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Eco-evolutionary dynamics: investigating multiple causal
pathways linking changes in behavior, population density
and natural selection
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Abstract Correlations between population density, natu-
ral selection and phenotypic change are widespread and

may comprise an eco-evolutionary feedback loop, yet we

still know very little about the causes of connections
between them. Isolating the mechanistic links in eco-evo-

lutionary feedback loops, both in terms of identifying

sources of variation in traits and in terms of determining
how and why natural selection varies with population

density, can provide key insight into avian population

dynamics. Here, we summarize more than a decade of
findings in western bluebirds (Sialia mexicana) to illustrate

the multiple and potentially interacting mechanisms that

can cause simultaneous changes in traits and population
density. In previous work, we discovered correlated chan-

ges in aggression, population density and natural selection

during the process of colonization. Here we provide evi-
dence that density-dependent selection, maternal effects

and demographic consequences of selection on aggression

may all play a role in driving feedback between phenotypic
change and population density. Thus, this system provides

an example of the multiple mechanistic links that can
produce such feedback loops and emphasizes the impor-

tance of investigating alternative hypotheses for correlated

patterns of ecological and phenotypic change even when
there is strong evidence that natural selection is acting on a

trait. Ultimately, identifying these mechanisms is crucial,

as eco-evolutionary feedback have the potential to explain
avian population cycles, range dynamics, population per-

sistence, and even patterns of species coexistence.

Keywords Phenotype-dependent dispersal ! Maternal
effects ! Rapid evolution ! Sialia ! Passerine bird

Introduction

Changes in the expression of traits, particularly in behav-
ioral traits, are often a major driver of ecological dynamics

such as changes in population density, species interactions,

community formation and successional changes (Duck-
worth et al. 2015; Miner et al. 2005; Werner 1992). For

example, in territorial species, because individual variation

in aggression can influence the spacing of individuals,
changes in aggression at the population level can influence

population density (Mougeot et al. 2003). Similarly,

changes in dispersal propensity, because it influences the
number of offspring recruited to a population and colo-

nizing new areas, can also influence population density and
connectivity (Hawkes 2009). When such changes in

behavior are driven by density-dependent selection, a

feedback loop is produced whereby natural selection leads
to population-level changes in behavior, which influences

population density, which in turn influences selection on

that behavior. Such feedback has the potential to produce
fluctuations in both population density and trait expression

over time and space, and thus may be a key to explaining

population cycles, range dynamics, population persistence,
and even patterns of species coexistence (Thomas et al.
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2001; Turcotte et al. 2011b; Vasseur et al. 2011; Weese

et al. 2011).
Recent empirical studies have confirmed that evolu-

tionary change in traits can occur rapidly enough to influ-

ence ecological interactions (Fussmann et al. 2007;
Schoener 2011), making eco-evolutionary dynamics

potentially important for understanding population pro-

cesses such as changes in population density over time.
Eco-evolutionary feedback loops occur when strong natural

selection shifts the expression of traits, which in turn
influences a species’ ecology, and thereby changes the

direction and/or strength of natural selection on those traits

(Fig. 1a; Ezard et al. 2009; Pelletier et al. 2009). Such
feedback is particularly likely to occur for traits that

directly affect offspring recruitment and population den-

sity, such as dispersal, life history traits, and traits that
influence competitive interactions (Agrawal et al. 2013;

Dunlop et al. 2009; Hanski and Mononen 2011). When

these traits are heritable, and when the direction and/or
strength of natural selection on them depends on popula-

tion density, it will create a feedback loop in which the

phenotypic response to natural selection affects population
density, and the resulting change in population density, in

turn, differentially selects for particular genotypes

(Fig. 1a).
While theoretical studies and lab experiments have

demonstrated that such eco-evolutionary feedback loops

could be important for understanding and predicting eco-
logical and evolutionary dynamics (Hairston et al. 2005;

Hanski 2012; Turcotte et al. 2011a), their prevalence in

natural systems is an open question (Kokko and Lopez-
Sepulcre 2007; Luo and Koelle 2013; Reznick 2013;

Schoener 2011). This is, in part, because it is rarely pos-

sible to verify the causal links between trait change and
ecological dynamics, since large-scale manipulation of

species ecology and evolution is difficult in wild popula-

tions. At the same time, isolating the mechanistic links in
feedback loops, both in terms of identifying sources of

variation in traits and determining how and why pheno-
typic change influences ecological dynamics, is crucial for

understanding the consequences of eco-evolutionary feed-

back loops in natural systems (Luo and Koelle 2013).
Although rapid evolutionary change in traits has

received the most attention lately, any mechanism that

causes a shift in the distribution or expression of ecologi-
cally important traits could have major consequences for

ecological dynamics (Rossiter 1991; Svendsen 1974;

Werner 1992). Alternative mechanisms include within-in-
dividual flexibility, transgenerational plasticity, phenotype-

dependent dispersal, and even founder effects. Most

importantly, the short- and long-term consequences of
shifts in phenotype are predicted to vary strongly depend-

ing on which of these underlying mechanisms prevails. For

example, trait responses due to phenotypic plasticity
(Fig. 1b), because they can occur rapidly, may in fact have

more profound and immediate effects on ecological and

evolutionary dynamics than genetic shifts, whereas genetic
changes in trait distribution might persist longer than

Fig. 1 Multiple pathways can produce correlations between changes
in traits, natural selection and population density. Solid arrows show
causal connections and direction. Dashed lines and double-headed
arrows indicates correlation. a An eco-evolutionary feedback loop
where changes in population density cause changes in natural
selection, which causes phenotypic change, which in turn directly
alters population density. b Environmental induction (e.g. through

maternal effects phenotypic flexibility or developmental plasticity)
might lead to more rapid shifts in both traits and population density.
c Natural selection can indirectly produce a correlation between
population density and phenotypic change through its effects on
offspring survival and recruitment, even when the trait in question has
no direct impact on population density
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purely phenotypic changes (Badyaev 2011; Duckworth

2009b; West-Eberhard 2003). The magnitude of differ-
ences in timing of trait shifts will ultimately depend on the

type of plasticity underlying trait variation (Piersma and

Drent 2003). For example, maternal effects, by generating
delayed density dependence, may be an important driver of

population cycles (Ginzburg 1998; Ginzburg and Colyvan

2004; Townsend et al. 2011), particularly if the environ-
mental factor that induces the maternal effect is population

density, whereas within-individual flexibility is likely to
lead to more rapid fluctuations in both phenotypic change

and ecological dynamics. Finally, because natural selection

itself can impact population density by altering the survival
or recruitment of subsets of individuals, it can produce

correlations between phenotypic change and changes in

population density without any functional link between
them (Fig. 1c; Kokko and Lopez-Sepulcre 2007; Pelletier

et al. 2007).

Here, we illustrate the potential involvement of multiple
alternative mechanisms underlying population processes

with a case study in western bluebirds (Sialia mexicana).

First, we give an overview of competition and species
replacement cycles that are driven by dependence on suc-

cessional habitat in order to show that changes in behavior,

natural selection and population density are correlated in
this system. We combine new evidence with previously

published work to show that eco-evolutionary dynamics

might be driving these changes, but also show evidence for
alternative explanations, including maternal effects and the

joint effects of natural selection on population density and

phenotypic change. Finally, we conclude with a discussion
of the implications of these findings for future work on eco-

evolutionary dynamics.

Repeated cycles of colonization and competition
in bluebirds

Distinguishing between alternative mechanisms linking

phenotypic and ecological change is difficult because it
requires combining long-term measures of individual fit-

ness with estimates of genetic variation in ecologically

relevant traits in a system with discrete populations where
changes in breeding density is easy to quantify.

The western bluebird is a secondary cavity-nesting-spe-

cies that, in the northwestern United States, depends on post-
fire forest (Hutto 1995). The successional and relatively

isolated nature of post-fire habitat patches produces recur-

ring colonization cycles which provide a unique opportunity
to investigate the causal links between population density,

natural selection and phenotypic change. These cycles are

characterized by predictable changes in western bluebird
breeding density and aggression over time (Duckworth et al.

2015), providing a unique opportunity to compare their

interaction during distinct stages of colonization.
Natural cavities are limited, and aggressive competition

among cavity-nesting birds is often intense (Brawn and

Balda 1988; Duckworth 2014; Gustafsson 1986; Newton
1994). Western bluebirds’ main competitor is its sister

species, mountain bluebirds (S. currucoides). These two

species have evolved distinct strategies for colonizing new
habitat patches: mountain bluebirds are more dispersive

(Guinan et al. 2000; Power and Lombardo 1996) and are
frequently among the earliest colonizers following forest

fires (Hutto 1995; Schieck and Song 2006), whereas

western bluebirds show delayed patterns of colonization
(Duckworth et al. 2015; Kotliar et al. 2007; Saab et al.

2007). However, western bluebirds, while less dispersive

and slower to find new habitat, on average are more
aggressive than mountain bluebirds and rapidly displace

them (Duckworth and Badyaev 2007). These differences in

competitive and dispersal behavior produce cycles of spe-
cies replacement that result in predictable changes in

population density and competitive dynamics.

To investigate the fitness consequences and evolution of
aggressive behavior in western bluebirds, we have estab-

lished a network of populations across a 150,000-km2 area

in northwestern Montana (Duckworth et al. 2015). New
habitat patches are created by placing nest boxes in open

meadows where no bluebirds are currently breeding

because there are no natural nest cavities. Thus we know
the exact time of habitat creation and, hence, stage in the

colonization cycle, for all of the populations we study. We

combine these across-populations comparisons with lon-
gitudinal data in a long-term study population where we

closely track changes in aggression, population density,

adult survival and offspring recruitment over time (Fig. 2).
All adults and nestlings in this population have been ban-

ded since 2001, and nests are monitored regularly during

the breeding season to record pair affiliations and fledging
success, which is used to construct a pedigree for genetic

analyses and to estimate the strength of selection on

aggression (Duckworth and Kruuk 2009).
To measure aggression, we have established a stan-

dardized and reliable assay in which we simulate territorial

intrusions by presenting birds with a live tree swallow
(Tachycineta bicolor), a heterospecific nest site competitor.

Using a heterospecific species to elicit aggression avoids

infanticide that can occur when a conspecific is presented,
and standardizes measurement of aggressive response

between males and females (Duckworth 2006b). The

swallow is placed in a wire cage on the nest box, and the
number of times an individual attacks, flies by, or hovers

near the model within a 2-min period is recorded. This

measure of aggression is highly repeatable within and
between contexts and years, is strongly positively
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correlated with aggression toward conspecifics, and in both

experimental and observational studies has been shown to

be functionally linked to territory size and quality (Duck-
worth 2006b, 2014; Duckworth and Sockman 2012).

Using both within- and among-population data, we

documented rapid shifts in western bluebird aggression
during the process of colonization, such that newly colo-

nized populations consisted solely of highly aggressive

males, whereas older, well-established populations con-
tained both aggressive and nonaggressive males and were

thus less aggressive overall (Duckworth 2012). Changes in

aggression across the cycle are correlated with changes in
both natural selection on aggression and population density

(Duckworth and Badyaev 2007). New populations start out

with a low density of western bluebirds and show a rapid
increase in density over a few generations (Duckworth

et al. 2015). In high-density populations, nonaggressive

males have higher fitness than aggressive males (Fig. 3;

Duckworth 2008). The lower fitness of aggressive males is

due to a tradeoff between aggression and investment in

parental care (Duckworth 2006b). This deficit largely dis-
appears when aggressive males colonize new populations

where density of conspecifics is low (Fig. 3; Duckworth

2008), suggesting that selection on aggression is density-
dependent: positive or neutral in low-density populations

and negative once populations become established.

Evidence of selection on genetic variation
in aggression

Demonstrating eco-evolutionary feedback requires show-

ing that natural selection produces genetic change over
time. In western bluebirds, there is evidence that natural

selection on aggression is at least partly involved in pro-

ducing the shifts in phenotype that are observed during

Fig. 2 Changes in a aggression of males and b population density
across 12 cohorts at the long-term study site. Shaded boxes in each
figure indicate the colonization period, characterized by rapid

population growth, which is followed by a post-colonization phase
in which both density and aggression fluctuate

Fig. 3 Fitness consequences of aggression across a high- and b low-
density populations (summarized from four populations, N = 154
males). Low-density populations were created experimentally by
placing nest boxes in open habitat where there were no natural nest
cavities and, therefore, no bluebirds breeding before the addition of
nest boxes. Nonaggressive males perform best in higher-density

populations, where they are able to acquire territories by cooperating
with relatives. Aggressive males perform significantly better in low-
density, newly colonized populations, compared to aggressive males
breeding in older, high-density populations. Nonaggressive males
were not observed in these newly created low-density populations.
Adapted from Duckworth (2008)
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population colonization. Changes in aggression within

populations were not due to within-individual flexibility, as
there is no substantial change in aggression in individuals

across their lifespan (Duckworth 2006b; Duckworth and

Sockman 2012). Observed changes in aggression occur
across consecutive generations (Duckworth and Badyaev

2007), and experimental manipulations have shown that

individuals do not modify their aggressive phenotype in
response to changes in the competitive environment

(Duckworth 2006a). Instead, data from our long-term
population, where aggression and fitness were measured

during rapid population growth and establishment, showed

negative selection on breeding values (estimate of the
genetic merit of the trait; Kruuk 2004) for male aggression

(F = 9.05, bST = -0.33, P\ 0.01, N = 76). Moreover,

there was a tendency toward a decrease in breeding values
for aggression across generations (F = 3.24, P = 0.07,

N = 82 individuals, 6 generations) in concordance with

phenotypic shifts in this population. However, given the
non-significance of this result and the fact that estimated

breeding values often greatly overestimate the significance

of changes over time (Hadfield et al. 2010), further analysis
is needed to verify a role for selection in producing

genetically based changes in aggression. Moreover, the

observed shifts in aggression were too rapid to be produced
by selection alone (Fig. 4; Duckworth and Badyaev 2007),

suggesting that other mechanisms are also important in

driving changes in behavior in this system.

Alternative mechanisms for rapid phenotypic
change

Many studies have found changes in phenotype that are
concordant with natural selection, and have concluded that

selection is driving these changes (see Reznick et al. 2004

for review). However, theory suggests that long-term

fluctuating selection should ultimately lead to the evolution
of adaptive plasticity (Gomulkiewicz and Kirkpatrick

1992; Kawecki and Stearns 1993; McNamara 1998; Sultan

and Spencer 2002). Therefore, observed current selection
on traits could be more important in maintaining adaptive

plasticity than in driving trait changes. In particular, the

environmental variation that is the source of variable nat-
ural selection may affect the phenotypic distribution of a

population more directly through individual or transgen-
erational plasticity, and this can similarly generate a

feedback loop between phenotypic change and population

density (Donohue 2005; Duckworth 2009b; Miner et al.
2005). Such direct feedback due to adaptive plasticity may

be more prevalent for species such as western bluebirds

that have experienced predictable environmental variation
over an extended evolutionary period, whereas feedback

due to eco-evolutionary dynamics may be more prevalent

for species experiencing novel environmental variation.
In western bluebirds, there is evidence that maternal

effects play a key role in generating population-level

changes in aggression in response to variation in popula-
tion density. Specifically, the order in which breeding

females produce male and female offspring (hereafter, sex-

biased birth order) strongly influences aggressive behavior
in male offspring, as male progeny from clutches where

males are produced late are less aggressive (Duckworth

2009a). Moreover, sex-biased birth order is correlated with
population density (Duckworth et al. 2015). In low-density

populations where resources are abundant, females pro-

duced a higher proportion of sons late in the laying order,
and in high-density populations where resources were

scarce, females produced a higher proportion of sons early.

This pattern is adaptive—females are producing aggressive
sons under conditions that favor a highly competitive

phenotype (high-density populations) and less aggressive

sons under conditions where sons can acquire territories
locally (in low-density populations; Aguillon and Duck-

worth 2015; Duckworth et al. 2015). These findings sug-

gest that observed rapid changes in aggression may be due
to maternal effects. Because maternal effects cause a much

quicker response to environmental variation than natural

selection, they may reconcile the discrepancy between
observed and predicted responses to selection on aggres-

sion (Fig. 3).

Linking changes in traits to ecological dynamics

Eco-evolutionary feedback requires that changes in traits

affect ecological dynamics (Ellner et al. 2011), yet in the

case of aggression, there are both direct and indirect
mechanisms that can link the two. For example, changes in

Fig. 4 Comparison of observed and predicted changes in aggression
measured in standard deviations based on the breeder’s equation,
where DA is the estimated change in aggression, h2 is the heritability,
and S is the standardized selection gradient (from Duckworth and
Badyaev 2007)
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aggression may directly influence population density if

variation in aggression influences territory size. More
aggressive individuals often acquire larger territories, and

thus population-level increases in aggression should result

in reduced population density (Adams 2001; Moss et al.
1994; Watson et al. 1994). Alternatively, changes in phe-

notype could be indirectly linked to changes in population

density through natural selection. Natural selection influ-
ences survival and recruitment of subsets of individuals in

the population depending on their phenotype, and therefore
can simultaneously cause changes in phenotype and alter

population growth trajectories, leading to correlations

between the two (Horvitz et al. 2010; Pelletier et al. 2007).
Finally, western bluebirds show phenotype-dependent dis-

persal: more aggressive males are more likely to disperse

than less aggressive males (Duckworth and Badyaev 2007).
Therefore, dispersal can simultaneously influence the rel-

ative proportion of aggressive and nonaggressive pheno-

types and population density through its effects on
immigration and emigration.

The relative importance of each of these direct and

indirect mechanisms for producing correlations between
phenotypic change and population density in western

bluebirds is not known. Prior research has shown that more

aggressive males acquire larger territories than nonag-
gressive males (Duckworth 2014); however, this relation-

ship is complicated by colonization dynamics. Aggressive

males are often breeding in newly colonized populations of
very low density. Therefore, it is not clear whether the

association between aggression and territory size is a direct

consequence of the greater competitive ability of aggres-
sive males or is simply a result of the dynamics of colo-

nization which produces an immediate association between

aggression and population density. If the link between the
two is direct, it would follow that even outside the window

of colonization, population-level aggression should be

negatively correlated with breeding density in the same
year, yet we found no relationship between them

(F = 0.27, P = 0.62, N = 11 years). This suggests that

aggression does not directly influence population density
through its effect on territory size.

There is also evidence that aggression is linked to life-

time recruitment of offspring, as less aggressive males
recruit more offspring into the population than aggressive

males (Spearman’s rank correlation rS = -0.18,

P = 0.048, N = 114). There are three different mecha-
nisms by which this pattern could be produced. First, it

could arise if nonaggressive males have higher survival

than aggressive males. Such a difference would mean that
nonaggressive males produce more offspring than aggres-

sive males over their lifetime simply because they live

longer. There is support for this idea, as recruitment was
significantly higher in males that bred in multiple seasons

compared to males that bred in only one season (Z = 3.51,

P\ 0.001, N = 114, Fig. 5a), and males that bred in
multiple seasons were less aggressive than males breeding

in only a single season (Wilcoxon rank-sum Z = -2.67,

P\ 0.01, N = 130, Fig. 5b). Western bluebirds have high
breeding site fidelity and are unlikely to disperse to another

breeding site after their first breeding season (Guinan et al.

2000; RAD pers obs). Thus, overwinter mortality is more
likely than post-breeding dispersal to account for a male’s

failure to return to the study site for subsequent breeding
seasons, suggesting that the lower probability of aggressive

males to return to the study site is due to a survival cost to

aggression. If such survival costs of aggression are passed
on from aggressive father to aggressive son, then differ-

ential overwinter survival of aggressive and nonaggressive

sons could also contribute to observed differences in off-
spring recruitment.

A second potential mechanism linking aggression and

offspring recruitment is phenotype-dependent dispersal.
Aggression and dispersal are genetically correlated in

western bluebirds (Duckworth and Kruuk 2009); therefore

Fig. 5 Males that bred at the site for multiple years differed from
males that bred at the site for only a single year in both a aggression
and b recruitment of offspring
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aggressive males may recruit fewer offspring to the pop-

ulation not just because they have lower survival, but also
because their offspring inherit a higher propensity to dis-

perse and may be less likely to return to their natal popu-

lation. Finally, aggressive and nonaggressive males could
differ in the number of offspring they recruit into the

population if they produce different numbers of offspring

in the first place. The overall number of male offspring
fledged (the sex most likely to return to the natal popula-

tion) was significantly negatively correlated with father
aggression (rS = -0.331, P = 0.0003, N = 117), as was

the total number of offspring fledged (rS = -0.199,

P = 0.023, N = 130). Therefore, to determine whether
there was a difference in recruitment among fledged off-

spring, we also compared the percentage of offspring

recruited (the number of male offspring recruited divided
by the total number male offspring fledged) and found that

the correlation between aggression and recruitment was

still negative, albeit not significant (rS = -0.22, P = 0.22,
N = 114). However, because density differed between

early and late colonization stages, and because we know

that dispersal behavior can be influenced by population
density (Aguillon and Duckworth 2015), we also compared

the relationship between recruitment and aggression within

each of these stages separately, and found that the per-
centage of male offspring recruited into the population was

significantly negatively correlated with father aggression

during the post-colonization phase when density was high
(rS = -0.285, P\ 0.01, N = 82), but not during the col-

onization phase when density was low (rS = 0.032,

P = 0.863 N = 32). At low density, individuals acquire
territories that are double the size of those for individuals

settling in a high-density population (Duckworth 2008),

and this difference in territory size can influence offspring
settlement patterns, as larger territories often have more

nest cavities, thus increasing the likelihood that male off-

spring will settle nearby (Aguillon and Duckworth 2015).
Given that aggressive males have lower survival and

recruitment than nonaggressive males, we would expect that

years in which aggression is high should be followed by lower
population density and that years when aggression is low

should be followed by higher population density. We did find

an overall effect of population-level aggression in year t on
density in year t ? 1, but only when recruitment and the

interaction with recruitment were taken into account (Table 1;

overall model, GLM: F = 18.89, P = 0.002, N = 10 years).

As predicted, density decreased following high-aggression
years and increased following low-aggression years; however,

these results should be treated with caution given the low

sample size of this analysis. Interestingly, while recruitment is
often expected to positively influence population density, we

found the opposite—in years of low recruitment, density was

higher, and in years of high recruitment, it was lower. This
suggests that other factors such as adult survival and immi-

gration rates must interact with offspring recruitment and need
to be taken into account to better understand how aggression

and population density are linked.

Overall, our long-term data suggest three potential mecha-
nisms underlying feedback loops in this system. The links

between changes in aggression and breeding density could be

due to a true eco-evolutionary feedback loop, in which case
natural selection on aggression is density-dependent, leading to

changes in aggression, which in turn directly influence popu-

lation density. While we have strong evidence of density-de-
pendent selection in this system, evidence for the direct effects

of aggression on population density is weak. Alternatively,

maternal effects on aggression, which are induced by changes
in population density (Duckworth et al. 2015), could produce

feedback between changes in aggression and population den-

sity. In this case, natural selection may be more important in
maintaining the link between population density and pheno-

type than in driving the changes in phenotype. Finally, natural

selection might simultaneously produce phenotypic change
and changes in population density,without any direct impact of

aggression on density per se, through its effects on adult sur-

vival and offspring recruitment. Most likely, all three mecha-
nisms play a role in driving the population dynamics of this

system. As such, this system provides an example of the

multiplemechanistic links that are possible in the generation of
feedback loops and emphasizes the importance of investigat-

ing alternative hypotheses even when there is strong evidence

that natural selection is acting on a trait.

Conclusions

Correlations between population density, natural selection

and phenotypic change are widespread (Chitty 1967; Mueller
1988; Slatkin 1979; Sokolowski et al. 1997), yet we still know

very little about their causes. We suggest that evidence of

Table 1 Influence of mean population aggression (year t), offspring recruitment (year t ? 1) and their interaction on population density in year
t ? 1 over 10 years

Effect Estimate SE t P value

Population aggression -0.104 0.020 -5.10 0.0022

Recruitment -3.050 0.490 -6.22 0.0008

Population aggression 9 recruitment 0.715 0.125 5.71 0.0013
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natural selection and phenotypic change are not enough to

conclude that eco-evolutionary processes are driving popu-
lation dynamics. Instead, natural selection may be important

inmaintaining adaptive trait variation, and over the long term,

a fluctuating environment may lead to the evolution of adap-
tive plasticity (Slatkin 1979), which should ultimately pro-

duce a more direct interplay between phenotypic and

ecological changes. Moreover, the majority of cases of rapid
evolution involve colonization events (Reznick and Gha-

lambor 2001; Reznick et al. 2004), raising the possibility that
eco-evolutionary dynamics are most evident when species

encounter novel environmental variation. Thus, it remains an

open question whether eco-evolutionary feedback loops are
important for understanding the dynamics of stable popula-

tions and communities.However, even ifwefind that true eco-

evolutionary feedback in natural populations is rare, identifi-
cationof themechanismsunderlying the links betweennatural

selection, phenotypic change and population density still

holds broad relevance for understanding ecological dynamics
across a wide variety of systems in which population growth

and individual variation in traits are correlated. In fact,wemay

find that in populations that experience predictably varying
environments, adaptive plasticity is the most common cause

of feedback dynamics.

Identifying causal links underlying these dynamics in
natural populations is a tall order, yet avian systems are

uniquely positioned to lead the way in advancing this field.

Perhaps more than any other vertebrate taxa, birds have been
the focus of long-term studies of individually marked pop-

ulations for decades. Most birds are diurnal and easy to

observe, making it possible to assess the behavior of marked
individuals in order to discern the impact of behavioral

changes on population dynamics. Moreover, because it is

possible to follow individuals and family groups of many
species throughout their lives, avian systems have a long

history of quantitative genetic research and thus provide a

unique opportunity to gain a better understanding of how
trait variation contributes to population growth.

Acknowledgments We would like to thank Niels Dingemanse and
Pim Edelaar for inviting us to participate in their symposium and an
anonymous reviewer for comments on an earlier version of this
manuscript. Members of Mountain Bluebird Trails and residents of
the Hayes Creek neighborhood kindly allowed us to monitor nests on
their properties. This work was supported by grants from the US
National Science Foundation (DEB-0918095 and DEB-1350107 to
RAD) and the US National Science Foundation Graduate Research
Fellowship Program (DGE 1143953 to SMA).

References

Adams ES (2001) Approaches to the study of territory size and shape.
Annu Rev Ecol Syst 32:277–303

Agrawal AA, Johnson MTJ, Hastings AP, Maron JL (2013) A field
experiment demonstrating plant life-history evolution and its

eco-evolutionary feedback to seed predator populations. Am Nat
181:S35–S45. doi:10.1086/666727

Aguillon SM, Duckworth RA (2015) Kin aggression and resource
availability influence phenotype-dependent dispersal in a passer-
ine bird. Behav Ecol Sociobiol 69:625–633. doi:10.1007/s00265-
015-1873-5

Badyaev AV (2011) Origin of the fittest: link between emergent
variation and evolutionary change as a critical question in
evolutionary biology. Proc R Soc Biol Sci 278:1921–1929.
doi:10.1098/rspb.2011.0548

Brawn JD, Balda RP (1988) Population biology of cavity nesters in
northern Arizona: do nest sites limit breeding densities? Condor
90:61–71

Chitty D (1967) The natural selection of self-regulatory behavior in
animal populations. Proc Ecol Soc Aust 2:51–78

Donohue K (2005) Niche construction through phenological plastic-
ity: life history dynamics and ecological consequences. New
Phytol 166:83–92. doi:10.1111/j.1469-8137.2005.01357.x

Duckworth RA (2006a) Aggressive behavior affects selection on
morphology by influencing settlement patterns in a passerine
bird. Proc R Soc Lond B 273:1789–1795

Duckworth RA (2006b) Behavioral correlations across breeding
contexts provide a mechanism for a cost of aggression. Behav
Ecol 17:1011–1019

Duckworth RA (2008) Adaptive dispersal strategies and the dynamics
of a range expansion. Am Nat 172:S4–S17

Duckworth RA (2009a) Maternal effects and range expansion: a key
factor in a dynamic process? Philos Trans R Soc B 364:1075–1086

Duckworth RA (2009b) The role of behavior in evolution: a search
for mechanism. Evol Ecol 23:513–531

Duckworth RA (2012) Evolution of genetically integrated dispersal
strategies. Oxford University Press, Oxford

Duckworth RA (2014) Human-induced changes in the dynamics of
species coexistence: an example with two sister species. In: Gil D,
Brumm H (eds) Avian urban ecology: behavioural and physio-
logical adaptations. Oxford University Press, Oxford, pp 181–191

Duckworth RA, Badyaev AV (2007) Coupling of aggression and
dispersal facilitates the rapid range expansion of a passerine bird.
Proc Natl Acad Sci USA 104:15017–15022

Duckworth RA, Kruuk LEB (2009) Evolution of genetic integration
between dispersal and colonization ability in a bird. Evolution
63:968–977

Duckworth RA, Sockman KW (2012) Proximate mechanisms of
behavioural inflexibility: implications for the evolution of
personality traits. Funct Ecol 26:559–566. doi:10.1111/j.1365-
2435.2012.01966.x

Duckworth RA, Belloni V, Anderson SR (2015) Cycles of species
replacement emerge from locally induced maternal effects on
offspring behavior in a passerine bird. Science 374:875–877

Dunlop ES, Heino M, Dieckmann U (2009) Eco-genetic modeling of
contemporary life-history evolution. Ecol Appl 19:1815–1834.
doi:10.1890/08-1404.1

Ellner SP, Geber MA, Hairston NG (2011) Does rapid evolution
matter? Measuring the rate of contemporary evolution and its
impacts on ecological dynamics. Ecol Lett 14:603–614. doi:10.
1111/j.1461-0248.2011.01616.x

Ezard TH, Cote SD, Pelletier F (2009) Eco-evolutionary dynamics:
disentangling phenotypic, environmental and population fluctu-
ations. Philos Trans R Soc Lond Ser B Biol Sci 364:1491–1498.
doi:10.1098/rstb.2009.0006

Fussmann GF, Loreau M, Abrams PA (2007) Eco-evolutionary
dynamics of communities and ecosystems. Funct Ecol
21:465–477. doi:10.1111/j.1365-2435.2007.01275.x

Ginzburg L (1998) Inertial growth: population dynamics based on
maternal effects. In: Mousseau TA, Fox CW (eds) Maternal
effects as adaptations. Oxford University Press, Oxford

J Ornithol

123

Author's personal copy



Ginzburg L, Colyvan M (2004) Ecological orbits: how planets move
and populations grow. Oxford University Press, New York

Gomulkiewicz R, Kirkpatrick M (1992) Quantitative genetics and the
evolution of reaction norms. Evolution 46:390–411

Guinan JA, Gowaty PA, Eltzroth EK (2000) Western bluebird (Sialia
mexicana). Birds N Am 510:1–31

Gustafsson L (1986) Inter- and intraspecific competition for nest holes
in a population of the Collared Flycatcher Ficedula albicollis.
Ibis 130:11–16

Hadfield JD, Wilson AJ, Garant D, Sheldon BC, Kruuk LE (2010)
The misuse of BLUP in ecology and evolution. Am Nat
175:116–125. doi:10.1086/648604

Hairston NG Jr, Ellner SP, Geber MA, Yoshida T, Fox JA (2005)
Rapid evolution and the convergence of ecological and evolu-
tionary time. Ecol Lett 8:1114–1127

Hanski I (2012) Eco-evolutionary dynamics in a changing world. Ann
NY Acad Sci 1249:1–17. doi:10.1111/j.1749-6632.2011.06419.x

Hanski I, Mononen T (2011) Eco-evolutionary dynamics of dispersal
in spatially heterogeneous environments. Ecol Lett
14:1025–1034

Hawkes C (2009) Linking movement behaviour, dispersal and
population processes: is individual variation a key? J Anim
Ecol 78:894–906. doi:10.1111/j.1365-2656.2009.01534.x

Horvitz CC, Coulson T, Tuljapurkar S, Schemske DW (2010) A new
way to integrate selection when both demography and selection
gradients vary over time. Int J Plant Sci 171:945–959. doi:10.
1086/657141

Hutto RL (1995) Composition of bird communities following stand-
replacement fires in northern rocky mountain (U.S.A.) conifer
forests. Conserv Biol 9:1041–1058

Kawecki TJ, Stearns SC (1993) The evolution of life histories in
spatially heterogeneous environments––optimal reaction norms
revisited. Evol Ecol 7:155–174. doi:10.1007/bf01239386

Kokko H, Lopez-Sepulcre A (2007) The ecogenetic link between
demography and evolution: can we bridge the gap between
theory and data? Ecol Lett 10:773–782. doi:10.1111/j.1461-
0248.2007.01086.x

Kotliar NB, Kennedy PL, Ferree K (2007) Avifaunal responses to fire
in southwestern montane forests along a burn severity gradient.
Ecol Appl 17:491–507

Kruuk LEB (2004) Estimating genetic parameters in natural popu-
lations using the ‘animal model’. Philos Trans R Soc Lond Ser B
Biol Sci 359:873–890. doi:10.1098/rstb.2003.1437

Luo SS, Koelle K (2013) Navigating the devious course of evolution:
the importance of mechanistic models for identifying eco-
evolutionary dynamics in nature. Am Nat 181:S58–S75. doi:10.
1086/669952

McNamara JM (1998) Phenotypic plasticity in fluctuating environ-
ments: consequences of the lack of individual optimization.
Behav Ecol 9:642–648

Miner BG, Sultan SE, Morgan SG, Padilla DK, Relyea RA (2005)
Ecological consequences of phenotypic plasticity. Trends Ecol
Evol 20:685–692. doi:10.1016/j.tree.2005.08.002

Moss R, Parr R, Lambin X (1994) Effects of testosterone on breeding
density, breeding success and survival of red grouse. Proc R Soc
Lond B 258:175–180

Mougeot F, Redpath SM, Leckie F, Hudson PJ (2003) The effect of
aggressiveness on the population dynamics of a territorial bird.
Nature 421:737–739

Mueller LD (1988) Density-dependent population growth and natural
selection in food-limited environments: the Drosophila model.
Am Nat 132:786–809

Newton I (1994) The role of nest sites in limiting the numbers of hole-
nesting birds––a review. Biol Conserv 70:265–276

Pelletier F, Clutton-Brock T, Pemberton J, Tuljapurkar S, Coulson T
(2007) The evolutionary demography of ecological change:
linking trait variation and population growth. Science
315:1571–1574. doi:10.1126/science.1139024

Pelletier F, Garant D, Hendry AP (2009) Eco-evolutionary dynamics.
Philos Trans R Soc B Biol Sci 364:1483–1489. doi:10.1098/rstb.
2009.0027

Piersma T, Drent J (2003) Phenotypic flexibility and the evolution of
organismal design. Trends Ecol Evol 18:228–233. doi:10.1016/
s0169-5347(03)00036-3

Power HW, Lombardo MP (1996) Mountain Bluebird. In: Poole A,
Gill F (eds) The birds of North America, vol 222., Birds of North
America IncPhiladelphia, PA, pp 1–21

Reznick DN (2013) A critical look at reciprocity in ecology and
evolution: introduction to the symposium. Am Nat 181:S1–S8.
doi:10.1086/670030

Reznick DN, Ghalambor CK (2001) The population ecology of
contemporary adaptations: what empirical studies reveal about
the conditions that promote adaptive evolution. Genetica
112–113:183–198. doi:10.1023/A:1013352109042

Reznick DN, Rodd H, Nunney L (2004) Empirical evidence for rapid
evolution. In: Ferrière R, Dieckman U, Couvet D (eds)
Evolutionary conservation biology. Cambridge University Press,
Cambridge, pp 101–118

Rossiter MC (1991) Environmentally-based maternal effects: a hidden
force in insect population dynamics? Oecologia 87:288–294

Saab VA, Russell RE, Dudley JG (2007) Nest densities of cavity-
nesting birds in relation to postfire salvage logging and time
since wildfire. Condor 109:97–108

Schieck J, Song SJ (2006) Changes in bird communities throughout
succession following fire and harvest in boreal forests of western
North America: literature review and meta-analysis. Can J For
Res 36:1299–1318

Schoener TW (2011) The newest synthesis: understanding the
interplay of evolutionary and ecological dynamics. Science
331:426–429. doi:10.1126/science.1193954

Slatkin M (1979) The evolutionary response to frequency- and
density-dependent interactions. Am Nat 114:384–398

Sokolowski MB, Pereira HS, Hughes K (1997) Evolution of foraging
behavior in Drosophila by density-dependent selection. Proc
Natl Acad Sci USA 94:7373–7377

Sultan SE, Spencer HG (2002) Metapopulation structure favors
plasticity over local adaptation. Am Nat 160:271–283

Svendsen GE (1974) Behavioral and environmental factors in the
spatial distribution and population dynamics of a yellow-bellied
marmot population. Ecology 55:760–771

Thomas CD, Bodsworth EJ, Wilson RJ, Simmons AD, Davies ZG,
Musche M, Conradt L (2001) Ecological and evolutionary
processes at expanding range margins. Nature 411:577–581

Townsend SE, Newey S, Thirgood SJ, Haydon DT (2011) Dissecting
the drivers of population cycles: interactions between parasites
and mountain hare demography. Ecol Model 222:48–56. doi:10.
1016/j.ecolmodel.2010.08.033

Turcotte MM, Reznick DN, Hare JD (2011a) Experimental assess-
ment of the impact of rapid evolution on population dynamics.
Evol Ecol Res 13:113–131

Turcotte MM, Reznick DN, Hare JD (2011b) The impact of rapid
evolution on population dynamics in the wild: experimental test
of eco-evolutionary dynamics. Ecol Lett 14:1084–1092. doi:10.
1111/j.1461-0248.2011.01676.x

Vasseur DA, Amarasekare P, Rudolf VH, Levine JM (2011) Eco-
evolutionary dynamics enable coexistence via neighbor-de-
pendent selection. Am Nat 178:E96–E109. doi:10.1086/
662161

J Ornithol

123

Author's personal copy



Watson A, Moss R, Parr R, Mountford MD, Rothery P (1994) Kin
landownership, differential aggression between kin and non-kin,
and population fluctuations in red grouse. J Anim Ecol 63:39–50

Weese DJ, Schwartz AK, Bentzen P, Hendry AP, Kinnison MT
(2011) Eco-evolutionary effects on population recovery follow-
ing catastrophic disturbance. Evol Appl 4:354–366. doi:10.1111/
j.1752-4571.2010.00169.x

Werner EE (1992) Individual behavior and higher-order species
interactions. Am Nat 140:S5–S32

West-Eberhard M (2003) Developmental plasticity and evolution.
Oxford University Press, New York

J Ornithol

123

Author's personal copy


