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Here, we describe the bone histology of juvenile specimens of the basal sauropodomorph Mussaurus patagonicus and
interpret its significance in terms of the early growth dynamics of this taxon. Thin sections from three juvenile specimens
(femur length, 111-120 mm) of Mussaurus were analysed. The sampled bones consist of multiple postcranial elements
collected from the Late Triassic Laguna Colorada Formation (El Tranquilo Group, Patagonia). The cortical bone is
composed of fibrolamellar bone tissue. Vascularisation is commonly laminar or plexiform in the long bones. Growth marks
are absent in all the examined samples. The ‘epiphyses’ of long bones are all formed by well-developed hypertrophied
calcified cartilage. The predominance of woven-fibred bone matrix in cortical bones indicates a fast growth rate in the
individuals examined. Moreover, given the existence of growth marks in adult specimens of Mussaurus, as in other
sauropodomorphs, and assuming that the first lines of arrested growth was formed during the first year of life, the absence of
growth marks in all the bones suggest that the specimens died before reaching their first year of life. Compared with the
African taxon Massospondylus carinatus (another basal sauropodomorph for which the bone histology has been previously

studied), it appears that Mussaurus had a higher early growth rate than Massospondylus.
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1. Introduction

Mussaurus patagonicus was first described on the basis of
eight associated post-hatchling individuals from Upper
Triassic beds of southern Argentina (Bonaparte and Vince
1979). Closely associated with these young individuals,
two complete eggs and eggshell fragments were found.
These specimens were collected from the Laguna Color-
ada locality (Santa Cruz Province, Argentina), in
sediments of the Laguna Colorada Formation (EIl
Tranquilo Group; Herbst 1965; Jalfin and Herbst 1995).
Bonaparte and Vince (1979) suggested ‘prosauropod’
affinities of M. patagonicus but the extremely early
ontogenetic stage of these individuals precluded the
establishment of more precise affinities. Recently, Pol and
Powell (2007) assigned to M. patagonicus additional
material from the same unit and locality. These remains
consist of partially articulated remains of at least 14
juvenile specimens (Figure 1), which are approximately
four times larger than the post-hatchling specimens (post-
hatchling femur length, 30 mm; largest juvenile femur
length, 120mm). The record of the first stages of
development in M. patagonicus allows several paleobio-
logical assessments, including the changes in the bone
histology during the early stages of the development.

Bone microstructure (histology) is well recognised as
providing information about the biology of extinct
vertebrates, and has been extensively used in dinosaurs
(e.g. Ricqles 1980; Chinsamy-Turan 2005). It gives a direct
record of ontogenetic growth and it provides clues
concerning various aspects of dinosaur biology, including
longevity (Chinsamy 1990, 1993; Varricchio 1993; Curry
1999), growth rates (Ricqles 1980; Chinsamy 1993;
Varricchio 1997; Erickson et al. 2001; Padian et al. 2004;
Lehman and Woodward 2008; Werning 2012), age at
maturity (Varricchio 1993; Sander 2000; Klein and Sander
2007; Lee and Werning 2008), adult size (Sander et al. 2006;
Klein and Sander 2007; Stein et al. 2010; Company 2011),
and ontogenetic stages and timing of sexual maturity (Sander
2000; Erickson et al. 2007; Lee and Werning 2008; Klein and
Sander 2008; Hayashi et al. 2009; Hiibner 2012). Although
the number of paleohistological studies based on sauropo-
domorph dinosaurs is relatively abundant compared with
other fossil taxa, these contributions are mainly focused on
neosauropod taxa (Rimblot-Baly et al. 1995; Curry 1999;
Sander 2000; Sander and Tiickmantel 2003; Sander et al.
2006; Klein and Sander 2008; Woodward and Lehman 2009;
Stein et al. 2010; Company 2011; Klein et al. 2012). In
contrast, our knowledge about the histological and
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Figure 1. Postcranial bones of M. patagonicus. (A) Hind limb and pelvic girdle of specimen MPM-PV 1813/10. (B) Forelimb and
scapular girdle of specimen MPM-PV 1813/13. (C) Pes of specimen MPM-PV 1813/2. Dashed lines indicate the approximate position of
the thin sections of the principal bones sectioned in this study. Abbreviations: cv, cervical vertebrae; fe, femur; fi, fibula; hu, humerus; is,
ischium; ph, phalanges; pu, pubis; mt, metatarsals; sc, scapula; ri, ribs; ti, tibia.

ontogenetic changes of basal sauropodomorphs is rather
limited. To date, the most important studies on basal
sauropodomorph histology has been focused on Plateo-
saurus engelhardti from the Late Triassic of Central Europe
(Sander and Klein 2005; Klein and Sander 2007) and
Massospondylus carinatus from the Early Jurassic of South
Africa (Chinsamy 1993). The study of Plateosaurus was
based on a large sample of long bones of different-sized
specimens (femur length varies between 500 and 990 mm).
One of the most important results from the latter study was
the determination of a high variability of adult body size
within this species, explained as an effect of environmental
variations and phenotypic plasticity. Unfortunately, the
available sample of specimens of Plateosaurus does not
include specimen of early ontogenetic stages (Sander and
Klein 2005; Klein and Sander 2007). In the case of

Massospondylus, although the sample included a smaller
number of specimens than in the study of Plateosaurus, a
more complete ontogenetic series was analysed (femoral
length size ranged between 120 and 440 mm) (Chinsamy
1993; Chinsamy-Turan 2005). The presence of growth rings
in the cortical bone and the absence of a true
outer circumferential layer in the cortical bone of
Massospondylus were interpreted as indicators of a
cyclical and indeterminate growth strategy in this taxon
(Chinsamy 1993).

The main objective of this study is to characterise the bone
histology of juvenile specimens of M. patagonicus, and to
assess the early growth dynamics of this basal sauropodo-
morph. In addition, we compare the bone histology and
growth rate of M. patagonicus with the results obtained for M.
carinatus.
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2. Institutional abbreviations

BP, Bernard Price Institute for Paleontological Research,
University of the Witwatersrand, Johannesburg, South
Africa; MPM-PV, Vertebrate Paleontology collection of
the Museo Regional Provincial ‘Padre Molina’, Rio
Gallegos, Santa Cruz Province, Argentina; PVL, Vertebrate
Paleontology collection of the Instituto Miguel Lillo, San
Miguel de Tucuman, Tucuman Province, Argentina.

3. Materials and methods

Postcranial bones of three juvenile individuals of
M. patagonicus (MPM-PV 1813/10, 1813/12 and 1813/8)
were used in this study. The transverse thin sections from the
specimen MPM-PV 1813/10 were generated from the mid-
shaft of the femur, at the level of the fourth trochanter and
below. To ensure no loss of gross morphologic data, the
element was moulded prior to thin sectioning, and resin casts
were made. In the case of the specimen MPM-PV 1813/12,
thin sections consist of several unprepared bones located at
the edge of the block that contained all specimens. The slices
from this individual include transversal, longitudinal and
oblique sections of several bones (humerus, femur, tibia,
astragalus, ribs and undetermined elements). The sample
obtained from MPM-PV 1813/8 consists of three dorsal ribs.
Specimens were prepared for thin sections based on the
methodology outlined in Chinsamy and Raath (1992). The
preparation of the histological sections was carried out in
Egidio Feruglio Museum of Trelew (Argentina). All slices
were studied using a petrographic polarising microscope.
Nomenclature and definitions of structures used in this study
are derived from Francillont-Vieillot et al. (1990) and
Chinsamy-Turan (2005). Although not strictly accurate, we
consider the channels within the bone to reflect the extent and
organisation of vascularisation (Starck and Chinsamy 2002).
The epiphyses in Mussaurus, as in all fossil juvenile animals,
differ from those of living animals because although they are
cartilaginous, the terminal surfaces are not true articular
surfaces. Rather, they represent the interface between the lost
uncalcified cartilage and the underlying calcified cartilage
(Haines 1942; Reid 1997; Horner et al. 2000). Hence the ‘true’
epiphysis is almost entirely lost in fossil vertebrates, and our
use of the term ‘epiphyses’ for fossil animals reflects this.

4. Results
4.1 General histological features

The long bones have an outer compact cortex surrounding a
large medullary region. At the mid-shaft of long bones, there
is a free marrow cavity that lacks an inner circumferential
layer (ICL) of lamellar bone tissue. Cancellous bone
commonly occupies the medullary region towards the
proximal and distal ends of long bones. In the astragalus and
autopodial bones, the cancellous bone generally completely
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infills medullary cavity. Bony trabeculae of cancellous bone
consist of endosteal lamellar bone tissue. The cortical bone is
composed of uninterrupted woven-fibred and fibrolamellar
bone tissues. Vascular spaces are open or surrounded by a
thin coat of lamellar bone tissue, indicating the early
formation of primary osteons. Sub-periosteal vascular
spaces commonly open to the outer surface. Although the
organisation of the vascular spaces varies in different regions
of the cortex (even in the same thin section), the laminar and
plexiform are the most common patterns. Growth marks are
absent in all the examined samples. Also, secondary osteons
were not present. Although in fossil bones the outermost
region of uncalcified cartilage is not preserved (Reid 1997,
Chinsamy-Turan 2005), in long bones of Mussaurus the
‘epiphyses’ (Haines 1942) consist of a well-developed
coating of hypertrophied calcified cartilage. This cartilage is
commonly perforated by longitudinally oriented canals
(transphyseal canals [Haines 1942; Reid 1997; Horner et al.
2000]). Apart from these general features, distinctive
histological characteristics were observed in the different
skeletal elements (details of which are presented below).

4.2 Humerus

In mid-shaft cross-sections, a highly vascularised bony cortex
(2.1-3.3mm of cortical thickness) encircles a well-
developed, vacant marrow cavity. The cortex is entirely
formed by fibrolamellar bone tissue consisting of a woven-
fibred matrix with large open channels or only weakly
developed primary osteons (Figure 2(A)). The woven-fibred
matrix is isotropic under crossed polarised light and contains
abundant globular osteocyte lacunae randomly distributed
(Figure 2(B)—(D)). When present, primary osteons are
composed of a few layers of lamellar bone with flattened
osteocyte lacunae. Canaliculi from the osteocyte lacunae were
not preserved. The pattern of vascularisation varies between a
laminar and plexiform arrangement. Radial canals predomi-
nate in some areas. Several vascular spaces are opened to the
sub-periosteal margins, which are considered as evidence of
actively forming new bone at the periphery. A large channel
(0.5 mm diameter) is observed penetrating the element from
the outer surface. The medullary cavity margin of the cortex
appears resorptive and lacks an ICL, suggesting that
medullary expansion was still underway at the time of
death. The innermost laminae of the cortex are partially
resorbed. Growth marks (annuli or lines of arrested growth,
LAGS) are absent in the cortical bone of this element.

4.3 Femur

The cortical bone at the mid-shaft region is composed of a
well-vascularised cortex of primary fibrolamellar bone
tissue. A large number of open channels traverse the cortical
bone tissue, and in some places lamellar bone deposits occur
centripetally to form early stages of primary osteons.
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A

Figure 2. Histology of M. patagonicus humerus. (A) General view of the cortical bone showing abundant vascular canals. Normal light.
(B) The same section under polarised light. (C) Enlarged view of the cortical bone (box inset in A). Primary osteons are in early stages of
development, with only few layers of lamellar bone tissue around vascular canals. Normal light. (D) The same section under polarised
light. Note the differences in the optical properties of the lamellar (birefringent) and woven-fibred (monorefringent) bone tissues.
Abbreviations: 1b, lamellar bone tissue; mec, medullary cavity; ve, vascular canals; wb, woven-fibred bone tissue.

Vascular networks display a laminar to plexiform pattern,
with predominance of radial anastomoses in some areas (e.g.
anterior cortex) making it more reticular in arrangement
(Figure 3(A),(B)). Around the medullary cavity several
laminae are partially resorbed and vascular spaces open
directly to the perimedullary margin, suggesting that the
medullary cavity is enlarging by erosion of the innermost
(hence, earliest) periosteally formed bone. A large (average
0.78 X 0.54 mm) nutrient canal is visible in the lateroposter-
ior region of the cortex (Figure 3(C)). The cortical bone
tissue in the area of the fourth trochanter strongly differs from
the other regions of the compacta (Figure 3(D)). In this area,
the inner cortex contains several resorption cavities of
irregular shape that results in a fine cancellous bone tissue
(Figure 3(E)). This fine cancellous bone occupies the core
area of the fourth trochanter and reaches the outer cortex. The
innermost located bony trabeculale are composed of layers
of endosteal lamellar tissue deposited during successive
generations. The cortex of the distal edge of the fourth

trochanter contains vascular spaces radially oriented and
coated by a thin layer of lamellar bone. The bone matrix is
composed of coarse Sharpey’s fibre bundles (approximately
8 wm diameter of the transversally cut fibres) (Figure 3(F)).
The main histological characters of the fourth trochanter
observed in Mussaurus (predominance of radial canals
extending in the direction of growth of the trochanter,
presence of coarse Sharpey’s fibres) has been reported in
other dinosaurs (Horner et al. 2000, 2001, 2009; Cerda and
Chinsamy 2012), and is a clear reflection of the influence of
the caudofemoralis longus muscle in the development of the
femur.

In one of the blocks that contains several limb bone
sections of the specimen MPM-PV 1813/12, we identify
and describe a transversal section of the distal portion of
the femur. Except for the region that corresponds with the
intercondylar sulcus, the bone in this sample is composed
almost entirely of cancellous bone tissue (Figure 3(G)).
The bony trabeculae are thin (30—80 wm) and they are
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1 mm

Figure 3. Histology of M. patagonicus femora. (A) Cortical bone in cross section. The cortex is formed by a well-vascularised woven-
fibred bone matrix. Normal light. (B) The same section viewed under polarised light with lambda compensator. (C) General view of the
cortex showing a prominent vascular space (arrowhead). Normal light. (D) Cross section of the fourth trochanter. Note the irregular shape
of the resorption cavities in the cancellous bone. Normal light. (E) Details of the cancellous bone in the inner region of the fourth
trochanter (larger box inset in D). Polarised light with lambda compensator. (F) Enlarged view of the distal portion of the fourth trochanter
(smaller box inset in D). The bone matrix is composed of coarse fibre bundles. Normal light. (G) Cross section at the distal end region.
While the internal bone consists of cancellous bone tissue, the cortex is formed by calcified cartilage. Polarised light with lambda
compensator. (H) Detailed view (box inset in G) of the calcified cartilage. Normal light. Abbreviations: ca, calcified cartilage; cb,
cancellous bone; cf, coarse fibre bundles; 1b, lamellar bone tissue; mc, medullary cavity.
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formed by lamellar bone tissue. The cortical bone between
the tibial and fibular condyles consists of hypertrophied
calcified cartilage. Chondrocyte lacunae are rounded in
shape and they have diameters of roughly 0.01 mm
(Figure 3(H)). The calcified cartilage contains several
vascular spaces lined by a thin coat of lamellar bone.

4.4 Tibia

We examine transverse and longitudinal sections of two
tibiae from the same individual. As described for other long
bones, the transverse section of the tibia reveals an outer
compact cortex surrounding a large medullary region. The
cortical bone consists of uninterrupted fibrolamellar bone
tissue, with a laminar and reticular organisation of the
vascularisation. Several resorption cavities are observable in
some regions of the perimedullary cortex.

The longitudinal section of the tibia includes the distal
shaft and the distal ‘epiphysis’ of the element. The distal
shaft is composed of a thin cortex of compact bone that
encircles a vacant medullary cavity. The thickness of the
compact bone (3.1 mm in the thicker region preserved) in
this region decreases towards the epiphyseal end. Laminar
vascularisation predominates in this region. Cancellous bone
tissue is evident in the medullary cavity about 36 mm away
from the distal end and progressively increases in thickness
distally. Bony trabeculae consist of remains of non-resorbed
periosteal bone and endosteal lamellar bone tissue. The
distal end of the tibia consists internally of cancellous bone
tissue. The ‘articular’ surface consists of hypertrophied
calcified cartilage (Figure 4(A)). This cartilage is composed
of chondrocyte lacunae that are irregularly arranged, as
described for other non-avian dinosaurs (e.g. Dryosaurus
[Chinsamy, 1995]; Dysalotosaurus [Hiibner, 2012]; Gas-
parinisaura [Cerda and Chinsamy, 2012]) (Figure 4(B)). The
chondrocyte lacunae are rounded and they have diameters of
roughly 0.02mm. The hypertrophied calcified cartilage is
perforated by numerous longitudinally oriented tubules
(transphyseal canals). Their walls are lined by a thin
(approximately 30 pm) layer of lamellar bone. Towards the
diaphysis, widening and fusion of the internal tubules leads
to a cancellous bone tissue where remnants of calcified
cartilage are evident within some trabeculae.

4.5 Fibula

Associated with the transversally sectioned tibia, a cross
section of an undetermined long bone was also studied. Based
on its size, shape and degree of association with the tibia, we
interpret this element as a fibula. The section reveals the
presence of a thin cortex of compact bone that surrounds a free
medullary cavity. As in the other long bones, no ICL is
present. The cortical bone is composed of uninterrupted
woven-fibred bone tissue with primary osteons in early stages
of development. The pattern of vascularisation varies in the

different portions of the compacta: in some areas it is laminar,
while in other areas radial canals predominate. No particular
differences were observed as compared to other long bones
studied.

4.6 Astragalus

A complete section was obtained for histological analysis.
The microanatomy of this element largely differs from that
of the previously described bones. The astragalus is
composed of highly porous (fine cancellous) bone tissue
and lacks a well-defined medullary cavity. Only a small
peripheral region (which corresponds to the articular facet
for the tibia) reveals the presence of a thin (0.35 mm) layer of
compact bone tissue. Unfortunately, the poor preservation of
the sample precludes a proper characterisation of the bone
tissue. Although the internal vascular spaces are mostly
irregular in shape and size, in some areas (particularly
towards the ventral surface) there appears to be a radial
arrangement of the canals from the centre of the element
towards the periphery (Figure 4(C)). The outer region of the
bone is coated by a thin layer of hypertrophied calcified
cartilage (Figure 4(D)).

4.7 Dorsal ribs

The transverse sections of the ribs have a distinct outer
cortex that surrounds a medullary region (Figure 4(E)). The
perimedullary region of the cortex contains some resorption
cavities. A thin layer of endosteally formed lamellar tissue
is partially developed in the perimedullary cortex (Figure
4(F)). The cortical bone is entirely composed of woven-
fibred bone tissue (Figure 4(G),(H)). Vascular spaces are
surrounded by flattened osteocyte lacunae, indicating the
early formation of primary osteons. The orientation of the
vascular canals of the cortical bone varies in the cross
section: the medial cortex contains abundant longitudinally
oriented vascular spaces, whereas in the lateral cortex the
canals exhibit a more variable arrangement (ranging from
longitudinal to radial orientations) and they are less
abundant. Also, the channels in the lateral cortex are larger
(=0.06 mm diameter) than in the medial cortex
(=0.03 mm). No growth marks were recorded.

4.8 Autopodial bones

The same block that contains the above described
longitudinal section of a tibia and an astragalus also reveals
the presence of three closely associated small bones. We refer
to these elements as autopodial bones of the hindlimb, since
more accurate identification of these bones is not possible.
The plane of sectioning was also undeterminable, and we
therefore only provide a general description of the
histological features. Except for the largest element that is
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Figure 4. Bone microstructure of juvenile specimens of M. patagonicus. (A) Distal end of the tibia in longitudinal section. The section is
composed of calcified cartilage with longitudinally oriented transphyseal canals. Polarised light. (B) Details of the ‘epiphyseal” calcified
cartilage. The transphyseal canals are coated by a thin layer of lamellar bone. Normal light. (C) Distal portion of the astragalus. Normal
light. (D) Higher magnification of the same specimen (box inset in C). The outer region is coated by calcified cartilage. Normal light. (E)
Dorsal rib in cross section. Polarised light with lambda compensator. (F) Details of the endosteal lamellar bone at the perimedullary cortex
of the same specimen (smaller box inset in E). Polarised light. (G) Close up of the outer cortex of the same specimen (larger box inset in E).
Vascular spaces are mainly longitudinally oriented. Note that the periosteal margins are uneven, with vascular spaces open to the sub-
periosteal margin. Normal light. (H) The same section under polarised light. Abbreviations: ca, calcified cartilage; 1b, lamellar bone
tissue; mc, medullary cavity; tc, transphyseal canals; vc, vascular canals; wb, woven-fibred bone tissue.
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A

Figure 5. Bone microstructure of juvenile specimens of
M. patagonicus. (A) Complete section of an undetermined
autopodial bone. The bone is almost entirely composed of
cancellous bone. Polarised light with lambda compensator.
(B) Undetermined bone. The section is mostly composed of
cancellous bone and calcified cartilage. Upper right corner in
B: higher magnification of the calcified cartilage. Polarised light with
lambda compensator. (C) Undetermined bone. The compact and
cancellous bone tissues are separated by a Kastchenko’s line.
Remains of calcified cartilage are observable within some trabeculae.
Polarised light with lambda compensator. Abbreviations: ca,
calcified cartilage; cb, cancellous bone; Kl, Kastchenko’s line.

formed by both compact and cancellous bone, the sectioned
portions of the autopodial bones consist entirely of cancellous
bone (Figure 5(A)). Bony trabeculae are composed of
endosteal lamellar bone. The outer portions of the bones are
coated by a thick layer of hyperthophied calcified cartilage or
a layer of compact bone of variable thickness.

4.9 Undetermined bones

Several undetermined bones were observed in the sectioned
blocks of specimen MPM-PV 1813/12. These elements (in
which the position and section plane cannot be established)
are commonly composed of a thin cortex surrounding a
cancellous core or consist entirely of cancellous tissue (Figure
5(B),(C)). In some bones, a Kastchenko’s line (Francillont-
Vieillotet al. 1990; Ricqles et al. 2001; Erismis and Chinsamy
2010), which marks the periphery of the initial cartilaginous
anlage, prior to the onset of periosteal ossification, is
observed at the boundary between the woven-fibred
cortex and the cancellous bone tissue of the marrow cavity
(Figure 5(E)). In these elements, calcified cartilage is visible
within the bony trabeculae of the cancellous bone.

5. Discussion
5.1 Ontogenetic stage and growth dynamics

In accord with the small dimensions of the bones, the bone
histology of the specimens examined revealed that they were
at an early ontogenetic stage. The cortical bone tissue is
entirely composed of a highly vascularised woven-fibred
bone, in which the channels within the bone are large and
unfilled, or in some cases just beginning to have thin deposits
of lamellar bone. This kind of histological organisation has
been reported in the earliest stages of fibrolamellar bone
formation in dinosaurs and other fast growing vertebrates (e.g.
Horner et al. 2000; Chinsamy-Turan 2005; Klein and Sander
2008; Hiibner 2012). Other histological features that
characterise the early ontogenetic stage of the individuals
are lack of an ICL, absence of secondary osteons and growth
marks, and presence of a thick layer of hypertrophied calcified
cartilage in the epiphyseal regions of the long bones.

The absence of growth marks could be explained by
remodelling during the expansion of the medullary cavity,
although this appears to be rather unlikely. Growth marks
were absent not only in the femora but also in several
other postcranial bones, including dorsal ribs, which appear to
be one of the best bones for skeletochronology (Erickson
2005; Pol et al. 2011; Waskow and Sander 2011). Most
importantly, several adult sauropodomorph individuals
collected at the Laguna Colorada locality and originally
referred to as Plateosaurus by Casamiquela (1980) have
recently been assigned to M. patagonicus by Otero and Pol (in
press). This corroborated previous suggestions (Galton 1990;
Galton and Upchurch 2004; Pol and Powell 2005; Salgado
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Figure 6. Comparative histology of the femora of M. carinatus
BP/1/5253 (A) and M. patagonicus MPM-PV 1813/10 (B). The
cortical bone of Massospondylus exhibits a distinct LAG
(arrowhead) and is more compact than that observed in Mussaurus.

and Bonaparte 2007). The juveniles described here are much
smaller than these adult specimens recently referred to as
Mussaurus (the femur length of the largest adult specimen is
80cm). Macroscopic observation of the cortical bone of
broken surfaces of these adult specimens reveals the presence
of growth cycles, suggesting that growth marks were formed
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during the later stages of development. Assuming that growth
lines are annually formed (e.g. Chinsamy 1993), it is
reasonable to assume that the specimens of Mussaurus studied
here had not yet reached the first year of growth of growth
when they demised. Given that the 14 specimens that are
closely associated with the original block vary only slightly in
terms of body size (femur length varies between 111 and
120mm), we assume that they were all approximately the
same age.

Another possible explanation for the absence of growth
marks in Mussaurus could be related to a continuous
(uninterrupted) growth during the first stages of development.
Growth marks are absent or poorly developed in the long
bones of sauropod dinosaurs during the early ontogenetic
stages (Sander 2000; Sander et al. 2004, 2011a; Klein and
Sander 2008). If Mussaurus had the same growth pattern as
observed in sauropod dinosaurs, the juvenile specimens
studied here could actually be more than a year old. However,
as mentioned above, a previous histological study on basal
sauropodomorph M. carinatus (Chinsamy 1993) indicate that,
at least in this species, growth marks were recorded even in the
smallest individual sampled (femur length 12.75 cm) (Figure
6). Based on the study of Massospondylus and that of
Plateosaurus (Chinsamy 1993; Klein and Sander 2008), we
consider the deposition of growth marks through the ontogeny
as the most conservative hypothesis for the growth strategy for
Mussaurus. Further histological analyses of Mussaurus
individuals of different ontogenetic stages (particularly
juveniles and sub-adults) are necessary to test this hypothesis.

5.2 Inferences on the early growth rate

Based on the assumption that the studied specimens died
before reaching the first year of growth, we can use the
bone histology of Mussaurus to obtain information on the
early growth of this species. If we compare the body mass
of the juvenile specimens studied here with the body mass
of the neonate individuals (inferred from the size of the
eggs), an estimation of the early growth rate can be
deduced. Based on the dimensions of the largest egg
assigned to Mussaurus (60 X 45mm) (Bonaparte and
Vince 1979), we estimated the egg volume (volume = 4/3
mmab %, where ‘a’ and ‘b’ are the largest and the minimal
diameters of the eggs) and calculated the maximum
neonate body mass using the density value proposed for
dinosaurs (1000 kg per cubic metre; see Alexander 1989).
We deduce that the maximum body mass of the neonate
individuals of Mussaurus was approximately 0.063 kg.
Considering the presence of a considerable amount of
fluids and extraembryonic membranes within the eggs, the
neonate body mass was probably less than the calculated
maximum value. Using the regression equation based
on femoral minimum shaft circumference proposed by
Anderson et al. (1985) (later modified by Alexander 1989)
for body mass estimation in quadrupedal vertebrates, we
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estimated a body mass of 23kg for MPM-PV 1813/10.
This suggests that Mussaurus hatchlings would have
gained more than 20 kg during their first year of life.

Our data on Mussaurus can be directly compared with
that of M. carinatus (Chinsamy, 1993). In the sample of
Massospondylus analysed by Chinsamy (1993), the
smallest specimen studied (BP/1/5253) is approximately
equal in size to the Mussaurus specimens studied here
(femur length and minimal shaft circumference in
Massospondylus BP/1/5253 equals to 127.5 and
51.23 mm, respectively). The main difference pertains to
the relative porosity of the compact bone tissue in the femur.
The femoral cortex of BP/1/5253 (Figure 6(A)) is clearly
more compact (vascular spaces diameter 15—-25 pm) than
that observed in Mussaurus (vascular spaces diameter 25—
80 wm) (Figure 4(B)). A higher porous cortical bone is
typically indicative of a higher rate of bone deposition,
which occurs commonly during the earlier stages of
development (Horner et al. 2001; Chinsamy-Turan 2005).
The sampled bones of Mussaurus lacks any growth marks,
but in the femur of BP/1/5253 a single LAG was visible in
the cortex (Figure 4(A)). Moreover, Chinsamy (1993)
proposed that it is possible that an earlier LAG may have
been obliterated due to medullary expansion. Interestingly
enough the Mussaurus and Massospondylus bones are from
similar-sized femora, the bone microstructure of Mus-
saurus is clearly from an earlier ontogenetic stage.

Comparing the age and body mass of the juveniles
specimens of Mussaurus and Massospondylus provides some
clues about the early growth rate in both taxa. The estimated
body mass for BP/1/5253 (21 kg) is comparable with the 23 kg
obtained for a similar-sized Mussaurus specimen. As
previously mentioned, a well-developed LAG was recorded
near the peripheral region of the cortex of the femur of
specimen BP/1/5253 (Figure 6(A)). Based on the zone
thickness observed in thin sections of several specimens of
Massospondylus, Chinsamy (1993) estimated an ontogenetic
age of 2 years for the specimen BP/1/5253. Hence, while an
individual of Mussaurus would have reached a body mass of
23 kg in less than a year, Massospondylus would have needed
about 2 years to reach an almost equivalent body mass.
Assuming that the egg size correlates with neonate body size,
and given that the eggs of Mussaurus and Massospondylus
have the same diameters (60 mm [Reisz et al. 2005]), we
considered that the body mass in the neonate individuals of
both taxa was similar. Therefore, although both taxa start their
growth with similar body sizes, Mussaurus seems to have had
a faster early growth rate than Massospondylus.

6. Concluding remarks

Although the juvenile specimens of M. patagonicus described
here are markedly larger than the post-hatchling specimens
described by Bonaparte and Vince (1979) (i.e. femur of the

juveniles is four times larger in length than those of the post-
hatchlings), the bone histology of the juvenile specimens
reveals that they still were at an early ontogenetic stage. The
bone microstructure of these specimens also indicates a rapid
rate of growth during early ontogeny in M. patagonicus, which
appears to be faster than that of the basal sauropodomorph M.
carinatus. Given the large adult body size of M. patagonicus
and that this species has been interpreted as being more closely
related to sauropods than both Plateosaurus and Massospon-
dylus (2004; Pol and Powell 2007; Sereno 2007; Otero and Pol
in press), the study of the bone microstructure of this taxon is
particularly important to understand the evolution of
gigantism in Sauropodomorpha and the evolutionary origins
of the sauropod-type growth strategy (Sander et al. 2004,
2011a). Previous studies on sauropod bone histology (Sander
2000; Sander et al. 2004, 2011a; Klein and Sander 2008)
described the ‘typical’ sauropod long-bone microstructure as
consisting of a cortex of the well-vascularised laminar
fibrolamellar bone devoid of growth marks (except in the
cortical periphery). This type of bone tissue has been
interpreted as indicative of sustained, accelerated skeletal
growth which may have made the gigantism of such dinosaurs
possible (Sander et al. 2004, 2011b). On the other hand, the
long bone histology basal sauropodomorphs as Plateosaurus
and Massospondylus consist of primary bone of the laminar
fibrolamellar type interrupted by LAGs and has been
interpreted as a slower growth rate (Sander et al. 2004).
Future studies of additional material of M. patagonicus will be
important to evaluate whether the growth in later ontogenetic
stages of Mussaurus was cyclic as reported for other basal
sauropodomorphs or they had a sauropod-like growth strategy.
The higher early growth rate inferred in Mussaurus could be
related to the origin of the rapid growth rates observed in more
derived sauropodomorph dinosaurs, which allowed the
evolution of gigantism in this lineage.
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