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ABSTRACT—Thoracic epaxial muscles of diplodocid and dicraeosaurid sauropods are reconstructed for the first time
using an Extant Phylogenetic Bracket approach. In the dorsal vertebral column, three different epaxial muscle groups
were present. The medialmost m. transversospinalis and the laterally adjacent m. longissimus dorsi were connected to the
neural arches. The lateralmost m. iliocostalis was connected to the dorsal ribs. The medial part of m. transversospinalis of
diplodocids and dicraeosaurids comprised at least two tendon systems that had a trellis-like arrangement. Osteological
characters of the dorsal vertebrae in related taxa suggest a similar configuration of the thoracic epaxial muscles in all
eusauropods, although there was variation in tendon arrangements and in the cross-section of each muscle. The thoracic
epaxial musculature in eusauropods played an important role for trunk support; its variation in different eusauropods is
directly connected with bony support structures and influenced the mobility of the trunk and locomotion. Modifications in
the thoracic epaxial musculature are especially apparent in Saltasauridae, which suggests differences in their locomotor
capabilities, such as increased trunk mobility or larger stride lengths.

INTRODUCTION

Thoracic epaxial musculature forms an important bracing
mechanism that contributes to the accommodation of the me-
chanical loads acting on the vertebral column during locomotion.
As such, epaxial muscles play a significant role in trunk support in
terrestrial amniotes (Slijper, 1946; Kummer, 1959; Frey, 1988a, b;
Salisbury and Frey, 2001). The role of epaxial musculature may
have been particularly important in sauropod dinosaurs, due to
their extraordinary lengths (>20 m) and correspondingly large
body masses (Henderson, 2006). Although studies conducted
over the last 30 years have increased our understanding of sauro-
pod locomotor capabilities (e.g., Coombs, 1975; Coombs, 1978;
Alexander, 1985; Christiansen, 1997; Bonnan, 2003, 2005; Carrano,
2005), soft-tissue reconstructions and functional morphology of the
sauropod trunk are still widely neglected fields of research. The
few studies on the biomechanics of sauropod vertebrae have fo-
cused on stress distribution in the sauropod vertebral column,
proving a strong influence of the epaxial musculature on the stabi-
lization of the dorsal vertebral column (Alexander, 1985; Hender-
son, 2004) and refuting a hypothetical tripodial feeding stance
(Rothschild and Molnar, 2005). No detailed reconstructions of the
epaxial musculature have been done to characterize the influence
of these muscles on trunk support. Consequently, the variability in
the epaxial trunk musculature and how it might relate to locomo-
tor styles in different sauropod groups remains unknown. Whereas
reconstructions of thoracic epaxial muscles in ornithischian dino-
saurs are facilitated by the presence of ossified tendon systems
(e.g., Norman, 1986; Organ, 2006), no such indications are avail-
able in dorsal vertebrae of sauropods. Additionally, the highly
derived morphology of sauropod dorsal vertebrae makes compar-
isons with extant amniotes difficult.
The aim of this paper is to provide a hypothetical reconstruc-

tion of the thoracic epaxial muscles in diplodocid and dicraeo-

saurid sauropods based on the soft-tissue anatomy of extant
crocodylians and birds, which can be used in future functional
morphological analyses of the sauropod trunk. First, the general
osteology of the trunk and thoracic epaxial muscles in extant
crocodylians and birds is reviewed. This forms the basis for the
Extant Phylogenetic Bracket-based soft-tissue reconstructions of
diplodocid and dicraeosaurid sauropods. Next, the osteology of
the axial skeleton of the trunk of diplodocid and dicraeosaurid
sauropods is outlined, including a discussion of the still problem-
atic reconstruction of rib articulation and its influence to the
hypothetical cross-section of the trunk of these sauropods. The
specific soft-tissue reconstructions rely on these preceding para-
graphs of trunk osteology in sauropods and extant archosaurs.
Last, the soft-tissue reconstructions are discussed in terms of
their applicability for other eusauropods and of their implica-
tions for functional morphology of eusauropods.
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urkunde der Humboldt-Universität zu Berlin, Berlin, Germany;
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Switzerland; NSMT, National Sciences Museum Tokyo, Tokyo,
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MATERIAL AND METHODS

Taxon Sampling and Material

For a reconstruction of the thoracic epaxial musculature, de-
tailed osteological information about the dorsal vertebral col-
umn, the dorsal ribs, the sacrum, and the ilium of the fossil
under study is required. Diplodocid and dicraeosaurid sauropods
comprise taxa with a very good record of the dorsal and pelvic
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anatomy and therefore have been used in this work to recon-
struct thoracic epaxial muscles in sauropods. The following
diplodocid and dicraeosaurid material used for the reconstruc-
tions was examined first hand.

Dicraeosauridae—Amargasaurus: The skeleton MACN-N 15
of A. cazaui comprises the presacral vertebral column, some
isolated dorsal ribs, and the ilium (Salgado and Bonaparte,
1991). Dicraeosaurus: HMN “skeleton m” of D. hansemanni
comprises the complete dorsal vertebral column with dorsal ribs,
pelvis, and sacrum (Janensch, 1929; Janensch, 1961) and is taken
as reference for the genus Dicraeosaurus. D. sattleri (Janensch,
1929) is excluded from the soft-tissue reconstructions because of
its incomplete and fragmentary dorsal vertebrae and its uncer-
tain taxonomic relationship (Salgado, 1999).

Diplodocidae—Apatosaurus: The skeleton of A. louisae (CM
3018) comprises dorsal vertebrae and ribs, sacral vertebrae, and
an ilium (Gilmore, 1936) and is taken as reference for the genus
Apatosaurus. Other specimens of A. louisae (e.g., AMNH 550,
CM 563, YPM 1980), partial skeletons of A. excelsus (NSMT-PV
20375), and a partial skeleton of A. ajax (Upchurch et al., 2004b)
resemble CM 3018 in their dorsal and sacral osteology and are
also used for the soft-tissue reconstructions. Barosaurus: Two
partial axial skeletons of B. lentus (YPM 429 and AMNH 6341)
(Lull, 1919; McIntosh, 2005) have been used as a reference for
Barosaurus. However, both specimens are preserved with in-
complete dorsal ribs, which makes a precise reconstruction of
the dorsal cross-section and the rib cage impossible. Diplodocus:
Two partial skeletons of D. carnegii include a complete dorsal
series with dorsal ribs (CM 84, CM 94), sacrum, and ilium (CM
94) (Hatcher, 1901; McIntosh, 1981). Many further dorsal and
sacral elements of different species of Diplodocus resemble CM
84/CM 94 in their dorsal and sacral osteology (e.g., AMNH FR
223, partial skeleton of D. longus).

Because of their incomplete preservation or a lack of a de-
tailed description, neither the dicraeosaurid Brachytrachelopan
nor the diplodocids Dinheirosaurus and Tornieria were included
into the soft-tissue reconstructions. The following material of
non-diplodocoid sauropods, which is relevant for the discussion
in this work, has been examined personally for comparison and
further discussion: Shunosaurus lii (ZDM 5008, ZDM T5401,
IVPP no collection number available); Camarasaurus lentus
(CM 11338, CM 11393), Camarasaurus grandis (YPM 1900,
1901, YPM 1908), Camarasaurus supremus (AMNH FR 5760);
Haplocanthosaurus priscus (CM 572), Haplocanthosaurus utter-
backi (CM 879).

Extant Material Examined for Comparison

The skeletons of the crocodylomorphs Crocodylus porosus
(IPFUB OS 13) and Tomistoma schlegeli (NMB, no collection
number) were examined. The trunk of Paleosuchus palpebrosus
was dissected. Skeletons of the birds Rhea americana (NMB
2670), Struthio camelus (NMB 8180), Dromaius novaehollandiae
(NMB 2978), Casuarius casuarius (NMB 1829), Sarcoramphus
gryphus (NMB 3295), and Cygnus cygnus (NMB 10588) were

examined for comparison. The trunks of Columba livia and
Ardea cinerea were dissected.

Methods

For the reconstruction of the thoracic epaxial muscles of saur-
opods, topographic indicators of muscle attachment sites are
used in the context of an Extant Phylogenetic Bracket (EPB)
approach (Bryant and Russell, 1992; Witmer, 1995, 1997). The
phylogenetic position of Sauropodomorpha within Saurischia is
robustly supported (e.g., Gauthier, 1986; Sereno, 1999), thus
enabling the application of the EPB approach for soft tissue
reconstructions in sauropods using Crocodylia and Aves as
bracketing groups that provide the anatomical framework for
such reconstructions. Epaxial muscles and ligaments often leave
characteristic traces (= osteological correlates, Witmer, 1995) on
the surface of the vertebrae of avians and crocodylians. If such
osteological correlates are present on vertebrae of sauropods,
similar muscles can be reconstructed confidently. However, vari-
ation in the soft tissue configuration of extant counterparts and
uncertainties in the interpretation of osteological correlates
requires a cautious approach in reconstructing soft tissue anato-
my of extinct taxa (Bryant and Russell, 1992; Witmer, 1995;
Carrano and Hutchinson, 2002).
As a means for evaluating the level of confidence of recon-

structions based on an EPB approach, three levels of inference
have been introduced (Witmer, 1995, 1997). A Level I inference
refers to a situation in which a homologous soft tissue is present
in both the two extant bracketing taxa, and its osteological cor-
relate is observed in these bracketing taxa plus the fossil taxon of
interest. This case provides unequivocal support for the presence
of the soft structure in this fossil taxon. If this structure provides
no osteological correlates in extant bracketing taxa, its recon-
struction in the fossil would be a Level I’ inference. A Level II
inference occurs if only one of the two extant outgroups pos-
sesses a soft tissue structure with an osteological correlate, and
when the latter is found in the fossil taxon. Correspondingly, a
Level II’ inference refers to the same structure that leaves no
osteological evidence. A Level III inference is made if a struc-
ture is not present in either extant outgroups. These levels of
inference are used here regarding the reconstructed presence or
absence of specific muscle groups in sauropods, as well as for the
reconstruction of their attachment areas.
The designation of higher taxa in this study is adopted from

the crown clade names for Sauria (= extant Diapsida) (Gauthier
et al., 1988), and phylogenetic taxonomy for sauropods is based
on Wilson (2002) and Curry Rogers (2005). Diplodocidae and
Dicraeosauridae are monophyletic groups that together with
Suuwassea form the clade Flagellicaudata (Harris and Dodson,
2004; Harris, 2006). The anatomical nomenclature is adopted
from Frey (1988a) and Tsuihiji (2005) for myology and from
Baumel et al. (1993) and Wilson (1999) for osteology. The
hypothesized homology of m. transversospinalis in extant Sauria
follows Tsuihiji (2005), and that of thoracic epaxial muscles of
extant Archosauria follows Organ (2006) (Table 1).

TABLE 1. Homologies between thoracic epaxial muscles of Crocodylia and Aves as inferred by Tsuihiji (2005) and Organ (2006).

Crocodylia Aves

mm. interspinales mm. intercristales
mm. interarticulares
m. transversospinalis, medial part with 3 series of tendons: m. longus colli dorsalis, pars thoracica with 2–4 series of tendons:

m. multifidus —
m. spinalis m. longus colli dorsalis, pars thoracica, medial part
m. articulospinalis m. longus colli dorsalis, pars thoracica, lateral part

m. transversospinalis, lateral part: m. tendinoarticularis m. ascendentes thoracicus
m. longissimus dorsi “m. iliocostalis”, craniodorsal part
m. iliocostalis “m. iliocostalis”, caudoventral part
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THE THORACIC EPAXIAL MUSCLES IN DIPLODOCID
AND DICRAEOSAURID SAUROPODS

Configuration and Homology of Thoracic Epaxial Musculature
in Extant Archosauria

The thoracic epaxial musculature of extant Amniota is divided
into three major groups extending parallel to each other along
the long axis of the vertebral column (e.g., Vallois, 1922; Kar-
dong, 1998). From medial to lateral, these are the m. transver-
sospinalis, m. longissimus, and m. iliocostalis groups, which are
closely associated with the neural spines, transverse processes,
and dorsal ribs, respectively (Slijper, 1946; George and Berger,
1966; Gasc, 1981; Frey, 1988a; Kardong, 1998). Each muscle
group can be distinguished by its size, proportions, and internal
tendon configuration.
Crocodylia—Extant crocodylians possess 15 dorsal vertebrae,

and in all but the first two the parapophyses and diapophyses lie
together on the straight, laterally-directed transverse process
(Hoffstetter and Gasc, 1969). The width of the transverse pro-
cesses increases from the dorsal 3 to 7, reaching a maximum of
1.8 times of the width of the vertebral body, and then decreases
to the same width as the vertebral body (Frey, 1988a). Dorsals
3 to 15 have tall neural spines of uniform height that are approx-
imately 1.5 times the height of the vertebral body (Frey, 1988a).
The dorsal ribs are conspicuously curved in the transverse plane
and caudolaterally oriented, which results in a transversely oval
cross-section of the trunk. Dorsally, the trunk is covered by four
longitudinal rows of paravertebral osteoderms, lateral to which
several longitudinal rows of accessory osteoderms attach (Wett-
stein, 1937). The only exception to this is Gavialis gangeticus,
which possesses only the paravertebral osteodermal rows. The
paravertebral osteoderms are tightly connected to the underly-
ing thoracic epaxial musculature, whereas the accessory osteo-
derms are anchored in the dermis, separated from the underlying
muscles by a layer of retinaculum (Seidel, 1979; Frey, 1988a;
Salisbury, 2001; Salisbury and Frey, 2001).
The thoracic epaxial muscles and paravertebral osteoderms

are connected by ligamentum cingulatum, which continues from
the apices of the neural spines laterally along the contact zone
between two adjacent transverse rows of paravertebral osteo-
derms (Fig. 1). Tendons and myosepta of the m. transversospi-
nalis group and m. longissimus dorsi both attach to this ligament
and the internal face of the corresponding osteoderm. The myo-
septa of m. iliocostalis are connected to ligamentum cingulatum
at the lateral margin of the lateralmost paravertebral osteoderm.
In transverse cross-section, the thoracic epaxial musculature of
extant crocodylians extends from the lateral face of the neural
spines to the distal end of the dorsal ribs (Fig. 1E). M. transver-
sospinalis has approximately the same cross-sectional area as the
laterally adjacent m. longissimus dorsi. The lateralmost part of
the epaxial muscles, m. iliocostalis, covers and attaches to the
dorsal ribs. Most of the mass of m. iliocostalis is positioned
lateral to the vertebral column, due to the transverse orientation
of the dorsal ribs (Fig. 1E).
M. transversospinalis is divided into four sub-units that are

arranged mediolaterally. The space immediately lateral to the
neural spines is occupied by m. multifidus (= m. neurospinalis
dorsi, Vallois, 1922; Tsuihiji, 2005) and m. spinalis (= m. spinoar-
ticularis dorsi, Vallois, 1922; Tsuihiji, 2005). M. articulospinalis
extends up to the zygapophyseal capsules. These three medial
sub-units of m. transversospinalis (Table 1) are separated from
the laterally positioned m. tendinoarticularis by a distinct sep-
tum (Fig. 1). M. tendinoarticularis is either regarded as an au-
tonomous muscle (Hair, 1868; Frey, 1988a; Salisbury, 2001), or
as part of the m. transversospinalis group (Gasc, 1981; Bornhau-
ser and Ziswiler, 1983; Tsuihiji, 2005; Organ, 2006). The latter
hypothesis (Table 1) is supported by the innervation pattern of
the epaxial muscles in the trunk (Murakami et al., 1991). A deep

medial sub-unit of m. transversospinalis, consisting of mm. inter-
spinales and mm. interarticulares is present (Vallois, 1922; Gasc,
1981; Tsuihiji, 2005; Organ, 2006). M. longissimus dorsi is sepa-
rated from m. transversospinalis by the septum intermusculare
dorsi, and from the laterally positioned m. iliocostalis by the
septum transversum (Fig. 1).
Aves—Extant avians have a very short trunk, and the dorsal

and sacral vertebral column is characterized by strong interver-
tebral fusion. There are only four to six “free” dorsal vertebrae,
bearing dorsal ribs that articulate with the sternum (George and
Berger, 1966). The cranialmost dorsal vertebrae often fuse to
form a notarium. Although caudal dorsal and sacral vertebrae
fuse into a synsacrum, the caudal dorsal vertebrae can still bear
dorsal ribs, which lie medial to the ilium (Bellairs and Jenkins,
1960; George and Berger, 1966). In the dorsal vertebrae of ex-
tant avians, the parapophyses lie at the base of the neural arch
(Bellairs and Jenkins, 1960; George and Berger, 1966; Baumel
and Witmer, 1993), whereas the diapophyses form laterally di-
rected transverse processes that can bow very slightly dorsally.
The width of the transverse processes increases caudally. The
lateralmost third of the transverse process is slightly or strongly
beveled ventrolaterally and bears a roughened dorsal surface.
The neural spines increase in height slightly from cranial to
caudal and are approximately as high as the vertebral bodies.
The dorsal ribs of avians are often curved in their proximal
quarter (e.g., Sarcorhamphus, Cygnus), but straight throughout
the remainder of their length. In articulation, the dorsal ribs are
caudoventrally oriented, which results in a high-oval cross-sec-
tion of the trunk (Fig. 1F).
The thoracic epaxial muscle groups of avians are strongly

interwoven and merge into each other, complicating the sepa-
ration and determination of homology of single muscles. In
transverse cross-section, the epaxial musculature of avians fills
the space between the lateral surface of the neural spines, the
dorsal surface of the transverse processes, and the proximal
fourth of the length of the dorsal ribs. The height of the epaxial
musculature above the transverse processes decreases laterally
(Fig. 1). The combined mass of m. longus colli thoracicus and
m. ascendens thoracicus is significantly larger in cross-section
than the mass of m. iliocostalis. M. iliocostalis lies with its cross-
section laterally to the vertebral centra. The dorsal vertebrae of
extant Aves are pneumatized, with pneumatic diverticula accu-
mulating around the transverse processes and intermingling
with the thoracic epaxial muscles (Duncker, 1971; O’Connor,
2004).
The m. transversospinalis group in extant Aves is separated

from the laterally adjacent m. iliocostalis (Zusi and Bentz, 1984)
by means of a strong fascia, aponeurosis transversa, which
inserts at the lateral edges of the transverse processes of the
dorsal vertebrae and is regarded as being homologous to septum
intermusculare dorsi (Tsuihiji, 2005). The muscles lying just me-
dial to the aponeurosis transversa are m. longus colli dorsalis,
pars thoracica and m. ascendentes thoracicus (Table 1, Fig. 1).
Due to their common innervation pattern and their position on
the vertebrae, both muscles are regarded as sub-units of
m. transversospinalis (Tsuihiji, 2005). The medialmost tendon
series of m. longus colli dorsalis, pars thoracica is homologous
to m. spinalis, and the laterally following tendon series to
m. articulospinalis in extant Crocodylia (Tsuihiji, 2005; Organ,
2006). M. ascendentes thoracicus is homologous to m. tendinoar-
ticularis in extant Crocodylia (Table 1). A medial, deep sub-unit
of m. transversospinalis is represented by mm. intercristales
plus mm. interspinales (Tsuihiji, 2005; Organ, 2006). In extant
avians, m. iliocostalis lies directly laterally adjacent to m. ascen-
dentes thoracicus. The sub-division of m. iliocostalis into two
separate tendinous systems (Fig. 1D) and its innervation pattern
indicate that it also incorporates m. longissimus dorsi (Tsuihiji,
2005; Organ, 2006).
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Trunk Shape, Rib Articulation, and Epaxial Musculature in
Diplodocidae and Dicraeosauridae

The number of dorsal vertebrae is 12 or 13 in Dicraeosaurus
(Janensch, 1929), 10 in Amargasaurus (Salgado and Bonaparte,
1991), Diplodocus (Hatcher, 1901), and Apatosaurus (Upchurch
et al., 2004b), and 9 in Barosaurus (Upchurch et al., 2004a;
McIntosh, 2005). The parapophyses lie on the neural arch cra-

nioventral to or on the transverse process. The actual transverse
process is formed by the diapophyses. The transverse processes
are wider in the cranial half of the dorsal series than in its caudal
half. In Dicraeosauridae, the transverse processes are maximum
1.2 times as wide as the vertebral bodies, strongly dorsally dir-
ected, and laterally rugose (Fig. 2). With a height of 2.5 times
(Dicraeosaurus) or 3.5 times (Amargasaurus) the height of the
vertebral bodies, the dorsal neural spines of Dicraeosauridae are

FIGURE 1. Thoracic epaxial musculature in extant Crocodylia and Aves. A, photograph of thoracic epaxial musculature of the crocodylian
Paleosuchus palpebrosus in left lateral view; note that osteodermal armor has been removed. B, diagram of thoracic epaxial musculature of Alligator
mississippiensis, modified from Frey (1988a: Fig. 55). C, photograph of thoracic epaxial musculature of the bird Ardea cinerea in left dorsolateral
view. The epaxial musculature is bounded laterally by the scapula and its musculature.D, diagram of thoracic epaxial musculature ofGrus americana,
modified from Fisher & Goodman (1955: Fig. 37); E, schematic cross-section of the dorsal part of the trunk of Crocodylus porosus at the seventh
dorsal vertebra; F, schematic cross-section of the dorsal part of the trunk of Rhea americana at the fifth dorsal vertebra. Abbreviations: ac ost,
accessory osteoderm; lig c, ligamentum cingulatum; m artsp, m. articulospinalis; m asc ce, m. ascendens cervicalis; m asc th, m. ascendens thoracicus;
m ilcost, m. iliocostalis; m ilcost cv, m. iliocostalis, caudoventral division; m ilcost cd, m. iliocostalis, craniodorsal division; m lcd ca, m. longus colli
dorsalis, pars caudalis; m lcd th, m. longus colli dorsalis, pars thoracica; m lev cost, m. levator costarum; m long d, m. longissimus dorsi; m mult,
m. multifidus; m spin, m. spinalis; m tendart, m. tendinoarticularis; m transsp lat, lateral part of m. transversospinalis; m transsp med, medial part of
m. transversospinalis; ms artsp, myoseptum of m. articulospinalis; ms long d, myoseptum of m. longissimus dorsi; ms tendart, myoseptum of
m. tendinoarticularis; par ost, paravertebral osteoderm; s1 m lcd th, 1st tendon series of m. longus colli dorsalis, pars thoracica; s2 m lcd th, 2nd tendon
series of m. longus colli dorsalis, pars thoracica; scap, scapula; sept, bounding septum; t mult, tendon of m. multifidus; t spin, tendon of m. spinalis.
Arrows indicate cranial direction.
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tallest among sauropod dinosaurs (Fig. 2). The neural spines in
the trunk of Dicraeosaurus are of uniform height throughout the
trunk. In contrast, those of Amargasaurus increase in height in
sacral direction, reaching a maximum at the sacral vertebrae.

The neural spines are deeply bifurcate until the seventh
(Dicraeosaurus) or the ninth (Amargasaurus) dorsal vertebra.
The neural spines that follow these are unbifurcated, broad, and
petal-shaped (Fig. 2D).

FIGURE 2. Thoracic epaxial musculature in Dicraeosauridae. A–D, dorsal vertebrae and osteological correlates for thoracic epaxial musculature.
A, dorsals 4–5 of Amargasaurus cazaui in right lateral view. B, dorsal 7 of same in cranial (left) and right lateral (left) views. C, dorsal 4 of
Dicraeosaurus hansemanni, from Janensch (1929: pl 1) in cranial (left) and left lateral (right) views. D, dorsal 8 of same in cranial (left) and right
lateral (right) views. Scale bar equals 10 cm. E–F, cross-sections of the dicraeosaurid trunk with reconstructed thoracic epaxial muscles. E,
Dicraeosaurus hansemanni, reconstruction with lateroventrally inclined (left) and caudoventrally inclined (right) dorsal ribs. Different inclinations
of the dorsal ribs affect vertical orientation of m. iliocostalis and its distance to the vertebrae; F, Amargasaurus cazaui with caudoventrally inclined
dorsal rib. Not to scale. Abbreviations: diap, diapophysis; m ilcost, m. iliocostalis; m long d, m. longissimus dorsi; m transsp lat, lateral part of m.
transversospinalis; m transsp med, medial part of m. transversospinalis; rug, rugosity; sept, bounding septum; spdl, spinodiapophyseal lamina.
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In Diplodocidae, the transverse processes are horizontally di-
rected, and their width does not exceed that of the vertebral
bodies. The lateral part of the transverse processes of the cranial
five (Diplodocus, Apatosaurus) or four (Barosaurus) dorsal ver-
tebrae is ventrolaterally beveled (Fig. 3). The lateral third of
the transverse processes is covered by an irregular, roughened
bone texture. The dorsal neural spines increase in height from
cranially to caudally, and reach a maximum of two times of
the height of the vertebral bodies. The first three dorsal verteb-
rae of Apatosaurus, the first four dorsal vertebrae of Barosaurus,
and the first five dorsal vertebrae of Diplodocus are deeply
bifurcated (Fig. 3).

The dorsal ribs in the cranial and medial trunk region of
diplodocids and dicraeosaurids are straight in their proximal half
and curve slightly medially in their distal half. In the caudalmost
four or five dorsal ribs, the whole rib body is medially curved
with a convex lateral and a concave medial edge. With the dia-
pophyses being very often distorted or crushed, and virtually no
sauropod skeletons having been found with their dorsal ribs
preserved in situ and articulated, the reconstruction of the rib–
vertebra articulation is difficult. Even in the case of well pre-
served skeletons, the inclination with which the rib projects
lateroventrally and caudally from its articulation point at the
vertebra cannot be reconstructed precisely from the articular
surface of the diapophysis and parapophysis alone. In many
reconstructions and mounts, the dorsal ribs are positioned
extending from the diapophyses and parapophyses relatively
straight ventrolaterally, which results in an incomplete articula-
tion of tuberculum/diapophysis and capitulum/parapophysis, a
laterally broad rib cage, and a barrel-shaped torso. The recently
discovered skeleton of the dicraeosaurid Brachytrachelopan
has an articulated ribcage, in which the dorsal ribs are inclined
caudally from their articulation at the diapophysis (Rauhut
et al., 2005). The position of the ribs in articulation with the
corresponding parapophyses and diapophyses and the undis-
turbed preservation of the thorax indicate that the ‘true’ position
of the ribs might have been preserved. The find is consistent with
a study of Camarasaurus, which uses as criteria for the rib artic-
ulation the closest match of the tuberculum/diapophysis and
capitulum/parapophysis articulation and a lateral orientation of
the flattened rib head, resulting similarly in caudally inclined
dorsal ribs (Wood, 2006). For both taxa, the caudoventral incli-
nation of the dorsal ribs results in a narrow trunk cross-section
that tapers ventrally. Taking into account these results, the cross-
section of the trunk of Diplodocidae and Dicraeosauridae was
generated under the assumption of caudoventrally inclined
dorsal ribs, which allows a close match between tuberculum/
diapophysis and capitulum/parapophysis. In cranial view, the
orientation of the ribs is vertical. The overall length of the ribs,
and the curvature of the rib body leads to a narrow and high-
oval cross-section of the trunk, with sloping dorsolateral flanks.

Based on comparison with Crocodylia and Aves, the thoracic
epaxial musculature of diplodocids and dicraeosaurids most like-
ly extended in cross-section from the lateral face of the neural
spines to the dorsal face of the transverse processes and at least
the dorsal half of the dorsal ribs. Diplodocid and dicraeosaurid
sauropods have narrow transverse processes (see above) divided
into a smooth medial and a roughened lateral part, which sug-
gests a division of the muscle mass covering the transverse pro-
cesses. A roughened lateral part of the transverse processes
characterizes the insertion area of m. longissimus dorsi in extant
Crocodylia and Aves (see below). Consequently, the larger
medial part of the transverse processes of Diplodocidae and
Dicraeosauridae would have served as attachment area for
m. transversospinalis, whereas the roughened lateral part would
belong to m. longissimus dorsi (Figs. 2, 3, [Level I inference]). It
is likely that m. transversospinalis of Diplodocidae and Dicraeo-
sauridae was divided into a medial and a lateral part (comprising

each a separate tendon series) along the zygapophyseal capsules
or the mid-width of the transverse processes, as this occurs in
extant crocodylians and avians (Table 1, Level I inference). The
decrease in width of the transverse processes caudally would
result in a decrease in the width of m. transversospinalis towards
the sacrum. The small area of the lateral roughness of the trans-
verse processes indicates that m. longissimus dorsi of diplodocid
and dicraeosaurid sauropods might have been restricted to the
lateralmost, rugose part of the transverse processes like in avians
(Figs. 2, 3). Because of the orientation of the dorsal ribs in a
vertical plane in cranial view, m. iliocostalis of Diplodocidae and
Dicraeosauridae had a vertical orientation and would have ex-
tended with its mass over most of the height of the vertebral
column as well as ventral to it (Figs. 2, 3).
In the reconstructed cross-section, the lateral contour of the

body and therefore also the extension of the epaxial muscles
towards the exterior cannot be determined precisely, because
there is no osteological restriction. Consequently, the size of the
cross-sections of the epaxial muscles cannot be determined pre-
cisely by the preserved fossil evidence. The remarkable height of
the neural spines in the trunk of dicraeosaurids might have
resulted, together with the strongly dorsally inclined transverse
processes, in a high but in comparison with diplodocids more
narrow cross-section of the thoracic epaxial muscles (Figs. 2, 3).
As alternative models with different rib inclinations show
(see Figs. 2, 3), the inclination of the dorsal ribs influences the
cross-section and vertical orientation of m. iliocostalis both in
Diplodocidae and Dicraeosauridae: in the model with the cau-
doventrally inclined dorsal ribs, m. iliocostalis is lateromedially
more narrow in cross-section and stronger vertically oriented
than in the model with lateroventrally inclined dorsal ribs.

Deep Layer of M. transversospinalis Group

Crocodylia—Mm. interspinales connect consecutive neural
spines with each other by short, longitudinal muscle fibers (Gasc,
1981; Tsuihiji, 2005; Organ, 2006). The muscle inserts on the
cranial and caudal margins of the neural spines, where the tran-
sition between the laminae spinosae and the neural spine often
forms a shallow depression. Muscle fibers of mm. interarticu-
lares originate from the base of the neural spine and the cranial
face of the postzygapophyses and extend from there cranially
to the caudal face of the cranially adjacent postzygapophyses.
A thin lateral series originating from the cranial face of the
prezygapophyses and proceeding cranially along two vertebrae
to the postzygapophyses was described by Tsuihiji (2005).
Aves—In extant avians, the serial mm. intercristales consist

of slips that originate at the base of the neural spine and the
cranial face of the postzygapophysis, and proceed cranially to
attach at the caudal tip of the next cranial postzygapophysis
(e.g., Tsuihiji, 2005). Mm. intercristales are interwoven with the
overlying m. longus colli dorsalis, pars thoracica (Landolt and
Zweers, 1985; Tsuihiji, 2005). Mm. interspinales are very weak-
ly developed as a thin sheet overlying the thoracic interspinal
ligament (Tsuihiji, 2005; Organ, 2006). Mm. interspinales mus-
cle fibers originate from the cranial edge of the neural spines
and insert at the caudal edge of the cranially adjacent neural
spine (Organ, 2006). In birds possessing a notarium, this muscle
is absent (Organ, 2006).
Diplodocidae and Dicraeosauridae—In Diplodocidae and

Dicraeosauridae, there is no osteological correlate on neural
spines or the pre- and postzygapophyses for the attachment of
a deep layer of m. transversospinalis. Nevertheless, the pres-
ence of a deep layer of m. transversospinalis in Aves and
Crocodylia makes it parsimoniously plausible that a similar
muscle existed in these sauropods and inserted in similar areas
(Level I’ inference). If so, parts of the deep layer of m. trans-
versospinalis would have extended between the postzygapo-
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physes of adjacent dorsal vertebrae as in extant archosaurs
(Table 2), whereas other parts similar to mm. interspinales of
birds and crocodylians would have extended between the
subsequent neural spines and directly laterally to the inter-
spinal ligaments. Because mm. interspinales are virtually the
only muscles that extend between longitudinally following neu-
ral spines of birds and crocodylians, it is possible that the
undivided, transversely broad and “petal”-shaped caudal dorsal
neural spines of Dicraeosauridae provided a large area for
insertion of these muscles. It is therefore likely that mm. inter-
spinales of Dicraeosauridae would have been significantly larg-
er in cross-section than in Diplodocidae, extant crocodylians,
and avians.

Superficial Layer of M. transversospinalis Group

Crocodylia—M. multifidus and m. spinalis comprise a serial,
lattice-like tendon system along the lateral faces of the neural
spines. Tendons of m. multifidus originate at the caudodorsal
edge of the lateral face of the neural spines and proceed at an
angle of 5� caudoventrally (Fig. 1A). Tendons of m. spinalis
originate craniodorsally on the lateral face of the neural spines
and are inclined at the same angle as m. multifidus cranioven-
trally (Hair, 1868; Gasc, 1981; Frey, 1988a; Tsuihiji, 2005). Fleshy
parts of m. multifidus insert on the lateral face of the neural
spines, the medialmost part of the neural arch, and the dorsal
aspect of the articular capsule of the zygapophyses. Fleshy parts
of m. spinalis insert laterally at the m. multifidus tendons, the
base of the neural spine, the medialmost part of the neural arch
and the articular capsules of the zygapophyses (Frey, 1988a;
Tsuihiji, 2005). The tendons of m. spinalis are twisted laterally
at their cranioventral extent, causing the tendon-muscle fiber
complex to form a spiral (Frey, 1988a). Both m. multifidus and
m. spinalis are connected to ligamentum cingulatum and the
paravertebral osteoderms via the apices of the neural spines.
M. articulospinalis comprises more fleshy than tendinous

parts (Frey, 1988a). The tendons of m. articulospinalis form at
their origin dorsoventrally flattened and transversely broadened
aponeuroses, which bifurcate cranially into a medial and a lat-
eral branch (Fig. 1A, B). The medial branch of an aponeurosis
originates from ligamentum cingulatum and the internal face of
the medialmost paravertebral osteoderms and is connected to
the caudolateral edge of the neural spines. The lateral branch is
connected to the myoseptum of the laterally adjacent m. tendi-
noarticularis (Frey, 1988a; Tsuihiji, 2005; Organ, 2006). The
tendons of m. articulospinalis run with an angle of 5� from
dorsal in a caudoventral direction. M. articulospinalis inserts
with muscle fibers laterally at the roof of the neural arches
and the dorsal aspect of the postzygapophyses. The caudal sur-
face of the postzygapophyses is strongly rugose with some
transverse striae marking these insertions. M. articulospinalis
also inserts laterally at the m. spinalis tendons, both muscles
forming a closely bound mesh of interdigitating fibers (Frey,
1988a; Organ, 2006). M. articulospinalis is laterally bounded by
a thin septum, which inserts along the lateral margins of the
zygapophyseal capsules and the neural arches (Frey, 1988a;
Murakami et al., 1991; Tsuihiji, 2005).
M. tendinoarticularis occupies the medial third of the width

of the transverse processes (Fig. 1E) and is organized in com-
plex myosepta, which extend caudodorsally to cranioventrally
(Fig. 1A, B). In dorsal view, the myosepta are transversely
broadened and triangular at their origination, but continue with
a vertically directed lamina cranioventrally. The myosepta are
dorsally attached to ligamentum cingulatum and the internal
face of the medial and lateral paravertebral osteoderm. Muscle
fibers emanate from the whole surface of the myosepta. At their
cranioventral end, the myosepta are frayed and slightly twisted
medially (Frey, 1988a), and insert by muscle fibers at the roof of

the neural arch and the base of the transverse processes. Later-
ally, m. tendinoarticularis is separated from m. longissimus dorsi
by septum intermusculare dorsi (Frey, 1988a; Tsuihiji, 2005),
which is formed by the walls of the myosepta of m. longissimus
dorsi (Frey, 1988a). Openings in the ventral part of this bound-
ing septum allow muscle fibers of m. tendinoarticularis and
m. longissimus dorsi to interweave.
Aves—M. longus colli dorsalis, pars thoracica consists of a

series of tendons and aponeuroses that together with associated
muscle fibers connect neural spines with the postzygapophyses
and also connect among each other (George and Berger, 1966;
Zusi and Bentz, 1984; Tsuihiji, 2005). The muscle occupies the
space between the neural spines and the zygapophyseal cap-
sules, and the medial half to two-thirds of the transverse pro-
cesses, lying medially and dorsally to m. ascendentes thoracicus
(Fig. 1C, D). The origin of the medialmost, first tendon series of
m. longus colli dorsalis, pars thoracica is the craniodorsal edge of
the neural spines, from which the tendons proceed cranioven-
trally to insert caudally at the postzygapophyses and on the roof
of the neural arch. Muscle fibers arising from these tendons
attach laterally to the neural spines and interweave with the
laterally adjacent second tendon series. The second tendon se-
ries originates at the caudodorsal edge of the neural spines and
extends caudoventrally with the fleshy fibers inserting on the
lateral face of the neural spines, the dorsal face of the postzyga-
pophyses, and the medial face of the third tendon series. Muscle
fibers of the second tendon series invade the iliosynsacral canal
(Tsuihiji, 2005; Organ, 2006). The craniodorsal and caudodorsal
edge of the neural spines can be slightly or strongly drawn out
into a bony process, to which the tendons of the first and second
series attach. The third and lateralmost tendon series originates
at the craniodorsal edge of the neural spines dorsal to the first
tendon series and proceeds cranioventrally. Muscle fibers ema-
nate mainly from the medial side of this tendon series and insert
at the dorsal half of the neural spines, at the postzygapophyses,
medially at the transverse processes, and at the second tendon
series. The caudalmost tendon of the third tendon series origi-
nates from the cranial margin of the ilium (Tsuihiji, 2005). In
some avians, a fourth series of aponeuroses of m. longus colli
dorsalis pars thoracica is present, inserting between the other
series at the caudal surface of the postzygapophyses and being
in close contact with muscle fibers of m. longus colli dorsalis,
pars thoracica, m. ascendentes thoracicus, and m. longus colli
dorsalis, pars caudalis (Fisher and Goodman, 1955; Zusi and
Bentz, 1984; Tsuihiji, 2005).
The transverse processes in the trunk of avians are divided

into a smooth medial part and a rugose, slightly or strongly
beveled lateralmost part, which is about one-fifth of the entire
width of the transverse process. M. ascendentes thoracicus
attaches to the lateral half or one-third of the smooth, medial
part of the transverse processes, lateral to m. longus colli dorsalis
pars thoracica (Fig. 1F) (Tsuihiji, 2005). The serial m. ascen-
dentes thoracicus consists of short muscle slips that attach with
tendinous and fleshy parts at the cranial and dorsal surface of
the transverse processes, and in some taxa also on a calcified
tendon of m. iliocostalis (Fisher and Goodman, 1955; Organ,
2006). The individual muscle slips extend from each transverse
process for at least one or two vertebra cranially and insert at the
caudolateral surface and the prominent torus dorsalis of the
postzygapophyses, as well as on the caudal face of the transverse
processes. A bony spur is sometimes caudally drawn out from
the torus dorsalis and serves as insertion area for muscle slips of
m. ascendens thoracicus. Furthermore, the cranial and caudal
margin of the transverse processes of avians is often drawn out
into short or long rod-like processes, which mark the insertion
of muscle slips of m. ascendentes thoracicus. The insertion
of this muscle at the postzygapophyses can also be by apo-
neuroses, which also serve as attachment area for muscle fibers
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of m. longus colli dorsalis, pars thoracica (Tsuihiji, 2005). M.
ascendentes thoracicus are bounded from laterally by aponeuro-
sis transversa, which extends from the cervical region into the
trunk and inserts laterally on the rugose lateral edge of the
transverse processes (Tsuihiji, 2005).

Diplodocidae and Dicraeosauridae—M. transversospinalis of
diplodocid and dicraeosaurid sauropods most likely occupied the
area between at least the medial half of the transverse processes,
the zygapophyseal capsules, and the lateral surface of the neural
spines of the trunk, as in extant Crocodylia and Aves (Figs. 2, 3;

TABLE 2. Origin and insertion of thoracic epaxial muscles in Crocodylia and Aves, and as reconstructed for sauropods with Levels of inference
indicated in brackets.

Muscle or Muscle Group
Origin (OR) and Insertion (IN)

in Crocodylia
Origin (OR) and Insertion (IN)

in Aves
Origin (OR) and Insertion (IN)

in Sauropods

deep layer of
m. transversospinalis
group

OR: mm. isp: cranial edges of
neural spines; mm. iart: base of
neural spine, cranial face of
postzygapophyses, prezygapophyses

OR: mm. isp: cranial edges of
neural spines: mm. icr: base of
neural spine, cranial face of
postzygapophyses

OR: base of neural spine, cranial face of
postzygapophyses [I’], cranial edges of
neural spines [I’]

IN: mm. isp: caudal edges of neural
spines; mm. iart: caudal face of
postzygapophyses

IN: mm. isp: caudal edges of neural
spines; mm. icr: caudal face of
postzygapophyses

IN: caudal face of postzygapophyses [I’],
caudal edges of neural spines [I’]

m. transversospinalis,
medial part

OR: m. mult: tendinous on
caudodorsal corner of neural spine;
m. spin: tendinous on craniodorsal
corner of neural spine; m. artspin:
aponeurotically from ligamentum
cingulatum and medialmost
paravertebral osteoderm,
caudodorsal corner of neural spines,
myosept of m. tendinoarticularis

OR: dorsally from lateral surface of
iliac blade and cranial iliac margin;
1st tendon series: craniodorsal
corner of neural spines; 2nd tendon
series: caudodorsal corner of neural
spines; 3rd tendon series:
craniodorsal corner of neural spine

OR: tendinous on craniodorsal corner of
neural spine [I], tendinous on
caudodorsal corner of neural spine [I]

IN: m. mult: fleshy on lateral face of
neural spine, roof of neural arch,
articular capsule of zygapophyses;
m. spin: fleshy on m. mult and its
tendon and caudal faces of
postzygapophyses; m. artspin: fleshy
on m. spinalis tendons, roof of
neural arch, articular capsules of
zygapophyses

IN: 1st tendon series: caudally on
postzygapophyses, roof of neural
arch, laterally on neural spines and
2nd tendon series; 2nd tendon series:
dorsally on postzygapophyses, 3rd

tendon series, iliosynsacral canal;
3rd tendon series: dorsal half of
neural spines, postzygapophyses,
dorsomedially on transverse
processes, cranial margin of ilium

IN: fleshy on lateral faces of neural
spines and adjacent tendons [I’], roof of
neural arches between zygapophyses and
neural spines [I’], zygapophyseal capsule
[I’], rugose postzygapophyseal part of
spinopostzygapophyseal lamina [I’]

m. transversospinalis,
lateral part

OR: by myosepta at ligamentum
cingulatum, medial and lateral
paravertebral osteoderm

OR: tendinous and fleshy from
cranial and smooth dorsal surface
of transverse processes

OR: from cranial margins and dorsal
surface of transverse processes [II],
possibly by fascicles

IN: by muscle fibres at roof of
neural arch, dorsal face of medial
third of transverse processes, caudal
aspect of postzygapophyses

IN: fleshy and aponeurotically at
caudolateral surface and torus
dorsalis of postzygapophyses,
caudal margin and dorsal face of
transverse processes, caudal aspect
of postzygapophyses

IN: dorsal face of transverse processes
[I’], caudal margins of transverse
processes and PODL [II’], possibly by
muscle fibres

m. longissimus dorsi OR: by myosepta from ligamentum
cingulatum, internal face of lateral
paravertebral osteoderm and caudal
edge of transverse processes

OR: as sometimes calcified tendon
from m. ascendentes thoracicus,
fleshy from caudalmost transverse
processes

OR: from lateralmost part of transverse
processes [I], possibly by tendons

IN: fleshy on striated dorsal face of
transverse processes, fleshy and by
myosepts at septum transversum,
septum intermusculare dorsi

IN: fleshy and tendinous at bevelled
and rugose lateral part of transverse
processes, caudolateral edge of
transverse processes

IN: on bounding septum to m.
transversospinalis [I’], on lateralmost
rough part of transverse processes [I],
possibly tendinous and fleshy

m. iliocostalis OR: aponeurotically from
craniodorsal iliac process, by
myosepts from lateral margins of
lateralmost paravertebral
osteoderms

OR: aponeurotically from
craniolateral margin of ilium, fleshy
and tendinous from cranioventral
edge of iliac blade

OR: aponeurotically from preacetabular
process of ilium [I], fleshy from medial
surface of preacetabular process [II’]

IN: fleshy at fascia lumbodorsalis,
by myosepts laterally on thoracic
ribs and septum transversum

IN: fleshy and by muscle slips on
heads and lateral surface of dorsal
ribs

IN: at lateral surface of dorsal ribs [I],
possibly tendinous on caudolateral margin
of dorsal ribs [II’]

Abbreviations: m. artspin, m. articulospinalis; mm. iart, mm. interarticulares, mm. icr, mm. intercristales; mm. isp, mm interspinales; m. mult,
m. multifidus; m. spin, m. spinalis; PODL, postzygodiapophyseal lamina.

 
FIGURE 3. Thoracic epaxial musculature in Diplodocidae. A–F, dorsal vertebrae and osteological correlates for thoracic epaxial musculature.
A, dorsals 6–7 of Diplodocus carnegii (CM 94) in left lateral view; B, dorsals 7–8 of Diplodocus carnegii (CM 84, mounted skeleton) in dorsal view;
C, dorsal 3 of same, from Hatcher (1901: pl. 7) in caudal (left) and right lateral (right) views; D, neural spine of dorsal 8 of Apatosaurus louisae (CM
3018) in left lateral view; E, dorsals 3–5 of same in dorsal view; F, dorsal 4 of Apatosaurus ajax (NSMT-PV 20375) in cranial (left) and right lateral
(right) views, from Upchurch et al. (2004b: Pl. 3). Scale bar equals 10 cm. G–H, cross-sections of the diplodocid trunk with reconstructed thoracic
epaxial muscles. The cross-sections depict ventrolaterally inclined (left) and caudoventrally inclined (right) dorsal ribs. Different inclinations of the
dorsal ribs affect vertical orientation of m. iliocostalis and its distance to the vertebrae. G, Diplodocus, cross-section at a cranial dorsal vertebra with
bifurcate neural spine; H, Apatosaurus, cross-section at a mid-dorsal vertebra with single neural spine. Not to scale. Abbreviations: diap, diapophysis;
m ilcost, m. iliocostalis; m long d, m. longissimus dorsi; m transsp lat, lateral part of m. transversospinalis; m transsp med, medial part of
m. transversospinalis; parap, parapophysis; rug, rugosity; sept, bounding septum; spdl, spinodiapophyseal lamina.
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Table 2). There is no osteological trace for the attachment of a
distinct septum along the zygapophyseal capsules, separating the
medial and lateral part of m. transversospinalis from each
other. Because in both extant Crocodylia and in extant Aves
the medial part of m. transversospinalis is clearly separated from
its lateral part, a similar division by a bounding septum is likely
in Diplodocidae and Dicraeosauridae (Level I’ inference).

The lateral face of the dorsal neural spines of dicraeosaurids
and diplodocids bears a distinct dorsal rugosity that forms the
dorsal continuation of the spinodiapophyseal and spinopostzyga-
pophyseal lamina. A similar rugosity is present on the neural
spines of the dorsal vertebrae of extant Crocodylia, representing
the attachment sites of two tendon systems of m. transverso-
spinalis (see above). Two opposite-directed tendon series of
m. transversospinalis are homologous in both Crocodylia and
Aves: m. spinalis/m.longus colli dorsalis, medial part and m.
articulospinalis/m. longus colli dorsalis, lateral part (Tsuihiji,
2005; Organ, 2006). The rugosity on the tip of the neural spines
of Diplodocidae and Dicraeosauridae can be recognized as
the osteological correlate of these two tendon series. Therefore,

based on the conditions in Crocodylia and Aves, it can recon-
structed as a Level I inference that m. transversospinalis, pars
medialis of sauropods comprised at least these two tendon sys-
tems originating from the rugosity on the dorsal part of the
neural spines (Fig. 4A). Specifically, there was probably one
series of tendons with associated muscle fibers or series of mus-
cle slips (m. spinalis) extending from the craniolateral face of the
neural spine cranioventrally, and a second series of tendons with
associated muscle fibers (m. articulospinalis) extending from the
caudolateral face of the neural spine caudoventrally. These se-
ries of muscle slips would have been oriented in opposite direc-
tions to each other and inserted with muscle fibers at the lateral
face of the neural spines, the roof of the neural arches between
the zygapophyseal capsules and the neural spines, and the rugose
postzygapophyseal part of the spinopostzygapophyseal lamina
(Table 2). The lengths of the tendons cannot be reconstructed
by osteological evidence. Because the length of these tendons
both in extant Crocodylia and Aves usually varies between four
and five vertebral segments, a similar range is also likely for
the homologous tendons in Diplodocidae and Dicraeosauridae.

FIGURE 4. Reconstructions of tendon arrangement in thoracic epaxial muscles in Diplodocus (left) and Dicraeosaurus (right), in left lateral view.
A, medial part of m. transversospinalis: first tendon-system homologous to m. spinalis extends from the craniolateral face of the neural spine
cranioventrally, second tendon-system homologous to m. articulospinalis extends from the caudolateral face of the neural spine caudoventrally;
B, lateral part of m. transversospinalis. The arrangement of the tendons cannot be reconstructed by osteological evidence; C, m. longissimus dorsi and
m. iliocostalis. Only the aponeurosis of m. iliocostalis is reconstructed by osteological evidence. Not to scale. Abbreviations: ap ilcost, large
attachment aponeurosis of m. iliocostalis to preacetabular process of ilium; m ilcost, m. iliocostalis; m long d, m. longissimus dorsi.
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However, the differences in the neural spine heights in the trunk
of diplodocid sauropods and Amargasaurus were most likely
compensated by slightly varying tendon lengths to maintain sim-
ilar insertion angles of the two medial tendon series at the neural
spines throughout the dorsal vertebral column. In contrast, the
similar heights of the neural spines of Dicraeosaurus suggest
relatively similar tendon lengths of the tendon series throughout
the dorsal vertebral column (Fig. 4A).
The direction and morphology of the neural spines of sauro-

pods gives no hint as to whether there was a medialmost tendon
series proceeding caudally like in m. multifidus in crocodylians.
An avian-like ossified medial tendon series of m. transversospi-
nalis has been reconstructed for many ornithopod dinosaurs
(Norman, 1980; Organ, 2006). This might suggest evolution of
this arrangement at the base of the dinosaurian evolutionary tree
(Organ, 2006), with m. multifidus being absent, in which case a
bird-like arrangement of these tendons in sauropodomorphs in
general could be assumed. In contrast, the ossified tendons of
the ankylosaur Minmi show a crocodylian-like arrangement
(Molnar and Frey, 1987; Organ, 2006), which might indicate a
larger variability of tendon-arrangements of m. transversospina-
lis within Dinosauria, or merely non-ossification of the medial-
most m. multifidus in most ornithischians. It therefore cannot be
excluded that the avian arrangement of the medial tendon series
of m. transversospinalis without m. multifidus has instead
evolved within more basal Theropoda; in which case it is more
likely that diplodocid and dicraeosaurid sauropods possessed
m. multifidus.
There are also no unambiguous osteological correlates for

a robust (Level I) inference of an additional, more laterally
positioned series of tendons belonging to the medial part of
m. transversospinalis and extending from the dorsal neural spines
in cranial direction. Therefore, the presence or absence of such a
laterally positioned series of tendons in Diplodocidae and
Dicraeosauridae cannot be reconstructed reliably by the applied
EPB approach. At least for Dicraeosauridae, the small transverse
width available for insertion of m. transversospinalis pars media-
lis on the transverse processes makes it unlikely, that the muscle
was laterally supplemented by another series of tendons.
It is likely that m. transversospinalis of diplodocid and dic-

raeosaurid sauropods contained tendons/aponeuroses or fasci-
cles as in extant Crocodylia and Aves (Fig. 4B). If an avian-like
division and arrangement of this muscle is assumed for sauro-
pods, then the lateral part of m. transversospinalis could have
been arranged in cranially proceeding fascicles (Level II’). In
this case, the tendons would have originated from the cranial
margins of the transverse processes and proceeded cranially over
some segments (Fig. 4). The fascicles would have likely inserted
by muscle fibers at the dorsal surface and caudal margins of the
transverse processes, and the rugose postzygodiapophyseal lami-
na (Table 2). The presence of a rough lateral area at the trans-
verse processes indicates the presence of a bounding septum
lateral to m. transversospinalis similar to septum intermusculare
dorsi in Crocodylia and aponeurosis transversa in Aves (Level I
inference). Diplodocidae and Dicraeosauridae possessed pneu-
matic structures in the presacral vertebral column (Wedel, 2003;
Schwarz et al., 2007), and the lateral surface and base of the
neural spines is often restricted to thin laminae with pneumatic
fossae and foramina in between. Reconstructing a tendinous or
fascicular arrangement of m. transversospinalis would mean that
these tendons inserted mainly on small areas (such as defined
crests or laminae) of the bone, which would have allowed an
intermingling of the muscle fibers by pneumatic diverticula.

M. longissimus dorsi

Crocodylia—M. longissimus dorsi of extant Crocodylia occu-
pies the lateral two-thirds of the width of the transverse process-

es (Fig. 1E) (Frey, 1988a; Salisbury, 2001). M. longissimus dorsi
is made up of myosepta that form a series of large cones tapering
from craniodorsally to caudoventrally (Fig. 1B). The ventrally
open myoseptal cones allow bundles of longer muscle fibers to
pass longitudinally through them. The myosepta in the cranial-
most dorsal vertebrae originate at the internal surface of fascia
lumbodorsalis, and caudal to those at ligamentum cingulatum,
the internal face of the lateral paravertebral osteoderm, and at
the caudal edge of the transverse process. The fleshy part of m.
longissimus dorsi inserts at the dorsal face of the transverse
processes. Fleshy parts and myosepta insert also at the caudal
edge at the laterally bounding septum transversum and the
medially bounding septum intermusculare dorsi (Frey, 1988a;
Murakami et al., 1991). At the dorsal surface of the transverse
processes, the insertion area of m. longissimus dorsi is rugose
with transversely oriented striations (Table 2).
Aves—The avian m. iliocostalis is organized into a complex

system of tendons and muscle slips that extend over the lateral-
most part of the transverse processes and the dorsalmost part
of the dorsal ribs between the ilium and the first dorsal rib.
The craniodorsal part of m. iliocostalis of avians, considered
homologous to m. longissimus dorsi of Crocodylia (Table 1),
originates superficially as a tendon (sometimes calcified) from
m. ascendentes thoracicus together with the caudoventral part of
m. iliocostalis (Fig. 1D). Its fleshy part also originates from the
caudalmost transverse processes of the dorsal vertebrae (Fisher
and Goodman, 1955; Zusi and Bentz, 1984; Organ, 2006). The
craniodorsal part of m. iliocostalis inserts with tendons and mus-
cle fibers on the slightly beveled lateral part of the surface of the
transverse processes. In avians, the lateralmost part of the trans-
verse processes bears longitudinal crests or forms a prominent
rugose edge and can be drawn out caudally into long and thin
spines for the insertion of the long tendons of the craniodorsal
part of m. iliocostalis. Muscle fibers of the craniodorsal part of
m. iliocostalis contact medially aponeurosis transversa and inter-
weave with fibers of m. ascendentes thoracicus (Tsuihiji, 2005).
Diplodocidae and Dicraeosauridae—The roughened lateral

part of the transverse processes of these sauropods, which char-
acterizes the insertion area of m. longissimus dorsi in extant
Crocodylia and Aves (see above), is the attachment of m. long-
issimus dorsi (Level I inference). Taking the osteological corre-
lates of this roughened area and the mostly small lateral
extension of the transverse processes as reference, m. longissi-
mus dorsi of Diplodocidae and Dicraeosauridae is reconstructed
to have attached only on the lateral part of the transverse pro-
cesses and to have had a relatively small cross-section (Figs. 2E,
F; 3G, H).
Both extant Aves and Crocodylia have an internal tendinous

organization of m. longissimus dorsi, making a similar tendinous
division in sauropods likely (Level I’ inference). However,
osteological correlates such as distinct longitudinal crests, which
would be evidence for a strong tendinous system of m. longissi-
mus dorsi as in avians, are lacking in sauropods. The organiza-
tion into broad myosepta as in extant crocodylians is also
unlikely, because a shield of paravertebral osteoderms is lacking
in sauropods. Comparing the insertion points of the tendons and
myosepta in Crocodylia and Aves, tendons or fascicles as well as
fleshy fibers of m. longissimus dorsi of sauropods might have
originated from the lateralmost aspect of the transverse process-
es (Table 2) and from there extended caudally to insert on the
septum separating m. longissimus dorsi from the medially-lying
m. transversospinalis (septum intermusculare dorsi) and on the
caudally adjacent transverse processes (Fig. 4). If m. longissimus
dorsi was restricted to the lateralmost part of the transverse
processes and a complete septum intermusculare dorsi was pres-
ent in Diplodocidae and Dicraeosauridae, then an insertion of
fibers of this muscle on the lateral part of the prezygapophyses
like in Crocodylia would be unlikely.
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Diplodocidae and Dicraeosauridae share with extant Aves the
position of the caudalmost one or two dorsal ribs medial to the
ilium (Upchurch et al., 2004a) and the lateromedial division of
the transverse processes (see above). Together with the pro-
posed small extension of the muscle hypothesized above, this
suggests an avian-like close connection between m. longissimus
dorsi and m. iliocostalis, although this cannot be proven by
osteological evidence (Figs. 2, 3).

M. iliocostalis

Crocodylia—M. iliocostalis extends from the cranial process
of the ilium along the dorsal ribs and continues in the neck as
m. iliocostalis cervicis (Frey, 1988a). M. iliocostalis covers the
lateral surface of the dorsal ribs and is externally bounded by
fascia lumbodorsalis. The muscle is subdivided into simple,
wall-like myosepta that insert caudolaterally along the long axis
of the dorsal ribs (Fig. 1A). At their mediodorsal edge, the
myosepta contact septum transversum and ligamentum cingula-
tum, thus making a connection to the paravertebral osteoder-
mal shield (Emelianov, 1936; Frey, 1988a, b; Salisbury, 2001).
Cartilaginous uncinate processes emerge from the dorsal ribs
and are embedded into these myosepta (Frey, 1988a). The cau-
dalmost three to five presacral (“lumbar”) vertebrae of Croco-
dylia lack dorsal ribs (Hoffstetter and Gasc, 1969). In this
region, m. ilicostalis tapers and divides into a dorsal and a
ventral part (Fig. 1B). At its caudal end, m. iliocostalis forms a
strong aponeurosis, which inserts at the strongly rugose cranio-
dorsal tubercle of the ilium (Bornhauser and Ziswiler, 1983;
Frey, 1988a).

Aves—The caudoventral part of m. iliocostalis (Table 1) ori-
ginates as aponeurosis from the craniolateral margin of the ilium
(Fig. 1D), and as fleshy and tendinous parts from the cranioven-
tral edge of the iliac blade (Fisher and Goodman, 1955; Zusi and
Bentz, 1984; Organ, 2006). The muscle is organized into muscle
slips, which insert on the proximal part of the shafts of the dorsal
ribs (Zusi and Bentz, 1984; Tsuihiji, 2005). In the synsacrum, the
caudoventral part of m. iliocostalis inserts on the dorsal ribs
medially to the ilium. The distinct, caudodorsally directed unci-
nate processes at the medial dorsal ribs have no contact with
m. iliocostalis.

Diplodocidae and Dicraeosauridae—The ilium of diplodocid
and dicraeosaurid sauropods has a large preacetabular process
with a broadened and slightly roughened cranial margin. The
preacetabular iliac process is deflected craniolaterally. The orig-
ination of m. iliocostalis from the preacetabular region both in
Crocodylia and Aves makes it probable that this region was also
the area of origin of m. iliocostalis in Diplodocidae and Dicraeo-
sauridae (Level I inference). Additionally, due to the avian-like
position of the caudalmost dorsal ribs medial to the ilium in
diplodocids and dicraeosaurids, it is likely that m. iliocostalis in
sauropods originated similarly from medial surface of the prea-
cetabular iliac process (Level II’ inference). The strong cranial
rugosity of the preacetabular process suggests an aponeurotic
origin of m. iliocostalis (Fig. 4C).

M. iliocostalis most likely inserted on the dorsal ribs, including
those positioned medially to the preacetabular process (Table 2,
Level I inference). According to the reconstructed position and
dimensions of m. iliocostalis of Diplodocidae and Dicraeosaur-
idae, muscle fibers possibly attached on the aponeurosis of m.
iliocostalis, the surfaces of the ribs, the bounding septa or fascia,
and the cranial process of the ilium. The size and position of the
preacetabular process of the ilium make it likely that m. iliocos-
talis covered at least the dorsal half of the rib lengths (Figs. 2–4).
The laterally deflected and large preacetabular process of the
ilium of Diplodocidae and Dicraeosauridae together with the
long dorsal ribs possibly points towards a large cross-section of
m. iliocostalis, which likely was positioned laterally and ventrally

to the vertebral column (Figs. 2–4). However, the cross-section
of m. iliocostalis would be lateromedially more narrow in case
that the dorsal ribs would be straight laterally inclining (compare
different reconstruction variations in Figs. 2 and 3). In Amarga-
saurus, the extreme height of the dorsal neural spines leads to an
increase of the height (and therefore also the cross-section) of all
epaxial muscles, which becomes particularly visible in m. iliocos-
talis (Fig. 2F).
There is no osteological evidence for the internal organization

of m. iliocostalis in sauropods. The avian-like reduction in the of
dorsal vertebrae and consequent short trunk of diplodocid and
dicraeosaurid sauropods and their vertically oriented dorsal ribs
positioned partially medially to the ilium, suggests an more avian
than crocodylian like arrangement of m. iliocostalis. If this were
the case, m. iliocostalis might have been organized into long
tendons instead of myosepta (Fig. 4C). These tendons could
have inserted on the caudolateral margin of the dorsal ribs
(Table 2, Level II’ inference). Furthermore, there is no osteolo-
gical evidence for a bounding septum between m. longissimus
dorsi and m. iliocostalis. It is uncertain if these two muscles were
separated by a thin bounding septum similar to septum transver-
sum of Crocodylia, or if their muscle fibers enlaced each other in
the contact area as in Aves. Because m. longissimus dorsi of
Diplodocidae and Dicraeosauridae continued caudally into the
tail, whereas m. iliocostalis caudally ended at the ilium, a separa-
tion between both muscles was likely present at least in the iliac
region (Fig. 4C).

DISCUSSION

Levels of Inference and Problems with Reconstructed Epaxial
Muscles

Except for the deep layer of m. transversospinalis and a lateral
tendon series of m. transversospinalis, osteological correlates are
present that allow the reconstruction of muscle fibers and or
tendons of the different epaxial muscles with a Level I inference.
The deep layer of m. transversospinalis and a lateral tendon
series of m. transversospinalis are also present in both extant
outgroups (Crocodylia and Aves), but because they show no
unambiguous osteological correlates, can only be reconstructed
with a Level I’ inference.
In most cases, it is not possible to reconstruct details of origin

and insertion as well as tendon arrangement for the epaxial
muscles on the basis of osteological correlates, and inference
levels range from Level I to Level II’. The presence of Level II
and II’ inferences reflects substantial differences in configura-
tion of thoracic epaxial muscles and the support system of the
trunk between both extant outgroups (see “Configuration and
homology of thoracic epaxial musculature in extant Archo-
sauria”). Diplodocid and dicraeosaurid sauropods appear similar
to extant avians in the presence of a high-oval cross-section of
the trunk, small lateral width of the transverse processes, dorso-
ventrally separated parapophyses and diapophyses, and presence
of a rugose and often beveled lateral part of the transverse
processes. Together with the lack of a dorsal shield of paraver-
tebral osteoderms, this might also indicate more similarities in
the configuration of the thoracic epaxial muscles between these
sauropods and avians than with crocodylians. However, the
peculiarities of the dorsal vertebrae of Diplodocidae and
Dicraeosauridae make it likely that they might have looked
neither like crocodylians nor like birds, but have developed their
own muscular configuration. Thus, although the EPB approach
provides a transparent and parsimonious method, it is obviously
not sufficient to reconstruct all aspects of sauropod thoracic
epaxial muscles. This is not only because sauropods differ from
their extant outgroups both in their enormous size, and in fea-
tures of their vertebral morphology, but also because of the fact
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that substantial differences exist between extant Crocodylia and
Aves in the thoracic epaxial muscle morphology and overall
trunk reconstruction. Especially complex configurations of the
muscles, such as their tendon arrangement or overall extension,
usually cannot be deduced directly from osteological traces and
therefore will remain speculative.

Implications for the Thoracic Epaxial Musculature of
Eusauropods

The dorsal vertebrae of other eusauropods are similar to
those of Diplodocidae and Dicraeosauridae in having a small
width of the transverse processes with a lateral rugosity, a later-
ally rugose dorsal end of the neural spines, and vertically orient-
ed dorsal ribs in cranial view. These osteological characters
suggest a similar distribution of the thoracic epaxial muscles in
other eusauropods as in diplodocids and dicraeosaurids. Howev-
er, there is much morphological variation in the dorsal vertebrae
of different eusauropods concerning the height and morphology
of the neural spines, the width of the transverse processes, and
the presence or absence of laminae on the neural spines. This
variation suggests also variation in the insertion angles and
lengths of the tendons of the medial part of m. transversospina-
lis, and in the cross-sections of the individual epaxial thoracic
muscles. Below, some examples are given for non-diplodocoid
eusauropods.

Non-neosauropod Eusauropods—Shunosaurus (Dong et al.,
1983; Zhang et al., 1984; Peng et al., 2005) possesses dorsal
neural spines that increase in height in the cranial half of the
trunk to 2.6 times of the height of the vertebral body (Fig. 5A).
The medial part of m. transversospinalis can be reconstructed as
dorsoventrally high, with tendons of different lengths to com-
pensate the increase in the neural spine tallness (Fig. 5D). The
plate-like neural spines with only a few laminae provide a large
insertion area for the muscle fibers of the medial part of
m. transversospinalis. The transverse processes are dorsally in-
clined and as broad as the vertebral bodies, which indicates a
small cross-sectional area for m. transversospinalis and m. long-
issimus dorsi (Fig. 5B).
Haplocanthosaurus (Hatcher, 1903; McIntosh and Williams,

1988) has moderately tall and uniformly high neural spines of 1.3
times the height of the vertebral body. The transverse processes
are strongly dorsolaterally inclined, approximately 1.3 times as
broad as the vertebral body, and bear a rugosity in their lateral
fourth. M. transversospinalis is reconstructed to have been verti-
cally low and transversely narrow, followed laterodorsally by a
small m. longissimus dorsi (Fig. 5C). The tendon angles of the
medial series of m. transversospinalis were due to the low neural
spines more shallow than in Diplodocidae and Dicraeosauridae.
The lateral face of the neural spines of Haplocanthosaurus bears
a spinodiapophyseal and a spinopostzygapophyseal lamina,
which unite in the dorsal half of the neural spine. The presence

FIGURE 5. Reconstruction of thoracic epaxial musculature in some non-neosauropod eusauropods. A, three associated mid-dorsal vertebrae
of Shunosaurus lii (IVPP, no collection number) in left lateral view, scale bar is 10 cm; B, Shunosaurus, cross-section at a mid-dorsal vertebra;
C, Haplocanthosaurus, cross-section at a mid-dorsal vertebra; D, Shunosaurus, medial part of m. transversospinalis with reconstructed tendon girder
in left lateral view. Not to scale. Abbreviations:m transsp lat, lateral part of m. transversospinalis;m transsp med, medial part of m. transversospinalis;
m ilcost, m. iliocostalis; m long d, m. longissimus dorsi; sept, bounding septum.
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of such a distinct lamina on the lateral face of the neural spines
possibly indicates more tendons and less muscle fibers in the
medial part of m. transversospinalis than in Shunosaurus.

Macronaria—Camarasaurus (e.g., Mook, 1914; Osborn and
Mook, 1921; Gilmore, 1925; McIntosh et al., 1996b; McIntosh

et al., 1996a; Ikejiri et al., 2005) has low neural spines in the
cranial third of the trunk, which increase caudally to 1.3 times
of the vertebral body height (Fig. 6). Like in other macronar-
ians, the dorsal vertebrae of Camarasaurus bear a triangular
lateral processes on the neural spines, which is ventrally con-

FIGURE 6. Reconstruction of thoracic epaxial musculature in macronarians. A–D, Camarasaurus lentus. A, mid-dorsal vertebrae of articulated
skeleton CM 11338 in left lateral view, scale bar is 10 cm; B, cross-sections in the cranial (left, bifurcate neural spine) and caudal (right, single neural
spine) part of the trunk; C, medial part of m. transversospinalis: first tendon-system homologous to m. spinalis extends from the craniolateral face of
the neural spine cranioventrally, second tendon-system homologous to m. articulospinalis extends from the caudolateral face of the neural spine
caudoventrally; D, m. longissimus dorsi and m. iliocostalis. Only the aponeurosis of m. iliocostalis is reconstructed by osteological evidence. E–F,
Reconstructed thoracic epaxial musculature in Saltasaurus loricatus (osteology after Powell, 2003). E, m. longissimus dorsi and m. iliocostalis. Only
the aponeurosis of m. iliocostalis is reconstructed by osteological evidence; F, cross-section of mid-dorsal vertebra. Not to scale. Abbreviations: diap,
diapophysis; m ilcost, m. iliocostalis; m long d, m. longissimus dorsi; m transsp lat, lateral part of m. transversospinalis; m transsp med, medial part of
m. transversospinalis; nsp, neural spine; parap, parapophysis; rug, rugosity; sept, bounding septum.
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tinuous with the combined spinodiapophyseal and spinopostzy-
gapophyseal lamina. This process is most equivalent to the
distinct dorsal rugosity on the lateral face of the dorsal neural
spines of dicraeosaurids and diplodocids, and represents the
attachment site of the two medial tendon systems of m. trans-
versospinalis. The insertion angles of these tendons were prob-
ably shallow, and the tendons had relatively similar lengths
(Fig. 6C, D). In the cranial half of the trunk, the transverse
processes are 1.5 times as broad as the vertebral bodies and
straight laterally directed, whereas they decrease in width and
become slightly dorsally inclined in the caudal half of the
trunk. There is a broad rugosity in the lateral third of the
transverse processes. This combination suggests a vertically
low and transversely broad cross-section of m. transversospina-
lis that is in the cranial trunk about twice and in the caudal
trunk about 1.5 times as broad as m. longissimus dorsi (Fig.
6B). The cross-section of m. transversospinalis decreased in
caudal direction according to the inclination of the transverse
processes.
Somphospondyli (e.g., Saltasaurus, Ampelosaurus, Alamo-

saurus, Rapetosaurus and Malawisaurus) have strongly caudally
inclined dorsal neural spines. If the neural spines are consid-
ered as levers transmitting the forces of the epaxial muscles to
the vertebral bodies, the direction of the neural spines would
be determined by the resultant forces of the inserting muscles:
the direction of the neural spines is usually perpendicular to
the resultant sum of muscular forces acting on them (Slijper,
1946). The strong caudal inclination of the neural spines of
Somphospondyli suggests independently from the individual
neural spine heights that in contrast to other eusauropods the
angles of opposite running tendons of the medial part of m.
transversospinalis were different: the cranially directed tendons
most probably had steeper attachment angles than the caudally
directed tendons.
Saltasaurids like Saltasaurus (Powell, 1992, 2003), Opistho-

coelicaudia (Borsuk-Bialynicka, 1977), and Alamosaurus (Leh-
man and Coulson, 2002), possess very low (not more than 0.8
times of height of vertebral body) and inflated neural spines.
This suggests that the series of tendons in the medial part of
m. transversospinalis had significantly lower insertion angles
than in other eusauropods. The combination of low neural
spines and narrow transverse processes might have led to a very
narrow cross-sectional area for m. transversospinalis (Fig. 6F),
but would have allowed a dorsal extension of m. iliocostalis
until the level of the neural spine apices. The reduced laminae
of the neural spines would have allowed the insertion of fleshy
muscle fibers in the medial part of m. transversospinalis directly
onto the smooth lateral surface of the neural spines. It is there-
fore possible that the medial part of m. transversospinalis of
Saltasauridae contained more muscle fibers and less tendons
than in other eusauropods, which might be reflected by a rather
weak lateral rugosity of the neural spines. Additionally, the
preacetabular process of the ilium of saltasaurids is strongly
bent laterally with an angle of nearly 90� to the long axis of
the body (Wilson and Sereno, 1998; Upchurch et al., 2004a;
Curry Rogers, 2005; Wilson, 2005). This enlarged preacetabular
process might have facilitated enlargement of the cross-section
of m. longissimus dorsi and m. iliocostalis (Fig. 6E, F). Interest-
ingly, an analogy between the strongly laterally deflected pre-
acetabular process of saltasaurid sauropods and the similarly
laterally deflected cranial part of the ilium of large ungulates
exists. In the latter, m. iliocostalis and m. longissimus dorsi are
fused to form an m. erector spinae, which extends by long
fascicular muscle strands along the trunk, inserting at the later-
ally flared cranial iliac flange (Slijper, 1946). A similar sugges-
tion for arrangement of lateral thoracic epaxial muscles in
South American titanosaurs was made by Powell (2003) on the
basis of comparisons with extant mammals.

Functional Implications

Following these reconstructions, a detailed biomechanical
analysis of the sauropod trunk muscles together with a recon-
struction of abdominal and ventral trunk muscles and of the
trunk mobility would allow many functional conclusions
concerning the stabilization of the vertebral column and locomo-
tor capabilities. Limited functional implications can be given
from the reconstructions of the epaxial thoracic muscles alone.
Reconstructing the medial part of m. transversospinalis with a
trellis-like arrangement of tendons suggests a significant stiffen-
ing and stabilizing effect of this muscle for the vertebral column.
Among the thoracic epaxial muscle mass associated with the
transverse processes, the medial part of m. transversospinalis is
reconstructed to have the largest cross-section, the highest ten-
don insertion angles and by its muscle fibers a direct connection
to the neural spines. In sauropods with high neural spines, such
as diplodocids and dicraeosaurids, the lever arm of the medial
part of m. transversospinalis to the center of rotation (the inter-
vertebral articulation) would increase. This would increase the
mechanical advantage of this muscle and its role in the stabiliza-
tion of the vertebral column (see also Alexander, 1985; Wedel
et al., 2000). Therefore, the medial part of m. transversospinalis
might have probably contributed the most to a direct stabiliza-
tion of the vertebral column. This stabilization was probably
supplemented by the lateral part of m. transversospinalis and by
m. longissimus dorsi, which were organized in tendon- and fasci-
cle systems to brace the transverse processes against the neural
spines.
M. iliocostalis did not directly act on the vertebral column and

was positioned mostly ventrally to the vertebral column and
vertically along the body wall. Its large size and assumed fascic-
ular organization would have effectively stabilized the lateral
sides of the trunk during simultaneous contraction. During uni-
lateral contraction, m. iliocostalis would have acted as moderate
lateral flexor of the vertebral column, however, lateral flexibility
was in most sauropods strongly restricted by the hyposphenal
articulations and the epaxial musculature was acting mostly as
stabilizing, but much less as flexing agent. As far as it can be
judged from these reconstructions, the low flexibility of the
dorsal vertebral column of most sauropods in combination with
the reconstructed epaxial musculature would indicate slow
asymmetric and symmetric locomotor styles.
The possible enlargement of m. longissimus dorsi and m. ilio-

costalis in Saltasauridae occurs in combination with a reduction
of the hyposphene-hypantrum articulations and a retention of
opisthocoelous vertebrae in the caudal trunk region, like in oth-
er macronarians. Reduction of these articulations would have
allowed stronger lateral flexibility of the caudal trunk region
than in other sauropods. The strong dorsal extension of m. ilio-
costalis would have increased its ability to act as an efficient
lateral flexor of the vertebral column. Together with the legs
reconstructed in a “wide-gauge posture” (Wilson and Carrano,
1999), the modifications of the thoracic epaxial musculature in
Saltasauridae therefore indicate differences in locomotor cap-
abilities to other sauropods, such as increased trunk mobility or
larger stride lengths.

CONCLUSIONS AND PERSPECTIVE

Their well-known dorsal osteology renders Diplodocidae and
Dicraeosauridae an excellent group for the reconstruction of
thoracic epaxial muscles in sauropods. The Extant Phylogenetic
Bracket approach allows identification of unambiguous osteolo-
gical correlates for the presence of the thoracic epaxial muscles
m. transversospinalis, m. longissimus dorsi, and m. iliocostalis in
Diplodocidae and Dicraeosauridae, as well as in other eusauro-
pods. Comparisons between the dorsal vertebrae of Diplodoci-
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dae, Dicraeosauridae, and other eusauropods show morphologi-
cal differences that are indicative for differences in the configu-
ration of the thoracic epaxial muscles. More detailed studies of
this variation in different eusauropods is needed to explain
aspects of the varying morphology of eusauropod dorsal verteb-
rae in relation to the configuration of the epaxial thoracic mus-
cles. Hopefully, such future studies will also give hints to the
evolutionary development of the different vertebral morpholo-
gies and to character polarities concerning character coding of
vertebral morphologies.

The internal configuration of the epaxial muscles can only be
reconstructed for the medial part of m. transversospinalis on the
basis of osteological correlates, whereas the strong segmentation
of the other epaxial muscles is less well supported. Strongly
segmented epaxial thoracic muscles, such as m. transversospina-
lis and m. longissimus dorsi, require only small insertional areas
on the neural spines and transverse processes for their segments
or tendon units, and therefore provide space for pneumatic
diverticula. These pneumatic diverticula of eusauropods contrib-
ute much to weight reduction and facilitated size increase in
certain clades.

The thoracic epaxial musculature plays an important role in
trunk support. Variation in the size and tendon arrangement of
the thoracic epaxial muscles in different eusauropods is directly
connected with other, bony support structures, and indicates
variation in the stabilization of the dorsal vertebral column. Such
differences in trunk support and locomotion, along with differ-
ences in skull and tooth morphology, neck posture, and neck
flexibility, give hints to ecological diversity of eusauropods.
Studying trunk musculature of eusauropods is therefore only
one part of an integrative approach, which should compare
biological/ecological, mechanical, biogeographical and ichnolo-
gical data for a better understanding of the evolution and ecolo-
gy of eusauropods.
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