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ABSTRACT

It has been argued that, throughout the Mesozoic, the immature growth forms of megaherbivorous
dinosaurs competitively excluded small herbivorous dinosaur species, leading to the left-skewed species
richness-body mass distributions of their fossil assemblages. By corollary, where large and small herbivores
coexisted over a geologically significant period of time, they must have exhibited niche partitioning. We use
multivariate ecomorphological analysis of the Late Cretaceous ornithischian dinosaur assemblage of North
America to examine this prediction. Our results indicate good ecomorphological separation of most, but not
all, species at small body size, although more work is required to demonstrate that these patterns were
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adaptive. Calculation of browse profiles using corrected abundance data and bracketed estimates of energy
requirements suggests that immature megaherbivores - most particularly hadrosaurids - outstripped
coexisting small ornithischian species in their control of the resource base.

Introduction

An ontogenetic niche shift (ONS) is a phenomenon whereby
individuals of a species undergo a change in diet (or some other
niche variable, such as habitat) with growth. Such shifts are
widespread among living animals, and are often most pro-
nounced in species whose individuals either undergo metamor-
phosis (e.g. various insects and amphibians) or grow slowly and
continuously throughout their lifetimes (Werner and Gilliam
1984; Ebenman 1992; Claessen and Dieckmann 2001).
Commonly cited examples employing the latter strategy are
crocodilians, whose populations are highly size-structured, and
whose diets incorporate increasingly fewer invertebrates and
increasingly more (and larger) fishes and other vertebrates
with age (Dodson 1975; Platt et al. 2006; Subalusky et al.
2009). Some clades characterised by a more rapid attainment
of sexual and somatic maturity, such as birds, can also exhibit
ONSs (McLeay et al. 2009; Carravieri et al. 2017) but these
examples are not as widely documented.

Ontogenetic niche shifts can have significant outcomes on
community ecology. These may have the effect of linking food
webs (e.g. pelagic and benthic food webs in aquatic systems),
pollination and herbivory networks, and geographically isolated
metacommunities (e.g. aquatic and terrestrial) (Nakazawa 2014).
They may likewise stabilise consumer-resource dynamics, alter
conditions for the coexistence of predators, and modify trophic
cascades (Miller and Rudolf 2011). Interspecific competition
driven by ONSs can negatively impact community richness via
competitive exclusion or compel niche partitioning (Sanchez-
Hernéndez et al. 2019).

Many non-avian dinosaurs (hereafter, simply ‘dinosaurs’) are
thought to have experienced an ONS, due to their distinctive life
histories. Varricchio (2011)cited five factors that, in combination,
might have contributed to such a shift: a mobile terrestrial lifestyle,

oviparity, parental care, multi-year maturation, and juvenile sociality.
For species represented by good growth series, ontogenetic variation
in craniodental ecomorphology and enamel isotopes have been cited
as evidence for the existence of ONSs among various theropods,
sauropods, and ornithischians (e.g. Erickson and Zelenitsky 2014;
Wang et al. 2017; Woodruff et al. 2018; Frederickson et al. 2020;
Wyenberg-Henzler 2020; Therrien et al. 2021).

Ontogenetic niche shifts are thought by some to have played
a role in structuring dinosaur communities (O’Gorman and Hone
2012; Codron et al. 2012a, 2013; Schroeder et al. 2021; Holtz 2021).
These authors have argued that the left-skewed body size-species
richness distributions of various dinosaur assemblages is reflective
of size-mediated resource competition between small species and
the immature forms of larger ones (contrast this with modern
mammalian communities, where large herbivore young are suckled
by their mothers, and so do not directly compete with smaller
species for dietary resources). The hypothesis maintains that dietary
competition from the juveniles of large-bodied species suppressed
the diversity of small-bodied species in dinosaur-dominated eco-
systems. The former underwent a shift in dietary ecology with
growth to occupy a distinct niche at maturity, thereby offering
them an escape from such ‘competition traps’ (sensu Codron
et al. 2012a) and so a competitive advantage. In this way, these
researchers have argued that, throughout the Mesozoic, competitive
pressures at small body sizes maintained the left-skewed body size-
species richness distributions of many dinosaur fossil assemblages.

As summarised above, the size-mediated competition hypoth-
esis hinges on two key premises:

(1) The left-skewed species richness-body size distributions of
the various dinosaur fossil assemblages (taphocoenoses)
reflect the shape that characterised the original life assem-
blages (biocoenoses).
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(2) Competition at small body sizes characterised the ecological
interactions of many dinosaur species; the relatively few
small species that were able to coexist alongside the juveniles
of larger species did so because of their unique occupation of
niche space, having either different fundamental or realised
niches. As stated by Codron et al. (2013, p. 7): ‘A key
assumption of our model is that similar-sized individuals
occupy overlapping niche space, and that predators and
competitors are strongly influenced by this. While links
between body size and niche occupancy should be expected,
morphological, physiological, and behavioural constraints
could easily dictate an individual’s realised niches and - in
theory - lead to niche separation between individuals/spe-
cies of similar size’.

Premise (1) above is highly contentious. Dinosaur fossil assem-
blages (taphocoenoses) are indeed frequently left-skewed but suffer
from a demonstrable taphonomic size-bias (Farlow et al. 1995;
Brown et al. 2012a, 2013b; Evans et al. 2013; Benson 2018; Brown
et al. 2021) (but see Leach et al. 2021 for a notable exception). Thus,
the size distributions of the original living assemblages (biocoe-
noses) may have been normal or even right-skewed, typical of
most modern animal assemblages (Brown 1995; Gaston and
Blackburn 2000; Lyons and Smith 2013). In a reply to criticism of
their methods (Brown et al. 2012a), Codron et al. (2012b) continued
to defend the explanatory power of their population model and the
body size data used to validate its projections.

Premise (2) has not been subjected to the same degree of scru-
tiny, and so forms the impetus for the current study. We do not,
however, aver to be able to conclusively test its predictions. The
effects of ecological competition are difficult to demonstrate in the
fossil record (Benton 1996), in part owing to the associated pro-
blems of establishing both fundamental niche overlaps among fossil
organisms and ancient resource limitation. The timescale over
which ecological competition occurs (~10°-10" yr) is also consider-
ably shorter than that typically discernible within the fossil record
(~10%-10° yr) (Rull 2014). These difficulties compound to hinder
our ability to make decisive conclusions about the action of com-
petition at any particular time in any particular fossil community
(although it may be possible in some instances to measure the
outcomes with good fossil data: e.g. Janis et al. 1994; Tyler and
Leighton 2011; Mallon 2019).

Nonetheless, we reason that if competition at small body sizes
was in fact a major driver of dinosaur community structure, the
long-term evolutionary effects should be most apparent in those
assemblages that maintained their basic ecological structure over
a geologically significant period of time, termed a ‘chronofauna’
(Olson 1952). The Late Cretaceous ornithischian assemblage of
western North America meets these criteria (Brinkman et al.
2004; Mallon 2019), consisting of small (leptoceratopsids, pachyce-
phalosaurids, thescelosaurids) and large (ankylosaurs, ceratopsids,
hadrosaurids) herbivores, all of which coexisted throughout the ~10
Myr duration of the assemblage. In this study, we use ecomorphol-
ogy to examine the question of whether these long-sympatric
groups occupied distinct regions of niche hyperspace, particularly
at small body sizes, as we might expect for a chronofauna purport-
edly shaped by the effects of resource competition.

We further reason that, if young megaherbivores were important
competitors at small body sizes, they collectively should have exerted
a substantial browsing pressure on the Late Cretaceous landscape.
Coe et al. (1987) used corrected abundance and metabolic data to
reconstruct ‘browse profiles’ for Jurassic and Cretaceous ecosystems,
but they did not consider the contribution of small herbivorous
dinosaurs, nor did they model the demographics (e.g. representation

of growth stages) of the examined megaherbivores. We build on their
pioneering work here, using new data made available since their
original study. We then assess the implications of such browse
profiles for the size-mediated competition hypothesis.

A comment on terminology

Many of the studies cited above use the terms ‘small’ and ‘large’ in
different ways. Codron et al. (2012a, 2013) contrasted dinosaur body
sizes with those of contemporaneous mammals, and considered the
latter as ‘small’ (<1 kg). Dinosaurs were considered to occupy the
‘intermediate’ (1-1,000 kg) and ‘large’ (>1,000 kg) size categories. By
contrast, in a study of dinosaur taphonomy within the Upper
Cretaceous Dinosaur Park Formation, Brown et al. (2013b) consid-
ered individuals <60 kg to be ‘small’, because this was the size
threshold below which taphonomic bias acted most strongly.

Here, we distinguish between ‘large’ and ‘small’ dinosaurs, for
the sake of contrast. Large dinosaurs are those 21,000 kg, otherwise
termed ‘megaherbivores’ for those plant-eating species (Owen-
Smith 1988). Dinosaurs weighing <1,000 kg are here considered
to be small, although some exceeded 400 kg (and so might reason-
ably be considered ‘intermediate’ in size). For our purposes, we do
not refer to an ‘intermediate’ size category but acknowledge that
this may have been an ecologically important category, distinct
from smaller and larger forms.

Variable abbreviations - cp-jj, coronoid process to jaw joint
distance; dh, dentary height; dl, diastema length; dt-mgq, distal tooth
row to mid quadrate distance; oh, occiput height; ppb, paroccipital
process breadth; gb, quadrate breadth; sd, snout depression below
occlusal plane; sk, skull height; sl, snout length; sw, snout width; trl,
tooth row length.

Institutional abbreviations - AMNH, American Museum of
Natural History, New York, New York; CMN, Canadian Museum
of Nature, Ottawa, Ontario; GPDM, Great Plains Dinosaur Museum,
Malta, Montana; MOR, Museum of the Rockies, Bozeman, Montana;
ROM, Royal Ontario Museum, Toronto, Ontario; RSM, Royal
Saskatchewan Museum, Regina, Saskatchewan; TMP, Royal Tyrrell
Museum of Palaeontology, Drumheller, Alberta; UALVP, University
of Alberta, Edmonton, Alberta; UC, University of Calgary, Calgary,
Alberta; USNM, Smithsonian Institution, National Museum of
Natural History, Washington, D.C.

Methods
Model system

In addition to constituting a chronofauna, the Late Cretaceous
ornithischian assemblage of North America merits our focus for
several reasons. First, it is one in which ontogenetic niche partition-
ing is thought to have characterised the represented megaherbivor-
ous species (e.g. Codron et al. 2012b; Erickson and Zelenitsky
2014). Herbivorous or omnivorous theropods are also known
from this setting (e.g. caenagnathids, ornithomimids, therizino-
sauroids, and possibly troodontids), but they tend to exhibit
a normal body size-species richness distribution, and so are not
strongly implicated in the size-mediated competition hypothesis
(Codron et al. 2012b). Therefore, we do not consider them further
here. Second, the Late Cretaceous ornithischian assemblage of
North America is well-sampled and has produced abundant mate-
rial from different size classes (although, as noted in the
Introduction, the smaller sizes are comparatively under-sampled).
Third, the palaeoecology of this assemblage, while still incompletely
known, is comparatively better understood than most others
(Lehman 2001; Hartman et al. 2002; Currie and Koppelhus 2005;



Titus and Loewen 2013; Fowler 2017; Mallon 2019). Fourth, sedi-
mentary deposits from throughout the Upper Cretaceous succes-
sion show strong evidence for wet-dry seasonality (Johnston 1979;
Eberth et al. 2013; Arens and Allen 2014); competition and niche
partitioning tend to be most pronounced in such settings, particu-
larly during the dry season (du Toit 1990; Kleynhans et al. 2011;
Frank et al. 2021).

The Late Cretaceous ornithischian assemblage of North America
(Figure 1) consists of small (15-400 kg) herbivores (leptoceratop-
sids, pachycephalosaurids, and thescelosaurids) and megaherbi-
vores (ankylosaurs, ceratopsids and hadrosaurids). The sauropod
Alamosaurus also fits the latter category, but it does not form part of
this study because it is present only in the southwestern USA
(Lehman 2001), and is not known from cranial material.
Although our model system is time-averaged over a period of ~10
Myr (~76-66 Ma), and so does not constitute a ‘true’ ecological
community, all the above clades are present in deposits throughout
the assemblage, and so likely co-occurred (e.g. Pearson et al. 2002;
Larson et al. 2010; Cullen et al. 2016). Therefore, so far as we can
establish, time averaging does not appreciably obscure the ecologi-
cal relationships of these taxa. Even so, our analyses are time-
constrained where appropriate (see ‘Browse profiles’ below).

Ecomorphology

We examined ecomorphospace occupation for the assemblage to
approximate niche relationships, which is very common in
palacontology (Van Valkenburgh 1994; Button et al. 2014; Stroik
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2014), imperfect though the form-function relationship is (Lauder
1995). We considered 12 linear skull variables used by Mallon and
Anderson (2013), which are known to correlate with aspects of
plant quality, growth habit, and mechanical properties in extant
vertebrates, including ungulates and reptiles (e.g. Janis 1990;
Spencer 1995; Stayton 2005) (details provided in Mallon and
Anderson 2013 and Supplementary File S1). A thirteenth variable,
snout shape index (SSI), approximates feeding selectivity
(Dompierre and Churcher 1996), and was calculated following
Whitlock (2011)for ‘premaxillary shape index’ (the rostral bone,
rather than the premaxilla, constitutes the cropping mechanism for
ceratopsians). Ankylosaurs were not included in our ecomorpho-
logical analyses because skulls belonging to young individuals are
unknown in North America. Owing to time and logistical con-
straints, measured skulls were limited to those we could sample
from the Belly River and Edmonton groups, and to the Blackleaf,
Judith River, Kaiparowits, Two Medicine, Wapiti, St. Mary River,
Willow Creek, Lance, and Hell Creek formations. Most of these
strata occur within the northern half of the Western Interior Basin
(Alberta, Montana, and North Dakota), and are therefore biased in
this sense. Nevertheless, their fossil assemblages are generally repre-
sentative of the more southerly Upper Cretaceous formations (with
the aforementioned exception of the Maastrichtian Alamosaurus),
many of which are more poorly sampled than the best-sampled
northern strata (e.g. Fruitland, Kirtland, Ojo Alamo, Aguja,
Javelina, and North Horn formations). Owing to logistical con-
straints, our sampling of the available small skull material was not
exhaustive, but nearly so.

Hadrosaurinae ?\
®
Lambeosaurinae ?‘\
@
Thescelosauridae H
Chasmosaurinae *
—® ®
Centrosaurinae %
®
Leptoceratopsidae
@) P p: g

Pachycephalosauridae xg

: Ankylosauridae K
Nodosauridae m

Triassic | Jurassic | Cretaceous
252.2 Ma 201.3 Ma 145 Ma 66 Ma

@ Omithischia ) Ceratopsia

@ Ankylosauria @ Ceratopsidae

@) Cerapoda @ Ornithopoda

@ Marginocephalia Hadrosauridae

Figure 1. Time-calibrated phylogeny of major clades considered in this study. Original image credits for silhouettes: C Dylke (Centrosaurinae); MR Villarreal (modified by TM
Keesey) (Chasmosaurinae); JM Wood (Lambeosaurinae); modified from Mallon et al. (2013) and JM Wood (Hadrosaurinae); Boyd et al. (2009) (Thescelosauridae); T Ford
(Leptoceratopsidae); SA Vega (Pachycephalosauridae); B McFeeters and TM Keesey (Ankylosauridae); S Hartman (Nodosauridae).
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We used ordination procedures to place our taxa within an
ecomorphospace. Prior to ordination, our 13 skull measurements
were log-transformed to linearise relationships among them.
Missing values were imputed using the Bayesian principal compo-
nent method (BPCA), which performs well on fossil data with up to
50% missing values (Brown et al. 2012b); specimens having >50%
missing data were excluded from our study. We performed two types
of ordination analyses: (1) one that included body size variation, and
(2) one that corrected for it. The size-included analysis was per-
formed using phylogenetic principal components analysis (pPCA)
assuming a Brownian motion model to account for stochastic evolu-
tionary drift in our data. Our phylogenetic supertree, also used in the
size-corrected analysis, combined the recent phylogenies of Benson
et al. (2018), Cruzado-Caballero et al. (2019), and Norman (2020)
(details in Supplementary File S1). The size-corrected analysis was
performed by regressing the BPCA-imputed variables against basal
skull length (a proxy for body size) using phylogenetic generalised
least squares (pGLS) regression. As before, we specified a Brownian
motion model of evolution. The pGLS residuals were finally subjected
to principal components analysis (PCA) of the correlation matrix.
This procedure was used in lieu of pPCA, which produces correlated
axes that are not amendable to statistical testing (Polly et al. 2013).
We limited our focus to shape differences at small body sizes by
excluding all skulls larger than the largest of our small ornithischians
(Pachycephalosaurus wyomingensis NSM PV 20423; basal skull
length = 375 mm). These and other analyses were conducted in
R v. 4.0.2 (R Core Team 2019). The raw data, code, and package
citations are given in the Supplementary Code files S1-S2,
Supplementary Table S1, and Supplementary Files S1 and S2.

We used non-parametric multivariate analysis of variance
(NPMANOVA) to compare taxonomic groups for the size-adjusted
analysis. Because sample size varied widely between groups, we
rarefied our tests (over 1,000 iterations) to the smallest available
sample (n = 5 for each clade). The 1,000 p-values from the omnibus
test were combined into a single p-value using the harmonic mean
p-value method, which accounts for non-independence of the
p-values being combined. This method is capable of handling large
datasets and controls for familywise error rate (Wilson 2019). When
returned p-values were statistically significant (a = 0.05), follow-up
pairwise comparisons were conducted on the rarified datasets over
1,000 iterations. The resulting un-adjusted p-values for each pairwise
test were also combined using the harmonic mean p-value method.
These p-values were then adjusted for multiple pairwise comparisons
using Holm-correction (Holm 1979).

If the Late Cretaceous small ornithischian assemblage was struc-
tured by resource competition from immature megaherbivores, those
assemblages immediately ancestral should contain a diversity of small
species exhibiting greater overlap in ecomorphospace. Unfortunately,
such assemblages are as-yet poorly known. Nevertheless, as
a preliminary test of the prediction, we added several basal outgroup
taxa to our ecomorphospace. These include the basal ceratopsians
Archaeoceratops oshimai, Auroraceratops rugosus, and Yinlong downsi,
and a grade of basal neornithischians and ornithopods, including
Agilisaurus louderbacki, Dryosaurus altus, Hypsilophodon foxii, and
Jeholosaurus shangyuanensis. To be clear, these basal taxa were not
sympatric but are simply used here to approximate ancestral
morphologies.

Browse profiles

We constructed browse profiles for the herbivorous groups considered
above by modifying the methodology of Coe et al. (1987). In this
analysis, we specified the upper Campanian assemblage of Dinosaur
Provincial Park, Alberta as our model because (1) it has been

thoroughly collected for more than 100 years, (2) this narrowed
focus minimises the confounding effects of time-averaging (ca.
1.5 million years), and (3) the herbivores are otherwise typical of
many other herbivore assemblages from the Upper Cretaceous of
North America (Mallon 2019).

Representative adult body masses for the different dinosaur
groups were estimated using the recommended limb bone scaling
equations of Campione and Evans (2012) for quadrupeds and
Campione et al. (2014) for bipeds, implemented in the R package
MASSTIMATE v 2.0-1 (Campione 2020). The body masses of
immature ornithischians were estimated by allometrically scaling
down the linear dimensions of the adults (a reasonable approach,
given the crudeness of our calculations), and using developmental
mass extrapolation (Erickson and Tumanova 2000), again imple-
mented in MASSTIMATE.

Raw count data (minimum number of individuals, or MNI) were
taken from the Dinosaur Provincial Park quarry occurrence database
on the supplemental CD-ROM provided by Currie and Koppelhus
(2005). In addition to individual skeletons, the database also includes
monodominant bonebed and uncollected occurrences.
Monodominant dinosaur bonebeds (particularly those pertaining to
some of the ceratopsids considered here) are frequently thought to
have formed under unusual circumstances (e.g. sudden flooding
events: Eberth 2015), and so are not reflective of the normal attrition
of the herbivore standing crop. For this reason, each bonebed was
counted as a single occurrence, in keeping with prior work (e.g.
Béland and Russell 1978). To the best of our ability, we counted
only adult occurrences, and were therefore careful to exclude speci-
mens that were recorded as being ‘small’ or ‘juvenile’, as well as those
attributed to genera now recognised as immature growth stages of
other species (e.g. ‘Eoceratops’, Godfrey and Holmes 1995;
‘Tetragonosaurus’, Evans et al. 2005). Small ornithischian occur-
rences were nearly absent from the database of Currie and
Koppelhus (2005) because there is a taphonomic bias against their
preservation (Brown et al. 2013b), and because either their associated
quarries were long forgotten or their collection did not require
substantial digging that would produce a quarry. We therefore
sourced more comprehensive count data from additional literature
(leptoceratopsids: Ryan et al. 2012; pachycephalosaurids: Evans et al.
2013; thescelosaurids: Brown et al. 2013a). Pachycephalosauridae is
overrepresented among the small ornithischians, due to the tapho-
nomic resistance of their distinctive frontoparietal domes (Evans
et al. 2013; Mallon and Evans 2014). As such, the leptoceratopsid
and thescelosaurid counts were inflated using a correction factor that
incorporates the ratio of pachycephalosaur specimens known from
isolated domes to those also preserving postcranial material. The
above steps are conservative and would have the effect of inflating
the ratio of small herbivores to megaherbivores, reflecting the con-
dition of most extant herbivore communities.

We combined the adult counts with published survivorship esti-
mates to infer the population proportions of the immature growth
stages. Such data are not available for either ankylosaurs or the small
ornithischian groups; however, for the sake of argument, we imputed
the survivorship data for Psittacosaurus lujiatunensis (Erickson et al.
2009) to the latter. Most studied dinosaurs appear to have followed
a similar type B1 survivorship curve (Erickson 2014), so we do not
expect this to be an egregious source of error, although we recognise
the potential pitfalls of this assumption.

We estimated proportional biomass by multiplying the adjusted
population proportions by the average body mass estimates for each
growth stage/taxon, and normalising to 100%. Proportional biomass
was then multiplied by the individual nutritional requirements of
each growth stage/taxon. We estimated the latter according to the
daily mass-specific intake rates of carnivorous reptiles, following Coe



et al. (1987), to facilitate comparison with that study. However,
because metabolic requirements can be approximated in other
ways, and because of uncertainty surrounding the issue of whether
dinosaurs were bradymetabolic or tachymetabolic (summarised in
Chinsamy and Hillenius 2004; Padian and Horner 2004), we chose to
further bracket our estimates by assuming the size-specific field
metabolic rates (FMRs) of mammals and varanids, given in Farlow
et al. (2010). We likewise assessed the effect of assuming differential
metabolisms by assigning the FMR of varanids to the megaherbivor-
ous dinosaur species (including the early growth stages) and assign-
ing the FMR of mammals to the small ornithischians.

We then calculated the proportional intake for each growth
stage/taxon, and divided over their respective feeding heights in
0.5 m increments. Feeding heights were estimated following the
approach of Mallon et al. (2013), whereby quadrupedal feeding
heights are approximated by forelimb length, and bipedal feeding
heights are calculated trigonometrically. All taxa were assumed to
have been capable of bipedal feeding, except the ankylosaurs and
ceratopsids. Our data and annotated calculations are provided in
Supplementary Tables S2-S5.

Results
Ecomorphospaces

The first two pPC axes account for approximately 84% of the total
variation within the size-included ecomorphospace (Figure 2(a)).
pPC1 primarily reflects size variation, increasing positively along the
axis. The leptoceratopsids, pachycephalosaurids, and thescelosaurids
substantially overlap the immature megaherbivores along pPC2, but
separate from one another along the same axis, on which snout shape
index loads most heavily (increasing in the negative direction). There
is some taxonomic separation along the subsequent pPC axes, but each
of these accounts for an insignificant amount (<5%) of the total
variation (Figure S2(a,b) of Supplementary File S1).

The size-adjusted PCA (Figures 2(b,c) and S2(c) of Supplementary
File S1) more precisely captures shape variation at small body size. The
variation is spread out more evenly along the first several PC axes, but
the ornithischian groups separate best along the first three (total varia-
tion PC1-3 = 60.4%). Thescelosaurids show total separation from
leptoceratopsids and megaherbivores along PC1, with pachycephalo-
saurids plotting in between. There is still some size influence on PCl,
but shape changes along the axis primarily correspond to taller skulls
and dentaries, and posteriorly extended tooth rows — all features typical
of leptoceratopsids and young hadrosaurids and ceratopsids (loadings
provided in Figure S3 of Supplementary File 1). Pachycephalosaurids
clearly separate from all other taxa along PC2, reflective of their
relatively reduced diastemae, less depressed snouts, and longer tooth
rows. Hadrosaurids separate from ceratopsids and leptoceratopsids
primarily along PC3, which most strongly reflects the wider and
squarer beak shapes of the first taxon. The leptoceratopsids and imma-
ture ceratopsids are effectively indistinguishable in morphospace.
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Figure 2. Results of principal component analyses. (a) Plot of pPC1 vs. pPC2 for size-
included dataset. (b) Plot of PC1 vs. PC2, (c) PC3 vs. PC4 for the size-adjusted
dataset. Corresponding loadings plots are available in Supplementary Figure S3.
Some of the basal ornithischian text points in b and ¢ have been shifted slightly to
improve readability. Taxonomic abbreviations: Ag, Agilisaurus louderbacki; Ar,
Archaeoceratops oshimai; Au, Auroraceratops rugosus; Dr, Dryosaurus altus; Hy,
Hypsilophodon foxii; J, Jeholosaurus shangyuanensis; Y, Yinlong downsi.

Omnibus tests for our rarified NPMANOVA indicate highly sig-
nificant differences (harmonic mean combined p-value = 0.001)
between taxonomic groups. However, our pair-wise comparisons
lack statistical power to detect any differences between taxa. Because
leptoceratopsids overlap considerably with immature ceratopsids, we
excluded them from a follow-up analysis to increase power by reducing
the number of pair-wise comparisons, but significance was still not
achieved (Table 1). However, based on our size-adjusted PCA, the total

Table 1. Post-hoc pairwise values for NPMANOVA tests conducted on rarified size-corrected small ornithischian and juvenile megaherbivore datasets (combined over 1000

iterations).

Comparison

Harmonic mean combined p-value

Holm-adjusted p-value

Hadrosauridae vs. Ceratopsidae
Hadrosauridae vs. Thescelosauridae
Hadrosauridae vs. Pachycephalosauridae
Ceratopsidae vs. Thescelosauridae
Ceratopsidae vs. Pachycephalosauridae
Thescelosauridae vs. Pachycephalosauridae

0.804
0.632
0.202
1

0.293
0.433

—_—_=
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isolation of the thescelosaurids and pachycephalosaurids in ecomor-
phospace suggests that they are probably ecomorphologically distinct
from the other groups, and possibly hadrosaurids as well.

The more basal taxa (neornithischians, ornithopods, and cera-
topsians) generally plot with and between the Late Cretaceous
forms in ecomorphospace, with a tendency to cluster centrally on
the plot. They overlap most substantially with the thescelosaurids.

Browse profiles

No matter the metabolic proxy used, the herbivore browse profile of
the Dinosaur Provincial Park assemblage is dominated by adult hadro-
saurids (Figures 3 and S4 of Supplementary File S1), which make up
66-71% of the total browsing pressure, and which could feed well
above the reach of the other herbivores in the ecosystem (up to 4.5 m
above ground). By comparison, the relative browsing pressure of the
hadrosaurids was estimated to be just 48% by Coe et al. (1987), who
were working with a much smaller dataset. Adult ceratopsids make up
the next most important group in the assemblage (~15% total browsing
pressure), and were limited to low level feeding (up to 1 m), as were
most of the other herbivores. The remaining groups make up no more
than 19% of the overall browsing pressure combined. Most important
among these are the immature hadrosaurids (6-8%) and ceratopsids
(5-7%). The combined contribution of the small leptoceratopsids,
pachycephalosaurids, and thescelosaurids to overall browsing pressure
is negligible (just 0.02-0.07%), even though these animals appear to
have been abundant on the palaeo-landscape (~84% of the total
herbivore population). This combined value can be increased to
0.32% of the total browsing pressure if it is assumed that these small

ornithischians alone possessed metabolic rates on par with those of
like-sized mammals, but the difference is trivial. Even assuming that
the small ornithischians are under-sampled in our dataset by 100-fold,
their combined browsing pressure still does not exceed 10% (under the
mixed metabolism model), which is 5% less than the immature hadro-
saurids and ceratopsids.

Discussion
Competition and community structure

If resource competition at small body sizes had a strong effect in
structuring Late Cretaceous ornithischian communities, we predict
that, over the 10+ Myr span of the entire assemblage, the coexisting
small-bodied ornithischian lineages (and immature megaherbi-
vores) would have evolved to occupy distinct fundamental niches,
approximated here using ecomorphospace. Ideally, we might
address this question by examining ecomorphospace occupation
at subsequent time intervals (e.g. Van Valkenburgh 1994; Fofta et al.
2018; Mallon 2019) for specific depositional settings, but the data
are presently too sparse (especially at the smallest body sizes) to
allow such an approach. Instead, we take a coarser, necessarily less
sophisticated tack by looking at the distribution of the assemblage
as a whole and note that: (1) most small herbivore forms exhibit
good separation along at least one axis of ecomorphospace, and (2)
the approximated ancestral forms tend to occupy a similar area of
ecomorphospace to each other. These results are broadly consistent
with what we would expect, given the evolutionary effects of size-
mediated competition. Interestingly, the wide overlap of the thes-
celosaurids with the more basal outgroup taxa included here
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Figure 3. Browse profiles for the Dinosaur Provincial Park ornithischian assemblage. (a) Browse profile assuming reptilian intake requirements given in Coe et al. (1987); (b)
close-up of small herbivores given in (a); (c) browse profile assuming mixed field metabolic rates for megaherbivores and small ornithischians; (d) close-up of small
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possibly suggests that the former retained the plesiomorphic niche
requirements, and that the hadrosaurids, leptoceratopsids, and
ceratopsids evolved away from this condition. However, all the
foregoing considerations come with several important caveats.

First, as mentioned already, our findings are not statistically
robust owing to small sample size. However, we expect that the
general spatial relationships we recovered will maintain with new
fossil discoveries. The broad lack of intrafamilial sympatry among
small, Late Cretaceous species might be yet further evidence to this
end (cf. Mallon 2019 for megaherbivores), but species richness is still
poorly sampled at these small body sizes (Brown et al. 2012a, 2013b,
2021; Evans et al. 2013) so that their stratigraphic distributions are
still not entirely understood. We do not think that increased sam-
pling is likely to yield particularly novel or surprising ecomorpho-
types, given microfossil data from throughout the stratigraphic
column attest to the consistent presence of the same families exam-
ined here (e.g. Pearson et al. 2002; Larson et al. 2010; Cullen et al.
2016).

Second, although the centralised clustering of our ancestral
proxies in ecomorphospace is consistent with the size-mediated
competition hypothesis, it may likewise reflect phylogenetic effects;
on a Brownian motion model, ancestral taxa should plot centrally in
morphospace, wholly apart from their niche relationships, simply
because they have not experienced the same divergence times as
their descendant species (Pagel 2002; Symonds and Blomberg
2014). An assessment of phylogenetic community structure is
beyond the scope of this study, but we might predict a higher
phylogenetic evenness (lower relatedness among co-occurring spe-
cies than expected by chance) for these Late Cretaceous herbivore
assemblages compared to those immediately ancestral, a pattern
thought to be driven by competitive exclusion (Fraser et al. 2015).
Unfortunately, earlier Late Cretaceous (Santonian to early
Campanian) dinosaur assemblages in North America are poorly
known, and so cannot be used for comparison.

Third, leptoceratopsids and immature ceratopsids provide
a notable exception to the pattern we document here. These two
groups coexisted in North America for at least 20 million years
(Ryan et al. 2012), and yet their near-total overlap in ecomorpho-
space (assuming our 13 linear variables adequately reflect niche
relationships) suggests that their ecological interactions were not
strongly competitive in nature. Therefore, any dietary resources
shared by the two groups may not have been limiting in the same
way. Leptoceratopsids and ceratopsids do exhibit clear differences
in dental occlusal morphology (Ostrom 1966) but the unique
stepped occlusal surface of the leptoceratopsids is an artefact of
differential wear via incomplete shear of the upper teeth against
their lower counterparts (Varriale 2016), and is not obviously
related to diet.

Our reconstructed browse profiles for Dinosaur Provincial Park,
which are likely more broadly applicable in space and time (Mallon
2019), identify hadrosaurids as the dominant herbivores on the
landscape, consuming a vast majority of the available browse (see
Mallon et al. 2013 for a discussion of available vegetation at differ-
ent feeding heights). The energetic demands of the large adults were
especially high, and if these animals browsed in the herbaceous
layer (which included various ferns, cycads, lycopods, angiosperm
herbs, and gymnosperm saplings) with any regularity, they likely
would have greatly reduced the quantity of food available to the
smaller herbivores. Even among these, the browsing pressure from
just the yearling hadrosaurids feeding below 1 m is up to five times
that of the combined browsing pressure of the small ornithischians
(depending on the assumed metabolic rates). These numbers
accord with the size-mediated competition hypothesis of Codron
et al. (2013), which posits juvenile megaherbivores as important
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competitors for small ornithischians. The additional and substantial
low-browsing pressure of the ceratopsids and ankylosaurs probably
ensured that the forage still available to would-be small competitors
was unlikely to have been plentiful.

Considering the foregoing discussion, the Late Cretaceous her-
bivore assemblage of North America is reminiscent of today’s
mammal-dominated ecosystems in East and Southern Africa in
some respects, but not others. Like the hadrosaurids, the megaher-
bivorous elephants are comparatively low in number (just 1% of the
population in Amboseli National Park; Coe et al. 1987), and yet
they make up the majority (or plurality — 33% in Amboseli) of the
overall browsing pressure (farmed cattle excluded). The impacts of
elephant foraging can so influence the landscape as to convert
woodland environments to grasslands (Laws 1970; Guldemond
and van Aarde 2008), and significantly impede the numbers of
herbivorous ungulates (particularly browsers and mixed feeders),
while at the same time facilitating the coexistence of the grazing
ungulates (Fritz et al. 2002). Perhaps, hadrosaurids had similar
effects on their ecosystems. However, whereas other megaherbivore
groups also contributed substantially to overall browsing pressure
during the Late Cretaceous, the contributions of megaherbivorous
hippopotamus, rhinoceros, and giraffe in modern Amboseli are
comparatively insignificant (<2%) (Coe et al. 1987). Instead, it is
the smaller but more populous zebra and wildebeest that sustain
much of the remaining browsing pressure. Populations of small
ungulates not constrained by resource competition are very fre-
quently limited by top-down processes, such as predation (Sinclair
et al. 2003), and the same was probably true of those small herbi-
vorous dinosaur groups that similarly escaped resource competition
(Farlow and Holtz 2002; Hone and Rauhut 2010).

Dietary considerations

It is generally accepted that small ornithischians specialised on
higher quality foodstufts than their megaherbivorous counterparts,
given their smaller and more selective beaks, weaker dentition,
lesser jaw adductor musculature, and higher mass-specific energy
requirements (Weishampel 1984; Coe et al. 1987; Farlow 1987). Our
results are largely consistent with this interpretation. However, even
within the small herbivore guild, dinosaurs probably varied in diet;
small herbivores tend to divide heterogeneous environments more
finely than large ones (Van Wieren and Van Langevelde 2008).

The types of foods these groups selected for are more difficult to
establish, which explains why few have explored this line of
research. Almost certainly, their diets overlapped to some degree.
Pachycephalosaurids are thought to have eaten leaves, stems, seeds,
fruits, and perhaps insects (Maryafiska and Osmolska 1974;
Maryanska et al. 2004). They are distinguished here by their rela-
tively depressed snouts below the occlusal plane, shorter diastemae
and correspondingly longer tooth rows. The first two features con-
ceivably were an upshot of the strong facial sloping produced by the
frontoparietal dome, but a relatively elongate tooth row would have
helped in the slicing of tough foods requiring continuous crack
propagation (like leaves and insect cuticle) (Lucas 2004). Their
simple, phylliform teeth and rotund bodies imply that most of the
processing occurred via gut fermentation (Bakker 1986; Button and
Zanno 2020).

On average, thescelosaurids possessed the smallest skulls of any
of the forms examined here. They were undoubtedly highly selec-
tive as a result, and their low skulls and dentaries betray
a propensity for relatively soft, pulpy foods requiring little oral
processing. Their long, low snouts may have been used to probe
shrubs for the most delicate fruits and shoots. The recent finding of
a basal ?stegosaurian (Han et al. 2017), possessing a cranial
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ecomorphology not unlike that of thescelosaurids, was shown to
have stomach contents composed almost entirely of cycad seeds
(Salgado et al. 2017).

The similar ecomorphologies of the leptoceratopsids and young
ceratopsids give reason to suspect these animals broadly overlapped in
diet. Both taxa have comparatively deep skulls and dentaries, which
would have withstood the forces generated by masticating resistant
foodstufts (Henderson 2010; Mallon and Anderson 2014a; Longrich
2016). Their narrow and pointed beaks indicate that they were selective
feeders, which are typically not associated with consumers of very
fibrous plants (Mallon and Anderson 2014a). Ceratopsids notably
have a larger shearing surface of the dental battery (Ostrom 1966;
Mallon and Anderson 2014b; Varriale 2016), and so might have
incorporated a higher proportion of fibrous plants in their diets.

The ecomorphology of immature hadrosaurid skulls differs most
appreciably from that of leptoceratopsids and young ceratopsids in
the possession of a broader, squarer beak. They were therefore
probably less selective in their diets, and yet shared a tooth battery
with the ceratopsids that could rend the toughest plant parts (Lull
and Wright 1942; Ostrom 1961; Mallon and Anderson 2014b).
Although structured differently (Erickson et al. 2012, 2015), the
dental batteries of subadult hadrosaurids in particular resembled
those of ceratopsids in having a strong shearing component
(Erickson and Zelenitsky 2014).

Conclusions

There are good reasons, stemming from considerations of life
history and cranial ontogenetic allometry, to suppose that at least
some dinosaurs experienced ONSs. If modern ecological studies are
any indication, such niche shifts may have had reverberating effects
on the interactions within, and the structuring of, the wider com-
munity. Some researchers have suggested that size-mediated
resource competition pitted small dinosaur species against the
immature forms of larger species, the latter having had
a competitive advantage due to their ability to eventually ‘outgrow’
the competition as they changed niches with age.

We make no strong claims to being able to provide a definitive test
of the size-mediated competition hypothesis; however, we do provide
some observations from the Late Cretaceous ornithischian assem-
blage of North America that appear consistent with it. First, with the
notable exception of the leptoceratopsids and young ceratopsids, the
immature megaherbivores and small ornithischian lineages exhibit
good separation along at least one axis of ecomorphospace, as might
be expected of a chronofauna shaped in its early stages by ecological
competition (although further work is required to demonstrate that
these ecomorphological differences were adaptive). Second, at small
body sizes, immature megaherbivores — particularly hadrosaurids -
appear to have consumed most of the available low-level browse,
which would have made them formidable competitors, capable of
controlling much of the available resource base.

Continued sampling at finer temporal scales, and using other
ecological proxies (e.g. tooth wear, isotopes) will help to refine (or
refute) our arguments. There is an obvious need to better understand
the assemblages immediately ancestral to those examined here, dat-
ing to the Santonian and early Campanian. This time corresponds to
a period when several of the implicated herbivore groups arose, and
study of their assemblages will eventually clarify the possible interac-
tions among the groups (negating the need for the ancestral proxies
used here). Consideration of the influence that carnivorous theropod
distributions (cf. Holtz 2021) had on those of herbivorous dinosaurs
is another interesting avenue for future research. We also stress the
need for ‘supply-side’ modelling of available browse during the Late
Cretaceous to compliment our ‘demand-side’ models above. Such an

undertaking is itself replete with assumptions and beyond the scope
of this paper but would go a long way towards clarifying the avail-
ability of plant resources both horizontally and vertically.
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