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Gravitational tolerance and size of Brachiosaurus brancai
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Abstract

In an earlier study, Gunga et al. (1999) determined body size and body volume distribution by photogrammetry in sauropods
from the Upper Jurassic in Tendaguru (Tanzania, East Africa). Specifically, they found a body mass of about 74,400 kg for a
specimen of Brachiosaurus brancai. By means of dimensional analysis and a theory of biological similarity, moreover, it was
possible to estimate the numerical value of the allometric exponent (b = — 0.17) for gravitational tolerance (G,.;) of animals
living on earth, which changes with the body mass. This theoretical exponent is close to Economos’ empirical finding
(b = - 0.14). Our results show that there remains an unsolved contradiction between the theoretical assumptions for G,y for
the body mass of the largest fully terrestrial animals.

Key words: Dinosauria, Sauropoda, body mass estimations, gravitational physiology, g-tolerance, palacophysiology, evolutio-
nary physiology, photogrammetry.

Zusammenfassung

In einer vorangehenden Studie (Gunga et al. 1999) wurde mit Hilfe der Photogrammetrie die Kérpermassen und Kérpervolu-
menverteilung von jurassischen Sauropoden aus Tendaguru (Tansania, Ostafrika) ermittelt. Diese Bestimmungen ergaben fiir
Brachiosaurus brancai eine Korpermasse von von ca. 74400 kg. Weitere Studien aus der vergleichenden Physiologie haben
gezeigt, dass die Toleranz bei Schwerkraftbelastung (G,y) mit der Korpermasse variert. Durch dimensionale Analyse und
vergleichende Studien konnte ein allometrischer Exponent fiir die Toleranz bei Schwerkraftbelastung mit b = —0.17 fiir terres-
trische Organismen bestimmt werden. Dieser theoretische Exponent kommt den empirischen Befunden von Economos
(b = —0.14) nahe. Dennoch weisen diese vorliegenden Berechnungen damit auf einen Widerspruch bei den bislang vorhande-
nen theoretischen Uberlegungen zur G, bei den grossten maximalen Kérpermassen fiir terrestrisch lebende Organismen hin.

Schliisselworter: Dinosauria, Sauropoda, Koérpermassenbestimmungen, Gravitationsphysiologie, g-Toleranz, Palacophysiologie,
Evolutionire Physiologie, Photogrammetrie.

Introduction Y =aX® where Y is any variable of biological

interest, a is an empirical parameter, b the allo-

Hypergravity research has shown that small
mammals have a greater gravitational tolerance
(Gmax) than large ones, as shown already by the
earlier studies of Amtmann & Oyama (1973)
and Amtmann (1974) who described this inverse
relationship between body size and acceleration
tolerance in a comparative study using data de-
rived from rats and humans. Economos (1979)
expressed the Gp.x as an allometric equation:

metric exponent, X the reference variable (Hux-
ley 1932). He found that in three small mammals
(mouse, rat, and dog) the corresponding equa-
tion reads as follows:

Gmax = 4 W1 €]

where W is body weight in kg. The correlation is
highly significant (p = 0.0093), and the 95% con-
fidence limits for the slope (b) are —0.115 and
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—0.167. If terrestrial gravity is defined as 1 G, a
20-gram mouse tolerates 7 G, a 200-gram rat 5 G,
a 8kg dog 3G, and a human being of 70kg
body weight about 2.2 G (the latter value was
calculated by means of eqn. 1). From the extra-
polation of eqn. 1, Economos (1981) could esti-
mate that the maximal size of land mammals
(Indricotherium) should have been about 20
tons, whereby they would barely be able to resist
1 G. Hokkanen (1986), on the other hand, stu-
died the upper size limit of terrestrial mammals
by using physical arguments as well as allometric
laws for bone and muscle strength in animal lo-
comotion. He found that the upper limit of body
weight lies between 10° and 10° kg. More re-
cently, as mentioned above, Gunga et al. (1999)
concluded after a morphometric and physio-
metric analysis of a Brachiosaurus brancai speci-
men, mounted and exhibited at the Museum fiir
Naturkunde in Berlin (Janensch 1914, Janensch
1950a, Janensch 1950b), that its body weight
should have been 74,420 kg. This noticeable dif-
ference in maximal body weight prompted the
present study.

Methods

Based on dimensional analysis and a theory of
biological similarity (Giinther 1975), it can be as-
sumed that for any function (Y), expressed in
accordance with the MLT-system of physics

(M =mass, L =length, and T = time), the fol-
lowing equation allows a quantitative treatment:

Y =M*.LP.TY )

where o = exponent of body mass (M), = expo-
nent for body length (L), and y = exponent for
any time function.

Since the time of Newton, it has been custom-
ary to utilize the variable “mass” (M) as the
most convenient reference system instead of the
original three-dimensional system (MLT) to cal-
culate the “reduced” exponent (b) of all allo-
metric equations. This simplification can be ob-
tained by applying the following two postulates:
(1) the constancy of density (M- V! =1, or else,
M-L™? =1), which yields L a M and (2) the
fractal nature of the time dimension T aMY*
(Sernetz et al. 1985, Giinther & Morgado 1996,
and West et al. 1997). When these equivalencies
are introduced into equation (2), one obtains:

Y:Mu+1/3ﬁ+1/4‘y (3)
Equation (3) represents a general equation of
“biological similarity”, which is valid for morpho-
metric and physiometric relationships as func-
tions of body mass (M). It is interesting to note
that the acceleration of gravity on earth (G) has
been always regarded as a parameter with little
relevance to biological research. This changed
dramatically with the advent of spaceflight. For
animals living on earth the acceleration of grav-
ity is a constant (G =980 cms™?), the dimen-

Fig. 1. Double logarithmic plot
of Gpax and body weight of
Economos’ equation

(b= -0.14), and comparison
with the theoretical exponent
(b= -0.17). The empirical va-
lues of Gax are represented as
filled circles, the theoretical
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sional analysis of which yields G =LT? If we
analyze gravity as a variable and introduce these
exponents into equation (3), the theoretical va-
lue for the reduced exponent of G is:

b=0.33-0.50=—-0.17 (or b = 1/3-2/4 = —1/6).

Results

Figure 1 shows the double logarithmic plot of
Economos’ eqn. 1, based on three experimental
values, and the extrapolation for Gy = 1.0,
which yielded a maximum of 18,840 kg of weight
(W) for Indricotherium. In the same Fig.1 we
have plotted another line based on the theoreti-
cally estimated slope of b= —0.17 and by utiliz-
ing the weight (74,420kg) for Brachiosaurus
brancai (Gunga et al. 1999) as a reference value
for parameter (a). These slope differences (b)
seem minute (—0.14 versus —0.17, A =0.03).
However when the body weight range comprises
5 or even 6 orders of magnitude, the numerical
value of parameter (a) varies for Gy,x from 4.0
(eqn. 1) to 6.7 G.

Discussion

In general, the maximal body mass differences
between Economos’ (1981) and our postulates at
1 G (earth) are 74,420 and 20,000, which yields a
ratio of 3.7. The slope differences (b) are rather
minute W7 and W% = W% and represent
72% of body mass. The differences between
Economos’ empirical findings and the present
theoretical approach are centered on the two
parameters of Huxley’s allometric equation:
parameter a is until now of an empirical nature
and consequently does not affect the theoretical
conclusions of the present problem. Exponent
(b), on the contrary, can have two origins: a the-
oretical one (theory of biological similarity),
which can be falsified in the Popperian sense by
comparing the predicted values with the empiri-
cal findings, the second origin of the allometric
exponent. Our proposal for the exponent of
b = —0.17 lies within the lower limit of the 95%
confidence interval of Economos’ slope
(b= —0.14), while our parameter a of 6.7 G for
the —0.17 slope is located beyond the upper lim-
it (4.31) of the 95% confidence limit for para-
meter a of Economos’ eqn. 1. However, it must
be emphasized here that the present analysis is
based on minimal experimental findings: three

centrifuge measurements (Economos 1979) and
one morphometric study of a single museum spe-
cimen (Gunga et al. 1995, Gunga et al. 1999). A
possible explanation for the contradiction in the
present findings could be that our earlier body
mass assumption by the applied photogrammetry
method for the Brachiosaurus brancai at the Mu-
seum fiir Naturkunde with about 74 tons is
vastly exaggerated and/or based on badly pro-
portioned model, but we think this is not likely
for several reasons as outlined in detail below.
When we checked the body mass estimates for
the exhibited Berlin Brachiosaurus specimen in
the literature we found widely divergent body
mass assumptions from 14.9—102 tons, so that
body mass estimations on extinct animals seem
to be a critical point per se (Lambert 1983, 1993,
Paul 1988, Haubold 1990, Weishampel et al.
1992, Christiansen 1997, Alexander 1997). These
different estimates were based on projections
from models or circumferential measurements of
the humerus and femur (Colbert 1962, Lambert
1983, Anderson etal. 1985, Alexander 1989,
Peczkis 1994) and the other methods used for
body mass estimations in these studies are also
prone to criticisms. Specifically, as we have out-
lined earlier (Gunga etal. 1999) the disadvan-
tage all of these methods lies principally in the
use of models, where, depending on the enlarge-
ment factor, the most minor inaccuracies can
lead to differences with a multiple factor from 10
to 50. Furthermore, if the body mass is calcu-
lated by measuring the humerus and femur, it
cannot be ruled out that the skeletal material ex-
amined actually comes from several different
specimens. In addition, there are still numerous
gaps in the general comprehension of bone
growth in dinosaurs (Reid 1984a, b, Reid 1997,
Sander 1999). Extreme strain on the extremities,
as occurs with the dynamic load of body mass
walking and braking, plays a decisive role phy-
siologically in bone growth. On this basis it is to
be expected that the femur/humerus circumfer-
ence in various species, which normally also dif-
fer in their skeletal patterns of movement, i.e.
load patterns, does not always correlate necessa-
rily with the body mass; so that with an other-
wise equal circumference and cross-sectional sur-
face, the inner structure of bones can vary, for
example the corticalis, can be thickened overpro-
portionally in order to increase stability. For this
reason our group took a mew approach to esti-
mate body mass and body volume of the Bra-
chiosaurus brancai specimen in Berlin by apply-
ing photogrammetry to the large scale skeleton.
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Points of reference were mounted on the ske-
leton for the photogrammetry and a three-di-
mensional reconstruction was made with stereo
projectors. On the basis of these data the prob-
able body contours of the skeletons were added
(CAD technique) to calculate the body surface
areas and masses. Further details of this new
method are given elsewhere (Gunga et al. 1995,
Wiedemann & Wehr 1998, Gunga etal. 1999,
Wiedemann et al. 1999). It is important to note
that we included for the reconstructions of the
probable body contours very recent publications
which dealt with the correlations between muscle
cross-sectional area and bone because earlier
studies might have underestimated the muscle
masses which are necessary to move the limbs.
As mentioned above, it is a well-known fact that
bone architecture depends critically on muscle
cross-section and tension development (Frost
1987, Frost 1990a, b, Ferretti et al. 1998). More-
over, bone geometry, e.g. for example the tibia
length, influences the geometrical distribution of
bone mineral, as it was found that long bones
adapted to the same compressive strength are
wider than short ones. Rittweger et al. (2000),
who investigated images from the lower leg as-
sessed by peripheral quantitative computer to-
mography in humans, found significant correla-
tions between muscle cross-sectional area and
bone. On the average 4 cm cross-sectional bone
area were related to 100 cm muscle area. Ac-
cording to these findings, and considering there-
by that we have to deal with a slow moving tet-
rapod, our body shape of Brachiosaurus brancai,
especially the fore and hindlimbs volumes, actu-
ally seem to be a very cautious reconstruction of
the body parts and masses of the Berlin speci-
men of Brachiosaurus brancai.

In conclusion, if we have to assume that these
estimations of the body mass of Brachiosaurus
brancai are reasonable, we have an unsolved
contradiction between the theoretical assump-
tions for Gy, for the body mass of the largest
fully terrestrial animals and only future investiga-
tions on gravitational tolerance can decide
whether our theoretical assumptions, based on
Newton’s second law, are correct.
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