Estimation of diplodocid length for fragmentary fossilsthwa ‘suspension bridge’ (zero-torque) model
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ABSTRACT—BY using simple geometrical arguments, | predict
the total length oDiplodocus carnegii using a least-squares fit on the
cervical series, total dorsal series length, and the haifytite neural
spine on vertebra D10. This is done by using a simple, tolmpsed
‘suspension bridge’, or zero-torque, model after using anuedric
model to compute neck and tail component masses. The stidcess
results of this model t®iplodocus CM84 and to a recent specimen of
Apatosaurus ajax suggest that this model is general among diplodocid
sauropod dinosaurs. This model therefore can be used tddprov
length estimates for fragmentary diplodocid fossils.
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FIGURE 1. A cross-sectional schematic of the model neck tcoction.
The elements identified here are subscripted in equationts fby the bone,
INTRODUCTION [ for the ligamentsm for muscle massns for the neural spineg, for tissue

. . . L . . mass, andr for the trachea. The capital subscriptis added when these
Dinosaur biomechanics can provide insights into the variovariables refer to the tail. For a side-schematic view, sgerB[3. Vertebrae

problems that life encounters when it reaches massive. sizieken from Hatcher [ (1901), plate VI.
Sauropod dinosaurs were the largest known land animals

ever to live, peaking in size around the late Jurassic, and

many were built like living ‘suspension bridges’ (Alexamde METHODS

2006). By referring to an animal as a ‘suspension bridge’L ength & Mass Estimates of a Diplodocus Neck
for the purpose of this paper, | mean a mathematical model

that has_ the primary load-bearing on connectlye elemer&ﬁinders (of lengthl and densityp) and idealizing this to
(cables/ligaments) and zero net torque on supportingteres: a frustum of a cone, the total madd of the neck can be

(btowers/nzural spm:zsl?. Equh f(()’;(lze-bal?ncglgalggroachﬁs h&iculated. This model is shown graphically in Figurés 1 and
een used successiully betore (Alexander )- . Pneumatic aspects of the skeleton are important to censid

_In an attempf[_ to mod_el these animals, | exami r sauropods, because they are relevant to thermoregulati
Diplodocus carnegii (Carnegie Museum 84) and construct a :
oblems, mass, and oxygen supply, and are well established

simple mathematical model to predict diplodocid sizes W'tﬁmny sauropod lineages (Schwarz and Fritsch 12006; Wedel
fragmentary information. This modeling technique abswacz ) .

the form of the dinosaur to simple geometrical shapes arl S003, 2007). Because the pneumatic features are “virtually
. ne d urto simple geometri P Ufentical to those of birds” for all Neosauropoda, pneuniti
simple physical approximations to predict the length andgn

s assumed and denoted/gs(Wedel/| 2005). For a description
brid del h as diolodocid 8Psubscript convention describing body parts, see Figlire 1
ridge mode, such as diplodocias. TAF\” variables are used as is standard in physics notatioch su

To accomplish this, several parameters are needed. asin for mass,p for volume densityy for radius,! for length,

ranges of neck motion have been modeled for CM 84 . .
Parrish and Stevens (1999), and those parameters are mke?yg)r height, I for moment, andr for torque. Capital letters

ST Ny - M and L are used to represent total mass and length of a

canonical in this analysis (Stevens 2002; Stevens andsRarri . . :

] . e ; : part, respectively. Given these assumptions, the totakrofs
20054a). Despite possible problems with the result as (mwsthe neck can be described b
bylUpchurchet al. | (2000), the model constraints provided by y
thelParrish and Stevens (1999) analysis are important$o thi M =m; +my
analysis, and the problems are generally limited to thoae th
should not affect a rigid-body solution. However, the pnigna 0 rry
reason CM84 was chosen as the test case is because thes k,,/ / 2mppr () drdl + My, (1)
animal has comprehensive measurements (Hatcher! 1901) for l2 0 9

the entire vertebral series. Mps = 27 (—rb(l)> h(l)
This approach relies on the value of finding a least-squares 3

linear fit to describe the radius of cervical vertebrae as a 0 pgm v Ttr
function of distance from the neck. By calculating the mass " /l /ﬂ / pir(l)drdfdl _/O 2mpeyrdr
. a T
of bony elements, the musculature required to move the neck R ;;t .
can be calculated, and the mass of the entire neck foll(_)ws. + /8 / 2mpyrdldr 2)
The torque that the neck would then apply on dorsal spines 0 0
can be equated to a torque that the tail must apply, yielding arhis construction accounts for the basic morphology of the
quadratic that provides an accompanying tail length. skeleton, the primary tissue mass, and an empty column for

University of California Museum of Paleontology, 1101 ‘il Life the trachea. The mUSC|e is treated as leavingha gap at
Sciences Building, Berkeley, CA 94720-4780, pl.kahn@dc@n the top of the cervical vertebrae for ligamentary attachimen

By modeling a diplodocid neck as a series of reducing



Cl1—CIi15 Cl—C14 C6 — C8 C1, C7, & C15 C2 —C4
Constantt; -1.74 x 102 —1.92 x 10> —2.27 x 10~2 1.42 x 102 —2.64 x 102
Offset ko 1.55 x 1071 1.66 x 1071 1.74 x 10~1 1.31 x 101 1.84 x 101
Uncertainty 7.62% 5.72% 40.51% 1.49% 37.67%
|7 0.97 0.98 0.93 1.00 0.94

TABLE 1. Taper coefficients & constant offset for various s of measurement. Uncertainty is the maximum fractionakrtainty,|r| is the correlation
coefficient.

which are added separately (Dzemski et al. 2007; Orgamwo methods detailed above. The choice of a 3 cm minimum
2006; | Schwarzt al.| [2007b; Wedel | 2002). Based on dataadius is based on the radius of the C2 vertebra in CM84
from|Wedel (2005)k, = 0.3 is taken to be accurate to a firstand an extrapolation from apatosaurus ajax described
approximation, and assumed to apply to the entire neckr&igiy [Upchurchet al.| (2004b). The worst fit, by using two
[@ shows that the heights of the neural spines have a verygstr@ajacent vertebrae, under-predicts the neck length bylynear
linear fit (p < 10~%) with the distance from the base of thea meter, but still provides a guideline that is not entirely
neck, and this least-squares result can be used as theosoludirbitrary. This method enables only partial cervical setie

to h(l). These fits were then taken at the locations of tHge of use in calculating the entire length of the animal, but
vertebrae, assumed to have a radiu%qf(l), and computed is not as accurate as direct measurement from a complete
as a cylinder. This result was then doubled to account for tbe nearly-complete cervical series. For the purposes & thi
bifurcated neural spines dbiplodocus. treatment, the calculated length= 7.05 m is used.

Figure[2 also shows the radius of the cervical vertebrag!USing @ bone density of3.16 g cti (treating homogeneous
falls off linearly with length to a good approximation. Tel dense bone as Ca(RJaOH), and a total neural spine mass of
shows the variation in the linear fitting coefficients forferent 1.40 x 10 kg:
selections of vertebrae, for possible representativarfeadary
finds. The resulting coefficient; and constant:, are for
equations of the form(l) = k114 k2. The measurements used
to calculate these fits were taken from Hatcher (1901). C1 —
C14 are used for the rest of this analysis due to a high ~
The fit using C1, C7 and C15 is left for completeness, but will
generally not be practical in the field, because it would equ
knowing the distance between the elements before solvir’ial.e
Nevertheless, the table shows that the fit constant is velwti 0
stable among various choices of vertebrae, reaching a nfeal
—2.00 x 10~2 with a standard deviation af = 4.70 x 1073,
Larger fractional uncertainties occur for fewer vertelohser

pomhky (1.233 x 1074° — 1.592 x 107312
+2.742 x 107%1)
6.09 x 102 kg

‘1:7.05 + Mins

If biomechanical limits on neck movement are established,
amount of musculature required to manipulate the neck
either side can be approximated. The muscle can then be
ri|>é)tended as a column that reduces in radial size as it reaches
the cranium.

The moment of inertia of the system can be calculated by

to each other, but the results are nevertheless consistenmtg Iookmg at the torqug Of the n802k on the lumbar vertebrae.
all fit types, with the smallest linear coefficient as 0.93faur  Starting from the definition = Jridm,

significant figures, the fit for the first two columns and the fit
using C1, C7 , and C15 are highly significant £ 0.01).

The other two fits fail this test when applied rigorously, twit

a two-tailedp-value of 24.5% and 22.9%. However, this is to
be expected with a very small sample size, and the strong othe

7r(yl)? pydl
= kpppm [—0.019] + .166]* dI —

dm =

fits suggest that this degree of correlation should be aab&pt k,pym /l 12[-0.019 + 0.166]2 dl 3)
in practice. In particular, the fits with a correlation ab@éves b 0
validate the continuous tapering model as used in Figure 2. I = py7k, (7.40 x 107°1°

There are several possible methods by which the length of —7.96 x 1074* +9.14 x 107°1%)| __ .
the neck can either be empirically determined or calculated ~ 7.52x 10% kg-m? (4)

which is required to calculate the bony core mass and the

moment of inertia. For CM84, the sum of the length of This result is accurate to a first approximation, assuming
the cervical vertebrae comes to 7.29 m; however, when tti&t each cross-sectional piece is of the same densityn@iee
vertebrae are connected and overlap of the centra is taken iassumption that majority of the moment of inertia is supplie
account (neglecting intervertebral discs), a length ofr6.% by the bone, this approximation is justified because the neck
obtained for the cervical series — average for a diplodocisues are generally isotropic and homogeneous.

(Hatcher | 1901] Stevens and Parrish 2005b; Wedel 12005)To proceed, the extremes of neck flexion are needed.
With the constants given in Taklé 1, it is possible to calulaThe movement axis can be rewritten in terms of spherical
the length of the neck without actually knowing the entireoordinates, with(r,6,¢) = (0,0,0) at the base of the
cervical series. For example, by choosing a 3 cm final veatebneck, following mathematical rather than physics conerdi
radius and using the fit from the second column, the predictéghere ¢ is longitudinal). By transforming the Cartesian
neck length is 7.05 m, which is intermediate between tlwordinates of| Parrish and Stevens (1999) to spherical



CM84 Cervical Series Fits, O(4)
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FIGURE 2. Plots 0fO(4) and linear fits for the cervical series, and a linear fit for tieeral spine heights. The dotted line is the complete lepsirss fit,
the solid line the one neglecting the base cervical. It is fhithat is used in the text. The neural spine fit hgé) = —5.82 x 10721 + 0.61, a maximum
fractional uncertainty of 4.21%, and= 0.99.

with the posterior end attached at the scapula and shoulder
girdles. The resulting geometry gives a radial distancéom

the vertebrae, which can be used to calculate the torquéeexer

[ Higaments on the neck by the muscles. Using this value for a projection

gﬁ/w ebroo reduces the cross product into scalar form.

L Trachea

FIGURE 3. Side schematic view of model, reflecting neck timgein model.
The top image is a silhouette CM84, and the bottom image topgsed
model.

<« Vertebrae

< Tissues

Tq 7 1.240 cos (7/6) + 1 ~ 1.221 m

coordinates, one obtains a maximgnange of approximately

34.9 (0.607 rad) and a maximushof 43.1° (0.752 rad) from

the center, or a total range & ~ 86.17° (1.50 rad). This

limited vertical range implies the ligament support as mede  To complete a calculation of the muscle mass, it is necessary

in Figure[3 has merit. Using resulil (4) and the angles throughfind the maximum angular acceleration that Biglodocus

which the neck moves, the approximate amount of musculatiiead and brain could withstand. If the blood pressure syistem

for the neck can be calculated. treated as similar t@iraffa camelopardalis, it can be feasibly
Here, | take the shoulder girdles to be approximately 3@ostulated to be capable of handling up to double standard

(/6 rad) off the long axis of the animal aslin Schwa&tzal.| mammalian blood pressure levels (Harganal. ||1987). Thus

(2007a). The measurement of the coefficient is based arreasonable solution should be found for a model that treats

Diplodocus reconstructions but the value ef should not the maximum acceleration at the head of the dinosaur to be

vary much between animals. The muscle attachment dpproximatelys = 3g (Seymour and Lillywhite! 2000). Using

approximated as occurring over the first meter of the nedke fact that the torque = a|I|,



0.75L

= 3g|I
- i M
T

1

= F/ rsin (arctan (—))dr

0 r FIGURE 4. Schematic of force setup on the tail as used to b#gn

3 torque-balance equations. The setup is analogous for te wéh the neutral
= Fryr /T_; +1 N (5) point of torque chosen to be large neural spines above thatadem.
" r=1
- 3g/{] 2 2
F = T ET (6)  For a total neck mass af/ = 5.85 x 102 + 3.04 x 102 =
TaVTa +5 9.77 x 10% kg for a Diplodocus neck — an upper bound of

~ 1.06x10° N 8.1% of its total mass (Henderson 20D03). This result neglect

Taking this as the maximum force required to swing thif'® mass of the head, which would have to weigh over 40 kg
base of the neck, the resulting arc can be extended oggia  (© resultin a 5% correction.
lateral rotation as by Parrish and Stevens (1999) resuiiting
a work output of:

5 _ 1 L . . .
(1.06 > 10” N)(1 m)(0.752 rad) = 7.97 x 10 J Estimation ofDiplodocus’ tail length can be accomplished

Given that the mean power output of muscle is approximatdly Using a ‘suspension bridge’ design to the lumbar neural
1 kW-kg~", this then yield$7.9 kg-s~! of muscle required to SPiN€s and by applying a similar mass analysis to the
accelerate the neck for any length of tim@lexanded| 2002). one just performed on the neck. Solving for a net zero
It is simple to show the maximal rotational velocity occuns it©orqué on thoracic and lumbar neural spines can then yield
t = \/2L0/a ~ .607 seconds, resulting in approximately 49.8 predicted tail length. This is an oversimplification of
kg of muscle required to swing the neck in a given directiofjg@mentary attachment along the vertebrae, but accucate t
To complete the analysis, this base muscle-mass result nfydlfSt approximation, and such a force-balance approach has
be multiplied by two to account for both sides of the neclerecedent, and prior work has shown elastic ligaments would
This calculation can be repeated for the top and bottom of tR8 Strong enough to support the neck (Alexander 1989,/ 2006;
neck, substituting the appropriate angle terms. Subisijun Schwarzet al.|2007b). _
a density ofp,,, ~ 1050 kg-m~3, this yieldsm,, ~ 1.47 x 102 For the sake of simplicity, it is assumed that a single
kg (Alexander| 2002). ligament connects the highest neural spine over the adatabu
Using a mean ligament density ¢f;) ~ 1 g-cm™2 = 1000 10 the middle of its neck, with that neural spine supportimg t

kg-m~3, and tracheal radius,., the total neck tissue mass carfntire torque of the neck. The neck and tail is supportedsat it
be represented by center of massl./4. This is then equated to the torque placed

on the same neural spine by the tail; thatrig,.x — 7¢as = 0.
9 L2 It is this equality that prompted the mass of the neck to be
My R My, — 77 L+ o 5 releudl (") calculated previously.

The tail radius as a function of length is

Estimating Sauropod Tail Length

Stretching the tissue across the neck in a partial cyliadiric

shell (as Figur¢]l), Ry - R,
7 rT (l) = Tl + Ri
mom = pel g (re(1) = ro(1)” — )

Where R; is the initial radius at the base of the tai,
= 8Mm ; 8 the final radius at its extremuny, its total length, and
r(l) = T (1) (8) the position of an element along its length. For convenience
Which can be substituted into the final integral term iﬁz ﬁf_}(%i'glgltheﬁe calculations, tfhe yalues allre known_from
EquationY to calculate the ligamentary mass: archer | ). however, even for incomplete specimens

these values should not be difficult to extrapolate.
) z Rewriting Equation§]l and 3,
™ P 8Mm
= l — Irp(l)dl 9
mo= T [0 ) ©

L
~ 2.22x 102 kg (10) S pbkpﬂ/ ro(1)2dl
0
Finally, it is assumed that the trachea has a radius about A
equal to that of the C2 vertebra, or 0.027m (Hat¢her 1901), Ir = Pbkpﬂf/TT(l) di
giving:
Leading to

me R My — L+ my 1, ,
3.33 x 10% kg myr = pokp, ™ (-77 + R + Ri) (11)

Q

2



Ir = pokp,m (ln4 +1°R; + 2° R3+ will also represent the length of theth dorsal vertebra. In
' 4 context,L, = D;; for the tail, and the sum of dorsals 1-9 for
2nR? + RY}) (12) the neck.

Since current tail reconstructions suggest a only paytiall The torque of the neck can be explicitly solved with its

pneumatic tail (such as Wedel (2005)), here | assume t g{(_:ulated values off z_;md L, model valueAh = 0, the
approximately 75% of the tail is fully pneumatic, and thetregs'"mateOI orgknown height of t_he tallest neural sping.,
of the tail is apneumatic, instead of the reducing pneurinyiticar.]d La = 32—y Dn. _The resultlngT.n. can then be equated
toward the posterior end of the tail. This results in a mea\’wth the same equation from the tail:
pneumaticity ofk,, ~ 0.53. This results in a tail bone mass
of my, ~ 2.97 x 102 kg and a moment of inertia &f.87 x 102
N-m. T = 222x10*N-m

To proceed, the assumption is made that the extremum of _ Mzrg ((Ld n LT/4)2 N hQT)l/z i (arctan (M_T)>
the tail can break the speed of sound € 343 m-s—! at 293 Ly
K) as suggested by Mhyrvold and Curri¢ (1997). Assuming
the tail reaches 110%, (vs, = 377.3 m-s~!) over a quarter ~ Squaring, taking a small angle approximation, and

rotation of the available range, expanding,
Tw = T Ah 2 2
2 2\ [ 2T 2 n
= 2rvt” (Ea-+ LrLa+ hz) ( Lr ) i (MT9>
o 2IT’U2
Lypsinm/8 Reducing to the quadratic ib:

This can then be substituted into a force-torque equat®n, a
in Equatiorb. The joule-kilograms expendedFig .., where
¢ss i the angle through which the tail rotates in this time<h2T _ (

2
n ) ) L3 +8h3LaLr + 16 (L2h3 + ht) =0

frame /8 rad, or 27.5). Mrg
The product of the energy, elapsed time, and the mean power (14)
output of muscletEt (P,,) results in Applying the quadratic formula, and using; = Dy; =
0.270 m and approximating\h7 = 1.25 m (Hatcher| 1901),
AL sin(r/8) 2L |02, the physical solution to thegequation is. then.a tail I_ength of
My = ( 1050.. ) (LT o (7r/8)) Gss 16.7 m and mass af.47 x 10° kg. Summing this up with the

other known lengths of the body parts, the model obtains a

-1
(R» /R2 + 1) total animal length of 28.6 m, or within about 4.3% removed
Vo from the length of the current restoration at 27.4 m.

|7 ||vss|

= L =5 - ¥ss 13
125R;\/R? + 1 ¢ (13)
~ 9.03 x 10% kg Summary
Mr = mpr + Myt +mlw By finding a least-squares linear fit for the neck{),

. ] ) ) extrapolating to a minimum radius, the following combined
The final term in the total mass is a correction for thggyations from the Methods section can be solved in order to

ligaments holding the tail, where they are assumed to bescaga|culate the length and the masses of both the neck and tail
linearly with the mass ratio of the rest of the tail composengs g diplodocid.

to the neck. The forces and torques can be set up as illutrate
in Figure[4. With the ligament modeled to be connected to the

middle of the tail, the model results itan¢ = 4h/L,, and L, )
F, = mgsin ¢. The hypotenuse and overall force are I = kppbﬁ/o Fry(l)°dl (15)
Ml ] 6gL (32 3/2
o= \/(Ld + L;D/4-)2 + h2 M, = E ,r.g + 1 (ehoriz + 97187‘t) (16)
4h _ 2
F, = Mgsin <arctan <L_>> M = mp =gl +
! w8 a4
WhereL, is the dorsal vertebra distance to the acetabulum, 8 Jo T (1) (17)
h = Ah + h,ss the vertical offset to the neutral position as . APy e
shown in Figurd ¥ L, is used to show that this can be used Tw = Mgsin (arCtan ( T ))

for either the neck or the tail, and the correct value can be
input / calculated for as required by conte&t, as a variable (\/(Ld +L/4)* + h%s*) (18)




mer = pokp,T (lnz +nR; + Rf) (19) the goal of this paper in _constructing a low-order polyndmia
2 solution that can be quickly done on a calculator. The

B 1y 3 22 for the tail used is in line with approximate values that can
Ir = poky,m (Zn R 2 R be obtained from the Wedel's (2005) analysis. There, Wedel
RS + R‘-‘) (20) calculates an approximate mass savings of 300 kg for the
¢ ¢ caudal series, which, for a 600 kg apneumatic tail, reptssen
My — 7| I ||vss] T + My a tail k,, ~ 0.5, in line with the ‘75%’ estimate used here.
103R;/R? + 1 M The pneumaticity of the axial skeleton is interesting to
+ myr (21) note here. The combined mass of the tail and the neck —
2 which comprises the majority of the length of the animal
0 = <h2T — ( n ) )L% — 8h%LyLy — comprises at most 22% the mass of the total body as
Mzg calculated by Henderson (2003). Additionally, the factttha
— 16 (L3h% + h7) (22) these measurements of pneumaticity are required to predict

sizes of the animal provides an additional method by which
Gne can obtain pneumaticity estimates. ‘Bogus’ estimates
of pneumaticity result only in nonphysical solutions to the
quadratic.
To ensure the result was not a coincidence, the
DiscussioN analysis was performed on the incomplete neck of
Based on the results generated by the physical model, his“medium-sized” Apatosaurus ajax (NSMT-PV 20375)
method of modeling length can be generalized to variodescribed by _Upchurckt al.| (2004b). Ahr was obtained
sauropods. The accuracy of the results can always Ipg adding the last dorsal and sacral vertebra’s radii, C&I84’
increased; for the mass of the skeleton, the neck can teural spine mass was used, the tail and the fit obtained with
better modeled by using a function that would give a bett@3—C9.k, was based on cervical midcentrum measurements
approximation to the shape of the cervical vertebrae, aadd#,, used the ‘75%’ estimate with respect to the cervical
the tapering of the neck can always be better approximateshdyle (Wedel | 2005). This resulted in a very typical
by a nonlinear expression. The tissue mass can be bettgal length of 22.0 m, suggesting that the applicability to
approximated by breaking it into the sums of integrals ov@®iplodocus is unlikely to be a chance artifact.
particular muscle groups (instead of a single group over the
first meter), and the ligaments can be better treated by favin
a separate set of expressions for them, and modeling where
and how the ligaments connect in a more rigorous fashion.The approximations and type of solutions done in this paper
Practically, however, the results given are more than seffic only apply to sauropods whose biomechanics can be described
in accuracy. The most influential factors in the result a@s similar to a suspension bridge, such as diplodocids.
the pneumaticity factors and the precise fit used. Where@srrently, | propose no method by which the length of the
any cervical vertebra series may be used here, the longdatsal series can be estimated with only fragmentary finds,
continuous series starting close to the base of the neck vaitid the requirement of this as the variatile makes this
generally return the best fits. the strongest requirement of specimen completeness. In a
The tendency of this solution is to over-estimate the madxpader context, the results of this study would suggesdt tha
insufficient modeling of the vertebrae give them more volunigecause a zero-torque model predicts diplodocid length wit
than they actually had. This over-estimation of mass wilkdte high-precision, it is likely this model which was the prirgar
to decrease animal size if biased toward the head, and sereanabling feature that allowed sauropods to reach theirineass
animal size if biased toward the tail. Finally, calculatingizes.
musculature based on a maximum head and tail velocity mightFuture work would include brachiosaurids, juvenile
be problematic, but was the most limiting case available. diplodocids, titanosaurids, and oddly-proportioned merab
Both the neck and the tail are taken todbmdependent, and of Sauropoda that should otherwise conform to this model.
the calculations only have neural spine data added at the elidny of these would require fairly significant changes to the
which are treated separately. The bifurcated cervicalespame model, and sauropods that are not based on a zero-torque
treated as a single element for simplicity. The factor that model, such a$Brachiosaurus, will fail to have reasonable
appears is 1-ASP or a variation on the “Airspace Proportioptedictions. Smaller animals such as juveniles would not
proposed by Wedel| (2005). This treatment also assumes tbhey the assumptions made about speed of the tail and
the density of the tracheal space is negligible; thapis, ~ neck. There are interesting candidates that would test the
1.3 mg/cc— 0. assertion made here that the massive head should not be
The modeling of the tail could be improved by usingignificant (such aBicraeosaurus) and the predictive abilities
more than an ‘average’ ligamentary connection, and pragidiof this method on oddly-proportioned individuals such as
proper connective chains of the ligaments rather than Mamenchisaurus. Finally, titanosaurids are more robust and
rigid-model approximation. Additionally, the ligamentsutd not traditionally thought of as ‘living suspension bridges
be separately accounted for. However, this runs contrary However, these are diverse enough in methods and significant

This model then requires in addition only the length of th
dorsal series, scapular girdle, initial tail radius, andtical
tail offset.

CONCLUSION



enough changes to warrant a separate treatment. The changasd dicraeosaurid sauropods. Acta Palaeontologia Palonic
required are validated by a direct application of this tlygora 52:167-188.

juvenile diplodocid (SMA 0009) described lin Schwaatzal.| Schwarz, D. & Fritsch, G. 2006. Pneumatic structures
(2007¢), in which constants assumed for adult animals yieldin the cervical vertebrae of the late Jurassic

nonphysical ligamentary masses. Tendaguru sauropodsBrachiosaurus branchai and
Dicraeosaurus. Ecologae Geologicae Helvetica 99:65-78.
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