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Abstract Variability contrasts with variation in that

variability describes the potential for variation, not simply

the expressed variation. The power of studying variability

lies in creating a conceptual framework around which the

relationship between the genotype and phenotype can be

understood. Here, we attempt to demonstrate the impor-

tance of phenotypic variability, how it structures variation,

and how fundamental developmental processes structure

variability. Given the broad scope of this topic, we focus on

three widely studied properties of variability: canalization,

developmental stability and morphological integration. We

have organized the paper to emphasize the importance of

differentiating between the theory surrounding these com-

ponents of phenotypic variability, their measurement and

the biological factors surrounding their expression. First,

we define these properties of variability, how they relate to

each other and to variability as a whole. Second, we

summarize the common methods of measurement for

canalization, developmental stability and morphological

integration and the reasoning behind these methods.

Finally, we focus on jaw development as an example of

how the basic processes of development affect variability

and the resultant variation, with emphasis on how pro-

cesses at all levels of the organismal hierarchy interact with

one another and contribute to phenotypic variability.
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Introduction

Phenotypic variation results from both genetic and envi-

ronmental factors, and a central goal of biology is to

understand the complex interactions that mediate the

translation from genotype to phenotype. Closely related to

phenotypic variation is the concept of variability. Pheno-

typic variability is defined as the tendency or potential of

an organism to vary (Wagner and Altenberg 1996) and

corresponds to the range or distribution of potential vari-

ation. While variation can be observed and documented,

variability cannot be directly quantified. Variation is

normally measured as a series of static observations within

a sample, each observation representing a single instance of

the many phenotypic expressions of the interaction of

genetic and environmental factors. While variation is a

static observation that represents one of many (although

not infinite) possible outcomes, variability, is comprised of

all possible outcomes, realized or not, and is an abstraction

rather than an observation. Importantly, like variation,

variability has limits and is subject to change. What com-

ponents structure variability, and what are the underlying

causes of its change? We argue in this paper that the basic

processes of development and their interaction with the

environment simultaneously provide the raw material for

variability as well as limit it.
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A way to conceptualize the relationship between

developmental processes, variability and variation is out-

lined in Fig. 1. Here we show that the basic developmental

processes involved in the ontogeny of the standard phe-

notype (the composite of which represent variation) are the

same processes that modulate variability. That is, vari-

ability represents a range of potential outcomes (realized or

not), and the available developmental processes and their

interactions limit that variability. Because the full range of

variability is never realized due to lethality and chance,

phenotypic variation is a subset of all possible phenotypes.

Expressed phenotypic variation in a population is what is

available to natural selection and this biases the develop-

mental processes available for subsequent generations.

Importantly, the developmental processes themselves are

evolvable, maintaining enough complex interactions to

sustain and produce an ever-changing landscape of vari-

ability (Jernvall and Jung 2000; Weiss and Fullerton 2000;

Salazar-Ciudad et al. 2001a, b). Developmental processes

are dynamic and changing in ways that are both fairly well

understood (e.g., through mutation, recombination and

tissue interactions) and in ways that we are just beginning

to explore (e.g., somatic mosaicism and variable expres-

sivity). The dynamic nature of developmental processes

ensures continued variability and allows the relationship

depicted in Fig. 1 to continue indefinitely. Thus, variability

is an emergent by-product of the developmental processes

(including their interactions) involved in the ontogeny of

the standard phenotype.

While our depiction of variability and its relationship

with developmental processes in Fig. 1 includes all levels

of organismal variability, our focus in this paper is pheno-

typic variability leaving the discussion of related topics

such as genetic variability to others (for an excellent dis-

cussion see Houle 1998). However, we approach this topic

from the perspective of hierarchical systems theory. That is,

the phenotype cannot be understood in isolation without

knowledge of the parts that make it up and their interac-

tions. It is part of an open system that is comprised of

several hierarchies and interactions within and among these

hierarchies, from the molecular and cellular level, to the

tissue and organ level, to the population and environmental

levels. While it is necessary to understand the parts that

comprise the phenotype to understand the mechanistic

underpinnings of phenotypic variability, the whole is more

than just the sum of its parts (Weiss 1971; Jacob 1977). The

expression of a phenotype is the result of the complexity of

individual factors, their arrangement within hierarchies, and

their interactions, and consequently cannot be reduced to

the function of a specific mechanism at the genetic level. In

fact, the complexity of the potential interactions responsible

for the production of the phenotype requires that the search

for potential causal mechanisms include a top (phenotype)-

down as well as a bottom (molecular)-up approach.

In order to study phenotypic variability effectively, it is

necessary to differentiate between theory, measurement and

underlying processes. Here we attempt to organize current

understanding of variability accordingly. We have limited

our discussion of phenotypic variability to three compo-

nents: canalization, developmental stability and mor-

phological integration (Hallgrı́msson et al. 2002). We

recognize that there are several other components of vari-

ability (e.g., phenotypic plasticity, heterochrony, and het-

erotopy) but we focus on these three as they have received

the greatest attention in the recent literature. Importantly,

they are rarely discussed as mutually interacting.

We first discuss the concept or property of variability in

terms of canalization, developmental stability and mor-

phological integration. We then focus on patterns of

observable phenotypic variation that are quantified and

used as surrogates for direct measurements of variability.

Such patterns are thought to carry signatures of those

processes that influence phenotypic variability and can be

used to pinpoint times or locations that may be more or less

susceptible to variation. The patterns of variation used to

characterize each of the components of variability are

described, and the assumptions and potential pitfalls of

using patterns as a statistical measurement of variability are

discussed. Finally, we explore sources of variability by

examining some of the underlying processes that both

create and constrain variation at different hierarchical

levels. We have chosen to use jaw development as an

example to demonstrate the importance of variability and

the complexity of its generation. Our treatment of

Fig. 1 Schematic of the relationship and interactions between

developmental processes, variability and variation. Starting at the

top of this depiction, developmental processes structure variability,

which in turn modulates the ontogeny of the organism determining

the resultant phenotypic variation. The solid arrows indicate a direct

effect, whereas the dashed arrows indicate an effect created through a

feedback loop. Developmental processes include all elements

involved in organismal development including molecular, genetic,

cellular, individual, population and environmental factors
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variability is limited by what is known and we look for-

ward to future discoveries that add to our assessment.

The aim of the current paper is fourfold: (1) to

emphasize the importance of the phenotype, and particu-

larly phenotypic variability in modern biology; (2) to

provide a review of canalization, developmental stability

and morphological integration highlighting the importance

of differentiating between theory, measurement and cau-

sation; (3) to demonstrate that phenotypic variability is

governed by the same developmental processes that create

the standard phenotype and; (4) to advocate a re-organi-

zation of what is known about variability and how it is

studied in terms of a systems-biology perspective of hier-

archies and interactions. The irony of advocating a systems

view of variability while constraining our discussion to

phenotypic variability (and only three of its components at

that!) is not lost on the authors. We provide this treatment

of phenotypic variability as a template for other studies of

variability at the phenotypic or other levels of analysis.

Properties of Variability

Phenotypic variability is partly composed of three interre-

lated components: canalization, developmental stability and

morphological integration (Hallgrı́msson et al. 2002). Each

of these components contributes to variability by either

limiting phenotypic variation when exposed to perturbations

or by biasing the direction of variation. Variability is

described as an organismal property (Wagner and Altenberg

1996) and similarly we consider canalization, developmen-

tal stability and morphological integration as properties of

an organism. Use of these terms is inconsistent in the liter-

ature, creating confusion of the underlying concepts for

anyone new to the field, and can often create confusion in the

interpretation of empirical results. This confusion is partly

due to the fact that these components are often defined

according to how they are measured and not as theoretical

phenomena. Clarity of the common definitions of these

properties and their conceptual underpinnings is of extreme

importance for ensuring that the questions being asked, and

the interpretation of results, are properly understood and

conveyed. When these properties are viewed from a theo-

retical perspective, their boundaries become blurred

revealing the interrelationships of these concepts and their

role in the greater concept of phenotypic variability.

Canalization

Canalization refers to the property of an organism that

ensures similar phenotypic expression within a group by

buffering development against both environmental and

genetic perturbations (Zakharov 1992). Canalization does

not eliminate phenotypic variation; rather it maintains a

certain degree of phenotypic variation under differing

genetic and environmental conditions. The concept of

canalization was originally developed by both Waddington

(1942, 1957) and Schmalhausen (Published in Russian

1938, translated to English 1949). Waddington and

Schmalhausen arrived at the idea independently but there

are slight differences in their descriptions of canalization.

Waddington approached the topic of canalization from a

developmental perspective and described it as the buffering

of development against environmental and genetic pertur-

bations. His concept was based on two main observations:

(1) the cells and tissues that comprise an organism do not

develop in a gradation of forms, rather they form discrete

types and (2) processes of development often recover from

perturbations and return to their preferred endpoint result-

ing in normal development. Schmalhausen, referred to

canalization as autonomization, which is based on how the

norm of reaction interacts with stabilizing selection. The

norm of reaction is the range of expected phenotypes under

a given set of environmental and genetic conditions. In his

view, regulating mechanisms that modulate the norm of

reaction under different genetic and environmental condi-

tions are developed under the slow process of stabilizing

selection. He argued that organisms with the ability to

withstand environmental perturbations while simulta-

neously responding adaptively to changes in the environ-

ment would be favoured by natural selection. That is, there

is a range of optimal phenotypes that arise as a balance

between buffering development against perturbations, and

adaptive change (within the norm of reaction) in response

to such perturbations or fluctuations. In this sense, Sch-

malhausen’s view of canalization differs quite drastically

from that of Waddington. He included phenotypic plas-

ticity (adaptive change of the phenotype in reaction to

different environmental conditions) in his concept of can-

alization, rather than considering it an opposing process.

Some researchers have differentiated between genetic

and environmental canalization (Wagner et al. 1997).

Genetic canalization refers to the robustness of the phe-

notype to the effects of mutation, whereas environmental

canalization refers to the robustness of the phenotype in

response to environmental perturbations (such as extreme

temperatures or exposure to toxins). In fact, Wagner et al.

(1997) define canalization exclusively in terms of genetic

canalization, and consider what has been defined here as

environmental canalization, as the related property devel-

opmental stability (see Table 1). While the division

between the environmental factors associated with

environmental canalization and those associated with

developmental stability is somewhat arbitrary, the methods

of detecting these two properties differ greatly, and
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therefore, we feel it is best to acknowledge the difference

between environmental canalization and developmental

stability here.

Canalization is generally considered a property of an

organism that limits phenotypic variation. Essentially,

canalization describes the suite of processes that buffer the

phenotypic expression of variation created by differing

genetic and environmental conditions. In this way, canali-

zation can be viewed as a constraint on variability by lim-

iting the scope of resultant variation expressed in the

phenotype. However, while canalization buffers the phe-

notypic expression of variation, it can also allow genetic

variation to accumulate undetected. Therefore, canalization

can also facilitate variability in situations where a system is

exposed to a perturbation severe enough to surpass a given

threshold, thereby revealing ‘cryptic’ genetic variation that

has not previously been exposed to selection (Waddington

1957; Rutherford 2000). This apparent contradiction high-

lights how the definition of canalization as a property of an

organism that limits phenotypic variation, is dependent on a

consistent genetic and environmental background.

Developmental Stability

Developmental stability is the property of an organism that

buffers variation of micro-environmental origin, or envi-

ronmental factors within the organism (Clarke 1998). That

is, developmental stability ensures consistent phenotypic

expression within individuals given a specific genotype and

macro-environment (environment outside the organism). In

this way, canalization and developmental stability are

similar properties in that they both act to limit phenotypic

variation; their differences lie in the types of variation they

buffer. Waddington (1957) originally described the varia-

tion buffered by developmental stability as developmental

noise, which was vaguely described as thermodynamic

noise at some unknown process level (Reeve and Robert-

son 1953). Imprecision in molecular and cellular level

processes lead to stochastic noise-like variation that can

sometimes be detected at the phenotypic level. This defi-

nition of developmental stability can be problematic as it

assumes a clear distinction between micro-environmental

perturbations such as that caused by developmental noise,

and macro-environmental perturbations such as those

thought to affect canalization. Environmental perturbations

assumed to affect canalization are thought to arise outside

of an individual, whereas developmental noise arises

within an individual. When one starts to parse out the

potential factors contributing to phenotypic variation, both

within and among individuals, the distinction between

micro and macro environmental influences becomes vague.

While the precise differentiation between the variation that

is buffered by developmental stability and canalization is

controversial, the concept that developmental stability

buffers random variation within the individual and canali-

zation buffers genetic and macro-environmental variation

is a core distinction between the two. The importance of

this distinction will become apparent in the next section

when we discuss how to quantify developmental stability

as it relies on a random, noise-like pattern of resultant

phenotypic variation (Van Valen 1962).

Developmental stability is a property of an organism

that reflects the result of two opposing forces: the noise-

like variation that perturbs the system, and the buffering

mechanisms that limit the phenotypic effects of this

variation (Lens et al. 2002, Willmore and Hallgrı́msson

2005; Breuker et al. 2006; Van Dongen 2006). Therefore,

developmental stability is a relative property. If two pop-

ulations experience the same degree of developmental

noise, then the population with the least amount of

within-individual variation is considered to be the more

developmentally stable. Issues arise when the level of

developmental noise that a population experiences is

unknown; lower within-individual variation could result

from more efficient buffering mechanisms and hence rep-

resent developmental stability, or it could result from low

levels of developmental noise.

Morphological Integration

Morphological integration refers to the phenotypic inter-

dependence of two or more structures that reflects common

Table 1 List of the common

definitions used for canalization

and developmental stability

noting the differences in the

types of perturbations buffered

by each

Phenomenon Properties References

Canalization Buffers development against macro-

environmental and genetic perturbations

Waddington (1942, 1957),

Clarke (1998)

Developmental

stability

Buffers development against micro-

environmental perturbations

Waddington (1942, 1957),

Clarke (1998)

Genetic canalization Buffers development against genetic

perturbations

Wagner et al. (1997)

Environmental

canalization

Buffers development against both micro- and

macro-environmental perturbations

Wagner et al. (1997)
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function and/or development. This inter-dependence

between structures is thought to enhance the overall sta-

bility of the organism. The theoretical aspect of integration

was well known and incorporated into biology by holists

such as van der Klaauw and Schmalhausen. However, the

concept was more widely recognized after Olson and

Miller’s (1958) publication, where they argued that traits

that share functional and developmental influences would

evolve as integrated units. As pointed out by Chernoff and

Magwene (1999), Olson and Miller never formally defined

morphological integration. In fact, the theoretical concept

of integration (as introduced by Olson and Miller and as

defined by most modern biologists) was born out of its

statistical measurement. The basic premise of morpholog-

ical integration describes how different structures that

share some factor (e.g., function, developmental precursor

and position) will show some sort of relationship in

their phenotypic expression. Morphological integration

remained relatively unexplored until Cheverud (e.g., 1982,

1984, 1995) conducted a series of studies on the patterns of

integration in primate crania, strengthening the work of

Olson and Miller (1958) and effectively reviving the

concept.

Cheverud (1996) has also expanded the idea of mor-

phological integration beyond the level of the individual.

He described integration as occurring at three distinct

levels: individual, genetic and evolutionary. The integra-

tion proposed by Olson and Miller (1958), or integration

between functionally and developmentally related struc-

tures occurs at the individual level. Integration created by

pleiotropy or linkage disequilibrium constitutes genetic

integration, while the coordinated evolution of traits is

considered evolutionary integration. These levels of inte-

gration do not act in isolation; in fact Cheverud (1996)

argued that integration at the individual level causes

genetic integration, and that these genetically integrated

structures will be inherited together, and therefore, are

selected together and result in evolutionary integration.

Related to the concept of morphological integration is

modularity. A module is a character, or a set of characters

that are more tightly integrated internally than they are

with other characters (Wagner 1996). For example, the

skull likely forms one module and the limbs form a sepa-

rate module in a quadruped. The structures that comprise

the cranium will show a higher degree of inter-relatedness

with other structures of the head than they will with limb

traits, and the reverse is true for the limbs. Cranial and limb

modules may form due to the physical adjacency of the

structures, shared developmental origins, or shared func-

tional demands (Young and Hallgrı́msson 2005).

Essential to the concepts of modularity and integration is

the hierarchical structure of organisms (Wagner and

Altenberg 1996; Chernoff and Magwene 1999; Gass and

Bolker 2002). Several levels of integration can occur;

the entire organism is a functional whole and is therefore

integrated, but within that organism subunits may be

integrated through functional, developmental and genetic

relationships. Figure 2 demonstrates this concept using a

mouse model. In Fig. 2a the entire mouse is integrated by

the allometric effect of size; however, the limbs of the

mouse also form a module, and within that module the

fore- and hind limbs form separate modules. This division

of traits is somewhat intuitive; however, Fig. 2b illustrates

how integration can be structured by less phenotypically

obvious factors. Here, we show how the mouse skull can be

divided into modules based on developmental precursors of

particular cranial bones. Cranial bones of neural crest ori-

gin form one module, whereas cranial bones derived from

mesoderm form a separate module and both of these

Fig. 2 Illustration of the modularity concept. (A) Modularity as seen

in the whole mouse. Modules occur at different hierarchical levels

with overall integration influenced by size and then subsets of

structures forming the limbs module and finally the within-limb

module. (B) Modularity within the mouse skull. The cranial bones can

be divided into modules based on their developmental precursors.

Bones of neural crest origin form one module while bones derived

from mesoderm form a separate module
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modules join to form the functioning skull. Also implicit in

the concept of integration is that the same traits can be part

of several different modules; that is, modules are inter-

secting. For instance, a trait could belong to one module

due to shared functional demands, and could be part of a

separate module as a result of pleiotropy. We argue that

integration and modularity are two sides of the same coin.

Modularity is simply nested integration.

Strong integration of many traits is argued to constrain

variability because a change in one part of a highly inte-

grated structure will rarely be advantageous to the other

parts of that structure or the structure as a whole. There-

fore, variability in individual parts will be selected against

(Wagner and Altenberg 1996). However, the dissociability

of parts into more discrete modules should increase the

likelihood that favourable changes in one module will not

have an effect on a separate module and will therefore, be

more likely to persist within a population. Therefore, large-

scale integration constrains variability whereas integration

of subsets of organismal structures (modules) can facilitate

variability.

Canalization, developmental stability and morphological

integration have unique and overlapping relationships with

variability. While it is important to have a clear understand-

ing of what these properties represent, their use is strength-

ened if they can be measured correctly. Below, we outline the

more common measurable surrogates of canalization,

developmental stability and morphological integration.

Measuring Variability via Patterns of Variation

Due to the difficulty of direct measurement, most vari-

ability studies have employed the indirect approach of

measuring the observable patterns of phenotypic variation.

As mentioned earlier, phenotypic variation only captures

one potential outcome and does not accurately represent

the range of possible variation (i.e., variability). This

method of measurement also does not allow us to deter-

mine the underlying cause of the variation. Because of

these limitations, most studies of phenotypic variation and

variability have involved perturbing development either

through mutation or environmental influence (such as

exposure to a toxin or extreme temperature). Using a

variety of experimental protocols, researchers are often

able to determine specific genotypes that are most sus-

ceptible to particular perturbations, specific traits that are

most affected, and if using an ontogenetic sample, specific

developmental stages most susceptible to the perturbation.

In this way, the phenotype and the patterns of phenotypic

variation can be used to elucidate potential developmental

processes that might be responsible for phenotypic vari-

ability under natural conditions.

Canalization-Measurement Through Patterns

of Variation

Corresponding traits in different individuals develop under

different environmental and genetic conditions, and there-

fore, differences in the amount of among-individual vari-

ation for a trait will indicate differences in ability to

canalize development against genetic and environmental

stresses. Thus, among-individual phenotypic variation is

the most common measure of canalization. Canalization of

a trait is generally inferred by a reduction of the observable

phenotypic variance of that trait. Figure 3 illustrates the

variance of four populations for two traits. The points

within each population represent individual values for mass

(x-axis) and height (y-axis). Each of the populations shows

various ranges of values along both axes. A smaller range

indicates a smaller variance and the population with the

smaller range is considered more highly canalized under

the assumption of similar environmental variation. Popu-

lation A has a narrower range of values along the x-axis

than either population B or D. Thus, population A would be

considered more canalized for mass than population B or

D. Canalization is measured by phenotypic variance; the

greater the variance, the less stringent the canalization.

A major drawback of this method of measurement is that

canalization can only be determined by comparison with

some reference state (Rutherford 2000). The ancestral state

of canalization for a structure is unknown; therefore, we

rely on comparisons between populations based on

hypotheses of causal factors thought to affect canalization.

This approach was used by Waddington to demonstrate the

existence of canalization based on the hypothesis that

animals with aberrant phenotypes resulting from exposure

to some environmental stress would show greater variation

Fig. 3 Hypothetical scatterplot of phenotypic variances of individ-

uals for both mass and height for four separate populations. The larger

the scatter of points, the greater the variance indicating reduced

canalization. Note that some populations have low variance for one

trait while expressing high variance for the other
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than wild-type animals. That is, aberrant individuals would

be less canalized than wild-types. Specifically, he com-

pared Drosophila phenocopies with wild-type flies. A

phenocopy is an aberrant phenotype that resembles the

phenotype of a known mutation but is caused by exposure

to environmental stress or change rather than mutation.

Waddington subjected flies to a heat stress during pupal

development that resulted in flies that resembled cross-

veinless mutants. Of interest to Waddington (1957) was not

the mean vein phenotypic change in the flies subjected to

the heat stress, but the variable phenotypic expression in

response to this stress in the treatment group. Waddington

(1957) suggested that the relatively invariant vein mor-

phology in the wild-type flies was evidence that the wild-

type is canalized, and only when a stress is severe enough

to surpass some threshold will this canalization break down

and result in increased phenotypic variation.

Other early studies used a similar approach, comparing

wild-type animals with mutants, again under the assump-

tion that the wild-type is more canalized. Rendel (1959)

compared variance in scutellar bristle number between

wild-type Drosophila melanogaster with the sex-linked

mutant scute; a mutation known to decrease bristle number,

particularly on the scutellum. In wild-type flies, the number

and pattern of scutellar bristles is effectively invariant.

However, marked variance in scutellar bristle number was

observed in scute mutants (Rendel 1959). Similar studies

were conducted by Dunn and Fraser (1958, 1959) using the

sex-linked mutation Tabby (Ta) in mice. The number of

secondary vibrissae was shown to decrease in Tabby

mutants. As with the bristle number in scute fly mutants,

the interesting trend found in this study was the increased

variance around this mean vibrissa number in the mutant

mice (Dunn and Fraser 1958, 1959). The results of these

early studies were interpreted as demonstrating the cana-

lization of the wild-type and how this canalization can be

disrupted if a perturbation (either environmental or genetic)

is great enough to surpass some threshold resulting in the

phenotypic expression of previously hidden variation. This

interpretation has become deeply entrenched in the litera-

ture, and canalization is inferred if a trait displays greater

variance in the mutant than the wild-type background

(Rutherford 2000).

However, while the majority of studies have dem-

onstrated this association between mutation and envi-

ronmental stress with phenotypic variation, exceptions

exist. Not all mutations result in increased phenotypic

variance, which is consistent with the premise that cana-

lization is causally heterogeneous (Scharloo 1991). For

example, increased haltere variation was not found in

Ultrabithorax (Ubx) Drosophila mutants (Gibson and van

Helden 1997). This result was particularly surprising, as

Ubx is a homeotic regulatory gene and is expected to have

a major impact on development and its effect on haltere

development is therefore, assumed to be highly canalized.

Exceptions such as this one underscore another challenge

to measuring canalization; canalization appears to be trait

specific; however, this observation may be due to our trait-

by-trait measurement of canalization. If our suggestion that

variability, and therefore, canalization, are due to the

interaction of developmental processes, than we would

expect to see different levels of among-individual variance

for different traits depending on the developmental pro-

cesses associated with each trait. For example, if two traits

share a developmental process that is compromised, then

we expect to see increased variance in both traits. If the

compromised developmental process was only involved in

the development of one of the traits, we would expect to

see an increase in variance in that trait only. Due to the

complexity of developmental interactions we often do not

know what traits are affected by a perturbation and there-

fore, it is difficult to determine traits most suitable for

measurement in a study of canalization. In general, most

researchers deal with this obstacle by measuring multiple

traits and often multiple structures within each trait.

A major aspect of canalization theory developed by

Waddington is that development can recover from pertur-

bations through epigenetic compensatory mechanisms

(Waddington 1957, 1975). That is, the developmental tra-

jectories themselves are canalized. Waddington referred to

these canalized trajectories as chreods (Waddington 1957,

1975). While most studies of canalization have compared a

wild-type population with a population of either mutants or

phenocopies, Waddington originally argued that canaliza-

tion should be measured throughout ontogeny. There are a

handful of studies that have measured canalization using an

ontogenetic approach (Foote and Cowie 1988; Zelditch

et al. 1993, 2004; Willmore et al. 2006; Young 2006);

however, it is an area of study needing more work.

Experimental designs that track canalization through

development are an obvious starting point for trying to

elucidate potential specific developmental mechanisms that

contribute to canalization.

Developmental Stability—Measurement Through

Patterns of Variation

Developmental stability ensures consistent phenotypic

expression under the same genetic and environmental

conditions, whereas developmental instability represents

inconsistencies in phenotypic expression. Therefore,

within-individual variation or fluctuating asymmetry (FA)

is used to measure developmental instability. Quantitative

differences between repeated structures such as vibrissae

on mice, or bristles on Drosophila within the organism can
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be used to determine the within-individual variance. More

commonly, the difference in variance between left and

right sides of bilaterally symmetric traits is used to measure

the variance within individuals. The distribution of the

random deviations from perfect symmetry of bilaterally

symmetric traits or FA was first defined by Ludwig (1932

as cited by Van Valen 1962). Developmental instability is

thought to arise from developmental noise, and the random

yet normal nature of left–right differences around a mean

of zero found in FA distributions is what would be

expected of a noise-like pattern (Palmer and Strobeck

1992). However, it has recently been suggested that a

Gaussian distribution may not be the most appropriate

(Graham et al. 2003; Klingenberg 2003, Babbitt et al.

2006). The developmental errors associated with FA are

assumed to be additive under models that use a normal

distribution. However, recent work indicates that non-

linear developmental processes might be involved in the

generation of FA (Klingenberg 2003). Graham and col-

leagues (2003) suggest that a log-normal or gamma dis-

tribution might be a more accurate representation of these

non-linear developmental errors thought to be associated

with FA. Currently, there is no consensus on this issue and

it is therefore important to exercise care when using a

Gaussian distribution to represent FA (Van Dongen 2006).

The association between FA, developmental noise and

developmental instability assumes that symmetry is opti-

mal and that any deviation from symmetry constitutes

some degree of developmental instability (Palmer and

Strobeck 1986). The use of variance between bilaterally

symmetric traits has been considered an appropriate mea-

sure of developmental stability, as both sides presumably

share the same genetic background and environmental

effects, and therefore, differences between sides are created

through perturbations within the organism (Reeve 1960;

Palmer and Strobeck 1986; Clarke 1998). The relationship

between FA and developmental stability is similar to that

between among-individual variance and canalization. High

levels of FA indicate low levels of developmental stability

(Van Valen 1962; Palmer and Strobeck 1986).

It is important to differentiate between different types of

asymmetry that commonly occur within an organism, as

most researchers posit that only FA can be used to measure

developmental instability (Van Valen 1962; Palmer and

Strobeck 1986, 1992, 2003; Palmer 1996; but see Graham

et al. 1993). Directional asymmetry (DA) is normally dis-

tributed, but the mean is biased either to the left or right of

zero, and antisymmetry is distinguished by a bimodal

distribution of deviations, or more subtly by a platykurtotic

distribution (See Fig. 4). DA is quite common, the asym-

metry of the human heart and brain are examples of this

phenomenon. Antisymmetry is much less common; an

extreme example is demonstrated by the male fiddler crab.

The right and left claws are initially the same size. How-

ever, the first claw to be broken re-develops to become

conspicuously smaller than that of the other side. There-

fore, fiddler crabs always have one claw larger than the

other, but the side that is enlarged is completely random at

the population level (Palmer and Strobeck 1992; Palmer

1996). Palmer and Strobeck (1986, 2003) advocate that any

study of FA should account for potential DA and anti-

symmetry as they argue that their underlying mechanisms

are genetically controlled and do not represent develop-

mental instability. However, it is not always possible to

rule out antisymmetry and DA, partially because the sta-

tistical power of techniques used to separate these different

types of asymmetries is low, and partly due to what Nijhout

and Davidowitz (2003) call environmentally induced

asymmetry. Handedness in humans is an example of

environmentally induced asymmetry as is any immobile

period during development whereby static orientation may

create subtle environmental differences between right and

left sides that do not reflect developmental instability (Van

Dongen 2006).

Organisms exposed to some environmental stress such

as a toxin have been found to have elevated levels of FA,

which has led to the controversial suggestion that FA is a

reliable indicator of stress in natural populations (Graham

et al. 1993; Manning and Chamberlain 1994; Leung et al.

2000). The use of FA as an indicator of stress was favoured

over more traditional measures, such as fitness compo-

nents, because FA would be cheaper and simpler to mea-

sure. However, as is strongly argued by Palmer and

Strobeck (1986, 2003), measuring FA properly is far

from simple and the large sample sizes required for its

measurement can make the use of FA expensive and labour

intensive. Due to the challenges associated with measuring

Fig. 4 Statistical distributions that describe different types of asym-

metry as defined by Van Valen (1962). Modified from Palmer (1996)
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FA, its use as a bioindicator has been ardently criticized

(Bjorksten et al. 2000; Lens et al. 2002).

One such challenge is that the signal-to-noise ratio in

measures of FA is extremely low, with FA values typically

on the order of 1% of trait size (Lens et al. 2002). This

subtlety of FA makes it difficult to detect, and therefore,

the degree of FA is probably often underestimated. Addi-

tionally, measurement error can have a profound effect on

FA (Palmer and Strobeck 2003). Deviations from sym-

metry are of about the same magnitude as differences

created by measurement error (Palmer 1996). Moreover,

like FA, measurement error is random and normally dis-

tributed about a mean of zero, thereby making it indistin-

guishable from FA (Palmer and Strobeck 1986; Palmer

1996). Palmer and Strobeck (1986, 2003) outlined an index

of FA that can partition out the effects of measurement

error, but it requires repeat measures of FA for at least a

subset of the sample and can become labour intensive.

Finally, the correlation between FA and stress has been

found to be highly stress and trait specific (Clarke 1998;

Bjorksten et al. 2000; Lens et al. 2002; Rasmuson 2002).

Therefore, FA would only be a reliable indicator of stress

for certain traits, and those traits are not known in advance.

Likewise, not all stressors would have the same magnitude

of effect on FA.

An issue of active study and controversy is the rela-

tionship between developmental stability and canalization.

At the theoretical level their close association is clear; both

limit the expression of phenotypic variation. Therefore, the

only currently useful distinction between these two phe-

nomena arises due to how they are measured; we use

among-individual variance to estimate the inverse of can-

alization and FA to estimate developmental instability. The

general idea has been that different underlying processes

govern developmental stability and canalization. However,

the results from empirical tests (studied using patterns of

phenotypic variation) have been contradictory, some

studies indicating that developmental stability and canali-

zation are separate phenomena governed by separate

mechanisms (Waddington 1957; Rutherford and Lindquist

1998; Debat et al. 2000; Milton et al. 2003; Réale and Roff

2003) while others have indicated that they represent

similar phenomena that at least partly share underlying

developmental processes (Clarke 1993, 1998; Klingenberg

and McIntyre 1998; Woods et al. 1999; Hallgrı́msson et al.

2002; Santos et al. 2005; Willmore et al. 2005; Breuker

et al. 2006; Debat et al. 2006). A recent study by Breuker

and colleagues (2006) compares among-individual varia-

tion with FA in the wings of 115 different strains of Dro-

sophila melanogaster. Each of these strains differs by only

one deficiency on an otherwise isogenic background,

thereby, controlling the genetic variation between popula-

tions. The authors found a strong relationship between FA

and among-individual variation for wing shape, but not for

wing size. They suggest that the relationship between

canalization and developmental stability is not universal

and will potentially differ between traits and populations.

We suggest that the relationship between canalization and

developmental stability is based on how the basic processes

of development are distributed among the traits of interest

and to what degree (and when in development) these pro-

cesses are exposed to perturbations, be they genetic, micro-

or macro-environmental in origin. Clearly, more empirical

studies are needed to adequately address this issue. The

study by Breuker et al. (2006) is an elegant example of a

design that enabled identification of specific underlying

developmental mechanisms for the association between

canalization and developmental stability. Studies of similar

controlled design should prove to be fruitful.

Morphological Integration—Measurement Through

Patterns of Variation

Morphological integration is estimated by the level of

covariation or correlation among structures. Strong covari-

ation between traits indicates a high degree of integration

and is thought to be caused by shared developmental,

functional or genetic influences. Olson and Miller (1951)

were the first to suggest using correlation coefficients to

measure the level of integration, and later developed a the-

oretical framework for detecting covariation patterns among

morphological traits (Olson and Miller 1958). Most recent

studies of morphological integration have followed Olson

and Miller’s later approach of developing biological

hypotheses that suggest how suites of traits might covary

using both a priori and a posteriori hypotheses.

Berg (1959) conducted one of the first studies outside of

the work by Olson and Miller to use correlation coeffi-

cients to determine morphological integration. His study

looked at the integration of the reproductive and vegetative

organs of several plant species. Olson and Miller (1958) are

not cited in his paper, and instead it appears that his work

arises from a concept similar to morphological integration

that was independently advanced in Russia called correla-

tion pleiades. The concept of correlation pleiades is based

on the presence of correlation between some quantitative

characters and no such correlation between other quanti-

tative characters (Berg 1959). Gould and Garwood (1969)

conducted another early landmark study of morphological

integration on the teeth of the rodent Oryzomys and the

insectivore Nesophontes. Following Olson and Miller, they

used correlation coefficients to determine levels of mor-

phological integration, but they also introduced factor

analysis as a method of estimating morphological

integration.
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While other researchers had applied Olson and Miller’s

concept of morphological integration and their method of

measurement, it is a series of studies conducted by

Cheverud (Cheverud 1982, 1988, 1995; Marroig and

Cheverud 2001) that is generally considered the most

influential in reviving the concept of morphological inte-

gration. These studies tested Moss’ (Moss and Young

1960; Moss 1971) functional matrix hypothesis using pri-

mate crania (Cheverud 1982, 1995; Marroig and Cheverud

2001). In these studies, cranial traits that shared functional

demands or developmental histories were predicted to

show strong covariation. The crania of Rhesus macaques

(Cheverud 1982), saddle-back tamarins (Cheverud 1995)

and New World monkeys (Marroig and Cheverud 2001) all

demonstrate correlation patterns that follow the predictions

of the functional matrix model (Moss and Young 1960;

Moss 1971). These predictions were tested by comparing

the correlation matrix derived from the empirical cranial

data with a theoretical matrix based on the hypothesis of

integration. Matrix correlations are commonly used to

compare the correspondence of a priori biological

hypotheses with empirical patterns of covariation among

traits. Permutation tests are used to evaluate a null

hypothesis that the association between two matrices is not

different than what would be expected by random chance.

A high correlation between matrices indicates that the

patterns of correlation found in the skull data closely match

the hypothetical matrix, and therefore, implies that the

variation is structured by predicted functional and devel-

opmental influences. All of the preceding studies used an

a priori approach to determine morphological integration.

A priori methods allow for specific tests of biological

hypotheses and generally yield interpretable results. In

these approaches, if the null hypothesis investigated (that

the empirical and the hypothetical matrices are similar) is

rejected, we know the matrices are dissimilar, but we do

not have any information regarding the specifics of how the

two matrices differ. If the null hypothesis investigated is

not rejected, the hypothetical reasons for the structured

variation are accepted. In short, alternate patterns of

covariance that could also describe the structural organi-

zation are not considered.

To improve the amount of information that can be

garnered by comparing matrices, Cole and Lele, (2002)

proposed an alternative approach based on the statistical

analysis of the differences between the elements of two

correlation (or covariance) matrices. In this approach,

correlation matrices estimated for each of the two samples

are used to estimate a correlation-difference matrix. A

correlation-difference matrix is calculated by subtracting

the elements of one matrix from the corresponding ele-

ments of the other matrix. If the matrices are the same (the

null hypothesis), all of these differences are expected to be

zero. When one or more elements of the matrix does not

equal zero, the correlation differences can be explored to

learn more about these differences. A bootstrap approach

for testing the null hypothesis of similarity in correlation

values was also developed (Cole 2002). The bootstrap

approach enables localization of the differences in matrices

to particular variables aiding in the biological interpretation

of the matrix comparison (see also Richtsmeier et al.

2006).

Another example of an a posteriori approach for

detecting morphological integration is cluster analysis

(Hallgrı́msson et al. 2002; Willmore et al. 2006). This

method is used to parse out groups of traits that show a

stronger association with each other than with traits from

other groups, and these associations are determined without

input from the researcher. For example, Willmore et al.

(2006) used Ward’s cluster analysis to determine if certain

craniofacial traits in mice formed modules and to see if

these modules changed with age. The clustering is based on

statistical association only; none of the traits were coded to

indicate any potential relationships based on some bio-

logical factor such as function or developmental origin.

The resultant modules were consistent between age groups,

but did not reveal any obvious biological interpretation. A

posteriori methods reveal all possible covariance patterns

but these patterns can be extremely difficult to interpret in

biological terms. While the premise that patterns of

covariance are an appropriate measure of morphological

integration is widely accepted, no such consensus exists for

the specific methods of determining covariance patterns or

the biological interpretation of these patterns.

This brief review of canalization, developmental sta-

bility and morphological integration as properties of an

organism and the patterns of phenotypic variation used to

measure each, reveals two important points. First, our

definitions of these components of variability are heavily

biased and limited by our methods of measurement and

what we are measuring is variation not variability. In fact,

our measurement systems impose the artificial separation

of these components, which leads us to our second point.

That is, the importance of recognizing that each of these

components represents overlapping aspects of the same

phenomena, namely variability. All three properties limit

variability. Developmental stability reflects localized buf-

fering of developmental processes and canalization reflects

more global buffering of developmental processes both of

which limit variability. Morphological integration ties

different structures together including their respective

canalization and developmental stability properties.

Therefore, morphological integration reflects the organi-

zation (often hierarchical in nature) of these canalized and

developmentally stable developmental processes. Figure 5

depicts our view of how these properties relate to
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variability and how they interact with each other. Each of

these properties can work in isolation or in combination

with one or both of the other two properties. The blurring

of boundaries that define these properties suggests that

their individual measurement and description is an exer-

cise in futility. However, an understanding of the rela-

tionship of canalization, developmental stability and

morphological integration with each other and with

variability provides us with an opportunity to pinpoint

developmental processes affecting variability as demon-

strated by Klingenberg (Klingenberg and Zaklan 2000;

Klingenberg 2003).

Klingenberg uses the relationship among these proper-

ties to differentiate between what he refers to as direct and

parallel covariation (Klingenberg and Zaklan 2000; Klin-

genberg 2003). Direct covariation occurs when variation is

transmitted to different traits within a developmental

pathway jointly, thereby, potentially integrating parts

within a module (Klingenberg and Zaklan 2000; Klingen-

berg 2003). Direct covariation can occur when a stimulus

affects different traits in a similar manner because multiple

traits develop from the same precursor or because one

component within a system induces another component

directly through cell signalling (Klingenberg 2003). Par-

allel covariation occurs when an environmental or

genetic source of stress that arises outside of the develop-

mental pathway affects multiple traits simultaneously

(Klingenberg and Zaklan 2000; Klingenberg 2003). Klin-

genberg argues that the effects of direct and parallel

covariation on integration can be separated if genetic and

environmental influences are controlled. As noted earlier,

because bilateral sides are subjected to the same environ-

mental and genetic influences, covariance patterns of FA

(essentially morphological integration of developmental

instability) can be used to detect direct developmental

interactions. Parallel covariation can be detected through

covariance patterns of among-individual variance (mor-

phological integration of the inverse of canalization).

Klingenberg (2003) therefore uses comparisons of the

patterns and organization of FA with the patterns and

organization of among-individual variance to differenti-

ate developmental processes affecting variability that

are intrinsic to the developmental system and those that are

external to it. This approach combines measures of inte-

gration, developmental stability and canalization and

emphasized their interrelationships. However, this

approach is still subject to all of the potential problems

discussed previously for the independent measures of these

properties.

Processes Affecting Phenotypic Variability: A

Mammalian Jaw Example

Our thesis is that there are no processes specific to the

creation or modulation of phenotypic variability, but that

phenotypic variability arises through those same develop-

mental processes that produce the standard phenotype. Our

definition of developmental processes is broad, including

any factors involved in the development of the phenotype

and therefore considers factors at the molecular, genetic,

cellular, individual, environmental and population levels.

Using the mammalian jaw as an example we show how

the fundamental processes of jaw development also func-

tion to structure phenotypic variability of the jaw. We have

classified these processes into a hierarchy to clarify the

extent of factors affecting phenotypic variability. However,

this hierarchy is not tiered in terms of importance or order

of influences. The significance of effects from each level is

situation specific. Figure 6 depicts the multiple interactions

that can occur between levels that influence phenotypic

variability. While we describe them in terms of being

hierarchical in relation to how we study them, their inter-

actions are not structured hierarchically. In this section we

have chosen examples of known developmental factors that

affect the jaw, to demonstrate how basic processes of

development are responsible for both generating and buf-

fering phenotypic variability. Our examples are necessarily

brief and we note that we are not attempting to give a full

description of mammalian jaw development.

Fig. 5 Depiction of how the properties of canalization, developmen-

tal stability and morphological integration overlap with one another.

The area within the outer black circle, in which the three components

are found, represents phenotypic variability. The placement of these

three properties within area outlined for variability demonstrates that

they partially but do not completely describe phenotypic variability.

Other components of variability such as heterotopy and heterochrony

would likewise be placed within the outer circle and show patterns of

overlap with the three components depicted here
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Processes at the Molecular Level

In this section we use the Dlx gene family to demonstrate

how events occurring at the molecular level can both create

and buffer variability and that it is the interplay of these

effects that determines the resultant variability. The evo-

lution of jaws appears to depend in part on the nested

expression domains of Dlx gene family members along the

proximodistal axis of the first branchial arch (Graham

2002; Carroll et al. 2005; Depew et al. 2005; Kuratani

2005; Stock 2005). In mammals there are six known

members of the Dlx family. These homeobox genes arose

as a single pair followed by cluster duplication and cur-

rently exist as three sets of linked pairs: Dlx1/2, Dlx5/6 and

Dlx3/4 (Dlx-4 formerly Dlx-7) (Depew et al. 2002, 2005;

Graham 2002; Weiss and Buchanan 2004).

The two major skeletal units that comprise the jaw are

both first branchial arch (BA1) derivates. The maxilla is

derived from the proximal end whereas the mandible is

derived from the distal end of BA1 (Depew et al. 2002,

2005). Dlx1 and 2 are expressed throughout most of BA1

proximodistally, whereas the linked pairs Dlx5 and 6 and

Dlx3 and 4 are more restrictively expressed distally (De-

pew et al. 2005). These linked pairs exhibit some redun-

dancy, sharing regulatory elements and similar expression

patterns (Depew et al. 2002, 2005). The effects of a dis-

ruption of one gene can be compensated by the similar

function of a redundant gene, thus, increasing the fidelity of

the system and potentially widening the range of conditions

under which normal development can occur (Thomas

1993; Wagner 1999, 2005). For example, using loss-of-

function experiments in mice it was found that several

proximal BA1 structures were phenotypically abnormal in

Dlx1 �/� mutants (Qiu et al. 1997; Depew et al. 2005).

Similar phenotypic effects were found in homozygous

Dlx2 �/� mutants however, the effects were not exactly

the same (Qiu et al. 1997; Depew et al. 2005). These

results suggest that both genes share similar expression

patterns in BA1 derived structures but that they also have

unique functions. Evidence for redundancy between the

genes stems from an exacerbated phenotype for double

loss-of-function mutants, indicating that each gene can at

least partly compensate for the other (Qiu et al. 1997;

Depew et al. 2005). In this way, redundancy between these

linked pairs of Dlx genes can help to limit variability in jaw

development.

While redundancy between Dlx1 and Dlx2 might help to

limit variability of jaw development, the complexity of the

code can potentially increase variability. Heterozygous

mutant Dlx1 +/� and Dlx2 +/� mice show similar but

slightly different phenotypes that are less severe than either

homozygote mutant condition indicating that each allele

contributes to the code (Depew et al. 2005). Furthermore,

compound heterozygous mutants Dlx1/2 +/� had more

severe phenotypic effects than either single heterozygous

mutant (Dlx1 +/� or Dlx2 +/�) suggesting some syner-

gistic effect between each allele of Dlx1 and Dlx2 (Depew

et al. 2005). While the compound heterozygote phenotype

was more severe than either single heterozygote, its effects

were less severe than either homozygote loss-of-function

mutation. These results illustrate the complexity of inter-

actions between these linked genes and their effects on jaw

development. Gene–gene interactions can simultaneously

create a robust developmental environment by providing

alternative developmental routes and can introduce vari-

ability through this same complexity. The interactions

among the Dlx1 and Dlx2 alleles appear to be non-additive

where one Dlx1 allele and one Dlx2 allele is not the

functional equivalent of two Dlx1 alleles or two Dlx2

alleles (Depew et al. 2005). Non-additivity of allele func-

tion allows for a wide variety of effects caused by reduced

gene expression. Loss-of-function experiments typically

uncover more detectable differences between phenotypes

but we suggest that more subtle differences in gene

expression will also affect the phenotype in an equally

complex manner.

Equally important to this complex system of interactions

that can create and buffer variability at the molecular level

are the many factors that can affect gene transcription,

translation and expression. The molecular machinery of an

organism is vulnerable to the effects of external environ-

mental mutagens as well as metabolites in the internal

environment. These environmental effects can damage

DNA and disrupt the production of any genes associated

with that DNA. Several errors can occur during DNA

replication that might potentially lead to variability of

development such as double-strand breaks, base-pair

mismatches, heterologies, random excision of bases and

nucleotides and large structural defects in the normal

Fig. 6 A schematic of the interactions that can occur between

different hierarchical levels of organismal development. Note that

while we describe these levels as hierarchical, their interactions are

not structured hierarchically. All levels are equally free to interact

with each other
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Watson-Crick base pairing (Mills et al. 2003; Mohrenwe-

iser et al. 2003). While these defects can arise through

normal development, several repair mechanisms are also

intrinsic to normal development. For instance, mismatch

repair can correct for base-pair mismatches and heterolo-

gies, base excision can detect and then repair random

excisions of bases and nucleotides as well as large struc-

tural defects (Mills et al. 2003; Mohrenweiser et al. 2003).

Furthermore, a mechanism called damage recognition cell

cycle delay response provides the system with a series of

checkpoints that ensures that all the necessary events in the

cell cycle are complete before continuing to the next cycle

allowing the system enough time to recognize and repair

damaged DNA before it is replicated (Kaufmann and

Paules 1996; Mohrenweiser et al. 2003). While our treat-

ment of these processes is only superficial, it is clear that

the complexity of interactions between factors that can

disrupt and factors that ensure proper DNA replication can

both create and limit variability of the developmental

system, including DNA associated with Dlx genes and jaw

development.

We have shown how jaw development is dependent on

the highly coordinated expression of Dlx genes in both

space and time. The strength and timing of Dlx expression

is dependent on its transcription. Gene transcription is often

described as ‘bursty’ or stochastic (McAdams and Arkin

1999; Fiering et al. 2000; Blake et al. 2003). That is,

transcription is regulated by a binary ‘on’ versus ‘off’

switching mechanism that relies on thresholds. This

threshold mechanism of transcription can both exacerbate

and limit variability of gene expression. A threshold system

allows for a range of acceptable activity for normal tran-

scription effectively hiding variability at this level. How-

ever, if this activity falls below the threshold, transcription

will not occur and the protein will not be made increasing

variability at this level and potentially affecting any

developmental pathway dependent on that protein. Mech-

anisms exist that help to increase the number of transcripts

available to help ensure that they surpass the threshold for

normal protein production. These mechanisms work to

increase the rate of transcription, lengthen the life of RNA

transcripts through reduced activity of RNA degradation

machinery, and increase the probability of gene transcrip-

tion through enhancers (Fiering et al. 2000).

A major determinant of variability at this level is gene

networking. The Dlx family does not work in isolation to

produce functioning jaws. Rather these genes are part of a

much larger network of genes whose interactions result in

proper jaw development. In addition to the Dlx gene

family, the Bmp, Fgf, Shh, Wnt, Retinoic Acid, Alx, Msx,

Otx, Pax, Prx, Fox, Tbx, Gsc, Hox and Endothelin gene

families are known to be involved in the development and

patterning of the first branchial arch and jaws (Depew et al.

2005). Such a large network of interactions can both limit

variability as well as create a cascade of variation that can

potentially increase variability. Variability could be

increased if there is a disruption of gene expression for a

gene whose products largely control the expression of

several other genes in major developmental pathways. A

relatively minor malfunction of one gene could create a

major developmental disruption due to its importance in

the network. Conversely, genetic networks can limit the

effects of single gene disruptions through what Wagner

refers to as distributed robustness (Wagner 2005). Dis-

tributed robustness is difficult to measure, but describes

how several different parts of a system contribute to a

functioning whole, whereby changes or failure of one part

can be compensated by the system (Wagner 2005). The

robust nature of complex genetic networks has been dem-

onstrated theoretically using several computer models

(Wagner 1996; von Dassow et al. 2000; Siegal and

Bergman 2002; Hermisson et al. 2003, Hermisson and

Wagner 2004; Huerta-Sanchez and Durrett 2007). Of

course, empirical evidence that supports these findings is

necessary.

Processes at the Genetic Level

The genotype-to-phenotype map is complicated by inter-

actions at the genetic level that influence the development

of phenotypic structures including the jaw. Below we show

that basic properties of genetic architecture such as domi-

nance, epistasis and pleiotropy influence mammalian jaw

development and how they can potentially affect variability

of the jaw.

Dominance refers to the interaction of two alleles at the

same locus, and this interaction adds a non-additive com-

ponent to the genetic variation (Falconer and Mackay

1996). Dominance is believed to reduce the detrimental

effects of mutations, and therefore, influence variability

(Bagheri and Wagner 2004). Mutational robustness is

thought to result in part from dominance, as the system is

able to respond more competently to far less gene product,

and can therefore, compensate for large reductions in gene

product caused by mutation. Using a quantitative trait loci

(QTL) approach, dominance was found to affect size and

shape variation in mouse mandibles (Klingenberg et al.

2001). While no specific genes were associated with this

dominance effect, we can hypothesize how this dominance

might affect mandibular variability. Dominance interac-

tions may allow the system to tolerate reduced gene dosage

and subsequent gene products required for normal man-

dibular development.

Another basic form of interaction at the genetic level is

epistasis. Epistasis is the interaction between different loci,
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whereby an allele at one locus can influence the phenotypic

effects of an allele at a separate locus (Wagner et al. 1998).

Therefore, the genetic context influences the affect of

alleles creating a non-linear interaction between genes and

the phenotype (Routman and Cheverud 1997). Schmal-

hausen (1949) and Waddington (1957) suggested that

epistasis suppresses additive genetic and phenotypic vari-

ance by creating co-adapted gene complexes. Increased

variance found in hybrids has often been attributed to a

breakdown of these co-adapted gene complexes. However,

epistatic gene interactions have been found to affect FA of

centroid size in inbred mouse mandibles (Leamy et al.

2002). Therefore, while epistasis may potentially reduce

phenotypic variability, it has also been associated with

increased variability in mouse mandibles.

Pleiotropy refers to the interaction of a single genetic

locus with more than one phenotypic trait. Pleiotropy has

been found to contribute to mandibular morphology of

inbred mice particularly between traits that are functionally

or developmentally related (Cheverud et al. 1997). In their

study, pleiotropic effects of QTLs were mainly restricted to

portions of the muscular processes of the ascending ramus

and to the alveolar processes of the mandibular corpus.

Therefore, a single genetic mutation could potentially

disrupt several mandibular components thereby potentially

increasing variability. Conversely, pleiotropy provides a

way to coordinate development between structures with

similar functions potentially limiting phenotypic

variability.

Mixtures of these interactions have also been detected,

specifically, differential dominance and differential epis-

tasis (or epistatic pleiotropy). Differential dominance is the

interaction of dominance and pleiotropy (Ehrich et al.

2003). When the dominance effects of a pleiotropic locus

differ from trait to trait, the resulting pleiotropic effects

display differential dominance (Ehrich et al. 2003). In a

QTL study of mouse mandibles, differential dominance

was prevalent and this trait-to-trait variation in dominance

results in multivariate overdominance even when over-

dominance does not exist for any individual trait (Ehrich

et al. 2003). Therefore, differential dominance alters the

genetic architecture and hence the variability.

When epistatic interactions between pairs of loci vary

between different traits, differential epistasis or epistatic

pleiotropy occurs (Cheverud et al. 2004). Differential

epistasis was demonstrated in a study using maize. The

mutant maize opaque-2 has high levels of the essential

amino acid lysine in the endosperm. However, the opaque-

2 mutant also has pleiotropic effects on the kernel, making

it soft and susceptible to damage (Moro et al. 1996). When

this mutant was crossed into other maize stocks followed

by selection, loci capable of modifying the pleiotropic

effects of opaque-2 were revealed (Burnett and Larkins

1999; Geetha et al. 1991). These modifying loci removed

the negative pleiotropic effects on kernel integrity while

maintaining the high lysine level. Cheverud et al. (2004)

found epistatic pleiotropy between QTLs associated with

inbred mouse mandibular traits (specifically between

individual mandibular traits and mandibular length).

Therefore, there is genetic variance in pleiotropic effects of

these mouse mandibles that will affect variability of

mandibular development when exposed to different selec-

tion regimes.

Processes at the Cellular Level

The contribution of neural crest cells to mandibular for-

mation has been actively studied (Francis-West et al. 2003

and references therein). While our treatment of neural crest

involvement in mandibular development is necessarily

superficial, we try to demonstrate the complexities of

development at the cellular level and how these interac-

tions can both limit and amplify phenotypic variability.

Neural crest cells form the embryonic mesenchyme for

the skeletal, dental and connective tissues of the mandible

(Atchley and Hall 1991). A series of coordinated events

must occur in order for mandibular morphogenesis to

proceed, including neural crest induction, differentiation,

migration and condensation. Neural crest induction is a

two-step process involving first, the dorsal mesodermal

induction of neural ectoderm, and second, the epidermal

ectodermal induction of neural crest at the epidermal/

neural ectodermal border (Hall 1999). Differentiation is

dependent on a variety of transcription factors, the

expression or lack of expression of Hox genes as well as

the region of origin in the hindbrain (Francis-West et al.

2003; Gilbert 2003). Neural crest migration relies on a cell-

free pathway within the extracellular matrix (Hall 1999).

Neural crest cells produce different proteases such as

plasminogen activators (Hall 1999) and ADAM-13

(Francis-West et al. 2003) to degrade the extracellular

matrix clearing a pathway for migration. To control the

duration and direction of neural crest cell migration there

must be some degree of cell-to-cell and cell-to-matrix

adhesion which are either inhibited or promoted by

glycosaminoglycans such as fibronectin within the extra-

cellular matrix (Hall 1999). Both osteogenesis and chon-

drogenesis within the mandible are dependent on the

formation of neural crest cell condensations (Cottrill et al.

1987; Hurle et al. 1989). If condensations are too small,

osteogenesis is not initiated and if condensations are

abnormally large, abnormally large bones can develop

(Hall 1978; Ede 1983; Thorogood 1983; Johnson 1986).

Neural crest cell condensation is dependent on the number

of cells that are induced, the rate of their migration, the

112 Evol Biol (2007) 34:99–120

123



number of these migrating cells that divide, the timing of

these cellular divisions and the rate of cell death (Hall

1988; Atchley and Hall 1991; Hall 1999).

Interaction between neural crest induction, differentia-

tion, migration and condensation can either increase or

limit variability of jaw development. For example, neural

crest condensation relies on the preceding events of

induction, differentiation and migration. Therefore, there is

still the potential to have a normal sized neural crest con-

densation even if fewer cells have left the neural tube

(reduced neural crest induction) through the ‘tweaking’ of

these other events such as: (1) increasing the rate of

migration, (2) increasing the proportion of migrating cells

that divide, (3) increasing the rate of cell divisions,

(4) decreasing rate and proportion of cell death and (5) a

combination of the above. However, it is also possible that

these other neural crest processes will not be able to

compensate for the reduced cellular induction and may

exacerbate the effects resulting in even greater variability

at the cellular level and potentially at the level of the

functioning mandible. The interdependence of these com-

plex cellular events can buffer variability as well as

amplify errors potentially increasing variability at the cel-

lular level and beyond.

Processes at the Individual Level

It is at the individual level where we can see how the parts

that make up the whole come together in an orchestrated

way to form a functioning structure. Following from our

mammalian jaw example, the functioning jaw at the indi-

vidual level reflects the cumulative effects of the devel-

opmental processes at the molecular, genetic and cellular

levels as well as their interactions. Furthermore, the func-

tioning jaw is the interface between the phenotype and the

external environment, and is therefore, subject to selection.

The phenotype and phenotypic variability at the individual

level are of great importance due to their direct effect on

function and potential success of the individual. The main

function of the mammalian jaw is food ingestion necessary

for survival. At this level, function is the most important

factor, and phenotypic variability can be measured in terms

of function.

Epigenetics plays a major role in the development of the

functioning jaw. Epigenetics are ‘heritable changes in gene

expression that are not due to changes in DNA sequence’

(Eccleston et al. 2007, p. 395). In addition to the role

epigenetics plays in the development of the standard

phenotype, it can also strongly influence phenotypic vari-

ability. It is easier to see how the dependency of the

functioning jaw on coordinated interactions between sev-

eral component parts could lead to increased variability.

Essentially, the variability of the functioning whole

represents the cumulative variability of the interacting

components. However, in terms of the standard phenotype,

the variability of component parts can also cancel out the

effects of each other, creating a more stable phenotype at

the individual level. Following with our jaw example, the

resultant bony structures of the mammalian jaw and their

phenotypic variability are influenced by epigenetic inter-

actions with other cranial components such as: other

skeletal characters of the cranium and jaw, muscles of

mastication, and components of the nervous system.

Effective mastication relies on proper occlusion of the

jaws and therefore mandibular and maxillary development

must be coordinated. Growth of either the mandible or

maxilla must be mirrored by the other in order to maintain

proper occlusion. Likewise, the cranium and jaws affect

each other’s growth and development through their con-

nection at the jaw joint. Herring and colleagues (2002)

found that loads transmitted through jaw occlusion and

through the jaw joint created variable strain patterns

throughout the cranium in miniature pigs. These variable

strain patterns could lead to variable cranial morphology,

which in turn could affect jaw morphology.

The relationship between the muscles of mastication and

the skeletal components of the jaw and cranium demon-

strate epigenetic influences. The strength and direction of

pull created by the muscles can affect cranial morphology

as well as phenotypic variation in the skull. Patterns of

muscle contraction during chewing directly relate to strains

imposed upon the cranium (Herring and Teng 2000;

Rafferty et al. 2000). The strains imposed upon the cra-

nium affect skull shape by creating differential growth at

cranial sutures and by adding bone at sites of muscle

attachments. Cell proliferation in bone at the cranial

sutures is influenced by the polarity of the mechanical

loading produced by the muscles with compression inhib-

iting cell proliferation and tension promoting proliferation

(Herring 1993; Herring et al. 2002). Studies have shown

the effects of masticatory muscle pull on cranial growth by

comparing animals fed diets of different consistencies.

Animals fed a hard diet tend to have larger neurocranium

dimensions than animals fed a soft diet. These results have

been demonstrated in miniature pigs (Ciochon et al. 1997),

rats (Katsaros et al. 2002) and ferrets (He and Kiliardis

2003). Additionally, the effects of diet consistency and

muscle strain have also been found to alter mandibular

alveolar dimensions in rats (Yamada and Kimmel 1991;

Bresin et al. 1994). Rats fed a hard diet had thicker man-

dibular alveolar dimensions demonstrating that differential

muscle strain not only affects bone apposition in the

vicinity of the insertion of muscles, but also in areas that

experience increased bending forces due to muscular action

(Yamada and Kimmel 1991; Bresin et al. 1994).
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The muscles that impart their effects on the skeletal jaws

are controlled by their innervation. A brainstem central

pattern generator that is mediated by sensory feedback and

conscious control produces the rhythmical jaw movements

associated with mammalian mastication (Lund and Kolta

2006). Rhythmical activity of the trigeminal muscle is found

in rat fetuses at E19 (Turman 2007). Therefore, rhythmical

movements of the jaw activated by a central pattern gener-

ator are creating strains on the bony jaw structures of these

rats potentially altering the bony phenotype.

Phenotypic variability is influenced by the cumulative

effects of all of these epigenetic factors involved in jaw

development. The functioning jaw reflects the collective

interaction of its component parts, and therefore variability

in the bony structures of the jaw, in the muscles of

mastication and the innervation of these muscles could

accumulate to create a highly variable jaw apparatus.

However, given the multiple interactions between these

components, the cumulative effect of the component vari-

ability is most likely non-linear. It is through these inter-

actions where variability at the individual level might be

amplified through a cascading effect of developmental

errors, or conversely, variability associated with each

component part could in fact decrease variability at the

individual level. For example, if there was a wide possi-

bility of variant development associated with the devel-

opment of the mandible and the resultant mandible was

much smaller than the standard mandibular phenotype,

variability in maxillary development could either amplify

the variability of the jaw as a whole or potentially reduce

jaw variability. At the functioning jaw level, malocclusion

is likely to occur if the maxillary portion of the jaw

develops to the standard phenotypic size for the upper jaw,

given the small mandible. Through interactions between

the upper and lower jaws, the maxilla might also develop to

be abnormally small, reflecting development variability of

the maxilla, but if the smaller maxilla improves occlusion

this same increased developmental variability translates

into decreased variability at the individual level (Fig. 7).

This example demonstrates that variability is dependent on

the level at which it is measured. This level-dependent

variability further complicates the genotype-to-phenotype

map, and underscores the importance of studying vari-

ability using a synthetic systems approach.

Processes at the Population and Environmental Levels

We have advocated a systems approach to the study of

phenotypic variability including population and environ-

mental level factors. While we emphasize that the factors

acting on phenotypic variability at the population and

environmental levels are as influential as the factors acting

at the molecular, genetic, cellular and individual levels, our

(the authors) breadth of understanding of population and

environmental factors is limited. Therefore, we limit our

discussion of these topics highlighting some of the major

factors at work at both of these levels. Readers interested in

the topics listed below are encouraged to consult the ref-

erences provided for a more thorough discussion.

The basic components of the genetic architecture of any

individual are filtered from the population from which the

individual developed. In order for a developmental process,

such as one involved in jaw development to exist within an

individual, its genetic underpinnings must exist within the

population. A major determinant of variability at the pop-

ulation level is allele frequencies. Allele frequency can

change due to genetic drift, chance of survival, mate

acquisition and fertility of individuals carrying the alleles

(Weiss and Buchanan 2004). Stabilizing selection is another

major factor that influences phenotypic variability at the

population level (Schmalhausen 1949; Wagner et al. 1997).

Stabilizing selection favours the standard phenotype for a

given genetic background and set of environmental condi-

tions, and extreme phenotypes (and more importantly their

genotypes) on either side of this optimum are removed from

the population (Gibson and Wagner 2000). Therefore,

alleles associated with extreme phenotypes tend to be

selected against and will likely be lost from the population.

Although environmental variables are often ignored,

the relationship between the genotype and phenotype

can only be defined under a specified set of environmental

conditions (Bradshaw 1965; Schlichting 1986; West-

Eberhard 1986; Moran 1992; Scheiner 1993; Nijhout

Fig. 7 A depiction of how the interaction between the maxillary

(upper) and mandibular (lower) jaw components influence variability

of the functioning whole. (A) Both maxillary and mandibular

components have developed to the standard phenotypic size reflecting

relatively low variability in the development of each component, and

relatively low variability of the functioning whole due to proper

occlusion. (B) The maxillary component has developed to the

standard phenotypic size but the mandible is much smaller than the

standard phenotype, reflecting relatively low variability in maxillary

development and higher variability in mandibular development.

Malocclusion between the jaws indicates higher variability of the

functioning whole. (C) Both mandibular and maxillary components

are smaller than the standard phenotype reflecting higher variability in

the development of both components; however, their integrated

(though variable) development has led to proper occlusion and

therefore relatively low variability of the functioning jaw
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1999). The norm of reaction has been described as the

mechanism that transforms environmental variation into a

distribution of phenotypic variation (Suzuki et al. 1986).

The norm of reaction is the capacity of a genotype to

respond to the environment and determines the variety of

phenotypes that can be produced by a single genotype in

response to environmental variation (Woltereck 1909;

Schmalhausen 1949; Bradshaw 1965; Stearns 1989;

Schlichting and Pigliucci 1998). Phenotypic plasticity is

another factor studied at the environmental level that has a

strong influence on phenotypic variability. Phenotypic

plasticity refers to phenotypic variation that is induced by

environmental factors (Nilsson-Ehle 1914; Schmalhausen

1949; Bradshaw 1965; Stearns 1989). In some circum-

stances phenotypic variation arising through phenotypic

plasticity has been found to be taken over by the genotype

through the selection process, so that the novel pheno-

type(s) develop without the environmental influence.

Waddington named this phenomenon genetic assimilation

(1942, 1953, 1956, 1957, 1959, 1961). Genetic assimilation

stems from Waddington’s work on canalization and the

idea that development of the phenotype is consistent under

a variety of environmental conditions that fall under a

particular threshold. If an environmental stimulus surpasses

this threshold, genetic variation that has been cryptic due to

canalizing processes is uncovered and exposed to selection.

Alleles that increase fitness in this new environment will be

passed on and become so frequent that the expression of

the phenotype will occur in the absence of the environ-

mental stimulus (Waddington 1942, 1953, 1956, 1957,

1959, 1961). A similar phenomenon called genetic

accommodation is described by West-Eberhard (2003,

2005). As with genetic assimilation, an environmentally

induced trait becomes genetically controlled through

exposure of cryptic genetic variation. However, genetic

accommodation allows the now genetically controlled trait

to remain phenotypically plastic (West-Eberhard 2003;

2005; Braendle and Flatt 2006). Both genetic accommo-

dation and genetic assimilation demonstrate how the

environment can have a lasting influence on phenotypic

variation and variability beyond the generation influenced

by the environment. Unlike the Lamarkian theory of heri-

table environmental influences, these phenomena act indi-

rectly through exisiting variation to change the genetic

architecture.

A Synthetic Approach

Due to the success of the reductionist approach, we have

gained a great understanding of the function of specific

genes in isolation. However, our understanding of how

these processes interact to form both the phenotype and

phenotypic variability is far from complete. A systems

approach advocates taking this understanding a step further

and looking at how these developmental processes interact

within and among levels of organismal hierarchy. The

difficulties of conducting studies using this approach are

not negligible. Until quite recently we had neither suffi-

cient understanding of particular developmental pathways,

nor the computing power and technology to combine

information from such pathways. Recent work has taken

advantage of such advances using computer modeling to

try to determine potential pathways from the genotype to

the complex phenotype.

A notable example of this approach is the work of

Salazar-Ciudad and Jernvall (2002, 2004, 2005). They

argue that it is not possible to predict phenotypic variation

based on information of molecular variation alone as

phenotypes are produced through development. Therefore,

development must be included in studies of phenotypic

variation. They further suggest that it is not merely

development that needs to be included in theoretical

approaches to the genotype–phenotype map; such studies

also need to include the dynamics of development (Salazar-

Ciudad and Jernvall 2004). That is, one must account for

dynamic interactions among developmental components.

Salazar-Ciudad and Jernvall (2002) created a mathematical

model to predict the development of mammalian teeth.

Their model integrates developmental processes from both

the genetic and cellular levels producing a more realistic

genotype-to-phenotype map. Included in their model are

four cell behaviours: (1) cells can secrete signalling mol-

ecules, (2) cells can receive signalling molecules and alter

their behaviour in response, (3) cells can divide and (4)

cells can differentiate. A network of gene products

responsible for these cellular behaviours and their inter-

actions is also included in the model (Salazar-Ciudad and

Jernvall 2002). Their model is particularly useful as it

allows for two-way communication between top (pheno-

type)-down and bottom (genotype)-up approaches. Using

this model, Salazar-Ciudad and Jernvall have determined

previously unknown developmental interactions involved

in tooth development by altering variational properties at

different hierarchical levels within the model (Salazar-

Ciudad and Jernvall 2002). This model was also used to

determine that developmental processes are themselves

evolvable (Salazar-Ciudad et al. 2001a, b; Salazar-Ciudad

and Jernvall 2004) and that the evolutionary mechanisms

responsible for complex and simple phenotypes are likely

different (Salazar-Ciudad and Jernvall 2005). Their model

and its applications are excellent examples of how basic

developmental processes can create and maintain both the

standard phenotype and the variability associated with that

phenotype. It also clearly demonstrates how these pro-

cesses exist and interact at different hierarchical levels
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within the organism. A further understanding of how

developmental processes affect variability could be gained

by extending Salazar-Ciudad and Jernvall’s model to

include additional processes from hierarchical levels not

included in their model. The theoretical findings from such

models could then be used to direct further empirical

studies of the relationship between phenotypic variability

and developmental processes.

In this paper, our focus has been on phenotypic vari-

ability, emphasizing the importance of differentiating

between its theory, measurement and developmental

underpinnings. While our treatment has been based at the

phenotypic level, we advocate a systems approach to

studying variability. The major obstacle barring our

understanding of how the genotype is translated into the

phenotype is that the pathways are rarely linear. This non-

linearity arises from the basic developmental processes that

form the phenotype, their complex interactions and the

variability associated with each process. If we are ever to

unravel the mystery of the genotype–phenotype map, we

will have to place our current and future understanding of

organismal development into a whole systems context.

Acknowledgements We thank Miriam Zelditch, David Polly and an

anonymous reviewer for their insightful comments on a previous draft

of this paper. We also thank Benedikt Hallgrı́msson and the members

of the Richtsmeier laboratory for their willingness to discuss these

issues at great length and for their many helpful suggestions. This

work was supported by the National Science Foundation grant BCS-

0523637, as well as the William H. Davies Student Fellowship,

Medical Science Graduate Research Fellowship, University of Cal-

gary Graduate Studies (to KW).

Glossary

Buffering any mechanism that limits the

phenotypic effects of a perturbation

whether it is adaptive or not.

Canalization refers to the property of an organ-

ism that ensures similarity of phe-

notypic expression by buffering

development against both environ-

mental and genetic perturbations.

Developmental

instability

the inverse of developmental

stability.

Developmental

noise

minor environmentally induced

developmental accidents.

Developmental

stability

the property of an organism that

buffers variation of micro-environ-

mental origin. That is, develop-

mental stability ensures consistent

phenotypic expression within indi-

viduals, or within a given genotype

and environment.

Environmental

canalization

refers to the limitation of pheno-

typic effect caused by exposure to

environmental change.

Epigenetics heritable changes in gene expres-

sion that are not due to changes in

DNA sequence.

Fluctuating

asymmetry (FA)

random, non-directional deviations

from symmetry of bilaterally sym-

metric traits such as limbs, wings

or antennae. FA measures the bal-

ance between developmental noise

and developmental stability.

Genetic architecture refers to the number of genes and

the interactions between them

whose products govern a particular

trait.

Genetic canalization refers to the robustness of the phe-

notype to the effects of mutation.

Module a character, or a set of characters

that are more tightly integrated

internally than they are with other

characters.

Morphological

integration

refers to the inter-relatedness

between morphological structures

often due to common developmen-

tal origins or functional demands.

Norm of reaction the range of expected phenotypes

under a given set of environmental

and genetic conditions.

Perturbation used here as any disruption to

development. Could be genetic,

developmental, environmental, or

adverse interactions between these

factors.

Phenotypic plasticity phenotypic variation induced by

the environement.

Pleiotropy the control of one gene on multiple

traits.

Stabilizing selection most common form of natural

selection, selects for the mean

phenotype.

Variability a dispositional term like solubility

describing the tendency or propen-

sity to vary.

Variation observed phenotypic differences.
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