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Modeling growth rates for sauropod dinosaurs

Thomas M. Lehman and Holly N. Woodward

Abstract.—Sauropod dinosaurs were the largest terrestrial animals and their growth rates remain
a subject of debate. By counting growth lines in histologic sections and relating bone length to body
mass, it has been estimated that Apatosaurus attained its adult body mass of about 25,000 kg in as
little as 15 years, with a maximum growth rate over 5000 kg/yr. This rate exceeds that projected
for a precocial bird or eutherian mammal of comparable estimated body mass. An alternative meth-
od of estimating limb length and body mass for each growth line, and fitting the resulting age/
mass data to the von Bertalanffy growth equation, yields a revised growth curve suggesting that
Apatosaurus adult mass was reached by 70 years with a maximum growth rate of 520 kg/yr. This
alternative method for growth rate determination can also be applied to histological studies of
other sauropods. At only about half the mass of Apatosaurus, Janenschia took between 20 and 30
years to attain its adult size (over 14,000 kg). This result is supported by independent evidence of
estimated bone apposition rates. Despite having an adult body mass greater than Apatosaurus, the
titanosaurid Alamosaurus attained a mass over 32,000 kg within 45 years and a maximum growth
rate of 1000 kg/yr. Titanosaurids may have been the fastest growing of all sauropods. Even so,
sauropod growth rate estimates produced using the von Bertalanffy equation fall between those
projected for reptiles and those for precocial birds of equivalent projected body mass. These results
are comparable to those found for smaller dinosaurs, and suggest that sauropods grew at rates
similar to other dinosaurs in spite of their great size.
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Introduction

Many dinosaurs grew to very large size, and
so the question of how rapidly they grew has
long been a subject of interest and debate (e.g.,
see reviews by Padian et al. 2001; Erickson
2005; Lehman 2007). How many years were
required for large dinosaurs to achieve sexual
maturity (age at first reproduction)? How long
were their life spans? Answers to such ques-
tions are of natural interest, but are also es-
sential for understanding dinosaurian popu-
lation ecology (e.g., Case 1978b). For instance,
on the basis of likely demographic and phys-
iological factors, Dunham et al. (1989) theo-
rized that large dinosaurs must have required
more than five years and probably less than 20
years to reach maturity. Moreover, because
growth rates of vertebrate animals vary with
thermal physiology (Case 1978a), assessments
of dinosaurian growth rates provide con-
straints on interpretation of their metabolism.
The growth rate, age at sexual maturity, lon-
gevity, and metabolic rate of sauropod dino-
saurs are matters of particular interest, con-

sidering these were the largest of all terrestrial
animals.

Until recently, however, a means to actually
determine absolute rates of growth for dino-
saurs had not been presented. Many authors
(e.g., Reid 1987, 1997; Sander 2000) concluded
that the fibrolamellar bone tissue typical of di-
nosaurs indicates that they grew continuously
and rapidly at rates comparable to those ob-
served in extant mammals and birds. That
many dinosaurs grew continuously seems un-
equivocal, because growth lines are often
poorly developed or absent in their bones, and
so there is commonly no evidence for periodic
interruption of growth. However, just how
rapidly dinosaurs grew remained a matter of
conjecture because the very lack of growth
lines made it impossible to determine the ages
of individuals at different points in their life
history, and thus provided no means to estab-
lish their actual rate of growth quantitatively.
Moreover, Horner et al. (1999) pointed out that
an alligator (ectothermic poikilotherm) grow-
ing under optimum conditions may produce
bone tissues also lacking growth lines, and
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conversely, an elk (endothermic homeotherm)
growing under harsh conditions may produce
bones with distinct lines of arrested growth
(LAGs). As a result, bone tissue type and pres-
ence or absence of growth lines alone cannot
establish the metabolic physiology of dino-
saurs or their growth rates in absolute terms.

The general conclusion therefore that dino-
saurs grew ‘‘rapidly’’ based on their bone tis-
sue is an ambiguous assessment because rates
of growth depend not only on how much
growth an animal undergoes in a given span
of time, but also on the size it ultimately at-
tains. For example, a ‘‘slowly’’ growing alli-
gator actually grows at a more rapid absolute
rate (27 g/day) than a ‘‘rapidly’’ growing ro-
dent (1–3 g/day), rabbit (10–20 g/day), gorilla
(16 g/day), or human (8 g/day) (data from
Case 1978a). Rodents, rabbits, and primates
attain their adult size more quickly, but the al-
ligator achieves a substantially greater adult
weight. Of course, growth rate also varies dur-
ing the life of an individual, from slow during
the period immediately following birth, accel-
erating to reach the maximum growth rate ap-
proaching maturity, and then slowing again or
halting completely at adult size. Hence, a
means of standardization is required for suit-
able comparison of growth rates among dif-
ferent animals.

Growth rates are often measured in various
ways, for example, in terms of increase in
length (e.g., shoulder height, snout-vent
length, total body length), and some have pre-
sented idealized growth curves for dinosaurs
showing their increase in body length with
age (e.g., Carpenter 1999; Sander et al. 2004).
However, rates of growth in body length are
difficult to compare among animals having,
for example, short necks and tails (e.g., ele-
phants) with those having relatively long
necks and tails (e.g., sauropods). Instead, de-
terminations of growth rate in terms of body
weight allow for the most pertinent compari-
son of animals having markedly different
body plans. The pioneering work of Case
(1978a,b) provides the context in which to
evaluate growth rates among vertebrates of
varied adult body weight and varied physi-
ology by comparing their maximum growth
rate with their maximum adult body weight.

In Case’s studies, and in most of the works cit-
ed therein, the term ‘‘weight’’ is used inter-
changeably with the more appropriate term
‘‘mass,’’ and the two terms are likewise used
synonymously here.

Recent studies of dinosaurian bone histol-
ogy that use Case’s (1978a) means of compar-
ison have revealed that many dinosaurs did
not grow either continuously or rapidly. Many
dinosaurs experienced interrupted or cyclic
growth expressed histologically in the form of
varied growth increments that range from
striking LAGs with conspicuous annuli (Reid
1981) to less evident ‘‘resting lines’’ (Reid
1990), ‘‘modulations’’ (Ricqlès 1983), and sub-
tle ‘‘polish lines’’ (Sander 2000). Thus, for
some dinosaurs it is possible to apply the
method of skeletochronology to determine the
minimum ages of individuals at their time of
death. Several methods (discussed below) can
be used to estimate the weights of the individ-
uals, and growth rates can be calculated for
comparison with Case’s (1978a) data on extant
animals. Such studies indicate that many di-
nosaurs actually did not grow extraordinarily
rapidly, but instead had growth rates slightly
higher than in extant reptiles and generally
less than for birds or mammals of comparable
adult weight. For example, quantitative esti-
mates of growth rate based on skeletochron-
ology were presented for a variety of dino-
saurs by Erickson et al. (2001) and Lehman
(2007); and although their methods are slight-
ly different, the results obtained are similar.
The model growth curves presented for sev-
eral smaller dinosaurs (Shuvuuia, Syntarsus,
Troodon, Saurornitholestes, Psittacosaurus, Mas-
sospondylus) are uncontroversial because they
indicate maximum growth rates somewhat
higher than those in extant reptiles, but lower
than for extant birds and eutherian mammals
of comparable adult body mass. Only the
model growth rates for the hadrosaur Maia-
saura and sauropod Apatosaurus exceed this
(Erickson et al. 2001). As discussed by Leh-
man (2007), there are reasons to doubt the
growth curve for Maiasaura (Erickson et al.
2001), which indicates an unreasonable birth
weight (160 kg at time � 0), a sustained inter-
val of no growth at all (from birth to age five),
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followed by a short burst of rapid growth to
adult size (1500 kg) in a single year.

The hypothesized growth curve for the sau-
ropod dinosaur Apatosaurus is also extraordi-
nary, and requires a maximum growth rate
(over 5000 kg/yr) greater than in any extant
terrestrial animal and exceeding those pro-
jected for a eutherian mammal of comparable
estimated adult body mass (Erickson et al.
2001). Herein we reexamine the data on which
the model growth curve for Apatosaurus was
based. We illustrate an alternative method for
constructing a growth curve for Apatosaurus
based on the same data. And we use this
method to construct growth curves for larger
(Alamosaurus) and smaller (Janenschia) sauro-
pod dinosaurs. Our results indicate that sau-
ropods achieved maximum growth rates
ranging from about 180 to 1100 kg/yr and ap-
proached adult body mass in 20 to 80 years.
These growth rates are substantially lower
than those previously proposed for sauro-
pods, but comparable to those estimated for
smaller dinosaurs (Erickson et al. 2001; Leh-
man 2007).

Growth in Sauropods

Most previous studies of sauropod growth
have focused primarily on their likely meta-
bolic physiology. Weaver (1983) argued on the
basis of energy considerations that sauropod
dinosaurs could not have been endothermic
because of their large size, low estimated feed-
ing rates, and diet of low caloric value. Spotila
et al. (1991) and Paladino et al. (1997) added
that sauropods were likely homeothermic
‘‘mass’’ ectotherms (‘‘gigantothermic’’) whose
sheer size limited their metabolism and
growth rate. However, others (e.g., Wedel
2003) have pointed out that sauropod pul-
monary air sac systems may have allowed for
more efficient heat dissipation, elevated me-
tabolism, and more rapid growth rates.

Only a few absolute growth rate estimates
have been presented for sauropods. Paul
(1994: p. 250) plotted a maximum growth rate
of about 900 g/day (330 kg/yr) for a ‘‘sub-
adult’’ sauropod with an estimated adult
body mass of ten tons; however, he did not
provide any information about how these val-
ues were determined or on which specimen(s)

they were based. On the basis of previous
studies, long-term ‘‘average’’ growth rates can
be determined for several sauropods by divid-
ing the number of growth lines (assumed to
be annual) observed in histologic sections by
the estimated weight of the animal. For ex-
ample, Reid (1987) counted and estimated
about 28 or 29 growth lines in a sauropod pu-
bis and suggested that it came from an animal
weighing five to six tons. He did not indicate
how this weight was determined. A crude es-
timate of average growth rate based on these
values ranges from 172 to 214 kg/yr.

Using average bone apposition rates and
cortex thickness, Sander and Tuckmantel
(2003) estimated the likely minimum and
maximum ages for the large adult Tendaguru
sauropods Brachiosaurus (27 to 50 years), Bar-
osaurus (21 to 39 years), and Dicraeosaurus (11
to 22 years). Paul (1997) provided weight es-
timates for comparable adult individuals of
the same sauropods (31,500, 11,600, and 5000
kg, respectively). From the age estimates giv-
en by Sander and Tuckmantel (2003) and the
weight estimates given by Paul (1997), it is
possible to determine long-term average
growth rates for these sauropods: Brachiosau-
rus (630 to 1167 kg/yr), Barosaurus (297 to 552
kg/yr), and Dicraeosaurus (227 to 455 kg/yr).
Such estimates do not take into account the
slower rates of growth early and late in life
history, but they suggest long-term average
growth rates for sauropods in the range of 200
to 1000 kg/yr. Only the maximum growth-
rate estimate determined for Apatosaurus by
Erickson et al. (2001) is strictly comparable
with those given by Case (1978a) for extant
vertebrates.

The Case of Apatosaurus. The Apatosaurus
growth curve given by Erickson et al. (2001)
was based on observations of bone histology
presented by Curry (1999). In the histological
sections studied by Curry, annual cycles of
bone growth (‘‘growth lines’’) were described
and illustrated for limb girdle and appendic-
ular bones from individuals about one-third
to one-half adult body length. No sections
were described for bones smaller than one-
third adult length, and it was not possible to
count growth lines in bones larger than about
two-thirds adult length because secondary
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FIGURE 1. Growth annuli preserved on the medial surfaces of two subadult Apatosaurus scapulae, redrawn from
photographs given by Curry (1999). The percentage of adult length is determined relative to the largest individual
of Apatosaurus excelsus reported by Curry (1999). The growth history in terms of body mass (W) versus age (t) for
Apatosaurus is based on fitting estimated masses for 14 yearly growth increments (Tables 1, 2) to the von Bertalanffy
growth equation, and varying exponent (b) between 0.04 and 0.055. The asymptotic value for adult body mass
(25,952 kg) is that given by Erickson et al. (2001).

bone remodeling had obliterated the primary
bone tissue. Therefore, it is possible to docu-
ment growth history unequivocally only for
animals in a limited size range. Critical to con-
struction of the Apatosaurus growth curve are
two scapulae illustrated by Curry (1999).
These are the only elements described by Cur-
ry (1999) that preserve annual growth lines
suitable for estimating age minima. These are
the same two bones on which the growth
curve presented by Erickson et al. (2001) was
based. The smaller of the two scapulae is 34%
adult length and preserves about five growth
lines. The larger specimen is 56% adult length
and preserves about ten growth lines. We
choose a conservative approach of counting
only the most obvious growth lines; addition-
al vague or discontinuous lines are present.
We also assume that the increment of bone be-
tween the outermost line and the preserved
periosteal surface in each specimen records

about one year of growth. Together the two
specimens record a minimum of 14 years of
growth because the innermost two lines in the
larger likely equate with the outermost two in
the smaller; a determination made by graph-
ically removing successive increments of bone
between annuli in the larger specimen and
calculating the percent adult length for each
annulus (Fig. 1). The two specimens reveal
that at least 14 years of life were required for
Apatosaurus to grow from 22% to 56% adult
length, or from 1% to 18% adult body mass
(utilizing the method for mass estimation giv-
en by Erickson et al. 2001).

Histological data given by Curry (1999) do
not reveal how many years of growth were re-
quired to achieve 34% adult length (1% adult
mass), nor do they reveal how many years
were required to grow from 56% adult length
(18% adult mass) to 100% adult size. The
Apatosaurus growth curve presented by Erick-
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TABLE 1. Mass estimates for preserved growth annuli in four sauropod dinosaurs. The number of preserved growth
annuli (No.) for each sauropod with the percentage adult length (%) and mass (kg) estimates for each annulus are
shown. Mass estimates for each growth increment are determined in the manner of Erickson et al. (2001) as [(femur
length)3/(adult femur length)3]·adult mass. The length of a preserved skeletal element (e.g., scapula) is assumed to
vary proportionally with femur length. Adult femur length for Apatosaurus � 177.5 cm, Alamosaurus � 161 cm,
Janenschia � 127 cm, Northampton sauropod � 132 cm (estimated). Adult mass estimates for Apatosaurus � 25,952
kg, Alamosaurus � 32,663 kg, Janenschia � 14,029 kg, Northampton sauropod � 9000 kg.

Janenschia

No. % kg

Alamosaurus

No. % kg

Apatosaurus

No. % kg

Northampton sauropod

No. % kg

1 46.5 1411 1 30 882 1 22 276 1 62 2434
2 51.2 1883 2 33 1174 2 24 359 2 64 2645
3 53.5 2148 3 36 1524 3 27 511 3 66 2869
4 59.3 2925 4 41 2251 4 29 633 4 67 2985
5 64 3678 5 45 2976 5 34 978 5 69 3227
6 66 4033 6 48 3612 6 36 1211 6 70 3353
7 68.6 4529 7 51 4333 7 38 1424 7 72 3614
8 72 5236 8 56 5736 8 42 1923 8 73 3749
9 76.7 6330 9 59 6708 9 44 2211 9 74 3888

10 80 7183 10 46 2526 10 76 4176
11 83.7 8226 11 48 2870 11 77 4325
12 84.3 8404 12 50 3244 12 78 4478
13 85 8616 13 53 3864 13 79 4634
14 86 8923 14 56 4477 14 80 4794
15 87.2 9302 15 82 5124
16 87.8 9495 16 83 5295
17 88.4 9691 17 84 5470
18 89 9890 18 85 5648
19 91.3 10,677 19 87 6016
20 91.9 10,889 20 89 6400
21 92.4 11,067 21 90 6598
22 94.2 11,727 22 91 6800
23 96.5 12,607
24 97.1 12,844
25 97.7 13,083
26 98.8 13,530
38 100 14,029

son et al. (2001) must therefore be incorrect be-
cause it indicates attainment of full adult body
mass in 15 years and it is clear from Curry’s
observations that a minimum of 14 years were
required simply to attain 18% adult body
mass.

Nevertheless, the 14 years of growth record-
ed in the two specimens illustrated by Curry
(1999) provide an alternative means to model
growth in Apatosaurus. Here we use a simple
form of the well-known von Bertalanffy
growth equation, wherein the mass (W) at any
given age (t) is an exponential function limit-
ed by the asymptotic adult mass (Fig. 1) (re-
viewed in Lehman 2007). We use the general
form of this equation employed in an exten-
sive study of growth in birds (Ricklefs 1968,
1973), the closest living relatives of dinosaurs,
and in elephants (Laws et al. 1975), the largest
living terrestrial animals. Because there re-

mains substantial disagreement regarding the
accuracy of methods for estimating mass in
dinosaurs (e.g., Paul 1997), and considerable
uncertainty regarding the assumptions used
in this analysis (see discussion), a high degree
of precision in curve fitting is unwarranted.
Here we use the same asymptotic value for
Apatosaurus adult body mass (25,952 kg) esti-
mated by Erickson et al. (2001), assume that
the hatchling weight is negligible relative to
adult body mass, and adjust the value of ex-
ponent b in the growth equation to obtain a
match with the estimated body masses for
each of the 14 years of growth recorded in
Curry’s (1999) specimens (Table 1, Fig. 1). Al-
though a set of growth curves is shown here
to bracket the array of yearly growth incre-
ments, it is possible to determine the best-fit
curve by rearranging the von Bertalanffy
equation to solve for exponent b for each
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TABLE 2. Estimated maximum growth rates in four sauropod dinosaurs. The varied values of exponent b are those
shown for growth equations in Figures 1 to 4.

exponent b

Maximum growth
rate

(kg/year)
Age at first preserved

growth ring (years)

Age at 90% adult
mass

(years)

Apatosaurus 0.04 460 5 80
0.045 520 5 70
0.055 630 4 60

Alamosaurus 0.065 940 5 55
0.075 1090 4 45
0.08 1160 4 40

Janenschia 0.1 623 6 29
0.16 993 4 18

Northampton sauropod 0.045 180 24 75
0.065 260 16 50

growth increment, and adjusting the entire ar-
ray up a year at a time to obtain the minimum
standard deviation in the set of exponent b
values. A reasonable fit to the data is obtained
with a value of 0.045 for the exponent. Values
less than 0.04 result in substantially lower es-
timated masses, whereas values greater than
0.055 produce much higher estimated masses
at the upper end of the growth series (Table 2).
Hence, the innermost annulus in the smaller of
Curry’s (1999) specimens was produced at an
age of about five years, whereas the outermost
increment of bone in the larger specimen was
produced at an age of about 18 years. Curry
estimated the minimum age of the smaller
specimen as five years, and the larger as ten
years. Our method indicates ages of eight or
nine and of 17 or 18 for the two individuals,
respectively. These results are not dramatical-
ly different, considering that Curry’s (1999)
age estimates are acknowledged to be mini-
ma.

If our model growth curve is correct, Apato-
saurus required about 70 years to approach
full adult body mass and attained a maximum
growth rate of about 520 kg/yr. These results
differ substantially from the maximum
growth rate of 5466 kg/yr and the 15 years to
attain full adult body mass given by Erickson
et al. (2001); however, they accord with those
modeled for smaller dinosaurs where the
maximum growth rates exceed those found in
extant reptiles but are less than those ob-
served in birds or eutherian mammals (Erick-
son et al. 2001).

The Case of Alamosaurus. The same method

can be used to model growth in the sauropod
dinosaur Alamosaurus, which attained a max-
imum adult body mass (32,663 kg) somewhat
greater than that estimated for Apatosaurus
(Lehman and Coulson 2002). A histological
study of Alamosaurus (Woodward 2005) in-
cluded a section taken from a subadult hu-
merus (59% adult length, 20% estimated adult
mass) that revealed a minimum of nine annual
cycles of bone growth, including the pre-
served periosteal surface of the specimen
(Woodward 2005; Woodward and Lehman
2006). Here, only the most obvious growth
lines are counted, and the percent adult length
and mass estimates are determined in the
same manner as for Apatosaurus (Table 1). In
the case of Alamosaurus, a value of 0.075 for the
exponent in the growth equation results in a
reasonable fit to the data, with the first pre-
served growth line produced at age four, and
the outermost at age 12 (Fig. 2). Values for b
less than 0.065 result in underestimation of
mass, whereas values greater than 0.08 result
in substantial overestimation at the upper end
of the growth series (Table 2). The resulting
growth curve for Alamosaurus indicates that
adult body mass was approached after about
45 years of growth, and the maximum growth
rate attained was about 1090 kg/yr. This es-
timated growth rate exceeds that determined
for Apatosaurus and approaches that projected
for a precocial bird of comparable adult body
mass.

The Case of Janenschia. The sauropod
growth rates estimated above are also com-
patible with observations reported for other
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FIGURE 2. Growth annuli preserved on the lateral surface of a subadult Alamosaurus humerus, redrawn from a
photograph given by Woodward (2005). The percentage of adult length is determined relative to the largest indi-
vidual of Alamosaurus sanjuanensis reported by Lehman and Coulson (2002). The growth history in terms of body
mass (W) versus age (t) for Alamosaurus is based on fitting estimated masses for nine yearly growth increments
(Tables 1, 2) to the von Bertalanffy growth equation, and varying exponent (b) between 0.065 and 0.08. The as-
ymptotic value for adult body mass (32,663 kg) is based on the largest specimen reported by Lehman and Coulson
(2002).

sauropods that attained lesser adult body
masses (approximately 5 to 15 tons). For ex-
ample, a histological section of an adult femur
of Janenschia illustrated by Sander (2000) pre-
serves 38 growth lines and provides the most
complete record of growth for any sauropod.
The outermost 12 growth lines are very closely
spaced LAGs, indicating that this specimen is
from a senile individual. Sander (2000) pre-
sented no weight estimate, growth curve, or
growth rate estimate for Janenschia, but these
can be obtained from the data he provided. We
estimate the adult body mass of Janenschia as
14,029 kg (Fig. 3), and utilize the same method
of mass estimation for each increment of bone
growth as described above (Table 1). A value
of 0.1 for the exponent in the growth equation
results in a reasonable fit to the data at the

lower end of the growth series, whereas a val-
ue of 0.16 results in a better fit at the upper
end. If these sufficiently bracket the likely
growth history, then the first growth line pre-
served in the specimen was produced at age
four to six, the maximum growth rate was be-
tween 623 and 993 kg/yr, and adult mass was
approached after about 20 to 30 years of
growth (Table 2). This estimate agrees with an
age of 19 to 35 years suggested for this spec-
imen on the basis of bone cortical thickness
and apposition rate (Sander and Tuckmantel
2003). Interestingly, although this specimen
preserves striking growth lines it records a
relatively rapid growth rate, especially consid-
ering that its estimated adult mass is substan-
tially lower than that of Apatosaurus or Ala-
mosaurus. Hence, the presence of marked
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FIGURE 3. Growth annuli preserved in a section taken from the diaphysis of an adult Janenschia robustus femur,
redrawn from a photograph given by Sander (2000). The percentage of adult length is determined assuming that
this specimen attained the maximum adult size at the time of its death. The growth history in terms of body mass
(W) versus age (t) for Janenschia is based on fitting estimated masses for 38 yearly growth increments (Tables 1, 2)
to the von Bertalanffy growth equation, and varying exponent (b) between 0.1 and 0.16. The asymptotic value for
adult body mass (14,029 kg) assumes that the femur sectioned and illustrated by Sander (length � 1270 mm, cir-
cumference � 570 mm) represents the maximum adult length, and that a compatible humerus (estimated circum-
ference 458 mm) would have proportions similar to those in other titanosaurian sauropods. The summed circum-
ferences were then used in the empirical equation of Anderson et al. (1985) as modified by Alexander (1989) to
estimate the asymptotic adult body mass.

growth lines alone does not indicate ‘‘slow’’
growth as is sometimes assumed.

The Northampton Sauropod. Reid (1990) re-
ported approximately 22 growth lines in the
pubis of an unidentified sauropod from the
Northampton Sands in England. In this case,
well-defined LAGs are documented in the
outermost cortex of the bone but they are not
more closely spaced approaching the pre-
served periosteal surface, suggesting that the
asymptotic adult phase of growth had not
been achieved at the time of this individual’s
death. This specimen exhibits the most dis-
tinct type of growth lines found in sauropod
bones, presumably resulting from the slowest
rates of growth, and is frequently cited as ev-
idence for ectothermic physiology in at least
some sauropods (Reid 1981). It provides an
opportunity therefore to model the likely
slowest growth rates in sauropods, as well as

to test the method of growth curve approxi-
mation with a fragmentary specimen. Because
the identity of the Northampton sauropod is
uncertain, and the maximum adult body mass
for this species is unknown, a more conjectur-
al approach must be used to reconstruct its
growth history. An appropriate femur length
and body mass must be estimated on the basis
of the pubis (Fig. 4), but otherwise following
the same method as for Apatosaurus where
scapula dimensions were used instead. Mass
estimates are then determined for each incre-
ment of bone growth as before (Table 1). In
this case, the first growth line preserved in the
specimen was produced at age 16 to 24, the
maximum growth rate was between 180 and
260 kg/yr, and adult mass was approached af-
ter about 50 to 75 years of growth (Table 2).
These results are compatible with the ‘‘aver-
age’’ growth rate of 172 to 214 kg/yr that can
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FIGURE 4. Growth annuli preserved in a section taken from the pubis of an unidentified sauropod from the North-
ampton Sands, redrawn from a photograph given by Reid (1990). The restored length of the pubis (0.75 m) was
determined from the proportions in Apatosaurus as shown. A relationship (r � 0.65) between pubis length and body
mass [mass (t) � 32.8 · pubis length (m) � 17.8] obtained for 13 sauropods with masses given by Paul (1997) yields
an estimated body mass of 6800 kg for the Northampton specimen. Yearly mass estimates for this individual were
then determined for each of 22 growth rings in the same manner as for the other specimens. The asymptotic limit
for adult body mass (9000 kg) was estimated by incremental selection of values above 6800 kg in the growth equation
until the 22-year set of growth data could be bracketed by model growth curves. The growth history in terms of
body mass (W) versus age (t) is based on fitting estimated masses for 22 yearly growth increments (Tables 1, 2) to
the von Bertalanffy growth equation, and varying exponent (b) between 0.045 and 0.065 (Tables 1, 2).

be deduced from Reid’s (1987) original anal-
ysis of the same specimen, and with the max-
imum plotted sauropod growth rate of 330
kg/yr from Paul’s (1994) study, which cites
Reid’s study but might not refer to this partic-
ular specimen.

Discussion

In the four sauropods examined above,
which attained maximum adult weights be-
tween about 10 and 30 tons, the maximum es-
timated growth rates range from about 200 to
1100 kg/yr and are within the limits projected
for reptiles and for precocial birds of compa-
rable body masses (Fig. 5) (Case 1978a). These
rates are in line with those determined for
smaller dinosaurs and typically two to five
times greater than for reptiles of comparable
size (Erickson et al. 2001; Lehman 2007). Sau-
ropods, like other dinosaurs, did not achieve
growth rates projected for eutherian mam-

mals or altricial birds, which are ten to 30
times greater than in reptiles (Case 1978a).
The estimated sauropod growth rates do ex-
ceed those measured in the largest living ter-
restrial mammalian herbivores (e.g., 150 kg/
yr in elephants [Case 1978a]), but sauropods
grew much larger and required at least several
decades (30 to 80 years) to attain full adult
size. It is interesting to note that the two titan-
osaurians (Alamosaurus and Janenschia) exhibit
the most rapid growth rates of the few sau-
ropods studied. Titanosaurians are generally
placed among the more derived sauropods
(e.g., Wilson and Sereno 1998).

The curve-fitting technique utilized by Er-
ickson et al. (2001) to model sauropod growth
requires that the age at death (based on
growth line counts) is known for multiple in-
dividuals representing different ontogenetic
stages of the same species. Because of med-
ullary expansion and bone remodeling with
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FIGURE 5. Comparison of estimated maximum growth rates in dinosaurs with regression lines determined by Case
(1978a) based on data for extant tetrapods. The regression lines are extended (right) beyond the domain of the data
on which they are based to the range of estimated body masses for sauropod dinosaurs. Dinosaurian maximum
growth rates typically lie in the realm between those for reptiles and precocial birds of comparable projected adult
body masses. Estimates (open circles) for Shuvuuia (Su), Syntarsus (Sy), Psittacosaurus (Ps), Massospondylus (Ma), and
Apatosaurus (Ap) are from Erickson et al. (2001). Estimates (closed circles) for Syntarsus (Sy), Saurornitholestes (Sa),
Troodon (Tr), and Massospondylus (Ma, low to high range) are from Lehman (2007). Estimates for Alamosaurus (Al),
Apatosaurus (Ap), Janenschia (Ja), and the Northampton sauropod (Nh) are those presented herein.

growth, age estimates based on growth-line
counts for most individuals will represent
their minimum ages. In contrast, the method
of growth curve approximation proposed
herein requires only the growth record of a
single individual, and does not require knowl-
edge of the individual’s age at the time of its
death. Growth lines most useful for this meth-
od are those found in individuals that died
during the exponential phase of growth, from
about one-third to two-thirds adult length,
when growth rates are highest and growth
lines most widely separated, but before later
bone remodeling obscures or obliterates the
earlier growth record. In the examples of
Apatosaurus and Alamosaurus discussed above,
only the early part of the exponential growth
phase was completed prior to death. More
complete individual growth records, such as
preserved in the specimen of Janenschia are ex-
ceptional.

Of course, there are several assumptions
and potential sources of error in an analysis of
the sort presented above. Several critical as-
sumptions are that (1) the cyclicity in bone
growth is annual, (2) the asymptotic limit for

adult weight is known, (3) weight estimates
for each growth increment are accurate, (4) al-
lometric growth of limb and girdle elements
relative to the femur is not significant, (5) each
skeletal element maintains its proportions
with growth, and (6) the individuals sampled
are representative of their species.

Periodicity of Growth Lines. It is assumed
here, as in other studies of dinosaur bone his-
tology (including those of Erickson et al. 2001)
that the preserved cycles of bone growth were
produced annually. Comparison with cyclical
bone growth in living tetrapods (e.g., Castanet
et al. 1993) and bone apposition rates (Sander
and Tuckmantel 2003) suggests that this is a
reasonable assumption. However, some stud-
ies have demonstrated that the number of
growth lines may vary even between different
skeletal elements in the same individual (e.g.,
Horner et al. 2000) and so their varied devel-
opment would result in different model
growth curves. Horner et al. (1999) found that
there is no optimal bone to use for dinosaur
skeletochronology, and that counting growth
lines in a single bone would likely yield an un-
reliable age estimate in any case. The most ac-
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curate assessment of age and growth rate will
be obtained in those bones where the highest
numbers of growth lines are found in the cor-
tex and if present, in the outermost periosteal
layers (external fundamental system). So, the
model growth curves obtained for the four
sauropods examined here should be consid-
ered as representing their maximum rates of
growth. If additional bones from the same in-
dividuals were to reveal a greater number of
growth lines, the result would be a lower and
more accurate estimated rate of growth in a
model curve. Moreover, if vague or less con-
tinuous growth lines also evident in the his-
tologic sections of the four sauropods were in-
cluded, lower growth rates than those deter-
mined above would result. Such complica-
tions apply equally, however, to all studies
that utilize osteological growth lines to recon-
struct growth history.

Because of cortical drift or asymmetric
growth in some skeletal elements, the number
of growth lines and the thicknesses of each
growth increment may also vary between
sides of the same bone. In a complete cross-
section of a bone this complication would be
evident, and can be addressed by careful mea-
surement. For instance, complete cross-sec-
tions of the scapulae in Apatosaurus reveal that
the growth lines are only well preserved on
the medial side, but that growth was relatively
symmetrical. In contrast, asymmetric growth
may not be evident in a sample taken only
from one side of a bone. For example, the sec-
tion of the Northampton sauropod pubis il-
lustrated by Reid (1990) was taken on the me-
dial side of the bone, where the growth incre-
ments are relatively thin. Growth increments
are thicker on the lateral side (Reid 1981), and
a growth curve based on measurements taken
there would therefore yield a higher growth
rate. Measurements between growth lines tak-
en on multiple sides of such a bone would
bracket the lowest and highest growth rates on
resulting model growth curves. The effect of
asymmetric growth is likely to be more pro-
nounced in girdle elements than in limb
bones, and therefore use of limb bones for
growth studies minimizes this complicating
factor (e.g., Sander 2000). Nevertheless,
growth rate determinations based on girdle el-

ements such as the scapula (Curry 1999) or pu-
bis (Reid 1987) are frequently cited and cer-
tainly valid as long as growth was not mark-
edly asymmetric.

Asymptotic Limit for Adult Weight. Paul
(1997) argued that utilizing the summed cir-
cumferences of the humerus and femur (the
method of Anderson et al. 1985) typically
overestimates weight in many dinosaurs. Be-
cause of their avian-style pulmonary air sac
system and pneumatic vertebrae, sauropods
may have had considerably lower bulk body
densities than previously assumed (Paul 1997;
Wedel 2003). For example, using scaled skele-
tal restorations Paul (1997) determined the
adult weight of Apatosaurus as 13 to 19 tons
(17.5 tons for Carnegie Museum specimen CM
3018). The method of Anderson et al. (1985),
used herein and by Erickson et al. (2001),
yields a maximum adult weight for similar
specimens over 25 tons. Russell (1989) sug-
gested an upper limit of 43 tons. Hence, re-
ported estimates for maximum adult weight
in Apatosaurus vary substantially below and
above the value determined by the sum of
limb bone shaft circumferences. To test the
sensitivity of the growth curve approximation
method to varied asymptotic adult weight, the
values given by Paul (1997) and Russell (1989)
are chosen to represent reasonable lower and
upper limits for Apatosaurus (Fig. 6). The max-
imum adult femur length and the percentage
increase in length for each growth increment
remain constant in any case, but as the as-
ymptotic value for adult weight decreases, the
weights estimated for each growth increment
also decrease, as does the maximum growth
rate. In all cases, however, the same exponent
(b � 0.045) results in a best fit to the 14 years
of growth data. The relationship between
maximum adult weight and maximum
growth rate remains the same (Fig. 6), defin-
ing a line of constant slope between the re-
gressions for reptiles and precocial birds on
the log-log plot of Case (1978a). This reflects
the fact that the weight estimate for each
growth increment is itself a function of the
maximum weight estimated for the adult.
Given the findings of Paul (1997) and the like-
ly case that the method of Anderson et al.
(1985) overestimates mass, then the true
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FIGURE 6. Alternative Apatosaurus growth curves based on varied estimates for asymptotic limit of adult mass.
Estimates of 43 ton from Russell (1989), �25 tons from Erickson et al. (2001), 17.5 and 13 tons from Paul (1997) are
shown along with associated maximum growth rates (kg/yr). In each case the weight estimates for 14 yearly growth
increments given in Table 1 are recalculated using the appropriate asymptotic limit and fit to a von Bertalanffy
growth equation with exponent b � 0.045. The 14 years of growth data record the lower part of the exponential
phase of growth (Fig. 1). On right are shown corresponding points for each of the four alternative Apatosaurus
growth curves on Case’s (1978a) log-log plot of maximum adult body mass and maximum growth rate (enlarged
from Fig. 5); also shown are upper and lower limits determined for Alamosaurus (Al), Janenschia (Ja), and the North-
ampton sauropod (Nh).

growth rates for Apatosaurus would likely be
even lower than the 520 kg/yr determined
above. The same is true for the growth rates
determined for Alamosaurus and Janenschia be-
cause their maximum adult weights are also
estimated by using the method of Anderson et
al. (1985). If the adult weight estimates for
these taxa are revised downward, the corre-
sponding maximum growth rates will be low-
ered accordingly and would plot at points
along a line with slope comparable to that
shown for Apatosaurus (Fig. 6).

Alternative Weight Estimates. The proposed
method of growth curve approximation as-
sumes that weights calculated for each growth
increment are adequately predicted by the
‘‘developmental mass extrapolation’’ method
of Erickson et al. (2001). Weight at any given
size is taken to be a function of the ratio of cubed
length to adult length and the maximum adult
weight (Table 1). As a result, incremental
weights at each growth line are specified by
the values chosen for maximum adult length

and weight. It is useful therefore to examine
alternative methods for weight determination
wherein values obtained for each growth in-
crement are independent of the maximum
adult value. The method of Anderson et al.
(1985) allows weights to be estimated as a
function of the summed shaft circumferences
of the humerus and femur. To test the effect of
this weight estimation method on the result-
ing growth curve in Apatosaurus, weights are
calculated for each growth increment assum-
ing that the summed circumferences of the
limb bones vary proportionally with each in-
crement of growth in the scapula (Fig. 7).
Weights determined in this manner are pro-
gressively greater with each growth increment
than those found previously. Hence, a growth
curve fit to the adjusted set of weight data is
found with a higher exponent (b � 0.05) and
the maximum growth rate is slightly higher
(576 kg/yr) for the growth curve. This is not
dramatically different from the curve present-
ed previously. Because the method of Ander-
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FIGURE 7. Alternative Apatosaurus growth curves show-
ing the effect of different methods of mass estimation.
The ‘‘developmental mass extrapolation’’ method of Er-
ickson et al. (2001) uses the ratio of cubed length to adult
length and the estimated maximum adult mass; the re-
sulting mass estimates for 14 yearly growth increments
(filled circles) and growth curve on right are also shown
in Figure 1. The method of Anderson et al. (1985) uses
the summed circumferences of the humerus and femur.
In this case, it is assumed that the sum of limb bone cir-
cumferences varies directly with the scapula cross-sec-
tion (e.g., 22% adult diameter corresponds with 22%
adult circumference). The recalculated mass estimates
(open circles) are greater, as is the exponent (b � 0.05)
fitting the growth curve (left), resulting in a higher
growth rate.

FIGURE 8. Alternative Apatosaurus growth curves show-
ing the effect of different methods of mass estimation.
The ‘‘developmental mass extrapolation’’ method of Er-
ickson et al. (2001) results in mass estimates for 14 year-
ly growth increments (filled circles) and growth curve
also shown in Figure 1. The ‘‘polynomial method’’ of
Seebacher (2001) results in a relationship between mass
(y, in kg) and total body length (x, in m) for 13 sauropod
dinosaurs, such that y � 214.44 x1.46. This equation yields
a mass of 18,270 kg for Apatosaurus (CM 3018, 21 m
length). The recalculated weights (open circles) using
this equation for each of the 14 yearly growth incre-
ments, and assuming that scapula length varies directly
with total body length are substantially greater than
those determined by ‘‘developmental mass extrapola-
tion.’’ The resulting growth curve has a slightly higher
exponent (b � 0.055), fits to older ages (12 to 25), and
results in a lower maximum growth rate (446 kg/yr).

son et al. (1985) may overestimate weight even
in adult animals (e.g., Paul 1997), and there-
fore inaccurately predict weight in juvenile
animals (Erickson et al. 2001), the growth
curve based on these weight estimates likely
provides a maximum limit on growth rate.

Another technique for mass estimation is
the ‘‘polynomial method’’ of Seebacher (2001),
wherein polynomial equations are fitted to the
outlines of skeletal reconstructions and used
to determine body volume. With this method,
Seebacher (2001) obtained a weight estimate
of 22,407 kg for Apatosaurus using the same
specimen (CM 3018) for which Paul (1997) had

determined a value of 17,500 kg. He also pro-
duced a regression that relates mass estimates
for 13 sauropods to their total body length
(Fig. 8). This equation yields an estimated
weight of 18,270 kg for Apatosaurus (CM 3018,
length � 21 m), somewhat lower than what
Seebacher (2001) had more precisely deter-
mined because the regression reflects a best fit
for the 13 specimens. Although the regression
is based on adult specimens with a wide range
of body sizes, it can be used to produce an al-
ternative set of weight estimates for each of
the growth increments in Apatosaurus if total
body length is assumed to vary directly with
scapula length (Fig. 8). In this case, weight is
a function of length only, not estimated max-
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imum adult length or adult weight. The
weight estimates obtained are substantially
greater than those found with either of the
previous methods, diminishing from about
ten times to two times greater through the 14
yearly growth increments. If these weight data
are fit to the von Bertalanffy equation using
18,270 kg as the asymptotic limit for adult
weight, a fit is found with a slightly higher ex-
ponent (b � 0.055) than determined previous-
ly, and for ages 12 to 25, rather than 5 to 18 as
before. However, the growth curve results in a
lower maximum growth rate of 446 kg/yr,
compared to 520 or 576 kg/yr with the other
methods, and approximately 60 years is still
required to achieve 90% adult mass.

Regardless of which method of mass esti-
mation is used, there are potential sources of
error when utilizing either linear dimensions
or circumferences of limb bones along with
measurements in histologic sections to deduce
mass. Inasmuch as mass increases with
growth more rapidly than length, small errors
in length measurement may result in substan-
tial errors in mass estimation. Many sauropod
limb girdle and appendicular bones for which
histologic sections are obtained are distorted
or partly restored (particularly their articula-
tion surfaces), resulting in imprecise dimen-
sions. Nevertheless, whether ‘‘developmental
mass extrapolation’’ (Erickson et al. 2001), the
summed circumferences of limb bones (An-
derson et al. 1985), or the ‘‘polynomial meth-
od’’ of Seebacher (2001) is used, the estimated
maximum growth rates for Apatosaurus range
from 400 to 600 kg/yr and adult size is ap-
proached after 60 to 80 years of growth.

Allometric Growth. The proposed method
of growth curve approximation assumes that
all bones in the skeleton grow at the same rate
as the femur (i.e., isometric growth). For ex-
ample, in Apatosaurus the increments of
growth in width of the scapula are assumed
to equate with identical increments of growth
in length of the femur. Sauropod limb ele-
ments do not exhibit strong allometries (Sand-
er 2000; see also Ogier cited in Ricqlès 1983).
Over a limited range of body size the as-
sumption of isometric growth is therefore
probably a reasonable one. However, sauro-
pods known from a more complete ontoge-

netic series exhibit at least slightly allometric
growth in dimensions of many skeletal ele-
ments relative to the femur. For instance, Ike-
jiri (2004) found that the length of the scapula
in Camarasaurus exhibits slightly negative al-
lometric growth relative to length of the femur
(i.e., it increases in length more slowly than
the femur with growth).

To test the effect of allometry on growth
curve estimation, the scapula in Apatosaurus is
assumed to exhibit negative allometry com-
parable to that documented in Camarasaurus
(Ikejiri 2004). In this test, the same allometric
coefficient (0.94) is used for Apatosaurus, but
the intercept is adjusted such that the regres-
sion passes through the maximum adult di-
mensions for the femur and scapula in Apato-
saurus (Fig. 9). The resulting equation is used
to estimate corresponding femur lengths for
scapula lengths ranging from 22% to 56%
adult size. These allometrically adjusted fe-
mur lengths are used to calculate weights for
each growth increment as before. The adjusted
weight estimates are slightly lower than those
determined previously, but a growth curve of
the same form (b � 0.045) fits these data if
shifted to ages 4 to 17, rather than 5 to 18 (Fig.
9). The maximum growth rate remains the
same. Much more striking allometry is re-
quired to dramatically change the form of the
growth curve. Sauropod limb girdle and ap-
pendicular bones that yield histologic samples
used in growth studies typically exhibit near-
ly isometric growth (e.g., allometric coeffi-
cients between 0.89 and 1.10 in Camarasaurus
[Ikejiri 2004]).

A second form of allometric growth should
be considered, however. The method of
growth curve approximation assumes that
each bone also maintains the same propor-
tions with growth. For example as the humer-
us grows, its diameter- or circumference-to-
length ratio is assumed to remain constant. In
sauropods, over a wide range of body size,
this assumption is valid (e.g., Tidwell and Wil-
hite 2005). Carpenter and McIntosh (1994)
found that the circumference-to-length ratio
remained constant in juvenile Apatosaurus hu-
meri as small as 20% adult length.

However, a series of four Alamosaurus hu-
meri of 30%, 40%, 59%, and full adult length,
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FIGURE 9. Alternative Apatosaurus growth curves show-
ing the possible effect of allometry, in this case, varied
growth rate between two skeletal elements. Weight es-
timates based on assumed isometric growth of the scap-
ula relative to femur (filled circles) and resulting growth
curve (left) are those also given in Figure 1. Weight es-
timates adjusted for allometry (open circles) assume
that the scapula in Apatosaurus exhibits negative allo-
metric growth compared to the femur, as found in Ca-
marasaurus (Ikejiri 2004), where y � 0.94x � 0.21 (y �
log scapula length, x � log femur length) but with in-
tercept adjusted for regression to pass through adult
scapula and femur dimensions for Apatosaurus (lengths
210.0 and 177.5 respectively). The growth curve adjust-
ed for allometry (right) has the same form (b � 0.045)
shifted one year younger to fit the recalculated data.

FIGURE 10. Alternative Alamosaurus growth curves
showing the possible effect of allometry, in this case var-
ied proportions in a skeletal element with growth.
Weight estimates based on assumed isometric growth of
the humerus (filled circles) and resulting growth curve
(right) are those also given in Figure 2. Weight estimates
adjusted for allometry (open circles) recognize that the
humerus in Alamosaurus increases proportionally in di-
ameter relative to length with growth. Four Texas Me-
morial Museum specimens (TMM 41541-1, 43621-1,
43600-2, 45600-1) yield y � 0.95x � 4.74 (y � log percent
adult length, x � log percent adult diameter); this re-
lationship is used to calculate appropriate humerus
lengths for each growth increment measured in diame-
ter (Fig. 2). The resulting weight estimates are higher,
but the growth curve adjusted for allometry (left) has a
lower exponent (b � 0.065) and is shifted two years old-
er (ages 6 to 14) to fit the recalculated data.

exhibit varying circumference-to-length ratios
of 0.38, 0.39, 0.43, and 0.44 (Fig. 10). Hence, in
Alamosaurus the proportions of the humerus
show significant ontogenetic change. In the
growth curve for Alamosaurus, it is assumed,
however, that each growth increment in di-
ameter of the humerus equates with an iden-
tical increment of growth in length.

To test the effect of this form of allometry
on growth curve estimation, a relationship is
established between percent adult diameter
and percent adult length based on the four
Alamosaurus humeri (Fig. 10). From the mea-
sured percent adult diameters (ranging from

30% to 59% in the histologic section; Fig. 2)
corrected estimates of percent adult length
can then be calculated for each growth incre-
ment. These corrected length estimates range
progressively from 3% to 2% greater than the
original length estimates, and yield weight
values correspondingly greater than those de-
termined previously (Fig. 10). However, this
set of weight estimates fit best to a growth
curve having a slightly lower exponent (b �
0.065) and adjusted to older ages (6 to 14),
compared to the original estimates. The result
is a slightly lower maximum growth rate (940
kg/yr) than in the previous growth curve.
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More significant allometry of this sort would
be required to alter the projected growth
curve dramatically. Moreover, the general ob-
servation that limb girdle and appendicular
elements tend to increase proportionally in
girth relative to length with growth will result
in lower projected growth rates because incre-
ments of growth recorded in the girth of such
elements correspond to lesser increments of
growth in their length.

Individual Variation. Many large land ani-
mals exhibit a fairly broad range of body mass
at a given age, most commonly a manifesta-
tion of sexual dimorphism but also reflecting
variability in diet or habitat conditions. This is
also the case with at least some dinosaurs
known from an adequate population sample
(e.g., Sander and Klein 2005). Other dinosaurs
are thought to exhibit a more constrained
growth trajectory with little individual varia-
tion in growth rate or maximum adult size
(e.g., Erickson 2005). However, the growth
curve fitting technique using several individ-
uals of known age at death (e.g., Erickson et
al. 2001) will always result in a single growth
curve even if the individuals actually followed
slightly different growth trajectories. Multiple
individuals of the same age at death are re-
quired to demonstrate a low level of devel-
opmental plasticity. There are few dinosaur
population samples that allow for body mas-
ses to be determined for multiple individuals
of the same age. Regardless, it seems unlikely
that the largest known or preserved specimen
in each of the four cases presented above could
represent the maximum adult size and there-
fore the asymptotic limit for growth in each
species. Likewise, different individuals no
doubt grew somewhat faster or slower than
those few examined here.

The possibility also exists that the four ex-
amples described above may represent unusu-
al individuals that perhaps lived in poor hab-
itat or under stressed conditions, possibly
leading to the development of marked growth
lines or ultimately to their selective preserva-
tion. A greater census of the sort conducted by
Sander and Klein (2005) may reveal a broader
range of individual variation in some sauro-
pod species. Varied growth ‘‘spurts’’ evident
in the more complete growth records of some

individuals (Janenschia and the Northampton
sauropod; Figs. 3, 4) are in keeping with
slightly slowed or accelerated growth pulses
in individual life histories, resulting perhaps
from alternating periods of harsh or favorable
growth conditions. However, such peculiari-
ties might instead simply reflect a failure to
recognize some growth lines actually present
but poorly expressed in the histologic sec-
tions. Even so, an individual’s growth record
is not expected to fit precisely to a specific
growth curve. Preservation of only a segment
of the growth record (e.g., the early exponen-
tial phase of growth in Apatosaurusand Ala-
mosaurus; Figs. 1, 2) may result in a less ac-
curate reflection of the long-term growth his-
tory of the individual. Questions regarding
individual variability may ultimately be re-
solved by producing a series of model growth
curves of the sort developed here for multiple
individuals of the same species.

Conclusions

Individual growth records in histologic
specimens of four sauropod dinosaurs enable
estimation of body mass for successive incre-
ments of bone growth. Assuming that growth
lines in the sections were produced annually,
and that each skeletal element varied propor-
tionally in length with the femur during
growth, the yearly body mass estimates result
in a set of age/body mass data that can be fit
to a general form of the von Bertalanffy
growth equation. Sauropod dinosaur growth
rates estimated in this way are comparable to
those determined for other dinosaurs. Al-
though the proposed method of growth curve
approximation relies on multiple crucial as-
sumptions, tests that allow for reasonable de-
viation from those assumptions result in only
modest change in the growth curves. Such
sensitivity tests suggest that the method pro-
vides reasonable bounds on the likely growth
rates in sauropods. The maximum growth
rates range from about 200 to 1000 kg/yr.
These rates exceed those typical for the largest
extant mammalian herbivores, but sauropods
grew much larger and required at least several
decades to approach adult size. Titanosauri-
ans exhibit the highest growth rates among
the few sauropods examined. However, sau-
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ropods likely weighed appreciably less than is
estimated on the basis of the summed circum-
ferences of their limb bones, and so their ac-
tual growth rates were probably lower than
these estimates. Dinosaurian growth rates, in-
cluding those of sauropods, typically exceed
rates projected for reptiles by two to five
times, and approach those estimated for pre-
cocial birds of comparable body masses. Sau-
ropods did not achieve growth rates compa-
rable to those projected for eutherian mam-
mals or altricial birds of similar size. Bones of
individuals between one-third and two-thirds
adult length are most likely to preserve evi-
dence for the rapid early exponential phase of
growth, and so additional specimens in this
size range should be sought and sectioned to
substantiate the findings of the present study.
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