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Abstract. Given a robust phylogeny for a particular higher taxon, it is possible to map the evo-
lution of various character changes onto the phylogeny and study the extent to which they co-
occur. Of particular interest are the questions of (a) whether particular morphological changes tend
to accompany changes in ecology or behaviour to which they bear a functional relationship and (b)
whether changes in those ‘primary’ morphological characters tend to be associated with correlated
changes in other aspects of morphology, as would be expected given the high level of morphological
integration that characterizes most organisms. Here we report a study of this kind, looking at
morphological correlates of the evolution of flightlessness in birds, and using the concentrated
changes test to determine whether associations are significant. We find that pectoral reduction,
pelvic enlargement and changes in skull morphology significantly co-occur, and that these
are usually achieved through heterochrony rather than other kinds of developmental reprogram-
ming.
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Introduction

Now that cladistic techniques and the addition of molecular to morphological
data have resulted in robust phylogenies for at least a handful of higher taxa, it
is possible to map the evolution of different characters onto these phylogenies.
It is then possible to ask questions about the degree to which the evolution of
different characters, or suites of characters, are correlated. When the characters
concerned are a mixture of ecological and developmental ones, the endeavour
to interconnect them falls at the fertile boundary between ‘evo—devo’ (evolu-
tionary developmental biology; Hall, 1998) and what has been called ‘historical
ecology’ (Brooks, 1985; Sheldon and Whittingham, 1997).
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The degree to which ecological/behavioural changes and morphological/
developmental ones go together can only be investigated when a particular
kind of evolutionary change has recurred often within a higher taxon. For
example, Wray and Bely (1994) conducted a study in which the developmental
correlates of evolution from feeding to non-feeding echinoid larvae were ex-
amined. Such changes have occurred often (perhaps around 50 times) during
the history of the echinoid clade (Emlet, 1990). Here, we provide a similar
analysis of the developmental correlates of a flightless mode of life in birds,
which has originated independently in at least 10 lineages (Cubo and Casinos,
1997).

Two questions

It is important to be clear about the sort of questions that such an analysis
seeks to answer. Specifically, we wish to distinguish between two sorts of
questions:

1. Is a particular morphological change associated with a particular ecological
change to a sufficient extent that we can be confident that the association is
not simply a result of chance? (There is an established method for at-
tempting to answer this question: the concentrated changes test (Maddison,
1990)).

2. Considering other morphological characters that we might expect to be
correlated with the ‘prime’ character under consideration, is there evidence
that these do indeed co-vary as expected? (This connects with the important
issue of phenotypic integration, in which there is renewed interest (Wagner
and Schwenk, 2000)).

The former question is the obvious starting point, though in a way the
answer to it is less interesting, because often it is merely a confirmation of
what is expected. So it comes as little surprise, for example, that an evolu-
tionary switch in the echinoid clade from self-feeding to yolk-fed larvae is
generally accompanied by (a) loss of larval feeding structures and (b) increased
egg size (Wray and Bely, 1994). Equally, in relation to avian flightlessness, it is
not surprising that a flightless mode of existence is generally associated with
reduction in the size of the wing, not necessarily in absolute terms, but in
relation to overall body size. Nevertheless, the independent origin of flight-
lessness in many avian clades (Cubo and Casinos, 1997; McCall et al., 1998)
provides multiple evolutionary replicates which allow us to carry out a search
for patterns of correlated character evolution, and so to address both the
questions outlined above.
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Raikow (1985) analyzed the incidence of flightlessness in birds and Livezey
(1995) provided a survey of the occurrence in birds of both flightlessness — an
ecological feature — and developmental patterns which are the outcome of
heterochrony: paecdomorphosis, the retention of ancestral juvenile characters in
adult stages of descendants (Gould, 1977) and peramorphosis, the development
of traits beyond that of the ancestral adult (McKinney and McNamara, 1991).
The paedomorphic features of the pectoral apparatus of flightless birds are:
small and unsculptured wing bones (James and Olson, 1983), obtuse scapu-
locoracoid angles and disproportionate reduction of the distal wing elements
relative to proximal elements (Livezey, 1995). On the other hand, stout hind
limbs and massive pelvis are peramorphic features of the pelvic apparatus of
flightless birds (James and Olson, 1983).

Although it is not surprising that, in Livezey’s (1995) sample, a flightless
mode of existence is always associated with a paedomorphic reduction of the
pectoral apparatus, other associations between morphological changes and
ecological changes are less evident, and the patterns of correlated character
evolution need to be statistically tested. This is the case with the incidence of
peramorphosis in the pelvic apparatus and the flightless condition in birds,
which we will analyze below. This naturally leads to the second question posed
above, and in relation to this we can ask in the case of flightless birds: do
particular developmental changes in other parts of the body tend to co-occur
with paecdomorphic reduction of pectoral development or with over-develop-
ment of pelvic apparatus? In the analysis below, we focus on skull morphology,
a structure for which there seems at first sight little reason to expect a specific
connection with flightlessness.

The analysis

One version of our first question is as follows: Is peramorphosis affecting the
pelvic apparatus associated with the flightless condition to a sufficient extent
that we can be confident that the ‘association’ is not simply a result of chance?
To answer this question, we should perform a comparative analysis framed in a
phylogenetic context (Harvey and Pagel, 1991). For this, we will use the con-
centrated changes test, which allows ‘to test for correlated evolution of two
characters by asking whether changes in the first character are significantly
concentrated on those branches on which the second character has a specified
state’ (Maddison, 1990).

Peramorphosis in the pelvic apparatus was diagnosed by Livezey (1995)
through analysis of the features produced by changes in developmental timing
and rates and not by analysis of changes in developmental timing and rates
themselves (see Gould, 2000, for a review of this method of heterochronic
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detection). The flightless taxa which have been analyzed are those reviewed by
Livezey (1995, Table 9.2), excluding those species from which only subfossil
remains are available. Three phylogenetic hypotheses of major groups of birds
are currently available: (a) a phylogeny based on morphological data (Cracraft,
1988), (b) a phylogeny based on DNA-DNA hybridization (Sibley and
Ahlquist, 1990) and (c) a phylogeny based on mitochondrial DNA sequences
(Mindell et al., 1997). Cracraft’s (1988) phylogeny has been widely accepted,
but it has several unresolved polytomies and it does not consider Psittacifor-
mes, an order of interest in our study. Sibley and Ahlquist’s (1990) phylogeny is
controversial; however, it has been shown that it is generally valid when con-
ducting large-scale analyses (Mooers and Cotgreave, 1994). Finally, the phy-
logeny of Mindell et al. (1997) does not consider a number of orders of interest
in this analysis, namely Psittaciformes, Columbiformes and Podicipediformes.
We have used Cracraft’s (1988) phylogenetic relationships of major groups of
birds to carry out our analysis, with the only exception of the phylogenetic
position of Psittaciformes, which has been taken from Sibley and Ahlquist
(1990). Cracraft’s (1988) tree has been constructed with morphological char-
acters other than those of interest in this study and, therefore, there is not a
problem of circularity. We used closely related flighted congeners or confa-
milials to estimate the ancestral flighted condition of each flightless species. In
the case of ratites (Palacognathiformes), it was assumed that the ancestral
condition has been retained by two species of tinamous, which are the flighted
sister-group of ratites.

To perform the concentrated changes test (Maddison, 1990), the incidence
of flightlessness has been traced onto the phylogenetic tree (Fig. 1(a), black
branches). The flightless condition has arisen 10 independent times in our tree.
Afterwards, the occurrence of peramorphic features of the pelvic apparatus
(Livezey, 1995) has also been traced onto the tree (Fig. 1(a), horizontal bars).
The concentrated changes test (Maddison, 1990) gives us the probability, under
the null hypothesis that gains and losses are randomly distributed over the
branches, that seven gains of ‘peramorphic pelvic apparatus’ would occur on
flightless lineages, given seven gains of ‘peramorphic pelvic apparatus’ occur in
the whole clade. This probability is p = 0.001 and, therefore, we should con-
clude that the association between the flightless condition and peramorphosis
in pelvic apparatus is not the result of chance.

Interestingly, many flightless birds show peramorphosis in skull morphology,
an association which, as noted above, there seems little reason to expect. This
connects with question 2: do particular developmental changes in other parts of
the body of flightless birds tend to co-occur with paedomorphic reduction of
pectoral development or with over-development of pelvic apparatus? Hetero-
chrony often leads to a whole array of derived, but otherwise unrelated, char-
acter states. In this context, the following question arose: Is peramorphosis in
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Figure 1. Optimization, using parsimony, of ecological and morphological characters onto a
phylogeny of birds. Phylogenetic relationships among major groups of birds are those proposed
by Cracraft (1988) with the only exception of the phylogenetic position of Psittaciformes, which has
been taken from Sibley and Ahlquist (1990). Phylogenetic relationships within orders are modified
from: for Palaecognathiformes, Lee ef al. (1997); for Anseriformes, Livezey and Humphrey
(1986), Livezey (1989, 1990) and McCracken et al. (1999); for Columbiformes, Janoo (1997); for
Gruiformes, Livezey (1998); and for Phalacrocoracidae (Pelecaniformes), Siegel-Causey (1988).
Morphological data are those reviewed by Livezey (1995, Table 9.2), excluding species from which
only subfossil remains are available. (a) An optimization of the incidence of flightlessness or
incipient flightless condition (black branches) and the incidence of peramorphosis affecting the
pelvic apparatus (horizontal bars). (b) An optimization of the presence of peramorphosis affecting
the pelvic apparatus (black branches) and the presence of peramorphosis affecting the skull (hor-
izontal bars).

skull structure linked by correlated development with peramorphosis in the
pelvic apparatus? To answer this question, the independent variable (the inci-
dence of peramorphosis in the pelvic apparatus (Livezey, 1995)) should be
traced onto the phylogenetic tree (Fig. 1(b), black branches). The presence of
peramorphic features in the skull (Livezey, 1995) has also been traced onto the
tree (Fig. 1(b), horizontal bars). The concentrated changes test (Maddison,
1990) gives us the probability that four gains of ‘peramorphic skull” would occur
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Figure 1. Continued.

on lineages which show peramorphosis in the pelvic apparatus, given five gains
of ‘peramorphic skull’ occur in the whole clade, and given the null model that
changes are randomly distributed among the branches of the clade. This prob-
ability is p = 0.003 and, therefore, we should conclude that the association be-
tween peramorphosis in pelvic apparatus and peramorphosis in skull is not the
result of chance. Rather, peramorphosis in skull structure would appear to be
linked by correlated development with peramorphosis in the pelvic apparatus.

Discussion

As stated by Sheldon and Whittingham (1997, p. 287), ‘Given the difficulty of
determining past environmental conditions and organismal interactions, most
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inferences of adaptation quite reasonably rely on correlations of character
changes in a phylogenetic context’. In this framework an adaptation has been
defined as an apomorphic feature that evolved in response to an apomorphic
function (Coddington, 1994).

What would be the ultimate causation of the association between flightless
mode of existence and the paedomorphic reduction of the pectoral apparatus?
It has been hypothesized that ... if there is not continued selection to warrant
the energy expenditure in the embryogenesis of these complex structures, they
will tend to be lost, whether they are muscles, bones, or feathers. Many of these
adaptations, then, help the flightless bird save energy, both during embryo-
genesis and in adult life, by removing the burden of unwanted structures that
hinder locomotion and by reducing the metabolic energy spent maintaining
them’ (Feduccia, 1996, p. 258). The fact that a flightless mode of existence is
always associated with a paedomorphic reduction of the pectoral apparatus
suggests that paedomorphosis of pectoral apparatus (evo—devo pattern) is an
adaptation (evolutionary process) for a more efficient use of energy both
during embryogenesis and in adult life, which has been repeatedly selected in
the ecological contexts which allow the acquisition of the flightless condition.
Regarding the proximal causation of reduction in the relative size of the wing,
the development of forelimbs is delayed relative to the development of hind-
limbs in birds (Cane, 1993; Castanet et al., 1996; Castanet et al., 2000), in such
a way that the truncation (progenesis) or retardation (neoteny) of general
development is likely to produce reduction of the size of the pectoral appa-
ratus.

On the other hand, it has been shown in flightless birds that ‘peramorphosis
of the pelvic limb is especially conspicuous in some groups, associated
with a ‘compensatory’ shift in appendicular specialization’ (Livezey, 1995,
p. 184). Does the flightless condition promote a compensatory shift in ap-
pendicular growth? If this is the case, we expect to find an association between
flightless condition and over-development (peramorphosis) of pelvic appara-
tus. As noted above, the concentrated changes test (Maddison, 1990) shows
that the association between this ecological change and this trait is significant.
Therefore, we can conclude that cases of peramorphosis of pelvic apparatus
(evo—devo pattern) are adaptations (evolutionary process) associated with a
compensatory shift in appendicular specialization of hind limbs to running or
to foot-propelled diving, which have been repeatedly selected in many clades of
flightless birds. We hope we have shown that the optimization of evo—devo
patterns and ecological characters onto phylogenetic trees generated indepen-
dently can allow the identification of the evolutionary processes which generate
these patterns.

Finally, given two or more developmental ways of producing a certain mor-
phology, does one of them tend to occur more often than the other? In our case
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study, heterochrony underlies both reduction of pectoral apparatus and over-
development of pelvic apparatus of flightless birds. However, it has recently been
shown that non-heterochronic developmental changes can underlic morpho-
logical heterochrony (Cubo, 2000; Cubo et al., 2000). For instance, an evolu-
tionary change in the number of proliferating cells at growth plates, which fits
into the category of ‘heteroposy’ (Regier and Vlahos, 1988; Raff and Wray,
1989) or ‘heterometry’ (Arthur, 2000), underlies morphological acceleration
(peramorphosis) in the tarsometatarsus of the Ardeidae (Cubo ef al., 2000).
Both heterochrony and heteroposy/heterometry are subcategories within the
overall phenomenon of ‘developmental reprogramming’ (Arthur, 2000; an ex-
panded view of the ‘ontogenetic repatterning’ of Roth and Wake, 1985) — that is,
evolutionary changes in developmental parameters. Future research on the
developmental basis of the reduction of the pectoral apparatus and the over-
development of the pelvic apparatus should allow elucidation of whether het-
erochrony is the only type of developmental reprogramming involved in the
evolution of flightless birds. Also, if other types of reprogramming can occur,
such studies may allow the elucidation of whether one type of reprogramming
tends to occur more often than the other types, which relates to the question of
whether biases in development help to drive evolution in certain directions (Raff,
2000; W. Arthur, submitted for publication).
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