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In brief

Druckenmiller et al. document
reproduction in a diverse assemblage of
herbivorous and carnivorous dinosaurs
from polar paleolatitudes of the Late
Cretaceous Prince Creek Formation.
Both large- and small-bodied dinosaurs
were nonmigratory year-round residents
and likely exhibited polar-specific life
history strategies, including endothermy.
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Highlights

e Perinatal dinosaurs reported from the Late Cretaceous of
northern Alaska

e A diverse assemblage of dinosaur species reproduced in the
Arctic

e Large- and small-bodied taxa were nonmigratory year-round
residents

e Paleoenvironmental constraints suggest polar-specific life
history strategies
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SUMMARY

The unexpected discovery of non-avian dinosaurs from Arctic and Antarctic settings has generated consider-
able debate about whether they had the capacity to reproduce at high latitudes—especially the larger-
bodied, hypothetically migratory taxa. Evidence for dinosaurian polar reproduction remains very rare, partic-
ularly for species that lived at the highest paleolatitudes (>75°). Here we report the discovery of perinatal and
very young dinosaurs from the highest known paleolatitude for the clade—the Cretaceous Prince Creek For-
mation (PCF) of northern Alaska. These data demonstrate Arctic reproduction in a diverse assemblage of
large- and small-bodied ornithischian and theropod species. In terms of overall diversity, 70% of the known
dinosaurian families, as well as avialans (birds), in the PCF are represented by perinatal individuals, the high-
est percentage for any North American Cretaceous formation. These findings, coupled with prolonged incu-
bation periods, small neonate sizes, and short reproductive windows suggest most, if not all, PCF dinosaurs
were nonmigratory year-round Arctic residents. Notably, we reconstruct an annual chronology of reproduc-
tive events for the ornithischian dinosaurs using refined paleoenvironmental/plant phenology data and new
insights into dinosaur incubation periods. Seasonal resource limitations due to extended periods of winter
darkness and freezing temperatures placed severe constraints on dinosaurian reproduction, development,
and maintenance, suggesting these taxa showed polar-specific life history strategies, including endothermy.

INTRODUCTION

Beginning in the 1950s, non-avian dinosaur remains (hereafter di-
nosaurs) were discovered in the Arctic and Antarctic,’? regions
once thought to experience adverse environmental conditions un-
expected for reptilian occupation.>™ This led to hypotheses that
some or all of these dinosaurs were either year-round polar inhab-
itants or alternatively that at least large-bodied species migrated
to such settings, taking advantage of seasonally abundant warm
season resources and possibly to reproduce.>®” Direct evidence
for high-latitude dinosaurian reproduction in the form of perinatal
teeth and bones, embryos, brooding individuals, or eggs is rare.
Furthermore, most of these few localities also lacked exception-
ally adverse environmental conditions at any time of year. Specif-
ically, from Laurasia, hadrosaurid (duck-billed dinosaurs) and
theropod (primarily carnivorous dinosaurs) eggshell fragments
were recovered from the Upper Cretaceous Kakanaut Formation
of northeastern Russia.® The site lies at ~70°-75°N paleolatitude
and experienced ~45 days of continuous winter darkness with
moderate mean annual temperatures (MATSs) of ~10°C (50°F).
From Gondwana, femora of very young indeterminate ornitho-
pods have been found in mid-Cretaceous formations in

southeastern Australia. Specifically, perinatal remains from the
Griman Creek Formation occur at a South Temperate paleolati-
tude of 60°S that experienced a moderately warm climatic regime
(MAT = ~14°C [°57 F]).° Neonate to yearling individuals are also
known from the Eumeralla and Wonthaggi Formations of Australia
at a paleolatitude of ~70°S, where the light regime was similar to
the Kakanaut Formation.® The paleotemperature estimates for
these formations are poorly constrained (—6°C [21°F] up
to +10°C [50°F] MAT), but the presence of ectothermic taxa typi-
cally found in warmer temperate zones (e.g., temnospondyls,
crocodylomorphs, and testudines) strongly supports the warmer
estimates.”'°

In contrast, a notable high-latitude dinosaur assemblage
where extreme and adverse winter conditions definitively
occurred is found in the Upper Cretaceous Prince Creek Forma-
tion (PCF) of northern Alaska.’? Deposition of the PCF occurred
at 80°-85°N paleolatitude’"'? and records the northernmost
known extent of dinosaurian occupation (Figure 1). Owing to
the exceptionally high latitude, where winter forage was limited,
the PCF experienced a highly seasonal polar light regime and cli-
matic extremes unlike that experienced by other dinosaurian
faunas. Specifically, the formation was deposited under a
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Figure 1. Location and paleoenvironmental conditions for the Prince Creek Formation

(A) North American paleogeography at 72 Ma.

(B) Comparison of polar light regime as approximated by the relative extent of continuous winter darkness by latitude (measured in number of days and per-

centage of year).

CMMT, cold month mean temperature; MAT, mean annual temperature; N, north; NP, North Pole; WF, Wapiti Formation; HSCF, Horseshoe Canyon Formation; S,

south.

climatic regime with up to ~120 days of continuous winter dark-
ness, and an MAT of just 6.3°C +2.2°C (43.3°F + 4.0°F), suggest-
ing the dinosaurs, if winter residents, endured freezing winter
conditions with occasional snowfall.'® This formation preserves
large and small taxa, including herbivorous hadrosaurids
(duck-billed dinosaurs), ceratopsians (horned dinosaurs), the-
scelosaurids (small bipedal ornithopods/neornithischians), and
pachycephalosaurids (dome-headed dinosaurs), as well as
carnivorous tyrannosaurids, deinonychosaurs, and ornithomi-
mosaurians.”'* Notably, although a diversity of endothermic
mammals and birds also occur in the PCF, '® terrestrialized ecto-
therms (e.g., lissamphibians, testudines, choristodires, squa-
mates, and crocodilians) that are commonplace in warmer,
contemporaneous lower latitude formations are absent,” likely
due to the paleoclimatic conditions. With the exception of the
Kakanaut Formation, the PCF is distinct from other high-latitude
dinosaur-bearing formations where several of these thermally
restricted ectothermic taxa are present.®'°

The PCF has figured prominently in the development of both
the “year-round” and “migratory” hypotheses regarding high-
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latitude occupation by dinosaurs.®>” It has been posited that as
permanent residents the smaller (<30 kg) PCF dinosaurs, pre-
sumably incapable of long distance treks, must have hibernated
during the winter (perhaps in burrows), whereas larger forms
fasted or gained sustenance on the limited seasonal forage.'®"”
Alternatively, the migratory hypothesis proposes that large herd-
ing megaherbivores (e.g., most hadrosaurids and ceratopsids)
were primarily summer PCF occupants.®'® This hypothesis
posits that in the autumn, populations trekked as much as
3,200 km, crossing up to 30° of latitude to lower latitudes where
more equable climatic conditions existed and foliage had recov-
ered from the previous year’s foraging. In the spring, they re-
turned north to the Arctic, feeding on the poleward-moving
wave of vernal productivity brought about by increases in day
length and temperature. Predators (e.g., tyrannosaurids)
perhaps followed the migrating herbivores throughout their
annual treks.®>'® The migratory hypothesis, like the year-round
scenario, envisions smaller taxa overwintering in the Arctic
owing to their small sizes. Although sexually immature, post-
nestling-stage individuals (sensu Horner and Currie'®) of large
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Figure 2. Perinatal skeletal elements of Prince Creek Formation dinosaurs

(A) Medial and distal views of distal femur(?), Ornithischia indet. (UAMES 41721).

(B) Lateral, articular, and ventral views of caudal centrum, Ornithischia indet. (UAMES 41633).

(C) Lateral, ventral, and articular views of caudal centrum, Theropoda indet. (UAMES 51934).

(D) Transverse thin section of Ornithischia indet. long bone (UAMES 52384) showing the extreme porosity attributable to large, irregularly shaped vascular canals
and the incompletely formed primary vascular canals on both the endosteal and periosteal surfaces.

(E) Extensor, distal, and flexor views of distal tarsometatarsus, Avialae indet. (UAMES 41722).

bol, bulbous osteocyte lacunae; end, endosteal surface; ipvc, incipient primary vascular canals; per, periosteal surface. See also Figures S1 and S2.

hadrosaurids,?° ceratopsids,?’ and dromaeosaurid taxa®? have
been described from the PCF, direct evidence of their reproduc-
tion in the paleo-Arctic in the form of eggs, perinatal remains, or
brooding individuals has not been reported.

A three-decade-long field program and extensive microfossil
analyses in the PCF led to recovery of numerous minute dinosau-
rian skeletal elements and teeth (Figures 2, 3, and S1-S5). These
discoveries led us to consider whether the remains represent
very young animals indicative of high-latitude nesting. We first di-
agnose the remains using taxonomically informative anatomical
features and then determine their ontogenetic status based on
surficial morphology, histological indices, and inter- and/or intra-
specific scaling comparisons with adults. We use these data to
test the “year-round” and “migratory” hypotheses and, in com-
bination with refined paleoenvironmental data for the PCF,""""®
glean insights into polar-specific dinosaurian life history
strategies.

RESULTS

The minute PCF fossil bones consist of long bones, vertebrae,
and cranial elements (n > 100). Several of the elements are refer-
able to Ornithopoda indet., Thescelosauridae, Theropoda indet.,
and Deinonychosauria (Figures 2 and S2). Representative spec-
imens for each taxon exhibit features consistent with perinatal or
young-of-the-year?®> developmental status: (1) the long bones
and vertebral elements have poorly formed articular surfaces
that when viewed with incident light microscopy show calcified
cartilage caps®*?° (Figures 2A-2D and S2); (2) transverse and
longitudinal plane petrographic histological analyses of the
long bones show highly vascularized woven endochondral
bone, calcified cartilage epiphyses, bulbous osteocyte lacunae,
and a lack of annual growth lines®*~° (Figures 2D and S2); and (3)
the surfaces of all elements show extremely porous surface tex-
tures from the trapping of incompletely formed primary vascular
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Figure 3. Comparative sizes of immature and mature teeth from Prince Creek Formation dinosaurs

(A) Troodontidae indet. (UAMES 52268, UAMES 51652).

(B) Saurornitholestinae indet. (UAMES 52292, UAMES 29574).

(C) Thescelosauridae indet. cheek teeth (UAMES 52230, UAMES 52272)
(D) Leptoceratopsidae indet. (UAMES 42720, UAMES 39298).

(E) Hadrosauridae (cf. Ugrunaaluk) (UAMES 42739, UAMES 12491).

(F) Ceratopsidae (cf. Pachyrhinosaurus) (UAMES 52467, UAMES 29413).

(G), Tyrannosauridae (cf. Nanugsaurus) premaxillary teeth (UAMES 17610, UAMES 29370). See also Figures S1 and S3-S5 for magnified views of teeth and

further examples.

canals at the periosteal surfaces (also seen in the histologic sec-
tions;?*?” Figures 2A-2D and S2). Notably, four small avian dino-
saur (Avialae; bird) tarsometatarsi were also recovered that show
comparable surface textures indicative of perinatal develop-
mental status (Figure 2E).

More specifically, very small teeth representing both small-
and large-bodied taxa were also recovered (Figures 3 and S3-
S5). These provide more refined taxonomic assignments of the
small PCF specimens than the skeletal elements. At least four
ornithischian taxa are represented including Hadrosauridae
(likely the large [6+ m total length] edmontosaurine Ugrunaaluk
kuukpikensis/“Edmontosaurus regalis,” the most common PCF
hadrosaurid)*® (Figures 3E and S4), Ceratopsidae (likely the large
[5+ m total length] neoceratopsian Pachyrhinosaurus perotorum,
the only known PCF ceratopsid)®® (Figures 3F and S3),

4 Current Biology 37, 1-10, August 23, 2021

Leptoceratopsidae® (Figures 3D and S3), and Thescelosauri-
dae® (Figures 3C and S3). At least three theropods, Troodonti-
dae®*° (Figures 3A and S3), Dromaeosauridae®’ (Figures 3B
and S3), and Tyrannosauridae (likely the large [5+ m total length]
Nanugsaurus hoglundi)® (Figures 3G and S3), are also present.
The teeth, some of which are among the smallest known for
these clades, show they come from very young individuals.
Our scaling estimations for these taxa indicate diminutive body
sizes inconsistent with later developmental stages (juveniles or
adults) of small-bodied taxa.

Collectively, the osteological and dental data demonstrate the
occurrence of perinatal and young-of-the-year from both large-
and small-bodied dinosaurs in the PCF. These data represent
the first direct evidence for dinosaurian reproduction for both
large and small taxa at an extremely high (>75°N) latitude polar
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Figure 4. Comparative occurrence of peri-
natal remains from Late Cretaceous (Cam-
panian-Maastrichtian) formations in the
northern portion of Laramidia

Data sources, by formation: Prince Creek (this
study); Wapiti;** Horseshoe Canyon;****° Dino-
saur Park and Oldman;***¢ Judith River;*>® Two
Medicine;*®**" Hell Creek.*®*?
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likely. This high proportion of very young
animals in the PCF, in both absolute and
relative terms, is greater than that
currently known for any North American
Cretaceous formation, and potentially
globally for the Mesozoic.

DISCUSSION

‘ The high proportional representation of
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environment. Whether all PCF dinosaurs nested in the Arctic is
currently unknown. Nevertheless, at least 13 dinosaurian species
are known from the formation, but most are rare. Our findings
show that minimally seven of these taxa, including large species
that are consistently recovered from the PCF, reproduced in the
Arctic. Our data also reveal the first direct evidence for polar
reproduction by Mesozoic avialans. This represents the oldest
unambiguous record for nesting by birds in any polar region, pre-
ceding other evidence for such behavior by ~25 million years.*®

Compared to other North American Late Cretaceous forma-
tions, particularly fossiliferous units from the northern portion
of Laramidia, the PCF preserves an exceptionally high percent-
age of developmentally very young dinosaurs relative to known
familial-level diversity. In total, perinatal material was recovered
from seven dinosaur families, as well as birds, representing 70%
of those known to occur in the PCF (Figure 4). The only PCF fam-
ilies not currently recognized by perinates are Pachycephalo-
sauridae, the neonates of which are unknown globally, and Orni-
thomimidae, which lack teeth and make their discovery less

perinatal and young-of-the-year dinosaurs
at the family level is an unexpected
outcome of this study and establishes

A

'.{  the PCF as a globally significant unit for
A T4 investigating dinosaur reproduction. This
) is all the more remarkable when consid-

ering the relatively small areal extent of
surficial outcrop of the PCF. Compared
to extensive badland exposures of many
Campanian and Maastrichtian rock units
(e.g., Dinosaur Park and Hell Creek forma-
tions), dinosaur-bearing outcrops of the
PCF are limited to a narrow ~20 km band
of near-vertical river-cut exposures along
one bank of the Colville River. As such,
our field investigations have necessarily
focused on finding new micro- and macro-
fossil horizons such as those from which
most of the perinatal remains are found.
Our collection methods also use very fine
mesh screens (=500 um), leading to the discovery of even the
smallest bones and teeth. Although the vast majority of materials
reported in this study are derived from time-averaged fossil as-
semblages, their small size, delicate nature, and quality of preser-
vation suggest a limited degree of transport*® and deposition of
perinatal remains in close proximity to nesting areas. Given depo-
sition within the distalmost portions of a coastal plain environ-
ment,***® coastal settings appear to have been important areas
of landscape use by developmentally young animals, although
comparative sites from more inland Arctic settings are currently
unknown.

The recovery of perinatal and young-of-the-year individuals
of putative migratory megaherbivores (Hadrosauridae and
Ceratopsidae) and megacarnivores (Tyrannosauridae), when
viewed in conjunction with a refined understanding of the PCF
environmental conditions, also provides a natural test of the
“year-round” versus “migratory” hypotheses. Temperatures
conducive to the incubation of eggs maximally spanned
just 7 months in the PCF."® New evidence reveals prolonged
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(~2.5- to 6-month) incubation periods for non-avian dinosaurs,
with larger eggs taking longer to incubate.“® Prolonged incuba-
tion would have provided negligible post-hatching time for the
young (especially in larger taxa) to attain sizes necessary to un-
dertake long migrations, likely forcing residency throughout
the polar winter. Hence, the results strongly support the
“year-round” hypothesis. Nesting in the PCF by small-bodied,
presumably non-migratory taxa, such as leptoceratopsids,
thescelosaurids, and dromaeosaurids, is predicted by both the
“migratory” and “non-migratory” hypotheses, but our data
nevertheless provide the most compelling evidence that both
small and large taxa nested in the paleo-Arctic.

The conclusion that PCF dinosaurs were year-round Arctic
residents is supported by ancillary evidence based on subadult
and adult fossils. Specifically, contrasts of dental and skeletal
growth lines between subadult and adult PCF dinosaurs and
close relatives from lower latitude temperate zone formations
reveal distinctive differences, suggesting the PCF taxa were
endemic to the Arctic.*”**® Additionally, remains of most, if not
all, PCF dinosaurian taxa identified to the species level, as well
as several unnamed taxa, have not been found in lower
latitude contemporaneous formations, suggesting Arctic faunal
provinciality.*”+4°

Year-round occupancy at very high latitudes would have likely
exerted pronounced selective pressures on dinosaurs, necessi-
tating polar-specific life history strategies. In the face of annual
environmental extremes, polar dinosaurs may have employed
amix of dietary, reproductive, behavioral, and anatomical strate-
gies that are currently unrecognized or poorly understood. PCF
vegetation consisted of an open canopied forest dominated by
deciduous conifers and angiosperms with an understory of ferns
and horsetails.""**° The polar light regime and marked seasonal
temperature variations affected primary productivity and would
have placed severe constraints on food availability and over-
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Figure 5. Reproductive phenology of Prince
Creek Formation dinosaurs

Hypothetical annual chronology of reproductive
events for two polar (~82°N) dinosaurs (Ha-
drosauridae and Leptoceratopsidae) at 72 Ma.
See text for discussion. Data for light, tempera-
ture, and plant phenology adapted from Herman
etal.”®

wintering behaviors of dinosaurs. At
~82°N, complete winter darkness lasted
4 months (approximately mid-October
until approximately mid-February), with
bounding vernal and autumnal twilight
periods spanning ~15 days'® (Figure 5).
During the winter months, organisms
experienced cold month mean tempera-
tures of —2.0°C + 3.9°C, short periods
as low as —10°C, and occasional bouts
of snowfall."' Spring bud break occurred
no earlier than approximately late
February or early March and leaf fall
was in approximately early October.
This would have limited the availability
of most fresh vegetation as a food resource for herbivores to
just 6 months maximally.

These seasonal environmental limitations, coupled with new
insights into the incubation periods for ceratopsians and hadro-
saurids, provide a novel opportunity to understand the hypo-
thetical annual chronology of reproductive events for relatively
small and large PCF dinosaurs (Figure 5). Incubation
periods for the ceratopsian Protoceratops andrewsi (1.8 m adult
length) and the hadrosaurid Hypacrosaurus stebingeri (9.1 m
adult length) were ~83 days (2.8 months) and ~171 days
(5.8 months), respectively.“® In the PCF, we have identified peri-
natal to adult remains of an undescribed leptoceratopsid cera-
topsian®® approximately the same adult body size as Protocer-
atops andrewsi. Assuming an incubation period similar to
Protoceratops beginning no later than approximately early
April, nest building and egg laying could have commenced
shortly after bud break in approximately early to mid-March.
Hatching would have occurred near summer solstice in approx-
imately mid- to late June. Approximately 4 months would have
remained before the onset of full-day winter darkness in
approximately early October. For PCF hadrosaurids (both a
lambeosaurine and saurolophine are known),??° extended in-
cubation periods would have likely occupied most of the sum-
mer growing season. Assuming an incubation period similar
to Hypacrosaurus beginning by approximately early April,
hatching would have occurred as late as approximately mid-
to late September, only a month before the last sunrise of the
year. If the incubation period was either a month shorter or incu-
bation began a month earlier, neonatal hadrosaurids would still
have entered the winter season and continuous darkness at a
very small body size, even assuming growth rates comparable
to those at lower latitudes. For dinosaurs at lower latitudes, it is
not known how many broods were produced and whether they
did so throughout the year. Given temporal constraints

~hatching
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conducive for producing viable young and prolonged incuba-
tion periods, high Arctic PCF dinosaurs likely had opportunities
to lay just a single viable brood per year.

It is intriguing to consider possible overwintering strategies
that enabled PCF dinosaurs to exist in this challenging environ-
ment. For larger, presumably non-hibernating megaherbivorous
taxa such as hadrosaurids and ceratopsids, fasting was a possi-
bility, as large size provides advantages over small taxa with re-
gard to lower relative metabolic rates, surface to mass scaling
advantages, and greater absolute reserves of somatic tissues
that can be used for survival. It is also possible that the consump-
tion of low-quality forage following the shedding of deciduous
leaves (perhaps bark,”' ferns, horsetails, or moss®?) may have
served as winter subsistence. In the case of smaller taxa such
as thescelosaurids and leptoceratopsids, hibernation or torpor
was a possible strategy, potentially using burrows for both shel-
ter during the winter and protection of young. Burrowing
behavior is reported in the Cretaceous orodromine Oryctodro-
meus'’ from Montana, USA, and suggested for the Cretaceous
protoceratopsid Protoceratops from Mongolia.®® Putative dino-
saur burrows from high-latitude deposits of the Otway Group
in Victoria, Australia, have also been described as a possible
adaptation to survival in polar conditions.®*

In extant birds, feathers of various forms show diverse function-
ality depending on the taxon (e.g., flight, camouflage, display, in-
sect traps, shedding parasite loads), but almost invariably
possess types that serve some role in insulation.>® Although
feather preservation is currently unknown in the PCF, it has
recently been found in other formations that preserve representa-
tives of each of the theropod groups identified in the PCF, namely
Ornithomimisauria,”® Deinonychosauria,”’**® and even Tyranno-
sauroidea®® (most notably the large, downy-covered tyrannosaur-
oidean Yutyrannus huali fromthe cool, temperate Yixian Formation
of China®?). Given these considerations, it is plausible that insu-
lator feathers helped to facilitate their winter polar occupation.

During deposition of the PCF, terrestrial polar faunas did not
experience temperatures as cold as those in the Arctic today.
However, climatic conditions did impose constraints on faunal
composition similar to modern Arctic environments, where
endothermic taxa (birds and mammals) are the dominant terres-
trial vertebrates, and ectothermic tetrapods such as squamates
and lissamphibians (i.e., salamanders, frogs, and caecilians) are
non-existent or very rare. The apparent absence of the ecto-
thermic terrestrial taxa from the PCF, but richness in avian (at
least three species), mammalian (four-five taxa®®'), and dino-
saurian taxa (~13 species), supports a growing body of evidence
that at least some dinosaurs (coelurosaurian theropods and ce-
rapodan ornithischians) were endothermic.”® We posit that this
served as a critical exaptation enabling the dinosaurs’ Late
Cretaceous high-latitude occupation.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Studied specimens

Perinatal postcranial remains (distal femur,
caudal centrum) of indeterminate
ornithischian

Perinatal postcranial remains (caudal
centrum) of indeterminate theropod

Perinatal ornithischian long bone sectioned
for histology

Perinatal tarsometatarsus of Avialae indet.

Perinatal and adult teeth of Troodontidae
indet.

Perinatal and adult teeth of Saurornitholestinae
indet.

Perinatal and adult teeth of Thescelosauridae
indet.

Perinatal and adult teeth of Leptoceratopsidae
indet.
Perinatal and adult teeth of Hadrosauridae indet.

Perinatal and adult teeth of Ceratopsidae indet.

Immature and adult teeth of Tyrannosauridae indet.

University of Alaska Museum Earth Sciences
Collection

University of Alaska Museum Earth Sciences
Collection
University of Alaska Museum Earth Sciences
Collection
University of Alaska Museum Earth Sciences
Collection
University of Alaska Museum Earth Sciences
Collection
University of Alaska Museum Earth Sciences
Collection
University of Alaska Museum Earth Sciences
Collection
University of Alaska Museum Earth Sciences
Collection
University of Alaska Museum Earth Sciences
Collection
University of Alaska Museum Earth Sciences
Collection

University of Alaska Museum Earth Sciences
Collection

UAMES 41721, UAMES 41633

UAMES 51934

UAMES 52384

UAMES 41722

UAMES 52268, UAMES 51652

UAMES 52292, UAMES 29574

UAMES 52230, UAMES 52272

UAMES 42720, UAMES 39298

UAMES 42739, UAMES 12491

UAMES 52467, UAMES 29413

UAMES 17610, UAMES29370

Software and algorithms

Stackshot 3X

ZereneStacker v.1.04
Photoshop CS6

Cognisys

Zerene Systems, LLC
Adobe

https://cognisys-inc.com/motion-
control/stackshot3x-pkgs.html

https://www.zerenesystems.com

https://www.adobe.com

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will fulfilled by the lead contact, Patrick Druck-

enmiller (psdruckenmiller@alaska.edu)

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability
This study did not generate/analyze datasets.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The specimens reported here are housed in the University of Alaska Museum Earth Sciences Collection (UAMES) in Fairbanks, AK,
USA. The data analyzed in this study were collected both from the literature and firsthand examination of fossils housed in public
repositories. The following abbreviations denote museum collections where fossil material in this supplement is accessioned.

AMNH; American Museum of Natural History, New York, New York, USA
IGM; Institute of Geology, Ulaanbaatar, Mongolia
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MOR; Museum of the Rockies, Montana State University, Bozeman, Montana, USA
MPC; Mongolian Paleontological Center, Ulaanbaatar, Mongolia

MPM; Museo Padre Molina, Rio Gallegos, Santa Cruz Province, Argentina

TMP; Royal Tyrrell Museum of Palaeontology, Drumheller, Alberta, Canada

UALVP; University of Alberta Laboratory for Vertebrate Paleontology

UAMES; University of Alaska Museum of the North; Fairbanks, Alaska, USA

Notes on the taphonomy of microfossil horizons

The majority of small bones and teeth described in this study come from microvertebrate assemblages exposed in outcrops of the Prince
Creek Formation along the Colville River. One of these sites, Pediomys Point, has been long known to produce small bones and teeth of
fish, dinosaurs and mammals.?>®" Three new microvertebrate sites provided much of the perinatal material described in this study. One,
OdJsaurus is located approximately 9 km downstream of Pediomys Point. Two others, Paul’s Pearls and Jacob’s Bed, are less than 1 km
further downriver, are approximately 100 m apart and are separated by no more than 1 m of vertical stratigraphic section. (Exact locality
data for all three sites is on record with the Bureau of Land Management Arctic Field Office). All are very similar to Pediomys Point in their
lithology and architecture in being thin (2-15 cm thickness), silty to sandy, organic-rich lenticular bodies (see Rich et al.” for more detailed
discussion of sedimentology). We interpret these lenses to be time-averaged lag deposits formed at the base of fluvial channels. Dis-
articulated skeletal elements from both large and small bodied individuals are preserved in the deposits, particularly at OJsaurus and
Jacob’s Bed. As a time-averaged deposit, these sites contain elements that have undergone varying degrees of weathering and trans-
port. The majority of bones and teeth figured in this study preserve fragile structures such as articular condyles and delicate tooth roots
and display undamaged surface textures indicative of minimal transport, although some elements exhibit slightly greater degrees of sur-
face modification due to either weathering or rounding during transport. To date, there is no indication of eggshell preservation, possibly
due to acidic pore waters.

Dinosaurs of the Prince Creek Formation
Currently, 13 non-avialan dinosaur taxa are recognized to occur in the Prince Creek Formation, but only four of these have been named
at the species level. An unknown number of avialans are also present based on skeletal remains. A complete list is presented here:

Ornithopoda
Hadrosauridae
Ugrunaaluk kuukpikensis (“Edmontosaurus regalis™)
Lambeosaurinae indet.
Thescelosauridae
Thescelosaurinae indet. (Parksosaurus-like)
Orodrominae indet. (Orodromeus-like)
Ceratopsia
Ceratopsidae
Pachyrhinosaurus perotorum
Leptoceratopsidae indet.
Pachycephalosauria
Pachycephalosauridae
Alaskacephale gangloffi
Theropoda
Troodontidae indet.
Troodon sp.
Dromaeosauridae
Dromaeosaurinae indet.
Saurornitholestinae indet.
Richardoestesia sp. (R. isosceles-like)
Ornithomimosauria indet.
Tyrannosauridae
Nanuqgsaurus hoglundi
Avialae indet.

METHOD DETAILS
Specimen preparation

Fossiliferous sediment was bulk-sampled in the field and then washed with water and sieved using 2.0 mm and 0.5 mm screens. The
resulting fraction was visually inspected under a dissecting microscope.
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Photography and Measurements

Photographs for focus-stacking were taken using a Canon digital camera (EOS 6D Mark Il with 65 mm macro lens) fitted to macro-rail
using Stackshot 3X (Cognisys) and processed using ZereneStacker v 1.04 and Adobe Photoshop CS6 software. Measurements of
tooth dimensions were made with a Helios calipers and microscope slide grids (0.5 mm and 2.0 mm).

Histological analysis

Four indeterminate long bone elements representing Theropoda (n = 2) and Ornithopoda (n = 1) showing rugose periosteal surfaces
were selected for histological microstructural characterization. Each was embedded in clear epoxy resin (Epoxyset; Allied High Tech
Products, Rancho Dominguez, CA, USA). The diaphysis of the elements was sectioned in the transverse plane, using a slow-speed
diamond saw (Isomet 1000; Buehler, Lake Bluff IL, USA). The distal end of the ornithopod long bone was also sectioned longitudinally.
Each section was affixed to petrographic microscope slides using epoxy and then rotary-sanded (Rotopol 11; Struers, Cleveland,
OH, USA) to ~100 pm thickness using descending grades (220-1,200 grit) of carbide sandpaper using water as a lubricant. They
were then polished using alumina slurry. Each specimen was visualized and photographed using both incident light (SZX12;
Olympus, Tokyo Japan) and polarized petrographic microscopy (BX60; Olympus, Tokyo Japan).

Polar light regime and estimations of continuous winter darkness

In Figure 1, we compare the estimated number of days of continuous winter darkness for several high latitude dinosaur-bearing sites.
In general, the light regime of the Cretaceous polar regions are generally considered to be similar to those today for any given
latitude.'® Estimating the number of days of continuous winter darkness for various Cretaceous localities is primarily dependent
on three factors: a) length of day and/or the number of days in the Cretaceous year; b) variation in orbital obliquity; and c) paleolatitude
estimations for a given site. We use the end of civil twilight in modern polar environments as a basis for these calculations as this is the
time of day when darkness forces the cessation of normal outdoor activities.®?

Due to the gradual decline in Earth’s rotational rate, the difference between Late Cretaceous and current parameters can be ex-
pressed in the length of day (23 h, 31 min versus 23 h 56 min; difference = 25 min), or days per year (372 days versus 365.24 days;
difference = 7 days). These represent minor differences on the scale of 1.8% and have marginal effects on calculations of continual
winter darkness in the polar Cretaceous. Likewise, variations in obliquity (axial tilt) are not believed to be outside those of known
ranges. By far the largest effect on of solar insolation is caused by uncertainty of paleolatitude estimates. Even small uncertainties
in paleolatitude have potentially large effects on the number of days winter darkness. For instance, a difference of 5 degrees (e.g.,
80°N and 85°N) results in 91 versus 121 days of continual winter darkness, a difference of 25%.

Estimation of ontogenetic status and scaling comparisons

We first diagnose the minute bones and teeth using taxonomically informative anatomical features and then determine their ontoge-
netic status based on surficial morphology, histological indices and inter- and/or intraspecific scaling comparisons with adults. We
then estimated skull and body size of the Prince Creek Formation teeth using scaling comparisons of more complete skeletal material
with known embryos or young individuals from congeners or closely related taxa. Details of measurements and scaling methods for
each taxon are provided below.

Ceratopsia: Leptoceratopsidae sensu Makovicky®®

Our macro- and microfossil analyses have recovered numerous bones and teeth of an undescribed leptoceratopsid, ranging in size
from very young to adult-sized individuals (Figures S3A-S3C). As is characteristic for leptoceratopsid teeth, the enameled side of the
crown bear a prominent, slightly distally offset, apical ridge extending from the apex to the prominent basal cingulum to which it is
confluent.®* Unlike the Campanian-aged Unescoceratops,®® secondary ridges do not extend from the marginal denticle along the
lingual face of the crown. The teeth are also differentiated from Ceratopsidae as they only have a single root.

The largest maxillary and dentary teeth of the Prince Creek Formation taxon are comparable in size to those of adult Leptoceratops
gracilis teeth (holotype AMNH 5205) from the Scollard Formation of Alberta,®® indicating they had similar adult body lengths
(~1.8 m°"). UAMES 42720 is a dentary tooth crown (height = 1.0 mm (worn); mesiodistal length = 1.7 mm) and the smallest recovered
in our screening efforts (Figure S3). We compared UAMES 42720 to in ovo embryonic teeth of the ceratopsian Protoceratops
andrewsi (adult body length = 1.8 m) from the Djadochta Formation (Campanian) of Mongolia.*® Crown dimensions of a left denary
tooth (IGM 100/1021a; height = 1.8 mm; mesiodistal length = 2.2 mm) are actually larger than those of UAMES 42720 suggesting the
Alaskan material belongs to an individual from a very early ontogenetic stage, likely a perinate and possibly an embryo.
Ceratopsia: Ceratopsidae
UAMES 52467 is a very small, worn ceratopsid tooth crown (enameled crown height = 1.0 mm; mesiodistal length = 3.0) (Figures S3D
and S3E). It is referred to Ceratopsidae on the basis of having a prominent medial carina, coarsely textured enamel, a near-vertical
wear facet and distinctive cellular cementum with large globous cementocytes.>> UAMES 52467 is one of the smallest ceratopsid
teeth yet reported, the only others of which we are aware having been reported from the Maastrichtian Hell Creek and Lance forma-
tions*? (but see Brinkman et al.?®). Comparative material of in ovo ceratopsid embryos are not known. Based on its extremely small
size, even when compared to other small PCF ceratopsid teeth (see below), we consider this specimen to be from a perinatal
individual.

UAMES 41664 is a small (crown height = 5.0 mm) unworn ceratopsid maxillary tooth crown. It is also referred to Ceratopsidae on
the basis of overall morphology, the presence of double roots and having a thick layer of cellular cementum with large globous
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cementocytes®® (Figure S5A). We refer it to the only named ceratopsid known in the formation, Pachyrhinosaurus perotorum.®
UAMES 41664 is 26% the crown height of large, presumably mature ceratopsid teeth (e.g., UAMES 19655; 19.0 mm). Using the
van Bertalanffy length-age growth curve for Prince Creek Formation P. pertotorum,*” 26% of linear growth corresponds to the for-
mation of the first growth band found in the femur of UAMES 3551. The first growth band presumably forms during the first winter
season of life, approximately 6-8 months post-hatching. Thus, UAMES 41664 likely represents an individual more mature than a
hatchling but less than one calendar year in age (i.e., young-of-the-year).

Ornithopoda: Hadrosauridae

Small shed hadrosaurid teeth are common components of our microfossil analyses. UAMES 42739 is the smallest of this sample
(partial mesiodistal length = 2.1 mm; complete labiolingual width = 1.5 mm) and is interpreted to be a shed and partially weathered
tooth (Figure S4). In occlusal view it has an asymmetric shape and displays a combination of several morphological and histological
features consistent with its referral to Hadrosauridae including: a prominent median ridge, a parasagittally oriented pulp cavity with
longitudinal giant tubules, a broad zone of mantle dentine, transverse giant tubules, and von Ebner incremental lines that are most
visible on the lingual side of the tooth.?:°° The lack of a secondary carina on the lingual surface indicates it is likely a hadrosaurine.”®

We compared UAMES 42739 to small, isolated teeth of Edmontosaurus regalis (Hadrosaurinae) from the Horseshoe Canyon For-
mation (Horsethief Canyon locality) of southern Alberta. Teeth from this site are considered to be from “babies,” broadly inferred to
encapsulate an ontogenetic range spanning embryonic, hatchling and nestling-sized individuals.>° Based on a small sample (n = 5;
TMP 1997.036.0037; TMP 1997.036.0040; TMP 1997.036.0043; TMP 1997.036.0044; TMP 1997.036.0048), UAMES 42739 is
considerably smaller in both mean mesiodistal length (4.8 mm) and mean labiolingual width (3.7 mm). UAMES 42739 is also smaller
in labiolingual width than the two smallest teeth previously described from this site (1.75 mm; TMP 1997.036.0045 and TMP
1997.036.0054).°° We also compared our material to young individuals of Hypacrosaurus stebingeri (Lambeosaurinae) from the
Oldman Formation of Alberta, Canada. UAMES 42739 is smaller than a single rooted tooth of TMP 1987.079.0149, an embryonic
dentary*® (mesiodistal length = 4.7 mm; labiolingual width = 2.6 mm) and TMP 1987.077.0099, a histologically sampled, worn
embryonic tooth®® (mesiodistal length = 4.5 mm, labiolingual width 2.2 mm; 2.1mm excluding enamel). Although lambeosaurines
typically have larger eggs than hadrosaurines, the very small size of UAMES 42739 compared to embryonic Hypacrosaurus suggests
at the very least it is from a perinate and possibly an embryo.

Ornithopoda: Thescelosauridae sensu Brown et al.”’

The phylogeny of small-bodied neornithischian (possibly ornithopod) taxa from the late Cretaceous of North America is poorly
resolved. Some analyses recover these taxa (e.g., Thescelosaurus, Parksosaurus, Orodromeus, Oryctodromeus, Zephyrosaurus)
as forming a true clade ‘Thescelosauridae’”" or ‘Parksosauridae’’?, while other analyses recover these constituent genera nested
within a number of clades, or a series of sister taxa.”>”* Further, these genera are sometimes recovered within Ornithopoda,”>"*
and other time recovered outside of this group.’? Here we follow the taxonomy of Brown et al.”’ and Boyd,’? which under the phy-
logeny of Boyd? the node-based Thescelosauridae and stem-based Parksosauridae equally describe this group, with the under-
standing that our ideas of these relationships are likely to continue change with future analyses.

At least one thescelosaurid taxon similar to Parksosaurus warreni’® is recognized in the Prince Creek Formation, with an estimated
adult body length ~2.5 m. Thescelosaurid premaxillary and cheek teeth are relatively common elements of our microfossil analyses
and can be morphologically distinguished from other ornithischian taxa.”> UAMES 52230 is a very small cheek tooth of a thescelo-
saurid (crown height = 1.5 mm; crown mesiodistal length = 1.7 mm) (Figure S3I). Very young and adult-sized teeth (e.g., UAMES
52272; crown height 3.8 mm; crown mesiodistal length = 3.7 mm) can be distinguished from cheek teeth of other ornithischians
based on a laterally compressed triangular crown with a swollen apical ridge and prominent mesial and distal denticles, and partic-
ularly the presence of a distolingual pocket, which is present in both very young and adult sized individuals of this taxon. Pachyce-
phalosaurids, which are also heterodont, are known from the Prince Creek Formation (a single squamosal; the holotype specimen of
Alaskacephale gangloffi’®); however, a distolingual pocket is unknown from rooted teeth of any member of this clade. A second even
smaller cheek tooth (UAMES 3579; crown height = 1.3 mm; crown mesiodistal length = 1.3 mm) is also likely assignable to Thesce-
losauridae based on the presence of an incipient distolingual pocket. Due to the lack of perinate/neonate thescelosaurid specimens,
we compared the Alaskan teeth to those of Talenkauen santacrucensis, a medium-sized (~4.0 m adult body length) ornithopod from
Cretaceous of Argentina.”” Two probable neonate cheek teeth (MPM-10001B; worn crown height = 1.0 mm; crown mesiodistal
length = 1.7 mm) of this taxon are known and found in association with the adult holotype specimen (MPM-10001).”” Compared
to adult material of the T. santacrucensis holotype, the neonate maxillary teeth are 10.7% as tall and 22% as wide, and the dentary
teeth are 7.3% as tall and 15% as wide. The smallest Alaskan tooth crown (UAMES 3579) is 34% the height and 35% the width of the
adult-sized teeth (UAMES 52272), proportional differences we attribute to the greater adult body size of T. santacrucensis. However,
in terms of absolute size, UAMES 3579 is only slightly greater in height (but unworn) and slightly smaller in width than those of the
T. santacrucensis neonates. Given both their absolute and proportional size differences, we interpret the smallest Alaskan thesce-
losaurid teeth to be perinates.

Theropoda: Troodontidae

UAMES 52268 is an isolated very small theropod tooth (crown height = 1.9 mm; fore-aft basal length [FABL] = ~1.3 mm) attributable
to Troodontidae on the basis of overall shape and large denticle size relative to crown height”® (Figure S3F). Shed adult-sized troo-
dontid teeth are common elements in the Prince Creek Formation and are nearly twice the height and width of those of Judithian
Troodon sp. from lower paleolatitudes in Alberta and Montana.®° This suggests that the unnamed PCF taxon is absolutely larger
with regard to adult body size.”” We compared the Alaskan material to MOR 246-11, an in ovo embryo of Troodon formosus from
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the Two Medicine Formation of Montana.”® Crowns from rooted embryonic maxillary teeth of MOR 246-11 are up to 1.0 mm in height
and have a FABL of 0.7 mm (59% and 58% of UAMES 52268, respectively). The largest embryonic teeth of MOR 246-11 teeth are
20.2% the mean crown height of adult Judithian Troodon teeth (n = 27) from Montana and southern Alberta.*° The crown height of
UAMES 52268 is comparably smaller, being 19.4% the mean crown height of adult troodontid teeth (n = 67) from the Prince Creek
Formation.

We also compared UAMES 52268 to IGM 100/972, a partial perinatal skull of the troodontid Byronosaurus jaffei from Ukhaa Tolgod,
Upper Cretaceous Djadoctha Formation, Mongolia.?*®' Crowns from rooted maxillary teeth of IGM 100/972 are up to 1.1 mm in
height and have a FABL of 0.8 mm (65% and 67% of UAMES 52268, respectively). Crowns of perinatal maxillary teeth are 27.5%
the height of adult rooted maxillary teeth in the holotype specimen of B. jaffei IGM 100/983). Given the small absolute size of UAMES
52268 and that it is proportionately small compared to known troodontid perinates (whose adult size was considerably smaller), we
interpret the Alaskan material to be perinatal.

Theropoda: Dromaeosauridae

UAMES 52292 is an isolated, very small theropod tooth crown (crown height = 2.3 mm; FABL = 1.6 mm). Based on its overall shape
and relatively small denticle size and their proportions (e.g., denticles nearly as tall as they are long, curving distally at the tip, broad
and chisel shaped)’® we attribute this specimen to Dromaeosauridae (Figure S3G). Two dromaeosaurid taxa have been recognized
from the Prince Creek Formation, a dromaeosaurine and a saurornitholestine.®’ Given that the Alaskan tooth is strongly labiolingually
compressed, and that the denticles on the mesial carina are weakly developed and those on the distal carina are somewhat hook-
shaped, UAMES 52292 is most likely attributable to Saurornitholestinae.

The crown height of UAMES 52292 is 23% the crown height of adult-sized saurornitholestine teeth from the Prince Creek Forma-
tion (UAMES 29575 = 10.1 mm; UAMES 29574 = 10.1 mm), comparable to the relative proportions of perinatal versus adult-sized
teeth in troodontids (20.2%-27.5%; see above). To approximate skull length for UAMES 52292 we compared skull length to maxillary
crown height proportions for UALVP 55700, a complete adult skull of Saurornitholestes langstoni from the Dinosaur Park Formation of
Alberta (length = 220 mm; mean right maxillary crown height = 9.17 mm). Using a similar scaling factor, we estimate an approximate
skull length of for UAMES 52292 to be just ~55 mm. The very small size and proportional estimations suggest UAMES 52292 belongs
to a very young, perinatal or neonatal individual.

Theropoda: Tyrannosauridae

UAMES 17610 is an isolated tyrannosaurid (c.f. Nanugsaurus hoglundi) premaxillary tooth crown (height = 8.4 mm) from the Prince
Creek Formation (Kikak-Tegoseak Quarry; Figures S5C and S5D). It is one of the smallest known North American tyrannosaurid teeth.
The tooth is ~32% the crown height of UAMES 29370, the largest, presumably adult-sized premaxillary tooth known from the Prince
Creek Formation (crown height = 26.5 mm). We compared the Alaskan teeth to MPC-D 107/7, an articulated skull and partial skeleton
of a juvenile Tarbosaurus bataar from the Nemegt Formation of Mongolia. Premaxillary crown height of UAMES 17610 is 73% that
of MPC-D 107/7 (right, second premaxillary tooth = 11.5 mm®?). Premaxillary crown height in MPC-D 107/7 is 3.9% skull length
(=290 mm). Applying the same tooth scaling factor, we estimate the skull length of UAMES 17610 at ~21 cm. MPC-D 107/7 is esti-
mated to have been ~2.5 years old at death;? plotting at ~73% the size of MPC-D 107/7 onto the curve of Erickson et al.®® suggests
UAMES 17610 was from an individual at or within the first year of life, termed young-of-the-year.*

We also compared UAMES 17610 to TMP 1996.005.011, a very small premaxillary tooth (crown height = 8.5 mm) referred to
Albertosaurus sarcophagus from the Horseshoe Canyon Formation of Alberta, Canada.®® TMP 1996.005.011 has nearly the exact
same crown height as UAMES 17610 and its developmental status is similarly interpreted as being likely a nestling or young juvenile.

We note that other Prince Creek Formation tyrannosaurid material in the UAMES collection do not support the assertion that
Nanugsaurus is a diminutive, small-bodied tyrannosaur.** Rather, adult-sized teeth and isolated postcranial elements suggest an
adult body size more closely comparable to other North American tyrannosaurid taxa, such as Albertosaurus sarcophagus. As
such, we interpret small tooth crown size in UAMES 17610 to be reflective of an early ontogenetic state and not related to small adult
body size.
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