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Discrete behavioral strategies comprise a suite of traits closely integrated in their expression with consistent natural selection

for such coexpression leading to developmental and genetic integration of their components. However, behavioral traits are

often also selected to respond rapidly to changing environments, which should both favor their context-dependent expression

and inhibit evolution of genetic integration with other, less flexible traits. Here we use a multigeneration pedigree and long-

term data on lifetime fitness to test whether behaviors comprising distinct dispersal strategies of western bluebirds—a species

in which the propensity to disperse is functionally integrated with aggressive behavior—are genetically correlated. We further

investigated whether selection favors flexibility in the expression of aggression in relation to current social context. We found

a significant genetic correlation between aggression and dispersal that is concordant with consistent selection for coexpression

of these behaviors. To a limited extent, individuals modified their aggression to match their mate; however, we found no fitness

consequences on such adjustments. These results introduce a novel way of viewing behavioral strategies, where flexibility of

behavior, while often aiding an organism’s fit in its current environment, may be limited and thereby enable integration with less

flexible traits.
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Interactions among traits often increase organismal fitness or per-

formance leading to selection for functional integration and trait

coexpression (Lande 1979, 1980; Cheverud 1996). In quantita-

tive genetic terms, selection for functional integration among

traits at the level of the individual can produce genetic corre-

lations between traits at the level of the population (Houle 1991;

Atchley et al. 1994; Cheverud 1996). Once formed, genetic cor-

relations can constrain the independent evolution of traits and, in

the short term, can significantly affect the response to selection

(Roff 1997; Lynch and Walsh 1998; Riska 1989). Thus, identi-

fying patterns of phenotypic and genetic covariance among traits

can provide important insight into the processes underlying the

evolution of complex phenotypes—a topic that remains a funda-

mental problem in evolutionary biology (Schlichting and Pigliucci

1998; Wagner 2001). In particular, investigating the evolution

of integration among traits that have heterochronic patterns of

variance expression during their ontogeny can provide key in-

sights into the mechanisms underlying the coexpression of traits

(Atchley 1984, 1986; Riska 1989; Cheverud 1996). For example,

expression of some traits remains constant since early in on-

togeny, whereas other traits retain flexible and context-dependent

expression throughout an individual’s life (West-Eberhard 2003;

Sgrò and Hoffman 2004; Duckworth 2009). Yet, even traits

that strongly differ in expression of developmental variability

are frequently closely integrated in their function and consis-

tent selection for such phenotypic coexpression should favor the
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evolution of their developmental and, ultimately, genetic integra-

tion (Lande 1979, 1980; Cheverud 1982, 1996; Atchley and Hall

1991; Wagner 1996).

Behavioral traits, with their ubiquitous context-dependent

adjustment, are often highly flexible in their expression and yet,

are frequently functionally integrated with less flexible aspects of

the phenotype, such as morphology. For example, in alternative

mating tactics, a suite of sexual and parental behaviors are often

linked to distinct morphologies (Emlen 1997; Badyaev and Hill

2002; Tuttle 2002). The common occurrence of such adaptive

behavioral tactics—in which multiple behavioral, morphological,

and physiological traits are closely coordinated in their expression

(Shuster and Wade 2003)—emphasizes that the evolution of func-

tional integration between highly flexible and invariant traits is

often resolved. One possible mechanism for the resolution of this

paradox is that integration may occur early in ontogeny when the

general mean level of expression of both traits is determined, but

one or both traits retains some flexibility in expression around this

mean during adulthood. Such coordinated expression could be due

to shared dependence of traits on either genetic or environmental

factors during ontogeny (e.g., Badyaev 2002, 2004). Regardless

of the source, consistent selection for trait coexpression that ac-

companies the evolution of adaptive behavioral strategies should

result in integration of ontogenies of traits and, ultimately, the

evolution of genetic integration between individual traits.

Distinct dispersal strategies are examples of behavioral

strategies in which a behavior that is expressed early in life—

the juvenile dispersal decision—is closely integrated with a suite

of morphological, physiological, behavioral, and life-history traits

that enhance colonization ability and often retain flexibility in ex-

pression throughout an organism’s life (e.g., Roff and Fairbairn

2001). Such strategies are commonly described in insects that

express winged dispersive and wingless nondispersive morphs

(Harrison 1980; Roff 1986; Zera and Denno 1997). In other ani-

mals, particularly in vertebrates, the propensity to disperse is often

linked to a suite of behavioral traits rather than to distinct mor-

phologies (Gaines and McClenagham 1980; Toonen and Pawlik

2001; Skjelseth et al. 2007). For example, in birds, highly dis-

persive individuals are often more exploratory and aggressive—

behaviors that can enhance survival and competitive ability in

a novel environment (Dingemanse et al. 2003; Duckworth and

Badyaev 2007). Although a link between dispersal and coloniza-

tion behavior might be functionally analogous to distinct disper-

sal morphs of insects (Toonen and Pawlik 2001), it is not known

whether the often documented close integration of behavioral phe-

notypes and dispersal is underlain by a genetic correlation among

its components similar to morphological components of dispersal

strategies (Fairbairn and Roff 1990).

Studying genetic integration of dispersal and colonization

behaviors requires an empirical system in which behavioral traits

can be studied across multiple generations and in which the life-

time fitness consequences of phenotypic coexpression of dispersal

and colonization behavior are known. Western bluebirds (Sialia

mexicana) have two distinct behavioral strategies that integrate ag-

gression and natal dispersal (hereafter, dispersal)—nonaggressive

males tend to remain in their natal population whereas aggressive

males tend to disperse and colonize new areas (Duckworth and

Badyaev 2007; Duckworth 2008). Expression of aggression, al-

though repeatable within an individual, retains some flexibility

throughout adulthood (Supporting Fig. S1), whereas dispersal is

a one-time decision made during the juvenile period (Guinan et al.

2000). Close integration of dispersal strategy and aggression is

under strong natural selection because aggressive males outcom-

pete less-aggressive males for nesting sites and territories making

them better at colonizing new populations, whereas nonaggressive

males have greater success in acquiring a territory through coop-

eration with relatives in their natal population and ultimately have

higher fecundity because of their greater investment in parental

care (Duckworth 2006a,b; 2008). Moreover, the strong ecolog-

ical importance of integration of these behaviors is emphasized

by their role in facilitating the expansion of western bluebirds’

range across the northwestern United States over the last 40 years

(Duckworth and Badyaev 2007).

Here, we use a complex multigenerational pedigree of in-

dividually marked western bluebirds to assess genetic integra-

tion between components of dispersal strategies and to determine

whether the link between these components is the result of their

common dependence on genetic or environmental factors. If selec-

tion for coexpression of these traits has been strong and consistent

across generations, then we predicted that the positive phenotypic

correlation between these behaviors would be underlain by a ge-

netic correlation. We use long-term data of lifetime reproduc-

tive success and repeated measures of aggression to determine

whether, once an individual’s dispersal strategy is set, current so-

cial environment, breeding stage, or age influence the expression

of aggression and whether there are fitness consequences of flex-

ibility of aggression. On the one hand, we might expect selection

to act against high flexibility of aggression if this enables closer

integration of the two behavioral traits. On the other hand, small

changes in aggression within each dispersal strategy may be adap-

tive if they allow individuals to respond appropriately to current

environmental variation.

Methods
STUDY SYSTEM

Western bluebirds are obligate secondary cavity-nesters that de-

pend on nest cavities to reproduce, but cannot excavate their own.

Nest cavities are a limited resource (Brawn and Balda 1988; Holt

and Martin 1997) leading to intense competition with both con-

specifics and other cavity-nesting species (Guinan et al. 2000).
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In addition to nest cavities, bluebirds aggressively defend large

breeding territories in which they forage for themselves and their

offspring. Data used in this study were collected in a population

of western bluebirds breeding in the eastern part of Lolo National

Forest in western Montana (see Duckworth 2006a for a detailed

description of the study site). Western bluebirds colonized this

location ca. 15 years ago (Duckworth and Badyaev 2007) and the

population size varies around 80 breeding adults per year.

MEASUREMENT OF DISPERSAL AND AGGRESSION

The 600-hectare study site has a discrete boundary as it is sur-

rounded by habitat unsuitable for bluebird breeding—by dense

forest to the west and south and by housing subdivisions to the

east and north (Duckworth 2006a). Western bluebirds display

high site fidelity as adults and the decision to disperse is made

during the juvenile stage (Guinan et al. 2000). We categorized

individuals as philopatric when they were banded as nestlings at

the study site and settled at the study site as a breeding adult.

Dispersers were identified as either adults breeding at the site for

the first time that dispersed from another population or offspring

that were banded at the study site as nestlings but were recap-

tured as breeders outside the study site (∼12% of resighted sons).

The latter category were identified through extensive searches of

bluebird trails in the 30-km radius of the study area as well as by

records of dispersing individuals in an area of ca. 300-km radius

around the study site from members of Mountain Bluebird trails,

a nonprofit organization whose members maintain and monitor

nest box trails throughout Montana, Idaho, and Wyoming.

Following a previously established protocol (Duckworth

2006b), aggression was measured by simulating a territorial intru-

sion of an interspecific competitor, the tree swallow (Tachycinetas

bicolor). The tree swallow is a widespread nest-site competitor

that co-occurs with western bluebirds throughout the northern

part of their range. To prevent pseudoreplication during aggres-

sion trials, different tree swallows were used each day. Briefly, to

simulate territorial intrusions, adults birds were presented with a

live tree swallow in a wire cage placed on the nest box. Presenting

a common heterspecific competitor controls for prior interactions

of conspecifics and objectively and repeatedly assesses aggressive

response (Duckworth 2006b). We recorded the number of times

an individual attacked, flew by, or hovered near the live model

during a 2-min trial. These behaviors were summarized into an

aggression score that varied from 1 to 6 with 1 indicating the

least aggressive response and a 6 indicating the most aggressive

response. Specifically, scores were assigned according to the fol-

lowing scale: 1 = no aggressive behaviors, 2 = hovering or flying

by one to five times and 0 attacks, 3 = hovering or flying by

more than five times and 0 attacks, 4 = one to five attacks, 5 =
six to nine attacks, and 6 = 10 or more attacks. Measurement of

aggression using this method is closely linked to territory acquisi-

tion (with more aggressive males gaining larger and higher qual-

ity territories) and is repeatable within individuals (Duckworth

2006a,b).

Aggressive behavior of all adults was measured during one

of three breeding stages: the incubation stage for all individuals

or, for a subset of individuals, the nest building, and/or nestling

periods (n = 60 males and 37 females). For individuals that re-

turned to breed at the study site in multiple years (min = 2 years,

max = 6 years, n = 49 males and 44 females), aggression was

measured across years as well. Adults were aged as either SY

(second year individuals in their first year of breeding) or ASY

(after second year) based on banding data and on the molt progress

of greater secondary wing coverts (Shizuka and Dickinson 2005).

Individuals born before 2001 were grouped as cohort 1 and all

other cohorts corresponded sequentially to birth year (e.g., indi-

viduals in cohort 2 were born in 2001, cohort 3 were born in 2002,

etc.). We acquired 459 measurements of aggression of adults in

the study population. We used repeated measures of the same

individuals to estimate a permanent environment effect using a

quantitative genetic model (see below).

PEDIGREE CONSTRUCTION

Starting in 2001, all nestlings and breeding adults were individ-

ually marked with color bands each year, and pair affiliations of

breeding adults were determined through extensive behavioral ob-

servations. About 38% of nests have extra-pair offspring, ∼15%

of offspring are extra-pair and divorce among pair mates is com-

mon across years (Duckworth 2006b) leading to “natural cross-

fostering” which enabled us to more accurately estimate genetic

parameters. The pedigree contained both maternal and paternal

half-siblings (due to both extra-pair paternity and divorce) as

well as full- and half-siblings reared in different nests (within

and across breeding seasons). The pedigree structure was further

verified by genotyping nestlings and adults at four polymorphic

microsatellite loci (see Duckworth 2006b for details on the labo-

ratory protocol). Parentage was assessed for each nest by compar-

ing genotypes of offspring and the attending adults. Sampling of

males was nearly complete—all males were sampled from 2003

to 2008 and only 1 and 3 males were not be captured in 2001 and

2002, respectively. All females matched their offspring’s geno-

type and paternity for the attending male was excluded if one

or more loci did not match. Extra-pair offspring were assigned

to a sire if their genotypes matched completely and there was

no other male in the population with a matching genotype. Two

offspring matched three potential fathers and therefore, paternal

links were omitted for these individuals. Overall, 98% of extra-

pair offspring were assigned to a sire. The pedigree contained 873

individuals with a maximum depth of six generations and disper-

sal status and/or aggression scores (see below) were available for

274 breeding adults.
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ESTIMATION OF VARIANCE COMPONENTS

We estimated variance components and breeding values using a

pedigree-based restricted maximum-likelihood mixed model or

animal model (Lynch and Walsh 1998; Kruuk 2004). Diagnos-

tics for the model confirmed an assumption of normal errors

for aggression. We used a generalized linear model with a bi-

nomial error structure to determine whether sex and cohort af-

fected dispersal status. For aggression, we used a mixed model

with individual identity included as a random factor to examine

whether sex, age, cohort, and mate’s response affected aggression.

Significant factors were included as fixed effects in the animal

model.

Components of variance were estimated using ASReml

(VSN International: www.vsn-intl.com). We first used a uni-

variate model of the repeated measures of aggression to deter-

mine whether there was a significant component of variance due

to permanent environment effects, namely persistent differences

among individuals not already attributed to VA such as the effects

of environmental conditions experienced during early develop-

ment (Kruuk and Hadfield 2007). For the univariate model using

repeated measures, the total phenotypic variance (VP) was par-

titioned into the additive genetic (VA), permanent environment

(VPE), and residual (VR) components. Genetic variances and co-

variances of both traits were calculated from a bivariate model

of dispersal and aggression, using a single measure of individual

aggression defined as the average across any repeated measures.

For the bivariate model, VP was partitioned into VA and VR alone.

We also fitted a maternal effect, an effect for social father, and a

nest effect; however, these were not significant (all P > 0.85) and

were not included in the final model.

Aggression was treated as a single trait common to both

sexes (with a fixed effect of sex), as allowing sex-specific vari-

ance components did not improve the model. For the bivariate

analysis, we included aggression scores of both sexes but disper-

sal status of males only because dispersal behavior of females

differed substantially from males, showing markedly less pheno-

typic variance. Whereas 44.2% of males were philopatric, only

7.4% of females returned to their natal population to breed and

all other females had dispersed into the area and so, because

their parents were unknown, were effectively part of the base

population. Dispersal was considered a “threshold trait,” which

assumes that the two dispersal options are underlain by a contin-

uous distribution (Roff 1997; Lynch and Walsh 1998). We trans-

formed heritability of dispersal on the observed scale (h2
o) to an

assumed underlying continuous normally distributed scale using

the equation h2
c = h2

o p(1 − p)/z2, where p is the incidence in the

population and z is the height of the standardized normal distribu-

tion for this incidence (Lynch and Walsh 1998). Standard errors

were scaled using the same equation. We similarly transformed

the observed phenotypic correlation between dispersal and ag-

gression (ro) using the equation rc = ro

√
p(1 − p)/z2 (following

Brotherstone et al. 1990). Genetic correlations on the underlying

scale are not expected to differ from the observed scale (ibid.). We

calculated coefficients of additive genetic variation for aggression

(CVA) using the equation 100
√

V A/X where X is the trait mean

(Houle 1991). The significance of variance and covariance com-

ponents were tested using a likelihood-ratio test (Pinheiro and

Bates 2000).

SELECTION ON FLEXIBILITY OF AGGRESSION

In western bluebirds, the most important social environment dur-

ing breeding is an individual’s mate and because we found a

strong correlation between mates in their aggressive behavior

(see below), we investigated whether flexible adjustment of ag-

gression could account for this correlation. We capitalized on

the high incidence of mate switching among individuals between

years due to divorce or mortality of their previous mate to deter-

mine whether aggression of mates was correlated due to either

assortative pairing (i.e., neither males nor females modify their

aggressive phenotype and similarity in aggression occurs because

individuals choose partners similar to them in aggressive pheno-

type) or flexible adjustment of aggression by either sex to match

their partners’ aggression. To test for flexible adjustment of ag-

gression in relation to their mate, we calculated the absolute value

of mean change in aggression of an individual across sequential

mates. For example, if an individual had three different mates,

we calculated the absolute value of the difference in mean ag-

gression while paired with the first mate from mean aggression

while paired with the second as well as the absolute value of the

difference in mean aggression while paired with the second mate

from mean aggression while paired with the third and used the

average of these for analyses. We used a general linear model to

relate these changes in aggression within individuals to sex, the

mean difference in aggression of their mates, and the interaction

between sex and difference in mate’s aggression scores.

To determine whether adjustment of aggression was adap-

tive, we calculated selection on flexibility of aggression by esti-

mating the selection gradient from a regression of relative fitness

on the absolute value of an individual’s average change in ag-

gression across mates. Lifetime fitness (defined as total number

of fledged offspring) was square-root transformed, where appro-

priate, to improve normality. To determine whether there were

fitness consequences of matching a mate’s aggression, we related

relative fitness to a “mismatch” score, defined as the absolute

value of the difference in pair mates’ aggression scores for each

year and then averaged across years such that individuals who

generally had very similar levels of aggression to their mate had

mismatch values close to zero, whereas those with very different

aggressive levels had higher values.
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Figure 1. (A) Correlated aggressive response of mated individu-

als in western bluebirds. Repeated measures of individuals were

averaged. Points along dashed line indicate mated pairs with iden-

tical responses. Size of circles indicate the number of overlapping

datapoints with the smallest size indicating a single point and the

largest indicating six overlapping points. (B) Individuals flexibly

changed their aggressive response to match their mate’s behavior.

Black circles and solid line indicate females and white circles and

dashed line indicate males.

Results

HERITABILITY, GENETIC CORRELATION,

AND VARIANCE COMPONENTS

Aggression was affected by both an individual’s sex (mean ± SE

aggression score of females: 3.76 ± 0.13 vs. males: 4.27 ± 0.11;

F1,188 = 19.92, P < 0.001) and their mate’s aggression score such

that there was a positive correlation between aggression of mated

individuals (F1,188 = 105.35, r = 0.42, P < 0.001; Fig. 1A).

Aggression did not differ between age classes (F1,188 = 0.72,

P = 0.40), breeding stages (F2,188 = 0.29, P = 0.74), or co-

horts (F7,188 = 1.63, P = 0.13). Dispersal behavior was strongly

sex-biased (among breeders 7.4% of females vs. 44.2% of males

were philopatric, χ2 = 58.26, P < 0.001) and the percent of

breeding males categorized as dispersers differed among cohorts

(χ2 = 24.40, P = 0.001). Estimates of the heritability of ag-

gression were significant in both the univariate (using repeated

measures; h2 = 0.34 ± 0.13, P < 0.01) and the bivariate anal-

yses (using averaged aggression scores; h2 = 0.52 ± 0.17, P <

0.01; Table 1) but there was no evidence of a significant compo-

nent of variance due to permanent environment effects (Table 1).

Omitting the permanent environment effect from the univariate

model increased estimates of heritability of aggression to 0.42 ±
0.06. Bivariate analysis indicated that there was significant addi-

tive genetic variance for dispersal behavior and that aggression

and dispersal were positively genetically correlated (rg = 0.55 ±
0.24, P = 0.048); however, there was no significant environmental

correlation between these behaviors (Table 1).

SELECTION ON FLEXIBILITY OF AGGRESSION

Individuals modified their level of aggression to match their

mate’s aggression: changes in aggression within individuals

closely corresponded to differences in aggression between con-

secutive mates (F1,54 = 24.95, r = 0.56, P < 0.001; Fig. 1B).

There was no difference among the sexes in the extent to which

they modified their aggression between consecutive partners

(F1,54 = 1.75, P = 0.19) and both sexes responded similarly

strongly to differences in the behavior of consecutive mates (in-

teraction between sex and difference in mate’s behavior: F1,54 =
1.50, P = 0.23). Selection on flexibility of aggression was weak

and not significant—there were no significant fitness conse-

quences for either matching a mate’s behavior (F1,211 = 0.79,

b = 0.06, P = 0.38; Fig. 2A) or for modifying aggression be-

tween consecutive mates (F1,41 = 0.70, b = −0.13, P = 0.41;

Fig. 2B).

Discussion
Discrete behavioral strategies comprise a suite of traits that are

integrated in their expression. How such complex behavioral phe-

notypes evolve remains an important problem in evolution be-

cause behavioral traits should be under strong selection for both

greater context-dependency to enable a rapid response to chang-

ing environments (DeWitt et al. 1998) and, at the same time, for

greater integration with other traits to ensure that the organism as

a whole functions properly.
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Table 1. Components of variance (VA, additive genetic variance; VPE , permanent environment effect variance; and VR, residual variance),

heritability (h2), coefficient of additive genetic variation (CVA), and correlations (r) for aggression and dispersal using univariate and

bivariate models. Standard errors are in parentheses. ∗P<0.05, ∗∗P<0.01, P values estimated from likelihood-ratio tests.

Model Trait r Mean VA VPE VR h2 CVA

Univariate Aggression1 3.88 (0.09) 0.67 (0.28) 0.17 (0.25) 1.15 (0.11) 0.34 (0.13)∗∗ 21.10
Bivariate Aggression2 4.02 (0.09) 0.89 (0.32) 0.82 (0.28) 0.52 (0.17)∗∗ 23.47

Dispersal3 0.57 (0.04) 0.13 (0.05) 0.08 (0.04) 0.60 (0.20)∗∗ 63.25
Dispersal4 0.95 (0.31)∗∗

Phenotypic3 0.22 (0.09)∗

Phenotypic4 0.28 (0.11)∗

Genetic 0.55 (0.24)∗

Environmental −0.21 (0.29)

1Repeated measures.
2Average score.
3Estimated on the observed scale.
4Estimated on the underlying scale.

Our study of the genetics of dispersal and colonization be-

havior of western bluebirds produced three main results. First, we

found evidence of genetic integration between heritable aggres-

sion and dispersal behavior—dispersive fathers were more likely

to produce aggressive offspring and philopatric fathers were more

likely to produce nonaggressive offspring. Second, we found that

although aggression is repeatable (Duckworth 2006b; Duckworth

and Badyaev 2007), individuals modified their aggressive behav-

ior within each strategy to match their current mate’s aggressive

response. Third, we found no strong fitness consequences of either

matching a mate’s aggression or the extent to which individuals

modified their own aggression. Taken together and in conjunction

with previous work in this system, these results support the idea

that consistent selection for coexpression of aggression and dis-

persal has led to their genetic integration. However, these results

raise several questions. How and why is genetic integration among

these behaviors maintained despite flexibility in the expression of

aggression? Why do individuals match their mates’ aggressive

behavior? Finally, what are the proximate developmental mecha-

nisms underlying the link between these behaviors?

The juvenile dispersal decision is a threshold trait (Roff 1994)

and is expressed only once as a decision to either leave from or

remain in the natal population to breed; whereas aggressive be-

havior is expressed repeatedly throughout adulthood. How can

these behaviors be strongly genetically integrated (Table 1) de-

spite such distinct time scales for their expression? One possi-

bility is that integration occurs during a critical period early in

life when the general level of expression of both traits is deter-

mined. Under this scenario, common developmental mechanisms

influence both dispersal propensity and the expression of aggres-

sion and although aggression retains some limited flexibility, its

expression remains relatively consistent within individuals (e.g.,

Supporting Fig. S1). This model is supported by the observed

repeatability of aggression, which indicates that there is some

limit to flexibility of aggression (Duckworth 2006b; Duckworth

and Badyaev 2007) as well as by the fact that integration be-

tween these behaviors is underlain by a genetic rather than en-

vironmental correlation indicating that phenotypic coexpression

of these traits is stable across multiple generations. Thus, these

results suggest that integration of aggression and dispersal is co-

ordinated by shared genes but the actual strategy that any given

individual takes is influenced by both genetic and environmental

variation.

We found that aggressive behavior varied in relation to

an individual’s current social environment such that individuals

matched the aggressive behavior of their mates. However, neither

matching a mate’s behavior nor the extent to which individuals

adjusted their own behavior had detectable fitness consequences

(Fig 1). Indeed, although not significant, measurement of selection

on flexibility of aggression in this study was negative suggesting

that, rather than being beneficial, there may be a small fitness

cost of expressing flexibility in aggressive response. Why then do

individuals adjust their behavior to match their mate’s behavior?

It may be that the tendency of individuals to adjust their own

behavior in relation to their mate’s is a consequence of the gen-

eral propensity of mated pairs to coordinate their behavior during

breeding. An alternative explanation is that mates are modify-

ing their behavior, not in response to each other, but instead, in

response to some third unmeasured factor. Experimental manipu-

lation of aggression will be needed to rule out this possibility. In

either case, given the weak fitness consequences documented in

this study, modifying aggression in response to a mate’s aggres-

sive behavior is not likely to be of strong functional importance

in this system.
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Figure 2. Selection on flexibility of aggression. Relationship be-

tween lifetime reproductive success and (A) extent of match to

mate’s aggression (calculated as absolute value of average focal

individual minus mates’ aggression score) and (B) change in ag-

gression in response to difference in mates’ aggression (calculated

as absolute value of mean change in aggression across consecutive

mates). Lifetime reproductive success is square-root transformed

in A to normalize data.

An obvious question stemming from these results is whether

the genetic correlation between aggression and dispersal is due to

linkage disequilibrium or pleiotropy. Although strong selection

for coexpression can produce a genetic correlation through link-

age disequilibrium over the short term, over the long term, this

selection is expected to favor pleiotropy (Lande 1980; Cheverud

1996; Wagner 1996). So the question becomes whether the genetic

link between these traits has arisen in this species’ recent history,

perhaps in association with a range expansion that favors integra-

tion of these traits (Duckworth and Badyaev 2007) or whether it

has evolved over long evolutionary time outside the context of the

current range expansion? Breeding experiments and/or studies of

the development of these behaviors are necessary to distinguish

between these alternative genetic mechanisms; however, several

observations suggest that selection for integration of dispersal and

aggression precedes this species’ recent range expansion. First,

the distinct dispersal strategies of males occur in ancestral pop-

ulations at similar frequencies to those observed in recently the

established populations (Dickinson and Akre 1998; Charmantier

et al. 2007; Duckworth and Badyaev 2007) suggesting that they

are not of recent origin. Second, experimental work has shown

that the link between aggression and dispersal is not limited to the

unique circumstances of the range expansion, but instead, occurs

whenever western bluebirds colonize new areas, even when these

areas are in the interior of the range (Duckworth 2008). Third,

the ecology of western bluebirds suggests that distinct disper-

sal strategies were likely adaptive historically. Before the place-

ment of nest boxes, western bluebirds depended on cavities in

dead trees that were often concentrated in recently burned forests

(Hutto 1994). These areas can have exceptionally high densities

of natural nest cavities but are stable for only 5–10 bluebird gen-

erations creating a mosaic of old and new habitat patches. Thus,

evolution of distinct dispersal strategies in this species may be an

adaptation to this historical resource distribution whereby some

males benefit from colonizing newly formed patches whereas oth-

ers benefit from inheritance of nest cavities in older patches. As

evidence for this, the creation of experimental populations interior

to the range front has shown that aggressive males that disperse

have higher fitness when colonizing new habitat patches whereas

nonaggressive philopatric males have the highest fitness in older

patches (Duckworth 2008). Finally, the decision to stay or dis-

perse is simultaneously the choice of either an old familiar habitat

or a new unfamiliar habitat making the dispersal decision a form

of niche construction as it creates the functional context in which

the association of these two traits is adaptive (Odling-Smee et al.

2003). Therefore, in this case, the phenotype itself provides the

means for maintaining consistent selection on the coexpression

of these traits. Taken together, these observations suggest that the

link between these traits was likely adaptive historically and thus,

that selection for coexpression of these traits is not of recent origin

in response to this species range expansion, but instead has been

consistent over evolutionary time.

Evolution of pleiotropy among behavioral traits can occur

through the coexpression of genes that affect the formation of

shared neural pathways, the distribution of hormone receptors,

and the development of the endocrine controls of behavioral com-

ponents of an integrated module (e.g., Rhen and Crews 2002).

Recent work in diverse taxa shows that dispersal behavior may

covary with underlying temperament traits, such as boldness or
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exploratory behavior (Dingemanse et al. 2003; Rehage and Sih

2004) that are commonly correlated with aggression (Huntingford

1976; Wilson et al. 1994; Rehage and Sih 2004; Bell 2005). This

raises the possibility that variation in temperament observed in di-

verse taxa is a consequence of selection for functional integration

of distinct phenotypic components and also suggests that similar

developmental mechanisms that underlie variation in tempera-

ment traits may ultimately link aggression and dispersal (Bakker

1994; Sih et al. 2004; van Oers et al. 2004; 2005).

In this population, nearly all (92.9%) females dispersed and

thus, we did not know the parents of most breeding females. This

scenario precluded quantitative genetic analysis of any female-

specific trait. However, there were no sex differences in the genetic

architecture of aggression, and because of the lack of phenotypic

variance in dispersal of females we only considered male dispersal

in the analyses. Moreover, as is the case for all studies of heri-

tability of dispersal in wild populations (van Noordwijk 1984),

measurement of dispersal in offspring is necessarily incomplete

as it is likely that some dispersing offspring were not recaptured.

However, our use of a network of trail monitors throughout a ca.

300-km radius surrounding the study area meant that our search

for dispersers covered a large region making it unlikely to be

strongly biased with respect to dispersal distance.

The link between dispersal and aggression in this system is

analogous in several ways to distinct dispersal polymorphisms de-

scribed in many insect and plant species (Sorensen 1978; Harrison

1980; Zera and Denno 1997). First, in these species, dispersal is

linked to traits that increase either mobility or colonization abil-

ity. In western bluebirds, high aggression increases colonization

ability by enabling males to successfully acquire territories in new

habitat in which they face competition from both con- and het-

erospecifics (Duckworth 2006a). Second, in species with distinct

dispersal strategies, dispersal is not just integrated with func-

tional traits (e.g., winged versus nonwinged insect morphs), but

is also linked to distinct life-history strategies due to a trade-off

between investment in dispersal-related traits and fecundity (Roff

1984). In western bluebirds, aggression is costly in terms of fecun-

dity because highly aggressive males invest less in parental care

(Duckworth 2006b) suggesting that the link between aggression

and dispersal is but one axis of a suite of interrelated behav-

iors that have evolved as a consequence of the fundamental life-

history trade-offs associated with dispersal. Finally, species that

display distinct dispersal strategies often depend on ephemeral

habitat and variation in dispersal strategy is maintained in these

systems through strong spatial and temporal variation in habitat

availability which leads to spatial and temporal variation in selec-

tion on dispersal strategy (Roff 1986; Johnson and Gaines 1990;

McPeek and Holt 1992). In western bluebirds, because aggres-

sive males benefit by colonizing newly formed habitat patches

whereas nonaggressive males benefit from inheritance of nest

cavities in older patches, selection on dispersal phenotypes varies

both spatially and temporally in this species (Duckworth 2008).

Such temporal and spatial variation in selection pressures can not

only maintain variation in these behaviors, but on a regional scale,

can also produce correlational selection for their coexpression.

Taken together, the similarities between distinct behavioral strate-

gies of western bluebirds and dispersal polymorphisms of other

taxa suggest that the trade-offs associated with dispersal are uni-

versal and can lead to similar evolutionary outcomes in a wide

range of organisms.

Selection for functional integration of behavior and resulting

genetic integration may be a common mechanism for the evo-

lution of behavioral strategies. Yet, the underlying genetics of

behavioral variation are often overlooked in studies of the adap-

tive significance of behavioral variation (Reeve and Sherman

1993) even though, over the short term, genetic correlations

among behaviors should bias or constrain the response to selec-

tion, potentially leading to maladaptive expression of behaviors

under changing environmental conditions. Thus, ignoring the un-

derlying developmental causes (both genetic and environmental)

of behavioral variation may lead to misleading interpretations of

its adaptive significance (Arnold 1988; Crespi 2000; Sih et al.

2004). Long-term integrative studies of marked populations and

the recent application of animal models to natural populations are

likely to provide important new insights into the genetics of adap-

tive behavioral strategies in wild populations. Although suites of

integrated behaviors with their complexity and context-dependent

expression have been notoriously difficult to study within a rigor-

ous evolutionary biology framework, quantitative genetic analysis

of behaviors is likely to be particularly rewarding as it provides

important insights into evolutionary, functional, and developmen-

tal biology of one of the most visible and important aspects of the

phenotype—its behavior.
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