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Bone lamina thickness, bone apposition rates, and age estimates in sauropod 
humeri and femora 

P. MARTIN SANDER & CHRISTIAN TUCKMANTEL, Bonn  

with 4 figures and 6 tables 

Abstract: Laminar fibro-lamellar bone from the mid-shaft re- 
gion of sauropod humeri and femora was analyzed quantita- 
tively to understand variation in lamina thickness and 
apposition rate. The samples were derived from five taxa 
(Apatosaurus, Barosaurus, an indeterminate gracile diplodo- 
cid, Brachiosaurus, Janenschia) and two localities (Tendagu- 
ru beds, Tanzania, and Howe-Stephens Quarry, Morrison 
Formation, Wyoming, USA). Lamina thickness is rather con- 
stant at 4-6 laminae/ram (mean 4.8), independent of locality, 
taxon, bone, and ontogenetic age, suggesting structural con- 
straints as a cause. Bone apposition rate was calculated in 
bones with annual growth lines (polish lines) by two methods 
to serve in age estimates of individuals without growth lines 
and unsampled individuals. Apposition rates are rather varia- 
ble (1-20 lain/day), resulting in a wide bracket for the ages es- 
timated. Our age estimates are compatible with recent 
estimates derived by other methods, however. 

Keywords: fossil bone histology, fibro-lamellar bone, lamina 
thickness, apposition rates, age estimates, sauropod dinosaurs, 
Apatosaurus, Barosaurus, Brachiosaurus, Janenschia 

Zusammenfassung: Laminarer fibro-lamellarer Knochen aus 
der Schaftmitte yon Sauropoden-Humeri und -Femora wurde 
quantitativ analysiert, um die Dickenvariation der Laminae 
und die Anlagerungsrate des Knochens abzuklaren. Unter- 
sucht wurde Material von ftinf Taxa (Apatosaurus, Barosau- 
rus, ein nicht n~iher bestimmter graziler Diplodocide, 
Brachiosaurus, Janenschia) aus zwei Fundstellen (Tenda- 
guru-Schichten, Tansania, und Howe-Stephens Quarry, Mor- 
rison-Formation, Wyoming, USA). Die Lamina-Dicke ist 
ziemlich konstant bei 4-6 Laminae pro Millimeter (Durch- 
schnitt 4,8). Sie ist unabh~ingig yon Fundstelle, Taxon, Kno- 
chen und Individualalter, was strukturelle Griinde for ihre 
geringe Variabilit~it vermuten lasst. Mit zwei verschiedenen 
Methoden wurde die Anlagerungsrate des corticalen Kno- 
chens ffir Knochen mit j/ahrlichen Wachstumsmarken (Politur- 
linien) berechnet. Sie konnte dann zur Absch~itzung des 
Individualalters yon Tieren benutzt werden, die keine Wachs- 
tumsmarken zeigen bzw. nicht histologisch beprobt wurden. 
Die Anlagerungsraten sind relativ variabel (1-20 lam pro Tag), 
woraus relativ ungenaue Altersabsch~itzungen resultieren. 
Trotzdem stimmen die Ergebnisse mit ktirzlich mit anderen 
Methoden erzielten Absch~itzungen iiberein. 

Schliisselw~rter: Histologie fossiler Knochen, fibro-lamell~i- 
rer Knochen, Laminadicke, Anlagerungsrate, Altersabschfit- 
zungen, sauropode Dinosaurier, Apatosaurus, Barosaurus, 
Brachiosaurus, Janenschia 

Introduct ion  

The quantification of the growth of different dinosaurs 
based on bone histology has received considerable at- 
tention lately. Sauropods, in particular, were investigat- 
ed by SANDER (1999, 2000) and CURRY (1998, 1999) 
based on cyclical growth marks in bone. This technique, 
also known as skeletochronology (CASTANET 1986; 
CASTANET et al. 1993), was applied to populations of 
fossil tetrapods for the first time by SANDER (1989, 
1990) and is increasingly used in dinosaur paleobiology 
(reviews in PADIAN et al. 2001; ERICKSON et al. 2001). 

This study aims at quantifying sauropod long bone 
histology beyond the analysis of growth marks. The cor- 
tex of sauropod long bones is dominated by a type of pri- 
mary bone tissue known as "laminar fibro-lamellar 
bone" (FRANCILLON-VIEILLOT et al. 1990) which is also 
the type seen in large mammals and in living birds. With 
regard to this bone type, we wanted to answer two main 
questions: first, what is the variation of the lamina thick- 
ness in different parts of the cortex, and is there a de- 
pendency on taxon, locality, bone, or ontogenetic age? 
In particular, does lamina thickness decrease during the 
growth of the individual, and is there a difference in 
lamina thickness between the fibro-lamellar bone 
formed in juvenile individuals ("juvenile" bone of 
SANDER 1999, 2000) and the fibro-lamellar bone 
formed in adult individuals ("adult" bone of  SANDER 
1999, 2000)? 

The second question is: what are the rates of  appo- 
sition of laminar fibro-lamellar bone in the cortex of 
sauropod humeri and femora? The rates can be comput- 
ed by measuring cortical thickness in specimens that 
show cyclical growth marks such as lines of  arrested 
growth (as defined e.g. by CASTANET et al. 1993), mod- 
ulations (as defined by RICQLI~S 1983), and polish lines. 
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Polish lines (as defined by SANDER 2000) are growth 
marks that are too subtle to be observed in thin section 
but that are brought out by polishing the surface of a 
bone section. Assuming that these growth marks are an- 
nual, the age of the individual at death can be estimated 
and cortical bone apposition rates can be calculated. For 
comparison with sauropod dinosaurs, we also studied 
apposition rates in recent ostriches (Struthio camelus). 

In a further step, the cortical bone apposition rates 
derived from sauropod long bones with growth marks 
can then be applied to bones without growth marks of 
different individuals to estimate their age. This method 
was briefly introduced by CURRY (1998). The method is 
of interest because it would allow age estimates based 
on the type of bone tissue alone, independent of growth 
marks. It thus could be used to age long bones that lack 
growth marks as well as test ages derived from the anal- 
ysis of growth marks. With the limited database at hand, 
the method will only yield rather tentative estimates of 
individual age due to various sources of  error discussed 
below, but we feel that the benefits of pushing the data 
to their limit outweigh the disadvantages. Our approach 
to individual age calculation based on long bone apposi- 
tion rates is rather to test the potential of the method than 
to obtain data for further deductions. 

Mater ia l s  and m e t h o d s  

T h e  s a m p l e  

For this study, we investigated samples from the long 
bones of several sauropod individuals pertaining to dif- 
ferent taxa from the Upper Jurassic Tendaguru beds of 
Tanzania (JANENSCH 1914, 1961), kept in the Naturkun- 
demuseum der Humboldt-Universit~it (Berlin, Germa- 
ny; NHUB), and from the Morrison Formation of 
Wyoming (AYER 1999, 2000), kept in the Sauriermuse- 
um Aathal (Aathal, Switzerland; SMA). The samples 
(Tab. 1) consisted of cores of the cortex of  the mid-shaft 
region of humeri and femora. 

The midshaft cross section of  sauropod long bones 
shows a number of morphological and histogenetic 

characteristics that make the investigation of  growth 
based on histology in small core samples possible: the 
shaft is circular to elliptical, it experienced little lateral 
drift during growth, the medullary cavity is small, and 
the cortex shows very little to moderate remodelling. 
The degree of remodelling is taxon-specific in the sau- 
ropods from the Tendaguru beds (SANDER 1999, 2000). 
In ideal cases, therefore, nearly the entire growth history 
of an individual is recorded in a single core sample (e.g. 
NHUB NW 4 and Nr. 22, see SANDER 2000). The cores 
were bisected along the cross sectional plane of the 
bone, and one half was ground into a thin section while 
the other was prepared into a polished section (for de- 
tails of sampling and sample preparation, see SANDER 
2000). In this study, we mainly relied on polished sec- 
tions but consulted the thin sections to confirm the type 
of tissue observed. 

Of particular interest were four samples with well 
developed growth marks, expressed as polish lines 
(Fig. 1, Tab. 1). Two of these pertain to Barosaurus af- 
ricanus from Tendaguru, a large femur (NHUB NW 4, 
135 cm long) and a small humerus (NHUB R.2625, 61 
cm long). SANDER (1999, 2000) observed two different 
bone types in B. africanus which may represent the dif- 
ferent sexes. Type A is represented in this study by 
NHUB NW 4 while NHUB R.2625 belongs to type B 
which is less common than type A. The third sample de- 
fives from a large Janenschia femur from Tendaguru 
(NHUB Nr. 22, 127 cm long). This specimen was al- 
ready analyzed in some detail by SANDER (1999, 2000). 
Janenschia was recently recognized to be related to the 
Camarasauridae (BONAPARTE et al. 2000). The fourth 
sample is from a large Apatosaurus femur (SMA 
"Jaques", 164 cm long) from the Howe-Stevens Quarry 
(AYER 1999, 2000). Two samples (Barosaurus NHUB 
NW 4 and Janenschia NHUB Nr. 22) of the four are 
from fully grown individuals because the outermost cor- 
tex consists of a very thin layer of lamellar bone with 
closely spaced growth marks. 

An additional four core samples (Tab. 1) from 
Tendaguru and Morrison sauropods were used to quan- 
tify lamina thickness. The comparative ostrich sample 

Tab. 1. Material sampled. The upper set of specimens was used to measure lamina thickness and apposition rate, while the lower set 
was only used to measure lamina thickness. - "growth marks?" refers to the 9resence and number of growth marks (polish lines). 

genus spec. no. bone r/l length growth marks? locality 
(in ram) 

Barosaurus NHUB R.2625 humerus 1 

! Barosaurus NHUB NW 4 femur 1 

Janenschia NHUB Nr. 22 1 

Apatosaurus SMA "Jaques" 

diplodocid 

femur 

femur 

Barosaurus NHUB XVI 641 humerus 

Brachiosaurus NHUB T 8 humerus 

Brachiosaurus NHUB t 7 humerus 

SMA "Max" humerus 

610 yes/7 Tendaguru 

1350 yes/14 Tendaguru 

1270 yes/26 Tendaguru 

1640 yes/25 Morrison 

730 no Tendaguru 

1280 no Tendaguru 

1530 no Tendagum 

850 no Morrison 
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B 

Fig. 1. Polished sections of samples with growth marks imaged in surface reflection (bright field illumination). The sections are em- 
bedded in polyester resin for support. The bone surface is at the top of the images. Growth marks are variously expressed as polish lines 
(A, B, C) or modulations (D). - A: Barosaurus africanus NHUB R.2625, humerus, 61 cm. - B: Barosaurus africanus NHUB NW 4, 
femur, 135 cm. Note that the inner and the outer part of the section are in separate resin blocks. - C" Janenschia robusta NHUB Nr. 22, 
femur, 127 cm. - D: Apatosaurus SMA "Jaques", femur, 164 cm. 

consis ted  o f  c ross  sect ions  o f  the entire mid-shaf t  of  one  
femur  and three  t ib iotars i ,  all  f rom different  year l ing in- 
d iv iduals  ra i sed  on an os t r ich  farm. 

Quantif ication of  l amina  thickness  

The po l i shed  sec t ions  were  analyzed  with a b inocu la r  
mic roscope  in inc iden t  l ight  (same as dark- f ie ld  i l lumi-  
nat ion in a c o m p o u n d  microscope)  and ref lected l ight  
(same as b r igh t - f i e ld  i l luminat ion) ,  and the observat ions  
were  r eco rded  in camera  lucida drawings.  W h e r e  
present,  po l i sh  l ines  were  observed  by  t i l t ing the pol -  
ished surface  to c rea te  a ref lect ion (same as br ight - f ie ld  
i l luminat ion)  and were  recorded  in the drawings.  The  
number  o f  l aminae  be tween  successive pol i sh  lines was  
counted.  L a m i n a  th ickness  was compared  in different  
parts o f  each  sample ,  i r respect ive  of  the presence  or ab-  
sence o f  po l i sh  l ines.  It is impor tant  to note that l amina  
thickness  was  measu red  in this study f rom the center  o f  
one vascu la r  canal  to the  center  of  the next  vascular  ca-  
nal. This  d i f fers  f rom the correct  h is to logical  def ini t ion 

o f  a l amina  (FRANCILLON-VIEILLOT et al. 1990) in 
which  the l amina  extends  f rom the center  o f  one zone o f  
f ibrous bone  to the next.  Measu r ing  f rom one canal  cent-  
er to the next  has the advan tage  o f  greater  accuracy.  
Also  for prac t ica l  reasons ,  l amina  thickness  is expressed  
as the number  o f  l amina  per  mi l l ime te r  (Tabs.  2, 3). 

Lamina  thickness  was  also recorded  separately in 
f ib ro- lamel la r  bone fo rmed  in juven i l e  individuals  and 
f ibro- lamel la r  bone fo rmed  in adul t  individuals  (Tabs. 2, 
3). Bone  formed in adul t  ind iv idua ls  is d is t inguished 
f rom bone fo rmed  in j uven i l e  indiv iduals  mainly  by  
dis t inct ly  thinner  vascu la r  cana ls  due to more  comple te  
inf i l l ing o f  the p r imary  os teons ,  f lat tened os teocyte  
lacunae,  fewer  radial  vascu la r  canals ,  and the p redomi-  
nant ly  l amel la r  a r rangement  o f  the bone  fibers in the 
f ib ro- lamel la r  complex ,  a lso  due to more  comple te  in- 
f i l l ing o f  the p r imary  os teons  (for a deta i led descr ip t ion  
see SANDER 2000: 472). P resumably ,  the transit ion f rom 
bone fo rmed  in juven i l e  ind iv idua ls  to bone formed in 
adult  indiv iduals  is an express ion  o f  sexual  matur i ty  in 
sauropods.  This  is suppor ted  by  the observat ion  that in 
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m a r k  n u m b e r  Barosaurus Barosaurus Janenschia Nr.  22 Apatosaurus 
NHUB R.2625 NHUB NW 4 NHUB Nr. 22 SMA "Jaques" 

1-2 4.0 4.4 5.0 - 

2 - 3  5.0 5.0 - 

3-4  4.1 4.7 5.1 - 

4-5  5.6 4.7 5.5 - 

5 -6  5.2 5.0 4.7 3.3 

6-7 5.1 7.6 4.8 3.3 

7-8 6.1 4.4 2.8 

8-9 6.1 4.2 3.8 

9-10 4.3 4.2 3.6 

10-11 4.6 5.1 4.1 

11-12 5.3 6.0 3.4 

12-13 5.3 6.0 3.0 

13-14 5.4 6.0 3.8 

14-15 6.0 5.2 

15-16 8.0 4.6 

16-17 4.5 4.4 

17-18 6.0 4.6 

18-19 5.3 5.3 

19-20 4.5 5.1 

20-21 6.0 4.1 

21-22 5.3 4.3 

22-23 3.9 4.1 

23-24 6.0 6.1 

24-25 3.6 6.1 

25-26 4.8 

mean 5.1 5.3 5.0 4.2 

Tab.  2. Variation of lamina thick- 
ness with ontogenetic age in bones 
with regularly spaced growth 
marks delimiting appositional cy- 
cles. Lamina thickness is expressed 
in laminae per mm. The combined 
mean of  all four samples is 4.8. - 
Bold numbers refer to values for 
"juvenile" bone, normal print de- 
notes values for "adult" bone. 
Missing values are due to heavy re- 
modelling or diagenetic alteration. 
"mark number" refers to the 
number  of the growth marks delim- 
iting the cycle measured. 

b o n e s  w i t h  g r o w t h  m a r k s ,  t he  t r a n s i t i o n  f r o m  b o n e  

f o r m e d  in j u v e n i l e  i n d i v i d u a l s  to  b o n e  f o r m e d  in  a d u l t  

i n d i v i d u a l s  is c o r r e l a t e d  w i t h  a s u d d e n  d e c r e a s e  in 

g r o w t h  m a r k  s p a c i n g  ( see  a l so  SANDER 2 0 0 0 ) .  T h e  b e s t  

s p e c i m e n  to s h o w  th i s  is t he  J a n e n s c h i a  f e m u r  N H U B  

Nr.  22  w h i c h  w a s  u s e d  in  th i s  s t u d y  to c o m p a r e  l a m i n a  

t h i c k n e s s  as we l l  as  a p p o s i t i o n  r a t e  in  b o n e  f o r m e d  in  j u -  

v e n i l e  i n d i v i d u a l s  a n d  b o n e  f o r m e d  in  adu l t  i n d i v i d u a l s .  

In a d d i t i o n ,  in  t h r e e  s p e c i m e n s  t h a t  l a ck  g r o w t h  l i ne s  

(Tab .  3), a f ive  m i l l i m e t e r  t h i c k  l a y e r  o f  t yp i ca l  b o n e  

f o r m e d  in  j u v e n i l e  i n d i v i d u a l s  o f  t he  i n n e r  c o r t e x  w a s  

c o m p a r e d  w i t h  a f i v e  m i l l i m e t e r  t h i c k  l aye r  o f  t yp i ca l  

b o n e  f o r m e d  in  a d u l t  i n d i v i d u a l s  o f  t he  ou t e r  cor tex .  In  

o n e  s p e c i m e n  ( N H U B  X V L  641), c o n s e c u t i v e  m e a s u r e -  

m e n t s  w e r e  o b t a i n e d  t h r o u g h o u t  t h e  e n t i r e  u n r e m o d e l l e d  

co r t ex ,  i n c l u d i n g  t h e  t r a n s i t i o n  z o n e  f r o m  b o n e  f o r m e d  

in  j u v e n i l e  i n d i v i d u a l s  to  b o n e  f o r m e d  in  adu l t  i n d i v i d u -  

als  (Fig .  3, Tab .  3). 

genus  spec.  no.  "juveni le"  b o n e  "adul t  bone"  m e a n  

Janenschia NHUB Nr. 22 4.8 5.5 5.1 

Brachiosaurus NHUB T8 4.2 4.6 4.4 

Brachiosaurus NHUB t7 5.0 5.6 5.3 

diplodocid SMA "Max" 4.0 5.0 4.5 

Barosaurus NHUB XVI 641 4.4 4.1 4.25 

Apatosaurus SMA "Jaques" - 4.2 4.2 

Barosaurus NHUB R.2625 - 5.1 5.1 

Barosaurus NHUB NW 4 - 5.3 5.3 

g r a n d  m e a n  4.8 

Tab.  3. Comparison of lamina 
thickness in "juvenile" versus 
"adult" bone tissue and comparison 
of lamina thickness in all bones 
studied. Lamina thickness is ex- 
pressed in laminae per mm. - Miss- 
ing values are due to juvenile bone 
not being preserved. 
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B o n e  a p p o s i t i o n  rates  

In the computa t ion  o f  rates o f  cort ical  bone apposi t ion,  
the d is tance  be tween  po l i sh  l ines in the f ibro- lamel lar  
bone  is the bas ic  m e a s u r e m e n t  because  it represent  the 
amount  of  bone  laid down  in a s ingle year.  It a l lowed us 
to s tudy var ia t ion  in appos i t ion  rate with ontogenet ic  
age, i.e. appos i t ion  rate pe r  g rowth  cyc le  (Tab. 4). To 
compare  the values  ob ta ined  with those measured  in l iv-  
ing animals ,  we t r ans fo rmed  the annual  rate to the da i ly  
rate (Tab. 4) which  was expressed  in ~tm per  day,  using 
a year  cons is t ing  o f  365 days .  A l though  there apparent ly  
were  more  days  in the M e s o z o i c  year  due to the s low 
down of  the Ear th '  ro ta t ion s ince then, the length of  the 
year  p robab ly  was  the  same.  

In addi t ion  to the s ing le -cyc le  growth  rate analysis ,  
we also c o m p u t e d  average  rates for  the entire ontogeny 
and their  d i f ferences  be tween  samples  and between taxa  
(Tab. 5). Two  approaches  were  taken in the calculat ion 
o f  average  rates for the ent i re  ontogeny.  In the first, the 
d is tance  be tween  the first  and the last  observable  l ine 
was measu red  and then d iv ided  by  the number  of  ob-  
served cyc les  (p resumab ly  annual)  be tween  the first and 
the last  l ine. The  resul t  is the average  annual  apposi t ion 

rate for  the t ime  span observed.  O f  course ,  g rowth  marks  
deve loped  in the ou te rmos t  l amel l a r -zona l  bone o f  the 
two spec imens  that show it were  not  inc luded  in this cal-  
cu la t ion  because  the a im was to ca lcula te  appos i t ion  rate 
in one t i ssue  type  only,  f ib ro - l amel la r  bone .  

Because  appos i t ion  rate genera l ly  decreases  during 
on togeny  (Tab.  4), the rate represents  an average  rate for 
the ent ire  documen ted  life his tory o f  the animal ,  overes-  
t imat ing  depos i t ion  rate late in on togeny  and underest i -  
ma t ing  the rate  in ear ly  ontogeny.  In addit ion,  the 
appos i t ion  rate  compu ted  this way  is a min ima l  appos i -  
t ion rate because  it neglects  the inner, r e mode l l ed  part  o f  
the cor tex  and the bone depos i ted  ear l ies t  in on togeny  
and la ter  r e so rbed  to form the medu l l a ry  cavity.  Howev-  
er, the error  in t roduced  this way  is not  too  great  because  
the inne rmos t  reg ion  o f  the cor tex g rew fastest  as it was 
fo rmed  ear ly  in on togeny  and thus does  not  represent  
much  t ime.  

In the second  method  for  compu t ing  apposi t ion  
rates,  the radius  o f  the bones  at the s amp le  site was di- 
v ided  by  the number  o f  pol i sh  lines. Desp i te  d iagenet ic  
crushing,  it  can be r ecogn ized  that the cross  sect ion of  
the bones  was not c i rcular  but  e l l ip t ica l  in the fresh 
bone.  The  samples  were  taken f rom the region with the 

Tab. 4. Variation of apposition 
rates of laminar fibro-lamellar bone 
with age in samples with cyclical 
growth. Apposition rate is ex- 
pressed in gm per day for each cy- 
cle. The rate was computed by 
dividing the thickness of a growth 
cycle by the number of days per 
year (using the value of 365 days 
per year). - " m a r k  number" refers 
to the numbers of the growth marks 
delimiting the growth cycle mea- 
sured. Bold numbers refer to values 
for "juvenile" bone, normal print 
denotes values for "adult bone". 
Values in parentheses were omitted 
from the calculation of the mean 
because they probably are due to 
the lumping of several undetected 
growth cycles. The mean of all val- 
ues of one specimen is the minimal 
apposition rate. 

mark number Barosaurus Barosaurus Janenschia Nr. 22 Apatosaurus 
NHUB R.2625 NHUB NW 4 NHUB Nr. 22 SMA "Jaques" 

1-2 7.2 11.2 10.5 5.0 

2-3 4.9 5.5 4.5 

3-4 2.7 8.1 11.9 6.7 

4-5 5.4 7.6 10.5 7.2 

5-6 9.0 4.9 8.7 9.9 

6-7 2.7 1.8 4.6 5.8 

7-8 1.8 8.7 (20.7) 

8-9 3.1 10.5 5.8 

9-10 4.5 9.6 5.4 

10-11 5.4 6.4 (15.3) 

11-12 (13.0) 1.8 4.0 

12-13 3.6 0.9 3.6 

13-14 4.0 2.3 3.6 

14-15 2.3 3.1 

15-16 1.4 3.6 

16--17 1.8 3.1 

17-18 0.9 3.6 

18-19 3.7 3.6 

19-20 1.8 2.7 

20--21 1.8 4.0 

21-22 3.7 4.5 

22-23 6.4 4.0 

23-24 0.6 2.7 

24-25 2.3 3.6 

25-26 2.3 

mean 5.2 5.1 4.7 3.9 
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Tab. 5. Age estimates derived from bone dimensions and number of growth marks. Bone dimensions are in ram, while apposition rates 
of laminar fibro-lamellar bone are in lain per day. See text for further details. The intermediate ages were calculated using the grand mean 
of the mean minimal apposition rate of all four specimens and the mean maximal apposition rate of all four specimens. This mean is 7.7 
om/day. 

genus spec. no. bone 

Barosaurus NHUB R.2625 humerus 

Barosaurus NHUB NW 4 femur 

Janenschia NHUBNr. 22 femur 

Apatosaurus SMA"Jaques" femur 

mean 

length 

610 

1350 

1270 

1640 

cirumference short radius 
(b) 

240 31 

600 76 

570 73 

730 93 

growth min. max. int. age 
marks rate rate in years 

7 5.2 12.1 10.2 

14 5.1 14.8 26.8 

26 4.7 7.6 24.3 

25 3.9 8.2 33.1 

4.73 10.68 

remarks 

type B 

type A 

minimal radius of the ellipse which coincides with the 
anteroposterior direction in the animal. We approximate 
the ellipse by using an ellipse in which the minimal ra- 
dius is 40 % of the sum of the minimal and the maximal 
radius. Because of the moderate crushing of the bones 
having deformed their original cross section, the mini- 
mal radius could not be measured directly but was com- 
puted from the measured circumference at the sample 
site by dividing the circumference by g (3.142) which 
gives the sum of the minimal and the maximal radius. 
The minimal radius was then computed by subtracting 
60% of  this sum. The minimal radius was divided by 
the number of cycles to obtain the annual apposition 
rate which again was transformed into daily apposition 
rates. Again, the cycles documented in the outermost la- 
mellar-zonal bone of the two specimens that show it 
were not included in this calculation. Although nearly 
negligible, the thickness of the outermost layer of lamel- 
lar-zonal bone was subtracted from the bone radius as 
well. 

This method produced the maximal  apposition rate 
because it assumes that the entire thickness of the bone 
from the center to the first growth lines was deposited in 
one year when, in fact, much of this bone was resorbed 
and remodelled and may actually have taken a few to 
several years to form. Although the maximum growth 
rate thus may significantly overestimate the actual 
growth rate, together with the minimum growth rate it 
still can be used to bracket the actual growth rate and 
thus is worth computing. 

We also computed the cortical apposition rate of 
ostrich long bones with the intention of  applying them to 
sauropod dinosaurs. This was only done in one year old 
individuals at which age farm-raised ostriches stop in- 
creasing in size and have reached harvesting size. Os- 
trich bones have an approximately circular shaft cross 
section, making it possible to calculate mid-shaft radius 
directly from circumference at this location. We then di- 
vided the radius by the number of days in a year 1o 
obtain apposition rate. The result may slightly overesti- 
mate actual apposition rates because at hatching the os- 
trich chick already has long bones several millimeters in 
diameter. 

A g e  e s t imates  b a s e d  on  a p p o s i t i o n  rates  

To obtain the individual age of sauropods from the 
thickness of their humeri and femora, we first had to de- 
cide which apposition rates to use - only those calculat- 
ed for the same taxon or the average rates of all sauropod 
taxa studied. We opted for the latter approach because 
apposition rates were broadly similar in all samples and 
were thus taken to be valid for sauropods in general. 
This allowed us to apply them to taxa not studied here, 
such as D i c r a e o s a u r u s .  We used three different rates in 
the age calculations: the mean of  the minimal apposition 
rate of  all four samples (mean minimal rate), the mean 
of the maximal apposition rate of all four samples (mean 
maximal rate), and the grand mean of these two rates 
which we termed the m e a n  a p p o s i t i o n  rate. The age es- 
timates based on mean minimal and mean maximal ap- 
position rates diverge widely but provide a general 
bracket for the true age of the individual. 

Age calculation starts off with the calculation of the 
minimal radius of the long bone at mid-shaft from its 
circumference at this location, as described above. This 
radius is equal to the entire thickness of cortical bone de- 
posited (some of which actually was destroyed by re- 
sorption) during the life of  the animal at this location. 
The radius is then divided by a particular apposition rate 
(Tab. 5) which gives the age of the individual in days 
(because apposition rate was expressed in lam per day). 
Finally, the age in days was transformed into the age in 
years (Tab. 6). Although some bones, the age of which 
was calculated, are from fully grown individuals and 
therefore have an outermost thin layer of lamellar-zonal 
bone which increased the circumference of the bone, 
this increase is so slight because the layer is so thin 
(< 200 lam) that the error introduced this way is negligi- 
ble. 

R e s u l t s  

Q u a n t i f i c a t i o n  o f  l a m i n a  t h i c k n e s s  

First, we will present the results on lamina thickness: in- 
dependently of taxon, there are between 3 and 8 laminae 
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Tab.  6. Age estimates for all NHUB Tendaguru sauropod humeri and femora sampled by SANDER (2000) using cortical thickness and 
mean bone apposition rates. Bone length and circumference are in ram, ages are in years. The mean bone apposition rates for the age 
calculations are taken from Tab. 5. The mean minimal appositian of 4.73 gm/day was used to calculate the maximum ages. The mean 
maximal appositian of  1 0 . 6 8  gin/day was used to calculate the minimum ages. The intermediate ages were calculated using the grand 
mean of 7.7 ~tm/day (see Tab. 5). - "marks" refers to the number of observed growth marks. 

g e n u s  s p e c .  no.  b o n e  le f t /r ight  l e ng th  c i rcumf ,  mi n .  age  int.  age  m a x .  age  

Brachiosaurus XX 19 humerus 1 690 235 7.7 10.1 14.5 

Brachiosaurus cc 2 humerus r 1080 380 12.4 16.2 23.4 

Brachiosaurus T 8 humerus 1 1280 390 12.7 16.7 24.0 

Brachiosaurus t 7 humerus r 1530 540 17.6 23.1 33.2 

Brachiosaurus J 12 humerus r 1700 550 18.0 23.5 33.8 

Brachiosaurus II 28e humerus 1 1760 620 20.2 26.5 38.1 

Brachiosaurus g 1 femur r 690 

Brachiosaurus St 134 femur r 740 275 9.0 11.7 16.9 

Brachiosaurus IX 1 femur 1 880 340 11.1 14.5 20.9 

Brachiosaurus 

Brachiosaurus 

Brachiosaurus 

dd 452 

Nr. 305 

femur 

femur 

femur 

1350 

1560 

1830 

620 

620 

750 

20.2 

20.5 

25.5 

26.5 

26.8 

32.0 

38.1 

38.6 

46.1 St 291 r 

Brachiosaurus XV femur 1 2190 820 26.8 35.0 50.4 

Barosaurus G 91 humerus r 435 220 7.2 9.4 13.5 

Barosaurus R.2625 humerus 1 610 240 7.8 10.2 14.8 

Barosau rus IX 94 humerus 1 640 270 8.8 11.5 16.6 

humerus XVI 64 14.1 730 10.8 330 20.3 Barosaurus 

Barosaurus XI a7 humerus 1 805 370 12.1 15.8 22.8 

Barosaurus A 1 humerus r 990 480 15.7 20.5 29.5 

Barosaurus XVI 5 femur 1 790 

Barosaurus Ki 71 a femur 1 1020 330 10.8 14.1 20.3 

Barosaurus k 10 femur r 1100 400 13.1 17.1 24.6 

femur Barosaurus 17.9 1190 13.7 420 Ki 2 25.8 r 

Barosaurus Ki 4 femur 1 1200 

Barosaurus Nr. 76 femur 1 1350 560 18.1 23.7 34.1 

Barosaurus NW 4 femur 1 1350 600 20.5 26.8 38.6 

Dicraeosaurus ab 10 humerus 1 580 250 8.2 10.7 15.4 

Dicraeosaurus O 3 humerus r 610 270 8.8 11.5 16.6 

Dicraeosaurus ab 2 humerus r 620 240 7.8 10.2 14.8 

Dicraeosaurus O 2 femur r 980 350 11.4 14.9 21.5 

Dicraeosaurus dd 3032 femur r 1140 

Janenschia Nr. 22 femur 1 1270 570 18.6 24.3 35.1 

Janenschia P8 humerus 1 890 420 13.9 18.1 26.1 

m a r k s  

14 

26 

p e r  m m  a n d  t h e  m e a n  is 4 .8  l a m i n a e  p e r  m m  (Fig.  2, 

Tab .  2) .  T h e  s t a n d a r d  d e v i a t i o n  is r a t h e r  l ow ,  w i t h  m o s t  

v a l u e s  f o r  l a m i n a  t h i c k n e s s  b e i n g  b e t w e e n  4 a n d  6 l a m -  

i nae  p e r  m m .  T h e r e  a p p e a r s  to  b e  n o  d e p e n d e n c y  o n  t ax -  

on,  b o n e ,  o r  o n t o g e n e t i c  age.  O n l y  t he  ea r ly  g r o w t h  

c y c l e s  o f  A p a t o s a u r u s  S M A  " J a q u e s "  h a v e  r a t h e r  t h i c k  

l a m i n a e .  T h e  n u m b e r  o f  l a m i n a e  p e r  g r o w t h  c y c l e  d o e s  

n o t  s h o w  a d i s t i n c t i v e  t r e n d  d u r i n g  o n t o g e n y ,  o n l y  a 

s l i gh t  o n e  t o w a r d s  d e c r e a s i n g  l a m i n a  t h i c k n e s s .  

In  c o m p a r i n g  b o n e  f o r m e d  in  j u v e n i l e  i n d i v i d u a l s  

a n d  b o n e  f o r m e d  in  a d u l t  i n d i v i d u a l s ,  w e  n o t e d  t h a t  

t h e r e  is a s l i g h t  t r e n d  t o w a r d s  t h i n n e r  l a m i n a e  in  t he  

b o n e  f o r m e d  in  a d u l t  i n d i v i d u a l s  as c o m p a r e d  to t he  

b o n e  f o r m e d  in  j u v e n i l e  i n d i v i d u a l s  b u t  the  d i f f e r e n c e s  

a re  r a t h e r  s m a l l  ( T a b .  3).  T h e  t r a n s i t i o n  f r o m  the  b o n e  

f o r m e d  in  j u v e n i l e  i n d i v i d u a l s  to  b o n e  f o r m e d  in  a d u l t  

i n d i v i d u a l s ,  w h i c h  w a s  t r a c k e d  in  s p e c i m e n  N H U B  X V I  

641, is n o t  c h a r a c t e r i z e d  b y  a s i g n i f i c a n t  d e c r e a s e  in  l a m -  
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Fig. 2. Variation of lami- 
na thickness with ontoge- 
netic age in four sauropod 
long bones with cyclical 
growth marks. Lamina 
thickness is expressed in 
laminae per mm. The 
combined mean of all four 
samples is 4.8 laminae/ 
mm. Note that the first 
five recognizable cycles 
of Apatosaurus "Jaques" 
where too heavily remo- 
delled for lamina thick- 
ness to be measured. 

ina thickness either (Fig. 3). This is in contrast with the 
marked decrease across this transi t ion in vascular space, 
i.e. vascular canal  diameter,  in the same specimen 
(SANDER 2000: fig. 6). 

Bone apposition rates 

In the four samples with polish lines, we calculated the 
apposition rates of the laminar  f ibro-lamellar  tissue per 

cycle (Fig. 4, Tab. 4) in a s ingle-cycle  growth rate anal- 
ysis. The highest rates are general ly  around 10 ~tm/day 

and are found in bone  formed in juven i le  individuals.  
Occasionally,  rates as high as 20 lam per day were ob- 
tained which are not  l imited to bone  formed in juveni le  
individuals.  These high values  presumably  are caused 

by the lumping of several cycles into one because of 
poorly developed growth marks. This  is suggested by a 
wide gap in otherwise regular ly  and closely spaced 

7 
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(D 

4- 
/ 

3 I 

I 

I I I I 

1 5  10 15  

m m  

secondary juvenile adult bone surface 

Fig. 3. Variation of lami- 
na thickness with onto- 
genetic age in a single 
specimen, Barosaurus hu- 
merus XV1641. The speci- 
men shows bone formed in 
juvenile individuals in the 
inner cortex and bone 
formed in adult individu- 
als in the outer cortex (see 
also SANDER 2000: fig. 6). 
There is only a slight trend 
towards thinner laminae in 
the bone formed in adult 
individuals. Lamina thick- 
ness is expressed in lami- 
nae per mm. 
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growth marks in the outer cortex. These high rates were 
excluded from the calculation of  averages. 

The lowest apposition rates are 2 ~trn/day, rarely 
1 pm/day, which are usually found in the region of 
bone formed in adult individuals (Tab. 4). There is a 
general decrease of apposition rate with increasing age 
of  the individual. The minimal apposition rate in Baro- 
saurus NHUB R.2625 was 5.2 pm/day, in Barosaurus 
NHUB NW4 it was 5.1 pm/day, in Janenschia NHUB 
Nr. 22 it was 4.7 pm/day, and in Apatosaurus SMA 
"Jaques" it was 3.9 pm/day. The mean of these values is 
4.73 tarrdday. 

The maximal rate in Barosaurus NHUB R.2625 
was 12.1 pro/day, and in Barosaurus NHUB NW 4 it 
was 14.8 pm/day. In Janenschia NHUB Nr. 22 the max- 
imal rate was 7.6 pm/day, and in Apatosaurus SMA 
"Jaques" it was 8.2 prn/day. The mean of these four val- 
ues is 10.68 pm/day. The difference in the maximal ap- 
position rate in the two Barosaurus specimens could be 
related to the different histologic types (type A in 
NHUB NW 4 and type B in NHUB R.2625) which pos- 
sibly represent different sexes (SANDER 2000). The 
grand mean of the mean minimal and mean maximal 
rates was 7.7 lam/day. 

The apposition rates calculated for the Recent os- 
trich long bones are much higher than those calculated 
for the sauropods. Their average growth rate based on 
all four individuals is 40.3 prrdday. 

Age est imates  based on  appos i t ion  rates 

The cortical apposition rates calculated from the two 
Barosaurus bones, the Janenschia bone, and the Apato- 

saurus bone (Tab. 5) were then applied to Tendaguru 
sauropod bones lacking growth lines (the sample of 
SANDER 2000) to obtain individual age estimates (Tab. 
6). For example, among the six humeri of  Barosaurus to 
which the rates were applied, the estimated age ranged 
from 7-13 years in the smallest (43.5 cm long, G 91) to 
16-30 years in the longest bone (99 cm long, A1). For 
the three Barosaurus femora, we obtained estimates of 
11-20 years (102 cm long, Ki 71a) to 20-38 years (135 
cm long, NW 4). 

The ostrich bone apposition rates were not applied 
to the sauropod bones because they were so much higher 
than those obtained for sauropods with cyclical growth 
marks. If  ostrich apposition rates were applied, obvious- 
ly rather low age estimates of a fraction of  those present- 
ed in Tab. 6 would result. The application of the 
apposition rates observed in laminar bone of young ra- 
tites by CASTANET et al. (2000) would yield similarly 
low age estimates. 

Discussion 

Quant i f i ca t ion  of  lamina  th ickness  

The investigation of  the lamina thickness indicates that 
there are no significant differences between the bones 
sampled. The thinner laminae that might have been ex- 
pected to be present in adult bone were not detected. It 
is indeed remarkable how little lamina thickness varies 
as it is almost always between 4 and 6 laminae/ram, in- 
dependent of  locality, systematic affinity, type of bone, 
and type of  bone tissue (Tab. 3). However, taxon-specif- 
ic variability in lamina thickness may yet prove to be 

Fig. 4. Variation of appo- 
sition rates of laminar 
fibro-lamellar bone with 
ontogenetic age. Apposi- 
tion rate is expressed in 
pm per day. The rate was 
computed by dividing the 20' 
thickness of an apposition- 
al cycle by the number of 
days per year. The high 
outliers in the curves for 1 5  
Barosaurus NW 4 and 
Apatosaurus "Jaques" are *~ 
probably due to unrecog- e- 
nized growth marks, re- 
suiting in the lumping of o. 1 0  
several cycles into one and ~- 
accordingly very high ap- 
position rates. 
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smaller than the variability observed in all sauropods 
once enough samples of  one taxon are analyzed. 

With lamina thickness being constant but growth 
cycle thickness (thickness of bone between two consec- 
utive growth marks) rather variable, it becomes immedi- 
ately obvious that the time of formation of an individual 
lamina must have greatly varied as well, and very little 
temporal significance can be attached to the number of 
lamina in the cortex of a bone. The rather uniform lam- 
ina thickness must be linked to the mode of formation of 
laminar fibro-lamellar bone in which a framework of 
vascular canals is established first which then is filled up 
by bone tissue. The dimension of  this framework is ap- 
parently independent of  apposition rate of  the laminar 
fibro-lamellar bone. Little experimental comparative 
data are available in the literature, but they bear out the 
same observation: a lamina took about one month to lay 
down in a young Bos (RICQLI~S et al. 1991) while in a 
young duck (Anas) it formed in as little as 2.5 days 
(CASTANET et al. 1996). Such short times can be de- 
duced as well for young ostriches based on the work of 
CASTANET et al. (2000: fig. 2c). 

The observation of a lamina thickness of 4 -6  lami- 
nae/mm begs comparison with other vertebrates pos- 
sessing fibro-lamellar bone such as living mammals and 
birds. However, lamina thickness is almost never re- 
corded in the literature, one exception being the study of 
CURREY (1962) who compared the lamina thickness in 
a prosauropod dinosaur vertebra with that in Bos and Sus 
bones and noted that laminae were much more closely 
spaced in the prosauropod vertebra than in the mammal 
long bones. The Bos femur had 5.3 lamina/mm, the Sus 
femur 10 laminae/mm, the Bos vertebrae 6.7 laminae/ 
mm, and the prosauropod vertebrae 12.5 laminae/ram. 
Thus, there is obviously some variability in dinosaur 
and mammal lamina thickness, making the low variation 
in the sauropod long bones even more remarkable. 

Bone apposition rates 

The investigation of apposition rates of  the laminar fib- 
ro-lamellar bone indicated that they are rather variable, 
ranging from under 1 gm to over 20 tam per day. Gener- 
ally high rates of  4.5-11.9 ~am/day were obtained in the 
inner cortex, deposited early in ontogeny (Fig. 4, Tab. 
4), while the lowest rates were found in the outer cortex, 
formed late in ontogeny. Although there are apparent 
deviations from this generalization with regions in the 
outer cortex having the highest rates of  over 20 ~ d d a y  
(see Fig. 4, Tab. 4), these are probably due to unrecog- 
nized or weakly expressed growth lines, leading to in- 
flated cycle thickness, as already discussed. 

Only very few data on bone apposition rates in sau- 
ropod dinosaurs are available in the literature. RIMBLOT- 
BALY et al. (1995), studying a humerus, calculated an 
average rate of  7 lam per day in the Middle Jurassic sau- 
ropod Lapparentosaurus from Madagascar. This value 
is in general agreement with those obtained in this study. 

In another study, CURRY (1998) obtained values of 
around 10.5 gin/day for Apatosaurus. However, the 
bones studied by her were radii, ulnae, and scapulae 
which are smaller than humeri and femora, indicating 
that apposition rates in these larger bones of Apatosau- 
rus would have been higher. The reasons for the differ- 
ences in apposition rates obtained by CURRY and by us 
for the same genus are unclear at present. 

Experimental studies of apposition rates of fibro- 
lamellar bones in birds shows an even greater range of 
rates. In the duck Arias platyrhynchos (MARGERIE et al. 
2002, see also CASTANET et al. 1996), the rates vary 
from less than 20 ~am/day to up to 110 ~m/day. The rates 
depend on the age of  the individual, which bone in the 
skeleton was observed, and which region in the bone 
was studied. In young ostriches (Struthio camelus) and 
emus (Dromaius novaehollandiae), rates as high as 80 
gm/day were observed in the long bones of the leg 
(CASTANET et al. 2000), with the highest rates found in 
reticular fibro-lamellar bone tissue and somewhat lower 
rates in laminar fibro-lamellar bone tissue (around 25 
~m/day). These values are thus compatible with the val- 
ue of 40.3 gm/day obtained by us for the ostriches. The 
faster apposition of  reticular bone compared to laminar 
bone in ratites differs from the observation by MARGER- 
IE et al. (2002) in Arias in which there was no correlation 
between the vascular architecture of  the fibro-lamellar 
bone and its apposition rate. The observation for ratites 
by CASTANET et al. (2000) is in agreement, however, 
with the observations of  SANDER (2000) in sauropod 
long bones that the fastest growing bone, formed in 
hatchling individuals, is of the reticular to plexiform 
type while the slower growing bone formed in juvenile 
individuals and in adult individuals is of the laminar 
type. 

The apposition rate of laminar fibro-lamellar bone 
in living mammals is also poorly studied, only one value 
being cited by RICQLI~S et al. (1991): 2.5-4.5 pro/day in 
the femoral shaft of  a juvenile Bos. This value does com- 
pare favorably with the minimal average apposition 
rates observed by us in sauropods. 

The rates obtained for sauropod long bones are thus 
compatible with those seen in living mammals and 
birds, with the exception the very low rates of under 1 
~tm/day observed in the sample of Janenschia (Tab. 4). 
These may be due to the systematic error that the time 
represented by the growth lines themselves cannot be 
estimated reliably. Our computations are based on a 
negligibly short time because polish lines are a rather 
subtle expression of  a decrease in growth rate. However, 
if the time of non-deposition in a polish line was in the 
range of weeks or month, the apposition rate of  the in- 
tervening fibro-lamellar bone would have been in the 
range of that observed in living animals. Nevertheless, 
until experimental studies of polish lines clarify their 
duration, the apposition rates calculated for sauropods 
should be viewed as minimal rates. 
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Age estimates based on apposition rates 

Are we jus t i f i ed  in app ly ing  minimal ,  max imal ,  and in- 
t e rmedia te  appos i t ion  rates (Tab. 5) f rom one taxon to 
another,  p o s s i b l y  only  dis tant ly,  re la ted  taxon? A n d  
what  abou t  the va l id i ty  o f  averaging appos i t ion  rates 
f rom di f ferent  t axa  to es t imate  age? These  concerns  are 
val id  as ind ica ted  by the dif ferences  in h i s to logy  ob-  
served in the  d i f ferent  sauropod  taxa  (SANDER 2000). 
The  ages  ob ta ined  for  humer i  and f emora  f rom the 
Tendaguru  beds  (Tab. 6) can, of  course,  on ly  be v i ewed  
as first  rough  es t imates  and not as accurate  calculat ions.  
For  example ,  in one  sample  ( B a r o s a u r u s  N H U B N W  4), 
the age sugges ted  by  g rowth  marks  is s ignif icant ly  low-  
er than that  e s t ima ted  by  apposi t ion  rate. 

As  in m a n y  other  te trapods,  g rowth  p la teaued in 
sauropods  we l l  before  the end o f  their  l i fe  span, as evi-  
denced b y  the c lose ly  spaced growth l ines in the outer-  
most  co r tex  in some  large individuals .  Thus,  once  
growth  p la teaued ,  the long bones ceased  to increase in 
diameter .  A g e  es t imates  based  on bone  c i rcumference  
alone are  thus m i n i m u m  est imates ,  at least  in large indi-  
viduals ,  because  the ind iv idua l  may  have  at tained the 
growth  p la t eau  a l ready  but  cont inued to live. This  k ind  
o f  error  can  on ly  be  avoided ,  if  the h i s to logy  of  the out-  
ermost  co r tex  o f  the bone  in quest ion is known.  

W e  feel  jus t i f i ed  in p roduc ing  the age  es t imates  
presented  a b o v e  by  the comple te  lack o f  any es t imates  
of  age in sau ropods  based  on long bone appos i t ion  rates. 
In addi t ion,  our  resul ts  are compat ib le  wi th  recent  work  
on sau ropod  overa l l  g rowth  rates and indiv idual  ages  
based on cyc l i ca l  g rowth  marks  (CURRY 1998, 1999; 
SANDER 1999, 2000), suggest ing ages measured  in years  
and decades ,  not  in centur ies  as assumed  ear l ier  by  CASE 
(1978). 

C o n c l u s i o n s  

o f  the two  pa rame te r  inves t iga ted  in this s tudy of  lami-  
nar f i b ro - l ame l l a r  bone  in the humer i  and femora  o f  
sauropod  d inosaurs ,  the first, l amina  thickness ,  cou ld  
well  be quant i f ied .  L a m i n a  thickness  is ra ther  constant  
at about  5 l a m i n a e / r a m  (one lamina  be ing  about  200 jam 
thick),  i ndependen t  o f  local i ty,  taxon, and ontogenet ic  
age. The  on ly  t rend observab le  is a s l ight  thinning o f  
laminae  wi th  on togeny .  

The  s econd  parameter ,  cor t ical  bone  appos i t ion  
rates, shows  a range  o f  1 -20  larn per  day  with  the h ighest  
rates be ing  due to unrecognized  growth  lines.  Appos i -  
t ion rate  dec reases  wi th  ontogenet ic  age. The  appl ica-  
tion o f  these  appos i t ion  rates to bones  f rom indiv iduals  
o f  unknown  age f rom the Tendaguru  beds  only  a l lowed 
a rather  w ide  b racke t ing  o f  age. However ,  the age esti-  
mates  ob ta ined  are compa t ib le  with those  der ived  by  
other m e t h o d s  and suppor t  the view that sauropods  
had g rowth  rates compa rab l e  to those o f  large  mammals .  
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