, F = 15.24, p < 0.0001), but posthoc

Table 5.5. NPMANOVA results for the time-averaged, family/subfamily level pairwise comparisons of beak shape. Bonferroni
corrected p-values given in lower left triangle; uncorrected p-values given in upper right triangle. Significant results reported
in bold.
Ankylosauridae Nodosauridae Centrosaurinae Chasmosaurinae Hadrosaurinae Lambeosaurinae
(n = 8)
(n = 4)
(n = 16)
(n = 9)
(n = 8)
(n = 27)
Ankylosauridae (n = 8)
0.003
0.000
0.000
0.000
0.000
Nodosauridae (n = 4)
0.222
0.586
0.038
0.001
0.001
Centrosaurinae (n = 16)
0.369
0.002
0.007
0.000
0.000
Chasmosaurinae (n = 9)
1
0.002
0.020
0.000
0.000
Hadrosaurinae (n = 8)
1
0.149
0.002
0.002
0.003
Lambeosaurinae (n = 27)
1
1
0.002
0.002
0.002
Total analysis: N = 72, F = 14.48, p = 0.000
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Table 5.6. Mann-Whitney U test results for the MAZ-1, suborder/family level
pairwise comparisons of beak width. Bonferroni corrected p-values given in lower
left triangle; uncorrected p-values given in upper right triangle. Significant results
reported in bold.
Ankylosauria Ceratopsidae Hadrosauridae
(n = 6)
(n = 14)
(n = 18)
Ankylosauria (n = 6)
0.205
0.023
Ceratopsidae (n = 14)
0.069
0.001
Hadrosauridae (n = 18)
0.615
0.003
Kruskal-Wallis test: N = 38, H = 12.73, p = 0.002
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pairwise comparisons demonstrate that, in contrast to the time-averaged analysis,
ankylosaurs and hadrosaurids do not differ significantly (Table 5.7), likely due to sample
size limitations. No further within-group differences are recovered with increasing
taxonomic resolution.
MAZ-2 comparisons
Beak width
Sample sizes are especially small within MAZ-2 (Chapter 2), greatly reducing statistical
power. Ceratopsids generally have narrower beaks than hadrosaurids (Figure 5.3C), but
the two taxa cannot be distinguished statistically (N = 11, U = 6, p > 0.05). Increasing
taxonomic resolution does not result in further within-group differences.
Beak shape
Ceratopsids have significantly narrower, more triangular beaks than hadrosaurids (Figure
5.4E, F; N = 12, F = 6.972, p < 0.01), but no additional within-group differences are
recovered.
Discussion
Palaeodietary implications
Ankylosauridae
The relatively wide, square beaks of Euoplocephalus suggest that these animals were
bulk feeders, specializing on fibrous plant tissues with comparatively low nutritional
values. This, in combination with their low feeding heights (< 1 m; Chapter 3), is
reminiscent of the condition seen in grazing ungulates. The most fibrous plants of the
Late Cretaceous (having > 60% neutral detergent fibre) included araucarian and
podocarpaceous conifers, cycads, ferns, and tree ferns (Hummel et al., 2008). However,
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Table 5.7. NPMANOVA test results for the MAZ-1, suborder/family level pairwise
comparisons of beak shape. Bonferroni corrected p-values given in lower left
triangle; uncorrected p-values given in upper right triangle. Significant results
reported in bold.
Ankylosauria Ceratopsidae Hadrosauridae
(n = 4)
(n = 15)
(n = 21)
Ankylosauria (n = 4)
0
0.383
0.001
Ceratopsidae (n = 15)
0.002
0.000
Hadrosauridae (n = 21)
1
0.000
Total analysis: N = 40, F = 15.24, p = 0.000
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the aforementioned conifers likely took the form of trees (Koppelhus, 2005), and were
therefore largely beyond the reach of Euoplocephalus (although tree saplings may have
been an option). Cycads were also unlikely fodder for Euoplocephalus because
convincing evidence for their presence in the DPF is lacking (D. Braman, pers. comm.,
2012). Cycad foliage is also particularly toxic and rarely consumed by modern herbivores
(Mustoe, 2007; Gee, 2010). It therefore seems most likely, based on beak morphology
alone, that Euoplocephalus fed primarily on low-growing ferns and tree ferns, a
sentiment echoed previously by various authors (Weishampel and Norman, 1989;
Taggart and Cross, 1997; Weishampel and Jianu, 2000; Sander et al., 2010).
The depiction of Euoplocephalus as consumers of fibrous vegetation runs
contrary to more traditional interpretations that characterize these animals as having fed
on more succulent plant parts, based on their small, phyliform teeth (Russell, 1940; Haas,
1969; Galton, 1986; Weishampel, 1984a). However, Rybczynski and Vickaryous (2001)
noted that the teeth of this genus usually exhibit contiguous wear facets, and that the
associated dental microwear comprises mesiodistally oriented striae. These features, in
combination with the mobile jaw joint, were taken as evidence for a complex, palinal jaw
mechanism, and Rybczynski and Vickaryous (2001) suggested that Euoplocephalus fed
on more fibrous vegetation than previously assumed. Various other lines of evidence for
high-fibre herbivory in ankylosaurs have been cited, including the presence of a
secondary palate (King, 1996; Vickaryous et al., 2004), transversely wide skull,
dorsoventrally deep mandible (Chapter 4), and capacious guts that would have both
increased retention time and housed a symbiotic microflora, facilitating the chemical
breakdown of cellulose (Bakker, 1986). One ankylosaur specimen allegedly has
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associated gastroliths (Carpenter, 1990), which may have served to further comminute
fibrous plant matter in the muscular gizzard. However, there is some doubt about whether
the gastroliths truly pertain to the specimen in question, as neither the field notes nor the
original description (Russell, 1940) mention the existence of gizzard stones (K. Seymour,
pers. comm., 2011). An ankylosaurid cololite from Australia (Molnar and Clifford, 2001)
appears to corroborate the interpretation given here. The fossil contains mostly fibrous
tissue (probably leaves), in addition to occasional fruits or endocarps, smalls seeds, and
possible fern sporangia.
Ceratopsidae
If Euoplocephalus were the bulk feeders of the DPF, it might be argued that ceratopsids
were the concentrate feeders, specializing on particularly nutritious plant parts, such as
fruits, seeds, and tender shoots. This is attested to by their narrow, pointed beaks that
typify this feeding strategy in mammals. Krassilov (1981) and Weishampel (1984a)
proposed that ceratopsids regularly used their pointed beaks to pluck strobili from
between the fronds of cycadeoid bennettitaleans; however, this is unlikely, given that
bennettitaleans were extinct by the Santonian (Nichols and Johnson, 2008). More likely
alternatives include angiosperm fruit (Krassilov, 1981; Weishampel, 1984) or palm seeds
(Manchester et al., 2010), although the latter are not known from the DPF (Braman and
Koppelhus, 2005; D. Braman, pers. comm., 2012).
The depiction of ceratopsids as selective consumers of high protein, low fibre
plant items nevertheless appears unlikely for at least two reasons. First, their large body
sizes imply large nutrient requirements (Farlow, 1976; Béland and Russell, 1978; Coe et
al., 1987), and it is improbable that such items were available en masse, particularly
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given that ceratopsids were restricted to feeding no higher than 1 m above the ground
(Chapter 3). Second, as with Euoplocephalus, the teeth of ceratopsids appear to reflect a
different dietary preference than their beaks convey. Ceratopsid teeth are arranged into
tightly-spaced dental batteries that would have produced a strict shearing action unique to
the clade (Ostrom, 1964b, 1966). This type of dentition is best suited to the fragmentation
of tough, fibrous plant matter of low nutritive value, and is, in fact, poorly matched to the
habitual processing of succulent plant matter, which typically requires blunt teeth (Lucas,
2004). Perhaps ceratopsids did consume succulent fruits, seeds, or shoots, and simply
comminuted these materials in the gizzard. This scenario is unlikely, however, because
the highly specialized nature of the dentition strongly suggests that it was the primary
means of food processing. Some have suggested that ceratopsid beaks were instead used
to selectively crop fibrous foliage (Tait and Brown, 1928; Ostrom, 1966; Krassilov, 1981;
Bakker, 1978, 1986). If so, then a parallel might be drawn between ceratopsids and the
black rhinoceros (Diceros bicornis) of sub-Saharan Africa, which uses its tapered lips to
feed preferentially on forbs and low-growing woody scrub (Owen-Smith 1988; Oloo et
al., 1994). The proposition that ceratopsids used their hooked beaks to dig up roots and
tubers (Russell, 1935; Russell, 1977) is also worthy of consideration.
The mixed signal—if it can be called that—offered by the ceratopsid beak and
dentition might be explained by way of the phylogenetic legacy of these animals. The
beak constitutes the median rostral bone, a neomorphic element inherited from
ceratopsian ancestors similar to the parrot-beaked psittacosaurids. In these smaller (< 20
kg), more primitive forms, the beak was evidently used in the procurement of hard seeds
and nuts, which were then crushed against the palate and processed further by the gastric
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mill, as in psittaciform birds (Sereno et al., 2010). It is possible that the rostral bone
proved to be an evolutionarily inflexible novelty, as its shape changed little over the ~95
Ma evolution of the ceratopsians (Ostrom, 1966), despite a ~1,500-fold increase in body
mass and concomitant dietary changes. Janis and Ehrhardt (1988) noted that modern
equids also possess narrower snouts than would be predicted from their grass diet, and
likewise attributed this disparity to the phylogenetic legacy of these animals.
Nodosauridae and Hadrosauridae
The nodosaurid Panoplosaurus and hadrosaurids have beaks that are intermediate in
shape between those of Euoplocephalus and ceratopsids. In fact, the morphometric point
cloud occupied by hadrosaurids overlaps the mean beak shape depicted in Figure 5.1. It
is, therefore, reasonable to suggest that Panoplosaurus and hadrosaurids were likewise
intermediate feeders, consuming a diversity of plant types, akin to mixed-feeding
ungulates. Such a diet may have included fibrous leaves and twigs, in addition to more
nutritious fruits and seeds.
Purported hadrosaurid gut (Kräusel, 1922; Currie et al., 1995; Tweet et al., 2008)
and fecal contents (Chin and Gill, 1996; Chin, 2007) are numerous. These preserve
various plant materials, including conifer needles, seeds, bark, and angiosperm leaves,
supporting the characterization of these animals as intermediate feeders. However, given
problems associated with the attribution of such fossils (Abel, 1922; Currie et al., 1995;
Sander et al., 2010), they should be regarded with due scepticism. The large feeding
envelopes of hadrosaurids (< 4 m; Chapter 3) imply that they were able to reach a range
of plant types, and their impressive tooth batteries, capable of both crushing and shearing
functions (Carrano et al., 1999), would have effectively macerated even the most resistant
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plant tissues. Nodosaurids lack these adaptations, but otherwise share many of the same
osteological and presumed physiological features as Euoplocephalus that would have
allowed them to process tough plant material, though perhaps less frequently.
Evolutionary palaeoecology
The rationale behind the expectation that the coexistence of the megaherbivorous
dinosaurs from the DPF was facilitated by dietary niche partitioning is provided
elsewhere (Chapter 1). Of the 12 genera considered here—six of which typically
coexisted (Chapter 2)—only three distinct beak morphologies are recovered.
Euoplocephalus are distinguishable from Panoplosaurus and ceratopsids in having
absolutely wider beaks, and from all other taxa in having relatively wider and squarer
beak shapes. Ceratopsids are distinguishable from all other taxa based on their narrow,
relatively elongate, and triangular beaks. Panoplosaurus and hadrosaurids do not differ
significantly in either beak size or shape. Clearly, if megaherbivore coexistence in the
DPF was facilitated by dietary niche partitioning, it must have occurred as a result of
multiple facets of ecomorphology acting in concert to produce distinct feeding ecologies,
and is not simply attributable to differential beak morphology. Numerous differences
between Panoplosaurus and hadrosaurids have been cited as evidence for their distinct
dietary niches, including differences in feeding height (Chapter 3) and skull proportions
(Chapter 4). Hadrosaurine and lambeosaurine hadrosaurids from the DPF also appear to
differ in skull size (Chapter 4), and presumably in overall body size as well. There is
tentative evidence to support the contention that centrosaurine ceratopsids have
dorsoventrally deeper skulls than chasmosaurines (Chapter 4).

232
The fact that hadrosaurines and lambeosaurines are indistinguishable according to
beak morphology is remarkable in light of previous research. Dodson (1983) and Bakker
(1986) noted discrepancies in beak shape between these two clades, which Carrano et al.
(1999) and Whitlock (2011) were later able to quantify, demonstrating that hadrosaurines
possess relatively wider and squarer beaks than lambeosaurines. The implication was that
these subfamilies were therefore able to avoid competing with one another by feeding on
different plant types. However, it must be noted that the sample of Carrano et al. (1999)
and Whitlock (2011) comprised taxa that ranged from the late Campanian to the late
Maastrichtian in age. Thus, such lambeosaurines as Corythosaurus and Lambeosaurus
from the DPF were compared to the aberrantly large hadrosaurines Edmontosaurus and
Saurolophus from Edmontonian and Lancian strata, despite having been separated in time
by ~10 Ma. Only by controlling for such extensive time-averaging can it be shown that
contemporaneous hadrosaurids from the DPF do not, in fact, differ in beak morphology
(to their credit, Carrano et al. [1999] did note that the beak shapes of Prosaurolophus are
more like those of lambeosaurines than hadrosaurines). Whether the same is true of
hadrosaurids from other Late Cretaceous assemblages needs to be tested independently.
The present finding that hadrosaurid beak shape does not change through
ontogeny indicates that there is no morphological compensation among young individuals
that would allow them to feed as effectively on fibrous plant tissues as their older
counterparts. In other words, given that the beaks of juveniles are both absolutely smaller
than those of adults, and no squarer in shape, it follows that juveniles must have fed more
selectively than adults. This, in turn, implies that hadrosaurids exhibited some form of
ontogenetic niche partitioning, whereby younger individuals subsist on a more nutritious
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diet than older ones (Werner and Gilliam, 1984). This is hardly surprising, given that
metabolic requirements correlate strongly with body size (Owen-Smith, 1988). Although
this same hypothesis was not tested with respect to ankylosaurs or ceratopsids,
ontogenetic niche partitioning probably operated within these taxa as well.
The paucity of material from MAZ-2 makes it difficult to assess the temporal
stability of the morphological patterns identified here, but the overall structure does not
appear to have differed appreciably through time. Therefore, time-averaging is unlikely
to obscure palaeoecological relationships within the DPF, although it does artificially
inflate estimates of standing crop biodiversity. The unwavering dietary niche
relationships detected here, in spite of continuous taxonomic turnover, lend additional
support to the contention that the fossil assemblage of the DPF represents a chronofauna
(Brinkman et al., 2004; Chapter 2), defined by Olson (1952:181) as “a geographically
restricted, natural assemblage of interacting animal populations that has maintained its
basic structure over a geologically significant period of time.” The longevity of the DPF
chronofauna probably does not reflect environmental stasis as suggested by Brinkman et
al. (2004) because the DPF records the continuous transgression of the Western Interior
Sea (Eberth, 2005) and the concomitant appearance of hydrophytic plant taxa upsection
(Braman and Koppelhus, 2005; Braman, pers. comm., 2010). Instead, the longevity of the
DPF chronofauna might be attributable to evolved mutualisms, historical contingency, or
the ‘law of large numbers’ (DiMichele et al., 2004).
Limitations of this study
This study suffers from some shortcomings that are currently beyond reconciliation. First,
sample size is quite small, which greatly reduces the power of the statistical tests applied

234
here. This does not reflect a lack of sampling effort so much as the sparing nature of the
fossil record—even in the DPF, where fossils are relatively abundant. The prohibitive
effects of small sample size are especially apparent at fine taxonomic and temporal
resolutions. Nonetheless, the current survey is the best that can be offered with respect to
the questions in mind here, and the results are likely to endure until the DPF is sampled
more intensively. Sokal and Rohlf (1995:263) provide the following equation as a means
for iteratively calculating the minimum sample size per group needed to detect a given
difference in an analysis of variance (ANOVA):
n ≥ 2 (σ/δ)2(tα[ν] + t2(1-P)[ν])2
where n is the number of replications, σ is the true standard deviation, δ is smallest
detectable difference of interest, ν is the degrees of freedom of the sample standard
deviation for a predetermined number of groups with n replications per group, α is the
significance level, P is the power of the test, and tα[ν] and t2(1-P)[ν] are values taken from a
t-table with ν degrees of freedom and corresponding to probabilities of α and 2(1 – P),
respectively. σ and δ can be calculated based on a priori knowledge about how the groups
vary. Assuming α = 0.05 and P = 0.80, ~33 specimens per taxon would be necessary to
detect a ~21% difference in PC 1 scores between hadrosaurines and lambeosaurines.
Under the same assumptions, ~83 specimens per taxon would be necessary to detect a
~14% difference in PC 2 scores between the two hadrosaurid subfamilies.
Second, although I took steps to minimize the amount of time-averaging in this
study (see Statistical Comparisons above), the time bias remains too large to effectively
capture true, interacting palaeocommunities. It is possible to reduce the time bias further
by dividing the MAZs into ~300 Ka sub-zones (Chapter 2), more closely approximating
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true palaeocommunities, but the sample size (and resulting statistical power) per sub-zone
becomes drastically reduced in doing so. This problem further emphasizes the importance
of continued fossil collecting in the DPF.
Third, taphonomic distortion is likely to affect the results of this study to some
extent. Although considerable effort was made to minimize the impact of such
deformation, no specimen examined was perfectly preserved. Even minimal crushing or
shearing of fossil material is likely to introduce noise into the data, increasing withingroup variation and decreasing between-group variation. This may account for some of
the spread exhibited by hadrosaurids in beak shape morphospace, particularly along PC 1
where mediolateral crushing of the beak would cause these animals to overlap more with
ceratopsids, and dorsoventral crushing would cause hadrosaurids to overlap more with
Euoplocephalus (Figure 5.4).
Finally, the ability to compare the results of this study with those of other studies
is limited, primarily due to methodological differences. The use of geometric
morphometrics as a means for establishing morphospace differs from other methods that
use simple calculations of relative snout width (e.g., Janis and Ehrhardt, 1988; Janis,
1990; Spencer, 1995; Mendoza et al., 2002; Fraser and Theodor, 2011a) or that describe
snout curvature univariately (Gordon and Illius, 1988; Solounias and Moelleken, 1993;
Dompierre and Churcher, 1996; Whitlock, 2011). Although these more traditional
methods yield more easily and immediately comparable results, they do not allow
particular shape gradients to be isolated in the way that geometric morphometrics does. A
comparative study of all these methods would undoubtedly be helpful.
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Conclusions
This study demonstrates that, among the megaherbivorous dinosaurs from the DPF, beak
shape is a better taxonomic discriminator than size. The ankylosaurids Euoplocephalus
possess the widest, squarest beaks, suggestive of a fibrous diet typical of bulk feeders.
Conversely, ceratopsids have the narrowest, most triangular beaks, otherwise observed
among concentrate feeders that usually specialize on high protein, low fibre plant tissues.
However, given their large body size and specialized shearing dentition, it is unlikely that
ceratopsids subsisted on such a diet; rather, they probably selected more fibrous
vegetation, as do black rhinoceros presently. The nodosaurid Panoplosaurus and
hadrosaurids have intermediate beak morphologies, and likely consumed both pulpy and
fibrous plants as a result. Differences in beak morphology are otherwise not present
between more closely-related taxa.
If coexisting megaherbivorous dinosaurs from the DPF avoided competing with
one another via dietary niche partitioning, it must have involved other morphological
aspects in addition to beak morphology, some of which are reviewed here. The present
finding that contemporaneous hadrosaurids from the DPF do not differ in their beak
morphologies contradicts previous assertions that they do, serving as an important
reminder that palaeoecological inferences must account for time-averaging. The
persistence of the dietary niche relationships inferred here lends added support to the
contention that the fossil assemblage of the DPF constitutes a chronofauna.

Appendix 5.1. Raw data used in this study. Taxonomic abbreviations: A, Ankylosauria; An, Ankylosauridae; C, Ceratopsidae;
Ce, Centrosaurinae; Cen, Centrosaurus; Ch, Chasmosaurinae; Cha, Chasmosaurus; Cor, Corythosaurus; Euo, Euoplocephalus;
Gry, Gryposaurus; H, Hadrosauridae; Ha, Hadrosaurinae; La, Lambeosaurinae; Lam, Lambeosaurus; No, Nodosauridae; pac,
‘pachyrhinosaur’; Pan, Panoplosaurus; Par, Parasaurolophus; Pro, Prosaurolophus; Sty, Styracosaurus; Vag, Vagaceratops.
Other abbreviations: BSL, basal skull length; MAZ, Megaherbivore Assemblage Zone. Estimated values listed in bold.
Suborder/ Family/
BSL Beak width
Genus
Specimen
family
subfamily
(mm)
(mm)
A
An
Euo
UALVP 31
355
182
A
An
Euo
AMNH 5405
374
180
A
An
Euo
ROM 1930
380
210
A
An
Euo TMP 1997.132.0001 380
170
A
An
Euo
AMNH 5238
364
182
A
An
Euo
AMNH 5337
389
185
A
An
Euo
AMNH 5403
407
235
A
An
Euo
NHMUK R4947
369
170
A
An
Euo
CMN 8876
171
360
A
An
Euo TMP 1991.127.0001 324
160
A
No
Pan
CMN 2759
360
127
A
No
Pan
AMNH 5381
429
132
A
No
Pan TMP 1983.025.0002 409
159
A
No
Pan TMP 1998.074.0001 443
154
A
No
Pan TMP 1998.098.0001 407
162
A
No
Pan TMP 2000.012.0158 490
139
A
No
Pan
UALVP 16249
506
190
A
No
Pan
ROM 1215
378
131
C
Ce
Cen
UALVP 16248
685
95
C
Ce
Cen
AMNH 5351
734
128
C
Ce
Cen
AMNH 5239
?
?

Side

PC 1

left
-2.0529
left
-1.4615
left
-1.9371
left
-1.8343
?
-left
-1.8405
left
-1.5375
right -1.7852
-?
left
-1.9689
-?
-?
-?
left
-0.18903
left
-0.85193
-?
left
-0.22145
right 0.0090274
left
1.3466
right 0.24562
right
0.6365

PC 2

MAZ

-1.5497
-0.43388
-0.74286
-0.80049
?
-1.057
-0.29328
-0.91526
?
-0.40543
?
?
?
1.0554
0.43418
?
0.81911
1.8975
0.81593
-1.8893
-1.4053

2
?
?
?
?
?
?
?
?
1
1
1
?
1
1
?
?
1
1
1
1
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Appendix 5.1. (Continued)
Suborder/ Family/
BSL Beak width
Genus
Specimen
family
subfamily
(mm)
(mm)
C
Ce
Cen
UALVP 11735
793
147
C
Ce
Cen
CMN 348
824
89
C
Ce
Cen TMP 1997.085.0001 850
173
C
Ce
Cen TMP 1994.182.0001
?
108
C
Ce
Cen TMP 1964.005.0160
?
146
C
Ce
Cen
NHMUK R4859
794
110
C
Ce
Cen
CMN 8795
813
120
C
Ce
Cen
ROM 767
725
97
C
Ce
Cen
USNM 8897
718
101
C
Ce
Cen
YPM 2015
700
129
C
Ce
Cen TMP 1989.018.0010
?
98
C
Ce
pac TMP 2002.076.0001 783
125
C
Ce
Sty
AMNH 5372
?
?
C
Ch
Cha
CMN 2280
735
102
C
Ch
Cha TMP 1981.019.0175 765
101
C
Ch
Cha
NHMUK R4948
?
142
C
Ch
Cha
CMN 8801
?
103
C
Ch
Cha
YPM 2016
810
101
C
Ch
Cha
AMNH 5401
?
?
C
Ch
Cha
AMNH 5402
?
?
C
Ch
Vag TMP 1987.045.0001
?
147
C
Ch
Vag
CMN 41357
?
124
H
Ha
Gry TMP 1980.022.0001 598
94
H
Ha
Gry
CMN 2278
854
238
H
Ha
Gry
ROM 873
795
201

Side

PC 1

PC 2

left
1.2485 -0.024666
right 0.80269 -0.57652
right 0.88508 -0.89705
right 1.5158 0.073511
left
1.6029
-0.5637
left
1.4898
-1.1576
right 0.3635
-0.82663
left
1.5741
-0.56157
left
1.9843
-0.34094
left 0.67481
-1.388
right 1.2178
-0.67435
right 0.49823
-1.1013
right 0.45814
-1.6506
right 0.37977
-1.7005
right 0.86949
-1.4208
left 0.43947
-1.0798
right 1.1822
-0.33626
right 0.71771 -0.51952
right 1.1194 -0.089564
left
0.4371
-1.5986
right 0.34431
-1.0862
left
1.0677
-1.4858
left
1.119
2.2738
left -0.76107 0.083325
right 0.27883
1.7972

MAZ
1
?
1
?
?
?
1
1
1
1
1
2
2
1
1
1
1
1
?
?
2
?
1
1
1

Appendix 5.1. (Continued)
Suborder/ Family/
BSL Beak width
Genus
Specimen
family
subfamily
(mm)
(mm)
H
Ha
Pro
CMN 2277
130
840
H
Ha
Pro
CMN 2870
795
221
H
Ha
Pro
ROM 787
816
166
H
Ha
Pro TMP 1984.001.0001 952
248
H
Ha
Pro
USNM 12712
1000
130
H
La
Cor TMP 1982.037.0001 525
136
H
La
Cor TMP 1984.121.0001 657
215
H
La
Cor
ROM 1947
498
116
H
La
Cor TMP 1980.040.0001 647
209
H
La
Cor
CMN 34825
460
133
H
La
Cor
CMN 8676
593
141
H
La
Cor
CMN 8704
634
120
H
La
Cor
ROM 1933
670
147
H
La
Cor
AMNH 5338
667
?
H
La
Cor
ROM 776
709
220
H
La
Cor
ROM 777
173
764
H
La
Cor
ROM 845
675
220
H
La
Cor
ROM 868
723
124
H
La
Cor
AMNH 5240
739
?
H
La
Cor
CM 11375
?
?
H
La
Lam TMP 1982.038.0001 525
215
H
La
Lam
ROM 869
592
114
H
La
Lam TMP 1997.012.0128 695
110
H
La
Lam TMP 1966.004.0001 695
140

Side

PC 1

PC 2

right -0.046804 0.59432
right -0.50546 -0.2322
right -0.40888 0.49963
right
1.1989
1.4478
left
0.92993
0.91641
right -0.26473 0.36193
right -1.3294 -0.22793
left
0.49223
1.1215
-?
?
-?
?
left -0.34586 -0.13035
left -0.29578 0.35382
left
-0.4505
1.4558
right -0.71942 0.23492
right -0.68806
0.2874
right -0.53016
1.7216
right -1.2907 0.022818
-?
?
left
0.36591
1.1347
right 0.038336 0.053453
left -0.80932 0.48671
right -0.24253 0.93914
left
0.46428
1.3624
right 0.71653
0.87363

MAZ
2
?
2
2
2
1
?
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
?
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Appendix 5.1. (Continued)
Suborder/ Family/
BSL Beak width
Genus
Specimen
family
subfamily
(mm)
(mm)
H
La
Lam
CMN 2869
611
130
H
La
Lam
CMN 351
695
116
H
La
Lam
CMN 8503
531
104
H
La
Lam
CMN 8633
505
146
H
La
Lam
CMN 8703
160
696
H
La
Lam
AMNH 5340
380
?
H
La
Lam
CMN 8705
703
152
H
La
Lam
FMNH 1479
692
226
H
La
Lam
ROM 1218
675
196
H
La
Lam
ROM 758
342
80
H
La
Lam
ROM 794
729
182
H
La
Lam TMP 1981.037.0001 740
202
H
La
Par
ROM 768
725
180

Side

PC 1

PC 2

right -0.080916 0.73168
-?
?
right -0.23256
0.82634
left
-1.4241
0.34128
right 0.058632 0.096792
left
0.35375
0.99383
-?
?
left
-1.3337
0.29396
left -0.32553
-0.3646
right -0.15969 -0.035371
left
0.25892
1.7848
left -0.72499
0.87079
left -0.73531
0.5055

MAZ
?
?
2
1
1
?
2
1
2
2
2
1
1
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CHAPTER 6: THE IMPLICATIONS OF JAW MECHANICS FOR THE
EVOLUTIONARY PALAEOECOLOGY OF THE MEGAHERBIVOROUS
DINOSAURS FROM THE DINOSAUR PARK FORMATION (UPPER
CAMPANIAN) OF ALBERTA, CANADA
Introduction
The interaction between plants and their herbivorous predators on an evolutionary
timescale has been compared to an arms race (e.g., Labandeira, 2002; Schoonhoven et al.,
2005; Becklin, 2008), where each clade adapts continuously to overcome the innovations
of the other. Plants have evolved a variety of defences in response to predation, including
toxins, thigmonasty (movement in response to touch), phytoliths, resins, spines, and a
variety of organic polymers that reduce palatability by increasing the plant’s mechanical
resistance. Chief among the last are cellulose, hemicellulose, and lignin (Lucas, 2004).
Because not all plants or plant parts contain the same polymers arranged in the same way,
they often differ in their intrinsic stiffness (resistance to bending) and toughness
(resistance to crack propagation). For example, leaves are exceptionally tough and
resistant to mastication, whereas fruits are not (Lucas, 2004:fig. 7.1).
Vertebrate herbivores may overcome these mechanical defences by modifying
their jaw systems in various ways. The vertebrate mandible can generally be modeled as
a third class lever (Hildebrand, 1995), where the force exerted by the adductor muscles is
applied between the jaw joint and the bite point. In addition to increasing the bite force
exerted by the jaws by increasing the cross-sectional area of the adductor muscles, the
effective bite force can also be increased by modifying this system to increase its
leverage. In short, this can be done by either reducing the length of the jaw or by
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increasing the distance between the adductor musculature and the jaw joint (or both).
Psittaciforms, for example, have shorter jaws and more rostrally-placed adductor muscles
than most other birds (Thompson, 1899; Hofer, 1950; Witmer and Rose, 1991; Zusi,
1993; Sereno et al., 2009), allowing them to specialize on a diet of hard seeds and nuts.
These mechanical principles are elaborated further in the next section.
Given that different jaw mechanisms are required to process different plants or
plant parts, it might be expected that sympatric herbivore species facilitate coexistence by
evolving disparate jaw arrangements, thereby reducing competition for food resources.
Perhaps the best documented example of this involves Darwin’s finches from the
Galápagos Islands, which, although not all strictly herbivorous, exhibit an array of jaw
configurations even among primarily granivorous species. Bowman (1961) described the
mandibular musculature and cranial architecture of twelve species of Darwin’s finches.
He showed that granivorous species differ in the size and orientation of their adductor
musculature, whereby those species that feed on the largest and most resistant seeds have
both shorter beaks and larger adductor muscles situated further rostrally along the jaws
(similar to the psittaciforms described above), resulting in a more powerful bite. More
recently, Herrel et al. (2005a, b) and van der Meij and Bout (2008) documented a close
relationship between the morphology of the jaws and absolute bite force in a sample of
Darwin’s finches, corroborating the findings of Bowman (1961). Similar adaptations are
seen among contemporaneous artiodactyls; grazers, which feed primarily on tough
grasses, possess enlarged areas for the insertion of M. masseter that extends further
rostrally on the face relative to their browsing counterparts (Turnbull, 1970; Axmacher
and Hoffman, 1988; Janis, 1995; Solounias et al., 1995; Clauss et al., 2008). These
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patterns recur within a variety of artiodactyl families, including Bovidae and Cervidae
(Axmacher and Hoffman, 1988; Solounias et al., 1995), and also among platyrrhine
primates (Anapol and Lee, 1994).
It follows from the aforementioned principles of ecomorphology that the
sympatric megaherbivorous dinosaurs from the Dinosaur Park Formation (DPF) may also
have achieved dietary niche partitioning by differing in their jaw mechanics. Ostrom
(1966) used lever mechanics to propose differences in mandibular leverage between the
contemporaneous ceratopsid genera Monoclonius (= Centrosaurus) and Chasmosaurus,
both of which are known from the DPF. However, this hypothesis was not subjected to
statistical testing because only two specimens of each genus were considered. Similar
comments were echoed by Henderson (2010), who posited that centrosaurine and
chasmosaurine ceratopsids differed in their bite forces, as reflected by their relative skull
dimensions, but he did not comment on how this was achieved. It might also be argued
that the same mechanical principles operated between and within members of
Ankylosauria and Hadrosauridae to minimize competitive interactions. The study of jaw
mechanics has previously been used to examine niche partitioning among Late Jurassic
sauropods (Calvo, 1994; Fiorillo, 1998), but this study is the first to examine whether the
coexistence of megaherbivorous dinosaurs from the DPF was achieved in part due to
differential jaw mechanics, using a statistically rigorous approach.
Mandibular adductor musculature
The mechanical model of the mandible presented in this study requires knowledge of the
adductor musculature that acts upon it, particularly relating to the main line of pull
(vector resultant) exerted by those muscles. The description of the mandibular adductor
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musculature that follows adheres to the trigeminal topological paradigm established by
Luther (1914). This classification groups muscles based on their positions relative to the
ophthalmic, maxillary, and mandibular branches of the trigeminal nerve (Figure 6.1A).
Thus, when viewed in dorsal aspect, the M. constrictor internus dorsalis (mCID) and M.
adductor mandibulae internus (mAMI) are positioned between the ophthalmic and
maxillary nerves, the M. adductor mandibulae externus (mAME) between the maxillary
and mandibular nerves, and the M. adductor mandibulae posterior (mAMP) occurs caudal
to the mandibular nerve. These muscle groups are further subdivided into their individual
muscle bellies, typically with reference to their position within the group or to their
points of insertion (Figure 6.1B). Thus, the mAMI is subdivided into the M.
pseudotemporalis profundus (mPSTp), located nearest the braincase, M.
pseudotemporalis superficialis (mPSTs), located furthest from the braincase, and M.
pterygoideus dorsalis (mPTd) and ventralis (mPTv), which insert on the dorsal and
ventral aspects of the mandible, respectively. Similarly, the mAME is subdivided into the
M. adductor mandibulae externus profundus (mAMEP), M. adductor mandibulae
externus superficialis (mAMES), and M. adductor mandibulae externus medialis
(mAMEM). The mAMP is comprised of just a single muscle belly. The focus of this
section is on the mandibular adductor muscles; therefore, the mCID, which connects the
braincase to the palate, is not considered further.
Although muscle reconstruction in fossils is fraught with difficulties (Bryant and
Seymour, 1990; Bryant and Russell, 1992), it is often possible to make robust inferences
of muscle arrangements within a phylogenetic context (Bryant and Russell, 1992;
Witmer, 1995). Phylogenetic inference (sensu Bryant and Russell, 1992) uses the
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Figure 6.1. The trigeminal topological paradigm. Neuromuscular topological
organization of the adductor chamber in left dorsal view, as shown in schematic of
Sphenodon. A, major muscle compartments defined by their positions relative to the
trigeminal divisions; B, individual muscles within each compartment.
Abbreviations: gMM, maxillomandibular ganglion; gV1, ophthalmic ganglion;
mAMI, Musculus (M.) adductor mandibulae internus; mAME, M. adductor
mandibulae externus; mAMEM, M. adductor mandibulae externus medialis;
mAMEP, M. adductor mandibulae externus profundus; mAMES, M. adductor
mandibulae externus superficialis; mAMP, M. adductor mandibulae posterior;
mCID, M. constrictor internus dorsalis; mLPt, M. levator pterygoideus; mPPt, M.
protractor pterygoideus; mPSTp, M. pseudotemporalis profundus; mPSTs, M.
pseudotemporalis superficialis; mPTd+v, M. pterygoideus dorsalis and ventralis;
mTP, M. tensor periorbitae;V1, ophthalmic nerve; V2, maxillary nerve; V3,
mandibular nerve. (After Holliday and Witmer, 2007.)
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principle of homology (Patterson, 1982) to derive a null hypothesis about the possession
of a specific character state in the fossil taxon of interest (Bryant and Russell, 1992). That
is, the character state is inferred based entirely on the phylogenetic legacy of the fossil.
The method assumes a pre-existing, independently-derived phylogeny. Most importantly,
the fossil must be placed in context relative to at least two successive living outgroups,
which serve to constrain character assessment in the fossil. The node uniting the fossil
with its closest-living outgroup is termed the outgroup node, and the node uniting this
clade with the next-closest-living outgroup is termed the bracket node. Witmer (1995)
has termed the clade defined by the bracket node the Extant Phylogenetic Bracket (EPB)
because the outgroup node can be rotated to bracket the fossil between the living
outgroups.
The objective of phylogenetic inference is to estimate the unpreserved character
state in the fossil by determining the ancestral condition at the outgroup node. However,
this cannot be done if reference is made solely to the nearest extant outgroup because the
character assessment at the outgroup node will be equivocal since it is unknown in the
fossil (Bryant and Russell, 1992). In other words, it cannot be known if the character state
exhibited by the nearest living outgroup is autapomorphic or not. For this reason,
reference must be made to the character state exhibited by the successive living outgroup.
If both living outgroups possess the same character state, then the fossil taxon, which is
bracketed between the outgroups, is inferred to share that same character state. If softtissue is being inferred, the inference is strengthened if both the fossil and its living
outgroups possess osteological correlates of that tissue (e.g., muscle scars, vascular sulci).
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Witmer (1995) termed this unequivocal assessment at the outgroup node a Level I
inference (Category 1 of Bryant and Russell, 1992). Instances in which the soft-tissue is
suspected to occur in the fossil is found only in the nearest living outgroup yield an
equivocal assessment at the outgroup node and are deemed Level II (Category 2)
inferences. Level III (Category 3) inferences are those instances in which the presence of
some soft-tissue feature in the fossil is suspected because of the existence of an alleged
osteological correlate, but neither living outgroup exhibits the feature. In this case, the
inferred soft-tissue is an autapomorphy of the fossil. In the case of the dinosaurs
considered here, the origins and insertions of all adductor muscles are Level I (Category
1) inferences (Holliday, 2009).
Ankylosauria
The adductor musculature of Ankylosauria was first described by Haas (1969) with
reference to the ankylosaurid Euoplocephalus tutus, and has since been treated only
briefly by Holliday (2009). Reconstructing the jaw muscles of ankylosaurs is
complicated, not only for the reasons given above, but also because of the unique
topology of the ankylosaur skull. For these reasons, Haas’ (1969) reconstruction of the
ankylosaur jaw adductors was unusual in that it deviated in some ways from the null
hypothesis established by the EPB. His interpretations are reviewed here and amended
where appropriate.
In describing the jaw muscles of Euoplocephalus tutus, Haas (1969) noted that the
presence of a ‘postocular shelf’ complicates the interpretation of the origin of the
mandibular adductor musculature. This shelf, formed by the postorbitals on either side of
the skull (Vickaryous and Russell, 2003), descends from the roof of the skull
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immediately caudal to the orbit and terminates at a level approximately equal to that of
the distal basipterygoid processes. It separates the orbital cavity from the adductor
chamber. Haas (1969) observed that the exit for the trigeminal nerve (cranial nerve V)
occurred immediately rostroventral to this shelf, and that the adductor musculature must
therefore have originated on either side of the shelf. He placed the origins for the two
bellies of the mPST (mPSTp and mPSTs) on the laterosphenoid, rostral to both the
trigeminal opening and the postocular shelf (Haas, 1969:fig. 6). This is an unusual origin
for these muscles for two reasons: (1) the mPSTs normally originates from the
supratemporal fossa in sauropsids (except in modern crocodylians; Holliday and Witmer
2007, 2009); (2) the mPSTp normally originates on the lateral surface of the epipterygoid
in those taxa that retain it (birds and crocodylians do not). Regarding the mPSTs, the
postocular shelf precludes its attachment to the supratemporal fossa. Haas’ interpretation
about the origin of this muscle belly therefore seems reasonable. However, because
ankylosaurs retain an epipterygoid (Vickaryous et al., 2004), the mPSTp likely originated
on its lateral surface (contra Haas, 1969). Together, the mPST complex would have
inserted along the medial rim of the mandibular fossa where there exists a raised lip of
the prearticular (Haas, 1969; Holliday, 2009). The resultant force of this complex would
have been directed strongly vertically (Figure 6.2A).
As in extant sauropsids, the mPT was probably divided into two bellies, the mPTd
and mPTv. Haas (1969) recognized this, but ascribed to them the same origin on the
caudal pterygoid, and the same insertion on the medial surface of the mandible, ventral to
the jaw joint. These interpretations may well be correct, but it is more parsimonious to
place the origin of the mPTd on the dorsum of the rostral pterygoid and palatine, and the
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origin of the mPTv on the caudoventral surface of the pterygoid, which bears a smooth
and concave surface ventrally (Holliday, 2009). Furthermore, the mPTd probably inserted
on the ventral face of the medially-oriented articular, whereas the mPTv would have
inserted on the smooth, medial surface of the mandible beneath the jaw joint and likely
wrapped beneath the mandible to insert on the ventrolateral surface of the surangular. The
force resultant of the mPT complex was directed rostrodorsally (Figure 6.2A).
Haas (1969) observed a pair of adjacent muscle scars lateral to the caudal end of
the maxillary tooth row in Euoplocephalus tutus which he attributed to the origins of the
M. levator anguli oris (mLAO) and mAMES. However, it is doubtful whether these
muscles attached here for the following reasons: (1) the mLAO is not present among
crocodylians and birds, which phylogenetically bracket the dinosaurs. Parsimony
suggests that dinosaurs did not have this muscle either. (2) In extant archosaurs, the
mAMES never originates outside the temporal fossa, and it is unlikely that this was the
case for either E. tutus or other ankylosaurs. It seems more probable that the scar noted
by Haas was for the attachment of the rictal plate (a fold of skin in the corner of the
mouth), or it may have been left by the jugal blood vessels making their way to the
buccal margins of the tooth row (C. Holliday, pers. comm., 2010). Instead of originating
on the maxilla, the mAMES more likely attached to the medial surface of the
supratemporal bar, caudal to the postocular shelf, as it does in extant sauropsids
(Holliday, 2009). The point of insertion for this muscle is poorly delineated, but it
probably inserted on the caudal coronoid eminence of the mandible. Haas (1969)
reconstructed the mAMEM and mAMEP as originating within the adductor chamber,
attaching to the temporal roof and postocular shelf. These muscles were said to insert in
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Figure 6.2. Diagram of mandibular adductor muscle resultants in the
megaherbivorous dinosaurs from the Dinosaur Park Formation. Muscle
attachments inferred using ancestral state reconstruction (see Introduction for
details). A, ankylosaur; B, ceratopsid; C, hadrosaurid. mPST depicted in green,
mAME in blue, mAMP in yellow, and mPT in red. Note that the ceratopsid mAME
probably extended onto the frill, attaching to the proximal margins of the parietal
fenestrae, but this would not change the angle of the muscle resultant acting upon
the mandible. Skulls not to scale.
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and around the mandibular fossa. As indicated by Holliday (2009), the points of
attachment for the mAMEM are particularly difficult to infer in non-avian dinosaurs
because the muscle is often indistinguishable from the mAMEP both anatomically and
topologically even in extant sauropsids. mAMEM almost certainly originated along the
supratemporal fossa, and may have inserted either along or immediately caudal to the
coronoid process, but likely not within the mandibular fossa, as suggested by Haas
(1969). The sites of attachment for the mAMEP are slightly easier to infer: this muscle
probably originated along most of the caudomedial portion of the supratemporal fossa; it
inserted on the coronoid process. The resultant force of the mAME complex would have
been directed dorsocaudally (Figure 6.2A).
The mAMP was a short muscle that originated on the rostral face of the quadrate,
possibly along the elongate pterygoid process. It would have inserted on the Meckel’s
cartilage within the mandibular fossa as it does in extant sauropsids. Haas (1969:fig. 7)
illustrated this muscle inserting on a triangular field, formed by the articular, immediately
caudal to the mandibular fossa. The resultant force of this muscle would have been
directed dorsocaudally (Figure 6.2A)
Ceratopsidae
The mandibular adductor musculature of Ceratopsidae has received much attention (Lull,
1908; Russell, 1935; Haas, 1955; Ostrom, 1964b, 1966; Dodson, 1996; Holliday, 2009;
Tanoue et al., 2009), partly due to the parietosquamosal frill and how it might have
served as the origin for extensive jaw muscles. Early authors (Lull, 1908; Russell, 1935)
reconstructed ceratopsids with a mammalian suite of jaw muscles, including M.
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buccinator and M. masseter, but the sauropsid arrangement of the ceratopsid adductor
musculature has since been rectified by Haas (1955) and Ostrom (1964b).
As mentioned above, in most sauropsids, the mPST is divisible into two bellies,
the mPSTs and mPSTp. However, Haas (1955) noted that in reptiles with akinetic skulls
(e.g., turtles and crocodylians) the mPST is not divided, and because of this, reasoned
that this muscle was undivided in the akinetic skulls of ceratopsids as well. Regardless,
Holliday (2009) pointed out that, primitively, the mPSTp originates on the lateral surface
of the epipterygoid, which is lost in the ceratopsids. For this reason, and because no other
origin has been noted, the mPSTp is thought to have been absent in ceratopsids and only
the mPSTs would have remained (Holliday, 2009). The mPSTs would have originated
immediately caudal to the orbit on the lateral surface of the laterosphenoid, rostral to the
opening for the trigeminal nerve, and inserted on the medial surface of the coronoid
process. Ostrom (1964b), conversely, described the mPSTs as inserting on the
rostrolateral surface of the coronoid process. For the purpose of this study, the exact
insertion of the mPSTs on the coronoid process makes little difference; either way, the
resultant force of this muscle would have been directed in a primarily dorsal fashion
(Figure 6.2B).
Like the mPST, the mPT exists as two bellies, the mPTd and the mPTv, of which
the former was described by Haas (1955) as bipartite. The origin of the mPTd is often
difficult to discern but likely attached along the dorsal surfaces of the pterygoid and
palatine bones. It inserted along the medial surface of the mandible, ventral to the
adductor fossa (Haas, 1955). The mPTv likely originated on the ventral edge of the
palate, although clear osteological correlates are rare. The muscle inserted on the
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ventrolateral surface of the retroarticular process, and may have continued onto the lateral
surface of the mandible where there is a slight concavity on the surangular. The
combined resultant force of the mPT complex was directed rostrodorsally (Figure 6.2B).
Many authors (Lull, 1908; Russell, 1935; Haas, 1955; Ostrom, 1964b, 1966) have
illustrated the ceratopsid mAME (= m. temporalis of Lull, 1908 and Russell, 1935) as
originating on the dorsocaudal parietosquamosal frill. However, as Dodson (1996)
pointed out, this arrangement is unlikely for three reasons: (1) the force exerted by a
muscle is proportional to that muscle’s cross-sectional area rather than to its length.
Therefore, it seems unlikely that a ceratopsid would have any use for such long adductor
muscles. (2) Except for that proximal part of the frill adjacent to the supratemporal
fenestrae, the dorsal and ventral surfaces of the frill tend to be heavily vascularised,
suggestive of a tightly adhering dermis. If the jaw adductors originated along the distal
part of the frill, one would expect the dorsal surface of the frill to be smooth. (3)
Assuming the frill to be involved somehow with defence from either predation or
ritualistic combat, it would be maladaptive to place the jaw adductors in an area where
they might be regularly prone to injury. For these reasons, it seems much more likely that
the jaw adductors originated near the base of the frill. The mAMES originated on the
medial surface of the upper temporal bar, but beyond this, osteological correlates are
lacking. It inserted on the smooth surface of the surangular along the caudal margin of the
coronoid process (Ostrom, 1964b; Holliday, 2009). The mAMEM and mAMEP probably
both originated at the base of the frill, attaching to the proximal margin of the parietal
fenestrae (Dodson, 1996). The dorsal surface of the frill here is smooth and excavated by
paired channels, separated by the median parietal bar, that lead up to the parietal
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fenestrae. Haas (1955) illustrated these muscles, together with the mAMES, inserting in
the mandibular fossa, but Ostrom (1964b) noted that a more mechanically efficient
arrangement would have the mAMEM and mAMEP inserting on the apex of the coronoid
process. Holliday (2009) posits an insertion for these muscles along the dorsal surface of
the coronoid process, although he notes that the mAMEP might just as likely have
inserted on the apex of the process. Ostrom (1964b: fig. 7) illustrates the resultant force
of the mAME complex as extending straight from the apex of the coronoid process to the
distal part of the frill, which yields a vector directed strongly dorsocaudally. However, in
life, the mAMEM and mAMEP must have first passed through the adductor chamber and
emerged at the base of the frill via the supratemporal fenestrae, after which they would
have angled caudally to attach to the proximal margins of the parietal fenestrae. Although
the combined resultant of these muscles would be the same as described by Ostrom
(1964b), the effective force exerted by these muscles on the mandible would have been
more nearly vertical because the base of the frill acts as a pulley about which the muscles
work. An analogous system is observed in derived turtles, where the adductors bend
about the enlarged otic chamber by means of a pulley-like trochlear process (Gaffney,
1975). Therefore, the effective resultant force of the mAME complex illustrated here is
oriented dorsocaudally (Figure 6.2B), but is more dorsally-inclined than depicted by
Ostrom (1964b).
The mAMP was a relatively short muscle that originated on the rostral surface of
the quadrate (Haas, 1955; Ostrom, 1964b; Holliday, 2009). It inserted on the Meckel’s
cartilage within the mandibular fossa (Haas, 1955; Ostrom, 1964b; Holliday, 2009). The
resultant force of the mAMP would have been directed dorsocaudally (Figure 6.2B).
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Hadrosauridae
As with ceratopsids, the mandibular adductor musculature of Hadrosauridae was first
described by Lull and Wright (1942) within a distinctly mammalian paradigm. The jaw
musculature has more recently been reconstructed using a more plausible sauropsid
framework by Ostrom (1961) and Holliday (2009), whose interpretations are in general
agreement with each other.
The mPST is divisible into two bellies, the mPSTp and mPSTs. In lepidosaurs, the
mPSTp originates on the lateral surface of the epipterygoid, which the hadrosaurids have
lost (as in crocodylians and birds). Instead, it is thought that the mPSTp may have
originated immediately ventral to the origin of mPSTs (see below), as suggested by the
presence of a small fossa there. The insertion for the mPSTp on the mandible is poorly
defined, but it likely attached along the medial surface of the coronoid process or
surangular (Holliday, 2009). The mPSTs originated along the smooth rostromedial
surface of the supratemporal fossa. It attached to the medial surface of the coronoid
process. The combined resultant force of the mPST would have been directed
dorsocaudally (Figure 6.2C). The mPTd originated along the dorsal surface of the
pterygoid and palatine bones, as in extant lepidosaurs and archosaurs (Holliday, 2009). It
inserted on a smooth excavation along the medial surface of the retroarticular process.
The mPTv originated on the ventral surface of the palate, and inserted within a fossa on
the lateral aspect of the retroarticular process. The resultant force of the mPT complex
was directed caudoventrally (Figure 6.2C).
The origin of the mAMES is poorly demarcated, although parsimony argues that
it likely attached along the upper temporal bar. The insertion for the mAMES on the
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mandible is likewise ambiguous, but likely occurred along the caudodorsal surface of the
surangular. Ostrom (1961) and Holliday (2009) reconstruct the origin of the mAMEM
along the caudomedial portion of the supratemporal fossa, as indicated by a
ventromedially-directed concavity there. However, the insertion of the mAMEM is
problematic because its interpretation is often dependent on those of the surrounding
muscles and because the muscle often joins with the mAMES and mAMEP as they insert
on the mandible in extant crocodylians (Holliday, 2009). Regardless, both Ostrom (1961)
and Holliday (2009) reconstruct the insertion of the mAMEM within a shallow fossa
along the dorsal surface of the mandible between the cornoid process and the jaw joint.
Holliday (2009) further posits an alternative insertion on the coronoid process alongside
the mAMEP. The mAMEP would have originated along the caudomedial portion of the
supratemporal fossa where the sagittal and nuchal crests protrude. Ostrom (1961)
illustrates the insertion of this muscle as communal with the mAMEM, although Holliday
(2009) points out that the mAMEP consistently inserts on the coronoid process in the
nearest outgroups to the non-avian dinosaurs and likely did among hadrosaurids as well.
The resultant force of the mAME complex would have acted dorsocaudally (Figure
6.2C).
The attachments for the mAMP are consistent across all extant archosaurs and
lepidosaurians (Holliday, 2009). It originated on the rostral surface of the quadrate and
inserted along the medial mandibular fossa (Ostrom, 1961; Holliday, 2009). Its resultant
force would have been directed caudodorsally (Figure 6.2C).
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Materials and Methods
The dataset used here (Appendix 6.1) comprises 77 specimens spanning 12
megaherbivorous dinosaur genera, representing the clades Ankylosauria, Ceratopsidae,
and Hadrosauridae, all from the DPF. I did not include the ankylosaurid Dyoplosaurus
acutosquameus (Parks, 1924; Arbour et al., 2009) because sufficient material is lacking. I
disregarded specimens suffering from severe taphonomic deformation. Otherwise, this
distortion was minimized by considering only the best preserved side of the skull.
Lever mechanics
The vertebrate mandible has traditionally been modeled in two dimensions as a thirdclass lever in static equilibrium (e.g., Ostrom, 1961, 1964b, 1966; Crompton and Hotton,
1967; Kiltie, 1982; Smith, 1993; Weishampel, 1993; Hildebrand, 1995; Tanoue et al.,
2009), where the applied force exerted by the adductor muscles is enacted between the
fulcrum (jaw joint) and the resistance force (bite point) (Figure 6.3). This type of model
depicts the mandible in lateral view and assumes only arcilinear (rotational) movements
about the jaw joint in the absence of friction. The arrangement of the mandible as a thirdclass lever favours the maximal depression of the mandible (gape) and speed of
adduction over improved leverage because, by definition, the distance from the fulcrum
to the point of resistance is always greater than the distance from the fulcrum to the point
of the applied force. Therefore, the force exerted at the bite point will always be less than
the force exerted by the mandibular adductor muscles.
As implied above, the bite force exerted at any point along the mandible is a
function not only of muscle size (cross-sectional area), but also of leverage. Given two
third class levers acted upon by the same applied force, it is possible to increase the

260
effective bite force in one by increasing its leverage. This can be done by increasing the
length of the moment arm, which is the perpendicular distance between the direction of
force (adductor muscle resultant) and the fulcrum (jaw joint). The product of a force and
the length of its moment arm is known as the moment of that force.
In a third-class lever (Figure 6.3A), the moment arm of the applied force is distance b,
and the moment arm of the resistance force is distance a + b. The moment arms are
perpendicular to their respective force resultants, which themselves act perpendicular to
the lever axis. This is the simplest possible arrangement of a third-class lever. However,
if the resultant of the applied force acts at some other angle to the lever
axis, the new moment arm will be shorter and will result in reduced leverage (Figure
6.3B).
By applying these same principles to the vertebrate mandible, it follows that the
optimal arrangement would locate the adductor muscles as far rostrally as possible and
have them act perpendicular to the long axis of the mandible. However, this arrangement
is disadvantageous because it reduces gape and requires that the adductor muscles
originate rostral to the orbit where there is less room available for muscle attachment.
Given these restrictions, it is possible to increase the leverage of the mandible by either
elevating the point of applied force application above the lever axis (via the development
of a coronoid process) or by depressing the fulcrum below the lever axis (via depression
of the jaw joint), or both. The last optimized arrangement is shared by ankylosaurs,
ceratopsids, and hadrosaurids, although it is taken to an extreme in the last two taxa,
which have both greatly elevated coronoid processes and depressed jaw joints (Ostrom,
1961, 1964b).
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Figure 6.3. Simple third class levers with parallel opposing forces (A) and nonparallel opposing forces (B). In (A), the moment arm of the applied force is b and
the moment arm of the resistance force is a + b. In (B), the moment arm of the
applied force is b' and the moment arm of the resistance force is a + b.
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The ceratopsid mandible is modeled as a third-class lever in Figure 6.4. In this figure, the
combined lengths of segments e', e'', and b represent the length of the mandibular lever
rostral to the jaw joint. Line segments e' and e'' represent the length of the tooth row
(depicted by a thick black line). Line segment h represents the dorsoventral height of the
apex of the coronoid process above the level of the jaw joint, which occurs at a
rostrocaudal distance a from the jaw joint. The resistance force (S), depicted at the mesial
end of the tooth row, is assumed to act perpendicular to the tooth row. The applied force
(F), exerted by the mandibular adductor musculature, is interpreted as acting on the apex
of the coronoid process at an angle θ from the tooth row. The location and orientation of
the muscle resultant is a simplification, but not without justification; among sauropsids,
the largest adductor muscles capable of exerting the most force typically pertain to the
mAME complex (Ostrom, 1964b). These muscles insert at the apex of the coronoid
process and along its caudal margin (see Introduction). The resultant produced by these
muscles may not have stemmed from the coronoid apex, but this landmark is easy to
observe and is a reasonable approximation of the position of the muscle resultant because
it provides the most leverage to the mandible (Ostrom, 1964b; Tanoue et al., 2009).
Moreover, while the mAMI complex is also integral to mandibular adduction, its
constituent muscles are unlikely to have generated substantial bite forces for a couple of
reasons. First, the mPST was probably diminutive, as inferred from the small space
available for it within the rostral part of the temporal region (Ostrom, 1964b). Second, the
mPT was probably only active during the initial phase of mandibular adduction, rather
than during the power stroke (Bock, 1963; Throckmorton, 1980), and its moment arm,
along with that of the mAMP, was likely quite short (Ostrom, 1964b). For these reasons,
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Figure 6.4. Diagram of the ceratopsid mandibular lever system. Symbols (after
Ostrom, 1964b): S, resistance force at mesial tooth position; e’ + a, moment arm of
resistance force; F, applied force of adductor musculature; m, moment arm of
applied force; d, diagonal distance between jaw joint and point of insertion of
adductor musculature at apex of coronoid process; h, height of coronoid process
apex above jaw joint; θ, angle made by adductor muscle resultant relative to tooth
row; δ, angle between d and tooth row. Length of tooth row depicted by thick black
line. Further details in text. Illustration of mandible modified from Godfrey and
Holmes (1995).
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the actions of the mAMI and mAMP complexes were ignored in this study. In
ankylosaurs, ceratopsids, and hadrosaurids, the resultant of the mAME complex was
assumed to point toward the caudal margin of the supratemporal fenestra, which is where
the bulk of this complex originated (see Introduction). These simplifying assumptions
allow for models that produce tractable results (Greaves, 1995) and for meaningful
comparisons to be made between the taxa considered here.
When a lever model is in static equilibrium—that is, when there is no rotation of
the lever about the fulcrum—the moment of the resistance force is equal to the moment
of the applied force. In Figure 6.4, the resistance moment is S (e' + a), where S equals the
resistance force and e' + a equals the moment arm of that force. The applied moment is F
(m), where F equals the applied force and m equals the moment arm of that force.
Because m cannot be measured directly, it must be calculated as m = sin (θ + δ) d, where
d equals the diagonal distance between the jaw joint and the point of insertion of the
adductor musculature at the apex of the coronoid process, θ is the angle made by the
adductor resultant relative to the tooth row, and δ is the angle between d and the tooth
row.
The vertebrate mandible in its occluded (static) state can therefore be described as
follows:
S (e' + a) = F sin (θ + δ) d
where e' represents any desired distance rostral to the coronoid process, and F is assumed
to be unity. From this, it is possible to solve for S. Because S is calculated relative to unit
applied force, it is herein referred to as the relative bite force (RBF).
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I took the appropriate linear measurements from specimens with dial callipers and
a tailor’s measuring tape to the nearest mm at bite points coinciding with the apex of the
predentary, and with the mesial and distal teeth. I measured angles from photographs
using ImageJ 1.43s (Abramoff et al., 2004) with the skulls oriented so that the tooth row
was horizontal. In some instances, it was necessary to estimate the exact location of
certain landmarks because they were obscured by bone or matrix. For example, among
ceratopsids and hadrosaurids, the distal end of the tooth row is not always observable
because of inadequate preparation of the matrix between the coronoid process and the
jaw joint. However, in all observed instances, the tooth row terminates at the caudal
margin of the coronoid process and was therefore assumed to end at this point in
specimens where the distal tooth row could not be seen. Also, in many hadrosaurid skulls
where the mandible is fully occluded, the apex of the coronoid process is often hidden
from view behind the jugal. If the temporal fossa was not fully prepared, it was
sometimes necessary to estimate the apex of the coronoid process based on the curvature
of its distal end as it disappeared behind the jugal. Calculations of RBF based on different
estimations of the coronoid apex typically differed by only a few tenths of a percentage,
and so the error associated with these estimations is negligible.
Some specimens used in this study could not be measured directly because they
were inaccessible (e.g., displayed behind glass). It was therefore necessary to estimate
their dimensions from photographs, using measurements given in the literature to provide
scale. If these measurements were not available, I calculated relative dimensions instead.
This is possible because absolute dimensions are inconsequential; RBF is a unitless
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quantity. I made measurements from photographs using ImageJ 1.43s (Abramoff et al.,
2004).
Jaw mechanics and body size correlation
Many of the available lambeosaurine (Corythosaurus and Lambeosaurus) specimens
represent immature growth stages (e.g., AMNH 5340, 5382, CMN 8633, 34825, ROM
758, 869, 1947), as evidenced by their relatively small size and undeveloped cranial
ornamentation (Dodson, 1975; Evans, 2007). In order to determine whether their
inclusion in the dataset would overprint the ecomorphological signal of interest with an
ontogenetic one, I regressed RBF against the length of the mandible (a + e' + b, a proxy
for body size) using reduced major axis (RMA) regression. RMA is preferable to
ordinary least squares regression because it does not assume that the independent variable
is measured without error. I computed the coefficient of determination (R2) and the
probability (p) that size and RBF are not correlated to determine the strength of this
relationship using PAST 2.12 (Hammer et al., 2001).
Statistical comparisons
I compared RBF values at coarse (family/suborder), medium (subfamily/family), and fine
(genus) taxonomic scales. I did not consider the species level because sample size was
consistently too low at this resolution to permit meaningful statistical comparisons (even
so, many of the genera considered here are monospecific). I employed non-parametric
statistics because of issues with both non-normality and low sample size (n < 30). These
tests lack the power of parametric statistics but are more robust against committing Type
I errors (reporting differences where none exist). Typically, arcsine-transformation is
recommended to normalize percentages and proportions (Sokal and Rohlf, 1995);
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however, it is inapplicable in this instance because the value of RBF may vary higher
than 1. I tested systematic differences in bite performance along the mandible using nonparametric multivariate analysis of variation (NPMANOVA), which tests for differences
between two or more groups of multivariate data using a specified distance measure
(Anderson, 2001). In the case of the Euclidean distance measure used here,
NPMANOVA is analogous to the more familiar multivariate analysis of variance
(MANOVA), both of which return an F statistic. In NPMANOVA, significance is
estimated by permutation across groups, which I performed using 10,000 replicates.
I likewise conducted post-hoc pairwise comparisons using NPMANOVA with
Bonferroni correction. Bonferroni correction was designed to counteract the problem of
multiple comparisons, whereby the probability of committing a type I error increases
with the number of simultaneous comparisons being made (Sokal and Rohlf, 1995). This
problem is rectified by multiplying the p-value by the number of pairwise comparisons,
effectively lowering the significance level. However, because Bonferroni correction
provides little power and is probably too conservative (Sokal and Rohlf, 1995;
Nakagawa, 2004), I also report uncorrected probabilities for interpretation.
Where appropriate, I made comparisons of two univariate samples at select bite
points along the mandible using a two-tailed (Wilcoxon) Mann-Whitney U test, which
tests for differences in sample medians. I set statistical significance for all tests at α =
0.05. I performed all statistical tests using PAST 2.12 (Hammer et al., 2001).
Because the DPF does not represent a single assemblage of contemporaneous
organisms, time-averaging is an issue. This has the effect of masking palaeoecological
patterns that are otherwise distinguishable only at fine temporal resolutions
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(Behrensmeyer and Hook, 1992). For this reason, I minimized the effects of timeaveraging by making the above comparisons within each of the two most inclusive
Megaherbivore Assemblage Zones (MAZs) identified in Chapter 2. To summarize,
MAZ-1 encompasses the lower 28 m of the DPF, whereas MAZ-2 encompasses intervals
from 29–52 m. While this time-constrained approach theoretically increases the
probability of recovering differences that would otherwise be masked by the effects of
time-averaging, there is a trade-off in that sample size (and hence statistical power) is
reduced considerably. Also, this approach does not completely remove the effects of
time-averaging because the abovementioned MAZs are themselves time-averaged over a
period of approximately 600 Ka (Chapter 2).
Results
Relative bite force and body size
RBF decreases with increasing mandible length at the rostral-most bite points, and
decreases with increasing mandible length at the distal tooth (Figure 6.5). The R2 value at
the predentary apex is moderate, but the relationship between RBF and mandible length
is significant (Figure 6.5A). Elsewhere along the mandible, these values are low and
insignificant (Figure 6.5B, C). Because there does not appear to be a particularly strong
correlation between RBF and mandible length at all points along the jaw, I retained the
immature Corythosaurus and Lambeosaurus specimens in all subsequent analyses.
Time-averaged approach
The results of the lever analysis (Figure 6.6A) demonstrate that RBF increases distally
along the mandible for all taxa. In ankylosaurs, the increase in RBF is gradual along the
entire length of the mandible, varying from ~0.25 at the predentary apex to ~0.75 at the
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Figure 6.5. Regression plots depicting the relationship between basal skull length
and relative bite force at various points along the mandible. A, predentary apex; B,
mesial tooth; C, distal tooth.
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Figure 6.6. Results of the mandibular lever analyses. A, time-averaged analysis; B,
MAZ-1 analysis; C, MAZ-2 analysis. Note that the same mechanical patterns are
maintained between MAZ-1 and -2, despite differences in taxonomic composition
between the two assemblage zones.
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distal tooth. Panoplosaurus generally possesses higher RBFs than Euoplocephalus at
each point along the mandible; however, their confidence intervals overlap considerably.
Chasmosaurus exhibits a particularly large confidence interval. This does not appear to
be an artefact; rather, it is a result of the fact that CMN 2245 possesses an especially
powerful bite (Appendix 6.1). Ceratopsids and hadrosaurids have higher RBFs than
ankylosaurs, particularly at the distal tooth, where the mean RBF varies between ~2.0 and
~2.5. Ceratopsids and hadrosaurids do not appear to differ systematically in their RBFs at
any point along the mandible.
Highly significant differences are recovered among the higher level taxa (N = 77,
F = 56.4, p < 0.0001). Posthoc pairwise comparisons (Table 6.1) reveal that ankylosaurs
differ from both ceratopsids and hadrosaurids, but the last two taxa do not differ
significantly from one another, even despite their larger sample sizes. Ceratopsids have
significantly higher RBFs than ankylosaurs at the mesial (N = 25, U = 14, p < 0.01) and
distal (N = 23, U = 0, p < 0.001) ends of the tooth row. Hadrosaurids have significantly
higher RBFs than ankylosaurs at the predentary apex (N = 32, U = 6, p < 0.05), and at the
mesial (N = 57, U = 5, p < 0.0001) and distal (N = 60, U = 0, p < 0.0001) ends of the
tooth row. Within-group differences are generally absent at finer taxonomic scales (Table
6.2), with one exception: the lambeosaurines Corythosaurus and Lambeosaurus
reportedly differ in their jaw mechanics when the uncorrected p-values are considered
(Table 6.3), but the follow-up Mann-Whitney U tests along the mandible do not
corroborate this. The difference detected by NPMANOVA might therefore be attributed
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Table 6.1. NPMANOVA results for the time-averaged, suborder/family level
pairwise comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle. Significant results reported in
bold.
Ankylosauria Ceratopsidae Hadrosauridae
(n = 8)
(n = 17)
(n = 52)
Ankylosauria (n = 8)
0.000
0.000
Ceratopsidae (n = 17)
0.255
0.000
Hadrosauridae (n = 52)
0.765
0.000
Total analysis: N = 77, F = 56.4, p = 0.000
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Table 6.2. NPMANOVA results for the time-averaged, family/subfamily level pairwise comparisons. Bonferroni corrected pvalues shown in lower left triangle; uncorrected p-values shown in upper right triangle. Significant results reported in bold.
Ankylosauridae Nodosauridae Centrosaurinae Chasmosaurinae Hadrosaurinae Lambeosaurinae
(n = 4)
(n = 4)
(n = 12)
(n = 5)
(n = 15)
(n = 37)
Ankylosauridae
(n = 4)
Nodosauridae
(n = 4)
Centrosaurinae
(n = 12)
Chasmosaurinae
(n = 5)
Hadrosaurinae
(n = 15)
Lambeosaurinae
(n = 37)

0.141
1

0.001

0.009

0.000

0.000

0.001

0.008

0.000

0.000

0.355

0.652

0.332

0.371

0.173

0.007

0.011

0.143

0.114

1

0.005

0.005

1

1

0.002

0.002

1

1

Total analysis: N = 77, F = 22.76, p = 0.000

0.648
1

Table 6.3. NPMANOVA results for the time-averaged, family/subfamily level pairwise comparisons. Bonferroni corrected pvalues shown in lower left triangle; uncorrected p-values shown in upper right triangle. Significant results reported in bold.
Abbreviations: Cen, Centrosaurus; Cha, Chasmosaurus; Cor, Corythosaurus; Euo, Euoplocephalus; Gry, Gryposaurus; Lam,
Lambeosaurus; Pan, Panoplosaurus; Pro, Prosaurolophus; Sty, Styracosaurus.
Euo
Pan
Cen
Sty
Cha
Gry
Pro
Cor
Lam
(n = 4) (n = 4) (n = 9) (n = 2) (n = 4) (n = 6) (n = 9) (n = 16) (n = 20)
Euo
(n = 4)
Pan
(n = 4)
Cen
(n = 9)
Sty
(n = 2)
Cha
(n = 4)
Gry
(n = 6)
Pro
(n = 9)
Cor
(n = 16)
Lam
(n = 20)

0.144
1

0.002

0.063

0.029

0.005

0.002

0.000

0.000

0.002

0.068

0.033

0.004

0.002

0.000

0.000

0.493

0.396

0.739

0.576

0.113

0.296

0.542

0.823

0.856

0.880

0.392

0.513

0.268

0.073

0.399

0.698

0.379

0.646

0.575

0.232

0.068

0.083

1

1

1

1

1

1

1

0.169

0.148

1

1

1

0.054

0.061

1

1

1

1

0.007

0.014

1

1

1

1

1

0.007

0.007

1

1

1

1

1

0.037
1

Total analysis: N = 77, F = 14.66, p = 0.000
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to the effects of missing data, as both genera are missing approximately half the data for
the predentary apex.
Time-constrained approach
MAZ-1
The results of the MAZ-1 lever analysis closely mirror those of the time-averaged
analysis (Figure 6.6B). Although Euoplocephalus is known from MAZ-1 (Chapter 2), it
is not present in this analysis because of a lack of adequate data. Ceratopsids and
hadrosaurids once again possess particularly high RBFs at the distal tooth, but there
appears to be two clusters of genera here: one scoring ~2.0 (Chasmosaurus +
Gryposaurus + Corythosaurus + Parasaurolophus) and another scoring ~2.5
(Centrosaurus + Lambeosaurus). However, the confidence intervals of all these genera
overlap considerably.
Highly significant differences are recovered among the higher level taxa (N = 40,
F = 32.22, p < 0.0001). Again, ankylosaurs differ from both ceratopsids and hadrosaurids,
but the last two taxa do not differ significantly from one another (Table 6.4). Ceratopsids
possess significantly higher RBFs than ankylosaurs at the distal tooth (N = 11, U = 0, p <
0.05). Hadrosaurids possess higher RBFs than ankylosaurs at the mesial (N = 30, U = 2,
p < 0.01) and distal (N = 31, U = 0, p < 0.01) ends of the tooth row. No further
differences are recovered with increasing taxonomic resolution, at either the
family/subfamily (Table 6.5) or genus (Table 6.6) levels.
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Table 6.4. NPMANOVA results for the MAZ-1, suborder/family level pairwise
comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle. Significant results reported in
bold.
Ankylosauria Ceratopsidae Hadrosauridae
(n = 4)
(n = 9)
(n = 27)
Ankylosauria (n = 4)
0.002
0.000
Ceratopsidae (n = 9)
0.266
0.005
Hadrosauridae (n = 27)
0.796
0.001
Total analysis: N = 40, F = 32.22, p = 0.000
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Table 6.5. NPMANOVA results for the MAZ-, family/subfamily level pairwise comparisons. Bonferroni corrected p-values
shown in lower left triangle; uncorrected p-values shown in upper right triangle. Significant results reported in bold.
Nodosauridae (n = 4) Centrosaurinae (n = 8) Hadrosaurinae (n = 5) Lambeosaurinae (n = 22)
Nodosauridae
(n = 4)
Centrosaurinae
(n = 8)
Hadrosaurinae
(n = 5)
Lambeosaurinae
(n = 22)

0.002
0.013
0.049

1

0.001

1

0.008

0.000

0.310

0.338
0.592

1

Total analysis: N = 39, F = 20.84, p = 0.000

Table 6.6. NPMANOVA results for the MAZ-1, genus level pairwise comparisons. Bonferroni corrected p-values shown in
lower left triangle; uncorrected p-values shown in upper right triangle. Significant results reported in bold.
Panoplosaurus Centrosaurus Gryposaurus Corythosaurus Lambeosaurus
(n = 4)
(n = 8)
(n = 5)
(n = 15)
(n = 6)
Panoplosaurus
(n = 4)
Centrosaurus
(n = 8)
Gryposaurus
(n = 5)
Corythosaurus
(n = 15)
Lambeosaurus
(n = 6)

0.002
0.017

0.007

0.001

0.004

0.303

0.200

0.293

0.932

0.197

0.069

1

0.007

0.200

1

0.036

0.293

1

0.100
0.996

Total analysis: N = 38, F = 17.37, p = 0.000
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MAZ-2
The results of the MAZ-2 lever analysis closely resemble those of the time-averaged
analysis (Figure 6.6C). Ankylosaurs could not be included in the statistical analyses due
to insufficient sample size (Chapter 2). No significant differences were recovered either
between the ceratopsids and hadrosaurids (N = 19, F = 1.103, p > 0.05) or between
subfamilies within each of these taxa (N = 19, F = 2.066, p > 0.05).
Discussion
Relative bite force and body size
Some comments bear mentioning regarding the correlation between R2 and the position
of the bite point along the lambeosaurine mandible. It is likely that the higher R2 and
significant p-values calculated at the predentary apex reflects some degree of
autocorrelation because the length of the mandible, used as the independent variable in
the RBF regressions, is also used in the calculation of RBF at the predentary apex. On the
other hand, the lowest R2 and most insignificant p-values calculated at the distal tooth
position might result from variation associated with the occasional estimation of the distal
tooth position (see Materials and Methods). For this reason, the results produced at the
mesial tooth position are likely more representative of the true relationship between body
size and RBF.
Mandibular lever mechanics
The increased RBF produced moving caudally along the mandible in all taxa (Figure 6.6)
is in accordance with the predicted behaviour of a third-class lever. Moving the bite point

283
caudally effectively shortens the moment arm of the applied force relative to that of the
resistance force, resulting in higher RBFs.
The fact that ceratopsids and hadrosaurids possess statistically higher RBFs than
ankylosaurs can be attributed primarily to the relatively taller coronoid processes and
depressed jaw joints of the first two taxa, and also to their more dorsally-inclined
adductor muscle resultants (Figure 6.2, Appendix 6.1). This has the effect of increasing
the length of the moment arm of the applied force relative that of the resistance force,
thereby improving the leverage of the system. Similar adaptations are seen among
ungulates (Greaves, 1995, 1998; Janis, 1995), although the arrangement of the jaw
system is opposite that seen in megaherbivorous dinosaurs. In dinosaurs—as in all
sauropsids—the mAME complex exerts the most force when the mandible is fully
adducted. The resultant of this muscular complex is oriented dorsocaudally. Therefore,
increasing the length of the moment arm of the applied force requires that the jaw joint be
depressed, that the coronoid be elevated, or both. In ungulates, the main adductor is the
M. masseter, which originates along the zygomatic arch and inserts on the angle of the
mandible, yielding a dorsorostrally-inclined resultant. Therefore, the only way to increase
the length of the moment arm of the applied force in ungulates is to depress the point of
insertion of the masseter or to elevate the jaw joint relative to the tooth row, or both.
Cerapods (ceratopsids + hadrosaurids) and ungulates have thus evolved similar adaptive
responses to herbivory, albeit in very different ways, each constrained by a different
phylogenetic legacy.
This mechanism does not, however, account for the convergence of RBF values at
the predentary apex across all taxa (Figure 6.6). This likely reflects the fact that
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ankylosaurs possess relatively shorter diastemae than both ceratopsids and hadrosaurids.
Therefore, while ankylosaurs have a relatively shorter moment arm of the applied force
compared to ceratopsids and hadrosaurids, they also have a relatively shorter moment
arm of the resistance force at the predentary tip, resulting in comparable RBFs across
taxa at this particular bite point.
The sudden increase in RBF at the distal tooth in both ceratopsids and
hadrosaurids (Figure 6.6) also cannot be attributed to the morphology of their jaw joints
and muscle attachments. Rather, it is a consequence of the fact that the tooth row in these
two taxa extends caudal to the coronoid process, where the bulk of the adductor
musculature inserts, and upon which the applied force acts. Thus, caudal to the coronoid
process, the ceratopsid and hadrosaurid mandible behaves as a second-class lever, with
the resistance force acting between the fulcrum and the applied force. This system is
mechanically advantageous and is able to generate higher forces than are applied to the
system (i.e., RBF > 1).
If the apparent disparity in jaw mechanics between the ankylosaurs
Euoplocephalus and Panoplosaurus (Figure 6.6A) is real, rather than a reflection of small
sample size (see Limitations of this study below), it would appear to be due to the fact
that the jaws of the latter have coronoid eminences and jaw joints that are more displaced
relative to one another than in the former (Appendix 6.1), resulting in a longer moment
arm of the applied force. The angle of the adductor resultant is similar between the two
taxa and does not appear to contribute to their differential jaw mechanics.
Ostrom (1966) argued that the coexisting ceratopsids Chasmosaurus and
Monoclonius (= Centrosaurus) differed in their jaw mechanics, a result of their different
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frill orientations. He reasoned that, because the frill of Centrosaurus is more erect than
that of Chasmosaurus, the former taxon possessed more vertical external mandibular
adductor musculature than the latter (Ostrom believed that these muscles originated along
the dorsocaudal margins of the parietal fenestrae). As a consequence, Centrosaurus must
have exerted a more powerful bite than the similar-sized Chasmosaurus.
The results of the present study do not agree with those of Ostrom (1966) for two
reasons. First, the total sample size used here is much larger than that of Ostrom, who
examined just two specimens per taxon. This increased sample size produces increased
taxonomic overlap and, consequently, decreased statistical significance. Second, and
more importantly, Ostrom’s contention that the external mandibular adductor
musculature originated along the dorsocaudal margins of the parietal fenestrae is
unrealistic. If the musculature originated instead at the base of the frill, as argued here,
and if the pulley-like arrangement of these muscles is recognized (see Introduction), then
the differences in the orientation of the frill between Centrosaurus and Chasmosaurus are
negated, and their jaw mechanics become indistinguishable.
Henderson (2010) also argued that centrosaurines exerted stronger bite forces than
chasmosaurines. His argument stemmed from his demonstration that the former taxon
exhibits dorsoventrally deeper skulls than the latter. According to beam theory, this
would allow the skull to resist elevated bite forces. The results of the present study do not
support the findings of Henderson (2010). It is possible that centrosaurines had more
powerful bites than chasmosaurines if a difference in mandibular adductor muscle size
could be established, but this has not been done and is, in fact, quite difficult to
demonstrate (Bryant and Seymour, 1990; Bryant and Russell, 1992).
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Palaeodietary implications
Ankylosauria
Given their small, phylliform teeth (Coombs, 1990), ankylosaurs are traditionally thought
to have fed on soft, lush vegetation, requiring minimal oral processing (Russell, 1940;
Haas, 1969; Russell, 1977; Bakker, 1978; Dodson, 1983; Weishampel, 1984a; Galton,
1986; Mustoe, 2007). However, after studying the tooth wear and jaw joint morphology
of Euoplocephalus tutus, Rybczynski and Vickaryous (2001) inferred the existence of a
previously unrecognized propalinal jaw mechanism in at least this one species. They
therefore suggested that E. tutus was capable of processing tough foodstuffs, and that the
ankylosaur diet was perhaps more varied than traditionally assumed. Additional evidence
fostered in support of this interpretation includes the transversely wide skull, deep
mandible with dorsally bowed tooth row, and ossified secondary palate, all of which
correlate with elevated mechanical resistance of food items (Chapter 4).
Although the ankylosaur jaw mechanism may have been more complex than
traditionally assumed, the present study confirms that the mechanism was not particularly
efficient—certainly not to the same degree as in the contemporaneous ceratopsids and
hadrosaurids. It is therefore unlikely that ankylosaurs consumed as much woody plant
material as the other two taxa (see Ceratopsidae and Hadrosauridae below), which were
better able to generate the higher bite forces required to fracture mechanically resistant
foodstuffs. This interpretation is corroborated by circumstantial evidence in the form of a
cololite associated with a Lower Cretaceous ankylosaurid from Australia (Molnar and
Clifford, 2001). The fossil contains vascular tissue (probably leaves), angiosperm fruits
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or endocarps, small seeds, and possible fern sporangia, but there is no evidence for
woody twigs or stems.
The suggestion that Panoplosaurus may have had a more efficient jaw
mechanism than Euoplocephalus, although statistically unsupported, finds some
corroboration from the fact that the former taxon possesses dorsoventrally deep (fused)
vomers with a distally dilated process (Carpenter, 1990; Vickaryous, 2006). Although
functional studies are lacking, this feature may have served to dissipate stress associated
with elevated bite forces (Vickaryous, 2006). It therefore seems possible that
Panoplosaurus was adapted to consuming more resistant plant matter than the sympatric
Euoplocephalus. Given that the ankylosaur dentition (Coombs, 1990) is not particularly
well-suited to the fracturing of hard objects, such as seeds (Lucas, 2004), it is likely that
the more efficient jaw mechanism of Panoplosaurus was instead an adaptation to coping
with tough plant material, including leaves and perhaps some woody vegetation.
In spite of the foregoing discussion, it is prudent to call attention to the fact that
the limited degree to which ankylosaurs were capable of oral processing may have been
offset by the alleged possession of a muscular gizzard. This was suggested after the
finding of gastroliths associated with a specimen of Panoplosaurus mirus (ROM 1215;
Carpenter, 1990). However, there is some doubt about whether the gastroliths truly
pertain to the specimen in question, as neither the field notes nor the original description
(Russell, 1940) mention the existence of gizzard stones (K. Seymour, pers. comm.,
2011).
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Ceratopsidae and Hadrosauridae
The complex, independently-derived tooth batteries of ceratopsids and hadrosaurids have
led many to believe that these animals fed on a variety of resistant plant materials
(Hatcher et al., 1907; Tait and Brown, 1928; Lull, 1933; Russell, 1935; Lull and Wright,
1942; Ostrom, 1961, 1964a, b, 1966; Bakker, 1978; Russell, 1977; Béland and Russell,
1978; Farlow, 1987; Dodson, 1993, 1996; Dodson et al., 2004; Horner et al., 2004;
Hwang, 2005; Williams et al., 2009; Varriale, 2011), a position corroborated by the
present study. The ungulate-like adaptations of the jaws, developed in an equal-butopposite way, suggest that these mechanical systems evolved in response to similar
selection pressures. The ungulate masticatory system is thought to have evolved in
response to a shift from omnivory or low-fibre herbivory to folivory, with leaves
becoming a more readily available food source in the early Eocene (Janis, 2008). It is
therefore conceivable that both ceratopsids and hadrosaurids used their highly-derived
jaws to comminute woody browse as well. This interpretation is supported in the case of
the hadrosaurids by evidence from enterolites (Kräusel, 1922; Currie et al., 1995; Tweet
et al., 2008) and coprolites (Chin and Gill, 1996; Chin, 2007), which indicate that these
animals fed on conifer and angiosperm browse, including abundant woody materials
(unfortunately, circumstantial evidence for ceratopsid diet is lacking). However, there is
some question about whether all of the gut contents are truly autochthonous (Abel, 1922;
Currie et al., 1995), and the attribution of isolated coprolites to any one taxon is similarly
problematic (Chin, 1997). These data must therefore be regarded with due caution.
Although their mandibular leverage is effectively identical, ceratopsids, with their
larger skulls, probably achieved a more powerful bite than hadrosaurids. This is a

289
consequence of the fact that muscle mass typically scales positively with skull size
(Kiltie, 1982; Herrel et al., 2001, 2002; Meers, 2002; van der Meij and Bout, 2008;
Verwaijen et al., 2002; Erickson et al., 2012). Nonetheless, such an inference should not
be taken to mean that ceratopsids necessarily possessed greater dietary breadths than
hadrosaurids. Rather, their pointed beaks (Chapter 5) suggest that ceratopsids were
selective, and their specialized, shearing dentition (Ostrom, 1964b, 1966) likewise attests
to the fact that they were adapted to eating mostly tough browse (Lucas, 2004).
Conversely, hadrosaurids possessed wider beaks (Chapter 5) and dental batteries capable
of both shearing and crushing functions (Carrano et al., 1999). This evidence, in
combination with the fact that hadrosaurids could probably feed at a range of heights
above the ground (Chapter 3), attest to the relatively greater dietary breadths of these
animals.
Evolutionary palaeoecology
The rationale behind the expectation that the coexistence of the megaherbivorous
dinosaurs from the DPF was facilitated by dietary niche partitioning has been provided
elsewhere (Chapter 1). Of the 12 genera examined here—six of which coexisted at any
time—only two or three distinct jaw mechanisms are distinguishable. Ankylosaurs can be
discerned from ceratopsids and hadrosaurids on the basis of their mandibular mechanics,
and among ankylosaurs, there is tentative evidence to suggest that Panoplosaurus and
Euoplocephalus differed. If megaherbivore coexistence in the DPF was facilitated by
dietary niche partitioning, it must therefore have occurred as a result of multiple facets of
morphology acting in concert to produce distinct feeding ecologies, and is not simply
attributable to differential jaw mechanics. Previous studies have shown that sympatric
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ankylosaurids and nodosaurids differ in the morphology of their teeth (Coombs, 1990)
and beaks (Carpenter, 1982, 1997a, b, 2004; Chapter 5), which may have alleviated
competition between these two taxa. Ceratopsids and hadrosaurids likely differed
according to their browse heights (Chapter 3), overall skull proportions (Chapter 4), and
snout shape (Chapter 5). Henderson (2010) posited that the dorsoventrally deeper skulls
of centrosaurines may have enabled them to macerate more resistant plant tissues than
chasmosaurines—a finding that later garnered weak statistical support (Chapter 4).
Sympatric hadrosaurines and lambeosaurines from the DPF appear quite similar in most
aspects of inferred ecomorphology, save for possible size differences that might have
allowed the larger hadrosaurines to subsist on a lower quality diet (Chapter 4). It is also
likely that hadrosaurids exhibited ontogenetic niche partitioning, whereby the immature
individuals subsist on a more nutritious diet than the older individuals (Werner and
Gilliam, 1984). This is evidenced by the fact that the juveniles do not compensate for
their lesser mandibular adductor muscle mass by increasing their RBF (Figure 6.5).
Although sufficient material with which to test this hypothesis for ankylosaurs and
ceratopsids is lacking, ontogenetic niche partitioning presumably occurred within these
taxa as well.
The temporal longevity of the patterns identified here, spanning ~1.5 Ma,
suggests, first, that time-averaging does not obscure the palaeoecological relationships of
the DPF megaherbivores, other than to artificially increase taxonomic diversity. Second,
it lends additional support to the contention that the DPF fossil assemblage constitutes a
chronofauna (Brinkman et al., 2004; Chapter 2). This term was coined by Olson
(1952:181) to refer to “a geographically restricted, natural assemblage of interacting
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animal populations that has maintained its basic structure over a geologically significant
period of time.” This structural stability is traditionally attributed to environmental stasis
(Olson, 1952; Brinkman et al., 2004); however, the DPF records a continuous
transgression of the Western Interior Seaway, shifting from alluvial depositional
environments low in section to coastal/estuarine settings higher in section (Eberth, 2005).
Palaeopalynological data also indicate a shift to more abundant hydrophytic plant taxa
(Braman and Koppelhus, 2005; Braman, pers. comm., 2010). The stability of the DPF
megaherbivore chronofauna might instead be attributable to evolved mutualisms,
historical contingency, or the ‘law of large numbers’ (DiMichele et al., 2004).
Limitations of this study
The present study suffers from some shortcomings that are currently beyond
reconciliation. First, sample size is quite small, which greatly reduces the power of the
statistical tests applied here. This does not reflect a lack of sampling effort so much as the
sparing nature of the fossil record—even in the DPF, where fossils are relatively
abundant. The prohibitive effects of small sample size are especially apparent at fine
taxonomic and temporal resolutions. Nonetheless, the current survey is the best that can
be offered with respect to the questions in mind here, and the results are likely to endure
until the DPF is sampled more intensively over time. Sokal and Rohlf (1995:263) provide
the following equation as a means for iteratively calculating the minimum sample size
per group needed to detect a given difference in an analysis of variance (ANOVA):
n ≥ 2 (σ/δ)2(tα[ν] + t2(1-P)[ν])2
where n is the number of replications, σ is the true standard deviation, δ is smallest
detectable difference of interest, ν is the degrees of freedom of the sample standard
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deviation for a predetermined number of groups with n replications per group, α is the
significance level, P is the power of the test, and tα[ν] and t2(1-P)[ν] are values taken from a
t-table with ν degrees of freedom and corresponding to probabilities of α and 2(1 – P),
respectively. σ and δ can be calculated based on a priori knowledge about how the groups
vary. Assuming α = 0.05 and P = 0.80, ~24 specimens per taxon would be necessary to
detect a ~26% difference in RBF at the distal tooth between the ankylosaurs
Euoplocephalus and Panoplosaurus. Under the same assumptions, ~213 specimens per
taxon would be necessary to detect a ~5% difference in RBF at the distal tooth between
ceratopsids and hadrosaurids. The great number of specimens necessary to distinguish the
last two taxa suggests that they truly did not differ in the efficiency of their jaw
mechanics.
Second, although I took steps to minimize the amount of time-averaging in this
study (see Materials and Methods above), the time bias remains too large to effectively
capture true, interacting palaeocommunities. It is possible to reduce the time bias further
by dividing the MAZs into ~300 Ka sub-zones (Chapter 2), more closely approximating
true palaeocommunities, but the sample size (and resulting statistical power) per sub-zone
becomes drastically reduced in doing so. This problem further emphasizes the importance
of continued fossil collecting in the DPF.
Third, taphonomic distortion might also affect the results of this study to some
extent. Assuming that the degree of distortion did not differ systematically among taxa
(there is no evidence for such), this would tend to obscure the differences between taxa.
Care was taken to avoid using radically-distorted specimens, but no specimen examined
here was perfectly preserved. Nonetheless, most distortion was due to mediolateral
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crushing or shearing of the skull in the sagittal plane. This does not profoundly alter the
proportions of the mandible, although it may affect the orientation of the mandibular
adductor muscle resultant. Even so, sensitivity analysis suggests that changing the
orientation of the muscle resultant by up to 10% of the original value results in only a
~1–2% difference in the estimated RBF. Taphonomic distortion is therefore not expected
to strongly alter the ecomophological signal sought here.
Fourth, it must be remembered that the lever model employed here describes
muscle vectors in the vertical plane only. Therefore, it cannot account for rotational
vectors acting about the long axis of the mandible that may result from the action of the
mandibular adductor muscles, as has been suggested for hadrosaurids (Versluys, 1922,
1923; von Kripp, 1933; Cuthbertson et al., in press). The model also cannot account for
the effects of propaliny, in which the mandible moves in a fore-aft direction relative to
the cranium. However, there exists good evidence for propaliny among ankylosaurs
(Rybczynski and Vickaryous, 2001), ceratopsids (Lull, 1908; Sampson, 1993; Barrett,
1998; Varriale, 2004), and hadrosaurids (Ostrom, 1961). Clearly, although the lever
model may estimate RBF with some fidelity, it is by no means comprehensive in its
scope.
A more complete understanding of dinosaur jaw mechanics might be afforded by
the use of alternative modeling approaches. Greaves (1978) developed a model whereby
the lever mechanics of the entire mandible are assessed in dorsal aspect, accounting for
the fact that applied forces from the balancing side of the mandible can be transmitted
across the symphysis to act on the working side. Tanoue et al. (2009) recently applied
this model to basal ceratopsians to assess the leverage of their jaws in an evolutionary
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context. It must be noted, however, that Ohashi (2011) applied three-dimensional finite
element modeling to the hadrosaurid mandible and found that muscle forces on the
balancing side of the jaw are transmitted poorly across the predentary, which spans the
symphysis. This calls into question the use of Greaves’ (1978) model as it applies to
ornithischian dinosaurs.
Conversely, this also highlights the power of three-dimensional finite element
modeling (FEM), which is regularly employed to understand stress distribution in skeletal
structures (Barrett and Rayfield, 2006). FEM has the potential to more accurately
describe the biomechanics of the jaws, but only when such parameters as fibre length,
muscle stress and pennation are known (Curtis et al., 2010). Unfortunately, models like
these require three-dimensional preservation of the skull with minimal distortion, of
which sufficient sample sizes are not yet available from the DPF for meaningful
statistical comparisons. Simpler, two-dimensional models that employ beam theory might
offer a more viable alternative (e.g., Therrien et al., 2005).
Conclusions
Of the megaherbivorous dinosaurs from the DPF, ankylosaurs had the poorest bite
performance, whereas ceratopsids and hadrosaurids had the greatest. The elevated bite
performance of ceratopsids and hadrosaurids is owed to their taller coronoid processes,
depressed jaw joints, and distally expanded tooth rows. These adaptations produced a
mechanical advantage that allowed these animals to bite with up to ~2–2.5 times the
force applied by the adductor musculature. In this way, the jaw systems of ceratopsids
and hadrosaurids are reminiscent of that of ungulates.
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Given the low systematic disparity, differential jaw mechanics probably did not
play a major role in facilitating dietary niche partitioning among the megaherbivorous
dinosaurs from the DPF. Ankylosaurs probably fed primarily on less resistant, nonwoody herbage, whereas ceratopsids and hadrosaurids consumed tougher, woodier
browse. There is tentative evidence among ankylosaurs that Panoplosaurus had a more
powerful bite than Euoplocephalus, and probably ate more fibrous vegetation as a result,
but differential bite mechanics are not observed among either ceratopsids or hadrosaurids.
If dietary niche partitioning allowed sympatric megaherbivores to coexist, it must have
been achieved via other means in addition to differential bite mechanics. The temporal
stability of the patterns identified here supports the contention that the megaherbivorous
dinosaur assemblage of the DPF constitutes a chronofauna.
In addition to the usual call for more fossils, this study emphasizes the need for
further investigation of dinosaur jaw mechanics. The calculation of RBF is relatively
straightforward, but it would be desirable to estimate absolute bite forces to better
understand what types of plant tissues the megaherbivores from the DPF were capable of
processing. The role of the predentary in ornithischian jaw mechanics also requires
elucidation, particularly in answer to the question of whether it transmitted bite forces
across the mandibular symphysis. Finally, knowledge of the movement of the mandible
during oral processing (e.g., arcilineal, orthal, propalinal, transverse) would provide
further nuance to the modeling of dinosaur jaw mechanics.
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Appendix 6.1. Raw data used in this study. Taxonomic abbreviations: A, Ankylosauria; An; Ankylosauridae; C, Ceratopsidae;
Ce, Centrosaurinae; Cen, Centrosaurus; Ch, Chasmosaurinae; Cha, Chasmosaurus; Cor, Corythosaurus; Euo, Euoplocephalus;
Gry, Gryposaurus; H, Hadrosauridae; Ha, Hadrosaurinae; No, Nodosauridae; La, Lambeosaurinae; Lam, Lambeosaurus; pac,
‘pachyrhinosaur’; Pan, Panoplosaurus; Par, Parasaurolophus; Pro, Prosaurolophus; Sty, Styracosaurus; Vag, Vagaceratops.
Other abbreviations: ?, cannot estimate (missing data); L, left; MAZ, Megaherbivore Assemblage Zone; R, right; RBF,
relative bite force. See text and Figure 6.3 for symbol explanations.
Suborder/ Family/
Genus
Specimen
MAZ Side a + e' + b a + e' a – e''
d
ø
∂
Family Subfamily
A
An
Euo
AMNH 5337
?
L
?
201
81
50
47.76 29.75
A
An
Euo
AMNH 5405
?
R
259
204
87
45
34.93 54.15
A
An
Euo TMP 1997.132.0001
?
L
?
205
68
69
38.57 31.11
A
An
Euo
UALVP 31
2
R
?
185
83
57
26.44 10.91
A
No
Pan
AMNH 5381
1
L
347
255
130
122 21.79 52.52
A
No
Pan
CMN 2759
1
L
285
184
84
91
44.25 40.94
A
No
Pan
ROM 1215
1
L
?
193
93
65
17.08 50.75
A
No
Pan TMP 1998.098.0001
1
R
?
282
125
92
59.62 33.93
C
Ce
Cen
AMNH 5351
1
R
611
351
85
185 59.24 57.17
C
Ce
Cen
CMN 347
1
R
1
0.553
?
0.268 63.73 64.00
C
Ce
Cen
CMN 348
?
L
675
387
85
225 49.97 34.81
C
Ce
Cen
CMN 8795
1
L
644
365
74
168 30.32 64.84
C
Ce
Cen
ROM 767
1
R
612
345
61
182 53.81 47.93
C
Ce
Cen TMP 1997.085.0001
1
R
?
367
60
154 32.33 50.91
C
Ce
Cen
UALVP 16248
1
?
515
296
?
140 61.93 55.37
C
Ce
Cen
USNM 8897
1
L
615
336
90
205 47.01 48.46
C
Ce
Cen
YPM 2015
1
L
613
369
85
207 58.51 43.71
C
Ce
pac TMP 2002.076.0001
2
L
689
401
80
196 39.01 47.09
C
Ce
Sty
CMN 344
2
L
660
381
89
206 46.74 53.45
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Suborder/ Family/
RBF at
RBF at
RBF at
Genus
Specimen
Family Subfamily
predentary apex mesial tooth distal tooth
A
An
Euo
AMNH 5337
?
0.2429
0.6027
A
An
Euo
AMNH 5405
0.1737
0.2206
0.5172
A
An
Euo TMP 1997.132.0001
?
0.3156
0.9516
A
An
Euo
UALVP 31
?
0.1869
0.4166
A
No
Pan
AMNH 5381
0.3385
0.4606
0.9035
A
No
Pan
CMN 2759
0.3182
0.4928
1.0795
A
No
Pan
ROM 1215
?
0.3119
0.6473
A
No
Pan TMP 1998.098.0001
?
0.3256
0.7346
C
Ce
Cen
AMNH 5351
0.2712
0.4721
1.9493
C
Ce
Cen
CMN 347
0.2120
0.3833
?
C
Ce
Cen
CMN 348
0.3320
0.5790
2.6361
C
Ce
Cen
CMN 8795
0.2598
0.4584
2.2611
C
Ce
Cen
ROM 767
0.2912
0.5165
2.9212
C
Ce
Cen TMP 1997.085.0001
?
0.4167
2.5488
C
Ce
Cen
UALVP 16248
0.2416
0.4203
?
C
Ce
Cen
USNM 8897
0.3318
0.6073
2.2674
C
Ce
Cen
YPM 2015
0.3300
0.5483
2.3801
C
Ce
pac TMP 2002.076.0001
0.2838
0.4876
2.4443
C
Ce
Sty
CMN 344
0.3072
0.5322
2.2781
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Appendix 6.1. (Continued)
Suborder/ Family/
Genus
Specimen
MAZ Side a + e' + b a + e' a – e''
Family Subfamily
C
Ce
Sty
TMP 1986.126.0001
2
L
548
323
80
C
Ch
Cha
CMN 2245
2
R
595
374
50
C
Ch
Cha
CMN 2280
1
L
626
360
70
C
Ch
Cha
ROM 839
2
R
665
409
87
C
Ch
Cha
ROM 843
2
L
?
444
83
C
Ch
Vag
CMN 41357
?
R
655
371
83
H
Ha
Gry
CMN 2278
1
L
745
525
140
H
Ha
Gry
MCSNM 345
1
L
690
390
86
H
Ha
Gry
ROM 764
1
R
?
?
125
H
Ha
Gry
ROM 873
1
R
733
521
140
H
Ha
Gry TMP 1980.022.0001
1
L
545
381
105
H
Ha
Gry TMP 1991.081.0001
?
L
530
367
55
H
Ha
Pro
ACM 578
2
R
?
574
123
H
Ha
Pro
AMNH 5386
?
L
?
?
66
H
Ha
Pro
CMN 2277
2
R
750
506
117
H
Ha
Pro
CMN 2870
?
L
774
532
132
H
Ha
Pro
ROM 1928
2
L
655
420
93
H
Ha
Pro
ROM 787
2
R
726
503
124
H
Ha
Pro
TMM 41262
2
R
?
421
114
H
Ha
Pro TMP 1984.001.0001
2
R
?
535
140
H
Ha
Pro
USNM V 12712
2
L
922
579
150
H
La
Cor
AMNH 5240
1
R
682
410
113
H
La
Cor
AMNH 5338
1
R
576
384
94
H
La
Cor
CMN 8676
1
L
501
320
90
H
La
Cor
CMN 8704
1
L
?
362
92

d

ø

∂

173
195
170
218
200
196
289
251
245
284
220
217
282
225
254
260
247
271
223
294
272
215
217
179
215

37.07
48.99
63.09
64.92
58.84
66.97
53.21
61.36
55.56
55.81
57.48
68.66
50.91
53.25
58.98
50.45
46.39
54.51
56.72
45.89
56.47
41.31
46.87
50.15
40.94

45.57
49.67
54.90
46.42
50.03
36.04
39.15
49.49
41.16
47.17
40.45
50.55
39.45
46.95
39.17
33.42
43.93
40.69
40.09
42.02
41.96
44.13
49.13
57.27
49.22
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Suborder/ Family/
RBF at
RBF at
RBF at
Genus
Specimen
Family Subfamily
predentary apex mesial tooth distal tooth
C
Ce
Sty TMP 1986.126.0001
0.3131
0.5312
2.1447
C
Ch
Cha
CMN 2245
0.3240
0.5154
3.8555
C
Ch
Cha
CMN 2280
0.2398
0.4170
2.1445
C
Ch
Cha
ROM 839
0.3053
0.4965
2.3339
C
Ch
Cha
ROM 843
?
0.4262
2.2801
C
Ch
Vag
CMN 41357
0.2916
0.5147
2.3008
H
Ha
Gry
CMN 2278
0.3876
0.5500
2.0625
H
Ha
Gry
MCSNM 345
0.3400
0.6015
2.7276
H
Ha
Gry
ROM 764
?
?
1.9465
H
Ha
Gry
ROM 873
0.3775
0.5312
1.9767
H
Ha
Gry TMP 1980.022.0001
0.3998
0.5719
2.0752
H
Ha
Gry TMP 1991.081.0001
0.3574
0.5161
3.4436
H
Ha
Pro
ACM 578
?
0.4913
2.2926
H
Ha
Pro
AMNH 5386
?
?
3.3552
H
Ha
Pro
CMN 2277
0.3352
0.4969
2.1490
H
Ha
Pro
CMN 2870
0.3340
0.4859
1.9584
H
Ha
Pro
ROM 1928
0.3771
0.5881
2.6559
H
Ha
Pro
ROM 787
0.3717
0.5366
2.1765
H
Ha
Pro
TMM 41262
?
0.5260
1.9423
H
Ha
Pro TMP 1984.001.0001
?
0.5492
2.0986
H
Ha
Pro
USNM V 12712
0.2918
0.4647
1.7937
H
La
Cor
AMNH 5240
0.3143
0.5227
1.8966
H
La
Cor
AMNH 5338
0.3747
0.5620
2.2959
H
La
Cor
CMN 8676
0.3409
0.5337
1.8977
H
La
Cor
CMN 8704
?
0.5939
2.3369
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300

Appendix 6.1. (Continued)
Suborder/ Family/
Genus
Specimen
MAZ Side a + e' + b a + e' a – e''
Family Subfamily
H
La
Cor
ROM 1933
1
L
?
372
85
H
La
Cor
ROM 1947
1
L
?
245
43
H
La
Cor
ROM 776
1
R
?
417
122
H
La
Cor
ROM 845
1
L
623
399
110
H
La
Cor
ROM 870
1
R
?
339
112
H
La
Cor
ROM 871
1
L
?
396
117
H
La
Cor TMP 1980.023.0004
1
L
?
441
92
H
La
Cor TMP 1982.037.0001
1
R
?
344
88
H
La
Cor TMP 1984.121.0001
?
L
610
405
102
H
La
Cor
CMN 34825
1
R
365
285
78
H
La
Cor
ROM 868
1
L
?
415
127
H
La
Cor TMP 1980.040.0001
1
L
555
355
114
H
La
Lam
AMNH 5340
?
L
308
220
53
H
La
Lam
AMNH 5353
?
L
?
380
66
H
La
Lam
AMNH 5373
?
L
515
334
91
H
La
Lam
AMNH 5382
?
L
?
?
117
H
La
Lam
CMN 2869
?
R
?
310
104
H
La
Lam
CMN 351
?
L
?
396
105
H
La
Lam
CMN 8503
2
R
445
302
62
H
La
Lam
CMN 8633
1
R
?
287
72
H
La
Lam
CMN 8703
1
R
?
406
95
H
La
Lam
CMN 8705
2
L
671
405
115
H
La
Lam
FMNH 1479
1
L
?
378
98
H
La
Lam
NHMUK R9527
?
R
?
378
105

d

ø

∂

224
104
271
250
195
225
260
214
240
178
226
230
129
225
201
257
191
235
185
176
214
256
212
245

36.70
46.90
25.94
37.30
45.61
58.96
41.10
37.12
43.57
42.45
36.69
37.43
48.90
37.26
38.45
42.82
55.86
48.62
44.10
54.70
47.34
39.72
56.22
41.33

49.51
54.60
53.86
47.93
45.66
47.21
43.38
51.79
44.08
46.05
55.11
44.80
46.70
52.57
50.09
38.83
36.37
50.54
50.80
45.05
42.76
39.02
42.82
41.28
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Suborder/ Family/
RBF at
RBF at
RBF at
Genus
Specimen
Family Subfamily
predentary apex mesial tooth distal tooth
H
La
Cor
ROM 1933
?
0.6008
2.6295
H
La
Cor
ROM 1947
?
0.4160
2.3701
H
La
Cor
ROM 776
?
0.6396
2.1861
H
La
Cor
ROM 845
0.3999
0.6244
2.2649
H
La
Cor
ROM 870
?
0.5751
1.7406
H
La
Cor
ROM 871
?
0.5457
1.8470
H
La
Cor TMP 1980.023.0004
?
0.5868
2.8130
H
La
Cor TMP 1982.037.0001
?
0.6220
2.4314
H
La
Cor TMP 1984.121.0001
0.3931
0.5921
2.3510
H
La
Cor
CMN 34825
0.4875
0.6243
2.2813
H
La
Cor
ROM 868
?
0.5443
1.7787
H
La
Cor TMP 1980.040.0001
0.4106
0.6419
1.9990
H
La
Lam
AMNH 5340
0.4168
0.5836
2.4224
H
La
Lam
AMNH 5353
?
0.5921
3.4091
H
La
Lam
AMNH 5373
0.3902
0.6016
2.2081
H
La
Lam
AMNH 5382
?
?
2.1733
H
La
Lam
CMN 2869
?
0.6157
1.8351
H
La
Lam
CMN 351
?
0.5859
2.2096
H
La
Lam
CMN 8503
0.4142
0.6103
2.9729
H
La
Lam
CMN 8633
?
0.6044
2.4092
H
La
Lam
CMN 8703
?
0.5271
2.2526
H
La
Lam
CMN 8705
0.3742
0.6199
2.1833
H
La
Lam
FMNH 1479
?
0.5539
2.1364
H
La
Lam
NHMUK R9527
?
0.6428
2.3140
301

302
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Suborder/ Family/
Genus
Specimen
MAZ Side a + e' + b a + e' a – e''
Family Subfamily
H
La
Lam
ROM 1218
2
L
?
401
95
H
La
Lam
ROM 758
2
R
306
207
57
H
La
Lam
ROM 794
2
R
655
392
84
H
La
Lam
ROM 869
1
L
494
340
95
H
La
Lam TMP 1966.004.0001
?
R
604
381
85
H
La
Lam TMP 1981.037.0001
1
R
620
398
76
H
La
Lam TMP 1982.038.0001
1
L
460
340
76
H
La
Lam TMP 1997.012.0128
2
L
595
352
87
H
La
Par
ROM 768
1
L
588
398
113

d

ø

∂

245
125
250
212
225
229
238
207
235

47.66
48.74
41.77
17.66
39.38
40.08
56.17
40.80
41.23

47.63
51.34
59.96
48.49
45.61
45.77
46.33
44.49
38.60
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Suborder/ Family/
RBF at
RBF at
RBF at
Genus
Specimen
Family Subfamily
predentary apex mesial tooth distal tooth
H
La
Lam
ROM 1218
?
0.6084
2.5680
H
La
Lam
ROM 758
0.4022
0.5945
2.1591
H
La
Lam
ROM 794
0.3737
0.6244
2.9141
H
La
Lam
ROM 869
0.3925
0.5703
2.0411
H
La
Lam TMP 1966.004.0001
0.3711
0.5883
2.6370
H
La
Lam TMP 1981.037.0001
0.3684
0.5739
3.0053
H
La
Lam TMP 1982.038.0001
0.5051
0.6834
3.0573
H
La
Lam TMP 1997.012.0128
0.3467
0.5861
2.3713
H
La
Par
ROM 768
0.3934
0.5812
2.0470
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CHAPTER 7: THE FUNCTIONAL AND PALAEOECOLOGICAL
IMPLICATIONS OF TOOTH MORPHOLOGY AND WEAR FOR THE
MEGAHERBIVOROUS DINOSAURS FROM THE DINOSAUR PARK
FORMATION (UPPER CAMPANIAN) OF ALBERTA, CANADA
Introduction
There is a long history of thought regarding the correlation of tooth form and function
that dates back to the time of Baron Georges Cuvier, who is quoted as having said “Show
me your teeth and I will tell you who you are” (Bergqvist, 2002). Fortelius and Solounias
(2000) noted that herbivore teeth reflect the physical properties of the plants they break
down over three different time scales. Unworn (preformed) tooth morphology reflects the
long-term adaptation of teeth to the internal mechanical properties and external physical
attributes of their associated foodstuffs (Strait, 1997; Lucas, 2004; Kaiser et al., 2010)
over geological time. Worn tooth morphology, as visible to the naked eye (macrowear or
mesowear), reflects the influence of plant properties on tooth shape over ecological time,
which spans the majority of an individual’s lifetime (Janis, 1990; Fortelius and Solounias,
2000). Finally, microscopic tooth wear patterns (microwear) form over a relatively short
period of time, spanning just weeks to months (Grine, 1986). Therefore, whereas unworn
tooth morphology reflects the theoretical capabilities of what a tooth could do, worn tooth
morphology reflects what a tooth did do (Teaford, 1994, 2007).
Although the functional morphology of teeth has traditionally been considered
from a geometric perspective, describing tooth function in terms of ‘shearing’, ‘crushing’,
and ‘grinding’, ongoing work by P. W. Lucas and colleagues has emphasized the
evolutionary response of gross tooth morphology to the physical properties of foods. To
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this end, Lucas (2004) provided a new framework for thinking about dental morphology,
linking variations in tooth size and shape to differences in the fracture mechanics of
foods. Thus, plant tissues that differ in such properties as strength, toughness, or
‘hardness’ (a general term that encompasses the properties of plasticity and stiffness)
require teeth of different sizes and shapes to fracture them efficiently. Sympatric
herbivores are therefore able to achieve niche partitioning as a result of their different
tooth morphologies (e.g., Sanson, 1989, 2006; Yamashita, 1998).
When teeth are used for the procurement and comminution of food, they become
worn via tooth-food-tooth contact (abrasion) and tooth-tooth contact (attrition). These
processes generate different wear surfaces; abrasion results in an irregular, matte surface
that generally follows the original contours of the tooth, whereas attrition gives rise to
flat, glossy surfaces called facets that cut across the boundaries of enamel and dentine
(Thulborn, 1974; Lucas, 2004). Janis (1990) and Fortelius and Solounias (2000)
developed different methods for quantifying the relative importance of abrasion and
attrition and their relation to diet in mammals, whereby homologous adult molars are
visually scored for such aspects as facet type, tooth sharpness, and occlusal relief.
Unfortunately, these methods do not readily extend to the consideration of dinosaur teeth,
which are replaced continually (polyphyodonty) and generally do not vary in shape along
the tooth row (homodonty). Nonetheless, gross tooth wear can still provide information
about the relative importance of shearing or crushing in these animals, which is related to
diet (Janis, 1990; Lucas, 2004), and can also be used to study preferred jaw movements
during feeding. To this end, several authors (Greaves, 1973; Rensberger, 1973; Costa and
Greaves, 1981; Weishampel, 1984b) have shown that preferred jaw movements can be
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inferred from the nature of the enamel-dentine interface exposed on the occlusal surfaces
of teeth. On the leading edge of the tooth, the enamel protects the softer dentine adjacent
to it, yielding a flush interface, whereas on the trailing edge, the enamel-dentine interface
is stepped because the unprotected dentine erodes more quickly than the enamel.
Likewise, whereas tightly interlocking teeth will exhibit paired wear facets where they
occlude with their opposing counterparts during orthal (vertical) jaw movements
(Thulborn, 1971), animals that employ propalinal (fore-aft) jaw movements will exhibit
continuous wear facets between their teeth (Rybczynski and Vickaryous, 2001).
Understanding how herbivores employed their jaws in the processing of plants can help
with palaeodietary interpretation. For example, animals that employ complex jaw
movements during feeding (e.g., transverse power stroke, propaliny) are typically capable
of processing more resistant foodstuffs than those that employ strictly orthal jaw
movements (Reilly et al., 2001).
Viewed microscopically, worn tooth surfaces regularly show signs of pitting or
scratching, called microwear. These features typically form as a result of feeding, but
they have also been known to develop as a result of other “parafunctions” (Teaford,
1994:21), including grooming, chewing or gnawing on non-food items, and tooth
grinding. There is, as yet, no consensus about what produces these features, but
phytoliths, exogenous grit, and cellulose and lignin have been proposed (Walker et al.,
1978; Ungar et al., 1995; Sanson et al., 2007). Dental microwear analysis has the
potential to inform us about feeding and diet in two ways. First, scratch orientation can be
used to study preferred jaw movements during feeding (Ryan, 1979; Gordon, 1984a;
Williams et al., 2009), providing further information about the jaw mechanics employed
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to process different food types. Second, microwear patterns can also been used to
demonstrate dietary distinctions between sympatric herbivore species because different
plants produce different microwear features (Teaford and Walker, 1984; Solounias et al.,
1988; Solounias and Semprebon, 2002; Semprebon et al., 2004).
Materials and Methods
This study generally focuses on the description of intact dentitions associated with skulls
in order to maximize taxonomic resolution. The total dataset comprised 76 specimens
spanning 16 megaherbivorous dinosaur species from the clades Ankylosauria,
Ceratopsidae, and Hadrosauridae, all from the Dinosaur Park Formation (DPF; Appendix
7.1). Due to a lack of intact ankylosaur dentitions, I also studied numerous isolated teeth
attributable to this taxon in order to understand the variation present therein. I examined
gross tooth morphology and macrowear with the occasional aid of a hand lens to
elucidate such details as the nature of the enamel-dentine transition and the presence of
secondary enamel ridges.
Descriptions of vertebrate dentitions have traditionally been plagued by a lack of
standardized terminology of anatomical notation and orientation. For this reason, I used
the dental nomenclature proposed by Smith and Dodson (2003). The rostral direction
along the tooth row, towards the symphysis, is termed mesial, whereas the caudal
direction along the tooth row is termed distal. Labial and lingual refer to those directions
away from and towards the tongue, respectively. Basal and apical refer to those directions
towards the base and apex of the tooth crown, respectively. Teeth in the upper and lower
jaws are numbered sequentially, based on their position relative to the first, or mesialmost, tooth. For example, the sixth tooth of the right maxilla would be referred to as ‘RM
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6’, whereas the tenth tooth of the left dentary would be ‘LD 10’. In hadrosaurids, where
multiple teeth per tooth family usually contribute to the occlusal surface, an additional
qualifier is given to differentiate the position of the tooth within the tooth family. For
example, a newly occluding tooth in the eighth tooth family of the left maxilla would be
referred to as ‘LM 8(1)’, whereas an older, more labially positioned tooth in the
nineteenth tooth family of the right dentary might be ‘RD 19(3)’. The parenthetical
numeration refers to the position of the tooth within the occlusal surface, with the newest
occluding tooth designated as ‘(1)’, and all successively older teeth being numbered as
appropriate.
Dental microwear analysis
The microwear dataset (Appendix 7.2) was necessarily reduced due to taphonomic effects
(see below). It comprised 51 specimens spanning 10 genera from the clades
Ankylosauria, Ceratopsidae, and Hadrosauridae. I supplemented the ankylosaur
microwear dataset with 15 isolated teeth, identifiable only to the family level, because
there were otherwise too few specimens to subject this clade to statistical testing. The
ankylosaurid Dyoplosaurus (Parks, 1924; Arbour et al., 2009), although known from the
DPF, is not included in the dataset because suitable material is lacking.
This study differs from most studies of mammalian microwear in two important
ways. First, mammalian dental microwear analysis is typically performed on enamel
surfaces (Teaford, 2007); however, because dinosaur enamel is so thin (~100 μm), it is
quickly worn away, exposing the underlying dentine. Green (2009) demonstrated that
dentine, while softer than enamel, nonetheless preserves a comparable dietary signal. For
this reason, I examined dentine microwear. Preliminary investigation revealed that both
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primary and secondary dentine are exposed on wear facets. The former is characterized
by its orderly structure, arranged as elongate tubules normal to the adjacent enamel; the
latter is characterized by its lack of structure, reflecting the rapidity with which it is
deposited within the pulp cavity in response to tooth wear and trauma (Lucas, 2004). This
lack of structure presumably contributes to the relative softness of secondary dentine,
which erodes quickly to produce gently concave wear surfaces. Primary dentine has been
shown to be mechanically anisotropic in spite of its orderly structure (Andreasen, 1972),
and for this reason is not expected to preserve a microwear signal appreciably different
from secondary dentine. Therefore, I did not discriminate between microwear on primary
or secondary dentine surfaces. Nonetheless, most microwear examined derived from
secondary dentine because this comprises the majority of the occlusal surface of teeth
(particularly in ceratopsids and hadrosaurids).
Second, whereas studies of mammalian dental microwear typically control for
such factors as tooth position, facet type, and degree of wear (Gordon 1982, 1984b,c),
this is exceedingly difficult to do with dinosaurs, which retain a homodont dentition with
continual tooth replacement (Erickson, 1996). Furthermore, dinosaur dentitions are often
incomplete and individual teeth are frequently devoid of microwear due to taphonomic
alteration. For this reason, I quantified microwear across as many tooth positions as
possible and established the microwear signal using mean values for a range of variables
(see below). This approach makes maximal use of the information available and is
reasonable given that tooth shape does not differ significantly along the tooth row in
dinosaurs as it does in mammals, implying that microwear does not vary systematically
as a result. This assumption was most recently vindicated by the work of Williams et al.
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(2009) and Fiorillo (2011), who demonstrated a lack of systematic microwear variation
along the tooth row in hadrosaurids. I combined microwear information from the right
and left sides of the jaws where necessary to obtain a representative sample from along
the tooth row. I studied dentary teeth preferentially because these are both commonly
preserved and most easily accessible due to the fact that their occlusal surfaces face
labially. By comparison, the occlusal surfaces of maxillary teeth typically face lingually
and so cannot be readily examined. However, sometimes only maxillary teeth were
available for examination and were used accordingly. Given that maxillary and dentary
tooth rows often closely resemble one another—indeed, their occluding relationship
requires this—I do not suspect that the occasional use of maxillary teeth would greatly
affect the conclusions of this study. Although I did not test this hypothesis explicitly, it is
supported by previous investigations of ceratopsid (Varriale, 2011) and hadrosaurid
(Williams et al., 2009) microwear.
For the purposes of microwear analysis, I first examined teeth for the presence of
wear facets, identified by their flat, shiny appearance. When conservational
considerations allowed, I cleaned the facets using several washes of acetone or alcohol
and water, applied gently with a cotton swab until no signs of dust or preservatives
remained. I then molded the teeth using President regular body polyvinylsiloxane
(Coltène/Whaledent), which I allowed to cure for at least five minutes before removing
from the teeth. Prior to casting, I built retaining walls around the molds using President
putty soft polyvinylsiloxane (Coltène/Whaledent). I then mixed a batch of Epotek 301
two-part epoxy, which I degassed using a Welch vacuum pump (model no. 2561B-50) for
10 minutes. I slowly poured the epoxy into the retaining walls, creating a cast of the tooth
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surface. I allowed the epoxy casts to cure in a fume hood for at least 72 hours prior to
removing them from the molds.
I examined dental microwear at 35× magnification using a Nikon SMZ1500
stereo light microscope. I aligned the tooth casts within the field of view so that their
apices pointed towards the top (or, if the apex was worn away, I aligned the tooth cervix
side-to-side). I illuminated the casts from beneath using reflected light because this
produced the best relief for viewing microwear features. Despite the presence of wear
facets, many teeth showed no signs of microwear under the microscope. Instead, wear
facets often appeared matted or frosted due to post-mortem abrasion or acid etching
(King et al., 1999). I rejected these teeth from further analysis. Real microwear features
appeared in regular patterns and were restricted to the occlusal surfaces of the teeth
(Teaford, 1988). If there was any doubt about the origin of certain features, I rejected the
tooth in question from further analysis. I visualized microwear using the high dynamic
range imaging (HDRI) method of Fraser et al. (2009). This method is preferred to
traditional low magnification microwear approaches (e.g., Solounias and Semprebon,
2002) because it improves both the visualization of microwear in print and the
repeatability of feature quantification. I photographed microwear using a Nikon D200
digital SLR camera mounted to the microscope. I used a remote camera control program
(Nikon Camera Control Pro 2, Nikon Corporation, 2007) to create a bracket of nine
images that ranged from under- to overexposed. I also photographed a scale bar alongside
each tooth cast at the same height and magnification in order to establish a scale for
counting microwear features later. I subjected the image bracket to a tone mapping
algorithm in Photomatix Pro 3 (HDRsoft), creating a single image in which the
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microwear features stood out in sharp contrast. I loaded the tone mapped images into
ImageJ 1.43s (Abramoff et al., 2004) and digitally overlaid each one with a 0.4 x 0.4 mm
bounding box to constrain feature quantification. Where possible, I used two bounding
boxes to capture variation within a single tooth facet; however, I took care to ensure
independence by making certain that microwear features did not cross through more than
one box. I digitally measured the length, width, and orientation of all features passing
through each bounding box. From these measurements, I calculated the number of
scratches (features four times longer than wide), number of pits (features less than four
times longer than wide), and average feature width, for use in subsequent analyses (see
below). I selected these variables because they have been shown to discriminate various
modern taxa with different diets (Teaford and Walker, 1984; Solounias et al., 1988;
Solounias and Semprebon, 2002; Semprebon et al., 2004).
Jaw mechanics
In addition to the consideration of dental macrowear, I studied preferred jaw movements
with the aid of rose diagrams depicting the distributions of microwear scratch length and
orientation. I binned scratch lengths in 250 μm increments and scratch angles in 10°
increments. To facilitate comparison, I reflected all rose diagrams as appropriate to
correspond to teeth from the right dentary. In this way, I calculated scratch angles from
left dentary and right maxillary teeth as 180-θ. Scratch angles from the left maxilla did
not require correction. All rose diagrams herein depict the mesial direction at 0° and the
apical (dorsal) direction at 90°. I created all rose diagrams using Oriana 3.13 (Kovach
Computing Services).
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Quantitative microwear comparisons
I compared scratch number, pit number, and average feature width across various taxa. I
drew comparisons at coarse (family/suborder), medium (subfamily/family), and fine
(genus) taxonomic scales. I did not consider the species level because sample size was
consistently too low at this resolution to permit meaningful statistical comparisons (even
so, many of the genera considered here are monospecific). I initially log-transformed the
data to improve normality; nonetheless, I used non-parametric statistics because sample
sizes were generally quite small (n < 30). These tests lack the power of parametric
statistics but are more robust against committing Type I errors (reporting differences
where none exist). When testing for differences between the medians of two groups of
univariate microwear data, I used the Mann-Whitney U test. Likewise, I used the
Kruskal-Wallis test to compare the medians of more than two groups of univariate data.
When comparing two or more groups of multivariate data, I used non-parametric
multivariate analysis of variation (NPMANOVA), which tests for differences using a
specified distance measure (Anderson, 2001). I used the Mahalanobis distance measure
(Mahalanobis, 1936) because it is better suited to non-spherically symmetric data than the
traditional Euclidean distance measure. In NPMANOVA, significance is estimated by
permutation across groups, which I performed using 10,000 replicates. I set statistical
significance for all tests at α = 0.05.
Where appropriate, I conducted post-hoc pairwise comparisons using with
Bonferroni correction. Bonferroni correction was designed to counteract the problem of
multiple comparisons, whereby the probability of committing a type I error increases
with the number of simultaneous comparisons being made (Sokal and Rohlf, 1995). This
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problem is rectified by multiplying the p-value by the number of pairwise comparisons,
effectively lowering the significance level. However, because Bonferroni correction
provides little power and is probably too conservative (Sokal and Rohlf, 1995;
Nakagawa, 2004), I also report uncorrected probabilities for interpretation.
Because the DPF does not represent a single assemblage of contemporaneous
organisms, time-averaging is an issue. This has the effect of masking palaeoecological
patterns that are otherwise distinguishable only at fine temporal resolutions
(Behrensmeyer and Hook, 1992). For this reason, I minimized the effects of timeaveraging by making the above comparisons within each of the two most inclusive
Megaherbivore Assemblage Zones (MAZs) identified in Chapter 2. To summarize,
MAZ-1 encompasses the lower 28 m of the DPF, whereas MAZ-2 encompasses intervals
from 29–52 m. While this time-constrained approach theoretically increases the
probability of recovering differences that would otherwise be masked by the effects of
time-averaging, there is a trade-off in that sample size (and hence statistical power) is
reduced considerably. Also, this approach does not completely remove the effects of
time-averaging because the abovementioned MAZs are themselves time-averaged over a
period of approximately 600 Ka (Chapter 2).
Finally, to help visualize microwear relationships within and between MAZs, I
used principal component analysis (PCA). This is an ordination technique that allows the
projection of a multivariate dataset down to a few orthogonal dimensions of maximal
variance (principal components or PCs) to simplify interpretation of the data distribution
(Hammer and Harper, 2006). PCA returns both a series of eigenvalues that indicates the
amount of variation explained by each axis, and a set of loadings that denotes the
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importance of each variable in contributing to the data spread along each axis (depicted
here as vectors in microwear space). I performed all statistical and ordination procedures
using the software program PAST 2.12 (Hammer et al., 2001).
Results
Dinosaur teeth are variable in their size, shape, and arrangement, but the teeth of the
megaherbivorous forms considered here share several characteristics in common. First,
they possess thecodont implantation, a condition common to most archosaurs whereby
the teeth are set in sockets (alveoli). Second, most ornithischian dinosaurs, including all
forms considered here, bear edentulous beaks, whereby the premaxillary teeth have been
lost and the mandible bears a neomorphic predentary bone rostrally. Ceratopsians also
possess a hooked rostral bone that caps the premaxillae. Third, unlike mammals, in which
dental morphology differs along the tooth row (i.e., differentiated incisors, canines, premolars, and molars), dinosaur dentitions are plesiomorphically homodont, meaning that
tooth shape does not vary along the tooth row (for exceptions, see Sampson et al., 2001;
Xu et al., 2002; Smith, 2005; Norman et al., 2011). Fourth, all forms examined here
retain the primitive condition of isognathy, whereby both sides of the jaws occlude
simultaneously, with the dentary teeth occluding lingual to the maxillary teeth. Together
with the mode of tooth eruption, whereby the maxillary teeth erupt ventrolingually and
the dentary teeth erupt dorsolabially, isognathy results in a condition in which the wear
facets of the maxillary teeth face lingually, and those of the opposing dentary teeth face
labially. Finally, all forms considered here retained the primitive condition of
polyphyodonty, in which the teeth are replaced continuously throughout the animal’s life.
Edmund (1960a,b) commented extensively on tooth replacement in living and fossil
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reptiles. Briefly, tooth replacement occurs in diagonal waves, called Zahnreihen, across
the jaw. Teeth are replaced in a distal–mesial direction, and replacement occurs such that
alternately numbered tooth positions are replaced in sequence so that large, toothless gaps
do not arise.
Ankylosauria
Unworn tooth morphology
Ankylosaur teeth (Figure 7.1) bear straight roots and labiolingually compressed,
phylliform (leaf-shaped) crowns with a distally-offset apex and apical denticulate carinae
(Coombs, 1978, 1990; Peng et al., 2001; Vickaryous et al., 2004). In the ankylosaurid
Euoplocephalus tutus, unworn tooth crowns (Figure 7.1A) are pointed and small, rarely
exceeding 7 mm in apicobasal height and 6 mm in mesiodistal width (height:width ratio
= 1.17). The number of denticles in isolated ankylosaurid teeth range from 0.83–1.38
denticles/mm. The labial and lingual surfaces of the crown are fluted apicobasally, but
the fissures do not coincide with the notches between the marginal denticles (Coombs,
1990; Peng et al., 2001; Vickaryous and Russell, 2003). By contrast, in the nodosaurid
Panoplosaurus mirus, unworn tooth crowns (Figure 7.1B) regularly approach 12 mm in
apicobasal height and 11 mm in mesiodistal width (height:width ratio = 1.09), are less
tapered apically, and the labial and lingual surfaces bear fluting that is coincident with the
apical denticle notches (Coombs, 1990; Peng et al., 2001). The number of denticles in
isolated nodosaurid teeth ranges from 0.56–0.73 denticles/mm. Nodosaurid tooth crowns
also possess a conspicuous basal cingulum that is better developed on the labial side of
both the maxillary and dentary teeth (Coombs, 1978, 1990; Peng et al., 2001).
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Figure 7.1. Overview of ankylosaur teeth. A, unworn ankylosaurid tooth (TMP
1992.036.1178) in lingual view; B, unworn nodosaurid tooth (TMP 2000.012.0024) in
lingual view; C, partial left maxillary tooth row of Panoplosaurus mirus (ROM
1215) in lingual view, exemplifying the distal shift in both tooth size and wear facet
orientation (tooth positions numbered); D, isolated ankylosaurid teeth exhibiting
various states of wear (facets shown with dashed outline). Clockwise from top left:
TMP 1997.016.0106, TMP 1991.036.0734; TMP 1997.012.0042, TMP 1989.050.0026;
E, isolated nodosaurid teeth exhibiting various states of wear (facets shown with
dashed outline). Clockwise from top left: TMP 2000.012.0027, TMP 1997.012.0005
(this tooth exhibits paired, mesiodistally arranged wear facets indicative of
interlocking tooth occlusion), TMP 1994.094.0014, TMP 1992.036.0101; F,
microwear from an isolated ankylosaurid tooth (TMP 1991.050.0014) exhibiting
many mesiodistally oriented scratches; G, LM 12 microwear of the nodosaurid P.
mirus (ROM 1215).
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Ankylosaur teeth are typically set in short (< 150 mm), medially bowed tooth
rows. The maxillary tooth row is concave up in lateral aspect, and the dentary tooth row
is correspondingly convex up. The curvature of the tooth rows is more exaggerated in
Euoplocephalus tutus than in Panoplosaurus mirus. Tooth size generally increases
distally along the tooth row (Figure 7.1C), although intact dentitions are rarely preserved.
One replacement tooth is commonly present in each tooth position. In E. tutus, there are
up to 24 maxillary teeth and 21 dentary teeth. Tooth counts are lower and more
asymmetrical in P. mirus (ROM 1215), which possesses 17 maxillary teeth and 11
dentary teeth (Russell, 1940); however, in another specimen (TMP 1998.098.0001) there
are 17 maxillary teeth and 19 dentary teeth. These differences may ultimately prove to be
of taxonomic significance, but that is beyond the scope of this study. The lower tooth
count in P. mirus relative to E. tutus is likely owed to the larger size of the teeth in
nodosaurids.
Dental macrowear
Ankylosaur teeth are commonly worn (contra Hwang, 2005), and wear facets are oriented
variably across the crown surfaces (Coombs, 1990; Figure 7.1D, E). Barrett (2001) noted
that ankylosaur teeth typically bear oblique wear facets that occur either individually on
the labial (or lingual) crown face, or as paired surfaces that develop along the carina on
the mesial and distal sides of the apex as opposing teeth interlock. Rybczynski and
Vickaryous (2001) emphasized that ankylosaur teeth only rarely show paired wear facets,
and that single facets dominate, implying that ankylosaur teeth did not typically interlock.
The teeth of Euoplocephalus tutus in particular were said to consistently bear single,
vertical facets continuous across adjacent teeth.
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To determine the relative incidence of paired versus single wear facets on
ankylosaur teeth, I examined a sample of 100 isolated ankylosaur teeth from the DPF (19
ankylosaurid; 81 nodosaurid) for the presence of paired facets (Appendix 7.3). Of the 19
ankylosaurid teeth, seven (~37%) possess two wear facets. However, these facets either
occurr on opposite sides of the tooth or are arranged apicobasally. In no case are the
facets arranged mesiodistally, as would be expected if opposing teeth interlocked.
Thirteen of the 19 (~68%) isolated ankylosaurid teeth bear vertical wear facets; the
remainder possess oblique facets only. Nine of the 81 (~11%) isolated nodosaurid teeth
possess more than one wear facet; however, only in two cases (~2%) do paired,
mesiodistally arranged wear facets occur on the same surface of the tooth. Twenty-four of
the 81 (~30%) nodosaurid teeth bear vertical facets, whereas the rest bear either
horizontal or oblique facets only.
Although rare, intact ankylosaur dentitions corroborate the general observations
above. The worn maxillary teeth of Euoplocephalus tutus (AMNH 5405) bear single,
vertical or sub-vertical wear facets on their lingual surfaces. Facets on adjacent teeth from
the middle of the tooth row appear coplanar (Rybczynski and Vickaryous, 2001);
however, whether the same is true of teeth towards either end of the tooth row is difficult
to determine because the more mesially positioned teeth have rotated within their sockets,
whereas the more distally positioned teeth are broken or missing.
The maxillary teeth of Panoplosaurus mirus (ROM 1215) likewise bear a single
wear facet on their lingual surface, but these exhibit an interesting pattern whereby the
facets shift from a sub-vertical to horizontal inclination distally along the tooth row
(Russell, 1940; Coombs, 1990:fig. 20.1; Rybczynski and Vickaryous, 2001; Figure 7.1C).
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The most distal teeth are worn down to the cingulum. Whether the facets of adjacent teeth
are coplanar as in Euoplocephalus tutus cannot be determined because alternate teeth are
either missing or not in occlusion. The sixth maxillary tooth deviates from the pattern just
described in bearing a single, large facet on its labial (rather than lingual) surface. Teeth
from a second specimen of P. mirus (TMP 1998.098.0001) appear to exhibit the same
distal shift from sub-vertically to horizontally inclined wear facets, but are generally too
poorly preserved to be certain.
Dental microwear
Ankylosaur teeth regularly exhibit microwear (Figure 7.1F, G), but the paucity of intact
ankylosaur dentitions makes the study of microwear along their jaws difficult. The best
available ankylosaur dentition from the DPF belongs to Euoplocephalus tutus (AMNH
5405). I recovered microwear from seven maxillary teeth from this specimen,
representing various points along the length of the tooth row (Figure 7.2). Individual
teeth are characterized by bi- or polymodal scratch distributions, but the signal is highly
variable along the length of the jaw and does not appear to follow any discernible pattern;
therefore, to facilitate interpretation, I pooled the scratch data for all teeth into a single
rose diagram (Figure 7.2). A few features are notable. First, there is a distinct mode of
scratch orientations from 40°–60°, comprising mostly short scratches (< 0.50 mm).
Second, there is another, albeit less distinct, mode of low angled scratches that trend
dorsodistally-ventromesially (150°–160°), comprising a slightly greater proportion of
longer scratches. Finally, the majority of the longest scratches (> 1 mm) are oriented
apicobasally (80°–110°), but these do not comprise a distinct mode. A Spearman’s rank
order correlation test reveals no significant correlation between tooth position and either
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Figure 7.2. Rose diagrams depicting the orientation of microwear scratches along
the tooth row of Euoplocephalus tutus (AMNH 5405). Where possible, scratch
orientations have been standardized to correspond to teeth from the right dentary
(0° = mesial, 90° = apical).
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scratch number (n = 7, ρ = -0.143, p > 0.05), pit number (n = 7, ρ = -0.450, p > 0.05), or
average feature width (n = 7, ρ = 0.536, p > 0.05; Appendix 7.4). Unfortunately, I was
unable to locate other intact E. tutus dentitions for examination, but the wear fabrics
present on isolated ankylosaurid teeth attributable to this genus generally corroborate the
patterns identified here, particularly the prominence of mesiodistally oriented scratches.
However, four isolated teeth from AMNH 5404 show a distribution whereby most
scratches, usually the longest, are oriented apicobasally (Figure 7.3).
The best available Panoplosaurus mirus dentition pertains to ROM 1215. I was
able to obtain microwear data from just three tooth positions along the caudal half of the
maxilla, plus an isolated dentary tooth (Figure 7.4). The microwear signal along the tooth
row does not appear as variable as in Euoplocephalus tutus, although this may simply
reflect the fact that fewer teeth are available from ROM 1215. Two of the teeth (RM 6
and LM 12) show unimodal scratch orientations with dorsomesially-ventrodistally
inclined (30°–60°) scratches, most of which tend to be among the longest (> 0.5 mm).
The isolated dentary tooth shows a similar distribution of scratches, but it is not possible
to comment on their specific orientation because the position of the tooth is unknown. A
single tooth (LM 14) shows primarily dorsocaudally oriented striae (100°–160°),
encompassing the longest features (> 0.75 mm). Pit percentage increases distally, from
~7% to ~17%, but sample size is too small to permit statistical testing of its significance.
Nonetheless, this distal increase in pit percentage accords with the distal shift from
subvertical, shearing wear facets to subhorizontal, crushing wear facets. Other isolated
nodosaurid teeth attributable to P. mirus support the general patterns described here
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Figure 7.3. Rose diagrams depicting the orientation of microwear scratches in
isolated teeth of Euoplocephalus tutus and other unidentified ankylosaurids. Note
the dominance of mesiodistally oriented scratches, particularly on the unidentified
teeth. Where possible, scratch orientations have been standardized to correspond to
teeth from the right dentary (0° = mesial, 90° = apical).
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Figure 7.4. Rose diagrams depicting the orientation of microwear scratches along
the tooth row of Panoplosaurus mirus (ROM 1215). The pooled sample does not
include the isolated tooth because it could not be placed confidently within the jaw.
Where possible, scratch orientations have been standardized to correspond to teeth
from the right dentary (0° = mesial, 90° = apical).
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(Figure 7.5). Additionally, they exhibit a preponderance of mesiodistally oriented
scratches, as in E. tutus.
Ceratopsidae
Unworn tooth morphology
Ceratopsid teeth are highly derived with respect to the phylliform condition of more basal
ornithischians, but there is little variation in dental morphology within the clade. The
gently curved teeth taper to a point apically, and their bifurcated roots are arranged
labially and lingually. The tooth crowns are capped by enamel on only one side; lingually
on the dentary teeth, and labially on the maxillary teeth (Figure 7.6A, B). A pronounced,
crenulated carina (primary ridge) bisects the enamel cap apicobasally. The ridge is low
and offset distally on the maxillary teeth; it is much more prominent and offset mesially
on the dentary teeth. Some specimens (e.g., Centrosaurus apertus, ROM 767;
Chasmosaurus russelli, TMP 1981.019.0175; Vagaceratops irvinensis, CMN 41357)
occasionally possess one or two subsidiary ridges on either side of the primary ridge, but
these do not appear to vary systematically. The margins of the enamel cap bear small,
tightly spaced denticles (1.04–1.26 denticles/mm).
Ceratopsid teeth occur in compact dental batteries unlike anything seen in any living
animal (Figure 7.6C). The teeth are arranged in vertical columns (tooth families) that
repeat for approximately half the length of the mandible. The tooth rows of all species
examined here reach a similar adult size and do not exceed 350 mm in length
(Centrosaurus apertus, TMP 1997.085.0001). They are very slightly bowed medially and
approach one another rostrally (Godfrey and Holmes, 1995:fig. 7). There are no more
than 29 tooth families present within a single tooth-bearing element from the DPF sample
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Figure 7.5. Rose diagrams depicting the orientation of microwear scratches in
isolated teeth of Panoplosaurus mirus and other unidentified nodosaurids. Most of
these teeth are dominated by mesiodistally oriented scratches, as in ankylosaurids.
Where possible, scratch orientations have been standardized to correspond to teeth
from the right dentary (0° = mesial, 90° = apical).
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Figure 7.6. Overview of ceratopsid teeth. A, isolated right maxillary tooth (TMP
1993.036.0407) in lingual (left) and mesial (right) views; B, isolated left dentary
tooth (TMP 2002.012.0054) in labial (left) and distal (right) views; C, isolated right
dentary tooth (AMNH 21606) in occlusal view. Arrow denotes tooth apex. Dashed
line indicates boundary between primary (external) and secondary (internal)
dentine; D, left dentary tooth row of Centrosaurus apertus (ROM 767) in labial view,
showing the first 20 teeth (numbered); E, RD 17 microwear of the centrosaurine Ce.
apertus (ROM 767); F, LD 22 microwear of the chasmosaurine Chasmosaurus sp.
(ROM 839).

330

331
(C. apertus, ROM 767, TMP 1997.085.0001), but up to 40 tooth families have been
reported in Triceratops (Hatcher et al., 1907). Each tooth family may contain up to four
or five successional teeth, with smaller tooth families occurring nearer the mesial and
distal extremities of the tooth row. Within each tooth family, the teeth are stacked so that
the bifurcated root of one tooth straddles the crown of that preceding it. This results in a
strong and well-integrated system that ensured the continual replacement of teeth without
gaps, although tooth staggering along the leading edge of the occlusal surface occurs in
some specimens (e.g., C. apertus, AMNH 5351). Edmund (1960b) noted that some
specimens preserve small masses of spongy bone that overlap the crowns and roots of
successional teeth, which may have prevented the premature loss of roots as the teeth
became worn. This spongy bone resembles cementum (Hatchet et al., 1907), and is, in
fact, the shorter, labial root of the overlying dentary tooth. Based on studies of dentine
growth lines (incremental lines of von Ebner), Erickson (1996) estimated that ceratopsid
teeth were replaced approximately every 80 days.
Dental macrowear
Only the apicalmost tooth within a single tooth family enters into occlusion. As the teeth
occlude, they develop vertical wear facets, creating a continuous shearing surface along
the length of the tooth row. The teeth are arranged within the jaw so that the enameled
tooth carinae form a serrated pattern along the leading edge of the shearing surface
(“mega-serrations” of Ostrom, 1966:295; Figure 7.6C). Individual tooth facets are
roughly triangular in outline and reveal the inner histology of the tooth (Figure 7.6D).
The apical margin of the tooth is capped by a thin (~100 μm) enamel layer externally.
The underlying dentine is divided into a superficial primary layer, ~1 mm thick, that thins
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to ~200 μm mesially and distally, beneath which a secondary layer forms the majority of
the facet.
Dental microwear
Ceratopsid teeth are regularly worn, but dental microwear is comparatively difficult to
find (Figure 7.6E, F). The best ceratopsid specimen available for dental microwear
analysis belongs to Centrosaurus apertus (ROM 767). Six teeth from the middle of the
dentary tooth row preserve discernible microwear. Scratches from individual teeth
typically exhibit uni- or bimodal distributions, but the pooled data support the existence
of a polymodal scratch distribution along the length of the tooth row (Figure 7.7). Two
modes are particularly prominent: a steeply inclined mode trending dorsodistallyventromesially (110°–120°, 290°–300°), and a second, shallowly inclined mode trending
strongly mesiodistally (10°–20°, 190°–200°). Both modes comprise comparable numbers
of scratches, but the first mode includes proportionately longer scratches (> 750 μm). A
third mode also comprises mesiodistally trending scratches (160°–170°, 340°–350°), but
these are neither as numerous nor as long as in the other two modes. Spearman’s rankorder correlation tests demonstrate no significant correlation between tooth position and
either scratch count (n = 6, ρ = -0.257, p > 0.05), pit count (n = 6, ρ = 0.667, p > 0.05), or
average feature width (n = 6, ρ = 0.143, p > 0.05; Appendix 7.5).
Other ceratopsid dentitions exhibit similar polymodal microwear patterns, albeit
with some variation in the length and orientations of the scratches that define them
(Figure 7.8). Most specimens (Centrosaurus apertus, AMNH 5237, TMP 1997.085.0001,
UALVP 41, 16248; Chasmosaurus belli, ROM 843; Ch. sp., CMN 8801, ROM 839;
Styracosaurus albertensis, CMN 344; Vagaceratops irvinensis, CMN 41357) possess a
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Figure 7.7. Rose diagrams depicting the orientation of microwear stratches along
the tooth row of Centrosaurus apertus (ROM 767). Where possible, scratch
orientations have been standardized to correspond to teeth from the right dentary
(0° = mesial, 90° = apical).
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Figure 7.8. Rose diagrams depicting the orientation of microwear stratches in
ceratopsids. Most scratches are oriented dorsodistally-ventromesially; however,
there appears to be a second common mode whereby the scratches are oriented
mesiodistally. Where possible, scratch orientations have been standardized to
correspond to teeth from the right dentary (0° = mesial, 90° = apical).

335

336
distinct mode of apicobasally to dorsodistally-ventromesially inclined scratches, ranging
between 100° and 130° (or 280° and 310°). This mode is usually dominant, comprising
the most numerous and longest scratches (> 1 mm). Many specimens (Ce. apertus, TMP
1997.085.0001, UALVP 41, 16248, Ch. belli, ROM 843; Ch. sp., CMN 8801, ROM 839;
S. albertensis, CMN 344; V. irvinensis, CMN 41357) also exhibit a distinct mode of
mesiodistally trending scratches (0°–30°, 180°–210°; 150°–180°, 330°–360°) that may
occasionally eclipse other modes in having longer and more numerous scratches. Finally,
some specimens (C. apertus, CMN 8798; Ch. sp., ROM 839; ‘pachyrhinosaur’, TMP
2002.076.0001) exhibit a conspicuous mode of dorsomesially-ventrodistally inclined
scratches (40°–90°, 220°–270°), which may be quite long (> 1 mm), but this mode occurs
only rarely.
Hadrosauridae
Unworn tooth morphology
Hadrosaurid teeth are lanceolate, and the crown is offset at an angle from the root (Figure
7.9A). In lambeosaurines, the angle is > 145°, whereas in hadrosaurines, the angle ranges
from 120°–140° (Sternberg, 1936b; Horner et al., 2004). As in ceratopsids, the tooth
crowns are capped by enamel on only one side; maxillary tooth crowns bear enamel on
their labial surfaces, whereas those of the dentary bear enamel on their lingual surfaces.
The tooth crowns of all hadrosaurids are diamond-shaped, but lambeosaurines
purportedly have mesiodistally narrower tooth crowns than hadrosaurines (Horner et al.,
2004; Figure 9B, C). While this appears to be generally true, average crown height:width
ratios (H:W) do not discriminate these clades perfectly. For example, the H:W of
Corythosaurus casuarius ROM 1933 (a lambeosaurine) is 2.17 (n = 10), which is equal
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Figure 7.9. Overview of hadrosaurid teeth. A, isolated dentary tooth (TMP
1966.031.0032) in unknown (mesial or distal) view (left), and labial view (right); B,
left dentary tooth battery of the hadrosaurine Gryposaurus notabilis (ROM 873) in
lingual view; C, right dentary tooth battery of the lambeosaurine Lambeosaurus
lambei (CMN 351) in lingual view; D, transverse section of a hadrosaurid dentary
tooth battery (TMP 1966.031.0032), illustrating the lingual worn zone (LWZ) and
buccal worn zone (BWZ). Dashed lines denote tooth contacts; E, right dentary tooth
battery of L. lambei (CMN 351) in labial view, showing the occlusal surface (tooth
positions numbered); F, right dentary tooth 12(1) of Corythosaurus sp. (ROM 1947)
in occlusal view. Large, black arrow denotes tooth apex. Dashed line indicates
boundary between primary (external) and secondary (internal) dentine. Small,
white arrows point to stepped enamel-dentine interface, which can be used to infer
the feeding movements of the mandible; G, RD 13 microwear of Prosaurolophus
maximus (CMN 2870); H, LD 24(2) microwear of Corythosaurus sp. (ROM 868).
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to that of a large dentary plausibly attributable to the hadrosaurine Prosaurolophus
maximus (CMN 8894; n = 13). Likewise, the H:W of Gryposaurus notabilis ROM 873 (a
hadrosaurine) is 2.74 (n = 2). The enamel cap of the hadrosaurid tooth crown is bisected
by a smooth median carina. This is reportedly straight in hadrosaurines and sinusoidal in
lambeosaurines (Horner et al., 2004), but exceptions are again common. For instance, in
CMN 2277 (P. maximus), the mesial dentary teeth bear sinusoidal carinae, whereas the
carinae are weakly sinusoidal to straight in CMN 8633, ROM 1933 (C. casuarius), and
CMN 2869 (Lambeosaurus lambei). Lambeosaurine teeth may also bear one or two
subsidiary ridges on either side of the median carina (Horner et al., 2004), but the exact
number does not appear to vary systematically. For example, both C. casuarius (ROM
1933) and L. lambei (CMN 2869) possess two subsidiary ridges on either side of the
carina. However, another specimen of L. lambei (CMN 351) possesses only a single
subsidiary ridge on either side of the carina. In all hadrosaurid teeth, the margins of the
enamel cap are denticulate, but the denticles are typically coarser in lambeosaurines
(Horner et al., 2004).
Hadrosaurid teeth are arranged in impressive dental batteries (Figure 7.9B–D),
qualitatively similar to those of ceratopsids, but differing in several ways. Hadrosaurid
dental batteries are more compact due to their narrower teeth, having ~15 more tooth
families within a tooth row of equal length. Lambeosaurine tooth rows do not exceed 320
mm in length (Lambeosaurus clavinitialis, TMP 1981.037.0001), but those of the larger
hadrosaurines Gryposaurus notabilis and Prosaurolophus maximus may approach 400
mm. Hadrosaurid maxillae usually possess approximately five more tooth families than
the corresponding dentaries, but the maxillae have fewer teeth within each tooth family
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(Ostrom, 1961). Hadrosaurine jaws reportedly contain more tooth families than those of
lambeosaurines, probably as a result of the larger body sizes observed in the former taxon
(Horner et al., 2004). For example, whereas the dentary of L. clavinitialis (TMP
1981.037.0001) may contain up to 43 tooth families, that of P. maximus (TMP
1984.001.0001) exceeds 47. Also in contrast to the condition in ceratopsids, each tooth
family contains up to six successional teeth (Lull and Wright, 1942; Ostrom, 1961), with
larger tooth families occurring nearer the centre of the jaw. Teeth vary in size and shape
throughout the jaw such that those present in the middle of the jaw tend to be taller and
narrower than those further mesially and distally. Hadrosaurid teeth were replaced every
50–80 days (Erickson, 1996).
Dental macrowear
As in ceratopsids, hadrosaurid dental batteries develop continuous wear facets along the
length of the tooth row; however, they are unique in that more than one tooth per tooth
family may contribute to the occlusal surface. In the maxilla, up to two teeth per tooth
family are in occlusion, whereas up to four teeth per tooth family may contribute to the
occlusal surface in the dentary (Figure 7.9D). For this reason, the wear surface of the
hadrosaurid dental battery has been compared to a tessellated pavement (Lull and Wright,
1942). The wear surface is gently sinusoidal and more obliquely inclined than in
ceratopsids. Wear surface angulation typically varies along the tooth row, resulting in an
undulating occlusal plane. The wear surface is oriented ~40° from horizontal in the
middle of the tooth row, and approaches 55° mesially and distally. Weishampel (1984b)
stated that the wear surface of Prosaurolophus maximus is more steeply inclined (50°–
60°), but I could not verify this. The occlusal surface of the dentary tooth row is more
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concave than that of the maxilla. This concavity gives rise to two distinct planar surfaces
along the tooth row, offset between 125° and 168° (Figure 7.9E). The transition between
these two surfaces may be either sharp or graded, and has been described as a
“longitudinal groove” (Weishampel, 1984b). Wear facets on the labial side of the groove
comprise the buccal worn zone (BWZ), whereas those on the lingual side comprise the
lingual worn zone (LWZ; Weishampel, 1984b).
As exposed on the occlusal surface of the hadrosaurid dentition, individual teeth
are approximately U-shaped in cross-section with a labially (or lingually) projecting
median carina (Figure 7.9F). The superficial enamel layer exposed on the occlusal
surface is ~100 μm thick. The underlying primary dentine measures up to ~700 μm thick,
but the majority of the facet area comprises secondary dentine. Wear facets are shallowly
concave where the soft secondary dentine has undergone increased erosion relative to the
harder primary dentine and enamel. In some specimens with well-preserved occlusal
surfaces of the dentary teeth (e.g., Corythosaurus casuarius, ROM 1933; C. intermedius,
TMP 1982.037.0001, 1992.036.0250; C. sp., ROM 1947; Lambeosaurus clavinitialis,
CMN 8703), the secondary dentine is most heavily excavated along the mesiolingual
edges of individual tooth facets where it abuts the harder enamel of adjacent teeth.
Dental microwear
Some authors (Weishampel, 1984b; Cuthbertson, 2006; Cuthbertson et al., in press) have
questioned whether teeth in the BZW of the hadrosaurid dentition were functional,
suggesting that they may instead represent the remains of once functional teeth that have
since migrated lingually out of occlusion. I examined dental microwear (Figure 7.9G, H)
to test this hypothesis. Assuming teeth in the BWZ were functional, they would likely
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have served either a crushing or grinding function, given the shallower attitude of their
occlusal surfaces. If used for crushing, I would predict that the tooth facets would possess
a higher incidence of microwear pitting relative to their adjacent counterparts in the
LWZ, as the mandible moved in an orthal fashion. If used for grinding, I would predict
that the facets would exhibit a higher incidence of low-angled scratches oriented
mesiodistally relative to their adjacent counterparts in the LWZ, as the mandible moved
in a propalinal fashion. In the latter scenario, I would also predict that scratch orientation
in the BWZ (measured as r, the mean vector length; Fisher, 1993) should be less variable
than in the LWZ because relative jaw movement would be restricted to a single plane. If
teeth in the BWZ were functionless (i.e., non-occluding), their facets would be expected
to preserve a microwear signal similar to those located in the LWZ.
Dental microwear is difficult to find in the BWZ because most teeth in this zone
are highly abraded. This may support the null hypothesis because, if these teeth were
non-functional, I would expect them to become abraded by foodstuffs held in the jaws; I
would not expect these teeth to show signs of attrition if they did not occlude with
corresponding teeth in the maxilla. However, because teeth in the BWZ are so heavily
worn, they are very small and possess correspondingly small occlusal surfaces.
Therefore, the general lack of microwear on these teeth might simply reflect a lack of
surface area available for study; after all, the vast majority of teeth examined in this
study, regardless of where they are located in the dentition, are abraded, likely postmortem. It is therefore difficult to determine the significance of tooth abrasion in the
BWZ.
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I found only seven cases of microwear on teeth in the BWZ that can be compared
to microwear from adjacent teeth in the LWZ (it was occasionally necessary to compare
teeth between neighbouring tooth families; Appendix 7.6). A Mann-Whitney U test
demonstrates that arcsine-transformed pit percentage does not differ significantly
between teeth from different zones (n = 14, U = 20.5, p > 0.05), suggesting that teeth in
the BWZ were probably not employed for crushing. Likewise, there is no evidence to
suggest that teeth in the BWZ served a grinding function. Scratches on teeth from the
BWZ are not more mesiodistally inclined than those from the LWZ (Figure 7.10), and
there are no significant differences in r-values between teeth from the two zones (n = 14,
U = 17, p > 0.05).
Given the likelihood that only those teeth in the LWZ were functional, I focused
on them for further study. I did not discriminate between the positions of teeth within the
LWZ (i.e., whether they are located labially or more lingually in their respective tooth
families) because the occlusal surfaces of these teeth all share approximately the same
inclination and therefore likely functioned in the same way (Williams et al., 2009). The
best hadrosaurid specimen available for dental microwear analysis pertains to
Prosaurolophus maximus (CMN 2870). I recovered microwear from 24 tooth families
representing most of the dentary tooth row except the distal-most extremity where the
teeth remain in occlusion and are obscured by both the coronoid process and matrix.
Scratch distribution is non-random and complex, but I have attempted to highlight only
the salient features here (Figure 7.11). Individual tooth occlusal surfaces are usually
characterized by uni- or bimodal scratch distributions. At positions mesial to the eleventh
tooth family, the dominant mode consists of shallow scratches oriented mesiodistally
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Figure 7.10. Comparison of microwear scratch orientation between the lingual worn
zone (LWZ) and buccal worn zone (BWZ) of the dentary tooth battery. Note that
scratches in the BWZ are not more mesiodistally inclined than in the LWZ, as
would be expected if teeth in the BWZ served a grinding function. Where possible,
scratch orientations have been standardized to correspond to teeth from the right
dentary (0° = mesial, 90° = apical).
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Figure 7.11. Rose diagrams depicting the orientation of microwear stratches along
the tooth row of Prosaurolophus maximus (CMN 2870). Note that, at the position of
the eleventh tooth family, the most prominent mode of scratches shifts from a
dorsomesial-ventrodistal orientation mesially to a dorsodistal-ventromesial
orientation distally. Where possible, scratch orientations have been standardized to
correspond to teeth from the right dentary (0° = mesial, 90° = apical).

347

348
(0°–40°, 180°–220°) and includes the longest scratches (> 1 mm). A second mode
comprising shorter, more steeply inclined (60°–140°, 240°–320°) scratches is often seen,
but here scratches are much less numerous. More distally, the dominant mode consists of
steep, dorsoventrally or dorsodistally-ventromesially inclined (80°–140°, 260°–320°)
scratches that regularly exceed 1 mm in length. A second mode of shallow, mesiodistally
oriented (0°–40°, 180°–220°; 140°–180°, 320°–360°) scratches is also regularly
observed, although scratches are typically neither as numerous nor as frequently elongate.
The overall pattern along the tooth row is that of a bimodal distribution (Figure 7.11),
where the dominant mode comprises steep, dorsodistally-ventromesially inclined (100°–
130°, 280°–310°) scratches, a high proportion of which are > 1 mm. A second mode
comprises shorter, less numerous scratches oriented mesiodistally (10°–40°, 190°–220°).
The number of scratches increases slightly distally along the tooth row, from a mean of
~34 in the mesial half of the tooth row to ~40 in the distal half. A Pearson’s correlation
test suggests that the correlation of scratch count with tooth position is significant (n =
24, r = 0.603, p < 0.05); however, this correlation becomes insignificant if teeth mesial to
the fifth tooth family are excluded. A Pearson’s correlation test also reveals no significant
correlation between log-transformed pit count and tooth position (n = 24, r = -0.268, p >
0.05). A Spearman’s rank correlation test suggests that there is a significant correlation
between tooth position and average feature width (n = 24, r = -0.381, p < 0.05), with
average feature width becoming smaller distally along the tooth row; however, the
correlation becomes insignificant if the mesial-most tooth preserving microwear (LD 2)
is excluded (Appendix 7.7).
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Other hadrosaurid specimens possess very similar microwear patterns (Figure 7.12), but
they do not typically exhibit the same distal shift from predominantly mesiodistally
inclined to dorsodistally-ventromesially inclined scratches as in CMN 2870. Rather, long,
dorsodistally-ventromesially oriented scratches tend to dominate along the length of the
tooth row (Corythosaurus casuarius, ROM 871; C. sp., CMN 34825, TMP
1997.012.0232; Lambeosaurus clavinitialis, TMP 1981.037.0001, YPM 3222; L. sp.,
CMN 8503, CMN 8633; Prosaurolophus maximus, ROM 787, TMM 41262), forming
the most prominent mode of scratch distribution. Mesiodistally oriented scratches are also
common, and may often equal or dominate over scratches from other modes in both
number and length (C. casuarius, ROM 1933; C. sp. ROM 868, TMP 1982.037.0001; L.
clavinitialis, CMN 8703; L. lambei, CMN 2869, ROM 794, USNM 10309). One
specimen (P. maximus, ROM 1928) exhibits scratches preferentially oriented
dorsomesially-ventrodistally, but this signal stems from just four preserved teeth and may
not necessarily reflect the pattern along the length of the tooth row. There does not appear
to be any discernible systematic pattern to the scratch distribution data; rather, the same
general pattern applies to all species, albeit with some intraspecific variation.
Quantitative microwear comparisons
Time-averaged approach
NPMANOVA reveals significant microwear differences between ankylosaurs,
ceratopsids, hadrosaurids (N = 51, F = 5.082, p < 0.0001). Posthoc pairwise comparisons
(Table 7.1) indicate that ceratopsids differ significantly from ankylosaurs and
hadrosaurids, but the last two taxa do not differ from one another. Further comparisons
(Table 7.2) demonstrate that ceratopsids differ from the other taxa in having significantly
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Table 7.1. NPMANOVA test results for the time-averaged, suborder/family level
pairwise comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle. Significant results reported in
bold.
Ankylosauria Ceratopsidae Hadrosauridae
(n = 20)
(n = 12)
(n = 19)
Ankylosauria (n = 20)
0.234
0.000
Ceratopsidae (n = 12)
0.000
0.000
Hadrosauridae (n = 19)
0.703
0.002
Total analysis: N = 51, F = 5.082, p = 0.000
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Table 7.2. Mann-Whitney U test results for the time-averaged, suborder/family level
pairwise comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle. Significant results reported in
bold.
Ankylosauria Ceratopsidae Hadrosauridae
Scratches
(n = 20)
(n = 12)
(n = 19)
Ankylosauria (n = 20)
0.800
0.684
Ceratopsidae (n = 12)
1
0.656
Hadrosauridae (n = 19)
1
1
Kruskal-Wallis test: N = 51, H = 0.2844, p = 0.868
Ankylosauria Ceratopsidae Hadrosauridae
Pits
(n = 20)
(n = 12)
(n = 19)
Ankylosauria (n = 20)
0.089
0.000
Ceratopsidae (n = 12)
0.000
0.000
Hadrosauridae (n = 19)
0.266
0.001
Kruskal-Wallis test: N = 51, H = 20.62, p = 0.000
Ankylosauria Ceratopsidae Hadrosauridae
Widths
(n = 20)
(n = 12)
(n = 19)
Ankylosauria (n = 20)
0.381
0.899
Ceratopsidae (n = 12)
1
0.530
Hadrosauridae (n = 19)
1
1
Kruskal-Wallis test: N = 51, H = 0.7797, p = 0.677
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Figure 7.12. Rose diagrams depicting the orientation of pooled microwear stratches
in hadrosaurids. Scratches are typically oriented dorsodistally-ventromesially;
however, a second common mode comprises mesiodistally oriented scratches. Where
possible, scratch orientations have been standardized to correspond to teeth from
the right dentary (0° = mesial, 90° = apical).
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fewer microwear pits (N = 51, H = 20.62, p < 0.0001). Interestingly, although both
ankylosaurs and hadrosaurids are represented by approximately equal numbers of
specimens, the former taxon occupies a considerably greater area of multivariate space
than the latter, which occupies an area approximately equal in size to that of ceratopsids
(Figure 7.13A).
Increasing taxonomic resolution also reveals interesting differences (Table 7.3) not
otherwise distinguishable at coarser scales. For example, centrosaurines and
chasmosaurines are significantly different when considering the uncorrected probabilities
(p < 0.05), primarily owing to the fact that centrosaurines have more microwear scratches
than chasmosaurines (albeit not quite significantly so: p = 0.051, Table 7.4). Similarly,
the uncorrected probabilities indicate that the hadrosaurine Prosaurolophus differs from
the lambeosaurine Lambeosaurus (p < 0.05; Table 7.5) in having both more scratches (p
< 0.05) and finer microwear features (p < 0.05, Table 7.6).
Time-constrained approach
Compared to the time-averaged approach, the recovered probabilities in both MAZ-1
(Tables 7.7–7.12) and -2 (Tables 7.13–7.17) are less significant, probably owing to the
smaller sample size available in each assemblage zone. However, where differences are
significant, they largely correspond to those of the time-averaged approach. For example,
in MAZ-1, ceratopsids differ from ankylosaurs (p < 0.01) in having fewer microwear pits
(p < 0.05), and in both MAZ-1 and -2, ceratopsids differ from hadrosaurids (p < 0.05) in
the same way (p < 0.05). (Note that ankylosaurs were not represented in MAZ-2 due to a
lack of sufficient sample size; Chapter 2). Importantly, there are no new differences

Table 7.3. NPMANOVA test results for the time-averaged, family/subfamily level pairwise comparisons. Bonferroni corrected
p-values shown in lower left triangle; uncorrected p-values shown in upper right triangle. Significant results reported in bold.
Ankylosauridae Nodosauridae Centrosaurinae Chasmosaurinae Hadrosaurinae Lambeosaurinae
(n = 9)
(n = 11)
(n = 7)
(n = 5)
(n = 4)
(n = 15)
Ankylosauridae (n = 9)
0.551
0.164
0.486
0.003
0.015
Nodosauridae (n = 11)
1
0.224
0.197
0.000
0.002
Centrosaurinae (n = 7)
0.045
0.003
0.048
0.043
0.001
Chasmosaurinae (n = 5)
0.224
0.723
0.027
0.013
0.009
Hadrosaurinae (n = 4)
1
1
0.651
0.200
0.154
Lambeosaurinae (n = 15)
1
1
0.141
1
0.017
Total analysis: N = 51, F = 3.042, p = 0.000
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Table 7.4. Mann-Whitney U test results for the time-averaged, family/subfamily level pairwise comparisons. Bonferroni
corrected p-values shown in lower left triangle; uncorrected p-values shown in upper right triangle. Significant results
reported in bold.
Ankylosauridae Nodosauridae Centrosaurinae Chasmosaurinae Hadrosaurinae Lambeosaurinae
Scratches
(n = 9)
(n = 11)
(n = 7)
(n = 5)
(n = 4)
(n = 15)
Ankylosauridae (n = 9)
0.648
0.525
0.423
0.247
1
Nodosauridae (n = 11)
1
0.650
0.174
0.845
0.213
Centrosaurinae (n = 7)
1
1
0.051
0.705
0.041
Chasmosaurinae (n = 5)
1
1
0.770
0.111
0.485
Hadrosaurinae (n = 4)
1
1
1
1
0.064
Lambeosaurinae (n = 15)
1
1
0.614
1
0.965
Kruskal-Wallis test: N = 51, H = 7.296, p = 0.200
Ankylosauridae Nodosauridae Centrosaurinae Chasmosaurinae Hadrosaurinae Lambeosaurinae
Pits
(n = 9)
(n = 11)
(n = 7)
(n = 5)
(n = 4)
(n = 15)
Ankylosauridae (n = 9)
0.302
0.757
0.655
0.034
0.019
Nodosauridae (n = 11)
1
0.212
0.001
0.002
0.038
Centrosaurinae (n = 7)
0.508
0.371
0.016
0.047
0.004
Chasmosaurinae (n = 5)
0.290
1
0.033
0.020
0.009
Hadrosaurinae (n = 4)
1
1
0.708
0.300
0.920
Lambeosaurinae (n = 15)
1
0.566
0.064
0.132
1
Kruskal-Wallis test: N = 51, H = 22.18, p = 0.000

Table 7.4. (Continued)
Ankylosauridae Nodosauridae Centrosaurinae Chasmosaurinae Hadrosaurinae Lambeosaurinae
(n = 9)
(n = 11)
(n = 7)
(n = 5)
(n = 4)
(n = 15)
Ankylosauridae (n = 9)
0.362
0.138
0.424
0.105
0.766
Nodosauridae (n = 11)
1
0.856
1
0.473
0.378
Centrosaurinae (n = 7)
1
1
0.745
0.395
0.205
Chasmosaurinae (n = 5)
1
1
1
0.391
0.601
Hadrosaurinae (n = 4)
1
1
1
1
0.064
Lambeosaurinae (n = 15)
1
1
1
1
0.965
Kruskal-Wallis test: N = 51, H = 5.429, p = 0.366
Widths
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Table 7.5. NPMANOVA test results for the time-averaged, genus level pairwise comparisons. Bonferroni corrected p-values
shown in lower left triangle; uncorrected p-values shown in upper right triangle. Significant results reported in bold.
Euoplocephalus Panoplosaurus Centrosaurus Chasmosaurus Prosaurolophus Corythosaurus Lambeosaurus
(n = 3)
(n = 2)
(n = 5)
(n = 4)
(n = 4)
(n = 7)
(n = 8)
Euoplocephalus
0.806
0.085
0.168
0.468
0.243
0.040
(n = 3)
Panoplosaurus
1
0.065
0.341
0.420
0.092
0.043
(n = 2)
Centrosaurus
0.834
0.895
0.178
0.122
0.076
0.001
(n = 5)
Chasmosaurus
1
1
1
0.053
0.060
0.017
(n = 4)
Prosaurolophus
1
1
1
1
0.688
0.049
(n = 4)
Corythosaurus
1
1
1
0.349
1
0.149
(n = 7)
Lambeosaurus
1
1
1
1
1
0.015
(n = 8)
Total analysis: N = 33, F = 2.688, p = 0.000
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Table 7.6. Mann-Whitney U test results for the time-averaged, genus level pairwise
comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle. Significant results reported in
bold. Taxonomic abbreviations: Cen, Centrosaurus; Cha, Chasmosaurus; Cor,
Corythosaurus; Euo, Euoplocephalus; Lam, Lambeosaurus; Pan, Panoplosaurus;
Pro, Prosaurolophus.
Euo
Pan
Cen
Cha
Pro
Cor
Lam
Scratches
(n = 3) (n = 2) (n = 5) (n = 4) (n = 4) (n = 7) (n = 8)
Euo (n = 3)
0.773 0.820 0.136 0.596 0.820 0.083
Pan (n = 2)
1
0.306 0.081 0.488 0.188 0.050
Cen (n = 5)
1
1
0.051 0.705 0.443 0.009
Cha (n = 4)
1
1
1
0.111 0.144 0.942
Pro (n = 4)
1
1
1
1
0.299 0.034
Cor (n = 7)
1
1
1
1
1
0.056
Lam (n = 8)
1
1
0.194
1
0.709
1
Kruskal-Wallis test: N = 33, H = 15.18, p = 0.019
Euo
Pan
Cen
Cha
Pro
Cor
Lam
Pits
(n = 3) (n = 2) (n = 5) (n = 4) (n = 4) (n = 7) (n = 8)
Euo (n = 3)
0.773 0.023 0.037 0.216 0.172 0.126
Pan (n = 2)
1
0.057 0.081 0.247 0.107 0.090
Cen (n = 5) 0.476
1
0.371 0.047 0.015 0.015
Cha (n = 4) 0.775
1
1
0.020 0.018 0.028
Pro (n = 4)
1
1
0.992 0.419
0.925 0.734
Cor (n = 7)
1
1
0.319 0.385
1
0.862
Lam (n = 8)
1
1
0.315 0.586
1
1
Kruskal-Wallis test: N = 33, H = 20.68, p = 0.002
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Widths
Euo (n = 3)
Pan (n = 2)
Cen (n = 5)
Cha (n = 4)
Pro (n = 4)
Cor (n = 7)
Lam (n = 8)

Table 7.6. (Continued)
Euo
Pan
Cen
Cha
Pro
Cor
Lam
(n = 3) (n = 2) (n = 5) (n = 4) (n = 4) (n = 7) (n = 8)
0.773 0.649
1
0.596
1
0.185
1
0.884 0.847 0.488 0.884 0.050
1
1
0.745 0.395 0.798 0.073
1
1
1
0.391 0.626 0.164
1
1
1
1
0.395 0.022
1
1
1
1
1
0.056
1
1
1
1
0.459
1
Kruskal-Wallis test: N = 33, H = 8.995, p = 0.174
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Table 7.7. NPMANOVA test results for the MAZ-1, suborder/family level pairwise
comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle. Significant results reported in
bold.
Ankylosauria Ceratopsidae Hadrosauridae
(n = 10)
(n = 5)
(n = 9)
Ankylosauria (n = 10)
0.537
0.001
Ceratopsidae (n = 5)
0.003
0.011
Hadrosauridae (n = 9)
1
0.032
Total analysis: N = 24, F = 3.1, p = 0.003
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Table 7.8. Mann-Whitney U test results for the MAZ-1, family level pairwise
comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle. Significant results reported in
bold.
Ankylosauria Ceratopsidae Hadrosauridae
Scratches
(n = 10)
(n = 5)
(n = 9)
Ankylosauria (n = 10)
0.902
0.967
Ceratopsidae (n = 5)
1
0.790
Hadrosauridae (n = 9)
1
1
Kruskal-Wallis test: N = 24, H = 0.09172, p = 0.955
Ankylosauria Ceratopsidae Hadrosauridae
Pits
(n = 10)
(n = 5)
(n = 9)
Ankylosauria (n = 10)
0.653
0.006
Ceratopsidae (n = 5)
0.017
0.005
Hadrosauridae (n = 9)
1
0.015
Kruskal-Wallis test: N = 24, H = 10.14, p = 0.006
Ankylosauria Ceratopsidae Hadrosauridae
Widths
(n = 10)
(n = 5)
(n = 9)
Ankylosauria (n = 10)
0.501
0.653
Ceratopsidae (n = 5)
1
1
Hadrosauridae (n = 9)
1
1
Kruskal-Wallis test: N = 24, H = 0.5242, p = 0.769

Table 7.9. NPMANOVA test results for the MAZ-1, family/subfamily level pairwise comparisons. Bonferroni corrected pvalues shown in lower left triangle; uncorrected p-values shown in upper right triangle. Significant results reported in bold.
Ankylosauridae Nodosauridae Centrosaurinae Chasmosaurinae Lambeosaurinae
(n = 3)
(n = 7)
(n = 3)
(n = 2)
(n = 9)
Ankylosauridae (n = 3)
0.776
0.198
0.598
0.353
Nodosauridae (n = 7)
1
0.054
0.703
0.017
Centrosaurinae (n = 3)
1
0.172
0.496
0.088
Chasmosaurinae (n = 2)
1
0.540
1
0.056
Lambeosaurinae (n = 9)
1
1
0.881
0.560
Total analysis: N = 24, F = 1.941, p = 0.042
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Table 7.10. Mann-Whitney U test results for the MAZ-1, family/subfamily level pairwise comparisons. Bonferroni corrected pvalues shown in lower left triangle; uncorrected p-values shown in upper right triangle. Significant results reported in bold.
Ankylosauridae Nodosauridae Centrosaurinae Chasmosaurinae Lambeosaurinae
Scratches
(n = 3)
(n = 7)
(n = 3)
(n = 2)
(n = 9)
Ankylosauridae (n = 3)
0.361
0.658
0.767
0.354
Nodosauridae (n = 7)
1
0.568
0.661
0.525
Centrosaurinae (n = 3)
1
1
0.773
0.355
Chasmosaurinae (n = 2)
1
1
1
0.556
Lambeosaurinae (n = 9)
1
1
1
1
Kruskal-Wallis test: N = 24, H = 2.345, p = 0.673
Ankylosauridae Nodosauridae Centrosaurinae Chasmosaurinae Lambeosaurinae
Pits
(n = 3)
(n = 7)
(n = 3)
(n = 2)
(n = 9)
Ankylosauridae (n = 3)
0.643
0.383
0.149
0.853
Nodosauridae (n = 7)
1
0.055
0.458
0.022
Centrosaurinae (n = 3)
1
0.218
0.149
0.027
Chasmosaurinae (n = 2)
1
0.550
1
0.045
Lambeosaurinae (n = 9)
1
1
0.265
0.451
Kruskal-Wallis test: N = 24, H = 10.92, p = 0.027
Ankylosauridae Nodosauridae Centrosaurinae Chasmosaurinae Lambeosaurinae
Widths
(n = 3)
(n = 7)
(n = 3)
(n = 2)
(n = 9)
Ankylosauridae (n = 3)
0.494
0.383
0.773
0.267
Nodosauridae (n = 7)
1
0.649
0.884
1
Centrosaurinae (n = 3)
1
1
0.773
0.712
Chasmosaurinae (n = 2)
1
1
1
0.724
Lambeosaurinae (n = 9)
1
1
1
1
Kruskal-Wallis test: N = 24, H = 1.81, p = 0.771

Table 7.11. NPMANOVA test results for the MAZ-1, genus level pairwise comparisons. Bonferroni corrected p-values shown
in lower left triangle; uncorrected p-values shown in upper right triangle. Significant results reported in bold.
Panoplosaurus Centrosaurus Chasmosaurus Corythosaurus Lambeosaurus
(n = 2)
(n = 3)
(n = 2)
(n = 6)
(n = 3)
Panoplosaurus (n = 2)
0.298
0.668
0.491
0.101
Centrosaurus (n = 3)
1
0.509
0.292
0.105
Chasmosaurus (n = 2)
1
1
0.140
0.101
Corythosaurus (n = 6)
1
1
1
0.467
Lambeosaurus (n = 3)
1
1
1
1
Total analysis: N = 16, F = 1.977, p = 0.040
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Table 7.12. Mann-Whitney U test results for the MAZ-1, genus level pairwise comparisons. Bonferroni corrected p-values
shown in lower left triangle; uncorrected p-values shown in upper right triangle. Significant results reported in bold.
Panoplosaurus Centrosaurus Chasmosaurus Corythosaurus Lambeosaurus
Scratches
(n = 2)
(n = 3)
(n = 2)
(n = 6)
(n = 3)
Panoplosaurus (n = 2)
0.387
0.245
0.243
0.149
Centrosaurus (n = 3)
1
0.773
0.897
0.081
Chasmosaurus (n = 2)
1
1
0.405
0.773
Corythosaurus (n = 6)
1
1
1
0.156
Lambeosaurus (n = 3)
1
0.809
1
1
Kruskal-Wallis test: N = 16, H = 6.559, p = 0.161
Panoplosaurus Centrosaurus Chasmosaurus Corythosaurus Lambeosaurus
Pits
(n = 2)
(n = 3)
(n = 2)
(n = 6)
(n = 3)
Panoplosaurus (n = 2)
0.149
0.245
0.134
0.149
Centrosaurus (n = 3)
1
0.149
0.053
0.081
Chasmosaurus (n = 2)
1
1
0.067
0.149
Corythosaurus (n = 6)
1
0.528
0.668
0.897
Lambeosaurus (n = 3)
1
0.809
1
1
Kruskal-Wallis test: N = 16, H = 11.24, p = 0.024
Panoplosaurus Centrosaurus Chasmosaurus Corythosaurus Lambeosaurus
Widths
(n = 2)
(n = 3)
(n = 2)
(n = 6)
(n = 3)
Panoplosaurus (n = 2)
0.773
0.699
0.617
0.149
Centrosaurus (n = 3)
1
0.773
0.897
0.383
Chasmosaurus (n = 2)
1
1
0.617
0.773
Corythosaurus (n = 6)
1
1
1
0.245
Lambeosaurus (n = 3)
1
1
1
1
Kruskal-Wallis test: N = 16, H = 2.713, p = 0.607
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Table 7.13. Statistical test results for the MAZ-2, family level pairwise comparisons.
These comparisons include ceratopsids and hadrosaurids only. Ankylosaurs are not
included due to insufficient sample size. Significant results reported in bold.
Test
Results
NPMANOVA
N = 11, F = 2.23, p = 0.090
Scratches (Mann-Whitney U test) N = 11, U = 8, p = 0.235
Pits (Mann-Whitney U test)
N = 11, U = 1.5, p = 0.017
Widths (Mann-Whitney U test)
N = 11, U = 10, p = 0.413
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Table 7.14. NPMANOVA test results for the MAZ-2, subfamily level pairwise
comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle. Significant results reported in
bold.
Centrosaurinae Chasmosaurinae Hadrosaurinae Lambeosaurinae
(n = 2)
(n = 3)
(n = 3)
(n = 3)
Centrosaurinae (n = 2)
0.596
0.597
0.503
Chasmosaurinae (n = 3)
1
0.197
0.305
Hadrosaurinae (n = 3)
1
1
0.602
Lambeosaurinae (n = 3)
1
1
1
Total analysis: N = 11, F = 3.291, p = 0.001
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Table 7.15. Mann-Whitney U test results for the MAZ-2, subfamily level pairwise
comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle.
Centrosaurinae Chasmosaurinae Hadrosaurinae Lambeosaurinae
Scratches
(n = 2)
(n = 3)
(n = 3)
(n = 3)
Centrosaurinae (n = 2)
0.387
0.387
0.773
Chasmosaurinae (n = 3)
1
0.081
0.663
Hadrosaurinae (n = 3)
1
0.485
0.190
Lambeosaurinae (n = 3)
1
1
1
Kruskal-Wallis test: N = 11, H = 2.288, p = 0.152
Centrosaurinae Chasmosaurinae Hadrosaurinae Lambeosaurinae
Pits
(n = 2)
(n = 3)
(n = 3)
(n = 3)
Centrosaurinae (n = 2)
0.773
0.149
0.149
Chasmosaurinae (n = 3)
1
0.081
0.268
Hadrosaurinae (n = 3)
0.894
0.485
0.825
Lambeosaurinae (n = 3)
0.894
1
1
Kruskal-Wallis test: N = 11, H = 6.455, p = 0.0915
Centrosaurinae Chasmosaurinae Hadrosaurinae Lambeosaurinae
Widths
(n = 2)
(n = 3)
(n = 3)
(n = 3)
Centrosaurinae (n = 2)
0.387
0.149
0.773
Chasmosaurinae (n = 3)
1
0.190
0.383
Hadrosaurinae (n = 3)
0.894
1
0.081
Lambeosaurinae (n = 3)
1
1
0.485
Kruskal-Wallis test: N = 11, H = 6.424, p = 0.0927
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Table 7.16. NPMANOVA test results for the MAZ-2, genus level pairwise
comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle. Significant results reported in
bold.
Chasmosaurus Prosaurolophus Lambeosaurus
(n = 2)
(n = 3)
(n = 3)
Chasmosaurus (n = 2)
0.204
0.300
Prosaurolophus (n = 3)
0.613
0.614
Lambeosaurus (n = 3)
0.901
1
Total analysis: N = 8, F = 2.454, p = 0.017
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Table 7.17. Mann-Whitney U test results for the MAZ-2, genus level pairwise
comparisons. Bonferroni corrected p-values shown in lower left triangle;
uncorrected p-values shown in upper right triangle.
Chasmosaurus Prosaurolophus Lambeosaurus
Scratches
(n = 2)
(n = 3)
(n = 3)
Chasmosaurus (n = 2)
0.149
0.773
Prosaurolophus (n = 3)
0.447
0.190
Lambeosaurus (n = 3)
1
0.571
Kruskal-Wallis test: N = 8, H = 3.778, p = 0.151
Chasmosaurus Prosaurolophus Lambeosaurus
Pits
(n = 2)
(n = 3)
(n = 3)
Chasmosaurus (n = 2)
0.149
0.236
Prosaurolophus (n = 3)
0.447
0.825
Lambeosaurus (n = 3)
0.708
1
Kruskal-Wallis test: N = 8, H = 3.535, p = 0.171
Chasmosaurus Prosaurolophus Lambeosaurus
Widths
(n = 2)
(n = 3)
(n = 3)
Chasmosaurus (n = 2)
0.387
0.149
Prosaurolophus (n = 3)
1
0.081
Lambeosaurus (n = 3)
0.447
0.243
Kruskal-Wallis test: N = 8, H = 5.556, p = 0.062
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Figure 7.13. PCA biplots. A, time-averaged analysis; B, MAZ-1 analysis; C, MAZ-2
analysis. Centrosaurines outlined in yellow, chasmosaurines in turquoise,
Prosaurolophus in blue, and Lambeosaurus in magenta. Arrows depict microwear
feature loadings. Note that the same broad taxa occupy the same areas of microwear
space through time, despite species turnover. Abbreviations: P, average pit count; S,
average scratch count; W, average feature width.
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recovered among taxa that might indicate that time-averaging obscures palaeoecological
patterns that are otherwise discernible at fine temporal resolutions (Figure 7.13B, C).
Discussion
There is some apprehension in the literature about the use of the word mastication (or
chewing) as it applies to non-mammals (e.g., Haas, 1955; Mills, 1972; Norman and
Weishampel, 1985). As traditionally used, mastication refers to the unilateral breakdown
of food using transverse motions of the mandible and the implementation of tribosphenic
molars (Crompton and Hiimae, 1970; Hiimae, 1976). Because mammals are the only
clade to possess such a system, they are essentially the only ‘true’ masticators. However,
if the purpose of mastication is to both reduce food to a condition suitable for swallowing
and to increase surface area for digestive enzymes (Hiiemae and Crompton, 1985), then
mastication, in the functional sense, is common to many amniotes besides mammals
(Reilly et al., 2001). For this reason, and to facilitate discussion, I do not resist using the
term here in reference to dinosaurs.
The feeding sequence of reptiles and mammals is quite similar, the main
difference purportedly being that only mammals employ lateral movements of the
mandible during mastication (Throckmorton, 1980). The sequence generally comprises
three major divisions: prey capture, mastication, and swallowing (Gorniak et al., 1982).
Mastication can be further subdivided into reducing, repositioning, and terminal phases
(Gorniak et al., 1982; Reilly et al., 2001). The reducing phase typically involves initial
crushing movements (puncture crushing), where the jaws come together in an orthal
(vertical) fashion without tooth occlusion, and the power stroke, where the teeth finally
occlude and jaw movements become slower and more deliberate. The power stroke may
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involve orthal, propalinal, or transverse movements of the mandible, with different clades
typically employing different movements. The repositioning phase of the masticatory
cycle encompasses movements of the jaws and tongue to manipulate the food back into
position for subsequent breakdown. Finally, the terminal phase involves movements of
the tongue to push the masticated food towards the back of the oral cavity in preparation
for swallowing.
Feeding in Ankylosauria
Jaw mechanics
Due to their simple, phylliform teeth, akinetic skulls, and unspecialized jaw musculature
(Haas, 1969), ankylosaurs are traditionally thought to have possessed correspondingly
simple jaw mechanics. They have been variously described as “puncture-crushers”
(Weishampel and Norman, 1989) or “orthal pulpers” (Weishampel and Jianu, 2000),
whereby the mandible pivots about the jaw joint in an arcilineal or orthal fashion to bring
the teeth into occlusion (Reilly et al., 2001). Barrett (2001) cited the presence of paired
dental wear facets and apicobasally oriented microwear scratches as evidence for simple,
interlocking tooth occlusion, but others (Coombs, 1978; Coombs and Maryańska, 1990;
Sander, 1997) have questioned whether the teeth occluded precisely at all. This system
has been compared to that of iguanids (Weishampel, 1984a; Galton, 1986); however,
despite the superficial similarities between ankylosaur and iguanid teeth, it is evident
from tooth wear patterns that they were employed in very different ways. Iguanid tooth
wear is extremely rare, if not non-existent (Throckmorton, 1976; pers. obs.), but
ankylosaur teeth regularly show signs of extensive wear, and occasionally crowns have
worn down to the cingulum.
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Rybczynski and Vickaryous (2001) challenged the traditional view of ankylosaur
jaw mechanics with reference to a well-preserved skull of the ankylosaurid
Euoplocephalus tutus (AMNH 5405). They suggested that the power stroke in this
species was palinal (retractive), citing three lines of tooth wear evidence in favour of their
interpretation: (1) the presence of continuous wear facets between adjacent teeth; (2) the
occurrence of a stepped enamel-dentine interface on the distal edge of maxillary teeth; (3)
the presence of low-angled, mesiodistally oriented microwear scratches on dental wear
facets. This jaw mechanism was thought to have been facilitated via translational
movements about the jaw joint, as the mandible slid along its articulation with the
quadrate. In order to overcome the medial bowing of the tooth rows, some medial
displacement of the mandibular rami would also have been necessary (Rybczynski and
Vickaryous, 2001).
The evidence presented here generally supports the findings of Rybczynski and
Vickaryous (2001), with two caveats. First, I was unable to verify the existence of a
stepped enamel-dentine interface, which is the only evidence cited by the authors in
favour of a palinal (as opposed to proal) power stroke. This might be attributable to the
fact that I was working at a lower magnification than Rybczynski and Vickaryous (2001).
Second, although the dental wear facets of AMNH 5405 appear continuous across teeth,
it must be borne in mind that, because the teeth are not tightly appressed as in ceratopsids
or hadrosaurids, it is difficult to determine with certainty whether the wear facets are
truly continuous between teeth or if their coplanarity is owed to the fact that the tooth
rows were partially realigned so that the teeth met in almost perfect opposition, as
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suggested for the early thyreophoran Scelidosaurus harrisonii (Barrett, 2001). Individual
wear features do not appear continuous across teeth, as in ceratopsids or hadrosaurids.
Nodosaurid teeth do not typically possess the same vertical, planar wear facets as
ankylosaurids. Rather, the facets tend to cut obliquely across the mesial or distal edge of
the tooth. Nonetheless, the dental microwear evidence suggests that ankylosaurids and
nodosaurids shared similar jaw mechanics, which were more complex than traditionally
assumed. Certainly, some orthal or arcilineal motion of the mandible was possible, as
revealed by the existence of dorsoventrally or dorsodistally-ventromesially inclined
scratches. These scratches align with the resultant vector of the external adductor
musculature of the mandible (Haas, 1969; Chapter 6), which would have acted to bring
the teeth into occlusion. However, the ubiquitous presence of low angled, mesiodistally
inclined scratches strongly supports the interpretation of Rybczynski and Vickaryous
(2001) that some form of propalinal motion was also possible. This motion would have
been effected by the complementary action of the pterygoideus musculature, which
pulled the mandible rostrally, and the posterior adductor musculature, which pulled the
mandible caudally. Occasional dorsomesially-ventrodistally inclined scratches likewise
align with the resultant vector of the pterygoideus musculature, and may have formed
during repositioning movements of the masticatory cycle (Gorniak et al., 1982). Those
differences in macrowear between ankylosaurids and nodosaurids might simply reflect
differences in tooth alignment, rather than jaw mechanics.
Diet
Ankylosaurs are one of several clades of dinosaurs whose feeding behaviour has been
interpreted within the ‘iguanine paradigm’ (Barrett, 2000), a reflection of their phylliform
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teeth. As such, ankylosaurs are traditionally thought to have fed on soft, succulent plant
tissues similar to those consumed by iguanines (Russell, 1940; Haas, 1969; Galton, 1986;
Weishampel, 1984a). However, differences in the tooth morphology of ankylosaurids and
nodosaurids suggest that ankylosaur diets were more varied than previously assumed
(Carpenter, 1997b), the specifics of which have not yet been examined. The following is
a preliminary attempt to explore the functional differences between ankylosaurid and
nodosaurid teeth, and to gain some insight into their palaeoecological ramifications.
Ankylosaur teeth vary in both size and shape; whereas unworn ankylosaurid teeth
tend to be small and pointed or cusp-like, those of nodosaurids tend to be larger and more
blade-like. Lucas (2004:169) noted that tooth size probably most closely reflects food
particle size, especially as it relates to the concept of “breakage sites”. The argument is as
follows: because small particles are less likely to be fractured in the jaws than larger
ones, the most obvious evolutionary response to the mastication of small particles is to
develop larger teeth, thereby providing increased surface area for fracture (breakage
sites). Therefore, animals with large teeth are expected to consume relatively small
particles, whereas those with small teeth are expected to consume relatively large
particles. Plant tissues that might be considered small include leaves and stems because
these are particularly thin and possess tiny volumes, whereas large plant tissues
encompass fruits and seeds (Lucas, 2004). From these admittedly simplistic mechanical
considerations, it might be surmised that ankylosaurids incorporated more fruit in their
diet, whereas nodosaurids consumed more leaves.
These dietary assignments appear to hold up in light of their associated tooth
shapes. For example, the small, pointed or cusp-like morphology of ankylosaurid teeth is
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in some ways reminiscent of mammalian frugivore molars (Kay, 1975, 1978; Strait,
1993; Freeman, 2000). Fruit flesh is relatively fragile because it contains less fibre (cell
wall content) compared to plant structural tissues (Lucas, 2004), meaning that cracks
propagate relatively easily through it (Strait, 1997). Given this, the simplest design for
fracturing fruit flesh is that of a cusp, which concentrates forces over the surface of the
tissue to initiate fracture (Lucas, 2004). By contrast, the more blade-like qualities of
nodosaurid teeth may be considered an evolutionary response to a tougher, more fibrous
diet. Unlike fruit flesh, plant structural tissues like stems and leaf veins are difficult to
fracture because their thinness and increased fibre content tend to inhibit crack growth
(see discussion below with respect to ceratopsids). It therefore seems likely that
nodosaurids incorporated more foliage in their diets than ankylosaurids. This
interpretation is further buoyed by the fact that nodosaurid teeth possess an enlarged
basal cingulum, which tends to occur among frequent consumers of tough, pliant foliage,
and is thought to aid in the prevention of abfraction fractures near the gingiva (Lucas et
al., 2008).
In spite of the foregoing discussion, the microwear evidence suggests that
ankylosaur families did not differ in their dietary requirements. For instance, if
ankylosaurids regularly consumed more fruit than nodosaurids, they might be expected to
exhibit signs of increased microwear pitting, much like frugivores do today (Teaford and
Walker, 1984; Solounias et al., 1988; Solounias and Semprebon, 2002; Semprebon et al.,
2004). Likewise, if nodosaurids sustained themselves on more leafy plant material than
ankylosaurids, they would be expected to show signs of increased microwear scratching
(Teaford and Walker, 1984; Solounias et al., 1988; Solounias and Semprebon, 2002;
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Semprebon et al., 2004). Although sample size remains small (see Limitations of this
study), microwear comparisons nonetheless yield no convincing support for the
contention that ankylosaurids and nodosaurids specialized on different plant tissues.
Another aspect of ankylosaur microwear worth considering is why this taxon
occupies a greater area of microwear space than the similarly represented hadrosaurids
(Figure 7.13A). Two explanations are possible. First, ankylosaur diets may have been
more varied than those of their megaherbivorous counterparts, perhaps varying
seasonally in response to shifting food resources. Second, ankylosaur microwear disparity
might simply reflect corresponding variation in wear facet development, as seen along
the tooth row of Panoplosaurus (see Results above). In light of the fact that ankylosaur
teeth do not appear to be suitably adapted to processing the toughest woody browse
attributed to ceratopsids and hadrosaurids below, the latter scenario is probably more
parsimonious.
One final issue bears mentioning with respect to ankylosaur feeding. Carpenter
(1990) reported on the existence of gastroliths in a specimen of Panoplosaurus mirus
(ROM 1215), but these features are not mentioned in either the field notes or resulting
description (Russell, 1940). Hence, there is some doubt concerning the association of the
gastroliths (K. Seymour, pers. comm., 2011). Regardless, assuming the gastroliths are
truly associated with the specimen, they yield important consequences for the inference
of form-function relationships in the teeth of these animals. Specifically, the existence of
gastroliths in ankylosaurs implies that these animals comminuted plant matter in the
gizzard, and probably did not masticate their food completely. This, in turn, suggests that
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ankylosaurs may have ingested more resistant plant matter than their teeth convey,
casting further doubt on the functional inferences made here.
Feeding in Ceratopsidae
Jaw mechanics
It is evident from the continuous vertical occlusal surfaces of ceratopsid dental batteries
that their teeth did not act individually; rather, they functioned collectively as a unit,
acting as complementary blades to produce a strict shearing action, reminiscent of a pair
of scissors. For this reason, many authors have envisioned ceratopsid jaws as having
acted in a similar fashion, with the mandible rotating in an arcilineal fashion about the
jaw joint to bring the teeth into occlusion (Hatcher et al., 1907; Lull, 1933; Ostrom,
1964b, 1966; Dodson, 1996; Dodson et al., 2004; Tanoue et al., 2009). However, the
scissor analogy must not be taken too far because the jaw joint is offset ventrally from the
tooth row, which would have constrained the teeth to occlude in a nearly parallel fashion
(Varriale, 2011). A similar situation exists among ungulates, in which the jaw joint is
offset dorsally from the tooth row, but there is little consensus concerning its adaptive
significance. It may have improved the leverage of the jaw adductors (Maynard Smith
and Salvage, 1959), although some have also suggested that it allowed for the sub-equal
distribution of bite forces along the jaw (Greaves, 1974, 1978), for the same set of
bilaterally symmetrical muscles to move the mandible in two different directions
(Greaves, 1980), or for the accommodated increase in muscle length as a function of
increased body size in accordance with fracture scaling theory (Lucas, 2004).
In spite of the orthal jaw mechanism traditionally attributed to ceratopsids, some
authors (Lull, 1908; Sampson, 1993; Barrett, 1998; Varriale, 2004) have noted the
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existence of dental microwear with a mesiodistal component to the scratches, suggestive
of some degree of propalinal motion; however, these observations were never quantified.
Recently, Varriale (2011) used discriminant function analysis to demonstrate the
existence of polymodal scratch distributions on ceratopsid teeth, confirming previous
suspicions that the orthal model of ceratopsid jaw mechanics is overly simplistic. He
found evidence for the existence of four discrete modes of microwear scratches, which he
termed “classes”. Correcting for the standard used here, his classes were as follows: Class
1 (range = 89.6°–121°, mean = 109.3°); Class 2 (range = 121°–180°, mean = 139.3°);
Class 3 (range = 180°–232.4°, mean = 214.8°); Class 4 (range = 232.4°–269.4°, mean =
256.2°).
In the present study, most scratches are oriented dorsodistally-ventromesially, and
fall within the range of Varriale’s Class 1. The longest features also tend to be inclined in
this direction. Therefore, it is likely that these scratches were made during the power
stroke, which occurred in an orthopalinal fashion. This interpretation is in line with that
of Varriale (2011), who also noticed that Class 1 scratches tend to be wider and more
parallel than those in other classes. Not surprisingly, Class 1 scratches align with the
resultant vector of the external jaw adductor musculature (Ostrom, 1964b; Chapter 6),
which would have acted to bring the teeth into occlusion.
The least common scratch mode is oriented dorsomesially-ventrodistally,
corresponding to Varriale’s Class 4, and although this mode may occasionally include the
longest features, their rarity suggests that they were not formed as a result of the power
stroke. Varriale (2011:317) proposed that Class 4 scratches formed during jaw
depression, referring to them as “disengagement scratches”. It is also possible that they
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were formed as food was occasionally repositioned within the jaws, between power
stroke cycles (Gorniak et al., 1982). Such movements probably would have been effected
in part by the pterygoideus musculature, which pulls dorsorostrally (Ostrom, 1964b;
Chapter 6).
The mesiodistally inclined scratches commonly observed in this study fall within
the range of Varriale’s Class 2 and 3 scratches. Varriale (2010) noted that his Class 2
scratches, like those of Class 1, tend to be numerous, long, wide, parallel, and are more
often in line with the external adductor musculature vector resultant than not. This led
him to believe that Class 2 scratches were formed during the power stroke. Conversely,
his Class 3 scratches are fewer, shorter, thinner, and more variably oriented, like those of
Class 4, leading him to suggest that they were formed during mandibular depression. It
must be noted, however, that the Class 2 and 3 scratches of the present study more
closely resemble each other than one of the other two classes. Here, Class 2 and 3
scratches adhere more closely to the mesiodistal axis, and can be quite long (> 1 mm). In
fact, they may occasionally be longer and outnumber Class 1 scratches (e.g., CMN 344 in
Figure 7.8). This indicates that these scratches were probably formed during propalinal
excursions of the mandible, and were perhaps even associated with the power stroke.
There are two possible mechanisms that may account for the existence of
mesiodistally oriented scratches on ceratopsid teeth. The first is a passive mechanism
whereby the mandible is pushed palinally as the predentary traces a dorsocaudal arc
defined by its contact with the inner surface of the rostral bone during adduction
(Sampson, 1993; Godfrey and Holmes, 1995). However, this mechanism predicts the
existence of similarly curved scratches that are almost never seen, thereby rendering this
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explanation unlikely. A more likely explanation involves occasional propalinal
movements of the adducted mandible, effected by the complementary actions of the
pterygoideus and posterior adductor musculature (Ostrom, 1964b; Reilly et al., 2001).
However, because ceratopsid tooth rows diverge distally, palinal movements of the
mandible would have disengaged the teeth. Varriale (2004) therefore suggested that any
palinal movements of the mandible during the masticatory cycle must have occurred
anisognathously, whereby only those teeth on one side of the dentition were in occlusion
at any one time (unilateral mastication). Although anisognathy is common among
mammals (Norman and Weishampel, 1985), it is not observed among living archosaurs,
and is therefore highly unparsimonious to infer within Ceratopsidae (Bryant and Russell,
1992; Witmer, 1995; Varriale, 2011). Regardless, such movements appear to be required
to account for the presence of mesiodistally oriented scratches, and would not have
required displacements of more than a few millimetres at the jaw joint, which could
easily have been accommodated (Varriale, 2011:fig. 5.14). Therefore, ceratopsid
mastication comprised an orthopalinal power stroke, possibly supplemented by
occasional propalinal excursions of the mandible. This pattern appears to characterize all
ceratopsids, given the lack of systematic differences among them.
Diet
The ceratopsid dentition is unique in that it produced a strict shearing action; crushing or
grinding functions were precluded (Hatcher et al., 1907; Lull, 1908, 1933; Ostrom,
1964b, 1966; Varriale, 2011). Ostrom (1964b:6) noted that shearing dentitions are typical
of carnivorous mammals (e.g., carnassial teeth of carnivorans and creodonts), but that
“shear is of only minor or secondary importance in most herbivorous species”, which
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typically possess grinding or crushing dentitions. Nonetheless, Ostrom (1964b, 1966)
maintained the traditional view that ceratopsids were herbivorous, and that they must
have subsisted on particularly tough and resistant plant matter.
From a mechanical standpoint, blades are suitable for fracturing foodstuffs high in
toughness, which is defined as the resistance to crack propagation (Strait, 1997; Lucas,
2004). The toughness of animal skin is largely due to its high Poisson’s ratio, a measure
of the narrowing or bulging of a material at right angles to stress (Strait, 1997). Thus,
skin stretches when pulled and bulges when compressed. This behaviour tends to
suppress crack growth so that cracks do not self-propagate through skin under
compression. Therefore, sharp blades are required to overcome this toughening
mechanism by continually forcing crack growth through the skin. Long or inflexed blades
also help to overcome the toughening mechanism imparted by a high Poisson’s ratio,
which explains the size and shape of mammalian carnassial teeth (Lucas and Peters,
2000; Lucas, 2004).
There are several reasons to suspect that ceratopsids were not adapted to
carnivory in spite of their shearing dentitions. First, these dinosaurs likely held their
forelimbs in a semi-sprawled posture (Johnson and Ostrom, 1995; Dodson, 1996; Dodson
and Farlow, 1997; Thompson and Holmes, 2007; Fujiwara, 2009) and probably could not
have attained sufficient speeds for capturing animal prey (Carrano, 1999; but see Paul
and Christiansen, 2000). Second, ceratopsids possessed other features thought to be
related to herbivory, such as an edentulous beak, tall coronoid process, and the
aforementioned jaw joint offset from the tooth row. Third, there is evidence by way of
tooth morphology and gastroliths that more basal ceratopsians were probably herbivorous
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(You and Dodson, 2004), suggesting that herbivory was plesiomorphic for Ceratopsidae.
Finally, it seems that ceratopsids were particularly abundant in their respective
palaeoecosystems (Dodson, 1971, 1983; Béland and Russell, 1978), and probably lived in
massive herds at least occasionally (Currie and Dodson, 1984; Ryan et al., 2001; Eberth
et al., 2010; Hunt and Farke, 2010), which are attributes uncharacteristic of carnivores.
Therefore, if ceratopsids truly were herbivorous, the question arises as to what plant
tissues their specialized bladed dentition was adapted to.
Plant tissues have low Poisson’s ratios (Lucas, 2004), and therefore do not
suppress crack growth in this manner. Instead, the toughness of plant tissue is a
consequence of the composite cell wall and tissue structure (Lucas et al., 2000), which
tends to buckle in advance of growing crack tips, thereby dissipating strain energy and
suppressing crack propagation (this mechanism is most effective in woody tissues).
Particularly thin plant tissues (< 0.5 mm), such as leaves and twigs, also exhibit elevated
toughness because their thinness renders them incapable of storing enough strain energy
to make cracks self-propagate, and therefore require blades for fracture (Lucas, 2004;
Sanson, 2006). This probably explains why bladed or lophed teeth are common in
modern folivores (Kay 1975, 1978; Kay and Hylander, 1978; Janis, 1990, 1995; Lucas et
al., 1995; Jernvall et al. 2000; Archer and Sanson, 2002). Therefore, it is likely that
ceratopsids also specialized in consuming tough, woody browse, including abundant leaf
material. Their elevated tooth carinae would have served to trap plant tissues between
them in advance of the shearing power stroke (Evans and Sanson, 2003; Varriale, 2011).
This interpretation of ceratopsids as specialized consumers of particularly fibrous
vegetation agrees with that of most authors (Hatcher et al., 1907; Tait and Brown, 1928;
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Ostrom, 1964b, 1966; Bakker, 1978; Krassilov, 1981; Weishampel and Norman, 1987,
1989; Dodson, 1993, 1996, 1997; Sampson, 1993, 2001; Dodson et al., 2004; Varriale,
2011), although the role of fracture mechanics in explaining tooth shape has so far been
underappreciated. The suggestion that ceratopsids regularly fed on more succulent
vegetation (Russell, 1935; Russell, 1977; Krassilov, 1981; Weishampel, 1984a;
Manchester, 2010)—particularly fruits—is not supported here.
The microwear evidence also supports the interpretation of ceratopsids as tough
browse specialists. Folivorous mammals typically retain proportionally more scratches
and fewer pits on their teeth relative to those forms that include fruit in their diet (Teaford
and Walker, 1984; Solounias and Semprebon, 2002; Semprebon et al., 2004). Ceratopsids
likewise possess proportionally more scratches and fewer pits than their megaherbivorous
counterparts (Figure 7.13), suggestive of a folivorous lifestyle. The significantly greater
number of microwear scratches in centrosaurines than in chasmosaurines suggests that
the former taxon may have subsisted on a more abrasive diet than the latter.
Alternatively, it is possible that centrosaurines chewed their food more thoroughly than
chasmosaurines, resulting in a higher incidence of scratches. Currently, these two
competing hypotheses are underdetermined (Turner, 2011) by the available data. Walker
(1976) also noted that terrestrial primates tend to exhibit more heavily scratched teeth
than arboreal forms because of the greater accumulation of exogenous grit at ground
level. Feeding height stratification does not appear to be a good discriminator of
centrosaurines and chasmosaurines, however, because both taxa were restricted to
feeding no higher than ~1 m above the ground (Chapter 3).
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The inference of ceratopsid diets from microwear nevertheless must be tempered
in light of the function of their teeth. Given the strict shearing action of the ceratopsid
dentition, scratches are expected to develop even if these animals were eating fruits or
seeds, because the creation of pits typically requires some crushing component that the
ceratopsid dentition did not possess (Lucas, 2004). Therefore, ceratopsid microwear is
expected to more strongly reflect a functional rather than dietary signal. Conversely,
because a bladed dentition is best suited to the processing of woody browse (Lucas,
2004), such a diet is plausibly attributed to these animals.
With these considerations in mind, it is actually somewhat surprising that
ceratopsid teeth are scored by pits at all. Perhaps those few pits that are present resulted
from lateral movements of the mandible during anisognathus occlusion, where food
particles became compressed between the maxillary and dentary tooth rows.
Alternatively, it is possible that ceratopsid tooth occlusion was not as precise as is
typically assumed, which may have impeded the shearing function of the teeth.
Feeding in Hadrosaurids
Jaw mechanics
The subject of hadrosaurid jaw mechanics has received much attention, likely due to the
interest engendered by the uniquely complex dental batteries of these animals. Ostrom
(1961) and Weishampel (1983, 1984b) reviewed early models of hadrosaurid jaw
mechanics (Nopcsa, 1900; Versluys, 1910, 1922, 1923; Lambe, 1920; von Kripp, 1933;
Lull and Wright, 1942) that have since fallen out of favour for various reasons discussed
therein. Currently, two models of hadrosaurid jaw mechanics have found acceptance in
the literature. The first is that of Ostrom (1961), which describes a power stroke
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employing a primarily propalinal motion of the mandible. Ostrom cited three lines of
evidence in favour of his interpretation: (1) the difference in length (up to 15 mm)
between opposing dental occlusal surfaces; (2) the presence of short longitudinal
(mesiodistal) scratches on dental occlusal surfaces; (3) the existence of a longitudinal
groove on the occlusal surface of the mandibular dentition. Ostrom envisioned all
translational motion as having occurred at the jaw joint alone; the remainder of the skull
was described as akinetic, owing to perceived complex and extensive contacts between
the individual cranial bones. Ostrom’s description of the hadrosaurid skull as akinetic has
recently found favour with several workers (Rybczynski et al., 2008; Holliday and
Witmer, 2008), and some (e.g., Cuthbertson et al., in press) prefer his propalinal model of
jaw mechanics.
The second model to gain broad acceptance is that of Weishampel (1983, 1984b),
who advocated a jaw mechanism apparently common among ornithopods, called
pleurokinesis (Norman, 1984), in which tooth occlusion occurred in conjunction with
lateral flaring of the maxillae and streptostylic (laterocaudal) motion of the quadrates. In
addition to the consideration of joint morphology, Weishampel cited four lines of tooth
wear evidence in favour of his interpretation: (1) the labial and lingual placement of
enamel on maxillary and dentary teeth, respectively; (2) a flush enamel-dentine interface;
(3) concave wear surface of the dentary teeth; (4) labiolingually oriented scratches on the
occlusal surfaces of the teeth. The pleurokinetic model has since become widely cited in
the literature (e.g., Norman and Weishampel, 1985; King, 1996; Reilly et al., 2001;
Horner et al., 2004; Williams et al., 2009).
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Although both Ostrom (1961) and Weishampel (1983, 1984b) cited tooth wear
evidence in favour of their models, Williams et al. (2009) were the first to study
hadrosaurid microwear quantitatively. With reference to several isolated jaws attributed
to Edmontosaurus, the authors investigated how microwear signals vary within and
between teeth. They found that only scratches were present, the orientations of which fell
into four discrete, non-overlapping classes that they distinguished using discriminant
function analysis. Adjusting to the standard used here, the classes were as follows: Class
1 (mean = 155.86°); Class 2 (mean = 116.71°), Class 3 (mean = 62.70°); Class 4 (mean =
15.43°). Thus, the apparently conflicting observations of Ostrom (1961) and Weishampel
(1983, 1984b) concerning the directionality of hadrosaurid microwear can be attributed to
the multimodality of the scratches. Williams at al. (2009) reasoned that the steep,
dorsodistally-ventromesially oriented Class 2 scratches were formed during the power
stroke because these features were the most numerous, coarsest, and exhibited a high
degree of parallelism. By contrast, Class 3 scratches, being lower in all these categories,
were interpreted as having been formed during jaw opening. Finally, Class 1 and 4
scratches were thought to have been formed during slight propalinal excursions of the
mandible. The authors suggested that their microwear data best fit the pleurokinetic
model of Weishampel (1983, 1984b), given the sub-dominant role that propaliny
evidently played during the mastication. However, it must be noted that the observations
that Williams et al. (2009) cited in favour of the pleurokinetic model are also in complete
agreement with a simpler orthopalinal model of mastication. The authors questioned
whether the mandibular rami were capable of rotating about their long axes, as has
sometimes been proposed in the literature (Versluys, 1922, 1923; von Kripp, 1933;
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Cuthbertson et al., in press), due to the lack of curved scratches. On the other hand,
curved scratches would also be expected of the pleurokinetic model, given that the
maxillae are said to rotate about their long axes.
The results of the current study generally support the findings of Williams et al.
(2009), albeit with some important exceptions. When microwear data are pooled for a
single specimen, bimodal—rather than polymodal—scratch distributions are usually
recovered (Figures 7.11–7.12). However, it must be emphasized that although Williams
et al. (2009) applied statistical methods in their identification of polymodal distributions,
this is not repeated here because the specimens under consideration are too numerous for
this approach to be practical. The predominance of dorsoventrally to dorsodistallyventromesially inclined scratches, combined with their great lengths and persistence
across nearly all hadrosaurid specimens, strongly supports the contention of Williams et
al. (2009) that this was the primary direction of the power stroke. Evidently, the mandible
moved in an orthopalinal fashion during tooth occlusion, facilitated in part by the
depressed jaw joint relative to the occlusal surface of the teeth (Greaves, 1974). Given
that these scratches roughly parallel the vector resultant of the external adductor
musculature (Ostrom, 1961; Rybczynski et al., 2008; Holliday, 2009; Chapter 6), it is
likely that these muscles were recruited in the execution of the power stroke.
The common presence of mesiodistally oriented scratches also strongly suggests
that the mandible was capable of supplemental propalinal motion (Williams et al., 2009).
In fact, it appears that this motion was preferentially directed palinally, as evidenced by
the stepped enamel-dentine interface on the mesiolabial occlusal tooth surfaces of some
specimens (e.g., Corythosaurus casuarius, ROM 1933; C. intermedius, TMP
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1982.037.0001, 1992.036.0250; C. sp., ROM 1947; Lambeosaurus clavinitialis, CMN
8703). Weishampel (1984b) rejected hadrosaurid propalinaly, arguing that such motion
would require a mesiodistal disposition of enamel on the occlusal surfaces of the teeth,
providing a more effective triturating surface. Regardless, it is evident that these animals
did regularly employ propaliny during mastication in spite of the lack of mesiodistally
placed enamel on their teeth. Numerous explanations might be offered to account for the
lack of this adaptation, including functional or developmental constraints (Losos and
Miles, 1994).
Further evidence in favour of propaliny, originally noted by Ostrom (1961), is the
presence of a “longitudinal groove” along the length of the dentary tooth row
(Weishampel, 1984b:62): an analogous situation exists in the ceratopsian Leptoceratops
gracilis, which possesses a horizontal shelf on the dentary teeth that was recently shown
to have developed partly as a result of propalinal jaw movements (Varriale, 2011).
Importantly, it is also possible that such a feature may develop in the absence of
propaliny if occluding teeth simply do not shear completely past one another, creating a
differential wear pattern along the length of the tooth row. Even so, the other tooth wear
data strongly indicate that the longitudinal groove of the hadrosaurid mandibular
dentition resulted from propaliny. Given the typical reptilian nature of hadrosaurid
adductor musculature (Ostrom, 1961; Holliday, 2009; Chapter 6), propalinal mandibular
movements were likely effected by the complementary action of the posterior mandibular
adductor and pterygoideus musculature (Ostrom, 1961).
Finally, the distal shift from dorsomesially-ventrodistally to dorsodistallyventromesially oriented microwear scratches at the position of the eleventh tooth family
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in CMN 2870 (Prosaurolophus maximus) requires explanation. It is difficult to imagine
how this pattern might emerge during mastication because the dentary was akinetic so
that teeth at either end of the tooth row would have moved in the same direction. Instead,
I suggest that the dorsomesially-ventrodistally inclined scratches at the mesial end of the
tooth row were formed during browsing. If a branch was gripped between the mesialmost
teeth and the head was flexed to strip leaves from the bark, this might cause the branch to
scrape across the teeth as the head pulled away, leaving microwear scratches with the
observed inclination.
Diet
Among other things, hadrosaurid dental batteries differ from those of ceratopsids in their
possession of obliquely inclined wear facets, suggestive of the potential for crushing
functions in addition to shearing. Assuming a wear facet that is angled 50° from the
horizontal (a reasonable value for most hadrosaurids; Weishampel, 1984b; Horner et al.,
2004), basic vector decomposition shows that, for a given force applied normal to the
occlusal surface, ~54% would be allotted to shearing, whereas ~46% would be allotted to
crushing. These values are similar to those reported for mammalian folivores/frugivores
(Janis, 1990), and it is likely that hadrosaurids may have possessed a comparable diet.
The tessellated occlusal surface of the teeth, in combination with occasional propalinal
movements of the mandible, would have enhanced the shredding of fibrous plant
materials. The interpretation of Morris (1970) that hadrosaurids were adapted to feeding
on mollusks and small crustaceans, in addition to plant tissues, is not supported here
because such durophagous habits typically require a predominantly crushing dentition
(Pregill, 1984; Lucas, 2004).
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The characterization of hadrosaurids as folivores/frugivores generally agrees with
the microwear data presented here. Relative to ceratopsids, which are interpreted as strict
high-fibre browsers (see above), hadrosaurids possess a higher incidence of pits on their
teeth. (Incidentally, Williams et al. [2009] reported an absence of microwear pitting in
their hadrosaurid sample, whereas Fiorillo [2011] reported a slightly higher incidence of
pitting than what I have recovered here. The discrepancies might be attributable to
methodological differences in working magnification.) Although the relationship between
the physical properties of foods and dental microwear is not yet fully understood,
evidence from the primate microwear literature (Teaford and Walker, 1984; Semprebon
et al., 2004) suggests that pitting typically results from the ingestion of “hard” foodstuffs,
such as seeds, even if only indirectly via the consumption of the fruits that they
encapsulate. Therefore, it seems likely that hadrosaurids possessed a more generalized
diet than ceratopsids, consuming fruits and seeds in addition to leaves and stems.
Hadrosaurid diets were more like those of ankylosaurids, as revealed by the fact that the
two clades overlap considerably in microwear space, but the relatively smaller volume of
that space occupied by hadrosaurids suggests that these animals were more selective,
probably focused on woody browse. The distinction between ceratopsid and hadrosaurid
microwear suggests that the convergent evolution of dental batteries in these clades may
not necessarily have been in response to the consumption of similar plant fodder
(Dodson, 1993).
The interpretation of hadrosaurids as generalist folives/frugivores accords with
known examples of putative hadrosaurid gut contents, which contain conifer and
angiosperm twigs and stems, bark, seeds, and leaves (Kräusel, 1922; Currie et al., 1995;
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Tweet et al., 2008). However, given concerns regarding the possible taphonomic origin of
some of these materials (Abel, 1922; Currie et al., 1995), the gut contents must be
interpreted cautiously. Chin and Gill (1996) and Chin (2007) also reported on
hadrosaurid coprolites containing an abundance of conifer wood, which cannot have been
derived allochthonously. The larger number of microwear scratches, and their finer
quality, in Prosaurolophus intimates that they may have possessed a less coarse, but
grittier, diet than Lambeosaurus. Alternatively, it may reflect the fact that
Prosaurolophus habitually fed at lower heights than Lambeosaurus, where small
exogenous grit particles are most abundant (Walker, 1976; Ungar, 1994). If so, this could
corroborate the finding of Carrano et al. (1999) that hadrosaurines typically occupied
open habitats. Sample size remains small (N = 19), and more data are necessary to decide
between these two hypotheses.
A note on dinosaur microwear
Williams et al. (2009) noted with reference to an in situ hadrosaurid dentition that the
microwear signal in an area of 0.1 mm2 provides a reasonably representative sample of
both the individual tooth and entire tooth row. For this reason, they justifiably concluded
that microwear studies could be conducted on isolated teeth. However, the results
presented here suggest that this optimism is not entirely warranted. The microwear signal
in one area of a tooth often differed from that in another area of the same tooth; likewise,
the signal from a tooth in one part of the tooth row often differed from that in another part
of the tooth row, irrespective of the taxon considered. Therefore, while it is possible that
an isolated tooth may preserve a microwear signal representative of the entire tooth row,
this is evidently not always the case. When conducting dental microwear analysis on
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dinosaurs or other homodont taxa, I recommend examining several teeth from the
dentition (if possible) in order to account for potential variation along the tooth row.
Evolutionary palaeoecology
The reasons for thinking that the rich megaherbivore diversity of the DPF was fostered by
dietary niche partitioning are provided elsewhere (Chapter 1). The degree to which these
animals may have differed in their dietary requirements depends on whether tooth
morphology or wear is considered. For example, in considering only unworn tooth
morphology, four morphotypes can be discerned that might reasonably be expected to
reflect different dietary necessities. The ankylosaurid and nodosaurid ankylosaurs each
possess unique tooth morphologies—differing mainly in such features as size,
bladedness, and degree of denticulation—that are otherwise known to correlate with the
internal mechanical properties and external physical attributes of food (Lucas, 2004).
Ceratopsid and hadrosaurid teeth likewise differ from those of ankylosaurs in forming
complex dental batteries, each with their own unique functional attributes. To be sure,
hadrosaurine and lambeosaurine hadrosaurids also differ in other aspects of tooth shape
(e.g., curvature of primary carina, presence of secondary carinae, denticle coarseness,
crown-root angle), but it is not immediately clear what adaptive significance—if any—
these features might have had.
The situation changes slightly when dental microwear is considered. Despite their
different tooth morphologies, ankylosaurs cannot be differentiated from hadrosaurids, nor
can ankylosaurids from nodosaurids. Interestingly, however, the hadrosaurids
Lambeosaurus and Prosaurolophus are distinguishable according to their microwear
fabrics, as are centrosaurine and chasmosaurine ceratopsids. Thus, there also exist four
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distinguishable microwear types, but these do not necessarily correlate with tooth
morphology.
Within the DPF, there were typically six megaherbivorous dinosaur species living
in sympatry at any one time (Chapter 2), comprising two ankylosaurs (one ankylosaurid
plus one nodosaurid), two ceratopsids (one centrosaurine plus one chasmosaurine), and
two hadrosaurids (one hadrosaurine plus one lambeosaurine). Therefore, considering
evidence from either tooth morphology or wear in isolation, it is clear that dietary niche
partitioning cannot be invoked as the sole mechanism to explain the coexistence of these
animals. On the other hand, if these two lines of evidence are considered in tandem, the
niche partitioning hypothesis becomes more plausible because all sympatric taxa can be
differentiated. Tooth morphology serves to discriminate the dietary ecology of the more
inclusive taxa considered here, namely Ankylosauria, Ceratopsidae, and Hadrosauridae,
in addition to the ankylosaur families Ankylosauridae and Nodosauridae. Dental
microwear also distinguishes ceratopsids from ankylosaurs and hadrosaurids, and further
discriminates centrosaurines and chasmosaurines, and the hadrosaurids Lambeosaurus
and Prosaurolophus. The only sympatric taxa for which there is no convincing evidence
for systematic dietary differences are Hadrosaurinae and Lambeosaurinae more generally.
It must be noted, however, that the hadrosaurine sample remains small (comprising just
four specimens of Prosaurolophus alone), and does not include Gryposaurus due to a
lack of suitable material.
Given that unworn tooth morphology tells us only what a tooth could do, and that
worn tooth morphology reflects what a tooth did do (Teaford, 1994, 2007), it is
reasonable to ask if preference should be given to the microwear evidence. This may be
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so, but, given the still depauperate microwear dataset used here (see Limitations of this
study below), it is probably unwise to discount other types of evidence altogether.
Recently, Fraser and Theodor (2011b) demonstrated that, while tooth wear dietary
proxies reasonably distinguish ungulate browsers, grazers, and mixed feeders, a total
evidence approach that includes morphological dietary proxies consistently yields the
most accurate results.
Brinkman et al. (2004) described the fossil assemblage of the Belly River Group
(which includes the DPF) as a chronofauna, which is a term coined by Olson (1952) to
describe a localized group of animals whose ecological relationships remain stable
through geologic time despite taxonomic turnover. The present survey of tooth
morphology yields no evidence that ecological relationships were changing over the ~1.5
Ma of the DPF because the teeth of earlier ankylosaurs, ceratopsids, and hadrosaurids
closely resemble those of later forms. Likewise, the relationships that can be discerned
from dental microwear appear stable through time (Figure 7.13). Therefore, the depiction
of the DPF fossil assemblage as a chronofauna appears warranted. The gradual decline of
ankylosaurs from the upper half of the formation (Brinkman, 1990; Brinkman et al.,
1998; Chapter 2), however, suggests that perhaps woody browse was becoming
increasingly more dominant across the coastal plain—something which ankylosaurs do
not appear to have been particularly adept at eating. Corroborating this hypothesis, Eberth
et al. (2001) note that fossil tree trunks are most common in the upper 2/3 of the DPF.
Limitations of this study
The present study suffers from a few shortcomings that are currently beyond control.
First, although I made every effort to sample as many in situ dentitions as possible for
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microwear, sample size remains small. This is a consequence of the fact that, of all the
skulls available, only a fraction of those preserve intact dentitions, of which only a
fraction of those contain worn teeth, of which only a fraction of those retain microwear. It
seems that the ability to study dental microwear in dinosaurs is rather limited compared
to the study of more recent mammalian microwear, likely a result of prolonged exposure
to the degrading consequences of taphonomic processes. The prohibitive effects of small
sample size are especially apparent at fine taxonomic and temporal resolutions.
Nonetheless, the current microwear survey is the best that can be offered until the DPF is
sampled more intensively. Sokal and Rohlf (1995:263) provide the following equation as
a means for iteratively calculating the minimum sample size per group needed to detect a
given difference in an analysis of variance (ANOVA):
n ≥ 2 (σ/δ)2(tα[ν] + t2(1-P)[ν])2
where n is the number of replications, σ is the true standard deviation, δ is
smallest detectable difference of interest, ν is the degrees of freedom of the sample
standard deviation for a predetermined number of groups with n replications per group, α
is the significance level, P is the power of the test, and tα[ν] and t2(1-P)[ν] are values taken
from a t-table with ν degrees of freedom and corresponding to probabilities of α and 2(1 –
P), respectively. σ and δ can be calculated based on a priori knowledge about how the
groups vary. Assuming α = 0.05 and P = 0.80, a minimum of 82 specimens per taxon
would be required to detect a ~23% difference between all ankylosaurs and hadrosaurids
on the basis of their microwear pit counts, which is the variable that best distinguishes
these two taxa (Table 7.2). Using the same assumptions, at least 92 specimens per family
would be required to detect a ~21% difference between all ankylosaurids and nodosaurids
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on the basis of their pit counts, and no less than 19 specimens per subfamily would be
required to detect a ~23% difference between all hadrosaurines and lambeosaurines on
the basis of their scratch counts.
Second, although I took steps to minimize the amount of time-averaging in this
study (see Materials and Methods above), the time bias remains too large to effectively
capture true, interacting palaeocommunities. It is possible to reduce the time bias further
by dividing the MAZs into ~300 Ka sub-zones (Chapter 2), more closely approximating
true palaeocommunities, but the sample size (and resulting statistical power) per sub-zone
becomes drastically reduced in doing so. This problem further emphasizes the importance
of continued fossil collecting in the DPF.
Third, taphonomic overprinting is likely to have some effect on the results
reported here, but it is unclear what this might be. Although I made an effort to minimize
taphonomic effects by discounting obviously—or even potentially—altered microwear
surfaces, no tooth examined was entirely pristine. Acid etching proved particularly
difficult to discern from genuine microwear pitting (King et al., 1999). Regardless, I do
not expect that taphonomic alteration introduced systematic variation into the data
because dentine likely responds similarly to these effects across all taxa. Additionally,
there is no good evidence to suggest that specific taxa were associated with more or less
acidic preservational conditions.
Fourth, the causes of tooth shape and microwear are not yet completely
understood even in modern taxa, making the interpretation of these variables in extinct
taxa problematic. This dilemma is compounded by the fact that the megaherbivorous
dinosaurs considered here are not particularly closely related to any living animal, nor are
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their dentitions closely comparable to those of any living taxa (with the possible
exception of ankylosaurs and iguanines, but even these differ in the presence of tooth
wear). This shortcoming can only be remedied through the development of general
functional principles that can be extended to unique fossil forms. Although much
research has been devoted to this matter (Strait, 1997; Evans and Sanson, 2003; Lucas,
2004; Sanson, 2006), the science of tooth form and function is still in its infancy.
Finally, the methodological approach to dental microwear analysis used here has
been criticized for several reasons (Teaford, 2007). For one, digitized counting routines
like the one employed here often yield high interobserver error rates (Grine et al., 2002),
and measurements computed by different researchers should probably not be compared
directly (but see Mihlbachler et al., 2012). Furthermore, it is possible that microwear
investigation at the low magnification used here may miss important information
provided by finer features. Finally, the low magnification approach may only be able to
detect the most obvious effects of post-mortem wear, and more subtle taphonomic
features may be mistaken for microwear. Many of these problems can be overcome using
automated quantification procedures that rely on three-dimensional (3-D) surface data
(Ungar et al., 2003; Scott et al., 2005; Merceron et al., 2006). Unfortunately, early
attempts to obtain 3-D surface data from dinosaur teeth proved both difficult and timeconsuming. I originally tried 3-D surface modelling by digitally combining scanning
electron microscope stereopairs; however, this required eucentric tilting of the
microscope stage to produce reliable results, and this technology was not available. I also
tried creating digital surface models using confocal laser scanning microscopy, but this
yielded disappointing results that did not compare to the quality of the models
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traditionally produced using white-light scanning confocal microscopy. Finally, I tried
using atomic force microscopy (AFM) to generate surface models, but scanning time was
impermissibly slow and the concave occlusal surfaces of hadrosaurid teeth proved
difficult to scan. Ultimately, the approach employed here proved to be inexpensive, time
efficient, and has otherwise been shown capable of revealing dietary differences between
even closely related taxa (Solounias and Semprebon, 2002; Semprebon et al., 2004;
Fraser et al., 2009).
Conclusions
Evidence from tooth morphology and wear combine to support the hypothesis that dietary
niche partitioning enabled the coexistence of megaherbivorous dinosaurs from the DPF.
Gross tooth wear indicates that ankylosaurs were capable of feeding on tougher plant
material than traditionally assumed, but they probably did not consume woody browse in
as large quantities as ceratopsids and hadrosaurids. The larger, bladed teeth of
nodosaurids suggest that these animals were better adapted to chewing more fibrous
plants than ankylosaurids, although the limited microwear evidence available does not
support this claim.
The complex dental batteries of ceratopsids and hadrosaurids divulge an affinity
for particularly resistant plant tissues, but functional differences in the tooth arrangements
imply related dietary differences. The strictly shearing ceratopsid dentition was best
suited to rending the toughest plants, which likely included abundant leaf material.
Microwear evidence further suggests that centrosaurines sustained themselves on a more
abrasive diet than chasmosaurines, but other interpretations unrelated to diet are also
possible. Conversely, the greater crushing component of the hadrosaurid dentition reveals
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that these animals were likely able to effectively masticate all types of plant parts,
including leaves, fruits, seeds, and twigs. Dental microwear supports the contention that
Lambeosaurus and Prosaurolophus fed on different plant tissues, but exactly what those
were is not clear. These ecological relationships appear to have been stable over the ~1.5
million year span of the DPF, as revealed by time-constrained analyses of dental
microwear patterns.
Tooth wear evidence also aids in the reconstruction of jaw mechanics.
Ankylosaurs appear to have had an effectively propalinal power stroke, which contradicts
traditional assumptions, but is otherwise in line with more recent work (Vickaryous and
Rybczynski, 2001). Ceratopsids and hadrosaurids were also capable of propaliny, but
their power stroke was primarily directed orthopalinally, which accords with the findings
of Varriale (2011) and Williams et al. (2009).
This study is one of a small number of others (Fiorillo, 1991, 1998, 2008;
Upchurch and Barrett, 2000; Goswami et al., 2005; Whitlock, 2011) to examine nonmammalian microwear in the context of palaeosynecology (Ager, 1963). The dearth of
similar work serves to reinforce the basic need for further analyses of dinosaur microwear
so that a better understanding of its variation might be gained. Given the fundamental
differences between dinosaur and mammal teeth, it will never be possible to infer
dinosaur palaeoecology using a strictly mammalian paradigm. For example, while major
dietary categories (e.g., browser vs. grazer) of herbivorous mammals are generally best
discriminated according to microwear scratch count (Solounias and Semprebon, 2002),
broad megaherbivorous dinosaur taxa are best discriminated using pit count.
Nevertheless, it may be possible to discern dietary categories among dinosaurs if further
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effort is focused on elucidating both inter- and intraspecific variation in the microwear of
these animals. This, in turn, will necessitate additional research into how tooth shape and
replacement patterns influence microwear so that the dietary signal can be isolated.
Furthermore, there is a need to learn more about how plants, particularly those that grew
alongside the dinosaurs, produce microwear. Current understanding of how microwear
forms stems largely from the study of mammals, particularly ungulates, which can be
characterized as falling along a browser-grazer continuum (Lamprey, 1963; McNaughton
and Georgiadis, 1986) or within a trophic triangle (Solounias and Semprebon, 2002).
However, dinosaurs did not regularly consume grass, and so effort must be extended to
understand the influence of various other plant types (e.g., ferns, cycads, horsetails,
ginkgos, conifers) on microwear. Finally, it is necessary to examine microwear patterns
in other Late Cretaceous assemblages of the North American Western Interior to
determine whether the patterns recovered here are specific to the DPF, or whether they
characterize the palaeoecology of Laramidia as a whole.
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Appendix 7.1. Intact dentitions examined in this study.
Suborder/family
Ankylosauria
Ankylosauria
Ankylosauria
Ankylosauria
Ankylosauria
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae

Family/subfamily
Ankylosauridae
Ankylosauridae
Ankylosauridae
Nodosauridae
Nodosauridae
Centrosaurinae
Centrosaurinae
Centrosaurinae
Centrosaurinae
Centrosaurinae
Centrosaurinae
Centrosaurinae
Centrosaurinae
Centrosaurinae
Centrosaurinae
Centrosaurinae
Centrosaurinae
Centrosaurinae
Centrosaurinae
Chasmosaurinae
Chasmosaurinae
Chasmosaurinae
Chasmosaurinae
Chasmosaurinae
Chasmosaurinae
Chasmosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae

Species
Euoplocephalus tutus
Euoplocephalus tutus
Euoplocephalus tutus
Panoplosaurus mirus
Panoplosaurus mirus
Centrosaurus apertus
Centrosaurus apertus
Centrosaurus apertus
Centrosaurus apertus
Centrosaurus apertus
Centrosaurus apertus
Centrosaurus apertus
Centrosaurus apertus
Centrosaurus apertus
Centrosaurus apertus
Centrosaurus apertus
‘pachyrhinosaur’
Styracosaurus albertensis
Styracosaurus albertensis
Chasmosaurus belli
Chasmosaurus belli
Chasmosaurus belli
Chasmosaurus russelli
Chasmosaurus russelli
Chasmosaurus sp.
Vagaceratops irvinensis
Gryposaurus notabilis
Gryposaurus notabilis
Gryposaurus notabilis
Gryposaurus notabilis
Gryposaurus notabilis
Prosaurolophus maximus
Prosaurolophus maximus
Prosaurolophus maximus
Prosaurolophus maximus
Prosaurolophus maximus
Prosaurolophus maximus
Prosaurolophus maximus
Prosaurolophus maximus

Specimen
AMNH 5404
AMNH 5405
TMP 1997.132.0001
ROM 1215
TMP 1998.098.0001
AMNH 5237
AMNH 5351
AMNH 5377
CMN 348
CMN 8795
ROM 767
TMP 1997.085.0001
UALVP 16248
UALVP 41
USNM 8897
YPM 2015
TMP 2002.076.0001
CMN 344
TMP 1986.126.0001
CMN 2245
ROM 839
ROM 843
CMN 2280
TMP 1981.019.0175
CMN 8801
CMN 41357
CMN 2278
ROM 764
ROM 873
TMP 1980.022.0001
TMP 1991.081.0001
CMN 2277
CMN 2870
CMN 8894
ROM 1928
ROM 787
TMM 41262
TMP 1984.001.0001
USNM 12712
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Appendix 7.1. (Continued)
Suborder/family
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae

Family/subfamily
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae

Species
Corythosaurus casuarius
Corythosaurus casuarius
Corythosaurus casuarius
Corythosaurus casuarius
Corythosaurus intermedius
Corythosaurus intermedius
Corythosaurus intermedius
Corythosaurus intermedius
Corythosaurus intermedius
Corythosaurus intermedius
Corythosaurus sp.
Corythosaurus sp.
Corythosaurus sp.
Corythosaurus sp.
Corythosaurus sp.
Corythosaurus sp.
Corythosaurus sp.
Lambeosaurus clavinitialis
Lambeosaurus clavinitialis
Lambeosaurus clavinitialis
Lambeosaurus clavinitialis
Lambeosaurus clavinitialis
Lambeosaurus lambei
Lambeosaurus lambei
Lambeosaurus lambei
Lambeosaurus lambei
Lambeosaurus lambei
Lambeosaurus lambei
Lambeosaurus magnicristatus
Lambeosaurus magnicristatus
Lambeosaurus sp.
Lambeosaurus sp.
Lambeosaurus sp.
Lambeosaurus sp.
Lambeosaurus sp.
Lambeosaurus sp.
Parasaurolophus walkeri

Specimen
ROM 870
ROM 871
TMP 1980.040.0001
TMP 1984.121.0001
CMN 8676
CMN 8704
ROM 776
ROM 777
ROM 845
TMP 1980.023.0004
CMN 34825
FMNH 1357
ROM 1947
ROM 759
ROM 868
TMP 1982.037.0001
TMP 1997.012.0232
AMNH 5382
CMN 8703
ROM 869
TMP 1981.037.0001
YPM 3222
CMN 2869
FMNH 1479
ROM 1218
ROM 794
TMP 1982.038.0001
TMP 1997.012.0128
CMN 8705
TMP 1966.0004.0001
CMN 351
CMN 8503
CMN 8633
NHMUK R9527
ROM 758
USNM 10309
ROM 768

Appendix 7.2. Microwear data used in this study. Abbreviations: MAZ, Megaherbivore Assemblage Zone; S, average scratch
count; P, average pit count; W, average feature width.
Suborder/family Family/subfamily
Genus
Ankylosauria
Ankylosauridae
?
Ankylosauria
Ankylosauridae
?
Ankylosauria
Ankylosauridae
?
Ankylosauria
Ankylosauridae
?
Ankylosauria
Ankylosauridae
?
Ankylosauria
Ankylosauridae
?
Ankylosauria
Ankylosauridae Euoplocephalus
Ankylosauria
Ankylosauridae Euoplocephalus
Ankylosauria
Ankylosauridae Euoplocephalus
Ankylosauria
Nodosauridae
?
Ankylosauria
Nodosauridae
?
Ankylosauria
Nodosauridae
?
Ankylosauria
Nodosauridae
?
Ankylosauria
Nodosauridae
?
Ankylosauria
Nodosauridae
?
Ankylosauria
Nodosauridae
?
Ankylosauria
Nodosauridae
?
Ankylosauria
Nodosauridae
?
Ankylosauria
Nodosauridae
Panoplosaurus
Ankylosauria
Nodosauridae
Panoplosaurus
Ceratopsidae
Centrosaurinae
Centrosaurus
Ceratopsidae
Centrosaurinae
Centrosaurus
Ceratopsidae
Centrosaurinae
Centrosaurus
Ceratopsidae
Centrosaurinae
Centrosaurus
Ceratopsidae
Centrosaurinae ‘pachyrhinosaur’

Specimen
TMP 1986.198.0003
TMP 1987.157.0035
TMP 1991.050.0014
TMP 1997.012.0042
TMP 1997.012.0072
TMP 1997.012.0106
AMNH 5238
AMNH 5404
AMNH 5405
TMP 1986.008.0081
TMP 1986.010.0071
TMP 1986.023.0108
TMP 1991.050.0126
TMP 1994.012.0104
TMP 1994.012.0229
TMP 1995.012.0085
TMP 1995.147.0029
TMP 2000.012.0024
AMNH 5381
ROM 1215
AMNH 5237
ROM 767
TMP 1997.085.0001
UALVP 16248
TMP 2002.076.0001

S
P
W (μm) MAZ
24.00 3.00
17.56
1
24.00 1.50
23.53
1
68.50 6.50
12.17
?
35.00 4.00
15.41
?
26.00 1.00
16.67
?
56.00 4.50
14.72
?
34.00 4.00
16.01
?
50.88 10.88 13.45
1
46.79 5.07
13.52
?
23.00 5.00
23.32
2
25.00 3.00
26.18
1
36.00 8.00
16.82
1
64.00 5.50
11.76
?
40.50 4.00
13.25
1
36.50 3.00
14.59
1
40.00 9.00
14.16
?
40.00 4.00
11.58
1
61.50 6.50
10.10
?
45.00 5.00
14.01
1
60.88 9.63
13.93
1
56.17 3.50
12.93
?
39.58 1.67
13.89
1
45.38 1.38
13.15
1
40.50 2.30
15.44
1
41.50 1.50
15.35
2
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Appendix 7.2. (Continued)
Suborder/family Family/subfamily
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae

Centrosaurinae
Chasmosaurinae
Chasmosaurinae
Chasmosaurinae
Chasmosaurinae
Chasmosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae
Hadrosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae
Lambeosaurinae

Genus

Specimen

S

P

Styracosaurus
CMN 344
36.00 1.00
Chasmosaurus
CMN 8801
42.50 1.00
Chasmosaurus
CMN 8802
19.00 0.50
Chasmosaurus
ROM 839
32.60 0.80
Chasmosaurus
ROM 843
39.00 2.00
Vagaceratops
CMN 41357
28.83 2.50
Prosaurolophus
CMN 2870
37.46 3.29
Prosaurolophus
ROM 1928
59.75 5.88
Prosaurolophus
ROM 787
39.75 3.00
Prosaurolophus
TMM 41262
56.17 3.17
Corythosaurus
CMN 34825
35.92 3.42
Corythosaurus
ROM 1933
43.75 8.75
Corythosaurus
ROM 1947
47.17 4.67
Corythosaurus
ROM 868
35.75 1.75
Corythosaurus
ROM 871
33.29 2.50
Corythosaurus TMP 1982.037.0001 58.22 4.41
Corythosaurus TMP 1997.012.0232 37.63 3.19
Lambeosaurus
CMN 2869
31.00 1.80
Lambeosaurus
CMN 8503
36.70 2.00
Lambeosaurus
CMN 8633
28.67 2.33
Lambeosaurus
CMN 8703
38.25 4.91
Lambeosaurus
ROM 794
40.86 9.36
Lambeosaurus TMP 1981.037.0001 32.75 4.08
Lambeosaurus
USNM 10309
28.00 3.50
Lambeosaurus
YPM 3222
32.25 3.00

W (μm) MAZ
14.26
13.17
21.56
14.13
12.41
14.44
14.70
11.37
13.87
12.36
16.18
12.31
13.19
13.92
17.05
12.36
14.08
14.87
14.21
15.08
14.99
14.20
18.69
17.98
16.42

2
1
1
2
2
2
?
2
2
2
1
1
1
1
1
1
?
?
2
1
1
2
1
?
2
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Appendix 7.3. Wear features of isolated ankylosaur teeth from the Dinosaur Park
Formation. ‘Paired facets’ refers to the presence of mesiodistally arranged wear
facets on a single tooth surface (labial or lingual). ‘IPF’ refers to the presence of an
‘interdental pressure’ facet (sensu Thulborn, 1974)
Family
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Ankylosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae

Facet
Specimen (TMP) count
1981.016.0477
2
1992.036.1178
1
1993.079.0066
1
1994.094.0014b 1
1997.012.0042
1
1997.012.0072
2
1997.012.0102
2
1997.012.0106
2
1999.055.0081
1
1999.055.0162
1
1999.055.0246
1
1999.055.0290
1
2001.012.0073
2
2001.012.0074
1
2002.012.0060
2
2005.012.0233
1
2005.012.0384a 1
2005.012.0384b 2
2011.047.0079
1
1992.030.0231
1
1993.036.0081
1
1993.036.0458
1
1993.036.0484
1
1994.012.0029
1
1994.012.0035
1
1994.016.0005
1
1994.012.0076
1
1994.012.0077
1
1994.012.0104a 1
1994.012.0104b 1
1994.012.0104c 1
1994.012.0120
1
1994.012.0194
1
1994.012.0229a 1
1994.012.0229b 1

Paired
Facet inclination
facets?
vertical
no
vertical
-oblique
-vertical
-vertical
-oblique/vertical
no
horizontal/vertical no
oblique
no
oblique
-vertical
-oblique
-vertical
-oblique/vertical
no
vertical
-vertical
no
vertical
-oblique
-vertical
no
oblique
-vertical
-vertical
-oblique
-oblique
-oblique
-oblique
-oblique
-oblique
-oblique
-vertical
-oblique
-oblique
-oblique
-oblique
-oblique
-oblique
--

IPF?
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
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Appendix 7.3. (Continued)
Family
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae

Facet
Specimen (TMP) count
1994.012.0252b 1
1994.012.0252c 1
1994.012.0447
1
1994.094.0014a 1
1994.172.0045
1
1995.012.0029
1
1995.012.0085
3
1995.012.0117
2
1995.179.0001a 1
1995.179.0001b 1
1997.012.0005
2
1997.012.0041b 1
1997.012.0041c 1
1997.012.0041a 2
1997.012.0085
1
1998.068.0080
1
1998.068.0087
2
1998.068.0120
1
1998.068.0141
1
1998.068.0153
1
1999.063.0019
1
1999.055.0243
1
1999.085.0005
1
1999.085.0012
2
2000.012.0026
1
2000.012.0028
4
2000.057.0014a 1
2000.057.0014b 1
2000.057.0052
1
2000.057.0067
1
2002.060.0002e 1
2002.060.0002a 1
2002.060.0002b 1
2002.060.0002c 1
2002.060.0002f 1
2002.060.0002d 2
2003.012.0259
1
2003.012.0285
1

Paired
Facet inclination
facets?
oblique
-oblique
-oblique
-oblique
-oblique
-oblique
-horizontal/vertical
no
oblique/vertical
yes
oblique
-oblique
-vertical
yes
oblique
-oblique
-oblique/vertical
no
oblique
-oblique
-oblique/vertical
no
vertical
-oblique
-vertical
-vertical
-horizontal
-vertical
-horizontal/vertical
no
oblique
-horizontal/oblique/vertical no
oblique
-horizontal
-oblique
-oblique
-oblique
-vertical
-vertical
-oblique
-oblique
-oblique/vertical
no
oblique
-horizontal
--

IPF?
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
yes
no
no
no
no
no
no
no
no
no
no
no
no
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Appendix 7.3. (Continued)
Family
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae
Nodosauridae

Facet
Specimen (TMP) count
2004.103.0012
1
2004.104.0012
1
2004.110.0014
1
2004.114.0004
1
2004.116.0019
1
2004.116.0036
1
2005.012.0132
1
2005.012.0185
1
2005.012.0232b 1
2005.012.0232a 2
2005.012.0279
1
2005.012.0280
1
2005.012.0368a 1
2005.012.0368b 1
2005.012.0368c 1
2005.012.0368d 1
2005.012.0380
1
2005.012.0397
1
2005.054.0007
1
2005.012.0496
1
2005.049.0127
1
2005.049.0142
1
2007.020.0042
1
2011.012.0027
1
2011.047.0010
1

Paired
Facet inclination
facets?
horizontal
-oblique
-oblique
-oblique
-oblique
-oblique
-oblique
-oblique
-oblique
-horizontal/vertical no
vertical
-oblique
-vertical
-oblique
-vertical
-oblique
-oblique
-vertical
-oblique
-vertical
-oblique
-oblique
-oblique
-oblique
-vertical
--

IPF?
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
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Appendix 7.4. Microwear data for AMNH 5405 (Euoplocephalus tutus).
Abbreviations: S, scratch count; P, pit count; W, average feature width.
Tooth position S
P W (μm)
RM 1
49 11 10.85
RM 3
93 10 14.83
LM 5
97 5
12.34
LM 9
79 5
14.05
RM 14
113 16 13.16
RM 16
81 7
15.26
RM 17
47 3
14.18
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Appendix 7.5. Microwear data for ROM 767 (Centrosaurus apertus). Abbreviations:
S, scratch count; P, pit count; W, average feature width.
Tooth position S
P W (μm)
RD 13
26 0 14.42
RD 14
56.5 2 10.79
RD 15
57.5 0
9.70
RD 17
41 3 14.00
RD 18
18 1 21.95
RD 19
38.5 4 12.51
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Appendix 7.6. Hadrosaurid microwear data comparing arcsine-transformed pit
percentage (PP) and average vector length (r) between teeth in the lingual worn
zone (LWZ) and buccal worn zone (BWZ).
LWZ
Specimen
Tooth position Arcsine PP
ROM 868
LD 19(1)
13.76
ROM 868
LD 18(2)
20.70
ROM 868
LD 21(2)
0
TMP 1982.037.0001
LD 12(1)
13.93
TMP 1982.037.0001
RD 32(2)
8.95
ROM 794
RD 24(1)
25.98
YPM 3222
LD 26(2)
19.61

r
0.54
0.49
0.35
0.18
0.31
0.43
0.34

BWZ
Tooth position Arcsine PP
LD 17(3)
15.50
LD 18(3)
21.52
LD 21(3)
0
LD 11(3)
14.96
RD 32(3)
8.48
RD 25(3)
24.46
LD 26(3)
26.57

r
0.45
0.58
0.29
0.66
0.23
0.37
0.63
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Appendix 7.7. Dental microwear data for CMN 2870 (Prosaurolophus maximus).
Abbreviations: S, scratch count; P, pit count; W, average feature width
Tooth
position
LD 2
LD 3
LD 4
LD 5
LD 8
LD 9
LD 11
RD 12
RD 13
RD 14
LD 15
RD 16
RD 17
RD 18
RD 19
RD 20
RD 21
RD 22
RD 23
RD 24
RD 25
LD 26
RD 27
LD 28

S

P

13.5
27.5
26.5
45
32
28.5
33
39.5
46.5
42
33.5
42.5
40.5
34
40.5
33
37
45
50.5
44.5
39
36
51.5
37.5

5.5
1.5
4.5
2
6
4.5
4
9.5
2.5
3.5
2
1.5
2
2
4
1
3.5
2
1
3.5
1
5.5
2
4.5

W
(μm)
24.18
19.52
17.26
13.72
12.76
16.05
14.61
13.84
12.40
13.80
14.41
14.31
12.72
15.88
13.91
15.69
14.37
12.81
12.40
13.13
16.94
11.90
14.07
12.18
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CHAPTER 8: CONCLUSIONS
Dietary Niche Partitioning and Megaherbivore Coexistence
During the Late Cretaceous, megaherbivorous dinosaurs flourished in the Western
Interior of North America (Laramidia). At any one time, there were typically two
ankylosaurs (one ankylosaurid plus one nodosaurid), two ceratopsids (one centrosaurine
plus one chasmosaurine), and two hadrosaurids (one hadrosaurine plus one
lambeosaurine) living in sympatry (Chapter 2). This diversity is unknown within living
megaherbivorous mammal communities, and is only rarely observed in the mammalian
fossil record. Opinions differ about how this diversity was achieved. Some have argued
that megaherbivorous dinosaurs thrived because of their low metabolic rates (Farlow et
al., 1995; Lehman, 1997; Sampson, 2009), or because of high primary productivity
(Ostrom, 1964a; Sampson, 2009) during the Late Cretaceous, implying that food
resources were not limiting. It is also possible that elevated rates of predation suppressed
megaherbivore population densities, leading to reduced pressure on the resource base.
Others (Coe et al., 1987; Lehman, 2001; Sander et al., 2010) have argued that dietary
niche partitioning played an important role in the coexistence of these animals, with each
species consuming a different plant resource than the next, thereby minimizing
interspecific competition.
The results of this dissertation, stemming from the fossil assemblage of the
Dinosaur Park Formation (DPF), support the contention that megaherbivorous dinosaur
coexistence was facilitated by dietary niche partitioning. Evidence comes by way of the
inferred ecomorphology of these animals, which serves to discriminate even the most
closely related sympatric genera to a greater or lesser degree (Table 8.1). Ankylosaurs,
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Table 8.1. Summary of inferred ecomorphology for the megaherbivorous dinosaurs from the Dinosaur Park Formation.
Ankylosauridae Nodosauridae
< 0.9 m

Feeding height
(Chapter 3)
Skull
small, wide
morphometrics skull; deep
(Chapter 4)
mandible; short
tooth row; low
coronoid
process;
ventrally
deflected snout

Beak
morphology
(Chapter 5)
Jaw mechanics
(Chapter 6)
Tooth
morphology
(Chapter 7)
Tooth
microwear
(Chapter 7)

wide, square

small, wide
skull; deep
mandible;
short tooth
row;
moderatesized
coronoid
process;
ventrally
deflected
snout
intermediate,
rounded

RBF < 0.6

RBF < 0.9

small, cusped
teeth

larger, bladed
teeth

high pit percentage

Centrosaurinae Chasmosaurinae Hadrosaurinae
Lambeosaurinae
< 1.2 m
< 2.4 m (quadrupedally),
< 4.2 m (bipedally)
large, narrow
large, narrow
large, narrow
large, narrow
skull; distally
skull; distally
skull (larger than skull; distally
extended tooth extended tooth
lambeosaurines); extended tooth
row; tall
row; tall
distally extended row; tall
coronoid
coronoid
tooth row; tall
coronoid process;
process;
process;
coronoid process; ventrally
rostrally
rostrally
ventrally
deflected snout
projecting,
projecting, deep deflected snout
shallow snout; snout; wide
wide
paroccipital
paroccipital
processes
processes
narrow, triangular
intermediate, rounded

RBF < 2.5
shearing dental batteries

low pit
percentage,
high scratch
count

low pit
percentage, low
scratch count

shearing/crushing dental batteries

high pit
percentage, high
scratch count,
fine scratches
(Prosaurolophus)

high pit
percentage, low
scratch count,
coarse scratches
(Lambeosaurus)
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ceratopsids, and hadrosaurids differ from one another in their feeding heights (Chapter 3),
general skull proportions (Chapter 4), and beak morphologies (Chapter 5). Ceratopsids
and hadrosaurids differ from ankylosaurs in having more powerful bites (Chapter 6),
whereas ankylosaurs and hadrosaurids differ from ceratopsids in their dental microwear
patterns (Chapter 7). With increasing taxonomic resolution, it can be seen that
ankylosaurids and nodosaurids differ mainly in their jaw mechanics (Chapters 4, 6) and
beak shapes (Chapter 5), centrosaurines and chasmosaurines differ in their skull
proportions (Chapter 4) and dental microwear patterns (Chapter 7), and hadrosaurines
and lambeosaurines differ in both skull size (Chapter 4) and microwear (Chapter 7). This
is not to say that other factors could not also have influenced the sympatry of the
megaherbivorous dinosaurs, and in that sense, competing hypotheses about the role of
metabolism, primary productivity, and niche partitioning in the coexistence of these
animals may be said to be underdetermined by the available evidence (Turner, 2011).
Perhaps dinosaurian bradymetabolism, elevated primary productivity, and predation
pressure during the Late Cretaceous also affected megaherbivore biodiversity; if so, these
premises must be judged by their own merits. Nevertheless, dietary niche partitioning
almost certainly played a key role as well, and is not otherwise predicted by the
hypothesis that resources were non-limiting.
Discrimination of Morphology
One of the interesting, though not unforeseen, lessons from this dissertation is that not all
aspects of morphology do an equally good job of discriminating different taxa. For
example, whereas reconstructed feeding height is only able to distinguish the more
inclusive taxa (Ankylosauria, Ceratopsidae, Hadrosauridae), other features, such as beak
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and tooth morphology, are able to discriminate less inclusive taxa (e.g., ankylosaurids
and nodosaurids). The best method used in this dissertation for discriminating taxa was
multivariate morphometrics of the skull, which was able to tell apart the ankylosaur
families and, to a lesser extent, ceratopsid and hadrosaurid subfamilies. This success is
undoubtedly due to the fact that multivariate morphometrics can consider numerous
aspects of skull morphology at once.
The importance of applying statistical methods to the consideration of dietary
niche partitioning is also underscored here. For example, although it is commonly
believed that differences in the cranial proportions of centrosaurines and chasmosaurines
allowed these two taxa to consume different plant tissues (Henderson, 2010),
intraspecific variation in this variable is widespread among ceratopsids (Hatcher et al.,
1907; Lull, 1933; Dodson, 1990; Lehman, 1990; Ostrom and Welnhoffer, 1986, 1990;
Godfrey and Holmes, 1995; Forster, 1996; Farke, 2006; Currie et al., 2008; Mallon et al.,
2011), which casts some doubt on the ecological significance of the differences between
the two subfamilies. In fact, there is tentative evidence that centrosaurines and
chasmosaurines do differ in their cranial proportions, but the statistical significance is
reduced by low sample size and intraspecific variation (Chapter 4). Therefore, it is
possible that variation in skull proportions was not as important an ecological
discriminator as previously assumed. Regardless, the point remains that the existence of
intraspecific variation should be accounted for in a statistical manner, especially given its
significance for ecology and evolution (Darwin, 1859).
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Palaeodietary Interpretations
Having established that the megaherbivorous dinosaurs from the DPF probably consumed
different types of vegetation, it makes sense to examine the available data and ask what
they ate. Dinosaur dietary interpretations are almost as numerous and varied as the
animals themselves (Table 8.2). The reasons for this are likewise varied, owing to
changing interpretations of functional morphology, physiology, and palaeoenvironments;
focus on different aspects of anatomy; the lack of modern analogues; the availability of
new fossil evidence; and redundancy in the form-function complex. The following offers
a reinterpretation of the diets of the megaherbivorous dinosaurs from the DPF in light of
the evidence provided in this dissertation and otherwise culled from the literature.
Ankylosauria
Because of their supposedly small and weak teeth, ankylosaurs have traditionally been
attributed a diet of soft, possibly aquatic plants (Table 8.2). However, this does not seem
likely for two reasons. First, distribution data indicate that ankylosaurs preferred inland
settings (Dodson, 1971; Brinkman, 1998; Chapter 2), and probably did not habitually
dwell in the wet, swampy coastal plain settings where aquatic plants were most common.
Second, ankylosaurs exhibit a suite of features suggestive of a more resistant plant diet,
including a transversely wide skull, deep mandible with dorsally bowed tooth row
(Chapter 4), and ossified secondary palate (King, 1996; Vickaryous et al., 2004), all of
which would have dissipated stress associated with resilient foodstuffs. The phylliform
teeth of ankylosaurs, although similar to those of iguanines in shape, are also heavily
worn, indicating that ankylosaurs were more effective at comminuting plant material than
their lepidosaurian counterparts (Chapter 7). Finally, the laterally expanded gut of the
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Table 8.2. Summary of plant food sources attributed to the megaherbivorous
dinosaurs from the DPF.
Taxon
all

Food
gymnosperms, ferns and other
"pteridophytes"
Ankylosauria
insects (locusts)
Ankylosauria
succulent ground vegetation
Ankylosauria
soft or juicy vegetable matter
Ankylosauria
less abbrasive, more nutritious
plants
Ankylosauria
plants, insects, carrion
Ankylosauria
ferns, lilies, arum plants, cattail
tubers
Ankylosauria
low-fibre food
Ankylosauria
ferns and horsetails
Ankylosauria
soft, aquatic vegetation
Ankylosauria
bennettitalian inflorescences,
angiosperm fructifications
Ankylosauria
leaves
Ankylosauria
soft plant food
Ankylosauria
ferns
Ankylosauria
fibrous or vascular tissue
(leaves), angiosperm fruits or
endocarps, small seeds, and fern
sporangia
Ankylosauria
tough foodstuffs
Anklosauria
cycad seeds
Ankylosauria
horsetails
Ankylosauria
ferns and cycadophytes
Ankylosauria
ferns and fern allies
Ankylosauridae herbs
Ankylosauridae low growing vegetation
Nodosauridae
low-growing, woody vegetation
Nodosauridae
leaves
Ceratopsidae
leaves and shoots of low trees and
shrubs
Ceratopsidae
ferns, cycads, equisetae, and
other luxuriantly crowned
vegetation
Ceratopsidae
succulent roots
Ceratopsidae
cycads and palms
Ceratopsidae
fibrous plants

Source
Swain (1976)
Nopcsa (1928)
Russell (1940)
Haas (1969)
Farlow (1976)
Maryańska (1977)
Russell (1977)
Bakker (1978)
Krassilov (1981)
Dodson (1983)
Weishampel (1984)
Bakker (1986)
Galton (1986)
Taggart and Cross (1997)
Molnar and Clifford (2001)

Rybczynski and Vickaryous (2001)
Mustoe (2007)
Hummel et al. (2008)
Aulenback (2009)
Sander et al. (2010)
Béland and Russell (1978)
Carpenter (1997a)
Béland and Russell (1978)
Carpenter (1997a)
Hatcher et al. (1907)
Tait and Brown (1928)

Russell (1935)
Ostrom (1964b, 1966)
Farlow (1976)
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Table 8.2. (Continued)
Taxon
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Ceratopsidae
Hadrosauridae
Hadrosauridae

Hadrosauridae

Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae
Hadrosauridae

Hadrosauridae

Food
reed and cattail tubers
toughest, low-growing shrubs
low-growing, woody vegetation
(fronds or branches)
cycadeoid bennettite fronds and
strobili, fruits
bennettitalian and angiosperm
fructifications
cycadeoid fronds
fibrous plant material
angiosperm trees
cycadophytes
ferns
ferns and cycadophytes
cycad stems
palm seeds and fruits
soft, aquatic vegetation
Cunninghamites elegans (conifer)
needles, conifer and deciduous
branches, small seeds or fruits
primarily equisetalians, occasional
herbaceous vegetation, roots of
water lilies and other aquatic
plants (analogy to moose)
resistant, fibrous, woody plants
mollusks, small crustaceans,
aquatic plants
fibrous, siliceous, or woody plants
ferns, fresh leaves and shoots
high-fibre food
unspecialized browsers
drifted plant materials or peat
low growing herbs, leaves and
twigs of angiosperm trees, lush
seasonal water plants
ginkgophyte, conifer, nilssonalian,
and angiosperm fructifications

Source
Russell (1977)
Bakker (1978)
Béland and Russell (1978)
Krassilov (1981)
Weishampel (1984a)
Bakker (1986)
Weishampel and Norman (1987)
Dodson (1993, 1996, 1997)
Taggart and Cross (1997)
Dodson et al. (2004)
Aulenback (2009)
Tanoue et al. (2009)
Manchester et al. (2010)
Cope (1883)
Kräusel (1922)

Lull and Wright (1942)

Ostrom (1964a)
Morris (1970)
Farlow (1976)
Russell (1977)
Bakker (1978)
Béland and Russell (1978)
Krassilov (1981)
Dodson (1983)

Weishampel (1984)
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Table 8.2. (Continued)
Taxon
Hadrosauridae

Food
horsetails, ground pine, ferns,
low tree ferns, seedling
evergreens (pines, cypress, etc.),
cycads and other tough-frond
types, low-growing palms,
magnolialike shrubs
Hadrosauridae
leaves and small stems of
angiosperm herbs
Hadrosauridae
young gymnosperms and
angiosperms (wood, seeds, and
seed pods), charcoal
Hadrosauridae
conifer wood
Hadrosauridae
low-quality, high-fibre
vegetation (foliage and
fructifications)
Hadrosauridae
fungally decayed conifer wood
Hadrosauridae
ginkgoes and conifers
Hadrosauridae
palm seeds and fruits
Hadrosauridae
conifers
Hadrosauridae
mostly leaves
Hadrosauridae
Equisetum
Hadrosaurinae
open-habitat browsers
Lambeosaurinae closed-habitat browsers

Source
Bakker (1986)

Dodson (1993)
Currie et al. (1995)

Chin and Gill (1996)
Horner et al. (2004)

Chin (2007)
Aulenback (2009)
Manchester et al. (2010)
Taggart and Cross (1997)
Tweet et al. (2008)
Williams et al. (2009)
Carrano et al. (1999)
Carrano et al. (1999)
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ankylosaurs would have increased both retention time and the space available for
cellulolytic microflora, further aiding in the breakdown of resistant plants (Bakker, 1986).
In fact, given differences in the cranial anatomy of ankylosaurids and
nodosaurids, ankylosaur diets were probably more varied than traditionally assumed.
Ankylosaurids (represented in the DPF by Euoplocephalus and the rare Dyoplosaurus)
are interpreted here as consumers of low-growing ferns (Polypodiales), as evidenced by
several features. First, all ankylosaurs were restricted to feeding at heights < 1 m above
the ground (Chapter 3), and must therefore have browsed within the herb layer. Second,
the wide, square beaks of ankylosaurids are suggestive of high intake rates typically
associated with consumers of low-quality (high-fibre) vegetation. The data of Hummel et
al. (2008) indicate that, compared to most other vascular plants, ferns are less nutritious,
being lower in metabolizable energy and higher in fibre. They therefore seem likely as
ankylosaurid fodder. Ferns and other “pteridophytes” from the DPF comprise ~39% of
the total palynofloral diversity (Jarzen, 1982), and include examples of Osmundaceae
(cinnamon ferns), Schizaeaceae (climbing ferns), Gleicheniaceae, and Cyatheaceae,
among others (Braman and Koppelhus, 2005). The interpretation of ankylosaurids as fern
consumers agrees with a cololite found inside the gut of a small (~300 kg; Paul, 2010),
Early Cretaceous ankylosaurid from Australia (Molnar and Clifford, 2001). In addition to
an abundance of vascular tissue (possibly leaves), the fossil contains angiosperm fruits,
small seeds, and probable fern sporangia. It is likely that, on account of their much larger
size (~2.5 t; Paul, 2010), Euoplocephalus and Dyoplosaurus could tolerate low-quality
fern material in much greater proportion.
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One way that nodosaurids (represented in the DPF by Panoplosaurus) differ from
ankylosaurids is in having narrower, more rounded beaks (Carpenter, 1982, 1997a,b,
2004; Chapter 5). Nodosaurids therefore appear to have been more selective than
ankylosaurids, and probably consumed more nutritious vegetation, such as shrubby dicot
browse (Hummel et al., 2008). This interpretation would also account for other aspects of
nodosaurid morphology. For example, the taller coronoid process suggests the ability to
generate higher bite forces possibly associated with a diet of woody browse (Chapter 4,
6), and the distally dilated process of the vomers may have dissipated stresses associated
with those higher bite forces (Carpenter, 1990; Vickaryous, 2006). The mesiodistally
expanded, bladed teeth of nodosaurids also suggest an incipient ability to cope with the
crack-stopping mechanism of woody plant material (Lucas, 2004; Chapter 7). To be sure,
nodosaurids do not share the same, highly-modified morphology of ceratopsids for
rending woody browse (see Ceratopsidae below), so it is unlikely that nodosaurids fed
exclusively on this type of vegetation. Instead, I interpret both ankylosaurids and
nodosaurids as having consumed mostly herbaceous ferns, with the latter supplementing
their diet with dicotyledonous (dicot) browse. The relatively high number of dental
microwear pits in both these taxa indicates that they ate fruits or seeds on occasion, as
well (Chapter 7).
Ceratopsidae
Several lines of evidence point to the fact that ceratopsids subsisted on particularly tough
vegetation. The skull was massive—more so than in any other herbivore from the DPF—
indicating that these animals could generate absolutely high bite forces (Chapter 4). The
mandible was also constructed in such a way as to produce relatively high bite forces
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(Chapter 6). The triangular beak was narrow, and could be used to selectively crop coarse
plant matter, a feeding strategy shared with black rhinoceroses (Diceros bicornis). Yet,
probably more than any other feature, the shearing dentition of ceratopsids has played a
key role in the inference to their diets. It is commonly and correctly understood that their
dentition was particularly suitable to fracturing the toughest plant tissues (Chapter 7).
Among the plant foods most regularly attributed to ceratopsid diets are cycadophytes and
palms (Arecaceae; Table 8.2); the fronds of the former are very fibrous and not
particularly nutritious (Hummel et al., 2008). However, probably neither of these was
consumed by ceratopsids from the DPF for the simple reason that compelling evidence
for the existence of these plants in the formation is lacking (Dodson, 1993, 1996, 1997;
Braman and Koppelhus, 2005; D. Braman, pers. comm., 2012). Furthermore, all living
cycads are especially toxic (Mustoe, 2007; Gee, 2010), and it is likely that their fossil
forebears were as well. Therefore, even if cycads were available, they were probably not
eaten.
In light of these considerations, Dodson (1993, 1996, 1997) suggested that
ceratopsids most regularly consumed woody angiosperms. This seems like a more
reasonable interpretation for various reasons. First, angiosperms were widespread by the
Late Cretaceous, and were particularly abundant in floodplain environments (Upchurch
and Wolfe, 1993) which ceratopsids are known to have frequented (Dodson, 1971;
Brinkman, 1990; Brinkman et al., 1998). Second, it is likely that angiosperms from the
DPF were herbaceous or shrubby in habit because angiosperm wood corresponding to
trees is unknown from the formation (Braman and Koppelhus, 2005). These flowering
plants were therefore easily within reach of the ceratopsid cropping mechanism (Chapter
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3). Third, the woody branches and twigs of angiosperm shrubs would have required a
bladed dentition for fracture (Lucas, 2004), and the ceratopsid dental battery appears
optimally suited to the task (Chapter 7). Common angiosperms in the DPF include
relatives of maples (Aceraceae), beeches (Fagaceae), elms (Ulmaceae), lilies (Liliaceae),
sedges and reeds (Cyperaceae), among others (Braman and Koppelhus, 2005). Conifer
(Pinales) and ginkgo (Ginkgoaceae) saplings may have been consumed as well, though
probably less frequently, given their generally slower replacement rates (Gee, 2010).
Although some (Bakker, 1978, 1986) have posited coevolutionary scenarios between
early angiosperms and ornithischian dinosaurs (including ceratopsids), there does not
appear to be any solid evidence for this (Barrett and Willis, 2001; Butler et al., 2009).
Possible evidence for dietary niche partitioning between coexisting centrosaurines
and chasmosaurines comes by way of their different skull proportions (Chapter 4) and
dental microwear signatures (Chapter 7). Centrosaurines appear to have shorter, deeper
crania than chasmosaurines, which may reflect the fact that the former taxon had a more
powerful bite than the latter (Henderson, 2010). Centrosaurines also bear more
microwear scratches on their teeth than chasmosaurines, which may indicate that the
former taxon subsisted on a grittier diet than the latter, or that the two subfamilies
differed in the degree to which they chewed their food. The data are currently too sparse
to reject either of these scenarios.
Hadrosauridae
Previous attempts at inferring hadrosaurid diets have varied widely (Table 8.2).
Accordingly, I interpret hadrosaurids as having been the least selective of the
megaherbivores from the DPF; they likely subsisted on a broad range of plant tissues.
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Evidence for this comes by way of their large body sizes (larger than any of the other
DPF herbivores; Paul, 2010), which typically equates to a broad dietary range (OwenSmith, 1988); correspondingly large feeding envelopes (Chapter 3); intermediate beak
morphologies (Chapters 4–5); efficient jaw mechanics (Chapter 6); and complex tooth
batteries capable of both crushing and shearing functions (Chapter 7). Hadrosaurids also
appear to have been most cosmopolitan in their distribution along the alluvial-coastal
plain (Brinkman, 1990; Brinkman et al., 1998), and were therefore tolerant of a wide
range of habitats.
Although hadrosaurids could have effectively eaten any plants within reach, it
makes sense that they would have preferred more digestible plants in order to maximize
their energy intake and meet their large nutritional requirements. Hummel et al. (2008)
provide data on Mesozoic plant digestibility, derived from living relatives of fossil taxa.
Accounting for such limiting factors as temporal and geographic availability, and growth
height, hadrosaurids most likely favoured horsetails (Equisetum), forbs, ginkgo and
conifer (pines, cypresses, and cheirolepids) saplings, and dicot browse, in that order.
Hummel et al. (2008) suggested that horsetails were unlikely fodder for dinosaurs that
chewed their food (e.g., ceratopsids and hadrosaurids) because the high silica content
would have produced excessive tooth wear. However, the rapid tooth replacement rates
of these animals, on the order of every 50–80 days (Erickson, 1996), probably would
have offset this problem.
Reported examples of hadrosaurid gut contents (e.g., Kräusel, 1922; Currie et al.,
1995) include abundant conifer material, although the origin of this material (whether
autochthonous or not) remains questionable. However, coprolites attributable to
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hadrosaurids (Chin and Gill, 1996; Chin, 2007) also contain abundant conifer material
and it is likely that these plants formed a staple of hadrosaurid diets. Angiosperm seeds
and fruits have also been reported in hadrosaurid gut contents (Kräusel, 1922; Currie et
al., 1995), as well as unidentified leaf material (Tweet et al., 2008). Bearing in mind the
difficulties associated with interpreting these fossils (Sander et al., 2010), they lend
credibility to the interpretation that hadrosaurids were generalist browsers.
Coexisting hadrosaurines and lambeosaurines from the DPF differ markedly in
the development of cranial ornamentation (Ryan and Evans, 2005), but there are
otherwise few shape differences that would serve to distinguish the feeding ecologies of
these animals. However, subtle size differences between the two taxa imply ecological
separation (Chapter 4). The larger hadrosaurines could probably subsist on a lower
quality diet as a result of their presumed increased gut retention times and elevated bite
forces. If the argument of Carrano et al. (1999), that hadrosaurines habitually occupied
open habitats, is correct, it would make sense that these animals ingested a higher
proportion of low-quality herbs (probably ferns) than their lambeosaurine counterparts.
This interpretation is supported by the available microwear evidence (Chapter 7);
scratches on the teeth of the hadrosaurine Prosaurolophus are less coarse than those of
the contemporaneous lambeosaurine Lambeosaurus, which correlates with lower feeding
heights among living primates (Walker, 1976; Ungar, 1994). Alternatively,
Prosaurolophus may have simply fed on a less coarse diet than Lambeosaurus. At
present, sample size remains small (N = 19), and more data are necessary to distinguish
between these hypotheses.
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Persistence of the Belly River Group Chronofauna
One of the recurring themes in this dissertation is that, regardless of which morphological
aspect is considered, the overall dietary niche relationships appear stable through time.
That is, despite taxonomic turnover between the lower (MAZ-1) and upper (MAZ-2)
halves of the DPF, the same inferred ecomorphs persist throughout the ~1.5 Ma
represented by the formation. This is not unprecedented: Brinkman et al. (2004) noted
taxonomic stability between microvertebrate fossil assemblages spanning the ~5 Ma
represented by the Belly River (Judith River) Group (which includes the DPF). One of
the important points of this dissertation is that this stability is not simply taxonomic in
nature, but ecological as well (although the two aspects are certainly related).
Olson (1952) coined the term ‘chronofauna’ to refer to animal communities
exhibiting long-term (geological) stasis, which was then used by Brinkman et al. (2004)
to describe the Belly River Group fossil assemblage. Brinkman et al. (2004) felt it likely
that such stasis could be attributed to environmental or climatic stability. Although it is
clear from both sedimentological (Eberth, 2005) and palynological (Braman and
Koppelhus, 2005) evidence that environmental conditions in the DPF were becoming
more coastally influenced upsection, it is possible that the DPF chronofauna could
persist, provided that the environmental change was gradual enough that the constituent
species could adapt accordingly (Olson, 1952). The present lack of evidence for sudden
and widespread cladogenic evolution in the DPF megaherbivorous dinosaur assemblage
(Chapter 2) may be interpreted as tentative support for this view. On the other hand, the
lack of correlation between species turnover and palaeoenvironmental change in the DPF
suggests that the two were not inextricably linked (Chapter 2). The notion that the
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persistence of DPF chronofauna was tied to environmental conditions must therefore be
regarded with due vigilance. DiMichele et al. (2004) have suggested other factors that
may account for long-term stasis in ecological assemblages, including evolved
mutualisms (e.g., competition, symbiosis, or predation), historical contingency (e.g.,
place of evolutionary origin, vicariance patterns, or natural geographic barriers), and the
“law of large numbers” (which states that the most abundant species remain that way
because they tend to produce the most offspring). These possibilities require further
scrutiny as they apply to the Belly River group chronofauna.
In spite of the foregoing discussion, there does appear to be a real trend in the
DPF whereby ankylosaurs become progressively less abundant in the upper exposures
(Brinkman, 1990; Brinkman et al., 1998; Chapter 2). The reasons for this are not
understood, but may reflect the emigration of these animals out of the area of Dinosaur
Provincial Park (DPP) as they tracked favourable habitats. Notably, ankylosaurs
exhibiting congeneric relationships to those from the DPF appear in surrounding areas
subsequent to the regression of the Western Interior Seaway (Arbour et al., 2009),
supporting previous suggestions that ankylosaurs preferred inland environments (Dodson,
1971; Brinkman et al., 1998).
It is prudent to note that patterns of stasis and change within the DPF can only be
revealed via the minimization of time-averaging, which is the incorporation of a temporal
component into a fossil assemblage (DiMichele et al., 2004). This often has the effect of
artificially increasing the inferred standing crop biodiversity, but may also mask
important evolutionary trends or events. Alternatively, it may suggest the presence of
patterns where none exist. For example, Carrano et al. (1999) and Whitlock (2011)
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suggested that contemporaneous hadrosaurines and lambeosaurines were able to achieve
dietary niche partitioning based on differences in the relative widths of their beaks. The
sample from which they calculated their statistics encompassed hadrosaurids ranging
from the late Campanian to late Maastrichtian, a time span of ~10 Ma. However, many of
these animals did not actually coexist, and by limiting the effects of time-averaging to the
DPF, it becomes clear that the inferred ecomorphological differences between
hadrosaurines and lambeosaurines were perhaps not as pronounced as one might
otherwise think. There is currently no good evidence to suggest that time-averaging
within the DPF seriously masks ecological relationships among the megaherbivorous
dinosaurs, however.
Competition and the Megaherbivorous Dinosaur Assemblage of the DPF
Given that dietary niche partitioning likely played a role in facilitating the coexistence of
the megaherbivorous dinosaurs from the DPF, it is pertinent to ask whether these
ecological relationships arose as a result of competition, or whether they evolved
allopatrically (Grant and Schluter, 1984). Unfortunately, the data are not clear on the
matter, and competitive replacement hypotheses are extremely difficult to test in the
fossil record (Benton, 1996). However, certain biostratigraphic patterns in the DPF lend
credence to the idea that competition played some role in structuring the megaherbivore
assemblage. For example, although the clades Ankylosauridae, Centrosaurinae,
Chasmosaurinae, Hadrosaurinae, and Lambeosaurinae are each represented by more than
one species in the DPF, usually no more than one species from each clade occurs within a
given horizon (Chapter 2). Although far from conclusive, this might be taken to mean
that species within these clades were otherwise too similar to have effectively partitioned
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resources. Furthermore, when consubfamilial taxonomic overlap does occur within the
DPF, the coexistence is either short-lived (as in the case of Corythosaurus and
Lambeosaurus near the middle of the formation [Figure 2.1]), or involves a particularly
rare taxon (e.g., Dyoplosaurus or Parasaurolophus in MAZ-1 [Figure 2.1]). In light of
these considerations, it is not unreasonable to suspect that resources were limited, and
that membership to the megaherbivore assemblage of the DPF was partly constrained by
competitive interactions.
Future Lines of Inquiry
I have proposed various lines of inquiry elsewhere in this dissertation, but here I add
several suggestions that I believe will be of the broadest interest.
First, one of the commonest setbacks encountered over the course of this research
was small sample size, which was particularly problematic at fine taxonomic and
stratigraphic scales. Although the DPF is one of the most fossiliferous dinosaur-bearing
deposits in the world, continued sampling of the formation is clearly warranted. This
would not only alleviate the aforementioned problems, but would enable new and more
informative questions to be addressed, such as whether the structure of the
megaherbivore assemblage of the DPF resulted from competition or not. If the former
scenario is true, it should be possible to demonstrate that the appearance of new taxa in
the DPF caused character displacement (Brown and Wilson, 1956) while maintaining a
constant niche space volume (approximated using morphology). If the latter scenario is
true, niche space volume should increase as immigrant species are added to the periphery
(Ricklefs and Miles, 1994). Either way, these questions can only be answered given a
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large enough sample size and the minimization of time-averaging (which also depends on
sample size).
Second, another recurring problem faced throughout this dissertation was the use
mammalian paradigms in interpreting dinosaur palaeoecology, despite the fact that
dinosaurs are not mammals (Hotton, 1994). Such was the case, to greater or lesser
degrees, in understanding feeding height stratification (Chapter 3), inferred skull
ecomorphology (Chapter 4), beak morphology (Chapter 5), jaw mechanics (Chapter 6),
and dental microwear (Chapter 7). Naturally, the recourse to mammalian paradigms was
often unavoidable for the simple reasons that (1) comparable data are often unavailable
for extant sauropsids, and (2) the closest ecomorphological analogues are sometimes
found only among mammals (there are no living megaherbivorous sauropsids, for
example). Even so, the development of general functional principles that are independent
of systematic relationships is highly desirable. This is especially true of dental microwear
models, which so far centre mostly on the dietary niche relationships of primates (e.g.,
Gordon, 1982; Teaford and Walker, 1984; Godfrey et al., 2004) and ungulates (e.g.,
Solounias et al., 1988; Solounias and Semprebon, 2002; Merceron et al., 2004).
Third, because niche partitioning may occur along any of countless
multidimensional axes (Hutchinson, 1957), it would be fruitful to investigate
megaherbivore coexistence in the DPF using additional sources of evidence not
considered here. One obvious example would be stable isotopes recovered from tooth
enamel, which can reveal such palaeoecological aspects as preference for open vs. closed
habitats and coastal vs. inland environments (Fricke and Pearson, 2008). This is most
easily achieved using isolated teeth collected en masse from microsites; however, it is
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important to note that isolated dinosaur teeth can rarely be identified beyond the family
level and would therefore not be able to reveal differences between the most closely
related taxa, which would be of the greatest interest. Some reliable method for classifying
isolated dinosaur teeth to the subfamily, genus, or species level—perhaps relying on tooth
histology or enamel microstructure (e.g., Hwang, 2005)—would greatly aid in this
endeavour.
Spatial niche partitioning might be investigated further by building on the
pioneering work of Dodson (1971), who studied the association of megaherbivorous
dinosaurs with different depositional facies in DPP, where the DPF is best exposed. He
found that ceratopsids and hadrosaurids are most commonly associated with
palaeochannel deposits, implying that these animals lived in coastal settings. By contrast,
ankylosaurs, being less numerous than the other megaherbivores, were thought to have
inhabited more inland environments. These conclusions were later echoed by Brinkman
(1990) and Brinkman et al. (1998), who relied on microvertebrate data spanning
geographic and stratigraphic gradients (although hadrosaurids were revealed to be
cosmopolitan in their distribution). Presently, it would be most interesting to determine
whether any patterns can be discerned at finer taxonomic or geographic resolutions. The
approach of Lyson and Longrich (2010) might be helpful. They used chi-squared tests to
investigate habitat preferences among dinosaurs from late Maastrichtian deposits of
North America. Their results showed that ceratopsids from this interval tend to be
associated with muddy, floodplain facies, whereas hadrosaurids typically occur in sandy,
fluvial deposits. Presently, these same patterns do not appear to characterize the
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megaherbivore assemblage of the DPF (Dodson, 1971), but more work in this area is
needed.
Fourth, although the megaherbivorous dinosaur assemblage of the DPF was used
to model dietary niche relationships throughout Laramidia, this assumption requires
further testing. To be sure, the analogy is imperfect; centrosaurines and lambeosaurines
are common in northern fossil localities but rare in southern ones. Similarly, titanosaurian
sauropods are common in the southernmost United States, but are absent further north
(Lehman, 1987, 2001). There is also a temporal component that must be considered in
addition to a geographic one: centrosaurine and lambeosaurine diversity also decreases
toward the end of the Cretaceous (Lehman, 1987, 2001). Interestingly, this might indicate
that environmental conditions were changing throughout the Late Cretaceous such that
palaeoenvironments that once characterized the southern extremity of Laramidia
progressed northward and eventually came to dominate the landmass, to the detriment of
centrosaurines and lambeosaurines. This possibility has yet to be examined in any detail.
Finally, and perhaps most importantly, the question of dinosaur niche partitioning
might be most valuably examined in the context of their extinction at the end of the
Cretaceous. Were niche relationships constant leading up to the extinction, or were they
in a state of flux? Could either scenario have influenced the susceptibility of the
dinosaurs to extinction? Palaeobotanical evidence attests to major floral changes between
the Cretaceous and Palaeogene, with angiosperm-dominated forests becoming
increasingly more common (Wing and Tiffney, 1987; Tiffney, 1992; Taggart and Cross,
1997). Is it possible that the dietary niche breadths of the herbivorous dinosaurs were too
narrow to allow them to adapt to these changing conditions (Van Valen and Sloan, 1977;
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Krassilov, 1981; Tiffney, 1992; Taggart and Cross, 1997; Aulenback, 2009)? These
views are often downplayed in light of catastrophic scenarios (e.g., Alvarez et al., 1980;
Keller et al., 2008), but one recent large-scale study of Cretaceous biodiversity (Lloyd et
al., 2008) suggests the idea may not be without merit. The “niche assimilation”
hypothesis of Brett-Surman (1997) is also worthy of further consideration. This
hypothesis contends that, because megaherbivorous dinosaurs evidently occupied
multiple niches throughout their protracted ontogeny, overall herbivore diversity was
depressed relative to mammalian standards, rendering the dinosaurs susceptible to
extinction. While intriguing, this idea has received only minimal attention (Codron et al.,
2012), and requires further development and testing.
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