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Hammerhead sharks (family Sphyrnidae)
are recognized as a highly derived, monophyletic
group in the order Carcharhiniformes, character-
ized by the presence of a dorsoventrally com-
pressed and laterally expanded pre-branchial
head, known as the cephalofoil (Gilbert 1967,
Compagno 1988).  The morphology of the
cephalofoil differs greatly among species, from
evenly rounded in the bonnethead shark (Sphyrna
tiburo) to very wide and narrow in the winghead
shark (Eusphyra blochii).

The evolution of the peculiar head shape of
hammerhead sharks has been the subject of much
debate, and several hypotheses have been
advanced to explain the adaptive significance of
this unusual head morphology.  It has been sug-
gested that the cephalofoil evolved from the slight-
ly flattened head typical of many carcharhinid
sharks (Compagno 1988), which acts as a bow-
plane that provides hydrodynamic lift and increas-
es maneuverability (Nakaya 1995, Kajiura et al.
2003).  Other hypotheses for the evolution of the
cephalofoil (Kajiura 2001) invoke potential advan-
tages of spacing sensory structures at the lateral
ends of the head (eyes and nostrils) or across the

surface of the head (lateral line and ampullae of
Lorenzini).  Only a few of these hypotheses have
been empirically tested, and none of them has
been placed within a phylogenetic framework.
Clearly, what is needed to understand the evolu-
tion of the cephalofoil within the Sphyrnidae, and
the diversification of the clade itself, is a compara-
tive approach (Harvey and Pagel 1991).  However,
the lack of a complete and well-resolved phyloge-
ny for the sphyrnids, based on all the available evi-
dence afforded by morphological and molecular
datasets, is a major obstacle to explaining what
factors might have driven the evolution of the
cephalofoil.

Morphological and molecular data have yield-
ed very different phylogenetic trees for hammer-
head sharks.  The most complete phylogenetic
hypothesis based on morphological characters
and anatomical structures (Compagno 1988) indi-
cates that evolution in this family has been charac-
terized by a change from a plesiomorphic condi-
tion of small size, inshore dwelling, and bottom
feeding, to a more-derived condition of large,
pelagic piscivores.  On the other hand, according
to a hypothesis based on mtDNA sequence data
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(Martin 1993), the large pelagic species are more
primitive than the small demersal species, and
there is a trend towards the evolution of the
cephalofoil along the evolution of the clade.  This
sequence of divergence is precisely the opposite
from that suggested by the hypothesis based on
morphological data.

Comparisons among phylogenies obtained by
different techniques or based on different datasets
can be performed by constructing consensus trees
(Rohlf 1982).  Consensus trees, introduced by
Adams (1972), allow the combination of informa-
tion from 2 (or more) phylogenetic trees into a sin-
gle tree that represents the information in the set
of trees being compared, but this procedure is only
possible if the species sets present in the different
phylogenies are the same.

Another possibility, developed more recently,
is to construct a composite phylogeny or
“supertree”from source trees derived from sepa-
rate morphological and molecular datasets, based
on the principle that the phylogenies can be con-
verted in data matrices which, after combination,
can be subjected to parsimony analysis
(Sanderson et al. 1998, Bininda-Emonds et al.
2002).  This procedure has the advantage of not
requiring that all species be shared among the
several studies being compared.  As the method
combines existing phylogenetic information in the
form of trees, supertrees potentially resolve many
of the problems associated with other character-
based methods (e.g., the absence of homologous
characters and incompatible data types).
Supertree methods are capable of synthesizing the
results of separate studies into more-comprehen-
sive, larger-scale phylogenies that are useful for
comparative and macroevolutionary studies and
which represent major steps towards building the
Tree of Life (Soltis and Soltis 2001, Bininda-
Emonds et al. 2002, Page 2004).  In addition to
helping synthesize hypotheses of phylogenetic
relationships among larger sets of taxa, supertrees
can suggest optimal strategies for taxon sampling
(either for future supertree construction or for
experimental design issues such as the choice of
outgroups for cladistic analyses) and can reveal
emerging patterns in the large knowledge base of
phylogenies currently in the literature (Sanderson
et al. 1993).

Many supertrees have already been pub-
lished for various groups of organisms, sometimes
with associated comparative or macroevolutionary
analysis (see Bininda-Emonds et al. 2002 for
references on individual studies).  However, many

of the previous studies were concerned with mam-
malian supertrees and, to the author

,
s knowledge,

only 1 fish supertree has appeared before in the lit-
erature (Mank et al. 2005).

In this paper, all available published phyloge-
nies of the Sphyrnidae were assembled to gener-
ate a composite phylogeny for hammerhead
sharks using the technique of matrix representa-
tion with parsimony (Baum 1992, Ragan 1992).
The resulting supertree will provide a useful frame-
work for further phylogenetic comparative studies
of sphyrnid evolution, ecology, and biogeography.

MATERIALS AND METHODS

Source trees

All phylogenetic source trees available for the
Sphyrnidae (Fig. 1) were obtained from the litera-
ture (Gilbert 1967, Compagno 1988, Lavery 1992,
Naylor 1992, Martin 1993), following the protocol
proposed by Bininda-Emonds et al. (2004).  The
phylogenetic hypothesis of Gilbert (1967) was
included as a “seed” tree, even though it was
not built using a formal cladistic analysis, as rec-
ommended by Purvis (1995) and Bininda-Emonds
and Sanderson (2001) to obtain complete taxo-
nomic coverage and ensure sufficient overlap
among the source trees, and therefore to improve
the resolution of the composite phylogeny.  When
a given bibliographic source presented several
phylogenetic trees for the same dataset, obtained
with different methods, a strict consensus tree
(Rohlf 1982) was initially computed among the
trees, for inclusion in the procedure of supertree
construction.  The trees compiled from the litera-
ture were stored in the NEXUS format (Maddison
et al. 1997) using the program, TreeView, vers.
1.6.6 (Page 1996) for further analysis.

Data analysis

To construct the composite phylogeny, each
source tree was recoded as a binary matrix using
the Supertree program, vers. 0.85b (Salamin et al.
2002), after the procedure proposed by Baum
(1992) and Ragan (1992).  The Baum/Ragan
method for constructing supertrees can be used
whether the source trees are compatible or not.
The minimum requirement for including a source
tree in supertree construction is that it shares 2 or
more taxa with at least 1 other source tree.  These
matrices are then combined and analyzed with
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parsimony to generate the composite phylogeny or
“supertree” (see Sanderson et al. 1998, Bininda-
Emonds et al. 2002, Bininda-Emonds 2004, and
Page 2004 for details on supertree construction
using matrix representation with parsimony).  The
resulting MRP dataset had 8 taxa and 23“charac-
ters”.  As all source trees were rooted, an all-zero
hypothetical outgroup (the“MRP outgroup”) was
added to the data matrix to polarize the subse-
quent parsimony analysis, preserving the rooting
information of the source trees (Bininda-Emonds et

al. 2005).
Four separate analyses were performed,

using different weighting schemes of the matrix
elements and allowing or prohibiting reversals
(Bininda-Emonds and Bryant 1998, Bininda-
Emonds and Sanderson 2001).  The matrix ele-
ments were weighted in proportion to their clade
support on each source tree (Bininda-Emonds and
Bryant 1998, Bininda-Emonds and Sanderson
2001).

The degree of support of the composite phy-
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Fig. 1. Topologies of the phylogenetic trees used to construct the composite phylogeny.  (a) Gilbert (1967: fig. 4) based on morphology;
(b) Compagno (1988: fig. 21.10c) based on morphology; (c) Lavery (1992: fig. 1) based on isozymes; (d) Naylor (1992: fig. 3c) based
on isozymes; (e) Martin (1993: fig. 1) based on mitochondrial DNA sequences.
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logeny was assessed by means of the qualitative
support (QS) index of Bininda-Emonds (2003),
using the program, QualiTree, vers, 1.1, written by
O.R.P. Bininda-Emonds and available from
http://141.40.125.5:8080/WWW/Homepages/Binin
da-Emonds/ProgramsMain.html.  The value of the
QS index varies between +1.0 (indicating a com-
plete match among the source trees) and -1.0
(indicating total conflict among the source trees).

Parsimony analyses were performed using
the program, PAUP*, vers. 4.0b10 (Swofford
2002).  The method of branch and bound (Hendy
and Penny 1982) was used to search for the most
parsimonious trees.

The resultant composite phylogeny and its
associated MRP data matrix have been deposited
in the TreeBASE database (www.treebase.org)
under study accession number S1439 and matrix
accession number M2590.

RESULTS

Only 2 species (S. lewini and S. mokarran)
were present in all 5 source trees used as input to
build the supertree, and three of them (S. zygaena,
S. media, and S. corona) appeared in just three of
the original trees (Table 1).

Several most parsimonious trees were found,
for the 4 analyses performed according to the dif-
ferent weighting schemas adopted and the possi-
bility or exclusion of reversals.  Values of the QS
index were negative for all of these analyses,
which indicates that there was more conflict than
agreement among the source trees as a whole.
The degree of resolution varied among the differ-
ent combinations of weighting/reversal schemes,
from 100% for the weighted/irreversible tree to
71.4% for the unweighted/unordered tree (Table
2).  Differences between supertrees were due
solely to differences in resolution and not to actual
conflicting relationships.

The selected composite phylogeny (Fig. 2),
including all of the 8 known species of the

Sphyrnidae, was based on the analysis (with
weighted elements and irreversible transforma-
tions) that produced a single most parsimonious
tree, with 178 steps in length, a consistency index
of 0.6910, a retention index of 0.8736, and a QS
index of -0.300.  This phylogeny is fully resolved
and displays the highest QS index in comparison
to all other trees; thus, it was selected to represent
the best estimate of the phylogenetic relationships
present in the 5 original source trees combined.

DISCUSSION

The composite phylogeny presented in this
study represents a combined summary of the
available knowledge about the phylogenetic rela-
tionships of hammerhead sharks.  Thus, it can
help to make novel statements about relationships
of taxa that are not immediately apparent on any
single source tree, while still retaining the hierar-
chical information from the original trees.

In the present study, the supertree approach
sheds particular light on the relationships among
S. lewini, S. mokarran, and S. zygaena, which
have been rather controversial in the literature
(Gilbert 1967, Compagno 1988).  These species

Table 1. Frequency distribution of the taxa in the
phylogenetic source trees used to build the com-
posite phylogeny.  The frequency of ocurrency
makes it possible to assess the relative represen-
tations of each taxon in the generated supertrees

Taxon Frequency

Sphyrna zygaena 3
S. lewini 5
S. mokarran 5
S. media 3
S. corona 3
S. tudes 4
S. tiburo 4
Eusphyra blochii 4

Table 2. Summary statistics for the 4 sphyrnid composite phylogenies

Tree No. of trees Tree length Consistency index Retention index Percent (%) resolution QS index

Unweighted, unordered 4 33 0.6970 0.6774 71.4 -0.367
Unweighted, irreversible 2 34 0.6765 0.8608 85.7 -0.340
Weighted, unordered 1 175 0.7029 0.7062 85.7 -0.420
Weighted, irreversible 1 178 0.6910 0.8736 100.0 -0.300
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collapse as a polytomy (which also includes E.
blochii) in the phylogenetic hypothesis of
Compagno (1988), whereas the relationship
between S. mokarran and S. zygaena was not
resolved by the phylogenetic hypothesis of Naylor
(1992).  However, this group was recovered as a
well-resolved clade in the composite phylogeny
using weighted, irreversible characters (Fig. 2).

Compared to the source trees, the topology of
the supertree is very similar to that of the tree pro-
posed by Gilbert (1967), from which it differs only
in the placement of E. blochii and S. corona (Fig.
1a).  The topological structure of the composite
phylogeny is also similar to that of the tree pre-
sented by Martin (1993), with regard to the rela-
tionship between S. media and S. tudes (Fig. 1e).

The supertree may also have broader taxo-
nomic implications concerning the status of
Eusphyra as a separate genus within the
Sphyrnidae.  Based on the topology of the com-
posite tree, assigning Eusphyra to a separate
genus would render the genus Sphyrna para-
phyletic, since the winghead shark does occur
among the other hammerheads in the tree.  This
has been a long-standing area of contention in the
literature (Gilbert 1967, Dingerkus 1986,
Compagno 1988, Nelson 1994, Shirai 1996), and
because the composite tree represents a synthesis
of a number of independent studies, it might be
used to offer support for the proposals which place
Eusphyra as a subgenus within Sphyrna (an
arrangement previously advocated by Gilbert
1967, Dingerkus 1986, and Nelson 1994).
However, direct evidence to support or refute any
particular relationships suggested by the supertree
should be sought from the original studies.

The supertree will provide a more-complete
framework for further studies of sphyrnid evolution

and ecology by phylogenetic comparative methods
(Harvey and Pagel 1991), especially in the context
of the patterns and processes in the evolution of
cephalofoil size (Cavalcanti 2004, Cavalcanti in
prep.).  It may also prove useful in studying the
historical biogeography of hammerhead sharks,
still a largely underexplored field (Gilbert 1967,
Musick et al. 2004) using vicariance cladistics
(Humphries and Parenti 1999).

Because it is not solely influenced by any of
the individual studies used to build it (e.g., a
source with more data which might be based on a
single gene with rapid evolution), matrix represen-
tation with parsimony allows a more-complete esti-
mate of the phylogeny of a given group than does
a phylogenetic analysis based on just a single data
source.  Furthermore, the genetic and/or morpho-
logical datasets that can be assembled in a
“super-matrix”approach are, as a matter of fact,
less widely available than the published phyloge-
nies which can be combined using the supertree
approach (Sanderson et al. 1998, Kennedy and
Page 2002).

As shown by this study, it seems clear that
matrix representation with parsimony constitutes a
potentially very promising technique for the inte-
gration of the growing flow of phylogenetic infor-
mation on living and fossil species (Sanderson et
al. 1993, Maddison et al. 2002, Bininda-Emonds
2004, Page 2004), thus contributing to a better
understanding of the origin, diversity, and evolution
of life on Earth.
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