Chapter 7
Tooth vs. Beak:
The Evolutionary Developmental Control
of the Avian Feeding Apparatus
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ABSTRACT

Recent discoveries of exquisitely preserved nonavialan and avialan theropod dinosaurs have not
only prompted studies of theropod tooth morphologies, but have also provided information about
the origin and early evolution of avian beaks. Recent studies on beak morphologies and morpho-
genesis in Darwin’s finches have greatly improved our understanding of how avian beaks adapt to
various ecological niches, but the question of how birds lost their teeth during the course of evolu-
tion has long been debated. Evolutionary developmental experiments performed on extant bird
embryos bridge the gap between paleontological and neontological evidence, suggesting that the
avian beak could have originated through heterochronic truncation of odontogenesis over evolution-
ary time. Here, we systematically review independently evolved regional and complete edentulism
present in nonavialan and avialan theropod dinosaurs, and suggest that the tooth-reduction pro-
cesses of different jaw bones are likely to be independently controlled. Through reviewing the recent
advances of molecular regulations involved in tooth and avian beak morphogenic processes, we
suggest that several molecules regulating the development of the avian beak also mediate the growth
of keratinous rhamphothecae, and the divergence of odontogenic signalling pathways are likely to
have accounted for both of these processes.

INTRODUCTION

Food is the main source of energy for the
survival of animals. Therefore, the mechanisms
by which food is ingested (feeding modes) play
important roles in shaping animals’ develop-
mental patterns, morphogenetic processes,
behaviors, and reproduction through their
effects on metabolism (Temeles et al., 2010).
Despite various feeding modes, the feeding
apparatuses are relatively conserved among dif-
ferent clades of animals: most jawed vertebrates
feed through teeth or beaks (Louchart and

Viriot, 2011), while other mechanisms for feed-
ing account for less than 1% of the diversity of
feeding apparatuses of extant jawed vertebrates
(Davit-Béal et al., 2009; Louchart and Viriot,
2011), including baleen (e.g., mysticete whales),
sticky tongues (e.g., toads), and mouthparts
designed for suction (e.g., seahorses). Note that
throughout this review, we define “beak” as the
edentulous, rigid bony mouthpart of all verte-
brates that is used for eating, preening, fighting,
etc., and the term “rhamphotheca” refers to the
keratinous sheath that covers the bony beak.
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FIG. 1. Macroevolution and microevolution of avian beak from toothed ancestor’s snout. The avian beak is
inferred to have evolved from the snout of toothed nonavian dinosaurian ancestors through alterations to the
signaling pathways involving bone morphogenetic proteins (BMPs) and other molecules. BMP, ALX homeo-
box protein 1 (ALX1), calcium-modulated protein (CALM) and high-mobility group AT-hook 2 (HMGA?2)
are all important molecules that regulate the diversity of beak shapes. Not to scale.

Birds account for almost 99.9% of extant
beaked vertebrates (Meredith et al., 2014), and the
remaining 0.1% are chelonians (Rhodin et al,
2017) and a few mammals (Thomas, 1889; Green,
1937; Manger et al., 1998; Musser and Archer,
1998; Davit-Béal et al., 2009). Avian beaks have
many functions including preening, fighting, and
courtship, in addition to feeding (Gill, 2006).
Although they vary significantly in size, shape,
curvature, and color, avian beaks share similar
architectures: a thin keratinized epidermal layer,
known as the rhamphotheca, covers the underly-
ing bony bases in both upper and lower jaws (Gill,
2006). This prototype is highly adaptable as evi-
denced by a high degree of variation in beak func-
tion and morphology (Gill, 2006). The adaptability
of the beak has been a major contributing factor
in birds’ successful adoption of various dietary
and ecological niches (Mallarino et al, 2011;
Bhullar et al., 2015).

In 1859, Darwin inferred the rapid evolution
of avian beaks in response to environmental
changes in The Origin of Species (Darwin, 1859).
Only two years later, the discovery of Archaeop-
teryx skeletons (especially the London and Ber-
lin specimens) demonstrated that the ancestor
of modern birds was toothed (Owen, 1863a;
1863b; Evans, 1865; Dames, 1884; Howgate,
1984), raising the question of how the avian

beak originated. Since then, the evolution and
morphogenesis of the avian beak has attracted
many biologists (Abzhanov et al., 2004; Podos
and Nowicki, 2004; Wu et al., 2004a; Abzhanov
et al., 2006; Wu et al., 2006; Genbrugge et al,,
2011; Mallarino et al,, 2011; Lamichhaney et al,,
2015; Lamichhaney et al., 2016). While the
diversity of extant birds provides an opportu-
nity to understand the morphogenesis and
microevolution of the beak (Abzhanov et al.,
2004; Wu et al., 2004b; Wu et al., 2006; de Leon
et al,, 2010), the question of how beaked extant
birds evolved from toothed ancestors has been
poorly understood (Heilmann, 1927; Dilger,
1957; Zhou et al., 2009; Meredith et al., 2014).
The recently discovered ontogenetic transition
from tooth to beak in a Jurassic ceratosaurian
theropod Limusaurus inextricabilis has shed
new light on this question and transformed our
understanding of the evolutionary origins of
beaks (fig. 1; Wang et al., 2017b).

Here, we review the debate over the evolu-
tionary origin of avian beaks, and comment on
recent research advances that combine paleonto-
logical evidence with neontological experimental
results. In the following two sections, we will
review the molecular basis of tooth and beak
development, respectively. In the fourth and the
fifth sections, we will review the independently
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FIG. 2. Schematic drawing showing tooth developmental and replacement processes of archosaurs (modified
from Richman and Handrigan, 2011; and Wu et al., 2013). Not to scale.

evolved instances of regional and complete eden-
tulism in nonavialan and avialan theropod dino-
saurs, respectively. The hypotheses of the
evolutionary origin of avian beaks will then be
briefly surveyed, from the classic paleontological
hypotheses to recent evidences derived from the
evolutionary developmental biology experi-
ments. In the last section, we will briefly discuss
the evolutionary significance of the avian beak,
and comment on some recent advances clarify-
ing the relationships between the emergence of
the beak and craniofacial evolution in birds.

BIOLOGY OF TOOTH DEVELOPMENT
AND REPLACEMENT

As an ectodermal organ, the development of
teeth is regulated by sequential and reciprocal
interactions between the epithelium and under-
lying mesenchyme (Thesleff, 2003). Although
size, shape, and tooth count may vary among dif-
ferent taxa, the basic molecules and early signal-
ing pathways of odontogenesis are essentially
conserved across vertebrate phylogeny (Huys-
seune and Sire, 1998; Chen et al., 2000; Berkovitz
and Shellis, 2016).

Knowledge of the molecular basis of tooth
development comes primarily from the mouse
(Thesleff, 2003). Prior to the initiation of tooth

formation, the tooth-forming region is marked
by a band expressing Shh (sonic hedgehog) and
Pitx2 (paired-like homeodomain transcription
factor 2) (Jernvall et al., 2000; Cobourne et al.,
2004; Fraser et al., 2006; Buchtova et al., 2008;
Fraser et al., 2009; Smith et al., 2009; Richman
and Handrigan, 2011), which are required for
tooth formation (fig. 2; Chen et al., 2000). When
tooth formation is initiated, the oral epithelium
thickens and expresses BMPs (bone morphoge-
netic proteins) and FGFs (fibroblast growth fac-
tors) that lead to condensation of the oral
mesenchyme (fig. 1), which activate a set of mes-
enchymal signals that then act on the epithelium
and mediate the formation of placodes at each
future tooth position (Thesleff, 2003; Jussila and
Thesleff, 2012). During the tooth bud stage, the
epithelium folds and invaginates into the under-
lying mesenchyme. This is followed by the cap
stage during which the epithelium extends fur-
ther into the condensing mesenchyme and wraps
itself around the mesenchyme. The enamel knot,
another signaling center that expresses multiple
signaling molecules including BMPs, FGFs,
WNT, and SHH that induce reciprocal signals
from the mesenchyme, appears (Thesleff, 2003;
Jernvall and Thesleff, 2012). Subsequently, the
inner enamel epithelium and the mesenchyme
differentiate into ameloblasts and odontoblasts at
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the epithelial-mesenchymal interface, secreting
enamel and dentin matrices, respectively
(Thesleff, 2003; Jernvall and Thesleff, 2012; Jus-
sila and Thesleff, 2012).

Like other ectodermal organs such as hair,
scales, and feathers, teeth undergo cyclic regen-
eration through which a new tooth is produced
with possible phenotypic changes occurring dur-
ing regeneration (Streelman et al., 2003; Jernvall
and Thesleff, 2012; Wu et al., 2013). The mainte-
nance of dental regeneration is made possible by
a cluster of odontogenic stem cells (Huysseune
and Thesleff, 2004; Whitlock and Richman, 2013;
Wau et al., 2013; Tsai et al,, 2016). Although cells
with stem-cell properties were also identified in
mouse molar dental pulp, follicle, and epithe-
lium, they are used for continual tooth growth,
and are not able to regenerate a new tooth after
a tooth is lost. This results in a single generation
of molars (Huang et al., 2009). For example,
mouse incisors can grow continuously, as they
are maintained by stem cells enriched at the
labial incisor cervical loop (Harada et al., 1999,
Renvoisé and Michon, 2014, Whitlock and Rich-
man, 2013), but cannot regenerate the incisor if
it is lost. Therefore, the mouse is not an ideal
model for studying the cyclical tooth replace-
ments in polyphyodonty vertebrates such as
dinosaurs.

The dental lamina is an invagination of the
oral epithelium into underlying mesenchyme,
and its free aboral end is enriched in odonto-
genic stem cells that are highly proliferative
(Smith et al., 2009; Wu et al., 2013). These stem
cells form the successional lamina where the
subsequent generations of teeth are differenti-
ated (Huysseune, 2006; Jussila and Thesleff,
2012; Jussila et al., 2014). Therefore, the ability
of the dental lamina to continuously differenti-
ate into successional laminae is essential for the
maintenance of tooth replacement (fig. 2). In
taxa whose teeth can be replaced for many gen-
erations throughout life (polyphyodonty), such
as reptiles and fishes, the successional lamina
exists throughout life (Huysseune, 2006; Zah-
radnicek et al., 2012; Wu et al., 2013). Most
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mammals are diphyodont, they only replace
their teeth once (Luo et al., 2004), and the suc-
cessional lamina degenerates following the first
tooth replacement (Jarvinen et al., 2009; Rich-
man and Handrigan, 2011; Buchtova et al,
2012; Buchtova et al., 2013; Whitlock and Rich-
man, 2013; Dosedélova et al., 2015). Taken
together, the existence of the successional lam-
ina is directly related to the maintenance of
tooth replacement (Jussila et al., 2014).

The frequency of tooth replacement depends
on the division cycles of the odontogenic stem
cells (Wu et al.,, 2013), which can be different
among various vertebrate taxa and different
ontogenetic stages of the same species. For
instance, the primary teeth of mammals may be
replaced at an interval of several months to
decades (Berkovitz and Shellis, 2018), and in
most cases their tooth family units consist of
only one functional tooth. In contrast, some taxa
(e.g., Chondrichthyes and Actinopterygii) can
replace a whole set of teeth within a few days
such that several replacement teeth can be found
in the tooth family units (Peyer, 1968; Mochizuki
and Fujui, 1983; Berkovitz and Shellis, 2016).
Therefore, the replacement frequency of a given
tooth position can be discerned from the exact
tooth count of that tooth family unit (Wu et al,,
2013).

The pattern of tooth replacement along the
tooth row also varies among vertebrate taxa,
which is more obvious in vertebrates with thec-
odonty as opposed to pleurodonty or acrodonty.
In mammals, tooth replacement is highly region-
ally specific, with incisors (mesial teeth) replaced
earlier than other antemolars (Berkovitz and
Shellis, 2018). Much attention has been paid to
mammal premolar replacement. Teeth are alter-
natively replaced in mammallike cynodonts with
indeterminate cranial growth patterns (e.g.,
Pachygenelus) (Luo et al., 2004). The early-
diverging clades of crown mammals have a ros-
trocaudally sequential replacement of premolars,
which is the reverse alternate pattern of some, if
not all, early-diverging trechnotherians (Luo et
al., 2004). The replacement of premolars in most
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extant placentals is also sequential, either rostro-
caudally (e.g., ungulates and carnivores) or cau-
dorostrally (e.g., some insectivores) (Luo et al.,
2004). In extant metatherians, only the ultimate
premolar on each jaw quadrant is replaced (Cife-
1li and Muizon, 1998; Rougier et al., 1998; Luo et
al., 2004). Therefore, the tooth replacement pat-
tern has undergone several reversals and changes
across the evolutionary history of mammals.

Most nonmammalian vertebrates are poly-
phyodont (Edmund, 1960), with early studies
that address tooth replacement in these verte-
brates dating to near the turn of the 19th century
(Rose, 1893a; 1893b; Harrison, 1901; Woerde-
man, 1919a; 1919b; 1921a; 1921b). These works
identified an alternating tooth replacement pat-
tern in nonmammalian vertebrates such that
teeth arise and replace alternately at odd and
even positions to form a wave. This pattern was
defined as Zahnreihen, or “replacement waves,”
by Woerdeman (1921b; Edmund, 1960). A Zahn-
reihen consists of a series of adjacent teeth from
different tooth family units that are roughly at
the same developmental stage.

Two theories have been proposed to explain
the alternating pattern of tooth replacement: one
is the “wave-stimulation theory” and the other
refers to a “zone of inhibition” (Richman and
Handrigan, 2011). The “wave-stimulation the-
ory” is based primarily on observations and is
thus somewhat speculative, emphasizing that
tooth growth and replacement are controlled by
periodically expressed stimuli in the dental mes-
enchyme that pass distally from the mesial end
of the tooth row (Edmund, 1960; 1962). Accord-
ingly, new teeth are formed along the tooth rows
in the same direction that the stimuli pass
through, and the alternating tooth-replacement
patterns are produced by the time intervals
between multiple successive Zahnreihens coex-
isting at a given time (Edmund, 1960). While
this theory is consistent with observations of
replacement in some taxa (Cooper et al., 1970;
Ziegler, 1971; Bolt and Demar, 1975; Hanai and
Tsuihiji, 2019; He et al., 2018), it must be
acknowledged that not all animals replace teeth
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in anteroposterior or posteroanterior orders and
intraspecific order reversal is not rare (Miller and
Radnor, 1970). The validity of this theory has
been tested in both alligators and lizards through
surgeries removing teeth and paradentium, and
the results suggest that the recovery of teeth is
not required for subsequent tooth initiation
(Osborn, 1970; 1977; Westergaard and Ferguson,
1987, 1990; Buchtova et al., 2013; Brink et al,,
2018). In some taxa, Zahnreihen may exist in
immature individuals, but it has been suggested
they are gradually broken down with increasing
maturity (Miller and Radnor, 1970; Buchtova et
al.,, 2013). This is probably related to cranial
growth patterns as tooth replacement patterns
are necessarily modified by cranial growth.

The theory of a “zone of inhibition” asserts
that a developing tooth secretes some inhibitors
into the surrounding paradentium, depressing
the odontogenic process in neighboring tooth
positions, and the growth of the neighboring
teeth can start only after the predecessor between
them stops growing (Osborn, 1971). The poten-
tial inhibitors have not been identified (Whitlock
and Richman, 2013), yet surgical experiments in
reptiles have demonstrated that tooth replace-
ment is independently controlled by tooth family
units rather than a global signal transmitting
along the tooth rows (Brink et al., 2018). This is
consistent with the observable variability in den-
tal replacement patterns. Taken together, the
available evidence suggests there is no clear com-
mon rule of vertebrate tooth-replacement pat-
terns. The independent control of tooth
replacement could be a prerequisite for regional
tooth variation, replacement, and reduction in
many vertebrates (Brink et al., 2018).

MOLECULAR BASIS FOR AVIAN
BEAK MORPHOGENESIS

Avian beaks are formed from multiple facial
prominences, each of which has a neural crest-
derived mesenchymal core that is covered exter-
nally by an epithelial layer of ectoderm
(Francis-West et al., 1998; Helms and Schneider,
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2003; Richman and Lee, 2003). The upper beak
comprises five prominences, including a fused
frontonasal mass and paired maxillary and lat-
eral nasal prominences (Romanoff, 1960; Wu et
al., 2006). The lower beak is formed from two
highly proliferating sites (one on each side) that
are later fused into a single mandibular promi-
nence (Romanoff, 1960; Wu et al., 2006). All
prominences are coordinated with proportional
sizes to produce a species-specific beak morphol-
ogy (Abzhanov et al., 2004; Wu et al., 2004a; Wu
et al.,, 2006). Transplantations of presumptive
neural crest cells between quail and duck pro-
duced chimeric beak phenotypes, demonstrating
that interspecific variations of beak morphogen-
esis can be guided by these cells (Schneider and
Helms, 2003).

Beak morphogenesis consists of three major
processes: the outgrowth of beak primordial mes-
enchyme (skeletal basis), the development of
integument inside the oral cavity (oral mucosa)
and the growth of the external keratinous sheath
covering the snout (thamphothecae). In chickens,
beak growth starts by the end of embryonic day 5
(E5) and is marked by the initiation of the fused
mandibular processes elongation (Romanoff,
1960). Later, the mesenchymal cell proliferation
increases in the frontonasal mass, resulting in
relatively faster growth of the upper beak than
that of the lower beak (Romanoff, 1960). The mes-
enchymal cell proliferation centers are species spe-
cific, which constitute the structural basis of the
species-specific beak morphotypes. Both chicken
and duck have two mesenchymal cell proliferation
centers in the frontal mass by E5, but they are
fused at the subsequent developmental stages in
chicken while they remain separated in duck (Wu
et al., 2004a, 2006). It is unclear how this differ-
ence would give rise to the interspecific differ-
ences of beak morphologies.

Beak morphogenesis is regulated at both
genomic and gene expression levels. At the
genomic level, ALX1 (ALX homeobox protein 1)
encodes a transcription factor affecting craniofa-
cial development demonstrated to be associated
with beak shape diversity in Darwin’s finches,
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while beak size is primarily controlled by a
genomic region containing HMGA2 (High-
mobility group AT-hook 2) (fig. 1; (Lamichhaney
etal, 2015, 2016). At the gene expression level, a
recent study suggests that increased spatiotem-
poral activity of FGF and WNT could produce a
completely fused premaxilla-dominated avian
beak in contrast to the ancestral archosaurian
forms that are characterized by paired abbrevi-
ated and rounded premaxillae (Bhullar et al.,
2015). The interspecific morphological differ-
ences of avian beaks can also be modulated by
BMP4, CALM (calcium-modulated protein, or
calmodulin), FGF8, and WNT, which affect the
proliferation activity of facial prominences
(Abzhanov et al., 2004; Wu et al., 2004a, 2006).
The information collectively suggests the emer-
gence of a morphological novelty can be pro-
duced through manipulating the expression
patterns of existing signals in addition to creat-
ing new regulatory networks (Wu et al., 2006;
Bhullar et al., 2015).

Development of the rhamphotheca in extant
birds is initiated by keratinization of epithelium
from the anterior tips of both the premaxillae and
dentaries at embryonic day 7 (E7) (Romanoff,
1960; Wu et al., 2006; Wang et al., 2017a), which
then proceeds posteriorly to form complete horny
sheaths covering the jaws (Wu et al., 2006; Hiero-
nymus and Witmer, 2010). Avian rhamphothecae
contain both alpha and beta keratins. Experiments
show proper interactions between these keratins
are necessary for normal formation of keratinous
epidermal appendages (Wu et al., 2015). Variation
in the spatial organization and interaction of alpha
and beta keratins likely contribute to the morpho-
logical and structural diversity of avian beaks, but
our current knowledge is limited to the chicken.

A recent study shows several molecules that
regulate the morphogenesis of the beak, such as
BMP4 and Noggin, are also involved in the growth
of rhamphotheca (Wang et al., 2017a), and the
overexpression of BMP4 in chicken embryos can
produce rhamphotheca hypertrophy and/or ecto-
pic beak keratin growth (Wang et al., 2017a).
Although this has been suggested as a possible
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cause of odontogenic truncation (Wang et al,
2017a), the detailed signaling transductions that
mediate the early truncation of odontogenesis,
beak morphogenesis, and development of the
keratinous rhamphotheca remain unclear.

TRACKING BEAK EVOLUTION IN
NONAVIALAN DINOSAURS

Extant birds are toothless, but most of their
nonavialan and avialan ancestors were toothed,
suggesting the origin of rhamphotheca and tooth
reduction are coupled (Wang et al., 2017a). Beaks
evolved independently in ornithischians, sau-
ropodomorph, and theropod dinosaurs, and
appeared in many theropod clades in parallel with
their appearance in birds (Wang et al., 2017a),
with each independent evolution of a beak accom-
panied by some form of tooth reduction. In this
section, we primarily document the presence of
rhamphothecae with tooth reductions in theropod
dinosaurs (fig. 3). Three types of tooth reduction
are considered: (1) reduction of tooth number due
either to the simplified shortening of the tooth
row or that of the tooth-bearing elements; (2)
reduction of tooth generations and the decrease of
tooth replacement rate; and (3), reduction of
tooth size compared to close relatives. Each form
of reduction often occurs in conjunction with one
or both of the others. We emphasize that all con-
ditions discussed in this review are based on
known specimens, and other conditions cannot be
ruled out given the fact that new specimens con-
tinue to be discovered.

CeErATOSAURIA: Though ontogenetic tooth
reduction is common in extant vertebrates
(Wang et al., 2017b), it is very rarely preserved in
the fossil record. Ontogenetic reduction leading
to edentulous adults has been reported in Lim-
usaurus (Wang et al., 2017b), representing the
only known example of edentulism in ceratosau-
rians. The youngest Limusaurus (presumed
hatchlings) have one premaxillary, eight maxil-
lary, and 12 dentary teeth on each side, whereas
all teeth have been gradually lost, accompanied
by a remodeling of the alveoli during the first
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two years of postnatal growth (Wang et al,
2017b). The presence of a single posteriorly posi-
tioned premaxillary tooth and an anteriorly
edentulous dentary in some of the youngest Lim-
usaurus suggests the tooth reduction of the
upper jaw started from the anterior tip of the
premaxilla (Wang et al., 2017b). The presence of
only a single replacement tooth in the largest
Limusaurus hatchlings suggests the cessation of
normal tooth replacement is probably an indica-
tor of tooth reduction (Wang et al., 2017a).
ORNITHOMIMOSAURIA: The evolution of
ornithomimosaurians is characterized by the
loss of dentition (Makovicky et al., 2004). Early-
diverging ornithomimosaurians have teeth
(Perez-Moreno et al., 1994; Ji et al., 2003 ;
Kobayashi and Barsbold, 2005; Choiniere et al.,
2012), but regional edentulism is present in all
known toothed ornithomimosaurians (Wang et
al., 2017a). Teeth are present in all known den-
tigerous elements of Nqwebasaurus and all ele-
ments of Pelecanimimus (Perez-Moreno et al.,
1994), but the maxillary tooth row is shorter
than that of the dentary in both taxa, and in
Ngwebasaurus the maxillary tooth row ends
anterior to the antorbital fenestra (Choiniere et
al., 2012). In Harpymimus and Shenzhousaurus,
teeth are restricted to the anterior end of the
dentary and neither the premaxilla nor maxilla
bear teeth (Ji et al., 2003; Kobayashi and Bars-
bold, 2005). A series of impressed neurovascular
grooves characterizes the medial aspect of the
anterior end of the dentary in Harpymimus sug-
gesting this region may have also been covered
by a rhamphotheca (Kobayashi and Barsbold,
2005). Besides the Early Cretaceous ornithomi-
mosaurians, all known Late Cretaceous ornitho-
mimosaurians have beaks that were covered
with rhamphothecae (Kobayashi et al., 1999;
Norell et al., 2001a; Kobayashi and Lii, 2003; Lee
etal., 2014a). These data suggest the loss of den-
tition in ornithomimosaurs proceeds from pos-
terior to anterior (Choiniere et al., 2012) and the
edentulism of the upper jaw was achieved prior
to that of the lower jaw. Microtomographic data
of immature ornithomimosaurians are neces-
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sary to investigate whether the evolutionary
tooth reduction in this clade is heterochron-
ically controlled.

THERIZINOSAURIA: The early-diverging therizi-
nosaurians Falcarius and Eshanosaurus have fully
toothed dentaries (Xu et al., 2001; Zanno, 2010).
Falcarius also has maxillary teeth, but whether
teeth are present in premaxillae is unknown
(Zanno, 2010). The premacxillae and the anterior
end of the dentaries are edentulous in all known
therizinosauroids including embryos (Clark et al.,
2004; Kundrat et al., 2008; Lautenschlager et al.,
2013), but the dentary’s edentulous region is
shorter in Jianchangosaurus than that in other
therizinosauroids (Pu et al., 2013a).

OVIRAPTOROSAURIA: Similar to ornithomi-
mosaurians, oviraptorosaurians are also charac-
terized by a progressive loss of teeth throughout
their evolutionary history (Osmolska et al,
2004; Wang et al., 2017a; Wang et al., 2018). All
known noncaenagnathoid oviraptorosaurians
are toothed. Early-diverging oviraptorosaurians
including Ningyuansaurus (Ji et al., 2012), Pro-
tarchaeopteryx (Ji et al., 1998), and Incisivosaurus
(Xu et al., 2002) have teeth in all dentigerous ele-
ments, but Incisivosaurus and Protarchaeopteryx
start losing teeth from the anterior end of den-
taries, and their maxillary and dentary teeth are
remarkably reduced both in size and number
relative to those in Ningyuansaurus (Xu et al,,
2002; Balanoff et al., 2009). Caudipteryx has four
premaxillary teeth, but its maxilla and dentary
are edentulous (Ji et al., 1998; Zhou et al., 2000),
indicating the dentary teeth would have been
lost first in early-diverging oviraptorosaurians
followed by maxillary teeth (fig. 3).

Small premaxillary teeth were reported in an
as of yet undescribed specimen of the caenag-
nathid Avimimus (Watabe et al.,, 2000), and
remain the only report of upper dentition in Cae-
nagnathoidea, though some have cast doubt on
this observation (Gregory Funston, personal
commun., 2019). Structures that have been inter-
preted (Wang et al., 2018) as vestigial alveoli are
present in dentaries in almost all known speci-
mens of caenagnathids (Currie et al., 1993; Xu et

al., 2007; Longrich et al., 2013; Funston and Cur-
rie, 2014; Lamanna et al., 2014; Bell et al., 2015;
Tsuihiji et al., 2015; Yao et al., 2015; Tsuihiji et al.,
2016). This suggests that dentary teeth were pres-
ent at some point during the ontogeny of caenag-
nathids, and an ontogenetic tooth reduction
comparable to that in Limusaurus is also present
in caenagnathid oviraptorosaurians (Wang et al.,
2017a, 2018). In small specimens of caenagnath-
ids, posterior vestigial alveoli are smaller than the
anterior ones (Wang et al., 2018), and the anterior
tip of the dentary is edentulous as in Incisivosau-
rus and Protarchaeopteryx. This suggests the
ontogenetic tooth reduction occurred from both
the anterior and posterior ends of the dentary in
caenagnathid oviraptorosaurians.

Through investigating histological sections of
dentaries from a growth series of Caenagnathi-
dae and prior studies of the ontogeny of inter-
dental tissues, Funston et al. (2020) argued that
the lingual grooves and ridges of caenagnathid
dentaries that were interpreted as vestigial alveoli
and interdental septa respectively (Wang et al.,
2018) cannot have previously housed teeth dur-
ing caenagnathid ontogeny. We agree with the
histological observations of Funston et al. (2020),
but we disagree that they negate a hypothesis of
ontogenetic edentulism in Caenagnathidae and
will respond to their critiques elsewhere.

All known oviraptorid dinosaurs are com-
pletely edentulous, including embryos (Norell et
al., 1994, 2001b; Wang et al., 2016), and none
bear any dentary structures suggestive of ontoge-
netic edentulism (fig. 3).

SCANSORIOPTERYGIDAE: Teeth are restricted
to the premaxillae and anterior dentary in all
known Scansoriopterygidae including Epiden-
drosaurus (Zhang et al., 2002) and Yi (Xu et al,,
2015), but Epidexipteryx probably has maxillary
teeth as well (Zhang et al., 2008a). The presence
of more complete dentitions in Early Creta-
ceous oviraptorosaurians, Jurassic avialans, and
deinonychosaurians indicates the condition in
Scansoriopterygidae is an apomorphic reduc-
tion of the posterior dentition (Wang et al,,
2017a).
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TRACKING BEAK EVOLUTION IN THE
EARLY EVOLUTION OF BIRDS

JEHOLORNITHIFORMES: All known specimens
of Jeholornis lack premaxillary teeth (Zhou and
Zhang, 2002; O’Connor et al., 2012; Zhou, 2015).
Although teeth were initially described as absent
from the upper jaws in J. prima (Zhou and
Zhang, 2002; 2003a; O’Connor et al., 2012), a
single tooth and an empty alveolus are present
in the maxilla of J. palmapenis (O’Connor et al.,
2012). An undescribed specimen of Jeholornis
preserves a single maxillary tooth (Wang et al,,
2017a), while another specimen (STM 3-32) has
two maxillary teeth (Zhou, 2015). All known
maxillary teeth of Jeholornis are restricted to the
anterior portion of the maxilla below the ascend-
ing process. Teeth in the lower jaw are restricted
to the anterior extent of the dentaries. Three
small teeth were reported in the dentary of the
holotype of J. prima (IVPP V13274) (Zhou and
Zhang, 2002; 2003a), whereas only two are pres-
ent in IVPP V13350 (Zhou and Zhang, 2003a).
The dentaries of J. palmapenis and a possible J.
prima are edentulous (Ji et al., 2002; O’Connor
et al., 2012; Zhou, 2015). The dentition of Jehol-
ornis has been significantly reduced in compari-
son to all known Jurassic paravians such as
Archaeopteryx (Zhou and Zhang, 2003a;
O’Connor et al., 2012), with complete edentu-
lism occurring first in the premaxilla, while the
maxilla and dentary experienced reductions
proceeding from posterior to anterior.

The variability in the dentition of Jeholornis
suggests the possibility of an ontogenetic reduc-
tion of the dentition in this taxon (Wang et al,,
2017a), but this hypothesis cannot be tested at
the present time since it is not clear whether
available specimens of Jeholornis represent a
growth series of a single species, and currently
no high-resolution CT images are available to
verify whether alveolar vestiges are present in
these specimens.

CONFUCIUSORNITHIDAE: All known confu-
ciusornithids are completely edentulous and
show clear osteological correlations of rham-
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photheca, and CT images have revealed no sign
of a vestigial tooth or alveolus in Confuciusornis
(Ji et al., 1999; Zhang et al., 2008b; Wang et al.,
2017a; Wang and Zhou, 2018).

SAPEORNITHIFORMES: All known Sapeornis
specimens have premaxillary and maxillary teeth
when these dentigerous element are preserved,
but dentary teeth are present only in some small
specimens (Zhou and Zhang, 2003b). A recent
study suggests the variation of dental formula in
Sapeornithiformes is taphonomic (Wang et al,,
2017c), however no hypothesis is offered to
explain the relative tendency for dentary teeth to
be lost while the upper dentition is retained
within alveoli. All known specimens of Sapeornis
from the Jiufotang Formation are hypothesized
to represent a growth series of a single species
Sapeornis chaoyangensis (Gao et al., 2012; Pu et
al., 2013b), and the absence of dentary teeth in
some specimens suggests that teeth have been
lost from this taxon through ontogenetic trunca-
tion of odontogenesis as in Limusaurus and cae-
nagnathids (Wang et al., 2017a).

Currently known specimens suggest edentu-
lism first took place in the dentary, where denti-
tion is reduced, followed by the posterior portion
of the maxilla, and the premaxilla is the area
from which teeth are least likely to be lost (Wang
et al., 2017c¢). The dentary teeth, if present, are
usually accompanied by two or three empty alve-
olar homologs anterior to these teeth (Wang et
al., 2017a). Posterior to the last dentary tooth or
alveolar homologs, a series of regularly distrib-
uted foramina are present on the lingula aspect
of the dentary, which internally communicate
with a canal that is hypothesized to represent a
closed alveolar canal (Wang et al., 2017a). These
lines of evidence collectively suggest dentary
teeth of Sapeornis are reduced from both the
posterior and anterior ends of the tooth row (fig.
3). The anterior end of the lower jaw is likely to
have been covered by a horny rhamphotheca,
and how the remaining few dentary teeth func-
tioned in feeding is unclear.

ENANTIORNITHES: Pengornithids have numer-
ous small teeth preserved in all dentigerous
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bones (Wang et al., 2014a; Hu et al., 2015;
O’Connor et al., 2016), representing the primi-
tive condition of Enantiornithes. Dental reduc-
tions begin in the maxilla and dentary in several
enantiornithines such as Cathayornis, Bohaiorni-
thidae, and Longipterygidae (Martin and Zhou,
1997; O’Connor and Dyke, 2010; Wang and Liu,
2016). Bohaiornithids can be distinguished from
other enantiornithines in having anteriorly
located large and robust subconical teeth (Wang
et al., 2014b; Peteya et al., 2017), which probably
represent functional compensation for the
reduced tooth count in addition to the presence
of gastroliths (Li et al., 2014). The teeth of Lon-
gipterygidae are further reduced compared to
those seen in Bohaiornithidae. Large posteriorly
recurved teeth are present only in the premaxilla
and the anterior end of the dentary, while the
maxillae are edentulous (Zhang et al., 2001;
O’Connor et al., 2009; Li et al., 2012; Wang et al.,
2017a). However, it is unclear whether the jaw
bones of longipterygids were covered by rham-
phothecae posteriorly.

Teeth are completely absent in Gobipipus and
Gobipteryx (Elzanowski, 1976; Elzanowski, 1977;
1981; Chiappe et al., 2001; Kurochkin et al.,
2013), representing the only known examples of
edentulous enantiornithines (Zhou, 2015). Gobi-
pipus is known only from embryonic specimens
with edentulous jaw bones (Elzanowski, 1981;
Kurochkin et al., 2013), but whether teeth are
also absent in adults is unknown given the pos-
sibility of delayed tooth eruption (Wang et al.,
2017d). Gobipteryx is known from postjuvenile
specimens, and the presence of the acuminate
occlusal margins of the beak and neurovascular
foramina on the external surfaces of premaxilla
and dentary all indicate the presence of horny
rhamphothecae (Elzanowski, 1976; Chiappe et
al., 2001; Wang et al,, 2017a).

Teeth are also present in embryonic and neo-
natal enantiornithines (Sanz et al., 1997; Zhou and
Zhang, 2004; Xing et al., 2017; Kaye et al., 2019).
A Spanish Early Cretaceous neonatal enantiorni-
thine bears four premaxillary teeth, at least five
macxillary teeth, and eight dentary teeth (Sanz et
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al,, 1997). An Early Cretaceous embryonic enan-
tiornithine from China that has been only pre-
liminarily described bears maxillary teeth, though
the tooth count in each element is unclear (Zhou
and Zhang, 2004). A single premaxillary tooth has
been reported in an amber embedded enantiorni-
thine hatchling (Xing et al., 2017), though the
taxonomic affinities of this specimen are impos-
sible to determine based only on the presence of
the premaxillary tooth, because all known enan-
tiornithines have at least three premaxillary teeth
except Gobipipus and Gobipteryx, as has been
mentioned above. The reason for the absence of
maxillary and dentary teeth in this specimen may
be taphonomic, since embryonic teeth are com-
mon for both extinct and extant toothed archo-
saurs (Westergaard and Ferguson, 1987;
Westergaard and Ferguson, 1990; Sanz et al., 1997;
Wang and Zhou, 2004; Zhou and Zhang, 2004;
Kundrat et al., 2008), though an independent
reduction of dentition is possible.
ORNITHUROMORPHA (INCLUDING AVES):
Tooth reduction patterns are fairly complicated
among Ornithuromorpha. Archaeorhynchus,
Schizooura, and Zhongjianornis are completely
edentulous in known specimens (Zhou and
Zhang, 2006; Zhou et al., 2009, 2012, 2013; Wang
and Zhou, 2016), and their beaks are inferred to
have been covered with rhamphothecae. The con-
dition in younger ontogenetic stages of these taxa
is unknown. The Early Cretaceous Yanornis, Yixi-
anornis, and Songlingornis all have dentigerous
premaxillae, maxillae, and dentaries (Zhou and
Zhang, 2001), but premacxillary teeth of these taxa
are posteriorly located and the edentulous ante-
rior tip of their upper jaws are thus inferred to be
covered by rhamphothecae (Zhou and Zhang,
2001; Zhou, 2015). In Gansus zheni (Liu et al.,
2014), Iteravis (Zhou et al., 2014), Ichthyornis, and
Hesperornis (Marsh, 1875), the premaxillae are
edentulous while the maxillary teeth are reduced
to various degrees, and a rhamphotheca is there-
fore inferred to have covered at least the premax-
illa in these taxa. Despite the apparent absence of
dentition in hongshanornithids, the identification
of teeth and alveoli in both the upper and lower
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jaws suggest this group is also toothed (O’Connor
et al., 2010; Chiappe et al., 2014). The recently
described Mengciusornis has four premaxillary
teeth and an edentulous maxilla and dentary
(Wang et al.,, 2019). This implies that the way
ornithuromorphs reduced their dentition was
more complicated than expected.

In addition to the various states of tooth
reduction in premaxillae, maxillae, and den-
taries, an edentulous “predentary” is present in
some Ornithuromorpha (fig. 3). This intersym-
physeal ossification is topologically similar to the
predentary of ornithischian dinosaurs but is
unlikely to be homologous with that element
(O’Connor et al., 2010). Its presence is relatively
common in extinct ornithurines and a likely
homolog is present in Pelagornithidae (Mayr and
Rubilar-Rogers, 2010), but it has been lost in all
extant crown birds (Zhou and Martin, 2011;
Bailleul et al., 2019). It is interesting that among
ornithurines, the presence of the predentary
always corresponds to the presence of anterior
edentulism of the premaxillae (Zhou and Martin,
2011), and similar correspondence is also present
in ornithischians. This indicates that the small
triangular element anterior to the left dentary of
Mengciusornis may not be the predentary given
there are four premaxillary teeth present in this
taxon (Wang et al., 2019).

All known Aves are completely edentulous
throughout postnatal ontogeny, but epithelial
thickenings presumably homologous to the dental
lamina are temporarily present during embryonic
stages in at least some taxa (Chen et al., 2000).

EVOLUTIONARY ORIGIN OF AVIAN BEAK
EARLY UNDERSTANDING OF AVIAN ToOoTH Loss

Scientific study of rudimentary avian dental
structures can be traced back to the early 19th
century when transiently present papillae were
found in bird embryos that were suggested to be
homologs of reptilian teeth (Cuvier, 1821; St.
Hilarie, 1821). However, these were later dis-
counted as dermal papillae, which are common
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for integumentary derivatives and therefore were
ignored by academia for quite a while (Blanchard,
1860; Gardiner, 1884; Heilmann, 1927; Harris et
al., 2006).

Before the mid-nineteenth century, the public
understanding of the toothlessness of birds was
so ingrained that the avian affinities of the first
Archaeopteryx skeleton (London specimen) was
questioned by many in academia (Wellnhofer,
2010). Hermann von Meyer, the German paleon-
tologist who reported the isolated feather of
Archaeopteryx (von Meyer, 1861; von Meyer,
1862), described the London specimen as “a
feathered animal which differs from our birds
essentially” (Wellnhofer, 2010). Richard Owen
described Archaeopteryx as a bird despite many
features that are reminiscent of reptiles, includ-
ing the clawed wings and the elongate tail (Owen,
1863a). Owen dismissed the importance of a pre-
maxilla with teeth preserved next to the pelvis,
suggesting that it came from an unknown fish
(Owen, 1863a).

It was not until the discoveries of Hesperor-
nis, Ichthyornis, and the iconic Berlin Archaeop-
teryx in 1870s that most were convinced that
early birds were toothed (Marsh, 1872a; 1872b;
Dames, 1884). The presence of teeth in early
birds unquestionably linked the beaked extant
bird to a toothed reptilian ancestor (Gegenbaur,
1863; Cope, 1867). The question of how birds
originated soon became a topic of contention in
the natural sciences by the end of the 19th cen-
tury. Thomas Huxley extensively compared
Archaeopteryx with other reptiles and suggested
that it was much closer to dinosaurs than to any
other groups of reptiles (the dinosaur hypoth-
esis) (Huxley, 1868; 1870). Indeed, the presence
of teeth in Archaeopteryx gave Huxley and his
followers high confidence that birds evolved
from dinosaurs (Seeley, 1901; Nopcsa, 1907),
but none of them published on the question of
how birds lost their teeth during the course of
evolution.

Gerhard Heilmann was the first person who
dealt with this question, but only briefly in his
book The Origin of Birds: “the oldest birds had
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teeth, but these, being no longer needed, were
gradually lost, and the jaws were recovered with
horny sheaths...the teeth that were lost, it would
no more have been able to recover” (Heilmann,
1927: 139).

Heilmann did not answer the question of how
birds lost their teeth, but crucially hypothesized
that the degradation of avian teeth and the for-
mation of beaks were coupled. In 1957, William
Dilger further developed Heilmann’s idea, and
hypothesized that avian tooth loss was a response
to weight-saving demands for the evolution of
flight (Dilger, 1957). This explanation was influ-
ential for more than four decades, and influenced
numerous studies of avian locomotion and/or
diet (Feduccia, 1999; Zhou and Zhang, 2006;
Zhou et al., 2009; Louchart and Viriot, 2011;
Zanno and Makovicky, 2011; Zheng et al., 2011;
Zheng et al., 2014; Wang et al., 2017¢; O’Connor
et al,, 2018; Zheng et al., 2018). However, recent
studies suggest the selection pressure favoring
body mass reduction is unlikely to be a factor in
the tooth reduction of early birds (Lauten-
schlager et al., 2013; Zhou et al,, 2019).

NEO-DARWINIAN INTERPRETATIONS OF THE
MACROEVOLUTION OF AVIAN BEAKS

A recent comparative genomics study consist-
ing of extant representatives of nearly all avian
orders suggested that inactivation mutations of
odontogenetic genes may account for the evolu-
tion of avian tooth reduction (Meredith et al.,
2014). In contrast, a series of investigations sug-
gested that early odontogenic signals are con-
served in embryonic chicken (Kollar and Fisher,
1980; Chen et al., 2000; Mitsiadis et al., 2003),
and a classic experiment even induced enameled
dental structures through the recombination of
chicken oral epithelium and mouse molar mesen-
chyme (Kollar and Fisher, 1980). Although this
result was probably altered via contamination by
mouse dental epithelium (Chen et al., 2000),
rudimentary dental structures including local
epithelial thickenings can be induced by replac-
ing chick oral mesenchyme with skin mesen-
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chyme or even mouse mesenchyme (Chen et al.,
2000; Mitsiadis et al., 2003). These lines of evi-
dence suggest avian oral epithelium can still
respond to signals from oral mesenchyme in
toothed amniotes, and mutations of odontogenic
genes in extant birds alone cannot account for the
evolution of avian tooth reduction. A separate
study hypothesized that the arrest of tooth devel-
opment in modern birds is probably due to loss
of mesenchymal odontogenic signals in modern
birds (Mitsiadis et al., 2003), and as reviewed
above, avian evolution is marked by partial tooth
reductions, demonstrating that other factors con-
tributed to avian tooth loss prior to any inactiva-
tion of the necessary genetic architecture.

EPIGENETIC EVIDENCE

Interactions between oral epithelium and
mesenchyme are prerequisites for the initiation
of odontogenic processes in vertebrates (Thesleff,
2003). The morphogenic processes of many
chicken organs can be affected by an autosomal
recessive mutation talpid®* (Abbott et al., 1959;
Dvorak and Fallon, 1991). However, conical den-
tal rudiments occur at the anterior tips of both
the premaxillae and dentaries of embryonic tal-
pid? chicken mutants, which morphologically
resemble the null-generation teeth of Alligator in
topology and morphology (Harris et al., 2006).
By comparing the odontogenic tissues of talpid?
mutant and wild-type chicken embryos, it has
been suggested that the absence of avian teeth
was due primarily to the loss of direct contact
between oral epithelium and the underlying
mesenchyme in modern birds, making the avian
epithelium unable to induce odontogenic pro-
cesses (Harris et al., 2006).

In addition to the epithelium-mesenchyme
apposition, another phenomenon present in tal-
pid? chicken mutants is that their keratinization
of epithelium is only restricted to the aboral
aspect of the mouth (Harris et al., 2006; Louchart
and Viriot, 2011). Because a non-keratinized oral
epithelium is required for interaction with mes-
enchyme when initiating odontogenesis, the
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presence of dental rudiments in talpid®> mutants
was suggested to be related to the absence of
keratinized oral epithelium (Louchart and Viriot,
2011). In wild type chicken embryos, oral epithe-
lium keratinization initiates penecontemporane-
ously with the cessation of the oral epithelial
thickening (Wang et al., 2017a), further support
this assertion. While these experiments demon-
strate the expression of keratin in oral epithelium
may have truncated odontogenic signals in
embryonic birds, the absence of keratinization of
oral epithelium still cannot maintain the growth
of the tooth rudiments and no mineralized teeth
have been successfully induced de novo in extant
birds (Sire et al., 2008).

The ontogenetic tooth reduction present in
Limusaurus and hypothesized for Sapeornis illus-
trates the importance of secondary tool and
ontogenetic dietary changes in the evolution of
edentulium, as tooth loss without secondary
tools and corresponding dietary changes would
likely be lethal. Secondary tools such as rham-
phothecae, gizzard, or both, appear before the
loss of teeth and take on functions normally
served by the dentition such as food acquisition
and mechanical digestion (Wang et al., 2017a).

Several molecules involved in the odontogenic
signaling pathways, such as BMP4 (Bone mor-
phogenesis protein 4) and its antagonist Noggin,
also regulate the growth of rhamphotheca (Abzha-
nov et al., 2004; Wu et al., 2004a; Wu et al., 2006;
Wang et al., 2017a). The overexpression of BMP4
could not only produce hypertrophic rham-
photheca and/or ectopic beak keratin growth
(Wang et al., 2017a), but could also truncate nor-
mal odontogenic signaling pathways, resulting in
a tooth agenesis (Hu et al.,, 2012; Vogel et al,
2014). Acceleration of postnatal growth of rham-
phothecae could overgrow alveoli and would
likely induce alveolar remodeling (Wang et al.,
2017a). A single replacement tooth present inside
a completely enclosed dentary alveolus in a hatch-
ling Limusaurus suggests the remodeling of the
alveolus must have been accomplished after the
initiation of the development of the replacement
tooth, and the normal epithelial-mesenchymal
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contact would have been cut off by occlusal enclo-
sure of the alveolus, explaining why the growth of
the replacement tooth was truncated. Taken
together, the truncation of odontogenesis is a
result, rather than the cause, of the growth of
rhamphotheca, which is a process combining the
divergence of odontogenic signaling pathways and
the loss of epithelial-mesenchymal interactions
(Wang et al., 2017a).

Based on these discoveries, a four-step scenario
of avian beak evolution has been depicted based
on the current evolutionary developmental evi-
dence, which emphasizes the correlation between
tooth reduction and rhamphotheca expansion
(Wang et al., 2017a). This epigenetic interpretation
explains the various tooth reduction patterns could
be aroused by the random growth of ectopic beak
keratin. During the evolution of birds, a postnatal
expansion of rhamphotheca can be achieved pro-
gressively earlier in ontogeny through heteroch-
rony (Wang et al., 2017a; Yang and Sander, 2018),
resulting in the embryonic truncation of odonto-
genesis in extant birds.

DISCUSSION

Since the ancestors of all beaked tetrapods
were toothed (Li et al., 2008; Davit-Béal et al.,
2009; Zhou et al., 2009; Louchart and Viriot,
2011; Fraser et al., 2012; Meredith et al., 2014; Li
et al,, 2018), tooth reduction patterns must have
directly impacted the independent origins and
evolution of beaks.

Among various instances of regional edentu-
lism occurring in theropods, the evolutionary
tooth reductions are proceeded from the poste-
rior ends of the maxillae and dentaries toward
the rostrum (rostrad reduction) in some lineages
of theropods (e.g. Ornithomimosauria and
Scansoriopterygidae) as well as enantiornithine
birds and the recently reported ornithuromorph
Mengciusornis, whereas in Limusaurus, Therizi-
nosauria, Oviraptorosauria, and Ornithuromor-
pha, tooth reduction proceeded from the rostral
tips of the premaxillae and dentaries toward the
pharynx (orad reduction). This suggests the
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tooth reduction seen in theropods was domi-
nated by at least two different patterns (Louchart
and Viriot, 2011). Other patterns, such as the
centrally contracted tooth row present in early-
diverging birds may combine the two (Wang et
al., 2017a, 2017c). The orad tooth reduction pat-
tern is likely to have played an important role in
the origin of beaked crown birds. The replace-
ment of teeth with a beak at the anterior portion
of the rostrum reduces the functional primacy of
teeth for food acquisition and enhances the
potential for secondary tools such as beaks, gas-
tric mills, crops, tongue specializations, etc. to
take over other functions of teeth. In addition, a
progressively earlier appearance of rham-
photheca through heterochronic development
would have prompted the evolution of a beak
(Wang et al., 2017a). In contrast, the enlarged
anterior teeth present in many taxa that have
experienced a rostrad tooth reduction pattern
(e.g. Scansoriopterygidae, enantiornithine) sug-
gest the remaining teeth are still functionally
important for food acquisition.

It should be noted that in comparison to the
condition of ancestral archosaurs and most non-
avialan theropods, tooth replacement in thero-
pods on the stem to birds is fairly diminished.
Extant alligators have tooth family units each
consisting of three teeth: one is the functional
tooth, a second is the replacement tooth, and the
third is a developing tooth bud connecting with
the dental lamina (Wu et al., 2013). Tooth
replacement in non-avialan theropod dinosaurs
appears similar to most other archosaurs, but it
can be observed only in a few taxa of Mesozoic
birds (e.g. Archaeopteryx (Wellnhofer, 2009), Ich-
thyornis and Hesperornis (Martin and Stewart,
1977; Dumont et al., 2016)) and appears to be
absent in most toothed avialan taxa, especially
those with various tooth reductions. This sug-
gests that reductions in frequency of tooth
replacement and number of generations could be
a prelude to regional and complete edentulism.

Although current evidence suggests teeth can
be lost independently from different jaw bones,
the correspondent edentulism of predentaries
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and premaxillae (at least the anterior tips) sug-
gests the tooth reductions in the upper jaw are
linked by some unknown mechanisms with
those in the lower jaw. The independent regional
tooth loss is not difficult to understand, given
jaw bones are differentiated from different groups
of neural crest cells (Helms and Schneider, 2003;
Schneider and Helms, 2003). However, the ques-
tion of how odontogenic signals in the upper
jaws are connected with those in the lower jaws
is worthy to investigate in the near future.

Tooth loss in early birds has long been
regarded as a phenomenon driven by the evolu-
tion of flight and/or adaptation of herbivory diet
(Dilger, 1957; Feduccia, 1999; Zhou et al., 2009;
Zanno and Makovicky, 2011; Larson et al., 2016;
Wang et al,, 2017¢; Zheng et al., 2018). However,
some other studies demonstrated the body mass
effect of tooth reduction is negligible in Meso-
zoic birds and suggested the edentulism is just in
favor of the skull mechanics in addition to adapt
herbivorous diet (Zanno and Makovicky, 2011;
Lautenschlager et al., 2013; Zhou et al., 2019).
The evolutionary success of crown birds is clearly
unlikely to have been caused by a single factor,
and various authors have suggested paedomor-
phic evolutionary developmental patterns (Bhul-
lar et al., 2012), miniaturized body sizes (Lee et
al., 2014b), improved flapping flight (Heers et al.,
2018), a transition from omnivorous to herbivo-
rous diet (Zanno and Makovicky, 2011) and a
collapse of global forest and/or other environ-
mental catastrophes (Larson et al., 2016; Field et
al., 2018). Body miniaturization, various flight
capabilities and dietary transitions are potential
internal factors favoring crown-bird survivorship
over other contemporaneous small theropods
(Field et al., 2018). They constitute the raw mate-
rials that were selected by external elements such
as regional and global climate and environmental
changes.

Natural selection is not the only determinant
of the direction of evolutionary change (Psujek
and Beer, 2008). The premise for the presence of
a new feature is that it must be created by exist-
ing developmental mechanisms or through mod-
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ifications of existing developmental mechanisms,
and its adaptation to a particular environmental
niche is the result of natural selection (Psujek
and Beer, 2008). The regional upregulation of
BMP4 could not only create the modern form of
avian beaks and prompt the growth of rham-
photheca (Bhullar et al, 2015; Wang et al,
2017a), but also likely mediates the truncation of
odontogenic processes (Wang et al., 2017a). This
suggests the cranial evolution of modern birds
would have been regulated by common signaling
pathways through which variations of different
cranial elements are coordinated, and the various
tooth reduction patterns seen in early birds may
have linked with different beak and/or cranial
growth strategies. During growth of dentigerous
elements, the normal functions of tooth rows are
maintained through enlargement and/or increase
of replacement teeth, and the frequency of tooth
replacement is usually high in the region where
jaw bones grow rapidly. The loss of teeth appar-
ently did not prevent the evolution of the avian
skull, which in turn may have led to the avian
craniofacial diversity. From this perspective, the
slow and finite tooth replacement prior to the
regional or complete edentulism in theropod
dinosaurs on the line to birds could probably
result from the unbalance of some signaling
pathways involved in the cranial developmental
processes. Investigations into the relationships
between allometric craniofacial development,
tooth replacement and growth of beak keratin
would be worthwhile in the near future.

ACKNOWLEDGEMENTS

We thank M. Pittman (HKU) and X. Xu
(IVPP) for organizing the International Pennara-
ptoran Dinosaur Symposium and supporting
this work, Andrew Moore for providing refer-
ences, and D. Field, F Novas, and J. Clark for
their helpful comments on the manuscript. This
work is supported by the National Science Foun-
dation of China (41602013) and the U.S. National
Institutes of Health (AR47364, 60306) and HFSP
(LT000728/2018).

NO. 440

REFERENCES

Abbott, UK., L.W. Taylor, and H. Abplanalp. 1959.
Studies with talpid?, an embryonic lethal of the fowl.
Journal of Heredity 50: 195-202.

Abzhanov, A., M. Protas, B.R. Grant, PR. Grant, and
C.J. Tabin. 2004. Bmp4 and morphological variation
of beaks in Darwin’s finches. Science 305: 1462-
1465.

Abzhanov, A., et al. 2006. The calmodulin pathway and
evolution of elongated beak morphology in Dar-
win’s finches. Nature 442: 563-567.

Bailleul, A.M., Z.H. Li, ].M.K. O’Connor, and Z.H.
Zhou. 2019. Origin of the avian predentary and evi-
dence of a unique form of cranial kinesis in creta-
ceous ornithuromorphs. Proceedings of the National
Academy of Sciences of the United States of Amer-
ica 116: 24696-24706.

Balanoff, A.M., X. Xu, Y. Kobayashi, Y. Matsufune, and
M.A. Norell. 2009. Cranial osteology of the thero-
pod dinosaur Incisivosaurus gauthieri (Theropoda:
Oviraptorosauria). American Museum Novitates
3651: 1-35.

Bell, PR., PJ. Currie, and D.A. Russell. 2015. Large cae-
nagnathids (Dinosauria, Oviraptorosauria) from the
uppermost Cretaceous of Western Canada. Creta-
ceous Research 52: 101-107.

Berkovitz, B.K.B., and R.P. Shellis. 2016. The teeth of
non-mammalian vertebrates. London: Academic
Press.

Berkovitz, B.K.B., and R.P. Shellis. 2018. The teeth of
mammalian vertebrates. London: Academic Press.

Bhullar, B.A.S., et al. 2012. Birds have paedomorphic
dinosaur skulls. Nature 487: 223-226.

Bhullar, B.A.S,, et al. 2015. A molecular mechanism for
the origin of a key evolutionary innovation, the bird
beak and palate, revealed by an integrative approach
to major transitions in vertebrate history. Evolution
69: 1665-1677.

Blanchard, E. 1860. Observations sur le systeme den-
taire chez les oiseaux. Comptes Rendus de
IAcadémie des Sciences 50: 540-542.

Bolt, J.R., and R. Demar. 1975. An explanatory model
of the evolution of multiple rows of teeth in Capto-
rhinus aguti. Journal of Paleontology 49: 815-832.

Brink, K.S., T. Grieco, and J.M. Richman. 2018. The
dynamics of tooth cycling in polyphyodont verte-
brates. Journal of Vertebrate Paleontology, Program
and Abstracts: 33.

Buchtova, M., et al. 2008. Initiation and patterning of the
snake dentition are dependent on Sonic Hedgehog
signaling. Developmental Biology 319: 132-145.


http://digitallibrary.amnh.org/handle/2246/5970
http://digitallibrary.amnh.org/handle/2246/5970

2020 WANG ET AL.: THE AVIAN FEEDING APPARATUS 221

Buchtova, M., J. Stembirek, K. Glocova, E. Matalova,
and A.S. Tucker. 2012. Early regression of the dental
lamina underlies the development of diphyodont
dentitions. Journal of Dental Research 91: 491-498.

Buchtova, M., O. Zahradnicek, S. Balkova, and A.S.
Tucker. 2013. Odontogenesis in the Veiled Chame-
leon (Chamaeleo calyptratus). Archives of Oral Biol-
ogy 58: 118-133.

Chen, Y.P, et al. 2000. Conservation of early odonto-
genic signaling pathways in Aves. Proceedings of the
National Academy of Sciences of the United States
of America 97: 10044-10049.

Chiappe, L.M., M.A. Norell, and J.M. Clark. 2001. A
new skull of Gobipteryx minuta (Aves: Enantior-
nithes) from the Cretaceous of the Gobi Desert.
American Museum Novitates 3346: 1-15.

Chiappe, L.M., et al. 2014. A new specimen of the Early
Cretaceous bird Hongshanornis longicresta: Insights
into the aerodynamics and diet of a basal ornithu-
romorph. Peer] 2: e234.

Choiniere, J.N., C.A. Forster, and W.J. de Klerk. 2012.
New information on Nqwebasaurus thwazi, a coelu-
rosaurian theropod from the Early Cretaceous Kirk-
wood Formation in South Africa. Journal of African
Earth Sciences 71-72: 1-17.

Cifelli, R.L., and C. de Muizon. 1998. Tooth eruption and
replacement pattern in early marsupials. Comptes
Rendus de 'Académie des Sciences (Series ITA) Earth
and Planetary Science 326: 215-220.

Clark, J.M., T. Maryanska, and R. Barsbold. 2004. Ther-
izinosauroidea. In D.B. Weishampel, P. Dodson, and
H. Osmolska (editors), The Dinosauria: 151-164.
Berkeley: University of California Press.

Cobourne, M.T., I. Miletich, and P.T. Sharpe. 2004.
Restriction of sonic hedgehog signalling during
early tooth development. Development 131: 2875-
2885.

Cooper, J.S., D.EG. Poole, and R. Lawson. 1970. The
dentition of agamid lizards with special reference to
tooth replacement. Journal of Zoology 162: 85-98.

Cope, E.D. 1867. An account of the extinct reptiles
which approached the birds. Proceedings of the
Academy of Natural Sciences of Philadelphia 19:
234-235.

Currie, PJ.,, S.J. Godfrey, and L. Nessov. 1993. New cae-
nagnathid (Dinosauria: Theropoda) specimens from
the Upper Cretaceous of North America and Asia.
Canadian Journal of Earth Sciences 30: 2255-2272.

Cuvier, G. 1821. Physiologie animale et anatomie. Anal-
yse des Travaux de lAcadémie Royale des Sciences,
pendant l'année 1821, partie physique: 32-42.

Dames, W. 1884. Uber Archaeopteryx. Palaeontolo-
gische Abhandlungen 2: 119-196.

Darwin, C. 1859. The origin of species by means of
natural selection, 1st ed. London: John Murray.
Davit-Béal, T., A.S. Tucker, and J.-Y. Sire. 2009. Loss of
teeth and enamel in tetrapods: Fossil record, genetic
data and morphological adaptations. Journal of

Anatomy 214: 477-501.

de Leon, L.E, E. Bermingham, J. Podos, and A.P. Hen-
dry. 2010. Divergence with gene flow as facilitated
by ecological differences: Within-island variation in
Darwin’s finches. Philosophical Transactions of the
Royal Society B, Biological Sciences 365: 1041-1052.

Dilger, W.C. 1957. The loss of teeth in birds. Auk 74:
103-104.

Dosedélovd, H., et al. 2015. Fate of the molar dental
lamina in the monophyodont mouse. PLoS One 10:
e0127543.

Dumont, M., et al. 2016. Synchrotron imaging of denti-
tion provides insights into the biology of Hesperor-
nis and Ichthyornis, the “last” toothed birds. BMC
Evolutionary Biology 16: 178.

Dvorak, L., and J.E Fallon. 1991. Talpid? mutant chick
limb has anteroposterior polarity and altered pat-
terns of programmed cell death. Anatomical Record
231: 251-260.

Edmund, A.G. 1960. Tooth replacement phenomena in
the lower vertebrates. Royal Ontario Museum Life
Sciences Contribution 52.

Edmund, A.G. 1962. Sequence and rate of tooth
replacement in the Crocodilia. Royal Ontario
Museum Life Sciences Contribution 56: 1-42.

Elzanowski, A. 1976. Palaeognathous bird from the
Cretaceous of Central Asia. Nature 264: 51-53.

Elzanowski, A. 1977. Skulls of Gobipteryx (Aves) from
the Upper Cretaceous of Mongolia. Palacontologia
Polonica 37: 153-166.

Elzanowski, A. 1981. Embryonic bird skeletons from
the Late Cretaceous of Mongolia. Palacontologia
Polonica 42: 147-179.

Evans, J. 1865. On portions of a cranium and of a jaw,
in the slab containing the fossil remains of Archae-
opteryx. Natural History Review 5: 415-421.

Feduccia, A. 1999. The origin and evolution of birds,
New Haven, CT: Yale University Press.

Field, D.J., et al. 2018. Early evolution of modern birds
structured by global forest collapse at the end-creta-
ceous mass extinction. Current Biology 28: 1825-
1831.

Francis-West, P,, R. Ladher, A. Barlow, and A. Grave-
son. 1998. Signalling interactions during facial


http://digitallibrary.amnh.org/handle/2246/2899

222 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

development. Mechanisms of Development 75:
3-28.

Fraser, G.J., A. Graham, and M.M. Smith. 2006. Devel-
opmental and evolutionary origins of the vertebrate
dentition: Molecular controls for spatio-temporal
organisation of tooth sites in osteichthyans. Journal
of Experimental Zoology B, Molecular and Devel-
opmental Evolution 306B: 183-203.

Fraser, G.J., et al. 2009. An ancient gene network is co-
opted for teeth on old and new jaws. PLoS Biology
7:e1000031.

Fraser, G.J., R. Britz, A. Hall, Z. Johanson, and M.M.
Smith. 2012. Replacing the first-generation denti-
tion in pufferfish with a unique beak. Proceedings
of the National Academy of Sciences of the United
States of America 109: 8179-8184.

Funston, G.E, and PJ. Currie. 2014. A previously unde-
scribed caenagnathid mandible from the Late Cam-
panian of Alberta, and insights into the diet of
Chirostenotes pergracilis (Dinosauria: Oviraptoro-
sauria). Canadian Journal of Earth Sciences 51:
156-165.

Funston, G.E. et al. 2020. Histology of caenagnathid
(Theropoda, Oviraptorosauria) dentaries and impli-
cations for development, ontogenetic edentulism,
and taxonomy. Anatomical Record 303: 918-934.

Gao, C.L, et al. 2012. A subadult specimen of the Early
Cretaceous bird Sapeornis chaoyangensis and a taxo-
nomic reassessment of sapeornithids. Journal of
Vertebrate Paleontology 32: 1103-1112.

Gardiner, E.G. 1884. Beitrage zur Kenntniss des Epi-
trichiums und der Bildung des Vogelschnabels.
Archiv fir Mikroskop. Anatomie 24: 289-338.

Gegenbaur, K. 1863. Vergleichend-anatomische
Bemerkungen iiber das Fuf3skelet der Vogel. Archiv
fiir Anatomie, Physiologie und Wissenschaftliche
Medicin 1863: 450-472.

Genbrugge, A., et al. 2011. Ontogeny of the cranial
skeleton in a Darwin’s finch (Geospiza fortis). Jour-
nal of Anatomy 219: 115-131.

Gill, EB. 2006. Ornithology, 3rd ed. New York: W. H.
Freeman.

Green, H.L.H.H. 1937. The development and morphol-
ogy of the teeth of Ornithorhynchus. Philosophical
Transactions of the Royal Society of London B, Bio-
logical Sciences 228: 367-420.

Hanai, T., and T. Tsuihiji. 2019. Description of tooth
ontogeny and replacement patterns in a juvenile
Tarbosaurus bataar (Dinosauria: Theropoda) using
CT-scan data. Anatomical Record 302: 1210-1225.

NO. 440

Harris, M.P,, S.M. Hasso, M.W.J. Ferguson, and J.E. Fal-
lon. 2006. The development of archosaurian first-
generation teeth in a chicken mutant. Current
Biology 16: 371-377.

Harrison, H.S. 1901 The development and succession of
teeth in Hatteria punctata. Quarterly Journal of
Microscopical Science 44: 161-219.

He, Y., PJ. Makovicky, X. Xu, and H. You. 2018. High-
resolution computed tomographic analysis of tooth
replacement pattern of the basal neoceratopsian Lia-
oceratops yanzigouensis informs ceratopsian dental
evolution. Scientific Reports 8: 5870.

Heers, A.M., ].W. Rankin, and J.R. Hutchinson. 2018.
Building a bird: Musculoskeletal modeling and sim-
ulation of wing-assisted incline running during
avian ontogeny. Frontiers in Bioengineering and
Biotechnology 6: 140.

Heilmann, G. 1927. The origin of birds, London: D.
Appleton.

Helms, J.A., and R.A. Schneider. 2003. Cranial skeletal
biology. Nature 423: 326-331.

Hieronymus, T.L., and L.M. Witmer. 2010. Homology
and evolution of avian compound rhamphothecae.
Auk 127: 590-604.

Howgate, M.E. 1984. The teeth of Archaeopteryx and a
reinterpretation of the Eichstitt specimen. Zoologi-
cal Journal of the Linnean Society 82: 654-660.

Hu, H., ].K. OConnor, and Z.H. Zhou. 2015. A new
species of Pengornithidae (Aves: Enantiornithes)
from the Lower Cretaceous of China suggests a spe-
cialized scansorial habitat previously unknown in
early birds. PLoS One 10: e0126791.

Hu, X., et al. 2012. Noggin is required for early develop-
ment of murine upper incisors. Journal of Dental
Research 91: 394-400.

Huxley, T.H. 1868. On the animals which are most
nearly intermediate between birds and reptiles.
Annals & Magazine of Natural History 2: 66-75.

Huxley, T.H. 1870. Further evidence of the affinity
between the dinosaurian reptiles and birds. Quar-
terly Journal of the Geological Society 26: 12-31.

Huysseune, A. 2006. Formation of a successional dental
lamina in the zebrafish (Danio rerio): support for a
local control of replacement tooth initiation. Inter-
national Journal of Developmental Biology 50: 637—
643.

Huysseune, A., and J.-Y. Sire. 1998. Evolution of pat-
terns and processes in teeth and tooth-related tis-
sues in non-mammalian vertebrates. European
Journal of Oral Sciences 106 (Suppl. 1): 437-481.



2020 WANG ET AL.: THE AVIAN FEEDING APPARATUS 223

Huysseune, A., and 1. Thesleff. 2004. Continuous tooth
replacement: The possible involvement of epithelial
stem cells. Bioessays 26: 665-671.

Jarvinen, E., M. Tummers, and 1. Thesleff. 2009. The
role of the dental lamina in mammalian tooth
replacement. Journal of Experimental Zoology B,
Molecular and Developmental Evolution 312B: 281-
291.

Jernvall, J., and I. Thesleft. 2012. Tooth shape formation
and tooth renewal: Evolving with the same signals.
Development 139 (19): 3487-3497.

Jernvall, J., S.V.E. Kerdnen, and I. Thesleff. 2000. Evolu-
tionary modification of development in mammalian
teeth: Quantifying gene expression patterns and
topography. Proceedings of the National Academy
of Sciences of the United States of America 97:
14444-14448.

Ji, Q., PJ. Currie, M.A. Norell, and S.A. Ji. 1998. Two
feathered dinosaurs from northeastern China.
Nature 393: 753-761.

Ji, Q., L.M. Chiappe, and S.A. Ji. 1999. A new Late
Mesozoic confuciusornithid bird from China. Jour-
nal of Vertebrate Paleontology 19: 1-7.

Ji, Q., et al. 2002. Discovery of an avialae bird — Shen-
zhouraptor sinensis gen. et sp. nov — from China.
Geological Bulletin of China 21: 363-369.

Ji, Q., et al. 2003 An early ostrich dinosaur and implica-
tions for ornithomimosaur phylogeny. American
Museum Novitates 3420: 1-19.

Ji, Q. J.C. Lii, X.F. Wei, and X.R. Wang. 2012. A new
oviraptorosaur from the Yixian Formation of Jian-
chang, Western Liaoning Province, China. Geologi-
cal Bulletin of China 31: 2102-2107.

Jussila, M., and I. Thesleff. 2012. Signaling networks
regulating tooth organogenesis and regeneration,
and the specification of dental mesenchymal and
epithelial cell lineages. Cold Spring Harbor Perspec-
tives in Biology 4: a008425.

Jussila, M., X. Crespo Yanez, and 1. Thesleff. 2014. Ini-
tiation of teeth from the dental lamina in the ferret.
Differentiation 87: 32-43.

Kaye, T.G., et al. 2019. Fully fledged enantiornithine
hatchling revealed by Laser-Stimulated Fluores-
cence supports precocial nesting behavior. Scientific
Reports 9: 5006.

Kobayashi, Y., and R. Barsbold. 2005. Anatomy of Har-
pymimus okladnikovi Barsbold and Perle 1984
(Dinosauria, Theropoda) of Mongolia. In Carpenter,
K. (editor) The carnivorous dinosaurs: 97-126. Indi-
anapolis: Indiana University Press.

Kobayashi, Y., and J.C. Lii. 2003. A new ornithomimid
dinosaur with gregarious habits from the Late Cre-
taceous of China. Acta Palacontologia Polonica 48:
235-259.

Kobayashi, Y., et al. 1999. Palaeobiology: Herbivorous
diet in an ornithomimid dinosaur. Nature 402: 480-
481.

Kollar, E., and C. Fisher. 1980. Tooth induction in chick
epithelium: expression of quiescent genes for enamel
synthesis. Science 207: 993-995.

Kundrat, M., A.R.I. Cruickshank, T.W. Manning, and J.
Nudds. 2008. Embryos of therizinosauroid thero-
pods from the Upper Cretaceous of China: diagno-
sis and analysis of ossification patterns. Acta
Zoologica 89: 231-251.

Kurochkin, E.N., S. Chatterjee, and K.E. Mikhailov.
2013. An embryonic enantiornithine bird and asso-
ciated eggs from the Cretaceous of Mongolia. Pale-
ontological Journal 47: 1252-1269.

Lamanna, M.C., H.-D. Sues, E.R. Schachner, and T.R.
Lyson. 2014. A new large-bodied oviraptorosau-
rian theropod dinosaur from the Latest Creta-
ceous of western North America. PLoS One 9:
€92022.

Lamichhaney, S., et al. 2015. Evolution of Darwin’s
finches and their beaks revealed by genome
sequencing. Nature 518: 371-375.

Lamichhaney, S., et al. 2016. A beak size locus in Dar-
win’s finches facilitated character displacement dur-
ing a drought. Science 352: 470-474.

Larson, D.W,, C.M. Brown, and D.C. Evans. 2016. Den-
tal disparity and ecological stability in bird-like
dinosaurs prior to the end-Cretaceous mass extinc-
tion. Current Biology 26: 1325-1333.

Lautenschlager, S., L.M. Witmer, P. Altangerel, and E.J.
Rayfield. 2013. Edentulism, beaks, and biomechani-
cal innovations in the evolution of theropod dino-
saurs. Proceedings of the National Academy of
Sciences of the United States of America 110:
20657-20662.

Lee, Y.-N., et al. 2014a. Resolving the long-standing
enigmas of a giant ornithomimosaur Deinocheirus
mirificus. Nature 515: 257-260.

Lee, M.S.Y,, A. Cau, D. Naish, and G.J. Dyke. 2014b.
Sustained miniaturization and anatomical innova-
tion in the dinosaurian ancestors of birds. Science
345: 562-566.

Li, C., X.C. Wu, O. Rieppel, L.T. Wang, and L.J Zhao.
2008. An ancestral turtle from the Late Triassic of
southwestern China. Nature 456: 497.


http://digitallibrary.amnh.org/handle/2246/2849
http://digitallibrary.amnh.org/handle/2246/2849

224 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

Li, C,, N.C. Fraser, O. Rieppel, and X.C. Wu. 2018. A
Triassic stem turtle with an edentulous beak. Nature
560: 476-479.

Li, L., J.Q. Wang, X. Zhang, and S.L. Hou. 2012. A new
enantiornithine bird from the Lower Cretaceous
Jiufotang Formation in Jinzhou Area, western Lia-
oning Province, China. Acta Geologica Sinica —
English Edition 86: 1039-1044.

Li, Z.H., Z.H. Zhou, M. Wang, and J.A. Clarke. 2014. A
new specimen of large-bodied basal Enantiornithine
Bohaiornis from the Early Cretaceous of China and
the inference of feeding ecology in Mesozoic birds.
Journal of Paleontology 88: 99-108.

Liu, D,, et al. 2014. An advanced, new long-legged bird
from the Early Cretaceous of the Jehol Group
(northeastern China): Insights into the temporal
divergence of modern birds. Zootaxa 3884: 253-
266.

Longrich, N.R., K. Barnes, S. Clark, and L. Millar. 2013.
Caenagnathidae from the Upper Campanian Aguja
Formation of West Texas, and a revision of the Cae-
nagnathinae. Bulletin of the Peabody Museum of
Natural History 54: 23-49.

Louchart, A., and L. Viriot. 2011. From snout to beak:
The loss of teeth in birds. Trends in Ecology and
Evolution 26: 663-673.

Luo, Z.X., Z. Kielan-Jaworowska, and R.L. Cifelli. 2004.
Evolution of dental replacement in mammals. Bul-
letin of Carnegie Museum of Natural History 36:
159-175.

Makovicky, PJ., Y. Kobayashi, and P.J. Currie. 2004.
Ornithomimosauria. In D.B. Weishampel, P. Dod-
son, and H. Osmolska (editors), The Dinosauria:
137-150. Berkeley: University of California Press.

Mallarino, R., et al. 2011. Two developmental modules
establish 3D beak-shape variation in Darwin’s
finches. Proceedings of the National Academy of
Sciences of the United States of America 108: 4057—
4062.

Manger, PR., L.S. Hall, and J.D. Pettigrew. 1998. The
development of the external features of the platypus
(Ornithorhynchus anatinus). Philosophical Transac-
tions of the Royal Society of London B, Biological
Sciences 353: 1115-1125.

Marsh, O.C. 1872a. Notice of a new reptile from the
Cretaceous. American Journal of Science 4: 406.
Marsh, O.C. 1872b. Notice of a new and remarable fos-

sil bird. American Journal of Science 4: 344.

Marsh, O.C. 1875. Odontornithes, or birds with teeth.

American Naturalist 9: 625-631.

NO. 440

Martin, L.D., and ].D. Stewart. 1977. Teeth in Ichthyor-
nis (Class: Aves). Science 195: 1331-1332.

Martin, L.D., and Z.H. Zhou. 1997. Archaeopteryx-like
skull in Enantiornithine bird. Nature 389: 556.

Mayr, G., and D. Rubilar-Rogers. 2010. Osteology of a
new giant bony-toothed bird from the Miocene of
Chile, with a revision of the taxonomy of neogene
pelagornithidae. Journal of Vertebrate Paleontology
30: 1313-1330.

Meredith, R.W., G.J. Zhang, M.T.P. Gilbert, E.D. Jarvis,
and M.S. Springer. 2014. Evidence for a single loss
of mineralized teeth in the common avian ancestor.
Science 346: 1254390.

Miller, W.A., and C.J.P. Radnor. 1970. Tooth replace-
ment patterns in young Caiman sclerops. Journal of
Morphology 130: 501-509.

Mitsiadis, T.A., Y. Chéraud, P. Sharpe, and J. Fontaine-
Pérus. 2003. Development of teeth in chick embryos
after mouse neural crest transplantations. Proceed-
ings of the National Academy of Sciences of the
United States of America 100: 6541-6545.

Mochizuki, K., and S. Fujui. 1983. Development and
replacement of upper jaw teeth in gobiid fish, Sicyo-
pterus japonicus. Japanese Journal of Ichthyology 30:
27-36.

Musser, A.M., and M. Archer. 1998. New information
about the skull and dentary of the Miocene platypus
Obdurodon dicksoni, and a discussion of ornitho-
rhynchid relationships. Philosophical Transactions
of the Royal Society of London B, Biological Sci-
ences 353: 1063-1079.

Nopcsa, E 1907 Ideas on the origin of flight. Proceed-
ings of the Zoological Society of London: 223-238.

Norell, M.A., et al. 1994. A theropod dinosaur embryo
and the affinities of the flaming cliffs dinosaur eggs.
Science 266: 779-782.

Norell, M.A., PJ. Makovicky, and PJ. Currie. 2001a. The
beaks of ostrich dinosaurs. Nature 412: 873-874.
Norell, M.A., .M. Clark, and L.M. Chiappe. 2001b. An
embryonic oviraptorid (Dinosauria: Theropoda)
from the Upper Cretaceous of Mongolia. American

Museum Novitates 3315: 1-17.

O’Connor, J.K,, and G. Dyke. 2010. A reassessment of
Sinornis santensis and Cathayornis yandica (Aves:
Enantiornithes). Records of the Australian Museum
62: 7-20.

O’Connor, J.K,, et al. 2009. Phylogenetic support for a
specialized clade of Cretaceous enantiornithine
birds with information from a new species. Journal
of Vertebrate Paleontology 29: 188-204.


http://digitallibrary.amnh.org/handle/2246/2931
http://digitallibrary.amnh.org/handle/2246/2931

2020 WANG ET AL.: THE AVIAN FEEDING APPARATUS 225

O’Connor, J.K.,, K.Q. Gao, and L.M. Chiappe. 2010. A
new ornithuromorph (Aves: Ornithothoraces) bird
from the Jehol Group indicative of higher-level
diversity. Journal of Vertebrate Paleontology 30:
311-321.

O’Connor, J K., CK. Sun, X. Xu, X.L. Wang, and Z.H.
Zhou. 2012. A new species of Jeholornis with complete
caudal integument. Historical Biology 24: 29-41.

O’Connor, J.K,, et al. 2016. An enantiornithine with a
fan-shaped tail, and the evolution of the rectricial
complex in early birds. Current Biology 26: 114-119.

O’Connor, J.K,, et al. 2018. First report of gastroliths in
the Early Cretaceous basal bird Jeholornis. Creta-
ceous Research 84: 200-208.

Osborn, J.W. 1970. New approach to Zahnreihen.
Nature 225: 343-346.

Osborn, J.W. 1971. The ontogeny of tooth succession in
Lacerta vivipara Jacquin (1787). Proceedings of the
Royal Society of London B, Biological Sciences 179:
261-289.

Osborn, J.W. 1977. The interpretation of patterns in
dentitions. Biological Journal of the Linnean Society
9: 217-229.

Osmolska, H., PJ. Currie, and R. Barsbold. 2004. Ovi-
raptorosauria. In D.B. Weishampel, P. Dodson, and
H. Osmolska (editors), The Dinosauria: 165-183.
Berkeley: University of California Press.

Owen, R. 1863a. III. On the Archeopteryx of von Meyer,
with a description of the fossil remains of a long-
tailed species, from the lithographic stone of Solen-
hofen. Philosophical Transactions of the Royal
Society of London 153: 33-47.

Owen, R. 1863b. On the fossil remains of a long-tailed
bird (Archeopteryx macrurus Ow.) from the litho-
graphic slate of Solenhofen. Proceedings of the
Royal Society of London 12: 272-273.

Perez-Moreno, B.P,, et al. 1994. A unique multitoothed
ornithomimosaur dinosaur from the Lower Creta-
ceous of Spain. Nature 370: 363-367.

Peteya, J.A., J.A. Clarke, Q.G. Li, K.Q. Gao, and M.D.
Shawkey. 2017. The plumage and colouration of an
enantiornithine bird from the Early Cretaceous of
China. Palaeontology 60: 55-71.

Peyer, B. 1968. Comparative odontology. Chicago: Uni-
versity of Chicago Press.

Podos, ., and S. Nowicki. 2004. Beaks, adaptation, and
vocal evolution in Darwin’s finches. BioScience 54:
501-510.

Psujek, S., and R.D. Beer. 2008. Developmental bias in
evolution: evolutionary accessibility of phenotypes

in a model evo-devo system. Evolution and Devel-
opment 10: 375-390.

Pu, H.Y,, et al. 2013a. An unusual basal therizinosaur
dinosaur with an ornithischian dental arrangement
from northeastern China. PLoS One 8: e63423.

Pu, H.Y,, et al. 2013b. A new juvenile specimen of
Sapeornis (Pygostylia: Aves) from the Lower Creta-
ceous of northeast China and allometric scaling of
this basal bird. Paleontological Research 17: 27-38.

Rhodin, A.G.],, et al. 2017. Turtles of the world-anno-
tated ckecklist and atlas of taxonomy, synonymy,
distribution, and conservation status (8th ed.). Che-
lonian Research Monographs 7: 1-291.

Richman, J.M., and G.R. Handrigan. 2011. Reptilian
tooth development. Genesis 49: 247-260.

Richman, J.M., and S.H. Lee. 2003. About face: Signals
and genes controlling jaw patterning and identity in
vertebrates. BioEssays 25: 554-568.

Romanoff, A.L. 1960. The avian embryo: structural and
functional development. New York: Macmillan
Company.

Rose, C. 1893a. Uber die zahnentwicklung der Kroko-
dile. Gegenbaurs Morphologisches Jahrbuch 3:
195-228.

Rose, C. 1893b. Uber die Zahnentwicklung von
Chamaeleon. Anatomischer Anzeiger 9: 439-451.
Rougier, G.W.,, J.R. Wible, and M.]. Novacek. 1998.
Implications of Deltatheridium specimens for early

marsupial history. Nature 396: 459-463.

Sanz, J.L., et al. 1997. A nestling bird from the Lower
Cretaceous of Spain: implications for avian skull and
neck evolution. Science 276: 1543-1546.

Schneider, R.A., and J.A. Helms. 2003. The cellular and
molecular origins of beak morphology. Science 299:
565-568.

Seeley, H.G. 1901. Dragons of the air: An account of
extinct flying reptiles. New York: D. Appleton &
Methuen.

Sire, J.-Y., S.C. Delgado, and M. Girondot. 2008. Hen’s
teeth with enamel cap: from dream to impossibility.
BMC Evolutionary Biology 8: 246.

Smith, M.M., G.]J. Fraser, and T.A. Mitsiadis. 2009.
Dental lamina as source of odontogenic stem cells:
evolutionary origins and developmental control of
tooth generation in gnathostomes. Journal of Exper-
imental Zoology B, Molecular and Developmental
Evolution 312B: 260-280.

St. Hilarie, G. 1821. Sur le system dentaire des oiseaux.
Annales Generales des Sciences Physiques 8: 373-
380.



226 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

Streelman, J.T., J.E. Webb, R.C. Albertson, and T.D.
Kocher. 2003. The cusp of evolution and develop-
ment: a model of cichlid tooth shape diversity. Evo-
lution and Development 5: 600-608.

Temeles, E.J., J.S. Miller, and J.L. Rifkin. 2010. Evolution
of sexual dimorphism in bill size and shape of her-
mit hummingbirds (Phaethornithinae): A role for
ecological causation. Philosophical Transactions of
the Royal Society of London B, Biological Sciences
365: 1053-1063.

Thesleff, I. 2003. Epithelial-mesenchymal signalling
regulating tooth morphogenesis. Journal of Cell Sci-
ence 116: 1647-1648.

Thomas, O. 1889. On the dentition of Ornithorhynchus.
Proceedings of the Royal Society of London 46:
126-131.

Tsai, S., et al. 2016. The molecular circuit regulating
tooth development in crocodilians. Journal of Den-
tal Research 95: 1501-1510.

Tsuihiji, T., M. Watabe, R. Barsbold, and K. Tsogtbaatar.
2015. A gigantic caenagnathid oviraptorosaurian
(Dinosauria: Theropoda) from the Upper Creta-
ceous of the Gobi Desert, Mongolia. Cretaceous
Research 56: 60-65.

Tsuihiji, T., M. Watabe, K. Tsogtbaatar, and R. Barsbold.
2016. Dentaries of a caenagnathid (Dinosauria: Thero-
poda) from the Nemegt Formation of the Gobi Desert
in Mongolia. Cretaceous Research 63: 148-153.

Vogel, P, et al. 2014. Malformation of incisor teeth in
Grem2”~ mice. Veterinary Pathology 52: 224-229.

von Meyer, H. 1861. Vogel-Feder und Palpipes priscus von
Solenhofen. Neues Jahrbuch fiir Mineralogie, Geogno-
sie, Geologie und Petrefakten-Kunde 1861: 561.

von Meyer, H. 1862. Archaeopteryx lithographica aus
dem lithographischen Schiefer von Solnhofen. Pal-
aeontographica 10: 53-56.

Wang, M., and D. Liu. 2016. Taxonomical reappraisal of
Cathayornithidae (Aves: Enantiornithes). Journal of
Systematic Palacontology 14: 29-47.

Wang, M., J.K. O’Connor, S. Zhou, and Z.H. Zhou.
2019. New toothed early cretaceous ornithuro-
morph bird reveals intraclade diversity in pattern of
tooth loss. Journal of Systematic Palaeontology:
1-15.

Wang, M., and Z.H. Zhou. 2016. A new adult specimen
of the basalmost ornithuromorph bird Archaeorhyn-
chus spathula (Aves: Ornithuromorpha) and its
implications for early avian ontogeny. Journal of
Systematic Palaeontology 14: 1-18.

Wang, M., and Z.H. Zhou. 2018. A new confuciusorni-
thid (Aves: Pygostylia) from the Early Cretaceous

NO. 440

increases the morphological disparity of the Confu-
ciusornithidae. Zoological Journal of the Linnean
Society 28: 1-14.

Wang, M., Z.H. Zhou, J.K. O’Connor, and N.V. Zelen-
kov. 2014b. A new diverse enantiornithine family
(Bohaiornithidae fam. nov.) from the Lower Creta-
ceous of China with information from two new spe-
cies. Vertebrata PalAsiatica 52: 31-76.

Wang, S., Q.Y. Zhang, and R. Yang. 2018. Reevaluation
of the dentary structures of caenagnathid ovirapto-
rosaurs (Dinosauria, Theropoda). Scientific Reports
8: 391.

Wang, S., S.K. Zhang, C. Sullivan, and X. Xu. 2016.
Elongatoolithid eggs containing oviraptorid (Thero-
poda, Oviraptorosauria) embryos from the Upper
Cretaceous of southern China. BMC Evolutionary
Biology 16: 67.

Wang, S., et al. 2017a. Heterochronic truncation of
odontogenesis in theropod dinosaurs provides
insight into the macroevolution of avian beaks. Pro-
ceedings of the National Academy of Sciences of the
United States of America 114: 10930-10935.

Wang, S., et al. 2017b. Extreme ontogenetic changes in
a ceratosaurian theropod. Current Biology 27: 144—
147.

Wang, X.L., and Z.H. Zhou. 2004. Pterosaur embryo
from the Early Cretaceous. Nature 429: 621.

Wang, X.L., et al. 2014a. Insights into the evolution of
rachis dominated tail feathers from a new basal
enantiornithine (Aves: Ornithothoraces). Biological
Journal of the Linnean Society 113: 805-819.

Wang, Y., et al. 2017c. A previously undescribed speci-
men reveals new information on the dentition of
Sapeornis chaoyangensis. Cretaceous Research 74:
1-10.

Wang, X.L., et al. 2017d. Egg accumulation with 3D
embryos provides insight into the life history of a
pterosaur. Science 358: 1197-1201.

Watabe, M., D. Weishampel, R. Barsbold, K. Tsogt-
bataar, and S. Suzuki. 2000. New nearly complete
skeleton of the bird-like theropod, Avimimus, from
the Upper Cretaceous of the Gobi Desert, Mongolia.
Journal of Vertebrate Paleontology 20: 77A.

Wellnhofer, P. 2009. Archaeopteryx: The icon of evolu-
tion, Miinchen: Verlag Dr. Friedrich Pfeil.

Wellnhofer, P. 2010. A short history of research on
Archaeopteryx and its relationship with dinosaurs.
In R.T.J. Moody, E. Buffetaut, D. Naish, and D.M.
Martill (editors), Dinosaurs and other extinct sauri-
ans: a historical perspective: London: Geological
Society Publishing House.



2020 WANG ET AL.: THE AVIAN FEEDING APPARATUS 227

Westergaard, B., and M.W.J. Ferguson. 1987. Develop-
ment of the dentition in Alligator mississippiensis.
Later development in the lower jaws of embryos,
hatchlings and young juveniles. Journal of Zoology
212:191-222.

Westergaard, B., and M.W.J. Ferguson. 1990. Develop-
ment of the dentition in Alligator mississippiensis:
Upper jaw dental and craniofacial development in
embryos, hatchlings, and young juveniles, with a
comparison to lower jaw development. American
Journal of Anatomy 187: 393-421.

Whitlock, J.A., and J.M. Richman. 2013. Biology of
tooth replacement in amniotes. International Jour-
nal of Oral Science 5: 66-70.

Woerdeman, M.W. 1919a. Beitrdge zur Entwick-
lungsgeschichte von Zihnen und Gebiss der Rep-
tilien. I. Die Anlage und Entwicklung des
embryonalen Gebisses als ganzes und seine Bezie-
hung zur Zahnleiste. Archiv fir Mikroskopische
Anatomie 92: 104-182.

Woerdeman, M.W. 1919b. Beitrige zur Entwick-
lungsgeschichte von Zahnen und Gebiss der Rep-
tilien. II. Ueber die Anlage des Ersatzgebisses und
den Zahnwechsel (distichie- und matrix-Theo-
rie). Archiv fir Mikroskopische Anatomie 92:
183-230.

Woerdeman, M.W. 1921a. Beitrdge zur Entwick-
lungsgeschichte von Zahnen und Gebiss der Rep-
tilien. Beitrdge V. Uéber der Mundhohlendriisen
zum Zahnsystem. Archiv fiir Mikroskopische Anat-
omie 95: 396-413.

Woerdeman, M.W. 1921b. Beitrdge zur Entwick-
lungsgeschichte von Zahnen und Gebiss der Rep-
tilien. Beitrage IV. Uéber die Anlage und Ersatzgebiss
der Ziahnen. Archiv fiir Mikroskopische Anatomie
95: 265-395.

Wu, P, TX. Jiang, S. Suksaweang, R.B. Widelitz, and
C.M. Chuong. 2004a. Molecular shaping of the
beak. Science 305: 1465-1466.

Wu, P, et al. 2004b. Evo-devo of amniote integuments
and appendages. International Journal of Develop-
mental Biology 48: 249-270.

Wu, P, T.X. Jiang, J.Y. Shen, R.B. Widelitz, and C.M.
Chuong. 2006. Morphoregulation of avian beaks:
Comparative mapping of growth zone activities and
morphological evolution. Developmental Dynamics
235: 1400-1412.

Wu, P, et al. 2013. Specialized stem cell niche enables
repetitive renewal of alligator teeth. Proceedings of
the National Academy of Sciences of the United
States of America 110: E2009-2018.

Wu, P, et al. 2015. Topographical mapping of a- and
[-keratins on developing chicken skin integuments:
functional interaction and evolutionary perspectives.
Proceedings of the National Academy of Sciences of
the United States of America 112: E6770-E6779.

Xing, LD, et al. 2017. A mid-Cretaceous enantiornithine
(Aves) hatchling preserved in Burmese amber with
unusual plumage. Gondwana Research 49: 264-277.

Xu, X., X.J. Zhao, and ]J.M. Clark. 2001. A new therizi-
nosaur from the Lower Jurassic Lower Lufeng For-
mation of Yunnan, China. Journal of Vertebrate
Paleontology 21: 477-483.

Xu, X., Y.N. Cheng, X.L. Wang, and C.H. Chang. 2002.
An unusual oviraptorosaurian dinosaur from China.
Nature 419: 291-293.

Xu, X., QW. Tan, J.M. Wang, X.J. Zhao, and L. Tan.
2007. A gigantic bird-like dinosaur from the Late
Cretaceous of China. Nature 447: 844-847.

Xu, X., et al. 2015. A bizarre Jurassic maniraptoran the-
ropod with preserved evidence of membranous
wings. Nature 521: 70-73.

Yang, T.R., and PM. Sander. 2018. The origin of the
bird’s beak: New insights from dinosaur incubation
periods. Biology Letters 14: 20180090.

Yao, X., et al. 2015. Caenagnathasia sp. (Theropoda:
Oviraptorosauria) from the Iren Dabasu Formation
(Upper Cretaceous: Campanian) of Erenhot, Nei
Mongol, China. Vertebrata PalAsiatica 53: 291-298.

Zahradnicek, O., I. Horacek, and A.S. Tucker. 2012.
Tooth development in a model reptile: Functional
and null generation teeth in the gecko Paroedura
picta. Journal of Anatomy 221: 195-208.

Zanno, L.E. 2010. Osteology of Falcarius utahensis
(Dinosauria: Theropoda): Characterizing the anat-
omy of basal therizinosaurs. Zoological Journal of
the Linnean Society 158 (1): 196-230.

Zanno, L.E., and P.J. Makovicky. 2011. Herbivorous
ecomorphology and specialization patterns in the-
ropod dinosaur evolution. Proceedings of the
National Academy of Sciences of the United States
of America 108: 232-237.

Zhang, EC., Z.H. Zhou, L.H. Hou, and G. Gu. 2001.
Early diversification of birds: evidence from a new
opposite bird. Chinese Science Bulletin 46: 945-949.

Zhang, EC., Z.H. Zhou, X. Xu, and X.L. Wang. 2002. A
juvenile coelurosaurian theropod from China indicates
arboreal habits. Naturwissenschaften 89: 392-398.

Zhang, E.C., Z.H. Zhou, X. Xu, X.L. Wang, and C. Sul-
livan. 2008a. A bizarre Jurassic maniraptoran from
China with elongate ribbon-like feathers. Nature
455: 1105.



228 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY

Zhang, FC., Z.H. Zhou, and M.]. Benton. 2008b. A
primitive confuciusornithid bird from China and its
implications for early avian flight. Science in China
Series D: Earth Sciences 51: 625-639.

Zheng, X.T., et al. 2011. Fossil evidence of avian crops
from the Early Cretaceous of China. Proceedings of
the National Academy of Sciences of the United
States of America 108: 15904-15907.

Zheng, X.T., et al. 2014. New specimens of Yanornis
indicate a piscivorous diet and modern alimentary
canal. PLoS One 9: €95036-¢95036.

Zheng, X.T., ].K. O’Connor, X.L. Wang, Y. Wang, and Z.
Zhou. 2018. Reinterpretation of a previously
described Jehol bird clarifies early trophic evolution
in the Ornithuromorpha. Proceedings of the Royal
Society B, Biological Sciences 285: 20172494.

Zhou, S., Z.H. Zhou, and J.K. O’Connor. 2012 A new
basal beaked ornithurine bird from the Lower Cre-
taceous of Western Liaoning, China. Vertebrata
PalAsiatica 50: 9-24.

Zhou, S., Z.H. Zhou, and J.K. O’Connor. 2013. Anat-
omy of the basal ornithuromorph bird Archaeorhyn-
chus spathula from the Early Cretaceous of Liaoning,
China. Journal of Vertebrate Paleontology 33: 141-
152.

Zhou, S., J.K. O'Connor, and M. Wang. 2014. A new
species from an ornithuromorph (Aves: Orni-
thothoraces) dominated locality of the Jehol Biota.
Chinese Science Bulletin 59: 5366-5378.

Zhou, Y.C. 2015. Teeth morphology, teeth weight and
dentition morphology of Mesozoic birds. Master’s
thesis, University of Chinese Academy of Sciences,
Beijing.

Zhou, Y.C., C. Sullivan, and EC. Zhang. 2019. Negligi-
ble effect of tooth reduction on body mass in Meso-
zoic birds. Vertebrata PalAsiatica 57: 38-50.

Zhou, Z.H., and L.D. Martin. 2011. Distribution of the
predentary bone in Mesozoic ornithurine birds.
Journal of Systematic Palacontology 9: 25-31.

Zhou, Z.H., and EC. Zhang. 2001. Two new ornithu-
rine birds from the Early Cretaceous of western Lia-
oning, China. Chinese Science Bulletin 46:
1258-1264.

Zhou, Z.H., and EC. Zhang. 2002. A long-tailed, seed-
eating bird from the Early Cretaceous of China.
Nature 418: 405-409.

Zhou, Z.H., and EC. Zhang. 2003b. Anatomy of the
primitive bird Sapeornis chaoyangensis from the
Early Cretaceous of Liaoning, China. Canadian
Journal of Earth Sciences 40: 731-747.

NO. 440

Zhou, Z.H., and F.C. Zhang. 2003a. Jeholornis com-
pared to Archaeopteryx, with a new understanding
of the earliest avian evolution. Naturwissenschaften
90: 220-225.

Zhou, Z.H., and EC. Zhang. 2004. A precocial avian
embryo from the Lower Cretaceous of China. Sci-
ence 306: 653-653.

Zhou, Z.H., and EC. Zhang. 2006. A beaked basal
ornithurine bird (Aves, Ornithurae) from the Lower
Cretaceous of China. Zoologica Scripta 35: 363-373.

Zhou, Z.H., X.L. Wang, EC. Zhang, and X. Xu. 2000.
Important features of Caudipteryx—evidence from
two nearly complete new specimens. Vertebrata
PalAsiatica 38: 241-254.

Zhou, Z.H, EC. Zhang, and Z.H. Li. 2009. A new Lower
Cretaceous bird from China and tooth reduction in
early avian evolution. Proceedings of the Royal
Society B, Biological Sciences 277: 219-227.

Ziegler, A.C. 1971. A theory of the evolution of therian
dental formulas and replacement patterns. Quar-
terly Review of Biology 46: 226-249.



	Chapter 7 
	Abstract
	Introduction
	Biology of tooth development and replacement 
	Molecular basis for avian  beak morphogenesis 
	Tracking beak evolution in nonavialan dinosaurs 
	Tracking beak evolution in the early evolution of birds 
	Evolutionary origin of avian beak 
	Early Understanding of Avian Tooth loss 
	Neo-Darwinian Interpretations of the Macroevolution of Avian Beaks 
	Epigenetic Evidence 

	Discussion
	ACKNOWLEDGEMENTS
	REFERENCES

