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Since the start of the twenty-first century, there has been a notable increase
in annual publications focusing on dinosaur reproduction and ontogeny
with researchers using these data to address a range of macroevolutionary
questions about dinosaurs. Ontogeny, which is closely tied to osteological
morphological variation, impacts several key research areas, such as
taxonomic diversity, population dynamics, palaeoecology, macroevolution,
as well as the physiological and reproductive factors driving ecological
success. While these broad studies have significantly advanced our
understanding of dinosaur evolution, they have also revealed important
challenges and areas needing further investigation. In this review, we
aim to outline some of these challenges in major research areas linked to
dinosaur ontogeny, namely reproductive biology, osteohistological growth
strategies, morphological osteological variation and the link between
ontogeny and macroevolution. We also offer some recommendations
for best practices and promising future research directions. These
recommendations include increasing sample sizes through fieldwork and
exhaustive use of pre-existing fossil collections, using micro-computed
tomography (uCT) scanning methods to increase dataset sizes in a
non-destructive manner, methodical collection and reposition of uCT
scan data, assessing ontogenetic maturity, establishing consistency in
terminology and methods and building comprehensive extant comparative
datasets.

1. Introduction

Dinosaurs are an extremely successful lineage, having appeared 235 million
years ago, survived two mass extinctions and today being represented by
the most diverse group of land vertebrates. Several growth and reproduc-
tive factors play a role in a species’ ability to thrive, especially in post-
extinction periods when reproductive pressure is increased. To study these,
scientists can rely on several lines of evidence including eggshell structure
and composition, egg arrangement, clutch size, nest numbers and arrange-
ment, bone and tooth histology and fossil skeleton (both embryonic and
adult) morphology, anatomical position and preservation [1].

Scientific interest in dinosaur ontogeny and reproductive biology began
soon after the recognition of the group, with the first descriptions of dinosaur
eggs and eggshells appearing in the literature as early as 1859 [2,3]. Although
these were attributed to birds and crocodiles at the time, the word dinosaur
had only been coined 17 years prior [4] and was not yet familiar. Remains
of immature dinosaurs would take a few more decades to be identified. The
first tentative juvenile dinosaurs reported in the literature were recognized
as such due to their small size and incomplete ossification [2,5-10]; however,
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the first truly comprehensive studies of reproductive biology and ontogenetic changes in a dinosaur taxon came over a century [ 2 |

later, with the discovery and naming of Maiasaura peeblesorum [11]. The holotype skull PU 22405 was found in proximity to the
skeletons of 15 small individuals in a “nest-like’ structure. This kickstarted over 30 years of collecting efforts and led to a slew
of ontogenetic studies for decades to come including eggshell structure, nesting behaviours, parental care, embryonic anatomy,
growth dynamics, tooth development, ontogenetic morphological variation and locomotion [12-20], making M. peeblesorum a
model organism for studying dinosaurian reproduction and development.

Since the turn of the millennium, the number of annual publications on immature dinosaurs has greatly increased [21], with
researchers using ontogenetic evidence to untangle many other aspects of dinosaur macroevolution. Ontogeny is fundamentally
linked to morphological variation, and has implications for a variety of phylogenetic and palaeobiological questions, including
taxonomic diversity [22-25] and population dynamics [20-23,26], palaeoecology and niche partitioning [27,28], evolutionary
trends through mechanisms like heterochrony and paedomorphosis [29-31] and growth dynamics along with physiological and
reproductive drivers of ecological success [1,14,32-39]. Though these larger scale studies have been central to our increased
comprehension of dinosaur evolution, they have also highlighted some pertinent caveats and necessary steps forward when
working with data pertaining to dinosaur reproduction, growth and ontogeny. In this review, we summarize a few major areas
that would benefit from targeted studies and revisions, and attempt to highlight ideal best practices and identify productive
future directions for research.

2. Reproductive biology

Although many aspects of dinosaur reproduction have been explored, these have all relied on a highly uneven sampling of
different dinosaur clades. Most eggs recovered have been associated with maniraptorifoms [40-44] (with limited information of
other tetanurans [45,46]), hadrosaurids [13], one taxon of ceratopsid [47,48] and sauropodomorphs [49-54].

Late Cretaceous oviraptorosaurs have provided great insights into several reproductive factors [55]. For over a century,
scientists hypothesized that dinosaurs laid hard-shelled eggs, like their closest living relatives (i.e. crocodilians and birds).
In 1921, Roy Chapman Andrews discovered dinosaur nests containing elongated oval hard-shelled eggs in Mongolia. As
Protoceratops was the most common dinosaur in the area, the taxon was hypothesized to be the egg layer. This led to the naming
of Owiraptor philoceratops, the ‘egg thief’ assumed to be stealing Protoceratops eggs due to the unearthing of a skeleton next
to a nest [56]. In 1993, the American Museum of Natural History uncovered Citipati, an oviraptorosaur brooding a clutch of
elongated eggs, and changed the narrative of the previously thought scenario. The egg thief was in fact displaying parental care
[57], a behaviour for which evidence has been reinforced by the discovery of seven clutch-adult associations [55]. In addition to
parental care, paternal care specifically has been hypothesized in the group, based on clutch volumes and bone histology [58],
along with open and exposed (or partially exposed) nests [41,59]. The latter is supported by various lines of evidence including
the presence of a cuticle layer [59], and eggshell conductance (which depends on eggshell porosity) which is lower in oviraptor
(and troodontid) eggs than in other non-avian dinosaurs [41,45,60]. Eggs with higher conductance (i.e. higher porosity) have
been associated with high humidity and low oxygen conditions, suggesting buried eggs and underground development [61].
The evidence for paternal care and open nests was substantiated by the discovery that oviraptorosaurs had pigmented eggs [44].

Egg-laying amniotes have evolved many different egg and eggshell characteristics that offer various advantages for a species’
success. Crocodiles and turtles have unpigmented eggs that are protected by burial; some open-nesting birds have unpigmented
eggs protected by continuous brooding [62], whereas others rely on egg pigmentation for protection. Bird eggs display the
widest variety of size, shape and colour among modern vertebrates. Coloured eggs can allow for camouflage by blending in
with the nesting background, protection against parasitism, antimicrobial effects, protection from solar radiation and eggshell
mechanical reinforcement [44,62-67]. In 2017, protoporphyrin and biliverdin, the pigments responsible for the majority of
colouration in extant bird eggs, were recovered using Raman microspectroscopy in the eggshells of various theropods [44]. This
suggests that the Late Cretaceous oviraptorid Heyuannia and the dromaeosaur Deinonychus laid blue-green eggs, while some
troodontids laid brown eggs and others laid speckled eggs. This entails that pigmented eggs had a single origin in eumanirap-
torans much earlier than previously hypothesized, and that ornithischian and sauropodomorph eggs were unpigmented [35,44].
The blue-green egg colour in living birds has been associated with other reproductive behaviours, including paternal care [68]
and communal nesting.

Communal nesting and nest fidelity have been previously hypothesized in sauropodomorph dinosaurs, including early
branching members like Mussaurus, Massospondylus and Qianlong shouhu, as well as titanosaurs [54,69,70]. This is based on the
vertical and lateral arrangement of several nests recovered from a single stratigraphic section, suggesting the seasonal return of
multiple egg-laying females to a common site [49,71]. These extensive sauropodomorph nesting sites have also given insights
into social behaviours in the group, such as age-segregated herds [49] and limited egg parental care [47]. The latter is based
on the mechanical structure of these early branching sauropodomorph eggshells, which are believed to be soft, similar to the
elusive Protoceratops eggs [47].

A clutch of eggs in Mongolia helped to shed light on the matter, as a dozen Protoceratops embryos were preserved in the fetal
position, not surrounded by eggshells. With the help of Raman spectroscopy, and the mechanical properties of a broad sample
of archosaurian eggs (relative thickness of eggshell membrane and crystalline layer), it was discovered that these Protoceratops
embryos were in fact surrounded by mechanically soft eggshells. This condition was found to be ancestral for Archosauria,
Ornithodira and Dinosauria [47]. Soft eggshells are more prone to dehydration and external stresses (such as a brooding parent)
and were therefore likely buried in moist sediment, relying on external incubation and little parental care [47].

Most archosauromorphs (i.e. dinosaurs, birds, crocodilians and some turtles) lay hard-shelled eggs, defined as having a
relatively thick calcareous layer organized in radially oriented prismatic structures (shell units); whereas most lepidosaurs (i.e.
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snakes and most lizards) lay soft-shelled eggs defined as having a relatively thin or absent calcareous layer but a relatively n

thick proteinaceous membrane organized into bundles of protein fibrils [72]. Some analyses include a third, intermediate
category referred to as semi-rigid (i.e. leathery) eggs (i.e. tuataras, and some turtles and gekkos) [73]. The results and methods
used when analysing the microstructure and mechanical properties of fossil eggshell have sparked some debate [54,73,74].
Several studies [74], including the 2024 analysis of the Chinese Early Jurassic sauropodomorph Q. shouhu eggs, suggest that the
Raman spectroscopy signal pattern of organic matters detected in Mussaurus eggshells is not reliable evidence for mechanically
soft-shelled eggs. This study points out that other characteristics, such as the eggshell thickness relative to egg mass, the
rugose egg surface, the irregular egg shape and the eggshell fracturing pattern support the presence of a semi-rigid eggshell
in Q. shouhu and other early branching sauropodomorphs (including Mussaurus) eggs, as well as in the first dinosaurs [54].
The Q. shouhu eggshells were also found to comprise a porous calcareous eggshell layer of approximately 160 um thick
(thicker than that of Massospondylus carinatus (80-100 um)) with interlocking columnar eggshell units in the outer layer; and
crown-shaped eggshell units with radially arranged calcite crystals in the inner layer. This microstructure is similar to what
has been identified in Lufengosaurus eggs, potentially indicating that the latter only preserve the inner eggshell layer while
the outer layer has weathered away. Similarly, the potential recrystallization of the eggshell in M. carinatus samples has been
suggested to be problematic in the identification of columnar structural eggshell units [54,75]. The study of fossil eggshells
and the macroevolution of eggshell structure is hindered by several factors. Firstly, taphonomic biases can affect results as the
thicker calcareous layers are typically preserved, but the proteinaceous layers are not [36], and diagenesis can alter these layers.
Secondly, there is a lack of congruence between definitions of eggshell types in the literature (i.e. hard, semi-rigid and soft) and
phylogenetic tree calibration, suggesting that analyses of discrete characteristics (e.g. inner structures of shell units, pores and
membrane elements) in a phylogenetic context should be focused on [73]. Finally, this may also be compounded by the fact that
categories, such as hard, semi-rigid and soft, may be appropriate for defining eggshell structural diversity in extant taxa but not
the broader diversity of extinct taxa.

Little is known about dinosaur incubation periods. In embryonic teeth, incremental lines of von Ebner that correspond to
diurnal pulses of mineralization during odontogenesis can be seen [76,77]. These von Ebner lines have been used to estimate
minimum incubation periods in ornithischian and theropod dinosaurs, revealing that both small (Protoceratops) and large taxa
(Hypacrosaurus) had reptilian-like, slow incubation periods (estimated to be between 2.8 and 5.8 months) [76] whereas the
theropod Troodon formosus appears to have a faster incubation period (estimated at 74 days) [42], intermediate between that of
birds and reptiles. Dinosaur embryonic teeth have also been found to include several generations of teeth: null-generation teeth,
simple conical teeth that get resorbed or shed during incubation, followed by functional teeth [78,79]. These multi-generational
teeth are found in dinosaur relatives today, including geckos and alligators [80-82]; however, their phylogenetic distribution
and function are poorly understood.

Fossilized dinosaur eggs have provided a wealth of information for reproductive biology studies. However, they remain rare
and difficult to study. One of the limiting factors in sampling is the ability to confidently associate fossil eggs with the taxon
that laid them. Unless fossil embryos are preserved in ovo, this association proves very challenging. Eggs are often referred
to a taxon through adult—clutch associations (although this can also be problematic, as was demonstrated by the naming of
Owiraptor), stratigraphic co-occurrence with abundant taxa (e.g. Lourinhanosaurus [45,46]) or through similarities in shape, size
and eggshell microstructure to other previously identified taxa (e.g. titanosaur eggs from Brazil [83] and India [84]). Preserved
embryos in eggs are extremely rare in the fossil record, although with the advances of micro-computed tomography (uCT),
identifying and studying these have become more prevalent in recent years [52-54,78]. Despite being the most useful line of
evidence for identifying egg layers, even embryos often cannot be confidently assigned to particular species. Many embryonic
referrals have relied on biostratigraphic evidence, or morphological characters that are not necessarily diagnostic (except for
Mussaurus embryos which show autapomorphies of the taxon [49]), or have been limited to the diagnosis to group level
(e.g. oviraptorid oviraptorosaurs, titanosaur [52,53]). In order to confidently identify embryos, the morphological ontogenetic
variation in taxa needs to be better understood (both extant and extinct), along with intraspecific variation (in both extant and
extinct taxa, especially at the embryonic level). While much work has been done on modern reptilian taxa to better understand
their embryonic ossification sequence [85-91], studies on their skeletal and dental morphological shape variation and growth
have been limited. The same can be said of post-hatching ontogenetic morphological variation.

3. Osteohistological growth strategies

Palaeohistology is a crucial tool for investigating dinosaur growth and reproduction, and the most explored avenue of study
(figure 1). By looking at bone and tooth microstructures (e.g. tissue types) and growth marks (e.g. lines of arrested growth,
von Ebner growth lines, annuli, external fundamental systems), many hypotheses have been made regarding dinosaur growth
rates and patterns, locomotory posture [92-94], ecological and physiological adaptations [95], as well as reproductive biology,
including incubation period and sexual maturity [96]. Although traditional osteohistological methods require destructive
sampling, uCT and synchrotron radiation micro-computed tomography (SruCT) scanning offer potential avenues for non-
destructive, high-fidelity maturity assessments [97]. Growth marks have proven to be particularly informative, allowing for
the estimation of growth curves and determination of sexual maturity in taxa including Massospondylus [98], Apatosaurus [99],
Psittacosaurus [37,100], Maiasaura [15], Tenontosaurus [101], Allosaurus [101], Tyrannosaurus [36,102-105] and Shuvuuia [37,106].
Using formulae derived from these growth curves, it has been assumed that a dinosaur’s age could be estimated using skeletal
size.

Studies have, however, highlighted potential caveats with these correlations [107]. The presence of osteohistological growth
variation is known in several taxa, including early-branching sauropodomorphs (Plateosaurus [108,109], Massospondylus [35,93],
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Figure 1. Simplified dinosaur phylogenetic tree showing selected ontogenetic data reported for each group (see electronic supplementary material for examples of
relevant literature).

Mussaurus [94], Antetonitrus [110]), early-branching theropods (Coelophysis [34]), coelurosaurs (Tyrannosaurus rex [22]), early-
branching Aves (Confuciusornis sanctus [111]) and non-iguanodontian ornithopod dinosaurs (Jeholosaurus shangyuanensis [112]).
In most of these studies, this growth variation has been suggested to be linked to osteohistological growth plasticity, with
growth being affected and determined by external environmental factors. This osteohistological growth variation has presented
itself in several manners: differing growth strategies and tissue organization between specimens (e.g. cyclical and continuous
growth recorded in Mussaurus), differing numbers of growth marks in specimens of similar sizes in a growth series (e.g.
Plateosaurus, Antetonitrus, Confuciusornis), as well as irregular and unpredictable spacing between growth marks in an individual
(Massospondylus, Jeholosaurus, Coelophysis, Tyrannosaurus). These three lines of evidence indicate a decoupling between size and
ontogenetic age in many taxa; however, the first two highlight differences between individuals and are therefore more prone
to confounding variables such as specimen identification. This decoupling between size and ontogenetic age could represent an
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early dinosaurian biological feature but could also be a reflection of relatively low sample sizes and a limited understanding [ 5 |

of variation drivers in dinosaur osteohistological studies. To validate and reinforce these hypotheses, a better understanding of
morphological growth variation in taxa is necessary (in extinct as well as extant taxa).

Interestingly, several examples of osteohistological growth plasticity are present in early branching members of most
dinosaurian clades except for ornithischians, where the early taxon Lesothosaurus appears to have a predictable growth
trajectory [113]. Although reported in extant vertebrates, such as mammals [114], crocodilians [115,116], lizards [117], amphib-
ians [118] and birds [119], our understanding of osteohistological growth plasticity and the mechanisms that drive it are poorly
understood. Testing this is logistically difficult, as it requires recorded data on environmental conditions (resources, diet and
nutrition, temperatures), the ability to vary these conditions to better understand the triggers (wild versus captive, although the
latter can prove to be problematic due to the unknown effects of breeding and genetic bottlenecking), and large sample sizes
that include both growth series and several individuals of the same size.

Furthermore, while some research in living archosaurs has validated growth patterns observed using osteohistology in
individuals of known ages [120], several studies have highlighted potential issues when using growth marks as indicators
of age. One of the first, and by now well-known confounding factors when looking at osteohistological data is the fact
that vertebrates display intraskeletal variation with different elements in a single skeleton showing different growth patterns
(in tissue types and growth marks) [93,105,115,121-123]. This can make comparisons between taxa and between individuals
difficult, especially in palaeontology, where researchers are restricted to fossils that are preserved. A more recent study looking
at the relationship between growth marks and actual age in modern taxa (including reptiles, mammals and birds) found
stark differences in growth mark counts when using petrographic ground sections versus stained microtomized sections [124].
Perhaps a more troubling result was that neither method unequivocally revealed the actual age of the individual specimens.
While the study only looked at two limb bones (humerus and femur) in a single individual of nine species, it does emphasize
the need for research on the methodological side of skeletochronology, especially when using growth marks.

4. Osteological morphological variation

Dinosaurs, like other vertebrates, did not simply increase in size during ontogeny but also underwent various osteological
morphological changes throughout their life histories. These changes (e.g. cranial morphology, skeletal ‘robustness’, dentition,
degree of ossification) can be dramatic and have even been the source of taxonomic debate—differentiating whether morpho-
logical differences between individuals derive from intraspecific ontogenetic variation or taxonomic diversity can be difficult,
especially given the extreme ontogenetic trajectories many dinosaurs are hypothesized to have experienced (e.g. [125,126]).
Therefore, constraining the kinds of changes that typified the ontogenies of dinosaurian subclades, and when in ontogeny
these changes occurred, is a major research goal. Although some suggested ontogenetic changes in dinosaurs have no clear
modern analogues (e.g. ceratopsian frill morphology [127]), certain skeletal changes, such as the production of ossified muscle
attachments and sutural fusion events, are irreversible and occur in the ontogenies of most living reptiles (e.g. [128-131]),
so similar features are likely to be ontogenetically variable in extinct dinosaurs [21]. However, at what stages these changes
might occur during ontogeny is unknown for most dinosaurian subclades. For example, a sutural fusion could indicate that
a given individual has gone through this ontogenetic change, and this is therefore informative as to the relative maturity of
this individual. However, without constraints on when in ontogeny this change typically occurs, and how this ontogenetic
change has evolved through time, there is little broader context that could be given for this character state. Because most
dinosaurian taxa are represented by few individuals, it is crucial to use exemplar taxa with well-represented ontogenetic series
(e.g. Massospondylus [35,93], Coelophysis [34], Allosaurus [132], Confuciusornis [111], Psittacosaurus [92], Maiasaura [16]) as ‘model
organisms’ to help interpret ontogenetic changes across Dinosauria. Constraining putative ontogenetic changes is especially
important when attempting to use morphological evidence to assess maturity status or when phylogenetically informative
character states are ontogenetically variable [21].

Similar to osteohistological signals of growth (see above), the sequence of morphological changes that occurs during
ontogeny can also vary intraspecifically (i.e. sequence polymorphism [133]). Different individuals of the same species, and
even the same population, can develop in different ways—the sequence of morphological changes may differ, body size can
vary widely between individuals of the same maturity stage and some ontogenetically variable features may not necessarily
be present in all individuals. High intraspecific variation in discrete ontogenetic character states has been suggested to be
especially prevalent among the earliest diverging dinosaurs and their closest relatives [134-136], but intraspecific variation in
putatively ontogenetic morphology has been reported in many taxa (e.g. Masiakasaurus [137], Maiasaura [138] and Psittacosaurus
[139]). How this intraspecific morphological variation may relate to osteohistological variation is unclear, but the two signals
appear to be disjunct: several taxa have been reported to exhibit high intraspecific variation in osteohistological signal while
lacking comparatively high variation in morphology (e.g. Allosaurus [96,134]; Massospondylus [93]). Combined osteohistological
and morphological studies [34] from exemplar taxa spanning the major dinosaurian clades are necessary to untangle this signal.

5. Ontogeny and macroevolution

Parallels between dinosaur ontogenetic and macroevolutionary patterns have long been suggested [140,141], through mecha-
nisms like heterochrony (including paedomorphosis, peramorphosis and recapitulation). Both the sauropod and bird skull
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shapes have been attributed to evolution acting along ontogenetic trajectories. Both have been suggested to have evolved [ 6 |

through paedomorphosis [30,79,142], although the sauropod skull has also been attributed to a predisplacement-type shift in
developmental timing from the ancestral anchisaurian condition [29], and several aspects of the avian skull have been suggested
to have arisen via peramorphosis [143]. Locomotory shifts between bipedalism and quadrupedalism occurred several times
during the evolution of ornithischians and sauropodomorphs, and have also been hypothesized to be linked to ontogenetic
locomotory shifts [31,50].

Osteohistological growth data have also been used to investigate macroevolutionary patterns in archosaur lineages, such as
gigantism in sauropod dinosaurs [33,39]. The latter are well known for being the largest land animals to have roamed the earth
(weighing between 10 and 70 tonnes). Osteohistological data show that while accelerated, uninterrupted growth and a lack
of developmental plasticity are traits that evolved near the origin of sauropod gigantism; accelerated, seasonally interrupted
growth was already present in smaller (1-2 tonnes) non-sauropodan sauropodomorphs [39]. This suggests that accelerated
growth may have been a prerequisite for the evolution of gigantism in the clade, but did not evolve for it specifically.
Among non-avian theropods, changes in rate and timing of growth (e.g. truncation, prolongation, acceleration), as revealed
by osteohistology, have been suggested to be an important mechanism by which body size has evolved, including trends in
both gigantism and miniaturization [144]. These types of macroevolutionary mechanisms are difficult to test and require both
relatively complete and well-established ontogenetic and phylogenetic samples. Specimens included need to have confirmed
taxonomic identities, their ontogenetic maturity needs to be known and phylogenetic relationships should be resolved. These
factors are hindered by several obstacles, including the difficulty to differentiate intraspecific morphological variation from
interspecific morphological variation and ontogenetic variation.

6. Concluding remarks and recommendations for future work

(a) Fieldwork and exhaustive use of pre-existing fossil collections

Sampling is a well-known issue in palaeontology, with researchers being restricted to whichever rare fossils are preserved.
This impacts sample sizes, phylogenetic sampling and ontogenetic studies, among others. Fossil collecting efforts focusing
on increasing ontogenetic sample sizes should include all taxonomically informative specimens, even partial skeletons and
isolated elements, as these could eventually result in valuable data points for studies on growth and development. While
unbiased continued fieldwork is a much-needed way of increasing sampling, there is also great value in revisiting existing
fossil collections, as well as capitalizing on known, already accessioned specimens. Building out the big picture of dinosaur
reproduction and growth requires multiple specimens of individual taxa and, if possible, growth series, to be scrutinized using
a multidisciplinary approach. These include traditional methods such as qualitative observations of morphological variation
(both cranial and postcranial), along with more complex data collection (such as uCT scanning, Raman spectroscopy, osteohis-
tology). Several published ontogenetic series of dinosaurs have yet to be studied to their full potential (as is evidenced by the
knowledge gaps in figure 1), and there is undoubtedly a wealth of fossils that remain unpublished in need of reassessment.

(b) Methodical collection and reposition of uCT scan data

The use of uCT and SruCT scanning allows for a wide variety of data to be collected from specimens in a non-destructive
manner (including but not restricted to visualization of obstructed morphology as well as small specimens like embryos,
quantitative morphological data, osteohistological data, dental replacement and histological data, and internal physiological
structures like pneumaticity). The generation of digital scans allows for improved sampling (of both extant and extinct taxa),
with easy access to and exchange of data between researchers, and in some instances offers the only opportunity to compile
large and broad-scaled datasets in a non-destructive manner. Databases like the openVertebrate project (oVert) are an incredibly
beneficial initiative. These types of systematic collecting and repositing of scan data from museum collections, along with the
increased demand from journals for raw uCT scan data to be accessioned on open access platforms like Morphosource and
Phenomel0k upon publication, allow for an abundance of both focused and broad-scaled research projects in the future.

(c) Assessing ontogenetic maturity

Taking ontogenetic maturity of fossil specimens into consideration is non-negotiable when investigating almost any aspect
within an evolutionary, taxonomic or palaeobiological framework. Ontogenetic maturity has a direct impact on morphology
(both macro and micro), which is the most fundamental level of data in our field, having a cascading direct effect on taxonomic
identification, phylogenetics, population structure and palaeoecology, life-history strategies, functional anatomy and macroevo-
lutionary trends and mechanisms (like heterochrony). Including ontogenetic maturity discussions when describing specimens,
or naming new taxa provides explicit stipulations that can then be considered when including the said specimen/taxon in
datasets. Although assessing ontogenetic maturity has been done using a wide variety of methods (e.g. suture fusion levels,
osteohistological analyses), these criteria vary depending on which saurian clade is being investigated [21]. It is therefore
recommended that a combination of different methods be used and that clade-specific ontogenetic maturity criteria be followed.
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The use of uCT scanning and SruCT scanning has proven to be a useful tool for assessing ontogenetic maturity in a detailed and [ 7 ]

non-destructive manner [97,145].

(d) Establishing consistency in terminology and methods

The field of palaeontology today is more productive than ever. As dataset sizes increase, and technologies advance, new
research questions and methods for testing these arise. While this increase in productivity aids in building a bigger picture of
Earth’s history, it can also contribute to complications. This is noticeably true with the increased inconsistency in terminologies
used and methods of data collection (even as simple as where measurements are taken, or how phylogenetic characters are
interpreted). For example, Griffin et al. [26] illustrated the various and inconsistent terms used when assessing and describing
maturity stages (e.g. ‘juvenile’, ‘subadult’, “adult’, etc.) without consistent meaning across the literature. Similarly, Legendre et
al. [73] highlighted the issues arising from the incongruence in definitions and methods used when studying ‘soft’, ‘hard” and
‘semi-rigid’ reptilian eggshells. Both comprehensive studies provide guidelines for overcoming some of these hurdles. These
irregularities can lead to subjective interpretations, inter-scientist errors and variation and, ultimately, cross-study incoherence.
While “‘gold standards’ are unrealistic, several steps can be taken to standardize the literature, allowing for better clarity and
consistency. These include: describing and illustrating methods in the most unambiguous way possible to reduce subjective
interpretation (e.g. illustrating where measurements were taken, illustrating data matrices to show how character states were
interpreted, using quantitative descriptors and criteria when possible); using consistent and latest terminology and explicitly
stating and referencing these; describing any and all modifications that are applied to reused datasets, methods and terminolo-
gies.

(e) Building extant comparative datasets

Palaeontology is restricted by many factors, including, but not limited to, sample sizes, preservational biases, geographical
biases and collection biases. Another confounding factor is the availability and understanding of modern comparative ana-
logues. Extant ecosystems provide the best, and only opportunities to explore and interpret findings from the fossil record.
While past dinosaur lineages do not have ideal direct comparatives available (for example, sauropodomorphs and ornithi-
schians have no direct descendants, and animals alive today do not reach the same sizes or morphological and functional
diversity), there are many living groups of vertebrates that present ideal study systems.

As aforementioned, osteological morphological data are the most fundamental baseline of data in our field, providing
insights into many aspects of biology and palaeontology. Detailed osteological monographic descriptions of modern taxa
are available for relevant lineages such as squamates [146-148] and some birds [149,150]; however, despite the importance
of morphological data in biological research, these are very limited and often aimed at veterinary practices [151,152]. Our
understanding of osteological morphological intraspecific, interspecific and ontogenetic variation is very limited in extant
vertebrates. This is, in part, due to the fact that modern species taxonomy and phylogenetic relationships can rely on informa-
tion that is not available in fossils, such as integument and molecular data.

The relationship between osteological morphological variability and osteohistological variability is even less well explored
in living vertebrates. The latter provides the best opportunity to observe the relationships between hard tissues and every
aspect of vertebrate biology, behaviour and other natural and life-history traits. These observations can then be applied to the
fossil record to make palaeoecological and palaeobiological inferences. Osteohistological studies in extant dinosaur relatives
are becoming more numerous, but they remain scarce overall. In crocodylomorphs, these are phylogenetically narrow with the
majority of studies focusing on alligators and a few on caimans, possibly due to the fact that specimens for these are easily
accessible in captivity [115,153-155]. Furthermore, these studies typically include specimens obtained from a single refuge and
are unlikely to represent the range of growth variation in a given taxon across its range, and the effect of varying environmental
conditions on ontogeny. Birds being the only living descendants of dinosaurs present an ideal comparative dataset [156-158];
however, their ontogenetic patterns can be difficult to study due to their rapid growth rates. Several recent studies have
reported a decoupling of observed growth marks in specimens and the actual age of the individual [124,157,158]. This has major
implications for our interpretation of physiology and growth histories in extinct taxa.

Concerted efforts need to be made by palaeontologists and palaeobiologists to better understand living animals, and ground
truth methods in extant lineages, before being able to make inferences about extinct groups. This would allow for the establish-
ment of a solid foundation to interpret the complex history of dinosaurs. These studies should explore phylogenetically and
ontogenetically broad extant vertebrate samples, and take into account how the conditions in which the specimens were living
(i.e. captive versus wild) may affect the questions being asked, as well as the results (such as through genetic bottlenecking,
selective breeding, diets, substrate, environmental conditions, etc.).

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. Supplementary material is available online [159].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors” contributions. K.E.J.C.: conceptualization, methodology, project administration, writing—original draft, writing—review and editing; C.T.G.:
conceptualization, writing—review and editing; D.P.: conceptualization, writing—review and editing.
All authors gave final approval for publication and agreed to be held accountable for the work performed therein.

~

Jasy/jewnof/Bio Buiysqndaaposfefos

vLy0¥C0C LT "BaTjoig



Downloaded from https://royal societypublishing.org/ on 17 January 2025

Conflict of interest declaration. We declare we have no competing interests.

Funding. K.E.J.C. received funding from GENUS DSI-NRF Centre of Excellence in Palaeosciences, Stony Brook University and the Paleontological
Society’s Norman Newell Early Career Grant.

Acknowledgements. We thank guest editors Paul Barrett and Susannah Maidment for inviting us to contribute our manuscript and for handling
the special feature. We also thank the three anonymous reviewers for their insightful comments, which significantly improved the quality of
our work. Finally, we are grateful to the handling editors, proofreaders, and copy editors at Biology Letters for their assistance throughout the
editorial process.

References

NS s W

20.
21.

22.

23.

24,

25.

26.

2].

28.

29.

30.

3.

Werner J, Griebeler EM. 2011 Reproductive biology and its impact on body size: comparative analysis of mammalian, avian and dinosaurian reproduction. PLoS ONE 6, e28442. (doi:
10.1371/journal.pone.0028442)

Carpenter K, Hirsch KF, Horner JR. 1996 Dinosaur eggs and babies. Cambridge, UK: Cambridge University Press.

Buckman J. 1860 On some fossil reptilian eggs from the Great Oolite of Cirencester. Q. J. Geol. Soc. 16, 107-110. (doi:10.1144/gsl.jgs.1860.016.01-02.11)

Owen R. 1842 Report on British fossil reptiles, part Il. Reports from the British Association for the Advancement of Sciences 11, 60—204.

Marsh OC. 1881 Jurassic birds and their allies. Science 0s-2, 512-513. (doi:10.1126/science.0s-2.70.512)

Marsh OC. 1883 Principal characters of American Jurassic dinosaurs. Part VI. Restoration of brontosaurus. Am. J. Sci. $3-26, 81-85. (doi:10.2475/ajs.s3-26.152.81)

McIntosh JS. 1981 Annotated catalogue of the dinosaurs (Reptilia, Archosauria) in the collections of Carnegie Museum of Natural History. Bull. Carnegie Mus. Nat. Hist. 18, 1-67.
(doi:10.5962/p.228597)

Reisdorf AG, Wuttke M. 2012 Re-evaluating Moodie’s opisthotonic-posture hypothesis in fossil vertebrates. Part I. Reptiles—the taphonomy of the bipedal dinosaurs
Compsognathus longipes and Juravenator starki from the Solnhofen Archipelago (Jurassic, Germany). Palaeobiodiversity Palaeoenvironments 92, 119-168. (doi:10.1007/512549-
011-0068-y)

Marsh OC. 1896 The dinosaurs of North America. Washington, DC: US Government Printing Office. (doi:10.5962/bhl.title.60562)

Carpenter K, McIntosh J. 1994 Upper Jurassic sauropod babies from the Morrison Formation. In Dinosaur eggs and babies (eds K Carpenter, KF Hirsch, JR Horner), pp. 265-278.
Cambridge, UK: Cambridge University Press.

Horner JR, Makela R. 1979 Nest of juveniles provides evidence of family structure among dinosaurs. Nature 282, 296—298. (doi:10.1038/282296a0)

Egi N, Weishampel DB. 2002 Morphometric analyses of humeral shapes in hadrosaurids (Ornithopoda, Dinosauria). Senckenberg. Lethaea 82, 43-57. (doi:10.1007/bf03043772)
Horner JR. 1999 Eqg clutches and embryos of two hadrosaurian dinosaurs. J. Vertebr. Paleontol. 19, 607—611. (doi:10.1080/02724634.1999.10011174)

Horner JR. 2000 Dinosaur reproduction and parenting. Annu. Rev. Earth Planet. Sci. 28, 19—45. (doi:10.1146/annurev.earth.28.1.19)

Horner JR, De Ricglés A, Padian K. 2000 Long hone histology of the hadrosaurid dinosaur Maiasaura peeblesorum: growth dynamics and physiology based on an ontogenetic series
of skeletal elements. J. Vertebr. Paleontol. 20, 115-129. (doi:10.1671/0272-4634(2000)020[0115:Ibhoth]2.0.c0;2)

Woodward HN, Freedman Fowler EA, Farlow JO, Horner JR. 2015 Maiasaura, a model organism for extinct vertebrate population biology: a large sample statistical assessment of
growth dynamics and survivorship. Paleobiology 41, 503—527. (doi:10.1017/pabh.2015.19)

Horner JR, Weishampel DB. 1988 A comparative embryological study of two ornithischian dinosaurs. Nature 332, 256-257. (doi:10.1038/332256a0)

Dilkes DW. 1999 Appendicular myology of the hadrosaurian dinosaur Maiasaura peeblesorum from the Late Cretaceous (Campanian) of Montana. Trans. R. Soc. Edinb. 90, 87-125.
(doi:10.1017/50263593300007185)

Dilkes DW. 2001 An ontogenetic perspective on locomotion in the Late Cretaceous dinosaur Maiasaura peeblesorum (Ornithischia: Hadrosauridae). Can. J. Earth Sci. 38, 1205-1227.
(doi:10.1139/e01-016)

Horner JR, Gorman J. 1988 Digging dinosaurs. New York, NY: Workman Publishing.

Griffin T, Stocker MR, Colleary C, Stefanic CM, Lessner EJ, Riegler M, Formoso K, Koeller K, Nesbitt SJ. 2020 Assessing ontogenetic maturity in extinct saurian reptiles. Biol. Rev.
Camb. Philos. Soc. 96. (doi:10.1111/brv.12666)

Woodward HN, Tremaine K, Williams SA, Zanno LE, Horner JR, Myhrvold N. 2020 Growing up Tyrannosaurus rex: osteohistology refutes the pygmy ‘Nanotyrannus’ and supports
ontogenetic niche partitioning in juvenile Tyrannosaurus. Sci. Adv. 6, eaax6250. (doi:10.1126/sciadv.aax6250)

Scannella JB, Horner JR. 2010 Torosaurus Marsh, 1891, is Triceratops Marsh, 1889 (Ceratopsidae: Chasmosaurinae): synonymy through ontogeny. J. Vertebr. Paleontol. 30, 1157-
1168. (doi:10.1080/02724634.2010.483632)

Maiorino L, Farke AA, Kotsakis T, Piras P. 2013 Is Torosaurus Triceratops? Geometric morphometric evidence of Late Maastrichtian ceratopsid dinosaurs. PLoS ONE 8, €81608. (doi:10.
1371/journal.pone.0081608)

Fowler DW, Woodward HN, Freedman EA, Larson PL, Horner JR. 2011 Reanalysis of ‘Raptorex kriegsteini”: a juvenile tyrannosaurid dinosaur from Mongolia. PLoS ONE 6, e21376.
(doi:10.1371/journal.pone.0021376)

Griffin CT, Nesbitt SJ. 2020 Does the maximum body size of theropods increase across the Triassic—Jurassic boundary? Integrating ontogeny, phylogeny, and body size. Anat. Rec.
303, 1158—1169. (doi:10.1002/ar.24130)

Codron D, Carbone C, Clauss M. 2013 Ecological interactions in dinosaur communities: influences of small offspring and complex ontogenetic life histories. PLoS ONE 8, €77110. (doi:
10.1371/journal.pone.0077110)

Fiorillo AR. 1998 Dental micro wear patterns of the sauropod dinosaurs Camarasaurus and Diplodocus: evidence for resource partitioning in the late Jurassic of North America. Hist.
Biol. 13,1-16. (doi:10.1080/08912969809386568)

Fabbri M, Navalén G, Mongiardino Koch N, Hanson M, Petermann H, Bhullar BA. 2021 A shift in ontogenetic timing produced the unique sauropod skull. Evol. Int. J. Org. Evol. 75,
819-831. (doi:10.1111/ev0.14190)

Bhullar BAS, Marugén-Lobdn J, Racimo F, Bever GS, Rowe TB, Norell MA, Abzhanov A. 2012 Birds have paedomorphic dinosaur skulls. Nature 487, 223-226. (doi:10.1038/
nature11146)

Chapelle KEJ, Benson RBJ, Stiegler J, Otero A, Zhao Q, Choiniere JN. 2020 A quantitative method for inferring locomotory shifts in amniotes during ontogeny, its application to
dinosaurs and its bearing on the evolution of posture. Palaeontology 63, 229-242. (doi:10.1111/pala.12451)

104207 212 Ti0  (osewnofBiobugsiandhaposedor [


http://dx.doi.org/10.1371/journal.pone.0028442
http://dx.doi.org/10.1144/gsl.jgs.1860.016.01-02.11
http://dx.doi.org/10.1126/science.os-2.70.512
http://dx.doi.org/10.2475/ajs.s3-26.152.81
http://dx.doi.org/10.5962/p.228597
http://dx.doi.org/10.1007/s12549-011-0068-y
http://dx.doi.org/10.1007/s12549-011-0068-y
http://dx.doi.org/10.5962/bhl.title.60562
http://dx.doi.org/10.1038/282296a0
http://dx.doi.org/10.1007/bf03043772
http://dx.doi.org/10.1080/02724634.1999.10011174
http://dx.doi.org/10.1146/annurev.earth.28.1.19
http://dx.doi.org/10.1671/0272-4634(2000)020[0115:lbhoth]2.0.co;2
http://dx.doi.org/10.1017/pab.2015.19
http://dx.doi.org/10.1038/332256a0
http://dx.doi.org/10.1017/s0263593300007185
http://dx.doi.org/10.1139/e01-016
http://dx.doi.org/10.1111/brv.12666
http://dx.doi.org/10.1126/sciadv.aax6250
http://dx.doi.org/10.1080/02724634.2010.483632
http://dx.doi.org/10.1371/journal.pone.0081608
http://dx.doi.org/10.1371/journal.pone.0081608
http://dx.doi.org/10.1371/journal.pone.0021376
http://dx.doi.org/10.1002/ar.24130
http://dx.doi.org/10.1371/journal.pone.0077110
http://dx.doi.org/10.1080/08912969809386568
http://dx.doi.org/10.1111/evo.14190
http://dx.doi.org/10.1038/nature11146
http://dx.doi.org/10.1038/nature11146
http://dx.doi.org/10.1111/pala.12451

Downloaded from https://royal societypublishing.org/ on 17 January 2025

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.
52.

53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.

70.

Curry Rogers K, Martinez RN, Colombi C, Rogers RR, Alcober 0. 2024 Osteohistological insight into the growth dynamics of early dinosaurs and their contemporaries. PLoS ONE 19, n

€0298242. (doi:10.1371/journal.pone.0298242)

Cerda IA, Chinsamy A, Pol D, Apaldetti C, Otero A, Powell JE, Martinez RN. 2017 Novel insight into the origin of the growth dynamics of sauropod dinosaurs. PLoS ONE 12, e0179707.
(doi:10.1371/journal.pone.0179707)

Barta DE, Griffin CT, Norell MA. 2022 Osteohistology of a Triassic dinosaur population reveals highly variable growth trajectories typified early dinosaur ontogeny. Sci. Rep. 12,
17321. (doi:10.1038/541598-022-22216-x)

Chapelle KEJ, Botha J, Choiniere JN. 2021 Extreme growth plasticity in the early branching sauropodomorph Massospondylus carinatus. Biol. Lett. 17, 20200843. (doi:10.1098/rsbl.
2020.0843)

Erickson GM. 2005 Assessing dinosaur growth patterns: a microscopic revolution. Trends Ecol. Evol. 20, 677-684. (doi:10.1016/j.tree.2005.08.012)

Erickson GM. 2014 On dinosaur growth. Annu. Rev. Earth Planet. Sci. 42, 675-697. (doi:10.1146/annurev-earth-060313-054858)

Paul GS. 1994 Dinosaur reproduction in the fast lane: implications for size, success, and extinction. In Dinosaur eggs and babies (eds K Carpenter, KF Hirsch, JR Horner), pp. 244-255.
Cambridge, UK: Cambridge University Press.

Botha J, Choiniere JN, Benson RBJ. 2022 Rapid growth preceded gigantism in sauropodomorph evolution. Curr. Biol. 32, 4501-4507.(doi:10.1016/j.cub.2022.08.031)

Varricchio DJ, Jackson F, Trueman CN. 1999 A nesting trace with eggs for the Cretaceous theropod dinosaur Troodon formosus. J. Vertebr. Paleontol. 19, 91-100. (doi:10.1080/
02724634.1999.10011125)

Varricchio DJ, Jackson FD. 2016 Reproduction in Mesozoic birds and evolution of the modern avian reproductive mode. Auk 133, 654—684. (doi:10.1642/auk-15-216.1)

Varricchio DJ, Kundrat M, Hogan J. 2018 An intermediate incubation period and primitive brooding in a theropod Dinosaur. Sci. Rep. 8, 6. (doi:10.1038/541598-018-30085-6)
Wiemann J, Yang TR, Norell MA. 2018 Dinosaur egg colour had a single evolutionary origin. Nature 563, 555—558. (doi:10.1038/s41586-018-0646-5)

Wiemann J, Yang TR, Sander PN, Schneider M, Engeser M, Kath-Schorr S, Miiller CE, Sander PM. 2017 Dinosaur origin of egg color: oviraptors laid blue-green eggs. Peer/ 5, e3706.
(doiz10.7717/peer}.3706)

Ezquerro L, Coimbra R, Bauluz B, Nufiez-Lahuerta C, Roman-Berdiel T, Moreno-Azanza M. 2024 Large dinosaur egg accumulations and their significance for understanding nesting
behaviour. Geosci. Front. 15, 101872. (doi:10.1016/}.95f.2024.101872)

de Ricgles A, Mateus O, Antunes MT, Taquet P. 2001 Histomorphogenesis of embryos of Upper Jurassic theropods from Lourinhd (Portugal). C. R. Acad. Sci. Ser. IlA 332, 647—-656.
(doi:10.1016/51251-8050(01)01580-4)

Norell MA, Wiemann J, Fabbri M, Yu C, Marsicano CA, Moore-Nall A, Varricchio DJ, Pol D, Zelenitsky DK. 2020 The first dinosaur egg was soft. Nature 583, 406—410. (doi:10.1038/
s41586-020-2412-8)

Balanoff AM, Norell MA, Grellet-Tinner G, Lewin MR. 2008 Digital preparation of a probable neoceratopsian preserved within an egg, with comments on microstructural anatomy of
ornithischian eggshells. Naturwissenschaften 95, 493—500. (doi:10.1007/500114-008-0347-2)

Pol D, Mancuso AC, Smith RMH, Marsicano CA, Ramezani J, Cerda A, Otero A, Fernandez V. 2021 Earliest evidence of herd-living and age segregation amongst dinosaurs. Sci. Rep.
11,20023. (doi:10.1038/541598-021-99176-1)

Reisz RR, Scott D, Sues HD, Evans DC, Raath MA. 2005 Embryos of an Early Jurassic prosauropod dinosaur and their evolutionary significance. Science 309, 761-764. (doi:10.1126/
science.1114942)

Reisz RR et al. 2013 Embryology of Early Jurassic dinosaur from China with evidence of preserved organic remains. Nature 496, 210—-214. (doi:10.1038/nature11978)

Kundrdt M, Coria RA, Manning TW, Snitting D, Chiappe LM, Nudds J, Ahlberg PE. 2020 Specialized craniofacial anatomy of a titanosaurian embryo from Argentina. Curr. Biol. 30,
4263-4269.(doi:10.1016/j.cub.2020.07.091)

Xing L, Niu K, Ma W, Zelenitsky DK, Yang TR, Brusatte SL. 2022 An exquisitely preserved in-ovo theropod dinosaur embryo sheds light on avian-like prehatching postures. iScience
25,103516. (doi:10.1016/j.isci.2021.103516)

Han F et al. 2024 Exceptional Early Jurassic fossils with leathery eggs shed light on dinosaur reproductive biology. Nat/ Sci. Rev. 11, nwad258. (doi:10.1093/nsr/nwad258)

Yang TR, Sander PM. 2022 The reproductive biology of oviraptorosaurs: a synthesis. Geol. Soc. Lond. Spec. Publ. 521, 19-34. (doi:10.1144/5p521-2021-181)

Turner AH, Pol D, Norell MA. 2011 Anatomy of Mahakala omnogovae (Theropoda: Dromaeosauridae), Togrdgiin Shiree, Mongolia. Am. Mus. Novit. 3722, 1-66. (doi:10.1206/3722.
2)

Norell MA, Clark JM, Demberelyin D, Rhinchen B, Chiappe LM, Davidson AR, McKenna MC, Altangerel P, Novacek MJ. 1994 A theropod dinosaur embryo and the affinities of the
Flaming Cliffs dinosaur eggs. Science 266, 779-782. (doi:10.1126/science.266.5186.779)

Varricchio DJ, Moore JR, Erickson GM, Norell MA, Jackson FD, Borkowski JJ. 2008 Avian paternal care had dinosaur origin. Science 322, 1826—1828. (doi:10.1126/science.1163245)
Yang TR, Chen YH, Wiemann J, Spiering B, Sander PM. 2018 Fossil eggshell cuticle elucidates dinosaur nesting ecology. PeerJ 6, e5144. (doi:10.7717/peerj.5144)

Deeming DC. 2006 Ultrastructural and functional morphology of eggshells supports the idea that dinosaur eggs were incubated buried in a substrate. Palaeontology 49, 171-185.
(doi:10.1111/j.1475-4983.2005.00536.%)

Tanaka K, Zelenitsky DK, Therrien F. 2015 Eggshell porosity provides insight on evolution of nesting in dinosaurs. PLoS ONE 10, e0142829. (doi:10.1371/journal.pone.0142829)
Komdeur J. 1999 Predation risk affects trade-off between nest guarding and foraging in Seychelles warblers. Behav. Ecol. 10, 648—658. (doi:10.1093/beheco/10.6.648)

Gosler AG, Higham JP, James Reynolds S. 2005 Why are birds’ eggs speckled? Ecol. Lett. 8, 1105-1113. (doi:10.1111/}.1461-0248.2005.00816.x)

Lahti DC. 2008 Population differentiation and rapid evolution of egg color in accordance with solar radiation. Auk 125, 796—802. (doi:10.1525/auk.2008.07033)

Gillis H, Gauffre B, Huot R, Bretagnolle V. 2012 Vegetation height and egg coloration differentially affect predation rate and overheating risk: an experimental test mimicking a
ground-nesting bird. Can. J. Zool. 90, 694-703. (doi:10.1139/22012-035)

Stoddard MC, Kupan K, Eyster HN, Rojas-Abreu W, Cruz-Lopez M, Serrano-Meneses MA, Kiipper C. 2016 Camouflage and clutch survival in plovers and terns. Sci. Rep. 6, 32059. (doi:
10.1038/srep32059)

(assey P, Thomas GH, Portugal SJ, Maurer G, Hauber ME, Grim T, Lovell PG, Miksik I. 2012 Why are birds’ eggs colourful? Eggshell pigments co-vary with life-history and nesting
ecology among British breeding non-passerine birds. Biol. J. Linn. Soc. 106, 657—672. (doi:10.1111/}.1095-8312.2012.01877.x)

Moreno J, Osorno JL. 2003 Avian egg colour and sexual selection: does eggshell pigmentation reflect female condition and genetic quality? Ecol. Lett. 6, 803—806. (doi:10.1046/j.
1461-0248.2003.00505.x)

Chiappe LM, Coria RA, Dingus L, Jackson F, Chinsamy A, Fox M. 1998 Sauropod dinosaur embryos from the Late Cretaceous of Patagonia. Nature 396, 258—261. (doi:10.1038/
24370)

Chiappe LM, Coria RA, Jackson F, Dingus L. 2003 The Late Cretaceous nesting site of Auca Mahuevo (Patagonia, Argentina): eggs, nests, and embryos of titanosaurian sauropods.
Palaeovertebrata 32, 97—108. https://www.palaeovertebrata.com/Articles/view/186

Jasy/jewnof/Bio Buiysqndaaposfefos

vLy0¥C0C LT "BaTjoig


http://dx.doi.org/10.1371/journal.pone.0298242
http://dx.doi.org/10.1371/journal.pone.0179707
http://dx.doi.org/10.1038/s41598-022-22216-x
http://dx.doi.org/10.1098/rsbl.2020.0843
http://dx.doi.org/10.1098/rsbl.2020.0843
http://dx.doi.org/10.1016/j.tree.2005.08.012
http://dx.doi.org/10.1146/annurev-earth-060313-054858
http://dx.doi.org/10.1016/j.cub.2022.08.031
http://dx.doi.org/10.1080/02724634.1999.10011125
http://dx.doi.org/10.1080/02724634.1999.10011125
http://dx.doi.org/10.1642/auk-15-216.1
http://dx.doi.org/10.1038/s41598-018-30085-6
http://dx.doi.org/10.1038/s41586-018-0646-5
http://dx.doi.org/10.7717/peerj.3706
http://dx.doi.org/10.1016/j.gsf.2024.101872
http://dx.doi.org/10.1016/s1251-8050(01)01580-4
http://dx.doi.org/10.1038/s41586-020-2412-8
http://dx.doi.org/10.1038/s41586-020-2412-8
http://dx.doi.org/10.1007/s00114-008-0347-2
http://dx.doi.org/10.1038/s41598-021-99176-1
http://dx.doi.org/10.1126/science.1114942
http://dx.doi.org/10.1126/science.1114942
http://dx.doi.org/10.1038/nature11978
http://dx.doi.org/10.1016/j.cub.2020.07.091
http://dx.doi.org/10.1016/j.isci.2021.103516
http://dx.doi.org/10.1093/nsr/nwad258
http://dx.doi.org/10.1144/sp521-2021-181
http://dx.doi.org/10.1206/3722.2
http://dx.doi.org/10.1206/3722.2
http://dx.doi.org/10.1126/science.266.5186.779
http://dx.doi.org/10.1126/science.1163245
http://dx.doi.org/10.7717/peerj.5144
http://dx.doi.org/10.1111/j.1475-4983.2005.00536.x
http://dx.doi.org/10.1371/journal.pone.0142829
http://dx.doi.org/10.1093/beheco/10.6.648
http://dx.doi.org/10.1111/j.1461-0248.2005.00816.x
http://dx.doi.org/10.1525/auk.2008.07033
http://dx.doi.org/10.1139/z2012-035
http://dx.doi.org/10.1038/srep32059
http://dx.doi.org/10.1111/j.1095-8312.2012.01877.x
http://dx.doi.org/10.1046/j.1461-0248.2003.00505.x
http://dx.doi.org/10.1046/j.1461-0248.2003.00505.x
http://dx.doi.org/10.1038/24370
http://dx.doi.org/10.1038/24370
https://www.palaeovertebrata.com/Articles/view/186

Downloaded from https://royal societypublishing.org/ on 17 January 2025

7.

72.

73.

74.
75.

76.

7.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.
9.

92.

93.

94.

9.

96.

97.

98.
99.

100.

101.
102.

103.

104.

Reisz RR, Evans DC, Roberts EM, Sues HD, Yates AM. 2012 Oldest known dinosaurian nesting site and reproductive biology of the Early Jurassic sauropodomorph Massospondylus. m

Proc. Natl Acad. Sci. USA 109, 2428-2433. (doi:10.1073/pnas.1109385109)

Legendre LJ, Rubilar-Rogers D, Musser GM, Davis SN, Otero RA, Vargas AO, Clarke JA. 2020 A giant soft-shelled egg from the Late Cretaceous of Antarctica. Nature 583, 411-414.
(doi:10.1038/541586-020-2377-7)

Legendre LJ, Choi S, Clarke JA. 2022 The diverse terminology of reptile eggshell microstructure and its effect on phylogenetic comparative analyses. J. Anat. 241, 641-666. (doi:10.
1111/joa.13723)

Choi S, Yang TR, Moreno-Azanza M, Zhang S, Kim NH. 2022 Triassic sauropodomorph eggshell might not be soft. Nature 610, E8—E10. (doi:10.1038/541586-022-05151-9)

Stein K, Prondvai E, Huang T, Baele JM, Sander PM, Reisz R. 2019 Structure and evolutionary implications of the earliest (Sinemurian, Early Jurassic) dinosaur eggs and eggshells.
Sci. Rep. 9, 4424. (doi:10.1038/541598-019-40604-8)

Erickson GM, Zelenitsky DK, Kay DI, Norell MA. 2017 Dinosaur incubation periods directly determined from growth-line counts in embryonic teeth show reptilian-grade
development. Proc. Nat! Acad. Sci. USA 114, 540-545. (d0i:10.1073/pnas.1613716114)

Erickson GM. 1996 Incremental lines of von Ebner in dinosaurs and the assessment of tooth replacement rates using growth line counts. Proc. Nat! Acad. Sci. USA 93, 14623—14627.
(doi:10.1073/pnas.93.25.14623)

Chapelle KEJ, Fernandez V, Choiniere JN. 2020 Conserved in-ovo cranial ossification sequences of extant saurians allow estimation of embryonic dinosaur developmental stages.
Sci. Rep. 10, 4224. (doi:10.1038/541598-020-60292-2)

Reisz RR, LeBlanc ARH, Maddin HC, Dudgeon TW, Scott D, Huang T, Chen J, Chen CM, Zhong S. 2020 Early Jurassic dinosaur fetal dental development and its significance for the
evolution of sauropod dentition. Nat. Commun. 11, 2240. (doi:10.1038/541467-020-16045-7)

Zahradnicek 0, Horacek |, Tucker AS. 2012 Tooth development in a model reptile: functional and null generation teeth in the gecko Paroedura picta. J. Anat. 221, 195-208. (doi:10.
1111/}.1469-7580.2012.01531.x)

Westergaard B, Ferguson MWJ. 1987 Development of the dentition in Alligator mississippiensis. Later development in the lower jaws of embryos, hatchlings and young juveniles. J.
Z00l.212,191-222. (doi:10.1111/j.1469-7998.1987.tb05984.x)

Westergaard B, Ferguson MW. 1990 Development of the dentition in Alligator mississippiensis: upper jaw dental and craniofacial development in embryos, hatchlings, and young
juveniles, with a comparison to lower jaw development. Am. J. Anat. 187, 393-421. (doi:10.1002/aja.1001870407)

Fiorelli LE et al. 2022 First titanosaur dinosaur nesting site from the Late Cretaceous of Brazil. Sci. Rep. 12, 5091. (doi:10.1038/541598-022-09125-9)

Dhiman H, Verma V, Singh LR, Miglani V, Jha DK, Sanyal P, Tandon SK, Prasad GVR. 2023 New Late Cretaceous titanosaur sauropod dinosaur egg clutches from lower Narmada
Valley, India: palaeobiology and taphonomy. PLoS ONE 18, €0278242. (doi:10.1371/journal.pone.0278242)

Skawinski T, Kaczmarek P, Borczyk B. 2023 Embryonic development of the skull in a parthenogenetic lizard, the mourning gecko (Lepidodactylus lugubris). J. Anat. 243, 618—629.
(doi:10.1111/joa.13871)

Rieppel 0. 1994 Studies on skeleton formation in reptiles. Patterns of ossification in the skeleton of Lacerta agilis exigua Eichwald (Reptilia, Squamata). J. Herpetol. 28, 145-153.
(doi:10.2307/1564613)

Ashley EA, Davis AK, Terrell VK, Lake C, Carden C, Head L, Choe R, Maerz JC. 2021 Effects of salinity on hatchling diamond-backed terrapin (Malaclemys terrapin) growth, behavior,
and stress physiology. Herpetologica 77, 45-55. (doi:10.1655/herpetologica-d-20-00028.1)

Rieppel 0. 1993 Studies on skeleton formation in reptiles: patterns of ossification in the skeleton of Chelydra serpentina (Reptilia, Testudines). J. Zool. 231, 487-509. (doi:10.1111/j.
1469-7998.1993.th01933.x)

Rieppel 0. 1993 Studies on skeleton formation in reptiles. v. Patterns of ossification in the skeleton of Alligator mississippiensis DAUDIN (Reptilia, Crocodylia). Zool. J. Linn. Soc. 109,
301-325. (doi:10.1111/j.1096-3642.1993.th02537.x)

Rieppel 0. 1992 Studies on skeleton formation in reptiles. lll. Patterns of ossification in the skeleton of Lacerta vivipara Jacquin (Reptilia, Squamata). Fieldiana (Zool.) N. S. 68, 1-25.
Rieppel 0. 1992 Studies on skeleton formation in reptiles. I. The postembryonic development of the skeleton in (yrtodactylus pubisulcus (Reptilia: Gekkonidae). J. Zool. 227, 87—
100. (doi:10.1111/j.1469-7998.1992.th04346.x)

Zhao Q, Benton MJ, Sullivan C, Martin Sander P, Xu X. 2013 Histology and postural change during the growth of the ceratopsian dinosaur Psittacosaurus lujiatunensis. Nat. Commun.
4,2079. (doi:10.1038/ncomms3079)

Chapelle KE, Barrett PM, Choiniere JN, Botha J. 2022 Interelemental osteohistological variation in Massospondylus carinatus and its implications for locomotion. Peer/ 10, €13918.
(doi:10.7717/peerj.13918)

Cerda IA, Pol D, Otero A, Chinsamy A. 2022 Palaeobiology of the early sauropodomorph Mussaurus patagonicus inferred from its long bone histology. Palaeontology 65, e12614.
(doi:10.1111/pala.12614)

Chinsamy A. 1990 Physiological implications of the bone histology of Syntarsus rhodesiensis (Saurischia: Theropoda). Palaeontol. Afr. 27, 77-82. http://hdl.handle.net/10539/
16144

Prondvai E. 2017 Medullary bone in fossils: function, evolution and significance in growth curve reconstructions of extinct vertebrates. J. Evol. Biol. 30, 440—-460. (doi:10.1111/jeb.
13019)

Sanchez S, Ahlberg PE, Trinajstic KM, Mirone A, Tafforeau P. 2012 Three-dimensional synchrotron virtual paleohistology: a new insight into the world of fossil bone microstructures.
Microsc. Microanal. 18, 1095-1105. (doi:10.1017/51431927612001079)

Chinsamy A. 1993 Bone histology and growth trajectory of the prosauropod dinosaur Massospondylus carinatus Owen. Mod. Geol. 18, 319-329.

Curry KA. 1999 Ontogenetic histology of Apatosaurus (Dinosauria: Sauropoda): new insights on growth rates and longevity. J. Vertebr. Paleontol. 19, 654—665. (doi:10.1080/
02724634.1999.10011179)

Erickson G. 2000 Growth curve of Psittacosaurus mongoliensis Oshorn (Ceratopsia: Psittacosauridae) inferred from long bone histology. Zool. J. Linn. Soc. 130, 551-566. (doi:10.
1006/zj15.2000.0243)

Lee AH, Werning S. 2008 Sexual maturity in growing dinosaurs does not fit reptilian growth models. Proc. Nat! Acad. Sci. USA 105, 582-587. (doi:10.1073/pnas.0708903105)
Erickson GM, Currie PJ, Inouye BD, Winn AA. 2006 Tyrannosaur life tables: an example of nonavian dinosaur population biology. Science 313, 213-217. (doi:10.1126/science.
1125721)

Erickson GM, Makovicky PJ, Currie PJ, Norell MA, Yerby SA, Brochu CA. 2004 Gigantism and comparative life-history parameters of tyrannosaurid dinosaurs. Nature 430, 772-775.
(doi:10.1038/nature02699)

Horner JR, Padian K. 2004 Age and growth dynamics of Tyrannosaurus rex. Proc. R. Soc. Lond. B 271, 1875—1880. (doi:10.1098/rspb.2004.2829)

1G5y euinof/Bio Sunysyqnd/saposiefos

vLy0¥C0C LT "BaTjoig


http://dx.doi.org/10.1073/pnas.1109385109
http://dx.doi.org/10.1038/s41586-020-2377-7
http://dx.doi.org/10.1111/joa.13723
http://dx.doi.org/10.1111/joa.13723
http://dx.doi.org/10.1038/s41586-022-05151-9
http://dx.doi.org/10.1038/s41598-019-40604-8
http://dx.doi.org/10.1073/pnas.1613716114
http://dx.doi.org/10.1073/pnas.93.25.14623
http://dx.doi.org/10.1038/s41598-020-60292-z
http://dx.doi.org/10.1038/s41467-020-16045-7
http://dx.doi.org/10.1111/j.1469-7580.2012.01531.x
http://dx.doi.org/10.1111/j.1469-7580.2012.01531.x
http://dx.doi.org/10.1111/j.1469-7998.1987.tb05984.x
http://dx.doi.org/10.1002/aja.1001870407
http://dx.doi.org/10.1038/s41598-022-09125-9
http://dx.doi.org/10.1371/journal.pone.0278242
http://dx.doi.org/10.1111/joa.13871
http://dx.doi.org/10.2307/1564613
http://dx.doi.org/10.1655/herpetologica-d-20-00028.1
http://dx.doi.org/10.1111/j.1469-7998.1993.tb01933.x
http://dx.doi.org/10.1111/j.1469-7998.1993.tb01933.x
http://dx.doi.org/10.1111/j.1096-3642.1993.tb02537.x
http://dx.doi.org/10.1111/j.1469-7998.1992.tb04346.x
http://dx.doi.org/10.1038/ncomms3079
http://dx.doi.org/10.7717/peerj.13918
http://dx.doi.org/10.1111/pala.12614
http://hdl.handle.net/10539/16144
http://hdl.handle.net/10539/16144
http://dx.doi.org/10.1111/jeb.13019
http://dx.doi.org/10.1111/jeb.13019
http://dx.doi.org/10.1017/S1431927612001079
http://dx.doi.org/10.1080/02724634.1999.10011179
http://dx.doi.org/10.1080/02724634.1999.10011179
http://dx.doi.org/10.1006/zjls.2000.0243
http://dx.doi.org/10.1006/zjls.2000.0243
http://dx.doi.org/10.1073/pnas.0708903105
http://dx.doi.org/10.1126/science.1125721
http://dx.doi.org/10.1126/science.1125721
http://dx.doi.org/10.1038/nature02699
http://dx.doi.org/10.1098/rspb.2004.2829

Downloaded from https://royal societypublishing.org/ on 17 January 2025

105.

106.
107.

108.

109.

110.

m.

112.

113.

14.

115.

116.
17.

118.

19.

120.
121.

122.
123.
124.
125.
126.

127.
128.

129.
130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

Cullen TM, Canale JI, Apesteguia S, Smith ND, Hu D, Makovicky PJ. 2020 Osteohistological analyses reveal diverse strategies of theropod dinosaur body-size evolution. Proc. R. Soc. B m

287, 20202258. (doi:10.1098/rspb.2020.2258)

Chinsamy A. 2023 Palaeoecological deductions from osteohistology. Biol. Lett. 19, 20230245. (doi:10.1098/rshl.2023.0245)

Cullen TM, Brown CM, Chiba K, Brink KS, Makovicky PJ, Evans DC. 2021 Growth variability, dimensional scaling, and the interpretation of osteohistological growth data. Biol. Lett.
17,20210383. (doi:10.1098/rshl.2021.0383)

Klein N, Sander PM. 2007 Bone histology and growth of the prosauropod dinosaur Plateosaurus engelhardti von Meyer, 1837 from the Norian bonebeds of Trossingen (Germany)
and Frick (Switzerland). Spec. Pap. Palaeontol. 77, 169.

Sander PM, Klein N. 2005 Developmental plasticity in the life history of a prosauropod dinosaur. Science 310, 1800—1802. (doi:10.1126/science.1120125)

Krupandan E, Chinsamy-Turan A, Pol D. 2018 The long bone histology of the sauropodomorph Antetonitrus ingenipes. Anat. Rec. 301, 1506—1518. (doi:10.1002/ar.23898)

Chinsamy A, Marugan-Lohén J, Serrano FJ, Chiappe L. 2020 Osteohistology and life history of the basal pygostylian, Confuciusornis sanctus. Anat. Rec. 303, 949-962. (doi:10.1002/
ar.24282)

Han F, Zhao Q, Stiegler J, Xu X. 2020 Bone histology of the non-iguanodontian ornithopod Jeholosaurus shangyuanensis and its implications for dinosaur skeletochronology and
development. J. Vertebr. Paleontol. 40, e1768538. (doi:10.1080/02724634.2020.1768538)

Botha J, Choiniere JN, Barrett PM. 2022 Osteohistology and taphonomy support social aggregation in the early ornithischian dinosaur Lesothosaurus diagnosticus. Palaeontology
65, €12619. (doi:10.1111/pala.12619)

Castanet J, Croci S, Aujard F, Perret M, Cubo J, de Margerie E. 2004 Lines of arrested growth in bone and age estimation in a small primate: Microcebus murinus. J. Zool. 263, 31-39.
(doi:10.1017/50952836904004844)

Pereyra ME, Bona P, Siroski P, Chinsamy A. 2024 Ontogenetic and interelemental study of appendicular bones of Caiman latirostris Daudin, 1802 sheds light on osteohistological
variability in crocodylians. J. Morphol. 285, €21687. (doi:10.1002/jmor.21687)

Hutton JM. 1986 Age determination of living Nile crocodiles from the cortical stratification of bone. Copeia 1986, 332. (doi:10.2307/1444994)

Petermann H, Mongiardino Koch N, Gauthier JA. 2017 Osteohistology and sequence of suture fusion reveal complex environmentally influenced growth in the teiid lizard
Aspidoscelis tigris—implications for fossil squamates. Palaeogeogr. Palaeoclimatol. Palaeoecol. 475, 12-22. (doi:10.1016/j.palae0.2017.02.034)

Guarino FM, Lunardi S, Carlomagno M, Mazzotti S. 2003 A skeletochronological study of growth, longevity, and age at sexual maturity in a population of Rana latastei (Amphibia,
Anura). J. Biosci. 28, 775-782. (doi:10.1007/BF02708438)

Starck JM, Ricklefs RE. 1998 Patterns of development: the altricial-precocial spectrum. In Avian growth and development, pp. 3—30. New York, NY: Oxford University Press. (doi:10.
1093/050/9780195106084.003.0001)

Tucker AD. 1997 Validation of skeletochronology to determine age of freshwater crocodiles (Crocodylus johnstoni). Mar. Freshw. Res. 48, 343. (d0i:10.1071/mf96113)

Horner JR, de Ricglés A, Padian K. 1999 Variation in dinosaur skeletochronology indicators: implications for age assessment and physiology. Paleobiology 25, 295-304. (doi:10.
1017/50094837300021308)

Woodward HN, Horner JR, Farlow JO. 2014 Quantification of intraskeletal histovariability in Alligator mississippiensis and implications for vertebrate osteohistology. Peer/ 2, e422.
(doi:10.7717/peerj.422)

Werning S. 2012 The ontogenetic osteohistology of Tenontosaurus tilletti. PLoS ONE 7, €33539. (doi:10.1371/journal.pone.0033539)

Schucht PJ, Klein N, Lambertz M. 2021 What's my age again? On the ambiguity of histology-based skeletochronology. Proc. R. Soc. B 288, 20211166. (doi:10.1098/rspb.2021.1166)
Horner JR, Goodwin MB. 2008 Ontogeny of cranial epi-ossifications in Triceratops. J. Vertebr. Paleontol. 28, 134—144. (doi:10.1671/0272-4634(2008)28[134:00ceit]2.0.co;2)

Wang S, Stiegler J, Amiot R, Wang X, Du GH, Clark JM, Xu X. 2017 Extreme ontogenetic changes in a ceratosaurian theropod. Curr. Biol. 27, 144-148. (doi:10.1016/j.cub.2016.10.
043)

Frederickson JA, Tumarkin-Deratzian AR. 2014 Craniofacial ontogeny in Centrosaurus apertus. Peer) 2, €252. (doi:10.7717/peer}.252)

Bailleul AM, Scannella JB, Horner JR, Evans DC. 2016 Fusion patterns in the skulls of modern archosaurs reveal that sutures are ambiguous maturity indicators for the Dinosauria.
PLoS ONE 11, e0147687. (doi:10.1371/journal.pone.0147687)

Brochu CA. 1992 Ontogeny of the postcranium in crocodylomorph archosaurs. Austin, TX: University of Texas at Austin.

Tumarkin-deratzian AR, Vann DR, Dodson P. 2006 Bone surface texture as an ontogenetic indicator in long bones of the Canada goose Branta canadensis (Anseriformes: Anatidae).
Zool. J. Linn. Soc. 148, 133—168. (doi:10.1111/j.1096-3642.2006.00232.x)

Tumarkin-deratzian AR, Vann DR, Dodson P. 2007 Growth and textural ageing in long bones of the American alligator Alligator mississippiensis (Crocodylia: Alligatoridae). Zool. J.
Linn. Soc. 150, 1-39. (doi:10.1111/j.1096-3642.2007.00283.x)

Bybee PJ, Lee AH, Lamm ET. 2006 Sizing the Jurassic theropod dinosaur Allosaurus: assessing growth strategy and evolution of ontogenetic scaling of limbs. J. Morphol. 267, 347—
359. (doi:10.1002/jmor.10406)

Colbert MW, Rowe T. 2008 Ontogenetic sequence analysis: using parsimony to characterize developmental sequences and sequence polymorphism. J. Exp. Zool. B 310B, 398—416.
(doi:10.1002/jez.h.21212)

Griffin CT, Nesbitt SJ. 2016 Anomalously high variation in postnatal development is ancestral for dinosaurs but lost in birds. Proc. Natl Acad. Sci. USA 113, 14757-14762. (doi:10.
1073/pnas.1613813113)

Piechowski R, Tatanda M, Dzik J. 2014 Skeletal variation and ontogeny of the Late Triassic Dinosauriform Silesaurus opolensis. J. Vertebr. Paleontol. 34, 1383—1393. (doi:10.1080/
02724634.2014.873045)

Raath MA. 1990 Morphological variation in small theropods and its meaning in systematics: evidence from Syntarsus rhodesiensis. In Dinosaur systematics, pp. 91-106. Cambridge,
UK: Cambridge University Press. (doi:10.1017/cb09780511608377.010)

Carrano MT, Sampson SD, Forster CA. 2002 The osteology of Masiakasaurus knopfleri, a small abelisauroid (Dinosauria: Theropoda) from the Late Cretaceous of Madagascar. J.
Vertebr. Paleontol. 22, 510-534. (d0i:10.1671/0272-4634(2002)022[0510:toomka]2.0.co;2)

McFeeters B, Evans D, Maddin H. 2021 Ontogeny and variation in the skull roof and braincase of Maiasaura peeblesorum from the Two Medicine Formation of Montana, USA. Acta
Palaeontol. Pol. 66. (doi:10.4202/app.00698.2019)

Hedrick BP, Dodson P. 2013 Lujiatun psittacosaurids: understanding individual and taphonomic variation using 3D geometric morphometrics. PLoS ONE 8, 69265. (doi:10.1371/
journal.pone.0069265)

McNamara KJ, McKinney ML. 2005 Heterochrony, disparity, and macroevolution. Paleobiology 31, 17-26. (doi:10.1666/0094-8373(2005)031[0017:hdam]2.0.co;2)

Gould S. 1977 Ontogeny and phylogeny. Cambridge, MA: Belknap Press of Harvard University Press.

J4s1//ewnof/Bio Buiysyqndaaposfefos

vLy0¥C0C LT "BaTjoig


http://dx.doi.org/10.1098/rspb.2020.2258
http://dx.doi.org/10.1098/rsbl.2023.0245
http://dx.doi.org/10.1098/rsbl.2021.0383
http://dx.doi.org/10.1126/science.1120125
http://dx.doi.org/10.1002/ar.23898
http://dx.doi.org/10.1002/ar.24282
http://dx.doi.org/10.1002/ar.24282
http://dx.doi.org/10.1080/02724634.2020.1768538
http://dx.doi.org/10.1111/pala.12619
http://dx.doi.org/10.1017/s0952836904004844
http://dx.doi.org/10.1002/jmor.21687
http://dx.doi.org/10.2307/1444994
http://dx.doi.org/10.1016/j.palaeo.2017.02.034
http://dx.doi.org/10.1007/BF02708438
http://dx.doi.org/10.1093/oso/9780195106084.003.0001
http://dx.doi.org/10.1093/oso/9780195106084.003.0001
http://dx.doi.org/10.1071/mf96113
http://dx.doi.org/10.1017/s0094837300021308
http://dx.doi.org/10.1017/s0094837300021308
http://dx.doi.org/10.7717/peerj.422
http://dx.doi.org/10.1371/journal.pone.0033539
http://dx.doi.org/10.1098/rspb.2021.1166
http://dx.doi.org/10.1671/0272-4634(2008)28[134:ooceit]2.0.co;2
http://dx.doi.org/10.1016/j.cub.2016.10.043
http://dx.doi.org/10.1016/j.cub.2016.10.043
http://dx.doi.org/10.7717/peerj.252
http://dx.doi.org/10.1371/journal.pone.0147687
http://dx.doi.org/10.1111/j.1096-3642.2006.00232.x
http://dx.doi.org/10.1111/j.1096-3642.2007.00283.x
http://dx.doi.org/10.1002/jmor.10406
http://dx.doi.org/10.1002/jez.b.21212
http://dx.doi.org/10.1073/pnas.1613813113
http://dx.doi.org/10.1073/pnas.1613813113
http://dx.doi.org/10.1080/02724634.2014.873045
http://dx.doi.org/10.1080/02724634.2014.873045
http://dx.doi.org/10.1017/cbo9780511608377.010
http://dx.doi.org/10.1671/0272-4634(2002)022[0510:toomka]2.0.co;2
http://dx.doi.org/10.4202/app.00698.2019
http://dx.doi.org/10.1371/journal.pone.0069265
http://dx.doi.org/10.1371/journal.pone.0069265
http://dx.doi.org/10.1666/0094-8373(2005)031[0017:hdam]2.0.co;2

Downloaded from https://royal societypublishing.org/ on 17 January 2025

142.

143.

144.

145.

146.
147.

148.

149.
150.

151.

152.

153.
154.

155.
156.

157.

158.

159.

Foth C, Hedrick BP, Ezcurra MD. 2016 Cranial ontogenetic variation in early saurischians and the role of heterochrony in the diversification of predatory dinosaurs. Peer/ 4, e1589.
(doi:10.7717/peerj.1589)

Plateau 0, Foth C. 2020 Birds have peramorphic skulls, too: anatomical network analyses reveal oppositional heterochronies in avian skull evolution. Commun. Biol. 3, 195. (doi:10.
1038/542003-020-0914-4)

D’Emic MD et al. 2023 Developmental strategies underlying gigantism and miniaturization in non-avialan theropod dinosaurs. Science 379, 811-814. (doi:10.1126/science.
adc8714)

de Buffrénil V, Zylberberg L, de Ricqglés AJ, Padian K, Laurin M, Quilhac A. 2021 Vertebrate skeletal histology and paleohistology. Boca Raton, FL: CRC Press. (doi:10.1201/
9781351189590)

Lai C, Scarpetta SG. 2024 The skull of the Turks and Caicos rock iguana, (yclura carinata (Squamata: Iguanidae). Peer/ 12, e17595. (doi:10.7717/peerj.17595)

Bell (J, Mead JI. 2014 Not enough skeletons in the closet: collections-based anatomical research in an age of conservation conscience. Anat. Rec. 297, 344-348. (doi:10.1002/ar.
22852)

Evans SE. 2008 The skull of lizards and tuatara. In Biology of the Reptilia, vol. 20 (eds C Gans, AS Gaunt, K Adler), pp. 1-347. Granville, OH: Society for the Study of Amphibians and
Reptiles.

Sushkin PP. 1928 On the anatomy and classification of the weaver-birds. Bull. Am. Mus. Nat. Hist. 57,1-32. http://hdl.handle.net/2246/489

Vaughan VC. 1876 Notes on the osteology and myology of the domestic fow! (Gallus domesticus) for the use of colleges and schools of comparative anatomy and for the independent
zoological student. Ann Arbor, MI: Sheehan & Co.

Fumero-Hernandez M, Encinoso M, Melian A, Nuez HA, Salman D, Jaber JR. 2023 Cross sectional anatomy and magnetic resonance imaging of the juvenile Atlantic puffin head
(Aves, Alcidae, Fratercula arctica). Animals 13, 3434. (doi:10.3390/ani13223434)

Silva 1A, Vieira LC, Mancini VRM, Faillace ACL, Santana MIS. 2020 Radiographic anatomy of the cockatiel (Nymphicus hollandicus) axial and appendicular skeleton. Anat. Histol.
Embryol. 49, 184-195. (doi:10.1111/ahe.12510)

Woodward HN, Horner JR, Farlow JO. 2011 Osteohistological evidence for determinate growth in the American alligator. J. Herpetol. 45, 339-342. (doi:10.1670/10-274.1)
Mascarenhas-Junior P, Bassetti LA, Manso Saydo J. 2021 Bone histology of broad-snouted Caiman Caiman latirostris (Crocodylia: Alligatoridae) as tool for morphophysiological
inferences in Crocodylia. Acta Herpetol. 16, 109—121. (doi:10.36253/a_h-10079)

Foote JS. 1911 The comparative histology of femoral bones. Trans. Am. Microsc. Soc. 30, 87. (doi:10.2307/3221427)

(astanet J, Rogers KC, Cubo J, Boisard JJ. 2000 Periosteal bone growth rates in extant ratites (ostrich and emu). Implications for assessing growth in dinosaurs. C. R. Acad. Sci. Ser. Ill
323, 543-550. (doi:10.1016/50764-4469(00)00181-5)

Heck CT, Woodward HN. 2021 Intraskeletal bone growth patterns in the North Island brown kiwi (Apteryx mantelli): growth mark discrepancy and implications for extinct taxa. J.
Anat. 239, 1075-1095. (doi:10.1111/joa.13503)

Ong N, Hart-Farrar B, Tremaine K, Woodward HN. 2022 Osteohistological description of ostrich and emu long bones, with comments on markers of growth. J. Anat. 241, 518-526.
(doi:10.1111/joa.13665)

Chapelle KEJ, Griffin C, Pol D. 2024 Supplementary material from: Growing with dinosaurs: a review of dinosaur reproduction and ontogeny. Figshare. (doi:10.6084/m9.figshare.c.
7587779)

Y0VOT SLT W70 asyeunobioSunsigndbeposefor [


http://dx.doi.org/10.7717/peerj.1589
http://dx.doi.org/10.1038/s42003-020-0914-4
http://dx.doi.org/10.1038/s42003-020-0914-4
http://dx.doi.org/10.1126/science.adc8714
http://dx.doi.org/10.1126/science.adc8714
http://dx.doi.org/10.1201/9781351189590
http://dx.doi.org/10.1201/9781351189590
http://dx.doi.org/10.7717/peerj.17595
http://dx.doi.org/10.1002/ar.22852
http://dx.doi.org/10.1002/ar.22852
http://hdl.handle.net/2246/489
http://dx.doi.org/10.3390/ani13223434
http://dx.doi.org/10.1111/ahe.12510
http://dx.doi.org/10.1670/10-274.1
http://dx.doi.org/10.36253/a_h-10079
http://dx.doi.org/10.2307/3221427
http://dx.doi.org/10.1016/s0764-4469(00)00181-5
http://dx.doi.org/10.1111/joa.13503
http://dx.doi.org/10.1111/joa.13665
http://dx.doi.org/10.6084/m9.figshare.c.7587779
http://dx.doi.org/10.6084/m9.figshare.c.7587779

	Growing with dinosaurs: a review of dinosaur reproduction and ontogeny
	1. Introduction
	2. Reproductive biology
	3. Osteohistological growth strategies
	4. Osteological morphological variation
	5. Ontogeny and macroevolution
	6. Concluding remarks and recommendations for future work
	(a) Fieldwork and exhaustive use of pre-existing fossil collections
	(b) Methodical collection and reposition of µCT scan data
	(c) Assessing ontogenetic maturity
	(d) Establishing consistency in terminology and methods
	(e) Building extant comparative datasets



