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SUMMARY

Study of ancient disease (paleopathology) is
a powerful tool for understanding lifestyle
and population dynamics, as well as the
history of disease in antiquity. The major
premise of paleopathology is that diagnoses
of conditions of living animals can be extrap-
olated to fossils. Recognition of persistence
of structural integrity, and even of cellular
components, allows use of new radiologic,
immunologic, DNA and holistic analysis
techniques to effectively test diagnostic im-
pressions. Collaboration by specialists in
structural relationships (e.g., paleontolo-
gists) and students of disease (e.g., health
care providers) provides significant insights
to behaviour of animals, long since extinct.

INTRODUCTION
Paleopathology examines diseases and
other conditions in antiquity (Monastersky,
1990; Moodie, 1923, 1930; Rothschild, 1989a,
1989b; Sawyer and Erickson, 1985). It was a
term originally applied to speculation about
the cause of alterations in isolated bones.
Early diagnostic impressions (e.g., Moodie,
1923) have frequently been found to be er-
roneous, as modern definitions and technol-
ogy are applied (Rothschild, 1992). Paleo-
pathology has evolved from such observa-
tional speculation to the rigorous testing of
scientific hypotheses (Rothschild and Mar-
tin, 1992a).

Efforts to assess the impact of pathology
have demonstrated the relative rarity of most

forms of pathology. As wellness is the domi-
nant feature of neonatal medicine (since
most of the babies are relatively healthy), so
too the term paleopathology is perhaps a
misnomer. Most animals are healthy. While
diseases occasionally afflict significant pro-
portions of the population (e.g., 20% of goril-
las have spondyloarthropathy; Rothschild
and Woods, 1989), most animal populations
are without obvious evidence of disease.

While injuries and fusions predominated in
early reports (Brown and Schlaikjer, 1937,
Moodie, 1923; Tyson, 1977), the field has
greatly expanded. Paleopathology has
reached from the ridiculous to the sublime.
For example, there was an appropriately
anonymous (1934) suggestion that evolution
of “freak” features (such as the frills in
horned dinosaurs) was related to over-
production of growth hormone (acromegaly).
In modern times, the extraordinary pos-
sibilities of the field are exemplified by detec-
tion of collagen in 200 million-year-old dino-
saur bones (Wyckoff, 1980) and DNA in
Pleistocene mammals (Paabo, 1989).

In the same way that study of dinosaur
footprint patterns has proved enlightening
about dinosaur lifestyle (e.g., gait and herd
behaviour; Lockley, 1986, 1989), study of pa-
leopathology can provide additional details
on dinosaur lifestyle and behaviour. Study of
pathology within populations not only allows
a more complete perspective of the disease,
but also provides insight to the treatment of a

Figure 1
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diseased animal by its “peers”. Survival of
animals with injuries or diseases limiting
their mobility and function suggests the pos-
sibility of a “support system” which allowed
their survival.

A major premise of paleopathology is that
human diagnoses can be extrapolated to
other genera. This premise is supported by
recent demonstration of the psoriatic form of
spondyloarthritis in gorillas (Rothschild and
Woods, 1989). Identical population frequen-
cy, sex ratio, radiologic appearance, pattern
of involvement, nature of the lesions, and
association with other disease features al-
lowed unequivocal diagnosis. This extrapo-
lation has been validated in contemporary
non-human primates, Pleistocene mam-
mals, and Tertiary reptiles (Rothschild,
1987b, 1988, 1990b; Rothschild and Martin,
1987, Rothschild, 1991). Insufficient fish and
amphibians have been studied to assess the
validity of the hypothesis in those phyla.

Collaborative efforts by functional mor-
phologists (e.g., paleontologists) and stu-
dents of disease (e.g., health care providers)
have provided significant new insights, pur-
suant to Sigerist’s (1951) suggestion of such
an approach involving physicians, vet-
erinarians, botanists, geographers, mete-
orologists, agronomists, entomologists and
geologists. Posture, gait, and even habits
(Johnson, 1990; Tanke, 1991a, 1991b) are
now amenable to study.

The past seven decades have witnessed

i A

Magnetic resonance image of vertebrae of the Miocene whale, Eurinodelphis, illustrating growth

recovery lines (arrow heads). (From Sebes et al., 1991).
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advances in technology (Rothschild, 1991,
1992a) and the recognition of the importance
of global or holistic analysis. Persistence of
structural integrity in fish of 300 Ma and in
dinosaurs (Dollo, 1887; Romer, 1964; Schultz,
1989), and of subcellular details in Eocene
insects (Paabo et al., 1988; Poinar and Hess,
1982) and Pleistocene mammals (Oakley,
1955; Randall et al., 1952; Rowley and Rich,
1986) allows in-depth analysis. Immunologic
and DNA techniques now permit even great-
er opportunities for phylogenetic and disea-
se-related analyses (Higuchi and Wilson,
1984: Paabo et al., 1988; Rothschild and
Turnbull, 1987).

While routine radiologic techniques are
quite applicable to paleontology (in spite of
Moodie's (1923, 1927) initial misgivings),
computerized tomographic (CT) scanning
technigues “cut” the specimen non-destruc-
tively, allowing three-dimensional recon-
structions and visualizations of fossils (Con-
roy and Vannier, 1985; Farrell and Zappulla,
1989). While full preparation of the fossil can
commonly be by-passed, it must be noted
that the resolution of CT scanning tech-
niques is only 1 mm. Magnetic resonance
imaging (MRI) techniques (Fig. 1) can now
be applied to fossils (Sebes et al., 1991).
Interior structures can be visualized in three
dimensions with either technique; that por-
tion of the structure that blocks viewing is
digitally removed (Farrell, 1983; Frank et al.,
1987; Woolson et al., 1986). The structure
can be visualized from almost any perspec-
tive (Farrell and Zappulla, 1989) and three-
dimensional models can even be generated
(Roberts ef al., 1984). The non-destructive
nature of this approach allows analysis of
specimens too valuable to examine directly.

The main purpose of this article is to briefly
review paleopathological aspects of some
vertebrates and alert the reader to the vari-
ous methods of examination available for the
study of paleopathology. The review will
focus on those disorders which are identifia-
ble and have been found in fossil record. For
example, although there are perhaps 200
varieties of arthritis which affect humans,
most are not known to produce any bony
alterations (Resnick and Niwayama, 1988,
Rothschild, 1982) and therefore cannot be
evaluated in fossils. Paleoparasitology
(coprolite analysis) (Brothwell and Sandison,
1967) and possible dinosaur egg pathologies
(Hirsch et al., 1989) will not be reviewed.

OSTEOARTHRITIS

Osteoarthritis is the current name applied
to the so-called degenerative joint disease
of early studies (Moskowitz et al., 1984).
The term degenerative seems inappropriate
since overgrowth of bone, rather than bone
resorption, occurs. Osteoarthritis is recog-
nized by remodelling with spur (osteophyte)
formation (Fig. 2), and occasionally by
grooving or eburnation of the articular sur-
face. Examination of specimen cross-sec-

Figure2 Dorsal view of human distal interphalangeal joint. Remodelling and osteophyte formation (arrow)
are noted.

Figure3 Cross-section of human proximal femur (hip). Increased bony plate density (open arrow) indicates
subchondral sclerosis, compared with less dense normal underlying bone (closed arrow). Cyst formation
(curved arrow) is also prominent.
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tions (e.g., radiologic or actual destructive
sectioning of the specimen) reveals in-
creased density in that portion of bone just
under the cartilage surface of the joint. Cysts
in adjacent bone may also be present (Fig.
3). Spurs (osteophytes) form at articular
margins as bony overgrowths. Osteoarthritis
is the most common form of arthritis in hu-
mans, affecting 20% of the population
(Moskowitz et al., 1984; Rothschild, 1982).
Imprecise use of terminology in the medi-
cal literature has compromised investigation
of osteoarthritis. Although the cartilage
damage in osteoarthritis may be called ero-
sive (Moskowitz et al., 1984), this terminol-
ogy only applies to the cartilage lesions.
Actual bone erosions do not occur in os-
teoarthritis (Resnick and Niwayama, 1988,
Rothschild, 1982). Failure of the medical lit-
erature to clearly separate use of the term
erosive for cartilage, from that for diseases
causing bone erosions, has led to a great
deal of confusion (Brothwell and Sandison,
1967; Hudson et al., 1975). Unrelated erosive
diseases of bone have thus remained uniden-
tified or have been inappropriately included
in the catch-all category of osteoarthritis.
Original misidentification of osteoarthritis
in dinosaurs as acommon phenomenon (Jur-
main, 1977) was also related to another pro-

Figure 4 Anterior-posterior x-ray view of human spine. Osteophytic
spurs (open arrows) identify presence of spondylosis deformans.

blem of semantics (Rothschild, 1989b, 1990).
Spinal osteophytes, common in dinosaurs
and marine reptiles (e.g., pliosaurs), indicate
spondylosis deformans, a very different phe-
nomenon from the disease we today recog-
nize as osteoarthritis. Spondylosis defor-
mans (Fig. 4) affects the vertebral disc
space, which is not a “joint”. Without a joint,
arthritis cannot be diagnosed. The asymp-
tomatic nature of spinal osteophytes (Roths-
child, 1989b, 1990) further distinguishes
them from the joint disease, osteoarthritis.

Osteoarthritis was actually extremely rare
in dinosaurs (Rothschild, 1990), although
commonly noted in Quaternary mammals
(Rothschild, 1992; Rothschild and Martin,
1992a, 1992b; Rothschild and Molnar, 1988).
Paradoxically present in pterosaurs (Ben-
nett, 1991), it was totally absent in studied
sauropods (Rothschild, 1991). The only doc-
umentation in terrestrial dinosaurs has come
from two individuals from the 39-member
Iguanodon herd excavated from a coal mine
in Bernissart, Belgium (Fig. 5). Absence of
osteoarthitis in weight-bearing bones of di-
nosaurs has been attributed to the highly
irregular bony articular surfaces and the
large cartilaginous cap, which would have
been necessary to provide a smooth surface
for articulation. Weight-bearing joints were
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not affected in pterosaur osteoarthritis. Find-
ing osteoarthritis in pterosaurs limited to the
wrist area, Bennett (1991) suggested that
they were incompletely adapted for flight.
Certainly, occurrence of osteoarthritis at the
major fulcrum for flight muscle activities sug-
gests significant interference with flight
capability.

INFECTIONS

Bone infections are recognized because of
the special nature of new (reactive) bone
formation. The affected bone is often grossly
distorted and may be associated with a fil-
ligree type of bone reaction (Fig. 6). Infections
are rarely recognized in the fossil record. An
infected traumatic amputation of a toe has
been suggested for the Upper Jurassic
theropod Allosaurus (Petersen et al., 1972),
and injuries causing digit loss are also known
from archeological material (Baker and Broth-
well, 1980). Bone infections (probably from
compound fractures) have been rarely found
in hadrosaurian (duckbill dinosaur) hands
(Moodie, 1926). That rarity suggests that in-
fected fractures were either rare events re-
lated to predominantly bipedal (Galton, 1970;
Norman, 1989), rather than quadrupedal,
posture (Coombs, 1978; Paul, 1987), or that
they were incompatible with survival.

Figure 5 Anterior view of Iguanodon foot. Ankle osteophyte formation
(osteoarthritis) is noted (arrows). (From Rothschild, 1989a).
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DENTAL ABNORMALITIES

Moodie (1930) described dental abscesses
in two unassociated hadrosaur jaws now re-
ferred to Lambeosaurus (Olshevsky, 1978).
The abscesses in one formed a deep round-
ed pocket, producing a prominent bulge on
the external surface. Teeth were lost and the
toothrow grooves destroyed or misaligned.
These examples appear to represent iso-
lated occurrences. Abscesses are extremely
rare in the fossil record. Those in the mam-
malian fossil record are commonly referred
to as “lumpy jaw" and appear related to
actinomycosis (Moodie, 1922).

Rather than spreading from a cavity, most
abscesses probably occurred as the resuit
of injury. Dental cavities were notobserved in
thousands of hadrosaur tooth specimens in
Royal Tyrrell Museum collections. Hadro-
saurs constantly replaced their teeth
throughout their lifetime, as apparently did
all dinosaurs (Edmund, 1960). Worn or spent
and expelled hadrosaur teeth are extremely
common finds in bonebeds and microfossil
assemblages (Dodson, 1983). It is likely that a
hadrosaur, with its complex dental battery of
hundreds of interlocking teeth, went through
many thousands of teeth during its lifetime
(Edmund, 1960). Thus, teeth would normally
have been worn down and expelled before
dental caries could develop (Moodie, 1930).

FUSIONS

The first three cervical vertebrae in large,
mature ceratopsians are fused (Fig. 7) into
one solid unit (the “cervical bar” of Lehman,
1989). The purpose perhaps was to facilitate
carrying the great weight of the head. In-
complete cervical bar fusion has been noted
in smaller (presumed younger) Chasmosau-
rus, “Monoclonius”, Pachyrhinosaurus and
Triceratops. Larger representatives (pre-
sumed older individuals) of those genera had
completely fused cervical bars (Rothschild,
1987a; Tanke, 1991b). Although cervical fu-
sion appears to be a shared derived feature
for Chasmosaurus, “Monoclonius™ and Tri-
ceratops, that in Pachyrhinosaurus also oc-
curs in large (apparently adult) specimens.
Fused cervicals have been reported from the
type specimen (ANSP 15800) of the diminu-
tive (body length 2.3 m) Avaceratops lam-
mersi (Dodson, 1986). If this form is actually
an immature specimen of Centrosaurus or
Styracosaurus, as seems possible, then the
conclusion that the fusion is an adult feature
can be brought into question.

OSSIFIED TENDONS

Ossified tendons have been variously re-
ported as paleopathological or protective
(Moodie, 1927, 1928; Rothschild, 1987b). This
phenomenon (Fig. 8) is referred to in humans
as diffuse idiopathic skeletal hyperostosis
(Resnick and Niwayama, 1988; Rothschild,
1982). Present in 15-25% of older mammals,
it was ubiquitous in many genera of dino-
saurs, including ceratopsians, hadrosaurs,

iguanodonts and pachycephalosaurs (Mood-
ie, 1927; Rothschild, 1985, 1987a, 1987b).
While some view the ossified structures in
theropods simply as extensions of zygo-
physes, haemal or neural arches, these
structures appear quite similar in structure
and function to the tendon ossification phe-
nomenon in other genera. Tendon ossifica-
tion apparently occurs early in development,
having been documented in juveniles and
even in an embryonic duckbilled dinosaur
(?Hypacrosaurus) (P.J. Currie, pers. comm.,
1990). These ossification phenomena are
not pathologic, and may even be protective
(Rothschild, 1985).

Apparently analogous to such tendon os-
sification is the phenomenon noted in per-

haps 50% of sauropods (Rothschild and Ber-
man, 1991), whereby two to four contiguous
caudal vertebrae are fused by new bone.
Localization of fusion to a segment of tail
between the 15th and 25th caudal vertebrae
(Fig. 9), and not affecting the zygo-
apophyseal (facet) and costo-vertebral
joints, supported this perspective. Radio-
logical visualization of a clear space be-
tween the ossification and the vertebral
body confirmed the diagnosis as diffuse idi-
opathic skeletal hyperostosis (DISH). Com-
puterized scanning of multiple specimens
(Fig. 10) and physical cutting of a longitudinal
section of American Museum of Natural His-
tory specimen #655 (Diplodocus) revealed
the anticipated separation of the ossifi-

Figure 6 Lateral view of Anchiceratops orbital horn core. Filigree reaction (arrowhead) and periostitis are

noted.

Figure 7 Inferior-lateral view of Triceratops cervical spine. Fusion of first three cervical vertebrae (open

arrow) is noted.
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Figure 8 Lateral view of human thoracic spine. Candle wax-like paraspinal ossification (arrows) identifies
presence of diffuse idiopathic skeletal hyperostosis (DISH).

Figure 9 Lateral view of Diplodocus caudal vertebrae. Apparent fusion of vertebral bodies (arrowhead)
with preservation of normal zygoapophyseal joints (open arrows).
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cation from the vertebral body by a thin gap.
Presence of DISH at mechanically stressed
points confirms the interpretation of track-
way records: sauropods did not drag their
tails on the ground, but kept their tails in the
air (Bakker, 1968; Thulborn and Wade, 1984).
The position of fusion (two-fifths of the dis-
tance from the sacrum to the most distant
caudal vertebrae) represents the optimal po-
sition for “buttressing” a cantilever structure.
The outstretched tail of the dinosaur pre-
sents that appearance. While tail fusion may
have had a defensive function (Hatcher,
1901; Holland, 1915), itis perhaps more likely
that the fusion was important in intra-species
territorial or courting competition or even for
mating (Rothschild, 1987a, 1987b; Roths-
child and Berman, 1991).

TUMORS

Abnormal bony surface projections are re-
ferred to as exostoses. One form of ex-
ostosis, alternatively considered a form of
tumor, is the osteochondroma. It is recog-
nized by the mushroom appearance of the
subchondral exostotic bone. When more
than one bone is affected, itis called multiple
hereditary osteochondromata. This autoso-
mal dominant human disorder has also been
found in 46% (13 of 27) of Oligocene Hesper-
ocyon gregarius (Wang and Rothschild,
1990). While such osteochondromata have
been previously diagnosed in the monitor
lizard, horse, domestic dog and possibly the
Oligocene canid Daphoneus (Romer, 1924),
their confirmed distribution has now been
expanded to Oligocene canids.

Benign bone tumors called button os-
teomas resemble knobs of adherent bone.
They are extremely rare. We have seen one
in a mosasaur. We are unaware of any valid
report of a malignant bone tumor in the fossil
record, although one may exist.

AVASCULAR NECROSIS AND
DECOMPRESSION SYNDROME

Loss of blood supply to bone results in lique-
fication and a relatively uniform loss of bony
matrix in the downstream region of the vas-
cular system (Feldman et al., 1981; Resnick
and Niwayama, 1988; Rothschild, 1982). This
produces zonal losses of bone density, easily
recognized on sectioning or x-ray (Fig. 11).
When the proximal femur or humerus is af-
fected, mechanical integrity is compromised
and the overlying subchondral bone col-
lapses. Recently described in Cretaceous
mosasaurs (Rothschild and Martin, 1987),
the phenomenon has also been identified in
marine turtles (Rothschild and Martin,
1992a). Avascular necrosis of bone has been
documented in eight families of marine/
aquatic turtles from the Cretaceous (Ro-
thschild and Martin, 1992a) to Recent. The
Cretaceous families Desmatochelyidae,
Toxochelyidae, Protostegidae and Pleuro-
sternidae were especially affected. Subse-
quent reduction in frequency of avascular
necrosis in the Early Eocene was followed by
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near disappearance, subsequent to the
Oligocene (Rothschild and Martin, 1992a).
Its occurrence in contemporary turtle fam-
ilies such as Cheloniidae (Lepidochelys),
Chelydridae (Chelydra and Macroclemys)
and Kinosternidae (Kinosternon) is at even
lower frequencies that of the Oligocene.

Septic necrosis in the turtle Dermochelys
(Ogden et al., 1981) may reflect a similar
susceptibility to avascular necrosis, but in-
adequate numbers of individuals have been
available to assess that question to date.
Dermochelys, which dives almost continu-
ously to depths of 474 m, with surface inter-
vals of only three seconds (Lenfant et al.,
1970), is likely to be suspectible to avascular
Necrosis.

Absence of avascular necrosis (Roths-
child and Martin, 1992a) in non-diving turtles
(e.g., Trionychoidae) supports the diving hy-
pothesis as etiologic for the noted avascular
necrosis. Limitation of this phenomenon to
turtles, mosasaurs and humans and its ab-
sence in other reptiles and in mammals are
striking. If Scholander's hypothesis is correct
that diving mammals are inherently suscept-
ible to decompression syndrome (see Kooy-
man and Sinnett, 1982), the extant and fossil
records perhaps provide an opportunity to
identify protective adaptations.

Such adaptations, described by Chrys-
santhou et al. (1974), Rothschild (1987a),
Strauss (1970), Strauss and Sampson (1986),
and White (1970), include: inhalation prior to
diving; modifications affecting lung collapse,
vascular supply, viscosity, or permeability;
cutaneous respiration/gas exchange; and
metabolic changes. The latter include coag-

ulation factors, heparin, and susceptibility of
complement activation responses to micro-
bubble formation. While these adaptations
cannot be directly measured in the fossil
record, the fossil record does provide a novel
approach. Adapation can be studied in ex-
tant descendants of individuals identified as
afflicted in the fossil record.

FRACTURES
Fractures have long figured in paleopathol-
ogy (Brown and Schlaikjer, 1937, Moodie,
1923: Tyson, 1977), and the field has greatly
expanded. They are, however, relatively rare
(Blows, 1989; Tanke, 1991b; Vance, 1989).
Stress fractures are caused by periods of
“unconditioned” strenuous activities or re-
petitive activities (Resnick and Niwayama,
1988: Rothschild, 1982). The appearance of
periosteal reaction with oblique radiolucent
clefts (detected by x-ray or cross-sectioning)
is diagnostic. Observation of a stress fract-
ure in an isolated phalanx from a ceratop-
sian from Dinosaur Provincial Park (Roths-
child, 1988) stimulated evaluation of bone
beds to determine the frequency of the phe-
nomenon in the population. Stress fractures,
localized to the proximal phalanges of digits
11-1V, have now been recognized in species of
Centrosaurus, Styracosaurus, Pachyrhino-
saurus and Triceratops. Localized to the
main weight-bearing bones of the foot, these
fractures may have occurred subsequent to
foot stamping or to episodes of sudden ac-
celeration (e.g., to escape predators). This
localization is similar to so-called march frac-
tures in humans. Stress fractures have been
limited to humans, race horses and racing

greyhounds. Their only documentation inthe
fossil record is in ceratopsians.

INJURIES THROUGH INTRA- AND
INTERSPECIES INTERACTIONS
Perspectives on aggressive behaviour
in centrosaurines and chasmosaurines
(horned dinosaurs) have been questioned
on the basis of paleopathologic evidence.
Some investigators suggested that injuries
were a regular occurrence (Alexander, 1989,
Currie and Dodson, 1984; Ostrom, 1986; Rus-
sell, 1935). Farlow and Dodson (1975) alter-
natively suggested that centrosaurines
(analogous to extant horned ungulates) were
possibly more solitary in habit and indicated
that relative difficulty in blocking nasal horn
strikes from an adversary might result in
more frequent injuries in centrosaurines. Re-
cent studies show that greater frequency of
injuries has not been found in centro-
saurines, compared to chasmosaurines
(Tanke, 1991b). Actually, pathology (other
than stress fractures) was extremely rare
among 30,000 elements examined from
Centrosaurus, Styracosaurus and Pachyrhi-
nosaurus (0.025-0.5% of Centrosaurus, 0.2--
1.0% of Pachyrhinosaurus) (Tanke, 1991b).
The predominance of rib and vertebral
lesions in hadrosaurs also provides unique
behavioural insights (Tanke, 1991a). The
most common injuries seen in the hadrosaur
fossil record are damaged and rehealed or
rehealing proximal caudal neural spines, and
caudal fusions. Norman (1980) has noted
“not uncommon” occurrences of patholog-
ical fusions involving two caudal centra inthe
large Lower Cretaceous ornithopod Iguano-

Figure 10 CT image of Diplodocus caudal vertebrae. The ossification,
though circumferential, is demonstrated to be physically separate from the
vertebral body. Black spaces identify the separation.

e

Figure 11 Lateral x-ray of mosasaur vertebrae. Band of decreased density

(arrowhead) bisecting specimen identifies avascular necrosis.
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don. Teeth marks are rarely identified, most
changes do not appear attributable to preda-
tion. Intraspecific activities are most likely
responsible.

Attempts to correlate paleopathologies
with behaviour — especially intraspecific
fighting — have included descriptions of cra-
nial injuries in the Pleistocene Dire Wolf

(Moodie, 1923; Courville, 1953), the musk ox
(Nelson and Madsen, 1978), the probosci-
deans Mammuthus and Mastodon (Mac-
donald, 1951, Moodie, 1923), Oligocene
rhinocerotid Amphicaeonopus (Bjork, 1978),
Oligocene entelodonts (Green, 1961),
Eocene crocodiles (Buffetaut, 1983), the
Lower Jurassic eosuchian Gephyrosaurus

Figure 12 Hypothesized side bulting behavior in Pachyrhinosaurus. llustration by Tracy Ford, Poway,

California.

1‘

Figure 13  Speculative drawing illustrating copulating positions of mating pair of sauropods. lllustration by

Ron Embleton, courtesy of OMNI Magazine.
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(Evans, 1983), and the Triassic phytosaur
Mystriosuchus plieningeri (Moodie, 1923).
While some early attempts at behavioural
analysis were perhaps fanciful, many appear
quite reasonable. Unfortunately, studies to
determine the population frequency of these
phenomena have been predominantly lim-
ited to dinosaurs.

Courtship behaviour between sexes of
taxonomically diverse extant vertebrates in-
volves complex displays and (in some cases)
violent fighting prior to mating (Droscher,
1976). In extant ungulates, most true fighting
(not rutting or sparring behaviour) between
males that results in injuries or death occurs
during harem acquisition or protection (Ge-
ist, 1974). Serious fighting is a fact of life for
many extant vertebrates, and suchmay have
also been the case with hadrosaurs and
other dinosaurs. Non-lethal fighting in hadro-
saurs may have played a role in population
regulation, as is the case in a variety of
extant vertebrates and invertebrates (Harris,
1989). The most common bone paleopathol-
ogy in centrosaurines was mid- and posterior
dorsal rib fractures. Similarly, broken ribs are
not infrequent in adult male American buffalo
(McHugh, 1958), a species known to engage
in side-butting behaviour (Fuller, 1960). Flank
butting (Fig. 12) is similarly suggested by the
fracture pattern in centrosaurines and possi-
bly chasmosaurines (Tanke, 1991b).

Injuries caused during mating have been
suggested for dinosaurs. Gilmore (1909,
1912) cited bone injuries to the right ilium and
basal tail of the Late Jurassic ornithopod
Camptosaurus browni (USNM 4282) as pos-
sibly being borne by, “... a female who might
have received the injuries during copula-
tion". Blows (1989) has suggested an ischial
fracture in the large ornithopod Iguanodon
may have occurred during mating. Vance
(1989) considered the not infrequent break-
age of humeri of predatory tyrannosaurid
dinosaurs as the result of accidents during
mating. Alternatively, Molnar and Farlow
(1990) thought such lesions were related to
struggles with prey. Droscher (1976) has
cited numerous examples of aggressive be-
haviour in extant animals during courtship
and mating. Baker and Brothwell (1980) in-
clude trauma during mating as one of numer-
ous factors responsible for bone pathologies
in recent vertebrates.

Mating activities may be responsible for
the proximal caudal neural spine pathology
in hadrosaurs. While some (Halstead, 1975;
Alexander, 1989) have speculated on the
subject, the postures assumed by mating
dinosaurs are not known. It is also uncertain
if the males had an extendable hemipenis (as
in modern reptiles). An incompletely pre-
pared partial sub-adult hadrosaur skeleton
(RTMP 7718.2) from the Campanian Judith
River Formation of Lost River, Alberta (with
excellent skin impressions near the cloacal
region) may solve this mystery for at least
that species, once preparation is completed.
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However, highly variable body plans of dino-
saurs indicate a variety of mating positions
(Fritz, 1988). In those forms unhindered by
plates, spines and other armour, mating may
have been accomplished by the female pre-
senting herself to the male while standing on
all fours with the tail raised and turned
slightly to one side. According to this view,
the male mounted from behind and to the
side, one leg swung over the female’s hip/
proximal tail region. His tail would have
curled underneath that of the female, there-
by allowing the cloacas to meet, as in the
mating posture of Camptosaurus (Halstead,
1975). This type of mating posture, or similar
variations, is utilized by many extant reptiles
{Carpenter and Ferguson, 1977) and, to a
lesser degree, by birds. The distribution (Ro-
thschild and Berman, 1891} of caudal fusion
{Fig. 9) appears to be evidence for this be-
haviour in sauropods {Fig. 13). Occurrence of
caudal fusion in 50% of Diplodocus and Apa-
tosaurus suggests the trait represents a sex-
ual dimorphism. Fusion of caudal vertebrae
in females would certainly facilitate position-
ing of the tail so as not to interfere with
rmating.

If female hadrosaurs presented for mating,
standing on alf fours with the tail raised and
turned slightly lo one side, some of the
male’s weight would have rested directly
upon the female’s tail base and, in particular,
the tips of the neural spines. During body
positioning and actual mating. it is possible
that some injuries to the female’s basal tail
spine may have resulted. Lambeosaurines,
with their tall caudal neural spines and elon-
gate chevrons, may have beenmore suscep-
tible to these types of injuries than their
hadrosaurine cousins, which had relatively
shorter spines and chevrons. Maling and
courtship-related injury appears to be the
most reasonable hypothesis at this time.

CONCLUSIONS AND tMPLICATIONS

As North American paleontology was trans-
formed from a curiosity to a subject of scien-
tific study by Thomas Jefferson (Rothschild,
1989a), recognition of internal structure and
actual biotogic praservation in ancient skel-
etons have transformed paleopathology.
The major premise of paleopathology, that
diagnostic approaches for extant animal di-
agnoses can be extrapolated to fossils, has
been verified {(Rothschild, 1987b, 1988,
1990b, Rothschild and Martin, 1987, 1992a;
Rothschild and Berman, 1991). Collaborative
efforts by paleontologists, physicians, vet-
ertnarians, botanists, gecgraphers, mate-
orologists, agronomists, entomologists, geo-
logists, immunologists and molecular biolo-
gists and technical advances have con trib-
uted greatly to this transformation. Extrac-
tion and replication of DNA from a mammoth
of 40,000 years before present {Paabo, 1989;
Thomas et al., 1989) hint at the potential
application of molecular biology to study of
fossils. Application of medical techniques

has also allowed development of new, non-
destructive approaches to anatomical study,
attimes even eliminating the need toremove
the specimen from surrounding matrix.

The fossil record not only characterizes
species, but provides clues to their behaviour
and evolution. Study of this record may also
yield information about disease develop-
ment. Study of osteoarthritis, fusion pheno-
menon, avascular necrosis, and fractures
pravide such insights, as well as a perspec-
tive on the origins of disease. Following the
trait of disease phenomenon through time
may reveal clues to contemporary disease
and to the genetic and physiological adapta-
tions that control disease susceptibility. New
approaches to disease prevention or treat-
ment may evolve.
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