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ABSTRACT

Two landmarks of the temporal region of the skull in most birds are the zygomatic process (pro-
cessus zygomaticus) and the postorbital process (processus postorbitalis). The morphology and ho-
mology of these processes in gallinaceous birds (Galliformes) and waterfowl (Anseriformes), however,
are not clear. Anseriformes usually are said to lack a processus zygomaticus. By contrast, the processus
zygomaticus of many Galliformes often is described as connected to the tip of the processus postor-
bitalis, forming a temporal arch. Olson and Feduccia (1980a) cited these cranial differences as evidence
opposing a hypothesis of sister relationship between the two orders, an hypothesis having a substantial
history of advocacy (Seebohm, 1889; Shufeldt, 1901; Delacour, 1954; Johnsgard, 1965; Cracraft,
1981a, 1986; Schulin, 1987). Dzerzhinsky (1982, 1995) contradicted the proposal by Olson and Fed-
uccia (1980a), interpreting the two processes as completely fused in Anseriformes, forming a unique
“sphenotemporal process,” which he averred to have been derived evolutionarily from the condition
found in the Galliformes.

In the present study, we examined skulls and jaw muscles of juvenile and adult specimens of selected
taxa from both orders to test these opposing hypotheses, and found that: (a) the processus zygomaticus
is small or lacking in adult Galliformes, and absent in all Anseriformes; (b) the processus zygomaticus
is connected to the tip of the processus postorbitalis by an ossified aponeurosis of m. adductor man-
dibulae externus (aponeurosis zygomatica) in adults of most galliforms, whereas the aponeurosis zyg-
omatica of anseriforms has a linear origin along the os squamosum as far as the processus postorbitalis;
the aponeurosis zygomatica is ossified in Anhimidae and unossified in Anatidae; (c) a laterally exposed
fossa of the temporal region (fossa musculorum temporalium) is reduced in Galliformes and absent
in Anseriformes; (d) pars superficialis and pars zygomatica of m. adductor mandibulae externus are
shifted rostrad in Galliformes and Anseriformes, and (e) pars articularis of m. adductor mandibulae
externus is much enlarged in both orders. Based on these observations, we conclude that the parts of
musculus adductor mandibulae externus of Anseriformes have been misinterpreted in a number of
previous studies, perhaps reflecting confusion about associated processes and fossae. These findings
are interpreted with respect to the homology of the osteological features and their associated muscles.
The distribution of the included states supports the growing consensus for a sister relationship between
the Galliformes and Anseriformes.

KEy WoRrDS: Anseriformes, cranium, Galliformes, homology, myology, osteology, processus postor-
bitalis, processus zygomaticus
INTRODUCTION
Historical Background

A series of classic, nineteenth-century works—e.g., Blanchard (1859), Eyton
(1867), Fiirbringer (1888), Seebohm (1888, 1889, 1890, 1895), Gadow and Se-
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lenka (1891), Gadow (1892, 1893), and Beddard (1898)—mark the advent of
important contributions of comparative anatomy to an understanding of the evo-
lutionary relationships of birds. Despite diverse, intensive study of avian osteol-
ogy and myology since that time (e.g., Hofer, 1945, 1950, 1955; Starck and
Barnikol, 1954; Yudin, 1961, 1965; Burton, 1984), however, a number of features
of the avian skull have proven problematic for systematists, including the pro-
cessus basipterygoidei of the os parasphenoidale (Weber, 1993), the os lacrimale
(Cracraft, 1968), and the os pterygoideum (Hofer, 1945; Jollie, 1957; Weber,
1993). In recent decades (Hennig, 1966; Wiley, 1981), with the development of
explicit methodologies for the reconstruction of evolutionary relationships based
on anatomical characters, the elucidation of the homologies and transformations
of anatomical structures is recognized to be of paramount importance (Nelson,
1994; Doyle, 1996; Sanderson and Hufford, 1996).

Two features of the avian skull—the processus postorbitalis and the processus
zygomaticus (Fig. 1)—serve as landmarks for the structure and function of the
jaws (Bihler, 1981) but have proven problematic for systematists concerned with
the Anseriformes. In most birds, the processus postorbitalis provides the dorsal
attachment for the ligamentum postorbito-mandibulare, a structure important in
several aspects of cranial kinesis (Kripp, 1933; Zusi, 1962, 1967; Bock, 1964);
the processus zygomaticus supports the origin of a major aponeurosis of the ex-
ternal adductor muscle of the mandibula. Absence of the processus postorbitalis
i1s unusual and typically associated with a reduction or loss of the ligamentum
postorbito-mandibulare. Absence of the processus zygomaticus, however, does not
necessarily signify a change in the musculus adductor mandibulae externus. In
the Anseriformes, the processus postorbitalis and adjacent fossae are uniquely
modified among extant birds (Fig. 2), and the processus zygomaticus is essentially
absent in Anseriformes (e.g., Gadow, 1892; Olson and Feduccia, 1980a). The
processus postorbitalis has become an integral part of a reconstruction of the regio
temporalis (Fig. 1) on the lateral surface of the neurocranium, that part of the
skull enclosing the brain and sensory capsules (de Beer, 1937; ICVGAN, 1983,
Baumel and Witmer, 1993). In Anseriformes, the stout, rostrally oriented proces-
sus postorbitalis also serves as origin for a part (pars zygomatica) of musculus
adductor mandibulae externus that is independent of the processus postorbitalis
in most avian taxa (Fig. 1). Thus the profound modification of these structures in
waterfowl i1s of considerable functional and phylogenetic interest.

Conformation of the regio temporalis and mandibular rami reflects the structure
of the primary, superficial adductor acting on the mandibula, m. adductor man-
dibulae externus (abbreviated hereafter as AME). This complex, multipennate
muscle consists of two or more parts, each of which is more or less distinct and
associated with one or more aponeuroses that provide extensive surface for the
attachment of muscle fibers (Fig. 3). Despite several thorough anatomical surveys
of the avian cranium (Lakjer, 1926; Hofer, 1950; Starck and Barnikol, 1954;
Weber, 1993), delimitation of the parts of AME is somewhat arbitrary for many
taxa because the fibers of one part may blend imperceptibly with those of another
and some aponeuroses are shared by two or more parts. Disagreements about
terminology and homology of the parts of AME in the Anseriformes are consid-
erable (e.g., Lakjer, 1926; Starck and Barnikol, 1954; Dzerzhinsky, 1982; Weber,
1996).

These complexities notwithstanding, selected aspects of the AME and osteo-
logical features of the regio temporalis have figured prominently in studies of a
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Fig. 1.—Diagrams of facies lateralis cranii of a hypothetical bird showing: (A) critical osteological
features highlighted in the clear rectangle; and (B, C) critical myological features. See Methods for
list of abbreviations used here and in the following figures.

diversity of avian orders (e.g., Moller, 1932; Hofer, 1945, 1950; Fiedler, 1951;
Barnikol, 1952, 1953; Bas, 1954, 1955; Fisher and Goodman, 1955; Bams, 1956:
Simonetta, 1960a-b, 1963, 1968; Zusi and Storer, 1969; Merz, 1963; Van der
Klaauw, 1963; Yudin, 1965; Bock and McEvey, 1969; Richards and Bock, 1973;
Burton, 1974a-c, 1984; Morioka, 1974; Bhattacharyya, 1980, 1989; Cracraft,
1982; Johnson, 1984; Zusi and Bentz, 1984; Van Gennip, 1986; Elzanowski,
1987; Zusi, 1993; Dzerzhinsky, 1999), including members of the Galliformes
(Burggraaf, 1954; Burggraaf and Fuchs, 1954, 1955; Fuchs, 1954, 1955; Jollie,
1957; Fujioka, 1963; Dzerzhinsky and Belokurova, 1972: Dzerzhinsky, 1980;
Weber, 1996) and Anseriformes (Davids, 1952; Starck and Barnikol, 1954; Good-
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Fig. 2.—Facies lateralis cranii of: (A) an adult specimen of Meleagris gallopavo (USNM 556372),
(Galliformes: Meleagrididae); (B) an adult specimen of Sarkidiornis melanotos (USNM 490276), (An-
seriformes: Anatidae); and (C) an adult specimen of Numida meleagris (USNM 430657), Galliformes:
Numididae). Features unlabelled or controversial in the literature are indicated by question marks.
Scale bar = 1 cm.

man and Fisher, 1962; Zweers, 1974; Dzerzhinsky, 1982; Jager, 1990). In addition
to comparatively traditional studies, the complex has been examined with respect
to structural details and functional roles of the constituent parts (e.g., Gans and
Bock, 1965; Bock, 1964, 1968; Zweers, 1974; Dzerzhinsky, 1982).

The processus zygomaticus of Galliformes was described as well developed by
Gadow (1892), Shufeldt (1909), and Baumel and Witmer (1993), but as absent
or vestigial by Verheyen (1956). Starck and Barnikol (1954) found that the process
zygomaticus was small in juvenile Gallus, and that the aponeurosis of AME, pars
zygomatica, originating on the processus, ossified during maturation; they then
referred to the combined process and ossified aponeurosis as the zygomatic pro-
cess. Hofer (1950) considered the processus zygomaticus to be strong in Melea-
gris and Tetrao, taxa in which the aponeurosis zygomatica is ossified, but inter-
preted the processus to be lacking in Numida, in which the aponeurosis is not
ossified (Fig. 2). Traditionally, the processus zygomaticus was said to be lacking
in Anseriformes (e.g., Gadow, 1892; Olson and Feduccia, 1980a).
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Fig. 3.—Diagrams of m. adductor mandibulae externus (AME) complex of a hypothetical bird: (A)
AME superficialis; (B) AME coronoidea; (C) AME zygomatica; and (D) AME articularis. Aponeuroses
shown in black.

Olson and Feduccia (1980a:4) argued against a close relationship between the
Galliformes and Anseriformes, stating that ““ . . . the tip of the postorbital process
fuses with that of the zygomatic process in Galliformes, leaving a foramen, where-
as in the Anseriformes the zygomatic process is absent.”” This anatomical inter-
pretation was part of a larger proposal in which the hypothetical *‘transitional
shorebirds™ (purportedly exemplified by the fossil Presbyornis) were considered
ancestral to several modern orders (Livezey, 1997a), including waterfowl (Fed-
uccia, 1977, 1978, 1980a-b, 1994, 1995, 1996; Olson and Feduccia, 19804). By
contrast, Dzerzhinsky (1995:327-328) concluded that *“ . .. in the Anseriformes,
the [ossified muscular aponeurosis from the zygomatic process] fuses to the post-
orbital process over its entire caudoventral border to form a complete sphenotem-
poral process....” Dzerzhinsky (1995) considered the ‘‘sphenotemporal pro-
cess”” of the Anseriformes to be derived from the condition characteristic of the
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Galliformes, bolstering his argument for a sister relationship between the two
orders. Still other workers simply omitted these disputed features from consid-
eration with respect to either order (Livezey, 1986; Cracraft, 1986, 1988; Ericson,
1996, 1997).

Objectives of Study

In this paper we interpret the homologies of osteological features unique to the
Anseriformes through comparative study of skeletal and spirit (fluid-preserved)
specimens of juvenile and adult examples of anseriform and galliform birds. Of
primary concern are the nature of the processus zygomaticus, homologues of the
aponeurosis zygomatica of AME, and the relationship of both with the processus
postorbitalis in Anseriformes. This examination is associated with several new
proposals regarding nomenclature for selected anatomical features. Finally, a com-
parison of the Anseriformes and Galliformes provides a perspective on the evo-
lutionary derivation of the condition of these features in waterfowl.

MATERIALS AND METHODS
Specimens and Related Data

Criteria for Determination of Age.—Although none of the museum specimens
studied herein was of known age in relation to hatching, we use the terms chick,
Jjuvenile, immature and adult as progressive stages of development based on size
and degree of fusion of suturae cranii. Chicks are birds within a few days of
hatching with fully evident suturae cranii. Juveniles are larger, even approaching
full size, and their neurocranial suturae are variously unfused. Immatures are
essentially full size with the suturae cranii fused except for those between the
processes frontales of the ossa nasales and the neurocranium. In adults all neu-
rocranial suturae are fused; only those between the processes nasales of the paired
premaxillaec may remain distinct. Adults often display a more robust skull than
that of immatures.

Osteological Specimens.—Comparisons of adult skeletons of Galliformes and
Anseriformes were based on the entire skeleton collection of USNM, as well as
selected taxa from other museums (AMNH, BMNH, YPM). Taxa in which adult
specimens were compared with one or more specimens of chicks, juveniles, or
immatures are as follows: Galliformes: Megapodiidae—Megapodius freycinet,
Leipoa ocellata; Cracidae—Ortalis vetula, Penelope jacuacu, P. superciliaris, P.
purpurascens, Crax rubra, C. alector, C. fasciolata, Aburria pipile; Meleagridi-
dae—Meleagris gallopavo; Tetraonidae—Lagopus lagopus, L. mutus, Tetrao te-
trix, Bonasa bonasia, B. umbellatus, Centrocercus urophasianus; Phasianidae—
Alectoris chukar, Francolinus adspersus, F. capensis, F. sephaena, F. pondicer-
ianus, F. francolinus, Arborophila crudigularis, A. brunneopectus, Bambusicola
thoracica, Ithaginia cruentatus, Lophura leucomelanos, Gallus domesticus, Cros-
soptilon crossoptilon, Catreus wallichii, Chrysolophus pictus, C. ambherstiae,
Pavo cristatus, P. muticus; Numididae-—Numida meleagris; Odontophoridae---
Callipepla squamata, Lophortyx californica, Colinus virginianus. Anseriformes:
Anhimidae—Chauna torquata; Anatidae—Dendrocygna bicolor, Anser caerules-
cens, A. canagicus, Branta canadensis, B. bernicla, Cygnus atratus, C. bewickii,
C. columbianus, Tachyeres pteneres, T. patachonichus, Tadorna radjah, T. ta-
dorna, Casarca ferruginea, Chloephaga hybrida, C. picta, Heteronetta atricap-
illus, Oxyura jamaicensus, Anas platyrhynchos, Aythya americana, Somateria
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mollisima, Histrionicus histrionicus, Melanitta perspicillata, M. fusca, Clangula
hyemalis, Bucephala clangula, B. islandica, Mergus merganser, M. serrator.

Spirit Specimens.—Spirit specimens (adults unless specified) dissected for com-
parison of jaw muscles were as follows: Galliformes: Megapodiidae—Megapo-
dius freycinet; Cracidae—Ortalis vetula; Meleagrididae—Meleagris gallopavo;
Tetraonidae—Dendragopus canadensis; Phasianidae—Alectoris graeca, Gallus
domesticus, Francolinus capensis, Numididae—Numida meleagris; Odontophor-
idae—Lophortyx gambelii. Anseriformes: Anhimidae—Chauna torquata; Anser-
anatidae—Anseranas semipalmata (chick); Anatidae—Dendrocygna bicolor
(chick), D. autumnalis, Anser albifrons, Anas crecca, A. versicolor (chick), A.
acuta (chick), Mergus merganser.

Nomenclature and Classification of Galliformes and Anseriformes

For the Galliformes, we adopted the families recognized by Sibley and Monroe
(1990), except that we elevated the three major groups included by them in Phas-
ianidae (Tetraonidae, Meleagrididae, and Phasianidae sensu stricto) to family rank,
as accorded them by Peters (1934) and Wetmore (1951), and used by del Hoyo
et al. (1994).

For purposes of reference in comparative descriptions, tables, and figures, we
adopted the higher-order, phylogenetic classification of waterfowl proposed by
Livezey (1997a-b). The essentials of this framework are as follows:

Order Anseriformes (Wagler, 1831).—Waterfowl
Suborder Anhimae Wetmore & Miller, 1926
Family Anhimidae Stejneger, 1885.—Screamers
Genus Anhima Brisson, 1760.-—Horned screamer
Genus Chauna Illiger, 1811.—Crested screamers
Suborder Anseres Wagler, 1831.—True waterfowl
Superfamily Anseranatoidea (Sclater, 1880)
Family Anseranatidae (Sclater, 1880)
Genus Anseranas Lesson, 1828.—Magpie goose
Superfamily Anatoidea (Leach, 1820).—Typical waterfowl
tFamily Presbyornithidae Wetmore, 1926
Genus Presbyornis Wetmore, 1926
Family Anatidae Leach, 1820.—True ducks, geese and swans

Mpyological Technique

Dissection of jaw musculature was performed by RLZ on one specimen of each
taxon. The specimens, of varying age and provenance, had been fixed in formalin
and preserved in alcohol. Attention was focussed on m. adductor mandibulae
externus, the muscle most often associated with the cranial features of concern in
this paper. Although this muscle is largely superficial and readily accessible, an
understanding of its complexity could be gained only through knowledge of its
internal structure of aponeuroses and associated muscle fibers. After illustrating
the superficial aspect of the muscle, all fibers were removed systematically, leav-
ing intact the complex of interdigitating, aponeurotic origins and insertions. The
identity of the major aponeuroses (coronoidea, superficialis, zygomatica, paraco-
ronoidea externa and interna, and articularis—Fig. 3) could then be determined
in most instances and the different taxa compared. Uncertainties were resolved
by inspection of the opposite muscle, usually with only partial dissection.
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Anatomical Nomenclature

General Nomenclatural References.—Osteological and arthrological nomencla-
ture, respectively, followed Baumel and Witmer (1993) and Baumel and Raikow
(1993), much of which remained unchanged from the first code proposed by the
International Committee on Avian Anatomical Nomenclature (ICAAN); in the
latter, osteology was treated by Baumel (1979a), arthrology by Baumel (19795),
and myology by Vanden Berge (1979). The two codes prepared by the ICAAN
were paralleled by standards for veterinary anatomists (Komarek, 1979; Komarek
et al. 1982), which in turn were intended to stabilize names used most frequently
by avian anatomists in recent decades (e.g., Bellairs and Jenkin, 1960; Berger,
1960, 1966). Osteological features labeled using ICAAN nomenclature were fig-
ured in substantial detail elsewhere (Butendieck, 1980; Butendieck and Wissdorf,
1982).

Mpyological Nomenclature.—Weber (1996) recently compiled a synonymy of
terms used in major myological studies of the cranium and mandibula. In this
paper, myological nomenclature (listed below) for parts of AME mainly follows
Weber (1996), with any synonyms from Vanden Berge and Zweers (1993) given
in parentheses:

M. adductor mandibulae externus (AME)
pars coronoidea (rostralis; temporalis, or
rostralis temporalis)
caput temporale
caput mediale
pars superficialis (lateralis)
pars zygomatica (ventralis; medialis)
pars articularis (profunda; caudalis)
caput interna
caput externa
M. pseudotemporalis superficialis
M. adductor mandibulae posterior (adductor mandibulae
caudalis)
M. depressor mandibulae

The parts of AME will be abbreviated throughout the paper as AME corono-
idea, AME superficialis, AME zygomaticus, and AME articularis, and the heads
of the latter as AME articularis internis and AME articularis externis.

The name m. adductor mandibulae posterior was used traditionally until the
compilation by Vanden Berge (1979), in which the term “posterior” was changed
routinely to ‘“‘caudal.” Under this nomenclatural convention, the name for this
muscle became M. adductor mandibulae caudalis. However, recognizing the pos-
sibility of confusion with AME articularis (also called AME caudalis; see above),
Vanden Berge and Zweers (1993) proposed a new name— ‘M. adductor mandib-
ulae ossis quadrati”’—while retaining ‘“‘adductor mandibulae caudalis™ as an ac-
ceptable alternative. We retain the traditional name (m. adductor mandibulae pos-
terior) in the present study because it is used universally in the pertinent literature
on galliforms and anseriforms.

Each of the parts of m. adductor mandibulae externus (AME) is built around
one or more major aponeuroses (as well as some smaller, unnamed aponeuroses),
an architecture first emphasized for establishment of homologies by Barnikol
(1952) and that is evolutionarily conservative despite many adaptive modifications
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among avian taxa exhibited in the avian jaw mechanism (Starck and Barnikol,
1954; Zusi, 1962; Dzerzhinsky and Podanova, 1974; Dullemeijer, 1951, 1952;
Weber, 1996). We use the following designations for the aponeuroses of the parts
of the AME, largely after Weber (1996):
AME coronoidea.—aponeurosis coronoidea and aponeurosis temporalis;
AME superficialis.—aponeurosis superficialis; Weber (1996) included AME
superficialis under AME zygomatica, but we provisionally recognize it
here pending a broader comparison of avian taxa;
AME zygomatica.—aponeurosis zygomatica;
AME articularis.—aponeurosis paracoronoidea externa, aponeurosis paraco-
ronoidea interna, and aponeurosis articularis.

Arthrological Nomenclature—With respect to nomenclature of ligaments and
joints, we mainly follow Baumel and Raikow (1993). However, in reference to
the complex of ligamenta included by those authors under the name ‘“‘ligamentum
postorbitale,” we distinguish three separate ligamenta for purposes of this study,
thereby formalizing the substantial variations in attachments noted for this com-
plex (e.g., Lebedinsky, 1921; Zusi and Storer, 1969; Elzanowski, 1987; Jager,
1990): ligamentum postorbito-mandibulare (connecting processus postorbitalis
with the mandibula), ligamentum postorbito-jugale (connecting processus postor-
bitalis with the arcus jugalis), and ligamentum postorbito-zygomaticum (connect-
ing processus postorbitalis with the processus zygomaticus). The last of these
three names is synonymous with the ‘“‘ligamentum zygomaticum’™ provisionally
recognized by Elzanowski (1987) and Weber (1996). Although this complex is
extremely variable among taxa and the included ligaments vary in discernability
within the fascia temporalis in which they are sometimes imbedded (Hofer, 1950;
Barnikol, 1953; Bas, 1954; Zusi, 1975; Elzanowski, 1987; Weber, 1996), we con-
cluded that separate, completely descriptive names for these important ligamenta
were critical for the clarity of comparative descriptions.

Osteological Nomenclature.—A term of long-standing in osteological nomen-
clature of most tetrapods is ‘‘fossa temporalis’ or ‘“‘temporal fossa,” traditionally
associated with the origin of AME coronoidea. However, among birds, this some-
times prominent feature of the regio temporalis marks the origins of more than
one muscle. For this study, it was critical to ascertain by dissection the relation-
ships of specific muscles associated with specific osteological features of the neu-
rocranium, and in this context a vague term encompassing a series of distinct,
nonhomologous states was not only useless but also misleading. Accordingly, the
“fossa temporalis’ of birds has relevance for comparative study only as a broad,
topographic area—a variably differentiated site of origin for one or more unspec-
ified mandibular muscles. For this reason, we propose the explicitly descriptive
“fossa musculorum temporalium’™ (new term), for ‘‘fossa for muscles of the tem-
poral region,” as a replacement for the misleading, traditional name.

The fossa musculorum temporalium of a given species could comprise the
impressiones deriving from one or more of four muscles—AME coronoidea, m.
pseudotemporalis superficialis, AME articularis externus, and even m. depressor
mandibulae; the term “‘impressio temporalis’” was proposed by van Gennip (1986)
for the scar of a portion of m. depressor mandibulae in the Rock Dove (Columba
livia). In addition, included muscles may occupy different portions of the fossa
without osteological delimitation of the subdivisions. We recommend reference to

the impression of the pertinent muscle whenever it is known (e.g., impressio m.
AME coronoidea).
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A more obscure term in avian osteology is ‘‘fossa subtemporalis’ or “subtem-
poral fossa.”” Typically occupied by AME articularis externus, this concavity also
has been cited as the position of origo m. depressor mandibulae (Baumel and
Witmer, 1993). Some authors (e.g., Vickers-Rich et al., 1995) regarded the con-
fluence of impressiones AME coronoidea and articularis as the temporal fossa in
Megalapteryx (Dinornithiformes), worsening the ambiguity of the term with re-
spect to the homologies of the impressiones involved. Consequently, we abandon
the term fossa subtemporalis and refer to this feature using a directly descriptive
alternative—impressio AME articularis.

Abbreviations Used To Label Figures

Abbreviations of anatomical terms used in the accompanying figures are listed
below in alphabetical order:

AME art.—musculus adductor mandibulae externus, pars articularis

AME art. ext.—musculus adductor mandibulae externus, pars articularis,
caput externa

AME art. int.—musculus adductor mandibulae externus, pars articularis,
caput interna

AME cor—musculus adductor mandibulae externus, pars coronoidea

AME sup.—musculus adductor mandibulae externus, pars superficialis

AME zyg.—musculus adductor mandibulae externus, pars zygomatica

apon. art.—aponeurosis articularis

apon. par. ext.—aponeurosis paracoronoidea externa

apon. par. int.—aponeurosis paracoronoidea interna

apon. cor—aponeurosis coronoidea

apon. sup.—aponeurosis superficialis

apon. temp.—aponeurosis temporalis

apon. zyg.—-aponeurosis zygomatica

apon. zZyg. 0Ss.—aponeurosis zygomatica ossificans

arcus jug.—arcus jugalis

arcus suborb.—arcus suborbitalis

crist. AME art—crista musculi adductoris mandibulae externus, pars
articularis

crist. zyg.—crista zygomatica

fos. mus. temp.—fossa musculorum temporalium

impr. AME art.—impressio musculi adductoris mandibulae externus, pars
articularis

impr. AME cor—impressio musculi adductoris mandibulae externus, pars
coronoidea

lam. parasph.—lamina parasphenoidalis

lig. lac.-mand.—ligamentum lacrimo-mandibulare

lig. post.-mand.-—ligamentum postorbito-mandibulare

lig. post.-zyg.—ligamentum postorbito-zygomaticum

lig. suborb.—ligamentum suborbitale

m. add. mand. post.—musculus adductor mandibulae posterior

mand.—mandibula

meat. acust. ext.—meatus acusticus externus

orb.—orbita

os front.—os frontale
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os lacr.—os lacrimale

os lat.-sphen.—os laterosphenoidale

0s par.—os parietale

0s squam.—O0s squamosum

pr. otic. quad.—processus oticus quadrati
pr. postorb.—processus postorbitalis

pr. zyg.—processus zygomaticus

regio temp.—regio temporalis

rost. parasph.—rostrum parasphenoidale
sut. front.-squam.—sutura fronto-squamosa
sut. lat.-squam.—sutura laterospheno-squamosa
tuber—tuberculum

Concepts and Diagnosis of Homology

General Principles and Terms.—The concept of the homologue, first defined
by Owen (1843) as *“ ... the same organ in different animals under a variety of
form and function” (fide Panchen, 1994), originated and principally remains with-
in the context of comparative anatomy (Boyden, 1943, 1947; Patterson, 1932;
Van Valen, 1982; Young, 1993; Sluys, 1996). Despite the antiquity and generally
narrow context of the concept, the issue of homology and its practical application
remain the subject of substantial controversy (Rieppel, 1980, 1992, 1994; Roth,
1984, 1988, 1991; Sattler, 1984). Subsequently, however, the concept and criteria
for the diagnosis of homology have been recognized as equally vital and chal-
lenging for phylogenetic interpretation of characters as diverse as DNA sequences
(Patterson, 1988; Mindell, 1991; Hillis, 1994; Brower and Schawaroch, 1996),
proteins (Fitch, 1970), metric abstractions (Bookstein, 1994; Fink and Zelditch,
1995; Zelditch et al., 1995, 1998; Adams and Rosenberg, 1998; Rohlf, 1998;
Swiderski et al., 1998; Zelditch and Fink, 1998), and behavioral repertoires (Wen-
zel, 1992; Greene, 1994). In that Owen (1843) originally contrasted ‘‘ana-
logues”—phylogenetically independent structures having common functions in
different taxa—from ‘“homologues,’ it is not surprising that an emphasis on func-
tion persists in the diagnosis of homology and the utility of characters for phy-
logenetic reconstruction (Bock, 1967, 1977, 1979, 1989; but see Cracraft, 19815).
In its most essential form, the definition of homologues is structures having a
common evolutionary origin (Simpson, 1959; Bock, 1963a); an important impli-
cation of this definition is that homologues would share ontogenetic bases (Wag-
ner, 1989a-b, 1994; Goodwin, 1994; Hall, 1994, 1995).

These theoretical essentials of homology, however instructive, provide little in
the way of practical methodology for the recognition of homologues in a phylo-
genetic context. In this work, we essentially applied the three classical criteria of
Remane (1952, 1956): (1) similarity of position; (2) quality of resemblance (see
also Inglis, 1966); and (3) continuance of similarity through intermediate forms
(Wiley, 1981). Problems of homology do not increase necessarily with the com-
plexity of the characters in question; in fact, structural detail often provides the
distinctions essential to diagnosis of homology, rendering many anatomical sys-
tems more amenable to such determinations than simple features such as sequence
data (Wagele, 1995; McShea, 1996).

Specific Criteria Applied—Use of published descriptions of jaw muscles is
complicated by different terminologies and different judgments about homologies.
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We hypothesize homologies from similarity in external and internal structure of
muscles, and location of muscles in relation to each other and to associated bony
features. Within a phylogenetic context, inference of homology assumes an iter-
ative nature, in which a priori assessments of homology can be questioned on
the basis of the most parsimonious interpretation of the totality of evidence (Ste-
vens, 1984; Bryant, 1989; de Pinna, 1991; Haszprunar, 1992, 1998; Lipscomb,
1992; Coddington, 1994; McKitrick, 1994; Brooks, 1996; Hawkins et al., 1997;
but see Lauder, 1994). The confirmatory advantages of this process hinge on the
validity of the delimitation of characters and composite states (Pogue and Mick-
evich, 1990; Barriel and Tassy, 1993). In this work, we emphasize the primary
assessment of homology by comparative study, relegating most phylogenetic im-
plications of this study to companion works (Livezey, 1997a, 1998).

Innervation is not included here because the muscles under discussion—parts
of the AME—are supplied mainly by branches of nervus trigeminus mandibularis;
this complex varies sufficiently within species (Barnikol, 1953, 1954) to suggest
that data from single specimens could be misleading. Available information on
the associated systema cardiovasculare (Baumel, 1993) also provided no critical,
ancillary clues to homology of subdivisions of the AME (e.g., Richards, 1968).

Examination of crania of very young birds was critical for discernment of most
or all suturae cranii. Therefore direct study of prepared skeletons and fluid-pre-
served specimens of juveniles was performed for as many relevant taxa as pos-
sible, supplemented by reference to the literature on the ontogeny of cranial el-
ements and overlying musculature in a diversity of avian taxa (e.g., Edgeworth,
1907; Jollie, 1957; Hogg, 1978). Although all parts of the AME are derived from
a single primordium (McClearn and Noden, 1988), the study of juveniles provided
additional insight into the structure of AME in that parts of this complex were
clearly separable even in early developmental stages.

Changes in aspects of osteological or myological features during development
per se, however, were not used to infer directions of evolutionary change among
taxa, but instead as a means for delimitation of homologous anatomical structures
that are rendered less distinguishable in adults through variation in function and
selection pressures (Hanken and Hall, 1993). The relevance of such information
to the polarity of character states (i.e., the ““ontogenetic criterion’’) remains con-
troversial (Nelson, 1978; Alberch, 1985; de Queiroz, 1985; Kluge and Strauss,
1985; Kraus, 1987; Mabee, 1989, 1993; Wheeler, 1990; Williams et al., 1990; de
Pinna, 1994; Meier, 1997). In the present paper, references to phylogenetic po-
sition and polarity were based on previous works in which outgroup comparisons
were employed (Livezey, 1986, 1989, 1991, 1995a-c, 1996a-c, 1997a-c, 1998).

Pertinent Anatomical Issues

Processus Postorbitalis.—The processus postorbitalis usually arises from the
caudolateral border of the orbita. With few exceptions, the processus postorbitalis
is largely derived from the os laterosphenoidale, with variable contribution from
the rostral portion of the os squamosum in most neognathous taxa. Typically the
processus is oriented roughly perpendicularly to the long axis of the mandibula
and it serves as origin for the ligamenta postorbito-mandibulare, postorbito-jugale,
and ligamentum suborbitale, which extend ventrally to the mandibula and arcus
jugalis and rostrally to the os lacrimale or os ectethmoidale, respectively. In some
taxa, the complex of ligamenta arising from the processus postorbitalis includes,
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in addition to the comparatively conspicuous ligamentum postorbito-mandibulare,
a variably distinct component (ligamentum postorbito-zygomaticum) that attaches
on the processus zygomaticus (Starck and Barnikol, 1954). The ligamenta arising
from the processus postorbitalis may be slender or absent, and the processus
postorbitalis correspondingly reduced.

Therefore the processus postorbitalis may support the complex comprising the
ligamenta postorbitalia as well as the ligamentum suborbitale. These ligamenta
ossify in some taxa such that, in adult birds, the processus postorbitalis may
appear to be extended ventrally by dorsal ossification of the ligamentum postor-
bito-mandibulare, rostrally by partial or complete ossification of the ligamentum
suborbitale, or caudally by ossification of the ligamentum postorbito-zygomati-
cum.

Processus Zygomaticus.—This processus of the os squamosum is located on
the regio temporalis of the cranium between the processus postorbitalis and the
meatus acusticus externus, in many taxa immediately rostral or dorsal to the me-
atus. Oriented rostroventrally, or sometimes extended laterally, it supports the
aponeurosis zygomatica of AME zygomatica; in some taxa this aponeurosis be-
comes ossified at its base, effectively extending the processus. Although the AME
zygomatica and aponeurosis zygomatica are usually present in birds, the processus
zygomaticus may be absent or reduced to an indistinct crista in some taxa (e.g.,
Sulidae, Phalacrocoracidae, Ardeidae, Phoeniculidae).

Fossa Musculorum Temporalium.—Usually this impressio is occupied largely
or wholly by the AME coronoidea in neognathous birds, but in paleognathous
birds the area supports m. pseudotemporalis superficialis wholly or in part (Hofer,
1945; Webb, 1957; Elzanowski, 1987; Weber, 1996). Additional complexity of
the muscles associated with this fossa were noted above.

Impressio AME Articularis—This variably distinct depression, sometimes
termed ‘‘fossa subtemporalis,” lies caudal or ventral to the fossa musculorum
temporalium in some taxa, and is partly delimited by the processus zygomaticus
and the meatus acusticus externus. Occasionally it has been regarded as part of
fossa musculorum temporalium. This impressio is occupied by AME articularis
externus.

AME.—This complex muscle (Fig. 1, 3) arises variously from the fossa mus-
culorum temporalium, processus zygomaticus, processus oticus quadrati, and im-
pressio AME articularis in most birds. Pars coronoidea usually occupies part or
all of the fossa musculorum temporalium and facies lateralis of aponeurosis tem-
poralis and inserts on aponeurosis coronoidea of the mandibula. Pars zygomatica
originates mainly from the medial surface of aponeurosis zygomatica and has a
fleshy insertion on the lateral surface of the mandibula. Pars superficialis origi-
nates from the lateral surface of aponeurosis zygomatica and, in some taxa, from
the fascia temporalis, ligamentum postorbito-mandibulare, and the ligamentum
postorbito-zygomaticum. It inserts rostrally on aponeurosis superficialis and the
adjacent mandibular surface. Caput interna of pars articularis originates from apo-
neurosis articularis and the processus oticus of os quadratum and inserts on apo-
neuroses paracoronoidea interna and externa and on the adjacent portion of the
mandibula; some taxa have a caput externa of AME that originates from the
impressio AME articularis and on part of the lateral surface of aponeurosis zyg-
omatica, and inserts mainly on aponeurosis paracoronoidea externa and on the
mandibula.

In the absence of the processus zygomaticus, we consider the point of attach-
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ment of the aponeurosis zygomatica, which lies between the fossa musculorum
temporalium and origo AME articularis, to be homologous among taxa. Although
aponeurosis zygomatica is the major aponeurosis of AME zygomatica, it also
receives fibers rostrolaterally from AME superficialis, dorsomedially from AME
coronoidea, and ventrolaterally from AME articularis. Association with these three
parts of the AME is characteristic of the aponeurosis zygomatica in various neog-
nathous birds, whether the aponeurosis occurs as an extension of processus zy-
gomaticus or originates from the cranium in the absence of the processus. Within
a few orders (e.g. Pelecaniformes, Ciconiiformes, Coraciiformes, Passeriformes),
the AME articularis externus and its impressio on the cranium are enlarged in
some taxa, occupying a significant portion of the regio temporalis immediately
caudal to fossa musculorum temporalium (Fiedler, 1951; Barnikol, 1952; Richards
and Bock, 1973).

RESULTS
Processus Zygomaticus

Galliformes.—We found the processus zygomaticus to be present in most
chicks and juveniles as an inconspicuous crista or tuberculum on the ventrolateral
facies of os squamosum, between the processus postorbitalis and meatus acusticus
externus (Fig. 4). The crista is typically oriented obliquely on a parasagittal plane
along the ventral edge of os squamosum, and aponeurosis zygomatica arises from
it as a flat band passing rostroventrally.

Anseriformes.—We found no clear evidence of a processus zygomaticus on the
0s squamosum in juveniles, immatures, or adults of many Anseriformes; in some
taxa, however, a tuberculum on the crista of origin of the aponeurosis zygomatica
at its caudal extremity may represent the processus (Fig. 5F). However, the con-
formation of the rostral portion of os squamosum resembles a processus in some
juvenile anatids. Os squamosum borders the entire length of the processus pos-
torbitalis at sutura laterospheno-squamosa in anhimids, and its basal (dorsal) one-
half in anatids. In most Anatidae, the processus postorbitalis is strongly angled
rostroventrad, and sutura laterospheno-squamosa conforms to this orientation of
the processus, as seen in immature specimens (Fig. 5). Furthermore, sutura fronto-
squamosa of anatids is located closer to the dorsal limit of the processus postor-
bitalis than in galliform birds, and in some anatids the sutura lies only slightly
above the processus postorbitalis (Fig. 5). In the latter case, the dorsoventrally
compressed, anterolateral facies of 0os squamosum, in combination with its some-
times pointed rostral extremity, offers a spurious resemblance to a processus zy-
gomaticus in direct association with the processus postorbitalis.

Ossification of Aponeuroses

Galliformes.—Our survey of skeletal specimens of Galliformes of all age clas-
ses revealed that almost all chicks and juvenile specimens, and some immatures,
lacked ossification of aponeurosis zygomatica as indicated by its absence from
prepared skeletons. Occasional specimens of chicks and juveniles had tiny splints
of ossified aponeurosis attached to the zygomatic process by syndesmosis or syn-
ostosis. By contrast, ossified portions of the aponeurosis were an integral part of
most immature and all adult specimens of many galliform taxa (Fig. 4, 6).

During development, ossification of the aponeurosis begins basally and extends
rostrad to the level of the processus postorbitalis or beyond, but never to the
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impr. AME cor. pr. zyg.
pr. postorb. impr. AME art. apon. zyg. OSS.

pr. postorb. : pr. zyg.

sut. front.-squam. 0s squam.
oS par.

os lat.-sphen.

impr. AME cor.
pr. postorb.

impr. AME cor. impr. AME art.

apon. zyg. 0ss.

apon. zyg. OSs.

Fig. 4 —Facies lateralis cranii of selected Galliformes: (A) Leipoa ocellata (USNM 346351), immature
(Megapodidae); (B) L. ocellata (USNM 345086), adult (Megapodidae); (C) Penelope jacquacu
(USNM 345564), immature (Cracidae); (D) P. purpurascens (USNM 613959), adult (Cracidae); (E)
Meleagris gallopavo (USNM 611021), chick (Meleagrididae); (F) M. gallopavo, juvenile (USNM
501018); (G) M. gallopavo (USNM 556388), immature (Meleagrididae); and (H) M. gallopavo (USNM
556372), adult (Meleagrididae). Scale bar = 1 cm.
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0s squam. sut. front.-squam.
pr. postorb. T~ impr. AME art. sut. lat.-squam. 4 0% squam.

08 squam. impr. AME art. 0s squam. impr. AME art.

pr. postorb.

sut. lat.-squam. os squam. pr. postorb. impr. AME art.
impr. AME art.
arcus suborb.

E =

Fig. 5.—Facies lateralis cranii of selected Anseriformes: (A) Chauna torquata (BMNH 1954.5.3),
juvenile (Anhimidae); (B) Anatinae sp. (AMNH 8737), chick (Anatidae); (C) Anas platyrhynchos
(BMNH 1986-48-1), juvenile (Anatidae); (D) Clangula hyemalis (AMNH 6046), juvenile (Anatidae);
(E) Dendrocygna bicolor (USNM 501992), juvenile (Anatidae); and (F) D. javanica (USNM 343514),
adult (Anatidae). Scale bar = 1 cm.

rostral extremity of the aponeurosis. The juncture of aponeurosis zygomatica 0s-
sificans with processus zygomaticus is usually synostotic, but occasionally the
juncture is syndesmotic even in adulis, indicating the limited extent of the pro-
cessus. Typically, the aponeurosis zygomatica ossificans is markedly flattened
lateromedially or in a ventrolateral-dorsomedial plane, but instead it may be ir-
regular, with longitudinal plicae (e. g., Aepypodius, Chauna; Fig. 7). In the latter
case, the delimitation of the processus from a stout, ossified aponeurosis in adults
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impr. AME cor. impr. AME art. impr. AME cor.
pr. postorb. pr. zyg.

pr. postorb.
pr. zyg.

apon. zyg.

crist. AME art. impr. AME art. crist. zyg impr. AME art.

crista AME art.
pr. postorb.\

\

pr. postorb.

apon. zyg. C apon. zyg. D

Fig. 6.—Diagrams of the typical arrangement of the aponeurosis zygomatica of: (A) a generalized
neornithine bird; (B) a galliform; (C) an anhimid; and (D) a member of the Anseres. Membranous
portion is cross-hatched, ossified portion is shown in black.

is more difficult, but the longitudinal patterning of robust and complicated apo-
neuroses is continuous with their ossified portion (Zusi, personal observation).
Although no juvenile of Aepypodius was examined, we compared adults of Alec-
tura lathami with the illustration of a juvenile (Weber, 1996:fig. 3). The aponeu-
rosis zygomatica ossificans of adult A. lathami resembles that of Aepypodius, but
the processus zygomaticus of the juvenile is a robust tuberculum as in other
megopodes. Aponeurosis zygomatica, whether or not ossified, may have no con-
nection with the processus postorbitalis (Megapodiidae). However, in most taxa
this aponeurosis is anchored to the processus by a connection with ligamentum
postorbito-zygomaticum, which is ossified in adults of most galliforms (Phasian-
idae, Tetraonidae, Meleagrididae, Odontophoridae, and some Cracidae).
Anseriformes.—In the anhimid Chauna, the aponeurosis zygomatica has a lin-
ear attachment along lamina lateralis cranii from a point rostral to meatus acus-
ticus externus to, or nearly to, the processus postorbitalis, where the aponeurosis
passes medial or ventromedial to the terminus of the processus (Fig. 7). Rostral
to the processus postorbitalis, the aponeurosis is free from the cranium (Fig. 6).
In adults the aponeurosis is ossified to a point level with, or more often, rostral
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os front. crista AME art.
pr. postorb. impr. AME art.
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Fig. 7.—Facies rostrolateralis cranii (A) and facies lateralis cranii (B-E) of adult specimens of: (A, B)
Chauna torquata (USNM 614547), (Anseriformes: Anhimidae); (C) Anseranas semipalmata (USNM
347638), (Anseriformes: Anseranatidae); (D) Sarkidiornis melanotos (USNM 490276), (Anseriformes:
Anatidae); and (E) Aepypodius arfakensis (YPM 7594), (Galliformes: Megapodiidae). Scale bar =
1 cm.
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to the processus postorbitalis, but as in galliform birds, the rostral-most portion
of the aponeurosis does not ossify.

Anatids show little or no ossification of aponeurosis zygomatica (Fig. 6). The
caudal-most portion of the aponeurosis arises on the cranium from the rostral
limit of impressio AME articularis or sometimes within the impressio, and con-
tinues rostrad along a linea or weak crista as far as the apex of the processus
postorbitalis; beyond the processus the aponeurosis extends rostroventrad toward
the mandibula, independent of the cranium. Ossification, if any, produces a low,
irregular crista (crista zygomatica) where the aponeurosis meets the cranium
(Fig. 6).

Processus Postorbitalis and Processus ‘‘Sphenotemporalis’

Galliformes.—The processus postorbitalis of Galliformes is well developed,
straight, and oriented approximately ventrad or somewhat rostrad, and continuous
with the margo (rima) caudalis of the orbita. The processus arises largely from
the os laterosphenoidale, and meets os squamosum only at its dorsal limit. The
ligamentum postorbitale-mandibulare is strong and unossified except at its ex-
treme dorsal limit in some Tetraonidae.

Anseriformes.—In the Anhimidae, the processus postorbitalis is not well de-
fined as a process in lateral view, but in rostral perspective it constitutes a ventrally
directed hook of os laterosphenoidale (Fig. 7). Caudal to the apex of the processus
postorbitalis, the lamina lateralis cranii is undercut ventrally, forming an over-
hanging crest that extends caudodorsally from the processus postorbitalis. Dorsal
to this crista AME articularis (new term), the regio temporalis forms a wedge-
shaped area defining an angle of 60—70° and delimited by the caudal contour of
the orbita and by crista AME articularis (Fig. 7). Dzerzhinsky (1982) termed this
wedge the ‘“‘sphenotemporal process.”” Aponeurosis zygomatica lies adjacent and
medial to crista AME articularis, arising along the facies medialis of the crista as
far as the apex of the processus postorbitalis, to which it passes ventromediad.

The skull of a large anhimid chick (Chauna) exhibits a sutura laterospheno-
squamosa that borders the processus postorbitalis for almost its full length. By
contrast, in chicks and immatures of the Anatidae, os squamosum borders only
the base of the processus postorbitalis (Fig. 5). A processus zygomaticus is not
visible in any anseriform, and the aponeurosis zygomatica takes its caudalmost
point of origin well caudal to the processus postorbitalis (Fig. 6). These facts
suggest that the “‘sphenotemporal’ process was formed (in an evolutionary sense)
not by fusion of processes, but more likely by medial retreat of impressio AME
coronoidea and rostral extension of origo aponeurosis zygomatica to the processus
postorbitalis.

Anseres differ from anhimids in several respects. First, the processus postor-
bitalis of os laterosphenoidale extends well beyond os squamosum (Fig. 5). Sec-
ond, the processus postorbitalis usually extends rostrad to form the caudoventral
margin of the orbita, and the sutura laterospheno-squamosa often is angled cor-
respondingly. Third, the homologue of the crista AME articularis of anhimids is
not a well-defined crest in Anseres (except Anseranas), but rather a faint linea or
crest extending caudad from margo caudoventralis of the processus postorbitalis
roughly parallel to crista zygomatica and continuous with the margo dorsalis of
impressio AME articularis. Aponeurosis zygomatica attaches just medial or ven-
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Fig. 8.—Detailed illustrations of the AME complex (left lateral views) of: (A) Ortalis vetula (USNM
344381), adult (Galliformes: Cracidae); (B) Alectoris graeca (USNM 540255), adult (Galliformes:
Phasianidae); (C) Chauna torquata (USNM 508682), adult (Anseriformes: Anhimidae); (D) Anseranas
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tromedial to crista AME articularis (Fig. 6, 7). Fourth, the aponeurosis zygomatica
is unossified or forms only a roughened crista along its origin on 0s squamosum.

M. Adductor Mandibulae Externus

Our findings on the structure of AME in terms of muscle fibers and aponeuroses
agree essentially with those of Weber (1996) for the Megapodiidae, Dzerzhinsky
(1980) for the Cracidae, and Dzerzhinsky and Belokurova (1972) for the Tetraon-
idae. Also, our inferences concur in large part with those by Davids (1952) and
Zweers (1974) for the Anatidae, and with those by Dzerzhinsky (1982) for the
Anhimidae. However, our interpretations of homology of muscle parts differ from
the conclusions of those authors to varying degrees.

We applied the following anatomical generalizations derived from the literature
on avian jaw musculature to the interpretation of structure in Galliformes and
Anseriformes: (a) muscle fibers from all four parts of AME originate on aponeu-
rosis zygomatica in the Galliformes, Anseriformes, and other avian orders (Fig.
3); (b) by contrast, fibers to aponeurosis superficialis represent largely AME su-
perficialis, those to aponeurosis coronoidea represent mainly AME coronoidea,
and those to aponeuroses paracoronoidea externa and interna represent primarily
AME articularis; (c) some fibers of AME superficialis are inseparable from some
fibers of AME coronoidea and AME zygomatica; and, (d) similarly, fibers of
AME zygomatica blend with those of AME articularis. Based on the above con-
ventions, we conclude that AME articularis is much enlarged in galliform and
anseriform birds, and that AME zygomatica and AME superficialis are thereby
displaced rostrally (Fig. 8). Although our interpretations differ radically from
those of Lakjer (1926) and his followers (see below and Table 1), they agree
substantially with those of Dzerzhinsky (1982) and Weber (1996).

In anseriforms, AME superficialis and AME zygomatica are distinct and typical
in form except that both arise from aponeurosis zygomatica rostral to its attach-
ment on the processus postorbitalis, and from an additional, short aponeurosis
arising on that processus. Unique to adult specimens of Dendrocygna is an ossified
ligamentum suborbitale, a structure fused with the tip of the processus postorbitale
and os lacrimale, and forming an arcus suborbitalis (Shufeldt, 1914; Schigler,
1926; Livezey, 19955b). In adults, some fibers of AME superficialis arise from the
arcus rostral to the processus postorbitalis (Fig. 8). :

The interpretation of homologies within galliformes is clouded by certain spe-
cializations. AME superficialis and AME zygomatica are variously developed or
merged within Galliformes, but, except for the Megapodiidae, their origins from
aponeurosis zygomatica are supported by the processus postorbitalis, as they are
in the anseriforms. These combined muscle parts blend also with AME articularis
externus in phasianid galliforms. Commensurate with the blending of muscle parts
are modifications of aponeuroses superficialis and paracoronoidea externa, which
form a continuous sheet that inserts along the facies lateralis of the mandibula

—

semipalmata (USNM, uncataloged), chick (Anseriformes: Anseranatidae); (E) Dendrocygna bicolor
(CM 2117), chick (Anseriformes: Anatidae); (F) D. autumnalis (CM 5247), adult (Anseriformes:
Anatidae); (G) Anas versicolor (USNM 345162), chick (Anseriformes: Anatidae); and (H) Anas acuta
(USNM 225218), chick (Anseriformes: Anatidae), with AME superficialis, zygomatica, and articularis
externa removed. Scale bar = 5 mm.
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Table 1.—Anatomical nomenclatures applied to the m. adductor mandibularis externus complex
(AME) of selected non-anseriform and anseriform birds by Lakjer (1926), Starck and Barnikol (1954),
and the present study.

Non-anseriform birds Anseriform birds

Lakjer (1926)
III profundus®
I superficialis

III profundus®
II medialis

Present study®

AME coronoidea
AME superficialis

AME articularis
AME zygomatica

Lakjer (1926)°

[absent]
I superficialis a

I superficialis b
I superficialis ¢

1T profundus

II medialis

Present study¢

AME articularis
externus

AME zygomatica

AME superficialis

AME articularis
internus

AME coronoidea

Starck and Barnikol
(1954)¢
Aponeurosis 1
portion

Aponeurosis 2
portion

Aponeurosis 3
portion

Present study®

AME coronoidea

AME zygomatica et
superficialis

AME articularis
internus et

Starck and Barnikol
(1954)h

Aponeurosis 1
portion (right)

Aponeurosis 1
portion (middle)

Aponeurosis 1
portion (left)

Aponeurosis 2
portion

Aponeurosis 3
portion

Present study*

AME articularis
externus (part)
AME zygomatica

AME superficialis
et coronoidea

AME articularis
externus (part)

AME articularis
internus

externus

3 Cepphus grylle.

b Cepphus grylle.

¢ Melanitta nigra.

d Anseranas semipalmata, Dendrocygna bicolor, D. autumnalis, Anser albifrons, Anas versicolor, and
A. acuta.

¢ Labelled “rostr’” in some figures.

fLabelled “kaud” in some figures.

¢ Various non-passeriform taxa.

" Anas platyrhynchos.

and merges with aponeurosis paracoronoidea interna in at least some members of
all galliform families.

Impressio AME Coronoidea

Galliformes.—The impressio AME coronoidea is variable in size but always
limited in extent among galliform birds, and it occupies the lamina lateralis cranii
between the processus postorbitalis and processus zygomaticus. In many taxa, but
most prominently in the Megapodiidae, the fossa is barely perceptible in lateral
view and the impressio is rotated mediad, occupying portions of ossae squamosum
and laterosphenoidale (Fig. 4, 7, 9). In those taxa characterized by an ossified
ligamentum postorbito-zygomaticum, the fossa is partially enclosed laterally
(Fig. 4).

Anseriformes.—Most waterfowl lack a laterally exposed impressio AME co-
ronoidea. Instead, the impressio occupies a comparatively medial position, and is
largely or completely overhung by crista AME articularis (Anhimidae, Anseran-
atidae) or crista zygomatica (most Anatidae). From a ventrolateral perspective,
impressio AME coronoidea is visible at the junctura of the os squamosum and
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pr. postorb. fos. mus. temp.

pr. postorb. impr. AME cor. impr. AME cor. impr. AME art.

os lat.-sphen. pr. zyg. pr. postorb.
' impr. AME art.
0s squam.

0s squam.

rost. : : rost.
parasph. J parasph.

lam. parasph. lam. parasph.

C D

Fig. 9.—Facies lateralis cranii (A, B) and facies ventrolateralis cranii (C, D) of: (A, B) Mergus
merganser (USNM 555255), adult, (Anseriformes: Anatidae), showing fossa musculares temporalis
and (B) origins of AME coronoidea (horizontal hatching) and AME articularis (vertical hatching),
inferred through dissection of USNM 505780; (C) Meleagris gallopavo (USNM 501018), juvenile
(Galliformes: Meleagrididae); and (D) Anas platyrhynchos (BMNH 1986-48-1), juvenile (Anserifor-
mes: Anatidae). Scale bar = 1 cm.

os laterosphenoidale, between the tip of the processus postorbitalis and impressio
AME articularis (Fig. 9).

In most members of Anatidae, impressio AME coronoidea extends to the tip
of processus postorbitalis as a ventrolaterally directed planum. Processus postor-
bitalis is variably reduced in size and more ventrally directed within Mergini, and
exhibits a corresponding reduction in its involvement with impressio AME co-
ronoidea. Only in Lophodytes, Mergellus, and Mergus (Mergini) is impressio
AME coronoidea largely free from the processus postorbitalis and fully exposed
in lateral view, where it merges imperceptibly with impressio AME articularis
(Fig. 9). A less extreme but similar condition occurs in Biziura (Oxyurini). In
these birds, crista zygomatica is much reduced in prominence. However, it is
likely that AME coronoidea is obstructed largely or completely in lateral view by
AME articularis in all Anseriformes.
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Impressio AME Articularis

Galliformes.—Usually, this impressio is small or absent in gallinaceous birds
(Fig. 9). The AME articularis originates extensively from the portions of aponeu-
rosis zygomatica that lie both caudal and somewhat rostral to the processus pos-
torbitalis, whether or not the aponeurosis is ossified (Fig. 8). Although AME
articularis 1s enlarged, it does not expand dorsally on the regio temporalis as
mentioned above for some other avian taxa.

Anseriformes.—The impressio AME articularis is small and located medially
in Anhimidae and Anseranatidae, but the AME articularis expands rostrally along
aponeurosis zygomatica as in Galliformes. Most Anatidae have a small- to me-
dium-sized impressio AME articularis (Fig. 5, 7). When small, the fossa occupies
the cranium between the caudal attachment of aponeurosis zygomatica and the
meatus acusticus externus as in some Galliformes. Anseres resemble galliforms
and anhimids in their relatively large AME articularis, which attaches rostrad
along the caudal section of aponeurosis zygomatica to the processus postorbitalis.
In addition, crista AME articularis gives rise to a superficial aponeurosis that
extends rostrad, roughly parallel and dorsal to the linear origin of aponeurosis
zygomatica. The narrow area between the lines of origin of these aponeuroses
constitutes a rostral expansion of impressio AME articularis.

In some anatids (e.g., Mergus merganser), the impressio also expands dorsally
and crista zygomatica is much reduced; thus, the fossa includes impressio AME
coronoidea rostrally and impressio AME articularis caudally (Fig. 9). As there is
no linea separating these adjacent muscle scars in Mergus, the single fossa is best
referred to as fossa musculorum temporalium in this genus. Also, we could not
confirm the finding of Goodman and Fisher (1962) that AME coronoidea (their
AME medialis) occupies the entire fossa.

DISCUSSION
Homology of Processus Zygomaticus

Among the Galliformes, the processus zygomaticus is represented by an indis-
tinct boss or crista. The processus is separated from the processus postorbitalis,
and in many taxa the aponeurosis zygomatica is supported by the processus pos-
torbitalis through ligamentum postorbito-zygomaticum (ossified or unossified).
Anseriformes are characterized by the absence of a distinct processus zygomati-
cus, but the homologous locus may be marked by a tuberculum. However, wa-
terfowl also are characterized by the extended origin of aponeurosis zygomatica
along a linea or crista extending from impressio AME articularis rostrad toward
or to the processus postorbitalis. Thus, in both the Galliformes and Anseriformes,
processus zygomaticus (or its homologous locus) lies caudal to the processus
postorbitalis.

This interpretation is contrary to the description by Dzerzhinsky (1982, 1995)
of a processus ‘‘sphenotemporalis’ in Anseriformes and its evolutionary deriva-
tion by fusion of the processus zygomaticus (or ossified aponeurosis zygomatica)
with the processus postorbitalis. Our interpretation is influenced by the following
facts pertaining to Anseriformes: (a) much of processus postorbitalis is formed
exclusively from the os laterosphenoidale, a composition typical of many avian
orders; (b) there is no indication of a processus zygomaticus (much less a long
one) or an ossified aponeurosis zygomatica in skulls of juvenile, immature, or
adult Anseres; and, (c) an ossified aponeurosis zygomatica in anhimids fuses with
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os squamosum mainly caudal to processus postorbitalis, and in some specimens
passes medial or ventromedial to the apex of that processus. These distinctions,
although subtle, permit a more precise definition of homologous characters.

Evolution of Unique Anseriform Morphology

We found little evidence favoring any single ontogenetic or evolutionary mech-
anism that would best explain the probable transformation to anseriform mor-
phology from that of a common ancestor with galliforms. However, two such
hypotheses could be modelled after morphological states represented among the
galliform taxa we examined: (a) reduction and medial rotation of impressio AME
coronoidea and development of an overhanging crista (Megapodiidae);
(b) reconfiguration of the position or shape of the processus zygomaticus or os-
sified aponeurosis zygomatica (and/or processus postorbitalis) to constrict the im-
pressio AME coronoidea (Coturnix). A third hypothesis—ossification of the apo-
neurotic surface of AME coronoidea, thereby closing the fossa musculorum tem-
poralium—was not reflected in the morphology of any galliform examined.

Interpretation of Adductor Mandibulae Externus

Here we compare our interpretation of muscle homologies with those of authors
who have studied not only Galliformes and Anseriformes, but also a variety of
other orders. Terminology applied by each author to jaw muscles in taxa whose
structure is non-controversial provided the key to understanding their concepts of
muscle homologies in the more problematic Galliformes and Anseriformes.

In order to facilitate comparisons with the published works that disagree most
markedly with our interpretation of the myology of anseriforms, we present a
synonymy for the nomenclature applied to the AME by Lakjer (1926) and Starck
and Barnikol (1954), based on taxa for which their interpretations of the muscles
agree with those presented here (Table 1). We also show the interpretations of
both authors concerning the AME in the Anatidae, using both their terminology
and ours to highlight the differences in interpretation (Table 1). Lakjer (1926) did
not distinguish between AME articularis externus and internus. In essence, Lakjer
grouped our AME articularis externus, zygomaticus, and superficialis into AME
superficialis, and he considered AME coronoidea to be absent. Starck and Bar-
nikol (1954) synonymized our AME superficialis as part of AME zygomatica.
They combined our AME articularis externus (rostral portion), AME zygomaticus,
AME superficialis, and AME coronoidea into AME coronoidea. Their AME zy-
gomaticus is our AME articularis externus (caudal portion). These studies pos-
tulate an expansion and diversification of AME superficialis (Lakjer, 1926) or
AME coronoidea (Starck and Barnikol, 1954), whereas we hypothesize an ex-
pansion of AME articularis externus and a rostral displacement of AME zygo-
maticus and superficialis.

Dzerzhinsky (1982, 1995) identified muscle fibers that interconnect aponeuro-
ses zygomatica and paracoronoidea externa as AME superficialis rather than AME
articularis, and Weber (1996) regarded these same fibers as AME zygomatica
(which subsumes AME superficialis). Since these fibers are already incorporated
within a well-defined block of muscle tissue associated with aponeurosis para-
coronoidea externa in chicks of several Anseres (Fig. 8), we think it more likely
that the fibers in question represent AME articularis externus. Starck and Barnikol
(1954:12) included comparable fibers with AME articularis (their Ap. 3 portion)
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Table 2.—Distribution of states of osteological characters associated with the AME complex in se-
lected taxa of Galliformes and Anseriformes, based on the present study.

Processus Crista Fossa musculi Impressio AME
Taxon zygomaticus zygomatica® temporales® articularis
Galliformes
Megapodiidae Small or absent Absent Partly medial and Small or absent
lateral (latter
small)
Cracidae Small or absent Absent Lateral (moderate)  Small or absent
Phasianidae Small or absent Absent Lateral (moderate)  Small or absent
Anseriformes
Anhimidae Absent Present Entirely medial Small, medial
Anseranatidae Absent Present Entirely medial Smali, lateral
Anatidae Absent Present Typically medial Small, lateral

2 From processus postorbitalis.
b Broadly equivalent to the ‘“‘fossa temporalis™ as traditionally defined (see text).
© Broadly equivalent to the ‘“‘fossa subtemporalis™ of some authors (see text).

in Buteo buteo (Accipitridae). Under our interpretation it follows that, in Galli-
formes and Anseriformes, the origins of AME superficialis and AME zygomatica
are displaced to the portion of aponeurosis zygomatica rostral to the processus
postorbitalis, and their insertions typically are restricted to the mandibula rostral
to aponeurosis paracoronoidea externa.

Burton (1984) made comparisons between the AME of the Phoeniculidae (Cor-
aciiformes) and Anseriformes with special reference to portions originating on
the processus postorbitalis. He referred to these portions in both orders as the
“postorbital lobe’ and suggested that the lobes were homologous and plesiomor-
phous in the two orders. His “‘postorbital lobe’” in Anseriformes equates to our
AME superficialis and AME zygomatica. However, we found that AME zygo-
matica lies caudal to the ‘“‘postorbital lobe’ in Phoeniculus. Caput mediale of
AME coronoidea has not been discussed previously in this paper because it is not
present in the Galliformes and Anseriformes, but it occurs in Coraciiformes and
other avian orders (Richards and Bock, 1973; Burton, 1984). The *‘postorbital
lobe” of Phoeniculus may include elaborations of AME coronoidea medialis and
AME superficialis.

Interpretations of Characters and Phylogenetic Implications

Alternative Views of Characters, States, and Ordering.—Although a phyloge-
netic analysis incorporating the anatomical information described herein is beyond
the scope of this paper, the comparisons provide a framework for partitioning the
Galliformes and Anseriformes into several broad taxonomic groups (Tables 2-3).
Although most characters differ in the specific groupings suggested, most are
hierarchically consistent with each other; i.e., one character suggests a nested
subdivision of groups implied by another character (Table 3). Also, some char-
acters are redundant; e.g., complementarity of fossa musculorum temporalium
(Table 2) vs. origo AME coronoidea (Table 3).

Livezey (1997a) included one multistate, composite character (Appendix 1:
character 8) that was intended to summarize the anatomical changes described
herein (Table 3), one that emphasized the pattern of apparent changes in the
cranial skeleton (notably orientation of processus postorbitalis and prominence of
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processus zygomaticus). Nomenclatural differences between this earlier character
description and the present study aside, and in spite of the fact that the earlier
character description was based primarily on assessments of prepared skulls, the
four states delimited are consistent with the broad groupings substantiated by the
present study (Tables 2-3). Furthermore, it should be noted that ordering of the
previous coding scheme was not analytically influential, and the character had a
consistency index of 1.0 whether or not the four states were treated a priori as
ordered (Livezey, 1997a:420). Also, in the final phylogenetic hypotheses, the
ordering implied by the sequence of states was preserved (Table 3), an ordering
that confirmed the general primitive-derived sequence implied by the summary
classification (Galliformes, Anhimidae, Anseranatidae, and Anatidae).

A majority of recent phylogenetic studies indicate that the basal polarities
(primitive states) of these anatomical characters for the Galliformes and Anseri-
formes (Tables 2-3) are sought most reliably among the paleognathous birds (Cra-
craft, 1988; Livezey, 1997a; Groth and Barrowclough, 1999). Although detailed
anatomical descriptions of these features among paleognaths are beyond the scope
of the present study, several published works (Bock, 1963b; Elzanowski, 1987;
Weber, 1996) provide a basis for some preliminary comparative comments. Pres-
ence of a strong processus zygomaticus in close proximity to the os quadratum
is diagnostic for paleognaths, suggesting that the reduction of the processus and
its disassociation from the os quadratum represent a synapomorphy of neognath-
ous birds (including Galliformes and Anseriformes). Similarly, the well-defined
AME articularis found in most neognaths is probably apomorphic relative to its
absence or minimal development in paleognaths. The distinctive pattern of de-
velopment of AME articularis described in this paper apparently is derived relative
to its usual form in other neognaths; the pattern includes enlargement of AME
articularis by expansion rostrally along aponeurosis zygomatica and along the
mandibula, and rostral displacement of AME zygomatica and AME superficialis.

Given these provisional inferences of polarity, the details of interpretation of
the anatomical states described (Table 3) have little or no impact on coding
schemes. All of the alternative interpretations of the plausible evolutionary events
that underlie these anatomical patterns considered here are consistent with the
four-state coding scheme used by Livezey (1997a), and most would permit any
of several alternative coding schemes (e.g., separate, binary characters treating
changes in three to five of the osteological or myological features involved).
Moreover, even the evolutionary interpretation proposed by Dzerzhinsky (1982)—
including the disputed hypothesis of the ‘“‘sphenotemporal process”—would be
consistent with most or all of these alternative coding schemes, necessitating only
a revision of the accompanying descriptions of character states. This ‘‘transpar-
ency’’ of evolutionary interpretation in the coding of this character complex is
substantiated by the fact that an earlier draft of the description for this character
by Livezey (1997a) was based in large part on the interpretation by Dzerzhinsky
(1982), wherein the allocation of states among taxa was conserved.

Implications for Interordinal Relationships.—Data presented herein regarding
the skeleton and musculature associated with the AME complex (Table 3) and
provisional inferences of polarity based on the literature (Elzanowski, 1987; Dzer-
zhinsky, 1999) support (i.e., confirm without homoplasy) a sister relationship be-
tween the orders Galliformes and Anseriformes, as proposed in earlier anatomical
assessments by Dzerzhinsky (1982, 1995) and Livezey (1997a). This proposal
has been favored by a number of authorities for decades (e.g., Delacour, 1954;
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Johnsgard, 1965), and is gaining support from recent morphological (Cracraft,
1988; Livezey, 1997a; Miiller and Weber, 1998) and molecular analyses (Cracraft,
1981a; Cracraft and Mindell, 1989; Caspers et al., 1997; Groth and Barrowclough,
1999). Further insights into this interordinal group, and the morphological trans-
formations which support this complex, may be gained through the continued
study of several fossil taxa recently inferred to be allied with the Anseriformes—
the Diatrymidae (Andors, 1992) and Dromornithidae (Murray and Megirian,
1998).

At least two cranial characters—absence of the ligamentum postorbito-zygo-
maticum, and medial displacement of impressio AME coronoidea—suggest that
megapodes possess a morphotype intermediate to the condition typical of most
Galliformes and that observed in modern Anseriformes. An “intermediate” con-
dition of this complex in the Megapodiidae relative to other Galliformes is con-
sistent with the majority view regarding it as the likely sister group of other
Galliformes (review by Crowe, 1988). These conclusions can be tested by broader
comparative studies within Aves (e.g., Livezey, 1997a), especially those empha-
sizing detailed comparisons of new character complexes and intensive sampling
of Galliformes and Anseriformes.
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