
Journal of Vertebrate Paleontology 20(4):712-719, December 2000
© 2000 by the Society of Vertebrate Paleontology
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ABSTRACT-Based on an extensive survey of quadrate morphology in extant and fossil birds, a complete quadrate
from the Maastrichtian Lance Formation has been assigned to a new genus of most probably odontognathous birds.
The quadrate shares with that of the Odontognathae a rare configuration of the mandibular condyles and primitive
avian traits, and with the Hesperomithidae a unique pterygoid articulation and a poorly defined (if any) division of the
head. However, the quadrate differs from that of the Hesperomithidae by a hinge-like temporal articulation, a small
size of the orbital process, a well-marked attachment for the medial (deep) layers of the protractor pterygoidei et
quadrati muscle, and several other details. These differences, as well as the relatively small size of about 1.5-2.0 kg,
suggest a feeding specialization different from that of Hesperomithidae.

INTRODUCTION

The avian quadrate shows great taxonomic differences
among the higher taxa of birds in the structure of its mandibular,
temporal, pterygoid, and quadratojugal articulatory surfaces, as
well as in the shape of orbital process and the presence and
location of pneumatic foramina. Only two aspects of quadrate
morphology have hitherto been studied in any detail. Lowe
(1926) started the tradition of using the temp oro-quadrate artic-
ulation for phylogenetic purposes. Witmer (1990) studied the
pneumaticity of the quadrate in Mesozoic birds and noted a
diversity in location of the pneumatopores among extant birds.
The diversity of other aspects of the quadrate morphology in
birds, including their mandibular joint, which counts among the
most complex vertebrate articulations, has never been recorded
and much less conceptualized. Thus, the detailed study of a
fossil avian quadrate that is very different from all known quad-
rates of other birds necessitated an extensive survey of extant
quadrate morphology as well as significant elaboration and re-
vision of anatomical terminology (Table 1, Fig. 1) proposed by
Baumel and Witmer (1993). We surveyed the quadrate speci-
mens of all extant and some fossil genera of paleognaths, of all
extant families of nonpasserine neognaths, and all available in-
formation on the quadrates of Mesozoic birds.

The right quadrate UCMP 73103, in the collection of the
University of California Museum of Paleontology, was found
in an outcrop of the Late Maastrichtian (Late Cretaceous) Lance
Formation, which was deposited in a subtropical climate along
the shoreline during the final retreat of the North American
inland sea. Abundant plant and vertebrate fossils were found in
exposures of the ancient, near-shore streambeds (Clemens,
1963). Several species of clearly neornithi..ne birds were de-
scribed from the Lance Formation (Brodkorb, 1963) including
a probable galliform. The Lance Formation material is currently
being revised and several new avian fossils have recently been
discovered (Sylvia Hope, pers. comm.). Relevant to the present
study are two tarsometatarsi, one in the collections of the Uni-
versity of California Museum of Paleontology (pers. obs.) and
another in the collections of the University of Nebraska (Sylvia
Hope, pers. comm.), that may belong to small hesperornithi-
forms.

Our survey demonstrated that the quadrate morphology is
diagnostic for the genera of at least nonpasserine birds and that
the quadrate UCMP 73103 is distinctly unique among all
known quadrates of fossil and extant birds. In addition, a com-

bination of its morphology, size, and both stratigraphic and geo-
graphic occurrence effectively precludes its assignment to any
of a few fossil genera that are based on fragmentary material
without the quadrate. We therefore assigned the quadrate
UCMP 73103 to new genus, which is a real addition to the
diversity of Mesozoic birds.

SYSTEMATIC PALEONTOLOGY

ODONTOGNATHAEWetmore, 1930

Supplementary Diagnosis-Quadrate slender: the span of
the mandibular condyles amounts to 50% or less of the bone
height. Medial mandibular condyle continuous with the caudal
condyle. Quadratojugal socket shallow.

?HEsPERORNITHIFORMESFurbringer, 1888

Snpplementary Diagnosis-Head undivided or the division
only barely indicated. Pterygoid condyle elongate, nearly con-
tinuous with the ventral margin of the orbital process and ap-
pressed on the medial mandibular condyle.

POTAMORNIS, gen. novo incertae sedis

The quadrate UCMP 73103 shows a novel, unique combi-
nation of characters and clearly does not represent any of the
established taxa of birds for which quadrates are known. Bap-
tornis and Zhyraomis are two Late Cretaceous genera with pos-
sible odontognathous affinities (Unwin, 1993) and their quad-
rates are unknown, but none of them is comparable in size (see
below) and none is known from the Maastrichtian. However,
because it is conceivable that the new quadrate is derived from
a representative of Baptornithidae or Zhyraornithidae, we re-
frain from erecting a new family.

Diagnosis-c-As for the species.
Etymology-Gk. potamos river, ornis bird.

POTAMORNIS SKUTCHI, sp. novo
(Figs. 2, 3)

Holotype-Quadrate UCMP 73103.
Referred Specimens-Tentatively, tarsometatarsus UCMP

117605.
Locality and Horizon-UCMP locality V-5620 (Lull 2 quar-

ry), near Buck Creek, a tributary of Lance Creek, Niobrara Co.,
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Wyoming; Lance Formation, Late Maastrichtian (Late Creta-
ceouS).

Diagnosis-Head of the quadrate strongly asymmetrical,
with the beak-shaped medial part overhanging the otic process.
A rostrally open pit near the medial apex of the head. Caudo-
medial depression shallow but distinct. Orbital process small.
Lateralprocess with a quadratojugal buttress. Medial and lateral
mandibular condyles meet at the angle of approximately 1150

and both smoothly connect to the caudal condyle.
Etymology-In honor of Dr. Alexander F Skutch, an emi-

nent ornithologist, in recognition of his respect for birds' lives.

DESCRIPTION

The Potamornis quadrate is well preserved except for the
broken tip of the orbital process (Figs. 2, 3). A salient preser-
vation feature is the presence of hairline fractures that must
reflect the underlying structure of bone tissue as they run re-
markably parallel to the long axis of the bone and veer off to
the orbital process to run parallel to its margins. The bone
comes from a subadult individual as revealed by the combina-
tion of highly porous but otherwise well-shaped articular sur-
faces and largely smooth finish of the other surfaces (except
for the hairline fractures). Basic anatomical terms used in the
following description are summarized in Appendix 1.

The otic process has a medial slant (from the parasagittal
plane) of ca. 250 (measured.with the medial and lateral man-
dibular condyles approximately at the same level and the quad-
ratojugal socket directed laterally), which indicates that the tem-
pore-quadrate articulation was oblique (in the transverse plane)
and centered medially to the quadrato-mandibular articulation
(Figs. 2A, D, 3A, B). The head fans out (transversely) to a
width of 5.9 mm; it is 2.0 mm deep (rostrocaudally), deeper
than the adjacent shaft of the otic process, and projects for 0.2
mm beyond the shaft rostrally (but not caudally). In dorsal
view, the head shows a slight waist at the proximal third of its
long diameter (Fig. 2G), which mayor may not indicate its
former division into the otic and squamosal capitula. Another
possible vestige of this division is a shallow pit that opens ros-
trally and separates the minor, most medial part of the head
from the rest. A similar pit marks the boundary between the
otic and squamosal capitula in the partly (and sometimes com-
pletely as in Francolinusy fused head in the Phasianidae. How-
ever, the waist and the pit do not coincide and thus only one
of them may indicate the former division. The otic process is
strongly asymmetric mediolaterally. Whereas the squamosal
end of the head is almost flush with the shaft, the otic end
projects far beyond the shaft, overhanging it like the beak over-
hangs the neck; this rostrate appearance is strengthened by a
consistently concave medial profile of the head. Just ventral to
the otic, beak-shaped part of the head, there are two shallow
depressions, rostromedial and caudomedial.

The lateral crest (crista lateralis), extending from the head to
the quadratojugal cotyla is fairly prominent (Figs. 2C, 3D). The
medial crest (crista medialis) is rounded and marked only dor-
sally and ventrally as it is interrupted in the middle by the
medial impression, which is slightly bipartite (divided by a
weak ridge) (Figs. 2B, E, 3C). The medial impression, located
on the medial side of the otic process, at its transition to the
body of the quadrate, in all probability marks the attachment
of the medial (deep) layers of the protractor pterygoidei et qua-
drati muscle, which in many other birds attach to the medial
crest (Fuchs, 1954; Elzanowski, 1987; Weber, 1996). There is
no trace of the tympanic crest.

The orbital process is small (Figs. 2, 3) by comparison to
most of the neornithine birds (Fig. 1), which suggests less at-
tachment area and leverage for the lateral (superficial) layer of
the protractor pterygoidei et quadrati as well as for the entire
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TABLE 1. Terminology of the avian quadrate.

Crista medialis'!'
. Foramen pneurnaticum medialew
Crista lateralis

Processus orbitalis
Crista orbitalis'v
Facies pterygoidea (pterygoid facet)
Depressio protractoris

Processus oticus
Caput quadratic?

Capitulum oticum
Capitulum squamosum
Vallecula intercapitularis (Incisura intercapitularisj'v

Crista tympanica'v
Foramen pneumaticum postcapitularei"

Corpus quadrati
Fossa basiorbitalisw
Foramen pneumaticum basiorbitale

Pars mandibularis
Processus medialis

Condylus medialis
Condylus pterygoideus

Processus lateralis
Condylus lateralis
Cotyla quadratojugalis (quadratojugal socket)
Depressio praecondylaris

Vallecula intercondylaris (Sulcus intercondylarisj'?'
Condylus caudalisv'"

(1) A ridge for the attachment of the protractor quadrati and pterygoidei
muscle (Fuchs, 1954; Elzanowski, 1987).
(2) Its dorsoventral position varies between the otic process and quad-
rate body.
(3) Weber (1996) called it Crista lateralis, but this is an obvious term
of choice for the lateral ridge extending over most of the bone length
between the head and the quadratojugal cotyla (Fig. lA, C). We there-
fore propose a new term, Crista orbitalis.
(4) In many birds it is undivided or incompletely divided, hence a need
of this term.
(5) It encloses a well-defined space, its rostrocaudal depth being fre-
quently comparable to its mediocaudal dimension, which makes the
term incisura inadequate.
(6) An oblique ridge for the attachment of the tympanic membrane,
descending toward the medial crest from the area of the squamosal
capitulum. The tympanic crest is absent in some birds, indicating an
unexplored diversity of the attachments of the tympanic membrane.
(7) One or more pneumatic foramina behind and below the head are
present in some paleognaths (Tinarnidae, Rhea, Lithornis plebius and
probably Paracathartes), Turnix, some gruiforms (Psophia, Cariama,
Balearica), Ciconia, and Opisthocomus.
(8) Fossa corporis quadrati (Fuchs, 1954), medially at the base of the
orbital process.
(9) Commonly a rounded depression, it seldom if ever takes the form
of a groove (sulcus).
(10) In the majority of birds continuous with the lateral condyle, only
in a few taxa continuous with the medial condyle.

quadratomandibularis (=pseudotemporalis profundus) muscle.
The functional significance of weakening the lateral layer of the
protractor pterygoidei et quadrati and strengthening its medial
layer (as indicated by the medial impression) remains to be
determined. The orbital process tapers very rapidly toward its
rostral end: by geometric extrapolation, the broken tip extended
beyond the preserved part for about one millimeter. The ventral
margin is straight. The process is convex laterally and concave
medially. The medial concavity, which deepens ventrally into
the basiorbital fossa, accommodates the insertion of the lateral
(superficial) layers of the protractor pterygoidei et quadrati
muscle. The base of the orbital process is connected to the
quadratojugal socket by a rounded but distinct rib, the orbito-
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FIGURE 1. Right quadrate of Fulica atra in A, lateral, B, ventral, C,
rostral, D, medial, and E; caudal views. Abbreviations: c, condylus cau-
dalis; cl, crista lateralis; ern, crista medialis; cr, crista orbitalis; ct, crista
tympanica; d, depressio protractoris; dp, depressio praecondylaris; fb,
fossa basiorbitalis; fm, foramen pneumaticum rnediale; ic, vallecula in-
tercapitularis; in, vallecula intercondylaris; m, condylus medialis; I,
condylus Iateralis; or, processus orbitalis; pl, processus lateralis; pm,
processus medialis; pf, facies pterygoidea; pt, condylus pterygoideus;
qj, cotyla quadratojugalis. Scale bar equals 3 mm.

cotylar crest (Figs. 2C, E, F, 3D). The orbitocotylar crest and
the base of the orbital process enclose dorsally an extensive
suborbital depression.

The pterygoid condyle is triangular, has a prominent caudal
apex at its mid-height but does not project rostrally (Figs. 2B,
3C). It is slightly heterocoelous, that is, slightly concave along
the long diameter and convex transversely. Dorsally it is nearly
continuous with the ventral edge of the orbital process. There
is no indication of an additional articulation surface further dis-
tally on the orbital process. Ventrally, the pterygoid condyle
extends onto the medial side of the medial mandibular condyle.

The lateral process is very short and the mandibular articu-
lation narrow (Table 2, Figs. 2A, D, 3A, B). The medial and
lateral mandibular condyles meet rostrally at an angle of ap-
proximately 115°. The medial condyle is narrower and more
than one millimeter longer than the lateral condyle. The inter-
condylar valley is shallow. The caudal condyle, which points
caudodorsally, is a caudo-dorso-Iateral extension of the medial
condyle but also intergrades smoothly with the lateral condyle
(Fig.2H).

The quadratojugal socket is relatively shallow (by compari-
son to the extant neognaths), somewhat triangular, and opens
with a slight ventral slant (its dorsal rim projecting slightly
more than the ventral margin) (Figs. 2C, F, H, 3D). The rostral
section of its rim projects far beyond the lateral condyle as a
quadratojugal buttress, which is separated by notches from both
the caudodorsal and ventral parts of the rim, the latter being
confluent with the lateral condyle. The buttress is itself shored
up by a precondylar crest on the rostral surface of the quadrate.

Enclosed between the precondylar crest and the lateral condyle
is a triangular precondylar depression.

If present, the pneumatic foramina are small and poorly dis-
tinguishable, which makes the pneumaticity of the Potamornis
quadrate very uncertain. The bone seems to be porous in the
postcapitular area, but this may be related to its juvenile age
rather than pneumaticity. A tiny foramen, 0.1 mill in diameter,
seems to be present in the basi orbital fossa.

COMPARlSONS

qj

The survey of quadrate morphology in extant and fossil non-
passerines revealed the odontognathous affinities of Potamor-
nis. Consequently, we drew the most detailed comparisons to
the Hesperornithidae (Marsh, 1880; Buhler et al., 1988) using
the casts of their quadrates, to Ichthyomis using the illustrations
of Yale Peabody Museum quadrate specimen YPMl775
(Marsh, 1880; Witmer, 1990; the original was unavailable for
study) and evidence from the mandibles (Fig. 4; see also Gin-
gerich, 1972); and an important Mesozoic avian quadrate de-
scribed by Martin and Tate (1976) as belonging to Baptomis
advenus. For the outgroup comparisons we used the scanty in-
formation on the quadrates of Archaeopteryx (Elzanowski and
Wellnhofer, 1996) and Gobipteryx (Elzanowski, 1974).

The quadrate described by Martin and Tate (1976) as be-
longing to the American Museum of Natural History specimen
AMNH5101 of Baptornis advenus seems to be derived from a
different bird. The published photograph shows the above spec-
imen number, but neither the quadrate nor any record of its loan
could be located at the American Museum of Natural History
and neither a quadrate nor any other cranial fragment has ever
been catalogued with the specimen number, AMNH5101.
Therefore, the quadrate must have been referred to the postcra-
nial bones and the basis of this referral remains unknown. In
addition, this assignment is called into question by size com-
parisons (Table 2). Based on the postcranial skeleton, Martin
and Tate (1976) estimated Baptornis advenus to be the size of
Yellow-billed loon (Gavia adamsiii (body mass 5,500 g). How-
ever, if the magnification provided for their figure 1 is approx-
imately correct, then the quadrate derives from a bird smaller
than the Red-throated loon (Cavia stellata) (body mass 1,551
g). We conclude that the assignment of the quadrate to speci-
men AMNH5101, and thus to Baptornis advenus, is most prob-
ably incorrect. We will, therefore, refer to this specimen as the
"Baptornis" quadrate.

Proportions
In Potamornis the quadrate is more slender and its mandib-

ular articulation narrower relative to the height than in all the
paleognaths and and the overwhelming majority of neognaths
except the Galliformes and Anhirnidae, but it is wider than in
Gobipteryx, Hesperornis (Table 2), and Ichthyomis (in which
the condylar width is 43% of the height). In Archaeopteryx and
Gobipteryx the height of the quadrate amounts to one fourth of
the total skull length, which is much more than in any extant
bird. Because the bone is certainly relatively longer (taller) than
the quadrate of any extant bird, the dorsal and ventral widths
are presumably better indicators of the body mass. In these two
dimensions Potamornis comes close to Phalacrocorax auritus
floridanus (body mass 1,540-1,808 g). It is clearly larger than
Zhyraornis kashkarovi (Nesov, 1984), which has the dorsal ver-
tebra 6.9 mill long, and smaller than Baptornis advenus (Martin
and Tate, 1976).

Because the quadrate is relatively shorter in the theropods
than it is in the basal birds, it appears that the origin of birds
entailed an elongation of this bone. There is a possible link
between the elongation of the quadrate and the origins of rostral
kinesis (prokinesis or rhynchokinesis), because a longer quad-
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FIGURE 2. Right quadrate of Potamornis skutchi, gen. et sp. novo (holotype; UCMP 73103) in A, rostral, B, medial, C, lateral, D, caudal, E,
rostro-ventro-medial, F, rostro-ventro-lateral, G, dorsal, and H, ventral views. Quadrate of, I, Hesperornis regalis (KUVP 71012) in ventral view.
Abbreviations as in Fig. 1 except b, quadratojugal buttress; co, crista orbitocotylaris; ep, crista praecondylaris; de, depressio caudomedialis; dr,
depressio rostromedialis; ds, depressio suborbital is; fe, fossa supracondylaris; ff, minuscule foramina; i, impressio medialis (probably for the pars
profunda musculi protractoris pterygoidei et quadrati); p, a pit in the head. Scale bars equal 5 mm.

rate provides a better leverage for moving the upper jaw, and
the skull of Archaeopteryx suggests the avian type of kinesis
(Elzanowski and Wellnhofer, 1996). Whatever its functional in-
terpretation, a slender quadrate is a primitive avian trait. The
quadrate is shortened in all modem birds, both the paleognaths
and neognaths including the Galloanseres, which show second-
arily slender proportions of the quadrate. Because the Pota-
mornis quadrate shows no other similarity to that of Galloan-
seres, its slenderness is probably primitive (Table 2).

Head

It is still uncertain whether the quadrate head (caput quadrati)
of the first birds articulated with the braincase as well as the
squamosal and, even if it did, whether it was divided. The most
ancient bird with an unquestionably avian, double temporo-
quadrate articulation is Enaliornis, in which the otic and squa-
mosal surfaces are separated by the dorsal pneumatic recess
(Elzanowski and Galton, 1991). The heads of the known quad-
rates of Archaeopteryx (Elzanowski and Wellnhofer, 1996:fig.
3, not slightly schematized fig. 2), Gobipteryx (Elzanowski,
1974), and Patagopteryx (Chiappe, 1996; Sylvia Hope, pers.

comm.) are damaged. However, as far as preserved, the con-
formation in the seventh specimen of Archaeopteryx does not
seem compatible with the presence of a broad head with two
widely separated, approximately equivalent capitula seen in ex-
tant birds, but it could be compatible with the configuration
found in the oviraptorids, in which the apex of the otic process
is formed by the prominent lateral (squamosal) capitulum and
the medial capitulum is attached just below, on the medial slope
of the lateral capitulum (Maryariska and Osm6lska, 1997). The
oviraptorids show many other avian similarities and their close
avian relationships have been suggested (Elzanowski, 1999).

The head is divided in the majority of modem birds (Fig. 1)
but is single or poorly divided in Potamornis, Ichthyornis, Hes-
perornis, paleognaths, and a number of neognaths including
Fregata, Pelecanus, Anhinga, Spheniscidae, Threskiomithidae
(including Plataleinae), Psophia, Cariarnidae, Phasianidae, Pter-
oclididae, Opisthocomus, Cuculiformes, and Nyctibius. In some
of these, especially Opisthocomus and some Cuculiformes, the
two articular surfaces are better defined than in others, and there
seems to be a morphological continuum between a perfectly
single head and the presence of two distinct capitula. The lack
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FIGURE 3. Potamo rnis skutchi, gen. et sp. novo Stereopairs of the halo type right quadrate UCMP 73103 in A, rostral, B, caudal, C, medial,
and D, lateral views. Scale bars equal 5 rnm.

TABLE 2. Dimensions (in mm) and ratios of the quadrate in Mesozoic
and selected modern birds.

Condy-
lar Capital

Height(') width'<' width-" Ratio

Gobipteryx minuta 11.0 5.0 1:0.45:-
Hesperornis regalis 30.0 12.5 9.0 1:0.42:0.30
Ortalis canicollis 9.4 3.9 2.2 1:0.41 :0.23
Chauna torquata 18.0 8.5 4.9 1:0.47:0.27
"Baptornis" 6.54

Potamornis skutchi 18.0 90 6.0 1:0.50:0.33
Phaethon. lepturus 13.0 7.5 6.3 1:0.58:0.48
Cavia stellata 12.85 7.6 5.5 1:0.59:0.43
Podiceps cristatus 9.5 5.7 3.7 1:0.60:0.39
Pygoscelis papua 18.0 1l.0 6.8 1:0.60:0.38
Spheniscus magellanicus 16.5 11.2 6.0 1:0.68:0.36
Sula nebouxi 19.6 13.5 10.0 1:0.69:0.51
Phalacrocorax auritus 15.0 10.7 5.5 1:0.71 :0.37

(J) Perpendicular to the line connecting the two mandibular condyles.
(2) Between the ventral rim of the quadratojugal socket and the most
medial point of the medial mandibular (but not pterygoid) condyle,
along a straight line connecting the centers of the two condyles.
(3) The transverse diameter of the head.
(4) Based on Martin and Tate (l976:fig. 1).

of a distinct division in such unrelated and highly derived taxa
as Nyctibius, Opisthocomus, Phasianidae, and Spheniscidae
suggests that this condition evolved more than once and is sec-
ondary in some neognaths. The nearly single club-shaped head
in the phasianids results from the transverse, lateral superposi-
tion of the capitula, which is the very opposite of the hinge-
like structure in Potamomis, the paleognaths, and the remaining
neognaths. However, the above distribution leaves it unresolved
whether the undivided head is primitive or derived among the
neornithines. The ambiguous phylogenetic status of the undi-
vided head and a continuous variation between the lack and
presence of division makes the differentiation of the quadrate
head of little use for the reconstruction of remote relationships.

A single, rostrocaudally flattened (hinge-like) and asymmet-
rical head with the medial, prootic part forming a beak-like
process in Potamomis is shared with most of the paleognaths
(including the lithornithids) and a few neognaths including Pso-
phia, Cariarnidae (the beak-like overhang is more pronounced
in Cariama cristata than it is in a single examined specimen of
Chunga burmeisterii, Nyctibius, and, to a lesser degree, with
Opisthocomus. Apteryx and Pelecanus have a single hinge-like
head with the beak-shaped overhang on both sides whereby the
otic process is subsymmetrical. Whether one-sided or subsym-
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metrical, the rostrate morphology occurs predominantly in taxa
with an undivided (or poorly divided) quadrate head. A distinct
division coexists with a strong asymmetry of the quadrate head
only in the Strigiformes. However, in many birds (for example
in the Threskiomithidae) the head is poorly divided without any
tendency to form beak-shaped projections. The undivided quad-
rate head of Hesperomithidae is thick rostrocaudally, and, in
contrast with Potamomis, its prootic part only slightly over-
hangs the neck of the otic process.

Medial Impression

The attachment area for the medial (deep) layers of the pro-
tractor pterygoidei et quadrati muscle is marked only in some
birds, including many diving birds, but greatly varies in form.
No extant bird has the medial impression as strongly marked
as does Potamornis. The closest approach is the flattened area
in some Procellariidae and Spheniscidae (e.g., Pygoscelis, much
less in Spheniscus), which is slightly concave in rostral or cau-
dal view. In Gavia and Phaethon there is a vertical, elongate
depression in front of and along the medial crest. In Phalacro-
corax and Anhinga there is a flat platform instead of an im-
pression.

Orbital Process

A small size of the orbital process makes the Potamornis
quadrate look very different from that of the hesperornithids.
The orbital process is reduced in an extinct paleognathous ge-
nus Paracathartes (Houde, 1988); in three families of pelecan-
iform flying divers, Sulidae, Phalacrocoracidae, and Anhingi-
dae, which are closely related (Siegel-Causey, 199'7); and in
three other neognathous lineages: Caprimulgiformes, Tytonidae,
and Psittaciformes. This set is obviously polyphyletic and dem-
onstrates that the process was independently reduced in at least
five lineages of birds (in addition to Potamornis).

Pterygoid Articulation

The pterygoquadrate articulation of birds is a propulsion joint
adapted for transferring the rostrocaudal components of forces
between the quadrate and the pterygoid, which is necessary for
the cranial kinesis of birds. The avian type of the pterygoquad-
rate articulation seems to be present in Archaeopteryx (Elza-
nowski and Wellnhofer, 1996).

The quadrates of Ichthyornis, "Baptornis" (Martin and Tate,
1976:fig. Ic, the pterygoid condyle seems to be broken off),
Apteryx, and the overwhelming majority of the neognaths in-
cluding Phaethon bear a peg-like, rostrally projecting pterygoid
condyle, separate from the medial mandibular condyle (Fig. 1).
Among extant birds, the pterygoid condyle is more or less su-
perimposed on the medial mandibular condyle only in the pa-
leognaths except Apteryx, the majority of pelecaniforms, the
questionable ciconiiforms (Balaeniceps, Scopus), and in some
caprimulgiforms (Steatornis, Aegotheles). This distribution sug-
gests the plesiomorphic presence of the peg-like condyle in the
Euornithes and the synapomorphic superposition of the ptery-
goid condyle on the medial mandibular condyle in Potamornis
and Hesperornithidae.

The pterygoid articulation of the hesperomithiform quadrate,
which is very similar in Potamornis and the Hesperornithidae,
is unique in its geometric simplicity conveyed by its near-con-
tinuity with the orbital process and its superposition on the me-
dial mandibular condyle. In contrast with the hesperomithi-
forms, in all these birds that have the pterygoid condyle super-
imposed on the medial condyle there is a deep embayment that
widely separates the pterygoid condyle from the orbital process.
However, in the majority of extant birds the pterygoid articu-
lates with the orbital process in addition to the pterygoid con-

dyle and in many of them the condylar surface is more or less
continuous with that on the orbital process, a condition that may
be plesiomorphic for all the Euornithes or at least extant birds.

Mandibular Articulation

The mandibular articulation of birds shows a great diversity
at the ordinal and higher taxonomic levels but proves remark-
ably constant within families (with the notable exception of the
Rallidae.which show an unusual variability in their cranial ki-
nesis and jaw morphology).

Archaeopteryx and Gobipteryx have two simple, relatively
small (to the size of the bone) condyles, medial and lateral,
broadly separated from each other. By contrast, in the quadrate
of the odontognaths, paleognaths and most neognaths the man-
dibular articulation is expanded caudally and thus more or less
triangular or triradiate in ventral view; the caudal expansion is
usually identified as the caudal condyle although it is often
perfectly continuous with the lateral or medial condyle and
greatly varies in shape (which is not condyloid in some birds,
such as the Pteroclidae). Among extant birds, only the quadrates
of Columbidae (see Lowe, 1926:pl. II/5) and Galloanseres in-
cluding the Gastomithiformes (Andors, 1992) and Aptornis
(Weber and Hesse, 1995) lack any indication of the caudal con-
dyle.

In Patagopteryx (Chiappe, 1996; Sylvia Hope, pers. comm.)
and the majority of neomithines, the medial condyle is more
prominent and remains a separate ventral tubercle, whereas the
lateral condyle extends mediocaudally and projects caudally (or
caudodorsally) as the caudal condyle. This configuration is
characteristic of the Palaeognathae (except Rheidae), Turnix,
Psophia, Cariarnidae, Gruidae, Phaeton, Procellariidae, Cathar-
tidae, Scopus, Spheniscidae, Podiceps, Phasianidae, Anhimidae,
Anatidae, Threskiomithidae, and some Rallidae (Porphyrio).
The continuity between the lateral and caudal condyles disap-
pears and the caudal condyle projects as a separate tubercle
(whereby the quadrate becomes tritubercular) in the Diomedei-
dae, Phalacrocoracidae, Anhingidae, Sulidae, Laridae, Phoeni-
copteridae, Ardeidae, and some Rallidae including Fulica (Fig.
1). The two variants clearly have a common origin as attested
by their interdigitating taxonomic distribution and the presence
of intermediate configurations in Balaeniceps, Ciconiidae, and
He liornis. The Rheidae and Pelecanus have syncondylar quad-
rates without separate condyles, a configuration that is clearly
derived as attested by its isolated occurrence and the presence
of an intermediate between the tritubercular and syncondylar
configurations in Fregata.

Only Ichthyornis (Fig. 4), Hesperornithidae, Gavia, Opisth-
ocomus, and, with reservations, Psittacidae have the medial
rather than the lateral condyle extending caudally (laterocau-
dally) into the caudal condyle. This rare configuration is present
but less pronounced in Potamornis and "Baptornis." The latter
differs from Potamornis in having the medial condyle much
thicker and the intercondylar incisure much deeper (i.e., the
condyles meet at a more acute angle in the transverse plane).
Hesperomithidae differ from Potamornis and, contrary to Mar-
tin and Tate (1976), from "Baptornis," in the orientation of the
medial condyle and the depth of the intercondylar incisure. The
medial condyle is subparallel to the orbital process (closest to
the sagittal plane) in Hesperomithidae, intermediate in Pota-
mornis, and most transverse in "Baptornis." The intercondylar
valley is deepest in Hesperornis, intermediate in "Baptornis,"
and shallowest in Potamornis.

Quadratojugal Articulation

The quadratojugal buttress with a precondylar ridge simi-
lar to that in Potamornis is present in "Baptornis" (Martin
and Tate, 1976:fig. ID), and Parahesperomis alexi (Ginger-
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FIGURE 4. Left mandible, caudal ends in dorsal view. A, Ichthyornis
sp. YPM 1761. B, Fulica atra. Abbreviations (new terms are aster-
isked): cc, contracondylus caudalis" (which articulates with the caudal
condyle of the quadrate); I, lateral cotyla; 10,tuberculum ligamenti oc-
cipitornandibularis"; lp, tuberculum ligamenti postorbitalis"; m, medial
cotyla; p, pneumatic foramen; prn, processus medialis; pr, processus
retroarticularis. Note that the contracondylus is an extension of the elon-
gate medial cotyla in Ichthyornis but of the lateral cotyla in modern
birds. Scale bars equal S rom.

ich, 1976), but the buttress is absent and only the crest is pres-
ent in Hesperomis regalis (Buhler et al., 1988:fig. 3C). Among
the paleognaths the buttress is present in the Tinamidae, Rhea,
Apteryx, and Lithornithidae (Houde, 1988:fig. 8), but poorly
developed in Struthio and absent in the Casuariiformes. Among
the neognaths it has been found in the Procellariidae, Ciconi-
idae, some Gruidae (Grus), Opisthocomus, Cuculiformes
(where it is the largest), and some Caprimulgiforrnes (Nycti-
bius and, a smaller one, in Caprimulgusy, as well as in many
Passeriformes. Once claimed to be a paleognathine character
(Houde, 1988), the quadratojugal buttress is neither limited to
nor present in all of the paleognaths. Its distribution and vari-
ation within the paleognaths and Hesperornithidae demonstrate
that this character is of little value for the reconstruction of
distant relationships. The buttress inter grades with the flattening
and expansion of the rostral and rostroventral rim of the quad-
ratojugal socket that provides an additional surface for the
quadratojugal articulation in the Galliformes and some other
neognaths.

As in Potamornis, the quadratojugal socket is shallow in Pa-
tagopteryx (Chiappe, 1966:fig. 14), Ichthyornis, "Baptornis,"
Hesperornithidae, the paleognaths including Tinamidae, and
Lithornis plebius (but deeper in Paracathartes), and in some
neognaths including Turnix, He lio rn is, Scopus, Pelecanus, Py-
goscelis, Opisthocomus, Cuculiformes, Strigiformes, Caprimul-
gidae, and Nyctibius. Although the socket is deep in the ma-
jority of neognaths (Fig. 1) and intermediate in a few remaining
taxa, this distribution suggests that a shallow socket is primitive
for the Euornithes and possibly for the neognaths, although in
some neognaths (especially in the caprimulgiforms) it is prob-
ably secondary.

Pneumaticity

The quadrate is pneumatic in some theropods, including the
oviraptorids (Maryariska and Osm6lska, 1997), tyrannosaurids,
omithomimids and troodontids (Witmer, 1997), but it remains
unknown whether it was pneumatic in Archaeopteryx and Go-

bipteryx. The quadrate is pneumatic in the majority of other
birds except Apteryx, Paracathartes, and many diving birds in-
cluding Hesperornithidae (Witmer, 1990), Podiceps, Gavia, and
Spheniscidae. Contrary to Martin and Tate (1976), there is no
way 'of knowing that the quadrate of "Baptornis" was apneu-
matic, because only its mandibular end is preserved and, as in
Parahesperomis but not Hesperornis, the articular bone was
pneumatic (Witmer, 1990).

DISCUSSION AND CONCLUSIONS

pm

The relationships of Hesperornithiformes remain unknown.
Wetmore (1930) united the Hesperomithidae and Ichthyornithi-
dae in the Odontognathae but did not justify this decision and
the hesperomithiforms and ichthyornithids succeed one another
(although in a variable order) as separate branches in nearly all
reconstructions of avian phylogeny (see Padian and Chiappe,
1998). This is not surprising since, out of the paucity of data
on the skull of Ichthyornis, the relationships of the odontog-
naths are reconstructed almost exclusively with the postcranial
characters. However, the postcranial skeleton of the hesperor-
nithids is highly transformed and unlikely to have preserved
any synapomorphies with their flighted relatives.

Comparisons of the jaw bones raise a possibility that the
Odontognathae are monophyletic (Elzanowski, 1999). A closer
relationship between these two taxa is suggested by the lack of
mandibular symphysis, with the tips of the mandibular rami
possibly separated by a predentary bone; the presence and de-
tailed similarities of the intraramal joint (Gingerich, 1972); and
the lingual alveolar margin, which evidently replaced the inter-
dental plates, being flush with the buccal margin. The similarity
of the mandibular articulation in the hesperornithids and Ich-
thyomis (Fig. 4), which apparently correlates with the remark-
ably straight quadrate, lends additional support to the mono-
phyly of the Odontognathae.

Based exclusively on the similar locomotor specialization,
Martin (1983) expanded the Hesperornithiformes to include all
of the known Mesozoic foot-propelled diving birds, but the
phylogenetic basis of this classification is highly questionable,
especially in the case of Baptornis (Elzanowski, 1995). The
"Baptornis" quadrate is probably odontognathous but does not
reveal a single hesperornithiform trait.

The combination of a simple but rare configuration of man-
dibular condyles with slender proportions and a shallow quad-
ratojugal socket identifies Potamornis as a representative of the
Odontognathae, and the combination of the shape and location
of the pterygoid condyle, an undivided or poorly divided head,
and. the reduction of pneumaticity suggests its hesperornithi-
form affinities. The latter are consistent with the presence in
the same formation of two apparently hesperornithiform tarso-
metatarsi that derive from birds of the size of Potamornis. How-
ever, the Potamornis quadrate differs substantially from the hes-
perornithid quadrate in the rostrate, hinge-like shape of the
head, a shallow intercondylar valley and a smooth transition
between the lateral and the medial-plus-caudal condyles, pres-
ence of a distinct caudal apex of the pterygoid condyle, shorter
lateral process, the reduction of the orbital process and its angle
relative to the mandibular articulation, the presence of a distinct
medial impression, and a few other superficial details. These
differences make it compelling to classify Potamornis into a
family separate from the Hesperornithidae and place a caveat
on its classification into the Hesperornithiformes. The mono-
phyly of the Odontognathae predicts the existence of a variety
of small to medium-sized water birds that fill the morphological
gap between Ichthyornis and Hesperornithidae. Zhyraornis,
placed in a separate family of the Ichthyomithiformes (Nesov,
1984), and an undescribed bird species that yielded the "Bap-
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tornis" quadrate are likely examples of the emerging diversity
of the odontognaths.

The Hesperornithidae are obviously derived from flying
birds, and thus, contrary to the sweeping generalizations about
the flightlessness of all hesperornithiform birds (Martin, 1983),
some of their small relatives must have been capable of flight,
as were Ichthyornis and probably Enaliornis (Elzanowski and
Galton, 1991). Unfortunately, nothing can be determined about
the flight ability of Potamornis, because its estimated body
mass (1.5-2.0 kg) falls in the broad overlap between flying and
flightless birds.

The reduction of pneumaticity suggests diving habits of Po-
tamornis and the presence of hesperornithiform tarsometatarsi
of appropriate size in the Lance Formation provides circum-
stantial evidence of its foot-propelled diving. However, the
feeding behavior and ecology of Potamornis may have been
very different from that of Hesperornithidae. Among extant
birds, the most extensive medial impression is known in the
flying or wing-propelled marine birds and the reduction of the
orbital process is known only in some pelecaniform divers. It
is possible that the relatively small Potamornis was adapted to
the coastal environment of the Lance Formation and the large
Hesperornithidae to the open sea environment of the Niobrara
Formation.
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