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Wings or Brain? Convergent Evolution in the
Origins of Bats

JOHN D. PETTIGREW

Vision, Touch and Hearing Research Centre, The University of Queensland, 4072,
Queensland, Australia

The Old English word “bat” is used to
describe two distinct groups of flying
mammals, the Megachiroptera (megabats,
or flying foxes) and the Microchiroptera
(microbats). In German, there are two sep-
arate words, “flughund” (for megabats) and
“fledermaus” (for microbats). This appar-
ent cultural difference in viewpoint hints
at the long history of controversy about
the origins of bats, which began soon after

Linnaeus (1758) placed them with primates
based on his dissection of a megabat. Sub-
sequent workers either endorsed this po-
sition (e.g., Léché, 1886) or removed them
as data accumulated from the diverse and
idiosyncratic microbats (e.g., Winge, 1892).
Debate focused finally on the recurring
question: Did these two groups of flying
mammals originate from a common flying
ancestor or were there two separate origins
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FIGURE 1. Four of the scenarios that have been proposed to account for the origins of bats. The “flying

primate” scenario accounts for a wide range of observations in living and fossil bats, but has the unparsi-
monious feature that wings evolve twice, once very early (W1) in the microbat lineage (MIC) and again later
(W2) in a branch of the primate lineage leading to the megabats (MEG). The “blind cave bat” scenario has
megabats and microbats monophyletic, with the microbats arising from the megabat lineage by the loss of
the archontan skeletal and primate brain and genital features; although compatible with some data sets, this
scenario is unparsimonious and is incompatible with the relative age of the two bat groups in the fossil record.
The “deaf fruit bat” scenario also has bats monophyletic, with megabats losing the ability to echolocate with
laryngeal sonar; although compatible with the relative ages of the two bat groups in the fossil record, this
scenario lacks parsimony, because the primate features have to evolve independently a number of times. The
“fallen angel” scenario is shown for poetic and logical completeness only, because it can be ruled out from
the extensive fossil record of the primate lineage; wings evolve first and are later lost in the primate line
(flightless bats}. MIC, microbats; MEG, megabats; DER, dermopterans; PRI, primates; W, wings; S, laryngeal
sonar; P, primatelike features in brain and genitalia; A, archontan skeletal features. Dotted lines indicate loss
of the feature.

rise to microbats? A clear-cut choice be-
tween these two exclusive possibilities has

for mammalian wings? (See Smith [1980]
for a history.} The controversy has heated

up again recently with the finding that
megabats share many derived features of
brain organization with primates that are
not shared with microbats, nor with any
other mammalian group except dermop-
terans (Pettigrew, 1986; Pettigrew and
Cooper, 1986). Have the primate brain fea-
tures evolved twice, once in primates and
once within a part of the “bat” lineage? Or
have wings evolved twice, once within the
primate lineage and once in the line giving

not yet been made by systematists (e.g.,
Martin, 1986; Wible and Covert, 1987).

In the present account I will summarize
the mounting evidence against the first
possibility, that bats are monophyletic.
Support for the second alternative, that
flight evolved in the early primate lineage
independently of the lineage that gave rise
to the microbats, comes from a variety of
new sources: a steadily increasing data set
from different brain regions (Pettigrew,
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1986; Pettigrew and Cooper, 1986; Ken-
nedy et al., 1987; Pettigrew et al., 1989;
Buhl and Dann, 1989, 1991), new and re-
interpreted data on the limb modifications
of bats (Litos, 1988, Pettigrew et al., 1989),
and data from morphology of external gen-
italia (Smith and Madkour, 1980). A small
but growing set of sequence data can also
be interpreted to provide equivocal sup-
port for the second alternative (Bennet et
al., 1988; Kleinschmidt et al., 1988). I will
not deal here with two other logically pos-
sible, but less likely, monophyletic possi-
bilities involving massive losses and re-
versions of characters—the “fallen angel”
and “blind cave bat” scenarios. These are
shown in Figure 1 and are taken up in
detail elsewhere (Pettigrew et al., 1989:
Section 12; Rayner, in press).

BRAIN DATA
Value of Brain for Phylogeny

Despite some doubts to the contrary (Wi-
ble and Novacek, 1988), neural pathway
data can be very helpful in phylogenetic
reconstruction. The hierarchical arrange-
ment of the brain has the consequence that
alterations cannot be made early in its chain
of processing without causing large
changes in later stages. Developmental
choices made early in phylogeny therefore
tend to be retained in a recognizable form
at all subsequent stages in the phylogeny.
A celebrated example of this is the total
crossover shown by many neural path-
ways, like the optic nerves of all verte-
brates, a puzzling feature that is best ex-
plained phylogenetically (Braitenberg,
1973). The genetic programs for brain de-
velopment are highly conserved across all
Animalia (Patel et al., 1989) and the major
part of the genome is involved in brain-
specific expression (Sutcliffe, 1988)—fur-
ther support for the richness of this area
in providing phylogenetic information.
Functional convergence is also relatively
easy to spot in brain data because of the
diversity of distinguishable wiring dia-
grams that can produce the same end re-
sult. For example, cats and owls achieve
stereoscopic vision of a functionally indis-

tinguishable form, but the underlying vi-
sual pathways are completely different
(Pettigrew and Konishi, 1976). Similarly,
the Doppler shift compensation strategy,
used by microbats for detecting the wing-
beats of insect prey in the midst of acoustic
clutter, has evolved in a New World ptero-
notid and in Old World rhinolophoids, but
the underlying neural mechanisms reveal
that these were independent events (Neu-
weiler et al., 1980; Henson et al., 1985). For
these reasons, neural organization has been
a valuable aid in the illumination of phy-
logenetic relations in a variety of groups,
including fish (Northcutt, 1981), birds
(Pettigrew and Frost, 1985, Woodbury, un-
publ. [presentation to J. B. Johnston Club,
Phoenix, November 1989]), and mammals
(Campbell, 1974; Allman, 1977).

Visual Pathways: Retinotectal Path

The major pathway responsible for vi-
sually guided behavior in the vast majority
of vertebrates (primates and some carni-
vores being the only exceptions) is the ret-
inotectal pathway from eye to midbrain.
This pathway is curiously reduced and spe-
cialized in primates, where it plays a role
that is so obscure that there has been much
debate about whether it is functional at all.
Nevertheless, primates have retinotectal
connections with four quantitatively de-
fined features that distinguished them from
all other mammalian orders until megabats
were studied (Allman, 1977). The features
are (1) reduction in the numbers of reti-
notectal ganglion cells to around 2% of the
total complement of ganglion cells (the
value is close to 100% in most other ver-
tebrates; carnivores have 20-40%, the most
“primatelike” values of all the mammals
excluding dermopterans and megabats); (2)
retinotectal input from each eye is bal-
anced (instead of being heavily or exclu-
sively dominated by the contralateral eye);
(3) retinotectal ganglion cells have a sharp-
ly decussated distribution pattern on the
retina that follows that of the much more
common retinothalamic ganglion cells (in
contrast to the outgroups, which have ret-
inotectal ganglion cells distributed across
the whole of the contralateral retina and
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not following the retinothalamic pattern);
and (4) the anterior pole of the tectum rep-
resents the zero meridian (instead of a point
in the ipsilateral hemifield). There are
slight quantitative variations in these val-
ues according to the phylogenetic position
of the primate taxon (see Pettigrew et al,,
1989). Megabats have all of the features,
with good quantitative correspondence to
those found in a prosimian like Galago. Mi-
crobats lack all of the features, as do 16
other eutherian orders (except Sirenia and
Proboscidea, whose visual pathways are not
yet known) as well as metatherians and
nonmammalian vertebrates. Therefore, we
can reasonably conclude that the nonpri-
mate groups have the primitive condition
(Pettigrew et al., 1989).

Some primatologists were quick to as-
sume that this must be an example of func-
tional convergence, rather than a set of de-
rived characters truly shared between
primates and megabats (Martin, 1986). The
problems with this interpretation (see Pet-
tigrew et al. [1989:505] and below) include
the difficulty of a functional convergence
occurring in a pathway that had already
become greatly reduced.

Other Neural Characters

The arguments for homoplasy in the ret-
inotectal pathway of megabats and pri-
mates have weakened further with each
subsequent discovery of other derived
brain features uniquely shared between
primates and megabats. These discoveries
show no sign of abating, with predictions
on the basis of primate brain structures so
far being verified in four additional, in-
dependent neural systems of megabats
(Pteropus spp. tend to be the favored taxa
in these investigations): (1) the corticospi-
nal motor pathway (4 derived characters;
Kennedy et al., 1987); (2) the lamination
pattern of the lateral geniculate nucleus
(LGN; the major nucleus on the genicu-
lostriate visual pathway) (10 characters;
Pettigrew et al., 1989); (3) the hippocampus
(5 characters; Buhl and Dann, 1989, 1991);
(4) the threefold representation of the body
surface in primary sensory cortices (Cal-
ford and Tweedale, 1990). In each of these

cases, microbats have been found to show
the primitive condition, along with many
mammalian orders.

Corticospinal Motor System

The motor system features (not yet re-
ported in full, as W. D. Kennedy’s thesis
is still being written) include some that
were important in the original debate about
relations of the tree shrews to primates
(Campbell, 1974), in addition to some new
features in the premotor cortex that were
discovered by Nudo (1985) in primates but
not in 11 other mammalian orders he stud-
ied. The premotor features—with asecond,
lateral field of corticospinal motoneurons
in Area 6 (in addition to the medial “sup-
plementary motor area”)—were found in
megabats with astonishing similarity to
those described in the prosimian primate
Galago (Kennedy et al., 1987). During the
course of Kennedy’s experiments on the
corticospinal system of bats, another mega-
bat-microbat difference emerged: mega-
bats (Pteropus spp.) with a C1-C2 spinal
cord hemisection had a hemiparalysis on
the same side, as might be expected; in
contrast, the microbat Macroderma gigas
could still fly with a C1-C2 spinal cord
hemisection! The difference can be partly
explained by the greater dependence of
the megabat’s motor system on descending
as opposed to spinal connections, in ad-
dition to its much larger complement of
corticospinal neurons, but this observation
further underlines the fundamental dif-
ferences in neural organization of these
two kinds of flying mammals. The extraor-
dinary spinal apparatus of microbats, pos-
sibly designed to reduce reaction times in
an aerial insect-catcher, sets microbats apart
from megabats, but is of limited usefulness
in phylogenetic analysis because it appears
to be unique to the microbats (Pettigrew
et al., 1989).

Hippocampal Features

OQutgroup determination is relatively
limited for the recent findings concerning
microcircuitry in the hippocampus, with
comparable studies in a few primates, car-
nivores, rodents, and a lagomorph, as well
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as bats from one genus of megabats (Ptero-
pus) and one genus of microbats (Macroder-
ma). The small size of the comparison group
notwithstanding, it was obvious that
megabats shared the derived condition for
five of the eight hippocampal features
found in higher primates, whereas the mi-
crobat and other nonprimates shared none.
These five features include the following,
all of which are absent in Macroderma gigas
and the outgroups of rodents, lagomorphs,
and carnivores, as well as nonmammalian
vertebrates, where the homologous struc-
tures can be identified: (1) presence of bas-
al dendrites on granule cells (granule cells
primitively have no basal dendrites in ro-
dents, lagomorphs, and carnivores; puta-
tive granule cells in nonmammalian ver-
tebrates also lack basal dendrites); (2) a
distinct polymorphic layer; (3) a dispersed
pyramidal cell layer in CAl; (4) CAl py-
ramidal cells larger than CA3 pyramidal
cells; and (5) hippocampal formation large
in allometric terms (Buhl and Dann, 1989,
1991, in press). Based on the small amount
of information available for the lemur hip-
pocampus, we expect that flying lemurs and
megabats will be similar in lacking some
of the eight derived hippocampal features
found in anthropoids. Lorisids lack one or
two of these features (Buhl and Dann, 1989,
1991, in press).

Brain yields primate phylogeny.—Along
with Swofford’s parsimony program PAUP
(Swofford, 1984), these fine quantitative di-
visions of brain characters have enabled us
(Pettigrew et al., 1989) successfully to order
individual taxa into the major branches of
the primate tree (e.g., apes, New and Old
World anthropoids, lorisids, lemurs). The
tarsier was the only taxon to resist place-
ment into an accepted primate category,
although the paraphyletic position as-
signed to the tarsier by the brain data is
similar to that proposed in some recent pri-
mate trees (e.g., Schwartz and Tattersall,
1987).

Lipofuscin in brains of primates and mega-
bats.—Eberhard Buhl, who has carried out
the studies on hippocampal microcircuitry,
drew my attention to yet another derived
brain trait linking megabats and primates:

megabats, both young and old, have cor-
tical neurons loaded with lipofuscin pig-
ment. This is also a notable feature in brain
slice preparations of primates, but it is rare-
ly seen in other mammals (only reported
in aging rodents). This observation needs
checking across a wider range of taxa, but
it is representative of our experience that
neuroscientists, without any stake in the
controversy, continue to find primatelike
aspects in the “neural embroidery” of the
megabat’s brain.

With so many derived features in each
of these functionally independent sys-
tems, it is awkward to argue that the com-
mon presence of these features in primates
and megabats, but not other mammals, is
a result of homoplasy, particularly when
the functional significance of any of the
features is obscure. Intuition on this is con-
firmed by using PAUP to run a parsimony
analysis on the brain data. The single most
parsimonious tree has the bats well sepa-
rated and requires a massive increase in
the total number of steps if the bats are to
be monophyletic (Fig. 2). It seems more
likely that megabats and primates shared
a more recent common ancestor than either
did with microbats, and that the explana-
tion of homoplasy applies to the wing ap-
paratus of megabats and microbats rather
than to the brain characters (and the fea-
tures of the external genitalia; see below).

Is Functional Convergence a Plausible
Explanation for the Shared Neural Features?

In addition to the arguments from par-
simony raised in the last paragraph, there
are a number of other strong arguments
against the interpretation that these neural
similarities must have arisen by functional
convergence. First, a plausible function is
lacking to explain the convergence, in con-
trast to the wing, where aerodynamic con-
siderations provide abundant constraints
on wing design. Despite 26 years spent
studying visual pathway function, I still
cannot provide a functional explanation for
the fact that both primates and megabats
have chosen the same combination out of
the 720 possibilities for ordering six layers
in the LGN. That the options for arranging
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FIGURE 2. The most parsimonious tree generated from a data matrix of 24 neural characters scored in the
14 mammalian taxa shown (PAUP, ordered, branch and bound; 43 steps, CI = 0.907). Note that these neural
characters have given a tree in which different primate taxa have accepted relations to each other except for
Tarsius, which is the sister group of other primates. The nearest sister group of the primates is the megabats,

Pteropus and Rouseftus, whose nearest sister taxon, in

turn, is the gliding “lemur,” Cynocephalus, The two

microbats, Macroderma and Mormopterus, are found near the base of the tree, far from the megabats. Despite
superficial similarities between the visual systems of the tree shrew, Tupaia, and the gliding squirrel, Petaurista,
note that these two taxa are separated by the neural characters used in this analysis.

LGN layers are not limited in any obvious
way is made apparent by the great variety
of arrangements found in other highly vi-
sual mammals with laminated LGNs, such
as tree shrews, marsupial sugar gliders,
squirrels, carnivores, and kangaroos, which
have from 5 to 11 layers in various diag-
nostic arrangements, none of which is at
all like the “primate” arrangement if the
input from each eye is identified (Sander-
son, 1986). Kaas (in press) has recently
challenged my interpretation of the ho-
mology of the laminar LGN arrangement

in megabats and primates, claiming that
there is no evidence that the magnocel-
lular layers of the megabat LGN receive
exclusive innervation from Y-like retinal
ganglion cells, as they do in primates. This
challenge is not likely to be upheld, given
that megabats have a separate class of Y-like
retinal ganglion cells (Dann and Buhl, 1989,
1990) and that Y-like ganglion cells project
to magnocellular layers, when these are
both present, in all mammalian taxa that
have been studied (e.g., Conley et al., 1987).
Moreover, even if further investigations
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should reveal that there are some aspects
of magnocellular LGN organization in pri-
mates that are absent in megabats, this will
add new characters to the analysis rather
than invalidating the present one. Mega-
bats, dermopterans, and primates will share
the same external, derived position of the
magnocellular layers, irrespective of new
detailed information about connectivity of
those layers.

The second argument comes from the
precise, quantitative nature of the obser-
vations made on the neural wiring dia-
grams. Whereas the wings of microbats and
megabats share only a qualitative similar-
ity, and are in fact quantitatively dissimilar
in a way that is consistent with separate
origins (Fig. 3 and below), the details of
“neural embroidery”” in the visual, motor,
and hippocampal systems are matched
quantitatively for thousands of neurons
and their connections. Examples of func-
tional convergence do existin many neural
systems, but they are usually readily rec-
ognizable as such because of the functional
constraints that have given rise to them
and because of the ability of the nervous
system to achieve the same functional re-
sult with different wiring diagrams. Two
examples, from the visual systems of the
cat and owl (Pettigrew and Konishi, 1976}
and the sonar systems of pteronotid and
rhinolophoid microbats (Henson et al.,
1985), have been given above. A more con-
troversial example concerns the functional
rearrangement of the body surface repre-
sentation, which I described in the so-
matosensory cortex of the megabats Pter-
opus spp. (Calford et al., 1985). This rear-
rangement has also been described in one
microbat species, Macroderma gigas (Wise
et al., 1986), but not in another microbat,
Antrozous pallidus (Zook and Fowler, 1982).
In contrast to the neural characters I have
used for analysis, in none of these cases
has the connectional basis of the functional
rearrangement been described (this is cur-
rently being undertaken in our lab). Dif-
ferences between the neural connections
underlying the rearrangement seem like-
ly, given the following, already described,
contrasts between megabat and microbat

organization in this part of the cortex.
Megabats have four or five separate rep-
resentations of the body surface in the so-
matosensory cortex, compared with two or
three in microbats; different thalamocorti-
cal relations are already known te exist be-
tween microbats and megabats; and final-
ly, there are many differences between the
megabat and microbat arrangements that
are already evident from physiology (Wise
et al., 1986).

The functional arrangement of the brain
shared between the megabat and one spe-
cies of microbat has been cited as evidence
to support monophyly (Wible and Nova-
cek, 1988). However, if this and other cra-
nial characters used by Wible and Novacek
(1988) are added to the analysis shown in
Figure 2, the outcome is unaffected (Pet-
tigrew and Jamieson, unpubl.).

Dermopteran Brain Characters

The dermopterans—gliding “lemurs,” or
colugos—are of great interest in the pres-
ent debate for a number of reasons. They
were originally placed in the primates
along with the bats by Linnaeus (1758),
and they are the only gliding mammals
with a patagium enclosing all digits and
therefore the only living mammal that
could represent a transitional stage to the
chiropteran patagium (Léché, 1886). They
also have a diverse fossil record, only re-
cently recognized when forelimb material
became available, within the Paromomyi-
dae of the plesiadapiforms (Beard, 1990;
Kay et al., 1990).

The colugo, Cynocephalus, has not been
as thoroughly investigated with regard to
the brain features mentioned as have
megabats and primates. Nevertheless, the
dermopteran agrees with primates and
megabats in all cases where the character
states are known (Pettigrew et al., 1989).
The colugo’s LGN and retinotectal path-
way are primatelike, but the hippocampal
structure, somatosensory cortical represen-
tations, and corticospinal system are only
incompletely known. The gross morphol-
ogy of the colugo’s brain is somewhat bi-
zarre (e.g., it has hydrocephalus as a reg-
ular feature of an apparently normal
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animal). This pathology may have diverted
attention from the true affinities of this
taxon. As pointed out elsewhere, some fea-
tures of its brain development may have
been altered phenotypically by phytotox-
ins in its diet, as occurs in the brains of
other primary folivores like the koala and
tree sloth (Pettigrew et al., 1989). This im-
portant taxon will play a key role in the
future unfolding of the present controver-
sy because it shares a common ancestor with
both microbats and megabats in the mono-
phyletic scenario, but shares a common an-
cestor only with megabats (and primates)
in the “flying primate” scenario. Recent
evidence from fossil dermopterans sup-
ports the view already put forward (Pet-
tigrew et al., 1989:549) that dermopterans
span an age (Beard, 1990) that is appropri-
ate for their proposed ancestry to fossil
megabats, but that is more difficult to rec-
oncile with the ancient origins of micro-
bats. The fossil dermopterans are also
shown to be members of the plesiadapi-
forms, a group considered by many au-
thors to be part of the primate lineage,
although recent authors split the dermop-
teran-plesiadapiform assemblage away
from the primates (Beard, 1990; Kay et al.,
1990).

THE MEGABAT-MICROBAT SPLIT:
35 PROBLEMS FOR MONOPHYLY

No Unequivocal Bat Synapomorphies
besides Wing

It may seem like caricature to maintain
that the only real source of conflict with
the “flying primate” hypothesis is the data
set from the wing (Pettigrew, 1986), but
there appear not to be any unequivocal
synapomorphies for bats apart from wing
structure. The cranial synapomorphies
claimed for the bats (Wible and Novacek,
1988) are weak and have been criticized in
detail elsewhere on the grounds that they
are not confined to bats, have been scored
on atypical taxa, cannot be found as de-
scribed, or have poorly known distribu-
tions (King, 1989; Pettigrew et al., 1989).
In support of this viewpoint, Hill and Smith
(1984) have argued in the opposite direc-

tion on the basis of cranial features—that
bats are not monophyletic and that mega-
bats are close to primates. The morpholog-
ical bases for inclusion of microbats within
the Archonta (Novacek and Wyss, 1986)
are also questionable, with microbats ap-
pearing to “hitchhike” into this position
on the back of megabats. For example, one
of the two characters used by these authors
to form the Archonta is absent in microbats
(#36: sustentacular facet ... calcaneus), a
fact attributed to a loss in early accounts
(Novacek and Wyss, 1986) but ignored in
later publications (Novacek et al., 1988).
The second character (#35: pendulous pe-
nis ... reduced sheath, etc.) is also some-
times absent from microbats (e.g., vesper-
tilionids).

Megabat-Microbat Contrasts

To emphasize the lack of evidence link-
ing megabats and microbats, I believe it is
helpful to list the numerous investigations
that have failed to find evidence for a link
between the two kinds of bats. In pre-
senting this list of 35 differences (more de-
tails and references can be found in Table
1 of Pettigrew et al., 1989), I have been
accused of “blowing smoke,” because dif-
ferences are not an argument against
monophyly, particularly when the two
groups have been evolving separately for
along time (vide crocodiles and birds). Two
points can be made in answer to this crit-
icism. The first point of this long list is that
it shows the difficulty experienced by most
investigators in defining any apomorphies
that are uniquely shared between both
kinds of bats, despite extensive studies over
many years. The second point is the large
number of cases (29/35) in which, when a
major difference between megabats and
microbats has been found, megabats are
found to be concordant with primates. The
reverse situation, where the microbats
share a feature with primates to the exclu-
sion of megabats, almost never occurs (1/
35). A fruitful area of future investigation
would involve the determination of the
polarity of these many characters for which
megabats and microbats differ.
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Ankle Joint Convergence

In those cases where derived states ap-
pear to be shared between microbats and
megabats, closer examination often reveals
that there are differences attributable to
convergence (e.g., occipitopollicalis mus-
cle [Strickler, 1978); loss of the claw on the
second forelimb digit [Pettigrew et al.,
1989]). A good example of this concerns
the ankle joint, which has undergone mod-
ifications in both kinds of bat to allow the
inverted, hanging posture associated with
take-off in both gliding and flying mam-
mals. On the basis of his work in this area,
D. Straney is convinced that the ankle joint
modifications must have occurred inde-
pendently in each group of bats because
of the different ontogenies and the con-
trasting courses taken by tendons around
the calcaneus (quoted in Litos, 1988). Be-
cause the evolution of flight has been the
driving force for the ankle joint modifi-
cations, it follows logically from this ob-
servation that flight must also have arisen
independently in each group of bats (I find
it impossible to conceive a convoluted sce-
nario in which “hanging ankles” evolve
twice and wings evolve once).

In a similar way, one might expect to
find differences between the wings that
might change interpretations of presumed
synapomorphy. Such differences have been
found by careful examination of the fore-
limb. In the case of one forelimb character,
metacarpophalangeal index (M/P index),
the primitive state is found in microbats
while the derived state is shared between
megabats and primates (see next section).

ALTERNATIVE ANALYSIS OF THE WING
ARGUES AGAINST MONOPHYLY

Two Flaws in the Case for the Wing

I take the extreme position that the case
for monophyly of bats is based entirely on
the wings, a position that accurately re-
flects the fact that wings represent the only
unquestioned set of bat synapomorphies.
Given this key position of the wings, it
becomes important to scrutinize these
forelimb modifications te see how they
stand up to the accumulating evidence for

the opposing viewpoint from brain, gen-
italia, and the various other character sets
whose polarities have yet to be worked out.
When subjected to such scrutiny, megabat
and microbat wings do not stand up, de-
spite their obvious similarity in design.

There are two major flaws in the case that
wings are synapomorphies for the bats.
Each is considered separately below. The
first relates to the way in which one’s per-
ception of similarity can be influenced by
the range of options within which judg-
ment is being made. The second is the find-
ing of a quantitative wing character that
splits the bats, and for which megabats and
primates share the derived state.

1. Perceptual problems.—I believe that
there is a perceptual trap inherent in the
frequent comparison made between bat
wings and the wings of other flying ver-
tebrates, particularly the birds and ptero-
saurs. I have often been asked, “If megabat
wings and microbat wings originated sep-
arately, why should they both be so similar
(in using all five digits to support the wing
membrane) when pterosaurs and birds
have been able to invent wings that were
so different, both from each other and from
the mammalian design?”” An answer to this
oft-repeated question came to me only af-
ter I had been shown the fossilized wing
membrane of a pterosaur by Peter Welnho-
fer in Munich. I was astonished to see, laid
out within the wing membrane, a regular,
parallel array of precisely aligned, ramrod-
straight fibers, which Welnhofer (1975) has
called actinofibrillae. As I have set out in
detail elsewhere (Pettigrew et al., 1989),
actinofibrillae could have performed a
functional role akin to that played by
feathers in the bird wing and digits in the
bat wing. Some kind of wing support is
necessary, whether it be digits, feathers, or
actinofibrillae. The two lineages of bats had
only one support option available, so the
use of all digits by both is not surprising.

2. Quantitative separation of megabat and
microbat wings.—If one accepts that overall
structural similarities between the bat
wings are not surprising, even if they rep-
resent two separate evolutionary events,
what about the quantitative details, partic-



