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Early juvenile environments influence trait expression in complex and often nonintuitive ways. Although
the breadth of these effects is well recognized, researchers generally focus on the effect of single
ecological triggers (such as resource availability, latitude or predator presence) on traits within a single
dimension (e.g. morphological, behavioural or physiological phenotypes). This approach has yielded a
wealth of knowledge about environmental conditions that trigger different plastic allocation strategies
and reaction norms of a number of traits. However, it tells us little about the way in which early life
conditions influence resource allocation, yielding differentially integrated adult phenotypes. Here, I
argue that we must begin to understand how complex environments shape the conditional development
and expression of suites of traits to produce complex, adaptive phenotypes. I begin by examining the
importance of the juvenile environment when attempting to understand phenotypic expression at later
life history stages. I describe how different types of plasticity affect relationships between traits, and I
provide four case studies that illustrate the influence of plasticity on trait integration, which strongly
suggests that evolution of norms of reaction must be considered if we are to understand the evolution of
integrated phenotypes. I next highlight the importance of understanding the physiological and genetic
underpinnings of this plasticity because such poorly understood aspects of the phenotype regulate
developmental pathways that determine phenotypic expression. I conclude with suggestions as to how
future research can begin to accommodate multidimensional approaches, and in doing so, further our
understanding of an integrated phenotype concept.
� 2013 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Be it the longer tails in barn swallows, Hirundo rustica (Møller
1988), the larger antlers in red deer, Cervus elaphus (Kruuk et al.
2002), or the brighter and more complex coloration displayed by
guppies, Poecilia reticulata (Brooks & Endler 2001), as biologists, we
are fascinated by the traits that afford individuals increased fitness.
This attraction has led to a thorough understanding of how certain
traits, most often sexually selected traits, are correlated with fitness
in specific contexts (Andersson 1994). As a result of this research,
phenotypes quickly became summarized by the possession and
expression of specific traits due to their known associations with
fitness. Identifying phenotypes in such a manner, however, is
problematic because traits are related through a common genetic
framework and a shared pool of resources. In this sense, an in-
dividual’s phenotype is more than the expression of specific traits.
What is required is a more holistic view that incorporates the
relationship of all traits and underlyingmechanisms that interact to
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create an integrated phenotype (Pigliucci & Preston 2004; Fig. 1).
Although there is an argument that the reason for this lack of an
integrative understanding is a combination of the introduction of
and focus on molecular techniques and a lack of focus on concep-
tual ideas of the phenotype (Pigliucci 2003), I see two other reasons
we have failed at understanding phenotypes as more than the
presence of a specific subset of traits at maturity.

The first problem is that early research focused on associating
fitness with a small number of traits that were most easily
measured (usually morphological, life history and behavioural
traits). As a result, the importance of less conspicuous traits that
weremore difficult tomeasure (e.g. immune response), initially not
as obvious (e.g. metabolic rate), or were involved in development
(e.g. mechanistic traits) were poorly understood. Even now, when
researchers have the ability to examine a wider variety of traits, the
focus is often on traits within a single dimension (i.e. phenotypic
class or type) in an effort to simplify experimental designs. For
example, although geometric-morphometric approaches examine
variation in shape by increasing the number of morphological traits
and landmarks examined (Bookstein 1991; Zelditch et al. 2004),
they still focus only on morphology and ignore traits in other
phenotypic dimensions (e.g. life history, behavioural, physiological
by Elsevier Ltd. All rights reserved.
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Figure 1. A conceptual diagram of the role of resource acquisition, ecological environment and allocation on phenotypic expression. The phenotype symbolized by the black circle is
composed of traits in multiple dimensions (red circles). Each dimension interacts and is correlated to some extent with traits in other dimensions. In the top figure, abiotic and biotic
environments (red arrows) affect how resources are acquired (black arrows) and allocated towards different traits (blue arrows) as well as the pool of resources available (con-
dition). In the bottom figure, changes in the ecological environment affect genetically based variation in resource acquisition through assimilation ability and the pool of resources
(condition). The ecological environment further affects how resources are allocated towards different trait dimensions. The size of the arrows and circles indicates the relative
allocation towards the different dimensions. In this case, changes in allocation affect both expression and covariation among the traits within and between the different dimensions.
Adapted from Rowe & Houle (1996) and de Jong & van Noordwijk (1992).
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or immunological). As a result, we have a poor understanding of the
covariation between traits of different types and of the way
different classes of traits interact to create an integrated phenotype.

The second problem stems from our general perception of the
role of the juvenile environment in adult trait expression. Our
appreciation of the importance of a shared genetic framework in
establishing a relationships among all traits (de Jong & van
Noordwijk 1992) led to a focus on both life history trade-offs
(Roff 1992; Stearns 1992) and the importance of genetic variation
in resource acquisition (i.e. condition dependence; Rowe & Houle
1996) in shaping trait expression. Although studies exploring the
role of condition dependence provide a wealth of information on
how the juvenile resource environment affects the expression of
genetically correlated traits (Blows et al. 2004; Brandt & Greenfield
2004; Gosden & Chenoweth 2011), these studies largely ignore the
importance of the broader ecological environment recognized in
studies of phenotypic plasticity (Pigliucci 2001; West-Eberhard
2003). Accepting that condition dependence is a specific subset of
phenotypic plasticity concentrated on resource abundance, and by
expanding the diversity of juvenile environments examined, we
can improve our understanding of the role of the juvenile envi-
ronment in generating an integrated phenotype (Fig. 1). This is
particularly important as studies of phenotypic plasticity demon-
strate that abiotic and biotic ecological triggers can affect resource
acquisition and assimilation through behavioural (Lima & Dill 1990)
and developmental (e.g. Relyea & Auld 2004) responses to the
environment, factors that are rarely considered in laboratory
studies of the genetic underpinnings of condition dependence.
I echo past arguments that our understanding of the influence of
juvenile environments on the expression and integration of adult
phenotypes will be best understood if we increase the number and
range of traits examined (Relyea 2004b; Houle 2011); however, I
emphasize the necessity to examine traits across multiple di-
mensions as only such examinations will provide a truly integrative
understanding of the phenotype. I secondarily argue that it is
necessary to place these examinations in a proper life history
framework that incorporates a broad examination of the juvenile
ecological environment. This is important because ecological trig-
gers of phenotypic plasticity prior to maturity can alter the
covariation between suites of traits across dimensions. By
combining the above two approaches, we will improve the quality
of our insight into (1) the way phenotypic plasticity changes as a
function of singular and combined ecological triggers experienced
by juveniles, (2) the effect this has on the integration of the adult
phenotype and (3) the extent to which genetic covariation con-
strains trait expression (i.e. the degree to which covariation be-
tween traits can be decoupled). This will improve our
understanding of causes and implications of phenotypic integration
and provide greater insight into multidimensional phenotypee
fitness associations.

The aim of this review is to highlight the importance of under-
standing how different biotic and abiotic environments indepen-
dently and interactively trigger phenotypic plasticity, and what this
means for our understanding of an integrated phenotype. I will
begin by briefly describing the various types of phenotypic plas-
ticity and their relevance with respect to how different plastic
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strategies affect covariation among suites of traits. I will follow by
presenting several case studies that describe how ecological trig-
gers affect suites of traits across multiple dimensions in an effort to
illustrate the importance of including early environments in our
understanding of phenotypic expression. Finally, I discuss the gaps
in our current understanding and the factors that researchers will
need to consider if they are to incorporate a multidimensional
perspective in their research. I hope that this will highlight the
importance of taking into account evolutionary history, ecological
experience and trade-offs during development to produce a holistic
view of the phenotype.

PHENOTYPIC PLASTICITY AND TRAIT VARIATION

Phenotypic plasticity is the capacity of a genotype to alter the
phenotypes it produces in different environments. How a particular
genotype responds to a specific environment can be visualized by a
reaction norm, a function that describes the genotypee
environment interaction (Schlichting & Pigliucci 1998; Carroll &
Corneli 1999; West-Eberhard 2003). Phenotypic plasticity is,
however, a general term that describes the entire spectrum of
behavioural and developmental plasticity. To understand how
plasticity generates different types of phenotypic variation, it is
useful to distinguish activational and developmental plastic re-
sponses to environmental change (Pigliucci 2001; West-Eberhard
2003; Piersma & van Gils 2011; Snell-Rood 2013).

Activational plasticity (Snell-Rood 2013) is a change in pheno-
type, most often behaviour, that can be induced rapidly in response
to a particular environment, and equally rapidly reversed. Exam-
ples are changes in foraging behaviour and habitat use due to the
sudden presence of predators or expression of male courtship
behaviour. Once the stimulus disappears from the environment, the
behaviour ceases. This form of plasticity is less likely to contribute
to a well-integrated phenotype than is developmental plasticity,
which is the product of differential environmental induction of
genomic programmes that guide trade-offs in theway resources are
allocated towards different traits during development in response
to both intrinsic and extrinsic cues (Snell-Rood 2013). Therefore,
developmental plasticity has the greatest relevance to the influence
of juvenile environments on the integration of adult phenotypes; it
is this form of phenotypic plasticity that I will concentrate upon
here.

Developmental plasticity can be further subdivided into
reversible and irreversible types of plasticity. In reversible devel-
opmental plasticity (i.e. phenotypic flexibility; Piersma & Drent
2003), changes in resource allocation occur multiple times during
an individual’s lifetime in response to predictable triggers such as
resource abundance or circadian rhythm. For example, songbird
brains, specifically the areas associated with song, change in vol-
ume seasonally, reducing the volume of brain tissue that requires
energetic support outside of the breeding season and increasing
brain volume at the onset of the new season, thereby enabling
learning of appropriate song (Tramontin & Brenowitz 2000).

In contrast, irreversible developmental plasticity involves in-
dividuals following separate developmental trajectories as a func-
tion of earlier developmental decisions caused by exposure to
differing environmental conditions that lead to different pheno-
types at maturity. This form of developmental plasticity results in
allocation trade-offs between traits that can change the variancee
covariance structure among traits, and therefore, that may influ-
ence their correlation with fitness (Stearns 1992). Understanding
the relationship between plasticity and fitness is crucial if we are to
understand how developmental plasticity and phenotypic inte-
gration will evolve. In the context of the influence of juvenile en-
vironments on the integration of adult phenotypes, shifts in
developmental reaction norms are likely to occur for two reasons:
to overcome prematuration challenges (reactive developmental
plasticity), or to prepare for postmaturation challenges (anticipa-
tory developmental plasticity). The fundamental difference be-
tween reactive and anticipatory developmental plasticity lies in the
timing and rapidity of the response, both of which have conse-
quences for the covariation between traits due to changes in
resource availability and allocation, and therefore, phenotypee
fitness correlations at maturity.

As reactive developmental plasticity occurs in response to the
current challenges that individuals encounter prior to maturity, it
needs to occur relatively quickly to maximize survival to maturity.
Examples of responses to current ecological challenges include the
development of costly spines by Daphnia lumholtzi in the presence
of predators to increase survival under predation (Green 1967), and
the more rapid maturation of damselflies near the end of the
breeding season to ensure an opportunity to breed before the
season ends (Johansson et al. 2001). Although such developmental
tactics are considered adaptive because they improve the likelihood
of surviving and reproducing, individuals must allocate resources
towards survival traits prior tomaturity (e.g. antipredator traits or a
faster growth rate) that can reduce the expression of fitness-
associated traits after maturity (DeWitt et al. 1998; Relyea
2002b). This can result in negative correlations between traits
both within and across phenotypic dimensions, thereby creating a
less integrated phenotype with potentially lower adult fitness.
These trade-offs will be further exacerbated by resource acquisition
as individuals with fewer resources must allocate them more
frugally, resulting in greater allocation trade-offs between traits
and expression of traits of relatively lower value (Stearns 1992).

In contrast, anticipatory plasticity allows individuals to develop
a phenotype that allows them to navigate the ecological challenges
they are most likely to encounter upon maturity. Anticipatory
plasticity can evolve when cues of future environments are avail-
able prior to maturity (Lively 1986). For example, snails (Littorina
obtusata) respond to cues suggesting future predatory challenges
by altering shell size and shape in a way that increases adult sur-
vival (Trussell 2000). Another example is socially cued anticipatory
plasticity where individuals use indicators of the intensity of sexual
selection they will experience after maturity to alter their current
developmental trajectory (Kasumovic & Brooks 2011). In each of
these cases, individuals are less time-stressed by ecological factors
than in prematuration challenges, and as a result, have greater
opportunities to acquire resources andmore carefully allocate them
towards a wider variety of traits. As a result, postmaturational
plasticity is likely to lead to positive correlations between suites of
traits across multiple dimensions and to create a better integrated
phenotype.

Understanding why individuals respond to ecological variation
and how this variation influences phenotypic correlations across
phenotypic dimensions will increase our understanding of how
individuals alter allocation strategies to produce an integrated
phenotype. Below, I further explore how various ecological envi-
ronments affect differing classes of traits and what this means for
understanding how integrated phenotypes are influenced by
plasticity.

ECOLOGICAL TRIGGERS AND EXAMPLES OF INTEGRATED
PHENOTYPES

There are many reviews that describe the patterns of adaptive
plasticity in response to abiotic and biotic factors occurring
throughout the animal kingdom (Adler & Harvell 1990; Nylin &
Gotthard 1998; Pigliucci 2001; West-Eberhard 2003; Benard
2004; Kasumovic & Brooks 2011). We also have a well-developed
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understanding of the association between morphological and life
history traits, and of how trade-offs between these traits affect
fitness in different ecological and evolutionary contexts (Lima & Dill
1990; Roff 1992; Stearns 1992; Pigliucci 2001; West-Eberhard
2003; Benard 2004). Rather than reviewing new examples, I will
instead discuss a series of case studies that demonstrate how
various prematuration environments interact to influence trade-
offs within and between suites of traits, thereby creating an inte-
grated phenotype. I will also provide examples that demonstrate
the range of ecological factors that trigger plastic shifts and how
individual ecological factors can initiate shifts in multiple di-
mensions. In this way, I hope to stimulate discussion regarding the
importance of early juvenile environments in our understanding of
phenotypeefitness interactions.

FROGS: HETEROSPECIFIC EFFECTS ON RESOURCE ACQUISITION
AND ASSIMILATION

The best-studied effect of heterospecifics on developmental and
behavioural plasticity involves the influence of predator presence/
absence prior to maturity. In a diversity of species, the presence of
predators decreases foraging behaviour of prey (Lima & Dill 1990)
and increases development rate, affording individuals a greater
probability of surviving to maturity (Harvell 1990; Abrams & Rowe
1996; Benard 2004). Frogs are particularly well studied in this re-
gard as a number of species demonstrate reactive developmental
plasticity in response to their immediate environment. Individuals
generally mature more rapidly in the presence of predators and
sacrifice size at maturity for increased tail development in the
tadpole stage (e.g. Smith & Van Buskirk 1995; McCollum &
Leimberger 1997; Relyea 2002c). Tail development, specifically, is
adaptive, as tadpoles with larger tails are better at escaping pred-
ator attacks (McCollum & Leimberger 1997; Van Buskirk et al. 1997;
Van Buskirk & Relyea 1998). Despite the survival benefit that this
plasticity affords during earlier juvenile stages, development of a
large tail has morphological consequences at maturity, as in-
dividuals generally develop longer legs and narrower bodies
(Relyea 2001), which may decrease adult competitive ability
(Howard & Kluge 1985; Höglund 1989).

Most research on phenotypic plasticity in frogs focuses on
morphological and life history traits that are easily measured. There
are, however, many less conspicuous traits that also exhibit plastic
responses. For example, individuals reared in the presence of
predators have shorter guts (Relyea & Auld 2004), smaller teeth
with shorter rows, and often have a missing row of teeth (Relyea &
Auld 2005). Along with these apparent resource acquisition
handicaps, individuals also decrease their foraging behaviour in
high predator environments (Relyea 2004a). Collectively, these
studies explain why individuals developing in predator-rich envi-
ronments mature at smaller sizes: they gather fewer resources
during less frequent foraging attempts and are less able to extract
nutrients with their shorter guts.

Interestingly, the presence of competitors also affects behav-
ioural and developmental plasticity, except in the opposite direc-
tion. An increased density of competitors results in an increase in
activity in both Rana pipiens (Awan & Smith 2007) and Rana syl-
vatica (Relyea 2002a, 2004a). Individuals also increase their gut
length and the traits associated with feeding when competition
between conspecifics increases (Relyea & Auld 2004). Whether it is
changes in behaviour that result in differences in assimilation
ability, or whether assimilation ability itself is responding to the
ecological context is unclear, but these differences none the less
help to explain why tadpoles exposed to greater competition can
allocate more resources towards morphological traits and therefore
mature at a larger body size (Relyea 2002a).
To make matters more complex, the factors that affect plasticity
of the traits associated with resource acquisition also extend to
temperature and latitude. In the common frog, Rana temporaria,
individuals from higher latitudinal populations have longer guts,
which helps to explain their increased growth rate (Lindgren &
Laurila 2005). Interestingly, gut length in this species is further
increased by a decrease in rearing temperature (Lindgren & Laurila
2005). In both of these examples, shorter breeding seasons appear
to have selected for plasticity in resource acquisition traits that
allows individuals to maximize their opportunity to mature before
the breeding season ends.

Together, the above studies demonstrate that multiple ecolog-
ical factors can affect underlying resource acquisition traits (both
positively and negatively), and that such plasticity can have
downstream effects on behavioural, life history and morphological
traits after maturity. What they do not reveal, however, is how
individuals respond when multiple ecological triggers are present,
and more importantly, what happens when they trigger plasticity
in opposite directions. The effect of each ecological trigger on
phenotypic plasticity will likely be determined by the relative effect
each trigger has on fitness (i.e. hard versus soft selection; Via &
Lande 1985). For example, selection through increased predation
risk is likely to be stronger than selection from a competitive sce-
nario, as the former can result in zero fitness (i.e. death) while the
latter may only result in a decrease in fitness.

The response to such a scenario is demonstrated by two studies
on Hyla femoralis (McCoy 2007) and R. sylvatica (Relyea 2004a).
When R. sylvatica individuals were reared in a range of environ-
ments that varied in level of competition and predation threat, they
responded more strongly to competition when the predator threat
was low and more strongly to a predator threat when the risk of
competition was low (Relyea 2004a). The plasticity in behaviour,
growth and tail shape was continuous, such that intermediate in-
teractions between predator and conspecific density resulted in
moderated plastic responses. In contrast to R. sylvatica, H. femoralis
only responded to changes in conspecific density when predators
were present (McCoy 2007). In other words, unless predators were
present, H. femoralis did not respond to any changes in conspecific
density. Why the two species demonstrate different reaction norms
towards the two ecological triggers is unknown. Future studies will
benefit from examining the natural environments of the in-
dividuals used for such experiments as theymay hint at the relative
importance of various triggers in the evolution of plastic tactics.

The above studies demonstrate that reactive developmental
plasticity in a suite of traits associated with resource acquisition is
affected by a variety of ecological triggers. Responses are also
continuous rather than threshold changes, demonstrating that
plastic responses can be fine-tuned to balance opposing selective
pressures. Most importantly, these studies highlight howunderlying
physiological traits are affected by numerous ecological factors and
illustrate the downstream effects of such changes on other traits.

DAMSELFLIES: LIFE HISTORY TRADE-OFFS AND THE
IMPORTANCE OF IMMUNITY

Two environmental components that have been well studied in
regard to plasticity in life history and morphological traits in
damselflies are temperature and photoperiod. Both are examples of
reactive developmental plasticity and are linked to latitudinal
gradients across which increases in latitude result in lower average
summer temperatures and shorter breeding seasons. Increases in
temperature generally result in faster maturation rates, likely due
to faster biochemical reactions (Stearns 1992; Nijhout 1994). De-
creases in daylength similarly trigger faster maturation in many
seasonal organisms (Rowe & Ludwig 1991; Berrigan & Charnov
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1994; Abrams et al. 1996) as shorter days signal the end of the
breeding season. In nonoverwintering species specifically, this
generally results in late-hatching individuals trading off size and
weight for faster maturation; a trade-off likely to maximize their
opportunity of reproducing in the current season (Abrams et al.
1996).

Plasticity in response to both photoperiod and temperature are
particularly well studied in a number of species of damselflies.
Several studies show similar trends demonstrating that individuals
mature faster when reared at higher temperatures and in a
photoperiod that simulates a later breeding season (De Block &
Stoks 2003; Strobbe & Stoks 2004; �Sniegula & Johansson 2010;
�Sniegula et al. 2012). Under both of these scenarios, individuals
mature at a smaller size (Strobbe & Stoks 2004; �Sniegula &
Johansson 2010; �Sniegula et al. 2012). Although ecologically trig-
gered, there is evidence that developmental trajectories are in part,
genetically determined as there are differences in growth efficiency
between latitudinal populations (�Sniegula & Johansson 2010). This
may, in part, be due to underlying differences in behaviour and
physiology as individuals from more northern populations have
increased food intake rates (Stoks et al. 2012) and improved
resource assimilation (Stoks & McPeek 2003; Stoks et al. 2012).
These results once again demonstrate the importance of underlying
physiological mechanisms for understanding phenotypic plasticity.

Like similar research on anurans, studies of phenotypic plas-
ticity in damselflies have focused on multiple ecological triggers by
incorporating the effects of predators and/or diet on seasonal
constraints. The presence of predators generally decreases foraging
behaviour and development rate in the emerald damselfly, Lestes
sponsa, but when these damselflies are reared with an extra time
constraint to mimic the end of the breeding season, they increase
their foraging and development rates (Johansson et al. 2001). Food
availability also interacts with time constraints, as individuals in-
crease foraging and growth rates when they have access to
increased resources, but sacrifice size in order to mature more
quickly when a time constraint is present (Johansson et al. 2001).
Rarely are such interactions simple, however, as results for the
azure damselfly, Coenagrion puella, suggest sex differences in ac-
tivity in response to predator presence, which further affects
development time and size at emergence (Mikolajewski et al.
2005). Together, these studies demonstrate that phenotypic plas-
ticity and phenotypic traits (e.g. foraging rates) at maturity are
behaviourally mediated and that they can interact with internal
(e.g. physiological) processes. More importantly, these results once
again demonstrate that the interactive effects of ecological factors
are complex and that certain factors (e.g. seasonal constraints) can
override other strong selective pressures.

One particularly novel perspective gained from damselfly
research is the information available regarding fitness and immu-
nocompetence. Not surprisingly, evidence from both Calopteryx
splendens xanthostoma (Rolff & Siva-Jothy 2004) and Lestes for-
cipatus, the sweetflag spreadwing (Yourth et al. 2002a), demon-
strate that immune responses generally increase in response to
seasonal increases in parasite numbers. Interestingly, immune re-
sponses decrease as a function of increases in predation risk and
time constraints prior to maturity (Stoks et al. 2006). Similarly,
starvation during immaturity decreases immune responses (Lestes
viridis, De Block & Stoks 2008; Ischnura verticalis, Leung et al. 2001;
L. forcipatus, Yourth et al. 2002b), and these responses can remain
low even after metamorphosis (De Block & Stoks 2008). These
studies suggest that plasticity in response to immediate threats
during the juvenile stage result in allocation strategies that forgo
investment towards an unnecessary immune system.

How plasticity in immune response is affected when multiple
ecological factors interact with factors such as parasitism that result
in greater investment in the immune system is less well studied in
this group. Research on the azure damselfly, C. puella, however,
examined sex differences in how larvae responded to threats of
parasitism and predation simultaneously. When rearing individuals
in different combinations of threats, Joop & Rolff (2004) found that
females demonstrated plasticity in immune responses by
increasing their investment towards the immune system when
predators and/or parasites were present. In contrast, males were
canalized in their plasticity in the immune system and showed no
change in immunity in response to either threat. Males did, how-
ever, show plasticity in morphology by maturing at a lower body
condition when under the risks of parasitism and predation.
Although the study could not explain why these sex differences in
immune response exist, the authors suggested that they may be a
result of underlying differences in behaviour or life history that
result in sex-dependent differences in the costs associated with
parasitism. Future studies are necessary to explore this possibility.

As in frogs, research on damselflies demonstrates that various
ecological triggers can affect the same suite of traits. The studies
further demonstrate that understanding how traits across di-
mensions are influenced by multiple ecological triggers can be
problematic because of sex differences in life history and/or
behaviour. These studies once again highlight the importance of
exploring plasticity with an ecological understanding. Further
research, however, is required to gain an understanding of how
plasticity in immune responses are affected by other ecological
triggers of plasticity in other trait dimensions (Rolff & Siva-Jothy
2003).

CRICKETS: MULTIPLE ECOLOGICAL TRIGGERS AFFECT
ANTICIPATORY AND BEHAVIOURAL DEVELOPMENTAL
PLASTICITY

As a consequence of research on many species of crickets, we
have a detailed understanding of the life history, behavioural and
morphological traits associated with fitness. Male crickets call to
defend territories and attract mates. Studies in Teleogryllus com-
modus demonstrate that although there is multivariate stabilizing
selection on various call traits (Brooks et al. 2005; Hall et al. 2008),
there is positive directional selection on calling rate as a function of
female choice (Bentsen et al. 2006). In a competitive context, male
fitness is determined by various morphological traits (Hack 1997a;
Savage et al. 2005; Shackleton et al. 2005; Hall et al. 2010; Reaney
et al. 2011) that signal resource-holding potential to rivals (Hack
1997b; Rillich et al. 2007; Briffa 2008). Male crickets thus offer an
excellent system in which to study the ecological and social factors
that affect both reactive and anticipatory development plasticity.

Given the importance of increased trait expression in both intra-
and intersexual selection, it is not surprising that crickets demon-
strate reactive developmental plasticity in response to diet. The
effect of diet on the expression of various traits is particularly well
studied in T. commodus, with individuals generally maturing larger
and heavier when provided with increased nutrient availability
(Zajitschek et al. 2009). Altering the nutrient concentration of the
rearing diet during the nymph stage results in sex-specific trade-
offs in morphological and behavioural attributes. Males reared on a
high-protein diet increase their calling effort, which results in a
shorter life span (Hunt et al. 2004a), likely due to the energetic cost
of increased calling (Hoback & Wagner 1997). Although an
increased protein intake does not affect female life span in the same
way, females are more sexually responsive to courting males when
reared with greater access to protein (Hunt et al. 2005).

As calling is energetically costly (Hoback & Wagner 1997) and
determined by condition (Hunt et al. 2004a), and because the
production of larger morphological traits requires access to greater



M. M. Kasumovic / Animal Behaviour 85 (2013) 1049e10591054

SPECIAL ISSUE: BEHAVIOURAL PLASTICITY AND EVOLUTION
resources (Zajitschek et al. 2009), both morphological traits and
calling effort honestly signal a male’s competitive ability. Since both
size and calling effort are easily assessed by eavesdropping con-
specifics, developing individuals could modulate their develop-
mental trajectory to mature a phenotype that maximizes fitness in
the social environment they are most likely to encounter. Experi-
ments varying the social environment prior to maturity in
T. commodus demonstrate anticipatory developmental and behav-
ioural plasticity in both sexes (Kasumovic et al. 2011).

Male T. commodus mature more quickly and, as a result, emerge
smaller and lighter when reared in social environments signalling
less competition with males calling at lower rates. In contrast,
males take longer to mature and eclose larger and heavier in en-
vironments with an increased density of males calling at higher
rates. This result was replicated in a similar experiment in a closely
related species, Gryllus integer (DiRienzo et al. 2012). Alongwith the
phenotypic change, the juvenile acoustic environment also altered
the time that male T. commodusmaintained their calling effort over
their lifetime (Kasumovic et al. 2012a).

Females, in contrast, had the opposite developmental strategy.
When females were reared in a treatment with a high density of
males calling at a high rate, they allocated a greater proportion of
their resources towards earlier maturity at the cost of size and
weight (Kasumovic et al. 2011). As female size is associated with
fecundity (Blankenhorn 2000; Kasumovic et al. 2011), females that
develop more rapidly also allocate relatively more resources to-
wards egg production to compensate for their smaller size. As in
males, the juvenile environment also affected adult behaviour, and
although juvenile experience did not affect a female’s mate prefer-
ence, it did affect how quickly females made decisions (Kasumovic
et al. 2012a), similar to the effect of diet (Hunt et al. 2005).

Although the effect of diet or social environment seems to be
relatively predictable according to the understanding of how sexual
and natural selection function in crickets, the effects of each
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Figure 2. Male crickets call throughout their lifetime to attract mates. Shown is the average
depends on a complex interaction between male condition (high carbohydrate versus high
quality of rivals) that the male experiences prior to maturity. As a result, an individual’s ‘qual
trait). The solid lines represent age-specific calling effort, while the dotted lines represent
become more difficult to understand when both factors are
simultaneously manipulated. Although a decreased pro-
tein:carbohydrate ratio normally leads to the development of a
smaller phenotype (i.e. decreases condition), when reared in
different acoustic environments that indicate the level of compe-
tition, the effect of condition present prior to maturity is obscured
at maturity by the anticipatory plasticity (Kasumovic et al. 2012b).
In other words, the adult phenotype, both in morphological and
behavioural traits (i.e. calling effort Fig. 2), is no longer a reliable
signal of condition. These results not only demonstrate the diffi-
culty in understanding plasticity in complex competitive environ-
ments, but also demonstrate that plasticity in response to
interacting ecological factors can result in a reaction norm that
masks the effect of individual ecological triggers.

Social experience prior to maturity also affects other phenotypic
traits. When Teleogryllus oceanicus males are reared in environ-
ments simulating an abundance of calling males, males invest
increased resources into body condition and reproductive tissue
and alter their behavioural tactics (Bailey et al. 2010). When
G. integer males are reared individually in a silent environment,
they are more likely to increase aggression after maturity and are
more likely to hold a dominant status (DiRienzo et al. 2012). Social
experience prior to maturity can thus have profound effects on
morphological and behavioural traits.

Overall, the above studies demonstrate that adult social envi-
ronments experienced prior to maturity trigger anticipatory
phenotypic plasticity that affects a whole suite of traits across
behavioural, morphological, reproductive and life history di-
mensions. The studies also hint that reactive developmental plas-
ticity alters the reaction norm normally associated with
anticipatory developmental plasticity, making it difficult to predict
phenotypic endpoints. These results highlight the importance of
exploring variation in the adult environment (abiotic and biotic)
when trying to understand trait expression during development.
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(standardized) change in calling effort of males as they age. How calling effort changes
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ity’ cannot easily be determined by the expression of calling effort (the sexually selected
95% confidence intervals. Figure redrawn from Kasumovic et al. (2012b).
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SPIDERS: AN INTEGRATIVE VIEW OF ANTICIPATORY
PLASTICITY

In this final case study, I will focus on one species, the Australian
redback spider, Latrodectus hasselti, as the anticipatory develop-
mental plasticity that this species demonstrates affects numerous
traits. To understand how this anticipatory plasticity affects fitness,
it is important to understand the reproductive biology and life
history of this species. Male Australian redback spiders are limited
to a singlemating attemptwith a single female due to a combination
of risky mate searching (Andrade 2003) and male self-sacrifice
during copulation (Andrade 1996). It is this single mating oppor-
tunity that has probably driven the evolution of the anticipatory
developmental plasticity that male redbacks demonstrate in
response to the social environment (Kasumovic & Andrade 2006).

While in their penultimate instar, males alter their development
in response to the density of conspecific pheromonal cues in their
surrounding environment. When reared in the presence of females,
males sacrifice size and weight to mature more quickly, allowing
them to outcompete rivals in two ways. First, males that mature
earlier are able to reach and mate with females before their rivals
(Kasumovic & Andrade 2009), thereby gaining an increased pro-
portion of paternity due to strong mating order effects (Snow &
Andrade 2005; Snow et al. 2006). Second, since newly mated fe-
males no longer attract males (Kasumovic & Andrade 2006; Stoltz
et al. 2007), by a combination of web reduction (Watson 1986)
and early mating, males are able to reduce the likelihood that the
female will attract further rivals. In contrast, when reared in the
absence of females and in the presence of a higher density of rivals,
males prolong their development to mature larger and in better
body condition (i.e. increased weight for their size; Kasumovic &
Andrade 2006). This increased size affords males a competitive
edge in direct competitions (Stoltz et al. 2008, 2009; Kasumovic &
Andrade 2009).

Along with the social environment, the resource environment
prior to maturity also determines trait expression. As predicted,
having fewer resources leads to slower growth and reduced size
and weight at maturity (Kasumovic & Andrade 2006). Interestingly,
although dietary restriction normally results in an increased life
span in laboratory-reared animals (Weindruch & Walford 1988;
Masoro 2005), there is no such effect in redbacks (Kasumovic et al.
2009). This suggests that relationships between resource acquisi-
tion, condition and life span are uncoupled in this species, probably
because an extended life span is not favoured by selection due to a
single mating opportunity. These results once again highlight the
necessity of considering species-specific life history and repro-
ductive biology when trying to understand the connections be-
tween suites of traits across dimensions.

The effects of diet and social environment, however, are not
limited to life history and morphological traits, but also affect the
underling physiology of developing males. Lower levels of resource
acquisition result in a decreased routine metabolic rate at maturity
(Stolz et al. 2012). Additionally, there is a social effect on routine
metabolic rate, with males maturing in the presence of fewer rivals
having lower rates, irrespective of mass and size (Stolz et al. 2012).
These results suggest that both resource acquisition and the po-
tential level of competition alter how males allocate resources to-
wards their metabolic rate. Although the benefits of a decreased
routine metabolic rate are not fully known in this species, a
decrease could reduce the cost of cellular maintenance, thereby
allowingmales to conserve resources when competition is reduced.
Energy conservation is particularly important in male redbacks, as
in the absence of direct competition for a female on her web, males
must court for up to 8 h (median 5.5 h) to successfully copulate
with a female (Andrade 1996). In contrast, direct competition with
rivals on a female’s web requires that males court while keeping
rivals at bay (Stoltz et al. 2008; Stoltz & Andrade 2010); males with
an increased routine metabolic rate may have an increased
competitive edge under such competitive scenarios. This suggested
relationship between physiology and fitness, however, still requires
further examination.

The set of studies above demonstrate that males alter how re-
sources are allocated towards numerous traits across multiple di-
mensions: morphological, physiological, life history, and
potentially behavioural. Furthermore, they suggest a level of inde-
pendence in how resources are allocated towards various traits,
indicating that males may have fine control over how resources are
allocated towards different traits.

Summary

The research completed over the last few decades has delin-
eated how selection affects trait expression in common environ-
ments (e.g. female choice, male competition) (Andersson 1994;
Blanckenhorn 2005; Ingleby et al. 2010), but research must now
build on this strong foundation by understanding how more real-
istic (i.e. complex) environments affect trait expression and evo-
lution. The case studies above demonstrate intricate interactions
among ecological triggers that cause developmental plasticity in
numerous traits across dimensions. They also demonstrate the
importance of understanding the selective pressures each ecolog-
ical environment causes and the sex-specific effect of such selection
if we are to place the observed phenotypic plasticity in a correct life
history framework.

Most importantly, these studies highlight how researchers can
build on previous results by layering different methodological ap-
proaches onto one another to explore more complex scenarios.
Researchers must start by considering the natural environment of
the species of interest and exploring how competitive contexts
fluctuate within and between breeding seasons. This will provide a
baseline understanding of the selective pressures that individuals
are most likely to encounter and of the phenotypes that maximize
fitness in each context. Studies can then build on this scaffolding by
examining how the relevant selective pressures affect juvenile
development and the resulting trade-offs that occur both within
and between suites of traits. To do this, however, requires that re-
searchers specifically begin examining the role of less conspicuous
and underlyingmechanistic traits in their examinations. In the next
section, I will explain why I feel that this is important.

UNDERSTANDING DEVELOPMENTAL PLASTICITY IN LESS
CONSPICUOUS TRAITS

Various ecological triggers of developmental plasticity also
trigger allocation shifts in underlying physiological, immunological
and digestive traits. Our understanding of the reaction norms of
these less conspicuous traits (that are often mechanisms of plas-
ticity) are currently limited, but are necessary for two reasons. First,
these underlying traits are often linked to fitness, but are done so
through indicator traits. For example, sexually selected traits are
often cited as indicators of immunocompetence (Costantini &
Møller 2009). Although there are demonstrable links between
sexually selected traits, immunocompetence and fitness (Siva-Jothy
2000; Rantala et al. 2010), environmental contexts can change in
such a manner that these relationships disappear (Rolff & Siva-
Jothy 2004; Córdoba-Aguilar et al. 2009), or at minimum, make
them unreliable (Garratt & Brooks 2012). In other words, earlier
developmental environments may alter the covariation among in-
dicator traits and suites of underlying mechanistic traits through
shifts in allocation strategies. Here I will provide a few examples of
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how these mechanistic, less conspicuous traits are affected by early
environments in hopes of highlighting the importance of investi-
gating the reaction norms of these traits.

In exploring phenotypic plasticity and understanding how
different ecological triggers affect reaction norms, it is useful to
incorporate a life history and trade-off framework, as this facilitates
understanding of resource use and can help predict relationships
between traits. Resource availability and use are among the un-
derlying differences between reactive and anticipatory plasticity.
Trait expression is determined by genetic variation in condition
(Rowe & Houle 1996), the ability to acquire, assimilate and allocate
resources in a variable environment. The primary means by which
researchers alter condition and its effect on trait expression is
through resource acquisition as this affects how resources are
allocated (e.g. Cotton et al. 2004; Bonduriansky & Rowe 2005;
Dmitriew et al. 2010). However, genetic variation in assimilation
ability (i.e. the ability to process and extract nutrients from re-
sources) is equally important in determining condition (Hunt et al.
2004b). Underlying mechanistic differences that allow some in-
dividuals to extract more nutrients from resources would allow
those individuals to increase condition, and therefore, to respond
similarly to increases in acquisition. Although assimilation ability is
rarely examined because it is more difficult to explore, there is
evidence of genetically determined efficiency of resource assimi-
lation triggered by seasonal ecological changes in temperature,
photoperiod and/or predation risk (Stoks & McPeek 2003; �Sniegula
& Johansson 2010; Stoks et al. 2012). Evidence suggests that this
can, at least in part, be due to changes in digestive morphology
(Relyea & Auld 2004; Lindgren & Laurila 2005). More studies are
necessary to determine the extent to which early developmental
environments affect assimilation by examining differences in
metabolism, underlying physiology and shifts in digestive systems
that would result in different energy use and production.

Along the same vein, metabolic rates are seen as a fundamental
component of individual regulation (cellular and tissue mainte-
nance), which means that changes in metabolic rates can affect the
resources available for allocation towards other traits (Stearns
1992). Although resting metabolic rates are largely determined by
broad-scale ecological factors such as temperature and diet (Chown
& Gaston 1999; Gillooly et al. 2001; Clarke & Fraser 2004; Munoz-
Garcia & Williams 2005), just like other phenotypic traits, adult
metabolic rates are affected by juvenile environments. For example,
abiotic factors such as higher temperatures irrespective of altitude
(Naya et al. 2011) or increased resource abundance (Stolz et al.
2012) prior to maturity can increase adult resting metabolic rates.
Even biotic factors such as increases in juvenile parasite load
(Careau et al. 2010) and increases in rival density during develop-
ment (Stolz et al. 2012) are known to increase resting metabolic
rates. Given the hypothesized role of metabolic rates in fitness in
certain contexts (Burton et al. 2011), and in adult behaviours and
personality (Sih et al. 2004; Biro & Stamps 2010; Reale et al. 2010;
Dingemanse & Wolf 2013), it is absolutely necessary to understand
how juvenile environments affect not only resting metabolic rates,
but also active metabolic rates and metabolic scope (e.g. Fry 1948;
Eliason et al. 2011) along with other traits of interest.

As mentioned above, sexually selected traits are often cited as
indicators of immunocompetence (Costantini & Møller 2009). The
juvenile as well as maternal environments, however, are known to
have strong effects on immunological responses such that the
relationship between sexually selected traits and the immune
system is likely to change as a function of the ecological context. As
withmany other traits, the early nutritional environment (Valtonen
et al. 2011) and the ‘pace-of-life’ (Palacios et al. 2011) affect adult
resistance to bacterial infection. The early immunological envi-
ronment can also be primed through maternal inheritance in
environments where offspring require increased immune re-
sponses (Grindstaff et al. 2003, 2006; Curno et al. 2009); this could
potentially change the costs associated with the development of an
immune system. In other cases, juvenile diet and immune chal-
lenges faced prior to maturity may have no effect on development
and the expression of morphological traits, but they can decrease
investment in sperm (Simmons 2012). The results are still too few
to provide a robust understanding of how the juvenile environment
generally affects immunological competence and the relationship
that this creates with other sexually selected traits, but future
studies can remedy this problem.

In general, early experiences are crucial in determining later life
trajectories and investment towards all traits, including underlying
mechanistic traits. Studies are just beginning to understand the
influence of early developmental decisions on expression of such
traits, and in turn, how such traits are correlated with fitness.
Future studies will need to continue to incorporate measurements
of these mechanistic traits into their studies of plasticity to better
provide a general understanding of how resources are assimilated,
stored and partitioned between suites of traits across dimensions
during development. This will become easier as time passes, simply
due to technological advances and to earlier researchers laying the
groundwork on such examinations.

CONCLUSION AND FUTURE DIRECTIONS

All species are plastic to some extent simply due to the nature of
biochemical reactions involved in development (Nijhout 2003b).
Despite this understanding, the importance of the juvenile envi-
ronment is often ignored by biologists studying sexual selection. To
truly understand how suites of different traits are correlated with
fitness requires a multilevel examination incorporating traits from
as many dimensions as possible with an understanding of how
environments vary. Such studies will provide greater insight not
only into the traits associatedwith fitness, but into theways various
traits interact to create an integrated phenotype. Although incor-
poratingmultiple factors andmeasuring numerous traits may seem
a daunting task, studies of plasticity have shown us that the relative
importance of different ecological factors, their scale and timing, as
well as the most important traits to examine can be easily discov-
ered by a deep understanding of the organism under study.

After a phenotypic focus, it will be important to add a genetic
understanding of the relationship between traits. There is no doubt
that there is an underlying genetic basis to phenotypic plasticity
(Stearns et al. 1991; Scheiner 1993; Pigliucci 2005). Exploring the
underlying genetic varianceecovariance structure (i.e. G matrix)
(Houle 1991; de Jong & van Noordwijk 1992; Pigliucci 2006) will
hint at the influence of genes in phenotypic trade-offs between
dimensions (for a discussion on this topic, see: Pigliucci & Preston
2004; Pigliucci 2005; Stearns et al. 1991). Few studies of pheno-
typic plasticity have examined the genetic relationship between
traits in animal systems outside of examinations of condition
dependence. As a result, we have a relatively poor understanding of
how abiotic (other than resource acquisition) and biotic factors
have shaped the underlying genetic structure of phenotypic plas-
ticity. Two recent studies examined the underlying genetic struc-
ture of responses to predators in anurans and provide some insight
into the role that genes play in plastic responses to heterospecifics.

The first study demonstrated that a shift in allocation in
response to the ecological environment affects the covariation be-
tween traits (Kraft et al. 2006a). A second, more quantitative, study
suggests that different genes are responsible for controlling the
expression of body size when predators are present or absent, and
as a result, that the evolution of body size can occur independently
in each environment (Kraft et al. 2006b). These studies provide
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information on how we can expect suites of traits to respond to
different selective environments that trigger plastic developmental
strategies. Unfortunately, the above studies provide only a glimpse
into how underlying genetic variation structures the relationship
between different traits as both studies focused only on
morphology. Further studies incorporating suites of traits across
multiple dimensions, including behaviour, are necessary to provide
insight into how genes regulate the evolution of developmental
strategies and integrated phenotypes. Examining behaviour is
especially important to determine the extent to which develop-
mental behavioural plasticity is correlated with both reactive and
anticipatory developmental plasticity, and the extent which it may
support or impede evolutionary changes (e.g. Huey et al. 2003).

Future behavioural ecologists have their work cut out for them as
they explore more complex interactions while attempting to better
understand the natural world. Such examinationswill be rewarding,
however, as they will allow for a greater understanding of the rela-
tionshipbetween traits and their associationwithfitness.Despite the
difficulties ahead, researchers have new tools available that facilitate
measurement of a diversity of traits. This includes the technology to
understandhow the intraspecific interactions behavioural ecologists
have studied for decades trigger gene expression and resulting
behavioural changes (e.g. Cummings et al. 2008;Aubin-Horth&Renn
2009; Renn& Schumer 2013). Thiswill enable the integration of new
ideas that link different phenotypic dimensions through a common
systems (e.g. hormonal; Nijhout 2003a; Wingfield 2013). Such ex-
aminations will require careful experimental designs that incorpo-
rate the life history of the organisms under study if we are to
understand the relevance of different trade-offs and phenotypic
integration. Luckily, a whole organismal approach in experimental
design is something that ethologists and behavioural ecologists have
been perfecting for generations.

Acknowledgments

I thank Damian Elias and Michael Garret for their comments on
an earlier draft, two anonymous referees who helped place the
manuscript in perspective and filled in the missing gaps, and Edith
Aloise King, and especially Susan Foster, who helped look over the
final version. Also thanks to the National Science Foundation (Grant
IOS1237712 to Susan Foster), the Animal Behavior Society for
supporting the symposium and my participation, and the Austra-
lian Research Council for my DECRA fellowship, which funds my
research. Most importantly, I thank Susan Foster and Andy Sih for
inviting me to the symposium and thinking that I could contribute
to this topic. I hope that I have in a useful way.

References

Abrams, P. A. & Rowe, L. 1996. The effects of predation on the age and size of
maturity of prey. Evolution, 50, 1052e1061.

Abrams, P. A., Leimar, O., Nylin, S. & Wiklund, C. 1996. The effect of flexible
growth rates on optimal sizes and development time in a seasonal environ-
ment. American Naturalist, 147, 381e395.

Adler, F. R. & Harvell, C. D. 1990. Inducible defenses, phenotypic variability and
biotic environments. Trends in Ecology & Evolution, 5, 407e410.

Andersson, M. 1994. Sexual Selection. Princeton, New Jersey: Princeton University
Press.

Andrade, M. C. B. 1996. Sexual selection for male sacrifice in the Australian redback
spider. Science, 271, 70e72.

Andrade, M. C. B. 2003. Risky mate search and male self-sacrifice in redback spi-
ders. Behavioral Ecology, 14, 531e538.

Aubin-Horth, N. & Renn, S. C. P. 2009. Genomic reaction norms: using integrative
biology to understand molecular mechanisms of phenotypic plasticity. Molec-
ular Ecology, 18, 3763e3780.

Awan, A. R. & Smith, G. R. 2007. The effect of group size on the activity of leopard
frog (Rana pipiens) tadpoles. Journal of Freshwater Ecology, 22, 355e357.

Bailey, N. W., Gray, B. & Zuk, M. 2010. Acoustic experience shapes alternative
mating tactics and reproductive investment in male field crickets. Current
Biology, 20, 845e849.
Benard, M. F. 2004. Predator-induced phenotypic plasticity in organisms with
complex life histories. Annual Review of Ecology Evolution and Systematics, 35,
651e673.

Bentsen, C. L., Hunt, J., Jennions, M. D. & Brooks, R. 2006. Complex multivariate
sexual selection on male acoustic signaling in a wild population of Teleogryllus
commodus. American Naturalist, 167, E102eE116.

Berrigan, D. & Charnov, E. L. 1994. Reaction norms for age and size at maturity in
response to temperature: a puzzle for life historians. Oikos, 70, 474e478.

Biro, P. A. & Stamps, J. A. 2010. Do consistent individual differences in metabolic
rate promote consistent individual differences in behavior? Trends in Ecology &
Evolution, 25, 653e659.

Blankenhorn, W. U. 2000. The evolution of body size: what keeps organisms
small? Quarterly Review of Biology, 75, 385e407.

Blanckenhorn, W. U. 2005. Behavioral causes and consequences of sexual size
dimorphism. Ethology, 111, 977e1016.

Blows, M. W., Chenoweth, S. F. & Hine, E. 2004. Orientation of the genetic vari-
anceecovariance matrix and the fitness surface for multiple male sexually
selected traits. American Naturalist, 163, 329e340.

Bonduriansky, R. & Rowe, L. 2005. Sexual selection, genetic architecture, and the
condition dependence of body shape in the sexually dimorphic fly Prochyliza
xanthostoma (Piophilidae). Evolution, 59, 138e151.

Bookstein, F. L. 1991. Morphometric Tools for Landmark Data: Geometry and Biology.
Cambridge: Cambridge University Press.

Brandt, L. S. E. & Greenfield, M. D. 2004. Condition-dependent traits and the
capture of genetic variance in male advertisement song. Journal of Evolutionary
Biology, 17, 821e828.

Briffa, M. 2008. Decisions during fights in the house cricket, Acheta domesticus:
mutual or self assessment of energy, weapons and size? Animal Behaviour, 75,
1053e1062.

Brooks, R. & Endler, J. A. 2001. Direct and indirect sexual selection and quantitative
genetics of male traits in guppies (Poecilia reticulata). Evolution, 55, 1002e1015.

Brooks, R., Hunt, J., Blows, M. W., Smith, M. J., Bussière, L. F. & Jennions, M. D.
2005. Experimental evidence for multivariate stabilizing sexual selection.
Evolution, 59, 871e880.

Burton, T., Killen, S. S., Armstrong, J. D. & Metcalfe, N. B. 2011. What causes
intraspecific variation in resting metabolic rate and what are its ecological
consequences? Proceedings of the Royal Society B, 278, 3465e3473.

Careau, V., Thomas, D. W. & Humphries, M. M. 2010. Energetic cost of bot fly
parasitism in free-ranging eastern chipmunks. Oecologia, 162, 303e312.

Carroll, S. P. & Corneli, P. 1999. The evolution of behavioral norms of reaction as a
problem in ecological genetics. In: Geographic Variation in Behavior (Ed. by
S. A. Foster & J. A. Endler), pp. 52e68. Oxford: Oxford University Press.

Chown, S. L. & Gaston, A. J. 1999. Exploring links between physiology and ecology
at macro-scales: the role of respiratory metabolism in insects. Biological Review,
74, 87e120.

Clarke, A. & Fraser, K. P. P. 2004. Why does metabolism scale with temperature?
Functional Ecology, 18, 243e251.

Córdoba-Aguilar, A., Jiménez-Cortés, J. G. & Lanz-Mendoza, H. 2009. Seasonal
variation in ornament expression, body size, energetic reserves, immune
response, and survival in males of a territorial insect. Ecological Entomology, 34,
228e239.

Costantini, D. & Møller, A. P. 2009. Does immune response cause oxidative stress
in birds? A meta-analysis. Comparative Biochemistry and Physiology A, Molecular
Integrative Physiology, 153, 339e344.

Cotton, S., Fowler, K. & Pomiankowski, A. 2004. Condition dependence of sexual
ornament size and variation in the stalk-eyed fly Cyrtodiopsis dalmanni
(Diptera: Diopsidae). Evolution, 58, 1038e1046.

Cummings, M. E., Larkins-Ford, J., Reilly, C. R. L., Wong, R. Y., Ramsey, M. &
Hofmann, H. A. 2008. Sexual and social stimuli elicit rapid and contrasting
genomic responses. Proceedings of the Royal Society B, 275, 393e402.

Curno, O., Behnke, J. M., McElligott, A. G., Reader, T. & Barnard, C. G. 2009.
Mothers produce less aggressive sons with altered immunity when there is a
threat of disease during pregnancy. Proceedings of the Royal Society B, 276,
1047e1054.

De Block, M. & Stoks, R. 2003. Adaptive sex-specific life history plasticity to
temperature and photoperiod in a damselfly. Journal of Evolutionary Biology, 16,
986e995.

De Block, M. & Stoks, R. 2008. Short-term larval food stress and associated
compensatory growth reduce adult immune function in a damselfly. Ecological
Entomology, 33, 796e801.

DeWitt, T., Sih, A. & Wilson, D. 1998. Costs and limits of phenotypic plasticity.
Trends in Ecology & Evolution, 13, 77e81.

Dingemanse, N. J. & Wolf, M. 2013. Between-individual differences in behavioural
plasticity within populations: causes and consequences. Animal Behaviour, 85,
1031e1039.

DiRienzo, N., Pruitt, J. N. & Hedrick, A. V. 2012. Juvenile exposure to acoustic
sexual signals from conspecifics alters growth trajectory and an adult person-
ality trait. Animal Behaviour, 84, 861e868, http://dx.doi.org/10.1016/j.anbehav.
2012.07.007.

Dmitriew, C., Blows, M. W. & Rowe, L. 2010. Ontogenetic change in genetic variance
in size depends on growth environment. American Naturalist, 175, 640e649.

Eliason, E. J., Clark, T. D., Hague, M. J., Hanson, L. M., Gallagher, Z. S.,
Jeffries, K. M., Gale, M. K., Patterson, D. A., Hinch, S. G. & Farrell, A. P. 2011.
Differences in thermal tolerance among sockeye salmon populations. Science,
332, 109e112.

http://dx.doi.org/10.1016/j.anbehav.2012.07.007
http://dx.doi.org/10.1016/j.anbehav.2012.07.007


M. M. Kasumovic / Animal Behaviour 85 (2013) 1049e10591058

SPECIAL ISSUE: BEHAVIOURAL PLASTICITY AND EVOLUTION
Fry, F. E. J.1948. The relation of temperature to oxygen consumption in the goldfish.
Biological Bulletin, 94, 66e77.

Garratt, M. & Brooks, R. C. 2012. Oxidative stress and condition-dependent sexual
signals:more than just seeingred.Proceedingsof theRoyal SocietyB,279, 3121e3130.

Gillooly, J. F., Brown, J. H., West, G. B., Savage, V. M. & Charnov, E. L. 2001. Effects
of size and temperature on metabolic rate. Science, 239, 2248e2251.

Gosden, T. P. & Chenoweth, S. F. 2011. On the evolution of heightened condition
dependence. Journal of Evolutionary Biology, 24, 685e692.

Green, J. 1967. Distribution and variation of Daphnia lumholtzi in relation to fish
predation in Lake Albert, East Africa. Journal of Zoology, 151, 181e197.

Grindstaff, J. L., Brodie, E. D. & Ketterson, E. D. 2003. Immune function across
generations: integrating mechanism and evolutionary process in maternal
antibody transmission. Proceedings of the Royal Society B, 270, 2309e2319.

Grindstaff, J. L., Hasselquist, D., Nilsson, J. A., Sandell, M., Smith, H. G. &
Stjernman, M. 2006. Transgenerational priming of immunity: maternal expo-
sure to a bacterial antigen enhances offspring humoral immunity. Proceedings of
the Royal Society B, 273, 2551e2557.

Hack, M. A. 1997a. Assessment strategies in the contests of male crickets, Acheta
domesticus(L.). Animal Behaviour, 53, 733e747.

Hack, M. A. 1997b. The energetic costs of fighting in the house cricket, Acheta
domesticus L. Behavioral Ecology, 8, 28e36.

Hall, M. D., Bussière, L. F., Hunt, J. & Brooks, R. 2008. Experimental evidence that
sexual conflict influences the opportunity, form and intensity of sexual selec-
tion. Evolution, 62, 2305e2315.

Hall, M. D., McLaren, L., Brooks, R. & Lailvaux, S. P. 2010. Interactions among
performance capacities predict male combat outcomes in the field cricket.
Functional Ecology, 24, 159e164.

Harvell, C. D. 1990. The ecology and evolution of inducible defenses. Quarterly
Review of Biology, 65, 323e340.

Hoback, W. W. & Wagner, W. E., Jr. 1997. The energetic cost of calling in the
variable field cricket, Gryllus lineaticeps. Physiological Entomology, 22, 286e290.

Höglund, J. 1989. Pairing and spawning patterns in the common toad, Bufo bufo:
the effects of sex ratios and the time available for maleemale competition.
Animal Behaviour, 38, 423e429.

Houle, D. 1991. Genetic covariance of fitness correlates: what genetic correlations
are made of and why it matters. Evolution, 45, 630e648.

Houle, D. 2011. Numbering the hairs on our heads: the shared challenge and
promise of phenomics. Proceedings of the National Academy of Sciences, U.S.A.,
107, 1793e1799.

Howard, R. D. & Kluge, A. G. 1985. Proximate mechanisms of sexual selection in
wood frogs. Evolution, 39, 260e277.

Huey, R. B., Hertz, P. E. & Sinervo, B. 2003. Behavioral drive versus behavioral
inertia in evolution: a null model approach. American Naturalist, 161, 357e366.

Hunt, J., Brooks, R., Jennions, M. D., Smith, M. J., Bentsen, C. L. & Bussière, L. F.
2004a. High-quality male field crickets invest heavily in sexual display but die
young. Nature, 432, 1024e1027.

Hunt, J., Bussière, L. F., Jennions, M. D. & Brooks, R. 2004b. What is genetic
quality? Trends in Ecology & Evolution, 19, 329e333.

Hunt, J., Brooks, R. & Jennions, M. D. 2005. Female mate choice as a condition-
dependent life-history trait. American Naturalist, 166, 79e92.

Ingleby, F. C., Hunt, J. & Hosken, D. J. 2010. The role of genotype-by-environment
interactions in sexual selection. Journal of Evolutionary Biology, 23, 2031e2045.

Johansson, F., Stoks, R., Rowe, L. & De Block, M. 2001. Life history plasticity in a
damselfly: effects of combined time and biotic constraints. Ecology, 82, 1857e
1869.

de Jong, G. & van Noordwijk, A. J. 1992. Acquisition and allocation of resources:
genetic (co)variances, selection, and life histories. American Naturalist, 139,
749e770.

Joop, G. & Rolff, J. 2004. Plasticity of immune function and condition under the risk
of predation and parasitism. Evolutionary Ecology Research, 6, 1051e1062.

Kasumovic, M. M. & Andrade, M. C. B. 2006. Male development tracks rapidly
shifting sexual versus natural selection pressures. Current Biology, 16, R242e
R243.

Kasumovic, M. M. & Andrade, M. C. B. 2009. A change in competitive context
reverses sexual selection on male size. Journal of Evolutionary Biology, 22,
324e333.

Kasumovic, M. M. & Brooks, R. 2011. It’s all who you know: the evolution of
socially-cued anticipatory plasticity as a mating strategy. Quarterly Review of
Biology, 86, 181e197.

Kasumovic, M. M., Brooks, R. & Andrade, M. C. B. 2009. Body condition but not
dietary restriction prolongs lifespan in a semelparous capital breeder. Biology
Letters, 5, 636e638.

Kasumovic, M. M., Hall, M. D., Try, H. & Brooks, R. 2011. The importance of
listening: allocation shifts in response to the juvenile acoustic environment.
Journal of Evolutionary Biology, 24, 1325e1334.

Kasumovic, M. M., Hall, M. D. & Brooks, R. 2012a. The juvenile social environment
introduces variation in the choice and expression of sexually selected traits.
Ecology and Evolution, 2, 1036e1047, http://dx.doi.org/10.1002/ece1003.1230.

Kasumovic, M. M., Hall, M. D., Try, H. & Brooks, R. 2012b. Socially cued devel-
opmental plasticity affects condition-dependent trait expression. published
online 1 November 2012. Behavioral Ecology. http://dx.doi.org/10.1093/beheco/
ars180.

Kraft, P. G., Franklin, C. E. & Blows, M. W. 2006a. Predator induced phenotypic
plasticity in tadpoles: extension or innovation. Journal of Evolutionary Biology,
19, 450e458.
Kraft, P. G., Wilson, R. S., Franklin, C. E. & Blows, M. W. 2006b. Substantial
changes in the genetic basis of tadpole morphology of Rana lessonae in the
presence of predators. Journal of Evolutionary Biology, 19, 1813e1818.

Kruuk, L. E. B., Slate, J. P., Pemberton, J. M., Brotherstone, S., Guinness, F. &
Clutton-Brock, T. 2002. Antler size in red deer: heritability and selection but no
evolution. Evolution, 56, 1683e1695.

Leung, B., Forbes, M. R. & Baker, R. L. 2001. Nutritional stress and behavioural
immunity of damselflies. Animal Behaviour, 61, 1093e1099.

Lima, S. L. & Dill, L. M.1990. Behavioral decisions made under the risk of predation:
a review and prospectus. Canadian Journal of Zoology, 68, 619e640.

Lindgren, B. & Laurila, A. 2005. Proximate causes of adaptive growth rates: growth
efficiency variation among latitudinal populations of Rana temporaria. Journal of
Evolutionary Biology, 18, 820e828.

Lively, C. M. 1986. Canalization versus developmental conversion in a spatially-
variable environment. American Naturalist, 128, 561e572.

McCollum, S. A. & Leimberger, J. D. 1997. Predator-induced morphological changes
in an amphibian: predation by dragonflies affects tadpole color, shape, and
growth rate. Oecologia, 109, 615e621.

McCoy, M. W. 2007. Conspecific density determines the magnitude and character of
predator-induced phenotype. Oecologia, 153, 871e878.

Masoro, E. J. 2005. Overview of caloric restriction and ageing.Mechanisms of Ageing
and Development, 126, 913e922.

Mikolajewski, D. J., Brodin, T., Johansson, F. & Joop, G. 2005. Phenotypic plasticity
in gender specific life-history: effects of food availability and predation. Oikos,
110, 91e100.

Møller, A. P. 1988. Female choice selects for male sexual tail ornaments in the
monogamous swallow. Nature, 332, 640e642.

Munoz-Garcia, A. & Williams, J. B. 2005. Basal metabolic rate in carnivores is
associated with diet after controlling for phylogeny. Physiological and
Biochemical Zoology, 78, 1039e1056.

Naya, D. E., Catalán, T., Artacho, P., Gaitán-Espitia, J. D. & Nespolo, R. F. 2011.
Exploring the functional association between physiological plasticity, climatic
variability, and geographical latitude: lessons from land snails. Evolutionary
Ecology Research, 13, 647e659.

Nijhout, H. F. 1994. Insect Hormones. Princeton, New Jersey: Princeton University
Press.

Nijhout, H. F. 2003a. The control of growth. Development, 130, 5863e5867.
Nijhout, H. F. 2003b. Development and evolution of adaptive polyphenisms. Evo-

lution & Development, 5, 9e18.
Nylin, S. & Gotthard, K. 1998. Plasticity in life-history traits. Annual Reviews of

Entomology, 43, 63e83.
Palacios, M. G., Sparkman, A. M. & Bronikowski, A. M. 2011. Developmental

plasticity of immune defence in two life-history ecotypes of the garter snake,
Thamnophis elegans: a common-environment experiment. Journal of Animal
Ecology, 80, 431e437.

Piersma, T. & Drent, J. 2003. Phenotypic flexibility and the evolution of organismal
design. Trends in Ecology & Evolution, 18, 228e233.

Piersma, T. & van Gils, J. A. 2011. The Flexible Phenoytype: a Body Centered Inte-
gration of Ecology, Physiology and Behaviour. Oxford: Oxford University Press.

Pigliucci, M. 2001. Phenotypic Plasticity: Beyond Nature and Nurture. Baltimore:
Johns Hopkins University Press.

Pigliucci, M. 2003. Phenotypic integration: studying the ecology and evolution of
complex phenotypes. Ecology Letters, 6, 265e272.

Pigliucci, M. 2005. Evolution of phenotypic plasticity: where are we going now?
Trends in Ecology & Evolution, 20, 481e486.

Pigliucci, M. 2006. Genetic varianceecovariance matrices: a critique of the evolu-
tionary quantitative genetics research program. Biology and Philosophy, 21, 1e23.

Pigliucci, M. & Preston, K. A. 2004. Phenotypic Integration: Studying the Ecology and
Evolution of Complex Phenotypes. New York: Oxford University Press.

Rantala, M. J., Honkavaara, J. & Suhonen, J. 2010. Immune system activation in-
teracts with territory-holding potential and increases predation of the
damselfly Calopteryx splendens by birds. Oecologia, 163, 825e832.

Reale, D., Garant, D., Humphries, M. M., Bergeron, P., Careau, V. & Montiglio, P. O.
2010. Personality and the emergence of the pace-of-life syndrome concept at the
population level.Philosophical Transactions of theRoyal SocietyB,365, 4051e4063.

Reaney, L. T., Drayton, J. M. & Jennions, M. D. 2011. The role of body size and
fighting experience in predicting contest behaviour in the black field cricket,
Teleogryllus commodus. Behavioral Ecology and Sociobiology, 65, 217e225.

Relyea, R. A. 2001. The lasting effects of adaptive plasticity: predator-induced
tadpoles become long-legged frogs. Ecology, 82, 1947e1955.

Relyea, R. A. 2002a. Competitor-induced plasticity in tadpoles: consequences, cues,
and connections to predator-induced plasticity. Ecological Monographs, 72,
523e540.

Relyea, R. A. 2002b. Costs of phenotypic plasticity. American Naturalist, 159, 272e
282.

Relyea, R. A. 2002c. Local population differences in phenotypic plasticity: predator-
induced changes in wood frog tadpoles. Ecological Monographs, 72, 77e93.

Relyea, R. A. 2004a. Fine-tuned phenotypes: tadpole plasticity under 16 combi-
nations of predators and competitors. Ecology, 85, 172e179.

Relyea, R. A. 2004b. Integrating phenotypic plasticity when death is on the line:
insights from predatoreprey systems. In: Phenotypic Integration: Studying the
Ecology and Evolution of Complex Phenotypes (Ed. by M. Pigliucci & K. A. Preston),
pp. 176e194. New York: Oxford University Press.

Relyea, R. A. & Auld, J. R. 2004. Having the guts to compete: how intestinal plas-
ticity explains costs of inducible defences. Ecology Letters, 7, 869e875.

http://dx.doi.org/10.1093/beheco/ars180
http://dx.doi.org/10.1093/beheco/ars180


M. M. Kasumovic / Animal Behaviour 85 (2013) 1049e1059 1059

SPECIAL ISSUE: BEHAVIOURAL PLASTICITY AND EVOLUTION
Relyea, R. A. & Auld, J. R. 2005. Predator- and competitor-induced plasticity: how
changes in foraging morphology affect phenotypic trade-offs. Ecology, 86,
1723e1729.

Renn, S. C. P. & Schumer, M. E. 2013. Genetic assimilation and behavioral evolu-
tion: insights from genomic studies. Animal Behaviour, 85, 1012e1022.

Rillich, J., Schilderberger, K. & Stevenson, P. A. 2007. Assessment strategy of
fighting crickets revealed by manipulating information exchange. Animal
Behaviour, 74, 823e836.

Roff, D. A. 1992. The Evolution of Life Histories: Theory and Analysis. New York:
Chapman & Hall.

Rolff, J. & Siva-Jothy, M. T. 2003. Invertebrate ecological immunology. Science, 301,
472e475.

Rolff, J. & Siva-Jothy, M. T. 2004. Selection on insect immunity in the wild. Pro-
ceedings of the Royal Society B, 271, 2157e2160.

Rowe, L. & Houle, D. 1996. The lek paradox and the capture of genetic variance by
condition dependent traits. Proceedings of the Royal Society B, 263, 1415e1421.

Rowe, L. & Ludwig, D. 1991. Size and timing of metamorphosis in complex life
cycles: time constraints and variation. Ecology, 72, 413e427.

Savage, K. E., Hunt, J., Jennions, M. D. & Brooks, R. 2005. Male attractiveness
covaries with fighting ability but not with prior fight outcome in house crickets.
Behavioral Ecology, 16, 196e200.

Scheiner, S. M. 1993. Genetics and evolution of phenotypic plasticity. Annual Review
of Ecology and Systematics, 24, 35e68.

Schlichting, C. D. & Pigliucci, M. 1998. Phenotypic Evolution: a Reaction Norm
Perspective. Sunderland, Massachusetts: Sinauer.

Shackleton, M. A., Jennions, M. D. & Hunt, J. 2005. Fighting success and attrac-
tiveness as predictors of male mating success in the black field cricket, Tele-
ogryllus commodus: the effectiveness of no-choice tests. Behavioral Ecology and
Sociobiology, 58, 1e8.

Sih, A., Bell, A. M. & Johnson, J. C. 2004. Behavioral syndromes: an ecological and
evolutionary overview. Trends in Ecology & Evolution, 19, 372e378.

Simmons, L. W. 2012. Resource allocation trade-off between sperm quality and im-
munity in thefield cricket, Teleogryllus oceanicus. Behavioral Ecology,23,168e173.

Siva-Jothy, M. T. 2000. A mechanistic link between parasite resistance and
expression of a sexually selected trait in a damselfly. Proceedings of the Royal
Society B, 267, 2523e2527.

Smith, D. C. & Van Buskirk, J. 1995. Phenotypic design, plasticity, and ecological
performance in two tadpole species. American Naturalist, 145, 211e233.

Snell-Rood, E. C. 2013. An overview of the evolutionary causes and consequences of
behavioural plasticity. Animal Behaviour, 85, 1004e1011.

�Sniegula, S. & Johansson, F. 2010. Photoperiod affects compensating develop-
mental rate across latitudes in the damselfly Lestes sponsa. Ecological Ento-
mology, 35, 149e157.

�Sniegula, S., Johansson, F. & Nilsson-Örtman, V. 2012. Differentiation in devel-
opmental rate across geographic regions: a photoperiod driven latitude
compensating mechanism? Oikos, 121, 1073e1082.

Snow, L. S. E. & Andrade, M. C. B. 2005. Multiple sperm storage organs facilitate
female control of paternity. Proceedings of the Royal Society B, 272, 1139e1144.

Snow, L. S. E., Abdel-Mesih, A. & Andrade, M. C. B. 2006. Broken copulatory organs
are low-cost adaptations to sperm competition in redback spiders. Ethology,
112, 379e389.

Stearns, S., de Jong, G. & Newman, B. 1991. The effects of phenotypic plasticity on
genetic correlations. Trends in Ecology & Evolution, 6, 122e126.

Stearns, S. C. 1992. The Evolution of Life Histories. Oxford: Oxford University Press.
Stoks, R., De Block, M., Slos, S., Van Doorslaer, W. & Rolff, J. 2006. Time con-

straints mediate predator-induced plasticity in immune function, condition,
and life history. Ecology, 87, 809e815.
Stoks, R.&McPeek,M.A.2003. Antipredatorbehaviorandphysiologydetermine Lestes
species turnover along the pond-permanence gradient. Ecology, 84, 3327e3338.

Stoks, R., Swillen, I. & De Block, M. 2012. Behaviour and physiology shape the
growth accelerations associated with predation risk, high temperatures and
southern latitudes in Ischnura damselfly larvae. Journal of Animal Ecology, 81,
1034e1040.

Stoltz, J. A. & Andrade, M. C. B. 2010. Female’s courtship threshold allows
intruding males to mate with minimal effort. Proceedings of the Royal So-
ciety B, 277, 585e592.

Stoltz, J. A., McNeil, J. N. & Andrade, M. C. B. 2007. Males assess chemical signals to
discriminate just-mated females from virgins in redback spiders. Animal
Behaviour, 74, 1669e1674.

Stoltz, J. A., Elias, D. O. & Andrade, M. C. B. 2008. Females reward courtship by
competing males in a cannibalistic spider. Behavioral Ecology and Sociobiology,
62, 689e697.

Stoltz, J. A., Elias, D. O. & Andrade, M. C. B. 2009. Male courtship effort determines
female response to competing rivals in redback spiders. Animal Behaviour, 77,
79e85.

Stolz, J. A., Andrade, M. C. B. & Kasumovic, M. M. 2012. Plasticity in metabolic rates
reinforces morphological plasticity in response to social cues of sexual selec-
tion. Journal of Insect Physiology, 58, 985e990.

Strobbe, F. & Stoks, R. 2004. Life history reaction norms to time constraints in a
damselfly: differential effects on size and mass. Biological Journal of the Linnean
Society, 83, 187e196.

Tramontin, A. D. & Brenowitz, E. A. 2000. Seasonal plasticity in the adult brain.
Trends in Neuroscience, 23, 251e258.

Trussell, G. C. 2000. Phenotypic lines, plasticity, and morphological trade-offs in an
intertidal snail. Evolution, 54, 151e166.

Valtonen, T. M., Roff, D. A. & Rantala, M. J. 2011. Analysis of the effects of early
nutritional environment on inbreeding depression in Drosophila melanogaster.
Journal of Evolutionary Biology, 24, 196e205.

Van Buskirk, J. & Relyea, R. A. 1998. Selection for phenotypic plasticity in Rana
sylvatica tadpoles. Biological Journal of the Linnean Society, 65, 307e328.

Van Buskirk, J., McCollum, S. A. & Werner, E. E. 1997. Natural selection for
environmentally-induced phenotypes in tadpoles. Evolution, 51, 1983e1992.

Via, S. & Lande, R. 1985. Genotype-environment interaction and the evolution of
phenotypic plasticity. Evolution, 39, 505e522.

Watson, P. J. 1986. Transmission of a female sex pheromone thwarted by males in
the spider Linyphia litigiosa (Linyphiidae). Science, 233, 219e221.

Weindruch, R. & Walford, R. L. 1988. The Retardation of Ageing and Disease by
Dietary Restriction. Springfield, Illinois: C. C. Thomas.

West-Eberhard, M. J. 2003. Developmental Plasticity and Evolution. New York: Ox-
ford University Press.

Wingfield, J. C. 2013. Biology of environmental stress: behavioral endocrinology
and variation in the ability to cope with novel environments. Animal Behaviour,
85, 1127e1133.

Yourth, C. P., Forbes, M. R. & Baker, R. L. 2002a. Sex differences in melanotic
encapsulation responses (immunocompetence) in the damselfly Lestes for-
cipatus Rambur. Canadian Journal of Zoology, 80, 1578e1583.

Yourth, C. P., Forbes, M. R. & Smith, B. P. 2002b. Immune expression in a damselfly
is related to time of season, not to fluctuating asymmetry or host size. Ecological
Entomology, 27, 123e128.

Zajitschek, F., Hunt, J., Jennions, M. D., Hall, M. D. & Brooks, R. C. 2009. Effects of
juvenile and adult diet on ageing and reproductive effort of male and female
black field crickets, Teleogryllus commodus. Functional Ecology, 23, 602e611.

Zelditch, M. L., Swiderski, D. L., Sheets, H. D. & Fink, W. L. 2004. Geometric
Morphometrics for Biologists: a Primer. San Diego: Elsevier Academic Press.


	The multidimensional consequences of the juvenile environment: towards an integrative view of the adult phenotype
	Phenotypic plasticity and trait variation
	Ecological triggers and examples of integrated phenotypes
	Frogs: heterospecific effects on resource acquisition and assimilation
	Damselflies: life history trade-offs and the importance of immunity
	Crickets: multiple ecological triggers affect anticipatory and behavioural developmental plasticity
	Spiders: an integrative view of anticipatory plasticity
	Summary

	Understanding developmental plasticity in less conspicuous traits
	Conclusion and future directions
	Acknowledgments
	References


