
important in differentiation and proliferation of pharyngeal cartilages.
Using both mutant analyses with zebrafish mutants deficient in genes
encoding members of this signaling pathway, as well as pharmacolog-
ical treatment with cyclopamine, which inhibits Hh signaling, we have
gained a better understanding of the role of this signaling pathway on
branchial arch outgrowth. We conclude that while Hh is involved in cell
proliferation within all pharyngeal cartilages, it plays a unique role in
differentiation of branchial cartilages, since in the absence of Hh
signaling these cartilages fail to develop.

Ontogeny of Bite Force and Diet in Lizards and Turtles
Herrel, Anthony,1 and O’Reilly, James C.2; 1University of Antwerp, Bel-
gium (aherrel@uia.ua.ac.be), 2University of Miami, Miami, FL, USA
Young animals often forage in the same environment as adults, and
consequently must compete for the same resources. However, when com-
peting for food or other resources, young animals are often at a competitive
disadvantage because of their smaller size relative to adults. Thus, selection
on juvenile performance is likely to be strong, and the adult phenotype may
be affected by selection on juvenile performance. Yet in some mammals
juveniles perform equally as well as adults by modifying the growth
trajectories of muscles and bones. Here we examine the ontogeny of the
cranial system and bite performance in several species of ectothermic
vertebrates (lizards and turtles). Additionally, we examine the ontogeny of
diet in these species based on both empirical and literature data. Our data
suggest different growth trajectories for different species, with bite forces
increasing to a higher degree than predicted in the lizards and one species of
turtle. For Trachemys scripta, our data suggest rapid growth in juveniles up to
a size where bite forces are large enough for the animals to switch to an
herbivorous diet. In all other species examined, no patterns of altered growth
in relation to diet are obvious. These data suggest that, whereas selection on
juvenile performance might be strong, ectotherms generally do not show
increased performance of the jaw system in juvenile life-history stages.

Feeding Underground: Consequences of Burrowing on the Design and
Use of the Cranial System in Lizards
Herrel, Anthony,1 Kley, Nathan J.,2 and Meyers, J. Jay3; 1University of
Antwerp, Belgium (aherrel@uia.ua.ac.be), 2Field Museum of Natural His-
tory, Chicago, IL, USA (nkley@fieldmuseum.org), 3Northern Arizona Uni-
versity, Flagstaff, AZ, USA (jjm@dana.ucc.nau.edu)
Head-first burrowing likely places severe constraints on the design of the
cranial system. To optimize soil penetration, pointed, cone-, or wedge-
shaped heads are needed. However, these shapes may constrain the space
available for the jaw adductors, which could affect an animal’s bite
performance. Additionally, as the absolute head diameter may also con-
strain an animal’s burrowing performance, it is often reduced. Because of
these demands, burrowing animals often have small heads and low bite
forces, which may constrain the range of prey types and sizes eaten. Here
we examine how these potential tradeoffs may have shaped the jaw system
in amphisbaenians, by comparing head shape and bite force in species with
different cranial morphologies. Unexpectedly, our data suggest that am-
phisbaenians are much better biters for a given head size than all other
lizards tested. In part, this can be explained by their relatively wide and
high postorbital regions and short lower jaws (decreasing the jaw outlever).
Additionally, published data on the morphology of the jaw adductors
suggest that amphisbaenians have optimized the jaw adductors for biting
by having strongly pennate and short-fibered muscles. This allows them to
bite as hard as nonburrowing lizards despite their much smaller heads and
to consume a wide variety of prey similar in size and type to those
consumed by other lizards.

Mechanical Loading and the Mammalian Skull
Herring, Susan W.; University of Washington, Seattle, WA, USA (herring@
u.washington.edu)
Mechanical strain in the skull bones and sutures is remarkably complicated,
as indicated by a series of in vivo studies in pigs, Sus scrofa. Regional
effects are strong. Loads perpendicular to the bone surface arise from the
contraction of adjacent muscles. In the plane of the bone surface, braincase
and jaw joint strains respond to the pattern of jaw muscle contraction,
whereas occlusion determines strain in the jaws. Both muscle coordination
and tooth contact change rapidly during chewing, so strains are highly

dynamic. Furthermore, during postnatal growth not only the magnitude, but
also the orientation and even the polarity of strain change. Close exami-
nation of individual bones suggests ways in which loading may affect
growth and therefore morphology. Periosteum is the key element. For
example, when the predominant strain pattern in the interfrontal suture
changes from compression to tension, the new (periosteal) part of the
suture takes on a simpler morphology than the old (endocranial) part.
Braincase suture fusion is also accomplished by the periosteum rather than
the suture itself. In the zygomatic arch periosteal apposition is trabecular on
the squamosal but laminar on the jugal. This difference is not explained by
the distribution of replicating cells or vascular elements, but does correlate
with the pattern of strain in the two bones.

Rhinoceros Horn Attachment: Anatomy and Histology of a Dermally
Influenced Bone Rugosity
Hieronymus, Tobin L., and Witmer, Lawrence M.; Ohio University, Athens,
OH, USA (th108702@ohiou.edu)
Associations between rugosities on the skull and cutaneous appendages
(e.g., horns) often seem obvious when examined in extant specimens in
which the conformations of epidermal appendages remain intact. Infer-
ences regarding the morphology of unpreserved cutaneous appendages
from extinct animals, however, are not always so clear. Rhinoceros horn
provides an example of an epidermal appendage in which the detailed
morphology cannot be readily determined from its associated rugosity.
The horn attachments of two adult white rhinoceros (Ceratotherium
simum) were examined by dissection and histological sectioning. The
horn proper is a keratinized epithelial structure affixed to the dense
irregular connective tissue of the dermis. Rhinoceros dermis is 1.5–5
cm thick across the skin of the head, and retains much of its thickness
beneath the horn, at 1–2 cm thick beneath the nasal horn and 2–3 cm
thick beneath the frontal horn. The horn-dermis complex is affixed to
bone by dense populations of extrinsic fibers derived from the reticular
dermis. These fibers create an osteohistological structure similar to that
of a fibrous tendon attachment. Irregular mineralization of the extrinsic
fibers gives the cleaned bone surface its rugose appearance. A more
thorough understanding of how this appendage affects the morphology
of the underlying bone aids in differentiation between horn-induced
rugosities and rugosities with other causal associations, such as tendon
attachment or secondary dermal ossification.

Scent in a Sac: The Preorbital Apparatus of Deer
Hillenius, Willem J.,1 and Rehorek, Susan J.2; 1College of Charleston,
Charleston, SC, USA (hilleniusw@cofc.edu), 2Slippery Rock University,
Slippery Rock, PA, USA (susan.rehorek@sru.edu)
A preorbital fossa occurs in several ungulate mammals, but is especially
well developed in bovid and cervid artiodactyls. Although the fossa con-
tains a single, well-developed, and encapsulated gland in some antelopes,
in other bovids and deer it is lined by a sac of relatively unmodified skin,
which contains only a few more glandular elements than the surrounding
skin. These structures appear to play a role in chemical signaling in most,
if not all, of these animals. At least in deer, the posterior lobe of the
Harderian gland (PLHG) may be a significant source of secretant in the
preorbital sac, which is connected to the orbital conjunctiva via a distinct,
pigmented furrow. However, the degree of development of the Harderian
gland and the preorbital apparatus varies among deer. These structures are
the most highly developed in primitive cervids, such as Muntiacus, where
the preorbital fossa and sac, as well as the PLHG, are relatively large and
show considerable sexual dimorphism, and where the sac can be everted by
specialized facial musculature. In Cervus these structures are proportion-
ately smaller, and cannot be everted, but the PLHG is still present. In the
more derived cervids Odocoileus and Capreolus, the preorbital structures
are relatively the smallest and the PLHG is absent. These observations
suggest an evolutionary trend toward reduction of the preorbital apparatus
within Cervidae.

Developmental, Descriptive, and Comparative Osteology of Sturgeons
(Actinopterygii, Acipenseriformes, Acipenseridae)
Hilton, Eric J.,1 Grande, Lance,1 and Bemis, William E.2; 1Field Museum,
Chicago, IL, USA (ehilton@fieldmuseum.org), 2University of Massachu-
setts, Amherst, MA, USA (wbemis@bio.umass.edu)
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