Research Plan
The relationship between form and function can be used to determine the biological role of a given feature (Bock, 1980; Bock & von Wahlert, 1965).  The study of this relationship, functional morphology, has received considerable attention over the last forty years (Lauder, 1980).  By interpreting form and function of phylogenetically closely related organisms a better understanding of the selective forces and constraints that govern their diversity can be obtained.    One form of constraint is constructional constraint, whereby spatial limitations are placed on a structure, such as the hammerhead cehalofoil, as a result of multiple biological roles (e.g. respiration, feeding, sensory reception) (Barel, 1984; Reif et al., 1985; Motta and Kotrschal, 1992).  This is particularly important when considering the size and position of sensory and feeding organs (Barel, 1983).
The dorsoventrally compressed and laterally expanded pre-branchial cephalofoil of hammerhead sharks offers a unique opportunity to study adaptation in an historical context.  By interpreting form and function of a closely related group of organisms, such as hammerhead sharks, in a historical context we can gain a better understanding of the selective forces and constraints that govern the diversity of cranial design (Lauder & Liem, 1989; Losos et al., 1994; Herrel et al., 1999).  The shape of the cephalofoil ranges from extremely wide (E. blochii – 40-50% of Total Length [TL]) to only moderately expanded (S. tiburo – 18-25% of TL), with concomitant changes in the chondrocranium, jaws, cranial musculature, and neural and sensory apparati (Compagno, 1984; Kajiura, 2001; 2003).  Genetic evidence indicates that the sphyrnid with the most laterally expanded cephalofoil is the most basal, with cephalofoil size decreasing through phylogeny (Martin, 1993).  Various hypotheses have been posited to explain the adaptive significance of the peculiar hammerhead shark head morphology including: increased hydrodynamic lift (Thomson & Simanek, 1977), prey manipulation (Strong et al., 1990), enhanced binocular vision (Compagno, 1984), greater olfactory gradient resolution (Johnsen & Teeter, 1985), and enhanced electroreceptive area (Compagno, 1984).
The goal of this study is to examine the evolution of sphyrnid head morphology and the correlated changes in the sensory and feeding systems.  The following hypotheses will be investigated: 1) Inclusion of less elusive and harder prey in the diet of more derived species results in greater bite force, an increase in the mechanical advantage of the jaw, and hypertrophy of the jaw apparatus and cranial muscles; 2) Consequently, the spatial constraint imposed on the cephalofoil which becomes less expanded through phylogeny, will result in an increase in relative volume devoted to feeding structures and a concomitant decrease in relative space devoted to sensory structures and their repositioning on the cranium (eyes, nares, mechanosensory pores, and ampullae).  These hypotheses will be addressed in a phylogenetic context using four functionally and morphologically disparate extant hammerhead species (E. blochii, S. mokarran, S. lewini, and S. tiburo) and three fusiform shark outgroups (Rhiziprionodon terraenovae, Negaprion brevirostris, and Scyliorhinus canicula). Other hammerhead species will be used if available.

Hypothesis 1 rationale and methods – Despite the variation seen in feeding behavior and prey types in hammerheads, feeding morphology and anatomy has been described for only one of the eight extant species (S. tiburo)(Wilga & Motta, 2000).  Durophagy, the consumption of hard prey, in fishes is often associated with hypertrophy of skeletal elements and adductor muscles, larger and more molariform teeth, and greater bite force (Wainwright, 1987; Turingan & Wainwright, 1993; Huber & Motta, 2004; Huber et al., in press).  Because the basal and intermediate species (E. blochii, S. mokarran, and S. lewini) primarily consume fish, I hypothesize that they will exhibit the least amount of hypertrophication of the jaw apparatus, generate the least bite force, and have the lowest mechanical advantage similar to the piscivorous N. brevirostris and R. terraenovae. The more derived species (S. tiburo), that consume a greater proportion of hard prey, will show the greatest amount of hypertrophication of the adductor muscles, the highest mechanical advantage, and generate greater bite force similar to the durophagous S. canicula (Ellis et al., 1996).  Consequently the feeding apparatus will occupy more space in the already smaller head, constraining the spatial arrangement of the sensory and respiratory apparatus.  In order to examine the functional morphology of the feeding apparatus, dissections of the jaw muscles and cartilaginous elements will be performed and their mass, size, and orientation will be measured and compared.  Lever mechanics and bite force will be compared among species (Huber & Motta, 2004).  A PCA will be performed to determine the variables that cause separation among species.  The variables that show separation among species will be tested using a multivariate ANOVA.  Any statistically significant results will be further tested using a Tukey’s multiple comparison post hoc test.

Hypothesis 2 rationale and methods – It is not clear to what extent the feeding or sensory structures contribute to changes in cephalofoil shape and size among hammerhead sharks.  For example, as the head width decreases throughout evolution, are there morphological constraints (Antonovics & vanTienderen, 1991; Motta & Kotrschal, 1992) that result in a trade-off for space by the sensory and feeding systems, as has been described for certain bony fishes (Barel, 1983, 1993; Barel et al., 1989)?  Basal sphyrnids possess a greater number of electrosensory pores and olfactory lamellae than derived sphyrnids (Kajiura & Holland, 2002; Kajiura et al., 2005).  However, as head size decreases through phylogeny, the available space for sensory structures (eyes, nares, mechanosensory pores, and ampullae) is decreased resulting in constraints on the sensory structures.  The shape of the cephalofoil and chondrocranium will be investigated through the use of landmark based geometric morphometrics.  Landmarks representing biologically significant points (e.g. mouth, nares, eye position, and eye size) on both the dorsal and ventral surfaces of the cephalofoil will be digitized using TpsDig (F. J. Rohlf).  After digitization, the Integrated Morphometrics Package (IMP, H.D. Sheets) will be used to detect any effect of species on head shape using principal components analysis (PCA) and multivariate ANOVAs.  The position and size of the eyes, the length of the prenarial groove, the volume of the olfactory rosette, the area occupied by the Ampullae of Lorenzini, and the location of the mechanosensory cephalic lateral line canals, will be digitized using SigmaScan Pro (SPSS Inc.).  To reduce the effect of size these data will be regressed against TL and the residuals will be used for further analysis.  These variables will be tested with and ANOVA and any differences that are detected by the ANOVA will be tested for statistical significance using a Tukey’s multiple comparison post hoc test.  In order to visualize landmark based changes of the skeletal elements among species, Computed Tomography (CT) scans of the heads of one adult specimen of each hammerhead species in addition to N. brevirostris and S. canicula will be performed at the University of South Florida University Diagnostic CT facility.  Specific landmarks on the chondrocranium, as well as jaw and hyoid cartilages, will be selected and analyzed with Morphologika (P. O’Higgins).  Size independent PCAs will be generated using Morphologika and PCA loading scores will be tested with a multivariate ANOVA to reveal morphometric changes in the relative position and size of the cartilaginous feeding elements.  In addition, total volume of the cartilaginous cranial skeleton, including branchial region, sensory structures and feeding muscles will be expressed as a percent of total head volume to compare the total volume of the head occupied by sensory and other structures among all species.

Variables gathered during the testing of these hypotheses will be mapped onto the currently accepted sphyrnid phylogeny (Martin, 1993), and Maddison’s concentrated-changes test (1990) will be used to determine phylogenetic trends throughout the evolution of the cephalofoil and if changes in feeding morphology and sensory biology are correlated through phylogeny.
