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Biomechanics of the jaw apparatus of the gigantic
Eocene bird Diatryma: implications for diet and
mode of life

Lawrence M. Witmer and Kenneth D. Rose

Abstract.-Discovery of several new specimens of the gigantic Eocene ground bird Diatryma gigantea
from the Willwood Formation of northwestern Wyoming, has prompted an analysis of its feeding
apparatus and an assessment of the mode of life of this unusual bird. Diatryma exhibits many of
the features predicted by biomechanical models to occur in animals delivering large dorsoventral
bite forces. Similarly, the mandible of Diatryma, which was modeled as a curved beam, appears well
equipped to withstand such forces, especially if they were applied asymmetrically. Interpretation
of these size-independent biomechanical properties in light of the large absolute skull size of
Diatryma suggests a formidable feeding apparatus. The absence of modern analogues complicates
the determination of just how this unique skull morphology correlates with diet. Suggestions that
Diatryma was an herbivore seem improbable in that they require the postulation of excessively high
safety factors in the construction of the skull. The traditional hypothesis of Diatryma as a carnivorous
bird accords as well or better with the data at hand. Carnivory raises the probability of "accidental"
encounter with bones, thus explaining the high safety factors. In fact, the skull and mandible of
Diatryma are so massive that bone crushing may have been an important behavior. Diatryma could
have been a scavenger. However, limb allometry and phylogenetic interpretation of limb propor
tions call into question the picture of Diatryma as a slow, plodding graviportal animal, suggesting
that active predation was within its behavioral repertoire.
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Introduction

Gigantic animals of the past are sure to cap
ture the imagination and quickly find their
way into the public consciousness. In many
cases, popular accounts are well supported by
scientific evidence. However, claims about
some extinct animals remain virtually unsub
stantiated to this day. Such is the case with
the flightless early Eocene bird Diatryma gi
gantea (Fig. 1). Diatryma is widely character
ized as a 2-m tall, huge-headed predator that
fed upon the small mammals of its time (Fe
duccia 1980; Carroll 1988; Alexander 1989;
Gould 1989a; Martin 1989). Despite its prev
alence, this predatory hypothesis has never
been documented formally. Because we can
not directly observe Diatryma feeding, hy
potheses of this sort are difficult to falsify. If
a modern analogue of Diatryma were avail
able, it would be easier to postulate a mode
of life for Diatryma through morphological
and functional comparisons ("form-function

© 1991 The Paleontological Society. All rights reserved.

correlation;" see Radinsky 1987). However,
no bird even remotely similar to Diatryma ex
ists in modern avifaunas. Without modern
analogues, the form-function correlation is
empty, and an alternative approach is "bio
mechanical design analysis" (Radinsky 1987).
Ideally both methods should be employed to
gether, and neither is complete without some
knowledge of phylogenetic history (Lauder
1981).

By any avian measure, Diatryma was a giant.
Thus, when making comparisons with other
birds, we are faced with the classic problems
of size and scaling (Schmidt-Nielsen 1984; Al
exander 1989). Perhaps Diatryma approxi
mates a "scaled up" version of some modern
bird. Tempting as such an allometric expla
nation may be, however, it may well be spu
rious if it involves "a distant extrapolation
into a size range not only unrepresented in
the data, but also biologically absurd" (Gould
1966: p. 596; see also Schmidt-Nielsen 1984),
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FIGURE 1. A, Restoration of the skeleton of Diatryma
gigantea (redrawn from Matthew and Granger 1917).
Shaded elements are bones preserved in the new spec
imens. See Table 1 and the text for description and mea
surements. B, Restoration of skull of D. gigantea in left
lateral view based on the new material, a cast of AMNH
6169 (USNM 8885), and photographs published by Mat
thew and Granger (1917).

as would be a regression of, for example,
finchlike birds (body mass of about 50 g) ex
trapolated to Diatryma (about 105 g).

Another approach would be to ignore the
large size of Diatryma, and look among the
seemingly endless variety of avian skulls for
one otherwise morphologically similar. If a
match were found with warblers, for in
stance, we could hypothesize that Diatryma
ate primarily insects. Size is critical, however.

Basic physical properties (such as area-vol
ume relationships) prevent the maintenance
of geometrical similarity over large changes
in linear dimension. Furthermore, even if the
shapes of skulls of different size are generally
similar, we cannot assume functional equiv
alence: size changes can open up new func
tional possibilities (Gould 1966). Thus, even
if Diatryma ate insects, its bill would not nec
essarily resemble a warbler's; conversely, if
Diatryma had a bill shaped like a warbler's, it
would not necessarily have been insectivo
rous. In effect, size changes may create new
morphologies that are permissive of new bi
ological roles (Gans 1986; Wainwright 1988);
hence, even if the small-skulled ancestors of
Diatryma ate plants, its apomorphically large
skull may have permitted different functional
opportunities, such as carnivory.

The discovery of several new specimens of
Diatryma (including portions of a skull and
mandible), the rarity of such material, and
the paucity of primary literature on the func
tional morphology of this famous bird, have
prompted the present study. Here we record
the new material, present static biomechan
ical analyses of aspects of the jaw mechanism
based on this material, and propose potential
feeding behaviors and preferences. Although
Diatryma figures prominently in many uani
mals of the past" books, the scientific litera
ture devoted to Diatryma is meager, the most
important papers being Matthew and Grang
er (1917), Sinclair (1928), Troxell (1931), K.-H.
Fischer (1978), and, most recently, Andors
(1988) who provided an excellent revision and
review of virtually all aspects of the biology
of Diatryma.

Material

Specimens described herein (Table 1) were
collected by a joint United States Geological
Survey (USGS)-Johns Hopkins University
project in the Early Eocene Willwood For
mation of the Bighorn Basin, northwestern
Wyoming, and are part of the USGS collection
(Paleontology and Stratigraphy Branch, Den
ver, Colorado). Following Andors (1988), all
specimens are considered to represent Diatry
ma gigantea rather than D. steini (the species
erected by Matthew and Granger [1917]). De
tailed descriptions of individual elements
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~-- coronoid process
A

FIGURE 2. Mandible of Diatryma gigantea (USGS 21862)
in (A) left lateral view, (B) dorsal view, and (C) ventral
view. D, Caudal view of the left articular region of the
same specimen. Hatching designates unrestored broken
areas. Outlines of the retroarticular processes have been
added based on photographs of AMNH 6169 published
by Matthew and Granger (1917).

ogy of morphological structures follows Bau
mel et al. (1979).

The most significant new specimen is USGS
21862, collected in 1987 by A. AsIan (from
USGS Locality 0-1532, at about the 485-m lev
el in the Willwood Formation). It includes
portions of a skull and fragments of several
cervical vertebrae. The mandible is nearly
complete (Fig. 2), lacking only the tip of the
symphysis, the right tomium (Le., triturating
surface; Fig. 1B), and small parts of the retro
articular processes. No sutures between the
bones can be identified with certainty. The
lengths of the restored mandible and restored
symphysis (Table 1) are conservative esti
mates.

The right quadrate is virtually complete;
only the tip of the orbital process is missing.
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USGS 21862: Partial skull and cervical series
Consists of: Partial mandible, right quad

rate, ventral half of left quadrate, skull
roof fragment, right postorbital process,
partial upper jaw, five cervical centra,
and several cervical neural-arch frag
ments

Greatest height of the mandible at the cor-
onoid process

Thickness of ramus at point halfway between
apex of coronoid process and caudal margin
of symphysis

Average transverse dimension from lateral
side of jaw articulation to tip of medial pro
cess of mandible

Estimated length of restored mandible
Estimated length of restored mandibular
symphysis
Greatest height of right quadrate
Average greatest breadth across mandibular
process of quadrate
Greatest height of upper jaw from culmen to
tomium

USGS 25008: Partial proximal right hind limb
Consists of: right femur and proximal half of
right tibiotarsus
Greatest femoral length from trochanter to 330
lateral condyle
Greatest proximal transverse width of femur 146
Craniocaudal diameter of femoral midshaft 40
Mediolateral diameter of femoral midshaft 58
Circumference of femoral midshaft 158
Preserved length of tibiotarsus 239
Circumference of tibiotarsal midshaft 120

USGS 25031: Partial right hind limb

Consists of: Proximal right femur and partial
right tarsometatarsus
Tarsometatarsal midshaft breadth 47.1

USGS 16497: Distal elements of both hind limbs

Consists of: distal fragments of both tibio-
tarsi, fragmentary left tarsometatarsus, and
several complete or fragmentary phalanges

Preserved width of distal end of left tibio- --102
tarsus
Average length of phalanx 1 of digit III mea- 96.5
sured along axis

USGS 25024: Distal trochlea of tarsometatarsus (probably
digit IV from right side)

USGS 21915: Proximal end of phalanx 1 of digits
II or IV

USGS 21916: Phalanx (probably phalanx 1 of
digit IV)

TABLE 1. New material of Diatryma gigantea with perti
nent measurements (mm) of some of the elements.

were presented by Matthew and Granger
(1917), K.-H. Fischer (1978), and especially
Andors (1988). The new remains belong to at
least seven individuals (Fig. 1A). Terminol-
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Only the ventral half of the left quadrate is
preserved. This specimen also includes a skull
roof fragment that measures about 100 mm
by 115 mm and is about 24 mm at its thickest.
It must be comprised of portions of the pa
rietals and frontals, although no sutures are
visible. Part of the rim of the right temporal
fossa is preserved. The endocranial surface
bone has been abraded, revealing a rather
dense network of greatly disrupted and de
formed bony trabeculae. USGS 21862 also in
cludes the right postorbital process. This well
preserved fragment shows a broken caudal
edge, suggesting that it was fused to the zy
gomatic process and enclosed a temporal fe
nestra as in American Museum of Natural
History (AMNH) 6169 (Matthew and Granger
1917; Andors 1988).

USGS 21862 preserves a large caudal por
tion of the upper jaw. All sutures are oblit
erated, and the specimen is crushed laterally
(much like AMNH 6169; Matthew and Grang
er 1917). About 125 mm of the culmen is pres
ent, extending almost to the craniofacial ar
ticulation. About 75 mm of the left tomium
is preserved. It is about 22 mm at its thickest
and is somewhat uinfolded" as noted by Trox
ell (1931); presumably it was more bladelike
rostrally, as in other specimens (Matthew and
Granger 1917; Troxell 1931;K.-H. Fischer 1978;
Andors 1988). The caudal portions of the ex
ternal nares are preserved on both sides. A
small part of the sulcus that runs rostroven
trally from each naris is present on the left
side. On both sides there is evidence of the
diarthrodial articulation with the jugal bar
(Andrews 1917; Matthew and Granger 1917;
Andors 1988). The lateral bar of the upper
jaw unit (in the sense of Zusi 1984) is quite
thick (about 18-19 mm) in the transverse
plane.

Associated with the skull were numerous
fragments of cervical vertebrae. Preserved are
centra of the axis, C3, and three consecutive
centra from a more caudal part of the cervical
series. There are numerous neural-arch frag
ments, none of which seem to fit the centra
at hand. By comparison with the photographs
in Matthew and Granger (1917), it seems like
ly that most of the neural-arch fragments per
tain to cranial cervicals.

USGS 25008 comprises a right femur and
the proximal half of the right tibiotarsus, col
lected by G. Winterfeld in 1988 (USGS Lo
cality 0-1792, about 385 m). The femur is al
most complete, lacking only the medial
condyle, but is slightly crushed in a few plac
es. The distal portions of both cnemial crests
are missing on the tibiotarsus. However, the
proximal articulations and fibular crest are
relatively well preserved.

USGS 25031 is a damaged proximal right
femur and partial right tarsometatarsus col
lected in 1990 by M. Shekelle (USGS Locality
0-1873). The proximal end and trochlea IV
are missing from the tarsometatarsus.

USGS 16497 (USGS Locality 0-1429,446 m)
includes distal elements of both hind limbs.
Distal fragments of both tibiotarsi are pres
ent. The left is the better of the two, preserv
ing a portion of the supratendinal bridge. The
left tarsometatarsus is fragmented into many
pieces that do not fit together well. One of
its proximal articular facets is preserved.
Trochlea of metatarsals II and III are present,
but IV is missing. The distal half of metatarsal
I is preserved. Phalanx 1 of digit II lacks the
distal end. Phalanx 1 of digit III is preserved
virtually complete in both feet. Phalanx 2 of
digit III is missing its proximal end. There are
a number of other phalangeal fragments, not
all of which can be reliably identified.

The remaining specimens consist of isolat
ed foot bones. USGS 25024 (USGS Locality
0-1826) is a distal trochlea of a tarsometatar
sus, probably digit IV from the right side.
USGS 21915 (USGS Locality 0-1772, 566 m)
is the proximal end of what may be phalanx
1 of digits II or IV, judging from the photo
graphs in Matthew and Granger (1917). USGS
21916 (USGS Locality 0-1411, 412 m) is also
an isolated phalanx, probably phalanx 1 of
digit IV.

Biomechanical Analysis

General Remarks. - Biomechanical studies of
form cannot be viewed in isolation. Mor
phology is influenced by a number of con
straints such as those arising from historical,
functional, and architectural (formal) factors
(Seilacher 1970; Raup 1972; Reif et al. 1985;
Gould 1989b). Complete understanding of the
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fossils of Diatryma cannot be attained without
an analysis of each of these factors. Andors
(1988, 1989) provided information on histor
ical constraint with his phylogenetic hypoth
esis of the relationships of Diatryma; he con
sidered Anseriformes to be the sister group
of Diatryma with Galliformes being the sister
group of these two. Because both of these
orders are primarily herbivorous, phyloge
netic inference argues for an herbivorous
mode of life for the ancestor of the Diatryma
clade. However, so many features of Diatryma
are clearly highly derived relative to these
taxa, especially regarding body mass and
feeding apparatus, that it is difficult to assess
the influence of historical factors. Clearly, di
etary shifts occur throughout phylogeny. The
second factor, functional constraint, involves
the ahistorical influence of the exigencies of
current utility on form and is one of the issues
at question in this paper. Architectural con
straints are considered throughout, implicitly
if not explicitly; these involve the material
properties of bone and other connective tis
sues and their adherence to ahistorical laws
of physics in their associations with each oth
er and the environment.
.~ Modeling the External Forces of the Upper and
Lower Jaws.-Any static mechanical analysis
of bird skulls must start with the work of Bock
(1966, 1974). Indeed, Andors (1988) applied
aspects of Bock's (1966) analysis to Diatryma;
his general conclusions agree with ours. Bock
(1966) applied free-body analysis to the skulls
of birds in his study of the external and in
ternal forces acting on the upper jaw and
mandible. Contrary to mammals, in which
apposition of triturating surfaces takes place
through adduction of the lower jaw only,
birds, by virtue of their cranial kinesis, adduct
both the upper and the lower jaws. As a result,
the upper jaw of many birds can be modeled
as a beam operating as a third-class lever (Fig.
3). The craniofacial hinge (or joint) acts as the
fulcrum (resulting in a joint reaction force),
the pterygoideus musculature acts as a cau
doventrally directed force, and the bite point
results in a force (the bite force) acting normal
to the tomial surface.

There are several assumptions that must be
made in such a model (Bock 1966). The most

FIGURE 3. Skull of a yellowhead Amazon parrot (Ama
zona ochrocephala, USNM 226872) to demonstrate the avi
an upper jaw modeled as a third-class lever. The craniofa
cial articulation (triangle) acts as the fulcrum. A food
item (not shown) acts as the resistance, here designated
as the bite force (BF). The pterygoideus musculature pro
vides the force (MF) acting to move the beam against
the resistance.

important assumption is that the beam is a
rigid unit. That is, the upper jaw must not
undergo significant deformation under typ
ical loadings. Bock restricted his analysis to
birds with prokinetic skulls and excluded
birds with rhynchokinetic skulls. In the for
mer, the rigid upper jaw acts as a unit, where
as in the latter, the upper jaw has flexion zones
within it. The skull of Diatryma is clearly pro
kinetic (see Andors [1988] for a discussion of
the kinetic system), and the upper jaw must
have acted as a rigid unit. It is also assumed
that "the mechanical system is completely de
termined, [and] all force vectors and all move
ments of parts are known exactly" (Bock 1966:
p. 16). This assumption is rarely (if ever) valid
in biological systems, and the researcher must
make some reasonable estimates (Bock 1966).
Another assumption is that the craniofacial
hinge should act as a frictionless pin hinge
that stores no energy (Bock 1966). Bock re
garded the amount of energy stored as neg
ligible.

When a bird-Diatryma in this case (Fig.
4)-adducts its upper jaw as in biting, there
are two major forces involved: an adductor
muscle force (MF) and the bite force (BF). In
birds, the adductor muscle force comes from
the pterygoideus musculature, which attach
es to the mandible and basicranium caudally
and the palatal skeleton rostrally. Contrac
tion of M. pterygoideus retracts the palatal
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(MF)(HM) - (BF)(HB) = 0 (1)

the axis of rotation (H) to the muscle force
vector (MF). Thus, the pterygoideus muscles
generate a moment, which is the product of
the force (MF) and the distance (HM) over
which it acts. Adduction of the upper jaw
produces a bite force on a food item held in
the jaws. Again following Bock (1966), we
view this as the equal and opposite reaction
force (BF) of the food on the jaw acting per
pendicular to the tomial edge. The corre
sponding moment is the product of BF and
HB. When the jaw apparatus is not moving,
we assume static rotational equilibrium. As a
convention, counterclockwise moments are
considered positive in sign, and clockwise
moments negative. If a system is in static
equilibrium, then the sum of all moments
about the axis of rotation must be zero (Eqs.
1, 2).

The analysis presented here seeks to char
acterize qualitatively the major design ele
ments of the feeding apparatus, and we have
simplified the muscle vectors (following Bock
1966) to enhance clarity. Although this model
runs the risk of being too simple, it is unlikely
that oversimplification unduly influences our
major conclusions and offers the advantages
of being easy to grasp and carrying few ad
ditional assumptions.

Inspection of Eqs. (1) and (2) shows three
clear ways to increase bite force (BF): (1) in
crease the pterygoideus muscle force (MF),
(2) increase the moment arm of the ptery
goideus (HM), and (3) decrease the moment
arm at which the bite force is applied. Pter
ygoideus muscles force (MF) could be in
creased by changing muscle architecture (see
Gans and Bock 1965; Gans and de Vree 1987;
Gans 1988) or by increasing muscle mass. The
moment arm of the pterygoideus (HM) can
be increased by increasing the height of the
upper jaw. Finally, the moment arm of the
bite force (HB) can be decreased by initiating
the bite in a more caudal position.

Although we cannot accurately estimate the

(2)BF = (MF)(HM) / HB

or

FIGURE 4. Analysis of external forces acting on the jaws
of Diatryma gigantea. Top, Reference drawing of the entire
skull with shaded portions representing the functional
units selected for free-body analysis. Middle, Free-body
diagram of upper jaw. Bottom, Free-body diagram of low
er jaw. Potential mechanisms of increasing bite force are
(1) to increase the muscle force exerted by the adductor
muscles, (2) to increase the distance over which the ad
ductors act (i.e., increase their moment arms), and (3) to
inititate the bite more caudally (Le., decrease the moment
arm of the bite force). Abbreviations: BF, bite force; DF,
muscle force of dorsal (external) adductors; H, craniofa
cial articulation (axis of rotation for upper jaw); HB, mo
ment arm of bite force in upper jaw; HM, moment arm
of pterygoideus muscle force; MF, muscle force of pter
ygoideus musculature; Q, quadratomandibular joint (axis
of rotation for lower jaw); QB, moment arm of bite force
in lower jaw, QD, moment arm of dorsal adductor muscle
force; QV, moment arm of ventral adductor muscle force;
VF, muscle force of ventral adductors (pterygoideus).

skeleton, depressing the upper jaw, which ro
tates about the craniofacial hinge (H). The
moment arm (HM) of the pterygoideus mus
cle force is the perpendicular distance from



JAW BIOMECHANICS AND DIET IN DIATRYMA 101

muscle force (MF) of the pterygoideus of Dia
tryma or know its architecture, bony mor
phology suggests that it was massive. The pal
atine bones (the rostral attachment of the
pterygoideus) are "large, stout bones with a
heavy inferior border" (Matthew and Grang
er 1917: p. 312). Likewise, the caudal attach
ments of the muscle, the mandible and brain
case, are robustly constructed. Being a simple
linear quantity, the moment arm of the pter
ygoideus (HM) is much easier to determine.
The upper jaw is very high and deep, es
pecially caudally (Fig. 4). Thus, HM is a large
number.

The actual length of the moment arm of the
bite force (HB) depends mostly on the be
havior of the animal (Le., where it chooses to
initiate the bite) and thus remains unknown.
The bite force is least at the rostral tip and
increases in the caudal direction as HB de
creases. It is therefore of some interest that
the tomium (of the mandible [Fig. 2B] as well
as the upper jaw) is sharp and bladelike ros
trally but transversely expanded caudally (see
also Troxell 1931), a morphological differ
entiation that also reflects a functional dif
ferentiation: cutting rostrally and crushing
caudally (Andors 1988). Thus, the crushing
portion of the tomia corresponds to the point
along the tomium where biomechanics pre
dicts the bite force to be maximal. However,
the transverse expansion of the caudal tomi
urn must represent a compromise. The bite
stress (force per unit of area) would be higher
if the tomium remained bladelike, but a
bladelike edge would be in greater danger of
failing in transverse shear or bending. The
expanded tomial surface distributes the force
over a greater area and thus resists failure
during heavy biting by reducing those bite
stresses that can be generated.

A critical element of Bock's (1966) analysis
involves the forces at the craniofacial hinge.
In the birds he modeled (crows, woodpeckers,
and cardinals), the craniofacial hinge is com
posed of a very thin, flattened strip of bone.
Consequently, this hinge is perhaps the
weakest element of the jaw apparatus. Based
on the material properties of bones and cal
culated cross-sectional areas, Bock (1966) con
cluded that the hinge of his crow would fail

at remarkably low stresses. In fact, his anal
ysis suggests that crows and cardinals cannot
exert large bite forces at the very caudal part
of the bill, because the craniofacial hinge
would fail in shear. Thus, there is an apparent
compromise between bite force and hinge
shear stress.

Given the huge bite forces that Diatryma
could generate, how did its craniofacial hinge
resist catastrophic failure? It is unlikely that
a bird so large could join the heavy upper jaw
unit to the cranial unit with bone as thin as
that found in the birds that Bock (1966) stud
ied. Shear could be resisted by increased cross
sectional area of bone at the hinge, but there
are constraints on how thick a sheet of bone
can get before it will no longer bend like a
hinge. Some large birds such as ostriches and
the Cretaceous diving bird Hesperornis exhibit
one solution to this problem in that their
hinges consist of two (or rarely three) layers
of thin bone, separated by a layer of connec
tive tissue, resulting in a plywoodlike con
struction (Buhler 1981; Buhler et al. 1988).
Although the shear strength of such a bio
logical material has not been tested, it is likely
to be much higher than the single lamina of
crows and cardinals. Another solution ap
pears to be found in the larger parrots. In
these birds, many of the flexion zones seen
in other birds-including the craniofacial
hinge-have become syndesmoses or even
diarthroses (Fig. 9A; Buhler 1981). It is not
clear if these changes are responses to jaw
forces, a consequence of large size, or some
combination of these two. It is clear, however,
that these large skulled forms can produce
tremendous forces: W. J. Beecher (1962: p. 21)
reported that the "black cockatoo, Calypto
rhynchus, easily cracks ivory nuts with its mas
sive bill-a task which humans may accom
plish only with a hammer and anvil!"

Although the craniofacial hinge is not com
pletely preserved in any known specimen,
we suggest that Diatryma, like large parrots,
probably had a diarthrodial craniofacial ar
ticulation. It is difficult to imagine that even
the multilayered hinge system of ostriches
and Hesperornis could be functional at such a
great size. Diatryma also resembles large par
rots in exhibiting a diarthrodial articulation
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between the upper jaw and the jugal bar (Fig.
1; see also Andrews 1917; Matthew and
Granger 1917; Andors 1988). Perhaps, as not
ed, transformation of flexion zones to syn
desmoses or diarthroses is a size-scaling phe
nomenon, and resistance to shear stress is a
beneficial byproduct. The in vivo response of
a diarthrodial craniofacial hinge to shear stress
is unknown, but the connective tissue sup
port of a joint capsule likely confers addi
tional stability.

Bock (1966) modeled the mandible in much
the same way as the upper jaw, and we apply
this model here to Diatryma (Fig. 4). Whereas
in the upper jaw only one major muscle ad
ducted the jaw, two complex sets of muscles
adduct the lower jaw: the pterygoideus mus
culature (VF) and a suite of muscles termed
the "dorsal adductors" (OF) by Bock (1966).
The bite force (BF) is as before. The axis of
rotation (Q) is the quadratomandibular artic
ulation. The moment arms to the various force
vectors (QV, QD, QB) again are perpendicular
distances drawn from the jaw joint (Q). If the
jaw is in static equilibrium, the sum of the
moments equals zero (Eqs. 3, 4).

(OF)(QD) + (VF)(QV) - (BF)(QB) = 0 (3)

or

BF = [(OF)(QD) + (VF)(QV)]/QB (4)

The implications of Eq. (4) are similar to those
of Eq. (2). Increasing the force of the adductor
muscles (DF and VF), increasing the length
of their moment arms (QD and QV, respec
tively), and/or decreasing the moment arm
of the bite force (Le., initiate the bite at a more
caudal position on the mandible) all have the
effect of increasing bite force (BF).

As with the upper jaw, Diatryma manifests
the mandibular characteristics expected in an
animal emphasizing large bite forces. Because
part of the caudal attachment of the ptery
goideus muscles is to the braincase, their abil
ity to adduct the lower jaw (VF) may have
been somewhat less than to adduct the upper
jaw (MF). However, the development of the
"dorsal adductors" (OF), in particular M. ad
ductor mandibulae externus, is extraordinary,

as remarked upon by Matthew and Granger
(1917), Troxell (1931), and Andors (1988). The
external adductors extended far up onto the
skull roof, excavating a temporal fossa. The
postorbital and zygomatic processes were
fused, enclosing a temporal fenestra and serv
ing as additional area for muscle attachment
(Figs. 1, 4). Furthermore, the external adduc
tor muscle scars on the mandible are very
rugose and extensive, extending from almost
as caudal as the quadrate articulation all the
way rostrally to the caudal border of the man
dibular symphysis on the ventral surface of
the mandible (Figs. 2, 4).

The moment arm of the pterygoideus mus
culature (QV) can be lengthened by deep
ening the mandible. By relative or absolute
measures, the lower jaw of Diatryma is very
deep. Furthermore, shifting or extending the
dorsal adductor force vector (OF) rostrally
along the mandible increases the moment arm
of the dorsal adductors (QD) and hence its
mechanical advantage (Greaves 1988b). As
mentioned, the adductor mandibulae exter
nus muscle scar extends rostrally up to the
mandibular symphysis of USGS 21862, a point
that is actually rostral to portions of the tomi
um. Finally, as in the upper jaw, it seems
likely that the thickened caudal portion
of the tomium (Fig. 2B) was a site of great
force application, with bite force decreasing
rostrally as its moment arm increases.

Unlike t:q.e craniofacial hinge, which was
the "weak link" in the upper jaw adduction
system, the quadratomandibular joint is a very
complex and heavily reinforced diarthrosis.
The quadrate is a stout, pillarlike element (Fig.
1) capable of withstanding considerable com
pressionalloading. Bock's (1966) analysis sug
gested that shear stress at the joint was not
significant.

Structures acting to prevent dislocation of
the balancing-side jaw articulation are found
in many animals that engage in heavy biting
(Bramble 1978; Druzinsky and Greaves 1979;
Greaves 1988b). In Diatryma there is evidence
for hypertrophy of the ligamentous stabili
zation of the jaw joint. In most modern birds,
the medial jugomandibular ligament is a thick
ligament associated with the articular capsule



JAW BIOMECHANICS AND DIET IN DIATRYMA 103

(Buhler 1981) that runs from the lateral sur
face of the jugal bar around the caudal aspect
of the quadrate to attach to the caudodorsal
surface of the medial process of the mandible
(Lebedinsky 1921; Bock 1964). Goodman and
Fisher (1962) noted that this ligament is larg
er in anseriforms that emphasize biting than
in those that do not. In Diatryma the mandib
ular attachment of the medial jugomandibu
lar ligament is a large oval pit on the caudal
surface of the medial process of the mandible
resembling the fovea capitis femoris (Fig. 20).
Formation of a pit is unusual, and the liga
ment attaching to this pit must have been
very stout. The dorsomedial lip of the pit is
also expanded for ligamentous attachment. A
dorsal crest running medially from the arti
culare pneumatic foramen to the tip of the
medial process is probably for the occipito
mandibular ligament, another stabilizer of the
jaw joint. These ligaments, in conjunction with
the muscles stabilizing the joint, suggest that
Diatryma had soft-tissue mechanisms to resist
dislocation of the jaw articulation. It is also
possible that Diatryma decreased stress at the
balancing-side jaw joint by having asymmet
rical adductor recruitment (i.e., decreased bal
ancing-side adductor activity) as suggested by
Dessem (1989) for dogs.

In summary, a biomechanical model of bird
skulls based on beam theory makes certain
predictions about the structure of a skull "de
signed" to optimize bite force (Bock 1966).
Diatryma exhibits virtually all of those pre
dicted features. Combined with the huge ab
solute size of the head, these findings suggest
the application of enormous bite forces, es
pecially in the caudal part of the bill.

The Mandibular Symphysis. -Besides its
overall massiveness, the most distinctive
characteristic of the mandible of Diatryma is
its elongate, thick, and fused symphysis com
prising about half the total mandibular length
(Fig. 2). Such a long symphysis is unusual in
birds, and is apomorphic with respect to any
proposed outgroups. Despite the remarkable
diversity of symphyseal morphology, there
has been very little functional analysis of this
structure in birds. Mandibular symphyseal
biomechanics, however, has been a subject of

great interest to mammalogists (e.g., Beecher
1977, 1979; Hylander 1984, 1985; Greaves
1988a). Although developed for mammals, the
models are based on physical principles of
general applicability and can be applied to
birds as well.

All neornithine birds have a fused man
dibular symphysis. Although it is often ar
gued that a fused symphysis evolved to im
prove force transmission from one side (the
balancing side) to the other (the working side),
Greaves (1988a) cautioned that force trans
mission occurs with little attenuation across
the patent symphyses of many mammals (be
cause of particular ligaments, etc.; see Scapino
1981). In fact, Greaves (1988a) noted that a
fused symphysis is something of an expen
sive liability that, once present, requires
structural modification (e.g., buttressing) to
resist failure. Diatryma inherited its fused
symphysis; thus, its unusual symphyseal
morphology may reflect attempts to buttress
it against the stresses encountered during use
of the massive feeding apparatus.

Six major types of mandibular symphyseal
stresses can be hypothesized (Beecher 1979;
Hylander 1984, 1985). These include three
kinds of symphyseal bending caused by (1)
medial transverse bending of the rami, (2)
lateral transverse bending of the rami, and
(3) twisting of the rami around their longi
tudinal axes; two kinds of shear: (4) dorso
ventral shear and (5) rostrocaudal shear; and
(6) transverse symphyseal torsion.

The first three symphyseal stresses result
from stresses in the mandibular rami (cor
pora). If the mandible is modeled as a
U-shaped curved beam (see below), loading
of the rami translates into stress at the sym
physis. Symphyseal stress resulting from me
dial transverse bending of the rami is easy to
envision in birds (Fig. 5) because of the fiber
direction of the portions of the pterygoideus
musculature that originate medially from the
palatine bones and insert on the rami. Con
traction of this portion would tend to bend
the ramus medially. At the symphysis, such
bending would cause compression along the
lingual part of the symphysis and tension
along the labial part. Medial transverse bend-
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bowstring in bending the ramus laterally
(Burton 1977; Buhler 1981). Lateral transverse
bending also may result from a regime similar
to that in monkeys (Hylander 1984): when
the working side is fixed during biting, the
lateral component of the balancing-side ex
ternal adductors pulls the balancing-side ra
mus laterally. Although most if not all birds
are isognathous, Ziswiler (1965) reported that
in at least some cardueline finches the man
dible undergoes pronounced mediolateral
movements when husking seeds; such move
ments could cause lateral transverse bending.
Lateral bending also could result if the animal
moved its head and jaws laterally against re
sistance, as when tugging against a food item
held stationary by its feet. The principal sym
physeal stresses in lateral transverse bending
are lingual tension and labial compression.

Symphyseal bending caused by twisting of
the rami results from the tendency of the ex
ternal adductors to evert the ventral borders
of the rami, especially during biting at the
rostral extremity of the jaws (Hylander 1984);
such bending causes tension ventrally and
compression dorsally (Fig. 6A).

Dorsoventral symphyseal shear results from
bilateral contraction of the adductor muscles
during unilateral biting, which tends to move
the balancing-side ramus dorsally relative to
the working-side ramus (Fig. 6B). In this type
of shear, the principal tensile stresses are ori
ented dorsally and laterally about 45° toward
the balancing side, and compressive stresses
are 90° to this (Hylander 1984). Transverse
symphyseal torsion is a little more complex.
The symphysis can be twisted under the same
loading regime as for dorsoventral shear (Fig.
6B). Because during bilateral contraction the
balancing-side adductors do not encounter the
food item, they attempt to adduct the ramus
past the equivalent point, thus setting up
twisting moments in the symphysis. The
principal stresses are oriented as in dorso
ventral shear on the lingual side but oppo
sitely on the labial side (Hylander 1984). In
rostrocaudal shear, the balancing-side ramus
moves caudally relative to the working side
(Fig. 6C), with the principal tensile stress be
ing angled about 45° caudally and toward the
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FIGURE 5. Top, Symphyseal stresses in the mandible of
Diatryma gigantea resulting from medial and lateral trans
verse bending of the rami. The mandible is in left ros
trodorsolateral view. The articular surfaces are stippled.
The rostrocaudallocation of the neutral axis is arbitrary.
The arrows flanking the neutral axis pertain to symphy
seal stresses under medial transverse bending: tension
labial to the axis, compression lingual to the axis. The
direction of the stresses reverse under lateral bending:
compression labially, tension lingually. Bottom, Ventral
view of skull of a common crow, Corvus brachyrhynchos,
with pterygoideus musculature added (simplified from
Bock 1964) to show one of the sources of medial trans
verse bending of the rami. The arrows show the rostro
medial pull of the pterygoideus on the mandibular rami.
The asterisk designates the portion of M. pterygoideus
that attaches to the medial process of the mandible and
can effect lateral ramal bending. Abbreviations: for mag
num, foramen magnum; mand, mandible; pal, palatine
bone.

ing probably is important in potentially all
birds.

Lateral transverse bending in birds (Fig. 5)
can result from a number of different stress
regimes. Ironically, the pterygoideus can ef
fect lateral as well as medial bending. In some
birds, when the part of the pterygoideus that
attaches to the medial process of the mandible
(* in Fig. 5) contracts, it tends to act like a
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balancing side. Rostrocaudal shear is proba
bly important in birds that engage in tugging
or tearing behaviors.

Hylander (1984) reported that transverse
bending and dorsoventral shear and/ or
transverse torsion were the most important
stresses at the symphysis during mastication
in macaques. During incision, dorsoventral
shear and bending caused by longitudinal
twisting of the rami were most important.
Birds do not masticate and do not have in
cisors. Nevertheless, mastication is an ac
ceptable analogue for birds that repeatedly
develop large bite forces at the caudal por
tions of their bills such as many seed-eaters
and perhaps Diatryma. Incision is probably a
good analogue for bill use in birds that ma
nipulate food items with the tips of their bills.
In fact, Greaves (1988a) regarded the appli
cation of large incisal bite forces to small food
items as a potentially important factor in the
development of symphyseal fusion in mam
mals.

Hylander (1984, 1985) discussed the poten
tial responses to these stresses. As mentioned
above, mandibles subjected to transverse
bending loads (either medial or lateral) can
be modeled as curved beams (Hylander 1984,
1985). The flexure formula for bending stress
(0") in straight beams must be modified for
curved beams (Eq. [5]; see Hylander 1984,
1985):

where M is the bending moment, c is the
distance from the outer fiber of the beam to
the neutral axis of bending (which is where
tension and compression are both zero and
which coincides with the centroid of the sec
tion), and I is the second moment of area
(moment of inertia). K is the correction factor
for the curved beam and relates to the radius
of curvature of the beam and the distance
from the surface closest to the center of cur
vature to the neutral axis. In straight beams,
the stress concentrations are linearly distrib
uted from one side of a beam to the other.
However, in curved beams, because of K, the
stress concentrations are not rectilinear, with

0" = (K)(M)(c) / I (5)
FIGURE 6. Symphyseal stresses in the mandible of Dia
tryma gigantea resulting from bending due to eversion
(longitudinal twisting) of the rami (A), transverse sym
physeal torsion and dorsoventral shear (B), and rostro
caudal shear (C). Same view as in Fig. 5. A, Contraction
of the external adductors, which wrap around the ventral
surface of rami, tend to evert the rami, thus setting up
tension ventral to the neutral axis and compression dor
sal to it. B, Asymmetrical biting produces a loading re
gime tending to twist the symphysis transversely and
cause the working side of the symphysis to shear dor
soventrally past the balancing side. C, Asymmetrical ten
sionalloads or perhaps forces resulting from streptostyly
(not shown) tend to cause one side of the symphysis to
shear rostrocaudally past the other.

stress along the concave surface being greater
than that along the convex surface. Thus, one
would expect mechanisms to reduce the
bending stress (0") along the concave (lingual)
surface. This may be accomplished by de-
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the outer surface of the ellipse's minor axis.
In most birds, the symphysis is rostrocaudally
longer than dorsoventrally deep such that the
minor axis is approximately vertical. Ideally,
the best response to torsion is a circular cross
section, but a cylindrical symphysis may not
be biologically possible because of other con
straints (apposition of upper and lower tomia,
movement of the tongue, etc.). Beams loaded
in torsion tend to fail in shear, with the ori
entation of the principal shear stresses being
45° to the axis of the beam (Shigley 1976). If
a mandibular symphysis is modeled as a
transverse beam, then the following relation
(Eq. [6]) for torsional shear stress pertains
(Shigley 1976):

where torsional shear (r) is equal to the prod
uct of the external twisting moment (T) and
the distance from the neutral axis to the sur
face (r, the radius if the beam has a circular
section) divided by the polar moment of in
ertia (J). This equation obviously is similar to
the flexure formula (Eq. [5]). J is the second
moment of area with respect to an axis per
pendicular to the plane of section and is thus
a measure of the torsional properties (e.g.,
stiffness) of a beam. J is an overestimate for
noncircular sections such as a mandibular
symphysis (Piziali et al. 1976; Miller and Pur
key 1980), but the following relationship re
mains true: J a Ix + Iy , where Iy is the second
moment of area of the major axis of an ellipse
(the rostrocaudal dimension of an avian man
dibular symphysis) and Ix is the second mo
ment of area of the minor axis (the dorsoven
tral dimension). Torsional shear (T) may be
reduced by increasing the polar moment of
inertia (J). Extending the symphysis caudally
between the rami increases J by increasing
the second moment of area in the rostrocau
dal direction (Ix). Within constraints, increas
ing I y also increases J and helps produce a
more circular cross section. As with the flex
ure formula, lengthening the symphysis re
sults in a compromise between the beneficial
effects of decreasing T (be decreasing the mo
ment arm) and the detrimental effects of in
creasing r.

In summary, the problems posed by differ-

creasing the moment (M) or c or by increasing
the second moment of area (I).

Lateral and medial transverse bending is
countered by increasing the labiolingual
thickness of the symphysis (Hylander 1984,
1985). Labiolingual thickening has the effect
of increasing the cross-sectional area of bone
in the plane of bending, thus increasing the
second moment of area (I). Furthermore, in
creasing the labiolingual thickness of the
symphysis (which also can be envisioned as
extending the symphysis caudally) shifts the
neutral axis caudally, reducing the moment
arm of the adductor musculature and hence
its bending moment (M). However, it also
increases the distance from the outer surface
to the neutral axis and hence increases c. Thus,
large I clearly reduces bending stress, but
there is a tradeoff between reducing M and
increasing c. The balance of this tradeoff is
unknown in Diatryma.

In symphyseal bending caused by twisting
of the mandibular rami, eversion of the ven
tral borders of the rami tends to cause the
ventral surface of the symphysis to fail in
tension. The simplest way to resist such fail
ure is to increase I by deepening the sym
physis dorsoventrally. Hylander (1984, 1985),
however, noted that the most efficient way
(in terms of use of materials) to increase I is
by adding bone to the lingual surface of the
ventral border, thus creating an asymmetrical
cross section. An asymmetrical section reduc
es tension more than compression because
such a distribution of bone shifts the neutral
axis ventrally (stress is proportional to the
distance of the outer surface to the neutral
axis). This reduction is critical because bone
is weaker in tension than compression.

Whereas shape is important in responding
to bending stresses, shear stresses require
simply an increase in the cross-sectional area
of bone in the plane of shear (Hylander 1984,
1985). Thus, increasing vertical symphyseal
depth should be important in countering dor
soventral shear, and increasing the symphy
seal length should be important for rostro
caudal shear.

In transverse symphyseal torsion, the cross
section of an elliptical beam such as a man
dibular symphysis is maximally stressed at

T = T r/J, (6)
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ent stresses may be solved by developing sim
ilar morphologies. For example, increasing
the length of the symphysis (adding bone to
the ventrolingual border) is the predicted re
sponse to (1) medial and lateral transverse
bending, (2) bending caused by twisting of
the rami, (3) rostrocaudal shear, and (4) trans
verse symphyseal torsion. Increasing the
depth of the symphysis is the predicted re
sponse to dorsoventral shear and transverse
symphyseal torsion.

The mandible of Diatryma conforms well to
a model of a symphysis that is subjected to
large bending moments. Its symphysis is re
markably long, and virtually all of the sym
physeal bone is located on the lingual aspect.
This situation is probably a response to me
dial and lateral transverse bending. The large
pterygoideus musculature of Diatryma, in
volved as it is in powerful adduction of both
upper and lower jaws, must have imparted
considerable medial bending stress to the
rami. Lateral transverse bending is not hard
to envision in Diatryma, especially if it em
ployed lateral ripping movements of the head.
Furthermore, unilateral biting loads the skull
asymmetrically and produces the lateral
bending moments described above. Trans
verse bending was virtually ubiquitous in
macaques, as Hylander (1984) had some dif
ficulty in experimentally isolating it from
other loading regimes. Transverse bending
(medial and/or lateral) may be among the
more important stresses on avian symphyses
as well.

The symphyseal morphology of Diatryma is
also consistent with bending caused by twist
ing (eversion) of the mandibular rami re
sulting from the pull of the external adduc
tors. In Diatryma, eversion of the rami was
accentuated by the insertion of the external
adductors, which wrapped around the ven
tral margin all the way to the midline (man
ifested by the prominent muscle scars; Fig.
2). The great ventrolingual extension of its
symphysis may be a response to this stress.

Another factor that may have contributed
to the long symphysis in Diatryma is rostro
caudal shear. Although Hylander (1984,1985)
did not regard this as important in macaques,
it may be more important in birds. Quadrate

streptostyly, which involves rostrocaudal
movements of the mandibular processes of
the quadrates, may impart significant mo
ments (Zusi 1967). More importantly, birds
that engage in tearing behaviors with the tips
of their bills, such as raptors (and perhaps
Diatryma), may exert asymmetrical tensile
forces on the bill tip when pulling the head
and neck caudally against resistance. The
asymmetrical nature of these forces could
produce rostrocaudal shear at the symphysis.

Most birds appear poorly prepared to han
dle large forces that would tend to shear the
symphysis dorsoventrally. Their symphyses
are generally long and low, with little cross
sectional area disposed to resist vertical shear.
Some birds, however, do demonstrate some
dorsoventral depth to the symphysis. Among
these are the larger seed-eating birds, which
probably develop vertical shearing stresses
during nut cracking. Diatryma also shows
considerable dorsoventral symphyseal thick
ness, attaining dimensions of at least 32 mm.
Furthermore, the great length of the sym
physis over which the shear would be dis
tributed would tend to reduce the chance of
failure.

The symphyses of few birds approximate
the circular cross section that would tend to
resist pure transverse torsion. However, many
birds, especially those delivering large bite
forces (granivores, some folivores, some rap
tors) have the relatively thick, long symphy
ses that promote large polar moments of in
ertia. Diatryma clearly fits in this class, and
would have been able to withstand the large
torsional moments imposed by heavy biting.

The Mandibular Rami. - Bock and Kummer
(1968) modeled the mandibles of birds (spe
cifically crows) as an I-beam. They concluded
that the very elliptical cross section of avian
mandibular rami (a long, vertical major axis
and a short, horizontal minor axis), combined
with the concentration of cortical bone dor
sally and ventrally, suggest considerable re
sistance to sagittal bending of the rami. Re
sistance to mediolateral bending depends on
the thickness of the walls and on the presence
of an intramandibular hinge.

Diatryma clearly displays the features Bock
and Kummer (1968) predicted for a rigid man-
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FIGURE 7. Cross sections through the left mandibular
rami of (A) Diatryma gigantea and (B) a common crow,
Corvus brachyrhynchos (B), viewed rostally (drawn to unit
height). Note that the sections are dorsoventrally tall
with thick dorsal and ventral cortices, suggesting con
siderable sagittal bending strength. The lateral and me
dial cortices of D. gigantea are also thick, indicating
strength against transverse bending loads. Furthermore,
the trabecular bone of Diatryma (not shown) is relatively
much more extensive, conferring additional strength. (B
redrawn from Bock and Kummer 1968.)

dibular ramus (Fig. 7; see also Andors 1988).
The dorsal and ventral cortices are thickened
relative to the compact bone in the walls. In
agreement with the conclusions reached
above regarding the symphysis, the ramus
was not likely to bend dorsoventrally under
large bite forces. The rami of USGS 21862 are
also thick mediolaterally, and there is clearly
no intramandibular hinge (a bending zone
found in some birds that enhances transverse
bending; see Buhler 1981). Thus, the rami ap
pear rigid with respect to transverse bending
loads. In fact, the substance of the bone of
USGS 21862 is a remarkably dense lattice of
trabecular bone, far from the largely open
space bridged by a few trabeculae observed
in other birds. It should be noted that despite
the great overall length of the mandible, the
ramus itself is quite short, principally because
of the elongate symphysis. There is no ap
preciable length of the ramus between the
external adductor muscles and symphysis.

Summary of Biomechanical Analyses. - The re
sults of the above analyses, adapted largely
from models developed by Bock (1966) and
Hylander (1984), all point to the presence of
a very powerful feeding apparatus in Diatry-

mao The upper jaw was massively constructed,
as were the pterygoideus muscles that brought
it into apposition with the lower jaw. The tall
profile of the upper jaw assured a long mo
ment arm of these muscles and thus increased
the moment of the adductors. The tomia at
the caudal portion of both jaws were expand
ed into crushing surfaces, precisely where
biomechanics predicts the largest bite forces.
The mandible itself was adducted by an ex
tensive and rostrally situated adductor man
dibulae muscle, both of which suggest large
bite forces. The large pterygoideus, by virtue
of the deep mandible, exerted its force via a
long moment arm.

The mandibular symphysis of Diatryma is
remarkable for both its thickness and its
length. By deposition of bone in the plane of
the principal stresses, the mandible was ca
pable of resisting failure because of medial
and lateral transverse bending, bending
caused by twisting of the rami, and rostro
caudal shear. The symphysis was thickened
vertically, perhaps in response to the dorso
ventral shear engendered by hard biting. Such
biting forces also would have tended to shear
the symphysis in transverse torsion, a stress
that was resisted by the large polar moments
of inertia of the long, thick symphysis. Fi
nally, the mandibular rami were rigid mem
bers, constructed to resist both vertical and
transverse bending loads.

Discussion

The foregoing analysis clearly demon
strates that Diatryma possessed a formidable
jaw apparatus capable of delivering and with
standing large bite forces. How did Diatryma
use this structure? Assuming that the mas
sive, heavy skull of Diatryma was more than
a display organ for behavioral interactions,
one safely can conclude that it was primarily
adapted for use in feeding. Potential re
sources known to have occurred during the
Willwood Eocene include molluscs, fruit,
seeds, foliage, vertebrates.

Diatryma may have fed on a variety of in
vertebrates such as molluscs or large crusta
ceans. Its huge jaws easily would have crushed
the shells or exoskeletons of these inverte
brates. However, most of the known early

neurovasculature

BA
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comm.). However, unless Diatryma was rou
tinely cracking coconut-sized seeds, the im
mense size of the heavy skull seems excessive;
birds that crack large seeds today (e.g., large
parrots) do so with much smaller skulls. Thus,

1 em

FIGURE 8. Skulls of birds that crack seeds, in left lateral
view and their lower jaws in dorsal view. A, Yellowhead
Amazon parrot, Psittacidae, Amazona ochrocephala (USNM
226872). B, Evening grosbeak, Coccothraustes vespertinus
(USNM 561107). These birds generate large dorsoventral
bite forces and show many of the skull features observed
in Diatryma. The asterisks denote diarthrodial or syn
desmotic articulations that are typically flexion zones in
other birds. Scale bars equal 1 em.

Eocene molluscs are relatively small (Hanley
1976), and it is unlikely that they composed
a large part of the diet of Diatryma. Diatryma
could have easily taken fruit. Large frugivo
rous birds such as cassowaries and emus,
however, swallow the fruits whole. Assum
ing Diatryma, with its huge gape, also swal
lowed fruits whole, then the powerful jaw
apparatus could not be an adaptation for fru
givory.

However, fruits contain seeds. Morse (1975)
and Welty and Baptista (1988) discussed a
number of different strategies for eating seeds,
such as swallowing them whole (seeds are
then subdivided in the muscular gizzard) as
in many galliforms and small gruiforms,
opening them with blows delivered by the
beak as in corvids and some other passeri
forms, and husking or cracking the seeds with
the bill as in many fringillids, ploceids, es
trildids, and psittacids. The morphology of
the last group, parrots and finches (Fig. 8), is
similar to that of Diatryma. Nut-cracking has
received considerable attention (e.g., Ziswiler
1965), particularly in hawfinches and gros
beaks of the genus Coccothraustes (Fig. 8B; Sims
1955; Mountfort 1957). The skulls of these
birds exhibit many of the same features found
in Diatryma: hypertrophied musculature;
massive, rigid, and dorsoventrally deep up
per and lower jaws; vertically and especially
caudally expanded mandibular symphysis;
and the replacement of flexion zones with
syndesmoses and diarthroses. These birds,
which generate large bite forces and load their
skulls asymmetrically, provide empirical con
firmation of the biomechanical model.

Diatryma could have been a gigantic nut
cracker, using its immense bill to open gi
gantic seeds. If a 55-g hawfinch with a 35-mm
skull can crack olive pits that materials-test
ing machines required forces of 470 N-700 N
(100 Ib-160 lb) to crush (Sims 1955), then
the forces delivered by Diatryma must have
been sufficient to crack any nut in the flora.
Recall also the statement from W. J. Beecher
(1962) quoted above regarding nut-cracking
in cockatoos. On the basis of the diversity of
the flora, seeds were probably abundant and
encompassed a size range comparable to that
seen in modern floras (Wing 1980, pers.
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the skull appears "too large" for Diatryma to
have been principally a seed eater. A better
strategy for a large-bodied seed eater would
be to swallow whole as many seeds as possible
and transfer the role of seed-cracking from
skull to gizzard, which is the strategy taken
by turkeys and many other birds (Welty and
Baptista 1988).

Watson (1976) and especially Andors (1988,
1989) proposed that Diatryma was predomi
nantly a folivore. Folivory (including the
consumption of leaves, grass, buds, and other
"green foliage") is very unusual among birds
(Morse 1975). Among the birds that include
foliage as part of their diet, screamers (An
seriformes, Anhimidae; Fig. 9A), hoatzins
(Opisthocomus hoazin, Cuculiformes; Fig. 9B),
and owl parrots (Strigops habroptilus, Psittaci
formes, Psittacidae) are primarily folivorous
(Morse 1975; Morton 1978). Other important
folivores are some ratites, some geese (An
seriformes, Anatidae; Fig. 9C; see Goodman
and Fisher 1962), various galliform birds,
plantcutters (Passeriformes, Phytotomidae),
and several rails (Morse 1975). Many of these
species (Fig. 9) show some of the features that
in Diatryma were correlated with large bite
forces. In most cases, the upper jaw is deep
caudally, and the naris is small and occupies
little space in the rigid upper jaw. The ad
ductor muscles of both jaws are enlarged in
at least folivorous geese (Goodman and Fisher
1962) and also some rails (e.g., Porphyrio spp.).
The mandible is quite deep in some folivores
such as the anatid folivores (Fig. 9C), Porphyr
io (Fig. lOA), and Strigops, but not markedly
so in the others. In fact, the deep mandible
of at least the geese and Strigops may result
more from plesiomorphy than from adapta
tion (Le., they inherited their deep mandibles
from nonfolivorous ancestors). In many of
the folivores (e.g., hoatzins, plantcutters,
screamers, geese), portions of their tomia dis
play a transverse expansion, as in Diatryma.
Thus, avian folivores present a few of the
characteristics associated with large bite forc
es. These results agree well with those of Bee
cher (1979) who, after surveying mammalian
mandibular symphyses, concluded that
chewing leaves demands larger bite forces
than frugivory or insectivory.

Mammals and birds, however, approach
herbivory in different ways. Mammalian foli
vores masticate, whereas birds do not. Mam
mals store plant material in their muscular
cheeks and often spend great amounts of time
in oral processing. Mastication involves large
stresses. Hence the skulls of herbivorous
mammals are heavily buttressed. Birds, how
ever, lack muscular cheeks, and much (per
haps most) of the food would shear off and
fallon the ground. Consequently, birds have
transferred the grinding function from mouth
to gut where the muscular gizzard breaks
down resistant food items. The skulls of her
bivorous birds tend to be cropping organs.
Goodman and Fisher (1962) showed that
among anseriforms, herbivores have some
what more robust skulls than nonherbivores,
suggesting that cropping vegetation does en
tail relatively large stresses.

Folivory in birds has been studied most ex
tensively in hoatzins, which are clearly the
most specialized for eating green foliage (e.g.,
they possess foregut fermentation; Grajal et
al. 1989). Hoatzins crop vegetation and swal
low the leaves whole, with little or no oral
subdivision, instead subdividing food items
in a very muscular crop rather than the giz
zard (S. D. Strahl pers. comm.i Grajal et al.
1989). Consequently, their skulls are not
highly modified or heavily buttressed against
stresses encountered in biting (Fig. 9B). Their
mandibles are relatively lightly built with a
rostrocaudally very short symphysis. The
mandibles of anhimids (Fig. 9A) and plant
cutters, other primarily folivorous groups, also
are not particularly robust, and have short
symphyses like hoatzins. Although the upper
jaws of anhimids are somewhat tall caudally,
they are remarkably open structures that do
not seem well suited to developing large bite
forces (Fig. 9A).

The skull of the folivorous New Zealand
flightless rail or takahe, Porphyrio (=Notornis)
mantelli, provides a better comparison with
Diatryma (cf. Fig. lOA and lOB) and has been
used to suggest that Diatryma was a grass and
leaf eater (Watson 1976; Andors 1988). Ta
kahes eat especially tough plants (grass and
leaves) and, perhaps more importantly, en
gage in behaviors that stress the feeding ap-
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paratus, such as stripping grass stems (Green
way 1958; Williams 1960). Species of Porphyrio
(Fig. lOA) all tend to have deep mandibles
with prominent adductor muscle scars, rela
tively long symphyses, and tomia with rostral
cutting and caudal crushing surfaces (Andors
1988). Likewise, they have rigid, deep upper
jaws. In this case these features are apomor
phic (having evolved from ancestors with
lightly built, schizorhinal, rhynchokinetic
ancestors) and may represent adaptation.

Takahes are also large for rails (Greenway
1958). However, they are not gigantic, and
are diminutive (about 45 cm tall) when com
pared to Diatryma (about 215 cm tall). Fur
thermore, their skulls are similar only if size
is divorced from shape. Diatryma has a skull
five times longer than that of a takahe; hence,
a similar diet may not be indicated. One ob
vious observation is of critical importance:
the material properties of the food items (grass
and leaves) are independent of the body mass
of the animals consuming them. At a certain
point-perhaps represented by takahes-the
skull becomes massive and powerful enough
to take tough foliage; extending such trends
further to the size of Diatryma results in a
considerable waste of energy to maintain the
metabolically expensive bone with no added
benefit if similar foliage is taken. If Diatryma
ate grass or leaves, then its skull was con
structed with extraordinarily high safety fac
tors (Alexander 1981; Biewener 1982; Currey
1984).

All of the huge birds of the past several
hundred years have been partly, if not strict
ly, herbivorous (Morse 1975; Davies 1976;
Feduccia 1980). Ratites, including the extinct
moas and elephant birds, encompass a body
size range that includes Diatryma (Fig. 11), but
compared to them, Diatryma had an enormous
head (Fig. 12). Although Diatryma is only in
termediate in height between the smaller
(rheas and cassowaries) and larger (ostriches,
moas, and elephant birds) ratites, its head is
50% longer and twice as tall as that of the
largest elephant bird (Fig. 11), which is typ
icalJy viewed as a grazer or browser (Wetmore
1967; Feduccia 1980) and dwarfs that of os
triches, the largest living bird. The feeding
apparatus of ratites (other than kiwis) is rath-

~~"....:~

FIGURE 9. Skulls of folivorous birds in left lateral view
and their lower jaws in dorsal view. A, Southern crested
screamer, Anhimidae, Chauna torquata (USNM 430022).
B, Hoatzin, Opisthocomidae, Opisthocomus hoazin (USNM
612024). C, Canada goose, Anatidae, Branta canadensis.
These birds share a few features with Diatryma that have
been associated with generating large bite forces, but
they have more lightly built mandibles with short sym
physes. Scale bars equal 2 cm.
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FIGURE 10. Comparison of Diatryma with a takahe, a folivorous rail that has been advanced as a modern analogue
for Diatryma by Watson (1976) and Andors (1988). Skulls in left lateral view and lower jaws in dorsal view. A, Takahe,
Rallidae, Porphyrio (=Notornis) mantelli (USNM 619797); B, Diatryma gigantea. Scale bars equal 2 em. Although these
skulls show numerous similarities when enlarged to unit length, the skull of Diatryma is about five times as large
as a takahe's. C, Silhouettes of body shapes of Diatryma and a takahe to the same scale.

Aepyornis Dinornis Struthio Diatryma phorusrhacid Casuarius Rhea

FIGURE 11. Body silhouettes (below) and skulls (above) of several Recent, subfossil, and fossil large ground birds.
Each row is to the same scale. Elephant birds (Aepyornis), moas (Dinornis), ostriches (Struthio), cassowaries (Casuarius),
and rheas (Rhea) are ratites. All are mostly to completely herbivorous, and all have relatively small, lightly built
skulls. Diatryma and phorusrhacids have decidedly larger, more robust skulls. Phorusrhacids are widely considered
to have been carnivorous and predatory in habits. Gradations on scale equal 1 m. Silhouettes of ratites after Wetmore
(1967); skulls of Aepyornis, Struthio, Casuarius, and Rhea partially after Simonetta (1960); Aepyornis partly after Monnier
(1913); Dinornis skull after Archey (1941); phorusrhacid skull after Andrews (1899).
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FIGURE 12. Least-squares regression of total skull length
and femoral circumference for some large-bodied birds.
Femoral circumference correlates highly with body mass
in birds and other vertebrates (Anderson et a1. 1985; Ruff
and Heinrich MS) and is used here as a surrogate for
body mass. Separate regression lines for ratites other than
moas (small squares, r = 0.89) and for moas (diamonds,
r = 0.78) were calculated; moas have relatively small
skulls for their body mass. Diatryma (circle; based on a
cast of AMNH 6169, see also Andors 1988) and Phorus
rhacos (large square; from Andrews 1899) fall well above
the lines, indicating that their skulls are relatively very
large in comparison to ratites of similar size. Data for
moas from Oliver (1949) and Cracraft (1976b); for ele
phant birds from Burckhardt (1893), Monnier (1913), and
Wiman (1935). Other ratites consist of specimens of Rhea,
Pterocnemia, Struthio, Casuarius, and Dromaius, USNM col
lection.

huge head had a gape of about 12 cm in di
ameter. It probably could have swallowed
whole many of the smaller mammals in the
early Eocene fauna (Martin 1983, 1989) such
as Cantius, Hyopsodus, and Diacodexis, and ju
veniles of many of the larger mammals such
as Hyracotherium and Phenacodus (Fig. 13).
Among Willwood mammals, only adult Co
ryphodon, Ectoganus, and perhaps Pachyaena
exceeded Diatryma in body size. However, this
mode of life-swallowing prey whole
would not explain the massively constructed
skull, especially if Diatryma could get the prey
down its gullet without a struggle. Struggling
prey, however, provide for the possibility of
encountering bone as the jaws were adduct
ed. Modern diurnal raptors and vultures of
ten break the bones of the small rodents that
constitute the bulk of their diet (Hoffman
1988). Diatryma inevitably would have en
countered bones when manipulating prey in
preparation for swallowing.

Bones are highly resistant food items. If
Diatryma bit on a foreleg of a Hyracotherium,
for instance, the radius would provide an

er homogeneous (Simonetta 1960; Bock 1963).
Their skulls tend to be long and low, with
lightly built, flexible jaws, and short mandib
ular symphyses (Fig. 11). They are not con
structed to generate and withstand large bite
forces, but instead are efficient cropping or
gans. Diatryma has a very different skull mor
phology, but this fact does not preclude the
possibility that it was herbivorous. However,
if Diatryma did eat leaves or grass, then the
seeming "excessive construction" of the jaws
and concomitant extremely high safety fac
tors require explanation.

The traditional hypothesis of Diatryma as a
carnivore better accounts for the available
data. Matthew and Granger (1917: p. 319)
made no direct presentation of the predatory
hypothesis, but noted that Diatryma "was
probably of similar habits" to Phorusrhacos, a
member of a group of gigantic predatory birds
(Phorusrhacidae) that radiated in South
America during the Tertiary (Ameghino 1894;
Andrews 1899). Although the predatory hy
pothesis was never explicitly stated, it became
dogma, presumably because of the superficial
resemblance of phorusrhacids and Diatryma.

Although it should be remembered that the
life habits of phorusrhacids also are un
known, these birds provide the closest ana
logue to Diatryma and, within limits, permit
form-function correlation. Phorusrhacids
universally have been regarded as predators
(see, e.g., Ameghino 1894; Andrews 1899;
Marshall 1978; Feduccia 1980; Tonni 1980; Ol
son 1985) because of their large body size,
large head size, raptorial (Le., hooked) bill,
and paleoecology (in particular, the absence
of large mammalian predators in South
America during most of the Tertiary). Figure
11 shows some of the obvious similarities be
tween phorusrhacids and Diatryma, such as
the deep, rigid upper jaw and small external
naris. They are also similar in having rela
tively huge heads in comparison to the her
bivorous ratites (Fig. 12). The mandibles of
phorusrhacids are not quite as massive as in
Diatryma, but the symphyses are quite long
(about 30% of total mandibular length versus
about 45%-50% in Diatryma).

It is not difficult to envision Diatryma as a
predator, hence the popularity of the idea. Its
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FIGURE 13. Skeletons of Diatryma gigantea (redrawn from Matthew and Granger 1917) and potential mammalian
prey items from the Willwood fauna, drawn to the same scale.

"unexpected" large point force; if the feeding
apparatus is not sufficiently strong, it would
fail catastrophically and fracture. Further
more, such a scenario loads the skull asym
metrically' and results in many of the man
dibular symphyseal stresses outlined above.
Thus, the safety factors that appeared inor
dinately high under the herbivory hypoth
esis become much more reasonable under the
carnivory hypothesis. The buttressing and
thickness of the jaws could well be a protec
tive response against the "accidental" biting
of bones.

An extension of this hypothesis is that Dia
tryma actually sought bones. That is, in ad
dition to active predation, Diatryma may have
scavenged carcasses in search of carrion and
the marrow enclosed within the bones, much
as hyenas do today. In fact, Diatryma exhibits
many of the same features (e.g., tall, thick
mandibular rami, massive adductor muscu
lature, etc.) associated with bone crushing in
hyenas (Biknevicius 1990). Bone crushing as
a mode of life is unknown among modern
birds. The same result, however, is attained

by lammergeiers (accipitrid vultures, Gypa
etus barbatus), which not only swallow whole
bones but drop ungulate bones from great
heights to break them open for their marrow,
which they scoop out with their specialized
tongues (W. Fischer 1968). Furthermore, one
group of heavy-bodied phorusrhacids (Bron
tornithinae) have been described as being
primarily scavengers (Tonni 1980). Diatryma
was well equipped to scavenge the larger
mammalian carcasses for carrion as well as
bones. As mentioned above, the rostral por
tions of the tomial surfaces were bladelike
and easily could have sheared off hunks of
flesh which would then be bolted down the
gullet. If bones were encountered, either ac
cidentally or intentionally, they could be
shifted caudally in the mouth to where the
tomial surfaces were transversely expanded
and bite forces were maximal.

Whereas complex tomial surfaces and the
development of large bite forces are expected
in a predatory or scavenging bird, the shape
of the upper jaw of Diatryma-in particular,
the lack of a raptorial hook on the premax-
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FIGURE 14. A, African carrion crow (thick-billed raven), Corvidae, Corvus crassirostris (USNM 288186), a scavenger
lacking a hooked bill; regarded by K.-H. Fischer (1978) as a modern analogue of Diatryma. Scale bar equals 2 em. B,
Marabou stork, Ciconiidae, Leptoptilus crumeniferus, another important scavenger lacking a raptorially hooked pre
maxilla. C, Premaxillary fragment of juvenile specimen of D. gigantea (=Omorhamphus storchii) in left lateral view,
showing a marked hook to the upper jaw. Scale bar equals about 2 em. Redrawn from a photograph in Sinclair
(1928). 0, Rostral half of a skull of a ring-billed gull (Larus delawarensis) with the horny rhamphotheca attached.
The bony premaxillary tip is about as down-turned as is commonly reconstructed for Diatryma, but the horny
covering contributes significantly to the functional hook. Scale bar equals 2 em.

ilIa-seems inconsistent with a flesh-eating
hypothesis (Watson 1976; Andors 1988). Vir
tually all modern raptorial birds (falcons,
hawks, eagles, both New and Old World vul
tures, owls, etc.) have a sharply down-turned
tip to the upper jaw. Phorusrhacids also have
a similar hook. The hooked premaxilla is ori
ented 90° to both the long axis of the skull
and the pull of the neck musculature, and is
thus well disposed to holding the flesh in the
jaws as the neck muscles retract the skull and
rip a piece of flesh off a carcass. Furthermore,
the sharp tip of the hook aids in opening
carcasses. Two questions are relevant here:
first, are we certain that Diatryma actually
lacked a hooked bill, and second, is a hook
absolutely necessary for a raptorial mode of
life?

Although most authors state that Diatryma
lacks a hooked premaxilla (Andrews 1917;
Matthew and Granger 1917; Troxell 1931; An-

dors 1988), it is not clear if the available spec
imens are sufficient to answer this question
unequivocally. Neither the USGS specimens
nor the German specimen described by K.-H.
Fischer (1978) provide the necessary infor
mation. The best North American rostrum,
AMNH 6169, is distorted but reasonably com
plete, and the tip is turned only slightly ven
trally. However, a juvenile specimen of Dia
tryma (originally named Omorhamphus storchii
by Sinclair [1928] but synonymized with Dia
tryma by Brodkorb [1967]; see also Andors
[1988]) preserves the rostral portion of the
upper jaw (Fig. 14C), which is clearly hooked.
Thus, these fossils provide conflicting infor
mation as to whether or not the premaxilla
of Diatryma was hooked. Diatryma almost cer
tainly did not have the very strongly hooked
bill of most modern raptors, but, with its
rhamphothecal covering, it probably project
ed ventrally at about 90° to provide the ben-
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efits discussed above. The amount of rham
phothecal covering is unknown but can make
dramatic contributions to the hook in many
modern birds, ranging from less than a 10%
increase in some owls, a 20% to 25% increase
in various accipitriforms, to almost a 45% in
crease in one specimen of gull (Larus dela
warensis; Fig. 140).

Not all modern carnivorous birds have
hooked premaxillae. Among the most impor
tant scavengers of the Old World tropics are
the adjutant storks of the genus Leptoptilus.
The marabou stork, Leptoptilus crumeniferus
(Fig. 14B), is one of the first to arrive at a
carcass on the east African savannah. Like all
storks, the bills of these birds are straight with
no hook. These birds quickly open carcasses
and have little trouble ripping off pieces of
flesh. Like most scavengers, they also catch
and eat live prey. Corvids (crows, ravens, jays,
etc.) also are efficient scavengers and lack a
premaxillary hook. In fact, K.-H. Fischer
(1978), who characterized Diatryma as a pred
ator and scavenger, suggested that among
modern birds, the African carrion crow (Cor
vus crassirostris; Fig. 14A) most resembles Dia
tryma in skull shape. Thus, while a hooked
bill is indeed efficient at tearing flesh, it is
not absolutely necessary. The point is that the
absence of a raptorial hook in known adult
specimens of Diatryma cannot be advanced as
evidence against the predatory hypothesis.
The hook may well have been present, and,
in any event, it is not a requisite feature of a
predaceous mode of life.

It is clear from the analysis of the skull
presented above that Diatryma was well
equipped for a carnivorous mode of life,
probably as an active predator and scavenger.
A valid question is whether or not Diatryma
could actually capture its prey. Steadman
(1987) accurately reflected a long-held view
of Diatryma as a fleet-footed predator. This
popular view was countered by Watson (1976)
and K.-H. Fischer (1978), among others, who
portrayed Diatryma as a graviportal animal,
more like a moa or an elephant bird than an
ostrich. The main basis for this assertion is
the short tarsometatarsus of Diatryma. Gravi
portal animals tend to have short distal limb
segments, whereas cursorial animals tend to

have elongate ones (Gray 1968). This rela
tionship certainly holds for birds such as os
triches, rheas, emus, and secretary birds that
have greatly elongate tarsometatarsi and are
rapid runners. In contrast, the large moas,
even larger elephant birds, and Diatryma have
short tarsometatarsi which, in conjunction
with their large body masses, have led most
workers to consider them as relatively slow
walkers if not graviportal (Archey 1941; Wet
more 1967; Feduccia 1980; Andors 1988).

Alexander's (1983a,b, 1985; see also Maloiy
et al. 1979) studies of allometric scaling of the
legs of birds (especially ground birds and moas
in particular) provide for different interpre
tation of locomotion in Diatryma. His regres
sion of a functionally and taxonomically broad
sample of birds shows that moas indeed have
relatively short tarsometatarsi (Alexander
1983a, 1985). However, Alexander (1985: p.
170) noted that Uthere is nothing very ex
traordinary about the proportions of moa leg
bones," with many groups of birds falling
even further off the regression line. Moas,
and by extension Diatryma, are not as unusual
as they may seem at first.

Just as important as constraints imposed by
scaling phenomena are those imposed by
phylogenetic history. Table 2 shows a com
parison of the limb proportions of Diatryma
and other birds. Based on a limb described by
Troxell (1931), the limb proportions of Dia
tryma are roughly 1:1.6:0.9 (femur: tibiotar
sus: tarsometatarsus). These are very similar
to those of the Mesozoic birds Archaeopteryx
(de Beer 1954) and Ichthyornis (Marsh 1880)
and virtually identical to the early Tertiary
palaeognaths Lithornis, Pseudocrypturus, and
Paracathartes (Houde 1988) and the early pho
rusrhacid Aenigmavis (Peters 1987). Thus,
rather than postulating apomorphic reduc
tion of the tarsometatarsus of Diatryma in con
nection with graviportallocomotion, it is bet
ter to regard these limb proportions as being
simply plesiomorphic.

Another simple analysis also suggests that
Diatryma was not necessarily graviportal. In
general, the thicknesses of limb bones in
crease out of proportion to body weight such
that heavier animals have disproportionately
thick bones for a given length (Schmidt-Niel-
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could and actively sought prey when it had
to (Fig. 16).

FIGURE 15. Least-squares regression of femoral length
and femoral circumference for ratites and Diatryma, in
tended as a rough measure of relative body weight. The
regression line (r = 0.91) pertains to ratite data only.
Anomalopterygid moas and aepyornithids (large squares)
are widely regarded as graviportal and mostly fall below
the line, indicating a relatively stout femur. Dinornithid
moas were probably apomorphically cursorial and ex
hibit gracile femora. Diatryma (circles) clearly lies above
the line, separate from the graviportal group, suggesting
a relatively lightly built femur. These data do not support
the view of Diatryma as necessarily a slow, graviportal
walker. Data for Diatryma are (from top to bottom) from
AMNH 6169 (Andors 1988), USNM 15118 (cast, see also
Andors 1988), and USGS 25008; other data come from
the same sources as in Fig. 12.

Summary

Biomechanical analysis of the feeding ap
paratus suggests that the massive, deep jaws
and powerful muscles of Diatryma enabled it
to develop large dorsoventral bite forces. The
massiveness of the upper jaw, the length and
shape of the mandibular symphysis, and the
form of the mandibular rami reflect the but
tressing of the feeding apparatus that per
mitted such forces to be withstood. Whatever
Diatryma ate, it could bite it hard. Our analysis
of potential food items suggests that most
forms of herbivory (frugivory, granivory, and
folivory) are inconsistent with the skull mor
phology and would result in large amounts
of metabolic energy being wasted on main
taining the unnecessarily huge bony bill.
Conclusions drawn from the similarities of
modern folivorous birds to Diatryma (Watson
1976; Andors 1988) have neglected scaling
phenomena. We suggest that Diatryma was
carnivorous. It probably could pursue and kill
live prey, could have scavenged carcasses, and
may have been specialized as a bone crusher.

TABLE 2. Limb proportions (femur: tibiotarsus: tarso
metatarsus). Comparison of Diatryma with other early or
primitive birds shows that the limb proportions of Dia
tryma are best viewed as primitive rather than apomor
phically graviportal. Elongate distal limb segments in
Rhea, Struthio, and Sagittarius are apomorphic features as
sociated with cursoriality.

Taxon Source Ratio

Archaeopteryx de Beer 1954 1:1.4:0.8
Ichthyornis Marsh 1880 1:1.9:1
Palaeognathae

Lithornis plebius Houde 1988 1:1.5:0.9
L. promiscuus Houde 1988 1:1.6:0.9
Pseudocrypturus Houde 1988 1:1.4:0.8
Paracathartes Houde 1988 1:1.6:1
Anomalopteryx (moa) Alexander 1983a 1:1.6:1
Rhea pers.obs. 1:1.5:1.4
Struthio Alexander 1983a 1:1.8:1.7

Neognathae
Meleagris Alexander 1983a 1:1.5:1.1
Aenigmavis Peters 1987 1:1.5:0.9
Diatryma Troxell 1931 1:1.6:0.9
Sagittarius Alexander 1983a 1:2.6:2.6

sen 1984). Graviportal animals, by definition,
are heavy and should be expected to have
bones of relatively large circumference rela
tive to length. A regression of large bodied
ratites (Fig. 15) shows that, as predicted, most
of the birds that commonly have been re
garded as graviportal (anomalopterygine moas
and elephant birds) fall below the line, in
dicating disproportionately thick femora. Of
some interest are the dinornithine moas
which, despite large body size, have relative
ly thin femora, supporting Cracraft's (1976a,b)
suggestion that these moas are apomorphi
cally cursorial. Likewise, Diatryma has rela
tively gracile femora (i.e., relatively long),
which plot well above the regression line and
far from the graviportal taxa.

Diatryma was no speedster. Nevertheless, it
is equally inaccurate to portray it as a plod
ding, graviportal giant. Alexander (1983b,
1985) concluded that moas could run, perhaps
as fast as human Olympic sprinters. Diatryma
probably could run fast enough to catch most
of the contemporary mammals,. especially
young, old, or sick individuals. It is unfair to
judge the running ability of Diatryma by mod
ern standards in that the Eocene mammalian
fauna as a whole was much less cursorial (i.e.,
slower) than later faunas (Bakker 1983; Rose
1990). Like most living carnivorous mam
mals, Diatryma probably scavenged when it
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FIGURE .16. Life restoration o~ the Diatryma gigantea feeding on a carcass of the early horse Hyracotherium as an
oxyaenld creodont looks on. Dlatryma was probably capable of both active predation and scavenging (see the text).

Acknowledgments

For access to and loan of specimens of mod
ern birds we thank Gary Graves, Richard L.
Zusi, and Storrs L. Olson (Smithsonian Insti
tutions). Christopher B. Ruff and David B.
Weishampel generously spent large amounts
of their time discussing matters of biome
chanics and scaling. Scott L. Wing provided
useful information on the plants of the Will
wood Formation. Christopher B. Ruff and
Ronald E. Heinrich shared unpublished data
on hind-limb scaling in birds. We also thank
the following people for fruitful discussion
and/or correspondence: R. McNeill Alexan
der, Audrone Biknevicius, Thomas M. Bown,
Ronald E. Heinrich, Helen F. James, Larry D.
Martin, Storrs L. Olson, Stuart D. Strahl, Jef
fery J. Thomason, and Richard L. Zusi. We
would especially like to thank Allison V. An
dors for his generosity and his interest

throughout this project. The manuscript ben
efited from critical reading of various drafts
by Allison V. Andors, Walter J. Bock, William
L. Hylander, Christopher B. Ruff, David B.
Weishampel, and anonymous reviewers.
Elaine Kasmer skillfully drafted all the illus
trations. This research and collection of spec
imens was supported in part by the Lucille
P. Markey Charitable Trust (L.M.W.) and Na
tional Science Foundation grants BSR
8215099, BSR-8500732, and BSR-8918755
(K.D.R.).

Literature Cited

ALEXANDER, R. MeN. 1981. Factors of safety in the structure of
animals. Science Progress, Oxford 67:109-130.

ALEXANDER, R. MeN. 1983a. Allometry of the leg bones of moas
(Dinornithes) and other birds. Journal of Zoology, London 200:
215-231.

ALEXANDER, R. MeN. 1983b. On the massive legs of a Moa
(Pachyornis elephantopus, Dinornithes). Journal of Zoology, Lon
don 201:363-376.



JAW BIOMECHANICS AND DIET IN DIATRYMA 119

ALEXANDER, R. McN. 1985. The legs of ostriches (Struthio) and
moas (Pachyornis). Pp. 59-68. In Zweers, G. A., and P. Dulle
meijer (eds.), Architecture in Living Structure. Martinus Nijhoff/
Dr. W. Junk Publishers; Boston.

ALEXANDER, R. McN. 1989. Dynamics of Dinosaurs and Other
Extinct Giants. Columbia University Press; New York.

AMEGHINO, F. 1894. Sur les oiseaux fossiles de Patagonie et la
faune mammalogique des couches a Pyrotherium. Boletin del
Instituto Geografico Argentino 15:501-660.

ANDERSON, S. F., A. HALL-MARTIN, AND D. A. RUSSELL. 1985.
Long-bone circumference and weight in mammals, birds and
dinosaurs. Journal of Zoology, London (A) 207:53-61.

MOORS, A. V. 1988. Giant groundbirds of North America (Aves,
Diatrymidae). Unpublished Ph.D. dissertation, Columbia Uni
versity, New York. #8815650, University Microfilms, Ann Ar
bor, Michigan.

ANDORS, A. V. 1989. Reinterpretation of Diatryma (Aves: Dia
trymidae) as a probable herbivore with affinities to the anser
iforms. Journal of Vertebrate Paleontology 9(Supplement to
3):11A.

ANDREWS, C. W. 1899. On the extinct birds of Patagonia. I. The
skull and skeleton of Phororhacos inflatus Ameghino. Transac
tions of the Zoological Society, London 15:55-86.

ANDREWS, C. W. 1917. A gigantic Eocene bird. Geological Mag
azine 4:469-471.

ARCHEY, G. 1941. The moa. A study of the Dinornithiformes.
Bulletin of the Auckland Institute and Museum 1:1-145.

BAKKER, R. T. 1983. The deer flees, the wolf pursues: Incon
gruencies in predator-prey coevolution. Pp. 350-382. In Fu
tuyma, D. J., and M. Slatkin (eds.), Coevolution. Sinauer As
sociates; Sunderland, Massachusetts.

BAUMEL, J. J., A. S. KING, A. M. LUCAS, J. E. BREAZILE, AND H. E.
EVANS. 1979. Nomina anatomica avium. An annotated ana
tomical dictionary of birds. Academic Press; New York.

BEECHER, R. M. 1977. Function and fusion at the mandibular
symphysis. American Journal of Physical Anthropology 47:
325-336.

BEECHER, R. M. 1979. Functional significance of the mandibular
symphysis. Journal of Morphology 159:117-130.

BEECHER, W. J. 1962. The bio-mechanics of the bird skull. Bul
letin of the Chicago Academy of Science 11:10-33.

BIEWENER, A. A. 1982. Bone strength in small mammals and
bipedal birds: Do safety factors change with body size? Journal
of Experimental Biology 98:289-301.

BIKNEVICIUS, A. R. 1990. Biomechanical design of the mandib
ular corpus in carnivores. Unpublished Ph.D. dissertation, The
Johns Hopkins University. Baltimore, Maryland.

BOCK, W. J. 1963. The cranial evidence for ratite affinities. Pp.
39-54. In Sibley, C. G. (ed.), Proceedings of the XIIIth Inter
national Ornithological Congress. American Ornithologists'
Union; Lawrence, Kansas.

BOCK, W. J. 1964. Kinetics of the avian skull. Journal of Mor
phology 114:1-42.

BOCK, W. J. 1966. An approach to the functional analysis of bill
shape. Auk 83:10-51.

BOCK, W. J. 1974. The avian skeletomuscular system. Pp. 119
257. In Farner, D. S., J. R. King, and K. C. Parkes (eds.), Avian
Biology, Volume IV. Academic Press; New York.

BOCK, W. J., AND B. KUMMER. 1968. The avian mandible as a
structural girder. Journal of Biomechanics 1:89-96.

BRAMBLE, D. M. 1978. Origin of the mammalian feeding com
plex: models and mechanisms. Paleobiology 4:271-301.

BRODKORB, P. 1967. Catalogue of fossil birds: Part 3 (Ralliformes,
Ichthyornithiformes, Charadriiformes). Bulletin of the Florida
State Museum 11:99-220.

BUHLER, P. 1981. Functional anatomy of the avian jaw apparatus.
Pp. 439-468. In King, A. S., and J. McLelland (eds.), Form and
Function in Birds, Volume 2. Academic Press; New York.

BUHLER, P., L. D. MARTIN, AND L. M. WITMER. 1988. Cranial
kinesis in the Late Cretaceous birds Hesperornis and Parahes
perornis. Auk 105:111-112.

BURCKHARDT, R. 1893. Uber Aepyornis. Palaeontologische Ab
handlungen 2:127-145.

BURTON, P.J.K. 1977. Lower jaw action during prey capture by
pelicans. Auk 94:785-786.

CARROLL, R. L. 1988. Vertebrate Paleontology and Evolution.
W. H. Freeman; New York.

CRACRAFT, J. 1976a. Covariation in the postcranial skeleton of
moas (Aves, Dinornithidae): A factor analytic study. Paleo
biology 2:166-173.

CRACRAFT, J. 1976b. The hindlimb elements of the moas (Aves,
Dinornithidae): A multivariate assessment of size and shape.
Journal of Morphology 150:495-526.

CURREY, J. D. 1984. The mechanical adaptations of bones.
Princeton University Press; Princeton, New Jersey.

DAVIES, S.J.J.F. 1976. The natural history of the emu in com
parison with that of other ratites. Pp. 109-120. In Frith, H. J.,
and J. H. Calaby (eds.), Proceedings of the 16th International
Ornithological Congress. Australian Academy of Science; Can
berra City.

DE BEER, G. R. 1954. Archaeopteryx lithographica: A study based
upon the British Museum specimen. British Museum (Natural
History); London.

DESSEM, D. 1989. Interactions between jaw-muscle recruitment
and jaw-joint forces in Canis famiiiaris. Journal of Anatomy 164:
101-121.

DRUZINSKY, R. E., AND W. S. GREAVES. 1979. A model to explain
the posterior limit of the bite point in reptiles. Journal of
Morphology 160:165-168.

FEDUCCIA, A. 1980. The Age of Birds. Harvard University Press;
Cambridge, Massachusetts.

FISCHER, K.-H. 1978. Neue Reste des Riesenlaufvogels Diatryma
aus dem Eozan des Geiseltales bei Halle (DDR). Mitteilungen
aus dem Zoologischen Museum in Berlin 54 Supplement:133
144.

FISCHER, W. 1968. Subfamily: Old World vultures. Pp. 391-406.
In Grzimek, B. (ed.), Grzimek's Animal Life Encyclopedia, Vol
ume 7: Birds I. Van Nostrand Reinhold; New York.

GANS, C. 1986. Functional morphology of predator-prey rela
tionships. Pp. 6-23. In Feder, M. E., and G. V. Lauder (eds.),
Predator-Prey Relationships: Perspectives and Approaches from
the Study of Lower Vertebrates. University of Chicago Press;
Chicago.

GANS, C. 1988. Muscle insertions do not incur mechanical ad
vantage. Acta Zoologica Cracoviensia 31 :615-624.

GANS, C., AND W. J. BOCK. 1965. The functional significance of
muscle architecture-a theoretical analysis. Ergebnisse der An
atomie und Entwicklungsgeschichte 38:115-142.

GANS, C., AND F. DE VREE. 1987. Functional bases of fiber length
and angulation in muscle. Journal of Morphology 192:63-85.

GOODMAN, D. C., AND H. I. FISHER. 1962. Functional Anatomy
of the Feeding Apparatus in Waterfowl (Aves: Anatidae).
Southern Illinois University Press; Carbondale, Illinois.

GOULD, S. J. 1966. Allometry and size in ontogeny and phy
logeny. Biological Review 41:587-640.

GOULD, S. J. 1989a. Wonderful Life: The Burgess Shale and the
Nature of History. W. W. Norton; New York.

GOULD, S. J. 1989b. A developmental constraint in Cerion, with
comments on the definition and interpretation of constraint
in evolution. Evolution 43:516-539.

GRAJAL, A., S. D. STRAHL, R. PARRA, M. G. DOMINGUEZ, AND A.
NEHER. 1989. Foregut fermentation in the hoatzin, a neo
tropical leaf-eating bird. Science 245:1236-1238.

GRAY, J. 1968. Animal Locomotion. Norton; New York.
GREAVES, W. S. 1988a. A functional consequence of an ossified



120 LAWRENCE M. WITMER AND KENNETH D. ROSE

mandibular symphysis. American Journal of Physical Anthro
pology 77:53-56.

GREAVES, W. S. 1988b. The maximum average bite force for a
given jaw length. Journal of Zoology 214:295-306.

GREENWAY, J. C., JR. 1958. Extinct and vanishing birds of the
world. American Committee for International Wild Life Pro
tection; New York.

HANLEY, J. H. 1~76. Paleosynecology of nonmarine Mollusca
from the Green River and Wasatch Formations (Eocene), south
western Wyoming and northwestern Colorado. In Scott, R. W.,
and R. R. West (eds.), Structure and Classification of Paleocom
munities. Dowden, Hutchinson, and Ross; Strasburg.

~OFFMAN, R. 1988. The contribution of raptorial birds to pat
terning in small mammal assemblages. Paleobiology 14:81-90.

HOUDE, P. W. 1988. Paleognathous birds from the early Tertiary
of the Northern Hemisphere. Nuttall Ornithological Club;
Cambridge, Massachusetts.

HYLANDER, W. L. 1984. Stress and strain in the mandibular
symphysis of primates: A test of competing hypotheses. Amer
ican Journal of Physical Anthropology 64:1-46.

HYLANDER, W. L. 1985. Mandibular function and biomechanical
stress and scaling. American Zoologist 25:315-330.

LAUDER, G. V. 1981. Form and function: structural analysis in
evolutionary morphology. Paleobiology 7:430-442.

LEBEDINSKY, N. G. 1921. Zur Syndesmologie der Vogel. Ana
tomischer Anzeiger 54:8-15.

MALOIY, G.M.O., R. McN. ALEXANDER, R. NIAU, AND A. S. JAYES.
1979. Allometry of the legs of running birds. Journal of Zo
ology, London 187:161-167.

MARSH, O. C. 1880. Odontornithes: A monograph on the extinct
toothed birds of North America. Memoirs of the Peabody Mu
seum of Natural History 1:1-201.

MARSHALL, L. G. 1978. The terror bird. Field Museum of Natural
History Bulletin 49:6-15.

MARTIN, L. D. 1983. The origin and early radiation of birds. Pp.
291-338. In Brush, A. H., and G. A. Clark (eds.), Perspectives
in Ornithology. Cambridge University Press; Cambridge.

MARTIN, L. D. 1989. Fossil history of the terrestrial Carnivora.
Pp. 536-568. In Gittleman, J. L. (ed.), Carnivore Behavior, Ecol
ogy, and Evolution. Cornell University Press; Ithaca, New York.

MATTHEW, W. D., AND W. GRANGER. 1917. The skeleton of Dia
tryma, a gigantic bird from the Lower Eocene of Wyoming.
Bulletin of the American Museum of Natural History 37:307
326.

MILLER, G. J., AND W. W. PURKEY, JR. 1980. The geometric prop
erties of paired human tibiae. Journal of Biomechanics 13:1-8.

MONNIER, L. 1913. Les Aepyornis. Paleontologie de Madagascar
VII. Annales de Paleontologie 8:125-172.

MORSE, D. H. 1975. Ecological aspects of adaptive radiation in
birds. Biological Review 50:167-214.

MORTON, E. S. 1978. Avian arboreal folivores: Why not? Pp.
123-130. In Montgomery, G. G. (ed.), The Ecology of Arboreal
Folivores. Smithsonian Institution Press; Washington.

MOUNTFORT, G. 1957. The Hawfinch. Collins Clear-Type Press;
London.

OLIVER, W.R.B. 1949. The moas of New Zealand and Australia.
Dominion Museum Bulletin 15:1-206.

OLSON, S. L. 1985. The fossil record of birds. Pp. 79-238. In
Farner, D. S., J. R. King, and K. C. Parkes (eds.), Avian Biology,
Volume VIII. Academic Press; New York.

PETERS, D. S. 1987. Ein "Phorusrhacide" aus dem Mittel-Eozan
von Messel (Aves: Gruiformes: Cariamae). Documents des La
boratoires de Geologie, Lyon 99:71-87.

PIZIALI, R. L., T. K. HIGHT, AND D. A. NAGEL. 1976. An extended
structural analysis of long bones-application to the human
tibia. Journal of Biomechanics 9:695-701.

RADINSKY, L. B. 1987. The Evolution of Vertebrate Design. Uni
versity of Chicago Press; Chicago.

RAup, D. M. 1972. Approaches to morphologic analysis. Pp. 28
44. In Schopf, T.J.M. (ed.), Models in Paleobiology. Freeman,
Cooper; San Francisco.

REIF, W.-E., R. D. K. THOMAS, AND M. S. FISCHER. 1985. Con
structional morphology: the analysis of constraints in evolu
tion. Dedicated to A. Seilacher in honor of his 60th birthday.
Acta Biotheoretica 34:233-248.

ROSE, K. D. 1990. Postcranial skeletal remains and adaptations
in early Eocene mammals from the Willwood Formation, Big
horn Basin, Wyoming. Pp. 107-133. In Bown, T. M., and K. D.
Rose (eds.), Dawn of the Age of Mammals in the Northern Part
of the Rocky Mountain Interior, North America. Special Paper
243. Geological Society of America; Boulder, Colorado.

SCAPINO, R. 1981. Morphological investigations into functions
of the jaw symphysis in carnivorans. Journal of Morphology
167:339-375.

SCHMIDT-NIELSEN, K. 1984. Scaling: Why is Animal Size so Im
portant? Cambridge University Press; New York.

SEILACHER, A. 1970. Arbeitskonzept zur Konstruktions-Mor
phologie. Lethaia 3:393-396.

SHIGLEY, J. E. 1976. Applied Mechanics of Materials. McGraw
Hill, New York.

SIMONETTA, A. M. 1960. On the mechanical implications of the
avian skull and their bearing on the evolution and classifica
tion of birds. Quarterly Review of Biology 35:206-220.

SIMS, R. W. 1955. The morphology of the head of the hawfinch
(Coccothraustes coccothraustes), with special reference to the my
ology of the jaw. Bulletin of the British Museum (Natural His
tory), Zoology 2:371-393.

SINCLAIR, W. J. 1928. Omorhamphus, a new flightless bird from
the lower Eocene of Wyoming. Proceedings of the American
Philosophical Society 67:51-65.

STEADMAN, D. W. 1987. Diatrymiformes. Pp. 188-189. In Mc
Graw-Hill Encyclopedia of Science and Technology. McGraw
Hill; New York.

TONNI, E. P. 1980. The present state of knowledge of the Ce
nozoic birds of Argentina. Contributions in Science, Natural
History Museum of Los Angeles County 330:105-114.

TROXELL, E. L. 1931. Diatryma, a colossal heron. American Jour
nal of Science (Series 5) 22:18-34.

WAINWRIGHT, S. A. 1988. Form and function in organisms.
American Zoologist 28:671-680.

WATSON, G. E. 1976.... And birds took wing. Pp. 98-107. In S.
L. Fishbein (ed.), Our Continent: A Natural History of North
America. National Geographical Society; Washington.

WELTY, J. C., AND L. BAPTISTA. 1988. The Life of Birds. Fourth
edition. Saunders College Publishing; New York.

WETMORE, A. 1967. Re-creating Madagascar's giant extinct bird.
National Geographic Magazine 132:488-493.

WILLIAMS, G. R. 1960. The takahe (Notornis mantelli Owen, 1948):
a general survey. Transactions of the Royal Society of New
Zealand 88:235-258.

WIMAN, C. 1935. Uber Aepyornithes. Nova Acta Regiae Socie
tatis Scientiarum Upsaliensis, Series IV 9:1-57.

WING, S. L. 1980. Fossil floras and plant-bearing beds of the
central Bighorn Basin. University of Michigan Papers on Pa
leontology 24:119-125.

ZISWILER, V. 1965. Zur Kenntnis des Samenoffnens und der
Struktur des hornernen Gaumens bei kornerfressenden Os
cines. Journal fiir Ornithologie 106:1-48.

ZUSI, R. L. 1967. The role of the depressor mandibulae muscle
in kinesis of the avian skull. Proceedings of the United States
National Museum 123:1-28.

ZUSI, R. L. 1984. A functional and evolutionary analysis of
rhynchokinesis in birds. Smithsonian Contributions to Zool
ogy 395:1-40.




