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ABSTRACT

Clidastes was a large marine reptile from the Late Cretaceous Western Interior
Seaway of North America. Though the remains of Clidastes have been found in the
Cretaceous chalks and shales for over 150 years, little is known about their growth rates.
Osteohistology is a well-documented technique used to investigate growth in extinct
animals. Previous histological studies of Clidastes have hypothesized higher growth rates
in basal mosasaurids than varanids due to higher vascularity. These studies focused on
adult specimens but did not look at ontogenetic changes in growth rates. Isotopic studies
of Clidastes indicate high metabolic temperatures, leading to speculation these animals
had either gigantothermic or endothermic metabolisms. Whether the growth rates in
Clidastes are comparable to endothermic or ectothermic animals has not been studied.
This study uses osteohistology and skeletochronology to determine age at the time of
death, investigate ontogenetic changes in internal bone microstructure, and estimate
growth rates through Clidastes ontogeny.

Four humeri representing a size gradient in Clidastes were histologically
analyzed. Skeletochronological ages of the four specimens are yearling (<1 year),
juvenile (3-4 years), sub-adult (6-7 years), and possible adult (13-14 years). All humeri
show parallel-fibered bone as the main tissue type. Vascularity and growth rates decrease
as size and age increase through Clidastes ontogeny. Primary osteons and radial canals
seen in early ontogeny decrease until only longitudinal simple canals remain in late
ontogeny. Though no growth marks are visible in the yearling, vascularity is much higher
than the other specimens, suggesting a higher growth rate during the first year of life. In

the juvenile, growth rates in the second year of life are 1.70 um(day)™. In the sub-adult,



growth rates in years four and five are 1.65 and 1.75 um(day)™ respectively. In the
largest humerus, growth rates in years eight through eleven are variable, but all are less
than 0.80 um(day)™. No humeri show evidence of skeletal maturity, though the slowing
of growth in the largest humerus could represent sexual maturity or the onset of skeletal
maturity.

Clidastes grew fastest during the first year of life. Growth slowed during the
second year but continued at this same rate until after the sixth or seventh year when it
slowed again. While this study finds that vascularity in Clidastes is greater than modern
varanids, growth rates are more comparable to ectothermic than endothermic animals.
Growth rates determined in this study support the gigantothermic rather than endothermic

metabolic hypothesis for Clidastes.
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INTRODUCTION

Clidastes (Mosasaurinae) was a predatory marine reptile that inhabited both open
ocean and inland sea habitats during the Late Cretaceous (100-65 mya). Compared to
other Mosasaurinae genera (i.e. Prognathodon and Mosasaurus), Clidastes was small
with average lengths ranging from three to four meters, though larger specimens are
known (Bell, 1997). As a secondarily aquatic animal, Clidastes evolved morphological
specializations and adaptations that aided an aquatic lifestyle. These changes include
reduction of the sacrum (Caldwell, 2002), hyperphalangy and flattening and elongation of
the limb bones (Lindgren et al., 2011), an addition of caudal vertebrae to aid in
locomotion (Lindgren et al., 2011), a switch from oviparity to viviparity (Caldwell and
Lee, 2001; Field et al., 2015), and changes in bone microstructure (Sheldon, 1997;
Houssaye, 2009; Houssaye and Bardet, 2012).

The purpose of this study is to use osteohistology and skeletochronology to
analyze the bone microstructure of Clidastes humeri by 1) comparing ontogenetic
changes in Clidastes medullary compactness, bone tissue type, and the quantity and
direction of vascular canals, and by 2) using cyclical growth marks (CGMs) to
retrocalculate age at time of death and estimate growth rates represented in cortical
sections. Additionally, comparing Clidastes growth rates to known ectothermic and
endothermic growth rates can aid in understanding mosasaur metabolism.

Osteohistology is a well-documented technique used to investigate phylogeny,
mechanics, environment, and ontogenetic growth in extinct animals. Rather than an open
medullary cavity, mosasaurids display a medullary area filled with a trabecular network,

which is thought to aid in buoyancy and body trim controls (Sheldon, 1997; Houssaye,



2009; Houssaye and Bardet, 2012). Previous studies have shown a discrepancy in the
ontogenetic changes in medullary compactness among different Clidastes bones.
Houssaye and Bardet (2012) show juvenile and adult Clidastes have similar vertebral
medullary compactness, but Bell and Sheldon (1986) show juvenile Clidastes ribs have
open medullary areas while adult ribs are compact. How this medullary area forms and
why there are differences between juvenile vertebrae and rib medullary compactness has
yet to be explored.

The correlation between growth rates and bone microstructure was first examined
by Amprino (1947), who predicted that primary bone tissue type corresponded to
different growth rates in an individual. Later studies confirmed these results, finding that
differences in tissue type reflect growth rates with lamellar and parallel-fibered bone
growing slower than woven bone (Castanet et al., 2000; de Margerie et al., 2004).
Differences in vascular density and vascular orientation also reflect varying growth rates.
Bones with a high vascular density grow faster than those with lower vascular density (de
Ricqlés, 1976; de Buffrenil et al., 2008) and bone containing longitudinal canals
generally grow at a slower rate than bone containing reticular and radial canals (de
Ricqlés, 1976; Castanet et al., 2000; de Margerie et al., 2002). Osteohistology can also be
used to determine if bone contains an external fundamental system (EFS) which denotes
an animal has reached skeletal maturity. The EFS is found along the periosteal surface,
typically in long bones, and is usually nonvascular and comprised of slow growing
tissues with well-organized collagen fibers (Cormack, 1987; Starck and Chinsamy, 2002;
Ponton et al., 2004; Woodward et al., 2011). EFSs have been found in a variety of

animals including dinosaurs (Erickson et al., 2004; Horner and Padian, 2004; Padian et



al., 2004), alligators (Woodward et al., 2011), and monitor lizards (de Buffrenil and
Castanet, 2000). An EFS has yet to be reported in mosasaurids.

Previous osteohistological studies of mosasaurids have used bone tissue type and
vascularity in vertebrae, ribs, and limb bones to infer growth rates (Pellegrini, 2007;
Houssaye, 2008; Houssaye and Bardet, 2012; Houssaye and Tafforeau, 2012; Houssaye
et al., 2013). Parallel-fibered bone is the dominant bone tissue type across mosasaurid
phylogeny (Houssaye et al., 2013). Woven fibered tissue has been found in small sections
of cortical bone, with lamellar bone concentrated around the primary and secondary
osteons and along the edges of trabeculae (Houssaye and Bardet, 2012; Houssaye et al.,
2013). Houssaye et al., (2013) also found what they called unusual parallel-fibered bone
(UPFB) and described it as bone that is anisotropic under polarized light (a property of
parallel-fibered and lamellar bone tissue) but contains large, rounded osteocyte lacunae (a
property of woven bone tissue). Radial and longitudinal primary osteons and simple
canals are also common throughout mosasaurid phylogeny and ontogeny (Houssaye and
Bardet, 2012; Houssaye and Tafforeau, 2012; Houssaye et al., 2013). By focusing on
vascular canal density and orientation, studies hypothesize that mosasaurids grew slightly
faster than modern monitor lizards but still relied on protracted, rather than rapid, growth
in order to reach large size (Houssaye and Bardet, 2012). Consequently, growth rates in
Clidastes are described as being somewhere above the extant turtle Dermochelys but
lower than what has been suggested for extinct ichthyosaurs (Houssaye et al., 2013).
However, the previous histological studies of mosasaurids have primarily focused on
phylogenetic differences rather than ontogenetic differences. Sampling the same bone of

individuals of different sizes in one taxon can give a comprehensive history of bone



growth through ontogeny (Chinsamy, 1995; Curry, 1999; Horner et al., 2000). A few
histological studies of mosasaurids have sectioned smaller Clidastes vertebrae (Houssaye
and Tafforeau, 2012) and limb bones (Pellegrini, 2007; Houssaye et al., 2013) that were
considered juveniles and compared them with larger Clidastes vertebrae and limb bones
that were considered adults, but a more comprehensive ontogenetic series of the genus
has not been completed to date.

Skeletochronology is a well-established technique used to obtain an estimate of
age in an extinct animal at the time of death (Castanet and Smirina, 1990; Chinsamy,
1993, 1995; de Buffrenil and Castanet, 2000; Horner et al., 2000; Horner and Padian,
2004; Woodward et al., 2013) and measure daily or yearly growth rates of an individual
(Padian et al., 2001; Sander and Tlckmantel, 2003; Montes et al., 2007; Cubo et al.,
2008; Padian and Stein, 2013). Skeletochronological methods are based on counting
CGMs. Studies have shown that when bone growth is interrupted due to seasonal cues or
slowed due to natural biological rhythms, a ring representing arrested growth can occur in
both ectothermic animals (e.g., de Ricglés, 1976; Castanet and Smirina, 1990; Castanet,
1994; de Buffrenil and Castanet, 2000; de Buffrenil et al., 2008; Woodward et al., 2014)
and endothermic animals (e.g., de Buffrenil et al., 1990; Sander and Andrassy, 2006;
Kohler et al., 2012; Houssaye et al., 2015). Age estimation through retrocalculation has
been accomplished by using the width of smaller sized (assumed younger) bones as
proxy for bone resorbed in adults (Chinsamy, 1993, 1995) and by using the distances
between preserved CGMs to calculate how much bone has been resorbed (Erickson,

2000; Horner et al., 2000; Horner and Padian, 2004).



The metabolism of mosasaurids has been studied previously, but studies do not
agree whether the animals had ectothermic or endothermic metabolisms. Bernard et al
(2010) conducted isotopic studies on mosasaurid teeth and concluded that mosasaurids in
general had body temperatures higher than ambient sea temperatures. These high body
temperatures were thought to stem from a gigantothermic metabolism. This type of
metabolism—involving a large body having more surface area to volume ratio—is found
in the modern leatherback turtle Dermochelys (Paladino et al., 1990). Recently, isotopic
analysis of 5004 in enamel and bone from Clidastes of the Mooreville chalk showed
that Clidastes body temperatures ranged from 30.0°C to ~37.0°C (Harrell et al., 2016),
which is also higher than the average water temperature reconstructions of the Mooreville
chalk (Liu, 2009). However, rather than a gigantothermic metabolism, Harrell et al.
(2016) concluded Clidastes was endothermic.

Studies have shown that growth rates are closely correlated to metabolism.
Endothermic animals tend to have high growth rates of 15 pm(day)™ or above (Padian et
al., 2001; de Margerie et al., 2004; Chinsamy and Hurum, 2006). Growth rates among
ectothermic animals range from 0-10 um(day)™ (Padian et al., 2001; Montes et al., 2007;
Cubo et al., 2008). Though exactly from where Mosasauridae derived is still in
contention (see Lee, 1997; Conrad et al.; 2008) mosasaurids are considered squamates,
and all modern squamates have ectothermic metabolisms (King and Green, 1999). The
growth rate of extant squamates is usually on the lower end, growing at 0-2 um (day)™
(Montes et al., 2007; Cubo et al., 2008), though some neonate varanids can have growth
rates of 7-9 um (day)™ (Cubo et al., 2012). Growth rates can then be used to discern a

metabolic rate in Clidastes. Growth rates in Clidastes have only been reported with



qualitative assessments of vascularity and bone tissue type (Pellegrini, 2007; Houssaye
and Bardet, 2012; Houssaye and Tafforeau, 2012; Houssaye et al., 2013) and not been
reported quantitatively in microns per day. If Harrell et al. (2016) are correct in their
conclusion of an endothermic metabolism for Clidastes, then growth rates measured
quantitatively should have the high growth rates found in endothermic animals rather

than slower growth rates found in ectothermic animals.



MATERIALS and METHODS

Four Clidastes humeri were selected for osteohistological analysis (Figure 1,
Table 1). The four humeri were recovered from the Clidastes Acme-zone in the upper
part of the Mooreville Chalk Formation of Alabama (Kiernan, 2002) and identified as
Clidastes sp. The humeri belonged to four different individuals and were tentatively
labeled as a neonate (RMM 6066), juvenile (ALMNH 5186), subadult (ALMNH 4332),
and adult (RMM 2986) based on element size. RMM 6066 and RMM 2986 are from the
McWane Science Center in Birmingham, AL, which houses the collections for the former
Red Mountain Museum (RMM). ALMNH 5186 and ALMNH 4332 are from the
Alabama Museum of Natural History (ALMNH) at the University of Alabama,
Birmingham.

The humeri were measured with an electronic caliper (Table 1), sketched,
photographed, and molded and cast prior to sectioning. Preparation for histological
sampling followed Lamm (2013). A diaphyseal section was removed between the
deltopectoral crest and the ectepicondyle process of each bone and embedded in Silmar
41 Clear Polyester Plastic Resin. The resin was placed in a vacuum to reduce bubbling
and left to cure at room temperature for twenty-four hours. Thin sections were cut
transversely from the proximal and distal ends of the resin-encased diaphyseal sections.
In two bones, RMM 5186 and RMM 4332, thin sections were also cut longitudinally
from the remaining diaphyseal section. These thin sections were adhered to slides using
Devcon 2-Ton Epoxy and allowed to set for twelve hours. The adhered thin sections were
ground using sandpaper and polished with a buffing cloth with 5um aluminum powder.

Slides were analyzed and photographed with an AmScope 300 Series microscope and



Table 1

Sizes of the four humeri studied. All measurements in cm. Lengths were taken
from the most proximal to most distal end. Widths were taken from most anterior to
posterior end. Diameter was taken at midshaft between the ectepicondyle and

entepicondyle where cuts were made.

Specimen # Length Width Circumference
at mid-shaft
RMM 6066 2.0 1.4 3.1
ALMNH 5186 4.2 3.0 6.2
ALMNH 4332 7.3 5.9 9.2
RMM 2986 9.1 7.7 13.1

Figure 1: Humeri used for this project.
A) RMM 6066, B) ALMNH 5186,
C) ALMNH 4332, D) RMM 2986

AmScope 10-megapixel camera with
Toupview®© software. Photographs of the
thin sections were edited using MosiacJ
(an extension of ImageJ) software to
stitch together complete cross sections of
each bone.

To measure distances between
CGMs and to account for CGMs lost to
remodeling, other studies rely on the
roundness of limb bones where radii are
measured from the center to the

corresponding CGM and averages taken

to account for medullary drift (Erickson, 2000; Sander and Ttickmantel, 2003; Horner

and Padian, 2004). This method of measurement was difficult for this study because

mosasaurid appendicular bones are flattened and the radius in the anteroposterior

direction is much longer than the radius in the dorsoventral direction. This study adopted



methods from Pellegrini (2007) who used Radius A as half the distance of the bone
thickness in the anteroposterior direction and Radius B as half the distance in
dorsoventral direction (Figure 2). However, due to heavy remodeling in the
anteroposterior direction, CGMs are only visible in the dorsoventral direction of the
humeri studied here, so only Radius B was used in calculations. CGMs were numbered
with the CGM closest to the endosteal surface as CGM #1 and increased sequentially
towards the periosteal surface. Distances between the CGMs were measured centrifugally
(from the center outwards) along Radius B. To estimate the CGMs lost to remodeling,
this study used methods similar to those used in Horner and Padian (2004). In that study,
the cortical area is subtracted from the radius, leaving the medullary radius (MR). The
radius of a smaller bone was then subtracted from the MR, leaving the resorbed cortical
area (RCA) which was then divided by known CGM distances to estimate the number of
resorbed CGM. In Horner and Padian (2004), the cortical and medullary areas of
Tyrannosaurus rex are distinct, but in Clidastes humeri the medullary area is filled with
trabeculae, making the distinction between these areas subtle, and making defining the
cortical area difficult. One possibility was defining the cortical area as any area of bone
near the periosteal surface not containing trabeculae. However, this would cause a loss of
CGM as some CGM are found among newly formed trabeculae. A different option was
defining the cortical area as the distance between CGM #1 and the periosteal surface.
This option accounted for all CGM but meant trabeculae were included in the cortical
area in some humeri and sections of cortical area were included in the medullary area in
other humeri. Since the point of defining the cortical area is to aid in calculating how

many CGM have been resorbed, defining the cortical area in this manner gives a more



accurate account of resorbed cortical area. Once the cortical area was defined in each
bone, the methods followed Horner and Padian (2004). To date, RMM 6066 is the
smallest humerus sectioned that has been described, so it is the reference point for
deriving missing cortical area. Subtracting the Radius B of RMM 6066 from the
calculated MR of a given bone leaves the RCA, which is the amount of cortical bone
resorbed since the animal was the size and age of RMM 6066. To find the number of
CGMs missing due to resorption, the RCA is divided by different distances previously
measured: (i) maximum (largest CGM distance of that bone), (ii) penultimate (second
largest CGM distance of that bone), and (iii) mean (average of all CGM distances of that
bone) distances between CGMs, as previously described in Horner and Padian (2004)
(See Table 3 for CGM distances). Because the distance between CGMs decreases as an
animal ages, using the mean distance of CGMs from an ontogenetically older bone does
not account for larger distances formed during early ontogeny already lost to remodeling.
To solve this problem, a fourth measurement, (iv), was added using the mean of CGM
distance (iii) of the most previous ontogenetically younger bone (see Table 4 for more on
retrocalculations). The calculations made from these four categories gave a range for
missing CGMSs. The minimum and maximum numbers of missing CGMs obtained
through all retrocalculations were averaged to get a better estimate of missing CGMs
(Table 4).

To determine vascularity, a 10% section of the cortical area was measured in
square centimeters (cm?) using ImageJ software. These sections consisted of the cortical
area directly posterior of Radius B between the periosteal and endosteal surfaces (Figure

2). This 10% area represents the average vascularity at that time in ontogeny, preserved

10



in the bone at the time of death. Longitudinal vascular canals in each measured cortical
area were counted using a microscope at 10x power. Dividing the counted canals by the
measured area gives the longitudinal vascularity in canals (cm?)™ (Table 2).

Distances between CGMs were divided by the number of days per year to get
estimated um(day)™ of growth. Because the number of days per year has been getting
progressively shorter since the Cambrian Period (Wells, 1969), calculations from Lee et
al., (2013) were used to ascertain the days of the year during Late Santonian/Early
Campanian (~80 mya) when the Mooreville Chalk was laid down (Kiernan, 2002).

During this part of the Late Cretaceous there were ~372 days per year.

Figure 2: Example of how radii measurements were taken. All
radial measurements were taken on transverse cuts through the
diaphysis, as seen here in ALMNH 4332. Radius A is in the
posterior direction and Radius B is in the dorsal direction. White
square represents 10% of cortical area used to measure vascularity.

11



RESULTS

The humeri in this study display bone microstructure typical of mosasaurids
(Pellegrini, 2007; Houssaye and Tafforeau, 2012; Houssaye et al., 2013), consisting of a
network of trabeculae in the medullary area surrounded by a thin layer of cortical bone.
Vascular architecture and orientation is consistent with previous studies (Houssaye and
Bardet, 2012; Houssaye and Tafforeau, 2012; Houssaye et al., 2013). Vascular canals are
a mix of simple canals and primary osteons arranged mostly longitudinally with few
radial and reticular canals present. CGMs are found throughout the dorsal and ventral
regions of the cortical bone in the humeri of this study. The anterior and posterior
portions do not typically preserve records of growth cessation due to remodeling of those
areas during ectepicondylar and entepicondylar processes growth. This observation is
consistent with other studies of mosasaurid long bones (Pellegrini, 2007). As noted by
Houssaye et al. (2013), expansion of the trabecular spaces usually begins with vascular
canals found between CGMs. Some CGMs can still be seen where the medullary area
meets the cortical bone and construction of trabeculae has begun. As expansion of the
medullary area continues, these CGMs and all previous ontogenetic information are lost
to resorption or construction of the trabeculae.
Table 2

Number of longitudinal canals found in 10% of cortical area posterior to the midline of
the shaft.

Specimen # # of Longitudinal Area of cortical bone Longitudinal

Canals examined (cm?) Vascularity

canals(cm?)™
RMM 6066 62 3.058 20.27
ALMNH 5186 47 4.533 10.37
ALMNH 4332 80 7.683 10.41
RMM 2986 29 22.807 1.27

12



RMM 6066

The medullary area of RMM 6066 (Figure 3) is open with few large trabeculae crossing
through the medullary area. The trabeculae and cortical bone surrounding the medullary
area both appear anisotropic, indicating parallel-fibered bone (Figure 4). The collagen
fibers show some organization but are not laid in concentric, alternating layers that would
indicate lamellar bone. The trabeculae do not contain any lamellar bone along their edges
Both cortical bone and trabeculae contain osteocyte lacunae that are small and oblong.
The cortical bone contains three distinct rows of longitudinally oriented primary osteons
and simple canals (Figure 5). Simple radial and reticular canals connect some of the
longitudinally oriented canals. VVascular canals also open to the periosteal surface.
Longitudinal vascularity is 20.27 canals(cm?)™! for this specimen (Table 2). There are no
CGM observed in RMM 6066. It is not likely that any CGMs have been lost to resorption
because there is little evidence of resorption or construction of the trabecular system.

Dorsal

Anterior

Fiaure 3:Transverse cross section of RMM 6066
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Figure 4:Cortical area of RMM 6066 under polarized light with

longitudinal canals (white arrows), radial canals (green arrows), and
reticular canals (blue arrows).
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Figure 5: Cortical area of RMM 6066 under polarized light with
longitudinal canals (white arrows), radial canals (green arrows), and
reticular canals (blue arrows).
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ALMNH 5186

The medullary area of ALMH 5186 is partially open, though trabeculae are more
numerous than RMM 6066 (Figure 6). The trabeculae consist of parallel-fibered bone and
areas of lamellar bone along the edges of trabeculae (Figure 7). The cortical bone consists
of two distinct sections (Figures 8, 9, 10).

The cortical bone near the endosteum in ALMNH 5186 appears isotropic under
polarized light, which typically indicates woven collagen fibers (Figure 9). However,
isotropy occurs only in transverse view; when viewed longitudinally this bone appears
anisotropic and is made of closely packed collagen fibers laid in parallel (Figure 11).
Though unreported in mosasaurids, this longitudinally occurring parallel-fibered bone has
been found in dinosaurs, and is thought to occur because the fibers line up longitudinally
rather than transversely, giving the transverse cut the appearance of woven tissue (Stein
and Prondvai, 2014). Osteocyte lacunae are small and oval shaped in both the trabeculae
and the cortical area near the endosteum (Figures 9, 10). The longitudinal vascularity for
ALMNH 5186 is 10.37 canals(cm?)™ (Table 2). Two rows of longitudinally-oriented
primary osteons and simple canals are situated between periods of arrested growth
(Figures 8, 9). These canals are a mix of primary osteons and simple canals, are lined in
neat rows, and are close together. The row of primary osteons closest to the endosteal
surface has been almost completely resorbed due to formation of trabeculae.

The bone nearest the periosteum is parallel-fibered but is unlike any bone seen in

other Clidastes specimens. It is likely that this bone is pathological in origin. A
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Figure 7: Trabeculae of ALMNH 5186 under polarized light
showing reconstruction of bone along edges (black arrows).
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Grenzstreifen line marks the change between normal cortical bone and pathological bone
(Figure 10); these lines are common when disease or infection cause reactions of
abnormal bone growth along the periosteal surface (Rothschild and Martin, 1992
Weston, 2009; Cubo et al., 2015). The osteocyte lacunae are also larger, angular, and
more numerous than other areas of the cortical bone (Figure 10). This is another sign of a
periosteal reaction caused by infection of disease (Weston, 2009; Redelstorff et al.,
2015). Pathologies are common in the mosasaurid fossil record and have been
documented on numerous occasions (Rothschild and Martin, 1992; Schulp et al., 2006;
Rothschild and Everhart, 2015). No clear cause of the pathology could be seen when
examining the humerus and periosteal reactions can stem from a number of causes
(Edeikin et al., 1966; Rothschild and Martin, 1992). It is unknown how pathologies affect
Table 3

Measurements (um) made between the CGMs along Radius B of each humerus. R =
resorbed CGMs. Measurements with a * represent the length from the last CGM to the
periosteal surface. In RMM 2986, microbial invasion obscured the periosteal surface and

most likely obscured 1-2 CGMs
RMM 6066 ALMNH 5186 ALMNH 4332 RMM 2986

CGM 0-1 - R R R
CGM 1-2 - 632 R R
CGM 2-3 - 611* R R
CGM 3-4 - - 594 R
CGM 4-5 - - 646 R
CGM 5-6 - - 432* R
CGM 6-7 - - - R
CGM 7-8 - - - 274
CGM 8-9 - - - 204
CGM 9-10 - - - 189
CGM 10-11 - - - 211
CGM 11-12 - - - 877*
CGM 12-13 - - -
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Flgure 8 Cortlcal bone of ALMNH 5186 under polarized Ilght showmg two dlstlnct types
of bone, rows of longitudinal canals (white arrows), and CGMs (black arrows). Black
inset is Figure 9.
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Figure 9: Cortical area of ALMNH 5186 under polarized light with

longitudinal canals (white arrows), radial canals (green arrows), and
CGMs (black arrows).
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the growth of an animal, but the bone already deposited was most likely not impacted —
only the bone being laid down at the time of the pathology. Therefore, the cortical area
near the endosteum and the medullary region are discussed further. However, because the
rate of pathological bone growth is not known, the pathological tissue near the periosteal
surface cannot be used to discuss growth rates of this animal. Measurements of the
cortical bone did not include the pathological bone. More study of this humerus and
bones associated with ALMNH 5186 is needed to understand the pathology, but is out of
the scope of this study.

Two CGMs can be seen in the cortical area near the endosteal surface of ALMNH
5186 (Figures 8, 9). These growth marks indicate the animal was at least in its third year
at the time of death. Due to minor variation in growth between individuals, the medullary
radius of ALMNH 5186 is slightly smaller than the bone radius of RMM 6066. This
indicates that CGM #1 in ALMNH 5186 represents the end of the first year of growth and
no CGMs were lost due to remodeling. Distance between CGM #1 and CGM #2 in
ALMNH 5186 is 632um, indicating a growth rate of 1.70 um(day)™. A third CGM was
not laid down. The distance between CGM #2 and the Grenzstreifen line is similar to the
distance between CGMs #1 and #2, but it is unknown if the Grenzstreifen line represents
a CGM. There is no indication of skeletal maturity at the time of death. The pathological
bone found at the periosteum obscures the true periosteal surface and no EFS is seen in or

bordering the pathological bone.
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Figure 10: Cortical bone of ALMNH
5186 showing the Grenzstreifen line
(black arrow) which marks the change
from normal cortical bone below the line
and pathological cortical bone above the
line. Osteocyte lacunae (white arrows)
are small and rounded in the normal
cortical area and large and angular in the
pathological bone.

under polarized light.
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ALMNH 4332
The medullary area of ALMNH 4332 is filled with trabeculae, though many of these
trabeculae were crushed after deposition (Figure 12). The trabeculae in the dorsal
quadrant are a good indicator of how they appeared before crushing (Figures 12, 13).
Most of the trabeculae consist of parallel-fibered bone, though lamellar bone can be seen
along the edges (Figure 13). Similar trabecular microstructure was seen in mosasaurid
vertebrae by Houssaye and Tafforeau (2012) and in mosasaurid limbs bones by Houssaye
et al. (2013). Just as in ALMNH 5186, the cortical bone of ALMNH 4332 appears to be
made from woven collagen fibers, but when cut longitudinally, the collagen fibers appear
as parallel-fibered bone (Figure 14). Osteocyte lacunae in ALMNH 4332 are small and
oblong throughout the trabeculae and cortical bone, in some places appearing almost flat.
Longitudinal canals in ALMNH 4332 are not in distinct rows and distances between
canals are farther apart than in ALMNH 5186 (Figure 14). The longitudinal vascularity
for this bone is 10.41 canals(cm?)™ (Table 2). Longitudinal canals are more numerous
near the endosteum with numbers decreasing closer to the periosteum. Near the
endosteum, many longitudinal canals have already been expanded by resorption and
begun to form the trabecular network.

There are three CGMs observed within the cortical bone of ALMNH 4332 (Figure
15). Retrocalculations indicate two or three CGMs have been lost to resorption (Table 4),
making the animal six to seven years old at the time of death. Distances between CGM
#1 and CGM #2 are slightly smaller than distances between the next set of CGMs (Table

3) with the highest growth rate of 1.74 pm(day)™* represented in the preserved making the
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Figure 12: Transverse cross section of ALMNH 4332. Trabeculae in dorsal
quadrant represent how trabecular system looked before being crushed
taphonomically.
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Figure 13: Trabeculae of ALMNH 4332 under polarized light with
reconstructed bone along edges (black arrows) and broken trabeculae
along the bottom of the photo.
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Estimated
Age
<lyr
3 yrs
6-7 yrs

13-14 yrs

Calculated missing CGMs

0 (i), 0 (ii), O (iii), 0 (iv) > O
2-3 (i), 2-3 (ii), 2-3 (iii), 2-3 (iv), = 2-3
7-8 (i), 9-10 (ii), 8-9 (iii), 4-5 (iv), = 7-8

2
3
5

CGMs
2680 0
4220 1380
5360 2520

1240
1670

BR CorArea MR RCA #of
1940

2840
7300

radius; RCA, resorbed cortical area; (i), ultimate; (ii), penultimate; (iii), mean; (iv), mean of earlier ontogeny.

CorArea, length of cortical bone from periosteal surface to CGM closest to endosteal surface; MR, medullary
See Methods for complete details regarding retrocalculations.

Table 4: Retrocalculations of missing CGMs. All measurements reported in microns. BR, bone radius;

ALMNH 5186 3920
ALMNH 4332 5890

RMM 6066
RMM 2986

Specimen #

animal six to seven years old at the time of
death. Distances between CGM #1 and CGM
#2 are slightly smaller than distances between
the next set of CGMs (Table 3) with the
highest growth rate of 1.74 pum(day)™
represented in the preserved cortical bone of
year five (Table 5). The periosteum in
ALMNH 4332 is not obscured. There is

no evidence of any slowing of growth or an
EFS near the periosteum, so this animal was
still growing at the time of death.

ALMNH 4332 marks the first
appearance of supernumerary growth marks
(Figure 15) in the ontogenetic series of this
study. Though their significance is unknown,
supernumerary growth marks are faint lines
that appear between the CGMs and are found
in mosasaurids (Pellegrini, 2007), iguanas
(Zug and Rand, 1987), and other reptiles

(Castanet and Smirina, 1990; Castanet, 1994).
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Figure 14: Cortical area of ALMNH 4332 in longitudinal cut under
polarized light.

I g

Figure 15: Cortical area of ALMNH 4332 under polarized light with
longitudinal vascular canals (white arrows), supernumerary lines (blue
arrows), and CGMs (black arrows).
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RMM 2986

The medullary area of RMM 2986 is filled with trabeculae, though many of them were
post-depositionally crushed (Figure 16). Uncrushed trabeculae in the dorsal quadrant
represent how the medullary area would have appeared (Figures 16, 17). As in ALMNH
4332, the trabeculae consist of parallel-fibered bone, though lamellar bone can be seen
along the edges of trabeculae (Figure 17). The cortical bone of RMM 2986 consists of
parallel-fibered bone. Osteocyte lacunae are small and rounded and slightly smaller than
lacunae seen in previous ontogeny. A row of longitudinally oriented primary osteons and
simple canals are situated near the periosteal surface. A row of longitudinally oriented
secondary osteons is found just below these primary osteons. Remnants of radial canals
are found closer to the endosteum (Figure 18). The overall longitudinal vascularity for

this specimen is 1.27 canals(cm?)™ (Table 2).

Anterior

Figure 16: Transverse section of RMM 2986. Medullary area is somewhat
crushed though dorsal quadrant has intact trabeculae.
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Distinguishing CGMs in RMM 2986 is difficult due to the large number of
supernumerary lines (Figure 18), but CGMs are typically darker and thicker than
supernumerary marks (Zug and Rand, 1987). Based on this, five CGMs are identified in
the cortical bone (Figure 17). Retrocalculations show at least seven or eight CGMs have
been resorbed in the medullary area, making the animal 13-14 years of age at the time of
death (Table 4). Though distances between CGMs vary from year to year, inter-CGM
distances in RMM 2986 are smaller than previous ontogenetic stages studied, with each
measurement less than 300um (Table 3). The highest growth rate in RMM 2986 is 0.74
pm(day)™ (Table 5). The periosteal surface of RMM 2986 appears dark under polarized
light. This is most likely due to postmortem microbial invasion. Because of this

contamination, it is unknown if RMM 2986 had an EFS signaling skeletal maturity.

Table 5: Growth rates for each individual per year. Rates were measured by dividing the
corresponding CGMs by the days in a Late Cretaceous year (~372) and results are listed
in um(day)™. R = resorbed cortical area. * indicates distance between last CGM and
periosteal surface.

RMM 6066 ALMNH 5186  ALMNH 4332 RMM 2986

Year 1 - R R R
Year 2 - 1.70 R R
Year 3 - * R R
Year 4 - - 1.60 R
Year 5 - - 1.74 R
Year 6 - - * R
Year 7 - - - R
Year 8 - - - 0.74
Year 9 - - - 0.55
Year 10 - - - 0.51
Year 11 - - - 0.57
Year 12 - - - *
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Figure 17: Trabeculae of RMM 2986 under polarized light with areas
of reconstructed bone along the edges (black arrows).

Figure 18: Cortical bone of RMM 2986 under polarized light with
longitudinal canals (white arrows), longitudinal secondary canals
(yellow arrows), and the remains of some radial canals closer to the

endosteal surface. Many supernumerary lines are present between the
CGMs (black arrows).
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DISCUSSION

The humeri chosen for this study were hypothesized to represent different stages
of Clidastes ontogeny based on size. Histological testing confirmed that these bones
represent yearling, juvenile, sub-adult, and probable adult ontogenetic stages. Each stage
is defined by certain characteristics that are unique to that point in ontogeny. No CGMs
were reported in the cortical area of RMM 6066 (Figures 4, 5), indicating the animal is in
the first year of growth. Radius B of RMM 6066 is close to the medullary radius of
ALMNH 5186 (Table 4), indicating RMM 6066 was likely close to the one-year mark
when it died. This yearling stage is defined by an open medullary cavity with few
trabeculae which do not contain lamellar bone, distinct parallel rows of longitudinally
oriented primary osteons, and radial and anastomosing canals open at the periosteum. The
juvenile stage is represented by ALMNH 5186 (Figures 1, 6-11). This stage is defined by
a partially open medullary area with trabeculae that do contain lamellar bone (indicating
new bone construction that strengthens the trabecular walls), longitudinal primary
osteons and simple canals arranged in distinct rows, and reconstruction of longitudinal
canals into trabecular spaces. The cortical area of the two smallest bones together
represent the complete first two and a half years of Clidastes ontogeny. The highly
vascular nature of a yearling Clidastes seen in RMM 6066 has already been lost to
resorption in the juvenile ALMNH 5186.

The subadult stage is represented by ALMNH 4332 (Figures 1, 12-15) which was
6 or 7 years old at the time of death (Table 4). This stage is defined by a medullary area
filled by trabeculae with lamellar deposits along the edges, scattered simple longitudinal

canals, the absence of primary osteons, and supernumerary lines between CGMs. The
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largest bone, RMM 2986 (Figures 1, 16-18), represents an individual that was at least 12
to 13 years of age at the time of death (Table 4). Optical clarity is obscured near the
periosteal surface due to microbial invasion (Figure 18). This area of microbial invasion
measures 877um and the previous distance between CGMs was 211um so, if growth
rates were similar, at least four CGMs are obscured by the microbial invasion; possibly
more if growth slowed or stopped. The microbial invasion also prevents assessing this
bone for an EFS. Because an EFS denotes skeletal maturity and skeletal maturity is how
adulthood is defined (Cormack, 1987; Starck and Chinsamy, 2002; Ponton et al., 2004;
Woodward et al., 2011), RMM 2986 cannot be called an adult, but rather is named a
probable adult. Because growth rates slow as an animal ages, the slower growth rates
seen in RMM 2986 support it being placed in an older ontogenetic stage than other
humeri studied (Table 4, 5). This probable adult stage is represented by unorganized
longitudinal canals found mostly near the periosteal surface, numerous supernumerary
lines between CGMs, and the presence of secondary osteons in the cortical area.
Parallel-fibered bone is the main bone tissue type throughout mosasaurid
phylogeny (Houssaye et al., 2013), and this study found parallel-fibered bone tissue
throughout Clidastes ontogeny. Woven bone was not observed in any bones from this
study, and lamellar bone is found only in the trabecular system. Two humeri, ALMNH
5186 and ALMNH 4332, had longitudinally oriented collagen fibers, while the other two
had transversely oriented collagen fibers. This explains why the fibers appeared woven in
transverse section, but parallel when cut longitudinally. This phenomenon has only been
previously noted in archosaurs (Stein and Prondvai, 2014), but this study shows it is also

found in squamates.
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Besides finding lamellar, parallel-fibered, and woven bone in mosasaurids,
Houssaye et al. (2013) added a fourth bone tissue type, unusual parallel-fibered bone
(UPFB), described as parallel-fibered bone with larger osteocyte lacunae. Though
lacunae were found in parallel-fibered bone in this study, exactly how the size of these
lacunae compare to the UPFB lacunae found by Houssaye et al (2013) is unclear due to
any definition of lacunae size in Houssaye et al (2013). Size and shape of osteocyte
lacunae change through ontogeny in this study, with size of lacunae becoming smaller
and shape of lacunae changing from rounded to flattened in later ontogeny.

This study shows that humeral trabeculae are unformed and the medullary area is
open during early Clidastes ontogeny. As the animal ages, the medullary area is filled
with trabeculae. This type of trabecular system is uniqgue among squamates (Houssaye
and Bardet, 2012) but is also found in other secondarily aquatic animals unrelated to
mosasaurids (de Buffrénil et al., 1990; de Buffrenil and Mazin, 1990; Houssaye, 2013).
In the trabecular systems of modern secondarily aquatic mammals (e.g. cetaceans), bone
is not fully resorbed along the endosteal surface and deposition takes place at both the
periosteal and endosteal surfaces (de Buffrenil, 1988). This seems to be how the
trabecular system in mosasaurids is formed as well. The formation of intertrabecular
spaces in mosasaurids begins with expansion of primary osteons (Houssaye et al., 2013)
and deposition of lamellar bone strengthens the sides of trabeculae (Houssaye and
Tafforeau, 2012). This reconstruction process is seen in the trabecular systems of long
bones from this study (Figures 7, 13, 17). A fully formed trabecular system is not seen in

Clidastes ontogeny until the sub-adult stage, represented by ALMNH 4332 (Figure 12).
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This is not surprising as the bone of young individuals has not yet had time for the
resorption and deposition that constructs the trabeculae to take place.

Houssaye and Tafforeau (2012) show juvenile mosasaurids have a similar
vertebral trabecular system as adults. Because medullary compactness in mosasaurid
vertebrae is thought to be important for hydrostatic buoyancy and body trim controls
(Houssaye and Tafforeau, 2012; Houssaye, 2013), a compact vertebral trabecular system
in early ontogeny suggests Clidastes were efficient juvenile swimmers (Houssaye and
Tafforeau, 2012). In contrast, Bell and Sheldon (1986) show the medullary area in
juvenile Clidastes ribs is open, while medullary areas of adults are filled with trabeculae.
The juvenile Clidastes humeri studied herein show a pattern similar to that observed in
ribs. Since a juvenile Clidastes displays a vertebral medullary area filled with trabeculae
but rib and humeral medullary areas that are open, this indicates a different growth
pattern between vertebrae and other bones of Clidastes. It may be that, because vertebral
trabeculae are useful in buoyancy and body trim controls (Houssaye and Tafforeau,
2012), it was beneficial for vertebrae to form trabeculae before ribs or humeri, which are
not as important in this function. However, more histological testing on complete
specimens is needed to understand the different timing of growth in trabecular systems of
Clidastes.

Growth Rates

This study shows there is a clear change in vascular density and vascular canal
orientation through Clidastes ontogeny (Table 2). Vascularization has been shown to
correlate with growth rates, with radial and reticular canals considered faster growing

than longitudinally oriented canals (de Ricqlés, 1976; de Margerie et al., 2004; de
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Buffrenil et al., 2008) and bones with primary osteons growing faster than bones with
simple canals (de Margerie et al., 2002). The smallest humerus, RMM 6066, has two
times more longitudinal canals(cm?)™ than the next smallest bone, and 20 times more
than the largest bone. The vascularity of RMM 6066 is made up of radial, reticular, and
longitudinal canals, with most longitudinal canals being primary osteons (Figure 5).
Exactly how fast RMM 6066 was growing cannot be ascertained because there are no
CGMs, but vascularization indicates higher growth in RMM 6066 than other humeri
studied. Thus, the fastest growth during Clidastes ontogeny occurred during the first year,
which is not uncommon among vertebrates (e.g., Horner et al., 2000; Erickson et al.,
2004; de Margerie et al., 2004; Cubo et al., 2008).

This high growth rate does not continue after the first year. Longitudinal
vascularity decreases in the second smallest bone, ALMNH 5186 (Table 2). The number
of reticular and radial canals decreases, and the longitudinal canals are mostly simple
canals. This decreasing vascular density represents a slowing of growth. In ALMNH
5186, the distance between CGM #1 and CGM #2 indicates a growth rate of 1.70
pm(day)™. This appears to be on the higher end of normal monitor lizard growth (Padian
et al., 2001; Montes et al., 2007; Cubo et al., 2008). While it is unknown how fast RMM
6066 was growing during that first year, vascularity indicates it was growing faster than
the 1.70 um(day)™ found in ALMNH 5186. Cubo et al. (2012) documented some
newborn monitor lizards growing upwards of 7-9 um(day)™ but whether the yearling
Clidastes could reach that level is unknown.

Overall vascularity and growth rate in the second largest bone, ALMNH 4332, is

similar to that seen in ALMNH 5186 (Table 2 and 3). The distances between CGM #1
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and CGM #2 in ALMNH 4332 indicate a growth rate of 1.60 um(day)™ (Table 3). This is
only slightly smaller than in ALMNH 5186. The distance between CGM #2 and CGM #3
in ALMNH 4332 indicates a growth rate of 1.74 um(day)™ (Table 3). The variance
between CGMs is probably due to individual variability in skeletal growth possibly
attributed to nutrition and water quality (Stamps and Tanaka, 1981; de Buffrenil and
Castanet, 2000). The slight change in average growth rate between ALMNH 5186 and
ALMNH 4332 most likely represents individual variation rather than ontogenetic changes
in growth. This indicates that after a sharp decrease in rates during year one, growth in
Clidastes remained relatively constant between at least the second and seventh year.
RMM 2986 has the lowest vascularity of any bone studied (Table 2), indicating an
animal with much slower growth rates. The distances between CGMs in RMM 2986 also
decrease substantially (Table 3), resulting in lower absolute bone apposition rates as well
(Table 5). The differences in vascularity, distances between GCMs, and growth rates
between RMM 2986 and smaller humeri are substantial enough to be considered a true
slowing of growth rather than just individual variation (Table 3, 5). Accounting for
retrocalculations, the slowing of growth observed between the late-sub adult and adult
stage represented by RMM 2986 occurs between the ages of seven and nine (Tables 4, 5).
A slowing of growth prior to skeletal maturity has been shown to occur when sexual
maturity is reached in extant animals (Brody, 1964; Reiss, 1989; Lee and Werning,
2008). Based on growth curves derived from histological testing, Pellegrini (2007)
concluded that a slowing of growth in mosasaurids happened when sexual maturity was
reached between ages five and seven, the same age sexual maturity is reached in modern,

large varanids (i.e. the Komodo Dragon). Evidence presented here shows that Clidastes
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growth remains constant until at least age seven. If a decrease in growth rate does signal
sexual maturity in Clidastes (sensu Pellegrini, 2007), the results of this study indicates
sexual maturity was reached around year seven or eight in Clidastes.

Clidastes metabolism

Ectothermic animals have slower growth rates than endothermic animals (Padian
et al., 2001; Sander and Andrassy, 2006; Montes et al., 2007; Cubo et al., 2012; Kohler et
al., 2012). Harrell et al. (2016) determined an endothermic metabolism for Clidastes
because body temperatures were above the ambient sea temperatures and closer to the
temperatures found in endothermic pelagic sea birds. However, if Clidastes was
endothermic, growth rates indicating an endothermic metabolism are expected. The
results of this study do not support an endothermic metabolism for Clidastes. No growth
rates calculated here approach modern endotherms, which have growth rates higher than
15+ pum(day)™ * (Padian et al., 2001; de Margerie et al., 2004). Rather, this study found
rates closer to ectothermic varanids such as the monitor lizard, indicating an ectothermic
metabolism. It is important to note that these results do not imply that the temperatures
derived from isotopic studies are incorrect. A gigantothermic metabolism would have
allowed large Clidastes to hold higher body temperatures but still have growth rates
comparable to an ectothermic metabolism. The specimens used in Harrell et al. (2016)
were large jaws, which most likely belonged to specimens in late ontogeny. The large
size of these specimens could enable them to maintain gigantothermy. This
gigantothermic hypothesis could be tested by analyzing isotopes from teeth of smaller
Clidastes representing ontogenetically younger specimens. According to the findings

from this study, isotopic analysis of the smaller individuals would most likely show lower
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metabolic temperatures than those found in the Harrell et al. (2016) study and indicate

that Clidastes was gigantothermic late in ontogeny when larger sizes were reached.

35



CONCLUSION

This study came to three main conclusions regarding Clidastes ontogenetic
growth. First, as body size and age increase in Clidastes, vascularity and growth rates
decrease. Clidastes yearlings (RMM 6066) were equipped with well vascularized bone
tissue that allowed them to grow quickly during their first year. After the first year,
growth slowed considerably, falling to below half of the first-year rate. The growth rate
of a juvenile (ALMNH 5186) is marked by this decline in vascularity and loss of primary
osteons and anastomosing canals. Vascularity and growth rate remain do not change in
the sub-adult (ALMNH 4332), remaining similar to the juvenile, but longitudinal canals
arranged less linearly can differentiate the sub-adult stage. After the age of seven or eight,
growth in Clidastes slowed again and the slower rates seen in the probable adult (RMM
2986) were reached. Unfortunately, skeletal maturity could not be determined due to
microbial invasion in the bones of the oldest Clidastes specimen.

Second, the medullary area of Clidastes humeri remains partially open through
the first few years of life, becoming more compact as the animal reaches sub-adulthood.
After sub-adulthood, the medullary area became filled with trabeculae as cortical bone is
continually resorbed and reconstructed into trabeculae and longitudinal canals were
widened to form the trabecular spaces.

Third, growth rates in Clidastes are more similar to modern animals with
ectothermic rather than endothermic metabolisms. Previous work described Clidastes
growth as faster than monitor lizards based on Clidastes having a higher vascular density
(Houssaye and Tafforeau, 2012; Houssaye et al., 2013). Though this study did find that

Clidastes had a higher vascular density than monitor lizards, bone growth in microns per
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day was similar to growth in monitor lizards with growth rates from all specimens below
2.0 um(day)™. The yearling (RMM 6066) most likely had slightly elevated growth rates
than the ontogenetically older individuals, but this elevated rate was only seen the first
year. Consequently, this study did not find that Clidastes had growth rates similar to
modern endothermic animals. Rather, the growth rates calculated in this study show
Clidastes growth more in line with ectothermic varanids. This study could find no
evidence of endothermy in Clidastes and considers them either ectothermic animals like

modern varanids or gigantothermic animals like some modern sea turtles.
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