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Abstract

The neck posture of Brachiosaurus brancai Janensch, 1914 is reanalysed by employing the Preuschoft method to deduce the
pattern of stress in the joints between the vertebral centra along the neck. The cogency of different methods for reconstruct-
ing the posture of a long neck, especially the Preuschoft method and approaches that are based on optimal articulation of the
neck vertebrae, is discussed critically. The results corroborate the reliability of the Preuschoft method whereas the analyses of
recent vertebrates with long necks show that approaches based on optimal articulation of the neck vertebrae are less suited
for reconstructing habitual postures of long necks during rest. Such models are better suited for reconstructing the neck pos-
ture that was employed during locomotion. With the evidence obtained by different methods a conclusive picture of the neck
posture and the feeding strategy of Brachiosaurus brancai can be drawn. The neck appears to have been slightly S-shaped
with a ventrally flexed cranial section, an approximately straight middle section, and a dorsally flexed proximal part. In the
habitual posture during standing, the angle between the middle section of the neck and the horizontal plane was about 60° or
70°. During locomotion the whole neck probably was kept in an lower position with the inclination reduced by approximately
20° compared with the position at rest. During feeding movements of the head relative to the neck and movements in the
cranial neck section were performed without much altering the height of the centre of gravity of the neck. With slow dorso-
ventral movements of the whole neck pronounced changes in the feeding height were possible. Sideways movements of the
whole neck were performed by lateral flexion at the base of the neck. According to these findings, the long neck of Brachio-
saurus brancai was a means for browsing in great heights as well as a means for increasing the feeding volume without moving
the body.

Schliisselworter: Brachiosaurus, Sauropoden, Hals, Nahrungsaufnahme, Biomechanik, funktionelle Morphologie, Okologie.

Zusammenfassung

Die Halsstellung von Brachiosaurus brancai Janensch, 1914 wird mit Hilfe der Preuschoft-Methode untersucht, die auf der
Ermittlung der Spannungen in den Gelenken zwischen den Wirbelkorpern entlang des Halses beruht. Verschiedene Rekons-
truktionsmethoden langer Hilse werden hinsichtlich ihrer Aussagekraft kritisch betrachtet, insbesondere die Preuschoft-
Methode sowie Ansitze, die auf einer optimalen Gelenkung zwischen den Wirbeln beruhen. Die Ergebnisse untermauern die
Zuverldssigkeit der Preuschoft-Methode, wihrend Analysen an langen Hélsen rezenter Wirbeltiere zeigen, dass Modelle mit
optimaler Gelenkung sich weniger fiir die Rekonstruktion der habituellen Halsstellung wihrend der Ruhe eignen. Stattdessen
scheinen solche Modelle eher den Halsstellungen bei der Fortbewegung nahe zu kommen. Unter Einbeziehung verschiedener
Methoden wird ein schliissiges Bild der Halsstellung und der Erndhrungsstrategie von Brachiosaurus brancai gezeichnet. Der
Hals wurde offenbar in einer leichten S-Form gehalten, mit einem ventralflektierten vorderen Halsabschnitt, einer etwa ge-
rade gehaltenen Halsmitte und einer dorsalflektierten Halsbasis. In der habituellen Stellung des stehenden Tieres bildete die
Halsmitte einen Winkel von etwa 60° oder 70° mit der Horizontalebene. Bei der Fortbewegung wurde der Hals vermutlich
um rund 20° niedriger gehalten als in der Ruheposition. Wihrend der Nahrungsaufnahme konnte der Kopf durch Bewegun-
gen allein des vorderen Halsabschnittes positioniert werden, ohne dass dabei der Schwerpunkt des Halses wesentliche Hohen-
anderungen erfahren hitte. Langsame dorsoventrale Bewegungen des gesamten Halses ermdoglichten auch erhebliche Ande-
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rungen der Kopthohe. Seitliche Bewegungen des gesamten Halses konnten an der Halsbasis erzeugt werden. Gemif3 dieser
Ergebnisse war der lange Hals von Brachiosaurus brancai sowohl ein Mittel zum Erreichen von Nahrungsquellen in grofler
Hohe als auch zur VergroBerung des Volumens, das bei ruhendem Korper mit dem Kopf erreicht werden konnte.

Introduction

A long neck is a characteristic feature of all sauro-
pod dinosaurs (e.g., McIntosh 1990). In Brachio-
saurus brancai Janensch, 1914, the neck comprises
about2/3 of the presacral vertebral column
(Janensch 1950a, 1950b). The feeding strategy of
sauropods depends on the posture and mobility of
the neck. The neck posture is the subject of much
controversy. The neck is either interpreted as a
means for high browsing (e.g., Bakker 1987; Paul
1987, 1988) or for increasing the horizontal feeding
range (e.g., Martin 1987). Different sauropod spe-
cies possibly employed different feeding strategies
(e.g., Dodson 1990). This assumption appears rea-
sonable from an ecological point of view and also
fits to the diversity of jaw and tooth morphology
observed among sauropods (e.g., Upchurch & Bar-
rett 2000; Sereno & Wilson 2005). For Brachio-
saurus, the suggested neck posture differs between
horizontal (Frey & Martin 1997; Berman & Roth-
schild 2005; Stevens & Parrish 2005a, 2005b) and
forwardly inclined or nearly vertical (Janensch
1950b; Bakker 1987; Paul 1987, 1988; Christian &
Heinrich 1998; Christian 2002a, 2002b, 2004).

The term “feeding strategy” is used here for the
way the food is chosen from different heights and
distances, e.g. by keeping the neck in a high or in a
low position or by frequent changes of the height
of the head. Closely related are the questions
which food was chosen (e.g., Farlow 1987) and how
was the food separated from the source, e.g. from a
tree (e.g., Upchurch & Barrett 2000; Sereno & Wil-
son 2005). It can be expected that the mean feed-
ing height and therefore the preferred neck posture
of a sauropod correspond to the distribution of the
food that was chosen (see e.g. Upchurch & Barrett
2000).

Differences in the reconstructed neck posture for
Brachiosaurus brancai and other sauropods depend
on the methods that are used for the reconstruc-
tions. The models proposed by Stevens and Parrish
(1999, 2005a, 2005b) are based on proper articula-
tion between the neck vertebrae, especially in the
zygapophyses. Such “zygapophyseal alignment” or
“best-fit” postures tend to be comparatively low.
Gunga & Kirsch (2001) conclude from studies of
the inner ear, that the neck posture of Brachio-
saurus varied from a vertical to a more horizontal
posture during feeding. According to Berman &
Rothschild (2005) the internal structure of the ver-
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tebral centra in the neck of Brachiosaurus and
other sauropods with very long necks indicate a
horizontal position of the neck. The neck posture is
also related to the overall construction of a sauro-
pod (e.g., Alexander 1989; Christian 2002a, 2002b).
The overall body design of Brachiosaurus indicates
an elevated position of the neck (Christian 2002a,
2002b; see also discussion).

In this study the neck posture of Brachiosaurus
brancai Janensch, 1914 is reanalysed by applying
the Preuschoft method that was already employed
by Christian & Heinrich (1998). The reconstruction
presented here, however, is improved especially by
refined models of the mass distribution along the
head and neck. According to more recent mass es-
timates (e.g., Henderson 1999, 2004; Seebacher
2001; Wedel 2005) the body and neck mass of sauro-
pods probably were much below the estimates
presented by Gunga et al. (1995) and Gunga et al.
(1999) that were used in the previous reconstruc-
tion (Christian & Heinrich 1998). The estimates of
lever arms of epaxial muscles and ligaments and of
cross-sectional areas of the intervertebral joints in
the neck of Brachiosaurus brancai are also im-
proved by only using the original material available
at the Museum fiir Naturkunde der Humboldt-Uni-
versitidt zu Berlin instead of the reconstructed ske-
leton of Brachiosaurus brancai that is mounted for
display. The new results obtained here are com-
pared with the results by Christian & Heinrich (1998)
in order to test the robustness of the Preuschoft
method. The “zygapophyseal alignment” approach
is tested by analysing the neck postures of three
recent vertebrates with long necks: giraffes, camels
and ostriches.

The two major goals of this study are, first, to
test the reliability of different methods for recon-
structing the neck postures of sauropods, and sec-
ond, to find a neck posture for Brachiosaurus bran-
cai that is consistent with the results of different
approaches.

Material and Methods

Skeletal remains of Brachiosaurus brancai used
for the study. This study is based on the skeletal remains
of Brachiosaurus brancai Janensch, 1914, that were excavated
by the German Tendaguru Expedition between 1909 and
1912 (Janensch 1914a, 1914b). The exhibited skeleton at the
Museum fiir Naturkunde der Humboldt-Universitidt zu Berlin
is a composite of original bones, copies of bones, and plaster
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reconstructions of the missing parts (Janensch 1938, 1950b;
for a detailed description of the palaecontological setting see
also Christian & Heinrich 1998). The major part of the com-
posite skeleton belongs to one single individual of Brachio-
saurus brancai, specimen S II. A second slightly smaller spe-
cimen (SI) yielded additional material not represented in
specimen S 1I, e.g. the braincase and the axis. Some missing
elements of skeleton SII either have been substituted by
bones of other specimens of the same species and size or by
plaster reconstructions. Other missing items have been
replaced by bones or copies of bones from different-sized
specimens, also of the same species. Of the 13 cervicals de-
scribed by Janensch (1950a), the centra of the cervicals 3
to 13 and the spinal processes of the cervicals 3, 4, 5, and 8
are well preserved in specimen SII. The cervicals 2 (axis)
to7 are well preserved in specimen S 1. The centra of the
first two dorsal vertebrae are preserved in connection with
the centra of the proximal cervicals (S II). The analysis is fo-
cused on the section of the neck from the head to the caudal
end of the eighth vertebra which comprises slightly more
than half of the neck length. The mechanical calculations de-
scribed below are based on the dimensions of the vertebrae
of specimen S II. Specimen S1 is used for reconstructing di-
mensions that cannot be determined directly for specimen
S II, especially the dimensions of the atlas and the heights of
the neural spines in the vertebrae 6 and 7.

The dimensions of the head were estimated from the well
preserved head skeleton of specimen t1. Isolated remains
of the head skeleton of specimen S II (Heinrich, pers. com.)
indicate that the length dimensions of the head were
approximately one sixth longer in specimen SII than in
specimen t 1.

The Preuschoft-Method. The neck posture is recon-
structed by applying the method developed by Preuschoft
(1976) to deduce the patterns of stress in the intervertebral
discs along the neck (for a detailed description see Christian
& Heinrich 1998; or Christian 2002a). Assuming similar
safety factors along the neck and a predominance of static or
quasistatic forces, neck postures in which the stress is not
more or less constant along the neck are rejected, whereas
habitual postures are characterised by approximately con-
stant stress values in the intervertebral joints.

As long as the neck is not orientated backwards, bending
moments along the neck must be counteracted at the joints
between the vertebral centra by tension in epaxial muscles,
tendons, or ligaments that are located dorsal to the centra
(Preuschoft 1976; Alexander 1985, 1989; Christian & Preu-
schoft 1996; Christian & Heinrich 1998; Christian 2002a). A
muscle, tendon, or ligament force Fy, acting in a sagittal plane
dorsal to the transverse axis of an intervertebral joint pro-
duces a torque Fp, - h about that joint, where h is the lever
arm of the force Fy, (Fig.1). The lever arm is the distance
between the line of action of the force and the axis of the
joint. The transverse axis of an intervertebral joint between
two centra can be assumed to pass through the centre of the
joint (Preuschoft 1976; Alexander 1985). The lever arms of
the epaxial muscles can be estimated to be equal to the verti-
cal distances between the centres of the joints and either the
centres of the epaxial muscles or ligaments (Preuschoft
1976), or the line that connects the tips of the neural spines
(Alexander 1985). Both methods lead to different absolute
values, but to similar results if only the general pattern of
torques along the vertebral column is of interest (Christian &
Preuschoft 1996). The lever arm his estimated here as the
distance between the centre of an intervertebral joint and
the line connecting the tips of the neural spines.

The tensile force, Fy,, of the epaxial muscles evokes a com-
pressive force of the same magnitude between the vertebral
centra (Preuschoft 1976; Alexander 1985; Christian & Preu-
schoft 1996). This compressive force acts on the cartilage in
the intervertebral joint. The muscle force, Fy,, at a given posi-
tion in the vertebral column can be calculated by F,, = M/h
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(Preuschoft 1976; Alexander 1985; Christian & Preuschoft
1996). M is the bending moment in the sagittal plane at the
position investigated. The total compressive force, F, acting
on an intervertebral disc is the sum of two components: the
muscle force, Fr,, due to the bending moment, M, and the
weight force, F, of the fraction of the neck cranial to the po-
sition investigated multiplied by the cosine of the angle y be-
tween the plane of the intervertebral joint and the horizontal
plane (Fig. 1, see also Preuschoft 1976; Christian & Preu-
schoft 1996; Christian & Heinrich 1998; Christian 2002a).
Thus:

F=Fn+Fg cosy

Forces different from static or quasistatic forces are ne-
glected, assuming that forces due to accelerations or other
activities are not predominant. This assumption seems rea-
sonable for sauropods and has also been corroborated in stu-
dies on mammals with long necks (Christian 2002a), despite
the occasional use of the head for combat in these animals.
Under the assumption of equal safety factors, the highest
regularly occurring stress on the cartilage between the ver-
tebral centra, equivalent to the force F divided by the cross-
sectional area A of the intervertebral joint, should be con-
stant along the neck. This assumption was also shown to be
reasonable (Christian 2002a).

The cross-sectional area of each intervertebral joint is esti-
mated by assuming an elliptical shape, with the transverse
and dorsoventral diameters of the cranial surface of the adja-
cent vertebral centrum used as the major axes. In most sec-
tions of the neck, the caudal and cranial surfaces of contigu-
ous vertebral centra are approximately proportional. In the
cranial section of the neck, however, the diameter of the cau-
dal end of the centrum cranial to the joint can be consider-
ably larger than the cross-sectional area of the condyle of the
adjacent centrum. Therefore, in contrast to the previous
study by Christian & Heinrich (1998) the estimates for the
cross-sectional areas of the intervertebral joints are based
here on the diameters of the condyles at the cranial ends of
the centra and not on the dimensions of the caudal ends of
the centra.

The volume of the head is estimated by assuming an ellip-
soid shape, with the longitudinal, transverse and dorsoventral
diameters of the head used as the major axes. This method
was tested on horses and giraffes. In the giraffes, the head
was reduced by the horns and the first 15 cm of the tapering

centre of mass

horizontal
plane

intervertebral joint
Fg - cos ¢

Fan

F=Fn+E;-cosy

Fig 1. Determination of the compressive force acting in a
joint between two vertebral centra. F, —muscle force;
F, — weight force; F — total compressive force; y — angel be-
tween the plane of the intervertebral joint and the horizontal
plane. For further explanation see the text.
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snout. In all animals tested, the mass of the head could be
reproduced if the density was assumed to be between 0.8 and
0.85 kilograms per litre. A density below 1 is reasonable be-
cause of the nasal cavities in the skull and a slightly overesti-
mated volume by assuming an ellipsoid shape of the head. In
contrast to hoofed mammals, no large nasal cavities are
found in the skull of Brachiosaurus. Therefore, the density of
the head probably was slightly higher. The existence of cav-
ities in the soft tissue, however, cannot be excluded. For the
head of Brachiosaurus a density of approximately 0.9 kilo-
grams per litre is assumed here. With a length of approxi-
mately 82 cm, a height of 60 cm and a width of 44 cm, a mass
of roughly 100 kg was obtained for the head.

According to recent findings (e.g., Wedel 2003, 2005) the
neck is assumed to be very lightly built. For the mass esti-
mates, the neck is divided into segments, each starting and
ending at the position of an intervertebral joint. The cross-
sectional areas of the segments are assumed to be of ellipti-
cal shape with 4/3 times the maximum heights of the verte-
brae used as dorsoventral diameters and 75% of this value as
transverse diameters. Deformed vertebrae are reconstructed
in order to determine the natural height. The first three seg-
ments of the neck are assumed to be more massive, because
of muscle mass that was needed for head movements, and
because of the comparatively higher fraction of the mass of
supra- and infra-hyoidal structures, including oesophagus,
larynx and trachea, in this part of the neck (see e.g. Dzemski,
2006, for an analysis of the mass distribution in the neck of
the ostrich). The density of the neck, excluding the cavity in-
side the trachea, was estimated to be 2/3 (about 0.67). Taking
the air volume of the trachea into account would result in a
considerably lower density. For this study, however, the seg-
ment masses and not volumes or densities are of importance,
so that no estimates for the air volume of the trachea are
conducted. The mass estimates are presented in Table 1. The
centre of mass of each segment is assumed to be halfway be-
tween the intervertebral joints and 20% of the height of the
neural spine above the line that connects the midpoints of
the intervertebral joints.

It appears unlikely that the neck could have been consider-
ably lighter than estimated here. This model of the mass dis-
tribution is very different from the model used by Christian
& Heinrich (1998) with a very massive neck, except the most
cranial neck section. In the model used here, the relation be-
tween the combined mass of the head and the first two neck
sections and the section between the fourth and the eighth
vertebra is about 25% compared with approximately 13% in
the model employed by Christian and Heinrich (1998). In ad-
dition the estimates of the cross-sectional areas of the most
cranial intervertebral joints are comparatively lower in the
model used here, so that relative higher stress values are ob-
tained for the most cranial neck section.

A comparison of the results obtained by using both models
can be used for testing the robustness of the Preuschoft

Table 1

Basic data used for the calculations. m: segment mass; I: seg-
ment length; h: estimated lever arm of epaxial muscles and
ligaments; A: cross-sectional area of the joint between the
centra, measured at the base of the condyle.

Segment m 1 h A
[ke] [m] [m] [em?!

head 100

neck 1 60 0.42 0.22 64
neck 2 50 0.40 0.22 122
neck 3 75 0.60 0.24 146
neck 4 91 0.72 0.27 190
neck 5 132 0.83 0.31 225
neck 6 219 0.86 0.38 297
neck 7 328 0.96 0.45 346
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method. Additionally, for a horizontal neck posture models
with twice and half the neck mass, respectively, but constant
values for the cross-sectional areas of the intervertebral joints
and for the lever arms of epaxial muscles and ligaments are
employed for testing the method.

To decide which neck posture was habitual in Brachio-

saurus brancai, various hypothetical neck postures are tested
(Fig. 2).
“Zygapophyseal alignment” models. “Zygapophy-
seal alignment” (ZA) positions are determined for two ca-
mels (Camelus bactrianus, one female Reg.-No. 7642 of Zoo-
logisches Museum der Universitit Hamburg, Germany, and
one male, ZMFK 83.412 of the Forschungsmuseum Alexander
Koenig, Bonn, Germany), two giraffes (Giraffa camelopardalis,
both female, Reg.-No. 5834 of Zoologisches Museum der
Universitit Hamburg, Germany, and ZFMK 90.004 of the
Forschungsmuseum Alexander Koenig, Bonn, Germany) and
three ostriches (Struthio camelus, adult females, necks from
the StrauBenfarm Strukat, Germany).

In this study, ZA models for the necks of giraffes, camels,
and ostriches are obtained by positioning the centres of the
facets of the postzygapophyses above the centres of the pre-
zygapophyses of the caudally adjacent vertebrae in side view.
The midpoints of the lines connecting the cranial and caudal
ends of the facets are used as the centres of the facets.

The reconstructed posture depends much on the thickness
of the joint cartilage. In the ostrich, the thickness of the joint
cartilage was determined by dissections. For the camel, the
thickness of the intervertebral discs was determined from
X-ray pictures of two living specimens (Tierpark Hagenbeck,
Hamburg, and Zoo Magdeburg, both Germany). Based on
the results for the camel and on results obtained from dissec-
tions of bovine and equine necks, the thickness of the inter-
vertebral discs is assumed to be slightly higher in the giraffe
than in the camel.

Results
Reconstructions based on the Preuschoft method

The hypothetical postures of the cranial 4.8 m of
the neck are illustrated in Fig. 2. In the “vertical”
posture the angle between the neck and the hori-
zontal plane is 88° instead of 90° in order to pre-
vent negative torques due to the location of the
centres of mass of the segments slightly dorsal of
the vertebral centra. The calculated stress on the
cartilage between the vertebral centra is shown in
Figs 3—5. Given a certain distribution of the mass
along the head and neck, the estimated errors are
around 15% due to possible errors in the estimates
for the lever arms of the epaxial muscles and for
the cross-sectional areas of the intervertebral joints.

With a straight neck, the stress increases towards
the base of the neck in all hypothetical postures,
except the vertical posture. In a vertical posture
the stress on the intervertebral cartilage is more or
less constant along the examined section of the
neck. In a vertical posture, however, the stress is
comparatively high in the joint between the axis
and the third vertebra. A nearly constant stress can
also be obtained with an inclined neck that is
flexed ventrally at its distal end (Fig.2B). In this
posture, the stress is comparatively low in the joints
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Fig 2. Hypothetical neck postures for Brachiosaurus brancai
Janensch, 1914.

close to the head. Neither a more inclined neck
posture with the cranial section flexed dorsally
(Fig. 2A) nor a S-shaped neck posture with a slight
backward inclination of the middle section of the
neck (Fig.2C) yield approximately constant values
for the stress. In order to compare the variation of

2 ..
—O - horizontal
stress —[ - 45 degrees
[MPa] - A - 60 degrees

~ —O—75 degrees
—— vertical -0

0 1 2 3 4 5
distance from the occipital condylus [m]

Fig 3. Stress on the intervertebral joints along the cranial

4.8 meters of the neck of Brachiosaurus brancai Janensch,

1914 calculated for the hypothetical straight neck postures
presented in Fig. 2.
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Fig 4. Stress on the intervertebral joints along the cranial
4.8 meters of the neck of Brachiosaurus brancai Janensch,
1914 calculated for the hypothetical curved neck postures
presented in Fig. 2.

the stress values, the standard deviations divided
by the mean values for all neck postures tested are
presented in Table 2.

Although both, a vertical neck posture and a
slightly inclined posture with ventral flexion in the
cranial neck section, yield more or less constant
stress values, the inclined posture appears to be
more reasonable. The analysis is based on the as-
sumption that static or quasistatic stress is predomi-
nant along the neck. This assumption is reasonable
for most parts of the neck, but not for the most
cranial neck section because of additional forces
that have to be expected for positioning and mov-
ing the head relative to the neck during feeding
(see also Preuschoft & Fritz (1977) for horses).
Therefore, in a static situation without such extra
forces, a comparatively low stress has to be ex-
pected for the most cranial joints. This expectation
fits the results obtained for an inclined neck pos-
ture with a ventral flexion at the distal end. There-
fore, with the Preuschoft method the elevation of
the neck is slightly overestimated if the interverte-
bral joints close to the head are included in the

Table 2

Standard deviations of stress values, SD, divided by mean
stress, MS, for all seven joints between the second and the
eighth vertebral centra, SD/MS [2—8], and for the joints be-
tween the fourth and the ninth centra, SD/MS [4—8]. Hori-
zontal 2x, 0.5x: horizontal posture with double or half the
neck mass, respectively. For the other postures see Fig. 2.

Posture SD/MS [2—8] SD/MS [4—8]
horizontal 0.34 0.19
Horizontal 2 x 0.46 0.27
horizontal 0.5 x 0.21 0.11
inclined 45° 0.28 0.18
inclined 60° 0.23 0.17
inclined 75° 0.19 0.14
vertical (88°) 0.22 0.09
posture A 0.42 0.32
posture B 0.12 0.04
posture C 0.29 0.28
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Fig 5. Stress on the intervertebral joints along the cranial
4.8 meters of the neck of Brachiosaurus brancai Janensch,
1914 calculated for a horizontal neck posture compared with
models with double and half the neck mass, respectively.

analysis. In specimen S1 a marked increase of the
heights of the neural spines can be observed be-
tween the sixth and seventh vertebra, even if the
deformation of the vertebrae is taken into account.
This observation also indicates a ventral flexion of
the portion of the neck cranial to the seventh ver-
tebra (see also Wedel et al. (2000) for a similar ob-
servation in Sauroposeidon).

Fig. 5 illustrates the effect of differences in the
mass distribution along head and neck. Compared

to the model described above, the relation between
head and neck mass was increased or reduced by a
factor of two, respectively. With decreasing neck
mass, the variation of stress along the neck also de-
creases. However, the model employed here is al-
ready based on the assumption of a comparatively
light neck. The head and the cranial neck sections
cannot have been much heavier than estimated
here. In order to obtain constant stress values in a
horizontal neck posture either an unrealistic thin
neck with the vertebrae just fitting into the skin or
a total density of the neck, including the air volume
inside the trachea, below 0.3 kilograms per litre
would have to be assumed. These assumptions do
not appear to be reasonable.

ZA models tested in extant vertebrates with a
long neck

For ostriches, camels and giraffes postures of the
neck with the facets of the postzygapophyses
centred above the prezygapophyses of the caudally
adjacent vertebrae (ZA postures) are illustrated in
Figs 6 and 7. In contrast to the findings of Stevens
& Parrish (1999, 2005a, 2005b) the reconstructed
neck postures are considerably lower than the habi-
tual postures during standing, especially in the os-
trich and the camel. In the giraffe it is more diffi-
cult to determine the orientation of the first dorsal

Fig 6. The cervical vertebrae 3 and 4 of a camel in “zygapophyseal alignment” (ZA) position.
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Ostrich
+ 45°

Giraffe
+ 36°

Fig 7. “Zygapophyseal alignment” (ZA) positions for the necks of an ostrich, a camel, and a giraffe.

vertebra than in the other species studied. An in-
creased angle between the first dorsal vertebra and
the horizontal plane would yield a more vertical
position of the neck. The position of the first dorsal
vertebra chosen here, however, was derived from
pictures of standing giraffes with the neck kept in a
habitual posture (Dzemski 2005) and appears more
appropriate than the orientation chosen by Stevens
& Parrish (2005a). In the camel and the ostrich,
aside from the inclination also the form of the ZA
posture considerably deviates from the habitual
neck posture during standing.

Whereas the ZA postures do not match the habi-
tual positions of the necks during standing, they
correspond better to the postures observed during
locomotion (for a detailed analysis of the neck pos-
ture in giraffes see Dzemski 2005).

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Discussion

Comparison of the results obtained by employing
different methods

In the following the results for the habitual neck
posture of Brachiosaurus brancai obtained by em-
ploying different methods are summarised together
with a discussion of the reliability of the methods.

Preuschoft method. The method was already
shown to be a robust and reliable instrument for
the reconstruction of the habitual neck posture of
long-necked terrestrial vertebrates by examining
the necks of two large and long-necked recent
mammals, Giraffa camelopardalis and Camelus sp.
(Christian 2002a, 2002b). Applied to the whole ver-
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tebral column, the method was also shown to yield
reliable results for body posture among a variety of
extinct and extant vertebrate species (Christian &
Preuschoft 1996). The robustness of this method is
corroborated here by yielding a result similar to
Christian & Heinrich (1998) with a model for the
distribution of head and neck mass that differs con-
siderably from the model employed by Christian &
Heinrich (1998). It is demonstrated here, that only
extreme variations in the assumed mass distribution
along the head and neck lead to considerable dif-
ferences in the reconstructed neck posture.

A bias in the results due to forces acting along
the cervical ribs cannot be excluded. As outlined
by Janensch (1950a), force is needed to bend the
two rods that are formed by the overlapping cervi-
cal ribs. According to Frey & Martin (1997) tor-
ques due to the weight of the neck were primarily
counteracted by compressive forces in these struc-
tures. A moderate contribution of the cervical ribs
for resisting bending moments in a habitual neck
posture cannot be excluded. However, a horizontal
neck posture with the cervical ribs functioning as
the major structures for counteracting forces due to
bending moments is very unlikely because of sev-
eral reasons:

In a horizontal neck posture, the diameters of
the cervical ribs do not increase towards the caudal
end of the neck in the same way as the bending
moments do. Even if an overlap of several cervical
ribs is taken into account, the combined strength of
the cervical ribs at the positions of the interverteb-
ral joints does not markedly increase or even de-
creases behind the 10" vertebra.

The last cervical rib, of the 13" vertebra, is short
and not directed backwards. The two rods formed
by the cervical ribs are interrupted here so that
compressive forces cannot be exchanged between
cervical ribs in this part of the vertebral column. If
the cervical ribs were major structures for counter-
acting torques due to gravity, a tremendous in-
crease of the surface areas of the intervertebral
joints would be needed at the base of the neck in
order to sustain the additional compressive forces.
Such a marked increase in the diameters of the in-
tervertebral joints is not visible.

At the most caudal neck vertebrae, the cross-sec-
tional areas of the intervertebral joints are by a fac-
tor of roughly 70 or 80 higher than the combined
diameters of all cervical ribs at the positions of the
intervertebral joints. Even if the ultimate compres-
sive stress is roughly ten times higher in bone than
in joint cartilage (Yamada 1973) this comparison
indicates, that the intervertebral joints and not the
cervical ribs were the major structures for resisting
compressive forces. Furthermore, it cannot be ex-
pected that the cervical ribs were always loaded in
an ideal way, that is perfectly axial. During bend-
ing, the maximum stress that can be sustained by a
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bone is much lower than during compression with
an axial load.

Maximum compressive load on the cervical ribs
was only possible during maximum ventral flexion
of the neck because flexion of the neck in dorsal or
lateral direction would have considerably reduced
the bracing effect of the cervical ribs of both sides
or of one side of the neck, respectively, whereas
torques due to gravity would have remained high.

It appears more likely that the cervical ribs of
Brachiosaurus were used primarily for transmitting
tensile forces similar to some species of birds and
sauropods with shorter cervical ribs (Wedel & San-
ders 2002). With long structures for transmitting
forces, the muscle mass was shifted caudally, so that
the weight of the neck, especially of the cranial
and middle section, was reduced. However, cervical
ribs probably inhibited lateral movements of the
neck (Janensch 1950a; Upchurch & Barrett 2000)
as well as extreme ventral flexion.

With the refined model employed here an in-
clined position of the neck of Brachiosaurus bran-
cai is proposed with an angle of approximately 70°
between the middle section of the neck and the
horizontal plane and a marked ventral flexion in
the distal part of the neck, whereas Christian &
Heinrich (1998) obtained a fully vertical neck pos-
ture. In this study, the calculations are based on the
assumption of a very light neck. A further reduc-
tion of the estimated neck mass would result in a
lower position of the neck. However, as discussed
above, it appears unlikely that the neck mass is
considerably overestimated here. For the habitual
position of the neck at rest, an inclination of the
middle section of the neck considerably below 60°
is unlikely. A more or less horizontal habitual neck
posture has to be rejected.

Z A models. In the models used by Stevens &
Parrish (1999, 2005a, 2005b) the facets of the pre-
and postzygapophyses are aligned and centred, and
simultaneously, the margins of “cotyle” and “con-
dyle” of each intervertebral joint are parallel (Ste-
vens & Parrish 2005a). In the extant mammals
studied here, however, the margins of the interver-
tebral joints are not always parallel if the facets of
the pre- and postzygapophyses are centred. In the
illustration of the neck of a giraffe in the position
with optimal articulation between the neck verte-
brae (“neutral pose”) by Stevens & Parrish (2005a)
at least the margins of the cotyle of cervical 7 and
the condyle of dorsal 1 are not parallel, either. In
extant vertebrates as well as in sauropods, in side
view the margins of the cotyles and condyles of the
vertebral centra are frequently neither linear nor
does the form of the margin of the cotyle always
match the form of the margin of the condyle. A
wedge-shape of a centrum in side view is not con-
clusive either, e.g. because of the non-linear form
of the margins of cotyles and condyles in side view.
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In the giraffe, the centrum of the first dorsal verte-
bra is clearly wedge-shaped in side view (see
Fig. 7), but the wedge is pointing downward as ex-
pected for a marked ventral flexion instead of the
dorsal flexion that is observed in this region of the
vertebral column.

According to Preuschoft etal. (1988), the pro-
nounced intra-vitam adaptation to a lordotic curva-
ture in trained macaque monkeys results exclu-
sively from the wedge-shaped intervertebral discs,
while the vertebrae remain unchanged. Similar re-
sults were obtained by Abitbol (1987) for young
children at the time of learning to walk.

Because of the reasons outlined above, unequi-
vocal results cannot be obtained by using the mar-
gins of the cotyles and condyles at the interverte-
bral joints for reconstructing neck postures that are
based on an optimal articulation between the neck
vertebrae. Therefore, in this study ZA models for
the necks of giraffes, camels, and ostriches were ob-
tained only by positioning the centres of the facets
of the postzygapophyses above the centres of the
prezygapophyses of the caudally adjacent vertebrae
(see methods). Even this apparently uncomplicated
method did not yield perfectly unequivocal results,
because slight differences were obtained by cen-
tring either the midpoints of the lines connecting
the cranial and caudal ends of the facets or by cen-
tring the midpoints of the surface areas of the fa-
cets. In one case (camel) the length of the prezyg-
apophyses differed considerably between both
sides of the same vertebra.

It appears reasonable to expect an overlap of the
zygapophyseal facets in a habitual neck posture.
However, if different neck postures are frequently
employed by an animal, the ZA position of the
neck cannot be expected to match the habitual pos-
ture during standing. If, e.g., the neck is kept high
during standing but low during feeding the neck
posture at rest cannot be expected to be in the
middle of the range of possible neck excursions. In
this case, the overlap of the zygapophyseal facets
should be maximal somewhere close to the middle
of the range of possible neck excursions rather
than in the habitual posture. The results for extant
vertebrates presented here show that the position
as well as the form of the neck in the ZA posture
with the facets of the postzygapophyses centred
above the facets of the prezygapophyses can devi-
ate considerably from the habitual neck posture at
rest which living animals really assume. However,
the ZA posture appears to be suitable for roughly
estimating the neck posture during locomotion.
During locomotion, the forces acting in the neck
very probably are higher than at rest. Therefore,
an optimal articulation of the zygapophyses during
locomotion rather than at rest is not surprising. In
the extant vertebrates studied, the inclination of
the neck, represented by the line between the head
and the intervertebral joint at the neck-trunk tran-
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sition, was roughly 20° lower in the ZA model and
during locomotion if compared to the position at
rest.

For Brachiosaurus, the ZA model by Stevens &
Parrish (2005a, 2005b) yields a slightly ventral flex-
ion of the neck. In contrast to Stevens & Parrish
(2005a, 2005b) it is not likely that the height of the
vertebral column at the shoulders is overestimated
in the exhibited skeleton at the Museum fiir Natur-
kunde der Humboldt-Universitdt zu Berlin since
the limbs have to be straightened (Christian et al.
1999). With straighter limbs the position of the pec-
toral girdle has to be changed as well in order to
prevent constraints for limb movements during
locomotion. The position of the shoulder joints has
to be shifted backwards and downwards relative to
the ribs so that the scapula is pointing more up-
wards. These considerations are in accordance with
the strengths of the dorsal ribs. Only the first three
ribs are very strong. With the alterations proposed
above, the angle between the first dorsal vertebra
and the horizontal plane is around 20°.

In Brachiosaurus brancai the zygapophyses of
the proximal section of the neck and the most cra-
nial vertebrae of the trunk are not preserved.
Therefore, a ZA model cannot be obtained for this
part of the neck, anyway.

From the evidence that is put forward here, the
neck posture of Brachiosaurus brancai that is ob-
tained by employing the Preuschoft method is not
in contrast to the articulation of the neck vertebrae.
During locomotion, the neck probably was lowered
by approximately 20°.

Internalstructure of the vertebralcentra.
According to a thorough mechanical study by Ber-
man & Rothschild (2005) the internal structure of
the vertebral centra indicates a predominance of
bending moments rather than compressive forces
along the neck. The authors conclude that the neck
was kept horizontally in Brachiosaurus and other
sauropods with long necks. However, bending mo-
ments along the neck are high even if the neck
posture deviates by only 20° from the vertical. The
fact, that neck vertebrae are compact only in saur-
opods with comparatively short necks, like Camara-
saurus, is not surprising because of the steep in-
crease of muscle, ligament and joint forces and
moments with increasing neck length, even in non-
horizontal positions. Berman & Rothschild (2005)
focus on the vertebral centra, but the strength of a
vertebra does also depend on the shape and struc-
ture of the processes, especially if bending mo-
ments are considered.

The study by Berman & Rothschild (2005) shows
that the neck of Brachiosaurus was not frequently
involved in strenuous activities, as it is proposed
here (see methods).

Zygapophyses and cervical ribs. As out-
lined by Janensch (1950a) in most parts of the neck
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lateral flexion is constrained by the cervical ribs as
well as by the orientation, position and the curved
shape of the zygapophyses. The reduction of the
vertebral ribs at the base of the neck and the com-
paratively large and broad zygapophyses in the
most cranial neck section indicate that the neck
was more flexible at both ends of the neck than in
the long middle portion, especially in lateral direc-
tions. These findings are at least not in contrast to
the idea of browsing at great heights.

Skull and Dentition. The reconstruction of
the feeding mechanism of Brachiosaurus by
Upchurch & Barrett (2000) is in accordance with
the assumption of browsing at great heights.

Dimensions of the inner ear. According to
Gunga & Kirsch (2001) the dimensions of the inner
ear, especially of the semicircular canals, indicate
that Brachiosaurus brancai employed dorsoventral
neck movements with low frequency and lateral
movements with a higher frequency. These findings
are in accordance with the assumption of browsing
at different heights.

Blood pressure. A position of the head high
above the heart results in extreme stress on the
cardiovascular system. In order to reduce this stress
it appears likely that the head was not kept perma-
nently close to the highest position possible
(Hohnke 1973; Seymour 1976; Dodson 1990; Ba-
deer & Hicks 1996; Seymour & Lillywhite 2000).
With a ventral flexion in the distal neck section, an
inclination of the middle section of the neck be-
tween 60° and 70° and an inclination of the most
proximal neck section of about 30°, the height of
the head above the heart was reduced by more
than two meters if compared to a fully vertical po-
sition of the neck. According to the findings pre-
sented here, the head was kept even lower during
locomotion.

Ecology. It can be expected that different sauro-
pods of the same habitat employed different feed-
ing strategies (e.g., Dodson 1990). It appears rea-
sonable to assume that some species browsed at
great heights.

Overall body design. The overall body design
of Brachiosaurus brancai with an apparently short
tail and forelimbs that were longer than the hind-
limbs and not very forceful (Christiansen 1997) in-
dicates an elevated position of the neck (e.g., Chris-
tian 2002a). The height of the head was increased
by the length of the forelimbs. Compared to a sauro-
pod with a horizontal neck posture, less weight was
carried by the forelimbs of Brachiosaurus brancai.
Sideways movements of a horizontal neck evoke
varying forces in the limbs, and a very long tail is
necessary to counteract these neck movements.
With a more vertical neck, lateral neck excursions
are reduced and the centre of mass of the body is
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shifted backwards, so that the hindlimbs are loaded
much more than the forelimbs.

Feeding strategy

With the evidence obtained by different methods
and considering the cogency of each method, it is
possible to draw a conclusive picture of the feeding
strategy of Brachiosaurus brancai.

The shape of the neck probably was similar to
the reconstruction by Janensch (1950b) with a ven-
tral flexion in the cranial section of the neck, an
approximately straight middle section and a moder-
ate dorsiflexion at the base of the neck and at the
foremost section of the thorax (Fig. 8). Due to the
elevation of the cranial part of the thorax the first
dorsal vertebrae already formed an angle of
approximately 20° with the horizontal plane. In the
habitual posture during standing, the angle be-
tween the middle section of the neck and the hori-
zontal plane probably was around 60° or 70°,
slightly higher than reconstructed by Janensch
(1950b). During locomotion the whole neck was
kept in a lower position with its inclination reduced
by roughly 20° if compared with the position at
rest. The height of the head was seven or eight me-
ters above the heart at rest and possibly around
five meters above the heart during locomotion.
Therefore, the stress on the cardiovascular system
was considerably less than with a fully vertical posi-
tion of the neck.

During feeding movements of the head relative
to the neck as well as movements in the cranial
part of the neck could be performed without much
altering the height of the centre of gravity of the
neck. With slow dorsoventral movements of the
whole neck pronounced changes in the feeding
height were possible. Sideways movements without
altering the height of the centre of mass of the
neck were performed by lateral flexion at the base

Fig 8. The reconstructed habitual neck posture of Brachio-
saurus brancai Janensch, 1914 at rest (shaded) and possible
postures during feeding.
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of the neck. With these neck movements the very
long neck of Brachiosaurus brancai was both, a
means for browsing at great heights and a means
for increasing the feeding volume without moving
the body.
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