Chapter 11

Behavioral Variation,
Adaptation, and Evolution
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Similarly, the study of individual differences has a
rich history situated in the areas of behavioral genetics, sociobiology, behavioral ecology, developmental psychology, personality theory, and studies of
learning and cognition. Each area has its own goals,
associated techniques, and levels of explanation. The
study of behavioral variation during early development, for instance, has been documented primarily
by psychologists studying proximate mechanisms in
laboratory animal models, whereas the study of different adult morphs using the adaptationist perspective has been dominated by behavioral ecologists
examining natural populations (Foster, 1995). A
more complete description of individual differences
requires an integrative study of the mechanisms
(e.g., developmental, physiological) that guide intraindividual flexibility and the associated adaptive fine
tuning of behavioral types. It is through this integration that researchers can make predictions about the
response of different individual phenotypes, groups,
populations, and species to novel situations (e.g.,
captive and urban environments).
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Individual animals behave differently from each
other for myriad interrelated intrinsic and extrinsic
reasons, and this behavioral variation is the raw
substrate for evolutionary change. Behavioral variation can both enhance and constrain long-term
evolution (Foster, 2013), and it provides the basic
materials on which natural and sexual selection
can act. A rich body of historical experimental and
conceptual foundations precedes many of the topics
discussed. This classic literature is vast and important, and we encourage the reader to examine it in
detail (e.g., Lehrman, 1953; Lorenz, 1971; Schneirla, 1966; Waddington, 1959) because we discuss
more recent literature. For example, the study of the
mechanisms that underlie behavioral variation has
a divisive history, which involves carving out the
relative contributions of genes and environment to
a particular phenotype. Developmental systems and
reaction-norm views challenged the issue of gene or
environment by arguing that the interplay between
genetic substrates and environmental inputs defined
adaptive phenotypes across multiple contexts (Foster, 2013; Gottlieb, 1991a, 1991b; Jablonka & Lamb,
2014). Identifying the interactional relationship
between components permits researchers to understand how behavior becomes organized (Gottlieb,
1991a, 1991b) and can reveal links between individual variation and population-level persistence,
species diversification (or stasis), and community
dynamics (reviewed in Dingemanse & Wolf, 2013).
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BACKGROUND
The study of individual behavioral variation can be
better understood through examination of two axes:
developmental plasticity versus behavioral flexibility
and continuity versus stability (reviewed in A. B.
Clark & Ehlinger, 1987). Developmental plasticity is
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highlight some of these recent findings, emphasizing
those that influence behavioral evolution.
VARIATION
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Most individual animals produce a wide range of
behavior over their lifetime. Below, we summarize
some of the key forms of behavioral variation, highlighting recent findings that offer fresh insight into
well-studied examples of developmental plasticity
and behavioral flexibility, mechanistic underpinnings, and their responses to anthropogenic change.
Some types of behavior change during development
are influenced by experience, such that individuals undergo profound and permanent shifts as they
age. Other types of behavior vary periodically as part
of circadian, reproductive, or other seasonal cycles
(see Chapter 29, this volume). Finally, some types of
behavior are context dependent, and individuals may
behave in radically different ways depending on the
situation in which they are found. In a recent review,
Stamps (2015) emphasized underlying mechanisms
by offering a comprehensive framework that distinguishes between variation due to endogenous (e.g.,
age-dependent or seasonal) or exogenous (e.g., learning, context-dependent) factors. In contrast, SnellRood (2013) emphasized the importance of timing
and thus distinguished between context-dependent
(activational) and developmental effects. Because
both lines of distinction are blurred, we combine the
two in our summary of behavioral variation below.
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defined as the potential of a single genotype to produce more than one distinct phenotype (e.g., alternative reproductive strategies), and behavioral flexibility
refers to the capacity of an individual to modify its
behavior in response to novel challenges (e.g., alter
diet in response to food availability; Fagen, 1982).
It is important to note that being developmentally
plastic does not mean that individuals of the species are particularly flexible in their behavior; the
behavior of morphs may be particularly constrained
after the initial switch. The second axis draws a distinction between stability and continuity, which has
a strong temporal component. Continuity describes
a trait’s persistent effect on the behavior of the animal throughout time, whereas stability suggests that
traits occur in the present form at the same level of
intensity. The challenge, however, lies in identifying and defining consistent phenotypes because they
often change during the lifetime of the individual,
across seasons, in different social contexts, and in
novel environments. To better understand the continuity and stability of a behavioral characteristic, the
relationship between overt behavior and underlying
mechanisms during development and their evolutionary constraints and selection pressures should be
examined using an integrative lens.
In recent decades, early attempts to use isolation
experiments to separate genetic and environmental
components of behavior have given way to more
comprehensive views that emphasize the importance of interaction effects, epigenetics, and evolving
developmental trajectories or reaction norms (SnellRood, 2013; Stamps, 2015; see also Chapters 18 and
22, this volume). Researchers have recognized that
some behavior patterns remain highly malleable
throughout an individual’s lifetime, whereas others are rapidly canalized early in development. Sex
and social roles can be important, as can genetic
background and physical context. Recent studies
have offered profound new insight into the scope
and structure of behavioral variation, fundamentally
changing the understanding of how evolutionary
forces shape that variation over longer periods of
time. These studies explain why some individuals
behave consistently regardless of context, whereas
others vary their behavior depending on age,
social context, or season. Here, we summarize and

As We Age
Behavioral development continues to be an important
and exciting area of new research. Although experiences that induce long-term effects on behavior
can occur at any age, cues experienced early in life
have the potential to play especially large roles (see
Chapter 21, this volume). Many behavior patterns
vary with age and experience (Bateson & Gluckman,
2012), and recent research has found differences
between infants and adults in even their most fundamental aspects, including personality (Stamps &
Groothuis, 2010; see also Chapter 9, this volume),
social status (Fernald, 2015), and sex (Frisch, 2004).
Critical periods and sensitive periods are broad
terms that apply whenever the effects of experience
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during development might be stage dependent. For
example, nurse bees are proposed to be pushed
to switch by the development of workers behind
them, and middle-aged workers are steered from
their caste via interactions with the caste ahead of
them. The behavioral flexibility may be constrained
in some castes and not others because the transition from cell cleaner stage to nurse is a continuous
process, and the developmental sequence is compromised when the necessary cues (e.g., protein) are
absent (Schulz, Huang, & Robinson, 1998).
Researchers have also learned that even small
differences in early experience can have major and
widespread impact on adult behavior and group-level
characteristics. For example, sparse food stores lead
younger bees to forage earlier in life and cause colonies to have radically different compositions (i.e.,
starved colonies have more foragers), which may
have consequences for productivity (Schulz et al.,
1998). Environmental factors can disrupt and induce
temporal polytheisms, making it difficult to tease out
cause and effect (reviewed in Johnson, 2010). For
example, during the winter, when loss of workers is
paramount, bees often become generalists.
One exciting area of recent research has emphasized the blurring of endogenous and exogenous
mechanisms by highlighting the often profound
role of pre- and postnatal maternal physiology on
offspring behavior (see Chapters 19, 21, 35, and
36, this volume). Some effects occur even before
birth. In mammals, maternal disease and immune
activity during gestation can have an impact on offspring brain development and later behavior (e.g.,
Bauman et al., 2014). A mother’s diet can have profound consequences on offspring fertility (Gardner,
Ozanne, & Sinclair, 2009) and on their gastrointestinal microbiota and overall health (Thum et al.,
2012). A growing body of literature across vertebrates in general has shown that mothers use stress
hormones to translate environmental context into
offspring phenotypes (Love, McGowan, & Sheriff,
2013). For example, in stickleback fish (Gasterosteus
aculeatus), maternal stress leads to eggs that contain higher levels of stress hormones and juveniles
that exhibit stronger antipredator behavior (tighter
shoals; Giesing, Suski, Warner, & Bell, 2011; see
also Chapter 40, this volume) and different gene
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on behavior are unusually strong during a limited
period in development. Windows that occur early
in life are salient opportunities for environmental stimuli to shape individual phenotypes. For
example, zebra finch (Taeniopygia guttata) nestlings
fed stress hormones for 2 weeks during early development were less choosy about social partners as
adults and so became more central members of their
adult flocks in ways that are likely to have profound
impacts on many aspects of their lifestyle (Boogert,
Farine, & Spencer, 2014). In humans, the impact
of early stress on adult disease is so strong that
medical researchers have proposed early childhood
adversity as a useful way of categorizing patients
and focusing treatment (Shonkoff & Garner, 2012).
Many of the initial forays into understanding critical and sensitive periods involved the study of filial
imprinting (Lorenz, 1937): Soon after birth (or
hatching), infants learn to recognize and bond with
their parents (Hess, 1973). The mechanisms that
underlie sensitive periods were initially studied at
the behavioral level, but now more is known about
the neural mechanisms by which sensitive periods
act (reviewed in Hensch, 2004).
Temporal polytheisms in honeybees present a
unique opportunity to understand the social, neurochemical, genetic, and environmental mechanisms
that underlie constrained developmental shifts.
Early social factors can influence the timing of
developmental switches, as in honeybees (Apis mellifera), in which the transition to nursing or foraging
behavior is driven by the number of other individuals performing these tasks in the hive (reviewed in
Johnson, 2010). Physiological mechanisms often
reinforce the transition or stasis of individuals in a
particular caste through endocrinological cascades
and changes in gene expression. Two mutually
reinforcing processes facilitate development and
maintenance of nurse bee behavior. When a worker
feeds the brood, she is exposed to queen mandibular
gland pheromone and brood pheromone (which
co-occur in the brood nest). Brood pheromone
stimulates the hypopharyngeal glands, which trigger pollen feeding, and other hormonal changes that
partially suppress the normal age-based changes
(reviewed in Johnson, 2010). The mechanisms that
drive individuals to switch during different points
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in wild yellow-eyed penguins (Megadyptes antipodes), previous stressful experiences with humans
compromised their habituation to casual human
contact (Ellenberg, Mattern, & Seddon, 2009).
Recent studies have also found that learning is influenced by individual personality type. For example,
more exploratory Iberian wall lizards (Podarcis
hispanica; Rodríguez-Prieto, Martín, & FernándezJuricic, 2011) and humans (LaRowe, Patrick, Curtin, &
Kline, 2006) habituate more quickly, and more
innovative blue tits (Cyanistes caeruleus) have faster
social learning (Aplin, Sheldon, & Morand-Ferron,
2013).
Animals that learn may also suffer unique evolutionary costs because of the need to sample their
environments repeatedly (Murren et al., 2015). For
example, female cabbage white butterflies (Pieris
rapae) that quickly learn to use color to identify
appropriate host plants for oviposition produce
fewer eggs than do females that learn more slowly
(Snell-Rood, Davidowitz, & Papaj, 2011). They
moderate this cost by producing larger eggs (investing more to ensure the success of each offspring)
and by varying their relative investments in learning
versus reproduction depending on the requirements
of their immediate habitat (Snell-Rood, Davidowitz, &
Papaj, 2013).
From an evolutionary perspective, developmental and learned changes in behavior during the
lifespan of an animal can be described as norms
of reaction that themselves evolve and are subject
to natural and sexual selection (Dingemanse &
Wolf, 2013; Kasumovic, 2013; Stamps, 2015). For
example, learning can promote evolutionary change
by increasing behavioral innovation and, perhaps,
speciation rates (Dukas, 2013). Learning often has
an exploratory phase when individuals show considerable interindividual and intraindividual variation
as certain contingencies are strengthened, leading
to the acquirement of novel responses. Sometimes,
learning can lead to the acquirement of a novel
food source, and subsequent genetic changes can
permit the optimization of the new diet. In some
cultures, dairy farmers promoted the consumption
of milk-based products, which led to the evolution
of lactase in human populations (Tishkoff et al.,
2007). Lactase expression is a requisite for survival;
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expression (Mommer & Bell, 2014; see also Chapter
18, this volume).
Mothers can also influence their young by choosing to lay eggs, gestate, or give birth in particular
physical and social contexts. Experience with
siblings in a prenatal, maternal environment can
also have important impacts (reviewed by Ryan &
Vandenbergh, 2002). For example, in European
rabbits (Oryctolagus cuniculus), the presence of littermates can enhance motor development (Nicolás,
Martínez-Gómez, Hudson, & Bautista, 2011) and
contribute to differences in personality (Hudson,
Bautista, Reyes-Meza, Montor, & Rödel, 2011).
Female rabbits from intermediate-sized litters have
higher lifetime reproductive success (i.e., produce
more offspring that survive to maturity; Rödel, von
Holst, & Kraus, 2009), whereas males from smaller
litters are larger, more aggressive, and more successful in mating season battles (Rödel & von Holst,
2009). Early postnatal sensory experiences in particular physical contexts can also have profound effects
on later behavior (e.g., as reviewed by Anderson &
Anton, 2014; Galef & Laland, 2005). In ectotherms,
for example, nest location can affect offspring size
at hatching, antipredator behavior, and ultimately
survival (Lorioux, DeNardo, Gorelick, & Lourdais,
2012; Mitchell, Maciel, & Janzen, 2015). In rats
(Rattus norvecigus), maternal stress may be communicated through offspring licking, the amount of
which can influence the social and anxiety behavior
of adult offspring (Meaney, 2001; see also Chapters
18 and 35, this volume).
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Learning is a special form of behavioral plasticity
that can in turn be affected by both previous experience and more fixed aspects of individual animals.
In addition to the direct impacts of early experience on behavior, early experiences can influence
an animal’s future degree of behavioral plasticity.
For example, zebra finches treated with stress hormones during early development improved their
later learning of a foraging task (Crino, Driscoll,
Ton, & Breuner, 2014), whereas those experiencing
an immune challenge in early development were less
able to learn (Grindstaff, Hunsaker, & Cox, 2012).
Learning can happen in adults as well; for example,
4
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Individual behavior can vary in daily or seasonal
cycles, and it is often influenced by endogenous
factors that are calibrated by exogenous cues (see
Chapter 29, this volume). Although laboratory
rodents exhibit little evidence of seasonal or circannual cycles in behavior or response to experimental
treatments (Ferguson & Maier, 2013), many animals show light-dependent or photoperiodic shifts
in aggression, gonad expression, and reproductive
behavior in the wild. The physiological, behavioral,
and neurochemical bases of circadian rhythms are
beginning to be etched out (Bell-Pedersen et al.,
2005), and assessments have revealed a strong phylogenetic signal for much of the diversity observed
in circadian rhythms (reviewed in Menaker,
Moreira, & Tosini, 1997).
Integrating information about the molecular
and neural mechanisms and phylogenetic tree
permits several generalizations. First, there are
three systems that are largely responsible for the
regulation of overt rhythms: retinas, the pineal
complex (pineal and parietal eye or organ), and
the suprachiasmatic nucleus of the hypothalamus.
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Cycles and Seasons

Their interconnections form a central circadian
axis common to all vertebrates. Second, in many
vertebrates (except mammals) the pineal gland is
a photoreceptor and a circadian oscillator. Last, all
nonmammalian vertebrates possess extraretinal (and
extrapineal) circadian photoreceptors. Discontinuities between the circadian system and phylogenetic lines may represent transitions of the species
through different photic niches because of other
selection pressures (e.g., nocturnal bottleneck). It is
reasoned that mammals became nocturnal to avoid
reptilian predatory pressures, which caused a shift
from multiple distributed circadian photoreceptors to a single site retina (reviewed in Menaker
et al., 1997). Although it is methodologically prohibitive to test this hypothesis in extant mammals,
nocturnal transitions in nonmammalian vertebrates have shown similar reductions in circadian
photoreceptors.
Cycles that occur over longer temporal periods also have common evolutionary mechanisms.
Comparative studies of seasonal flocking in estrelid
finches have revealed that neuroendocrine mechanisms underlie species differences in aggression
(Goodson, Wilson, & Schrock, 2012). Labeling
receptor densities in socially relevant brain regions
in field sparrows (Spizella pusilla), which seasonally
flock, and male song sparrows (Melospiza melodia),
which are territorial year round, revealed extensive
species differences. Binding sites for mesotocin and
corticotropin-releasing hormone are more abundant
in sparrows that form winter flocks than in species
that show territorial aggression year round. Species
differences in correlations between neurochemistry
and aggression may reflect evolved mechanisms that
differentiate the highly territorial song sparrow from
the less aggressive field sparrow. Taken together,
these studies suggest temporal variation at multiple
levels may be the result of evolution targeting common mechanisms during different life histories.

PS

monophagic mammalian infants need lactase to
process the simple sugars in milk. In most mammals, the activity of the enzyme is dramatically
reduced after weaning, but it continues to persist
postweaning and into adulthood among populations with domesticated livestock that produce milk
for consumption. This physiological adaptation,
lactose tolerance, is sustained by cultural shifts and
subsequent changes in gene expression. Thus, social
individuals also impose selective pressures on each
other (Danchin, Giraldeau, Valone, & Wagner,
2004), shaping the evolutionary landscape through
a process that has been termed cultural niche construction (Laland & O’Brien, 2011). When behavioral plasticity is the result of linked underlying
mechanisms, such as overlapping patterns of lactase
gene expression (Ingram, Mulcare, Itan, Thomas, &
Swallow, 2009), plasticity can facilitate adaptive
evolution by creating opportunities for large, pleiotropic change. Thus, behavioral plasticity can have
an important impact on the ability of animals to
respond to novel environments (Sih, 2013).

Personality and Context
Sometimes individual animals exhibit the same
behavior regardless of context, a phenomenon that
has been described as personality or consistent individual differences (e.g., as reviewed by A. B. Clark &
Ehlinger, 1987; Sih, Bell, Johnson, & Ziemba, 2004;
5
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with this opponent even if the outcome changes
(López & Martín, 2001). The consistency of color
patterns, individual recognition, and learning
together may reduce the cost of aggressive encounters, thereby stabilizing population social structure.
Thus, the maintenance of the genetic polymorphisms that influence multiple traits in the natural
environment may be the result of stable, fluctuating,
and at times conflicting selection pressures, which
can be reinforced by social experience with life history traits.
In other situations, individual behavior depends
on context, in a sort of norm of reaction (Dingemanse, Kazem, Réale, & Wright, 2010; Stamps,
2015; Stamps & Groothuis, 2010) or activational
plasticity (Snell-Rood, 2013). As described previously for learning, recent studies have emphasized that the degree to which each individual can
respond to its environment is itself a trait that can
evolve (e.g., Murren et al., 2015). The degree of
behavioral plasticity with respect to context can be
influenced by underlying mechanisms, which can
include endogenous or exogenous factors and often
a complex interaction between the two (reviewed
in Kasumovic, 2013). Color is often investigated
as a trait that is stable throughout the life spans
of individuals (e.g., color morphs in lizards), but
many animals exhibit sequential color changes or
reversible color plasticity during their lifetimes.
Color changes can parallel ontogenetic and seasonal
patterns, which are associated with developmental
transitions or immediate adaptations to the environment. The buckeye butterfly (Precis coenia) exhibits
a polyphenism in response to seasonal shifts in
temperature and photoperiod (Rountree & Nijhout,
1995). Long days and higher temperatures during the summer induce earlier onset of ecdysteroid
production, permitting the pale beige linea form
to develop. If ecdysteroids are not present during a
critical period in the early pupal stage, then the dark
reddish-brown rosa morph develops (Rountree &
Nijhout, 1995). Still, some populations of Precis
differ in the ease with which the rosa form can be
induced. This is reflected in the development of
rosa or intermediate phenotypes by a small percentage of the population even when pupa are reared
under optimal linea-inducing temperatures and
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see also Chapter 9, this volume). This results in a
population consisting of individuals that exhibit different personality types or morphs. In many species,
morphological differences (e.g., colors) between
individuals are associated with fundamental differences in their behavior. Color morphs are often
secondary sexual characteristics expressed by species with strong sexual selection. Color variants are
commonly associated with alternative reproductive
tactics, which often involve variation in aggression.
Two closely related populations of mesquite lizards
(Sceloporus grammicus) have diverged in the associations between color and aggression (Bastiaans,
Morinaga, Castañeda Gaytán, Marshall, & Sinervo,
2013). One population exhibits orange, yellow, and
blue throat morphs in males, which is suggested to
be a heritable polymorphism. The other population
exhibits orange, yellow, and white color morphs
in males, which are expected to be discrete variants with the exception of the rare white mutants.
In both populations, male throat colors can be categorized by aggression level displayed during male
agonistic interactions, but the specifics of which
color is more aggressive depends on the population.
The orange chinstrap is associated with decreased
aggressions in populations with blue-colored males,
whereas white-throated males have lower levels of
aggression in populations in which they occur. The
population differences in morph–aggression association are, perhaps, because of the balance between
frequency-dependent and correlational selection
(Lancaster, McAdam, Hipsley, & Sinervo, 2014).
Correlational selection maintains favorable trait
combinations within each morphotype, and negative frequency-dependent selection can lead females
to disassortatively mate with rare male morphs to
produce conditionally fit offspring. In other adult
lizards, coloration is stable across years (e.g., wall
lizard [Podarcis muralis]; Calsbeek, Hasselquist, &
Clobert, 2010), and aggression levels using staged
territorial intrusions can be reliably resampled by
observers (López & Martín, 2001).
Some have suggested that consistency in color
patterns are recognized by members of the population through learned associations. For example,
males who have repeated agonistic interaction with
the same partner show lower levels of aggression
6
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Physical and social environments can contribute to
individual variation. Intraspecific differences arising from organism–context interactions are influenced by developmental and activational plasticity,
and here we emphasize entirely extrinsic factors.
We parse out the organism–context interactions
into social and physical contexts because it is a
traditional distinction that remains effective in
understanding individual variation, adaptation, and
evolution.
Social environment is a particularly important
context in which behavior can be plastic. Recent
studies have highlighted the importance of noninteracting social partners in determining behavior.
Animals modulate their behavior depending on the
presence, and sometimes the identity, of bystanders
in a phenomenon known as the audience effect. Wolf
spiders (Schizocosa ocreata), for example, pay attention to the courtship signals produced by nearby
rivals and then match those signals in producing
their own (D. L. Clark, Roberts, & Uetz, 2012). It
seems plausible that bystanders can exert significant
selection pressure on individual behavior and the
dynamics of cooperation, courtship, and conflict
interactions (reviewed in Earley, 2010). For example, female crayfish (Procambarus clarkii) determine
suitable mates by integrating information gathered
from male–male aggressive encounters and individual recognition (Aquiloni & Gherardi, 2010). Eavesdropping female crayfish were positioned so that
they had access to visual and chemical information
of competing males, then had to choose between
dominant and subordinate males that were either
familiar (female observed them fight) or unfamiliar
(female did not witness them fight). Females only
preferred dominant males when they observed the
particular male in a fight. This sophisticated form
of mate selection may drive male crayfish to initiate
more agonistic interactions or fight more vigorously
in the presence of the female. Through these more
intense displays, the signaling male might obtain
benefits, such as securing the observing mate or
deterring a current opponent, and enhance its future
access to mates and minimize the occurrence or
intensity of future agonistic interactions. Audience
effects will thus exert positive selection pressure on
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photoperiods, suggesting that other mechanisms are
at work.
Some classic experimental designs can serve
as powerful tools to examine the interdependencies of genes, the environment, and their products
(e.g., cross-fostering [Meaney, 2001], transplant
[Marchinko, 2003; Pruitt & Goodnight, 2014],
split-population [Théry, 2007]). Reciprocal transplant and cross-fostering experiments involve
removing young (or adults) from genotype-specific
rearing environments and rearing them in a surrogate environment for populations involved, yielding
a full-factorial design. For example, reciprocal wing
transplant studies between genetic rosa and wildtype strains have shown that the rosa gene alters
the physiological response mechanism that follows
the ecdysteroid-sensitive period for linea morph
induction.
Another experimental design used to understand
how environmental factors influence plasticity is
the split-population design. The split-population
design involves placing a representative sample of
the same population in all tested environmental
conditions, which also produces a full-factorial
design. By using a split-population design in the
lab, the accuracy with which crab spiders (Misumena vatia) change color to match the white and
yellow flowers on which they are found was shown
to depend on the light reflected by the background
and recent diet (Théry, 2007). The crab spider
can reversibly change its color from white to yellow to match the color of the flower on which they
are found. Prey consumed and light reflected by
the background are important external factors in
determining color change in crab spiders: Individuals exposed to a yellow background and fed redeyed flies are better camouflaged than individuals
exposed to a yellow background and provisioned
with other prey morphs (Théry, 2007). The links
among these factors are often forged through
whole-organism performance traits, such as activity level or endurance (e.g., Miles, Sinervo, Hazard,
Svensson, & Costa, 2007). Plasticity of this sort is
then subject to natural and sexual selection (Dingemanse & Wolf, 2013) and can be studied effectively in comparisons of ancestral and derived forms
(Foster, 2013).

7

BK-APA-HCM_V1-160213-Chp11.indd 7

06/07/16 1:44 PM

Shelton and Martins

N

PS

Y

CH

O

LO

G

IC

A

L

A

SS

O

CI
A

TI
O

N

behavioral types that were higher in abundance than
optimal. Developmental plasticity, however, cannot
be ruled out because some spiders might have transitioned to different phenotypes guided by similar
mechanisms as described earlier with caste polytheism in another social insect, honeybees.
Environmental structure can have profound
effects on relatively stable and transient behavioral
traits. Recent studies have highlighted the influence
of spatial organization on relatively stable traits such
as size polymorphisms (e.g., Couvillon & Dornhaus,
2009) and division of labor (e.g., Jandt & Dornhaus,
2009). The spatial location of bumblebee (Bombus
impatiens) larvae is spatially fixed in the nest, and
centrally located pupae are larger than pupae on the
periphery (Couvillon & Dornhaus, 2009). Later in
life, the larvae tend to assume different social roles,
with larger workers serving as foragers and smaller
ones caring for the brood (Jandt & Dornhaus, 2009).
Other studies have shown that simple physical
mechanisms can underlie transient behavior, such
as group cohesion (available space; Shelton, Price,
Ocasio, & Martins, 2015) and aggression (enclosure
shape; Bazazi et al., 2008). These spatial characteristics are especially important in captive environments in which space is often at a premium and
individuals are crammed into standardized enclosures (Mason et al., 2013). Physical environments
can be powerful selective forces that alter life history
traits. For example, barnacles (Balanus glandual
darwim) exposed to greater water velocities produce
shorter feeding appendages, but when transplanted
to lower water velocity zones, appendages grow dramatically (i.e., growth change is greater than 100%;
Marchinko, 2003). Plastic responses to the physical
environment occur in juvenile and adult barnacles,
which is a dramatic example of age-independent
phenotypic plasticity.
Plastic responses to stochastic events have the
potential to alter the selective environments experienced by individuals, thereby facilitating evolutionary change (e.g., Sih, 2013; West-Eberhard, 2003).
An elegant example involves the predator-induced
shift in Caribbean Anolis lizards. The introduction of
a terrestrial predator led to differences in habitat use
(e.g., arboreality) and, ultimately, population-level
shifts in morphology because of altered selection in
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signalers to exhibit more risky behavior (reviewed
in Earley, 2010).
Individuals may also differ in behavior because
of differences in their roles within a social group.
For example, keystone individuals, individuals with
an inordinately large effect on group behavior, often
behave quite differently than do other animals in
the group (reviewed in Modlmeier, Keiser, Watters,
Sih, & Pruitt, 2014). They may choose the direction of group travel, control access to a resource, or
speed the transmission of diseases. In some cases,
these individuals are larger, more dominant, or
otherwise phenotypically distinct from other group
members. Evolution can shape the degree to which
groups contain individuals with different social
roles, how easily individuals move in and out of
those roles (e.g., Vital & Martins, 2011), and the
relative proportion of individuals in each role in the
larger group (e.g., Pruitt & Riechert, 2011).
Group composition can influence collective
success. For example, aggregates of water striders (Aquarius remigis) differing in behavioral type
(i.e., activity and aggression) showed differences
in mating success (Sih & Watters, 2005). Groups
with either active hyperaggressive or docile inactive males had a lower a frequency of matings
than did groups with intermediate compositions.
This is likely due to hyperaggressive males chasing off females and inactive males not exploring for
mates. Thus, group composition may have a strong
selective pressure on biobehavioral outcomes,
and groups should regulate their compositions to
achieve optimal success. Indeed, a socially polymorphic spider (Anelosimus studiosus) exhibits a behavioral polymorphism in which females exhibit either
a docile or an aggressive behavioral phenotype,
and colonies adjust their composition via locally
adapted mechanisms (Pruitt & Goodnight, 2014).
Experimentally created colonies of known composition were placed at sites that differed in resource
abundance. Many colonies perished, but those that
survived adjusted their composition to match naturally occurring mixtures at each site. The mechanism posited to underlie local adaptation of these
colonies is behavioral plasticity in response to social
context. For example, members may have selectively
evicted colony members or ceased to produce these
8
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traits (e.g., epigenetic mechanisms), whose quality
and quantity can influence offspring phenotype and
success (Alberts, 2008; Meaney, 2001; Mousseau &
Fox, 1998; Rödel et al., 2009; Thum et al., 2012;
West & King, 1987). A well-studied example of exogenetic inheritance comes from studies of maternal
care in rats (see Chapter 35, this volume). Rat mothers differ in levels of pup-directed licking, grooming,
and arch-back nursing (Meaney, 2007). Offspring
show profound maternal care–dependent differences
in cognition, neurochemistry, sexual behavior, and
emotionality (Cameron et al., 2005; Meaney, 2007).
Cross-fostering studies have revealed that female
rats adopt maternal care patterns experienced in
infancy, which suggests that exogenetic mechanisms can lead to long-term changes in behavior.
These changes have molecular signatures, such as
changes in patterns of DNA methylation and histone
modification (see Chapters 18 and 22, this volume).
Although more research is needed, recent studies
have linked molecular and experiential mechanisms
to characterize the cascade of changes responsible
for the normal process of development (Cameron
et al., 2005; Kundakovic, Lim, Gudsnuk, & Champagne, 2013; see also Chapter 22, this volume).
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the new environment (Losos, Schoener, & Spiller,
2004). Other unpredictable events, such as climatic changes, that parallel shifts in resource availability can influence evolution. Recent evidence
has suggested that asynchrony in climatic conditions (e.g., precipitation) can drive evolutionary
divergence because individuals locally adjust their
reproductive behavior to current resource availability (e.g., water), which is changing rapidly with
the onslaught of anthropogenic change (Quintero,
González-Caro, Zalamea, & Cadena, 2014).
Although these findings may be particularly
useful in predicting response to anthropogenic disturbance and climate change, much more research
is needed before general conclusions can be drawn.
For example, although sometimes animals make
very rapid shifts in behavior, such as songbirds that
sing at higher pitches to stand out above urban noise
(Slabbekoorn, 2013), other differences may require
genetic changes that accumulate over longer periods
of time (e.g., Robison & Rowland, 2005).

Inheritance
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Behavioral variation is shaped by a large variety of
mechanisms, all of which can influence how differences in behavior are passed from ancestors to
descendants. Inheritance can be classified into two
categories: (a) genetic, or the transmission of DNA
variation from parents to offspring, and (b) exogenetic, or non-DNA sequence-based inheritance.
Inheritance theory has been dominated by the first
category of inheritance, or analytically tractable
models of Mendelian segregation of DNA sequence.
Some have suggested that the inheritance debate was
conclusively settled by the overwhelming number of
tightly coupled empirical and computational studies
with evidence in exclusive support of the Mendelian genetic model and the impossible inheritance
of traits that lacked a DNA sequence, exogenetic
inheritance (Mayr & Provine, 1980). Although
largely ignored, evidence for exogenetic inheritance
continues to accumulate (Gottlieb, 1991a, 1991b;
Jablonka & Lamb, 2014; West & King, 1987).
In addition to DNA, parents transmit many
things to their offspring, such as siblings, traditions, territories, dominance rank, microbiota, and
the machinery that can transmit these nongenetic

ADAPTATION
Phenotypic diversity is thought to reflect extensive
genetic variation, even among populations of the
same species, through genetic adaptation. Neurochemical pathways, genetic markers, and morphological structures, however, are broadly conserved
(e.g., Bell-Pedersen et al., 2005; Goodson et al.,
2012; Menaker et al., 1997), leading some to suggest that the mechanisms for the origin and evolution of diversity invoke modifications of existing
genetic networks rather than the evolution of novel
genes or genetic pathways, leading to ontogenetic
adaptation (reviewed in West-Eberhard, 2003). In
genetic and ontogenetic adaptation perspectives,
similar forces are sometimes described in guiding
the match of the organism to the environment, but
the scale and timing at which these selective forces
act differ. In the genetic adaptation view, selective
forces are described as operating at the level of gene
frequencies in adults, who pass on those genes. The
9
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and how individuals behave in different contexts
is the abundance and distribution of hormone and
neurotransmitter receptors. The abundance and distribution of oxytocin receptors seem to be particularly important in determining variation in social
behavior. For example, differences in prairie vole
(Microtus ochrogaster) social behavior are associated
with variation in the sequence and expression of a
vasopressin receptor gene, and the degree of monogamy of young male prairie voles can be manipulated
by blocking the production of new vasopressin
receptors in the brain (Barrett et al., 2013). In other
organisms, receptors for nonapeptides (Goodson
et al., 2012) and androgens (Rosvall et al., 2012) are
clearly also important.
Pleiotropy also contributes to behavioral plasticity, often through the action of regulatory switches,
which again coordinate the expression of gene networks underlying complex phenotypes. In several
vertebrates, for example, individuals that are darker
in color also tend to be more aggressive (Ducrest,
Keller, & Roulin, 2008), more sexually active, and
more able to evade predators (Kim & Velando,
2015; van den Brink, Dolivo, Falourd, Dreiss, &
Roulin, 2012). All of these phenomena can be
explained, in part, by the pleiotropic effects of melanocortin receptors, which are involved in both color
production and several hormonal (Ducrest et al.,
2008) and immune (Männiste & Hõrak, 2014) pathways. A gene’s susceptibility to mediate covariation
in behavioral traits, via pleiotropic effects, lies in the
promiscuous properties of its biochemical products
and their ability to bind to a number of receptors
with widespread distribution. For example, coloration by melanin is regulated by the melanocortin
system. The melanocortin system involves posttranslational products of the proopiomelanocortin
locus or melacortins, which bind to five melacortin
receptors located in a number of tissues (reviewed
in Ducrest et al., 2008). Key melacortin receptors
and products of the proopiomelanocortin gene are
involved in various endocrinological pathways,
which are important for behavioral responses.
Another important contributor to behavioral
variation is epistasis, which describes the nonindependent effects of genetic polymorphisms
that influence the same behavioral phenotype.
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ontogenetic adaptation perspective pushes one to
view the specialized responses of the organism to
specific environmental stimuli. The concept of ontogenetic adaptation suggests that each developmental stage is complete, not an immature form of the
adult goal (reviewed in Alberts, 2008). The idea that
selection can operate on each developmental time
point is an evolutionary tenet introduced by the
ontogenetic adaptation perspective.
Several conceptual frameworks were put forth
to explain how different inputs can be modulated
to suit a variety of developmental roles and contexts. One hypothesis for the link between genetic
mechanisms and developmental states suggests that
evolutionary change is facilitated by sensitivity to
environmental cues and by modifications of organismal development that produce selectable phenotypic variation (e.g., Gottlieb, 1991b; Jablonka &
Lamb, 2014; West & King, 1987). Through this
process, previously neutral genetic variation may
gain function under novel or stressful conditions,
either through expression of genotypic variation or
through the action of expressed gene products. The
induction and recruitment of this newly revealed
variation may facilitate the generation of new and
favored phenotypes through developmental changes
activated by novel gene expression. This complex
of interactions was posited to evolve through heterochronic shifts. Moreover, heterochronic shifts were
predicted to buffer development under fluctuating
environments while maintaining epigenetic sensitivity for species-typical development and local
adaptation. Historically, one of the hindrances to the
ontogenetic view was the absence of experimental
evidence demonstrating how existing genetic networks can be modulated to suit a variety of developmental roles and contexts.
Recent advances in understanding how gene
expression influences behavioral plasticity help
to link causes of individual development with the
causes of individual differences, permitting a more
comprehensive understanding of the mechanisms of
evolutionary change (e.g., Fernald, 2015; Meaney,
2001). Although hormones and neurotransmitters
are clearly involved in producing behavioral variation, it now appears that the primary mechanism
associated with differences between individuals
10

BK-APA-HCM_V1-160213-Chp11.indd 10

06/07/16 1:44 PM

Behavioral Variation, Adaptation, and Evolution

TI
O

Profound Change Through Shifts in
Fundamental Physiology

N

however, may also slow the pace of adaptive evolution, making it more difficult for them to withstand
more major shifts resulting from climate change and
pollution. In this section, we consider this opposition of forces in detail, making some specific predictions about the impact of anthropogenic effects.
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In many cases, human-induced rapid environmental
change has an impact on behavior through its wideranging direct and indirect effects on physiology.
For example, shifts in temperatures affect ectotherm
locomotion (Johnston & Temple, 2002), but temperature fluctuations can also have profound indirect
effects on other aspects of behavior (see Chapter
45, this volume). For example, in coral reef fishes,
increased temperature leads to higher CO2 levels,
which impair sensory ability (Munday, McCormick, & Nilsson, 2012). Goldfish (Carassius auratus)
that have recently acclimated to warmer temperatures
can also be hyperexcitable and engage in excessive
antipredator behavior (Szabo, Brookings, Preuss, &
Faber, 2008). Some individuals become bolder in
increasing temperature, whereas others do not, such
that small temperature fluctuations can lead to profound changes in social context (Biro, Beckmann, &
Stamps, 2009). This change in phenotype might
have consequences for mate choice and competition,
especially if these newly bold individuals fare better
in aggressive interactions, which allows them to gain
greater access to mates and other resources.
Temperature fluctuations can also affect different
species differently, for example significantly altering
the interactions between predators and prey (Grigaltchik, Ward, & Seebacher, 2012). Other environmental factors can also be important. Temperature
often interacts with light (Swaddle et al., 2015),
which can have unexpectedly far-reaching physiological effects. For example, exposure to artificial
lights at night can lead to obesity and changes in foraging behavior (Fonken & Nelson, 2014). Changes
in an inherited phenotype can open the gates to evolution (Swaddle et al., 2015), whether via genetic or
cultural mechanisms (as with bird song, e.g., Slabbekoorn, 2013; see also Chapter 15, this volume and
Volume 2, Chapter 20, this handbook).
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Epistatic effects are implicated in transcripts that
underlie nervous system function (Chesler et al.,
2005), dominance and reproduction (Renn, AubinHorth, & Hofmann, 2008), odor-guided behavior
(Anholt et al., 2003), and other behavioral phenotypes (reviewed in Mackay, 2014). Evolution
by sexual selection can promote the formation
of such pleiotropic links as condition-dependent
signals for communication and mate choice (Hill,
2011). From this perspective, it is not surprising
that aggression in Drosophila is influenced more by
pleiotropic and epistatic effects than by the simple
effects of homozygous genes (Zwarts et al., 2011).
Similarly, pleiotropic and epistatic genetic effects
dominate nervous system function (Chesler et al.,
2005), dominance and reproduction (Renn et al.,
2008), odor-guided behavior (Anholt et al., 2003),
and other behavioral phenotypes (see also review
by Mackay, 2014). Mapping these complex genetic
interactions and their relationship with behavioral
traits poses a strong experimental and empirical
challenge (Mackay, 2014). The development of
statistical tools, complex experimental designs, and
model organisms will provide the methodological
muscle to allow future advances to be made.
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HUMAN IMPACTS
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Epigenetics, epistasis, pleiotropy, and cultural
evolution all contribute to producing behavioral
variation in wild animal populations, the raw substrate on which evolution acts. Humans also play an
important role in shaping future evolution. Humaninduced rapid environmental change is becoming
recognized as an increasingly important factor
underlying behavioral variation (e.g., Sih, 2013;
Wong & Candolin, 2015). Although meta-analyses
have confirmed that the number of individuals
entering a new area (propagule pressure) is the most
important factor determining the ability of animal
species to successfully exploit new environments
(Jeschke & Strayer, 2006), behavioral flexibility
can also influence that success. Animal species that
are plastic and can respond appropriately to a wide
range of contexts are easier to domesticate and may
do better in urban contexts (e.g., Mason et al., 2013;
see also Chapter 16, this volume). This plasticity,
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Although behavioral plasticity can be an important
way that animals cope with rapid environmental
change, sometimes the plasticity is insufficient to
counter the effects of anthropogenic change and
increases a species’ vulnerability to extinction (e.g.,
Sinervo et al., 2010). There are many examples of
the benefits of plasticity to species survival. Animals
that are able to make use of novel food sources may
be more successful in a new context. Omnivorous
freshwater fish are more likely to be successful
invaders, making use of novel food items more
readily than do specialist feeders (Ruesink, 2005).
Animals with bigger brains are more successful in
novel environments (Maklakov, Immler, GonzalezVoyer, Rönn, & Kolm, 2011; Sol, Bacher, Reader, &
Lefebvre, 2008). However, this investment in a
larger brain may constrain other plastic responses.
For example, guppies (Poecilia reticulata) artificially
selected for either large or small relative brain size
evolved rapidly in response to divergent selection.
Small-brained fish performed poorer in learning
tasks than large-brained fish, which developed
smaller guts and produced fewer offspring. Thus,
large brains can lead to trade-offs with growth and
reproduction (e.g., Kotrschal et al., 2013).
However, too much flexibility can be a hindrance
to the long-term success of a species in a new context. Some flexible species moving into a new area
may rely heavily on low-quality resources rather
than expend energy searching for higher quality
food or shelter (an evolutionary trap; Robertson,
Rehage, & Sih, 2013). Similarly, migratory birds
tend to be less successful in establishing themselves
in new areas (Blackburn, Cassey, & Lockwood,
2009). These costly effects of migration may result
from migrants moving from a heterogeneous environment to an environment in which they are not
favored by selection. Adrenocortical stress response
is one plastic hormonal response used to cope effectively with environmental perturbations. However,
prolonged or repeated incidences of stress can result
in dysregulation of many endocrine processes and
long-term damage. Thus, the most resilient individuals may be those that do not respond flexibly to the
environment (Wingfield, 2013). There appears to
be an optimal amount of behavioral flexibility that

allows animals to be successful in new or changing
environments.
Many of the stressors experienced by animals in
captivity (reviewed by Morgan & Tromborg, 2007)
parallel those experienced by animals in urban environments (reviewed by Sol, Lapiedra, & GonzálezLagos, 2013). Thus, individuals that are successful
(or not) in captivity may be similarly successful (or
not) in urban environments (Mason et al., 2013).
Traits that help animals thrive in close proximity to
humans often also predict invasiveness in the wild
(Jeschke & Strayer, 2006). For example, boldness
may be one reason that zoo life and urban environments are less stressful for some wild species than
others (Atwell et al., 2012). In contrast, species with
expansive home ranges, such as carnivores, are less
suited for both zoo and urban contexts (Clubb &
Mason, 2003, 2007). Captive animals that have also
undergone domestication may be different in that
their responses to the human-altered environment
often have a genetic basis (e.g., Robison & Rowland,
2005; see also Chapter 16, this volume), adding
another layer of complexity. Thus, although the
amount of behavioral variation can have immense
predictive power in identifying a behavioral variant’s
ability to cope with rapid environmental change, the
optimal level of plasticity also varies with context,
thus complicating predictions.

N

Plasticity Has a Sweet Spot

CONCLUSION
In summary, behavioral phenotypes are shaped by
a host of interactions occurring at multiple levels in
a particular context. In the examples we presented,
many of the experiential mechanisms influenced
similar traits. The redundant pathways serve as buffers against perturbation and assurances that the
organism will continue down the normal path of
development. The multitude of interaction channels
demonstrates the malleability of behavioral phenotypes, and their sensitivity to variation makes them
a prime target for selection. Experience can also
reduce behavioral variation, which can make it resistant to selection and potentially an agent of evolutionary change. Defining the mechanisms that cause
individual variation is a crucial step in understanding the link between developmental mechanisms,
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population processes, and macroevolutionary patterns. Understanding the mechanisms that underlie
individual behavioral variation will help us better
predict how individuals, groups, populations, and
species will respond to human-induced rapid environmental change.
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