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a b s t r a c t

Ontogenetic niche shifts, the phenomenon whereby animals change their resource use with growth,
were probably widespread in dinosaurs, but most studies of duck-billed dinosaur ontogeny have so far
focused mainly on the development of the cranial ornamentation. Here, we quantify allometry of 13
ecomorphological variables of the skull and examine tooth microwear in a sample of North American
hadrosaurids to better understand their ecological functioning with growth. Our results indicate that,
consistent with the Jarman-Bell principle relating body size to fibre intake and feeding selectivity, ju-
venile hadrosaurids were relatively more selective than their adult counterparts and subsisted on softer,
low-growing browse cropped using lateral rotations of the neck. Chewing movements of the jaw
probably did not differ greatly between growth stages. Our findings invite further investigation relating
to cranial ontogenetic allometry in hadrosauromorphs more broadly, and to the possible role of onto-
genetic niche shifts in the size structuring of Late Cretaceous herbivore communities.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Many extant taxa that experience slow, multi-year growth and a
change in body size over several orders of magnitude during
ontogeny also tend to undergo changes in niche occupation
(Werner and Gilliam, 1984; Schellekens et al., 2010; ten Brink and
de Roos, 2018). Such ontogenetic niche shifts (ONSs) can have
important implications for community dynamics, because a single
taxon can occupy multiple niches throughout life, thereby altering
the types and number of interspecific interactions that occur
(Werner and Gilliam, 1984; Ebenman, 1992; Claessen and
Dieckmann, 2002). Individual growth rates, and consequently
birth and death rates, are also impacted by ONSs, as intraspecific
niche partitioning reduces the amount of competition for re-
sources. Changes in niche occupation during ontogeny can also
facilitate the segregation of different growth stages due to differ-
ences in resource requirements and intraspecific aggression (e.g.,
Keren-Rotem et al., 2006; Ramirez et al., 2017).

Ontogenetic shifts in diet occur across awide range of vertebrate
taxa including fish, amphibians, reptiles and some birds, and can be
rg-Henzler).
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accompanied by changes in habitat (Dodson, 1975a; Durtsche,
2000; Blackburn and Moreau, 2006; Platt et al., 2006; Eskew
et al., 2008; McLeay et al., 2009; Mendoza-Carranza and Paes
Vieira, 2009; Ramirez et al., 2017). In some animals, such as croc-
odilians or the white sea catfish (Genidens barbus), these dietary
shifts involve the gradual incorporation of increasingly larger food
items, such that dietary breadth overlaps between neighbouring
ontogenetic stages (Dodson, 1975a; Platt et al., 2006; Mendoza-
Carranza and Paes Vieira, 2009). In other taxa, these dietary shifts
involve a more dramatic change in diet such that dietary breadth,
and even habitat, do not overlap between growth stages (Eskew
et al., 2008; Ramirez et al., 2017). For instance, loggerhead sea
turtles (Carretta carretta) primarily inhabit and feed upon
Sargassum matts for the first 10 years of life prior to shifting to
occupy a neritic habitat where they feed upon benthic prey
(Ramirez et al., 2017). In this example, the niche shift is facilitated
by body size, either in relation to decreasing predation risk,
increasing energetic requirements or a mixture of both. Other shifts
can be facilitated by non-size related factors. In Eastern cotton-
mouths (Agkistrodon piscivorous), for example, snakes shift from
inhabiting muddy, sparsely vegetated habitats and primarily
consuming salamanders to hunting a variety of prey in numerous
different microhabitats following the loss of yellow coloration at
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the tail tip, which is used to lure prey (Eskew et al., 2008). Perhaps
one of the more dramatic ONSs observed is that of the Mexican
spiny-tailed iguana (Ctenosaura pectinata), which is primarily her-
bivorous as an adult but begins life as an insectivore. Although, the
exact reason is unknown, such a drastic dietary shift may relate to
differences in nutrition requirements: juveniles consume insects
due to their relatively higher nitrogen content compared to plants,
thus potentially preventing slowed growth and reduced protein
synthesis in young lizards (Durtsche, 2000).

The widespread occurrence of ONSs in modern taxa has led an
increasing number of researchers to suspect that ONSs were also
widespread in extinct taxa, including non-avian dinosaurs (here-
after, simply ‘dinosaurs’) (Varricchio, 2011; Codron et al., 2013;
Erickson and Zelenitsky, 2014; Wang et al., 2017; Woodruff et al.,
2018; Lakin and Longrich, 2019; Frederickson et al., 2020; Rowe
and Snively, 2022; Therrien et al., 2021; Schroeder et al., 2021;
Wyenberg-Henzler et al., 2021). The occurrence of dietary shifts in
taxa comprising the extant phylogenetic bracket of dinosaurs
(crocodylians and birds), in conjunction with the large change in
sizes and multi-year growth observed across many dinosaur
growth series (particularly those of larger taxa), make a particularly
compelling case for the occurrence of dietary shifts in dinosaurs
(Dodson, 1975a; Carpenter, 1999; Varricchio, 2011; Codron et al.,
2013; Vanderveen et al., 2014; Woodward et al., 2015).

Despite the likelihood of ONSs in large dinosaurs, studies
identifying the presence and nature of these ONSs are relatively
absent from the literature until ~10 years ago, partly due to a lack of
suitable juvenile material for study (Erickson and Zelenitsky, 2014;
Wang et al., 2017; Woodruff et al., 2018; Lakin and Longrich, 2019;
Frederickson et al., 2020; Rowe and Snively, 2022; Therrien et al.,
2021; Knapp et al., 2021; Wyenberg-Henzler et al., 2021). Histori-
cally, most studies of cranial ontogeny in dinosaurs have focused on
quantifying morphological variation for taxonomic purposes, and
in the case of megaherbivorous ceratopsids and hadrosaurids, this
was primarily centered on changes in cranial ornamentation (e.g.,
Dodson, 1975b; Goodwin et al., 2006; Horner and Goodwin, 2006,
2008; Evans, 2010; Longrich and Field, 2012; Farke et al., 2013;
McGaritty et al., 2013; Frederickson and Tumarkin-Deratzian, 2014;
Konishi, 2015; Mallon et al., 2015; Campbell et al., 2016). The
hadrosaurids, in particular, constitute one of the best groups to
investigate and characterize ONSs among dinosaurs because they
arewell-represented by growth series showing variation in occlusal
morphology of the complex tooth battery (Erickson et al., 2012;
Erickson and Zelenitsky, 2014). Given the relative importance of
size in community structuring and previous research into dinosaur
community body size distributions, ONSs in hadrosaurids and other
large dinosaurs are thought to have played an important role in the
shaping of dinosaur ecosystems (Codron et al., 2013; Schroeder
et al., 2021; Wyenberg-Henzler et al., 2021). A more complete un-
derstanding of the niches occupied by hadrosaurids through life
can elucidate the ecological roles of these animals filled in their
respective communities.

We refer to the Jarman-Bell principle to derive a testable hy-
pothesis about the expected niche shift between young and mature
hadrosaurids. Briefly, the principle maintains that smaller herbi-
vores meet their relatively higher metabolic needs by feeding on
higher quality, more easily digestible vegetation (Bell,1971; Jarman,
1974). In that case, we predict that younger hadrosaurids should
exhibit craniodental features that correspond to low-fibre herbiv-
ory, particularly compared to their more mature counterparts.
2

1.1. 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; TMP, Royal Tyrrell Museum of Palaeontology,
Drumheller, Alberta; UALVP, University of Alberta, Edmonton,
Alberta; USNM, Smithsonian Institution, National Museum of
Natural History, Washington, D.C.

2. Materials and methods

Our investigation into the ONSs of hadrosaurids was conducted
using specimens from the Upper Cretaceous of North America,
summarized in Table 1. Taxa chosen for study, representing the
subfamilies Hadrosaurinae (sensu Xing et al., 2014) and Lambeo-
saurinae, were selected for their good preservation and represen-
tation of ontogenetic size classes, in some cases spanning perinates
to skeletally mature adults.

2.1. Comment on ontogenetic assignment

Among fossil vertebrates, ontogenetic maturity can be gauged in
many ways (e.g., relative size, histology, osteology, bone surface
texture, etc.) (Hone et al., 2016). For our purposes, we classified a
specimen as either ‘immature’ (juvenile or subadult) or ‘mature’
with reference to the degree of suture closure between bones of the
dermal skull roof, cranial crest development, bone texture, and size
(Dodson, 1975b; Tumarkin-Deratzian, 2009; Evans, 2010; Brink
et al., 2011; McGarrity et al., 2013; Hone et al., 2016) (Fig. 1).

2.2. Skull allometry

Ontogenetic niche shifts in modern taxa are facilitated by
changes in overall size that may or may not be accompanied by
changes in shape (Werner and Gilliam, 1984). While shape change
is not necessary for an ONS to occur, allometric growth (dispro-
portional increases/decreases in morphology relative to size sensu
Gould, 1966) of one or more features can provide more compelling
evidence for the presence of an ONS. To investigate the potential
ecological consequences of ontogenetic change in the skull, we
considered 13 ecomorphological correlates (Supplementary File 1)
known in modern vertebrate herbivores to reflect differences in the
mechanical properties of the plants they eat, feeding height and
feeding behaviour (Dodson, 1975a; Janis and Ehrhardt, 1988;
Solounias et al., 1988; Janis, 1990, 1995; Spencer, 1995; Dompierre
and Churcher, 1996; Mendoza et al., 2002; Herrel et al., 2006).
These correlates have previously been used to describe the groups
examined here (Mallon and Anderson, 2013; Wyenberg-Henzler,
2020; Wyenberg-Henzler et al., 2021). The rarity of juvenile
hadrosaurids, especially at the smallest body sizes, necessitated the
use of composite specimens produced by scaling and combining
elements fromvarious individuals. While a potential source of error
in our dataset, we deemed it reasonable to include these compos-
ites because they are based on real fossil material and are accurate
enough for our purposes.

We investigated allometric growth within the skull by using the
log-transformed values of these ecomorphological correlates in a
reduced major axis regression (RMA) against log-transformed skull
length, which has previously been used as a proxy for body size
(e.g., Dodson, 1975b; Evans, 2010; Campione and Evans, 2011).



Table 1
Sample sizes by family, subfamily and genus for analyses of skull ecomorphology and dental microwear in the present study.

Classification Skull morphometrics Dental microwear

juvenile subadult adult juvenile subadult adult

Hadrosauridae 15 20 70 3 12 6
Hadrosaurinae 5 11 35 0 3 4
Brachylophosaurus 0 0 3 0 0 0
Edmontosaurus 1 6 20 0 1 3
Gryposaurus 1 2 4 0 0 0
Maiasaura 3 1 3 0 0 0
Prosaurolophus 0 2 5 0 2 1

Lambeosaurinae 10 9 35 3 9 2
Lambeosaurinae indet. 2 0 0 0 0 0
Corythosaurus 1 4 17 1 3 2
Hypacrosaurus 5 2 3 2 4 0
Lambeosaurus 2 2 14 0 0 0
Parasaurolophus 0 1 1 0 2 0

Fig. 1. Determination of basic ontogenetic classifications in hadrosaurids. Scale bars ¼ 10 cm. *Maturity indicators do not apply to some crestless hadrosaurine taxa (e.g.,
Edmontosaurus).
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Reduced major axis regression was used because, unlike the more
commonly used ordinary least squares regression, RMA assumes
error in both the predictor and response variables (Hammer and
Harper, 2006). We also conducted an ANCOVA for each variable
to identify potential differences in slope and intercept between
regression lines fitted for hadrosaurines and lambeosaurines using
a likelihood and Wald test statistic, respectively, as these statistics
are less sensitive to unequal residual variances (Warton et al.,
2006). To control for inflation of family-wise error rates, the p-
values from all of the regressions for a given clade were adjusted
using the Holm-correction method (Holm, 1979; McDonald, 2014).
If no significant differences in slope and intercept were identified
(i.e., a p-value > 0.05), then the regression for that variable was re-
run on the combined hadrosaurid dataset. As in other allometric
studies, a relationship was deemed isometric if the confidence in-
tervals for the slope of the regression line included a value of 1,
positively allometric if values above 1 were included and negatively
allometric if values below 1 were included (Klingenberg, 2016).
Because small sample sizes can make it difficult to determine if
recovered isometry is due to poor sampling or is reflective of a true
developmental signal, some or all instances of isometry reported
here may actually reflect instances of “soft” isometry (i.e., isometry
due to low statistical power) (see Brown and Vavrek, 2015). These
analyses and those that follow were conducted in R version 4.1.0 (R
Core Team, 2019).

2.3. Dental microwear analysis

The microscopic damage inflicted on teeth during tooth-on-
tooth, tooth-on-food and tooth-on-grit interactions (dental
microwear) (Whitlock, 2011) has been previously used to identify
chewing and dietary differences between taxa, both extant
(Solounias and Semprebon, 2002; Semprebon et al., 2004; Nelson,
2005; Rivals and Semprebon, 2011) and extinct (Fiorillo, 1998;
Table 2
Results for tests of equivalent slopes and intercepts for regressions against skull length c

Log-transformed
Y-variables

sample
size

LR statistic
(slope)

beak length La: 51
Ha: 47

0.007

diastema length La: 49
Ha: 47

2.934

tooth row length La: 51
Ha: 47

2.984

distal tooth row
to mid-
quadrate

La: 51
Ha: 43

0.448

snout width La: 42
Ha: 34

0.158

dentary height La: 51
Ha: 46

1.664

paroccipital
process breadth

La: 32
Ha: 33

1.231

occiput height La: 26
Ha: 27

1.925

coronoid process
jaw joint

La: 47
Ha: 44

0.131

snout depression La: 50
Ha: 44

0.048

skull height La: 50
Ha: 45

3.521

quadrate breadth La: 36
Ha: 34

0.244

SSI La: 43
Ha: 28

0.155

Reported p-values are the Holm-corrected values. Significant p-values are in bold.
Abbreviations: LR, likelihood ratio; La, Lambeosaurinae; Ha, Hadrosaurinae; SSI, snout sh
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Goillot et al., 2009; Williams et al., 2009; Whitlock, 2011; Mallon
and Anderson, 2014; DeSantis, 2016). For our purposes, we sepa-
rated microwear features into two categories based on relative
length and width: scratches (linear features with a length four or
more times greater than the width) and pits (deep, circular to ovate
features) (Nelson, 2005). To obtain casts of teeth for dental
microwear analysis, we applied the methodology described by
Mallon and Anderson (2014) to teeth from both maxillae and
dentaries (to maximize sample size) using President Regular body
polyvinylsiloxane for tooth surface impressions and Epotek 301
two-part epoxy for casting. Casts identified as potentially contain-
ing dental microwear using an Olympus SZX12 stereo light mi-
croscope were sputter coated using a Denton Vacuum Desk II at
50 atm for 30 s under a 40 mA current in preparation for imaging
with a FEI scanning electron microscope. At a chamber pressure of
50 Pa, voltage of 5.00 kV and beam current of 0.10 nA, overlapping
micrographs of the tooth surface were taken at 100�magnification
and then manually overlaid and then rotated to orient the tooth
apex upwards in InkScape v.1.1 (Caldwell et al., 2004e2021).
Following the methodology of Fraser et al. (2009), images were
loaded into ImageJ v.1.52a (Rasband et al., 1997-2018), a
0.4 � 0.4 mm bounding box was drawn around the area with the
best preservedmicrowear, and the lengths, widths and orientations
of features were measured and recorded.

2.3.1. Comparison of scratch orientation
Microwear scratch length and orientation can be used to infer

primary and secondary jawmovements during feeding (e.g., power
stroke and repositioning motions), and has been successfully used
on adult hadrosaurids (Weishampel, 1983; Williams et al., 2009;
Mallon and Anderson, 2014). To investigate potential changes in
jaw motion during ontogeny, we conducted quantitative and
qualitative comparisons of scratch orientation. Such an analysis
requires standardization to one side of the skull, in this case, the
onducted in hadrosaurids.

p-value
(slope)

Wald statistic
(intercept)

p-value
(intercept)

1 2.043 1

1 0.72 1

1 9.469 0.023

1 0.405 1

1 0.002 1

1 1.707 1

1 0.77 1

1 10.079 0.018

1 6.327 0.119

1 4.549 0.296

0.788 15.436 0.001

1 0.643 1

1 0.039 1

ape index.



Fig. 2. Reduced major axis regression plots for various variables against log-transformed skull length for hadrosaurids. Abbreviations: Ha, Hadrosaurinae; La, Lambeosaurinae; s,
slope; (þ), positive allometry; (�), negative allometry; (i), isometry. Model parameters and subfamily-level comparisons of slope and intercept in Table 2 and 3.
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Table 3
Results of reduced major axis regression of various variables against skull length for hadrosaurids.

Log-transformed
Y-variables

grp n R2 p-value intercept 95% CI intercept slope 95% CI slope trend

beak length H 98 0.811 2.2E-35 �1.4 �1.71 to �1.089 1.275 1.168 to 1.393 þ
diastema length H 96 0.581 9.48E-19 �1.557 �2.024 to �1.091 1.273 1.116 to 1.453 þ
tooth row length Ha 47 0.891 2.41E-22 �0.299 �0.572 to �0.026 0.971 0.879 to 1.072 i

La 51 0.971 4.76E-38 �0.532 �0.674 to �0.391 1.069 1.018 to 1.123 þ
distal tooth row to

mid-quadrate
H 94 0.779 7.6E-31 �0.862 �1.139 to �0.584 1.033 0.937 to 1.138 i

snout width H 76 0.726 1.32E-21 �0.692 �1.042 to �0.343 1.051 0.932 to 1.186 i
dentary height H 97 0.927 1.03E-54 �0.755 �0.902 to �0.607 0.973 0.921 to 1.028 i
paroccipital process

breadth
H 65 0.698 2.01E-17 �0.114 �0.439 to 0.211 0.853 0.743 to 0.979 �

occiput height Ha 27 0.65 7.8E-07 �2.191 �3.242 to �1.141 1.498 1.176 to 1.907 þ
La 26 0.697 3.44E-07 �1.186 �1.927 to �0.445 1.189 0.945 to 1.497 i

coronoid process
jaw joint

H 91 0.798 1.6E-31 �0.34 �0.59 to �0.089 0.955 0.869 to 1.05 i

snout depression H 94 0.667 1.11E-22 �1.776 �2.205 to �1.347 1.301 1.155 to 1.466 þ
skull height Ha 45 0.876 2.8E-20 �0.055 �0.318 to 0.208 0.856 0.768 to 0.953 �

La 50 0.882 7.75E-23 �0.349 �0.615 to �0.083 0.984 0.89 to 1.087 i
quadrate breadth H 70 0.704 7.03E-19 �0.399 �0.753 to �0.045 0.983 0.862 to 1.12 i
SSI H 71 0.006 0.514 1.707 1.138 to 2.276 �0.866 �1.098 to �0.683 NS

Reported p-values are Holm-corrected. Significant p-values are in bold. All variables showing a non-significant slope were not graphed with the other variables.
Abbreviations: grp, grouping; n, sample size; H, Hadrosauridae; Ha, Hadrosaurinae; La, Lambeosaurinae; NS, non-significant slope; þ, positive allometry; �, negative
allometry; I, isometry.
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right dentary as in previous studies (e.g., Mallon and Anderson,
2014). This was achieved by first flipping composite micrographs
of the right dentary and left maxilla on the vertical axis to stan-
dardize to the left dentary. The measured angles were then stan-
dardized to equivalent, positive angle values between 0� and 180�

by adding 180� to all negative values (e.g., �30�þ180� ¼ 150�)
before subtracting all angles from 180� to standardize them to the
right dentary (e.g., 180�-150� ¼ 30�). Qualitative comparisons
Fig. 3. Plots of log snout shape index against log skull length for hadrosaurids. Snout shape in
not significant (see Tables 1 and 2).

6

between ontogenetic stages were conducted at the genus level by
constructing rose diagrams. To obtain preferred scratch orienta-
tion(s), we pooled observations along the tooth row into a single
diagram, separating binned scratch lengths (Mallon and Anderson,
2014). In some instances, it was not possible to fully sample the
tooth row for each individual because not all teeth were present in
the jaw, some teeth did not preserve any microwear, or the
microwear preserved was taphonomically overprinted by 'acid
dex was not plotted on regression plots with other variables as the estimated slope was



Fig. 4. Pooled rose diagrams for each genus and ontogenetic stage for lambeosaurines. Plots are produced by pooling results from multiple individuals and multiple teeth. All teeth
standardized to the right dentary. Abbreviations: ni, number of individuals used; nt, number of teeth used total. Orientation: 0� ¼ mesial, 180� ¼ distal, and 270� ¼ basal/ventral
(bottom). Rose diagrams pooled across multiple teeth for each individual are available in Supplementary materials.
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etching'. Because of this, it was sometimes necessary to combine
observations of multiple individuals of the same ontogenetic stage
in a single rose diagram to generate a composite tooth row.

Quantitative comparisons were made between ontogenetic
stages at the subfamily level for hadrosaurids because sample sizes
for each stage were too small to be made at the genus level. We
used the circle_mle() function (Fitak and Johnsen, 2020) to estimate
7

mean angle(s) (q) and concentration parameter(s) (k) for each
specimen over 1000 iterations and requiring a minimum of 30�

separation between angle groupings. This value was chosen
because it represents a reasonable trade-off between allowing for
variance in scratch orientation and the identification of subtle angle
groupings, if present. The circle_mle() function employs a
likelihood-based approach to calculate the mean angle(s) and



Fig. 5. Pooled rose diagrams for each genus and ontogenetic stage for hadrosaurines. Plots are produced by pooling results from multiple individuals and multiple teeth. All teeth
standardized to the right dentary. Abbreviations: ni, number of individuals used; nt, number of teeth used total. Orientation: 0� ¼ mesial, 180� ¼ distal, and 270� ¼ basal/ventral
(bottom). Rose diagrams pooled across multiple teeth for each individual are available in Supplementary materials.
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concentration parameter(s) for one ormoremodels (selected by the
user) that assume uniform, and several different unimodal and
bimodal distributions (Fitak and Johnsen, 2017). The function then
returns the estimated values with the lowest Akaike Information
Criterion (AIC) value. For our purposes, we considered five of the
ten possible models (uniform, homogeneous symmetrical bimodal,
symmetrical bimodal, homogeneous bimodal, and bimodal). We
excluded symmetric modified unimodal and modified unimodal
models because these models assume a combination of a preferred
direction and a component of random directions (Schnute and
Groot, 1992) into model construction e randomness that is not
compatible under the framework of dental microwear. We also
excluded all axial bimodal models because these models assume
that the two direction groupings are exactly 180 degrees apart. The
mean angle(s) (q) can indicate the average direction for each
scratch distribution while the concentration parameter(s) (k)
8

indicate the homogeneity of scratch orientations within each dis-
tribution where large values of k indicate tight clustering of angles
(Schnute and Groot, 1992; Fitak and Johnsen, 2017).

2.3.2. Feature counts and dimensions
The relative number of pits to scratches and the relative size of

features have previously been used in extant taxa to distinguish
dietary categories (Solounias and Semprebon, 2002; Semprebon
et al., 2004; Rivals and Semprebon, 2011). Browsing ungulates
(i.e., those selecting for low-fibre plants or plant parts) generally
exhibit a higher ratio of microscopic pits to scratches on their
occlusal surfaces than their grazing counterparts (consuming a
higher fibre content). Feature size (e.g., coarse scratches, large pits)
can be used to further subdivide these groups. For example, ele-
phants consume bark, coarse stems, and leaves, and their dental
microwear is characterized by a high percentage of coarse scratches
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and large pits (Solounias and Semprebon, 2002). Here, we consid-
ered pit scratch count ratio, scratch width, scratch length and pit
area. Because of small sample sizes, these comparisons were con-
ducted with non-parametric tests. A Kruskal-Wallis test was used
to conduct the omnibus test and, if the results returned a p-value >
0.05, a follow-up pairwise Mann-Whitney U test with Holm-
corrected p-values was conducted (Holm, 1979; McDonald, 2014).
Boxplots of each of these microwear variables were also con-
structed to facilitate qualitative comparisons between stages.

3. Results

3.1. Morphometrics

Statistical comparisons of slope and intercept between sub-
families indicate significant differences between regression lines
for Hadrosaurinae and Lambeosaurinae in tooth row length,
occiput height and skull height (Table 2).

Three of the 13 variables are positively allometric (beak length,
diastema length, snout depression) and one variable is negatively
allometric (paroccipital process breadth) for all hadrosaurids
(Fig. 2; Table 3). Tooth row length and occiput height are also
positively allometric for lambeosaurines and hadrosaurines,
respectively. Skull height is negatively allometric for hadrosaurines.
‘Strong’ allometry (slope >1.1 or slope <0.9) is observed for all these
variables except for tooth row length. All other measurements
show an isometric relationship with skull length.

Snout shape index shows no linear relationship with skull
length and so is plotted separately from the other variables for both
hadrosaurid subfamilies (Fig. 3). Overlap along the y-axis is rela-
tively consistent through ontogeny and no significant differences
are returned (nimmature ¼ 28, nmature ¼ 43, df ¼ 1, rank sum
statistic ¼ 0.05, p-value ¼ 0.823).

3.2. Dental microwear

Specimens sampled for each genus and ontogenetic stage, and
the number of teeth sampled for each specimen, are provided in the
Supplementary materials. Mean angles and concentration
Table 4
Results of Mann-Whitney-U tests conducted on various feature measurements between

variable subfamily sample size

scratch/pit count ratio Lambeosaurinae juvenile (n ¼ 2);
subadult (n ¼ 6);
adult (n ¼ 2)

Hadrosaurinae juvenile (n ¼ 1);
subadult (n ¼ 2);
adult (n ¼ 2)

scratch length (mm) Lambeosaurinae juvenile (n ¼ 2);
subadult (n ¼ 7);
adult (n ¼ 2)

Hadrosaurinae juvenile (n ¼ 1);
subadult (n ¼ 5);
adult (n ¼ 4)

scratch width (mm) Lambeosaurinae juvenile (n ¼ 2);
subadult (n ¼ 7);
adult (n ¼ 2)

Hadrosaurinae juvenile (n ¼ 1);
subadult (n ¼ 5);
adult (n ¼ 4)

pit area (mm2) Lambeosaurinae juvenile (n ¼ 2);
subadult (n ¼ 7);
adult (n ¼ 2)

Hadrosaurinae juvenile (n ¼ 1);
subadult (n ¼ 4);
adult (n ¼ 3)

Sample sizes for each ontogenetic stage are provided in brackets.
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parameters estimated from model construction, and mean scratch
length, scratch width, pit area and pit/scratch ratio for each indi-
vidual specimen, are also provided in the Supplementary materials.

Rose diagrams do not show any consistent differences in scratch
orientation or variability between ontogenetic stages (Figs. 4, 5;
Supplementary Figs. S1e5). Only one specimen, the juvenile Cor-
ythosaurus specimen (USNM 16600), exhibits a noticeably greater
variability in scratch orientation compared to other more mature
individuals (Fig. 4). Generally, hadrosaurids exhibit a bimodal
scratch distribution with a primary mode of scratches in the
dorsomesial-ventrodistal direction and a second mode of scratches
in the dorsodistal-ventromesial direction, regardless of ontogenetic
stage. However, some specimens show a primary mode of
dorsodistal-ventromesial scratches and secondary mode of
dorsomesial-ventrodistal scratches (e.g., subadult Corythosaurus
[ROM 759, USNM 11839]; adult Edmontosaurus [USNM 4808, MOR
003]) (Figs. 4, 5; Supplementary Figs. S1e5). No clear pattern in
modality was observed for any ontogenetic stage because both
unimodal models and bimodal models best fit different individuals
of the same ontogenetic stage (e.g., subadult Hypacrosaurus [ROM
61784 unimodal, USNM 11950 bimodal]) (Supplementary Table S3).

No significant differences are observed between ontogenetic
stages for any of the statistical tests conducted (Table 4). Compar-
isons of constructed boxplots also indicate very little difference in
descriptive parameters (Fig. 6). Mean pit/scratch count ratio is
slightly higher for juveniles and the scratches are slightly shorter
than those of subadults and adults, on average (Fig. 6).

4. Discussion

4.1. Jaw mechanics

The weakly constructed skulls of immature hadrosaurids, char-
acterized by cartilaginous joints and weakly interdigitated sutures
(Horner and Currie, 1994; Bailleul et al., 2012, 2016), might lead one
to predict that variation in dental microstriation orientation should
be higher in these forms, reflective of a more poorly constrained
chewing mechanism. However, we find no evidence that this is the
case; there is no obvious progression from highly variable
ontogenetic stages for each hadrosaurid subfamily.

chi-squared statistic degrees of freedom p-value

0.182 2 0.913

0.6 2 0.741

1.149 2 0.563

2.455 2 0.293

0.671 2 0.715

0.53 2 0.767

0.506 2 0.776

1.833 2 0.4



Fig. 6. Boxplots of mean feature dimensions for ontogenetic stages for the Hadrosauridae. For boxplots of each genus see Supplementary materials. Abbreviations: n, number of
individuals; J, juvenile; S, subadult; A, adult.
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microstriation orientation in juveniles to amore tightly constrained
pattern in adults. Perhaps the neuromuscular mechanisms of the
juveniles were well-canalized and not dependent on the tightness
of the cranial joints. The exceptionally high variation in young
Corythosaurus (Fig. 4) is plausibly attributable to random sampling
of just a highly variable individual. With new fossil discoveries,
10
sampling of more individuals at this ontogenetic stage will likely
constrain the resultant signal.

Ourmicrowear data are consistent with previous studies finding
multiple (typically two) scratch orientation modes (e.g.,
Weishampel, 1983; Williams et al., 2009; Mallon and Anderson,
2014; Rivera-Sylva et al., 2019). However, whereas those previous



Fig. 7. Differences in relative facial length between adults of large and small hadrosauromorph taxa. A) Telmatosaurus composite reconstruction modified from Weishampel et al.
(1993). B) Large adult Edmontosaurus skull (MOR 003) (jugal, quadratojugal, distal end of the quadrate and parts of the orbit and postorbital fenestra have been drawn in). Note:
skulls have been scaled so that the distance between the anterior edge of the orbit to the middle of the quadrate is the same to facilitate comparison of snout length.
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studies found the dominant scratch mode as angled dorsodistally-
ventromesially (the inferred axis of the power stroke), our findings
usually recover the dominant mode as angled dorsomesially-
ventrodistally. (The secondary or sub-dominant mode, if present,
tends to be oriented approximately normal to the dominant mode,
consistent with previous findings.) The reasons for this discrepancy
are not immediately obvious. Our study includes some genera not
examined before (e.g., Hypacrosaurus, Parasaurolophus), so it is
possible that these taxa had a chewing mechanism that differed
11
from other hadrosaurids. However, most taxa included in the pre-
sent study were also examined elsewhere (Edmontosaurus:
Williams et al., 2009; Corythosaurus, Prosaurolophus: Mallon and
Anderson, 2014), so an alternative explanation for the discrep-
ancy is required. Mallon and Anderson (2014) showed that poor
sampling along the tooth row (which is most significantly limited
by preservational factors in dinosaurs) can affect signal recovery
(contra Williams et al., 2009), which may account for some of the
conflict detected here. It is also possible that differences in working



T. Wyenberg-Henzler, R.T. Patterson and J.C. Mallon Cretaceous Research 135 (2022) 105177
magnification (100� in this study vs. 35� in Mallon and Anderson,
2014 and Rivera-Sylva et al., 2019 vs. 300� in Williams et al., 2009)
produced the inconsistent results. For this to be true, different sets
of scratch orientations would need to be visible at different mag-
nifications. Whether this is the case for hadrosaurids requires
further investigation. Mihlbachler and Beatty (2012) showed that
raw frequency microwear data tend to vary with image resolution
in a way that proportional data do not, but they did not consider
scratch orientation.

4.2. Diet and feeding behaviour

The Jarman-Bell principle maintains that, because of their
higher size-relative metabolic needs, smaller animals require
higher quality, low fibre foods than larger ones (Bell, 1971; Jarman,
1974). Accordingly, we might expect that adult hadrosaurids were
able to tolerate more fibrous diets than the young.

In their characterization of hadrosaurid dental morphology with
age, Erickson and Zelenitsky (2014) showed that, as juveniles,
Hypacrosaurus stebingeri possessed cup-like occlusal surfaces, and
that shearing occlusal surfaces typical of ungulates having fibrous
diets were only expressed later in life (these echo earlier findings
for Maiasaura peeblesorum in a preliminary study by Hunter and
Janis, 1988). This hypothesized ontogenetic niche shift in hadro-
saurids, from low- to high-fiber herbivory, is consistent with the
Jarman-Bell principle (Bell, 1971; Jarman, 1974) and supported by
our findings here (to focus our discussion, we will consider only
those variables exhibiting ‘strong’ allometry, defined above).

Our cranial allometric results reveal strong, positive allometry in
snout (beakþ diastema) length and depression below the tooth row
among hadrosaurids. Thus, juvenile hadrosaurids possessed rela-
tively shorter snouts than adults, with a beak that terminated at or
near the level of the occlusal plane. Juvenile hadrosaurid beakswere
also narrower than those of adults by virtue of their smaller size,
which would have made them comparatively selective foragers.
Similar cranial features are frequentlyobserved inmodernbrowsing
ungulates that feed among trees or shrubs, selecting for soft,
nutrient-rich vegetation such as shoots or fruits (Janis, 1990, 1995;
Spencer, 1995; Mendoza, 2002). A higher incidence of microwear
pits also characterize the teeth of browsing ungulates (Semprebon
et al., 2011), and may likewise typify those of juvenile hadrosaur-
ids (Fig. 6), butmore data are needed. As the face elongated (thereby
accommodating more teeth in the dental battery) and the beak
depressed and widened with age, adult hadrosaurids may have
foragedat awider rangeof levels in the canopy (highand low)andon
tougher, more fibrous vegetation (Mallon et al., 2013). Other aspects
of cranial allometry in hadrosaurids are plausibly explained by
ontogenetic differences in feeding behaviour. In modern ungulates,
larger paroccipital processes are associated with increased surface
area for the attachment of larger cervical musculature and inter-
preted as reflecting the greater use of head movements to sever
vegetation during feeding (Janis, 1990, 1995; Spencer, 1995). In
hadrosaurids, the paroccipital processes served as the insertion sites
for the obliquus capitis magnus and pars transversalis capitis
musculature (Ostrom,1961), which pivoted the head laterally about
the occipital condylewhen flexed. Thus, negative allometric growth
of the paroccipital processes in hadrosaurids plausibly suggests that
juveniles more frequently used lateral head movements to sever
vegetation gripped by the beak compared to adults.

Our study does not recover some previously noted differences
between hadrosaurines and lambeosaurines. For example, lam-
beosaurines are reported elsewhere as having smaller skulls
(notwithstanding the crest) with shorter snouts and narrower,
more ventrally deflected beaks compared to hadrosaurines
(Chapman and Brett-Surman,1990; Carrano et al., 1999; Mallon and
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Anderson, 2013). These incongruities are plausibly owed to taxo-
nomic sampling and methodological differences (e.g., linear vs.
geometric morphometrics; bivariate vs. multivariate statistics).
Interestingly, our observation that positive allometry in occiput
height only occurs in hadrosaurines and not lambeosaurines is
unique and may be explained with recourse to feeding behaviour.
In hadrosaurids, that area of the occiput between the foramen
magnum and skull roof forms the insertion areas for the rectus
capitis posterior and spinalis capitis muscles (Ostrom,1961), which,
when contracted, served to rotate the head upwards about the
occipital condyle. The relatively greater size of these muscles in
adult hadrosaurines may indicate a proportional age-related in-
crease in their use during feeding. Based on various aspects of
skeletal and dental ecomorphology, Carrano et al. (1999) suggested
that hadrosaurines may have preferentially fed within the herb
layer of open environments. Such extensions of the head would
therefore have served well for cropping low-growing vegetation.
This proposed behaviour likewise comports with the known dental
microwear evidence (Mallon and Anderson, 2014).

4.3. Cranial evolutionary allometry

Although the longer snouts of adult hadrosaurids may well
have facilitated their exploitation of a wider variety of plant re-
sources (particularly via accommodation of the highly specialized
dental battery), it is not clear that the snout was specifically
adapted for such a purpose. The phenomenon of conserved cranial
evolutionary allometry has been well-documented in a wide va-
riety of mammals and posits that facial length is strongly con-
strained by adult body size, such that larger animals experience
greater facial lengthening (Cardini and Polly, 2013; Cardini et al.,
2015). Comparing the skulls of smaller hadrosauromorphs, such
as Telmatosaurus, to those of the largest members of the clade (e.g.,
Edmontosaurus), the smaller animals exhibit relatively shorter
faces, consistent with this hypothesis (Fig. 7). By contrast, tyran-
nosauroids exhibit much the opposite pattern (Currie, 2003),
whereby smaller forms (e.g., Alioramus) exhibit relatively longer
faces than larger forms (e.g., Tyrannosaurus). Dinosaurs thus
display a variety of cranial evolutionary allometric trends, and
will undoubtedly make for an interesting non-mammalian case
study.

5. Conclusion

Despite the numerous studies investigating hadrosaurid cranial
ontogeny (e.g., Dodson, 1975b; Evans, 2010; Campione and Evans,
2011; Farke et al., 2013; McGaritty et al., 2013), these tend to be
focused on the development of the cranial crests and rarely on
aspects of ecomorphology. Our examination of cranial allometry
and dental microwear in hadrosaurids finds evidence to support
the ontogenetic niche shift hypothesis. Consistent with the Jarman-
Bell principle, we argue that young hadrosaurids fed on soft,
nutrient-rich vegetation at low feeding heights, cropped using
lateral rotations of the head. Adults, by contrast, fed on tougher
vegetation that grew at a range of feeding heights. Large hadro-
saurines likely emphasized neck extension to crop vegetation. Jaw
motions produced during feeding appear not to have differed
significantly between immature and adult hadrosaurids, despite
the greater development of the tooth battery in the latter age
group.

Our findings are most limited by the availability of juvenile
hadrosaurid material, particularly for the purposes of microwear
study. Extension of our methods to the Asian fossil record, which
does not suffer from the same fluvially-derived taphonomic size
biases of the North American record (Brown et al., 2013, 2021;
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Mallon et al., 2018), may offer a needed test of our findings and of
their broader applicability. The pattern of facial elongation among
hadrosauromorphs recalls a similar pattern of cranial evolutionary
allometry among mammals and likewise invites further investiga-
tion. Ontogenetic niche shifts are thought by some to have played
an important role in the size structuring of Late Cretaceous
carnivorous dinosaur communities (Holtz, 2021; Schroeder et al.,
2021). Our study gives reason to think this might also have been
the case in contemporaneous herbivore communities (cf.
Wyenberg-Henzler et al., 2021).
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