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Abstract

Ceratosaurus is a large-bodied non-avian theropod dinosaur known from the Upper
Jurassic Morrison Formation of North America and is remarkable both for its ex-
ceptionally fast annual growth rate and its status as the only theropod currently
known with postcranial osteoderms. We describe the osteohistology of three hind
limb bones, two dorsal ribs, and one osteoderm representing four individuals of
Ceratosaurus. In addition to describing the tissues of these bones, we compared the
annual growth rates from three individuals in our sample to those of five other cera-
tosaurians. We fit seven growth models to two of the specimens in our sample and
compared the results of the best-fit model(s) to those of two other ceratosaurians
(Masiakasaurus knopfleri and Majungasaurus crenatissimus) for which sufficient growth
data were available. The bone tissue of hind limbs in Ceratosaurus is highly vascular-
ized, with dense plexiform or reticular vascular complexes and alternating strips of
parallel or woven-fibered matrix. Few lines of arrested growth were recorded in hind
limbs prior to specimens achieving asymptotic body size. Both sampled dorsal ribs
are highly remodeled, with only small portions of primary bone visible in each sec-
tion, revealing parallel-fibered bone with sparse primary osteons. Both dorsal ribs
contain numerous lines of arrested growth throughout the cortex that allowed for
more accurate estimates of individual age when paired with the data from hind limbs.
The osteoderm is composed of a core of large Haversian canals and a perimeter of
lamellar bone with dense Sharpey's fibers along the internal surface of the bone.
Multiple LAGs are also present within the lamellar bone along the exterior margins.
Maximum annual growth rates in Ceratosaurus were on average nine-fold faster than
those of other ceratosaurians. Our sample lacks data from juveniles so confidence in
inferred growth models is limited. Thus, to begin to constrain Ceratosaurus growth
patterns, we averaged the results of all models that possessed an Akaike Information
Criterion score corrected for small sample size (AICc) within 10 of the lowest scoring
model. We found that the monomolecular model exhibited the lowest AlCc value,
with the von Bertalanffy and Gompertz models possessing AlCc values within 10
units of it. In contrast, the logistic and Gompertz models were confidently selected

for Masiakasaurus and Majungasaurus, respectively. Irrespective of growth model,
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1 | INTRODUCTION

Across Tetrapoda, the development of skeletal and dental tissues
is usually cyclical, with alternating periods of deposition and cessa-
tion (Castanet, 2006; Castanet et al., 1993; Castanet & Baez, 1991;
de Buffrénil et al.,, 2021; Klevezal, 1996; Padian, 2012; Pengelley
et al.,, 1978; Reid, 1984, 1990; Teaford et al., 2000). In the skeleton,
these cycles are typically annual, with bone tissue being deposited
throughout the year and slowing or ceasing deposition altogether
for variable amounts of time during a period/season of resource lim-
itation (Castanet et al., 1993, 2004; de Buffrénil et al., 2021; Kohler
et al., 2012; Padian & Lamm, 2013). Bone tissue is composed of a net-
work of collagen fibers and inorganic matrix (hydroxyapatite) occupied
by a lacunocanalicular network hosting osteocytes and perforated
by neurovascular canals (de Buffrénil et al., 2021; Francillon-Vieillot
et al., 1990; Padian & Lamm, 2013). The orientation, compactness,
and density of these components are thought to be related to differ-
ent rates of skeletal growth, with faster rates of growth being associ-
ated with less organized matrix (e.g., woven-fibered matrix) and more
interconnected vascular canals (e.g., plexiform vascular canals). By
contrast, slower growth has been associated with a more organized
matrix (e.g., lamellar matrix) and less dense vascularity (e.g., longitu-
dinal canals) (Amprino, 1947; Castanet et al., 2000; de Buffrénil et al.,
2008; de Buffrénil et al., 2021; Padian & Lamm, 2013).

Periods of growth cessation are preserved in bone tissue as dark
lines, approximately 1-2 microns in width, called Lines of Arrested
Growth (LAGSs) that intermittently record the periosteal circumfer-
ence of the element (de Buffrénil et al., 2021; Francillon-Vieillot
et al., 1990). Multiple experimental and observational studies sup-
port the hypothesis that LAGs are usually deposited annually, mak-
ing them a generally reliable method for obtaining individual age
estimates (Castanet et al., 1993, 2004; Klein et al., 2009; Kdéhler
et al.,, 2012; Schucht et al., 2021; Woodward et al., 2014). As LAGs
record element circumference, the incremental increase in LAG
circumferences can be used to determine how a skeletal element
grew over the life of an animal (de Buffrénil et al., 2021; Erickson
et al., 2001, 2007; Erickson & Tumanova, 2000; Padian et al., 2001,
Reid, 1990). Furthermore, body mass has been shown to strongly
correlate with the midshaft circumferences of stylopodia (Campione
et al., 2014; Campione & Evans, 2012). Thus, LAG circumferences
obtained from the femoral midshaft of a biped can provide time-
calibrated sequences of annual growth through estimations of body
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maximum relative annual growth rates for Ceratosaurus were several-fold greater
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than those of Masiakasaurus and Majungasaurus. Both histological and growth model
estimates of life history support an evolutionary trend towards more prolonged

development in Ceratosauria through evolutionary time.

biology, growth, life history, paleohistology, paleontology

mass at a given timepoint in ontogeny (de Buffrénil et al., 2021,
Bybee et al., 2006; Erickson et al., 2007; Myhrvold, 2013; Padian &
Lamm, 2013; Prondvai, 2017).

Such time-calibrated sequences of annual skeletal growth can
be used to generate sigmoidal growth models (Cooper et al., 2008).
The use of growth models to characterize skeletal (and whole body)
growth in vertebrates has become increasingly common in paleo-
histological studies, as they provide a quantifiable and reproduc-
ible framework for comparison of life history data collected from
both extinct and extant animals (Cooper et al., 2008; Griebeler
etal.,2013; Lee & O'Connor, 2013; Lee & Werning, 2008; Woodward
et al., 2015; Wosik & Evans, 2022; Zullinger et al., 1984). Sigmoidal
growth models have three phases: (1) an initial exponential phase,
(2) a linear accelerated phase, and (3) an attenuating growth phase
as the animal approaches its growth asymptote (Lee et al., 2013). To
infer the length and duration of each phase, an array of mathemat-
ical models have been developed that allow for adjustments to the
timing and shape of each part of the sigmoidal curve (e.g., Logistic
model, Gompertz model, etc.) (Cooper et al., 2008; Lee et al., 2013;
Lee & O'Connor, 2013). Growth models also can be used to estimate
missing data when only a portion of the skeletal growth record is
preserved, as is often the case in paleontological data, allowing for
more accurate estimates of an individual's age (Lee et al., 2013; Lee
& O'Connor, 2013). Paleohistological studies have primarily utilized
the Richards family growth model as originally applied to dinosaurs
by Cooper et al. (2008) (Richards, 1959). This approach allows for the
rapid comparison of several models where the timing of accelerated
growth changes, from pre-birth to three-quarters of the way through
an animal's ontogeny (Lee et al., 2013; Lee & O'Connor, 2013). Once
a model of best fit has been determined, relevant factors about the
animal's growth history as reflected in bone can be extracted, such
as its age, maximum growth rate, or the approximate length of each
phase (Griebeler et al., 2013; Lee et al., 2013; Lee & O'Connor, 2013;
Lee & Werning, 2008; Woodward et al., 2015; Wosik & Evans, 2022).

In this study, we describe the osteohistology of Ceratosaurus, a
large-bodied non-avian theropod dinosaur from the Late Jurassic
Period (Carrano & Sampson, 2008; Gilmore, 1920; Madsen Jr. &
Welles, 2000). Three species have been attributed to the genus
Ceratosaurus: C. nasicornis, C. magnicornis, and C. dentisulcatus (Madsen
Jr. & Welles, 2000). A recent analysis of theropod growth (D'Emic
et al., 2023) revealed that individuals of Ceratosaurus nasicornis and
Ceratosaurus magnicornis both possessed exceptionally fast growth
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rates and relatively high body masses, whereas later diverging lin-
eages within Ceratosauria have been shown to grow more slowly
and achieve generally smaller body sizes (D'Emic et al., 2023; Lee &
Q'Connor, 2013; Pol et al., 2024). Multiple drivers have been suggested
for this shift in developmental strategies, primarily environmental
stressors demanding reductions in the energetic budget for skeletal
growth (Lee & O'Connor, 2013). As Ceratosaurus is one of the earliest-
diverging members of Ceratosauria (Carrano & Sampson, 2008; Pol
et al., 2024), understanding how it grew is essential for contextualizing
growth strategies of later diverging members of Ceratosauria.

Moreover, Ceratosaurus is the only theropod dinosaur for
which postcranial osteoderms have been reported (Gilmore, 1920;
Hendrickx et al., 2022; Madsen Jr. & Welles, 2000; Vickaryous &
Sire, 2009). Osteoderms are ossified elements that originate within
the dermis and are widespread throughout Tetrapoda, with multi-
ple taxa (including many different lineages of dinosaurs) possess-
ing osteoderms (Curry Rogers et al., 2011; de Buffrénil et al., 2011;
D'Emic et al., 2009; Hendrickx et al., 2022; Hill, 2005; Maliuk
et al.,, 2024; Scheyer & Sander, 2004; Vickaryous & Hall, 2008;
Williams et al., 2022). One of the few exceptions to this pattern is
Theropoda, in which only Ceratosaurus has been found in associa-
tion with postcranial osteoderms among the 11,000+ known spe-
cies. Reid (1996) provided a histological description of an osteoderm
(C-LQ 100) from Ceratosaurus, however the section itself has since
been lost, and without firsthand observation, our understanding of
the structure or its development is limited.

The mode of osteoderm development has been linked to both
developmental and phylogenetic signals (Burns & Currie, 2014;
de Buffrénil et al.,, 2021; Hendrickx et al.,, 2022; Vickaryous &
Hall, 2008). Osteoderms can develop either through osteoblastic
osteogenesis, in which bone tissue is secreted within the dermis, or
through metaplasia, in which the dermis is converted into osseous
tissue (Burns & Currie, 2014; de Buffrénil et al., 2021; Vickaryous &
Hall, 2008). Conflicting evidence for these two types/forms of osteo-
derm development has been found in archosaurs, with a proposed
explanation being a developmental shift from an initial metaplastic
stage to an osteoblastic stage once the core of the bone is formed (de
Buffrénil et al., 2021). Evidence for metaplastic origins includes the
presence of structural fibers within the cortex of the bone, formed
by dermal tissues that had been anchoring the primordial osteo-
derm to the dermis being incorporated into the bone cortex (Burns
& Currie, 2014; de Buffrénil et al., 2021; Scheyer & Sander, 2004;
Vickaryous & Hall, 2008; Vickaryous & Sire, 2009). By contrast, ev-
idence for osteoblastic origins include extensive remodeling in both
the core and peripheral regions of the osteoderms (Hutton, 1986;
Klein et al., 2009; Tucker, 1997; Woodward et al., 2014). Archosaur
osteoderms are characterized by a unique combination of these two
developmental strategies with “outer cortex of compact bone...in-
vested with numerous Sharpey's fibers... [with a] central core of can-
cellous bone demonstrating evidence of localized resorption ... [with]
calcified and uncalcified fibrous connective tissue.” (Vickaryous &
Sire, 2009, p.448). Archosaurian osteoderms also possess growth
marks equivalent to LAGs observed in other parts of the skeleton,
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providing a minimum age estimate for the structure and the initiation
of its development (Hutton, 1986; Klein et al., 2009; Tucker, 1997;
Vickaryous & Sire, 2009); however, osteoderms do not provide
a reliable source of age estimates, as extensive remodeling of the
inner cortical bone in breeding females and older specimens can re-
sult in the loss of most of the life history record (Broeckhoven & du
Plessis, 2022; Klein et al., 2009; Vickaryous & Hall, 2008).

In this study, we address (1) how the fast growth rate and relatively
high body mass of Ceratosaurus is reflected in the histology of hind
limb bones, (2) how to best model the growth strategy of Ceratosaurus
(3) how those models compare with those of later diverging cerato-
saurians Masiakasaurus knopfleri and Majungasaurus crenatissimus,
and (4) how the histology of Ceratosaurus osteoderms allows us to
understand their development. Our sample includes three hind limb
bones, two dorsal ribs, and one osteoderm belonging to four individ-
uals of Ceratosaurus collected from three localities in the Morrison
Formation of Utah and Colorado (Figure 1; Table 1). Our sample also
includes representatives of all three proposed species within the
genus Ceratosaurus though these are generally regarded as pertaining
to the single species C. nasicornis (e.g., Carrano & Sampson, 2008).

Institutional abbreviations: BYU, Brigham Young University,
Provo, Utah, USA; DMNH EPV, Denver Museum of Nature & Science,
Denver, Colorado, USA; FMNH PR, Field Museum of Natural History,
Chicago, lllinois, USA; MWC, Museum of Western Colorado, Fruita,
Colorado, USA; TATE, Tate Geological Museum, Casper, WY, USA;
UA, Université d'Antananarivo, Antananarivo, Madagascar; UMNH
VP, Utah Museum of Natural History Vertebrate Paleontology, Salt
Lake City, Utah, USA; USNM V, Smithsonian National Museum of
Natural History, Washington, District of Columbia, USA.

2 | MATERIALS AND METHODS
2.1 | Morphology

Total length and least midshaft circumference measurements were
recorded for all sampled limb specimens (Table 2). We also recorded
the total length and least midshaft circumference of seven additional
Ceratosaurus hind limb bones to contextualize the size of specimens

in the histological sample (Table 2).

2.2 | Specimen selection

Hind limb elements were selected for histological sampling since the
circumference of femora and tibiae have been deemed appropriate
proxies for body mass in bipedal animals (Campione et al., 2014).
To supplement hind limb data, two dorsal ribs were sectioned. The
dorsal rib of UMNH VP 5278 was sectioned at the neck as this is
the oldest part of the bone that both preserves the most life his-
tory data and exhibits the least amount of remodeling (Waskow &
Mateus, 2017; Waskow & Sanders, 2014); however, the dorsal rib
of BYU 881-12893 was sectioned along the shaft as that was the
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FIGURE 1 Geographic map of the United States of America and state maps of Utah and Colorado, with black stars and labels indicating
localities from which Ceratosaurus specimens included in this work were collected (a). Skeletal reconstruction of Ceratosaurus specimens
next to relevant localities with those bones used for histological sampling highlighted in red. Stratigraphic context for Morrison Formation,
adapted from Maidment & Muxworthy (2019), with the approximate position of localities marked with black stars (b). ABQ, Agate Basin
Quarry; CLDQ, Cleveland-Lloyd Dinosaur Quarry; DMQ, Dry Mesa Quarry; FPA, Fruita Paleontological Area; Ma, Millions of years ago;
Tid, Tidwell Member. For A1-Cé abbreviations, see Maidment and Muxworthy (2019). Skeletal reconstruction from Scott Hartman, see

Supplemental File—Data S1 for Phylopic license.

TABLE 1 Ceratosaurus specimens used in the study.

Specimen number Locality

MWC 1 Fruita Paleontological Area

BYU 881-12893 Agate Basin Locality

BYU 725-5133 Dry Mesa Quarry

UMNH VP 5278 Cleveland-Lloyd Dinosaur Quarry

Species ID

C. magnicornis

C. nasicornis

C. sp.

C. dentisulcatus

Element

Right Tibia

Right Femur

Rib
Right Femur
Rib

Osteoderm

Sections made

Cross section, longitudinal
section

Cross section, longitudinal
section

Cross section

Cross section, longitudinal
section

Cross section

Cross section
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TABLE 2 Anatomical measurements of Ceratosaurus hind limb elements used in the study. All measurements in mm.

Midshaft
Specimen number Locality Species ID Element Total length circumference
MWC 1 Fruita Paleontological Area C. magnicornis Right Femur 611 216
Right Tibia 520 221
BYU 725-5133 Dry Mesa Quarry C.sp Right Femur 668 217
BYU 725-5135 C.sp Left Femur 610 251
BYU 725-4970 C.sp Left Femur 715 258
BYU 725-4963 C.sp Left Femur 791 280
BYU 725-5132 C.sp Left Tibia 563 189
BYU 881-12893 Agate Basin Quarry C. nasicornis Right Femur 125* 382
USNM 4735 Felch Quarry 1, Garden Park C. nasicornis Right Femur 613 ?
Right Tibia 545 180
Left Tibia 540 186
UMNH VP 5278 Cleveland-Lloyd Dinosaur Quarry C. dentisulcatus Left Femur 735 276
Left Tibia 600 237
Right Tibia 620 236

Note: Asterisk indicates minimum estimate due to incomplete specimen. Question mark indicates data that were unable to be gathered due to

distorted specimen.

only available part of the bone. The osteoderm was sectioned at the
center of the element to capture the majority of the bone tissue.

2.3 | Histological preparation

All specimens were processed into ca. 100-micron-thick sec-
tions following standard paleohistological techniques (Padian &
Lamm, 2013). Further details on specimen preparation can be found
in D'Emic et al. (2023). Digital micrographs of these slides were
generated with both brightfield light (BF) and cross-polarized light
(XPL) on a Zeiss Imager.Z2 microscope with motorized stage and
mounted Axiocam 503 color camera. XPL images were obtained
for each slide by first inserting a light polarizer between the camera
and objective lens. A quarter-wave plate filter was then positioned
between the microscope lamp and stage. The angle of polarization
was adjusted until the background light was extinct (or extinguished)
(Bromage et al., 2003). The exposure time was then increased to ad-
equately capture the image.

Montaged images were imported into Adobe Photoshop, where
brightness and contrast were adjusted to allow for visualization of
darker portions of the thin sections. In the case of MWC 1, the cor-
tex was taphonomically crushed and distorted. The posterior half
of the bone preserved the natural periosteal border, thus we recon-
structed the remainder of the section based on the cross section of
a tibia from the ceratosaurian Majungasaurus crenatissimus (DMNH
EPV.135993) (D'Emic et al., 2023; Supplemental File—Data S1). Edited
montages were then imported into Adobe lllustrator, where periosteal
and endosteal contours were traced in solid black lines. Lines of ar-
rested growth (LAGs) were traced along their visible portions in solid
red lines. Traced LAGs were then connected by hypothesized lines

denoted by dashed blue lines, using the periosteal border as a guide
for contours.

LAG measurements from hind limb specimens were exported into
Microsoft Excel and transformed from pixels to mm. For incomplete
specimens (e.g., in the case where only a partial cross section is avail-
able), total LAG circumferences were estimated as a percentage of the
known whole circumference taken from the specimen prior to section-
ing (D'Emic et al., 2023). Body mass (kg) was inferred from each LAG
circumference by first determining the body mass for the largest spec-
imen in the sample via the phylogenetically corrected regression for
femora provided in Campione et al. (2014, Supplemental File—Data S1).
Once a maximum body size was determined, the remaining LAG cir-
cumferences were transformed into body mass via Developmental
Mass Extrapolation (DME) (Erickson & Tumanova, 2000; Supplemental
File—Data S1). Tibial LAG circumferences were converted to femoral
LAG circumferences using the equation provided in D'Emic et al. (2023).
DME-derived body mass estimates have been demonstrated to better
estimate body mass in juveniles, so they are favored rather than di-
rect estimates using the femur LAG-to-body mass equation (Brassey
et al., 2018; Campione, 2017; D'Emic et al., 2023). We provide the 25%
prediction error range in brackets for body mass estimates derived from
DME, following Campione et al. (2014), (Supplemental File—Data S1).

2.4 | Histological analysis

We subdivided our description of specimens into matrix and vas-
cularity parameters. Using XPL microscopy to classify matrix has
become the standard in paleohistology (Bromage et al., 2003; de
Buffrénil et al., 2021; Padian & Lamm, 2013; Prondvai et al., 2014).
The three major classifications of matrix identified in our sample
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are lamellar, parallel-fibered, and woven-fibered bone, following de
Buffrénil et al. (2021). To supplement the XPL data, we also described
the predominant alignment and shape of dynamically derived osteo-
cytes in the matrix (Ferretti et al., 2002; Marotti, 2010). The long-
est axis of a dynamically derived osteocyte lacuna aligns with the
predominant orientation of collagen fibers surrounding the lacuna
(Kerschnitzki et al., 2011, 2013; Marotti, 1979; Marotti, Remaggi, &
Zaffe, 1985; Van Qers et al., 2015). Osteocyte lacunae are typically
classified as scalene ellipsoids (D'Emic & Benson, 2013; Marotti, 1979;
Marotti, Muglia, & Zaffe, 1985), with the longest lacunar axis aligned
with the orientation of collagen fibers in the surrounding matrix in
parallel-fibered and lamellar bone. Observed sections of lacunae in
these types of matrix are more fusiform in both cross and longitudi-
nal sections (Kerschnitzki et al., 2011, 2013; Marotti, 1979; Van Oers
etal., 2015). Conversely, in woven fiber bone osteocyte lacunae lack a
uniform orientation and are more circular in both cross and longitudi-
nal sections (Kerschnitzki et al., 2011, 2013, Marotti, 1979, Van Oers
et al., 2015). This additional metric of matrix classification allowed for
a more accurate identification of matrix in sections where XPL fails
to produce identifiable refringence patterns, such as when matrix
switches between types rapidly. Vascularity descriptions encompass
both the orientation and the density of vascular canals in cross and
longitudinal sections (de Buffrénil et al., 2021; Padian & Lamm, 2013).
Haversian canals were identified by the cement line along the pe-
rimeter of the osteon and the “Maltese cross” birefringence pattern
under XPL (Bromage et al., 2003; Currey et al., 2017). With these
data in hand, we inferred the overall bone tissue type present in each
side (e.g., parallel-fibered bone with longitudinal canals, fibrolamellar
bone with plexiform canals, etc.) (de Buffrénil et al., 2021; Francillon-
Vieillot et al., 1990; Padian & Lamm, 2013; Prondvai et al., 2014).

2.5 | Growth modeling

We assessed the fit of six non-linear growth models (monomolecu-
lar, von Bertalanffy, Gompertz, Logistic, Extreme Value Function,
and Innominate) as well as a linear model in R (V 2.13) using the

Richards family growth model following Lee and O'Connor (2013):

1
B 1-m Tm
Bt+1=A[1+ek[<Kt> —1”

where B, (kg) is the body mass at time t, B.1 (kg) is the body mass
at t+1, k (years™)) is the instantaneous rate of growth, A (kg) is the
asymptotic body mass, and m is the model shape parameter. We
ran seven iterations of the equation, each with a different value of
m, which allowed us to shift I, the inflection point or age at which
the organism grows fastest, to occur at different values of A (Lee
& O'Connor, 2013). Further details surrounding this equation and
the ancillary equations included in the code can be found in Lee
and O'Connor (2013) (Supplemental File—Data S2). Neonatal mass
is set prior to fitting models; thus, we used the equations of Grady
et al. (2014) and the references therein to identify a starting value for
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neonatal mass for Ceratosaurus (Supplemental File—Data S1). In ad-
dition, the code allowed for the estimates of age for each specimen
and the number of LAGs missing from specimens in which fewer than
two LAGs were present (Lee & O'Connor, 2013). As these growth
models are prone to providing biologically implausible estimates of
growth and developmental timing when information on the earliest
parts of the growth curve is missing, we reported the individual and
averaged model parameters and results for all models that scored an
Akaike Information Criterion corrected for small sample sizes (AlCc)
within 10 units of the lowest score, as models with AAICc's more
than 10 have essentially no support (Burnham & Anderson, 2002).
This approach allowed us to encompass a broader range of possi-
bilities for Ceratosaurus growth without including models for which
there is no statistical support (Wosik & Evans, 2022).

To estimate phenotypic (e.g., individual) variation in the sample,
we ran one thousand bootstrap replicates of each model of best fit
and extracted the average and 95% confidence intervals of each pa-
rameter estimate. This approach assumes a population mean in each
sample that can be derived via the resampling of the specimens in
a population, allowing us to compare population means across taxa
(Lee & O'Connor, 2013). Using these estimated parameters, we in-
ferred the average and 95% Cl of the maximum relative growth rate
for each specimen using the equation:

K=kxm(ﬁ)

(Lee & O'Connor, 2013; Tjgrve & Tjgrve, 2010). We then used this
equation to estimate the absolute growth rate by multiplying A by K
(Tjerve & Tjerve, 2010). Maximum relative growth rate provides the
maximum percentage of the curve that was grown at once, while maxi-
mum absolute growth rate provides the amount of body mass that was
gained during the period of maximum growth (Tjgrve & Tjarve, 2010).
We selected BYU 881-12893 and MWC 1 for use in growth
modeling, as these two specimens were the only two individuals
in our sample with enough LAGs to reliably assess the fit of mod-
els. Body mass estimates at each LAG for both specimens were en-
tered into the formula following Lee and O'Connor (2013). Because
the starting values for the growth parameter k are based on the
maximum linear difference between two points in each specimen,
we used the body mass at endosteal circumference as the small-
est recorded body mass for each specimen, since the maximum
period of growth in both specimens occurs before the first LAG.
We used BYU 725-5133 as an additional metric of model fit, by
using the code provided by Lee and O'Connor (2013) to estimate
the minimum number of LAGs that should be present in the bone
based on the growth model selected, with the target of selecting
the model with the lowest estimate. To contextualize our findings,
we followed the same procedure as above to determine the model
of best fit for two additional ceratosaurians, Masiakasaurus knop-
fleri, and Majungasaurus crenatissimus, and used the parameter esti-
mates from the bootstraps of each model to compare the maximum
relative and absolute growth rates among the three taxa (D'Emic
et al,, 2023; Lee & O'Connor, 2013) (Supplemental File—Data S1).
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3 | RESULTS
3.1 | Histological descriptions

3.1.1 | BYU725-5133

BYU 725-5133 is an isolated right femur broken along the midshaft
into two pieces, collected from the Dry Mesa Quarry in Colorado
(Brushy Basin/sequence B, systems tract 3, ca. 152-151Ma;
Maidment & Muxworthy, 2019). Both halves of the femur are medi-
olaterally compressed. The two pieces do not fit precisely together,
implying a loss of material between the two. The proximal half of the

s Anatomy RUTRITSARWITSE

femur is 199 mm long whereas the distal half of the femur is 469 mm,
and the minimum shaft circumference is preserved on the distal half
and measured 217 mm (Table 2). We estimate that this specimen had
reached a body mass of 580 [435-725] kg at the time of death, ap-
proximately 80% the mass of the holotype specimen (USNM 4743)
of Ceratosaurus nasicornis and just 40% the mass of the largest speci-
men in the sample (MWC 1), making this one of the smallest speci-
mens of Ceratosaurus known to date (Table 3).

The histological section contains approximately 25% of the total
cortex (55mm out of 219 mm of the perimeter), representing parts of
the anterior and lateral quadrants (Figure 2a). A ca. 200-micron-thick
layer of avascular endosteal lamellar bone is preserved on the edge of

TABLE 3 LAG circumference and body mass estimates of Ceratosaurus specimens used in the study.

Femur LAG

Tibia LAG circumference being
Specimen circumference  employed (mm)
numbers Element  (mm) (D'Emic et al., 2023)

BYU 881-12893

Femur N/A 166
N/A 269
N/A 269
N/A 270
N/A 270
N/A 271
N/A 272
N/A 274
N/A 275
BYU 725-5133
Femur N/A 148
N/A 219
MWC 1
Tibia 129 159
180 226
200 252
203 257
209 265
211 267
214 271
217 275
219 278
220 280
221 281
224 285
UMNH VP 5278 Femur N/A 276
USNM 4735 Tibia 186 234

DME: Est. cubed femur DME maximum DME % of
length (cm®) (Kilbourne & DME mass increase in mass/  asymptotic body
Makovicky, 2010) (kg) year (kg/year) mass grown
92,598,683 258 N/A N/A
377,125,289 1051 793 71%
377,125,289 1051 0 0%
381,184,701 1063 11 1%
381,184,701 1063 0 0%
385,272,064 1074 11 1%
389,387,460 1086 11 1%
397,702,686 1109 23 2%
401,902,681 1120 12 1%
Maximum 793 71%
66,081,202 184 N/A N/A
207,922,496 580 395 32%
Maximum 395 32%
81,024,663 226 N/A N/A
229,056,775 639 413 33%
313,330,010 874 235 19%
329,133,110 918 44 4%
360,584,112 1005 88 7%
368,855,432 1028 23 2%
384,704,779 1073 44 4%
401,293,327 1119 46 4%
416,060,832 1160 41 3%
423,347,868 1180 20 2%
428,555,949 1195 15 1%
444784,538 1240 45 4%
Maximum 413 33%
406,131,041 1132 N/A
251,870,595 702 N/A

Note: The first measurement (in italics) for BYU 881-12893, BYU 725-5133, and MWC 1 are measurements of the endosteal margin and do not

represent LAGs.

Abbreviations: DME, developmental mass extrapolation; LAG, line of arrested growth.
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FIGURE 2 Osteohistology of the femur (BYU 725-5133) of Ceratosaurus from the Dry Mesa Quarry, Colorado. Dashed white lines (d and
e) represent approximate transition zones between different bone matrix classes. Cross section using brightfield (BF) light microscopy with
schematic in the lower left corner of figure section shows a hypothetical full cross section of a Ceratosaurus femur based on the complete
cross section of an Allosaurus femur (TATE v3587); diagonal lines represent estimated position of sampled bone in section (a). Longitudinal
section using cross-polarized light (XPL) microscopy (b). Magnified portion of longitudinal section in XPL (c). Remodeled bone in XPL (d).
Endosteal lamellae and vascular canals in XPL (e). Woven fiber bone with plexiform vascular canals in the anterior region in XPL (f). Parallel-
fibered bone with plexiform vascular canals in XPL (g). Scale bar equals 5mm in (a, b), 1 mm in (c-€), and 500 um in (f-g). A- Anterior, CC,
circumferential canals; EL, endosteal lamellae; L, lateral; LC, longitudinal canals; M, medial; MC, medullary cavity; OL, osteocyte lacuna; P,
posterior; PFB, parallel-fibered bone; PO, primary osteon; RB, remodeled bone; RC, radial canals; ST, stain; WFB, woven-fibered bone.
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the medullary cavity (Figure 2e). A stain present in both cross and lon-
gitudinal sections obscures the entirety of the periosteal border and
portions of the central cortex (Figure 2a,b). Small cracks are present
throughout the cortex, primarily running circumferentially along the
anterior border and diagonally across the center (Figure 2a). A semicir-
cular zone of remodeling is located along the endosteal border of the
anterior quadrant and extends halfway through the cortex (Figure 2d).

The matrix in the lateral and anterior portions of the cortex is uni-
formly bright under XPL with dense, fusiform osteocyte lacunae that
are aligned with the orientation of the surrounding collagen fibers,
typical of parallel-fibered bone (Figure 2e,g), whereas the matrix in the
transition zone between the anterior and lateral regions of cortex and
within the anterior region is mottled in XPL, with dense, circular osteo-
cyte lacunae that lack any alignment, typical of woven-fibered matrix
(Figure 2e,f). The cortex is highly vascularized in both cross and lon-
gitudinal sections, with long circumferential canals interconnected by
short radial canals (Figure 2b,e). This complement of canal types is clas-
sified as a plexiform vascular organization (de Buffrénil et al., 2021). No
LAGs are visible in the cortex of this specimen, implying that all bone

growth in this specimen occurred during a single annual growth cycle.

3.1.2 | BYU 881-12893

BYU 881-12893 consists of multiple cranial and postcranial elements
collected from the Agate Basin Quarry in Utah (Brushy Basin/sequence
B, systems tract 3, ca. 152-151 Ma; Maidment & Muxworthy, 2019).
We selected the right femur for sampling. The preserved length of
the proximal femur is 125mm and the least midshaft circumference
is 282mm; the distal half of the femur was not recovered (Table 2).
We estimate that this specimen had reached a body mass of 1120
[840-1401] kg at the time of death, 160% larger than the holotype
specimen (USNM 4743) of Ceratosaurus nasicornis, and 10% smaller
than the largest specimen in the sample, MWC 1 (Table 3).

The histological section consists of two pieces that combine to
make up ~17% of the total bone cross section (65mm out of 382 mm of
the perimeter) (Figure 3a). The larger of the two pieces contains por-
tions of both the anterior and lateral cortex whereas the smaller section
contains aregion of the anteromedial cortex. A stain obscures the outer
half of the cortex in both cross and longitudinal sections (Figure 3e).
Multiple evenly spaced radial cracks further reduce visibility in the
cross section (Figure 3a,c). The endosteal space is filled with matrix
and bone fragments sourced from the endosteal border (Figure 3d). A
ca. 300-micron-thick layer of avascular endosteal parallel-fibered bone
is preserved on the anterior edge of the medullary cavity (Figure 3d).
A large resorption room is laterally offset from the apex of the anterior
endosteal border and extends peripherally through the inner third of
the cortex (Figure 3d). A second area of dense remodeling is located on
the lateral periosteal border and extends internally through the outer
third of the cortex (Figure 3e). Remodeling in this section is not as
dense as in other specimens, with primary canals still visible through-
out most of the cortex, however, individual Haversian canals are pres-

ent throughout the cortex in this specimen (Figure 3d,e).

e Anatomy RUTURITSARWITE

The matrix in the lateral, anterior, and medial portions of the cor-
tex is composed of uniformly bright bone under XPL with fusiform
osteocyte lacunae that are aligned with the predominant orienta-
tions of collagen fibers, making this bone parallel-fibered (Figure 3f).
The transition zone between the anterior and lateral portions of
the cortex is mottled in XPL with circular osteocyte lacunae lack-
ing any alignment, making the bone in this region woven-fibered,
following the same pattern observed in BYU 725-5133 (Figure 3e).
The cortex is highly vascularized, with canals extending both cir-
cumferentially and radially (Figure 3e,f). In the longitudinal section,
the circumferential canals can be observed to run the entire length
of the slide while radial canals connect one to two layers of vascu-
larity (Figure 3c). These canals are classified as plexiform canals (de
Buffrénil et al., 2021).

The periosteal-most bone is avascular, with only one to two lay-
ers of longitudinal canals visible (Figure 3e,g). The matrix along the
periosteal border is composed of parallel-fibered bone, with scarce
flattened and aligned osteocyte lacunae (Figure 3e). Nine LAGs
(minimally) are visible in this section within an external fundamental
system (EFS) (Figure 3a,g). LAGs in this specimen are faint and dif-
ficult to differentiate from the surrounding cortex. LAG 1 coincides
with the reduction in vascular canal density and deposition of lamel-
lar bone. LAGs 2 and 3 make up a multi-LAG, a phenomenon where
two or more LAGs are deposited within a single year, denoted by the
exceptionally small space between the two LAGs and the tendency
for the LAGs to occasionally be so close as to be indistinguishable
(Cullen et al., 2021; Figure 3e,g). The remaining four LAGs in this
section are tightly spaced and run along the periosteal border of
the bone.

A partial dorsal rib of BYU 881-12893 was also sectioned. The cross
section is fusiform, with the medial edge of the bone crushed inwards
(Figure 4a). Five large cracks run radially through the section, three on
the medial side and two on the lateral side (Figure 4a). The periosteal
border is only preserved intact in small regions along the medial and lat-
eral quadrants (Figure 4a). The medullary cavity is filled with both (sed-
imentary) matrix and fragments of bone (Figure 4a). Much of the inner
cortex has been overprinted by large, irregularly shaped Haversian ca-
nals (Figure 4a). The outer cortex directly deep to the periosteal border
consists of tight bands of alternating dark and light lamellae under XPL
and BF, while sparse fusiform and aligned osteocyte lacunae are visible
in the cortex, typical of lamellar bone (Figure 4b).

Approximately 14 LAGs are preserved in the section (Figure 4b,c).
LAGs are only preserved within the lamellar bone directly deep to
the periosteal border; thus, LAGs were differentiated from lamel-
lae via XPL microscopy (Bromage et al., 2003). LAGs in this section
appear as dark 1-2pm thick lines that scallop primary osteons,
whereas lamellae appear as 4-5pum thick bands that are cut through
by primary osteons (Francillon-Vieillot et al., 1990) (Figure 4c). The
deepest two LAGs are visible along the outer edge of the zone of
remodeled bone, with the deeper LAG dividing into a double LAG
along its length. The remaining 12 LAGs form an EFS along the pe-
riphery of the bone, congruent with the presence of an EFS in the
femur of this same individual.
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FIGURE 3 Osteohistology of the femur (BYU 881-12893) of Ceratosaurus from the Agate Basin Quarry, Utah. Dashed white lines (d

and e) represent approximate transition zones between different bone matrix classes. Cross section using brightfield light (BF) microscopy,
schematic in the lower left corner of figure section shows a hypothetical full cross section of a Ceratosaurus femur based on the complete
cross section of an Allosaurus femur (TATE v3587); diagonal lines represent estimated position of sampled bone present in section (a).
Longitudinal section using cross-polarized light (XPL) microscopy (b). Magnified portion of longitudinal section in XPL (c). Resorption room

in XPL (d). Remodeled bone along the anterior periosteal border in XPL (e). Parallel-fibered bone with plexiform vascular canals in the medial
region of the cortex in XPL (f). Nine LAGs along the periosteal border (g). Scale bar equals 5mm in a-b and 1 mm in c-g. Arrow heads and red
lines denote LAGs whereas blue dashed lines indicate estimated connections between visible LAGs. A, anterior; CC, circumferential canals;
EL, endosteal lamellae; HC, Haversian canal; L, lateral; LC, longitudinal canals; M, medial; MC, medullary cavity; P, posterior; PO, primary
osteon; RC, radial canals; RB, remodeled bone; ST, stain.
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FIGURE 4 Osteohistology of a dorsal rib (BYU 881-12893) of
Ceratosaurus from the Agate Basin Quarry, Utah. Dashed white lines (b)
represent approximate transition zones between different bone matrix
classes. Cross section using cross-polarized light (XPL), schematic

in the lower right corner of figure section shows the interpreted
anatomical borders of BYU 881-12893; diagonal lines that represent
estimated position of sampled bone present in section (a). Periosteal
margin of bone showing multiple LAGs and remodeled cortex in XPL
(b). Closer image of EFS in XPL (c). Scale bar equals 5mm in (a), 1mm

in (b), and 500um in (c). Arrow heads denote LAGs. A, anterior; HC,
Haversian canal; L, lateral; M, medial; P, posterior; PO, primary osteon;
RB, remodeled bone; ST, stain.

313 | MWC1

MWC 1 consists of multiple cranial and postcranial elements col-
lected from the Fruita Paleontological Area, Colorado (Brushy
Basin/sequence B, systems tract 4, ca. 152-150Ma; Maidment &
Muxworthy, 2019). We selected the right tibia for sectioning. In the
time since the tibia was figured by Madsen Jr. and Welles (2000),
the specimen broke into two sections, with the proximal half now

i Anatomy RATSRTSARWITSE:

missing. We estimate that this specimen reached a body mass of
1240 [930-1550] kg at the time of death, 175% heavier than the
holotype specimen (USNM 4743) of Ceratosaurus nasicornis, making
this the largest known specimen of Ceratosaurus (Table 3).

We were only able to recover approximately 39% of the total
cortex (Figure 5a). The periosteal border of the bone is preserved in
multiple locations and represents at least some of each quadrant of
the cross section, whereas none of the endosteal margin was recov-
ered (Figure 5a). Cracks pervade the cortex and substantial portions
of the deep cortex are opaque due to localized staining (Figure 5a,f).
Remodeling is only present along the periosteal border of the ante-
rior cortex (Figure 5d). The Haversian canals preserved in this sec-
tion are small with monorefringent lamellae.

The matrix in this section alternates between strips of either com-
pletely dark or light bone with dense fusiform and aligned osteocyte
lacunae, or strips of mottled refringence with dense circular and un-
aligned osteocyte lacunar, representing parallel-fibered bone and
woven-fibered matrix, respectively (Figure 5e,f). The strips of parallel-
fibered bone occur at the edges of each quadrant, whereas the woven-
fibered matrix occurs at the center of each quadrant. Vascularity
decreases dramatically near the periosteal border, becoming avascular
(Figure 5d,g). The cortex is densely vascularized in all four quadrants
and is composed of long circumferential canals connected by radial
canals, the latter of which connect upwards of 30 layers of canals
(Figure 5e,f). The circumferential canals occasionally bifurcate and
connect directly to the adjacent superficial and deep adjacent canals
(Figure 5e,f). Both circumferential and radial canals are long in longitu-
dinal section (Figure 5c). This complement of canal types is classified as
a plexiform vascular organization (de Buffrénil et al., 2021).

A strip of bone in the anterior quadrant deviates from this pat-
tern with long radial canals and exceptionally short circumferential
canals (Figure 5f). The latter circumferential canals do not fully con-
nect to the long radial canals in the same portion of the bone and are
obliquely oriented to the circumference of the bone. Whereas the
dominant pattern of vascularity in this section is classified as plexi-
form, the vascular canals in the anomalous strip represent reticular
canal organization (de Buffrénil et al., 2021).

The cortex contains 10 LAGs (Figure 5a,g). No LAG can be found
consistently around the full circumference of the section (Figure 5a).
The first LAG appears at the mid-cortex in the anterior quadrant.
This LAG is also visible in the medial and lateral borders of the pos-
terior quadrant. LAGs two and three occur in the outer third of the
cortex and are visible in all four quadrants. The next two LAGs form
a double LAG (i.e., these represent LAG 4) between the third LAG
and the periosteal border. The remaining five LAGs make up an EFS

along the periosteal border of the bone.

3.14 | UMNH VP 5278

UMNH VP 5278 consists of multiple cranial and postcranial el-
ements collected from the Cleveland-Lloyd Dinosaur Quarry,
Utah (Brushy Basin/sequence B, systems tract 4, ca. 152-150Ma;
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FIGURE 5 Osteohistology of the tibia (MWC 1) of Ceratosaurus from the Fruita Paleontological Area, Colorado. Dashed white lines

(d-f) represent approximate transition zones between different bone matrix classes. Reconstructed cross section using brightfield light
(BF) microscopy; schematic in the lower left corner of figure section shows a reconstructed cross section of MWC 1 based on the complete
cross section of a Majungasaurus crenatissimus tibia (DMNH EPV.135993); diagonal lines represent estimated position of sampled bone
present in section (a). Longitudinal section using cross-polarized light (XPL) microscopy (b). Magnified portion of longitudinal section in XPL
(c). Secondary remodeling along anterior periosteal border in XPL (d). Plexiform vascular canals and transition between parallel-fibered

and woven-fibered bone in XPL (e). Strip of reticular vascularity and woven-fibered bone along the anterior region of the cortex in XPL (f).
Five inner LAGs and EFS in BF (g). Scale bar equals 10mm in a and 1 mm in (b-g). Arrow heads and red lines denote LAGs, blue lines denote
hypothesized connections between visible LAGs. A, anterior; CC, circumferential canals; HC, Haversian canal; L, lateral; LC, longitudinal
canals; M, medial; P, posterior; PFB, parallel-fibered bone; RB, remodeled bone; RC, radial canals; WFB, woven-fibered bone.

Maidment & Muxworthy, 2019). Sectioning had been conducted on
the femur prior to this study (Reid, 1996), but the section has since
been lost; thus, we sectioned a dorsal rib and isolated osteoderm
from the specimen. Based on the midshaft circumference of the left
femur we estimate that this specimen had reached a body mass of
1132 [849-1415] kg at the time of death, 161% heavier than the
holotype specimen (USNM 4743) of Ceratosaurus nasicornis, and 9%
smaller than the largest specimen in the sample, MWC 1 (Table 3).

The cross section of the dorsal rib is sub-triangular and is miss-
ing portions of the anterior- and posterior-most bone (Figure 6a,b).
The periosteal border is completely absent along the posterolateral
margin of the dorsal rib. Large cracks permeate the section, with
both radial and circumferential fissures throughout the cortex
(Figure 6a,b). The medullary cavity is filled with a sedimentary matrix
(Figure 6a,b). Fourteen endosteal lamellae are preserved (Figure 6d).
Large Haversian canals interspersed within the lamellar bone prolif-
erate the deepest portions of the anterior and posterolateral cortex
(Figure 6a,b,d).

The lateral, posterior, and anterior cortex consists of remodeled
bone (Figure 6), whereas the medial cortex consists of mottled bone
in XPL with sparse circular and unaligned osteocyte lacunae, typi-
cal of woven-fibered matrix (Figure 6a,b,f). The cortex deep to the
periosteal border along the lateral margin is composed of avascular
lamellar bone, as demonstrated by visible lamellae in XPL and BF
(Figure 6c). In addition, the medial cortex is sparsely vascularized,
with individual longitudinal canals running through the cortex at
fixed intervals.

Seventeen LAGs are visible in the section (Figure 6a,e,f). All
LAGs in this specimen are visible in the medial cortex, whereas only
the outer 11 LAGs are visible in the lateral cortex. The first two LAGs
are positioned halfway through the medial cortex. LAGs three and
four are consistently spaced between LAGs two and six in the me-
dial cortex but coalesce along the lateral periosteal border. LAGs six
through seventeen are visible in the periosteal bone with little spac-
ing between subsequent LAGs and are interpreted as an EFS.

Twenty-five osteoderms are associated with UMNH VP 5278.
The morphology of these osteoderms varies from small nodules
with a maximum major axis of 31 mm, to elongated pyramidal os-
teoderms with a maximum major axis of 100mm (Supplemental
File—Data S1). The sectioned osteoderm in this study, one that
lacks any specific specimen sub-number, is sub-triangular in cross
section. The osteoderm is crushed along its vertical axis. The sur-
face in contact with the dermis, or internal surface, is denoted by

a cross-hatched pattern, similar to that found on many osteoderms
(D'Emic et al., 2009; Madsen Jr. & Welles, 2000; Figure 7). The inter-
nal surface of the section possesses an irregular border. Five cracks
run horizontally through the section, with the largest separating the
apex of the bone from the remainder of the section.

The cortex is composed of remodeled bone and woven-fibered
matrix, as denoted by the mottled appearance of the cortex in XPL
(Figure 8a). Large structural fiber bundles are prevalent throughout
the cortex, including “frayed-out zones” between Haversian canals
where present (Scheyer & Sander, 2004; Figure 8c). In contrast to
C-LQ 100, the osteoderm described in Reid (1996), there are no pat-
terns in the orientation of structural fibers throughout the cortex,
with irregular patches of radially oriented structural fibers bordered
by bands of orthogonal or oblique fibers that do not become more
prevalent toward the periphery of the bone (Figure 8c). A possible
explanation for this discrepancy could be a difference in sectioning
planes between UMNH VP 5278 and CL-Q 100, as cross sections
through the keel of ankylosaurid osteoderms revealed orthogonal
bands of structural fibers (Scheyer & Sander, 2004), similar to the
patterns observed in this study. By contrast, longitudinal sections
along the keel of an ankylosaurid osteoderm revealed structural fi-
bers in similar patterns to those described in Reid (1996) (Scheyer
& Sander, 2004). However, without either the sample of CL-Q 100,
or details on the sampling procedure, it is impossible to determine
the plane of sectioning for the specimen. Remodeling of this osteo-
derm appears to be greater than that of C-LQ 100, with no signs of
“zonation” or “transverse banding” in the cortex itself (Reid, 1996).
Particularly large canals are located throughout the core of the sec-
tion (Figure 8a,d), forming similar “patches of reconstructed cancel-
lous bone” as described in C-LQ 100 (Reid, 1996; Figure 8d). These
larger canals are surrounded by multiple layers of lamellar bone
that are strongly birefringent, creating the halo effect termed by
Reid (1996). The largest one of these canals, located immediately
deep to the external border of the osteoderm, measures ~3mm
in diameter excluding the trabeculae within the canal (Figure 8d).
As reported in C-LQ 100, the bone closest to the periosteal bor-
der is composed exclusively of avascular lamellar bone (Reid, 1996;
Figure 8a,b,e-g). However, the lamellar bone on the interior surface
of this osteoderm differs from that of C-LQ 100 in that it is equiv-
alent in thickness to the lamellar bone along the exterior surface
and forms uneven ‘waves’, unlike the thin, uniform lamellar bone de-
scribed by Reid (1996). No LAGs are visible deep to the bone along
the periosteal border. Nine LAGs are preserved at the periosteal
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FIGURE 6 Osteohistology of a dorsal rib (UMNH VP 5278) of Ceratosaurus from the Cleveland-Lloyd Dinosaur Quarry, Utah. Dashed
white lines (d and €) represent approximate transition zones between different bone matrix classes. Cross section using brightfield light

(BF) microscopy; schematic in the lower right corner of figure section shows reconstructed cross section of UMNH VP 5278 based on the
contours of the bone; diagonal lines represent estimated position of sampled bone present in section (a). Cross section using cross-polarized
light (XPL) microscopy (b). Remodeled bone with Haverisian canals transistioning into lamellar bone peripherally with interspersed LAGs
along lateral periosteal border in XPL (c). Endosteal lamellae along the deep anterior border with large medullary trabeculae in XPL (d). LAGs
forming an EFS along the lateral periosteal border in BF (e). Primary bone with LAGs in the deep medial cortex and the EFS along the medial
periosteal border in BF (f). Scale bars are 5mm in (a, b) and 1 mm in (c-f). Arrow heads and red lines denote LAGs whereas blue lines indicate
hypothesized connections between LAGs. A, anterior; EL, endosteal lamellae; HC, Haversian canal; L, lateral; LB, lamellar bone; LM, lamellae;
M, medial; MC, medullary cavity; P, posterior; PO, primary osteon; RB, remodeled bone.

FIGURE 7 Pictures of Ceratosaurus osteoderm dermis patterns. Surface patterns on osteoderms of Ceratosaurus to indicate the internal
(i.e., body facing) surface of the osteoderm. UMNH VP 5278 (UUVP 80) (a), UMNH VP 5278 (UUVP 67826) (b), UMNH VP 5278 (UUVP 677)
(c). Scale bars equal 1 mm. CHT, Cross-hatched Texture; NF, Nutrient Foramina.

border and are interpreted as an EFS (Figure 8b). Sharpey's fibers are
visible throughout the section when viewed in XPL, with the highest

density occurring along the internal border of the bone (Figure 8f,g).

3.2 | Body mass analyses

Estimates of body mass through ontogeny were made for BYU
725-5133, BYU 881-12893, and MWC 1, as these were the only
specimens for which we could obtain histological samples of hind
limb elements. A single maximum body mass estimate was made
for UMNH VP 5278 based on the minimum midshaft circumfer-
ence of the left femur, which was considered its asymptotic body
mass based on the EFS in its dorsal rib and osteoderm.

Three specimens reached asymptotic body mass (BYU 881-
12893, MWC 1, and UMNH VP 5278, Table 3). Among these speci-
mens, there was ca. 120kg or 10% variation in asymptotic body mass

(Table 3). Our findings corroborate those of a previous study that re-
ported a nearly two-fold difference in maximum annual growth rate
between BYU 881-12893 and MWC 1 (Table 3) (D'Emic et al., 2023).
BYU 881-12893 grew a minimum of 790 kg (307% increase) in a sin-
gle year, whereas MWC 1 grew a minimum of 410 kg (183% increase)
in a single year (Table 3).

3.3 | Growth modeling results

Ceratosaurus growth was best fit by the monomolecular (AAICc=0),
von Bertalanfy (AAICc=6.23), and the Gompertz (AAICc=9.55)
models (Table 4). All three models produced biologically implau-
sible estimates of growth, with each requiring more than 200kg
of growth in the first year of life and suggesting bone-apposition
rates far greater than the fastest osteoid apposition rates currently
known (de Buffrénil et al., 2021). Thus, our results are interpreted as
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FIGURE 8 Osteohistology of osteoderm (UMNH VP 5278) of Ceratosaurus from the Cleveland-Lloyd Dinosaur Quarry, Utah. Cross section
using cross-polarized light (XPL) microscopy; schematic on the upper left of figure section shows cross section of UMNH VP 5278; diagonal
lines represent estimated position of sampled bone present in section (a). A large canal running through the cortex of the bone in XPL (b).
Greyscale image of the bone cortex in XPL showing structural fibers running at orthogonal angles (c). Haversian canals along periosteal border
in XPL (d). Haversean canals in the cortex transistioning to lamellar bone seperated by eight LAGs forming an EFS in brightfield light (BF) (e).
Sharpey's fibers running through the cortext along the internal (i.e., body facing) periosteal border in XPL (f). Same image as (f) converted to
gray scale to visulaize the Sharpey's fibers (g). Scale bar equals 5mm in (a), 1 mm in (b-e), and 500pum in (f, g). Arrow heads denote LAGs. DEEP,
deep surface; HC, Haversian canal; RB, remodeled bone; SF, structural fibers; ShF, Sharpey's fibers; SUP, superficial.
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TABLE 4 Growth Model selection parameter results.

Model name

(m parameter) AAICc AlCc weight 881-12893
Monomolecular (0.001) 0 95 7

von Bertalanffy (2/3) 6.23 4 7
Gompertz (1.001) 9.55 1 7

Logistic (2) 18.18 0 7

EVF (4) 27.6 0 8

Richards (8.4) 30.33 0 9

Linear (NA) 46.52 0 12

Note: Models selected for averaging in bold.

Minimum age BYU

i Anatomy RATSRITSARWITSE:

Estimated missing LAGs in

Minimum age MWC1  BYU 725-5133

11
11
11
i3
15
14
14

W KL P R KB RB O

Abbreviation: AAICc, difference in AICc scores compared to monomolecular model.

provisional estimates of Ceratosaurus growth history until juvenile
specimens of Ceratosaurus can be identified and sampled (Table 4) to
better estimate the first ~40% of its growth history.

The monomolecular model sets the timing for the onset of
accelerated growth to occur directly before birth (Figure 9b;
Table 4) (Lee & O'Connor, 2013). Under this model, the average
minimum ages for BYU 881-12893 and MWC 1 were seven and
11, respectively (Table 4). The age at which growth inflection oc-
curred was before one year-old (Cl: 0-0.00017) (Table 5). This ac-
celerated period of growth ended, on average, at one year of age
(Cl: 0.87-3.05) (Table 5). The average estimate of asymptotic body
mass for the sample was 1131 kg (Cl: 1107-1225) (Table 5). The
average maximum relative growth rate was 159% (Cl: 45%-280%)
of total body mass gained in a year, or approximately 1798 kg (Cl:
543-3143) in a single year (Table 5).

The von Bertalanffy model sets the timing for the onset of accel-
erated growth to occur at 30% of asymptotic body mass (Figure 9c;
Table 4) (Lee & O'Connor, 2013). Under this model, the average
minimum age for BYU 881-12893 and MWC 1 were seven and 11,
respectively (Table 4). The age at which growth inflection occurred
was before one year of age (Cl: 0.34-1.55) (Table 5). This accelerated
period of growth ended, on average, at one-year-old (Cl: 0.77-3.6)
(Table 5). The average estimate of asymptotic body mass for the
sample was 1122 kg (Cl: 1110-1214) (Table 5). The average maxi-
mum relative growth rate was 82% (Cl: 28%—134%) of total body
mass gained in a year, or approximately 919 kg (Cl: 333-1504) in a
single year (Table 5).

The Gompertz model sets the timing for the onset of accelerated
growth to occur at 37% of asymptotic body mass (Figure 9d; Table 4)
(Lee & O'Connor, 2013). Under this model, the average minimum age
for BYU 881-12893 and MWC 1 were seven and 11, respectively
(Table 4). The age at which growth inflection occurred was on aver-
age one year old (Cl: 0.66-2.57) (Table 5). This accelerated period of
growth ended, on average, at two years old (Cl: 1.07-4.29) (Table 5).
The average estimate of asymptotic body mass for the sample was
1119 kg (Cl: 1111-1212) (Table 5). The average maximum relative
growth rate was 73% (Cl: 27%—112%) of total body mass gained in a
year, or approximately 817 kg (Cl: 319-1264) in a single year (Table 5).

The Average model set the timing for the onset of accelerated
growth to occur at approximately 25% of the asymptotic body
mass (Figure 9a; Table 4). Under this model, the average minimum
age for BYU 881-12893 and MWC 1 were seven and 11, respec-
tively (Table 4). The average age at which growth inflection occurred
was one-year-old (Cl: 0.3-1.4) (Table 5). This accelerated period of
growth ended, on average, at one-year-old (Cl: 0.8-3.6) (Table 5).
The average estimate of asymptotic body mass for the sample was
1124 kg (Cl: 1110-1217) (Table 5). The average maximum relative
growth rate was 105% (Cl: 33%-175%) of total body mass gained
in a year, or approximately 1178 kg (Cl: 398-1970) in a single year
(Table 5).

We found that Masiakasaurus knopfleri and Majungasaurus
crenatissimus were best fit by the Gompertz and logistic models,
respectively (Figure 9e,f). Under these models, the average age
at which growth inflection occurred in Masiakasaurus was four
years old (Cl: 2-9) (Table 5). The accelerated period of growth
in Masiakasaurus ended, on average, at seven years old (Cl: 2-8)
(Table 5). The average bootstrap estimate of asymptotic body
mass for Masiakasaurus was 22 kg (Cl: 19-23) (Table 5). The aver-
age maximum relative growth rate for Masiakasaurus was 16% (Cl:
7%—36%) of total body mass gained in a year, or approximately 4 kg
(Cl: 2-8) in a single year (Table 5). The average age at which growth
inflection occurred in Majungasaurus was 19 years old (Cl: 15-24)
(Table 5). The accelerated period of growth in Majungasaurus
ended, on average, at 21 years old (Cl: 2-4) (Table 5). The average
bootstrap estimate of asymptotic body mass for Majungasaurus
was 884 kg (Cl: 827-973) (Table 5). The average maximum relative
growth rate for Majungasaurus was 13% (Cl: 10%—17%) of total
body mass gained in a year, or approximately 117 kg (Cl: 96-144)
in a single year (Table 5).

Ceratosaurus was the largest taxon in our sample, with aver-
age estimates of asymptotic body mass for Masiakasaurus knopfleri
and Majungasaurus crenatissimus representing only 2% and 79%,
respectively, of those from the averaged model for Ceratosaurus.
Ceratosaurus also possessed the highest estimates of maximum
relative growth rate among all three taxa, with approximately five-

(Masikasaurus) and six-fold (Majungasaurus) differences between the
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crenatissimus (f). DME, Developmental Mass Extrapolation. Silouettes from Scott Hartman, see Supplemental File—Data S1 for Phylopic liscene.

85U8017 SUOWIWOD 8A1Ea1D 3|qedljdde au Aq peusenob afe sajoie VO 8sn JO Se|n Joy AkeiqiTauljuo A8|1/W UO (SUONIPUOD-pUe-SLLBIW0D B[ IM Alelq 1 pul|uoy//:Sdny) SUo I IpUoD pue swie | 8Y) 8es *[5202/20/60] U0 Aiqiauliuo Ao|IM ‘98THT e0l/TTTT 0T/I0p/Woo Ao |Im ARig 1 jeul|uo//:sdny wou) pepeojumod ‘0 ‘085269T



SOMBATHY &7 AL. Joumal sfAnat my ANATCS)CIS/ch%/%%_WI LEYH

averaged Ceratosaurus estimates and that of the only other cerato-

saurians that are based on more than a single individual.

0.10-1.86]
0.49-3.05]
0.10-1.86]
1.07-4.29]

toy5 [Cl] (years)

0.69
0.87
0.98
0.61

4 | DISCUSSION

Bone tissue composition in Ceratosaurus hind limbs is generally
consistent across all sampled specimens (Figure 10). The lengths of

canals in cross section are the most variable quality, which is most

0.3-1.4]

0-0.0017]
0.34-1.55]
0.66-2.57]

______ evident when comparing the two femora to the tibia. Differences in
bone tissue between femora and tibiae are present in other similarly
sized theropods (Cullen et al., 2014; D'Emic et al., 2023; RSS pers.

obs.); however, the longitudinal sections are almost identical across

0.5
0.54
0.98

1 [CI] (years)
0.0005

all three samples, indicating that only circumferential canals are vari-
able. Whereas differences in organ-level bone growth can be a cause
of this type of variation (de Margerie et al., 2002), increased circum-
ferential canals have been suggested as a developmental response

398-1970]
543-3143]
333-1504]
319-1264]
96-144]

to increased torsional loading (de Margerie et al., 2005; McGuire
et al., 2020; Simons & O'Connor, 2012). Thus, differences in cross

section canal organization may be signaling different biomechanical

AGR [CI] (kg)
117

1178
1798
919
817

loadings rather than differences in growth rate. Overall, Ceratosaurus
hind limb histology most closely resembles that of modern avian hind
limbs, with dense woven-parallel complexes interspersed with plexi-
form or reticular vascular canals throughout both the femora and the
tibiae (Kuehn et al., 2019; RSS pers. obs.). This type of bone tissue

has been found to be representative of some of the fastest bone-

RGR [CI] (%)

105 [33-175]

159 [45-280]
82 [28-134]
731[27-112]
16 [7-36]
13 [10-17]

apposition rates currently known for extant theropods (Castanet
et al., 2000; de Buffrénil et al., 2021; de Margerie et al., 2004).

We found that an absence of LAGs between 180 and 600kg
was uniform across the sample, indicating a common period of

1110-1217]
1107-1225]
1110-1214]
1111-1212]

19-24]
828-973]

accelerated growth across all sampled specimens (Figure 10). In

A[CI] (kg)
1124
1131
1122
1119

22
884

contrast, we also found that LAG deposition later in ontogeny of
Ceratosaurus was not uniform (Figure 10), as BYU 881-12893 de-
posited no LAGs between the endosteal margin and the onset of
skeletal maturity. By contrast, MWC 1 deposited LAGs at regular
intervals leading up to skeletal maturity. Such developmental vari-
ability has been documented for some other dinosaurs and extant
taxa (Barta et al., 2022; Chapelle et al., 2021; Peterson, 1974; Sander
& Klein, 2005; Wilkinson et al., 2016; Wilkinson & Rhodes, 1997;
Woodward et al., 2015), however, more samples (particularly of ear-
lier ontogenetic stages) are required to capture the full extent of this
variability in Ceratosaurus and other ceratosaurians.

Model (m)

Averaged Models (0, 0.66, 1.001)
Monomolecular (0.001)

Von Bertalanffy (0.66)
Gompertz (1.001)

Gompertz (1.001)

Logistic (2)

All long bone specimens exhibited equivalent loss of bone tissue
to medullary cavity expansion (Figure 10). As such, and despite the
two-fold variation in body size, BYU 725-5133 does not significantly
differ in the amount of early growth contained in the cortex com-
pared to the larger BYU 881-12893 and MWC 1 specimens. Data
from young juvenile specimens of Ceratosaurus are necessary to
determine the developmental timing of accelerated growth in this
taxon, a problem commonly encountered when modeling the growth
of extinct animals. We found that all three species of Ceratosaurus
achieved similar asymptotic body masses (Table 3; Supplemental
File—Data S1).

Ceratosaurus nasicornis
Masiakasaurus knopfleri
Majungasaurus crenatissimus

Taxon
Abbreviations: A, Asymptotic Body Mass; AGR, Maximum Absolute Annual Growth Rate; Cl, Confidence Interval; |, Age at Inflection; RGR, Maximum Relative Annual Growth Rate; t,;, Age at 95%

TABLE 5 Mean values and confidence intervals extracted from one thousand bootstrap replicates the model of best fit.
Asymptotic Body Mass.
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Our observations of the histology of the osteoderm are gener-
ally consistent with the description provided by Reid (1996) of C-LQ
100, with minor differences in the amount of remodeling and the
absence of a distinct shift in fiber orientation throughout the cortex.
However, without high-resolution images of C-LQ 100, it is impossi-
ble to robustly compare these results. Regardless, the abundance of
Sharpey's fibers along the deep edge, the presence of extensive sec-
ondary remodeling, and a peripheral ring of avascular lamellar bone
are all consistent with the tissue of other archosaurian osteoderms
(de Buffrénil et al., 2021; Vickaryous & Sire, 2009). The presence
of both dense remodeling and structural fibers throughout the cor-
tex supports the combined metaplastic and osteoblastic regulation/
derivation hypotheses for archosaurian osteoderms by de Buffrénil
etal. (2015).

Based on LAG counts in the EFS of both the osteoderm and
dorsal rib of UMNH VP 5278, the osteoderm was still growing after
the animal had reached skeletal maturity, as the first LAG of the
EFS in the osteoderm correlates with the ninth LAG of the dorsal
rib or the third LAG of the EFS in the dorsal rib. Thus, the osteo-
derm remained growing for a maximum of three years after the re-
mainder of the skeleton had ceased growing. This interpretation
is further supported by the findings of Woodward et al. (2014),
where it was shown that the formation of the dense lamellar bone
along the periosteal border of Alligator mississippiensis osteoderms
did not occur until late into ontogeny. Dense remodeling of the
cortical bone in the osteoderm limits additional insight on the de-
velopment of this structure. However, the presence of such dense

remodeling may imply that UMNH VP 5278 was a female specimen
of Ceratosaurus, as excessive remodeling of osteoderm cortex in at
least some extant crocodilians and squamates is linked to increased
calcium mobilization in breeding females (Broeckhoven & du
Plessis, 2022; Dacke et al., 2015; Hutton, 1986; Klein et al., 2009;
Tucker, 1997; Woodward et al., 2014). Additional sampling of el-
ements associated with UMNH VP 5278 and of Ceratosaurus os-
teoderms from other individuals are necessary to formally evaluate
this hypothesis.

Our assessment of Ceratosaurus histology indicates that the
taxon possessed high annual growth rates and rapid skeletal devel-
opment, with an average of 45% of adult body mass being gained
in a single year (Figure 11; Table 3). The fastest-growing sampled
Ceratosaurus individual (BYU 881-12893) grew many times faster
than the fastest-growing individuals of the other sampled cerato-
saurians (Figure 11; Supplemental File-Data S1). While a lack of
data from the juvenile life history stage of Ceratosaurus hampers
our ability to fully investigate developmental timing in the genus
from growth models, our results currently indicate exceptionally
fast annual growth in Ceratosaurus. However, metrics from these
models remain biologically impossible, hindering our ability to
interpret its full-life history (Table 3; Table 5). This rapid growth
strategy seems to have been lost in the later diverging ceratosau-
rians, with the growth models of both Masiakasaurus knopfleri and
Majungasaurus crenatissimus displaying much slower growth rates
and longer growth durations (Table 5), supporting the hypotheses
of similar slow-growth regimes in other abelisaurids and noasaurids
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File—Data S1). Red lines represent individual annual growth rates, black lines represent the average annual growth rate for taxa from which
multiple specimens were available. Numbers refer to specimen numbers found in Supplemental File—Data S1. Cross section of the femur of
BYU 881-12893 showing the large growth zone in pink, missing data represented by diagonal lines, LAGs as solid red lines and hypothesized
connections between LAGs as dashed blue lines (b). Silouette from Scott Hartman, see Supplemental S1 for phylopic liscene. LAG, Line of

Arrested Growth.

(Aureliano et al., 2024; Lee & O'Connor, 2013; Souza et al., 2020).
Coupled with the histological data themselves, our findings sug-

gest a substantial decrease in both annual growth rate and body

mass throughout the evolution of Ceratosauria. This consistent
evolutionary decrease in both body size and growth rate may be
unusual among later branching clades of non-avian theropods 3.
(Cullen et al., 2020; D'Emic et al., 2023).

5 | CONCLUSIONS

1. Bone histology and the distribution of lines of arrested
growth support exceptionally rapid annual growth in the genus
Ceratosaurus, however, additional sampling from earlier onto-
genetic stages is needed to confirm the timing of onset of
accelerated growth in the genus.

2. Organization of bone tissue in the hind limbs of Ceratosaurus is 4,
consistent across all three specimens. Regardless of body size,

bone tissue most closely resembles that of large extant avians,

with fibrolamellar complexes throughout the cortex and a pre-
dominantly plexiform vascular organization. LAGs are absent
from 180 to 600kg. However, LAGs >600kg do not appear in
uniform places throughout the cortex among specimens, provid-
ing evidence of individual variation in the genus.

Comparison between Reid's (1996) description of a Ceratosaurus
osteoderm (CL-Q 100, now lost) and our analysis of a similar
structure (UMNH VP 5278) are generally consistent, with minor
discrepancies that could originate from a difference in section-
ing planes. The osteoderm sampled in this study matches the
criteria set out by previous authors for identifying archosaurian
osteoderms histologically and supports the hypothesis of a de-
velopmental switch in osteoderm formation, from metaplasia of
the dermis, supported by numerous structural fibers within the
cortex, to osteoblastic activity, supported by widespread remod-
eling in the cortex.

The rapid growth observed in Ceratosaurus was significantly re-
duced in later diverging ceratosaurians, with the latter exhibiting

an average nine-fold slower maximum annual growth rate.
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