Evolutionary Innovations and
Developmental Resources: From
Stability to Variation and Back Again

Jonathan Kaplant

Will a synthesis of developmental and evolutionary biology require a focus on the role
of nongenetic resources in evolution? Nongenetic variation may exist but be hidden
because the phenotypes are stable (developmentally canalized) under certain back-
ground conditions. In this case, those differences may come to play important roles
in evolution when background conditions change. If this is so, then a focus on the
way that developmental resources are made reliable, and the ways in which reliability
fails, may prove to be of crucial importance to linking developmental and evolutionary
biology.

1. Introduction: How to Integrate Developmental and Evolutionary Biol-
ogy—Why Innovations Matter. In his provocatively titled “Evo-Devo or
Devo-Evo—Does It Matter?” (2000), Brian Hall lists several major out-
standing questions for linking evolutionary and developmental biology,

including:
* How does variability coexist with stability (within and between
species)?

* How is development “programmed” (how is the collective behavior
of cells transmitted between generations)?
* Do we need to invoke other (nongenetic) modes of inheritance?
* Do we need to invoke other (nongenetic) modes of evolution?
Hall identifies Evo-Devo, or evolutionary developmental biology, as re-
search that is “undertaken against the background of the gene as the

+To contact the author, please write to: 208 Hovland Hall, Philosophy Department,
Oregon State University, Corvallis, OR 97331-3902; e-mail: jonathan.kaplan@oregon
state.edu.

1I would like to thank the other participants in the “Evolutionary Innovations and
Novelties” symposium, and especially Massimo Pigliucci and Alan Love, who read drafts
of this article and made helpful suggestions.

Philosophy of Science, 75 (December 2008) pp. 861-873. 0031-8248,/2008/7505-0031$10.00
Copyright 2008 by the Philosophy of Science Association. All rights reserved.

861

https://doi.org/10.1086/594530 Published online by Cambridge University Press


https://doi.org/10.1086/594530

862 JONATHAN KAPLAN

hereditary unit (i.e., as the unit of transmission of heredity)” (2000, 177).
This style of research, sometimes referred to as “Hoxology” (disparagingly
by its critics, with fondness by its fans; see, e.g., Gould 2002), is primarily
directed at understanding the often evolutionarily highly conserved genetic
resources involved in development. As Hall notes, if such research is
adequate to fully answer the four questions above, then research which
does “not place primary emphasis on genes as the only units of evolu-
tionary change” (2000, 178), that is, Devo-Evo (developmental evolu-
tionary biology), will not prove to be a necessary part of the project of
integrating developmental and evolutionary biology.

The difficulty with any list of “outstanding questions” is that different
interpretations of the questions will tend to lead to different views about
what would constitute an adequate answer to those questions. In this
article, I argue that attention to evolutionary innovations—new quali-
tatively distinct traits—can sharpen the focus of these questions and make
clearer exactly what is at stake in the Evo-Devo/Devo-Evo debate. It seems
certain, for example, that nongenetic modes of inheritance and evolution
have been found, but what matters is the significance of these nongenetic
systems, and that is still very much an open question. Many authors have
argued that the effects of such systems are both small and relatively rare
(see Rosenberg 2006 for an excellent summary of these arguments). How-
ever, if such systems prove important for at least some major evolutionary
innovations, then the significance of those systems will be at least partially
independent from the question of how often such systems make a differ-
ence in extant populations. Indeed, a focus on innovations may reveal
ways in which attention to the most common sources of heritable variation
in extant populations is misleading; it may turn out that while under-
standing most variation and local adaptations in extant populations does
not require Devo-Evo, understanding the sources of heritable variation
more generally does.

2. On the Very Idea of Devo-Evo. One potential criticism of Devo-Evo
is that a research program that recommends shifting attention away from
“ordinary” genetic systems of inheritance would lack focus. Hall, for
example, claims that “it is difficult to imagine what a developmental
evolutionary biology would be like” (2000, 178). Developmental systems
theory (DST), as one articulation of a “Devo-Evo” approach, has faced
similar criticisms (see. e.g., Robert, Hall, and Olson 2001, 959). “Extended
inheritance” is generally considered one of DST’s central tenets—organ-
isms, DST points out, inherit a heterogeneous set of “developmental re-
sources” (see Table 1) which interact to construct that organism’s life
cycle; ontogeny is initiated and maintained by multiple entities and influ-
ences (see Robert et al. 2001 for a brief review; Oyama, Griffiths, and
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TABLE 1. NONGENETIC (OR NOT FULLY GENETIC) HERITABLE DEVELOPMENTAL

RESOURCES.

Category of
Resource

Types of Resources

Sample References

“Ordinary” epige-
netic features

Membrane inheri-
tance/templating

Intracellular
resources

Symbiotic
inheritance

Intercellular organi-
zation (in multicellu-
lar organisms)

“Niche” construction
and inheritance

Behavioral inheri-
tance/learning

DNA methylation, chromatin con-
densation, etc.

Cortical membrane-based inheri-
tance, templating of other cellular
structures including cytoskeletal
structures

Various material resources (includ-
ing, in yeast at least, prions), meta-
bolic cycles and states, chemical
gradients, etc.

Bacteria, yeasts, etc. (including per-
haps organelles such as chloro-
plasts, mitochondria, etc.)

Cellular inheritance through devel-
opment, such as tissue fields, mor-
phogen gradients, etc.

Environmental construction (figu-
rative or literal); environmental se-
lection (passive or active) including
host selection, etc.

Various forms, including at least
passive learning (via, e.g., transmis-
sion of chemical signals re: food
preferences), differential attention
to environmental factors, and/or
active “mimicry”

See various in Jablonka and
Lamb 2005.

See Moss 2003 and cites therein
for various references.

See Wickner et al. 1999 and
Krishnan and Lindquist 2005
re: prions (in yeast); Harold
2005 on molecular structuring
more generally.

See, e.g., Gill et al. 2006 and
O’Hara and Shanahan 2006 on
human gut metagenomics and
metabolism.

See Moss 2003 for review; Soto
and Sonnenschein 2004 on the
suppression of cell division in
multicellular organisms.

See Odling-Smee, Laland, and
Feldman 2003; Lewontin 1985.

For food preferences in rats via
chemical signals, and blue tit
milk-bottle opening behavior,
see Jablonka 2001 and cites
therein. For baboon cultural
transmission, see Sapolsky and
Share 2004.

Gray 2001; Robert 2004; and Jablonka and Lamb 2005 for details). But
how does one study such a diverse set of resources? While no one disputes
the necessity of a variety of “resources” for development, they are gen-
erally regarded as fundamentally different than genetic resources, and
evolutionarily insignificant.

The reason for this would seem to be straightforward—indeed evolution
is often defined as changes in gene frequencies within populations (stan-
dard textbooks providing this definition include, e.g., Curtis and Barnes
1989; Futuyma 1998; Freeman and Herron 2004). The argument is that
only heritable changes matter to evolution, and genes are the (only) units
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of heredity, so the only changes in populations that have evolutionary
consequences are those that involve genetic changes. On this view, the
fact that multiple different kinds of resources are necessary for devel-
opment is irrelevant—what matters is heritable variation, and this view
assumes that (at least) the vast majority of heritable variation is straight-
forwardly genetic. Wolport, for example, argues against the evolutionary
significance of genetic imprinting, noting that “because there is no change
in the genetic information, and it involves only an inherited change in
gene transcription, it is very hard to see its possible evolutionary signif-
icance, and what can it achieve that is not done by conventional alterations
to the developmental programme by changes in DNA” (Wolpert 1998
240; see also, e.g., Rosenberg 2006)

One way, then, to bring focus to a Devo-Evo approach is to distinguish
between those developmental resources that are necessary for development
and are regularly present during development and those developmental
resources that vary in ways that can be of evolutionary significance. Nat-
ural selection demands only that there be heritable variation associated
with fitness differences; if heritable nongenetic developmental resources
vary in ways associated with fitness differences, then these resources will
be of (at least local) evolutionary significance. How important such re-
sources are will depend not just on how common such variation generally
is but also on how important such variation has been.

But to focus on heritable differences is to focus on only part of the
problem facing the integration of developmental and evolutionary biol-
ogy; explaining the relative stability of development is key, too. While the
lack of variation in some resources used in development may be exogenous
to that organism’s developmental system, in other cases the lack of var-
iation is actively maintained by the organism itself. Further, many de-
velopmental resources do vary, and yet those variations don’t end up
mattering much to development. Some obvious examples include the ge-
netic variation that is revealed in cryptic variation (see examples below)
and, for example, the kind of compensatory plasticity that results in some
developmentally delayed organisms “catching up” when the resources be-
come available (see Mangel and Munch 2005, and below). What mech-
anisms make this possible?

3. Stability and Variation in Evolution. In order for development to suc-
ceed “normally,” the resources necessary for development must either not
vary (or at least not vary in ways that matter with respect to the normal
range of developmental outcomes) or variation in the resources necessary
for development must be buffered or countered by other aspects of the
developmental process. DST is sometimes criticized for (at least poten-
tially) making too much of resources that while important, don’t vary in

https://doi.org/10.1086/594530 Published online by Cambridge University Press


https://doi.org/10.1086/594530

EVOLUTIONARY INNOVATIONS 865

ways that matter to evolution. Wolport, for example, writes: “The key
question relates to transgenerational epigenetic inheritance. If there had
been no transgenerational epigenetic inheritance how would this have
affected evolution? It is hard to see, apart from imprinting, that it would
have been different in any significant way. . . . [Even] imprinting plays
a very minor role in evolution” (Wolpert 1998, 240). While it is true, for
example, that, the structure of the human skeletal system depends critically
on biomechanical forces that would not be present in the absence of
gravity,! gravity is not generally regarded as an “interesting” develop-
mental resource, in large part because there is no significant variation in
it (on Earth, anyway), and no “work”™ needs to be done to maintain its
ordinary developmental effects from generation to generation.’

But as proponents of Devo-Evo approaches point out, other devel-
opmental resources that don’t vary significantly within a population don’t
vary because they are actively maintained by and depend upon the or-
ganisms in question. For example, the formation of cell membranes re-
quire other membranes as templates, and the stability of membrane for-
mation in such systems is explained (in part) by the accuracy with which
membranes are recreated from those templates (Moss 2003). But when
those templates are changed, so too can the membranes formed from
them (this phenomenon is particularly well established in various ciliates;
see Landman 1991 for review). Integrating evolutionary and develop-
mental biology would seem to require understanding how the stability of
such resources evolved.

One entry into the evolution of stability are those cases in which stability
breaks down, revealing cryptic variation. Variation in developmental re-
sources can be hidden in a variety of ways; when the potential phenotypic
effects of this variation are revealed, previously hidden variation is ex-
posed. The existence of hidden developmental variation can be the result

1. For example, in order to walk upright with a “normal” gait, modern humans require
a bicondylar angle (the angle between the femur and the plane formed by the lower leg
bones) of between 6 and 14 degrees (8§-11 degrees is most common); the other great apes
all have angles under 5 degrees. The differences in this angle between modern humans
and the other great apes are not the result of selection on genes that “control” this angle.
Rather, the angle is the result of adaptive accommodation; it is formed through the
interaction of the mechanical forces involved in learning to walk upright. Humans who,
from birth, cannot walk do not form the “normal” angle (it remains at around 0 degrees,
the angle at birth). See, e.g., Gough, Jenkinson, and O’Brien 1997; Shefelbine, Tardieu,
and Carter 2002; Lovejoy 2005. Ron Amundson (2006) drew my attention to this example.

2. While gravity itself doesn’t vary, the effects that gravity has on an organism do—very
small aquatic organisms and medium-sized terrestrial organisms experience gravity dif-
ferently. But any changes in the effects gravity has on the development of organisms will
tend to be “quasi-continuous” as small changes in, e.g., body size or life-style will map
onto small changes in the developmental effects of gravity (see Lewontin 1985).
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of active buffering mechanisms—systems that seem to have evolved in
order to limit the effects of particular kinds of variations on development,
such as the HSP system—or it can be a side effect of other developmental
processes that happen to suppress variation, such as epistasis and genetic
redundancy.

The existence of cryptic genetic variation—genetic variation that can
have phenotypic consequences but generally doesn’t—is the focus of a
long-standing research tradition, dating back at least to Waddington’s
work in the 1950s (see Lewontin 1985). Recent work on the HSP90 systems
in both Drosophila and Arabidopsis revealed extensive cryptic variation
(see, e.g., Rutherford and Lindquist 1998; Mitchell-Olds and Knight 2002;
Queitsch, Sangster, and Lindquist 2002); the phenotypic effects of the
variation normally hidden by the HSP systems is in many cases quite
radical. While the initial studies focused on hidden genetic variation, hid-
den epigenetic variation has also been revealed (see, e.g., Pigliucci 2003;
Sollars et al. 2003; True and Lindquist 2004). Importantly, the phenotypic
variations exposed by breakdowns in these “chaperone” systems can then
be stabilized by selection; selection on particular novel phenotypes can
result in those phenotypes being developmentally maintained even when
the chaperone systems are reintroduced into the developmental system.
In the case of genetic variation, this is probably by the selection of multiple
genes that, individually, are suppressed but together are expressed even
when the buffering systems are functioning normally again (see, e.g.,
Rutherford and Lindquist 1998). In the case of epigenetic variation, the
mechanisms involved remain somewhat less clear, but it seems plausible
that the suppression of the buffering systems make the epigenetic states
less stable, and different potentially stable epigenetic states are exposed;
selection can act on those potentially stable states, and when the buffering
systems are reintroduced, the new stable states are maintained (see Pigliucci
2003 for review).

Cryptic variation can also be exposed when unusual developmental
events reveal phenotypic plasticity not normally seen. The most famous
example of this is perhaps bipedalism in goats, made famous by Slijper
(Slijper 1942). Here, a particular developmental abnormality (reduced
forelimbs) results in a behavioral change (bipedalism) that releases nor-
mally cryptic compensatory plasticity in everything from skeletal form to
the organization of internal organs; similar changes have been reported
in cases of bipedalism in dogs and macaques monkeys. Amundson (2006)
reminds us of cases of fish that survive early extreme injuries (e.g., the
complete loss of their tails) and are caught later in their lives as apparently
healthy adults; in some cases, these fish have developed radically different
morphologies, compensating for the missing parts. In the case Amundson
cites (originally from Gunter and Ward 1961), the shortened “croaker”
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fish’s fin structure closely resembles that of a “normal” ocean sunfish
(though ocean sunfish are much larger). It is not unreasonable to suppose
that the same kind of compensatory plasticity that permits croaker fish
to take on these forms could have been involved in the evolution of the
ocean sunfish. West-Eberhard (2003) has argued that plasticity (both cryp-
tic and ‘ordinary’) can be a significant source of evolutionary novelties;
the plastic responses can be stabilized by changes in the developmental
environments and further stabilized by “ordinary” genetic changes that
can serve both to “fine-tune” the new phenotype and to buffer it from
developmental variations.

None of this yet shows that a Devo-Evo approach, rejecting the cen-
trality of the gene as the basic unit of heredity and evolution, will be
necessary for integrating developmental and evolutionary biology. Cryptic
variation is, after all, cryptic; its significance to evolution is therefore very
much in question. Two questions then present themselves: first, how com-
mon is heritable variation in nongenetic resources? And second, how
important has such variation been in evolutionary history?

4. Variation, Stability, and Innovations in the History of Life. Some im-
portant lessons emerge from the consideration of cryptic variation. The
first is simply that significant cryptic variation exists in several systems
of heredity. The second is that this variation at least can, under some
conditions, be released/exposed and subsequently stabilized by selection.
Finally, and most importantly, the lack of “visible” variation (for some
trait, in some system of heredity) in a population during one historical
period or in one environment is not good evidence for a lack of variation
more generally. Of course, this is not yet evidence that such hidden var-
iation is in fact often involved in evolutionary change or involved in
significant evolutionary changes. So what lines of evidence might suggest
that such variation actually is more important than Evo-Devo approaches
focused on genes as the primary basis of heritable variation, and hence
evolution, credit?

One hint is that both adaptive regulatory plasticity and developmental
stability require more and more sophisticated developmental resources
than development otherwise would. Regulatory plasticity (aka “devel-
opmental conversion”) occurs when different development pathways,
which result in different phenotypes, can be triggered by environmental
signals. In some ways, it is surprising how common regulatory plasticity
is; after all regulatory plasticity demands the same development pathways
that each final phenotype would require, as well as additional mechanisms
to sense the environmental signal and to direct development down one
of the available pathways (Figure 1). Relatively well-studied examples
include such diverse phenomena as sexual plasticity in fish such as Teleosts
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Figure 1. Developmental conversation in Daphnia pulex. Here, an environmental trigger
(the presence of a chemical associated with Chaoborus, one of Daphnia’s predators) sends
development down one of two distinct pathways; the “helmet” phenotype makes Daphnia
harder for Chaoborus to consume (see Parejko and Dodson 1991). Note that regulatory
plasticity/developmental conversion requires access to both the developmental resources
for each possible phenotype, plus additional systems to detect the environmental variation
and “switch” development down the correct pathways.

(Bass, Matthew, and Grober 2001), predator avoidance in Daphnia, shade
avoidance in many plants, leaf-form plasticity in semi-aquatic plants, and
many others (see Pigliucci 2001 for more examples and discussion).
Similarly, recovering from environmental insults and producing the
“standard” phenotype would seem to require that additional mechanisms
be in place, above those that “normal” development require (Figure 2).
As Schlichting and Pigliucci note, the ability of organisms to produce
offspring that are relevantly similar to themselves despite the wide variety
of environmental variations encountered “requires the capacity to exert
accurate and precise control over the expression of the genetic template”
(1998, 300). One underappreciated implication of this is that the ancestral
state for most developmental pathways was very likely unbuffered and
unstable in the face of environmental variation. The phenotypic differ-
ences resulting from these variations might have had significant heritable
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Figure 2. Compensatory growth in minnows. The ability to recover from environmental
insults and maintain stable development in the face of serious disruptions of the available
developmental resources may require additional developmental resources that work to
ensure that development stays on (or gets back on) track. While some kinds of stability
are likely the passive result of development, others are more likely actively produced
adaptations to variation. Here, juvenile minnows (Phoxinus phoxinus) that undergo a
period of starvation rapidly gain mass (and length) when food becomes available again,
“catching up” to minnows raised without starvation (see Zhu et al. 2001); the costs (in
fitness) of this kind of compensatory growth are not well understood but likely include
oxidative damage and other developmental flaws (e.g., weakened scales are observed in
some fish after compensatory growth; see Mangel and Munch 2005).

components; given this, the stability of particular phenotypes could be
selected for or the ability of the trait to vary systematically might itself
be selected for. Stability, whether generated by developmental canaliza-
tion, buffering mechanisms, or other systems, is itself therefore a signif-
icant evolutionary adaptation.

It is unclear to what extent the mechanisms underlying stable devel-
opment overlap with the mechanisms involved in phenotypic plasticity or
with those that permit adaptive phenotypic accommodation (for discus-
sion, see, e.g., Pigliucci 2002; Casal et al. 2004). But whatever mechanisms
produce stability, such mechanisms impose limits on the phenotypic var-
iation produced by many different development resources, including but
not limited to “ordinary” genetic resources. Most of the changes in de-
velopmental systems that are buffered in these ways will be relatively small
quantitative changes, whether the buffering is the result of active systems
or the passive side effect genetic networks (see Gibson and Wagner 2000).
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But breakdowns in the systems that provide stability nevertheless occur
and may be very important for major evolutionary transitions (see, €.g.,
Wagner 2005). When stability returns, the changes in the developmental
pathways can produce stable qualitatively different phenotypes; these new
pathways can involve both the expression of previously suppressed genetic
and nongenetic heritable variation.

There are a number of lines of evidence that suggest that heritable
nongenetic variation may have played an important role in (at least some)
important evolutionary innovations; these include the production of the
first eukaryotic cells and of multicellularity (Koufopanou 1994; Cavalier-
Smith 2000). If so, then certainly nongenetic heritable resources have had
very important evolutionary consequences. And, as noted above, research
on cryptic variation has tended to support the view that heritable non-
genetic variation is relatively common. So why then has evolutionary
biology focused on genetics to the exclusion of other heritable develop-
mental resources?

A large part of the answer must surely be the focus on quantitative
differences engendered by the so-called modern synthesis and by contem-
porary quantitative genetics research (see, e.g., Robert et al. 2001; Robert
2004; West-Eberhard 2005; Pigliucci and Kaplan 2006). Genetic differ-
ences associated with phenotypic differences under “ordinary” develop-
mental conditions are currently the most convenient entry into quanti-
tative variation. It may even be the case that genetic variations are the
most common kind of resource in which variations are associated with
phenotypic variations under “ordinary” developmental conditions.

But qualitative changes in phenotypes—the sort associated with evo-
lutionary innovations and novelties—may be produced by very different
mechanisms than those that produce quantitative changes (see, e.g.,
Pigliucci and Murren 2003; West-Eberhard 2003, 2005; Gavrilets 2004);
qualitative changes are also, unfortunately, much harder to study. But
qualitative changes may involve significant changes in nongenetic de-
velopmental resource more often, or in more profound ways, than do
quantitative changes. Until more is known about the mechanisms that
generate evolutionary innovations, it will not be clear to what extent
attention to nongenetic modes of inheritance and evolution will prove
to be important in integrating evolutionary and developmental biology
or, for that matter, to the understanding of the history of life more
generally.

5. Conclusions: Is Devo-Evo Necessary? “Wait and See, but Keep
Looking.” Will adopting a perspective that takes seriously nongenetic
modes of inheritance and the role of nongenetic variation in evolution
prove to be a necessary part of the task of integrating developmental and
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evolutionary biology? If one focuses attention only on the highly con-
served genetic resources related to development and the “minor” (mostly
quantitative) changes associated with “ordinary” developmental varia-
tion, the temptation may be to reject Devo-Evo as at best unnecessary,
and at worst, as an untractable distraction. But the successful integration
of developmental and evolutionary biology must surely promise more than
that, and understanding how the particular robust systems that currently
support minor quantitative changes arose demands understanding the
source of both the more radical qualitative changes that produce evolu-
tionary innovations and the mechanisms that permit the new forms gen-
erated to become stabilized. So far, at least, more traditional Evo-Devo
research, focused on genetic variation and the gene as the primary unit
of heritable change in evolution, has done little to explain either major
evolutionary transitions or the genesis of stable developmental systems
more generally (Schlichting and Pigliucci 1998; Pigliucci and Murren 2003;
West-Eberhard 2003, 2005; Gavrilets 2004).

It would of course be premature to claim that Devo-Evo approaches
(such as DST) will solve these problems; so far, the perspectives recom-
mended by these approaches have yielded only suggestive evidence and
hinted at potential lines of research regarding a very few major evolu-
tionary innovations. But these approaches, more so than the “standard”
Evo-Devo ones, do serve to focus attention on the difficulties facing any
explanation of how qualitative change can coexist with robust develop-
mental stability. For that reason alone, it is worth paying serious attention
to the potential insights provided by Devo-Evo approaches; these best
highlight some of the most interesting problems currently facing organ-
ismal and evolutionary biology.

REFERENCES

Amundson, R. (2006), “Challenging Biological Normality”, Society for Disability Studies
conference (poster), Bethesda, MD, June.

Bass, H. A., S. Matthew, and M. S. Grober (2001), “Social and Neural Modulation of
Sexual Plasticity in Teleost Fish”, Brain Behavior and Evolution 57: 293-300.

Casal, J. J., C. Fankhauser, G. Coupland, and M. A. Blazquez (2004), “Signaling for
Developmental Plasticity”, Trends in Plant Science 9 (6): 309-314.

Cavalier-Smith, Thomas (2000), “Membrane Heredity and Early Chloroplast Evolution”,
Trends in Plant Science 5 (4): 174-182.

Curtis, H., and N. S. Barnes (1989), Biology. 5th ed. San Francisco: Freeman.

Freeman, S., and J. C. Herron (2004), Evolutionary Analysis. 3rd ed. Upper Saddle River,
NJ: Pearson/Prentice Hall.

Futuyma, D. J. (1998), Evolutionary Biology. 3rd ed. Sunderland, MA: Sinauer.

Gavrilets, S. (2004), Fitness Landscapes and the Origin of Species. Princeton, NJ: Princeton
University Press.

Gibson, G., and G. Wagner (2000), “Canalization in Evolutionary Genetics: A Stabilizing
Theory?”, BioEssays 22: 372-380.

Gill, S. R., M. Pop, R. T. DeBoy, P. B. Eckburg, P. J. Turnbaugh, B. S. Samuel, J. I. Gordon,

https://doi.org/10.1086/594530 Published online by Cambridge University Press


https://doi.org/10.1086/594530

872 JONATHAN KAPLAN

D. A. Relman, C. M. Fraser-Liggett, and K. E. Nelson (2006), “Metagenomic Analysis
of the Human Distal Gut Microbiome”, Science 312: 1355-1359.

Gough, M., A. Jenkinson, and T. O’Brien (1997), “Lower Limb Function in Cerebral Palsy
Gait”, Gait and Posture 5 (1): 78.

Gould, S. J. (2002), The Structure of Evolutionary Theory. Cambridge, MA: Belknap.

Gunter, Gordon, and J. M. Ward (1961), “Some Fishes That Survive Extreme Injuries, and
Some Aspects of Tenacity of Life”, Copeia 4: 456-462.

Hall, B. K. (2000), “Evo-Devo or Devo-Evo—Does It Matter?”, Evolution and Development
2 (4): 177-178.

Harold, F. M. (2005), “Molecules into Cells: Specifying Spatial Architecture”, Microbiology
and Molecular Biology Reviews 64 (4): 544-564.

Jablonka, E. (2001), “The Systems of Inheritance”, in S. Oyama, P. E. Griffiths, and R. D.
Gray (eds.), Cycles of Contingency. Cambridge, MA: MIT Press, 99-116.

Jablonka, E., and M. Lamb (2005), Evolution in Four Dimensions. Cambridge, MA: MIT
Press.

Koufopanou, V. (1994), “The Evolution of Soma in the Vovlocales”, American Naturalist
143 (5): 907-931.

Krishnan, R., and S. L. Lindquist (2005), “Structural Insights into a Yeast Prion Illuminate
Nucleation and Strain Diversity”, Nature 435: 765-772.

Landman, O. E. (1991), “The Inheritance of Acquired Characteristics”, Annual Review of
Genetics 25: 1-20.

Lewontin, R. C. (1985), “The Organism as the Subject and Object of Evolution.” Reprinted
in The Dialectical Biologist (with Richard Levins). Cambridge, MA: Harvard University
Press.

Lovejoy, O. C. (2005), “The Natural History of Human Gait and Posture”, Gait and Posture
21: 95-112.

Mangel, M., and S. B. Munch (2005), “A Life-History Perspective on Short- and Long-
Term Consequences of Compensatory Growth”, American Naturalist 166 (6): E155—
E176.

Mitchell-Olds, Thomas, and Charles A. Knight (2002), “Chaperones as Buffering Agents”,
Science 296: 2348-2349.

Moss, L. (2003), What Genes Can’t Do. Cambridge, MA: MIT Press.

Odling-Smee, F. J., K. N. Laland, and M. W. Feldman (2003), Niche Construction. Princeton,
NJ: Princeton University Press.

O’Hara, A. M., and F. Shanahan (2006), “The Gut Flora as a Forgotten Organ”, EMBO
Reports 7 (7): 688-693.

Oyama, S., P. Griffiths, and R. Gray, eds. (2001), Cycles of Contingency. Cambridge, MA:
MIT Press.

Parejko, K., and S. I. Dodson (1991), “The Evolutionary Ecology of an Antipredator
Reaction Norm: Daphnia pulex and Chaoborus americanus”, Evolution 45 (7): 1665—
1674.

Pigliucci, M. (2001), Phenotypic Plasticity: Beyond Nature and Nurture. Baltimore: Johns
Hopkins University Press.

(2002), “Buffer Zone”, Nature 417 (June): 598-599.

(2003), “Epigenetics Is Back! Hsp90 and Phenotypic Variation”, Cell Cycle 2: 1,
34-35.

Pigliucci, M., and J. Kaplan (2006), Making Sense of Evolution. Chicago: University of
Chicago Press.

Pigliucci, M., and C. Murren (2003), “Genetic Assimilation and a Possible Evolutionary
Paradox: Can Macroevolution Sometimes Be So Fast as to Pass Us By?”, Evolution
57: 1455-1464.

Queitsch, C., T. A. Sangster, and S. Lindquist (2002), “Hsp90 as a Capacitor of Phenotypic
Variation”, Nature 417: 618-624.

Robert, Jason Scott (2004), Embryology, Epigenesis, and Evolution: Taking Development
Seriously. New York: Cambridge University Press.

Robert, Jason Scott, Brian K. Hall, and Wendy M. Olson (2001), “Bridging the Gap between

https://doi.org/10.1086/594530 Published online by Cambridge University Press


https://doi.org/10.1086/594530

EVOLUTIONARY INNOVATIONS 873

Developmental Systems Theory and Evolutionary Developmental Biology”, BioEssays
23: 954-962.

Rosenberg, A. (2006), Darwinian Reductionism. Chicago: University of Chicago Press.

Rutherford, Suzanne L., and Susan Lindquist (1998), “Hsp90 as a Capacitor for Morpho-
logical Evolution”, Nature 386: 336-342.

Sapolsky, R. M., and L. J. Share (2004), “A Pacific Culture among Wild Baboons: Its
Emergence and Transmission”, Public Library of Science Biology 2 (4): 534-541.
Schlichting, C. D., and M. Pigliucci (1998), Phenotypic Evolution: A Reaction Norm Per-

spective. Sunderland, MA: Sinauer.

Shefelbine, S. J., C. Tardieu, and D. R. Carter (2002), “Development of the Femoral Bi-
condylar Angle in Hominid Bipedalism”, Bone 30 (5): 765-770.

Slijper, E. J. (1942), “Biologic-Anatomical Investigations on the Bipedal Gait and Upright
Posture in Mammals, with Special Reference to a Little Goat, Born without Forelegs”,
Proceedings of the Koninklijke Nederlandse Akademie van Wetenschappen 45: 288-295,
407-415.

Sollars, Vincent, Xiangyi Lu, Li Xiao, Xiaoyan Wang, Mark D. Garfinkel, and Douglas
M. Ruden (2003), “Evidence for an Epigenetic Mechanism by Which Hsp90 Acts as
a Capacitor for Morphological Evolution”, Nature Genetics 33: 70-75.

Soto, A. M., and C. Sonnenschein (2004), “The Somatic Mutation Theory of Cancer:
Growing Problems with the Paradigm?”, BioEssays 26: 1097-1107.

True, H., and S. Lindquist (2004), “Epigenetic Regulation of Translation Reveals Hidden
Genetic Variation to Produce Complex Traits”, Nature 431: 184-187.

Wagner, A. (2005), “Robustness, Evolvability, and Neutrality”, Federation of European Bio-
chemical Sciences: Letters 579: 1772-1778.

West-Eberhard, M. J. (2003), Developmental Plasticity and Evolution. Oxford: Oxford Uni-
versity Press.

(2005), “Developmental Plasticity and the Origin of Species Differences”, Proceedings
of the National Academy of the Sciences (PNAS) 102 (S1): 6543-6549.

Wickner, R. B., H. K. Edskes, M. Maddelein, K. L. Taylor, and H. Moriyama (1999),
“Prions of Yeast and Fungi: Proteins as Genetic Material”, Journal of Biological Chem-
istry 274 (2): 555-558.

Wolpert, L. (1998), “Comments on ‘Epigenetic Inheritance in Evolution’”, Journal of Evo-
lutionary Biology 11: 239-240.

Zhu, X., Y. Cui, M. Alj, and R. J. Wootton (2001), “Comparison of Compensatory Growth
Responses of Juvenile Three-Spined Stickleback and Minnow Following Similar Food
Deprivation Protocols”, Journal of Fish Biology 58: 1149-1165.

https://doi.org/10.1086/594530 Published online by Cambridge University Press


https://doi.org/10.1086/594530

