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abstract
Selection has led to the evolution of a variety of different mating strategies, each adapted to different

competitive challenges. But what happens if the competitive challenges depend on the social environ-
ment? Here we discuss and review examples of socially cued anticipatory plasticity: irreversible
developmental tactics in which resource allocation during the juvenile stage is altered to develop an
appropriate phenotype for the competitive or mate choice environment that an individual encounters
when mature. There are numerous theoretical and empirical examinations of the role of the social
environment on the strength and direction of selection. However, only a handful of empirical studies
examine how the social environment affects juvenile allocation and whether such tactics are adaptive.
The goal of this review is to synthesize current knowledge about socially cued anticipatory plasticity,
including the sensory modalities that individuals use to predict the adult competitive and mating
environment. We then outline the various factors that are necessary for the evolution of socially cued
anticipatory plasticity and discuss how this can affect phenotypic evolution. We conclude by suggesting
some directions that future studies should take in order to understand how social variation can alter
selection and the evolution of development.
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Introduction

PHENOTYPIC PLASTICITY allows indi-
viduals to adaptively alter their pheno-

type in response to the environment in
which they reside and can be behavioral,
physiological, or developmental (Pigliucci
2001). Although reversible behavioral plas-
ticity allows individuals to adjust their be-
havior in response to rapidly changing en-
vironments, the success of any individual
can still be limited by the phenotype at ma-
turity. On the other hand, developmental
plasticity allows individuals to modify their
developmental trajectories to match the
competitive contexts that they are likely to
encounter at maturity (West-Eberhard
2003). Such plasticity allows phenotype-
context matching, but it requires available
cues that reliably signal the future selective
environment (Lively 1986). In the absence
of such cues, individuals will develop an
incorrectly matched phenotype, with fit-
ness costs (Relyea 2002). Although both
types of plasticity are of interest to evolu-
tionary biologists, developmental plasticity
that results in irreversible phenotypic
changes is particularly intriguing as it has
the potential to help explain the mainte-
nance of variation.

Broadly, developmental plasticity is the
ability of a genotype to produce different
phenotypes in response to different envi-
ronmental conditions and can be de-
scribed by a reaction norm (Pigliucci 2001;
West-Eberhard 2003). The majority of ex-
amples of developmental plasticity are in a
response to large-scale environmental vari-
ation that is detectable during juvenile
stages (e.g., temperature, photoperiod,
and predator abundance) and there are
numerous examples from a variety of taxa
(Adler and Harvell 1990; Nylin and Got-
thard 1998; Agrawal 2001; Pigliucci 2001;
West-Eberhard 2003; Benard 2004). Some
of the most familiar include induced de-
fenses in response to the presence of pre-
dators (e.g., Green 1967), or seasonal
variation in development in response to
pond drying in frogs (e.g., Loman 1999;
Laurila et al. 2002). In these examples,
developing juveniles irreversibly alter their

allocation of resources toward traits that
will maximize fitness in their anticipated
adult environment. As all of these het-
erospecific factors vary on large scales, and
all individuals within a single population or
even nearby populations experience the
same suite of selective pressures.

Apart from variation in these abiotic and
heterospecific factors (that normally vary
on large temporal and spatial scales), pop-
ulations can also deviate in conspecific
cues that can vary in the temporal and
spatial scales on which they occur. Even
variation among siblings from the same lit-
ter can induce adaptive developmental
plasticity. For example, late-hatched nest-
lings in many bird species follow a differ-
ent developmental trajectory in order to
compete with their larger, slightly older
siblings. Late hatching spotless starling
(Sturnus unicolor) chicks develop relatively
larger gapes than their larger siblings in
order to compete for provisioning from
parents (Gil et al. 2008). Blue tit (Cyanistes
caeruleus) hatchlings allocate more re-
sources to leg growth, allowing them to
reach higher while begging to outcompete
larger, earlier hatched offspring (Mainwar-
ing et al. 2010). Although juveniles alter
allocation to different body parts in order
to outcompete siblings, the cues that trig-
ger these changes in allocation remain un-
resolved.

The density of conspecific rivals and
available mates are strong determinants of
the intensity and direction of sexual selec-
tion (Kokko and Monaghan 2001; Kokko
and Rankin 2006) that vary on fine tempo-
ral and spatial scales (Kasumovic et al.
2008; Punzalan et al. 2010). Temporal
shifts in the local abundance of mates and
sexual competitors can be common in
short-lived animals if the sexes have differ-
ences in maturation times or mortality
rates. For example, in the soapberry bug
(Jadera haematoloma), populations become
more male-biased as the season progresses.
As a result, there is stronger selection for
larger males as they can more quickly lo-
cate and monopolize rare females (Carroll
and Salamon 1995). Spatial variation in the
social environment can also occur if there
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is stratification as a result of the available
habitat and low movement rates (Kasu-
movic et al. 2008; Punzalan et al. 2010) or
if mating preferences and interaction rates
between conspecifics vary as a function of
age within a population (Dreiss et al.
2010).

Many demographic factors can affect the
density of males, females, or both sexes.
For example, the social environment can
vary as a function of variation in sex differ-
ences in birth, death, and maturity rates
(Foellmer and Fairbairn 2004; Kasumovic
et al. 2007), immigration/emigration rates
(Maxwell 1998; Matter and Roland 2002),
time of arrival to breeding grounds (Grant et
al. 1995; Wiklund and Fagerström 1977),
predation rates (Gwynne and Bussière
2002; Su and Li 2006), and differences in
mating optima between the sexes (Arnqvist
and Rowe 2005; Parker 2006). Such
changes in the social environment affect
within-season variation in the intensity and
direction of selection, making the fitness of
any given phenotype context-dependent
(Lailvaux and Kasumovic 2010; and e.g.,
Moya-Laraño et al. 2007; Kasumovic and
Andrade 2009). As a result, there may be
strong selection for adaptive developmen-
tal plasticity to match the competitive con-
text each individual faces (Berrigan and
Scheiner 2004; Garland Jr. and Kelly
2006).

The goal of this review is to outline a
specific case of developmental plasticity
where (a) individuals adaptively anticipate
suitability for a life stage that is later than
the one where the trait development oc-
curs (i.e., prematuration life-history shifts)
and (b) the cues used to determine these
life-history shifts are the density of conspe-
cific males and/or females (i.e., the social
environment). We term this type of plastic-
ity as “socially cued anticipatory plasticity”
(SCAP). By definition, the prematuration
resource allocation shifts of this type of
plasticity result in irreversible postmatura-
tion differences, but may not necessarily
lead to irreversible postmaturation behav-
ioral differences.

This type of plasticity has received rela-
tively less attention than the abiotic and

predatory environment, possibly because
social environments are considered to vary
rapidly and unpredictably. Such a develop-
mental tactic can, however, evolve in the
same manner that sperm allocation strate-
gies in relation to the risk of sperm com-
petition in adults can (Drickamer 1977;
Magellan and Magurran 2009), as studies
demonstrate that the social environment
can be predictable. But sexual competition
should affect far more than sperm alloca-
tion; individuals could also benefit by alter-
ing the resources they allocate to growth,
weight gain, fast development, or body
condition. Care must be taken in examina-
tions of SCAP to ensure that the social
environment is the cue that individuals are
using as although the social environment
may be the factor shifting the selective en-
vironment, the cues that reliably predict
shifts in the social environment may be
distinct. For example, although the social
environment determines the selective pres-
sures in a butterfly (Bicyclus anynana), the
seasonal environment is the cue that sig-
nals a developmental shift (Prudic et al.
2011). SCAP is also interesting to study as
this type of plasticity may have fundamen-
tally different evolutionary dynamics. For
example, as individuals shift their develop-
ment in response to the conspecific envi-
ronment, indirect genetic effects play an
important role in phenotypic expression
that can result in interesting evolutionary
feedbacks (Moore et al. 1997; Wolf et al.
1998).

Our review is thus organized along the
lines of the three main requirements for
developmental plasticity to evolve. First,
there must be cues that reliably signal the
competitive environment (i.e., the inten-
sity and direction of selection, Lively 1986;
Van Tienderen 1991; Getty 1996) since de-
velopmental shifts can be costly if they do
not result in adult phenotypes that cor-
rectly match the environment (DeWitt et
al. 1998; Relyea 2002). We first outline the
various modalities that can be used by im-
mature individuals to assess the adult social
environment and discuss the type of infor-
mation that can be gleaned from such
cues. Second, the mean fitness of the plas-
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tic phenotype must be greater than a non-
plastic phenotype in the environments to
which the animal is typically exposed (Via
et al. 1995). Here we discuss how studies
might test for the fitness benefits of SCAP
and review the available evidence of fitness
benefits. Third, the cue that signals the
likely social environment must occur in a
relevant time frame that will allow individ-
uals to respond (Bradshaw 1965; Scheiner
1993). We then discuss the types of mating
systems where such plasticity will likely be
relevant, and the factors that are necessary
for the evolution of such a developmental
tactic. In the last section, we predict that
SCAP will be widespread in animals, and
discuss how researchers can test for SCAP
in their study species as well as test for
fitness benefits.

Socially Cued Anticipatory
Plasticity

In general, when the fitness of a pheno-
type is context-dependent and the context
an animal will find itself in is variable and
predictable, then selection should favor
the evolution of plastic allocation strate-
gies. If the important determinant of the
competitive context is the current develop-
ing cohort (i.e., a simultaneous univoltine
emergence), then individuals should assess
social factors associated with other devel-
oping juveniles. In contrast, if the compet-
itive context is mainly determined by an
earlier cohort (i.e., extended univoltine or
multivoltine emergence), then developing
juveniles would largely compete against
adults already present in the population
and should assess social factors associated
with the adult population. Juveniles could
detect the density of males or females from
encounter rates or traces (e.g., feces) left
by others, or by tuning into the presence,
density, and quality of signals that adults
use to attract mates and avoid/deter rivals.

Different signaling modalities will likely
provide different types of information to
eavesdropping individuals, varying from
simple information on conspecific density
to more complex information on the den-
sity of either sex or the sex ratio. Signals
can also provide information on the qual-

ity of the signalers if such signals are reli-
ably used for choice. Below we discuss the
different signaling modalities and the in-
formation immature individuals might in-
tercept through these modalities.

tactile cues
Tactile cues require contact and only

provide information regarding conspecif-
ics in the immediate environment. Tactile
cues will likely only be reliable in popula-
tions where individuals will be competing
very locally, or where local cues represent
population-wide phenomena. For exam-
ple, a species of desert locust (Schistocerca
gregaria) modifies its phenotype and social
behavior in response to tactile stimulation
signaling population density (Roessingh et
al. 1998; Rogers et al. 2003). This develop-
mental shift is thought to be a response to
tactile cues of population size relative to
food abundance (Simpson et al. 1999). As
a result, the shift to a gregarious phase
occurs in response to a signal of food avail-
ability (i.e., natural selection) rather than
the intensity of competition for mates (i.e.,
sexual selection). Similar results can be
seen in aggregating and nonaggregating
species of cockroaches (Lihoreau and
Rivault 2008).

Examples of allocation shifts in response
to tactile cues of the intensity of competi-
tion occur in holometabolous inverte-
brates (Gage 1995; Stockley 1999) and
leeches (Tan et al. 2004). In the moth Plo-
dia interpunctella, females mate more fre-
quently when population density is high,
increasing the risk of sperm competition.
Larval (juvenile) density is a reliable cue of
adult density and is easily assessed by
touch. When reared in high-population
densities, males take longer to mature and
develop larger testes for their body size,
thus producing more sperm. If larvae are
reared in low-density environments, males
mature significantly more quickly and live
longer, increasing their chances of success-
fully locating rare females (Gage 1995).

Similar results were found in yellow
dung flies (Scatophaga stercoraria, Stockley
and Seal 2001) and leeches (Helobdella pap-
illornata, Tan et al. 2004). In all three cases,
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species manipulated their testis size as a
response to the intensity of sperm compe-
tition assessed from tactile cues. Although
the tactile effects in these studies are diffi-
cult to separate from other potential cues
that occur due to density (such as long-
distance or contact pheromones or ex-
creted wastes), these studies provide exam-
ples of the potential for touch to be
assessed by juveniles as a cue of the social
environment.

acoustic cues
Acoustic signals can propagate over long

distances, allowing both communication
and eavesdropping at a variety of spatial
scales. Where acoustic signals are only pro-
duced by individuals of one sex to attract
individuals of the opposite sex, juveniles
can only use these signals to infer the den-
sity and quality of the displaying sex. As
either sex can use these acoustic cues, the
calling sex will have information on the
intensity of competition they are likely to
encounter, while the receiver will have in-
formation on the relative availability of
mates of differing quality.

Acoustic communication in Orthoptera
has been studied extensively, making them
a particularly useful group to examine
eavesdropping during immature stages. In
a study on the Australian black field cricket
(Teleogryllus commodus), males call to attract
females and deter rivals. Although there is
multivariate stabilizing selection on various
calling traits (Brooks et al. 2005), there is
directional selection on the male calling
rate as females prefer males that call at a
higher rate (Bentsen et al. 2006). As call-
ing is energetically costly (Hoback and
Wagner Jr. 1997) and determined by con-
dition (Hunt et al. 2004), male calling rate
may honestly indicate male quality. Thus,
the calls that immature individuals hear
can reliably signal the density and quality
of nearby males.

By rearing individuals in six different so-
cial environments that varied in the density
and quality of calling males, Kasumovic et
al. (2011) demonstrated that both sexes
altered their allocation strategies while im-
mature as well as their reproductive strate-

gies as adults. Males matured more quickly,
emerged smaller, and called more in envi-
ronments signaling less competition with
high-quality males. In contrast, males ma-
tured larger and heavier in environments
that signaled a high density of high-quality
males. Females had the opposite develop-
mental strategy, allocating resources to-
ward earlier maturity when reared in the
presence of a high density of high-quality
calls, as this would signal an environment
with a greater number of high-quality ma-
tes. Females also allocated relatively more
resources toward egg production in this
environment to compensate for maturing
smaller as a result of earlier maturation.
These results demonstrate that different
sexes respond differently to the same cues
while immature, altering their develop-
mental trajectories to make the most of the
apparent conditions. Moreover, these re-
sults show that the ability of individuals to
discriminate competitive environments is
acute as individuals who can discriminate
between environments with males of differ-
ent quality and quantity, rather than sim-
ply the presence or absence of males.

Similar results were seen in a congener,
the oceanic field cricket (T. oceanicus). The
population of males found on the Hawai-
ian island of Kauai have lost the ability to
call, and this mutation is maintained in the
population due to the high cost of parasit-
ism from acoustically orienting flies that
can only locate calling males (Zuk et al.
2006). Although silent males cannot call to
attract females, they act as satellite males,
mating with females that search for calling
males. Bailey et al. (2010) have shown that
males of both the silenced and normal
wing morph shift their allocation toward
body condition and reproductive tissue as
well as their association behavior in re-
sponse to acoustic cues of the competitive
environment. Males reared in an environ-
ment that simulates an abundance of call-
ing males invested more resources into
body condition and reproductive tissue
(Bailey et al. 2010). In contrast, males
reared in silence matured in poorer body
condition, invested less in reproductive tis-
sue, and spent more time associated with
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speakers playing looped male calls, sug-
gesting they were more disposed to act as
satellite males. These results demonstrate
that the presence or absence of informa-
tion on the social environment can affect
juvenile allocation strategies.

Bailey et al. (2010) suggested that de-
creased allocation toward body condition
and reproductive tissues is an alternative
male reproductive tactic responding to the
lower-density environment. Rather than an
alternative reproductive strategy, however,
males may have sacrificed body condition
and reproductive tissue to develop more
quickly in an environment signaling lower
competition (the silence treatment) as in
the other plasticity studies examined. As
development time was not examined, it is
impossible to assess whether this is the
case.

It is interesting that such a developmen-
tal tactic is still present in this population
given that calling is only a partial indicator
of the competitive environment on Kauai
where 90 percent of males have the silenc-
ing mutation (Zuk et al. 2006). Here, si-
lence might indicate an absence of compe-
tition or merely an absence of calling
males. The presence of the developmental
shift in both T. commodus and T. oceanicus
suggests that developing small and, possi-
bly, being more inclined to act as satellites
might be general responses to highly com-
petitive circumstances. Whether the spread
of the silencing mutation in T. oceanicus
has altered the developmental plasticity of
male development remains an important
question for future study.

vibratory cues
Vibratory cues are widespread in arthro-

pods (Cocroft and Rodrı́guez 2005) and
can be found in some vertebrates (red-
eyed treefrogs, Caldwell et al. 2010; club-
winged manakin, Drickamer 1974). Al-
though vibratory signals can be perceived
acoustically by humans, many animals have
separate receptors to identify vibrational
signals (Hill 2008). Because vibrations
propagate through the substrate and atten-
uate with distance, they are typically used
for close-range communication between

individuals (Hill 2009; e.g., intrasexual
competitions, Elias et al. 2008; mating in-
teractions, Elias et al. 2003) or by predators
to locate and capture prey (e.g., Fertin and
Casas 2007). Although this limits the utility
of such cues to be used by conspecifics to
eavesdrop, there are examples where im-
mature individuals alter their development
or behavior in response to vibrational cues
of predation risk in both frogs (Warkentin
2005) and caterpillars (Castellanos and
Barbosa 2006).

In both species, individuals altered their
time to hatching in response to vibratory
cues of the risk of predation. These results
suggest that the vibrational signals used by
adults could provide juveniles with cues of
the social environment if population den-
sities are high enough. Although studies
that examine vibrational communication
have increased with the advancement of
technology to measure vibrations, studies
that determine whether immature individ-
uals use vibrational signals to estimate the
selection pressures they will encounter as
adults are still necessary.

chemical cues
Chemical cues can provide information

on the sex, mating status, and quality of the
signaler (Shorey 1976). Furthermore, as
chemical plumes travel through the envi-
ronment, and scent marks can persist for
some time, individuals could also gain in-
formation on the density of nearby conspe-
cifics (Murlis et al. 1992). As a result, re-
ceivers could infer the density, sex, and
even the age structure of conspecifics, as
well as the quality of rivals and mates in the
near environment. This can potentially
provide immature individuals with a very
accurate description of the competitive en-
vironment. Chemical cues provide the best
examples of SCAP and there are several
cases from both vertebrates and inverte-
brates.

Excellent examples of SCAP have been
documented in house mice (Mus muscu-
lus), two different species of fish, and a
variety of arthropods. In mice, the effects
of pheromones from mature males and fe-
males on the time it takes for juvenile fe-
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males to mature (i.e., reach first estrus) are
particularly interesting. Females reared in
the presence of pheromones from ma-
ture males reached maturity earlier, while
those housed with pheromones of females
delayed maturation; although physical
contact with females was required for the
delayed effect to occur in females (Dricka-
mer 1974, 1975). When examining both
sexes and photoperiod simultaneously,
photoperiod explained only 6% of varia-
tion in the onset of estrus and female pres-
ence explained 9%, while male presence
explained 31% (Drickamer 1975). These
results demonstrate a strong social com-
ponent to the timing of first estrus. Sur-
prisingly, this effect is only elicited when
pheromones are present and experienced
for at least seven days during the first week
of weaning (Drickamer 1977), suggesting
it is early development that is altered,
rather than development immediately be-
fore maturity.

Examples in fish demonstrate a larger
amount of variety in the circumstances and
variance in the effects on the different
sexes. This is, however, likely due to the
increased number of studies that have ex-
amined the effect of the social environ-
ment on development in fish. In a study on
the development of guppy males (Poecilia
reticulata), immature males reared with
other adult guppies developed gonopodia
and secondary sexual characteristics later
compared to males reared in isolation (Ma-
gellan and Magurran 2009). This is in con-
trast to a study examining the development
of both males and females in the mosqui-
tofish (Gambusia affinis) where males were
not affected by chemical cues from either
males, females, or a combination of the
two, while females showed a reduction in
growth rate and smaller ovary size when
reared in the presence of pheromones
from at least two other females (Lutnesky
and Adkins 2003). Although the authors of
both studies suggest the delayed develop-
ment of these traits are a result of the
inhibition of trait development by conspe-
cifics, it is impossible to discern from de-
velopmental decisions in response to the
presence of other rivals, as there was no

comparison of the level of trait expression
between individuals reared with rivals and
in isolation. Regardless, it is interesting
that the effects were sex specific for each
species and were only triggered by the
same sex.

Additional research on guppies was per-
formed in the wild where the social envi-
ronment was examined in conjunction
with the presence of two different preda-
tors. In this study, Rodd et al. (1997) dem-
onstrated that the developmental effect of
the social environment was limited to
males as above, but that the social environ-
ment had an effect on how females altered
their reproductive strategies. Moreover,
this effect was moderated by the predator
community that they experienced as juve-
niles. Males matured later and larger when
reared in increased densities, but this was
limited to populations that originated with
Rivulus hartii that feed on small guppies
and absent from populations containing
Crenicichla alta that feed on larger gup-
pies. This suggests differential evolutionary
shifts in response to both sexually and nat-
urally selective environments. Female gup-
pies did not show developmental shifts in
response to the social environment, but
instead demonstrated developmental and
reproductive shifts in response to the pred-
ator community—a factor that is more
likely to affect fitness in females.

In invertebrates, the currently available
examples of SCAP in response to phero-
mones occur in spiders. Although jumping
spiders and wolf spiders use visual cues to
hunt, locate, and choose mates, the main
form of communication in spiders is
through pheromones (Foelix 1982; Gas-
kett 2007). As in most web-building spi-
ders, male Australian redback spiders (La-
trodectus hasselti) do not feed after maturity,
and spend the remainder of their lives
searching for females, competing with
other males, and mating with a female
(Foelix 1982). As a result, the pool of re-
sources that adult males have available for
all of these behaviors is limited to the re-
sources they have when they first mature.
In a study rearing penultimate-instar males
in the presence or absence of female’s
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pheromones and in differing densities of
immature males, the male redbacks modi-
fied their allocation toward development
rate, body size, and body condition (Kasu-
movic and Andrade 2006). They matured
significantly faster in the presence of fe-
males, but were smaller and in poorer body
condition. Although smaller, this shift is
adaptive as there is strong first male prece-
dence and it allows males to reach and
mate with nearby females quickly, denying
competitors the chance to mate (Snow and
Andrade 2004, 2005; Kasumovic and An-
drade 2009). When females were absent
and males were surrounded by an increas-
ing number of rivals, males took longer to
mature. They acquired more resources
and eclosed larger and in better condition;
traits that increase fitness in competition
against rivals (Stoltz et al. 2009). This ex-
ample demonstrates that males altered al-
location toward various life-history traits
that would allow them to maximize their
fitness in different competitive environ-
ments.

There are two additional examples of
strong correlations between phenotypes
and the social environment in field popu-
lations of two species of spiders; the golden
orb-web spider (Nephila plumipes) and the
St Andrew’s cross spider (Argiope keyser-
lingi). In N. plumipes, females produce webs
either singly or in aggregations of up to
nine females (Herberstein and Elgar 1994;
Kasumovic et al. 2007). Males mature ei-
ther within or near these aggregations and
then search for and preferentially settle on
the webs of adult and then penultimate-
instar females within these aggregations
(Kasumovic et al. 2007, 2008). Most males
only mate with a single female in their
lifetime (Schneider and Elgar 2001), thus,
a male’s fitness is maximized by finding a
virgin female and successfully mating with
her. Kasumovic et al. (2009) found that a
male’s size and weight were positively cor-
related with the number of males and neg-
atively correlated with the number of fe-
males within an aggregation—as predicted
if males were matching the competitive
context.

In contrast, male A. keyserlingi cannot dis-

tinguish between females of different age
and mating status (Gaskett et al. 2004)
and, as males attempt to mate with two
separate females within their lifetime after
guarding the first for a short period of time
(Herberstein et al. 2005b), fitness is not
limited to a single mating. In A. keyserlingi,
males mature larger and heavier when the
density of other males is high. These large
males are better equipped to outcompete
rivals (Herberstein et al. 2005a). Female
density had no effect on male size or
weight at eclosion because fitness is not as
constrained by the availability of virgins as
it is in N. plumipes. Although correlative,
demography is a far stronger correlate of
phenotype than any other measured envi-
ronmental variable. Direct experimental
tests are necessary to confirm if this is the
case.

visual cues
The visual system allows assessment of

conspecific density, quality, and sex ratio,
and does not require individuals to actively
produce signals as in the other modalities.
However, one limitation is that individuals
require line-of-sight access to other individ-
uals. Thus, visual signals will likely play a
strong role in species where individuals
move within a population and can clearly
see conspecifics.

Although visual cues may also have
played a role in developmental tactics in
some of the above fish examples, it is dif-
ficult to discern the relative role of visual
and chemical cues as strict experimental
guidelines that are required to tease apart
the factors that affect development. The
only example of SCAP in response to visual
cues occurs in the green swordtail (Xipho-
phorus helleri). In this species, juvenile
males and females were isolated from
chemical and tactile cues and individuals
altered their development time in re-
sponse to the presence or absence of high-
quality males in the adult population
(Walling et al. 2007). Quality was deter-
mined by the size of the sword found on
adult males. Females matured more quickly
in the presence of high-quality males, sacri-
ficing larger size and weight, while males
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took longer to mature in the presence of
high-quality males. In this case, although in-
dividuals did not alter their development in
response to the adult sex ratio, they did alter
it in response to the quality of the potential
mates or competitors, with females maturing
fast to exploit the presence of high-quality
mates, and males developing more slowly in
order to mature at a more competitive size.

summary
Developmental plasticity clearly does oc-

cur in response to the variation in density
of mates and rivals in many taxa (Table 1),
and cues of the future competitive environ-
ment can be present in many forms (Table
2). In general, males increase their devel-
opment rate to mature more quickly,
therefore being smaller and lighter when
competition is scarce, and will delay matu-

rity in the presence of high-quality conspe-
cifics to develop traits that increase fitness
in a male-biased environment. In contrast,
females mature more quickly when high-
quality mates are likely to be available. The
intensity and the effects on the different
sexes can vary quite dramatically and are
likely specific to the life history of the or-
ganism under study. Further studies are
required to determine how taxonomically
widespread these situations are, and to
identify the diversity of cues and the inter-
actions that are involved.

Is Socially Cued Anticipatory
Plasticity Adaptive?

To determine whether any type of devel-
opmental plasticity is adaptive requires
testing the different phenotypes across the
various environments in which each phe-

TABLE 1
The traits in the various examples that shift in response to social cues

Species Traits Sex Reference

Plodia interpunctella Head, thorax, abdomen size;
testis size, lifespan,
development rate

No distinction between sexes Gage 1995

Scatophaga
stercoraria

Testis size, mate searching
behavior

Only males tested Stockley and Seal 2001

Helobdella
papillornata

Testis size Male but no female plasticity Tan et al. 2004

Latrodectus hasselti Development rate, leg
length, condition
(regression of weight on
leg length)

Only males tested Kasumovic and Andrade 2006

Nephila plumipes
and Argiope
keyserlingi

Leg length, condition
(regression of weight on
leg length)

Only males tested Kasumovic et al. 2009

Teleogryllus
oceanicus

Male mating, tactics, testis
and accessory glands and
condition (regression of
weight on leg length)

Only males tested Bailey et al. 2010

Teleogryllus
commodus

Development rate,
pronotum width, weight,
calling effort

Differential shifts by males
and females

Kasumovic et al. 2011

Gambusia affinis Growth rate, ovary size Female but no male
plasticity

Lutnesky and Adkins 2003

Poecilia reticulata Sexual maturity Only males tested Magellan and Magurran 2009
Poecilia reticulata Sexual maturity, size Male but no female plasticity Rodd et al. 1997
Xiphophorus hellerii Development rate, weight,

size
Differential shifts by males

and females
Walling et al. 2007

Mus musculous Sexual maturity Only females tested Drickamer 1974, 1975
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notype is purported to be adaptive (DeWitt
et al. 1998). Each phenotype should be
fitter than others within the environ-
ment in which it developed in order to be
considered adaptive; moreover, a plastic
strategy should have higher fitness than a
nonplastic strategy across the relevant fluc-
tuations in environmental conditions expe-
rienced in natural populations.

Testing for adaptive developmental plas-
ticity of responses to abiotic factors such as
temperature and photoperiod, as well as
biotic variables such as predator presence
is relatively simple as it involves simply rear-
ing individuals in the different environ-
ments and then transplanting individuals
in the opposite environments to compare
their fitness. As the majority of examina-
tions of environmental variables involve bi-
nary environments (e.g., predators present
or absent) or ones that are simple to con-
trol (e.g., temperature, photoperiod), ex-
aminations and comparisons of fitness be-

tween environments is relatively simple.
This is especially true because the scale of
variation in abiotic and predatory factors
in both pre- and postmaturation environ-
ments is well known in most species where
plasticity is of interest.

Examining the adaptive nature of SCAP
is relatively more difficult simply because
of the more dynamic nature of social cues.
First, less is known regarding the scale of
variation in social factors as well as the
scale that is relevant. As a result, it will be
important to understand the life history of
the species, or even the population under
study. Second, pre- and postmaturation en-
vironments will vary for individuals that
mature at different times of the season due
to differences in the number of mature
and mated individuals within the popula-
tion. Designing relevant experiments de-
pends on whether individuals are cueing
into adults already present in the environ-
ment, the current cohort of juveniles (and,

TABLE 2
A summary of the modalities that immature individuals can use to assess the environment and the types of

information that can be gleaned from each

Modality Scale Information Examples

Tactile Immediate neighbors Information on density of
conspecifics, but may not
provide information on
sex ratio

Gage 1995
Stockley and Seal 2001
Tan et al. 2004

Acoustic Population Limited to the information
on the signaling sex

Bailey et al. 2010
Kasumovic et al. 2011

Can provide information on
quality and density of
signalers

Vibratory Immediate neighbors Information on quality of
signaler

None to date

Chemical Population Can provide information on
the quality and density of
both sexes and,
potentially, the OSR

Will be limited by wind
movement through the
environment

Drickamer 1974, 1975
Rodd et al. 1997
Lutnesky and Adkins

2003
Kasumovic and Andrade

2006
Kasumovic et al. 2009
Magellan and Magurran

2009
Walling et al. 2007

Visual Local Can provide information on
the density and sex ratio
of both sexes and,
potentially, the OSR

Requires movement to
assess population-wide
density and sex ratio
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therefore, future adults), or both. In fact,
as the season progresses and the age struc-
ture of the population changes, the rela-
tive importance of the traits that are criti-
cal for fitness may also shift, resulting in a
further feedback for individuals that de-
velop in the future. This makes ascertain-
ing the optimal phenotype difficult in such
a dynamic environment, especially if the
fitness benefit of plasticity is frequency de-
pendent. Studies should start by examin-
ing how the social environment shifts
throughout a breeding season and how
mean phenotypes shift (Kasumovic et al.
2009). Although this would not answer
whether the shifts are adaptive, it would
highlight the scales at which social environ-
ment varies and the traits that are relevant.

Properly testing the adaptive nature of
SCAP requires that the various environ-
ments that have triggered the developmen-
tal shift are easily reproducible for testing
the fitness of multiple individuals. Each
individual must also be tested in an inde-
pendently replicated social environment in
order to avoid pseudoreplication and be-
cause each experimental individual will it-
self change the social environment and,
therefore, the competitive context. This
can require a prohibitively large number of
individuals for experiments of fitness. Fur-
ther, it can be difficult to control the be-
haviors in the social environment that trig-
ger the developmental shift as individuals
can also alter behaviors in response to the
social environment. Regardless, to truly
understand SCAP and to determine its vi-
ability as a mating strategy, researchers
must overcome the considerable hurdles if
they are to formally test the fitness benefits
of plasticity. In most species this goal re-
mains a long way off.

As a result, most studies of SCAP have
not yet progressed to formally test the
adaptive nature of each phenotype across
environments, relying instead on ad hoc
arguments based on what is known about
the life history and reproductive biology of
the organism under study. For example,
several studies have shown that rearing in-
dividuals at high density resulted in greater
sperm numbers or larger testis than indi-

viduals reared at lower density (Gage 1995;
Stockley 1999; Tan et al. 2004; Bailey et al.
2010). They have all argued that this re-
sponse is adaptive because high densities
are generally characterized by more in-
tense sperm competition. Although this is
certainly very likely to be the case as exper-
imental evidence demonstrates that polyg-
ynous lines evolve larger testes compared
to monogamous ones (e.g., Hosken et al.
2001), individuals were not tested in the
various competitive environments to mea-
sure fertilization success and, thus, whether
the documented plasticity is adaptive.

If adaptive, the magnitude of the fitness
benefit remains to be formally established.
For example, the adaptive nature of the
allocation shifts in redback spiders was ex-
amined by utilizing known sperm use pat-
terns associated with mating order that al-
lowed fitness estimates (Kasumovic and
Andrade 2009). In crickets, the adaptive
nature of the allocation and behavioral
shifts was tested by examining male satel-
lite behavior in response to known calls
played back to the test male (Bailey et al.
2010). Although fitness was not examined
directly in the environment that the indi-
viduals were reared in, the experimental
designs in both of the above examples al-
lowed testing of behaviors and mating
strategies associated with fitness in particu-
lar species-specific contexts. Through care-
ful planning, an experimental setup that
allows repeatable testing of the behavior
(and potential fitness) of an individual’s
phenotype in different environments can
be established.

Evolution of Socially Cued
Anticipatory Plasticity

Although there are currently only a few
examples of SCAP in animals, the taxo-
nomic sweep of these examples suggests
that SCAP is more common than initially
thought. Here we outline various ecologi-
cal, behavioral, and life-history factors that
are likely necessary for the evolution of
such a developmental tactic, as well as the
factors that researchers must be aware of
when designing experiments. Although ex-
amples of SCAP will not be limited to
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species that demonstrate these particular
traits, this will likely help in identifying spe-
cies where such developmental tactics are
likely present.

reliable cues of future competitive
challenges

The predictability of the environment is
an important determinant of the evolution
of plasticity. Plasticity is more likely to
evolve in accurately predictable environ-
ments (Scheiner 1993; Getty 1996). Al-
though predicting variation such as de-
mography initially seems more daunting
then predicting large scale environmental
variation, we outlined several different mo-
dalities that can reliably signal the compet-
itive challenges in the near environment.
In such instances, reliable cues that accu-
rately predict future variation are necessary
if SCAP is to be a viable strategy. These
cues are likely to vary among taxa depend-
ing on the life history and ecology of the
species under examination, and will fur-
ther depend on whether generations are
discreet or overlapping. Each modality
would be ideal for specific environments
and reproductive strategies, but a strong
understanding of the reproductive biology
of the system under study would provide
insight into the cues that adults use, and
the cues that would therefore be available
to juveniles. Alternatively, species with a
substantial wandering phase during the ju-
venile stage would allow individuals to es-
timate population demographics and may
also be more likely to show plasticity in
response.

physical limitations in mating
opportunities

If mating opportunities are limited, in-
dividuals should develop the phenotype
most appropriate to the particular chal-
lenges they face. Although this is most eas-
ily demonstrated in semelparous or mo-
nogynous species, limited mating oppor-
tunities for one sex can occur because of
the high mortality risk during mate search-
ing (Foellmer and Fairbairn 2005; Kasu-
movic et al. 2007) or mating (Barry and

Kokko 2010). Further, the probability of
locating the opposite sex may be low (e.g.,
mantids, Maxwell 1998) and males may not
have a second opportunity. In addition, a
short mating season or longer interaction
time between mating pairs (e.g., mate
guarding, biparental care) might also re-
duce mate searching opportunities (Car-
roll and Corneli 1995; Herberstein et al.
2005a).

multiple competitive contexts and
strong phenotype-fitness

correlations
If the social environment fluctuates

within a breeding season, the competition
an individual experiences will depend on
when they either mature or arrive in the
population. In addition, if there are strong
correlations between the fitness of a phe-
notype and the competitive context, differ-
ent phenotypes will maximize fitness in
each. This is especially important if oppos-
ing traits determine fitness at different
times of the season, as can occur in species
that have a reproductive life span that is
shorter than the breeding season (e.g.,
most invertebrates). In contrast, a single
optimum phenotype may be favored in
species where populations have a single
synchronous breeding attempt, or long-
lived species in which individuals breed
many times over successive breeding sea-
sons (e.g., most birds and mammals). Here,
individuals may experience multiple, differ-
ent selective environments throughout their
reproductive lifetime, and phenotypes that
are able to flourish under a variety of condi-
tions would probably enjoy relatively higher
fitness (Van Tienderen 1991). Nonetheless,
even in these systems there may be limited
opportunities to mate and plastic rules that
allow individuals to develop the phenotype
with the greatest chance of success may be
adaptive.

temporal versus spatial fluctuations
in selection

Theoretic models demonstrate that tem-
poral variation is more likely to lead to the
evolution of plasticity than spatial variation
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(Levins 1963; Van Tienderen 1991; Moran
1992) simply because temporal variation is
more predictable. Although the social en-
vironment within a population likely varies
in a temporal fashion in the sense that
a greater proportion of individuals are
adults later versus earlier in the breeding
season, if the social environment within a
population was purely temporally struc-
tured, then plasticity could respond to tem-
poral indicators such as temperature and
photoperiod rather than cues of the social
structure (e.g., Prudic et al. 2011). The
density of males and females also strongly
depends on habitat availability, resource
abundance, and sex-specific use of the hab-
itat such that the social environment can
also be strongly spatially distributed (Kasu-
movic et al. 2008; Dreiss et al. 2010; Pun-
zalan et al. 2010). The spatial structure
within the environment may thus have a
more important role in the evolution of
SCAP relative to plasticity in response to
other cues.

This is demonstrated by a study on two
spiders (N. plumipes and A. keyserlingi) where
male size and body condition correlated
strongly with the local social environment
and not with the time of the breeding season
(Kasumovic et al. 2009). The relevant spatial
scale for each species, however, differed and
depended on the life history of the species
under study. These results demonstrate the
necessity of understanding the life history
and behavior of the organism in order to
correctly identify the relevant scale that
needs to be examined. Apart from an a pri-
ori understanding of the appropriate scale,
studies of SCAP would benefit from the use
of spatial analyses that would allow spatial
hypothesis testing.

the importance of the adult versus
juvenile cohort and population

feedback
The rivals and mates that immature indi-

viduals will interact with depend on the life
history of the species under study, including
how synchronously individuals mature/
arrive to breeding grounds and whether
there are overlapping generations. The time
frame over which individuals mature will af-

fect who newly maturing individuals will be
competing against. For example, if individu-
als within a population mature more syn-
chronously, then newly mature individuals
will be competing against others of the same
age, and individuals should be assessing the
juvenile cohort. The more asynchronous the
timing between the first and last emergence,
the more likely individuals will be competing
against adults that are already present in the
population. As maturation (or arrival to
breeding grounds) becomes less synchro-
nous, there will likely be a point at which
individuals will be competing equally with
both individuals from the juvenile and adult
cohort. Currently, studies of SCAP only focus
on the effect of either the juvenile or adult
cohort, but in other species, individuals may
use cues of both.

Understanding the link between the ju-
venile social environment and the selective
pressures is undoubtedly complex, as the
phenotype-fitness association is partly a
consequence of the biotic and abiotic en-
vironments in which an individual devel-
ops (i.e., ecogenetic feedback, Kokko and
López-Sepulcre 2007). As a result, the de-
gree of plasticity can change the intensity
and direction of selection that individuals
encounter as shifts in development change
phenotypic distributions and the resulting
interactions between individuals (Agrawal
2001; Fordyce 2006).

Conclusion
An individual’s fitness depends on the

match between its phenotype and the envi-
ronment; with the number, quality, and strat-
egies of rivals being an essential component
of the environment. Just like other types of
plasticity, a developmental response to a so-
cial environment can evolve if it allows indi-
viduals to enjoy higher fitness than fixed
phenotypes in a variable, but predictable, en-
vironment. In recent years, several examples
of socially cued plasticity have been pub-
lished in a variety of taxa and in which juve-
niles use cues across each of the available
modalities. We predict that SCAP is probably
more widespread than appreciated.

It is the developmental system as much
as the developed phenotype that deter-
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mines individual fitness. To truly deter-
mine if this is the case requires further
examinations of the fitness benefits and
costs of SCAP across multiple environ-
ments. We urge researchers to use the
knowledge regarding the life history and
behavior of their study organisms to exam-
ine the role social environments play in in-
troducing and maintaining variation within
and between populations. Insights from the
plant literature may be particularly useful in
this case. For example, although plants do
not respond to the “social” environment in
the same way as animals do, plants alter their
allocation of resources toward root (Casper
and Jackson 1997) or leaf (Schmitt and
Wulff 1993) structures in response to com-
petition from both conspecifics and het-
erospecifics. How individuals interact
through competition is well understood
(Callaway et al. 2003; Novoplansky 2009),
and how these interactions can limit plastic-
ity and phenotypes are also relatively more
explored in plants (Cipollini 2004; Valla-

dares et al. 2007). Further integration of
quantitative genetic tools such as iso-
lines, inbred families, and animal models
with research on developmental shifts
will provide a greater understanding of
how and why population phenotypes
shift within and between breeding sea-
sons, thereby providing insight into the
evolution of the traits themselves. This is
an exciting new direction that research-
ers can take by integrating the ecology,
behavior, and natural history of an or-
ganism with development and genomics
to improve our understanding of the evo-
lution of complex traits and behaviors.
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