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ABSTRACT

The three-fingered state of the avian manus poses intriguing questions about the evolution of digit
reduction. Although digit reduction in most tetrapods appears to be the product of straightforward
digit loss, avian digit reduction may have occurred with a dissociation of digit position from digit
identity. The three digits of birds have the ancestral identities of I, II, and III but develop from an
early pentadactyl ground state from digital anlage 2, 3, and 4. A series of hypotheses have been
proposed in an attempt to explain this disparity, including a recent suggestion that the
anteriormost condensation visible in the avian limb bud is in fact a vestigial structure from a
hexadactyl ancestral ground state. We investigated this proposal by presenting sets of compatible
evolutionary developmental trajectories starting from a hexadactyl state to test hypotheses of digit
reduction. The development of skeletogenic mesenchymal condensations in a crocodylian, the
closest extant relative to birds, is used to identify any extra precartiloginous digital vestiges.
A developmental series of Alligator mississippiensis forelimb buds reveal only five digital anlagen,
supports a pentadactyl ground state for the archosaurian manus, and rejects portions of the
evolutionary developmental trajectories proposed. This condition lends further support to the
contribution of a homeotic transformation during digit reduction in avian ancestry to account for
the dissociation between digital identity and developmental position. J. Exp. Zool. (Mol. Dev. Evol.)
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The avian wing has figured prominently in discussions of digit
reduction and homology. The three-fingered avian manus is of
great interest because of the conflict between the evolutionary
digital reduction and digital identities. The morphologies of the
fully developed avian fingers can be traced to digits I, II, and III
and followed from a stepwise loss of digits V and then IV in their
theropod ancestry (Padian and Chiappe, ’98; Sereno, ’99; Dececchi
and Larsson, 2009) (Fig. 1). However, modern bird fingers develop
from digital positions 2, 3, and 4 from a normally developing
pentadactylous groundstate (Larsson and Wagner, 2002). This
conflict of position and identity spurred over a century of
discussion (reviewed in Larsson and Wagner, 2002; Wagner,

2005; Vargas and Fallon, 2005b) with numerous hypotheses
suggested to explain this discrepancy.
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Figure 1. Evolution of manal digit reduction within Tetrapoda and Archosauria. All hand skeletons are from the right side and illustrated in
dorsal view. Illustrations are derived from Coates and Clack (’90) for Acanthostega, Williston (’25) for Limnoscelis, Romer (’56) for Alligator,
Sereno (’94) for Herrerasaurus, Galton (’71) for Syntarsus, Ostrom (’69) for Deinonychus, and Wellnhofer (’85) for Archaeopteryx. Ilustrations
for Homo and Gallus are original. Illustrations are not to scale.

Solutions to the discordance between avian digit position and
identity span a range of competing hypotheses. These include
alternative evolutionary origins of birds from an unknown nondinosaurian ancestor (Burke and Feduccia, ’97; Feduccia and
Nowicki, 2002), convergent evolution of the anatomy of digits
I–III in the avian digits II–IV (Kundrát et al., 2002; Galis et al.,
2003), an avian-specific modification of the early digit development such that the first digit to chondrify was instead in digital
position III (Chatterjee, ’98), referred to as the Axis Shift
Hypothesis (Larsson and Wagner, 2002), and a homeotic
transformation with digit identities I–III developing from digital
positions 2–4 (Wagner and Gauthier, ’99). Homeotic transformations
J. Exp. Zool. (Mol. Dev. Evol.)

are shifts in morphological identities from one position to
another and were first identified in segmental identity changes in
Drosophila (reviewed by Gehring, ’94). Many of these homeotic
transformations are associated with shifts in the expression
boundaries of one or few homeotic genes such as Mads-box
genes in flowers (Irish, 2003), Hox genes in arthropod body
segments (Hughes and Kaufman, 2002) and vertebrate axial
identities (Richardson et al., ’98) and BMP signalling in chick
wing fingers (Dahn and Fallon, 2000).
Available evidence can begin to address many of the solutions
outlined above (Wagner, 2005). The non-dinosaurian ancestry of
birds cannot be justified in the face of overwhelming evidence for

ARCHOSAUR MANUS GROUND STATE
the sister-taxon relationship between birds and deinonychosaurian theropod dinosaurs (Padian and Chiappe, ’98; Prum, 2002).
Over 100 osteological characters are shaped between early birds
and theropod dinosaurs (Sereno, ’99) and all serious phylogenetic
analyses nest Aves within Theropoda (e.g. from Gauthier, ’86 to
Livezey and Zusi, 2007). Furthermore, analysis of evolutionary
rates indicates that node Aves does not undergo any significant
evolutionary change of forelimb skeletal characters and that all
Aves-specific forelimb anatomy evolved at high rates before the
origin of birds within maniraptoran theropods (Dececchi and
Larsson, 2009). The evolution of birds from theropod dinosaurs is
further strengthened from musculoligamentous (Baier et al.,
2007), integumentary (Ji et al., ’98; Prum, ’99; Prum and Brush,
2002), and endocranial (Larsson et al., 2000; Larsson, 2001)
morphologies. The hypothesized convergence of avian digital
identity with that of earlier pentadactyl theropod dinosaurs is
also refuted by the stepwise progression of the loss of digits five
and then four in basal theropods (Padian and Chiappe, ’98;
Sereno, ’99; Larsson and Wagner, 2003) and the evolution of
the avian forelimb skeletal morphology within maniraptoran
theropods (Dececchi and Larsson, 2009). There is no evidence for
a dramatic evolutionary convergence of posterior digits attaining
anterior characters with the available fossil record.
Within these phylogenetic constraints, the Axis Shift and
Frame Shift hypotheses are still possible. The presence of a
normal pentadactyl state with a primary axis through digit IV at
early digital mesenchymal condensations has rejected an avianspecific modification to the early limb patterning (Larsson and
Wagner, 2002). The avian manus develops a normal pentadactyl
condensation state from which the anteriormost digital anlagen
(digital position I) fails to chondrify, whereas digital positions
two, three, and four continue to develop the anatomies of digits I,
II, and III, respectively. Digital position five does chondrify but
develops into a short cartilagenous rod-like metacarpal that fails
to ossify. Similar pentadactyl patterns were described using
vascular patterning (Kundrát et al., 2002), Sox9 expression
(Welten et al., 2005), and a brief chondrified pentadactyl state
appears in the ostrich (Struthio) (Feduccia and Nowicki, 2002).
A schematic of the developmental pathways starting from a
normal pentadactyl state to the avian condition are illustrated in
Figure 2A (adapted from Larsson and Wagner, 2002; Fig. 2). The
top route maps the homeotic transformation required under the
Frame Shift Hypothesis and the bottom route maps the Axis Shift
Hypothesis. This scheme illustrates how the presence of a digital
anlage at position 1 refutes the Axis Shift Hypothesis with a
posterior digit reduction while providing support for a posterioward homeotic transformation of digital identity with an
anterior digit reduction.
Although a homeotic transformation of digital identities
remains plausible, opponents have argued that digital patterning
is governed by developmental mechanisms too pleiotropic to be
plausibly adaptive (Galis et al., 2003; Galis et al., 2005). These
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arguments do not necessarily preclude the occurrence of a
frameshift. Homeotic transformations are relatively common
within the segmental evolution of arthropods and axial skeleton
of vertebrates and demonstrate that these developmental
mechanisms can evolve without deleterious pleiotropic effects.
Boundaries of discrete regions of the vertebral column shift
readily throughout vertebrate evolution from the extremely longnecked elasmosaurs with over 50 cervical vertebrae, to frogs with
only one (Carroll, ’88). However, in some cases, vertebral identity
appears to be constrained within large clades. Mammals, with the
exception of sirenians and sloths (Buchholtz and Stepien, 2009),
have only seven cervical vertebrae and this condition does appear
to be stabilized by pleiotropic constraints (Galis, ’99).
Some gene expression patterns reinforce the potential
dissociation between digital position and number. The autopodial
region that includes digit I in mouse expresses Hoxd13 but not
Hoxd11 and 12 (Chiang et al., 2001) and has been used as an
early marker for digit I. A similar expression pattern was found in
chick wings (Ros et al., 2003) but shifted posteriorly to the second
digital anlagen (Vargas and Fallon, 2005a). The only other
pentadactyous amniote examined for these gene expression
patterns in the developing autopodium is Alligator mississippiensis. Only Hoxd11 was visualized in this taxon but nevertheless exhibited an expression pattern similar to mouse with
expression in all digital regions except digit I (Vargas et al.,
2008), confirming that the anteriormost digit of Alligator is
indeed homologous to digit identity I in mouse and chick, at the
level of Hox expression. Young et al. (’66) presented compelling
evidence for another evolutionary dissociation between digit
position and identity in the lizard Chalcides chalcides. A similar
developmental position and anatomical conflict is present in this
taxon. Digit I develops from digital position 2 yet also does not
express Hoxd11.

More Than Five Fingers?
An alternative set of hypotheses of avian digit reduction must
also be considered. Digital reduction has historically been
discussed from a pentadactylous state (Holder, ’83; Larsson and
Wagner, 2002). Independent digit reductions in the theropod and
numerous mammal and squamate lineages have all been traced
back through the fossil record to pentadactylous ancestral states.
However, the manus and pes of the earliest tetrapods were
polydactylous. Acanthostega, for example, famously exhibits
eight fingers (Coates and Clack, ’90) (Fig. 1). Soon after their
origin, tetrapods seem to have stabilized their autopodia to a
pentadactylous pattern (Laurin, ’98). Numerous lineages have
since reduced digit numbers and many have lost them altogether
(Caldwell, 2003) but few have ever evolved more than five digits.
The only exceptions are some aquatic clades that evolved extra
digits (polydactyly) to increase limb paddle surface areas. Some
whales (Richardson and Oelschläger, ’47), have extra digits and
J. Exp. Zool. (Mol. Dev. Evol.)

574

LARSSON ET AL.

avian state

A

I II III IV

123 5

112 4

HT

I II III IV V

I II III IV V

I II III IV

4
1 1 23 5

123 5

4

I II III IV V

I II III IV V

I II III IV V

12 45

12 45

12 45

3

3

3

4

I II III IV V

I II III IV V

12 34 6

1 23 5 6

5

B

AS

3

4

HT
I II III IV V VI

I II III IV V

I II III IV V
primary axis

12 34 6

1 23 5 6

5

4

12 4 56
3

present beyond ground state
present only at ground state

I II III IV V VI

I II III IV V VI

I II III IV V

HT homeotic transformation

AS
1 23 5 6
4

absent

12 4 56
3

12 4 56

AS axis shift

3

Figure 2. Hypothetical pathways of digit reduction from a hexadactyl ground state. A represents pathways starting from a pentadactyl state
(boxed in gray) tested by Larsson and Wagner (2002). B represents alternative pathways that initiate from the two possible hexadactyl states
(boxed in gray). Each homeotic transformation (HT), axis shift (AS) and arrow indicates a single developmental evolutionary change. Digital
positions are indicated integers (1–6) below each digit and digital identities are indicated as roman numerals (I–VI) above each digit. The
primary axis, as defined by the first digit to chondrify, is denoted by the longer, thicker digit.
some extinct ichthyosaurs and plesiosaurs had extra digits and
extra phalanges (hyperphalangy) (Carroll, ’88; Motani, 2005).
Supernumerary digits have been hypothesized for a broad set
of modern taxa. A prepollex has been identified in the early
development of some anurans (Emery, 1890), a primate (SchmidtEhrenberg, ’42), and a prehallux in some urodeles (Steiner, ’21),
respectively, and may be hypothesized as a vestige of the
ancestral polydactylous condition. The latter author even claimed
to have found six pedal digital anlage (reviewed by Galis et al.,
2002). These supernumerary digit-like structures have never been
observed to develop into chondrified or ossified skeletal elements
J. Exp. Zool. (Mol. Dev. Evol.)

but may represent condensations of nonskeletal structures such
as tendons and ligaments. However, an interesting theory was
presented by (Holmgren, ’33) to suggest the extra condensations
are indeed digital anlage and represent vestiges of the ancestral
tetrapod condition. At the time, the condition in Acanthostega
was not known, but a hypothesis can be made that the earliest
polydactylous condition may be present in some form, within the
evolution of the ground state of tetrapod limbs. In theory, at least,
the fact that most tetrapods exhibit a stable pentadactyl condition
does not require a stable pentadactylous ground state during
early embryogenesis.

ARCHOSAUR MANUS GROUND STATE
A Hexadactyl Ground State?
Welten et al. (2005) explored the hypothesis of a hexadactyl
ground state for avian ancestry, although acknowledge that it has
the ‘‘disadvantage [of] that there is no direct evidence of its
support’’ (Welten et al., 2005, p 20) and ‘‘no adult archosaur has
six distinct digits’’ (Welten et al., 2005, p 26). They proposed a
route of digital reduction that would not require shifts of digital
identities from digital positions with positions 2–6 expressing
digital identities I–V (Welten et al., 2005). However, we point out
that this starting condition still requires an earlier identity shift so
is not completely free of a hypothesis of digital homeotic
transformation.
A hexadactyl state provides a suite of alternative pathways of
digital reduction. Figure 2B illustrates each possibility. Each
developmental route is derived by minimizing the number of
developmental changes per step. Such a procedure is in line with
characterizing evolutionary changes as minimal, independent
units of change (Lewontin, ’78; Wagner, 2001). For example,
beginning at a hexadactyl ground state with a primary axis
passing through digital position 5, a homeotic transformation,
followed by a reduction in digital position 1 will produce a
manus with six digital anlage and digital identities I–V on digital
positions 2–6. The primary axis through digital position 5 will
then be identified as digit IV. Further complete loss of digital
anlage 1 will yield only five digital anlagen, which would have to
be renumbered 1–5 as no trace of an anterior anlage would be
observed. Thus, the former digital position 5 would be
renumbered as position 4 and identified as digit IV. This state
would be equivalent to the normal pentadactyl state. Following
this methodology, there are only two most plausible starting
states for a hexadactyl ground state, each of which has two
possible developmental evolutionary routes to arrive to a
pentadactyl state. Although it is true that a hexadactyl ancestral
state could have the primary axis passing through any of the six
digits, we will only use the states that have the axis passing
through digital positions four and five to not stray too far from
known developmental pathways. All other hypothetical axis
positions could be derived by additional backward steps to the
pathways in Figure 2 following the minimal step approach
outlined above. Each pathway will not be discussed at length in
the text, but rather a general statement that multiple pathways
are possible to arrive at similar end states. The utility of this
approach is that if not all ancestral states of the pathway are
present in modern embryos, the observation of intermediate
states may help identify which pathways can be rejected and
which can be supported. Additionally, this path network also
provides a formal set of hypotheses to test using a descendent
taxon’s development (Larsson and Wagner, in review).
Although some early tetrapods and secondarily aquatic
lineages do express more than five digits, the majority of
tetrapods, extinct and extant, have a maximum of five.
Archosauromorpha is no exception with all known taxa having
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no more than five digits. The presence of a hexadactyl ground
state for Archosauria can thus only be assessed within the
embryology of extant taxa. Although outgroup comparisons
will be important for state change polarization, the condition at
Archosauria can only be assessed with modern archosaurian
taxa. Although the ground state for Aves appears to be
pentadactyl, the ground state for Crocodylia, the only other
extant archosaur, is unknown. Crocodylia exhibit five ossified
manal and pedal digits that develop directly from five
chondrified digits (Müller and Alberch, ’90). Modern crocodiles
also express a similar posterior digit reduction in their manus.
Digits I–III have the general amniote phalangeal formula of
2-3-4 and all bear unguals. Digits IV and V are reduced in
crocodiles in that they bear no ungual and are reduced to only
four and three phalanges, respectively (Kükenthal, 1893). The
general amniote manual phalangeal formula is 2-3-4-5-3 with
the majority amniotes and nonamniote reptilomorphs sharing
this condition. The anterior emphasis of digit function and
retention with a trend to reducing digits IV and V in crocodiles
and dinosaurs suggests postaxial manal digital reduction may
be synapomorphic for at least Archosauria. We chose to
examine the early mesenchymal skeletogenic patterning in the
manus of A. mississippiensis because of this taxon’s accessibility in North America and the direct manus to manus
comparison. Although the crocodylian pes also develops only
five digits, its ground state will not directly influence the manal
ground state reconstruction for Archosauria.

RESULTS
The series of developing A. mississippiensis forelimbs used in
this study ranged from Ferguson (’85) stages 14–17 to capture the
early skeletal condensations of the manus. Each stage was
sampled at least three times to avoid selection of abnormal
embryos. Selections from this series are presented in Figure 3. At
stage 14, the ulna and radius have begun to chondrify and
skeletogenic mesenchymal condensations have begun to spread
into the handplate but have not established any discernible
structure (Fig. 3A). By stage 15, the handplate has expanded
anteroposteriorly (Fig. 3B). Skeletogenic condensations have
spread to fill the posterior half of the handplate. This condensing
mass has established the putative carpal mass with no discernible
internal patterning to reflect later carpal morphology. The
condensations have also spread distally to form faint traces for
the rays of digital anlagen 4 and 5. The anteriodistal portion of
the carpal mass has a scalloped margin and may indicate the
earliest signs of digital anlagen outgrowth. At early stage 16, four
digits are clearly developed (Fig. 3C). Digits 3 and 4 have begun
to chondrify, whereas digits 2 and 5 are still in a condensed state.
The maximal number of skeletogenic mesenchymal condensations within the forelimb autopodium is present by late stage 16.
Digital anlagen are arranged in much the same pattern as
that of birds, described earlier. There are only five digital anlagen
J. Exp. Zool. (Mol. Dev. Evol.)
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Figure 3. Skeletogenic mesenchymal condensations within the handplate of Alligator mississippiensis during the early development of
digital anlage. All specimens are right limb buds in dorsal aspect. Sections through the handplate from Ferguson (’85) stages 14 (A), 15 (B),
early 16 (C), late 16 (D), and 17 (E) are stained with PNA conjugated with horseradish peroxidase. Two sections from each specimen are
shown for each stage to present all digits. An enlarged section from a specimen from stage late 16 illustrates the five digital anlagen (F). A–E
are at equivalent scales. Numbers represent digital positions.

(Fig. 3D and F). The anterior and posteriormost digital anlagen
are located near the extreme anterior and posterior edges of
the handplate and no trace of peripheral digits were found,
neither through vascular anatomy nor mesenchymal condensations. The digital anlagen at position 3 is the largest in length and
width, followed by in decreasing order, digital positions 4, 2, and
1 and 5. All digital anlagen are unsegmented and joined to a
relatively undifferentiated condensed carpal mass. Only the
ulnare and distal carpal IV have begun to chondrify at this
stage. At stage 17, all digits have begun to chondrify (Fig. 3E). No
mesenchymal condensations are present at the anterior and
posterior extremes of the handplate. Externally, the five manual
digits are visible at this stage as discrete ridges on the handplate
(Ferguson, ’85).
J. Exp. Zool. (Mol. Dev. Evol.)

DISCUSSION
Although a hexadactyl ground state may seem at first to be
setting up a strawman hypothesis to test, the possibility of such a
state before chondrogenesis did exist. The aim of this work was to
establish a framework to test such hypotheses of digital
developmental evolution. We emphasize the importance of
attempting to distill developmental evolutionary hypotheses into
discrete and putatively independent developmental mechanisms.
Signature of a hexadactyl ground state may have been present in
the skeletal developmental sequence according to our formulation of digital reduction from a hexadactyl ancestor. The earliest
tetrapods were polydactylous and traces of these extra digits may
have been present in the early limb patterning of modern
tetrapods.
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Furthermore, the observation of an anterior digital anlage to
digit I in birds does lend to more complex evolutionary scenarios
(Welten et al., 2005). Possible routes of the developmental
evolution of digit reduction in Figure 2 represent a necessary step
to formulating the hypothesis of a hexadactyl groundstate to test.
Although the initial starting condition may be tested in a
straightforward manner, testing the transitions along the entire
hypothetical trajectories may not be so. Moreover, although
modern developmental biology may shed light on ancient
transitions, they need not always do so (Wagner and Larsson,
2003). If only portions of a transition can be gleaned from
developmental data of modern taxa, then mapping out the entire
hypothetical transition may prove useful to support at least a part
of it.
In the present case, the pentadactyl ground state in the manus
of birds and Alligator indicates such a state was most
parsimoniously present at Archosauria. Although the pentadactyl
state for Alligator could be parallel to that of birds, we maintain
parsimony at this point to say this data reinforces a pentadactyl
ground state for at least Archosauria. The pentadactyl ground
state is also likely the plesiomorphic condition for all modern
tetrapods, although we are currently surveying a broader set of
taxa to confirm this. Although a hexadactyl state is plausible
within tetrapods, we find no evidence for it at the level of
Archosauria. The presence of a plesiomorphic pentadactyl ground
state at Archosauria refutes the possibility of the peculiar avian
manus developing directly from a hexadactyl state and all the
hypotheses of digital reduction and identity that offers. Therefore,
hypotheses of avian digit reduction within Archosauria must
begin from a pentadactyl ground state outlined in Figure 2A and
the distal portions of Figure 2B. The two possible hexadactyl
ground states presented in Figure 2 both lead to a pentadactyl
state that is indistinguishable from that present in early bird
development and thus the data present for modern archosaurs
does not suggest a polydactylous ground state for at least this
clade. One other route from a hexadactyl state passes to a
pentadactyl state with the primary axis passing through digital
position 3. That route, however, toward the avian condition from
this particular pentadactyl state has already been rejected by
Larsson and Wagner (2002). If a hexadactyl ground state before
Archosauria is to be tested, non-archosaurian taxa must be used.
Developmental evolution of digital reduction in theropods
now shifts back to an argument centered on the discrepancy
between the three avian digits with identities I–III developing
from digital anlagen II–IV within the framework of a pentadactyl
ground state. Although a homeotic transformation has been
proposed (Wagner and Gauthier, ’99) and supported by
skeletogenic condensation patterning (Larsson and Wagner,
2002) and Hox expression patterns (Vargas et al., 2008) more
experimental work needs to be done to further this hypothesis
and fully reject an argument of evolutionary convergence (see
above). One key line of inquiry will be to assess the potential
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flexibility of shifting digital identities across digital positions.
Preliminary experiments suggest digital identity is not fixed to
digit position (Dahn and Fallon, 2000; Drossopoulou et al., 2000;
Towers et al., 2008) and may offer insight into developmental
mechanisms involved in a potential homeotic transformation in
the avian lineage. Recent work targeting the Shh pathway and its
associated mechanisms of chick digital development have further
revealed a potentially simple mechanism for digital reduction
with an associated posteriorward homeotic transformation of
digital identities (Vargas and Wagner, 2009). Future work will
have to determine whether morphological correlates exist for
experimentally induced reductions and homeotic transformations
to further implicate the roles of these mechanisms in the
evolution of non-avian theropods.

MATERIALS AND METHODS
A. mississippiensis embryos were collected at the Rockefeller
Wildlife Refuge (Cameron Parish, LA) and fixed in Dent’s fixative
and shipped to Montreal. The collection was comprised of a series
of embryos from multiple clutches collected over the course of
several days. Embryos were then stored in absolute methanol at 41C.
After dissection from their eggs, each embryo was staged
following Ferguson (’85), refixed in 10% neutral buffered
formalin, and stored in 70% ethanol. One forelimb bud from at
least three individuals per stage ranging from stages 14 to 17
were embedded in paraffin and sectioned at 5 mm intervals. HRP
bound peanut agglutinin lectin staining (Sigma L7759) was used
following Dunlop and Hall (’95). HRP was exposed using a metalenhanced DAB kit (Sigma D-0426). This lectin has high affinity to
b1,3GalbNAc disaccharide residues (Zschäbitz, ’98). These
glycoproteins are expressed on the cell surfaces of condensing
cells and have been used as markers for early skeletogenic
mesenchymal condensations. Fast green was used as a counter
stain and photographs were taken using a Nikon DS-Fi1 digital
camera mounted on a Nikon SMZ1000 stereomicroscope.
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