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Pareiasaurs (Amniota, Parareptilia) were characterized by a global distribution during
the Permian period, forming an important component of middle (Capitanian) and late
Permian (Lopingian) terrestrial tetrapod biodiversity. This clade represents an early
evolution of sizes over a ton, playing a fundamental role in the structure of middle
and late Permian biodiversity and ecosystems. Despite their important ecological role
and relative abundance around the world, our general knowledge of the biology of
these extinct tetrapods is still quite limited. In this contribution we provide a possible
in vivo reconstruction of the largest individual of the species Scutosaurus karpinskii and
a volumetric body mass estimate for the taxon, considering that body size is one of
the most important biological aspects of organisms. The body mass of Scutosaurus
was calculated using a 3D photogrammetric model of the complete mounted skeleton
PIN 2005/1537 from the Sokolki locality, Arkhangelsk Region, Russia, on exhibit at
the Borissiak Paleontological Institute, Russian Academy of Sciences (Moscow). By
applying three different densities for living tissues of 0.99, 1, and 1.15 kg/1,000 cm? to
reconstructed “slim,” “average” and “fat” 3D models we obtain average body masses,
respectively, of 1,060, 1,160, and 1,330 kg, with a total range varying from a minimum of
one ton to a maximum of 1.46 tons. Choosing the average model as the most plausible
reconstruction and close to the natural condition, we consider a body mass estimate
of 1,160 kg as the most robust value for Scutosaurus, a value compatible with that of
a large terrestrial adult black rhino and domestic cow. This contribution demonstrates
that barrel-shaped herbivores, subsisting on a high-fiber diet and with a body mass
exceeding a ton, had already evolved in the upper Palaeozoic among parareptiles,
shedding new light on the structure of the first modern terrestrial ecosystems.

Keywords: Scutosaurus, pareiasaurs, Parareptilia, Palaeozoic tetrapods, Permian, body mass estimate

Frontiers in Ecology and Evolution | www.frontiersin.org 1

June 2021 | Volume 9 | Article 692035


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.692035
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.692035
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.692035&domain=pdf&date_stamp=2021-06-17
https://www.frontiersin.org/articles/10.3389/fevo.2021.692035/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Romano et al.

Body Mass Estimate of Scutosaurus

INTRODUCTION

Pareiasaurs comprise a monophyletic group of herbivorous
parareptiles, which lived during the middle and the late Permian
(Boonstra, 1969; Lee, 1993, 1994, 1997a,b) comprising at least
22 species (Liu and Bever, 2018; Van den Brandt, 2020; Van
den Brandt et al.,, 2020), were relatively abundant and had a
global distribution during the Permian period, thus forming an
important component of middle (Capitanian) and late Permian
(Lopingian) terrestrial tetrapod biodiversity. They represent
an early evolution of sizes over a ton and made up an
important component of middle and late Permian biodiversity
and ecosystems (Lee, 1997a; Day, 2013; Day et al.,, 2015, 2018).
Along with the Dinocephalia and caseids (Romano and Rubidge,
2019a; Rubidge et al., 2019; Day and Rubidge, 2020), pareiasaurs
were the only other amniote group that attained massive size
in the middle Permian (up to 3 m long). The pareiasaur clade
achieved a high level of diversity and a world-wide distribution
by the late Permian, before their ultimate demise at the Permo-
Triassic boundary.

Pareiasaurs are classified as members of the clade Parareptilia,
a group of basal amniotes with no living representatives (Tsuji
and Muller, 2009). Members of this group were distributed
world-wide and were characterized by a “cheek” flange produced
by an expanded quadratojugal bone on the side of the
skull, for which the group is named (Owen, 1876), cranial
ornamentation comprising bosses, pitting and ridges and a
unique protruding boss on the angular bone of the lower jaw
(Owen, 1876; Seeley, 1888, 1892). All members possess labio-
lingually flattened (leaf-shaped) teeth specialized for herbivory
(Lee, 1993, 1994, 1997ab) and dermal body ossification
(osteoderms or scutes) distributed in different patterns on
different species (Boonstra, 1934a; Lee, 1994, 1997a; Scheyer and
Sander, 2009; Boyarinova et al., 2019).

The majority of early pareiasaur material stemmed from
South Africa and Russia (e.g., Seeley, 1888, 1892; Broom, 1912,
1913, 1914, 1924; Watson, 1914; Amalitsky, 1922; Haughton
and Boonstra, 1929; Hartmann-Weinberg, 1930, 1937; Boonstra,
1934b) where in the late 1800’s and early 1900’ a plethora
of pareiasaur species were named. This generated an inflated
number of species and historic taxonomic confusion which
hampered understanding of this important group of tetrapods for
most of the twentieth century until the work of Lee which sorted
out many taxonomic issues, reducing the number of recognized
species from 49 to 17 (Lee, 1994, 1997a).

Presently, almost half of all pareiasaur genera are found in
southern Africa (eight genera, see below), followed by Russia
(four genera, see below) and China (also four genera: Honania,
Young, 1979; Xu et al., 2015; Shihtienfenia, Young and Yeh, 1963;
Benton, 2016; Sanchuansaurus, Gao, 1989; Benton, 2016; Elginia
wuyongae, Liu and Bever, 2018). One species each are found in
Zambia (Pareiasuchus nasicornis, Haughton and Boonstra, 1929),
Tanzania [Pareiasaurus(?) haughtoni, von Huene, 1944; Maisch
and Matzke, 2019], Niger (Bunostegos, Sidor et al., 2003; Tsuji
et al,, 2013; Turner et al., 2015), Morocco (Arganaceras, Jalil and
Janvier, 2005), Brazil (Provelosaurus, Araujo, 1985; Cisneros et al.,
2005), and Scotland (Elginia mirabilis, Newton, 1893).

Pareiasaurs follow three different morphotypes or shape
models (Scheyer and Sander, 2009): (1) large, sparsely armored
forms, to (2) medium to large forms with more armor coverage,
to (3) small, very heavily armored dwarf pareiasaurs.

In South Africa, the pareiasaurs of the middle Permian
Tapinocephalus Assemblage Zone (AZ) (Lee, 1997a; Day
and Rubidge, 2020) are all large basal forms (Bradysaurus,
Embrithosaurus, and Nochelesaurus) and have restricted dermal
armor comprising a narrow band of isolated osteoderms above
the vertebral column (Watson, 1914; Haughton and Boonstra,
1929; Lee, 1997a; Van den Brandt et al., 2021a,b). In the overlying
late Permian Endothiodon, Cistecephalus, and Daptocephalus AZs
(Day and Smith, 2020; Smith, 2020; Viglietti, 2020) are medium-
to large-sized pareiasaurs which have isolated osteoderms
covering the entire body (Pareiasaurus and Pareiasuchus), and
derived dwarf pareiasaurs with united osteoderms forming a
carapace over the entire body (Nanopareia, Anthodon, and
Pumiliopareia) (Watson, 1914; Lee, 1997a).

In South Africa, the three middle Permian pareiasaur genera
were all large animals (3 m body length) and all went extinct at the
end of the Capitanian, to be replaced by a new, local pareiasaurian
fauna comprising predominately small to medium sized forms
and the large Pareiasaurus. Across all terrestrial vertebrate
groups, including pareiasaurs, the taxa that went extinct at the
end-Capitanian and end Permian, were mostly large animals.

Russian Pareiasaurs

After South Africa, Russia is the next most prolific region
for pareiasaur remains. In Russia, the different pareiasaurian
taxa are readily identifiable, morphologically distinct, and have
differing body sizes. Currently four Russian pareiasaur species are
recognized. The large and derived Scutosaurus karpinskii (2.5-
3 m long) was the first named Russian pareiasaur (Amalitsky,
1922), followed by the medium-sized, more primitive Deltavjatia
rossica (1.5-2 m long) (Hartmann-Weinberg, 1937), the large
Proelginia permiana (Hartmann-Weinberg, 1937; Ivakhnenko
et al., 1997; Ivakhnenko, 2008) and the small, derived Obirkovia
gladiator (<1 m long) (Bulanov and Yashina, 2005). The large
Scutosaurus is late Permian in age and the medium-sized
Deltavjatia is middle Permian in age (Benton et al., 2012; Arefiev
etal., 2015). As a result of their distinct and differing morphology
and obvious size differences, the taxonomy of the Russian
pareiasaurs is well-established, apart from the placement of
Proelginia permiana (Hartmann-Weinberg, 1937, holotype PIN
156/1), which Lee (1996, 1997a) synonymised with Scutosaurus.
Ivakhnenko (2008), A Sennikov and E Boyarinova (personal
communications) interpret Proelginia permiana as a separate
species from Scutosaurus karpinskii.

Deltavjatia has been very well-studied and is currently
probably the best known Russian pareiasaur. Tsuji (2010, 2013)
published updated cranial and postcranial descriptions and
phylogenetic analyses for Deltavjatia, and due to the preservation
of number of different sized (i.e., aged) skulls, this is the only
pareiasaur for which cranial ontogenetic growth studies have
been published (Tsuji, 2010, 2013). Deltavjatia is also renowned
for the exceptional preservation of about 20 complete or nearly
complete specimens, from the Kotel'nich locality, Vjatka River,
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Kirov Region, which has facilitated ecological lifestyle and
taphonomic scenario studies of these animals (Benton et al.,
2012). Obirikovia gladiator, although small and distinct, with
long conical cranial bosses, is the least known Russian taxon,
represented by only a fragment of the quadratojugal and a few
osteoderms (Bulanov and Yashina, 2005).

Scutosaurus

Based on several virtually complete specimens excavated in the
early 1900s from North Dvina (Amalitsky, 1922), Amalitsky
named four pareiasaur species (misspelling the genus name):
Pareiosaurus karpinskii, based on PIN 2005/1532; Pareiosaurus
tuberculatus, based on PIN 2005/1533; Pareiosaurus horridus,
based on PIN 2005/1535; and Pareiosaurus elegans, based on PIN
2005/1538 (Ivakhnenko et al., 1997). Hartmann-Weinberg (1930)
considered these four Russian taxa as all belonging to one species
(Scutosaurus karpinskii) and erected the genus Scutosaurus to
accommodate them. Kuhn (1969) and Lee (1994, 1996, 1997a)
agreed with the single species interpretation of Hartmann-
Weinberg (1930) for Scutosaurus karpinskii (that it includes
P. tuberculatus, P. horridus, and P. elegans). Ivakhnenko (1987)
reinstated Scutosaurus tuberculatus and erected Scutosaurus
itilensis based on PIN 3919/1, which Lee (1996, 1997a) interprets
as a junior synonym for Scutosaurus karpinskii. Lee (1996:80)
explained his reasoning for supporting the single species
interpretation of Scutosaurus, based on his observations of the
four holotypes of Amalitsky, PIN 3919, and several dozen more
specimens, all of which show no clear differences between
them. According to Tsuji (2013) and Benton (2016) Scutosaurus
represents one of the most morphologically derived taxa within
the pareiasaurian clade.

Presently, the four original holotypes of Amalitsky (1922)
are included in the incredible display of seven adult mounted
articulated Scutosaurus specimens at the PIN in Moscow (PIN
2005/1532, PIN 2005/1533, PIN 2005/1534, PIN 2005/1535,
PIN 2005/1536, PIN 2005/1537, and PIN 2005/1538) and an
additional mounted juvenile specimen (PIN 2005/1578).

Despite the importance of the well-preserved Scutosaurus
specimens to determine early amniote body weights, currently
no detailed body mass estimate for this genus is available. The
evolution of body size over time is a very crucial aspect in a
macro-evolutionary context, considering the central importance
of body mass in several biological aspects including general
physiology, ecology, metabolism, preferential diet, home range
and trophic requirements, growth rate, locomotion, life span,
and fecundity (see Millar and Zammuto, 1983; LaBarbera,
1989; Martin and Palumbi, 1993; Calder, 1996; Davidowitz and
Nijhout, 2004; Gillooly et al., 2006; Fisher et al., 2011; Campione
and Evans, 2012; Clauss et al., 2013). In the field of paleontology
and macroevolution, it is pivotal to understand how huge body
masses evolved for the first time, particularly in the evolution
of herbivores which developed long intestinal tracts to enable
digestion of celluloses and hemicelluloses (Reisz and Sues, 20005
Lombardo, 2008; Hong et al., 2011; Romano and Nicosia, 2014,
2015; Romano, 2017a), and as a deterrent to large contemporary
predators (see Sinclair et al., 2003). In this context, obtaining
a plausible and refined estimate of Scutosaurus karpinskii body

mass will shed light on the evolution of body sizes in late
Paleozoic tetrapods.

In this contribution we present a volumetric body mass
estimate of Scutosaurus determined using a 3D photogrammetric
model of the complete mounted skeleton PIN 2005/1537 from the
Sokolki locality, Arkhangelsk Region, Russia (Figure 1), which
is on exhibit at the Borissiak Paleontological Institute, Russian
Academy of Sciences (Moscow).

In addition to the body mass estimation we also present an
in vivo artistic reconstruction of Scutosaurus karpinskii on the
base of the “average model.”

MATERIALS AND METHODS

In vivo restoration and body mass estimate of Scutosaurus
karpinskii is based on the almost complete mounted skeleton
PIN 2005/1537 from the Sokolki locality, Arkhangelsk Region
(Russia), on exhibit at the Borissiak Paleontological Institute,
Russian Academy of Sciences, Moscow, Russia. Firstly a 3D
photogrammetric model of the skeleton was generated by
taking 180 photographs around the specimen with a 24
Megapixel Canon EOS 750D (18 mm focal length). Then a
high definition model was calculated using the software Agisoft
Metashape Standard Edition, version 1.5.0 (Educational License,
64 bit) (Figure 1). Agisoft enables automatic generation of
DSMs/DTMs from still images, point clouds, polygonal models,
georeferenced true orthomosaics, and textured. High resolution
Digital Photogrammetry is based on Multi View Stereo (MVS;
Seitz et al., 2006) algorithms and structure from Motion (SfM)
(Ullman, 1979); close-range photography results in an accuracy
of up to 1 mm in the calculated models.

The obtained photogrammetric model was exported as “Ply”
files and uploaded in ZBrush, software for digital sculpting
and painting, which enables isolation of individual bones in
the skeleton, compensation for distortion and, when necessary,
to modify the posture of the animal (Romano and Rubidge,
2019a; see Romano and Manucci, 2019). Following the procedure
proposed by Romano and Manucci (2019) and Romano and
Rubidge (2019a), to produce a realistic range of weight
estimations we used the 3D sculpture software to obtain three
different reconstructions of Scutosaurus, adding different masses
of soft tissue around the reconstructed skeleton (Figures 2, 3).
The first is a body reconstruction following the contour of the
skeleton, indicated as “slim model” (Figure 2B). The second
model, termed “average model” is what we consider the most
likely reconstruction of the animal in life, with the most
probable amount of fleshy material (Figures 2C, 3). The third
reconstruction is generated by adding an excess of soft tissue mass
around the skeleton, and is termed “fat model” (Figure 2D).

The three models were than imported in the software 3D
Studio Max to calculate the total surface area and volume of
the scaled digital sculptures (see Romano and Manucci, 2019;
Romano and Rubidge, 2019a; Romano et al.,, 2021). The next
step was to apply a specific density to the living tissue to
obtain an estimate of the body mass from the obtained volume.
In particular, Larramendi (2016) proposed a specific average
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FIGURE 1 | 3D photogrammetric model of aimost complete Scutosaurus karpinskii skeleton PIN 2005/1537 from the Sokolki locality, Arkhangelsk Region (Russia),
on exhibit at the Borissiak Paleontological Institute, Russian Academy of Sciences, Moscow, Russia. (A,B) 3D model with original texture; (C) 3D solid model. Scale

bar equal to 50 cm.

FIGURE 2 | Three different reconstructions of Scutosaurus, adding different masses of soft tissue around the reconstructed skeleton. (A) digital sculpture in
in lateral and dorsal views; (C,C1) “average model” in lateral and dorsal view; (D,D1) “fat model” in

I

transparency around the original skeleton; (B,B1) “slim model
lateral and dorsal view. Scale bar equal to 50 cm.

body gravity in extinct proboscideans of 0.99 to 1.01; in several
contributions (e.g., Alexander, 1985, 1989; Gunga et al., 1995;
Henderson, 1999; Hurlburt, 1999; Hutchinson et al., 2007; Bates
et al., 2009, 2015; Romano et al., 2021) the density of water,
i.e., 1 kg/1,000 cm?, has been used as the most plausible value
to calculate body mass in extinct vertebrates. According to
Gunga et al. (2007), rhinoceros has the highest density of land
mammals, equal to 1.15 kg/1,000 cm®. Considering this range

of values for the density of living tissue in land vertebrates, we
applied the three densities of 0.99, 1, and 1.15 kg/1,000 cm?
to the volumes in the three different reconstructed models of
Scutosaurus, following the same procedure proposed by Romano
etal. (2021).

For completeness we also calculated the possible body mass
of Scutosaurus using classic regression formulas based on the
circumference of the femur and humerus, in particular the
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FIGURE 3 | Digital sculpture of the “average model” in transparency around the original skeleton (A), frontal view (B), lateral view (C), posterior view (D), and dorsal

view (E). Scale bar equal to 50 cm.

formulas proposed by Anderson et al. (1985) and Campione
and Evans (2012). Anderson et al. (1985) propose the formula
W = 0.078-Cpp>”? £0.09  where CH+F is the sum of
the humerus and femur circumferences, calculated on the
basis of a large mammal dataset from the Mountain Zebra
National Park and the Kruger National Park of South Africa.
Campione and Evans (2012) propose the universal formula
LogBM = 2.754.logCy,+ — 1.097, on the basis of a large dataset
incorporating non-avian reptiles and mammals.

RESULTS

The reconstruction of the appearance of Scutosaurus in the three
proposed variants is shown in Figure 2. The “slim model” was
reconstructed following the outline of the skeleton (Figure 2B),
hence not including additional muscle mass or soft tissue. The
digitally sculptured “slim model” once imported and scaled in
3D Studio Max using different bone measures, returned a total
surface area for the model of 8.25 m?, and a total volume
of 1.01 m?. Application of the densities for the living tissues
selected for the present work to this volume, equal to 0.99,
1, and 1.15 kg/1,000 cm?®, the respective resultant body mass
estimates were 1,000, 1,010, and 1,160 kg, with an average
value of 1,060 kg.

The “average model” was reconstructed using extant land
tetrapods such as hippos and rhinos as a reference and as

an indication of muscle mass and soft tissues, is shown in
Figures 2C, 3. In our opinion this model represents the most
likely proportions closest to the natural condition. The model
imported and scaled in 3D Studio Max is characterized by a total
surface area of 8.5 m? and a volume of 1.11 m>. By applying the
three densities to this volume the obtained body mass are 1,090,
1,110, and 1,280 kg respectively, with an average value of 1,160 kg.

The “fat model” was sculptured using an extremely barrel-
shaped ribcage layout (as found in some reconstructions of
Bradysaurus (Lee, 1994, 1997a) and digitally adding excess
muscle mass and soft tissue to the photogrammetric model of
the skeleton (Figure 2D). The model, scaled and imported in 3D
Studio Max, has a total surface are of 9.04 m? and a volume of
1.27 m>. The application of the three densities for living tissues
to this volume yielded a body mass of, respectively, 1,260, 1,270,
and 1,460 kg, with an average value of 1,330 kg.

The presence of extremely robust limb bones in Scutosaurus
has led to the hypothesis that the classic regression formulas
based on stylopods could lead to an overestimation of the body
mass, as already found in large therapsids (Romano and Manucci,
2019; Romano and Rubidge, 2019a) and dwarf island elephants
(Romano et al, 2021). By applying the formula of Anderson
et al. (1985) to the circumference of the left femur (296 mm) and
left humerus (247 mm) in Scutosaurus specimen PIN 2005/1537
we obtain a minimum value of 1,294 kg and a maximum value
of 4,020 kg, with an average value of 2,657 kg. Application
of this body mass to the volume of the average model equal
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to 1.11 m®, we obtain a density of 2.39 for living tissues i.e.,
slightly more than the density of sandstone. By applying to the
same average volume the maximum value of 4,020 kg calculated
by using the formula of Anderson et al. (1985), the density of
Scutosaurus in life would have been more than the average density
of diamond (i.e., 3.62).

The formula provided by Campione and Evans (2012)
returned an average body mass of 2,720 kg, with a minimum
of 2,040 kg and a maximum of 3,499 kg considering the +25%
error. By applying these body masses to the average volume of the
reconstructed Scutosaurus, the density varies from a minimum of
2.16 (about the density of the concrete) up to 3.15 (slightly greater
than granite and marble).

Figure 4 shows the box plots with the estimate of the
body mass of the three reconstructed morphs (using the three
different densities) and the regression formulae of Anderson
et al. (1985) and Campione and Evans (2012). As shown in the
graph, the largest range is given by the formula of Anderson
et al. (1985) (Figure 4C), covering almost the entire spectrum of
body mass obtained with the other methods. The weight range
obtained using the formula of Campione and Evans (2012) is
more restricted but still consistent, ranging from a minimum of
2,040 kg to a maximum of 3,499 kg (Figure 4B). In contrast the
range obtained using the volumetric method is much narrower
(Figure 4A), as already observed in other studies (Romano
and Manucci, 2019; Romano and Rubidge, 2019a), with only
a slight overlap between the maximum volumetric values and
the minimum values obtained with the method of Anderson
et al. (1985). According to the present volumetric study, the
body mass of an adult Scutosaurus karpinskii could likely vary
from a minimum of one ton to a maximum of 1.46 tons with
an average value, considered to be the closest to the natural
condition, of 1,160 kg.

DISCUSSION AND CONCLUSION

Pareiasaurs had a global distribution and have been described
from several countries with the majority of species found in
southern Africa, Russia, and China, and a few species from
Niger, Morocco, Brazil, Scotland and Germany. It is increasingly
apparent that they were an important component of Permian
terrestrial ecosystems and biodiversity, not only in terms of
numbers of specimens but also because of their large body size
at that time. Despite this, relatively little is known about the
palaeobiology of middle and late Permian species and how they
achieved global distribution. South Africa has the most diverse
pareiasaurian fauna in terms of number of species, and also has
the oldest and most primitive members of the group, from the
middle Permian Tapinocephalus Assemblage Zone of the Beaufort
Group (Van den Brandt, 2020; Van den Brandt et al., 2021b).
The first pareiasaurs to appear are the three middle Permian
genera from South Africa (Bradysaurus, Embrithosaurus, and
Nochelesaurus) and they are all large forms, 2.5-3 m in body
length, similar in size (and presumably weight) to Scutosaurus.
Deltavijatia is the only other middle Permian pareiasaur and is
medium-sized at about 2 m in length. The primitive condition for
pareiasaurs, as shown by their abrupt first occurrences of multiple
genera in South Africa, is therefore large. This is surprising and
interesting as their closest relatives are much smaller animals
(procolophonoids and “nycteroleters”) (Tsuji and Muller, 2009)
and may indicate an extremely rapid initial size increase for
pareiasaurs likely connected to the origin of herbivory, as
already found in edaphosaurid synapsids (Brocklehurst and
Brink, 2017). Over time, pareiasaur species tended to decrease
in size since in the late Permian almost all members of the
group are small to medium-sized forms. Only Scutosaurus in
Russia and Pareiasaurus in South Africa are large members
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FIGURE 5 | Artistic in vivo restoration of Scutosaurus karpinskii based on the 3D solid “average model” sculptured around the specimen PIN 2005/1537 from the

Sokolki locality.

of the group in the late Permian. As part of his Ph.D. Lee
(1994) produced an updated and extremely detailed cranial
re-description for Scutosaurus karpinskii, using several adult
and juvenile specimens. Lee also analyzed the hypothesized
two sexually dimorphic body types (Hartmann-Weinberg, 1937;
Lee, 1994:55-60) and found two definitive morphs based on
size, justifying this on the basis of different sexes rather than
different species. Lee (1994, 1997a) produced the most recent
diagnosis, a comparative list of important cranial and postcranial
features, and the first phylogenetic analysis for Scutosaurus. Lee
(1996, 1997a) also produced a full body skeletal restoration of
Scutosaurus karpinskii, based on the holotype PIN 2005/1532.
Pareiasaurs were some of the largest terrestrial tetrapods to
have evolved a herbivorous diet in middle and late Permian
ecosystems (Ivakhnenko, 1987, 2001; Sennikov, 1995, 1996; Lee,
1997a, 2000; Reisz and Sues, 2000; Boitsova et al., 2019). As
stressed by Boitsova et al. (2019), despite the evident importance
of this clade for the understanding of the first terrestrial

ecosystems of the “modern” type and the abundance of finds in
various countries, general knowledge about the biology of these
animals is still limited. Within this framework, we determined
the body mass of Scutosaurus. Size and body mass are of the
most important biological aspects for organisms, and influence
various vital aspects such as life span, general ecology, fecundity,
physiology, metabolism, growth rate, locomotion, preferential
diet and many others. In terms of macro-evolution it is important
to understand when large size and body masses were first
achieved by terrestrial vertebrates, and in this context the
importance of a sound mass estimate for pareiasaurs is essential.

Using the high definition 3D photogrammetric model of
the almost complete mounted skeleton PIN 2005/1537 from
the Sokolki locality, we developed a 3D in vivo restoration of
Scutosaurus karpinskii, resulting in a stocky animal with a large
barrel-shaped rib cage (Figure 5). This conformation, typical of
herbivorous tetrapods, is required to accommodate a large and
long intestinal tract for digestion of celluloses and hemicelluloses
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(see Reisz and Sues, 2000; Lombardo, 2008; Hong et al,, 2011;
Romano, 2017a). In terms of physiology, two main models have
been proposed in the literature as an explanation of the evolution
of large body size in herbivorous lineages (see Brocklehurst
and Brink, 2017): the abundance packet size hypothesis (Olsen,
2015) and the Jarman-Bell principle (Geist, 1974). According
to the abundance packet size hypothesis diet transition is
subsequent to change in body size, thus with the emergence
of herbivory in larger taxa (see Brocklehurst and Brink, 2017).
The model predicts a selective pressure toward a more abundant
food source like plant material, since taxa with larger body
sizes are characterized by greater energy requirements (Olsen,
2015). According to the Jarman-Bell principle, small animals
are characterized by higher metabolic energy requirements with
respect to their body size when compared to larger animals, even
if the latter need greater absolute energy (Geist, 1974). Since low
quality plant material such as leaves is more abundant than higher
quality material (e.g., fruits, roots), the Jarman-Bell principle
predicts an evolution of large body size in herbivorous clades.
The above mentioned rapid initial size increase for pareiasaurs
probably indicates that the Jarman-Bell principle provides a
better explanation for the evolution of large body sizes in this
clade, as already stressed for the evolution of large size in
edaphosaurids by Brocklehurst and Brink (2017).

Following published literature we reconstructed Scutosaurus
as having a traditional sprawling posture in both front and
hind limbs as is the case in most pareiasaurs (Haughton and
Boonstra, 1930; Boonstra, 1932; Lee, 1997a). Turner et al. (2015)
discussed the forelimb posture of Bunostegos as implied by the
degree of offset between the planes of the proximal and distal
expansions of the humerus. They noted that most pareiasaurs
have a value around 45 degrees of offset, inferring a sprawling
posture, and proposed a more upright (and less sprawling)
posture for Bunostegos since the humerus has proximal and distal
expansions that are untwisted and are in line with each other
(flat). In Scutosaurus the humeral torsion is 45 degrees (Lee, 1994,
1997a), implying a sprawling fore-limb posture (Lee, 1997a: 241,
Figure 3B).

Haughton and Boonstra (1930) considered a relatively low
or shallow femoral head expansion to represent the primitive
condition and indicate a more horizontal femur orientation and a
sprawling hind limb posture as in Bradysaurus, Embrithosaurus,
and Nochelesaurus, which measured about 40 degrees relative
to the substrate (Van den Brandt, 2020; Van den Brandt et al,,
2021a,b). In Scutosaurus the femoral head expansion is also low
(Turner et al,, 2015, character 120) indicating a sprawling hind
limb posture. However, the fore- and hind- limb posture has no
effect on the total volume of the reconstruction, and thus does not
affect the estimate of the body mass calculated in this paper.

Following the procedure proposed by Romano et al
(2021) we applied the living tissue densities of 0.99, 1, and
1.15 kg/1,000 cm® to each of the three reconstructions. Lower
densities, ranging from 0.8 to 0.85 kg/1,000 cm?, have been
proposed in the literature for tetrapods characterized by an
intense pneumatization of the postcranial skeleton, such as
prosauropods and sauropods (Wedel, 2003, 2005; Gunga et al.,
2008), but are not applicable to pareiasaurs. By applying the three

densities to the “slim,” “average” and “fat model” we obtain an
average body mass, respectively, of 1,060, 1,160, and 1,330 kg,
with a total range for the estimated body weight from a minimum
of one ton to a maximum of 1.46 tons. Taking into consideration
the relative proportions between skeleton and soft parts in extant
tetrapods, we consider the “average model” (Figure 3) as the most
plausible reconstruction and close to the natural condition. We
thus consider the most robust body mass estimate for Scutosaurus
to be 1,160 kg, which is comparable to that of an adult black rhino
or a large domestic cow.

As stressed in the text we prefer the volumetric method for
body mass estimate, since the classic regression formulas based
on long bone dimensions can lead to substantial under- or
overestimation of the body weight of extinct tetrapods (see Sellers
et al., 2012; Bates et al., 2015; Brassey et al., 2015; Larramendi,
2016; Romano and Manucci, 2019; Romano and Rubidge, 2019a;
Romano et al, 2021). It has been empirically shown that
the discrepancy between estimates obtained from regression
formulas are greater when applied to clades phylogenetically
distant from those used to construct the dataset (Brassey,
2016; Romano and Manucci, 2019; Romano and Rubidge,
2019a), and in particular to taxa with a “primitive” sprawling
posture characterized by excessively “overbuilt” long bones
(sensu Romano, 2017b; Romano and Rubidge, 2019b). The latter
applies directly to Scutosaurus which has extremely strong and
stocky long bones in proportion to their length, most likely to
withstand the great torsional efforts caused by the sprawling
posture. In fact, by using the regression formulae proposed by
Campione and Evans (2012) and Anderson et al. (1985) we
obtain a substantially overestimated body mass for Scutosaurus,
up to 235% with respect to the average value obtained with
the volumetric method (Figure 4), and relative densities of
living tissues that are too high and unnatural. This contribution
therefore once again supports the use of volumetric methods for
body mass estimation in instances where sufficiently complete
mounted skeletons are available, underlining the problem of
obtaining overestimated values by applying regression formulae
on extremely robust long bones.

This contribution demonstrates that amongst parareptiles
barrel-shaped herbivores, which had a body mass of more than
a ton and subsisted on a high fiber diet, had already evolved in
the upper Palaeozoic, shedding new light on the structure of the
first modern terrestrial ecosystems.
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