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Abstract
Organisms are organized both internally and externally. The
centrality of the organism in examination of the hierarchy of
biological organization and the kinds of “emergent properties”
that develop from study of organization at one level relative
to other levels are my themes. That centrality has not often
been implicit in discussion of unifying concepts, even evolu-
tion. Few general or unifying principles integrate information
derived from various levels of biological organization. How-
ever, as the genetic toolbox and other new techniques are now
facilitating broader views of organisms and their internal and
external interactions, and their evolution, some fundamental
perspectives are emerging for many kinds of studies of bi-
ology. In particular, more hierarchical approaches are gaining
favor in several areas of biology. Such approaches virtually de-
mand the integration of data and theory from different levels of
study. They require explicit delineations of methodology and
clear definition of terms so that communication per se among
scientists can become more integrative. In so doing, a hierarchy
of theory will develop that demands ever further integration,
potentially leading to unifying concepts and a general theory
for biology.
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Organisms and Organization

Organisms are organized, internally and externally. Organi-
zation is “the connexion and coordination of parts for vital
functions or processes” (Anonymous 1971), and, for purposes
of this discussion, the definition applies to both the internal or-
ganization of an individual organism and the external organi-
zation of sets of organisms. For 200 years, and more, scientists
have sought to learn more about the structural, functional, and
developmental internal organization of organisms. Organisms
have responded well to reductionistic approaches that identify
mechanisms of life’s processes, and to studies that illustrate
external organization, or patterns of interactions of organisms
with each other and the physical (biotic and abiotic) envi-
ronment. At the same time, the organism has too rarely been
central to discussions of the basic phenomena of biology, nor
has it played much of a part in attempts to generate a the-
ory of biology. The discussion that follows will emphasize the
centrality of the organism in examination of the hierarchy of
biological organization, consider the kinds of “emergent prop-
erties” that arise from study of organization at one level of
the hierarchy relative to other levels, and discuss the need for
integration across the hierarchy in order to understand the re-
lationships of form, function, development, ecology, behavior,
phylogeny, and evolution. Do general principles potentially
arise from such integration so that a “theory of biology” is
generated? This broad and perhaps eccentric overview will
only sample the literature, rather than exhaustively surveying
it, and attempt to be provocative, rather than conclusive.

There have been several attempts recently to “unify” bi-
ology, or even to “unify” parts of biology. Most have revolved
around evolution as a unifying concept, with natural selec-
tion as a unifying mechanism (see Mayr and Provine 1980;
Smocovitis 1996). Other recent attempts to find unifying prin-
ciples for biological organization have looked at structures or
functions of organisms, and sought unifying principles such as
processes by which like structures or pathways are developed
in a diversity of taxa. (The latter are a modern parallel to the
efforts in the late 19th century to find unity in development
so that development became a means to define and order or-
ganisms.) Genomic insights into development, structure, and
function have changed the ways that we pursue questions of or-
ganization. Examples include Kung’s (2005) work illustrating
that lipids mediate mechanoreceptive structures in all animal
phyla examined, Bock et al.’s (2001) research on membrane
compartment organization, and Brown and colleagues’ (e.g.,
Allen et al. 2005) work on metabolic scaling from molecules
to large mammals and ecosystems. These latter attempts have
resulted in either the correlation of patterns with processes
or the revelation of conserved mechanisms (genes, pathways)
that appear to encode the process or structure regardless of
degree of relatedness of the taxa examined (homology and
homoplasy). Other interesting attempts to unify parts of the
hierarchy of biology include Hubbell’s (2001) “unified neutral

theory of biodiversity and biogeography” (which is now be-
ing tested vis-à-vis specific taxonomic groups and being found
both useful and problematic; see Ostling 2005). But it remains
that nearly all of these new efforts look at parts of the bio-
logical hierarchy, and are not centered on organisms and their
organization per se.

Not many recent attempts have looked at the organization
of whole organisms, but some researchers have sought it (see,
e.g., D. B. Wake and Larson 1987; Stork 1992; Wagner and
Laubichler 2001). This is not to say that there have not been
some examinations of organismal organization—some recent
explorations of whole organismal organization were exciting
ventures in the last third of the 20th century that considered
the evolution of complexity (e.g., Bonner 1988), the faces of
evolution (e.g., Brooks and Wiley 1986), and a number of as-
pects of the organization of organisms, such as epigenetics,
increase and differentiation of cells, cohesion, etc. (e.g., Riedl
1976; Mittenthal and Baskin 1992, and references therein).
Many, in fact most, such studies sought physical (i.e., based
on principles of physics, such as mechanics, and/or on infor-
mation theory), not biological, principles that would allow a
unified understanding of complexity and organization (e.g.,
Goodwin 1989; Mittenthal 1989; DeGuzman and Kelso 1992;
Kauffman 1992, 1993; Mittenthal and Baskin 1992; Mittenthal
et al. 1992; Nelson 1992; Newman 1992, 2003), often using
chaos theory as their base (e.g., Lewin 1992). Upon examina-
tion, these efforts are strongly reminiscent of the attempts of
the Vienna Circle and its offshoot, the Unity of Science Move-
ment, to make biology a physics-based science, which was
repudiated at the time by Ernst Mayr and Conrad Waddington
(see Smocovitis 1996). Of course, more recent workers recog-
nize the “maturity” of biology as a science, and are searching
for means of expression of general biological principles, often
through models and other quantitative expressions.

But does our new ability, derived through new tools that
allow understanding of the genetic bases of aspects of orga-
nization, provide the kinds of generalizations that warrant the
rubric “theoretical biology”? There are possibilities, but are
they merely illustrations, rather than principles? For example,
we now can investigate the commonality of the molecular and
cellular bases of organization, the universality of some genes,
the properties of the germ layers, epithelio-mesenchymal in-
teractions, etc., and use them to assess the relationships of
development, structure, and function. But what is “theoretical
biology”?

I proceed from the thesis that organisms are the key to
deriving a theory of organization; that organisms are the es-
sential part of the biological hierarchy of organization; and
that each of the levels of organization has intrinsic principles
and extrinsic ones that affect other levels of the hierarchy for
those organisms. I claim that the “emergent properties” of
levels of organization are just beginning to be revealed and
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available for analysis; that the relationships between form,
function, fitness, etc., can be re-examined in the light of new
tools and new knowledge. I emphasize that the key to a theoret-
ical biology has to do with understanding the permissiveness of
biology—its capacity for change, as well as its currently more
commonly studied conservation or constancy—and the many
levels at which variation is generated and is important to the
organization of organisms. Note that I do not specify the stan-
dard “molecules to cells to organisms to ecosystems” kind of
hierarchy; unicellular organisms, syncytia, clones, some kinds
of colonies, etc., differ in their hierarchical “placements.” For
example, a bacterium has a molecular and cellular organiza-
tion that is not multicellular, but it is an organism that is part of
a population and of a community and of an ecosystem—this
is shared organization at the cellular level.

The reliance on physical principles, such as optimiza-
tion, has not served theoretical biology particularly well, in
my opinion. Organisms and their parts, and their interactions,
more often suffice than achieve high performance criteria, in
part because of the trade-offs of the interactions of structure,
function, and performance at the multiple, integrated levels
of the biological hierarchy. I will first examine current ap-
proaches to analysis of the hierarchy of biological organization
(complexity), and then emergent properties of the structure–
function relationships at various levels of the hierarchy that
influence other levels of the hierarchy, above and below. I
will look particularly at ways that such “emergent properties”
might lend themselves to broader generalizations through in-
tegration. I use examples from a diversity of organisms, and
their parts, and attempt to build a comparative base for under-
standing diversification (i.e., speciation, adaptation, radiation,
morphological change), commonality, hierarchies, and inte-
gration among properties of hierarchies to see if new, common
principles emerge that might contribute to a “theoretical biol-
ogy.” I assert that the centricity of the organism is essential to
such considerations because we now have the tools to measure
the parts of the organism developmentally and functionally,
and to measure the ways that organisms interact at multiple
levels of organization. For example, the population level may
be most appropriate for assessing organismal interactions in
a single generation or at a particular point in time, or even
the nature of change across generations. However, without an
organismal center to such studies, analysis is still of parts,
not wholes. (I am not going to consider the issue of “parts and
wholes,” which has some relevance, but has been explored well
by McShea (2000), McShea and Venit (2001), Zwick (2001),
and Winther (2006)).

Hierarchies

Organisms are intrinsically hierarchically organized, and they
contribute to and are parts of other levels of the hierarchy of

biological organization. No level of the hierarchy exists in the
absence of organisms. Research for hundreds of years has ex-
amined the parts of organisms, how they develop, how they
function, and to some degree how they interact in the whole
organism. The tendency during the last 100 years has been to
take an ever-more-reductionistic approach to the organization
of parts of organisms, largely because of the techniques that
have become available and the natural interest in the bases of
mechanisms of function (and structure). However, little atten-
tion has been paid (with some major exceptions, e.g., Ravasz
et al. 2002) to looking at the contribution of the reductionistic
discoveries to the organism as a whole, and to the way that
it interacts with its environment. It is encouraging that more
researchers are becoming interested in “rebuilding” the “at-
omized” organism in order to study the interactions across the
levels of the hierarchy of organization, now that the analysis
of complexity is a feasible challenge (e.g., see discussion of
the nature of phenotypic plasticity and the way that reduction-
istic approaches parallel, rather than intersect with integrative
research [papers in Hall et al. 2003]). Hierarchies and the in-
tegration of the features of hierarchies need more attention.
The properties of organismal diversity may well be emergent
attributes of the kinds of interactions across the hierarchy that
are unique to a taxon, a structure, a pathway, or an ecological
interaction. These ideas are not at all new. As Lauder (1982)
pointed out in his introduction to the reprint of E. S. Russell’s
book, Form and Function, Russell approached organic patterns
in terms of a hierarchy, and dealt with downward-organized
processes and within-level analyses, but the focus of his hi-
erarchy was the responses of the organism, but not to levels
“above” that. He also had the view that integration of study
across hierarchical levels would provide understanding of in-
tegrative behavioral patterns (function), whereas physiological
and genetic analyses did not contribute to the study of such
patterns (though they were otherwise informative).

Lauder cites Gould’s (1980) suggestion that

a general theory of evolution would be rooted in a hierarchical view
of nature, and will possess a common body of causes and constraints,
but will recognize that they work in characteristically different ways
upon the material of different levels—interdemic change, speciation,
and patterns of macroevolution. As its second major departure from
current orthodoxy, the new theory will restore to biology a concept
of organism.

Hierarchical selection also has been considered, but re-
ceived limited attention (see Gould 1998); Salthe (1985) also
attempted to review hierarchical systems in evolution.

Some ecologists are taking a more direct approach to ex-
amining organisms in terms of their hierarchical relationships
with each other and with their biotic and abiotic environments.
Wisheu (1998) looked at patterns of habitat partitioning, and
realized that patterns have been described, but that how they
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form is not yet understood. She examined 66 instances in the
literature of experimental demonstrations of the formation of
the patterns of habitat partitioning. She found that a variety of
community organizations produce patterns of partitioning, and
that shared preferences occur frequently. The kinds of study
organisms and the kinds of resources that species use influence
the patterns of partitioning that form. Wootton (1994) was con-
cerned about “the degree to which the dynamics at one level
of organization can be predicted by the behavior of its compo-
nent parts at a lower level of organization.” He notes that such
an analysis can succeed only if the component parts do not
change their behavior, regardless of other elements in the sys-
tem, for example, behavior of multispecies communities being
predictable only if the species pairs analyzed are not affected
by other species in the community. His concern is whether
such higher order interactions really occur. He emphasizes
that the field has four problems with such analyses, including
the definition of “higher order interactions,” discrepancies be-
tween theoretical and empirical work, incongruities between
statistical procedures and the theory being tested, and failure to
really consider the theoretical framework being tested. He asks
that investigators be specific about theory, and that more focus
toward identifying mechanisms by which interactions can be
modified be employed. It appears that a hierarchical approach
may yield answers to questions of organismal–ecological in-
teractions, but there are still problems in resolving appropriate
questions and approaches to them.

Korn (2002) cogently commented that

The study of hierarchies has passed through periods of enthusiasm fol-
lowed by years of inactivity with little resolution achieved . . . About
all that has been agreed upon is that hierarchies are composed of
discrete levels (Weiss 1971) and a variety of types make it difficult to
find common features (von Bertlanffy [sic], 1952).

Korn adopts Pattee’s (1969) definition of a hierarchy as
a “descending arrangement of constraints” that is associated
with increasing “strengths.” He notes that the term “constraint”
has been used differently in evolutionary literature than in hi-
erarchical theory, and attempts to resolve the issue. Subhierar-
chies have been recognized by many workers, and usually deal
with the “lower” (descending) levels of the hierarchy; Korn’s
thesis is that the evolutionary and ecological subhierarchies
must also be included in a complete hierarchical description of
life. Korn (2002) defines birth as “when a cell is removed from
the constraints of the organism and assumes its own organis-
mal constraints”; death is the cessation of protein synthesis
“because proteins and their products constitute components at
high levels of the hierarchy.” He considers these descriptions
of selection at supraorganismal levels to be “new,” but in fact
they have been practiced, albeit rarely and without the label,
by a few researchers (e.g., see comments on work by Pederson
and Tuomi (1995), and others, below). Korn proposes that two

types of selection operate at those levels, natural selection and
hierarchical selection, so that selection occurs at dual levels.
Strangely, he does not cite Gould’s (1998) paper on “the ne-
cessity and difficulty of a hierarchical theory of selection,”
which argues that “we have failed to appreciate the range and
power of selection at the levels above and below the organismic
because we falsely extrapolate the defining properties of or-
ganisms to these other levels (which are characterized by quite
different distinctive features).” Gould argued that there are two
key principles: levels can interact positively, negatively, and
orthogonally, not just negatively; and each hierarchical level
differs from all others in both style and frequency of patterns
in change and causal modes. Both Gould’s and Korn’s papers
deserve considerable attention, and not just in the context of
the nature of hierarchies.

Emergent Properties and Integration:
The Relationship Between Form and Function

A major feature of hierarchical organization is the way that the
properties of any one level influence those of other levels, the
latter not just those adjacent to the “key” level examined. One
of the best studied is that of form and function, though it is only
occasionally dealt with as a property of hierarchies. Often only
one level of organization is studied, and results extrapolated
to others. Such an approach is a long-standing one, used by
Cuvier, for example, to suggest postures and behaviors of
extinct vertebrates based on the characteristics of their bones as
compared to those of extant species, presumably either related
or having the same/similar behaviors, according to the “unity
of plan” of organisms. It had been rare until recently for there to
be rigorous and explicit analysis of hierarchical impacts and
emergent properties introduced to such research—however,
such studies are beginning to occur.

There is a large body of literature on form–function rela-
tionships, some with the old “which came first?” approach, but
others seeking to integrate conceptually ideas about the nature
of shape and form. Foci have varied, but two important efforts
that focused on morphology per se are Olson and Miller’s
(1958) book called Morphological Integration, a search for
quantitative expression of elements of structure, and Raup’s
examination of shape and form in morphospace, giving rise
to what he called a “theoretical morphology” (e.g., Raup and
Michelson 1965; Raup 1966, 1968) that includes growth, pat-
tern formation, and constraints and flexibility that produce
morphologies, given that morphospace is never filled.

Research on the properties of structure at diverse levels
of the biological hierarchy is the now-standard theme, often
with extensive consideration of the “functional properties” of
the structure that is being analyzed. Much of the research does
attempt to bridge levels, especially those between the organ-
ism’s structure and its performance and/or behavior (function).
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I will not fully explore this, citing only a few examples to give
some background and to make the case for integration of re-
search across levels of the hierarchy of organization in order
to understand emergent properties and organismal evolution
and function.

As Koehl (1996) noted, while making a strong case for
quantitative mechanistic analyses of the way function depends
on biological form, the actual “relationship between morphol-
ogy and performance can be nonlinear, context-dependent,
and sometimes surprising. In some cases, small changes in
morphology or simple changes in size, can lead to novel func-
tions, while in other cases changes in form can occur without
performance consequences.” She commented further that the
effect of a specific change of morphology can depend on mor-
phological or even habitat attributes of organisms—changes
in size or habitat can allow new functions and novel conse-
quences of changes in morphology. Organismal-level mecha-
nistic research can be used in concert with other tools to gain
insights about issues in ecology and evolution. The “selective
advantage” of traits has been discussed using largely qualita-
tive examples and rigorous mathematical models; quantitative
correlations between structure and performance give more in-
formation about fitness and ecological role, and such research
is burgeoning.

The searches for common features span the “lower” levels
of the hierarchy from chemical properties to organismal func-
tion. Kung’s (2005) work (mentioned above) on lipids medi-
ating mechanoreceptor structure and function in all animals
studied illustrates the subcellular level of commonality and
constraint; Keaveny et al. (2004) is an integrative study of col-
lagen chemistry as it influences trabecular bone structure and
hence the mechanical properties of bone; while Jaasma et al.
(2002) is similarly integrative in its examination of intraspec-
imen (within individual and across taxa) variation in tissue
modulus of trabecular bone and its biomechanical effects. Such
studies almost invariably conclude with a consideration of the
effect of the structural and functional properties revealed at
the subcellular through tissue (cell interaction) levels of the
hierarchy of organization on the structure–function properties
of the whole organism.

The literature now abounds with excellent studies of
locomotion, feeding, and other functions/behaviors, including
growth and reproduction, in animals and plants. Many of these
are rigorously experimental, mostly in the laboratory but some
in the field, the natural environment of the organisms studied.
A difficulty exists in resolving laboratory and field results. In
the laboratory, experimental conditions can be such that a few
parameters judged relevant are analyzed, and other aspects
are controlled, but performance can be pushed to its limits.
In the field, selected parameters can be measured, but other
conditions are difficult to control, and organisms rarely if ever
perform at the limits of their structure–function possibilities

in nature. Some scientists (mostly graduate students) are
attempting to resolve this paradox. I will not explore that
literature, except to say that its rigor and focus continue to
increase and its expectation of “adaptationist” explanations is
diminishing so that the analysis of the emerging properties of
the structure, the physiology, and the behavior are pursued in
an integrative manner (M. H. Wake 1990).

Research that deals with form–function relationships of
organisms as properties of the way they deal with their envi-
ronments ecologically and evolutionarily includes other levels
of the hierarchy of biological organization that had long been
difficult to analyze rigorously. Arnold’s (1983) classic call for
integration of “morphology, performance, and fitness” pro-
vided a quantitative approach to such studies to replace or
revise the adaptationist considerations of many morphologists
and ecologists. He and his collaborators have led the way in
integrating quantitative genetics, morphology, physiology, be-
havior/performance, and selection in natural populations in
the field. One of the aspects that had been considered diffi-
cult to approach is that of the evolution of organisms, because
it was assumed that this historical property was not replica-
ble or testable. On the one hand, an evolutionary/phylogenetic
perspective can enhance the integration of properties of the
suborganismal level to understand the organism and the taxon
it represents (M. H. Wake 1990, among many). On the other
hand, an analysis of the role of historical factors is essential
to understanding the evolution (and development) of complex
organismal functions, as elucidated by Lauder (1981), Lauder
and Liem (1989), D. B. Wake and Roth (1989), and M. H.
Wake (1992), to name but a few such commentaries. Lauder
(1981) presented perhaps the clearest exposition of structural
analysis in evolutionary biology, and it presages many of the
points of the current article. Lauder envisioned a structural
approach to testing historical hypotheses about the constraints
imposed by phylogeny on organisms. He advocated exam-
ination of nested sets (hierarchies) of structural features in
lineages, examination of general or emergent organizational
properties of structural and functional systems, and compar-
ative study of the consequences for structural and functional
diversity of such features in related lineages.

Lauder (1981) emphasized three examples of emergent
organizational properties: structural complexity, repetition of
parts (see below re modules), and the decoupling of primitively
constrained systems. He indicated that both transformational
and relational hypotheses should be examined, and “to the de-
gree that such hypotheses about form are corroborated, they
provide evidence for an underlying regularity in the transfor-
mation of organic design that may be a consequence of the
hierarchical organization of structural and functional patterns
in organisms” (p. 430). He points out that such an approach al-
lows alternative views of such structure–function properties as
“key innovations.” The latter had been considered untestable in
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terms of causation and adaptation, because most are presumed
to have evolved only once. However, if a “key innovation” is
merely a component of a structural network that has been fo-
cused on in terms of a role in the biology of a lineage, it can be
incorporated into an emergent structural framework based on
resolution of transformational and relational hypotheses, and
does not involve relationship to speciation rate—a concept
that deserves more attention. There are other approaches to
the concept of novelties, some based primarily on definitions,
some on processes of analysis (e.g., Müller 2003).

Emergent Properties and Integration: The Conserved
and Constant Versus the Derived and Permissive

The properties of organisms that are conserved and com-
mon among parts of organisms, and even populations of
organisms (see above), are receiving a great deal of attention
by researchers at present; some of these considerations are
alluded to above. The genetic toolbox is allowing us to unravel
patterns of development, and to understand aspects of the basis
for the evolution of new structures, functions, and even forms
(e.g., expansion of Hox gene expression domains in body
axis formation and loss of limbs in snakes; Cohn and Tickle
1999). We know now that many organisms (the majority of
animals and some plants and fungi) throughout the hierarchy
of life share certain common genes and common regulatory
pathways. We also know that certain taxa (e.g., some
plethodontid salamanders) have long periods of evolutionary
stasis so that they do not change morphologically over vast
periods of evolutionary time, in which they apparently exist in
very stable environmental conditions, but we also know that
they may be deeply divided genetically, so under selection
at some time (see D. B. Wake et al. 1983). At the same
time, there are numerous examples of constantly ongoing
selection, usually in environmentally variable situations,
in which phenotypes alter very frequently. A beautifully
developed example of that mode is Darwin’s finches (Grant
and Grant 1989). The latter example is phenotypically flexible
and evolutionarily permissive, the former is constrained and
constant in morphology, and probably genetically.

There is a huge literature on “constraints”; I will not at-
tempt to review it all, but simply deal with the kind of con-
straint that structure imposes on form and function. It is im-
portant to recognize that structure exists at all levels of the
hierarchy of biological organization, as already implied. I will
oversimplify—a major “constraint” is that of history or phy-
logeny as it reflects the structure of organisms. I have al-
ready alluded to the attempts to “unify” structure–function
relationships across taxa at subcellular, cellular, organismal,
and evolutionary levels of the hierarchy. The point is obvious:
if mostly the same components “build” a structure or an or-
ganism, there is a high probability of limitation to potential

diversification and occupancy of morphospace. If cartilage
is fundamental to the body plan, rather than chiton, struc-
ture/function/ecology/evolution will be “permitted” certain pa-
rameters of development, function, and diversification, but not
others. This point recurs in the literature, mostly implicitly but
also explicitly.

How, then, do body plans come into being and evolve?
This question has been approached for a long time and
from many perspectives. Recently Arthur (1997) and Minelli
(2003) have provided useful analyses and reviewed the long-
unanswered questions; many of us have looked at them from
the perspective of our own research emphases (e.g., M. H.
Wake 1990, 2001, 2003). Despite all this attention, Amundson
(2005) asserts that developmental biologists, including
EvoDevo practitioners, have accepted, rather than investigated,
body plans, and then worked with their development and mod-
ification. Müller and Newman’s (2003) edited volume on the
origination of organismal form, and the contributions therein,
should start to dispel Amundson’s contention. Rasskin-
Gutman (2003) looks carefully at “boundary constraints for the
emergence of form.” He describes morphological organization
in terms of organizational levels, and characterizes them. He
states “Each organizational level acts on the others in a non-
hierarchical [emphasis mine] way. Constraints arise as a result
of these interactions.” He calls into play connectivity early in
development, and invokes a “cascade of differentiations and
secondary inductions” that shape tissues and organs. Rasskin-
Guttman uses the boundaries that are established as landmarks
for comparative analysis, and considers that boundaries delimit
modules, invoking limb development as a general example.
(Hall (2003) questions whether this is really a new approach.)
Finally, Rasskin-Gutman provides empirical data and meth-
ods of analysis. He asks the appropriate questions: whether
law-like principles can be derived at the boundary level, how
boundary patterns are related to each other, and whether they
constrain the appearance of other boundary patterns. The key
question is the first one, for which there is as yet no answer.

The kind of empirical study that might begin to shed some
light on such questions is, for example, one that treats indi-
viduals as modules (see below). Sanchez and Lasker (2003)
investigated colony architecture and patterns of morphologi-
cal integration by considering the polyps of octocorals as mod-
ules. Replication of those modules generates complex colonial
forms. They reasoned that if polyp and colony (supramodule)
traits are highly integrated, then changes at the module level
might change colony architecture. However, if groups of traits
evolve semi-independently, then colony structure might not
be affected. Their quantitative analysis showed that branching
(colony forming) characters of the octocorals are independent
of characters of the polyps. They concluded that branching dur-
ing colony development might represent an emergent level of
integration and modularity. This sort of study is hierarchical,
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integrative, and deals with body plans—the polyp and the
colony, and their relationships.

Change happens; evolution occurs; developmental pat-
terns modify. I have alluded to several factors that are be-
coming understood to promote diversification. They include
modification of development by gene duplications, changes in
timing of gene activity, changes in interactions among genes,
later modifications of interactions among regulatory proteins,
etc., all at suborganismal levels of the biological hierarchy of
organization. Organismally and supraorganismally, such mod-
ifications as change in size or shape, change in use of resources
provided by the habitat, the effects of climatic and other en-
vironmental modification, etc., can drive directional change
in populations, and even speciation and extinction. Despite
many well-studied empirical examples of such change, and
the fact that organisms are effective in their environments so
long as they can outstrip, accommodate, or influence the rate
of environmental change, we see the flexibility and permis-
sivity of biological organization so that some taxa respond to
environmental change whenever it occurs (Darwin’s finches,
above) and some remain quite stable morphologically and oth-
erwise (some plethodontid salamanders, above). We do not yet
have good ideas as to why members of some lineages exhibit
stasis and some phenotypic plasticity, except for correlation
with environmental components that we construe as selection
factors, and, in some cases, limitations set by aspects of intrin-
sic architecture—the structuralist perspective. We know much
more about what constrains development, structure, function,
and evolution than we do about what promotes flexibility of
response and change. Some experimental work is beginning
to provide some answers (e.g., Lenski’s work on bacteria),
and some models generate some tests, but there does not yet
seem to be any general or unifying theory. In part, this may
be because of our emphasis on constraints, rather than the less
approachable permissivity. However, this paradigm is chang-
ing: Lewontin (2000) emphasized the capacity of organisms to
change their environments as they evolve, and that this changes
the conditions of evolution. Laland and his colleagues (Odling-
Smee et al. 2003) label these processes “niche construction”
and they are investigating them as elements of co-evolution
and “ecological inheritance.” They assert that ecological inher-
itance enables the persistence of organisms from generation to
generation, with their legacy of genes and modified selection
pressures. This promises to identify ways that natural selection
does, and does not, work, and that “niche construction” may
be a major principle in the evolution of organisms.

General Properties: Concepts of the Module
and Modularity

The term “module” has been used several times in this article,
and requires some attention in this context. The module is a

now-standard conceptual tool for analysis in developmental bi-
ology, and to some degree in ecology and evolutionary biology.
A diversity of definitions of a “module” continue to abound,
as Bolker (2000) commented. She wisely sought a definition
that would be “applicable at different levels of the biologi-
cal hierarchy,” but also stated that modules must be “defined
with respect to a specified level of the hierarchy, so that the
general definition could deal with both analyses of emerging
causal relationships between levels and studies of the inter-
connections of modules of the same type.” She suggested that
designation of a developmental structure, process, or function
as a “module” is a testable hypothesis, and that ensuing dis-
cussions could provide a common ground for developmental
and evolutionary biologists. A year later, Gilbert and Bolker
(2001a, b) determined that “signal transduction pathways that
integrate embryonic development, . . . both within species and
between species,” constitute homologous modules, and they
then discuss “process homology.” Gass and Bolker (2003) re-
turn to the theme that organisms are “the integration of partially
independent, interacting units and several hierarchical levels”
(= modules). Like others, they try to reconcile the “dissocia-
bility of elements of the phenotype” that they say evolutionists
see with the “process of construction” that they view as the
currency for developmental biologists (much of the recent lit-
erature on modules is focused on trying to unify development
and evolution—EvoDevo; see below).

Some kinds of modules are quantifiable and have relia-
bility for developmental and evolutionary studies, as explored
by Clarke and Mittenthal (1992). But Hanken et al. (2001)
cautioned that often the definitions of modules currently in
vogue (e.g., those for limb development in arthropods and
vertebrates) are often narrowly described, despite the caveats
expressed, and in order to consider all possibilities, must be ex-
panded. Hanken’s example—of limb development in a direct-
developing frog, Eleutherodactylus coqui, in which many of
the “standard” elements of vertebrate limb development (e.g.,
apical epidermal ridge) are not present—apparently correlated
with the reproductive mode and consequent developmental
pattern of the frog. But if a “limb is a limb is a limb,” the defi-
nition of that module must be more inclusive, as a hierarchical
approach demands. Nagy and Williams (2001) go much further
in their challenge to the “modularity paradigm.” They examine
the common view that arthropod limbs are series of serially
repeated structures, and that limbs therefore are built of iden-
tical subunits (= modules). They looked then for functionally
semiautonomous mechanisms of limb development that are
conserved between species, and the implication that “a modu-
lar body plan is a complete and continuous identity of structural
modules.” Nagy and Williams determined that arthropods are
not simply composed of identical repeated units, but that dif-
ferent lineages have different expressions of modularity, so
it is an evolutionarily variable character. Furthermore, limbs,
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though conserved in “some patterning processes that position
the limb primordia, much of limb development is not con-
served.” Nagy and Williams advocate reanalyzing arthropod
limb development in terms of axial diversification and mech-
anisms of segmentation.

Shubin and Davis (2004), while accepting the notion of
the limb as a module, also make the point that modules exist
at several levels within limbs, from combinations of skele-
tal and developmental parts to the whole organ, and consider
the limb to be “in an environment that is physically sepa-
rated from the main axis of the body” so that it both has
its own hierarchy of organization and is part of the organ-
ism’s hierarchy. In fact, in my opinion, these examples, taken
from an apparently similar developmental and evolutionary
process, the establishment of limbs, provide evidence for the
emergent properties of interactions of multiple levels of the
hierarchy of biological organization of organisms and taxa in
which modification of elements of a common pattern yields
a unit, or module, the limb, that is homologous to that of
other limbs—and accordingly we could debate the nature of
homology.

At the same time as the quest for unification of evolu-
tion and development, the “module” has become the currency
for searching for and examining patterns in common among
like structures at several levels of the hierarchy of biolog-
ical organization. Ravasz et al. (2002) examined metabolic
networks of 43 kinds of organisms and found “small, highly
connected topologic modules that combine in a hierarchical
manner into larger, less cohesive units . . . .” The modules are
spatially and/or chemically isolated functional units that are
composed of a diversity of cellular components and have spe-
cific functions, but are fundamental to cellular organization.
They suggest that the hierarchical network “may be generic to
system-level cellular organization.”

An example of a similar approach to modules at a very
different level of the hierarchy of biological organization is
Pederson and Tuomi’s (1995) examination of hierarchical se-
lection and fitness in modular and clonal organisms. They
consider modules to be the “basic units of construction” and
“distinguishable, iterated, multicellular units of construction
which jointly make up larger physically coherent units.” They
considered growth in organisms, colonies, and clones made
up of modules, and determined that modular growth generates
at least three kinds of hierarchies: (1) morphological (phe-
notypic characters of both the modules that are repeated by
developmental processes and the units themselves [organisms,
colonies, clones]). The functional hierarchy (2) deals with the
levels of interaction and the relationships between fitness and
the phenotypic characters at different levels of modular orga-
nization, and the demographic hierarchy (3) is a nested one
of units that are replicated by asexual propagation. In the de-
mographic hierarchy, each level has specific birth and death

rates so that fitness and selection can be evaluated. Another
example is one that treats individuals as modules. Davidson
et al. (2003) examine the transitions from isolated individuals
to colonies in the development and evolution of metazoans,
a study that integrates several levels of the biological hierar-
chy. These diverse examples illustrate the power of the use
of the “module” (with very different definitions of the term
among the authors) as a unit of study that can facilitate in-
tegration across many levels of the hierarchy of biological
organization.

Winther (2001) tried to organize modules into three kinds:
structural, developmental, and physiological. He stated that a
module can fulfill no, one, or multiple functional roles. He
is particularly interested in individuation of modules, and the
phylogenetic origin of modularity, particularly the mechanis-
tic bases for that origin. He considered the conceptual and
methodological differences between developmental and evo-
lutionary biologists, and pled that the diversity of views regard-
ing modularity be resolved so that a “comprehensive, rather
than a piecemeal and fragmentary, evolutionary developmen-
tal biology” could be attained. Given that the “module” has
become the currency for investigation at all levels of the hier-
archy or biological organization, some reconciliation of defi-
nition and use is warranted.

Conclusions

I have decried, in various passages in this article, the absence
of general or unifying principles that are biologically based
and that integrate information about various levels of biolog-
ical organization. However, most of the empirical examples
I select to make my case about the centrality of the organ-
ism, the importance of viewing organismal organization from
multiple levels of the hierarchy of biological organization,
and emergent properties of levels of organization that have
effects, often profound ones, on levels both below and above
the level studied, are ones whose authors are already employ-
ing, in various ways, aspects of the approaches I believe will
yield a better understanding of biology. Some new general
principles are emerging to join those already developed; the
genetic toolbox is facilitating understanding of properties that
are conserved or constrained, and those that are “new,” at many
levels of organization. A hierarchical approach is beginning to
gain favor among those who wish to understand organisms
and their internal and external interactions. Integration of data
from different levels of study is almost implicit in hierarchical
studies, but should be made explicit, and a clear methodology
described. One of the difficulties in determining the degree
to which principles are general has to do with the definitions
of terms used in common, but with different significance, by
subcultures of biology. For example, as I have described, a
module can be almost anything, depending on the context of
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study—a biochemical pathway, a part of an individual such
as a limb, an individual, or probably even a species. (Sim-
ilarly, such concepts as homology can have multiple mean-
ings unless the concept is bounded at different levels.) If not
agreement on a definition, at least a clear delineation of the
intended use of common terms must be presented to facilitate
understanding; without it, the argument developed is seriously
weakened. Experimental design must be explicit, and theory
or principle being tested clearly characterized. At the same
time, it seems clear that a general approach to many ques-
tions in biology, if not a unifying theory, is emerging. There
are similarities in approach to questions among members of
the subdisciplines of biology without much communication
or discussion, a convergence on pattern and process analysis.
Quantitative tools are much more accessible to biologists of all
disciplines.

Winther (2006) attempts to resolve the dilemma of dif-
ferent approaches and definitions by the different subcultures
of biology and to provide for a more coherent assessment of
biological theories, and, importantly, biological theorizing. He
describes two styles of “biological theorizing”: compositional
biology, which concerns parts and wholes and their functions
and capacities, and formal biology, which deals with math-
ematical laws and models that represent quantitative terms.
Winther believes that comparative and functional morpholo-
gists and developmental, cellular, and molecular biologists use
the compositional framework, and theoretical population ge-
neticists and ecologists the formal framework. He notes that the
fundamental differences in the two styles lie in their method-
ologies of theorizing. He then comments that each style exam-
ines similar sets of phenomena in the same biological system
in distinct ways (he uses development in organisms as his ex-
ample) so that it is possible to reach conflicting conclusions
about the processes and entities of the system. Winther states
that the theoretical conflicts arise because each style “yearns
for completeness,” that is, it takes its own methods to develop
a general theory as necessary and sufficient to explain all the
data in question. He distinguishes between a style of theoriz-
ing and a theoretical perspective. The former is a general style
(in compositional biology) “that commits to general explana-
tory, modeling and part-identification strategies.” The theoret-
ical perspectives in compositional biology develop “very spe-
cific forms of explanation, modeling, and part-identification.”
Much of Winther’s discussion is framed in his concern about
the importance of parts in biological theory. He notes in his
conclusions that compositional and formal styles of doing bi-
ology are radically different, and endorse distinctly different
explanatory modes. He states, “It is often supposed that for-
mal biology is the theoretical biology.” He asserts that, though
compositional biology has been called stamp collecting or
obsession with mechanistic detail, it too is highly theoreti-
cal, especially in the way it deals with part-identification and

part-based explanation. Winther finds it ironic that composi-
tional style, fundamental to research in so much of biology, has
received little philosophical attention. He believes that a de-
tailed philosophical analysis of compositional biology is nec-
essary for both theoretical and practical reasons. He concludes
by saying that the differences have less to do with the part of
biology being studied, and more with the deep methodological
differences between the two and the consequent differences in
theory construction. Given that both styles operate in contem-
porary biology, Winther recommends that members of each
of the two traditions should explore ways of relating to the
other culture rather than trying to force theory and experiment
into their own worldview, and he closes by suggesting that a
“translation manual” between the two biological styles would
be useful.

Given that it appears that some fundamentals of perspec-
tive are beginning to emerge for certain kinds of studies in
biology, even though methodologies and even definitions dif-
fer and consequently restrict communication and a different
kind of “integration,” Winther’s attempt to reconcile the dif-
ferences in styles of theorizing has great merit. More attention
should be paid to the tradition out of which one approaches
investigation in biology, including theory formation, experi-
mental design, and the nature of analysis and conclusion. A
large part of “integrative” biology is communication among
scientists, not just bridging within the study framework. Be-
cause “integrative biology” is now attempting to equip scien-
tists to be knowledgeable of the approaches and data across
subfields of biology in order to examine the properties of the
different levels of the biological hierarchy of organization and
the influences of those levels on each other, scientists should
acquaint themselves with similarities and differences among
methodologies and approaches to science. There is room for
two styles of theorizing; biologists need to know more about
them. I expect that new theoretical perspectives will emerge
from integrative studies of organisms throughout the hierarchy
of biological organization (levels determined by the complex-
ity of the question); I expect that a first step, one we have been
in for a while, is the development of a hierarchy of theory that
itself deserves and demands integration.

Acknowledgments
I thank the organizers of the Xth Altenberg Workshop in Theoretical Biology
for their invitation to participate and for including this article for discussion
and comment, and B. K. Hall for constructive comments on the manuscript. I
appreciate the support of the National Science Foundation, currently through
grant no. 03 34939, for my research in evolutionary morphology, sensu lato,
which has allowed me to think about the hierarchical nature of integrative
biology. I especially thank the many colleagues with whom I have had discus-
sions over the years about the dimensions of biology, which has allowed me
to think about the framework for a hierarchically integrative and theoretical
biology.

Biological Theory 3(3) 2008 221



Organisms and Organization

References

Allen AP, Gillooly JF, Brown JH (2005) Linking the global carbon cycle to
individual metabolism. Functional Ecology 19: 202–213.

Amundson R (2005) The Changing Role of the Embryo in Evolutionary
Thought: Roots of Evo-Devo. Cambridge: Cambridge University Press.

Anonymous (1971) The Compact Edition of the Oxford English Dictionary.
Glasgow, UK: Oxford University Press.

Arnold SJ (1983) Morphology, performance and fitness. American Zoologist
223: 347–361.

Arthur W (1997) The Origin of Animal Body Plans: A Study in Evolutionary
Developmental Biology. Cambridge: Cambridge University Press.

Bock JB, Matern HT, Peden AA, Scheller RH (2001) A genomic perspective
on membrane compartment organization. Nature 409: 839–841.

Bolker JA (2000) Modularity in development and why it matters to evo-devo.
American Zoologist 40: 770–776.

Bonner JT (1988) The Evolution of Complexity. Princeton, NJ: Princeton
University Press.

Brooks DR, Wiley EO (1986) Evolution as Entropy: Toward a Unified Theory
of Biology. Chicago: University of Chicago Press.

Clarke BS, Mittenthal JE (1992) Modularity and reliability in the organization
of organisms. Bulletin of Mathematical Biology 54: 1–20.

Cohn MJ, Tickle C (1999) Developmental basis of limblessness and axial
patterning in snakes. Nature 399: 474–479.

Davidson B, Jacobs MW, Swalla BJ (2003) The individual as a module:
Solitary-to-colonial transitions in metazoan evolution and development.
In: Modularity in Development and Evolution (Schlosser G, Wagner GP,
eds), 443–465. Chicago: University of Chicago Press.

DeGuzman CG, Kelso JAS (1992) The flexible dynamics of biological coor-
dination: Living in the niche between order and disorder. In: Principles
of Organization in Organisms (Mittenthal JE, Baskin JB, eds), 11–34.
Reading, MA: Addison-Wesley.

Gass GL, Bolker JA (2003) Modularity. In: Keywords and Concepts in Evo-
lutionary Developmental Biology (Hall BK, Olson WM, eds), 260–267.
Cambridge, MA: Harvard University Press.

Gilbert SF, Bolker JA (2001a) Homologies of process and modular elements
of embryonic construction. Journal of Experimental Zoology (Molecular
Development and Evolution) 291: 1–12.

Gilbert SF, Bolker JA (2001b) Homologies of process and modular elements
of embryonic construction. In: The Character Concept in Evolutionary
Biology (Wagner GP, ed), 437–456. San Diego, CA: Academic Press.

Goodwin BC (1989) Evolution and the generative order. In: Theoretical Biol-
ogy: Epigenetic and Evolutionary Order from Complex Systems (Goodwin
BC, Saunders P, eds), 89–100. Edinburgh, UK: Edinburgh University
Press.

Gould SJ (1980) Is a new and general theory of evolution emerging?
Paleobiology 6: 119–130.

Gould SJ (1998) Gulliver’s further travels: The necessity and difficulty of a
hierarchical theory of selection. Philosophical Transactions of the Royal
Society of London B 353: 307–314.

Grant BR, Grant PR (1989) Natural selection in a population of Darwin’s
finches. American Naturalist 133: 377–393.

Hall BK (2003) The emergence of form: The shape of things to come. Devel-
opmental Dynamics 228: 292–298.

Hall BK, Pearson RD, Mueller G, eds (2003) Environment, Development, and
Evolution: Toward a Synthesis. Cambridge, MA: MIT Press.

Hanken J, Carl TF, Richardson MK, Olsson L, Schlosser G, Osabutey CK,
Klymkowsky MW (2001) Limb development in a “nonmodel” vertebrate,
the direct-developing frog Eleutherodactylus coqui. Journal of Experi-
mental Zoology (Molecular Development and Evolution) 291: 375–388.

Hubbell SP (2001) The Unified Neutral Theory of Biodiversity and Biogeog-
raphy. Princeton, NJ: Princeton University Press.

Jaasma MJ, Bayraktar HH, Niebur GL, Keaveny TM (2002) Biomechanical
effects of intraspecimen variations in tissue modulus for trabecular bone.
Journal of Biomechanics 35: 237–246.

Kauffman SA (1992) The sciences of complexity and “origins of order.” In:
Principles of Organization in Organisms (Mittenthal JE, Baskin AB, eds),
303–319. Reading, MA: Addison-Wesley.

Kauffman SA (1993) The Origins of Order: Self-Organization and Selection
in Evolution. New York: Oxford University Press.

Keaveny TM, Wong EK, Daugherty SM, et al. (2004) Role of architecture and
collagen cross-linking on trabecular bone mechanical properties. Journal
of Bone and Mineral Research 19: S356.

Koehl MAR (1996) When does morphology matter? Annual Reviews of Ecol-
ogy and Systematics 27: 501–542.

Korn RW (2002) Biological hierarchies, their birth, death and evolution by
natural selection. Biology and Philosophy 17: 199–221.

Kung C (2005) A possible unifying principle for mechanosensation. Nature
436: 647–654.

Lauder GV (1981) Form and function: Structural analysis in evolutionary
morphology. Paleobiology 7: 430–442.

Lauder GV (1982) Introduction. In: Form and Function: A Contribution to the
History of Animal Morphology (Reissue of E. S. Russell, 1916, xi–xlii).
Chicago: University of Chicago Press.

Lauder GV, Liem KF (1989) The role of historical factors in the evolution
of complex organismal functions. In: Complex Organismal Functions:
Integration and Evolution in Vertebrates (Wake DB, Roth G, eds), 63–78.
Chichester, UK: Wiley.

Lewin R (1992) Complexity: Life on the Edge of Chaos. New York:
Macmillan.

Lewontin RC (2000) The Triple Helix: Gene, Organism and Environment.
Cambridge, MA: Harvard University Press.

Mayr E, Provine WB, eds (1980) The Evolutionary Synthesis: Perspectives
on the Unification of Biology. Cambridge, MA: Harvard University Press.

McShea DW (2000) Functional complexity in organisms: Parts as proxies.
Biology and Philosophy 15: 641–668.

McShea DW, Venit EP (2001) What is a part? In: The Character Concept
in Evolutionary Biology (Wagner GP, ed), 261–286. San Diego, CA:
Academic Press.

Minelli A (2003) The Development of Animal Form: Ontogeny, Morphology,
and Evolution. New York: Cambridge University Press.

Mittenthal JE (1989) Physical aspects of the organization of development. In:
Complex Systems (Stein D, ed), 225–274. Reading, MA: Addison-Wesley
Longman Press.

Mittenthal JE, Baskin AB (1992) General conclusions about the principles
and theory of organization in organisms. In: Principles of Organization
in Organisms (Mittenthal JE, Baskin AB, eds), 385–393. Reading, MA:
Addison-Wesley.

Mittenthal JE, Baskin AB, Reinke RE (1992) Exploring the role of finite-
ness in the emergence of structure. In: Principles of Organization in
Organisms (Mittenthal JE, Baskin AB, eds), 337–381. Reading, MA:
Addison-Wesley.

Müller GB (2003) Homology: The evolution of morphological organization.
In: Origination of Organismal Form: Beyond the Gene in Developmen-
tal and Evolutionary Biology (Müller GB, Newman SA, eds), 51–69.
Cambridge, MA: MIT Press.

Müller GB, Newman SA (2003) Origination of organismal form: The for-
gotten cause in evolutionary theory. In: Origination of Organismal Form:
Beyond the Gene in Developmental and Evolutionary Biology (Müller
GB, Newman SA, eds), 3–10. Cambridge, MA: MIT Press.

222 Biological Theory 3(3) 2008



Marvalee H. Wake

Nagy LM, Williams TA (2001) Comparative limb development as a tool
for understanding the evolutionary diversification of limbs in arthropods:
Challenging the modularity paradigm. In: The Character Concept in Evo-
lutionary Biology (Wagner GP, ed), 457–490. San Diego: Academic Press.

Nelson TR (1992) Biological organization and adaptation: Fractal struc-
ture and scaling similarities. In: Principles of Organization in Organisms
(Mittenthal JE, Baskin AB, eds), 35–61. Reading, MA: Addison-Wesley.

Newman SA (1992) Generic physical mechanisms of morphogenesis and
pattern formation as determinants in the evolution of multicellular organi-
zation. In: Principles of Organization in Organisms (Mittenthal JE, Baskin
AB, eds), 241–267. Reading, MA: Addison-Wesley.

Newman SA (2003) From physics to development: The evolution of mor-
phogenetic mechanisms. In: Origination of Organismal Form: Beyond the
Gene in Developmental and Evolutionary Biology (Müller GB, Newman
SA, eds), 221–239. Cambridge, MA: MIT Press.

Odling-Smee FJ, Laland KN, Feldman MW (2003) Niche Construction: The
Neglected Process in Evolution. Princeton, NJ: Princeton University Press.

Olson EC, Miller RL (1958) Morphological Integration. Chicago: University
of Chicago Press.

Ostling A (2005) Neutral theory tested by birds. Nature 436: 635–636.
Pattee HH (1969) Physical conditions for primitive functional hierarchies. In:

Hierarchical Structures (Whyte LL, Wilson AG, Wilson D, eds), 161–171.
New York: American Elsevier.

Pederson B, Tuomi J (1995) Hierarchical selection and fitness in modular and
clonal organisms. Oikos 73: 167–180.

Rasskin-Gutman D (2003) Boundary constraints for the emergence of form.
In: Origination of Organismal Form: Beyond the Gene in Developmen-
tal and Evolutionary Biology (Müller GB, Newman SA, eds), 305–332.
Cambridge, MA: MIT Press.

Raup DM (1966) Geometric analysis of shell coiling: General problems.
Journal of Paleontology 40: 1178–1190.

Raup DM (1968) Theoretical morphology of echinoid growth. Journal of
Paleontology 42: 50–63.

Raup DM, Michelson A (1965) Theoretical morphology of the coiled shell.
Science 147: 1294–1295.

Ravasz E, Somera AL, Mongru DA, Oltvai ZN, Barabasi A-L (2002) Hier-
archical organization of modularity in metabolic pathways. Science 297:
1551–1555.

Riedl R (1976) Order in Living Organisms (Jefferies RPS, trans.). London:
Wiley.

Salthe SN (1985) Evolving Hierarchical Systems. New York: Columbia Uni-
versity Press.

Sanchez JA, Lasker HR (2003) Patterns of morphological integration in ma-
rine modular organisms: Supra-module organization in branching octo-
coral colonies. Proceedings of the Royal Society London B 270: 2039–
2044.

Shubin NH, Davis MC (2004) Modularity in the evolution of vertebrate ap-
pendages. In: Modularity in Development and Evolution (Schlosser G,
Wagner GP, eds), 429–440. Chicago: University of Chicago Press.

Smocovitis VB (1996) Unifying Biology. Princeton, NJ: Princeton University
Press.

Stork DG (1992) Preadaptation and principles of organization in organisms.
In: Principles of Organization in Organisms (Mittenthal JE, Baskin AB,
eds), 205–224. Reading, MA: Addison-Wesley.

von Bertalanffy L (1968) General Systems Theory. New York: Braziller.
Wagner GP, Laubichler MD (2001) Character identification: The role of the

organism. In: The Character Concept in Evolutionary Biology (Wagner
GP, ed), 143–165. San Diego, CA: Academic Press.

Wake DB, Larson A (1987) Multidimensional analysis of an evolving lineage.
Science 238: 42–48.

Wake DB, Roth G (1989) The linkage between ontogeny and phylogeny in
the evolution of complex systems. In: Complex Organismal Functions:
Integration and Evolution in Vertebrates (Wake DB, Roth G, eds), 361–
377. Chichester, UK: Wiley.

Wake DB, Roth G, Wake MH (1983) On the problem of stasis in organismal
evolution. Journal of Theoretical Biology 101: 211–224.

Wake MH (1990) The evolution of integration of biological systems: An
evolutionary perspective through studies on cells, tissues, and organs.
American Zoologist 30: 897–906.

Wake MH (1992) Morphology, the study of form and function, in modern evo-
lutionary biology. In: Oxford Surveys in Evolutionary Biology (Futuyma
D, Antonovics J, eds), 289–346. New York: Oxford University Press.

Wake MH (2001) Bodies and body plans: How they came to be. In: A New
Century of Biology (Kress WJ, Barrett G, eds), 28–52. Washington, DC:
Smithsonian.

Wake MH (2003) Reproductive modes, ontogenies, and the evolution of body
form. Animal Biology 53: 209–223.

Weiss P (1971) The basic concept of hierarchical systems. In: Hierarchically
Organized Systems in Theory and Practice (Weiss P, ed), 1–43. New York:
Hafner Press.

Winther RG (2001) Varieties of modules: Kinds, levels, origins, and behaviors.
Journal of Experimental Zoology (Molecular Development and Evolution)
291: 116–129.

Winther RG (2006) Parts and theories in compositional biology. Biology and
Philosophy 21: 471–499.

Wisheu IC (1998) How organisms partition habitats: Community organiza-
tions with identical patterns. Oikos 83: 246–258.

Wootton JT (1994) Putting the pieces together: Testing the independence of
interactions among organisms. Ecology 75: 1544–1551.

Zwick M (2001) Wholes and parts in general systems methodology. In: The
Character Concept in Evolutionary Biology (Wagner GP, ed), 239–258.
San Diego, CA: Academic Press.

Biological Theory 3(3) 2008 223



This article has been cited by:

1. Jonathan B. L. Bard. 2008. Waddington's Legacy to Developmental and Theoretical BiologyWaddington's Legacy to
Developmental and Theoretical Biology. Biological Theory 3:3, 188-197. [Abstract] [PDF] [PDF Plus]

http://dx.doi.org/10.1162/biot.2008.3.3.188
http://www.mitpressjournals.org/doi/pdf/10.1162/biot.2008.3.3.188
http://www.mitpressjournals.org/doi/pdfplus/10.1162/biot.2008.3.3.188

