





























JAW BIOMECHANICS AND DIET IN DIATRYMA

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
(¢) in straight beams must be modified for
curved beams (Eq. [5]; see Hylander 1984,
1985):

o = (K)M)(c)/I ®

where M is the bending moment, ¢ 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
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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-
sional loads 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 (¢) along the concave (lingual)
surface. This may be accomplished by de-
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creasing the moment (M) or ¢ 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
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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):

r=Tr/], (6)

where torsional shear () is equal to the prod-
uct of the external twisting moment (T) and
the distance from the neutral axis to the sur-
face (7, 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]). ] 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. | 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: ] a I, + I, where I, is the second
moment of area of the major axis of an ellipse
(the rostrocaudal dimension of an avian man-
dibular symphysis) and I, is the second mo-
ment of area of the minor axis (the dorsoven-
tral dimension). Torsional shear (r) may be
reduced by increasing the polar moment of
inertia (J). Extending the symphysis caudally
between the rami increases | by increasing
the second moment of area in the rostrocau-
dal direction (I,). Within constraints, increas-
ing I, also increases | 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-
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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
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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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neurovasculature

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 Biithler 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-
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ma. 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
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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 1b) 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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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 cm.

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,
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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. 10A), 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 (i.e., 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.
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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
fall on 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.; 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. 10A and 10B) 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. 10A) 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-
ically 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-
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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 cm. 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.

o)
0 = - i (Y L

]

ey,

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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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 (i.e., 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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FIGURE12. 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 al. 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
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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-



JAW BIOMECHANICS AND DIET IN DIATRYMA

Ly external
\___. naris

115

N s
L rhamphotheca

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 cm. 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 cm. Redrawn from a photograph in Sinclair
(1928). D, 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 cm.

illa—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. 14D).

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
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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
etal. 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 “there 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 graviportal locomotion, 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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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 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
arelatively 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.

could and actively sought prey when it had
to (Fig. 16).

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.



118

’ v
s
o 7

- 7
‘ 4/,/ ’
) .
! /
v

4" Ry /
f &/ W e ¥
[lir\ . . . ‘. "l."‘;- y /

[/

|
( 4 )

L

ny A ‘o/ ’_V!‘ i
AN

1A W
WY
\\g\‘ ) " )

LAWRENCE M. WITMER AND KENNETH D. ROSE

FIGURE 16. Life restoration of the Diatryma gigantea feeding on a carcass of the early horse Hyracotherium as an
oxyaenid creodont looks on. Diatryma was probably capable of both active predation and scavenging (see the text).
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