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ABSTRACT—Ontogenetic changes in the bone histology of Maiasaura peeblesorum are revealed by six relatively
distinct but gradational growth stages: early and late nestling, early and late juvenile, sub-adult, and adult. These stages
are distinguished not only by relative size but by changes in the histological patterns of bones at each stage. In general,
the earliest stages are marked by spongy bone matrix with large vascular canals. Through growth, the cortical bone
differentiates into fibro-lamellar tissue that tends to become more regularly layered in the outer cortex. By the sub-
adult stage, lines of arrested growth (LAGs) begin to appear regularly. Resorption lines and substantial Haversian
substitution in many long bones also begin to appear at this stage, and the external cortex has a lamellar-zonal structure
in some bones that indicates imminent cessation of growth.

Judging by the rates of apposition of similar bone tissues in living amniotes, and by the number and placement of
LAGs, these patterns suggest that young Maiasaura nestlings grew at very high rates, and at high and moderately high
rates during later nestling, juvenile, and sub-adult stages, slowing to low and very low growth rates in adults (7–9 m
total length). The nesting period would have lasted one to two months, late juvenile size (3.5 meters) would have been
reached in one or two years, and adult size in six to eight years, depending on the basis for extrapolating bone growth
rates.

The histological tissues, patterns, and inferred growth rates of the bones of Maiasaura are completely different from
those of living non-avian reptiles, generally similar to those of most other dinosaurs and pterosaurs for which data are
available, and much like those of extant birds and mammals. No living reptiles (except birds) grow to adult size at
these rates, nor do they show these histological patterns. We conclude that Maiasaura did not grow at all like living
non-avian reptiles, which cannot be considered informative models for most aspects of dinosaurian growth (or physi-
ology, to the extent that growth rates reflect metabolism). The use of lines of arrested growth (LAGs) to infer dino-
saurian physiology has never been tested and is not supported by independent lines of evidence; their use in calculating
age is also more complex than previously suggested and should not be based on single bones.

INTRODUCTION

The hard tissue histology of dinosaurs has been studied since
the mid-1800s (e.g., Owen, 1840; Quekett, 1855; reviews in
Ricqlès, 1980; Reid, 1990; Ricqlès et al., 1991), and after a
long period in which few studies were done, experienced a mi-
nor renaissance with the work of Enlow and Brown (1956,
1957, 1958) and Enlow (1969). Since the 1960s, comparative
histological studies of fossil bone, especially of dinosaurs, were
spurred to a large extent by the popular controversy over ‘‘hot-’’
versus ‘‘cold-blooded’’ physiology. This debate was rooted
from the beginning in paleohistological data (Ricqlès, 1980).
The emphasis (sometimes overemphasis) on relatively tenuous
implications of the paleohistological evidence available at the
time is understandable, but it may have overshadowed other
less debatable and equally interesting aspects of comparative
paleohistology (Ricqlès, 1989). Virtually all gross comparative
paleohistological data from studies to date have come from op-
portunistic observations of more or less scrappy bone material
over a wide and fairly unconstrained taxonomic range. None-
theless, these studies have provided useful data and raised im-
portant issues. For obvious practical reasons, this ‘‘opportunis-
tic’’ approach has so far been the most readily available. How-
ever, it is important to acknowledge that the lack of compre-
hensive, comparative paleohistological studies places
limitations on the potential value of paleophysiological infer-
ences and conclusions that have been based on necessarily lim-
ited samples. In order to use bone histology to test some of the

hypotheses that have recently been proposed about growth,
physiology, behavior, and ecology in extinct vertebrates, inves-
tigators need to study as many parts of the skeleton as practical,
through as many growth stages as possible. Such studies can
also build on and profit from precise, detailed studies of bone
histology in living vertebrates (e.g., Enlow, 1969).

We begin with the generalization that four principal factors
determine the type and form of hard tissues that are deposited
in the skeletons of vertebrates at any given time. These factors
are phylogeny, ontogeny, mechanical, and environmental. There
are, of course, other factors (e.g., chance, injury, illness, star-
vation, and individual differences) that can affect the formation
of bone in specific regions of a skeleton at any particular stage
of growth, but they are less universal than the four we list here.
The support for this generalization, which probably will not
appear controversial to those familiar with the evidence, comes
from patterns seen in living vertebrates (e.g., Enlow, 1969), and
need not be detailed extensively here. By describing the devel-
opmental bone histology of skeletons of various taxa, it will
eventually be possible to compare histological patterns that are
rooted in a phylogeny established on the basis of independent
character evidence. This approach can provide the controls that
will permit the testing of hypotheses about mechanical and en-
vironmental factors that are thought to contribute to histological
patterns.

The discovery of an unprecedented abundance of skeletons
of the ornithopod dinosaur Maiasaura peeblesorum (Horner
and Makela, 1979; Horner, 1983, 1984; Horner and Weisham-
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TABLE 1. Dimensions and museum catalog numbers of the specimens examined in this study for each ontogenetic stage. Abbreviations: BWT,
bone wall thickness; MOR, Museum of the Rockies; YPM-PU, Princeton University collections now curated at the Yale Peabody Museum.

Growth stage Museum no. Femur length/BWT Approx. body length LAGs

Early Nestling
Late Nestling
Early Juvenile
Late Juvenile
Subadult
Adult

YPM-PU 22432
YPM-PU 22400
YPM-PU-22472
MOR-005JV
MOR-005SA
MOR-005A

7 cm/2.5 mm
12 cm/2–4 mm
18 cm/3–7 mm
50 cm/10–15 mm
68 cm/11–22 mm

100 cm/13–22 mm

45 cm
90 cm

120 cm
3.5 meters
4.7 meters
7.0 meters

0
0
0

0–1
1–5
2–6

pel, 1988; Schmitt et al., 1998) has allowed us to sample size
classes of individuals ranging from embryos in eggs to adults
that have not clearly stopped growing, even at femoral lengths
of well over a meter. The aims of our work (e.g., Horner et al.,
1997, 1999, in press; Padian et al., 1999; Ricqlès et al., 1997,
1999) are, first, to describe the histological diversity linked to
anatomical and ontogenetic factors (Ricqlès, 1976); second,
given the known relationship between growth dynamics and
histological patterns and processes among living tetrapods, to
assess the growth dynamics in this dinosaur; and third, to assess
the relevance of such data and interpretations to the problems
of dinosaurian metabolic, thermal, and growth physiologies
(e.g., Dunham et al., 1989; Ricqlès, 1980, 1992; Reid, 1990,
1997a, b).

MATERIALS AND METHODS

The specimens used in this study were derived from nesting
grounds, bonebeds, and isolated skeletons, all from the upper
middle part of the Two Medicine Formation (mid-Campanian)
of Montana. The histological samples were derived from bones
collected by Princeton University and Montana State University
field crews over a period that extended from 1978 through
1995. The specimens at stages that we designate adult, subadult,
and late juvenile all came from a single catastrophic bone bed
in the Willow Creek Anticline of Montana. They were of dis-
crete, non-overlapping size classes, and so can be said to rep-
resent age-classes of a single population (Schmitt et al., 1998).
The division into age classes is further supported by the pres-
ence of a consistent number of lines of arrested growth in bones
of a given size class (discussed below), whether or not these
are annual lines.

A variety of bones including vertebrae, ribs, limb girdles, and
long bones of the limbs were sectioned from six ontogenetic
stages, totaling about 200 sections from over 50 different ele-
ments. Transverse sections were cut in the diaphyseal regions
of all long bones at mid-shaft, and longitudinal sections were
cut in the epiphyseal regions (see Appendix 1). Selected sec-
tions are illustrated in Figures 2–4. Bone wall thicknesses were
not always uniform along a single bone’s circumference; aver-
age, representative values are given in Table 1. The selected
bones were processed according to current techniques, includ-
ing plastic embedding in polyester resin, sawing with a dia-
mond powder disk on a precision saw, grinding on a lap wheel,
and polishing after the desired optical contrast (and not a given
thickness) was reached (e.g., Ricqlès and Bolt, 1983; Wilson,
1994).

Fossil bone can record all the structures, either calcified (cal-
cified cartilage) or ossified (bone), that were present as miner-
alized living tissue. It can also preserve records of the orien-
tation of once-present collagen fibrils, mineralized in vivo by
tiny crystals of hydroxyapatite; small, usually dark spaces
where bone cells were once located (lacunae); and the tiny ca-
nals (canaliculi) that linked them to each other, as well as vas-
cular canals that once contained blood vessels (Pawlicki, 1984;
Chinsamy and Dodson, 1995). Alterations to the bone, such as

infiltration of sediment solute, often causes color changes in the
bone; local invasion by bacteria when the bone was fresh can
obscure or destroy original tissue structures; and local diage-
netic factors can alter the bone so that its original structures
cannot be distinguished. For histological purposes, most fossil
bone, however, is relatively unaltered from its original state,
other than possibly having been permineralized.

Nomenclature and definitions of structures used in this paper
are derived from Francillon-Vieillot et al. (1990). For basic sur-
veys of bone histology, see Ricqlès (1975), Reid (1996, 1997a),
and other works cited here.

HISTOLOGICAL DESCRIPTION

General Trends in Histological Changes with Growth

Six growth stages have been recognized for this study, name-
ly small nestlings, large nestlings, early juveniles, late juveniles,
sub-adults, and adults (Fig. 1). These stages were recognized
on the basis of both relative size of the bones and also on
patterns of histological differences that emerged during the
course of the study. The first two stages are relatively well
marked in the material, both by size and by shapes and pro-
portions. The small nestlings are about 45 cm in total length,
and the large nestlings reach about 90 cm. The early juveniles
are about 120 cm in total length, the late juveniles around 3.5
meters, the sub-adults nearly 5 meters, and the adults used in
this study (but not necessarily fully grown) are about 7 meters
in length. The first three stages are represented by non-overlap-
ping size classes. The latter three stages are more arbitrarily
delineated from each other, mainly on the basis of overall size.
This is because at these latter stages, most bone proportions
maintain a constant allometric growth relationship (isometric in
the hind limb) to each other as size increases (Dilkes, 1993). It
is not known whether the growth (and presumably age) stages
would match (possibly yearly) age cohorts, and we have not
tried to divide them in that way a priori.

Small Nestlings—The bone tissue that forms the shafts of
the longer limb bones at this stage (Fig. 2A) is typically much
like the embryonic bone tissue observed in advanced fetal stag-
es of large mammals and in hatchling birds. This bone is com-
posed of vascular canals surrounded by an undifferentiated min-
eralized bone matrix (Francillon-Vieillot et al., 1990). The cor-
tex is relatively thick because the marrow cavity has barely
begun to develop or differentiate. The cortical bone tissue is
rather spongy, and is composed of a network of bone trabeculae
separated by large vascular canals. In cross section, these canals
are roughly circular or oval and somewhat flattened parallel to
the external surface of the bone; or they are radially elongated,
depending on the section and region of the bone cortex. Radi-
ally arranged canals can be seen in the bone cortex, especially
in a cross-section of the femur that incorporates the fourth tro-
chanter (Fig. 2A). Some of the canals partially merge, giving a
more spongy texture to the local tissue. At this stage of ontog-
eny, there is hardly any centripetal deposition of primary os-
teonal material at the periphery of the canals.
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FIGURE 1. Approximate body sizes of six gradational growth stages of Maiasaura peeblesorum, based on size and osteohistologic features. A,
adult; B, subadult; C, large juvenile; D, small juvenile; E, large nestling; F, small nestling. Scale bar equals 2 meters.

The fine bone trabeculae of periosteal origin are isotropic
under crossed nicols, which is characteristic of embryonic bone
because its fibrous structure is oriented at random. These tra-
beculae contain very numerous osteocytic lacunae (Fig. 2B),
and form a more or less regular fine meshwork, the shape and
structure of which vary from bone to bone and from place to
place in a section. Many of the outermost vascular canals open
at the surface of this kind of bone, as Bennett (1993) observed
in juvenile individuals of the pterosaur Pteranodon.

The central marrow cavity, when present, is very small and
poorly defined (Fig. 2A), and it has an irregular periphery that
shows evidence of clastic activity. In fact, the periphery of the
marrow cavity is lined by partially resorbed trabeculae of the
inner periosteal bone. In addition, irregular bone trabeculae or
bone islands in the marrow cavity itself may contain some cal-
cified cartilage (Reid, 1984:645, 1997a). These are the remains
of early endochondral ossification that occurred in the diaphysis
after the cartilaginous shaft was initially invaded by clastic
cells, which began to form the medullary cavity.

At this stage, no evidence of secondary bone deposition can
be observed, and no Sharpey’s fibers (which record the orien-
tation of muscle fibers attaching to the bone) are clearly devel-
oped, but some characteristic features of bone morphology
(e.g., the fourth trochanter of the femur) can already be distin-
guished.

The epiphyses in Maiasaura, as in all fossil animals, differ
from those of living animals because although they are carti-
laginous, the terminal surfaces are not true articular surfaces.
Rather, they represent the interface between the lost uncalcified
cartilage and the underlying calcified cartilage (Ricqlès, 1992;
Reid, 1996). Hence the ‘‘true’’ epiphysis is almost entirely lost
in fossil vertebrates, and our use of the term ‘‘epiphyses’’ for
fossil animals reflects this. The epiphyses at this stage (Fig. 2C)
are formed by extremely thick pads of calcified cartilage that
occupy nearly the entire metaphyseal region, and extend into
the diaphyseal region. The calcified cartilage contains numerous
transphyseal canals oriented mostly longitudinally in the epiph-
yses (Figs. 2F, G, 4A) and irregularly in the metaphyses (Horner
et al., in press).

The thin periosteal cortex lines the metaphyseal regions ex-
ternally as far distally as the encoche d’ossification, the
‘‘notch’’ or ‘‘slot’’ that forms the boundary between the cortex
and the epiphysis (Fig. 2D). It contains up to six or seven elon-
gated vascular clefts, depending on the region. These are lon-

gitudinally and obliquely oriented, and they match in structure
those observed on cross sections of diaphyses. No Sharpey’s
fibers were observed in these regions, and no endosteal com-
paction of the periosteal cortex apparently took place in the
metaphyses at this stage of development.

Large Nestlings—This ontogenic stage is very distinct his-
tologically from the preceding one. In cross section, the shafts
of the long bones (and similar parts from the girdles and dermal
bones) generally have a cortex that is well differentiated from
the marrow cavity (Fig. 2E). The cortex is typically formed of
primary (periosteal) bone tissue, very densely vascularized and
loosely woven. The bone tissue corresponds to the general fi-
bro-lamellar pattern seen in young birds and mammals (Ricqlès,
1980; Castanet et al., 1996), as well as in other dinosaurs and
pterosaurs (e.g., Varricchio, 1993; Ricqlès et al., in press). At
this stage, we begin to see an organization of finely fibered
lamellar bone deposited centripetally that becomes the primary
osteons.

The amount of deposition of osteonal bone (and hence the
diameter of vascular canals) varies locally, as does the precise
pattern of bone vascularization (Fig. 4B). Depending on the
bone and on its position in the section, one can observe laminar,
plexiform, or longitudinal parallel osteonal patterns in the der-
mal and endoskeletal bones. The outermost vascular canals are
often larger in the subperiosteal space, and they retain a large
diameter because osteonal deposition has only started to take
place in this newly deposited bone tissue. New woven bone
trabeculae of periosteal origin can form short spikes spreading
outward.

The periphery of the marrow cavity is highly resorptive, of-
ten with an irregular shape. The innermost periosteal cortex is
actively eroded to make room for the outwardly expanding
medullary cavity. Endosteal bone trabeculae differentiate to
form a moderately developed perimedullary spongiosa in some
cases (Fig. 4C). A very modest amount of erosion-reconstruc-
tion has taken place in some bone elements in this region in
large nestlings.

The characteristic shapes, differential growth rates, and local
anatomical specializations of various bones are already clear at
this stage of ontogeny (see next section). Numerous Sharpey’s
fibers are differentiated in regions of dense tendinous or liga-
mentous insertion. Local apophyses and trochanters show spe-
cific orientations and densities of the vascular network of their
primary bone tissues.
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FIGURE 2. A–G, Maiasaura peeblesorum. A, cross-section through the femoral shaft of an early nestling, at the fourth trochanter, showing the
small medullary space and the large vascular spaces in the spongy matrix; B, same section as previous, showing osteocyte lacunae (probably
enlarged by bacterial erosion); C, longitudinal section in the lateromedial plane of the distal femur of an early nestling. Both distal condyles
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surround an intercondylar space filled with matrix. The condyles mainly comprise calcified cartilage (cc) interrupted by dark longitudinal epiphyseal
vessels or transphyseal canals (c) that together form thick pads of calcified cartilage. A section through the thin periosteal bone is visible at the
bottom edge of the photo; D, distal end of femur, showing cleft that distinguishes the encoche d’ossification (enc). Two or three layers of primary
trabecular bone of periosteal origin surround massive amounts of longitudinally oriented, hypertrophied calcified cartilage (cc); E, cross-section
of the femur of a large nestling, taken at the base of the fourth trochanter, viewed under crossed nicols, showing well developed marrow cavity
and the plexiform pattern of vascular canals; F, longitudinal section of the proximal tibia of a large nestling. Long marrow tubes apparently meet
and subsume the transphyseal canals in this region. Between the marrow tubes are long columns of calcified cartilage on which the bone is being
deposited by the marrow tubes deep in the metaphyses; G, detail of previous figure, showing marrow tube (center) depositing bone (long white
line) on the surface of the surrounding calcified cartilage (note localized erosion of cartilage) H, I Struthio camelus, the ostrich. H, proximal tibia
of the ostrich, viewed as in Figure 2F; I, detail of previous figure, viewed as in Figure 2G. Scale bar represents 5 mm for A, C, E, F, and H,
and 500 m (0.5 mm) for B, D, G, and I.

Epiphyseal structures (Fig. 2F) are generally formed at this
stage by thick pads of calcified cartilage that extend well into
the metaphyses (Barreto et al., 1993). However, these exten-
sions already vary considerably from one element to another.
Transphyseal canals are still present at this ontogenetic stage.
At some distance below the epiphyseal surface, the transphyseal
canals meet the marrow tubes growing toward the epiphyses
and these become more or less indistinguishable and confluent
(Fig. 2F); along the wall of the marrow tubes, bone is deposited
on the surface of the calcified cartilage (Fig. 2G), which be-
comes involved in the process of endochondral ossification. Its
surface becomes coated by a thin film of endochondrally de-
posited, ‘‘primary’’ endosteal bone. Massive amounts of calci-
fied cartilage are observed down into the metaphyses. Endo-
chondral ossification produces a complex meshwork of bony
trabeculae oriented longitudinally in the metaphyses, linked by
short transverse trabeculae of endosteal bone. This cancellous
tissue still contains large islands of hypertrophied calcified car-
tilage (Fig. 2F), even into the diaphyseal region, but the tra-
beculae are extensively remodeled by clastic erosion and sec-
ondary endosteal deposition. The inner tissues of the metaph-
yseal shafts, shown here in the proximal end of the tibia (Figs.
2F, G), are formed by thin endosteal coatings of bone laid down
around the marrow tubes, which also seem to function as elon-
gated ’erosion cavities’ because cartilage erosion and endo-
chondral ossification take place at their periphery. Figures 2F
and 2G compare the metaphyseal structures of the proximal
tibia of the large maiasaur nestlings to similar structures in the
proximal tibia of a 7-day-old ostrich (Figs. 2H, I).

Juveniles—In our sample, ‘‘juveniles’’ are already animals
of considerable size, judging by the standards of today’s fauna.
Nevertheless, bone histology shows that these individuals are
still in an immature stage of development that is dominated by
intensive growth. In early juveniles (Fig. 4D), the primary os-
teons are very well formed and much more distinct than at
younger stages, and the centripetal lamellar deposits in the os-
teons are composed of a mature and well organized fine la-
mellar matrix. In contrast to later juveniles, there are no indi-
cations of secondary osteons near the endosteal surface.

In the long bone shafts of later juveniles, most of the cortex
is primary and is formed of dense, thick (5 to 15 mm) deposits
of regularly organized fibro-lamellar tissues (Fig. 3A). The pri-
mary osteons are organized as (often) parallel-longitudinal,
laminar, plexiform, or (less often) reticular, or even (more rare-
ly) radiating patterns, depending on the region of the bone and
on its position in the skeleton. The outermost clefts of vascular
canals are generally larger in diameter. Many canals are open
subperiosteally, especially if they are oriented radially or
obliquely. Systems of Sharpey’s fibers are well developed lo-
cally in the external cortex.

Lines of discontinuity, such as ‘‘rest lines’’ or ‘‘growth
lines,’’ in the primary bone tissue are inconspicuous at this
growth stage; in fact, we could locate only one true line of
arrested growth (LAG) and then in only two specimens, a femur

and a fibula. In dense fibro-lamellar bone tissues, faint patterns
in the superposition of the laminae are routinely present (Fig.
3A). These patterns can be traced to small differences in the
mean diameters of primary osteons, vascular canals, overall
color of bone, overall porosity, and other factors that run cir-
cumferentially in the cross sections of the shaft. For example,
a group of laminae can have a denser appearance or generally
larger vascular canals than the preceding (more internal) or suc-
ceeding (more external) ones. These patterns are difficult to
observe, especially through the compound microscope, because
their microanatomical details tend to disappear at high magni-
fications.

The marrow cavity is well developed. In most bones, bony
trabeculae are present in the shafts, and the marrow cavity is
subdivided by many reconstructed endosteal trabeculae that
form a spongiosa. The endosteal margin is well developed, with
large irregular bays of erosion that expand outward in the deep
primary cortex and endosteal bone tissue that is deposited lo-
cally in the perimedullary cavities.

In most juvenile limb bones, typical Haversian reconstruction
is already developed, but is somewhat scattered and limited to
the deep cortex (Fig. 3B). However, Haversian tissue spreads
in some local areas up to the external cortex, where it forms
well-marked regions with extensive resorption and reconstruc-
tion by Haversian tissue, as in the metatarsals. These are fre-
quently found at points of stress (e.g., the lateroventral corners
of the metatarsals; Fig. 3C). Flat bones and long bones with a
smaller overall radial growth (e.g.’ ribs, ischium, ulna) receive
much more extensive Haversian substitution at this stage than
do the longest bones of the skeleton (e.g., femur, tibia). No
‘‘external fundamental system’’ (e.g., Cormack, 1987) of sub-
periosteal lamellar bone is deposited, however (Fig. 3A), so
despite the extensive Haversian reworking, the bone has not yet
stopped or substantially slowed its growth.

Some epiphyses at this stage of development are still quite
actively involved in longitudinal growth, according to their his-
tological structure. Thick pads of calcified cartilage with lon-
gitudinally oriented cell spaces are crossed by longitudinally
and transversely oriented shafts of endochondral bone through-
out the metaphyseal regions (Fig. 3D). At the periphery of the
metaphyses, the spongiosa (of endochondral origin) is endos-
teally compacted and it lines the periosteally deposited bone
internally.

Sub-adults—These are already large animals with diaphy-
seal cross sections comparable in size to those of mature cows
and horses. Dense cortical bone tissue can reach a thickness of
over 20 mm (e.g., 5 mm for the neural spine; 10 mm for the
rib; 15 mm, humerus; 12 mm, ulna; 9 mm, ischium; 22 mm,
femur; 25 mm, tibia; 13 mm, fibula). In most long bone shafts,
the dense cortex is still formed at this stage by a massive de-
position of primary fibro-lamellar tissues (Fig. 3E). The vas-
cular pattern varies according to its local position within a given
section and from bone to bone, but a laminar to sub-plexiform
organization of the fibro-lamellar tissue now clearly predomi-
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FIGURE 3. Maiasaura peeblesorum. A, cross-section of the tibia of a late juvenile in the mid-shaft, showing the external cortex. Note the more
open exterior vascular canals, and faint changes in bone color denoting irregularities in the otherwise regular laminar deposition; B, same cross
section at higher magnification, taken through the deep cortex; the endosteal margin is at left. Note the large erosion cavities and endosteal
trabeculae. Secondary osteons have invaded the deep cortex to the right; C, cross-section of the metatarsal of a late juvenile. Note the scattered
Haversian tissue with extensive erosion cavities; D, longitudinal section of the proximal end of the fibula of a late juvenile. The epiphysis
comprises thick rows of calcified cartilage perforated by marrow spaces associated with endochondral ossifications; E, external surface of the
femur of a sub-adult, showing fibro-lamellar primary cortex interrupted by a LAG; F, sub-adult rib in cross-section, exterior surface of the cortex,
showing LAGs packed at the surface, and Haversian systems in the inner cortex; G, external surface of the ulna in a sub-adult shows the
beginnings of the ‘‘external fundamental system’’ (efs) characterized by a lamellar-zonal matrix with few primary osteons and relatively few
osteocytes; H, the ‘‘external fundamental system’’ (efs) in the metatarsal of an adult; note LAGs in the external cortex, in which a few longitudinal
vascular canals are scattered, and the outermost compact, nearly avascular bone. Scale bar represents 5 mm for A, D, and E, 800 m for B, C, and
F, and 500 m for G and H.

nates. The deep cortex is sometimes replaced by dense Hav-
ersian tissue. The marrow cavity is generally not free but con-
tains an extensive system of secondarily endosteal bony trabec-
ulae. The trabeculae vary in thickness and organization from
long and thin to thick and short, and they often include irregular
secondary osteons. All transitional stages are present, from a
more or less dense spongiosa with thin trabeculae that encircle
large, irregular marrow spaces to a denser spongiosa in which
the trabeculae progressively attain the structure of very large
secondary endosteal osteons, as previously described in sauro-
pods (Rimblot-Baly et al., 1995). Some epiphyses are still in-
volved in active longitudinal growth (Fig. 4G); the epiphyses
are composed of hypertrophied calcified cartilage that is still
spread through the metaphysis as elongated columns along
which endochondral ossification proceeds, resulting in longi-
tudinally oriented bone spongiosa. In sub-adult Maiasaura, it
is difficult to ascertain the real size of the medullary sinuses in
the marrow spaces because the cancellous bone structure is fre-
quently crushed or collapsed. Surprisingly, this cancellous
crushing is often seen in bones that otherwise seem to have
suffered little crushing or deformation.

The endosteal margin is well developed at the periphery of
the medullary region and can be quite extensive. Erosion cav-
ities are more or less circular in cross section and they spread
from the endosteal margin into the deep half of the cortex. This
spread is evidently linked to the eventual development of Hav-
ersian tissue.

At the sub-adult stage of development, lines of arrested
growth (LAGs) divide the fibro-lamellar cortex into a few thick
superimposed strata of primary bone (Fig. 3E). For example,
four to five LAGs can be observed in the humerus, two in the
ulna, three in the ischium, one or two in the femur, two in the
tibia, one in the fibula, and two in the metatarsal. These lines
match the usual description of LAGs known in extant verte-
brates and used for skeletochronological purposes (Peabody,
1961; Francillon-Vieillot et al., 1990; Reid, 1990; Castanet et
al., 1993; Chinsamy, 1993a; Varricchio, 1993). They are ex-
tremely narrow, and are darker than the neighboring bone tis-
sue. They undulate around the neighboring primary osteons and
are roughly parallel to each other and to the cortex surface.
They are often (but not always) spaced rather consistently: i.e.,
they are closer to each other toward the external surface of the
cortex.

Some structures almost identical to LAGs, especially at low
magnification, appear to be something quite different. Rather
than ‘‘rest lines,’’ they would appear to be resorption lines,
because the subjacent bone has previously experienced a phase
of superficial (not periosteal) resorption (Enlow, 1963). This is
demonstrated by the unconformity of the layered bone structure
at these lines and by the highly scalloped surface of the lines
that indicate osteoclastic erosion. Some bones at this growth
stage are transformed into a mass of dense Haversian tissue; at

least three superimposed generations of secondary osteons may
be developed in places.

The most external cortex has a lamellar-zonal structure, es-
pecially in smaller, highly reconstructed bones (Fig. 3G). In
these thin external regions of the cortex, the bone tissue con-
tains few or no primary osteons, and these are longitudinally
oriented, embedded in a grossly lamellated periosteal tissue.
When present, often in neighboring regions of the same bone,
the primary osteons have small diameters and tend to form
circular rows, alternating with non-vascular annuli (see Pea-
body, 1961). Sharpey’s fibers are locally numerous. Overall,
this thin coating of bone, mostly formed of parallel-fibered peri-
osteal tissue organized longitudinally, constitutes the begin-
nings of the ‘‘external fundamental system’’ at the surface of
some bones at this stage. This system has been classically de-
scribed among mammals as marking the development of the
adult skeleton (e.g., Cormack, 1987), and has been observed in
a variety of other dinosaurs (Chinsamy, 1990; Reid, 1984, 1993;
Varricchio, 1993).

Adults—The large bones of adults have diaphyses in which
the dense cortex reaches a thickness of 20 mm in the tibia, 13–
22 mm in the femur, humerus, and metatarsal, 10 mm in the
ribs and neural spines, and 7 mm in the ischium. These values
are not significantly higher than in sub-adults, even though the
adult bones are larger overall, including in diameter. This is
because the medullary cavities expand at the adult stage, es-
pecially the perimedullary cavities at the endosteal margin. This
margin becomes quite extensive and spreads diffusely into the
deep cortex. As a result, the distinction between the compact
cortex and the cancellous medullary cavity is not clear-cut.

In the largest long bones (femur, tibia, metatarsal, humerus),
the dense external cortex is still basically formed of primary
fibro-lamellar tissues (Fig. 4E). The tissue pattern is typically
laminar, and several regions have a very regular series of lam-
inations. An ‘‘external fundamental system,’’ already developed
among sub-adults (Fig. 3H), tends to differentiate at the external
surface in some regions of most bones (femur, metatarsal, hu-
merus) but not in others (tibia). Lines of arrested growth
(LAGs) are again observed in cross sections of the diaphyses:
three in the humerus, up to five in the femur, four in the tibia
(Fig. 4E), six in the metatarsal, two to five in the ischium, and
at least four in the ribs (these numbers are minimal counts, and
they are complicated by a series of such lines that often appear
in the external fundamental system).

In smaller bones (rib, ischium, neural spine), which generally
grow more slowly than the long bones, almost all the cortex is
converted into dense Haversian tissue. Only a very thin sheet
of primary bone is formed at the periphery by either a poorly
developed laminar tissue or by a lamellar-zonal subperiosteal
bone tissue. The internal (deep) cortex of the femur is exten-
sively reconstructed, and dense Haversian bone is spread locally
through almost the entire thickness of this bone. In the humerus,
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FIGURE 4. Maiasaura peeblesorum. A, detail of Figure 2C, showing transphyseal canals (center) in a matrix of hypertrophied calcified cartilage;
B, detail of Figure 2E, emphasizing the numerous primary osteons with laminar bone deposited centripetally within them. A single osteon is
outlined in dashes, and its vascular canal in a solid circle; C, cross-section of the tibia of a larger nestling, taken at the distal diaphysis.
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←

Reconstructed endosteal trabeculae of the internal cortex replaces a denser outer cortex of fibrolamellar bone (top left); D, cross-section of the
femur of an early juvenile, near the fourth trochanter, under crossed nicols. Well-formed mature primary osteons (dashed lines) surrounded by a
woven periosteal matrix can be seen in the central region of the cortex; E, cross-section of the external cortex in an adult tibia, showing the
laminar (fibrolamellar) tissue interrupted by LAGs (arrows); F, cross-section of the endosteal margin in an adult metatarsal, showing numerous
large secondary endosteal osteons, and erosion cavities invading the deep primary cortex; G, longitudinal section of a sub-adult tibia showing
large rows of calcified cartilage with longitudinally oriented, hypertrophied cell lacunae and interspersed, longitudinally oriented erosion cavities
and endochondral ossifications. Scale bar represents 5 mm for E and G, 800 m for C and F, and 500 m for A, B, and D.

Haversian substitution is also dense in the internal cortex but it
is spread rather diffusely and uniformly in most regions of the
external cortex, rather than intensively in limited regions of the
external cortex as in the femur. In the tibia, Haversian substi-
tution is less extensive but it is spread locally throughout, as in
the femur. In the metatarsal (Fig. 3H), Haversian substitution is
spread extensively up to the external cortex, as in the humerus,
but substitution is generally denser and less scattered (Fig. 4F).
In all these bones, and in each region within each bone, the
amount as well as the spread of Haversian substitution varies.
It starts as a first generation of secondary osteons scattered over
the primary tissues (in the external cortex), and ranges to dense
Haversian bone with several superposed generations of second-
ary osteons (in the deep cortex). These differences also appear
to be specific to individual bones and to regions within each
bone. In the smaller bones (ischium, ribs, neural spines), three
to four generations of secondary osteons are superimposed lo-
cally.

Cancellous tissues are not much different between adults and
sub-adults, but they are generally more developed among
adults. The cancellous spongiosa has the usual structure of
highly reconstructed irregular endosteal trabeculae, lining med-
ullary spaces of various shapes. In transverse sections, the di-
mensions of marrow sinuses can reach 3–4 mm by 1–3 mm or
more, but they are much longer in longitudinal sections. Erosion
cavities in the endosteal margin are sub-circular in cross sec-
tion, from 300 mm to 1,000 mm in diameter. Some surfaces of
the erosion cavities have no bone deposited on them, presum-
ably because clastic cells were still destroying bone centrifu-
gally (Fig. 4F). Other cavities, or regions of a given cavity,
have a coating of secondary, finely fibered endosteal bone.
These systems progressively turn into more typical secondary
osteons in the deep cortex. Some erosion cavities located more
externally can remain very large (.400 mm in diameter) and
can maintain connections with the neighboring system of vas-
cular canals in the primary laminar tissue. These large cavities
also receive secondary centripetal bone deposition.

Summary of Histological Changes During Ontogeny

The two youngest stages of Maiasaura, which we identify
as nestlings, have periosteal and endochondral structures that
indicate extremely rapid growth. In growth stages ranging from
45 to 90 cm in body length, cortical bone in Maiasaura is
composed of highly vascularized, fibrolamellar tissue with a
plexiform pattern. In contrast to previous descriptions (Horner
and Weishampel, 1988; Geist and Jones, 1996), the epiphyseal-
metaphyseal complex at the long bone ends is composed almost
entirely of hypertrophied calcified cartilage with intertwined
transphyseal canals, but with only sparse bone tissue (Fig. 2C;
not composed mostly of bone, pace Geist and Jones, 1996).
These same tissue patterns, usually associated mainly with fast-
growing young individuals, are also well expressed in the ju-
veniles and sub-adults (Fig. 3D), although in a somewhat more
mature form. They are even developed in the major bones of
adults (Fig. 4G), which suggests that even young adults may
have continued to grow at high rates. Some bones of the skel-
eton show more or less early shifts toward lower growth rates,

or even almost cessation of growth, compared to other bones.
In the adult skeleton, such elements are invariably smaller than
the faster and/or longer growing ‘‘major bones.’’ Hence, allo-
metric differences in growth, as well as ‘‘allochronic’’ changes
in growth events between bones, seem to be faithfully recorded
by bone histology (Varricchio, 1993; Castanet et al., 1996).

Haversian substitution begins in the deep cortex early in on-
togeny, at the early juvenile stage. It progressively becomes
more important (Fig. 3C), especially in smaller bones (such as
the metatarsals), in bones that do not grow so quickly (such as
the ribs: Fig. 3F), and in regions of larger bones that are sub-
jected to local biomechanical demands (Reid, 1984). Haversian
substitution becomes more general in all compact bones as in-
dividuals age. The secondary bone tissues that form the can-
cellous spongiosa in the marrow cavity and the endosteal mar-
gin around it (Fig. 4F) grow just like dense Haversian bone
does, starting at least by the early juvenile stage. The ‘‘external
fundamental system’’ (Fig. 3H) also develops earlier in smaller
bones, or locally in larger bones, perhaps in accordance with
particular biomechanical demands. However, it is still poorly
developed at the surface of some major bones in adults.

The epiphyseal structures are actively involved in longitudi-
nal growth up to the adult stages (Fig. 4G). These epiphyseal
features include (1) large pads of calcified cartilage with lon-
gitudinally oriented, hypertrophied cell lacunae and (2) inter-
spersed, longitudinally oriented (rather than areolar) erosion
cavities. Their functions in growth appear to vary considerably
from one epiphysis to another, though no complete record of
such differences has been gathered for the present study.

In summary, the ontogenetic changes in the primary compact
bone clearly show that there were significant ontogenetic
changes in growth rates in Maiasaura. From very high initial
growth rates (nestlings), growth proceeded at high and moder-
ately high growth rates (early and late juveniles) toward mod-
erately high (subadults) and finally low to very low growth rates
(among adults).

DISCUSSION

Growth Rates and Individual Age

Two independent lines of evidence from bone histology can
help to quantify how growth rates change during the ontogeny
of Maiasaura, and to reciprocally test inferences about corre-
lated factors such as individual age at various growth stages.

One line of evidence is growth rates that have been experi-
mentally determined for various bone tissue types in living an-
imals, comparing bones of known diameter and similar histol-
ogy. This approach assumes the actualistic hypothesis that sim-
ilar bone tissue types among extant and extinct vertebrates form
under similar conditions, and therefore at similar growth rates
(e.g., Ricqlès, 1980). Unfortunately, reliable experimental val-
ues linking growth rates to specific bone tissue types among
living animals are still scarce (Ricqlès et al., 1991; Castanet et
al., 1996). Buffrénil and Pascal (1984) obtained growth rates
for the mink (Mustela vison), but these applied to the mandible,
which is completely reworked after the fourth month, so their
comparative utility for dinosaur bones is probably limited.
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Moreover, it could be argued that values obtained from a small
mammal would considerably underestimate the growth rate val-
ues to be used for dinosaurs, and that values derived from (e.g.,)
ratite birds would be more realistic, both for morphologic and
phylogenetic reasons. (We address this point in the next sec-
tion.)

The second line of evidence is to count lines of arrested
growth (LAGs) in periosteal bone to assess age (and growth
rates), under the working hypothesis that LAGs in dinosaurs
have the same chronometric significance as they do in many
extant chondrichthyans, actinopterygians, amphibians, reptiles,
and mammals (see e.g., Peabody, 1961; Smirina, 1972; Castanet
et al., 1993). However, because LAGs in Maiasaura, as in some
other dinosaurs, are developed in fibro-lamellar tissues, they
may not be entirely comparable to the LAGs known to be an-
nual in the bone tissues of many living ectotherms (see also
discussions in Ricqlès, 1980, 1983; Reid, 1990, 1996:34; Chin-
samy, 1994). On the other hand, they are indistinguishable from
the growth lines recorded in the long bones of the non-estivat-
ing, non-hibernating, large endothermic mammal, the elk Cer-
vus (Horner et al., 1999). LAGs with distinct annuli are found
in some dinosaurs (e.g., Reid 1984), and also in the polar bear
(Chinsamy et al., 1998).

Counting LAGs in Maiasaura bones, as in those of other
dinosaurs, is practically difficult for several reasons. (1) Some
LAGs actually turn out to be erosion lines. These are linked to
local morphogenetic changes in growth regime caused by mod-
eling and remodeling dynamics of the entire bones (see e.g.,
Enlow, 1963; Ricqlès, 1980). (2) Some LAGs may have been
eroded away by perimedullary erosion of the deep cortex and
by Haversian substitution within the cortex. These missing data
have been extrapolated by ‘‘retrocalculations’’ that reconstruct
the probable number of eroded LAGs (e.g., Chinsamy, 1990;
Castanet et al., 1993, for review), taking into account the di-
ameters and numbers of LAGs that have been counted in youn-
ger bones. (3) Counting LAGs in the diaphyses does not always
guarantee that the actual number can be observed (or retrocal-
culated). Theoretically, the total record of diametral growth can
only be accurately recorded in a cross section that includes the
‘‘neutral point’’ of the diaphysis (i.e., the cross section that
retains a constant topological and morphogenetic position rel-
ative to the two oppositely growing epiphyses (see e.g., Lac-
roix, 1971). Recording the exact ‘‘neutral cross section’’ for
each bone diaphysis was a task beyond the practical possibili-
ties of the present study. Nevertheless, we draw attention to the
potential danger incurred by relying on whatever section of fos-
sil bone may be available to assess individual age by counting
LAGs.

In our discussion of juvenile tissues, we noted the presence
of faint patterns in the superposition of laminae in fibro-lamellar
tissue. Their significance is not obvious, but they appear similar
to those described by Ricqlès (1983:pl. 9) and Rimblot-Baly et
al. (1995) as signs of growth cycles, and they appear to rep-
resent some degree of bone growth change or fluctuation. The
process of deposition of discrete laminae is prone to produce
faint irregularities in deposition that need not have a cyclical
(i.e., regularly recurring) significance. These patterns can be
caused by small local changes in the rate of bone deposition
that recur for morphogenetic or biomechanical reasons; they do
not necessarily imply a complete change in the actual tissue
type deposited, nor an arrest of growth (of which there is no
evidence here). More research is necessary to understand such
modulations in extant and fossil bone tissues, but they should
not be confused with (annual) growth lines or other lines of
arrested growth.

The preceding points show that an uncorrected enumeration
of LAGs in random cross sections of long bones can produce
overestimates (e.g., counting reversal lines as LAGs), and more

probably underestimates (because of perimedullary resorption,
etc.). For example, Chinsamy (1990) counted growth lines in a
series of Massospondylus femora and correlated these lines
among bones based on the relative positions of lines in the
bones of comparable or successive thicknesses. Her results are
certainly reasonable, though as she recognized, individuals may
vary in the thicknesses of their bones at various ages. We have
noticed that bones of the same thickness do not always have
the same number of LAGs, and also that lines of resorption
may make it difficult to correlate LAGs and to know exactly
how much tissue was resorbed at each line. It is also not pos-
sible to know a priori how much time of arrested growth is
represented by a given LAG.

Results from Experimentally Obtained Growth Rates—
Table 1 lists the values of bone growth (based on bone wall
thickness, BWT) observed in various bone diaphyses of Maia-
saura through ontogeny. If we assume a mean value of 15 mm
per day for the radial deposition of laminar bone tissue of the
fibro-lamellar complex (a conservative assumption: see Buf-
frénil and Pascal, 1984, Ricqlès et al., 1991; Castanet et al.,
1996), this yields an estimated deposition of about 5.5 mm of
new laminar bone per year. This value is consistent with the
actual thickness of laminar tissue deposited between two con-
secutive LAGs in the external cortex of sub-adult and adult
Maiasaura (see Table 1 for growth ranges). The thickest pri-
mary cortical deposits appear to be laid down in the diaphysis
of the tibia in adult Maiasaura (25 mm). At the constant rate
used above, it would thus have taken roughly 4.6 years for the
deposition of this external cortex, which accounts for approxi-
mately two-thirds of the local bone radius. The inner third of
the bone wall, now eroded, was deposited during early ontog-
eny, and it would have been laid down at a somewhat higher
rate characteristic of juvenile and younger animals. This rate
could have been even three to four times higher, depending on
the bone, judging from rates of growth in the legs of birds
(Latimer, 1927:36; Church and Johnson, 1961; Castanet et al.,
1996). But even if the inner cortex had been deposited at the
same rate as the outer cortex, we could estimate that it would
have taken no more than 2.3 years to complete, and so the
whole bone suggests that the adult stage could have been
reached in seven years.

The age of nestlings can be estimated in another way. The
diameters of the major bones (humerus, femur, tibia) are re-
spectively 5, 10, and 8 mm at hatching (45 cm body length)
and respectively 8, 15, and 13 mm for large nestlings (90 cm
body length), reaching 19, 37, and 38 mm for late juveniles
(3.5 m body length). This implies a diametral increase of 3–5
mm between the first two stages, and 11–25 mm between the
second two stages. Dividing these diametral values in half to
obtain radial growth increases, and assuming a conservative
growth rate of 30 mm per day (cf. trabecular bone tissue values
in Buffrénil and Pascal, 1984) for radial growth between hatch-
ing and the large nestling stage, the nestlings could reach max-
imum size in anywhere from 50 to 83 days (roughly 2.8 months
at most). Similarly, assuming a constant (mean) growth rate of
17 mm per day (intermediate between those of ‘‘typical’’ fibro-
lamellar tissues and primary trabecular tissues, according to
Buffrénil and Pascal, 1984), this would allow between 1.1 and
2.4 years from hatching to reach what we call late juvenile size.
If we add the higher of these two latter figures to the 4.6 years
previously estimated to account for growth to the sub-adult and
adult stages, the age to adult size is closer to seven years. (Note
that we are using intermediate growth rates and taking the high-
er numbers from each calculated range of depositional duration,
so we are erring conservatively.)

These results suggest that the one-year-old age cohort (inter-
mediate between nestlings and specimens defined as late juve-
niles) is missing in our sample. (The early juvenile stage, re-
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corded from a single femur, lacks LAGs and so either it died
before reaching its first birthday, or a LAG was not recorded
in the first year; see below.) An alternative model would hy-
pothesize that the one-year cohort is not missing, and that the
late juveniles are yearlings. This is consistent with the obser-
vation that no growth rings appear until the sub-adult stage,
where there are already two, suggesting that these animals are
in the two-year cohort (though they could be older if no LAG
was recorded in the first year). The increase in bone diameter
between these two morphological stages is 14, 27, and 30 mm
respectively for the humerus, femur, and tibia, so the faster-
growing bones would deposit 14–15 mm of radial bone thick-
ness in a year (a quotient of as much as 40 mm daily). This
rate is high compared to average growth rates in the seven-
week-old mallard (,4 mm daily in the tibiotarsus, 7.5 in the
femur, .16 in the coracoid, and 24 in the humerus (Castanet
et al., 1996), although the earlier daily growth of the humerus
approached 40mm. But growth in the mallard may not be com-
parable to that of large dinosaurs for several reasons. As Cas-
tanet et al. (1996) point out, its histogenesis generally proceeds
from laminar and subplexiform to plexiform and reticular, be-
fore finally becoming avascular (rather than the classic reticular
to plexiform to laminar sequence seen in other amniotes: Ricq-
lès et al., 1991). More importantly, its degree of vascularization,
including the size, frequency, and orientation of osteons, is only
a fraction of what is seen in Maiasaura at comparable onto-
genetic stages, and degree of vascularization is a better indi-
cator of growth rate than particular variations in tissue type
within the fibro-lamellar complex (Chinsamy, 1993b).

From these considerations, according to this alternative mod-
el, it can be hypothesized that Maiasaura yearlings (late juve-
niles) reached 3.5 meters in length, as bone wall thickness of
the long bones increased at a rate of about 40 mm daily. From
this stage, if growth slowed to (an average of) 15 mm daily, the
diameter of the tibia expanded from 38 mm (late juvenile stage)
to 110 mm (adult stage) in 4 years and 9 months, yielding an
estimate of about six years to reach the beginning of what we
regard as an adult stage (body length of about 7 meters).

To sum up, this line of evidence suggests high rates of bone
deposition and rapid initial growth, but at rates that are not
extraordinarily high during early life. Later, the rate of depo-
sition tapers, with some irregularities in the rate of decrease,
depending on the bone and on its local position in the section.
Mammalian and avian growth rates known to be associated with
the types of bone histology observed in Maiasaura (Buffrénil
and Pascal, 1984; Castanet et al., 1996) suggest that this di-
nosaur could have reached adult size in six to seven years.

It may also be pointed out here that our study of a range of
nestling bones in Maiasaura show that the epiphyseal and me-
taphyseal regions at these stages contained only a few struts of
ossified bone, deep in the metaphysis, and a predominance of
calcified cartilage. This suggests that the mobility of the animals
at these stages would have been very limited. The occurrence
of small juveniles with poorly ossified metaphyses in a nest-
like structure (Horner and Makela, 1979) remains compelling
evidence for the hypothesis that Maiasaura adults must have
cared for their young, which were in the confines of nest-like
structures.

Results from Counting Lines of Arrested Growth—In
most bones in which LAGs could be observed and counted, the
counting procedure described above produces a pattern consis-
tent with the hypothesis that the number of LAGs increases
regularly with the animal’s size and presumably age (Chinsamy,
1990, 1993a). LAGs are absent in the bones of nestlings, and
very rare even in late juveniles. This probably discounts the
possibility that many LAGs were once present at these stages,
but were later eroded away by Haversian substitution and ex-
pansion of the marrow cavity in the deep cortex. The numbers

of LAGs observed in the bones of sub-adults and adults may
be regarded as a complete or nearly complete record at those
stages. Furthermore, the absolute spacing and the trend in de-
creasing spacings of the lines through growth in the primary
cortex are consistent with the inference that they record yearly
growth cycles in bone that grows more and more slowly (Chin-
samy, 1993a).

The discovery of relatively numerous examples of typical
‘‘growth marks’’ of various histological types in dinosaur bone
(Reid, 1981, 1990; Ricqlès, 1983) does not discount the pos-
sibility that such dinosaurs grew quickly and did not need ex-
tended lifespans to reach adult size. In fact, the actual number
of ‘‘growth lines’’ may be remarkably low for the dimensions
and thicknesses of the bones (Reid 1990), compared to the
bones of living non-avian reptiles. This discovery, if dinosaur
LAGs are indeed annual, would support rather than falsify the
hypothesis that dinosaurs were fast-growing animals, because
rates of diametral expansion are never as great in the bones of
non-ornithodiran reptiles as they are in the bones of birds, other
dinosaurs, and pterosaurs (Ricqlès et al., in press), or in syn-
apsids.

LAGs in the External Fundamental System—As noted in
the descriptive section, several LAG-like lines can often be ob-
served in the grossly woven, longitudinally fibered periosteal
bone that, when present, forms the ‘‘fundamental external sys-
tem’’ at the outer margins of adult bones. In some cases, these
LAGs correspond directly to LAGs present elsewhere in the
section as the most external LAGs of the fibro-lamellar com-
plex. They are thus most probably isochronous LAGs that are
simply embedded in different tissues. In other cases, the inner-
most line of the ‘‘external fundamental system’’ turns out to be
a resorption line, without obvious temporal significance. More
recently deposited external LAGs are quite similar to some
LAGs that are deposited yearly in extant slow-growing bone
tissues, in ectotherms as well as in mammals (Castanet et al.,
1993; Chinsamy and Dodson, 1995) and birds (Klevezal, 1972;
Chinsamy et al., 1995). If they were deposited for similar rea-
sons in dinosaurs, they would indicate that the ‘‘adult’’ speci-
mens of our sample are a few years older than other indicators
suggest. At this stage, diametral growth took place at a very
low rate, presumably after mature size (and probably sexual
maturity) had been reached.

Variation in LAG Number Within a Skeleton— At a given
ontogenetic stage, as recognized by size-classes (and presum-
ably age-classes) within a large sample, the number of LAGs
systematically and significantly differs from bone to bone. For
example, most sub-adult bones of our sample showed two or
three LAGs distributed through the primary cortex, but there
was considerable variation: four to five LAGs in the humerus,
two in the ulna, and one in the fibula. Although these three
bones did not come from a single individual, the result is not
anomalous in dinosaurs: the adult, holotype specimen of the
hadrosaurid Hypacrosaurus stebingeri (MOR 549) showed 5–
7 LAGs in the radius and fibula, 5–6 LAGs in a rib, and 7–8
LAGs in the tibia, but none in the metacarpal (Horner et al.,
1999). Reid (1990:29; 1996:34) has recorded non-cyclic LAGs
from Allosaurus, in one case seemingly with an interval of four
years between them. This raises questions about the interpre-
tation of LAGs from single elements. For example, if LAGs
measured from (e.g.) femora are counted as indicators of annual
growth cycles (Chinsamy, 1990, 1993a, 1994)—which we have
no reason to support or deny on the basis of the evidence from
Maiasaura—then the question emerges why a femur would
suggest an age of three years for an individual while its rib
would suggest nine or its tibia five.

Chinsamy (1993a), in an extensive comparative study of fem-
ora in the sauropodomorph Massospondylus, determined that
the first LAG seen in the skeleton probably marked the com-
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pletion of the first season of growth, and used successive LAGs
to mark later annual increments. Using this reasoning, because
the first LAG in the bones of Maiasaura does not appear until
(what we recognize on the basis of size and histological
grounds as) the sub-adult stage, we would conclude that it grew
to a length of 3.5 meters in the first year. (This rate is plausible
on other grounds, noted above.) However, as Chinsamy (1995)
discovered, femora of the ornithopod Dryosaurus show no
growth lines at all, even in adults (see also Chinsamy et al.,
1998), so the absence of LAGs even into large size may have
no significance at all for chronometry. Furthermore, given the
intraskeletal variation in the number of LAGs, it is not known
a priori or on the basis of actualistic studies why one bone
should be a reliable or consistent determinant of age, and others
must accordingly be unreliable or inconsistent.

We know of no normal mechanism but an annual hiatus in
growth that regularly produces LAGs in the long bones of any
extant tetrapod. It is reasonable to assume on actualistic
grounds that LAGs in extinct tetrapods were similarly annual,
even though this assumption remains untested by direct means.
On the other hand, an indirect test that LAGs were annual in
these dinosaurs is provided by the agreement of the occurrence
of LAGs with the thicknesses of given types of bone tissues
deposited at normal rates (based on living animals) between
successive LAGs (see above). However, LAGs are clearly not
deposited each year in each bone of Maiasaura; and in some
‘‘hypsilophodontids’’ (generally recognized as a paraphyletic
group) they do not seem to be present at all. Some bones evi-
dently grow too quickly (or too slowly) to register a LAG each
year. Therefore caution must be exercised in order to attempt
the calculation of age based on LAGs, and they should not be
based on single bones. A range of bones in the skeleton must
be sampled through ontogeny. To our knowledge, no other stud-
ies have done this to date on extinct material.

Why LAGs are of Untested Significance in Physiological
Inference

As noted above, most studies of dinosaur bone histology until
very recent years tended to be opportunistic: specimens, often
scrappy ones, were allowed to be cut and thin-sectioned usually
because they came from very partial or taxonomically indeter-
minate specimens (e.g., Enlow and Brown, 1956–1958; Ricqlès,
1980). As a result of this history, no skeletally comprehensive,
systematic understanding of the patterns of bone histology in
extinct tetrapods has been developed to date. It is not surprising,
therefore, that LAGs were not widely recognized in extinct
taxa, partly because no thorough studies of skeletal patterns
were carried out. But now, after several years of concentrated
study, LAGs are known in nearly every extinct ornithodiran
archosaur that has been studied histologically (e.g., Reid, 1981,
1990; Ricqlès, 1983; Ricqlès et al., in press; Chinsamy, 1990,
1993a; Chinsamy et al., 1995, 1998; Varricchio, 1993; Padian
et al., 1995; etc.). However, these studies have also shown that
the number and occurrence of LAGs vary among taxa as much
as do tissue histology, ontogeny, and size.

Reid (1981, 1984a, b, 1987, 1990, 1997a, b) was the first to
recognize just how widespread LAGs are in dinosaur bones. He
has used these insights to advance the question of dinosaurian
‘‘endothermy vs. ectothermy,’’ long seen as a false dichotomy
by other workers (Ricqlès, 1980; pace Bakker, 1968), toward a
more complex formulation of the problem. Reid (1990) pointed
to the prevalence of fibro-lamellar bone, otherwise unknown in
other extinct reptiles (except pterosaurs: Enlow and Brown,
1957; Padian et al., 1995; Ricqlès et al., in press), and the prev-
alence of growth lines as the two major keys to understanding
dinosaurian paleophysiology. Reid (1997b) sees dinosaurs as
physiologically different from all other reptiles, with higher

basal metabolic rates and growth rates, and probably with a
double-pump cardiovascular system. However, for him, the lack
in many specimens of evidence of active growth ceasing before
death points to a retention of the ability to grow throughout the
lifespan of an individual, because they were still physiologically
close enough to typical reptiles to do so.

These conclusions are reasonable on the basis of the available
evidence, and as everyone recognizes, most questions of di-
nosaurian paleophysiology can never be experimentally settled,
so many possibilities remain untested but viable (Rimblot-Baly
et al., 1995). In the context of the present study, and other
recent ones, it must be asked whether the differences in the
presence and number of LAGs—which seem to be the primary
evidence on which Reid, Chinsamy, Dodson, and others have
rejected a metabolic regime for dinosaurs that is more fully
comparable to birds and mammals than to reptiles—should
have any bearing on further discussions of the problem. Chin-
samy’s (1995) discovery that Dryosaurus, a Late Jurassic hyp-
silophodont ornithopod, lacked LAGs (see also Chinsamy et al.,
1998) was interpreted as an indication that dinosaurs may have
‘‘varied’’ in physiological strategy; but this is a weaker conclu-
sion than the obvious inference that, lacking any gross histo-
logic difference between birds and mammals, Dryosaurus
might well have had a metabolism closely commensurate with
mammalian and avian levels. We do not particularly advocate
that view. We simply observe that when dinosaurs have been
observed to have LAGs in their bones, there seems to have
been little hesitation to grant them metabolic restrictions that
tie them to ‘‘typical’’ reptiles; whereas when they lack such
LAGs, the converse has not been readily proposed. Although
LAGs occur in a dozen orders of mammals (Klevezal and Klei-
nenberg, 1969; Klevezal, 1996)—and not only in small or
aquatic ones—these mammals (such as the elk: Horner et al.,
1999) have never been regarded as ectotherms, as far as we
know. The presence of LAGs is a plesiomorphic state for ver-
tebrates, tetrapods, amniotes, reptiles, archosaurs, and dino-
saurs. Initially, judging from extant tetrapods, LAGs signaled
annual growth cycles that were mediated by environmental cy-
cles or stresses. However, as their persistence in mammals and
birds shows, LAGs can no longer be interpreted as a sign that
the animal cannot cope with its environment throughout the
year, and so must shut down growth. These LAGs can be equal-
ly seen as a habit of phylogenetic legacy that, like deciduous-
ness in warm temperate angiosperms that physiologically do not
‘‘need’’ to shut down growth for the winter, form in response
to environmental cues more than to environmental stresses.
LAGs in many Mesozoic dinosaurs, as in extant mammals and
birds, may represent no more than the ghost of past physiolo-
gies (Ricqlès et al., 1999). The inference that their presence
indicates a metabolism more like those of living reptiles must
be tested independently (Ricqlès, 1980; Rimblot-Baly et al.,
1995; Reid, 1997a, b). Ultimately, we suspect, evaluations of
dinosaurian physiology will not depend on the presence or ab-
sence of LAGs.

We observe that the effects of phylogeny, mechanics, and
environmental factors on the presence of LAGs in bone have
never been tested by independent lines of evidence, especially
on fossils. As we have seen, examination of comparative on-
togeny has failed so far to produce any consistent patterns
among dinosaurs, regardless of other factors. We agree with
Reid (1990:46) that ‘‘dinosaurian physiology should be pictured
as neither ‘reptilian’ nor ‘avian,’ but as simply dinosaurian, and
as having no true modern counterpart.’’ It is evident from the
differences in ontogenetic histological patterns in various di-
nosaurs, as well as their obvious differences in size and eco-
logical strategies, that dinosaurs can no more be characterized
by a single simplistic physiological characterization than living
birds or mammals can. Maiasaura is generally similar in its
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histological features to other dinosaurs such as Hypacrosaurus,
theropods, and sauropodomorphs, as well as to large pterosaurs.
Studies of other taxa, however, may produce different results
that will require interpretation in the contexts of ontogenetic,
phylogenetic, mechanical, and environmental factors.

CONCLUSIONS

1. Growth rates in Maiasaura varied ontogenetically. The
growth rates of juveniles were extremely high, and the preva-
lence of calcified cartilage in the metaphyses of even late ju-
venile stages suggests a sustained rapid growth. More or less
laminarly organized (fibro-lamellar) bone is not predominant
until the sub-adult stage.

2. When growth rates are estimated using LAGs in the fe-
mur, if the onset of rest lines is assumed to mark the end of the
first season, Maiasaura may have reached a length of over three
meters in its first year. These estimates are commensurate with
rates observed in living ratites. Furthermore, if the ontogenetic
changes in bone tissue types are considered in comparison to
these changes in living birds and mammals, it can be seen that
Maiasaura did not settle into a pattern of deposition of regu-
larly laminar bone until it was some five meters long (sub-adult
stage, by our size calibrations). Even if these growth rate esti-
mates were in error by as much as a factor of two, they could
not be brought within the typical ranges of growth rates of
living reptiles, though those grown under optimal conditions for
a few months early in ontogeny often show unusually high rates
of growth, and Reid (1997b:463) provides extraordinary evi-
dence of well vascularized (though not lamellated) fibro-lamel-
lar bone in a wild crocodile from North Carolina.

3. The use of ontogenetic series of a single bone, compared
across individuals taken from the same populations or different
populations of the same species, has limited value in construct-
ing paleobiological generalizations. A single bone does not ac-
curately describe the life history of the animal; it only reflects
the ontogenetic history of that bone, with its attendant environ-
mental and mechanical influences. Instead, full osteohistologi-
cal profiles of the skeletal elements through growth are needed
to provide a comprehensive picture of skeletal growth and
events. Although we have focused on long bones in this paper,
we have also studied other skeletal tissues; however, because
their ontogenies and growth schedules add even more com-
plexity to the picture, we have not emphasized them here.

4. The significance of lines of arrested growth (LAGs) in
dinosaurs must be regarded as entirely inconclusive at this time.
Although some independent evidence is consistent with annual
rates of deposition of LAGs in some dinosaurs at some stages
of growth, LAGs by themselves cannot be said to determine
with confidence an animal’s ontogenetic status, metabolic re-
gime, or environmental tolerance.
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APPENDIX 1. Over 50 elements, represented by some 200 thin-sec-
tions, formed the basis for this study. Early nestlings: coronoid process
of jaw, caudal vertebra, scapula, humerus, ulna, femur, tibia, fibula. Late
nestlings: dentary, coronoid process, dorsal vertebra, sacral vertebra, rib,
ossified tendon, scapula, humerus, ulna, ilium, femur, tibia, metatarsal,
phalanges. Early juveniles: femur. Late juveniles: caudal vertebra, rib,
scapula, humerus, ulna, ischium, femur, tibia, fibula, metatarsal. Sub-
adults: rib, scapula, humerus, ulna, ischium, femur, tibia, fibula, meta-
tarsal. Adults: rib, scapula, humerus, ulna, radius, ischium, femur, tibia,
metatarsal. These six gradational stages, from early nestling (EN) to
adult (AD), are provided with the labels of specific thin sections, the
view (transverse or longitudinal), the skeletal element from which they
were taken, and the figures in which they appear.

Stage Thin-section label View Element Figures

EN

LN

EJ
LJ

FEM 432-5
FEM 435-1
GS 400-F-3
TIB 400-E-1
TIB 400-5
FEM 472-F-4
TIB-005-1
MET-005-7

T
L
T
L
T
T
T
T

femur
femur
femur
tibia
tibia
femur
tibia
metatarsal

1A, 1B
1C, 1D, 3A
1E, 3B
1F, 1G
3C
3D
2A, 2B
2C

SA

AD

FIB 005-B-1
SBA-FEM-005-C1
RIB 005-1
SBA-U-005-3
TIB-005-E1
MET-005-B3
TIB 005-A3
MET 005-A3

L
T
T
T
L
T
T
T

fibula
femur
rib
ulna
tibia
metatarsal
tibia
metatarsal

2D
2E
2F
2G
3G
2H
3E
3F


