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Highlights:

X Foot skeletons of hadrosaurid dinosaurs show little shape change from small
(young) to large (adult) individuals

X Foot skeletons of small (young) hadrosaurids are more similar in shape to those of
large (adult) individuals than to those of smaHlbodied ornithischians of comparable
size

x Small and large iguanodontian footprints of similar shape found in the same

footprint assemblage could well have been made by conspecific dinosaurs

Key words:Hadrosaurids; Ornithischia; Ichnology; Allometry

ABSTRACT: Foot skeletons of small (young) hadrosaurid dinosaurs were compared with those

of large (adult) hadrosaurids to assess the extent of pedal shape change during ontogeny. Foot
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skeletons of juvenile hadrosaurids were also compared with thesuitar-sizedadult, bipedal
nonthadrosaurian ornithischians to which the juvenile hadrosaurids were closer in size, to
investigate the possibility that pedal shape change during hadrosaurid ontogeny would have been
great enough for feet (and therefore footprints)afng hadosaurids to have been more similar

to those of smaibodied ornithischians than those of large adult hadrosaiiti®ugh possible
allometric shape changeshadrosaurid pedal proportions are detected, thesgoasubtle that

the feetof younghadrosaurids are far more similarthmse of adult hadrosaurs than those of
smaltbodied,non-hadrosaurigbrnithischians. Footprints matg conspecific hadrosaurids of

different size and age are therefore likely to have been similar in shape, anohfeotade by

juvenile hadrosagrare unlikely be misidentified @sints made by adults of smaHlbodied,

more gracilebipedal ornithischians.

1. Introduction

Because dinosaurs hatched from eggs, thelimiting the maximum bodgize of a
newly hatched individual, dinosaur species characterized by large adult body sizes could span a
substantial ontogenetic size range (Carpet@939. Footprints thought to have been made by
small(or at least immaturajinosaurs are known forgeral trackmaker clade€(rrie and
Sarjeant, 1979, ockley et al, 1994, 20062012 PascualArribas andHernandezviedranq
2011;Dalman 2012; Kim et al.2012, 2018, @19; Fiorillo et al., 2014Xing and Lockley, 2014;
Fiorillo and Tykoski, 2016DiazMartinez et al.2015; Castanera et al. 202Bnriquez et al.
2021), but distinguishing footprintsf a particular morphotyp@ade by juveniles of large

bodied species from those of adults of srballlied specieseemains challenging
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Hadrosauds were large to enormous plagdting dinosaurs that were prominent
components ofate Cretaceous dinosaur faun&to(ner et al.2004. Footprints made by large
ornithopods, including hadrosaas, are common in Cretaceous dinosaurian ichnofaunas
(Lockleyet al. 2014PDiazMartinez et al.201%). At some tracksites footprints attributed to
hadrosauds or other large iguanodontianeme in distinct size classes, suggesting the
possibility that they represent agkasses of a single specidsatsukawa eal., 1999, 2001
Fiorillo et al., 2014¢f. Lockley et al., 2012 This prompts questions of whether the feet (and
thus footprints) of juvenile hadrosads can be expected to be similashape to those of larger
individuals, only smaller, or whether th&vould also differ in shape from those of their elders,
perhaps being closer in form to similsized feet of smallelbodied adults odlifferent
ornithischian clades. X QRWHG E\ &DVWDQHUD HW DO 3«OLWYV
influence of ontognetic changes in the feet of ornithopod dinosaurs and thus possible footprint
VKD SH Y D Wight éhtoBe@etic changes in hadrosaurid foot shape mirror phylogenetic
changes observed from basal ornithopods through derived, large iguanodontians @flateno
2007)?In this study, we compare pedal dimensions in a large sample of hadrosaurids and
bipedal, norhadrosaurid ornithischians in order to assess ontogenetic change in pedal
morphology among hadrosaurs, to determine if tracks left by juMeadeosaur feet could be

confused with those left by adults of srAadidied ornithischians.

2. Materials and methods

2.1. Institutioral abbreviations
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CMNFV: Canadian Museum of Nature, Ottawa, Ontat®®CM: Natural History Museum of
Los Angeles County, Ciébrnia; MOR: Museum of the Rockies, Bozeman, Montardp:
Royal Tyrrell Museum of Palaeontology, Drumheller, Alberta; YPM: Peabody Museum of

Natural History, Yale University, New Haven, Connecticut

2.2. Specimen descriptisn

This study was specifically prompted by a report of juvenile individuals of
Prosaurolophus maximysiadrosauridae, Saurolophindeym theUpper CretaceouBearpaw
Formation of southern Alber(®rysdale et al., 2019)In one of these specimens, TMP
201637.1(Fig. 1A, B supplemental animation [righi]oetween the left and right feet,
metatarsals Il and Il and all the phalanges of the foot are presergedoAd specimedMP

1998.50.1, is less complete, but still preserves several pedal phalanges.

Prior to the description of these specimens, Pifiégdoquez and Guenther (2018)
described perinatal specimens\idiasaura peeblesoruifiHadrosauridae, Saurolophindsym
theUpper Cretaceouswo Medicine Formation of Montana. Amongese was YM VPPU
2240 (Fig. 1C supplemental animation [leftla composite right foot assembled freoattered
bones of several young individuaabout the same sizem the same localit{dohn R.
Horner (personal communication 2 August 20I8)is specimen is of partitar interest due to
its diminutive sizg§Wosik et al. 2017 described a very yolrdgmontosaurugdividual of
comparable size that regrettably did not preserve pedal phalabggty compositenature
meanst mustbe treated cautiouslfpossible sources of error associated with treating the

composite baby as a valid data point include both the possibility of misidentification of



88 phalangesindpossibledifferences in relative proportisrof phalanges among the different

89 perinatal individals.

90 A fourth small hadrosaurid specimen (MOR 4Flg. 2D), identified aHypacrosaurus
91 stebingeri(Hadrosauridae, Lambeosaurinas)intermediate in size beégn TMP 2016.37.1 and
92 YPM VPPU22400.We also measured a footBimontosaurus annecte(tdadrosauridae,

93  Saurolophinael, ACM 7233/23504) that is very close in size to TMP 2016.37.1.

94

95 2.3. Measurements and data analyses

96 We measuredgalal phalanges of juvenile and achdidrosatds, and of other bipedadr

97 facultatively or potentiallyipedal ornithischiangMaidment and Barrett 2014) h€se include

98 some basal ceratopsiafts. Chinnery and Horner 200%enter 2007; Lee et al. 2011;

99 Morschhauser et al. 2018lowiak et al. 2019 We did not, however, include stegosaurs, which
100 some authors (e.@ierlifiski and Sabath 2008) have interpreted as bipedal, but which most

101 workers regard as quadrupedal (Maidment and Barrett 2014).

102 Measurements were malg ourselves (mostly by Farlowh the phalanges of digits Il
103 IV of the ornithischians examined this study. The innermost hindfoot toe (digit I) is present in
104 basal ornithopods and in ceratopsians, but is lost in derived iguanodontians, including

105 hadrosaurid¢Moreno et al. 2007)and so will not be considered in this study (but selWwaat

106 al. 2018 for a consideration of the relative size of digit | in bipedal dinosaurs more generally).

107 Phalangesvere measured following the protocols of Farlow et al. (2pp81011; Fig.
108 2 herg. Nonungual phalanx lengths were measured on the medial and &tEslof the bone,

109 from roughly the dorsoventral midpoint along the concave proximal articular end to roughly the
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dorsoventral midpoint along the convex distal articular end of the bone. Ungual lengths were
measured in a straighhe manner on the mediahd lateral sides of the bone from roughly the
dorsoventral midpoint along the concave proximal articular end of the bahe tip of the

bone. Foispecimens in which only the medial or lateral length could be measured, that value was
used in the analis otherwise the medial and lateral lengths were averaged. Widths were the

maximum transverse dimension along the distal ends etingoal phalanges.

The specific measurements used in this study were those that could readily be made on
TMP 2016.37.1. Masurements for that speciméyViP 1998.50.1MOR 471,andYPM VPPU
22400 are given in Table 1; measurements for other ornithischian feet are taken from Farlow et
al. (2018: Appendix Table Al,pp. 379391, which provides detailed information about the

specimens

Both bivariate and multivariate analyses of measurementsdeeegusing IBMSPSS
Statisticsversion 26 For investigations of allometry and for principal components analysis
(PCA), the parameters compared weretl@agsformed prior to analysiFor investigations of
allometry, bothordinary least squares (OL&gression and reduced major axis (RMA) bivariate
analyses were donboth including an@xcluding the compositeeonatespecimen of
Maiasaura Allometry was inferred if the 95 % confidence inter(@l) of the slope of the
bivariate analysis excluded a value of 1.000. For RMalyses, the Glweremostlycalculated
in SPSHollowing Rayner (1985Table ) and Leduc (1987)ut for Cls that tts protocol that
presented as statistically significant, the Cls were also calculated in the statistical package Past
version 4.04cf. Hammer et al., 2001Pue tothe relatively small sample size of measurable
foot skeletons, each foot was treated asxdapendent datzase, and no attempt was méaaole

consider the effects of different numbers of specimens acrosstaxacorrect for variable
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phylogenetic propinquityHowever, we do note where a particular taxon may be strongly

affecting the overallesults.

3. Results

3.1. Principal components analysis

In the PCA of the entire ornithischian sampleciuding the composite ballaiasaura
specimen (Table 2), more than 90 % of the @atéance $ associated with the first principal
component. Alof the pedal parameters shpasitive loadings on that first component,
indicating that it is associated with overall siZée remaining data variancemainly associated

with PC 2 (about 5 %) and PC 3 (about 1.5 %).

Variables vith positive loadings on P2 are thelengths of phalanges distal to the first
(most proximal) phalanaf digits II-1V, while varables with negative loadingsegthe lengths of
the first (most proixnal) phalanges of the three digitsdthewidths of phalanges 1112 and V2.
Hadrosatds and other large iguanodontiaplot more negatively along PC 2 than other
ornithischians in the samp{€ig. 3A), with the single data case fGamptosauruglotting
between the trends fohe relatively stout hadrosausiéind other large iguanodomtgaon the
one hand, and the more graadrnithischians on the otherI *LHUOL VNL DQG 6DEDWK
Hadrosaurié and large iguanodontiansnd the ma gracile ornithischianshowparalleltrends
alongPC2, with hadrosaurids and other big iguanodontians becolessghegativeand the
gracile forms increasinglyositive with increasing foot sizélhe small, juvenile hadrosaurids
plot along the overall largernithopod trend of PC 2, much more negativbbn gracile

ornithischians of comparable size.
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Scatterplots ofelected aspects of PC 2 (Fig, &) allow exploration of these shape
features with more data cases than PC 2 itself, because they allow use of data cases for which
some of the components BEC 2 could not be measured. Plotting the ratio of the combined
length of phalanges 11214 to the length of phalanx IlI1 (Fig.B3) again shows the larger
iguanodontians to have relatively shorter distal phalanges than more gracile ornithjseitians
Tenontosaurusn the gracile group displaying an interesting tendency to increase the relative
length of the distal part of the toetwincreasing digit Il lengthThe smaller hadrosaurids are
clearly more like their larger kin than like gracile ibinischians of similar size in this
comparisonhadrosaurids show no strotendency for sizeelated changéout see belown the
ratio, especially if theMaiasaurababy is included in the samglathoughEdmontosauruysone
of the biggest hadrosauridsthe sample, seems to take larger values of the ratio than other,

smaller hadrosaurids).

The relatve width of phalanx 1112 (Fig. @) is another aspect of PCAxross the
ornithischians in our sample, the relative breadth of phalanx 1112 increasesevitasing
animal size (cfMoreno et al. 2007;0ckley 2009;Farlow et al. 2018). Howevehe smaller,
younger hadrosaurid specimens again are more like their elders than like gracile ornithischians to
which they are more similar in size. There is nogaton of an increase in relative stoutness of

digit Il with increasing digit length in hadrosaurids.

Variables with positive loadings on PC 3 (Table 2) include the lengths of all the non
ungual phalanges of digits-IV/, while variables with negative ldangs include the ungual
lengths, and to a lesser extent phalanx widths. A scatterplot of PC 3 against PGR)(Fig.
GRHVQIW SURepar&tibn bf adras&uBdd from gracile ornithischians, but it does

distinguish hadrosaurids from other largeagadontianswith hadrosaurids taking more positive
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values of PC 3There is a suggestion that PC 3 may become more positive with incraasing s

in hadrosauridsf the compositéMaiasaurababy is included in the sample.

The ratio of ungual 1114 lengtto the combined lengths of namgual phalanges of digit
[l (Fig. 3E) is an aspect of PC 3, with higher values of the ratio associated with more negative
values of PC 3. The relative length of ungual 1114 of hadrosauridsnigarable to that of many
gradle ornithischiansalthoughTenontosaurubas a relatively longer ungual that becomes
proportionally even longer with increasing size. Hadrosaurids have a relatively shorter ungual
thanother big iguanodontianBecause more positive values of PC3 areaased with
relatively long norungual phalanges (Table 2), and, as already noted, hadrosaurids may show
more positive values of PC3itlw increasing foot size (Fig3, one might expect ungual 1114 to
become shorter with respect to the length of theurgyual phalanges of digit Ill with increasing
size, but thigloes not occur (Fig.B. If anything, ungual llidecomes relatively longer,

especially inEdmontosaurus

3.2. Bivariate comparisons in hadrosaurids

Restricting comparisons to hadrosaurs, tincomparisons of relative sizes of phalangeal
parameters within single digits, allows further exploration of the trends identified by P&A wit
larger sample siz€onsistent with the relationship between PC 2 and Bé€etin hadrosaurids
(Fig. 3A), theslope of the logtransformed lengtbf phalanx 1112 against that of phalanx liiii
hadrosauridss greater than,.whether the compositdaiasaurababy isincluded or notn the
sample, and whker the slope is computed with OLSregression or reduced major axis model

(Table 3).However,the 95 % confidence interval of the slope does not exclude a valua of 1
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200 any of the four versions of the relationshamd so the slopes are not significantly different than 1
201 (isometry) The réationship between the legansformed length of phalanx 1113 against that of

202 phalanx IlI1, in contrast, has calculated slope values less than 1 in three of the four versions of
203 the relationship, but again without any of the 95 % confidence limits exglddifihe slope of

204 the logtransformed combined lengths of phalangeslili2 against the logransformed length

205 of phalanx 1111 in the four versions of the relationship shows the same pattern of results as seen
206 in the four versions of the relationship weenthelog-transformedength ofphalanx 1112

207 againsthelog-transformed phalanx IlI{Fig. 3). All told, these results suggest, but do not

208 demonstratethe possibility of positive allometrgf the length oft least some ahe more distal

209 phalangesealative to the length of the first phalanx of digit For digit Il, in contrast to digit IlI,

210 the relationship between the lognsformed combined lengths of the distal phalanges against
211 the logtransformed length of the first phalanx (Table 3) dogéshow consistent patterns across
212  the four versions of the relationshior digit IV three of the four versions of the relationship

213 between logransformed combined lengths of the distal phalanges against ttrahsfprmed

214  length of the first phalanx ka slopes less than Eor none of the relationships between

215 proximal and distal phalanges in digits Il and IV does the slope differ significantly from 1.

216 The relative widths of phalanges have negative loadings on both PC 2 and PC 3 (Table
217  2). Three othe four versions of the relationship betweenti@nsformed phalanx [112 width and
218 log-transformed digit Il length have slopes greater than 1 (Table 3), but in none ofidlesse

219 the slope differ significantlfrom 1 (cf. Fig. &).

220 The lengths of thanguals relative to the lengths of nongual phalanges are theim
221  contributors to PC 3 (Fig..3 3E). For digit I, the relationship between kbigansformed ungual

222  length and the logransformed combined lengths of the norgual phalanges has slopegw
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223 values greater than 1 in all four versions of the comparison (Table 3); if the composite baby
224  Maiasaurafoot is excluded from the comparisdioth the regression and the RMA slopes have
225 95 % confidence limits whose minimum values are at least bawesdyegrthan 1. For digit 11,

226 three of the four versions of the corresponding comparison yield slopes greater than 1, albeit
227  without being significantly different than 1. For digit IV, in contrast, the slopes of all four

228 versions of the relationship are lékan 1, but again without being significantly different than 1.

229 Across the ornithischians in our sampi&o clear tendencies are observed as animal size
230 increass: 1)an increase iaggregatdéength of thephalanges of digit Il (Fig. 4A), but not digit

231 IV (Fig. 4B), relative to the aggregate length of thelphges of digit 1ll; and 2ylecrease in

232 length of digit IVrelative to the length of digit Il (Bi 4C). Hadrosauds do not differ from

233  other ornithischians of compable size in the relative lengtlofthe three digits

234 For hadrosaurids alone, if the compositeiasaurababy is includd in the sample, OLS
235 regressiorand RMA slopes, for botlog-transformedligits 1l and IV, showslight butsignificant
236 positive allometry with respect to the lengthag-transformedligit Il , andalsowith respect to
237 thelog-transformedength ofjust phalanx IlI1 (probably the most important weidigaring

238 bone of the djital portion of the foot]Table 3).Excluding thecompositeMaiasaurababy, the
239 RMA slopes forthe log-transformedengths of bothdigits Il and IV, against the logransformed
240 length of digit I, remain at least slightly greater than 1 withoeihly statistically significant.
241  Excludingthe compositélaiasaurababy, he regression slope for ldagansformed digit IV

242  against the logransformed length of digit lis also greater than 1, but that of-mgnsformed
243 digit Il is less than 1, with neither of these slopes being statistieghifisant. Again excluding
244  the compositéaiasaurababy, both regression and RMA slopéghe relationship between log

245 transformed digit Il and 1V length and ldgansformedohalanx 1111 length argreater than 1,
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246  with the RMA slope between legansforned digit IV length and log 1111 length beirgdightly
247  butsignificantly greatethan 1.The RMA and regression slopes of fwgnsformed digit IV
248 length against the legansformed length of digit Il are greatban 1, albeit just barelfthe

249 compositeMaiasaurababy is excluded, but none of these slopes is significantly different than 1.

250

251 4.Concluding Remarks

252 Although, as usual in dinosaur paleontology, additional specimens, particularly of very

253 young hadrosaurids, would be desirable, some conclusions about ontogeny and foot shape seem
254  valid. Across the size range of hadrosaurids in our sample, there aretsuggesat least subtle

255 shape change from small to large individuals, bustnebthese are netatisticallysignificant.

256 Those that are significant are greatly affected by whether or not the conidaisaurababy,

257 whose foot is much smaller than tledtany other pedal specimen in our sample, is included in

258 the analysis.

259 Even if the composit®aiasaurababy footis included in the comparisoit,appearghat

260 very young hadrosaurids had feet more similar in shape to those of their large elderdaétn to
261 of similar-sized,non-hadrosaurid ornithischie (Figs. 1, 3, 4 Any allometric changes in foot,

262 and thus footprint, shape dugimntogeny would not have been great enough for the juvenile pes
263  or pes print todok recognizablyifferent from that of an adult in grieature other than s4cf.

264 Dodson 1986 for ceratopsid§tating things baldl§ andperhaps with a degree of exaggeration
265 -over the spanof its lifetime, a hadrosauri@nd presumablgny other largdodied

266 iguanodatian as well) would likely not have transitioned from mak#igomoepudike
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footprints as a neonate to maki@gririchniumlike or Hadrosauropodusdike footprints as a

fully-grown adult.

This conclusion corroborates inferences frii@ ichnological recat. Published
descriptions ofdotprints attrilited to large iguanodontians commonly report two size
parameters, footprint length and widtlodgprintsassigned to the (possibly questionable:
Lockley et al., 2014; Diakartinez et al., 2015h¢hnogenu®rnithopodichnudgrom the Lower
Cretaceous of Korea and China (Kim et al., 2009; Lockley et al., 2012; Xing and Lockley, 2014)
span a signifiant size range, with lengths ranging t243 cm.(Interestingly the smaller
footprints would have been made byabaurs about the same size as our TMP 2016.3hé.)
length:width ratioof the smalland large prints igery similar, suggestingelativelylittle or no
shape change between the small and large trackm@sensted by Lockley et al. 2012he
samaeis true ofCaririchniumfrom the midCretaceous Dakota Group of Colorado (Matsukawa et
al., 1999) Hadrosauropodu$rom the Upper Cretaceous Cantwell Formation of Alaska (Fiorillo
et al., 2014, Fiorillo and Tykoski, 2016), aAdblydactylugor Caririchnium?2 DiazMartinez
et al., 2015b) from the Lower Cretaceous Gething Form@imn 5 of British Columbia
(Currie and Sarjeant, 1979)he lack of dramatic pedal shape change between small and large
hadrosauds reported in this study sugge3tsut obviouslydoes not provegiven the likely
similarity of foot shape across large iguanodontian trackmaker spettiassmall and large
specimens oiguanodontian footprintsf similar shapefound at the same tracksite or at least in
the same ichnofauneguld well have been made by juvenile and adult individuals of the same

zoological species.
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Table 1. Measurements of pedal laimges of juvenile hadrosaurids; measurements

used are thoggarametes measurablen TMP 2016.37.1Fig. 1A, B). All

measurements in millimeters.

Species Specimen| Phalanx Length (L) or Distal Width (dw)
Prosaurolophus TMP I11L: 78 l2L: 31 | H3L: 47
maximus 2016.37.1| 1L: 73 M2L: 23 | 2dw: 71 | 113L: 18 | 1l14L: 46

IVIL: 57 | IV2L: 12 | IV2dw: 51 | IV3L: 11 | IV4L: 15 | IV5L: 45
Prosaurolophus| TMP I11L: 67 l12L: 21 | lI3L: 39
maximus 1998.50.1] IlI1L: 62 n2L:

IV1L: 53 IV2L: 15 IV3L: 8 IV5L: 32
Hypacrosaurus | MOR I11L: 64 12L: 21 | lI3L: 41
stebingeri 471 TM- | llI1L: 65 2L: 17 | 2dw: 54 | I3L: 13 | [114L: 39

019 IV1L: 46 IV2L: 12 | IV2dw: 39 | IV3L: 9 IvV4L: 9 IV5L: 40

Maiasaura YPM I11L: 14 ln2L: 7 l13L: 11
peeblesorum VPPU IM1L: 19 2L: 6 li2dw: 15 | 113L: 6 4L: 14
composite foot | 22400 IV1L: 11 | IV2L: 4 IV2dw: 9 | IV3L: 3 IVAL: 3 IV5L: 11
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Table 2 Principal components analysis (PA/Aing a covariance matjinf log-

transformed linear dimensions of pedal phalanges of bipedal and potentially bipe

ornithischian dinosaur®arameters used in the analysis aredltbat could be

measured iTMP 2016.37.1Number of specimens = 36.

Parameter

PC1 loading (raw

[rescaled])

PC2loading

(raw [rescaled])

PC3loading (raw

[rescaled])

Phalanx 111 Length

0.281 (0.979)

-0.043(-0.148)

0.023 (0.079)

Phalanx 112 Length

0.224 (0.974)

0.016 (0.069)

0.039 (0.169)

Phalanx (Ungual) 113 Length

0.250 (0.952)

0.042 (0.161)

-0.061 (0.234)

Phalanx 1111 Length

0.279 (0.960)

-0.075 (0.257)

0.024 (0.082)

Phalanx 1112 Length

0.200(0.937)

0.048 (0.223)

0.047 (0.222)

Phalanx 1112 Distal Width

0.336 (0.959)

-0.093 (0.266)

-0.009 (0.027)

Phalanx 1113 Length

0.184 (0.924)

0.063 (0.314)

0.026 (0.132)

Phalanx (Ungual) 1114 Length

0.244 (0.957)

0.047 (0.184)

-0.047 (0.185)

PhalanxVV1 Length

0.292 (0.975)

-0.056 (0.186)

0.022 (0.074)

Phalanx IV2 Length

0.210 (0.913)

0.085 (0.368)

0.017 (0.073)

Phalanx 1V2 Distal Width

0.338 (0.978)

-0.062 (0.178)

-0.023 (0.066)

Phalanx IV3 Length

0.197 (0.912)

0.082 (0.381)

0.012 (0.055)

Phalanx V4 Length

0.202 (0.922)

0.072 (0.328)

0.009 (0.043)

Phalanx (Ungual) IV5 Length

0.265 (0.977)

0.023 (0.084)

-0.048 (0.176)

Eigenvalues (&% of variance)

0.910 (91.662)

0.053 (5348)

0.015 (1.552)

Cumulative variance explained (%)

91.662

97.010

98.562

KaiserMeyerOlkin Measure of Sampling Adequacy = 0.9Z6,DUW O HW W {V 7 H\s§uaR

1366.093, p < 0.001
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Table 3 Regression and reduced major axis slopes of bivariate relationships bety

log-transformed linear measurementskD GURVD XU IRRW VNHOHW

SHIFOXGLQJ" UHIHU WR ZK HYodt skeleterof@hBedha® KH F |

Maiasaura peeblesoruspecimen is included in the sam@ope values ibold have

a 95 % ClI that excludes 1.006dicating that theslope has a value significantly

different than 1For RMA slopes that present as statistically different than 1, the 9

Cl was calculated two ways: following Rayner (1985) and Leduc (1987) (top line

using the program PAST (Hammer et al., 2001tdmotline).

Independent Dependent Method Sample R’ | Slope| 95 % CI N
Variable Variable

Phalanx 1111 Phalanx 1112 Regression| Including | 0.885| 1.063| 0.9051.221 | 27

Length Length Excluding | 0.667 | 1.072| 0.7531.390| 26

RMA Including | 0.885| 1.130| 0.9731.312| 27

Excluding | 0.667 | 1.312| 0.9651.783| 26

Phalanx 1113 Regression| Including | 0.822| 0.895| 0.7231.067 | 27

Length Excluding | 0.590 | 0.980| 0.6361.324 | 26

RMA Including | 0.822| 0.988| 0.8131.199| 27

Excluding | 0.590| 1.276 | 0.8841.841| 26

CombinedLength | Regression| Including | 0.912 | 1.012| 0.8731.151 | 24

Phalanges 1112114 Excluding | 0.754| 1.099 | 0.8141.384 | 23

RMA Including | 0.912| 1.060| 0.9231.217 | 24

Excluding | 0.754| 1.265| 0.97%1.650| 23

Digit Ill Length | Digit Il Ungual Regression| Including | 0.952| 1.058| 0.9531.163| 24

Excluding Length Excluding | 0.884 | 1.198| 1.0021.395| 23

Ungual RMA Including | 0.952| 1.085| 0.9821.198| 24

Excluding | 0.884 | 1.274| 1.0791.504| 23
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1.0491.399
Phalanx 111 Combined Length | Regression| Including | 0.955| 0.974| 0.8781.070| 23
Length Phalanges 11213 Excluding | 0.878 | 1.060| 0.8761.245| 22
RMA Including | 0.955| 0.997| 0.9031.100| 23
Excluding | 0.878| 1.132| 0.9501.349 | 22
Digit Il Length Digit Il Ungual Regression| Including | 0.933| 0.991| 0.87%1.111| 23
Excluding Length Excluding | 0.814 | 1.027| 0.7981.256 | 22
Ungual RMA Including | 0.933| 1.026 | 0.9081.159| 23
Excluding | 0.814| 1.138| 0.9071.428 | 22
Phalanx V1 Combined Length | Regression| Including | 0.947 | 0.945| 0.8371.052| 21
Length Phalanges IvV2V5 Excluding | 0.829| 0.989| 0.76%#1.212| 20
RMA Including | 0.947| 0.971| 0.8661.088 | 21
Excluding | 0.829| 1.086 | 0.8641.366 | 20
Digit IV Length | Digit IV Ungual Regression| Including | 0.941| 0.942| 0.8291.055| 21
Excluding Length Excluding | 0.803 | 0.882| 0.6861.098 | 20
Ungual RMA Including | 0.941| 0.971| 0.8601.096 | 21
Excluding | 0.803 | 0.984| 0.7661.264 | 20
Digit Ill Length | Digit Il Length Regression| Including | 0.986| 1.100| 1.0361.164| 20
Excluding | 0.959 | 0.992| 0.8881.096 | 19
RMA Including | 0.986| 1.108| 1.0441.175| 20

1.0731.254
Excluding | 0.959| 1.013| 0.91%1.126| 19
Digit IV Length Regression| Including | 0.987| 1.106| 1.0431.169| 20
Excluding | 0.954| 1.059| 0.9461.178| 19
RMA Including | 0.987| 1.113| 1.05%1.178| 20

1.0721.223
Excluding | 0.954 | 1.084| 0.9681.213| 19




4

Phalanx 1111 Digit Il Length Regression| Including | 0.981| 1.116| 1.0421.189| 21
Length Excluding | 0.939| 1.080| 0.9431.216| 20
RMA Including | 0.981 | 1.126| 1.0531.204| 21
1.0571.205
Excluding | 0.939| 1.114| 0.98%1.264 | 20
Digit IV Length Regression| Including | 0.974| 1.117| 1.0301.204| 21
Excluding | 0.907 | 1.128| 0.9491.306| 20
RMA Including | 0.974| 1.132| 1.0461.224| 21
0.9821.200
Excluding | 0.907 | 1.184| 1.0091.389 | 20
1.0471.342
Digit Il Length Digit IV Length Regression| Including | 0.991 | 1.002| 0.9491.055| 17
Excluding | 0.968 | 1.057 | 0.9471.167 | 16
RMA Including | 0.991| 1.007 | 0.9551.061| 17
Excluding | 0.968 | 1.074 | 0.967#1.193| 16
Digit lll Length | Phalanx 1112 Distal | Regression| Including | 0.960| 1.018| 0.9211.114| 22
Width Excluding | 0.858 | 0.941| 0.7581.125| 21
RMA Including | 0.960 | 1.039| 0.9441.143| 22
Excluding | 0.858| 1.016 | 0.8331.238| 21
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Fig. 1. Foot skeletosof small and large specimens of hadrosaBcsle bar in panels-B =5

cm. (A, B) Nearly complete left pedal skeleton of TMP 2016.3Prbsaurolophus
maximus As preserved, digit Il is folded beneath digits Il and Individual phalanges
are labeled(A) Dorsal view, showing digits 11l and IV[he ungual of digit 11l is missing
on this foot, but preserved in the right foot. (B) Ventral view, showing didi€)IDorsal
view of compositeight foot skeleton of YPM VPPRQ2400,Maiasaura peeblesorum
(D) Dorsal view of right foot skeleton of MOR/4, Hypacrosaurus stebingeriE)
Anterior oblique view right foot of CMNFV 850Hypacrosaurus altispinusScale in

right foreground marked off in cm and inches.

Fig. 2. Measurements of pedal phalanges of hadrosaurs. (AJuNgual phalanx in side view,

showing how lengths are measuredeither the medial or lateral sidéthe bone. (B)
Distal articular view of a neangual phalanx, showing the measurement of distal width.
(C, D) Measurements of ungual lengths. (C) Side view of bone. (D) Dorsal vizonef

with lines showing medial and lateral length measurements.

Fig. 3. Pedal proportions of hadrosaurs and other bipedal, facultatively bipedal, or potentially

bipedal ornithischiansSymbol color keyor this and Fig4): black and open symbols =
basal ornithopods and basal iguanodontians; red =hadrosaurian ankylopollexian
iguanodontians; green = hadrosaurids; yellow = basal ceratopsidmseoceratopsians
(A) Scatterplot oprincipal component (PC) 2 against PC 1 of a principal components

analysis (Table 2). PC 1 is mostly associated with specimen size. Parameters with
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437 positive loadings on PC 2 are lengths of phalanges distal to the first phalanx of digits Il
438 IV, while parameters with negative loadings on PC2 are length® dif $th phalanyof

439 digits II-1V, and phalanx widthgB) Scatterplot obn aspect of PC 2 (ratio of the

440 combined lengths of the three distal phalanges of digit 1l to the length of the first

441 phalanx of digit 1) against digit 1l length(C) Scatterplot ofnother aspect of PC 2

442 (relative width of phalanx I112) against digit Il length. YBcatterplot oPC 3 against PC
443 1. Parameters with positive loadings on PC 3 are lengths of thanmral phalanges,

444 while parameters with negative loadings on PC Juagrial lengthsnd, to a lesser

445 extent, phalanx widthgE) Scatterplot oain aspect of PC 3 (ratio of ungual length to the
446 combined lengths of the namgual phalangef digit Il against the length of digit Il1.
447

448 Fig. 4. Relative lengths of digits Il]I, and IV of hadrosaurs and other bipedal, facultatively

449 bipedal, or potentially bipedal dthischians(A) Scatterplot of the length of digit Il

450 relative to thdength ofdigit Ill, as a function of digit Il length. (B) Scatterplot of the

451 length ofdigit IV relative to the length of digit Ill, as a function of digit Il length. (C)

452 Scatterplot of the length of digit IV relative to the length of digit 1ll, as a function of digit
453 [l length.

454

455  Fig. 5. Small (TMP 77.17.06) and large (TMP 76.11.11) fomiigs; Amblydactylus kortmeyeri
456 (Currie and Sarjeant 1979), plausibly attributed to the same iguanodontian species, from
457 the Lower Cretaceous Gething Formation of British Columbia. Scale markechin 1

458 increments.
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Supplemental animation.Pedal skeletons ¢fivenile hadrosaurids. (Left) YPM VPP22400,
composite right foot oMaiasaura peeblesorunfRight) TMP 2016.37.1, left foot of

Prosaurolophus maximus
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