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ABSTRACT
This analysis of the long bone microstructure of Antetonitrus ingenipes fills a
crucial gap in our understanding of the growth dynamics of sauropodomorph
dinosaurs. The bone histology of basal Sauropodomorpha are often character-
ized by zonal tissue, and contrasts with that of more derived sauropod taxa
which show a shift toward the deposition of uninterrupted fibrolamellar bone
(with lines of growth being either absent or only present in the outer circum-
ferential layer). In Antetonitrus, growth patterns in the youngest individuals
exhibit uninterrupted fibrolamellar bone without any growth marks. Sub-
adult individuals, also exhibit highly vascularized fibrolamellar bone
throughout the cortex, as in more derived Sauropods and Mussaurus, but
growth lines occur intermittently (although not regularly) throughout the
cortex as in Lessemsaurus. This indicates that Antetonitrus does not exhibit
the growth dynamics previously considered characteristic of Sauropoda.
Despite this, the largest (and possibly the oldest femur, NMQR 1705/163)
does show an incipient external fundamental system (EFS). Our findings
further suggest that growth marks are decoupled from bone size, which indi-
cates a level of developmental plasticity in this taxon. Modulations or textural
shifts in the pattern of vascular channel arrangements throughout the fibro-
lamellar bone in the cortex may be related to periods of resource limitations,
although the lack of consistency of these modulations suggest that it is
unlikely due to seasonal fluctuations. Localized bands of radial fibrolamellar
bone, followed by resumption of normal growth in two samples are inter-
preted as evidence of a disease infliction, and subsequent recovery thereof.
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Bone microstructure (osteohistology) provides a direct
record of ontogenetic growth and provides a wealth of data
on various aspects of dinosaur paleobiology, such as, growth

rates, ontogenetic stages, and termination of growth
(e.g., Chinsamy-Turan, 2005; Cerda et al., 2013). Studies of
the bone histology of sauropodomorph bones have been
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conducted on several taxa, with particularly detailed work
on the basal sauropodomorphs Massospondylus carinatus
(Chinsamy, 1993a, 1993b) and Plateosaurus engelhardti
(Sander and Klein, 2005; Klein and Sander, 2007).

Recently the bones of sauropodiform taxa such as Aar-
donyx celestae (Yates et al., 2010), Leonerasaurus taque-
trensis (Pol et al., 2011) and Mussaurus patagonicus
(Cerda et al., 2014) have also been histologically examined,
and have shed new light on the biology of these transi-
tional forms en route to the sauropod bauplan. Although
extensive studies on sauropod bone microstructure have
been made over the past few years (Curry, 1999; Sander,
2000; Sander et al., 2004; Lehman and Woodward, 2008;
Klein and Sander, 2008; Sander et al., 2011a; Curry
Rogers et al., 2016), except for Sander et al. (2004) all of
these studies have focused on neosauropod taxa.

The first (ostensibly) basal sauropod to be studied histo-
logically is that of an unnamed taxon from the Norian-
Rhaetian aged Nam Phong Formation of Thailand
(Buffetaut et al., 2002; Sander et al., 2004). Based on its
size (comparable to that of Apatosaurus louisae) and loca-
tion 1 km away from the Isanosaurus attavipachi holotype
site, it is possible that the remains pertain either to an
adult specimen of Isanosaurus or to another unknown sau-
ropod taxon (Buffetaut et al., 2002; Sander et al., 2004).
Sander et al. (2004) found that this sauropod had uninter-
rupted laminar fibro-lamellar bone, which characterizes
later Jurassic sauropods (Sander et al., 2004, 2011a). At
the time of publication, Isanosaurus and the conferred
material (see Sander et al., 2011a) represented the earli-
est sauropod remains discovered. Although the conferred
material was found nearby, in the same formation, poor
preservation and lack of skeletal element overlap with the
holotype of Isanosaurus, prevents an actual diagnosis
beyond Sauropoda indet (Buffetaut et al., 2000, 2002).

Bone histology studies of ontogenetic series of the basal
sauropodomorph Massospondylus carinatus (Chinsamy,
1993a, 1993b; Chinsamy-Turan, 2005) and Plateosaurus
engelhardti (Sander and Klein, 2005; Klein and Sander,
2007; Hurum et al., 2006) show that basal sauropodo-
morphs are characterized by zonal bone (sensu Reid, 1981)
which is composed of fibrolamellar bone (FLB) tissue
interrupted by growth marks (Lines of Arrested Growth
[LAGs] or annuli). In the case of Plateosaurus, termination
of growth is recorded in the subperiosteal margin (Klein
and Sander, 2007), while even the largest individual of
Massospondylus does not show the closely spaced rest
lines indicative of attainment of skeletal maturity (Cerda
et al., 2017). Extensive studies of Plateosaurus have
shown a marked degree of developmental plasticity
(Sander and Klein, 2005), indicated by different sized ele-
ments possessing similar numbers of growth rings.

Based on samples taken from the scapula and rib, the
sauropodiform taxon, Aardonyx appears to exhibit cortical
bone tissue that is zonal and similar to that of the basal
sauropodomorphs (Yates et al., 2010). The rib histology of
Leonerasaurus also has zonal bone tissue (Pol et al.,
2011), although the fibrolamellar bone is less vascular-
ized in this taxon.

Recent studies on Mussaurus showed that it had a faster
growth rate than Massospondylus [Cerda et al., 2014], with
a much higher proportion of vascularization, as compared
to Aardonyx and Leonerasaurus. Furthermore, the pattern
of vascularization varies between laminar, plexiform and
reticular FLB (Cerda et al., 2014). The lack of growth lines

in juvenile Mussaurus material indicates a phase of rapid
continuous growth during early ontogeny, similar to that
experienced by sauropods throughout most of their lives. In
adult Mussaurus individuals, there is evidence of the pres-
ence of growth marks restricted to the outer third of the of
the cortex (Cerda et al., 2014, Cerda et al., 2017). Thus, it
appears that Mussaurus possesses the “typical” sauropod
growth pattern (see below); however, Cerda et al. (2017)
ascribe this to homoplasy rather than being a synapo-
morphic character for basal Sauropodomorpha and Sauro-
poda based on the results of character optimization.

In contrast to the more basal sauropodomorphs, sauro-
pods appear to have a highly vascularized fibrolamellar
bone tissue, with LAGs being scarce and only occurring
toward the subperiosteal margin (referred to as an exter-
nal fundamental system by Klein and Sander [2008]
or outer circumferential lamella by Chinsamy-Turan
[2005]), indicating rapid uninterrupted growth followed
by a slowing down in deposition rates (Sander et al.,
2004; Chinsamy-Turan 2005; Sander et al., 2011a,
2011b). However, it should be noted that there are excep-
tions to this trend. Based on material now identifiable as
belonging to the titanosauriform Lapparentosaurus
(De Ricqlès, 1983; Rimblot-Baly et al., 1995; Sander,
2000; Mannion, 2010), BMNH R9472—an undescribed
Middle Jurassic sauropod (Reid, 1981), Europasaurus and
Lessemsaurus (Cerda et al., 2017), there is clear evidence
of cyclical growth marks in the inner cortex of sauropod
bones. As early as 1983, De Ricqlès pointed out that these
cyclical growth rates may be more prevalent in sauropods
than previously thought.

Antetonitrus ingenipes (Yates and Kitching, 2003) from
the Norian, Lower Elliot Formation of South Africa is
geologically older than the Thai basal sauropod, and
according to recent phylogenetic analyses (Apaldetti
et al., 2013; Otero and Pol, 2013; McPhee et al., 2014) is
even more basal than Isanosaurus. Thus, Antetonitrus is
now considered to be the earliest sauropod (Yates, 2007).

In addition to the holotype material (BPI/1/4952), the
same unique combination of characters and autapomor-
phies (indicated with *) for Antetonitrus, identified by
Yates and Kitching (2003) and expanded on by McPhee
et al. (2014), are present in NMQR 1705—and are the
basis for referring this material to this taxon (Krupandan
personal observation, 2017): dorsal neural spines flared
transversely at their distal end*; dorsal vertebrae with
broad, triangular hyposphenes (in caudal view)*; an
extremely short, broad metacarpal I* and a deep sulcus
adjacent to the lateral distal margin of the deltopectoral
crest*; high dorsal neural spines comprising more than
half the total height of the neural arch*; a single articular
facet on the proximal chevrons*; the head of the humerus
is vaulted and expanded posteriorly; the medial tuberos-
ity of the humeral head is reduced and slightly medially
inturned*; a medial deflection of the anterior process of
the proximal ulna*; an incipient radial fossa on the proxi-
mal ulna; a distinct bifurcated tubercle on the ventrolat-
eral edge of the shaft of the second metacarpal; the
femoral shaft is elliptical in cross-section and reduced in
lateral sinuosity; the fourth trochanter is located on the
medial edge of the mid-shaft of the femur; the anteropos-
terior length of the proximal surface of the tibia is over
twice its transverse width and roughly level with the hor-
izontal plane; the descending process of the distal tibia is
compressed laterally so that the anterior ascending
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process is visible in posterior view; and a robust, entaxo-
nically spreading pes. The hyposphenes of the caudal ver-
tebrae are not preserved, precluding determination of
whether NMQR 1705 also possessed a ventral ridge on
the caudal hyposphenes.

Here, we undertake an osteohistological study of Ante-
tonitrus (BPI/1/4952 and NMQR 1705) to assess whether
it had a growth strategy more similar to basal sauropodo-
morphs, or to its more derived relatives or whether
instead it exhibited a completely different growth. Fur-
thermore, we studied different sized femora, tibia and
humeri to deduce histological variation in long bone his-
tology, and to assess how they grew through ontogeny.

Institutional Abbreviations
BMNH, British Museum of Natural History; BPI, Evo-

lutionary Studies Institute, Johannesburg, South Africa;
NMQR, National Museum, Bloemfontein, South Africa.

MATERIALS AND METHODS
Samples were taken from the long bone elements (fem-

ora, humeri, and tibiae) of NMQR 1705, a mono-specific,
multi-individual assemblage collected from the Late Tri-
assic, Lower Elliot Formation (LEF) site of Maphutseng,
Lesotho (Ellenberger and Ellenberger, 1956; Charig
et al., 1965; Gauffre, 1993; Bordy et al., 2015; Krupandan
personal observation, 2014). In addition to this, a core
from the femur of the holotype (BPI/1/4952) was also
included. No data on association between elements for
NMQR 1705 was available as this material was excavated
during the 1950s and accessioned at NMQR as disarticu-
lated material without any field notes. While some
NMQR 1705 elements clearly articulate with each other
(e.g., pedal phalanges), it cannot be accurately deter-
mined whether the long bones sampled belong to the
same individuals as the only way to associate material
would be based on ratios taken from the holotypic mate-
rial (BPI/1/4952)—the results of which are equivocal at
best due to some elements being incomplete.

Samples were taken from the femoral, tibial, and
humeral midshaft regions (identified by Chinsamy [1993b]
and Klein and Sander [2007] as being neutral regions of
growth with the least remodeling). To ensure that the best
possible record of growth was analyzed, full cross-sections
were sampled of the femora and tibia to determine the
best region for core sampling (Stein and Sander, 2009).
Due to the poor preservation of the humeri, only one was
cored, partial segments of the bone wall of the other two
were sampled. As far as possible, cores were taken from
comparable regions. Specimens were cored using a drill
with a diamond encrusted coring bit or cut using a Dremel
Precision Tool. After samples were removed from the bone
the area was infilled with plaster to retain the original
shape of the bone. In the case of full cross-sections, casts of
the removed slices were made with epoxy and inserted
into the missing regions of the bones.

Eight femora (NMQR 1705/252, 1705/20, 1705/801,
1705/163, 1705/325, 1705/15, 1705/600, and BPI/1/4952)
representing a size range of 435 mm to 885 mm in length
were sampled. A thin section of the complete cross-section
of the bone wall of NMQR 1705/163 permitted the deter-
mination that the posteromedial side of the midshaft was
the thickest part of the bone wall and therefore held the

best record of ontogenetic growth. All other femora were
cored in this region. The exception to this was that the
holotype femur (BPI/1/4952) was sampled from the poste-
rior side of the distal femur, just proximal to the lateral
and medial condyles, this core was taken before rules gov-
erning destructive sampling of South African holotypic
material came into effect and subsequently no further
sampling was permitted.

Six tibiae ranging in size from 322 mm to 565 mm in
length were sampled for histological analyses. A complete
cross-section of tibia NMQR 1705/235 indicated that the
best location for core sampling was from the anteromedial
or posterior sides of the midshaft of the tibia. The remain-
ing five tibiae were sampled (1705/304, 1705/561,
1705/100, 1705/354, and 1705/009) in this region. Three
humeri (NMQR 1705/801, 1705/028, and 1705/359), rang-
ing in size from 570 mm to 620 mm in length were sam-
pled in the anterolateral half of the midshaft.

Specimens were prepared for thin sections based on
the methodology outlined in Chinsamy and Raath (1992).
Cores/samples were embedded in resin (Struers Epofix),
mounted on frosted glass slides and thin-sectioned using
a Struers Accutom-50. The preparation of the histological
sections was carried out at the University of Cape Town,
South Africa. All sections were studied using a Nikon
E200 microscope. Photomicrographs were captured using
NIS D 3.0 Software and edited in Adobe Photoshop CC
2014. Nomenclature and definitions of structures used in
this study are sensu Chinsamy-Turan (2005).

Comparative material includes published data on the
following basal sauropodomorphs; Massospondylus
(Chinsamy, 1993b, 1994), Plateosaurus (Sander and Klein,
2005; Klein and Sander, 2007), and the basal sauropodi-
forms, Aardonyx (Yates et al., 2010), Leonerasaurus (Pol
et al., 2011), and Mussaurus (Cerda et al., 2014, 2017).
BMNH R9472 (Reid, 1981), Lapparentosaurus (see De
Ricqlès, 1983, Rimblot-Baly et al., 1995, Mannion 2010),
the Nam Phong sauropod (Sander et al., 2004), Apatosau-
rus (Curry, 1999), and the Tendaguru sauropods (Sander,
2000) were used as examples of derived Sauropoda.

RESULTS
Detailed Histology of the Femora

All eight midshaft femoral samples exhibit well-vascu-
larized, primary FLB tissue throughout the cortex. The
vascular organization of the FLB is generally character-
ized by an irregular, reticular arrangement of the vascu-
lar channels in the inner-most cortex and a change in
arrangement of the channels to a plexiform (composed of
radial and circumferential channels) arrangement in the
subperiosteal cortex. Secondary osteons are present in all
femora, except the smallest—NMQR/1705/252 (435-mm
length). While NMQR/1705/020 (756-mm length) shows
the change from reticular to plexiform FLB seen in most
of the sampled bones, a thin band of avascular tissue (?
annulus) is evident below the three LAGs that are pre-
sent near the outer region of the cortex (Fig. 1). In con-
trast to this general pattern, NMQR/1705/801 (760-mm
length) exhibits only reticular FLB, except for a small
patch of plexiform tissue in middle of the cortex (Fig. 2).

NMQR/1705/163 (Fig. 3), the 5th largest femur
(770-mm length), shows a four stage change in vascular
orientation from outer cortex to the medullary region: in
the outermost region there is a thin layer of less
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vascularized FLB with a vascular organization composed
of a combination of plexiform tissue, but with significant
number of irregular channels as well (Fig. 3B), below
which is a thicker region of less organized reticular FLB
(Fig. 3C), followed by a thinner layer of plexiform tissue
(Fig. 3D), which overlies reticular FLB (with large
amounts of secondary osteons) that occurs throughout the
rest of the compacta (Fig. 3E). The less vascularized out-
ermost cortical region possesses multiple (six) closely
spaced LAGs (Fig. 3B). Below these LAGs, there is a band
of two closely spaced LAGs, followed by an annulus
toward the inner cortex (Fig. 3B). While this less vascu-
larized outermost cortical region bears the hallmarks of
an external fundamental system (EFS sensu Klein and
Sander, 2008, Sander et al., 2011b), it is not completely
avascular and most likely represents the beginning of
an EFS.

The largest femur NMQR 1705/600 (885-mm length)
also shows growth marks in the inner cortex, three LAGs
are present in the mid-cortical region, followed by five
more LAGs toward the outer cortical region. However, it
lacks the modulation in vascular channels as seen in
NMQR/1705/163, exhibiting the usual change from reticu-
lar to plexiform FLB from the inner to outer cortex.

In all femora with LAGs, there is a distinct lack of
change in tissue type preceding and anteceding these
growth lines in contrast to the zonal bone condition seen
in less derived sauropodomorphs.

Detailed Histology of the Humeri
Growth lines in the form of LAGs are apparent

throughout the cortex of the humeri, although apart from
the actual lines there does not seem to be a change in the
type of tissue abutting them. Humeri NMQR 1705/801
(570 mm preserved length) and 359 (620-mm length) do
exhibit sparse secondary osteons in the perimedullary
region, although humerus NMQR 1705/028 (which is
intermediate in size between the two at 615 mm in
length) does not.

Humeri NMQR/1705/801 and 359 show a change in
vascular arrangement from reticular to plexiform from
the inner to outer cortex. In NMQR/1705/801, sparse sec-
ondary osteons are present in the perimedullary region.
Seven LAGs are evident toward the outer cortex, with the
outer-most three being “double” LAGs, followed by a “tri-
ple” LAG, two closely spaced LAGs and approaching the
inner cortical region a single LAG occurs (Fig. 4). These
growth lines occur throughout the compacta, but there is
no change in vascular arrangement (plexiform) of the
surrounding FLB tissue.

The core sample from NMQR/1705/028 (Fig. 5) differs
in that it is composed almost exclusively of plexiform
FLB and lacks the change in orientation of FLB from
reticular to plexiform seen in the other two humeri. There
is however, a regional change to a less organized reticular
arrangement of FLB midway up the cortex (Fig. 5A) and

Fig. 1. Right femur, NMQR 1705/020. Polarized light. Black arrow
indicates thin band of avascular tissue/annulus. White arrows
show LAGs.

Fig. 2. Left femur, NMQR 1705/801. Isolated patch of plexiform FLB
showing localized change in vascularization indicated by black arrow.
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Fig. 3. Right femur, NMQR 1705/163 (A) view of overall cross-section. (B) Outermost cortical layer showing change from plexiform to reticular
FLB, note reduction in vascularization and presence of eight LAGs (white arrows) and an annulus (black arrow) in outermost cortical margin. (C)
Subsequent bone tissue below (B), showing continuation of reticular FLB. (D) Thin layer of plexiform FLB with some secondary osteons, (E)
Innermost cortical region composed of reticular FLB with abundant secondary osteons. R, reticular FLB; P, plexiform FLB; S, secondary osteons.
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again just below a thin band of radial FLB tissue just
above the second innermost LAG (Fig. 5B). Above this
radial band, there are three more closely spaced LAGs in
the subperiosteal cortex (Fig. 5C). However, this outer
region of the cortex does not exhibit a decrease in vascu-
larization or change in the arrangement of FLB that
would be considered an EFS (sensu Sander et al., 2011b).
The band of localized radial FLB (Fig. 5B) is followed by
the resumption of normal plexiform FLB. Secondary
osteons are absent in this sample.

NMQR 1705/359 also exhibits growth lines in the
form of seven LAGs approaching the outer cortex, five
of which are closely spaced and are in the outermost
fringe of the cortex, below these are two more closely
spaced LAGs (Fig. 6). Note that these two LAGs are
separated by a region of plexiform FLB, and thus, LAGs
are not restricted only to the outermost cortical layer as
in the more derived sauropods (Sander et al., 2004,
2011a).

Detailed Histology of the Tibiae
The histology of the tibia generally conforms to the pat-

tern seen in the femora and humeri having FLB with a
vascular change from reticular to plexiform toward the
outer-most cortex. Sparse secondary osteons are present
in the perimedullary region (Fig. 7B). The smallest ele-
ment, NMQR 1705/304(322 mm preserved length), does
not exhibit any growth lines and shows uninterrupted
deposition of FLB. The perimedullary region exhibits a
reticular arrangement of FLB, with no secondary osteons.

Tibia NMQR 1705/561 (Fig. 8) (445 mm preserved
length) also exhibits exclusively FLB, but with a predomi-
nantly plexiform vascular arrangement. However, in the
upper third of the cortex there is a band of radially ori-
ented FLB (Fig. 8A) (similar to that observed in humerus
NMQR 1705/028, Fig. 5B). Three LAGs are present in the
innermost half of the cortex, followed by two closely
spaced LAGs just below the band of radial FLB and, a
single LAG above the radial FLB band followed by three
closely spaced LAGs. As in NMQR 1705/028, resumption
of normal growth occurs after the “event” that caused the
radial deposition.

However, in Tibia NMQR 1705/235 (500-mm length)
there is a divergence from the general pattern seen
among the tibia. It is composed almost exclusively of plex-
iform FLB tissue, apart from a small region of reticular
FLB just above the medullary region and two patches in
the subperiosteal cortex. No growth marks are evident.

Among the two largest tibia NMQR 1705/354 and
NMQR 1705/009 (565 mm as preserved), there is the
characteristic change from reticular FLB in the perime-
dullary region to plexiform FLB toward the outer cortex.
In the former, approaching the outer-most layer of the
cortex there is a reduction in vascularization, five LAGs
are present in this region. It is similar to femur NMQR
1705/163, in terms of the reduction in vascularization and
predominance of LAGs in the outer-most cortical layers.
However, in contrast NMQR 1705/009 exhibits three
LAGs spanning the cortex.

DISCUSSION
General Histological Features

Samples taken from the midshaft femora, tibia, and
humeri exclusively exhibit well vascularized, FLB tissue
(see Table 1.). The organization of the vascular channels
of the FLB is characterized by a reticular (irregular)
arrangement in the inner cortex and a change in orienta-
tion to a more plexiform arrangement (laminar channels
joined by radial anastomoses) toward the outer cortex
(Fig. 7). Note however that this is a general trend and
certain elements show combinations of reticular, plexi-
form, and radial tissue, as well as changes in the degree
of vascularization in the outer cortical region. Primary
osteons are present throughout the compacta and second-
ary osteons are present in the inner cortical regions of
most bones, extending into the outer cortex in some (nota-
bly NMQR/1705/163). In femur NMQR/1705/163, Haver-
sian reconstruction has progressed quite far, with several
generations of secondary osteons present, however inter-
stitial primary FLB is still present. In stark contrast,
femur NMQR 1705/252 exhibits no secondary osteons,
with sparse occurrences of enlarged channels from the
mid-cortex inwards.

Fig. 4. Right humerus, NMQR 1705/801.Black triangles with numbers
indicate occurrence and number of LAGs, that is, single, double, or
triple LAGs. P, plexiform FLB.
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Most of the long bones sampled show growth marks,
which are predominately LAGs. Three femora (NMQR
1705/163, NMQR 1705/020, and BPI/1/4952) preserve
annuli, while one humerus (NMQR 1705/028) preserves
an annulus associated with a LAG. While a decrease in
growth rate is apparent based on the reduction in vascu-
larization (of the FLB tissue) and a concentration of LAGs
in the subperiosteal margin of femur NMQR/1705/163
(Fig. 3A,B), LAGs are not restricted to this layer. Fur-
thermore, there is no change in tissue type or vascular
arrangement of the FLB immediately apical or basal to
the growth lines in the inner compacta.

As with both the femora and humeri, generally the tib-
iae exhibit a change from reticular organization of the FLB
to a plexiform arrangement toward the outer cortex. In the
case of tibia NMQR 1705/235 (500-mm length), patches of
reticular FLB are present in the subperiosteal cortex and
there is no evidence of growth lines in the inner cortex.
This contrasts with tibia NMQR 1705/354 (assumed to be
from a juvenile based on length [322 mm]), which has
almost exclusively plexiform bone tissue and exhibits at
least five LAGs in the outer region of the cortex.

Among the femora, the smallest specimen (NMQR
1705/252 [435 mm]) shows no growth marks and is

composed of uninterrupted FLB (see Fig. 9). However,
there is a distinctive change in vascular orientation (mod-
ulation) from an earlier formed reticular bone to a later
formed plexiform arrangement. The larger femora show a
slight decrease in vascularization in the outermost part of
the cortex. This less vascularized outermost cortical
region is also characterized by a prevalence of LAGs.

Two of the humeri show the transition from reticular to
plexiform FLB. However, humerus NMQR 1705/028 is
composed almost exclusively of plexiform FLB with two
patches (see Fig. 5) showing a regional change to reticular
FLB. Furthermore, close to the peripheral edge, there is a
thin band of radially oriented FLB which resembles the
sunburst pattern typical of periosteal reactive growth
(Chinsamy and Tumarkin-Deratzian, 2009). A similar
band of radial FLB is also present in tibia NMQR
1705/561. In both elements, the radial FLB is followed by
normal bone deposition.

When comparing similar sized humeri, femora, and tib-
iae, all are composed of FLB, with most showing modula-
tions in vascular organization from reticular to plexiform
FLB (for exceptions to this pattern see Table 1). The pres-
ence of secondary osteons in similar sized elements is
apparent in femora and tibia. However, in the humeri

Fig. 5. Right humerus, NMQR 1705/028.Composed almost exclusively of FLB. (A) Mid-cortical area showing localized change to reticular FLB
and LAG followed by annulus. (B) Band of radial FLB tissue. C) Outermost cortical region with band of three LAGs. Horizontal white and black
arrows indicate LAGs and annuli. Ra, radial FLB; Re, reticular FLB.

KRUPANDAN ET AL.1512



this is not the case, as humerus NMQR 1705/359 and
NMQR 1705/028 are almost the same length (620 mm
and 615 mm, respectively)—yet secondary osteons are
present in the former but not the latter. In terms of
growth marks, there appears to be a large degree of vari-
ability in their occurrence among similar sized elements.

Growth Dynamics
Ontogenetic changes in the growth dynamics of Anteto-

nitrus are evident based on the specimens studied. Early
in ontogeny (as seen in femur NMQR 1705/252 and tibia
NMQR 1705/304) it appears that Antetonitrus was charac-
terized by rapid, uninterrupted growth, with deposition of
reticular FLB, followed by a textural shift to plexiform
FLB midway up the cortex. There is a total lack of growth
marks or secondary osteons in these individuals. There is
a large jump in size from these smallest elements
(510 mm and 322 mm, respectively) to the next longest
complete elements in the sample of 256 mm in the femora
and 178 mm in the tibia. While the larger bones are still
composed of FLB and possess the textural shift from retic-
ular to plexiform FLB these bones show evidence of inter-
mittent growth marks throughout the cortex, as well as
evidence of secondary remodeling. However, except for
femur NMQR 1705/163 there is no evidence of termination
of growth in the external cortex of the other bones yet,
indicating that they are sub-adult. In femur NMQR
1705/163, a gradual decrease in vascularization is evident

in the outer cortical layer indicating that bone deposi-
tional rate had slowed down; however, this region is not
completely avascular. There is also a concentration of
LAGs in this less well vascularized outer cortical region.
This may correspond to the beginning of an EFS (sensu
Klein and Sander, 2008). If this is the case, then Antetoni-
trus would have possessed a determinant growth strategy.

Based on bone length there is no association between
size and number of growth lines (see Table 1), with larger
individuals possessing fewer growth marks than smaller
individuals in some cases: NMQR 1705/163 is the oldest
femora based on growth marks and has an incipient EFS,
but in terms of length, it is only the 5th largest femur.
Considering the humeri, NMQR 1705/801 exhibits the
most growth marks, despite being the smallest humerus.
These findings suggest that the size of the element is not
a good proxy for age. These findings suggest intra-specific
differences that could be due to sexual dimorphism
(which cannot be tested as the sample is too small) or per-
haps to developmental plasticity as described for Plateo-
saurus (Sander and Klein, 2005). A third possibility is
that these LAGs could represent random periods of
resource limitation similar to those occurring in large
mammals seasonally (Köhler and Moyà-Solà, 2009; Köh-
ler et al., 2012), although there is no published data to
suggest that these occur non-annually.

In contrast to the dichotomy proposed by Sander
et al. (2004) between growth patterns for basal Sauropo-
domorpha and Sauropoda, it appears that at least in

Fig. 6. Left humerus, NMQR 1705/359. (A) Outer-most cortical margin showing five closely spaced LAGs (white arrows), (B) Two closely spaced
LAGs (white arrows) deeper in the cortex. The edge of the bone is not the periosteal surface, which has flaked off. Ant, anterior; l, lateral; m, medial.
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early sauropods like Antetonitrus, growth lines are not
restricted to the outer cortical layer and occur throughout
ontogeny, albeit irregularly. Despite this, highly vascular-
ized FLB predominates in the cortex—as in the Tenda-
guru neosauropods (Sander, 2000; Sander et al., 2004,
2011a). One femur (NMQR 1705/163) shows a reduction
in vascularization and concentration of LAGs in the out-
ermost cortical layer, suggesting that its growth was
slowing down or had virtually stopped. While growth
marks occur throughout the cortex of most bones sam-
pled, it should be noted that there is no associated change
in degree or pattern of vascularization prior to or after
the growth marks in contrast to Lessemsaurus (Cerda
et al., 2017).

Fig. 7. Right tibia, NMQR 1705/009. Textural shift from reticular (A) to
plexiform (B) FLB. Black triangles with numbers indicate occurrence
and amount of closely spaced LAGs, that is, single or double LAGs. R,
reticular; P, plexiform.

Fig. 8. Right tibia, NMQR 1705/561. Polarized Light. Note preponderance
of plexiform FLB. (A) Region with band of radial FLB indicated by black
arrow. Black triangles indicate LAGs; arrowheads indicate LAGs, and the
numbers indicate single, double, or triple LAGs. White triangles indicate
fractures that may correspond to LAGs. ra, radial FLB.
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The majority of the Antetonitrus bones also show modu-
lations between reticular and plexiform FLB. This feature
is also seen in the femoral histology of Lessemsaurus and
Volkheimeria (Cerda et al., 2017). Such textural shifts
(sensu Chinsamy et al., 2012) are reminiscent of those seen
in temperate populations of Edmontosaurus and Hypacro-
saurus (Chinsamy et al., 2012), reflecting periodic strains
in resource acquisition. The lack of consistent cycles of vas-
cular modulation in NMQR 1705 precludes seasonality as
a factor and is more similar to the inconsistent changes
seen in temperate Edmontosaurus populations (Chinsamy
et al., 2012). In most samples, there is only one textural
shift from reticular to plexiform FLB tissue that occurs
approximately halfway up the cortex. This may be evi-
dence of a dietary change during ontogeny but fails to
explain the multiple textural shifts seen in the femur
NMQR 1705/163, a feature which is also present in Les-
semsaurus and Volkheimeria (Cerda et al., 2017). Based on
the number of LAGs (eight) and the reduction in vasculari-
zation in the outermost cortical layer of femur NMQR
1705/163 indicating that this femur belonged to the oldest
individual, it seems more likely that multiple textural
shifts are a function of increased age.

Phylogenetic Context
When looking a range of sauropodomorphs spanning, the

transition from basal forms (i.e., Massospondylus and
Plateosaurus), to more derived sauropodiforms (i.e., Aardo-
nyx, Leonerasaurus, and Mussaurus) to the most basal
sauropod—Antetonitrus, there is a trend toward an
increase in the deposition of highly vascularized FLB as the
predominant cortical bone tissue. This trend starts with
Mussaurus (see Cerda et al., 2014, 2017) and appears to
continue in Antetonitrus.

Based on the juvenile material of Antetonitrus studied
here and the juvenile Mussaurus material (Cerda et al.,
2014), it appears that both taxa exhibited a phase of early
uninterrupted rapid growth. The presence of growth
marks in the outer cortical layers of adultMussaurus spec-
imens, may indicate that both taxa exhibited growth
marks later in ontogeny after this rapid phase of growth,
followed by a reduction in vascularization and preponder-
ance of growth marks in the outermost cortical layer
(based on femur NMQR 1705/163), which likely corre-
spond to an external fundamental system (sensu Klein
and Sander, 2008). The similarity between the two species
growth dynamics show remarkable convergence. However,
Cerda et al. (2017) hypothesize that the most parsimoni-
ous explanation for the occurrence of similar growth strat-
egies in the basal sauropodiform, Mussaurus and in more
derived sauropods is due to homoplastic convergence.

In Antetonitrus, the absence of growth marks in the
inner cortex seen in more derived neosauropod taxa
(Curry, 1999; Sander, 2000; Sander et al., 2004, 2011a)
and Mussaurus (Cerda et al., 2017) is lacking, however
this may be due to the material under study belonging to
sub-adult individuals.

Occurrence of Radial Fibrolamellar Tissue and
Pathology

The presence of radial FLB in the cortical region of a
humerus and tibia may be periosteal reactive bone, indic-
ative of pathological growth (Chinsamy and Tumarkin-

Fig. 9. Left femur, NMQR 1705/252. Juvenile individual exhibiting
uninterrupted FLB throughout the cortex. Note the lack of growth marks
and secondary osteons. Note the textural shifts in FLB. P, plexiform
FLB; R, reticular FLB.
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Deratzian 2009). In the latter study, radial spicules radi-
ated from the periosteal and endosteal margins of the
bones. In contrast, the humerus and tibia belonging to
NMQR 1705 the band of radial FLB is located within the
cortex, indicating that after a period of trauma/illness,
normal growth resumed. This pattern (and the lack of evi-
dence of endosteal deposits) is more similar to that
reported in Psittacosaurus mongoliensis, Plateosaurus
engelhardti, and a Late Triassic dinosaur from Norway
(Chinsamy et al., 2012), and may be related to hypertro-
phic osteopathy (see Lenehan and Fetter, 1985; Chin-
samy et al., 2012). The ratio of the length of the humerus
to tibia in the Antetonitrus holotype (BPI/1/4952) is 1.33,
and for NMQR 1705 the humerus (NMQR 1705/028) and
incomplete tibia (NMQR/1705/561) the ratio is 1.38. As
the length of the incomplete tibia is approximated, it is
possible that the ratio would be less in reality. Given that
both the aforementioned humerus and tibia of NMQR
1705 possess five LAGs each, and both have the anoma-
lous radial fibrolamellar bone in the outermost part of
their cortices, it is possible that these bones are from the
same individual (see Sander, 2000). In lieu of other data
on association between elements belonging to NMQR
1705, this is tentative proof that NMQR 1705/028 and
NMQR 1705/561 belong to the same individual.

CONCLUSION
It appears that the growth strategies present in the

earliest member of Sauropoda (sensu Yates, 2007) are not
a continuation of patterns first seen in the basal sauropo-
diform, Mussaurus, which are similar to more derived
sauropods. This means that uninterrupted deposition of
highly vascularized FLB coupled with restriction of
growth marks to the outer cortical margins is not a syn-
apomorphy for Sauropodiformes. The presence of the
“typical” sauropod growth pattern in both Mussaurus and
derived sauropods, yet absence in Antetonitrus and Les-
semsaurus suggests that the similarities between Mus-
saurus and more derived Sauropoda are the result of
convergent evolution (see Cerda et al., 2017).

While there is an increase in the deposition of highly
vascularized FLB in the cortex relative to basal sauropo-
domorphs, both Antetonitrus and Lessemsaurus exhibit
evidence of growth marks throughout the compacta—
although less regularly in Antetonitrus. Cerda
et al. (2017) show that the basal sauropods Lessemsaurus,
Volkheimeria, and Patagosaurus exhibit subtle differ-
ences in growth patterns: cyclical growth in Lessemsaurus
(reminiscent of basal sauropodomorphs) with marked tex-
tural shifts, poorly defined textural shifts in FLB in Vol-
kheimeria and poorly formed annuli interspersing the
FLB in Patagosaurus (Cerda et al., 2017). Compared to
these three taxa, Antetonitrus appears to possess growth
lines (although not quite as cyclical) and textural shifts
as in Lessemsaurus (and to a lesser extent Volkheimeria).

However, ultimately Antetonitrus shows a unique bone
depositional pattern. One unsurprisingly similar to its
sister-taxon (Lessemsaurus)—but different in two key
ways: (1) the regularity and cyclical frequency of growth
marks in the cortex, and (2) lack of textural shifts from
reticular to plexiform FLB presaging LAGs. Thus,
changes in growth dynamics seen en route to Sauropoda
appear to be confounded by homoplasy and high levels of
plasticity. In the case of Antetonitrus, this suggests that

there is no discrete “Sauropod pattern” in terms of growth
dynamics and that changes in growth from basal sauropo-
domorphs to derived sauropods does not occur along a
continuum.

Despite this, Antetonitrus appears to follow the general
trend, as seen in Sauropoda, of a rapid increase in growth
rates during early ontogeny (as evidenced by the deposi-
tion of uninterrupted FLB). Termination of growth was
not recorded, but one specimen exhibited a slowdown in
growth in the outermost cortex (i.e., the beginning of an
EFS)—indicating that we may still be dealing with
somatically immature individuals. Furthermore, our
study shows that the developmental plasticity seen in
basal sauropodomorphs such as Plateosaurus is still pre-
sent in more derived forms such as Antetonitrus. Infre-
quent modulations in vascularization patterns indicate
that the animals studied probably experienced periods of
environmental stress (e.g., food shortages), although not
on a regular, seasonal basis.

We propose that further histological studies on the
immediate outgroup to Sauropoda (i.e., Melanorosaurus),
the basal sauropod Blikanasaurus cromptoni (Galton and
Van Heerden, 1998), the non-eusauropod sauropod taxa
Gonxianosaurus shibeinsis (He et al., 1998), and Tazouda-
saurus naimi (Allain et al., 2004) will provide a more
complete assessment of the changes in growth strategies
during the transition from more basal sauropodiforms to
true sauropods.
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