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Abstract

Phenotypic integration refers to the study of complex patterns of covariation among
functionally related traits in a given organism. It has been investigated throughout the
20th century, but has only recently risen to the forefront of evolutionary ecological
research. In this essay, I identify the reasons for this late flourishing of studies on
integration, and discuss some of the major areas of current endeavour: the interplay of
adaptation and constraints, the genetic and molecular bases of integration, the role of
phenotypic plasticity, macroevolutionary studies of integration, and statistical and
conceptual issues in the study of the evolution of complex phenotypes. I then conclude
with a brief discussion of what I see as the major future directions of research on
phenotypic integration and how they relate to our more general quest for the
understanding of phenotypic evolution within the neo-Darwinian framework. I suggest
that studying integration provides a particularly stimulating and truly interdisciplinary
convergence of researchers from fields as disparate as molecular genetics, developmental

biology, evolutionary ecology, palacontology and even philosophy of science.
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INTRODUCTION: BACK TO INTEGRATION

The word ‘integration,” with reference to complex aspects of
an organism’s phenotype, has been around in ecology and
evolutionary biology for quite some time. Olson & Miller
(1958) wrote a whole book about it just a few years after the
discovery of the structure of DNA, while their botanical
colleagues, Clausen and collaborators (Clausen & Hiesey
1960) were carrying out a multiple decade-long research
programme aimed at studying what they referred to as
‘character coherence’. In the mean time, Berg (1960)
proposed specific hypotheses concerning the ecological
citcumstances under which higher or lower degrees of
integration among characters should be favoured, hypothe-
ses that are used until now to guide empirical research (e.g.
Armbruster ez al. 1999).

Yet, studies of phenotypic integration have been in the
background of evolutionary ecological research throughout
the second half of the 20th century, partly because of the
unparalleled explosion of molecular techniques that has
focused attention elsewhere and partly because long-
standing conceptual and analytical problems have remained

largely unaddtressed for a great part of that time. Among
the problems faced by researchers interested in integration
were rather basic obstacles, such as the absence of a
coherent and practical definition of ‘integration’ itself, the
vague conceptual framework in which to fit empirical and
theoretical studies of integration, and the formidable
challenges posed by multivariate statistical analyses of the
relevant quantities.

Things have begun to change during the last decade, and
the field is now rapidly maturing to the point that a book
attempting to highlight its major advances and challenges
could be conceived (Pigliucci & Preston in press). Perhaps
the beginning of the renewal of interest in integration came
from the realization, in the mid-1980s (Schlichting 1986,
1989a), of its close ties with another long-neglected
biological phenomenon that was beginning to experience a
renaissance, phenotypic plasticity (Pigliucci 2001). Soon
afterwards, the so-called ‘new morphometrics’, an ensemble
of sophisticated multivariate statistical techniques for the
analysis of shape changes, came of age (Rohlf & Marcus
1993; Marcus ef al. 1996), finally making it possible to
rigorously quantify an approach intuitively portrayed by
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Thompson (1917) at the beginning of the 20th century
through his famous ‘grid diagrams’ of shape change.

Another important set of advances started in the mid-
1990s, when Gunter Wagner and his collaborators tackled
the difficult task of providing a coherent evolutionary
framework for studying integration. They first discussed the
role of modularity in the evolution of body plans,
distinguishing between the phenomena of integration
(increased genetic and functional relationship among traits)
and parcellation (i.e. a decrease in integration via the
decoupling of formetly related traits) (Wagner 1995; Wagner
& Altenberg 1996). They then provided an overarching
conceptual treatment of integration as it relates to
adaptation and constraints over evolutionary time scales
(Wagner & Schwenk 2000), and explored the very concept
of ‘character’ in evolutionary biology (Wagner 2001).

In the following sections, current conceptual and
empirical issues surrounding the study of phenotypic
integration will be discussed. The goal is not only to
provide a reference point for where we are now and where
we are presumably going in the near future, but most
particularly to stimulate colleagues and graduate students to
enter the field and take on its many fascinating challenges.
This is an area in which ecology, evolutionary biology,
developmental biology, genetics and molecular biology all
contribute to our deeper understanding of why organisms
are the way they are. Such an understanding has been the
goal and the unifying theme of biological research ever since
Darwin (1859). It is still have a long way to go in order to
complete the puzzle.

INTEGRATION, ADAPTATION AND CONSTRAINTS

Let me start by attempting to provide a definition of
integration. Precise definitions of complex ideas often
hinder, rather than help, scientific research — as it is, for
example clear in the case of the never-ending saga of species
concepts. Furthermore, there are positive philosophical
reasons for thinking of things such as ‘species’ or
‘integration’ which Wittgenstein (1953,/1973) referred to as
‘family resemblance concepts,” i.e. as ideas that by their
intrinsic nature do not have an essential definition, but are
rather best understood as identified by a complex web of
properties. Any one of these properties may play a major
role or be left entirely out of any specific instantiation of the
concept. Accordingly, I think that the most reasonable
definition of ‘phenotypic integration’ is a rather generic one,
such as the pattern of functional, developmental and/or
genetic correlation (however measured) among different
traits in a given organism. Perhaps more importantly, I think
it is crucial to realize that it probably makes no sense to
think of an organism as ‘more or less integrated’ than
another. Integration is measured at the level of functional
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groups of characters, and some groups may be more or less
integrated within the same organism. Calculating an average,
organism-wide, measure of integration probably makes as
much sense as calculating an average degree of phenotypic
plasticity or heritability across many traits and environments,
which is to say, not much.

The next question that naturally arises, then, is: should we
think of phenotypic integration as an adaptation or as a
constraint? Most eatly authors studying integration, from
Olson and Miller to Berg and to Clausen ¢f al, cleatly
thought in adaptationist terms. More recently, many authors
have been investigating patterns of genetic vatiance—
covariances among characters as an indication of constraints
on future evolution (e.g. Antonovics 1976; Cheverud 1988).
The current thinking seems to strike a necessary compro-
mise between the two views: upcoming essays by Schwenk
& Wagner (in press) and by myself (Pigliucci in press)
independently argue that we need to think of adaptation and
constraints as players engaged in a continuous dialectic
throughout evolutionaty history. On the one hand, patterns
of phenotypic integration can surely be modified by natural
selection in order to improve adaptation to the external
environment and/or maintain the coherence of the internal
developmental system. On the other hand, obviously
whatever functional, developmental or genetic relationships
among traits are now present in an organism will limit and
channel at least its short and mid-term future evolutionary
trajectory (Jernigan ef al. 1994).

Perhaps surprisingly, philosophers of science have arrived
at a similar conclusion by way of a completely different, but
intellectually intriguing, route. For example, Matthen &
Ariew (2002) have argued that what we call developmental
or genetic ‘constraints’ are actually the necessary substrate
for natural selection to work (and hence for adaptation to
occur). Think of it this way: the rule of Mendelian
inheritance may be thought of as ‘constraining’ the
occurrence of certain phenotypes in a population. Yet, if
inheritance were, say, blended (as Darwin thought), natural
selection would soon run out of fuel and could not play the
role of constructive causative agent that the modern theory
of evolution asserts it plays. An interesting consequence of
Matthen & Ariew’s views is that the infamous debate
between ‘adaptationists’ and ‘spandrelists’ (Pigliucci &
Kaplan 2000) is seen to be based on a largely mistaken
conception of evolution: generally speaking, as the genetic-
developmental milieu is necessary for natural selection to
operate, it literally does not make sense to ask, as a pan-
adaptationist might, ‘what would selection do in the absence
of constraints?” The question is a categorical mistake, rather
like asking what is the sound of the colour red. (However,
using the absence of specific constraints as a null hypothesis
adopted to investigate the evolution of particular characters
is in fact appropriate and even necessaty.)
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A related question that research on the evolution of
phenotypic integration may begin to answer is the one
posed by the frequent observation of evolutionary stasis. As
Gould (Gould & Eldredge 1993; Gould 2002) repeatedly
observed, perhaps the most difficult feature of the fossil
record to explain is not the more or less gradual or
punctuated pattern of morphological change, but the long
periods of stasis, reflected in the common observation that
there are easily recognizable morphological gaps among
most extant taxa. In a essay to be published, Hansen &
Houle (in press) make a strong argument for the rejection of
the classical neo-Darwinian explanation of stasis: millions of
years of strong stabilizing selection on individual traits in the
face of an unchanging external environment is simply not a
sensible way to think about the problem. Hansen and Houle
instead argue that it is the quality, not the quantity, of
variation that is crucial to understanding phenotypic
evolution. By quality they mean the patterns of phenotypic
integration defined by the underlying pleiotropic and
epistatic interactions among genes. Too often we have
focused on one trait at a time, which has made it difficult to
see why that particular trait does not change over
evolutionary scales, often despite the measurable presence
of genetic variation for the trait itself. It is only when we
examine the complex web of co-variation of that trait with
many others to which it is genetically and functionally linked
that we gain a clearer picture of why, say, the shape of
Drosophila wings has remained unchanged for 50 million
years (Hansen & Houle in press).

Many questions about phenotypic integration as both
constraint and adaptation remain, of course, open. We still
do not have many examples of sophisticated biological
hypotheses concerning the functionality of specific patterns
of integration, and in this the field has not progressed much
from the time of Berg’s pioneering studies. However, we do
know where to start: the most promising published
examples of specific evolutionary hypotheses about pheno-
typic integration are found in instances in which well-
understood functional modules can be quantified and
compared among species. For instance, studies of the
evolution of cranial morphology in monkeys (Marroig &
Cheverud 2002), or of skull and dental morphology in the
deer mouse (Myers ez al. 1996) are conceptually rich because
we have a good understanding of the function and
development of these structures, information that leads to
specific hypotheses that are much more intellectually
satisfying than more generic exploratory analyses. A similar
case for plants can be made with research on the
relationship between floral integration and pollinator pres-
sures (Herrera ef al 2002) — essentially the question of
interest in Berg’s classical studies.

Another general area awaiting major developments stems
from our discussion of constraints and selection as

continuously interacting phenomena locked in a never-
ending dialectics. How are we to study such interactions
given that most of our conceptual and analytical tools (such
as, for example, analyses of variance) are designed with the
quantification of ‘major effects’ as the overarching goal?
Similarly, it seems clear that a clever use of the phylogenetic
comparative method is paramount to making progress in the
study of integration (Ackerly & Donoghue 1998; Schwenk
& Wagner 2001), but even there, most thinking so far has
been along the lines of neatly separating ‘phylogenetic’ from
‘ecological’ effects, with little consideration for the likeli-
hood that the two may in fact turn out to often be
inextricably intertwined (see Westoby e# a/. 1995).

If the ability to formulate sophisticated testable hypothe-
ses concerning the evolution of phenotypic integration is
still an urgent problem, so is the study of its genetic and
molecular bases, although new techniques and ways of
thinking have certainly made remarkable inroads in recent
years. It is to this field that I now turn my attention.

THE GENETICS AND MOLECULAR BIOLOGY
OF PHENOTYPIC INTEGRATION

For both empirical and conceptual reasons, I am becoming
increasingly sceptical of the idea that general biological
phenomena such as phenotypic plasticity or integration can
be thought of as having a particular ‘genetic basis’ (e.g.
Schlichting & Pigliucci 1993; Via 1993). Surely, specific
instances of plasticity, integration, or whatever else one is
interested in, do have a (often complex and difficult to
untangle) genetic basis. By this I mean that certain gene
products — if altered — will in turn modify the observable
plasticity, integration, etc. However, as it is extremely
difficult to make a convincing case that specific genes are
‘for’ a given, relatively well-defined, trait (Kaplan & Pigliucci
2001), it is a fortiori much more difficult to envisage a
coherent genetic underpinning of heterogeneous phenom-
ena such as those that is discussed here.

My prediction, therefore, is that the genetic/molecular
bases of phenotypic integration will turn out to be of the
same general kind as those of phenotypic plasticity,
allometric relationships, or even quantitative individual
traits. Quantitative trait loci (QTL) studies (Lynch & Walsh
1998; Phillips 1999) will undoubtedly uncover a varied
number of genomic regions involved in patterns of
integration in any given species, with some regions
corresponding roughly to candidate genes already known
through molecular/mutagenic screening. Several of these
genomic regions will have complex pleiotropic effects and
epistatic interactions, and the magnitude of their effects will
vary from explaining a moderate amount of phenotypic
variance to the lowest level of detectability allowed by the
particular experimental design employed. Indeed, we already
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have examples of all the above (Juenger e a/. 2000; Mezey
et al. 2000).

More detailed molecular analyses will also confirm the
general picture that is emerging from the massive effort to
study the molecular mechanisms underlying many other
aspects of an organism’s phenotype. In particular, we will
find that some of the variation among individuals, popu-
lations and species is traceable to a certain number of
regulatory elements (generically defined as any gene produ-
cing a product whose function is to turn on or off the action
of other genes), or to the regulatory regions upstream of
genes known to play important roles in development. Again,
we already have several examples at hand (e.g. Nijhout 1994;
Schmidt ez al. 1994; Carroll ef al. 1995; Purugganan &
Suddith 1999). Indeed, this general outcome was cleatly
predicted as eatly as the mid-1970s by Jacob (1977), when
he proposed not only that evolution is not an optimizing
process, but that it proceeds by a (rather messy) re-assembly
of whatever components are already available, similar to the
work of a ‘bricoleut’ (do-it-yourself). In other words, the
products of evolution cleatly show the traces of haphazard
historical events. Unfortunately, it is this very historicity of
the outcomes of evolution that strictly limits the sort of
generalizations we can obtain from empirical studies.

Phenotypic variance that cannot be explained with QTL
and candidate loci will be attributed to a variable number of
‘modifiers’, a generic label attached to any gene whose
product contributes slightly to the observable variation at
the phenotypic level (e.g. Templeton e al. 1993; Cohan ez al.
1994; Pooni & Treharne 1994). All of this, of course, is not
to say that the study of the genetics and molecular biology
of phenotypic integration is not of interest, but that the
issues raised by it, and the generalizations likely to be gained,
are not peculiar to the phenomenon of integration.

TWIN COMPLEXITY: PHENOTYPIC PLASTICITY
AND INTEGRATION

When we come to consider the related issue of phenotypic
plasticity, there is an important conceptual distinction to
make, the one that has been clearly outlined by Schlichting
(1986). On the one hand, we can think of the phenotypic
plasticity of whatever measure of integration we are using.
For example, correlations or covariances between traits can
be altered by certain environmental conditions (e.g. Marshall
et al. 1986; Schlichting 1989b; Stearns ez al. 1991), i.e. they
may be plasticc. On the other hand, the plasticities of
different traits may themselves be integrated, meaning that
they can be correlated to each other. This is the far less-
studied phenomenon of plasticity integration (Schlichting
1989a).

One can learn a lot from having studied phenotypic
plasticity when beginning to do research on integration. In
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particular, the major challenges and the best strategies, I
believe, are the same in the two cases. For example, as
anybody who studies plasticity soon realizes, the major
obstacle is simply a matter of logistics: one has to investigate
the reaction norms of several genotypes from different
populations (possibly representative of different species); do
so for a large number of traits, and expose the organisms to
a series of levels of multiple environmental factors. If one
wishes to maintain some statistical power, the sheer number
of individuals to use in each study easily reaches thousands,
which is seldom practical for anything but a few model
organisms (and even then, at great expenditure of time and
resources).

Similarly in the case of integration, a researcher faces the
same sort of rapidly multiplying number of individuals to
measure. Even if one limits a study to one ‘standard’
environment (whatever that means, biologically), one would
probably want to follow the change in integration patterns
through development, with each point along an ontogenetic
trajectory taking the place of an environmental factor in a
typical plasticity study. We can only then imagine what sort
of difficulties face a student of both plasticity and
integration, either in the sense of the reaction norms of
measures of integration, or in the more seldom addressed
one of plasticity integration. I most certainly do not want to
discourage the reader from pursuing this line of research,
but this sort of considerations accounts for the limited
output of studies of plasticity and integration in the same
organism.

It seems to me that the best way around the logistical
problems, in this as in any other field of science, is to
abandon brute force approaches (i.e. larger and larger
experimental set ups yielding bately significant statistical
results), and concentrate instead on more specific questions
that can then be dissected in a more powerful manner, sort
of an evolutionary detective approach (Hilborn & Mangel
1997). Again, we can learn from the history of research on
phenotypic plasticity. The most informative studies of
plasticity I have come across are not the all too-common
kind that simply describes a bunch of reaction norms for yet
another organism subjected to yet another environmental
gradient. Rather, they are those that set out to test specific
functional hypotheses about particular kinds of plasticity,
usually those that are somewhat understood either
ecologically or developmentally. Examples include research
on shade avoidance in plants (e.g. Dorn ef a/. 2000; Weinig
2000; Donohue et 4/ 2001; Gilbert ef a/. 2001; Callahan &
Pigliucci 2002), the evolution and developmental biology of
polyphenisms of the ‘eye’ on butterflies’ wings (e.g. Windig
1994; Kingsolver 1995; Roskam & Brakefield 1999), or
metamorphosis in amphibians (e.g. Newman 1992; Denver
1997; Denver et al. 1998), to name but a few. In other
words, it is the use of detailed hypotheses that allows one to
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make progress in ecology and evolutionary biology, too
often plagued by an inflation of generic results that costs us
much in terms of human and financial resources (Pigliucci
2002). This is never so evident as in cases such as tesearch
on plasticity and/or integration, where the logistics are so
often strictly limiting our ability to design experiments or
conduct field observations.

A NOTE ON MACROEVOLUTION

Although this review concerns evolutionary ecology, it is
worth noting that an interesting aspect of the study of
phenotypic integration concerns macroevolutionary ques-
tions, such as the stability of patterns of integration of facial
characters during the evolution of primates, and hominids in
particular (Ackermann & Cheverud in press), or the study of
integration of cranial traits in tamarins (Cheverud 1995).

There are two approaches to macroevolutionary studies
of phenotypic integration: one that examines the fossil
record (as in the case of the studies referenced above) and
the other that uses the phylogenetic comparative method
(e.g. Ackerly & Donoghue 1998; Schwenk & Wagner 2001).
There are distinct advantages and disadvantages to the two
approaches, which I will briefly discuss. The palacontolo-
gical record is notoriously incomplete, of course, and —
perhaps more importantly — it is simply not possible to
adequately account for important phenomena affecting
integration, such as phenotypic plasticity and degrees of
within- and across-population genetic variation. These
problems are much less significant in the case of phylo-
genetic comparative studies of extant taxa. Alternatively, the
reconstruction of past patterns of covariation among
characters based on currently living taxa and their inferred
phylogenetic relationships (e.g. Steppan 1997) is at best a
delicate matter involving quite a few assumptions and
educated guesses, not the least of which concern both the
accuracy of the phylogenetic hypothesis used and the
assumptions concerning the prevalent mode of character
evolution during periods of millions of years.

In these cases, perhaps even more so than in the instance
of research on the plasticity of integration patterns discussed
above, again being clever with hypothesis testing allows one
to make more of an inroad than a brute force approach. The
latter would be useless with most of the fossil record, given
the scarcity of material, while in the case of the phylogenetic
comparative method one would soon run into the same
issues of logistics I already discussed with the comparative
method, given the high number of extant taxa which one
can study.

Indeed, the papers I cited in this section are remarkable
for their use of multiple lines of evidence and detailed
reasoning in terms of the functional morphology of the
investigated patterns of integration. Patticulatly in quantita-

tive historical sciences such as evolutionary biology, the
so-called ‘method of multiple hypotheses’ (Chamberlain
1897) and manifold approaches to enquiry are most likely to
bring about a ‘consilience’ of the evidence (Whewell 1840),
the convergence of the available pieces of the puzzle
towards the outlining of the same underlying picture. The
study of phenotypic plasticity, integration and macroevolu-
tion are particularly fertile grounds for the testing of these
ideas from philosophy of science.

FROM DATA ANALYSIS TO THE THEORY
OF COMPLEX EVOLUTION

The last broad category of issues concerning the study of
phenotypic integration that I wish to briefly address here
concerns the twin problems of how to analyse the complex
data sets typical of integration studies and, consequently, of
how to frame such results in a way that advances our
theoretical understanding of the issues. I obviously have no
space here for even a superficial treatment of the statistical
methods involved, from the already mentioned suite of ‘new
morphometrics’ approaches (Rohlf & Marcus 1993; Marcus
et al. 1996) to the recent revival of common principal
components and the associated Flury hierarchy of hypothe-
ses of matrix similarity (Flury 1988; Phillips & Arnold 1999;
Houle ¢ al. 2002; Steppan ez al. 2002), to even more recent
alternatives for studying the causal factors influencing
differences in correlation or covariance matrices (Roff 2002).

The basic issues involved concern the problem of
adapting or expanding the wealth of available bivariate
and multivariate statistical tools to the challenges posed by
phenotypic integration data sets. These typically consist of
the measurement of a large number of inter-related
characters, relationships about which we often have specific
a priori hypotheses that need to be incorporated in the
analysis (Rudge 1998). Furthermore, the best data sets ate,
as indicated above, representative of phylogenetically related
taxa, which brings in all the additional issues of phylogenetic
reconstruction (e.g. Gittleman & Luh 1994; Huelsenbeck
et al. 2000; Emerson ¢ al. 2001), and of their use to study
the evolution of quantitative traits (e.g. Martins 2000; Rohlf
2001; Martins ef al. 2002).

The general point to be made is that the field as a whole
has been held back for decades by the lack of proper
statistical and analytical tools, much in the way its advance
used to be limited by the lack of a clear conceptual
framework as I discussed at the beginning of this essay. I
think it is a testimonial to the increased perceived
importance of understanding the evolution of complex
phenotypes that so many researchers have finally decided to
tackle the complexities inherent in developing a host of new
analytical tools. Judging from the most recent atticles and
from the number of new papers and essays that are about to
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come out, I doubt that these debates are in any way settled.
However, far from being a problem, the current fluid stage
of thinking about these matters is a sign of vitality in a field
that has remained largely in the background for almost a
century and is finally coming of age.

Things are still much more nebulous when it comes to
incorporating the conceptual and analytical advances that
have characterized the study of phenotypic integration into
the more general framework of the neo-Darwinian theory of
evolution. Attempts are surely being made (Schwenk &
Wagner in press; Wolf ez a/ in press), but they are cleatly
only the initial forays into what promises to be a stimulating
intellectual enterprise over the next decade or two. Let me
conclude by outlining what I think ate the major challenges
propelling the expansion of current thinking on phenotypic
evolution to comprise integration:

e Research on the relative advantages of different analytical
methods to analyse integration data sets needs to
continue to fuel the development of yet newer methods.
It will not be necessary to settle on one ‘best’ approach,
in the same way in which many other problems in
quantitative biology can be tackled using more than one
statistical tool. However, we do need a better under-
standing of the robustness of our approaches and of the
limits they pose on our ability to infer causal connections
among interesting biological phenomena (Shipley 2000).

e We need new theoretical and empirical tools that allow us
to operationalize the insight that natural selection, and
the genetic-developmental milieu in which it occurs, are
both necessary players in a continuous dialectical
relationship, and cannot simply be thought of as
dichotomous choices (‘constraints’ vs. selection).

e The metaphor of evolution on ‘adaptive landscapes’,
which has recently been fundamentally criticized in its
classic form for the misleading imagery it evokes when
one considers unrealistically low-dimensional landscapes
(Gavrilets 1997; Gavrilets ez al. 1998), needs to be largely
revised to be useful when it comes to the high-
dimensionality of research problems in phenotypic
integration (Wolf ez 4/ in press).

e Research on integration (and, I would argue, more
generally in evolutionary ecology) will benefit greatly
from a more nuanced philosophy of science, one that
emphasizes competition among different complex mod-
els as opposed to more standard, sometimes simplistic,
null hypotheses. Similarly, we need to explore methods of
investigation that aim at converging on the best inference
from different, partial, angles of attack to a particular
problem (consilience of evidence), instead of continuing
with the practice of standard falsificationism (Popper
1968) or ‘strong inference’ (Platt 1964) more typical of
the ‘hard’ sciences.
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e Finally, we need to assess to what extent the view of
phenotypic evolution that emerges from integration
studies (e.g. the remarkable conservation of molecular
pathways underlying the same structures in phylogenet-
ically widely separated groups: Treisman 1999) fits well
with the standard neo-Darwinian paradigm, or perhaps
prompts us to an expansion of such paradigm (Gould
2002) to include new insights from the field of the
evolution of development (Oyama ez /. 2001).

This is a tall order indeed, and it will require the joint
efforts of researchers interested in developmental biology,
molecular genetics, biostatistics, evolutionary ecology and
even philosophy of science. A repeatedly invoked (Schlich-
ting & Pigliucci 1998) and truly satisfactory integration of
evolutionary and developmental biology will be the ultimate
prize for our efforts.
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