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Abstract Recently, there has been considerable interest in the idea that mutational

robustness enhances the propensity for future adaptations, i.e. evolvability, if evolution

proceeds over a neutral network that extends far throughout a fitness landscape. While the

genetic neutral network (NN-G) model may have important implications to our under-

standing of evolution, little has been done to integrate these theoretical developments with

empirical evidence that heritable phenotypes can also originate and become fixated as a

result of changes in the environment. In this brief commentary, I reconsider the role of

environmental change in the adaptation of species and ask whether positive robustness-

evolvability relationships might exist not only for genetic but also environmental buffering.

In particular, I ask whether the insensitivity of species fitness towards variability in its

environment can have a positive influence on the likelihood of future environment-induced

adaptations (i.e. ecological opportunities) in a manner analogous to that proposed by the

NN-G model. After outlining scenarios where such a counter-intuitive relationship appears

plausible, I comment on the merits of evolutionary theories that can integrate comple-

mentary pathways to adaptation under static and time-variant environments. I also spec-

ulate on some of the features that such a theory might have.

Keywords Cryptic genetic variation � Evolvability � Neutral evolution theory � Fitness

barriers � Phenotypic plasticity � Genetic assimilation � Genetic accommodation � Evolution

theory � Entropic barriers � Ecological inheritance

Text box: glossary

Cryptic genetic variation (CGV) CGV is a population property that involves the fol-

lowing features: (1) in its native environment a population maintains high levels of genetic
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diversity but exhibits relatively few trait differences, i.e. genetic differences are cryptic and

(2) when exposed to new environmental conditions (or systematically exposed to new

alleles), the population displays new heritable phenotypic variability.

Neutral network A neutral network is defined as a connected graph of nodes with equal

fitness. One can consider it a connected set of external and internal conditions within which

a species has the same fitness. Notice that connectedness implies that each node within the

network can be reached by every other without changing the species fitness along the path

of arcs. Illustrations of genetic and environmental neutral networks are given in Fig. 1.

Genetic Neutral Network (NN-G) NN-G is a neutral network in which the class of

condition changes is restricted to single gene mutations. Such networks represent fitness-

neutral regions within a classic fitness landscape.

Environmental neutral network (NN-E) NN-E is a neutral network in which the class of

condition changes is restricted to changes in the environment experienced by an organism

during development.

Evolvability Evolvability refers to the propensity of a species to discover heritable and

beneficial phenotypes. Evolvability requires access to distinct heritable traits and it requires

that some heritable differences can be transformed into beneficial innovations during

development within a particular environment. The first requirement—the ability to access

heritable phenotypic variation—is an important precondition and often used proxy for

evolvability.

Robustness Robustness describes the insensitivity of some functionality or measured

biological trait to a set of distinct conditions. This article focuses primarily on the

robustness of high level traits that influence survival and fecundity.

Mutational robustness This refers to the extent that species fitness is robust towards

genetic mutations.

Introduction

The genetic neutral network hypothesis for adaptation

There are a growing number of studies reporting evidence of a positive relationship

between mutational robustness and evolvability at microevolutionary scales (Aldana et al.

2007; Bloom et al. 2006; Babajide et al. 1997; van Nimwegen and Crutchfield 2000;

Ciliberti et al. 2007; Wagner 2008; Whitacre and Bender 2010) with possible repercussions

to our understanding of macroevolution and speciation (Gavrilets 1997) (for reviews see

(Wagner 2008; Wagner 2008). The hypothesis put forth is that networks of fitness neutral

genotypes result in mutational robustness and reduced accessibility of heritable phenotypes

over short timescales. With little genetic variation expressed as phenotypic variation,

natural selection has few immediate options for modifying traits. On the other hand,

genetic drift over neutral/buffered mutations can also provide mutational access to many

distinct heritable phenotypes that are reached from directly off the genetic neutral network

over longer periods of time. This leads to the seemingly paradoxical conclusion (resolved

through a separation of timescales) that the suppression of heritable phenotypic variation

can ultimately increase the accessibility of distinct heritable phenotypes (Wagner 2008).
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Because access to distinct heritable phenotypes is a prerequisite for adaptation, muta-

tional robustness has thus been described as a potential facilitator of evolvability, i.e. the

propensity for a species to adapt. This genetic neutral network (NN-G) hypothesis has been

supported by recent computer models of biological systems (Aldana et al. 2007; Bloom

et al. 2006; Babajide et al. 1997; van Nimwegen and Crutchfield 2000; Ciliberti et al. 2007;

Fig. 1 a Nodes represent genotypes and connections between nodes indicate that two genotypes differ by
only a single mutation. The connected graph of black nodes illustrates a genetic neutral network (NN-G).
The neutral network implies that for a particular environment, none of these genotypes are selectively
distinguishable. Square grey nodes represent genotypes that are mutationally accessible from the NN-G but
that have phenotypic and selective differences when compared to members of NN-G. As observed in gene
regulatory network simulations (Ciliberti et al. 2007) and abstract genome:proteome models (Whitacre and
Bender 2010), it is assumed that the phenotypes associated with grey nodes will change depending on their
position in genotype space. Thus, as NN-G grows and extends throughout larger regions of genotype space,
it is assumed that the number of unique phenotypes accessible from NN-G will also grow (illustrated in
bottom figure). b Nodes represent environmental patches and connections between nodes indicate that two
patches are physically connected so that a population can move directly from one patch to the other. The
connected graph of black nodes illustrates an environmental neutral network (NN-E). The neutral network
implies that a population can move to different patches without consequences to survival or reproductive
success. While this does not preclude the possibility that different patches in NN-E are associated with
mildly distinct trait distributions, it is assumed that these distinctions do not result in changes to selection
that have evolutionary consequences. As with the NN-G pathway, positive associations may exist between
the number of accessible environments in which species fitness is robust (NN-E) and the number of
accessible environments that induce heritable (and sometimes selectively relevant) phenotypic differences in
a population (illustrated in bottom figure)
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Wagner 2008; Whitacre and Bender 2010) and appears consistent with the available data

related to biomolecular evolution (Bloom et al. 2006; Wagner 2008). The model clearly

relies on a gene-centric view of evolution where novel alleles are encountered and occa-

sionally result in novel and selectively relevant phenotypes.

Environment-induced adaptation

While the genetic basis of heredity is not disputed, the introduction of novel alleles is not

the only way that heritable phenotypes originate (Palmer 2004; Gibson and Dworkin 2004;

Schlichting 2008; Waddington 1953; Waddington 1957; Schmalhausen and Dobzhansky

1949; West-Eberhard 2005; West-Eberhard 2003; Barrett and Schluter 2008). Because the

phenotype is the result of self-environment organization, those conditions provided by an

organism’s genetic background, environmental background, and their interaction during

development, will determine the qualitative character, quantitative attributes, and the

timing of expressed traits. Changes in environmental inheritance due to movement (e.g.

migration, seed dispersal), external perturbation [e.g. geologic cycles, ecological regime

shifts, epigenetic inheritance (Anway et al. 2005)], and various forms of local environment

shaping [e.g. niche construction (Odling-Smee et al. 1996; Day et al. 2003), sexual

selection (West-Eberhard 2003), behavioural and genetic coevolution (Agrawal 2001),

parental inheritance (Uller 2008; Jablonka et al. 1995), cultural inheritance (Dawkins 1983;

Dennett 1995)] can expose the conditional plasticity of a trait, i.e. phenotypic plasticity.

The role that the environment plays in the origination of new traits and its consequences to

adaption have been discussed at length in (West-Eberhard 2003; Pfennig et al. 2010; Sultan

2007) [but also see (Agrawal 2001; Schlichting and Pigliucci 1998; Newman 1994)].

At the population level, the conditional exposure of trait variation is often discussed as a

phenomena known as cryptic genetic variation (CGV) or ‘‘hidden reaction norms’’ or

‘‘genetic charge’’ (Le Rouzic and Carlborg 2008) [for reviews see (Gibson and Dworkin

2004; Schlichting 2008; McGuigan and Sgrò 2009)]. CGV describes heritable phenotypic

variation that is hidden under ‘‘normal conditions’’ but that is released in the presence of

novel conditions. Studies of CGV have found evidence that novel conditions can come

both in the form of novel alleles and novel environments, and that the phenotypic con-

sequences can be remarkably similar between these perturbation classes.

For circumstances where the environment induces a new adaptive trait, the inheritance

of this trait is generally expected to depend on subsequent genetic modifications. While the

persistence of a change to the environment, exposure to similarly modified environments,

and trans-generational carry-over effects after a short-lived environmental change (Jab-

lonka et al. 1995) can, in principle, induce and maintain novel traits, it is genetic assim-

ilation (Waddington 1953; Waddington 1957; Schmalhausen and Dobzhansky 1949) and

genetic accommodation (West-Eberhard 2005; West-Eberhard 2003) that act to preserve

the inheritance of phenotypic adaptations in the face of further environmental modifica-

tions (West-Eberhard 2003; Pigliucci et al. 2006).

At present, it is not clear whether the origination of heritable phenotypes by genetic or

environmental novelty has been more relevant to evolution (McGuigan and Sgrò 2009)

however, the clearest available evidence suggests that these pathways are equally common

(Palmer 2004).West-Eberhard (2003) and Schlichting and Pigliucci (1998) argue that

environment-induced phenotypic variation is a more likely source of heritable change, at

least partly due to evidence that environment-induced trait variation is more common

(Houle et al. 1996; Gibson 2008), and potentially orders of magnitude more common

(Lynch 1988), in populations and species compared to gene-induced trait variation.
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For an individual species, the pathway—genetic or environment-induced phenotypic

novelty—to adaptation most often observed will likely depend on several factors such as

properties related to the genetic architecture (e.g. sign epistasis, modularity), environment

complexity, rates of genetic and environmental change, effective population size, etc. My

aim in this commentary is not to argue for the dominance of one pathway over another.

Instead I entertain a view of evolution where these pathways are conditionally relevant and

at times complementary and within this setting I consider whether recent advances in

understanding the NN-G pathway could provide new insights into the alternative envi-

ronment-induced pathway.

One of the most intriguing insights from NN-G is the idea that mutational robustness—

the observation of attenuated phenotypic effects from mutations—can actually increase

access to distinct heritable phenotypes (Wagner 2008). Here I consider whether such

counter-intuitive relationships between robustness and evolvability are a more general

feature of biological evolution. More precisely, I consider whether the insensitivity

(robustness) of fitness toward environmental variability might in some cases positively

influence the likelihood that a species or deme is exposed to environments with heritable

phenotypic consequences, as illustrated in Fig. 1.

Robustness and adaptation within complex environments

To understand this proposal, consider a spatially distributed, heterogeneous environment

that can be represented by a connected network of environmental patches. Each patch

represents an unique physical environment and movement from one patch to another

occurs over a timescale of generations. When the fitness of a species or deme is robust

across a connected set of environmental patches (i.e. each with similar stabilizing selec-

tion), then by definition, the deme is able to migrate over this neutral sub-network (NN-E)

without consequences to reproductive success or survival. Assuming the environment is

heterogeneous and structured, different regions of the NN-E will connect to somewhat

unique environmental patches that are not members of NN-E and each of these may have

distinct phenotypic consequences that are differentially expressed across a genetically

diverse population, i.e. the conditional release of CGV. On occasion, these environments

may reveal new ecological opportunities for some individuals and lead to changes in

selection. In particular, if some of the plastic responses are adaptive this will increase the

likelihood that alleles contributing to this adaptive response will become fixated in the

population. These plastic traits will then be expressed each time individuals revisit similar

environments and would likely be subject to modification (e.g. in timing, environmental

cues) through genetic accommodation, e.g. (West-Eberhard 2005; Suzuki and Nijhout

2006). On the other hand, subsequent passive/buffered genetic evolution as well as

selection for polygenic traits may alternatively lead to genetic assimilation (Waddington

1953; Waddington 1957; Schmalhausen and Dobzhansky 1949) whereby trait changes tend

to remain even after the deme relocates to other patches. For either outcome, it is important

to emphasize that genetic changes are not initiating the exposure of phenotypic novelty

even though they play a role in creating it and making it heritable to future generations

(West-Eberhard 2005).

So long as the size of NN-E is positively associated with the number of accessible

patches that have unique phenotypic consequences, the relationship between robustness

and evolvability would appear to be compatible with environment-induced adaptations. In

other words, the insensitivity of fitness to environmental variability (increase in NN-E)

Evol Ecol (2011) 25:965–975 969

123



would have a positive influence on the accessibility of environments that invoke distinct

and heritable phenotypic consequences, thereby increasing the long-term likelihood for

adaptive change.

The required correlation between NN-E size and the variety of patches accessible from

NN-E depends on several conditions, some of which do not appear to be under the control

of a species. For instance, one prerequisite for accessing ecological opportunities is the

existence of a heterogeneous and structurally complex environment. This requirement may

however be more easily satisfied than it would first appear. For instance, a recent review of

empirical data and simulation studies has concluded that physical environments commonly

display complex patterns that emerge from several types of scale-dependent feedback

between organisms and their environment and moreover that this pattern formation does

not require initial heterogeneity within the physical environment (Rietkerk and van de

Koppel 2008).

Any relationship between NN-E and evolvability also depends upon certain topological

properties in the NN-E which might be difficult to achieve in networks constrained to low

dimensional spaces such as those implied in the environmental patch example (Gavrilets

1997; Reidys et al. 1997). However, this limitation probably arises more from the use of an

abstract network model than from actual limitations of ecosystems embodied within a

physical environment. In particular, properties such as multi-scaling (Rietkerk and van de

Koppel 2008; Ruokolainen et al. 2009), time-variance (e.g. in material flux and organi-

zational structure), and niche construction can result in a ‘‘nested hierarchy of patch

mosaics’’ (Wu and Loucks 1995) with multiplicative effects on the number of distinct

environmental conditions that can be experienced despite the fact that organisms are

confined to a low-dimensional physical space.

While the NN-E pathway just described has a close correspondence to the NN-G model,

NN-E phenomena might also arise at other timescales relative to the reproductive cycle and

by means other than migration. For instance, multi-cellular eukaryotes are regularly

exposed to different environmental conditions where they must execute different functions

that contribute to their survival. Increased flexibility in addressing such varied conditions

may in some cases directly contribute to the total number of unique accessible features

within their local environment. For instance, increased habitat range (Feduccia 1999),

foraging range, predator avoidance, flexibility in the materials used for nest building, and

in the resources that can be consumed and metabolized (Jernvall et al. 1996) each con-

stitute examples where the robustness of a high-level trait (e.g. fitness) has been increased,

each afford a multitude of further environmental conditions that can be experienced, and

each of these novel environmental conditions has the potential to induce previously cryptic

trait differences in a deme. In exceptionally rare cases, morphological adaptations occur

that ‘unknowingly’ facilitate robustness to an astronomical number of environmental

conditions and these can lead to the exposure of many ecological opportunities that unfold

over space and time, e.g. the adaptive radiations that proceeded after evolution of the

fourth cusp in the mammalian tooth (Jernvall et al. 1996) and after evolution of flight in

birds (Feduccia 1999).

More generally, I argue that it is robustness of high level traits to environmental var-

iation that is important to the NN-E pathway and that different response classes for

achieving this robustness could each potentially alter the propensity for future adaptations.

Such response classes include environment shaping, environment tracking, adaptive phe-

notypic plasticity of lower-level traits, canalization, and various combinations of these. For

example, shaping one’s environment can sometimes stabilize external environmental

features that influence a wide range of biological processes, e.g. temperature regulation.
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The ability to create environmental conditions when needed instead of relying entirely on

the environment has an obvious and direct influence on the range of viable habitats. West-

Eberhard argues that one particular example of the NN-E pathway, environment simpli-

fication, is a common type of environment-shaping that provides exceptional ecological

opportunities for specialization (West-Eberhard 2005; West-Eberhard 2003). While

humans are the most remarkable users of environment shaping, the extent that this occurs

in other species is also impressive (Laland and Sterelny 2006).

Discussion

From a theoretical perspective, the possibility of complementary pathways for exposing

heritable phenotypic novelty is in some ways desirable as it permits/explains a broader

range of conditions under which the adaptation of species can proceed, e.g. within pre-

dominantly static and simple as well as time-variant and complex environments. Con-

versely, if the findings in (Palmer 2004) reflect a more general trend whereby genetic and

environment-induced adaptations have both substantially contributed to the evolution of

species, then any theories of evolution that do not account for both pathways are either

fragile to or reliant upon a dynamic environment. Here I have suggested a broad rela-

tionship may exist between robustness and evolvability, facilitating adaptation under dif-

ferent conditions. While speculative, this view of evolution has broad implications in

theoretical biology that are worth briefly elaborating upon.

For instance, a recent study has found that mutational robustness has a strong positive

relationship with the genomic complexity of a species (Sanjuan and Elena 2006). One

important implication from that study is that the likelihood of adaptations through the NN-

G pathway has been subject to change over the course of evolutionary history. More

generally, and assuming adaptations predominantly arise through NN-G and NN-E path-

ways, it would follow that a species’ propensity to adapt could be indirectly modified by

changes in mutational (or environmental) robustness, which itself may evolve over time

either as a result of direct selection, indirect selection, or congruency (including passive/

neutral evolution) with selection (de Visser et al. 2003). Based on current understanding of

these alternatives, direct selection for mutational robustness appears likely to occur only

for highly restrictive conditions while direct selection for robustness against environmental

variations is believed to be a common feature of evolution in spatially and temporally-rich

environments (de Visser et al. 2003; Meiklejohn and Hartl 2002; Newman 1994).

Based on these considerations, I speculate that a myopic selection for greater robustness

towards variable environmental conditions (experienced during a lifetime) could also

positively affect the level of exposure (over many generations) to future environmental

conditions with selectable phenotypic consequences. This hints at a process by which

natural evolution indirectly and unintentionally facilitates its own future evolvability; a

requirement for open-ended evolution that is not easily arrived at based on the NN-G

relationship between mutational robustness and adaptation.

As stated, this conjecture leaves questions remaining about the origins of the NN-G

pathway. In one plausible explanation, Meiklejohn and Hartl argue that robustness towards

mutational and environmental perturbation classes is typically congruent; an idea most

easily appreciated at molecular and cellular levels due to the clear physical similarities that

these perturbation classes have on gene expression (Meiklejohn and Hartl 2002) [also see

(de Visser et al. 2003; Szollosi and Derenyi 2009; Ancel and Fontana 2000)]. If such

congruency is a common feature of life, then mutational robustness and the NN-G pathway
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might have emerged as an important by-product of evolving systems selectively driven by

survival and reproductive success within a variable environment. This implies that prop-

erties of the genotype:phenotype map (and similarly the smoothness/ruggedness and other

properties of the fitness landscapes on which genetic evolution now proceeds) are neither a

fortuitous accident nor a common ensemble property of biological systems as is sometimes

suggested (Kauffman 1993) but instead are an indirect and unavoidable consequence of

evolution in a complex environment.

While this proposed congruence in robustness appears to increase the likelihood of

adaptations originating through the NN-G pathway, it could have a still stronger affect on

the likelihood of NN-E associated adaptations. This would be the case if genetic neutrality

is itself condition-dependent or in other words, if the neutrality of mutations generally

depends on both the genetic and environmental background. Arguments supporting the

presence of these cryptic GxE interactions are given in (Olivieri 2009). In this scenario,

NN-G1 helps to facilitate the accumulation of CGV in natural populations and in turn

would elevate the diversity of phenotypic responses within each novel environment. In

short, each of these pathways may positively reinforce the other.

What predictions might one expect based on this proposed model of evolution? In a

recent study, an analysis of phylogenetic data has found that speciation rates are highly

similar between closely related species yet vary greatly between distantly related species

(Venditti et al. 2010). Interestingly, when integrating their findings with other evidence

from the literature, the authors propose that these speciation events are best described by an

environment-induced pathway that becomes heritable through genetic accommodation. If

the hypothesis outlined here is correct, then one would expect a positive association

between the speciation rates reported in (Venditti et al. 2010) and the robustness of those

species to variability within their environments.

Limitations to this proposal

There are limitations to the ideas outlined in this commentary and even if the assumptions

hold, the ideas remain incomplete. For instance, acquiring environmental robustness is not

necessarily feasible in all biological contexts and is likely restricted to conditions where

environmental novelties experienced during a lifecycle are moderate or the occurrence of

these environmental novelties is infrequent and spatially differentiated. In circumstances

where environments change both frequently and widely (i.e. across all individuals in all

demes), the resulting exposure of CGV would be limited by the degree to which CGV has

accumulated in addition to the population size and the number of offspring generated in a

relatively short span of time and thus one would expect extinction to be a more likely

outcome in such scenarios. Under these more volatile conditions, life could probably only

persist by rapidly adapting to the environment using anti-robustness combined with high

offspring counts. This scatter-gun strategy to adaptation is illustrated by viral evolution

where environmental change is broad and antagonistic, viral gene sign epistasis is strongly

negative (Sanjuan and Elena 2006), and large numbers of highly distinctive offspring are

common. This would suggest that NN-G and NN-E pathways are two of possibly several

pathways by which adaptation can be facilitated and, in light of the counter-example just

given, might best reflect the evolution of complex species whose niches have become

increasingly intertwined with an organism’s flexibility and robustness.

1 While genetic diversity is supported by NN-G, it would also be constrained by various factors such as NN-
G topology, population size, stochastic effects, mutation-selection balance, etc.
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Evolutionary mechanics

Our commentary has also neglected important issues surrounding the underlying

mechanics of how biological buffering can facilitate phenotypic novelty and how this

novelty is transformed into adaptive innovations, e.g. during development. Recent evi-

dence from computer simulations has indicated that only certain mechanisms that stabilize

traits (e.g. degeneracy) will also provide access to distinct and heritable phenotypic var-

iation (Whitacre and Bender 2010; Whitacre 2010a). Related studies have further sug-

gested that the exposure of these novel phenotypes can be adaptive and can originate from

either new alleles or new environments (Whitacre et al. 2010; Whitacre 2010b). While

there is also interesting evidence of other biological processes that play a role in trans-

forming random perturbations into adaptive innovations (Kirschner and Gerhart 1998),

these ideas are not yet understood well enough to be integrated with the ideas presented in

this commentary.

Entropic barriers to neutral evolution

As I only briefly summarize the NN-G pathway, I did not discuss contentious points

surrounding the idea that adaptations can be facilitated by neutral evolution. One potential

problem arises in the time that is required to discover adaptations by searching over a

network. In particular, even if a neutral network provides access to many distinct heritable

phenotypes, the time required to access these phenotypes and find one that is adaptive

could be prohibitively long, resulting in so called entropic barriers to adaptation that take

as long or longer to cross than fitness barriers, i.e. adaptation that is inhibited by the need to

cross over multiple low-fitness genotypes (van Nimwegen and Crutchfield 2000). While

more investigation of these limiting conditions is warranted, one recent simulation study of

neutral evolution has indicated that entropic barriers do not necessarily arise when genetic

neutrality is created through degeneracy. It has been suggested that this suppression of

entropic barriers occurs due to the presence of multiple alternative paths to adaptation that

are reachable from different regions of a neutral network (Whitacre et al. 2010).

Concluding remarks

The genetic neutral network (NN-G) model resolves a paradoxical relationship between

mutational robustness and the evolvability of species, however, it does not aim to describe

or account for differences in evolvability that may arise through the facilitation of eco-

logical opportunities. Here I propose that two species may differ in their propensity for

environment-induced adaptation based on difference in their robustness towards variability

within their environments. I described an example of this robustness-evolvability rela-

tionship using a direct application of the neutral network model, i.e. where the insensitivity

of fitness to distinct environments increases access to additional environments with unique

and heritable phenotypic consequences.

While the conditions supporting an alternative NN-E pathway appear plausible for

evolution in complex environments, my aim was not to propose an alternative model of

evolutionary adaptation that is in perfect competition with neutral evolution theory. Instead

I briefly consider some of the merits and consequences of a rich evolutionary process that

allows for multiple complementary paths toward adaptation. While less elegant than the

model I started with, I propose that this integration of contingent biological pathways may
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provide a more comprehensive understanding of evolution in the myriad contexts in which

life is found.
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McGuigan K, Sgrò CM (2009) Evolutionary consequences of cryptic genetic variation. Trends Ecol Evol

24:305–311
Meiklejohn CD, Hartl DL (2002) A single mode of canalization. Trends Ecol Evol 17:468–473
Newman SA (1994) Generic physical mechanisms of tissue morphogenesis: a common basis for develop-

ment and evolution. J Evol Biol 7:467–488
Odling-Smee F et al (1996) Niche construction. Am Nat 147:641–648
Olivieri I (2009) Alternative mechanisms of range expansion are associated with different changes of

evolutionary potential. Trends Ecol Evol 24:289–292
Palmer A (2004) Symmetry breaking and the evolution of development. Science 306:828
Pfennig DW, Wund MA, Snell-Rood EC, Cruickshank T, Schlichting CD, Moczek AP (2010) Phenotypic

plasticity’s impacts on diversification and speciation. Trends Ecol Evol 25(8):459–467
Pigliucci M et al (2006) Phenotypic plasticity and evolution by genetic assimilation. J Exp Biol 209:2362
Reidys C et al (1997) Generic properties of combinatory maps: neutral networks of RNA secondary

structures. Bull Math Biol 59:339–397

974 Evol Ecol (2011) 25:965–975

123



Rietkerk M, van de Koppel J (2008) Regular pattern formation in real ecosystems. Trends Ecol Evol
23:169–175

Ruokolainen L et al (2009) Ecological and evolutionary dynamics under coloured environmental variation.
Trends Ecol Evol 24:555–563

Sanjuan R, Elena SF (2006) Epistasis correlates to genomic complexity. Proc Nat Acad Sci USA 103:14402
Schlichting CD (2008) Hidden reaction norms, cryptic genetic variation, and evolvability. Ann NY Acad Sci

1133:187–203
Schlichting CD, Pigliucci M (1998) Phenotypic evolution: a reaction norm perspective. Sinauer Sunderland,

MA
Schmalhausen I, Dobzhansky T (1949) Factors of evolution: the theory of stabilizing selection. Blakiston

Co., Philadelphia
Sultan S (2007) Development in context: the timely emergence of eco-devo. Trends Ecol Evol 22:575–582
Suzuki Y, Nijhout H (2006) Evolution of a polyphenism by genetic accommodation. Science 311:650
Szollosi GJ, Derenyi I (2009) Congruent evolution of genetic and environmental robustness in micro-RNA.

Mol Biol Evol 26:867
Uller T (2008) Developmental plasticity and the evolution of parental effects. Trends Ecol Evol 23:432–438
van Nimwegen E, Crutchfield JP (2000) Metastable evolutionary dynamics: crossing fitness barriers or

escaping via neutral paths? Bull Math Biol 62:799–848
Venditti C et al (2010) Phylogenies reveal new interpretation of speciation and the red queen. Nature

463:349–352
Waddington CH (1953) Genetic assimilation of an acquired character. Evolution 7:118–126
Waddington CH (1957) The strategy of the genes: a discussion of some aspects of theoretical biology. Allen

and Unwin, London
Wagner A (2008a) Robustness and evolvability: a paradox resolved. Proc R Soc Lond B Biol Sci

275:91–100
Wagner A (2008b) Neutralism and selectionism: a network-based reconciliation. Nat Rev Genet 9:965–974
West-Eberhard MJ (2003) Developmental plasticity and evolution. Oxford University Press, USA
West-Eberhard M (2005) Developmental plasticity and the origin of species differences. Proc Nat Acad Sci

102:6543
Whitacre JM (2010a) Degeneracy: a link between evolvability, robustness and complexity in biological

systems. Theor Biol Med Model 7:6
Whitacre JM (2010b) Genetic and environment-induced innovation: complementary pathways to adaptive

change that are facilitated by degeneracy in multi-agent systems. In Proceedings of the conference on
artificial life XII, Odense, Denmark

Whitacre JM, Bender A (2010) Degeneracy: a design principle for achieving robustness and evolvability.
J Theor Biol 263:143–153

Whitacre JM et al (2010) The role of degenerate robustness in the evolvability of multi-agent systems in
dynamic environments. In 11th international conference on parallel problem solving from nature
(PPSN 2010), Krakow, Poland

Wu J, Loucks OL (1995) From balance of nature to hierarchical patch dynamics: a paradigm shift in
ecology. Q Rev Biol 70:439

Evol Ecol (2011) 25:965–975 975

123


	Genetic and environment-induced pathways to innovation: on the possibility of a universal relationship between robustness and adaptation in complex biological systems
	Abstract
	Text box: glossary
	Introduction
	The genetic neutral network hypothesis for adaptation
	Environment-induced adaptation

	Robustness and adaptation within complex environments
	Discussion
	Limitations to this proposal
	Evolutionary mechanics
	Entropic barriers to neutral evolution

	Concluding remarks
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


