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Abstract

Children, particularly girls, who experience early familial adversity tend to go on to reach sexual maturity relatively
early. This feature of adolescent development is believed to be an evolved strategy that arose because individuals with
genes that caused them to mature relatively early under certain conditions left behind more descendants than those
who did not. However, although much has been done to uncover the psychological and physiological mechanisms
underlying this process, less attention has been paid to the evolutionary reasons behind why it might be advantageous.
It has previously been suggested that this strategy evolved because early familial adversity accurately indicated later
environmental adversity, under which conditions early reproduction would likely maximize evolutionary fitness. In
this article, we contrast this “external prediction” model with an alternative explanation, which builds on the existing
explanation and is mutually compatible with it but also distinct from it. We argue that accelerated development
is advantageous because early adversity detrimentally affects the individual’s body, increasing later morbidity and
mortality; individuals may adapt to this internal setback by accelerating their development. Unlike the external
prediction model, this “internal prediction” relies not on temporal environmental continuity but on long-term effects

of early circumstances on the body.
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Many studies have found associations between aspects
of the family environment experienced in early life and
the onset of reproductive maturity. Most well-known
among these findings, in social contexts where nuclear
families predominate, is research indicating that men-
arche occurs at a younger age among girls with absent
fathers (B. Jones, Leeton, McLeod, & Wood, 1972;
Moffitt, Caspi, Belsky, & Silva, 1992; Tither & Ellis, 2008).
Studies that investigate the apparent effects of family
circumstances in detail have revealed that early men-
arche occurs in girls with less affectionate and cohesive
parent—child  relationships  (Chisholm, Quinlivan,
Petersen, & Coall, 2005; Graber, Brooks-Gunn, & Warren,
1995; Steinberg, 1988), those who experience greater
parent—child conflict (Graber et al., 1995; Kim & Smith,
1998; Mezzich et al., 1997) or who are exposed to
greater parent—parent conflict (Chisholm et al., 2005;

Ellis & Garber, 2000; Ellis, McFadyen-Ketchum, Dodge,
Pettit, & Bates, 1999), and those who experienced phys-
ical or sexual abuse (Costello, Worthman, & Erkanli,
2007; Turner & Runtz, 1999; Vigil, Geary, & Byrd-Craven,
2005). Studies measuring age at first sexual activity or
first pregnancy reveal patterns similar to those examin-
ing onset of menarche (Barglow, Bornstein, Exum,
Wright, & Visotsky, 1968; Dorius, Heaton, & Steffen,
1993; Nettle, Coall, & Dickins, 2011). The association
between familial adversity in childhood and early
maturation is often referred to as “psychosocial accel-
eration” (Ellis, 2004).
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A crucial question is whether associations between fam-
ily environment and maturational timing result from a causal
role of the family environment or from other processes,
such as genetic correlations between parents and offspring.
Studies controlling for maternal age at menarche, taken in
sum, suggest that both genetic correlations and effects of
the family environment play a role (Belsky, Steinberg,
Houts, Halpern-Felsher, & NICHD Early Child Care Research
Network, 2010; Mendle et al., 2006) as do studies that have
controlled for genetic effects through twin or sibling designs
(D’Onofrio et al., 2006; Mendle et al., 20006; Rice et al., 2010;
Tither & Ellis, 2008). Recent structural equation modeling
aimed at identifying causal pathways supports effects of
family relationships on age at pubertal development (Belsky
et al., 2010; James, Ellis, Schlomer, & Garber, 2012; Neberich,
Penke, Lehnart, & Asendorpf, 2010), and so does the “natu-
ral experiment” provided by a study showing that wartime
separation of Finnish children from their parents was associ-
ated with earlier menarche (Pesonen et al., 2008). Studies of
other mammals have shown similar relationships between
rearing environments and sexual development (Cameron,
2011; Cameron et al., 2008; Maestripieri, 2005), most con-
vincingly by experimental cross-fostering of rat pups
between mothers bred for different levels of maternal
grooming (Cameron et al., 2008).

“External Prediction” as an
Explanation of Psychosocial
Acceleration

Within and between populations, age at maturity varies
greatly, and a large part of this variation appears to be
nongenetic in origin (Belsky, Steinberg, & Draper, 1991;
Walker et al., 2006). Age at maturity thus provides an
example of phenotypic plasticity: the ability of a genotype
to produce different phenotypes, depending on environ-
mental conditions. Because age at maturation is closely
linked to reproductive life span, and thus in most contexts
also to the number of offspring an individual is likely to
produce (a strong determinant of evolutionary fitness or
the individual’s long-run number of descendants), we can
expect that evolutionary forces will play an important part
in explaining plasticity in age at maturity. Over evolution-
ary history, natural selection ensures that individuals are
generally efficient at extracting resources from the envi-
ronment and converting those resources into descen-
dants. Selection for this efficiency leads to trade-offs
between different activities that can ultimately serve that
purpose. When a female becomes sexually mature, she is
potentially diverting resources away from her own growth
toward reproduction, disadvantaging herself and her off-
spring in some respects (e.g., producing smaller neonates
with lower survival prospects; Rickard et al., 2012) but
gaining an advantage of earlier reproduction (e.g., offset-
ting the risk of dying herself before becoming

reproductively successful). The optimal age for a female
to become sexually mature changes according to the bal-
ance between the costs and benefits of reproduction at
each age. Shifts in this optimum may be partly responsi-
ble for societal variation in age at sexual maturation.
Variation in the age at which girls become sexually mature
may therefore be an example of adaptive phenotypic
plasticity, whereby individuals respond to changing envi-
ronments in ways that would maximize their evolutionary
fitness in those environments (Stearns & Koella, 1986)

Belsky et al. (1991) proposed a hypothesis in which
the family environment experienced during childhood
provides the individual with information about “the avail-
ability and predictability of resources (broadly defined)
in the environment, of the trustworthiness of others, and
of the enduringness of close interpersonal relationships”
(Belsky et al., 1991, p. 650). Having sampled this infor-
mation, the child might infer that it was relevant to not
only the current state of the environment (e.g., as being
unsupportive or dangerous versus supportive or benign)
but also to the likely future environment (Fig. 1, top
panel). She would then use this information as a cue to
guide appropriately her reproductive development (e.g.,
by accelerating it). Such a response need not rely on
conscious calculation of the optimal response or even
explicit recognition of the environmental risk. Rather,
effects on physiological development may be mediated
by any number of candidate autonomic, neuroendocrine,
metabolic, and immune mechanisms (Belsky et al., 1991;
Del Giudice, Ellis, & Shirtcliff, 2011; Ellis, 2004).

The model of Belsky et al. (1991) is of particular
importance because the relationship between familial
environment and pubertal timing was in fact a novel pre-
diction derived from their article. Subsequent empirical
support for this uncanny prediction has led to their model
being highly influential, with several elaborations being
put forward (Belsky, Schlomer, & Ellis, 2012; Boyce &
Ellis, 2005; Chisholm, 1993; Del Giudice, 2009; Del
Giudice et al., 2011; Ellis, 2004; Ellis, Figueredo,
Brumbach, & Schlomer, 2009; Frankenhuis, Gergely, &
Watson, 2013). The idea that individual humans tailor
their pace of sexual maturation to their expected future
external environment has become the dominant evolu-
tionary explanation for relationships between childhood
environment and sexual maturation. For the purpose
of our argument, we collectively refer to such explana-
tions as external prediction models, which we will later
contrast with a different possibility, termed internal
prediction.

Deriving Information From the
Environment to Predict the Future

The benefit of adaptive phenotypic plasticity is that
it increases the adaptive fit of individuals to their
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1. EXTERNAL PREDICTION MODEL

Al B1
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ADULTHOOD | ENVIRONMENT | MATURATION RATE

2. INTERNAL PREDICTION MODEL

A2
CHILDHOOD | ENVIRONMENT

ADULTHOOD MORBIDITY- MATURATION RATE

MORTALITY

Fig. 1. Schematic of (1) external and (2) internal prediction models showing conceptual similarities and differences
between the three components, A-C, in each case. Arrows show causal pathways; the double lines show the adap-
tive relationship between maturation rate and either (1) external environment or (2) internal morbidity—mortality
risk; the dashed line shows the correlation between environment in childhood and adulthood. In both cases, the
individual experiences the negative effects of psychosocial stress (A1 and A2). In the external prediction model,
these effects become embodied cues (B1) that guide the individual’s maturation rate (C1), so that it is adapted to
external environment. In the internal prediction model, effects of early social stress are embodied not as cues but
as negative influences on “state” (B2), which increases the individual’s morbidity—mortality in adulthood, to which
the maturation rate is adapted (C2).

circumstances (West-Eberhard, 2003), that is to say, it  trait, in order for plastic traits (such as a developmental
molds their phenotype in such a way that it increases  “switch” leading to psychosocial acceleration) to evolve,
their likely reproductive success under a particular set of  the benefits of the ability to respond to the environment
conditions. However, just as with the evolution of any  in that way must outweigh its costs. Developmental
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plasticity often requires a degree of commitment to a
particular phenotype (Frankenhuis & Panchanathan,
2011b): Decisions that occur during the construction of
an adult body cannot always be easily undone, a fact that
has long been appreciated by those studying psychoso-
cial acceleration (Belsky, 2000; Ellis, 2004; Frankenhuis &
Del Giudice, 2012). Where individuals permanently cali-
brate aspects of their phenotype on the basis of early-life
experience, they are effectively predicting the future on
the basis of imperfect information available in the pres-
ent. In considering the plausibility of external prediction
models, we must therefore be sure to weigh the potential
advantages of plasticity by the probability of a prediction
being true and weigh the disadvantages by the probabil-
ity of a prediction being wrong (Rickard & Lummaa,
2007; Stephens, 1991). In particular, in long-lived animals
like humans, the environment that is used for guiding
development might well change before maturity is
reached, in which case prediction on the basis of child-
hood experience would not be useful.

There are some examples in nature of plastic responses
that appear to involve the use of external information
available in early life to make long-term predictions,
although such examples appear to be rare (Uller,
Nakagawa, & English, 2013). In particular, in longer-lived
animals including humans, evidence showing that early
experiences improve performance in adulthood in similar
conditions has not been forthcoming (Hayward & Lummaa,
2013; Hayward, Rickard, & Lummaa, 2013; Nussey, Kruuk,
Morris, & Clutton-Brock, 2007). This absence of evidence
might be because researchers have not gathered the rel-
evant data, or it could be because there is less scope for
natural selection to favor such strategies in animals that
have longer life spans. The extent to which such strate-
gies could have been favored by natural selection
depends on the historical degree of temporal continuity
in fitness-determining aspects of environment. The
degree to which—across evolutionary time—environ-
mental dimensions were stable within human life spans
is an open and important question, which warrants more
empirical attention than it currently receives. Likely, the
level of temporal environmental continuity will vary
between dimensions: for example, climate, disease, pre-
dation, violence, social organization, position within the
social hierarchy, and so forth. Some of these dimensions
might have had a relatively high degree of continuity,
others a lesser degree.

The existing external prediction explanations for psy-
chosocial acceleration depend on family factors being
reliably associated—across evolutionary time—with pre-
vailing environmental conditions. They also rely on the
temporal continuity of ancestral environments being suf-
ficiently high so that fitness-relevant environmental fea-
tures remained stable for periods of at least one or several
decades. Yet at the same time, environments must have

been variable enough for natural selection to maintain
plasticity: This requirement is because in environments
that are highly stable across generations, mechanisms
supporting plasticity become superfluous and may be
disfavored because they are costly to produce. We have
recently developed a model, tailored to the human life
history (where many years pass between birth and matu-
rity), examining the conditions necessary for plasticity in
human reproductive strategy to be adaptive. Results
showed that extremely high levels of temporal environ-
mental continuity are required (Nettle, Frankenhuis, &
Rickard, 2013), echoing results from an evolutionary
model of developmental plasticity in metabolic pheno-
type (Baig, Belsare, Watve, & Jog, 2011).

An Alternative Account: The Role of
Internal State

Accounts of biological processes argued to have come
about through natural selection can be said to require both
proximate (mechanistic) and distal (functional) explana-
tions. Proximate explanations account for the physiologi-
cal and/or psychological processes involved, whereas
ultimate explanations are concerned with how these pro-
cesses influence fitness.

Drawing primarily on behavioral ecology but also from
similar ideas that have been put forward in the context of
human metabolic plasticity (J. Jones, 2005; Wells, 2012),
we here propose an alternative model of why psychoso-
cial acceleration might have been favored by natural selec-
tion under conditions of social adversity. This model
invokes some of the same proximate phenomena as the
existing external prediction models but relies on a subtly
different ultimate argument. It is important to note that the
processes described in this model are not mutually exclu-
sive with the processes described by external prediction
models but could exist alongside and be complementary
to them. Despite the fact that internal and external predic-
tion processes are not mutually exclusive, the internal pre-
diction argument we put forward does raise the empirical
question of which of the two processes has been more
important in the evolution of human plasticity—and as we
outline at the end of the article, the answer to this question
has practical implications. At the ultimate level of explana-
tion, external prediction models of psychosocial accelera-
tion focus on the environment to be adapted to as external
to the individual (outside the bodily envelope). However,
as proponents of such models acknowledge, optimal
development and behavior depend not only on the exter-
nal environment but also on internal “somatic” (i.e., of the
body) factors that vary between individuals (such as body
size, energetic reserves, immune functioning, quality of
cell-repair mechanisms, and other aspects of condition;
Frankenhuis, Panchanathan, & Clark Barrett, 2013; Mangel
& Clark, 1988; McNamara & Houston, 1999). These factors
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are usefully described by the concept of internal “state”
(McNamara & Houston, 1999), which shapes individual
fitness just as the external environment does but with
effects that are specific to each individual, resulting from
his or her own particular history of genetic and environ-
mental influences. We now discuss the potential of inter-
nal state to play a key role in adaptive developmental
plasticity.

“Silver Spoon” Effects on State

Some aspects of state, such as hunger, will be of a tran-
sient nature; others may be remarkably stable and persist
for substantial portions of an individual’s life. Adult state
can be profoundly and permanently influenced by envi-
ronmental conditions that an individual experiences dur-
ing development. Consider, for instance, an individual
who suffers from physical damage in early embryogene-
sis (the developmental stage where the major organs are
being formed): Such damage will endure a lifetime. This
example is just one of a phenomenon that is widespread
in biology, whereby shortfalls of resources or other
adversities during development affect the individual’s
adult phenotype in ways that are detrimental to their fit-
ness potential. In ecology, these are termed silver spoon
effects, after the apparently enduring effects of long-term
affluence in early life with which humans are only too
familiar (Grafen, 1988). The reason why early-life experi-
ences have a big impact is that it is during this life stage
that an individual is putting in permanent place the build-
ing blocks of his or her body: An individual will always
live with the body he or she developed in fetal life,
infancy, and childhood and never another one (Gavrilov
& Gavrilova, 2004). Early-life adversity can thus have pro-
found consequences for individual evolutionary fitness.
This principle is supported by a body of evidence from
the ecological (Rickard et al., 2010; Uller et al., 2013),
laboratory (Bertram & Hanson, 2001), and epidemiologi-
cal (Gillman, 2005) literatures that shows how adversity
in early life has effects on individual phenotype that will
on average lead to reduced fitness and that even if indi-
viduals with compromised early starts in life get the
opportunity to catch up in terms of growth, they still pay
fitness costs in the long-term (reviewed in Metcalfe &
Monaghan, 2001).

Individuals Adapt to Their State

Just as different external environments favor different
responses, so too do different internal states. For instance,
an individual who is currently nutrient-deprived might
invest available energy and time in food acquisition,
whereas a sated individual might more profitably invest

in other traits or activities (e.g., seek mates). Thus, the
tendency of a particular behavior to increase fitness var-
ies with individual state, and evolution should favor strat-
egies that appropriately adjust an individual’s behavior in
accordance with his or her state. In behavioral ecology,
the concept of status-dependent alternatives (Gross,
1996) describes the idea that aspects of an individual’s
state, such as body condition or social status, determine
the optimal behavior that it should adopt in order to
likely maximize its evolutionary fitness.

In many species, individuals develop profoundly differ-
ent behavioral repertoires or subsequent physical charac-
teristics depending on aspects of state (e.g., size) at a
critical point in development (Emlen & Nijhout, 1999;
Gross, 1985; Smallegange, 2011). For example, in the bulb
mite Rbizoglyphus robini, males develop one of two life-
history strategies: “fighters,” which sport a specialized third
pair of legs with which they can kill other mites; or “scram-
blers,” which have unmodified legs and are defenseless.
Fighter adults are more likely to develop from larger juve-
niles, and scrambler adults from smaller juveniles. Why
should this be? The advantages of adopting a “fighter”
strategy are dependent on the individual’s competitive
ability, which depends on physical size (Smallegange,
201D). If the developing individual is unlikely to be com-
petitive, it may pay, in fitness terms, to adopt an alternative
(scrambler) tactic, rather than play a high-stakes (fighting)
game in which it runs a high risk of losing.

Consideration of the above two phenomena in combi-
nation illuminates how silver spoon effects on individual
state can induce adaptive variation that may be of general
importance in understanding developmental plasticity in
humans and other animals. In the bulb mite, experimental
administration of a rich diet increases the size of individu-
als at the end of their juvenile life stages and in turn
increases the likelihood that they will develop into “fight-
ers” (Smallegange, 2011). This example is based on two
extreme morphs whose divergence far outstrips anything
seen in any mammal, let alone humans. However, it none-
theless usefully illustrates a principle that may apply to
continuously varying aspect of state and corresponding
adaptive strategies in many species, including humans. We
here call this principle internal prediction in order to dis-
tinguish it from prediction of the external environment;
the individual uses its current internal state during devel-
opment to determine the best behavioral strategy for it to
adopt in later stages of its life.

The evolutionary utility of internal prediction depends
not on continuity of external environments between
early and adult life but instead on internal state in early
life affecting internal state in later life. The stronger this
effect is, the greater will be the strength of selection for
developmental mechanisms that tailor the development
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of behavioral strategies to internal state, as the lower will
be the risk of an individual developing a maladaptive
phenotype by doing so (Nettle et al., 2013).

Internal Prediction and Psychosocial
Acceleration

Following on from the general argument above, we now
make the case for internal prediction as a potential expla-
nation for the phenomenon of psychosocial acceleration.
The result is a subtle but significant recasting of the
hypothesis outlined by Belsky et al. (1991). It takes inspi-
ration from their original external prediction formulation
and concords with it in viewing the relationship between
early adversity and age at sexual maturity as being due to
an evolutionarily adaptive plastic response to the long-
term consequences of that adversity. However, whereas
the model of Belsky et al. involves individuals adapting
to the external environment, the internal prediction
model involves them (alternatively or additionally; dis-
cussed below) adapting to their internal, somatic state.
Thus, although some of the same proximate mechanisms
may be (partially) involved in mediating adaptive devel-
opmental effects in both processes, the internal predic-
tion and external prediction models argue for different
ultimate evolutionary functions.

We begin by discussing, in broad strokes, the similari-
ties and differences between external and internal pre-
diction models. Both models can be conceptualized as
involving three components: (A) exposure to psychoso-
cial stress, (B) biological embodiment of the effects of
stress, and (C) adaptive development of a reproductive
strategy (Fig. 1). The respective details of these three
components differ in internal versus external prediction
models. External prediction models propose that the
function of B is to regulate C in order to match A, whereas
in the internal prediction model, A influences B, and then
C is regulated to match B, but there is no implication that
A and C go together or are coordinated in a functional
manner.’

We now elaborate what the internal prediction model
of psychosocial acceleration claims happens at each of
these stages. First, individuals experience psychosocial
stress (A). Second, psychosocial stress has negative long-
term cellular and molecular effects on the body that
increase morbidity and mortality risk not only immedi-
ately but also enduringly (B). The consequence of these
effects is to shorten likely healthy reproductive life span.
Third, the body assesses its likely healthy reproductive
life span as being relatively shortened and accelerates
reproductive maturation as an adaptive response to its
own internal state (C).

Consequences of psychosocial stress

It may seem paradoxical to claim both that the stress sys-
tem is an evolved, adaptive mechanism and that stress
damages the body; however, both of these statements are
likely to be true. The resolution of the apparent paradox
is that the function of the stress system (primarily medi-
ated in humans, including human children, by the hor-
mone cortisol) is to divert bodily resources to the
short-term ability to respond to dynamic, demanding, or
threatening situations and away from other functions
whose importance is felt only in the much longer term
(McEwen & Wingfield, 2003). These functions include
growth, development, self-maintenance, and tissue repair.
Self-repair of bodily tissues is constantly required, as
metabolism continuously produces oxidative stress.
Oxidative stress refers to the net effects of many reactive
oxygen species (ROS) that arise through normal meta-
bolic activity and that damage DNA, protein, and lipids,
hence cumulatively causing a decline in function
(Monaghan, Metcalfe, & Torres, 2009). Oxidative stress
also damages telomeres, the protective “caps” on the end
of chromosomes (von Zglinicki, 2002). When telomeres
become critically short, cells become unable to replicate
accurately, with negative consequences for tissue func-
tion. Telomere length has been found to be a good pre-
dictor of an individual’s future health and longevity in
humans (Bakaysa et al., 2007; Kimura et al., 2008; Njajou
et al., 2009).

The negative effects of oxidative stress can be counter-
acted to some extent by investment in antioxidant activity
and repair mechanisms, and telomeres can be maintained
by production of the enzyme telomerase (Blackburn,
1991). These self-repair processes, along with immune
activity (Segerstrom & Miller, 2004) and bone formation
(Chyun, Kream, & Raisz, 1984), are the kinds of long-term
investments in the body that are turned down by the cor-
tisol-mediated stress response as it diverts energy and opti-
mizes physiological state in the pursuit of more immediate
survival priorities (Gidron, Russ, Tissarchondou, & Warner,
20006; Joergensen et al., 2011; Zafir & Banu, 2009). In terms
of evolutionary life-history theory, these investments are
subject to being “traded off” when immediate need for
investment in urgent other fitness-related activity is high.

In view of the processes described above, it is not
surprising that psychosocial stress has negative and
extremely well-documented effects on long-term bodily
function. This includes psychosocial stress experienced
during childhood. Empirical support can be found in epi-
demiological studies (Miller, Chen, & Parker, 2011). For
example, parental divorce during childhood is associated
with poorer self-rated health in young adulthood (Roustit
et al., 2011) and with reduced life expectancy (Schwartz
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et al., 1995), and being physically abused as a child is
associated with an increased risk for a wide range of
health problems in adulthood (Wegman & Stetler, 2009).
Telomere erosion rates are also higher in individuals who
have experienced social adversity during early life
(Entringer et al., 2011; Epel et al., 2004; Kananen et al.,
2010), and telomere erosion, as discussed above, predicts
subsequent health and life span. Although studies of the
health impacts of early stress in humans control for obvi-
ous confounds such as the continuing effect of the social
environment later in life, they are necessarily correla-
tional in design. However, clean demonstrations exist in
rats, where experimentally elevating glucocorticoid lev-
els in pups has long-term fitness-negative effects on
aspects of neurological development (Neal, Weidemann,
Kabbaj, & Vizquez, 2004), renal function (Liu et al.,
2008), hypertension (Tonolo, Fraser, Connell, & Kenyon,
1988), and survival (Liu et al., 2008).

Thus, overall, the chronic or repeated activation of
stress mechanisms by psychosocial conditions during
childhood will plausibly lead to an adult body that is less
physically robust and has accumulated more oxidative
damage and telomere loss than it would have done if that
stress had not been experienced. Such a body will likely
experience a shortened expected period of healthy
reproductive life before it succumbs to mortality or mor-
bidity (Geronimus, 2013).

Accelerating maturation in response
to internal state

The final component to our argument states that it is adap-
tive for an individual to respond to an increased morbidity
mortality risk by accelerating maturation. This is indeed
optimal when local rates of extrinsic mortality and morbid-
ity are high, because the benefits of delaying reproduction
are offset at a younger age by the risk of failure to repro-
duce or reduced reproduction resulting from early death
(Chisholm, 1993; Nettle et al., 2011; Stearns & Koella,
1986). Extrinsic in this context merely means that the indi-
vidual can do nothing to alter these factors. However,
extrinsic does not have to mean external. If the individual’s
somatic condition is irreversibly damaged by what
occurred during childhood, such that her subsequent
health and survival is poorer, then that individual faces a
higher personal extrinsic rate of mortality and morbidity
than other individuals experiencing the same external
environment but who did not experience the same dam-
age. Thus, just as accelerated development might be adap-
tive when the externally imposed risk of extrinsic
morbidity-mortality is high, it may also be adaptive when
the risk of morbidity—mortality is increased because of
internal causes. Exactly how the body might be able to

sense its own state would be open to consideration, but
there is no principled reason that cues from the internal
milieu—levels of ROS or damaged cells, for example—
should not be available to hormonal and neural systems
that control behavior and sexual development.

Predictions of the Internal Prediction
Model

The internal prediction model of why psychosocial accel-
eration is adaptive states that individuals experiencing
childhood psychosocial stress should accelerate their
maturation because early-life social adversity damages
their internal state, increasing their levels of morbidity—
mortality and shortening their expected (reproductive)
life span. As in external prediction models, in our alterna-
tive view individuals are responding adaptively to their
likely future, shifting toward a faster reproductive strat-
egy when future prospects are poor. However, according
to the model we propose, this prediction relies not on a
forecast of parameters of the external environment but
rather on effects of the early environment on the long-
term health state of the individual’s body. Although the
internal prediction model involves cues of the external
environment being assimilated into the individual’s soma
and thereafter embodied in it, the process we propose
here involves the individual’s internal state itself probabi-
listically determining reproductive life span irrespective
of future external environment.

Our alternative account is compatible with findings
used to support Belsky et al’s (1991) evolutionary
account of psychosocial acceleration (e.g., early adversity
is associated with accelerated maturation). Yet the two
accounts are different in some respects. The internal pre-
diction model makes several predictions that allow the
assessment of the degree to which it is empirically valid.
Before listing these, we emphasize again that the internal
prediction model is not mutually exclusive with the mod-
els proposed by Belsky and colleagues (and extensions
of these models). Mechanisms determining timing of
maturation might integrate cues about both internal and
external state (Fawcett & Johnstone, 2003; Frankenhuis,
Panchanathan, et al., 2013), and the evolutionary rela-
tionships assumed in the two models could coexist, with
their respective importance for the evolution of human
plasticity to be determined empirically (Nettle et al.,
2013). However, the predictions we discuss below follow
more directly from the ultimate role of internal prediction
in guiding psychosocial acceleration than they do from
models based purely on external prediction.

1. Nonsocial and Social Adversity Similarly Affect
Health and Rate of Maturation
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Although we have in this article addressed the specific
example of the effects of psychosocial stress, the applica-
tion of the internal prediction model to sexual maturation
rates is not restricted to this kind of stress. In fact, the
model predicts that any adversity likely to cause damage
to somatic state should be associated with accelerated
reproductive development. For instance, Waynforth
(2012) recently showed that British girls who experi-
enced chronic disease in childhood developed acceler-
ated reproductive strategies in adulthood, even though
the incidence of chronic disease was uncorrelated with
other measures of ecological stress (e.g., socioeconomic
status, father absence). Childhood disease is not among
the social adversities usually studied in the context of
psychosocial acceleration, but it is likely to be associated
with later morbidity—mortality, and so its association with
reproductive acceleration is particularly consistent with
the internal prediction model.

2. Internal State Mediates the Link Between Early
Adversity and Rate of Maturation

There are well-established links between childhood
social adversity and mortality-morbidity in later life
(Roustit et al., 2011; Schwartz et al., 1995; Wegman &
Stetler, 2009). For the internal prediction model, such
links are expected, and indeed their existence is the rea-
son that psychosocial acceleration is adaptive. Purely
external prediction accounts have to explain them more
indirectly; for example, early social adversity is embodied
via neural or endocrine mechanisms that, as a side effect
of their main function of calibrating the individual to her
external environment, have an impact on later health.
Alternatively, they may arise as a consequence of indi-
viduals favoring reproductive effort over somatic effort
(Del Giudice et al., 2011). Thus, the internal prediction
model gives a more central significance to effects of early
environment on measures of general health over time.
Possible markers of general health that could be studied
in this regard would be levels of oxidative stress or telo-
mere length or developmental instability (Hope et al.,
2013; Penke et al., 2009).

3. Childhood Adversity Precedes Somatic Damage,
Which Precedes Accelerated Maturation

The correlation between poor individual health and psy-
chosocial acceleration may be accommodated with the
external prediction model by it being a consequence of
individuals favoring reproductive effort over somatic
effort (Del Giudice et al., 2011). This view leads to the
expectation that some somatic damage follows the adop-
tion of an accelerated reproductive strategy. However, in
the internal prediction model, the order of events is

reversed: Damage precedes an accelerated reproductive
strategy. Therefore, the two models make different pre-
dictions about the sequence of changes to the individu-
al’s soma and life-history strategy, the internal prediction
model explicitly proposing that early damage precedes
adjustment of reproductive strategy, and the external pre-
diction model emphasizing that some damage to state
will follow it. Informative in this respect will be the extent
to which measurable damage to the soma (e.g., in terms
of changes in telomere length in early vs. late childhood)
precedes rather than follows the developmental stages at
which pubertal timing is determined.

4. Early Adversity Negatively Influences Fitness,
Even When Early-Life and Adult Conditions
Match

External prediction models argue that an individual’s
evolutionary fitness in our ancestral environment would
have been the product of the extent to which they based
their developmental decisions on reliable information,
that is, the extent to which the early environment was
predictive of the adult environment. If the purpose of
plasticity is to allow individuals to better “match” to
their future environment, there must be disadvantages—
on average—to making the “wrong” decision, that is, to
experiencing a mismatch (Belsky, 2000; Frankenhuis &
Del Giudice, 2012; Rickard & Lummaa, 2007; Stephens,
1991D). If external prediction processes have been impor-
tant, then there should be reduced evolutionary fitness
in individuals for whom the early-life and adult environ-
ments are discordant (e.g., benign-harsh relative to
harsh-harsh). Conversely, if internal state processes are
relatively more important, then there should always be
a fitness advantage to having had a benign early envi-
ronment, regardless of what the adult environment is
like. Such empirical tests of adaptive developmental
plasticity have recently been carried out in other con-
texts and have not found strong evidence for prediction
of the external environment (Hayward & Lummaa, 2013;
Hayward et al., 2013). For a detailed discussion of the
empirical procedures of different hypotheses of devel-
opmental plasticity, see Uller et al. (2013).

Implications for Health and Disease

We have written this article from a basic science perspec-
tive. However, understanding the determinants of envi-
ronmental variation in rates of maturation is of interest
from a medical perspective, because the onset of physi-
cal and physiological adulthood is defined by an array of
changes that have profound implications for many
aspects of the body’s ability to function. Beyond that, the
relationships between health and age at menarche (Cho
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et al., 2012; Webb, Marshall, & Abel, 2011; Widen et al.,
2012) suggest that understanding why individuals differ
in the rate at which they enter puberty may yvield insights
into the causes of interindividual variation in health and
propensity to disease.

We may go further: What we have considered in this
article is the extent to which internal versus external pre-
diction models are empirically valid as functional expla-
nations for a well-described developmental phenomenon.
This question has implications for our understanding of
precisely how early family environment, sexual matura-
tion rates, and health are interrelated. These details have
real-world implications for our understanding of the eti-
ology of health differentials. We now consider what clini-
cal importance our predictions might have.

In the internal prediction model, general health is of
pivotal importance. Long-term variation in morbidity—
mortality is emphasized as a major reason why variation
in pubertal timing, as indexed by age at menarche, exists.
The internal prediction model thus suggests that early
age of menarche is likely to be a reliable marker of poor
long-term health (at least within populations). Although
the external prediction model is not incompatible with
age at menarche being related to later health, it is none-
theless useful to recognize the special significance that is
attached to the maturation—health relationship by the
internal state model. In this case, accelerated reproduc-
tion is claimed to reflect an increase in bodily damage
that has been instigated many years in the past and will
be difficult to reverse, whereas external prediction mod-
els (to varying degrees) are more likely to consider such
damage as being caused by the ongoing social environ-
ment, which may thus be reversible. The internal predic-
tion model’s emphasis on the environment shaping
individual health supports the assertion that removing
children from abusive, stressful, or otherwise harmful
environments as early as possible would be of paramount
importance for improving future health prospects. If
internal prediction has been a powerful force in influenc-
ing human developmental plasticity, the lesser the poten-
tial there is to reverse effects of early adversity and the
earlier such effects leave their mark on phenotype.

The issues of timing and relative irreversibility in the
internal prediction model have broader implications for
understanding the extent to which early environment
shapes health. If stress-inducing effects of the early envi-
ronment on individual state are indeed significant enough
to have shaped the evolution of plastic reproductive strat-
egy, then this is a strong indication that such effects have
constituted a profound selection pressure on our pheno-
types over the course of our evolutionary history. This
fact would place emphasis on the importance of under-
standing how effects of the early social environment
become embodied in influencing health disparities.

Furthermore, it would lead to the prediction that plastic-
ity in other life-history traits (e.g., future discounting)
may have been shaped adaptively by the effects of the
early social environment on internal state.

Conclusion

We have highlighted differences between our internal
prediction model and prevailing external prediction
models of why psychosocial acceleration exists. However,
we conclude by reiterating similarities. We agree it is
likely to be adaptive to accelerate maturation when child-
hood family conditions are harsh, because future pros-
pects tend to be poor where childhood conditions are
harsh. Our model makes the single modification to the
argument that one functional reason future prospects are
poor where childhood environment is harsh may be the
detrimental effects of harshness on the developing body.
The process we propose involves individuals adapting
not, or not only, to their future external environment but
rather to their own bodies (internal state). We thus uphold
some of the contentions of Belsky et al. (1991) and others
but provide an alternative, or additional, reason for why
those contentions may hold. In particular, we have built
on the theoretical successes of external prediction mod-
els in explaining patterns of variation less in terms of
pathology or systemic dysregulation (McEwen &
Wingfield, 2003) and more in terms of coordinated adap-
tive adjustments (Belsky et al., 1991; Del Giudice
et al., 2011; Ellis, Del Giudice, & Shirtcliff, 2013), which
are likely to be, in some form, the result of natural selec-
tion acting on individuals experiencing variable environ-
ments. The internal prediction model recognizes the
existence and importance of pathology but advances the
idea that interactions between pathology and adaptive
adjustment have been important over the course of
human evolutionary history.

We have not addressed the fact that levels of plasticity
itself may vary across individuals (“differential suscepti-
bility”)—that is, some individuals are more affected than
others by the same kinds of social experiences (e.g., mal-
treatment, social support) in terms of not only immediate
impact but also long-term developmental response
(Belsky & Pluess, 2009; Frankenhuis & Panchanathan,
2011a). There are at least two interesting implications of
internal prediction for theorizing about differential sus-
ceptibility. First, individuals might be differentially sus-
ceptible in the extent to which their somas are
detrimentally impacted by early-life stressors (e.g., due to
prior differences in condition). Our model predicts that
individuals whose somas are more susceptible to damage
or repair will be more prone than less susceptible indi-
viduals to adjust their long-term development in response
to damaging or healing experiences. Second, even if all
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individuals use both internal and external cues to predict
their life span, in principle, individuals could differ in
their sensitivity to each type of information—that is, the
development of some individuals may be shaped more
by their internal somatic states (which predict the weath-
ering of their bodies over time), whereas the develop-
ment of others may be shaped more by their predictions
of their external environment later in life. An alternative
possibility is that some individuals are more susceptible
to both types of information—internal and external—and
rely less, for instance, on evolved prior expectations
about probabilities of environmental states. These are
open and interesting questions that we leave for a future
investigation.

Our motivation in writing this article was not to con-
test current evolutionary accounts of psychosocial accel-
eration but rather to enrich these accounts by freeing
them from (exclusive) reliance on assumptions about
environmental continuity. Our internal approach can
account for empirically successful predictions of the
model of Belsky et al. (1991), while also, as we have
shown, generating novel and unique predictions. By rely-
ing less on temporal environmental continuity, the inter-
nal prediction process we propose extends the range of
evolutionary conditions under which the mechanisms
proposed by Belsky et al. might operate (Nettle et al.,
2013). Our hope is that the predictions discussed here
will be tested using longitudinal data, in order to deter-
mine to what extent each process (internal and/or exter-
nal prediction) accounts for patterns in existing data;
and, of course, we hope that our model will facilitate
discovery of new data patterns as well. In general, we
hope that our article will stimulate studies of psychoso-
cial acceleration, so that this fascinating and important
phenomenon—with many implications for health and
disease—will be better understood.

Acknowledgments

We thank Jay Belsky and Jonathan Wells for constructive com-
ments and Newcastle University for funding.

Note

1. We thank the anonymous reviewer who suggested this useful
mode of explanation.

Declaration of Conflicting Interests

The authors declared that they had no conflicts of interest with
respect to their authorship or the publication of this article.

References

Baig, U., Belsare, P., Watve, M., & Jog, M. (2011). Can thrifty
gene(s) or predictive fetal programming for thriftiness lead
to obesity? Journal of Obesity, 2011. Retrieved from http://
dx.doi.org/10.1155/2011/861049

Bakaysa, S. L., Mucci, L. A., Slaghoom, P. E., Boomsma, D. L.,
McClearn, G. E., Johansson, B., & Pedersen, N. L. (2007).
Telomere length predicts survival independent of genetic
influences. Aging Cell, 6, 769-774.

Barglow, P., Bornstein, M., Exum, D. B., Wright, M. K., &
Visotsky, H. M. (1968). Some psychiatric aspects of illegiti-
mate pregnancy in early adolescence. American Journal of
Orthopsychiatry, 38, 672-687.

Belsky, J. (2000). Conditional and alternative reproductive strate-
gies: Individual differences in susceptibility to rearing expe-
rience. In D. Rodgers, D. Rowe, & W. Miller (Eds.), Genetic
influences on human fertility and sexuality: Theoretical and
empirical contributions from the biological and bebavioral
sciences (pp. 127-146). Boston, MA: Kluwer.

Belsky, J., & Pluess, M. (2009). Beyond diathesis stress:
Differential susceptibility to environmental influences. Psy-
chological Bulletin, 135, 885-908.

Belsky, J., Schlomer, G. L., & Ellis, B. J. (2012). Beyond cumula-
tive risk: Distinguishing harshness and unpredictability as
determinants of parenting and early life history strategy.
Developmental Psychology, 48, 662-673.

Belsky, J., Steinberg, L., & Draper, P. (1991). Childhood experi-
ence, interpersonal development, and reproductive strategy:
An evolutionary theory of socialization. Child Development,
62, 647-670.

Belsky, J., Steinberg, L., Houts, R. M., Halpern-Felsher, B. L.,
& NICHD Early Child Care Research Network. (2010). The
development of reproductive strategy in females: Early
maternal harshness — earlier menarche — increased sexual
risk taking. Developmental Psychology, 46, 120-128.

Bertram, C., & Hanson, M. (2001). Animal models and program-
ming of the metabolic syndrome: Type 2 diabetes. British
Medical Bulletin, 60, 103-121.

Blackburn, E. H. (1991, April 18). Structure and function of
telomeres. Nature, 350, 569-573.

Boyce, W. T., & Ellis, B. J. (2005). Biological sensitivity to con-
text: I. An evolutionary—developmental theory of the ori-
gins and functions of stress reactivity. Development and
Psychopathology, 17, 271-301.

Cameron,N.M.(2011). Maternal programmingofreproductive func-
tion and behavior in the female rat. Frontiers in Evolutionary
Neuroscience, 3, Article 10. Retrieved from http://www
.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal
.pone.0002210

Cameron, N. M., Del Corpo, A., Diorio, J., McAllister, K., Sharma,
S., & Meaney, M. J. (2008). Maternal programming of sexual
behavior and hypothalamic-pituitary-gonadal function in the
female rat. PLoS ONE, 3, €2210. Retrieved from http://www
.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal
.pone.0002210

Chisholm, J. (1993). Death, hope and sex: Life-history theory
and the development of reproductive strategies. Current
Antbropology, 34, 1-24.

Chisholm, J. S., Quinlivan, J. A., Petersen, R. W., & Coall, D. A.
(2005). Early stress predicts age at menarche and first birth,
adult attachment, and expected lifespan. Human Nature,
16, 233-2065.

Cho, G. J., Shin, J.-H., Yi, K. W., Park, H. T., Kim, T., Hur, J.
Y., & Kim, S. H. (2012). Adolescent pregnancy is associated

Downloaded from pps.sagepub.com at Durham University on January 15, 2014


http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0002210
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0002210
http://pps.sagepub.com/
http://pps.sagepub.com/

Adaptation to Internal State

13

with osteoporosis in postmenopausal women. Menopatise,
19, 456-460.

Chyun, Y. S., Kream, B. E., & Raisz, L. G. (1984). Cortisol
decreases bone formation by inhibiting periosteal cell pro-
liferation. Endocrinology, 114, 477-480.

Costello, E., Worthman, C., & Erkanli, A. (2007). Prediction from
low birth weight to female adolescent depression: A test of
competing hypotheses. Archives of General Psychiatry, 64,
338-344.

Del Giudice, M. (2009). Sex, attachment, and the development
of reproductive strategies. Behavioral & Brain Sciences, 32,
1-21.

Del Giudice, M., Ellis, B. J., & Shirtcliff, E. A. (2011). The Adaptive
Calibration Model of stress responsivity. Neuroscience &
Biobehavioral Reviews, 35, 1562-1592.

D’Onofrio, B. M., Turkheimer, E., Emery, R. E., Slutske, W. S,
Heath, A. C., Madden, P. A., & Martin, N. G. (2006). A
genetically informed study of the processes underlying the
association between parental marital instability and off-
spring adjustment. Developmental Psychology, 42, 486-499.

Dorius, G. L., Heaton, T. B., & Steffen, P. (1993). Adolescent
life events and their association with the onset of sexual
intercourse. Youth & Society, 25, 3-23.

Ellis, B. J. (2004). Timing of pubertal maturation in girls: An
integrated life history approach. Psychological Bulletin,
130, 920-958.

Ellis, B. J., Del Giudice, M., & Shirtcliff, E. A. (2013). Beyond
allostatic load: The stress response system as a mecha-
nism of conditional adaptation. In T. P. Beauchaine & S.
P. Hinshaw (Eds.), Child and adolescent psychopathology
(2nd ed., pp. 251-284). New York, NY: Wiley.

Ellis, B. J., Figueredo, A. J., Brumbach, B. H., & Schlomer, G.
L. (2009). Fundamental dimensions of environmental risk.
Human Nature, 20, 204-268.

Ellis, B. J., & Garber, J. (2000). Psychosocial antecedents of
variation in girls’ pubertal timing: Maternal depression,
stepfather presence, and marital and family stress. Child
Development, 71, 485-501.

Ellis, B. J., McFadyen-Ketchum, S., Dodge, K. A., Pettit, G.
S., & Bates, J. E. (1999). Quality of early family relation-
ships and individual differences in the timing of pubertal
maturation in girls: A longitudinal test of an evolutionary
model. Journal of Personality and Social Psychology, 77,
387-401.

Emlen, D. J., & Nijhout, H. F. (1999). Hormonal control of male
horn length dimorphism in the dung beetle Onthophagus
taurus (Coleoptera: Scarabaeidae). Journal of Insect
Physiology, 45, 45-53.

Entringer, S., Epel, E. S., Kumsta, R., Lin, J., Hellhammer, D. H.,
Blackburn, E. H., . . . Wadhwa, P. D. (2011). Stress expo-
sure in intrauterine life is associated with shorter telomere
length in young adulthood. Proceedings of the National
Academy of Sciences, USA, 108, E513-E518.

Epel, E. S., Blackburn, E. H., Lin, J., Dhabhar, F. S., Adler, N. E.,
Morrow, J. D., & Cawthon, R. M. (2004). Accelerated telo-
mere shortening in response to life stress. Proceedings of
the National Academy of Sciences, USA, 101, 17312-17315.

Fawcett, T. W., & Johnstone, R. A. (2003). Optimal assess-
ment of multiple cues. Proceedings of the Royal Society B:
Biological Sciences, 270, 1637-1643.

Frankenhuis, W. E., & Del Giudice, M. (2012). When do adap-
tive developmental mechanisms yield maladaptive out-
comes? Developmental Psychology, 48, 628-642.

Frankenhuis, W. E., Gergely, G., & Watson, J. S. (2013). Infants
may use contingency analysis to estimate environmen-
tal states: An evolutionary, life-history perspective. Child
Development Perspectives, 7, 115-120.

Frankenhuis, W. E., & Panchanathan, K. (2011a). Balancing
sampling and specialization: An adaptationist model of
incremental development. Proceedings of the Royal Society
B: Biological Sciences, 278, 3558-3565.

Frankenhuis, W. E., & Panchanathan, K. (2011b). Individual dif-
ferences in developmental plasticity may result from sto-
chastic sampling. Perspectives on Psychological Science, 6,
336-347.

Frankenhuis, W. E., Panchanathan, K., & Clark Barrett, H. (2013).
Bridging developmental systems theory and evolutionary
psychology using dynamic optimization. Developmental
Science, 16, 584-598.

Gavrilov, L. A., & Gavrilova, N. S. (2004). Early-life program-
ming of aging and longevity: The idea of high initial dam-
age load (the HIDL hypothesis). Annals of the New York
Academy of Sciences, 1019, 496-501.

Geronimus, A. T. (2013). Deep integration: Letting the epig-
enome out of the bottle without losing sight of the struc-
tural origins of population health. American Journal
of Public Health, 103(Suppl. 1), S56-S63. doi:10.2105/
AJPH.2013.301380

Gidron, Y., Russ, K., Tissarchondou, H., & Warner, J. (2006). The
relation between psychological factors and DNA-damage:
A critical review. Biological Psychology, 72, 291-304.

Gillman, M. W. (2005). Developmental origins of health and
disease. New England Journal of Medicine, 353, 1848-1850.

Graber, J. A., Brooks-Gunn, J., & Warren, M. P. (1995). The
antecedents of menarcheal age: Heredity, family environ-
ment, and stressful life events. Child Development, 066,
346-359.

Grafen, A. (1988). On the uses of data on lifetime reproduc-
tive success. In T. C. H. Clutton-Brock (Ed.), Reproductive
success (pp. 454-471). Chicago, IL: University of Chicago
Press.

Gross, M. R. (1985). Disruptive selection for alternative life his-
tories in salmon. Nature, 313, 47-48.

Gross, M. R. (1996). Alternative reproductive strategies and tac-
tics: Diversity within sexes. Trends in Ecology & Evolution,
11, 92-98.

Hayward, A. D., & Lummaa, V. (2013). Testing the evolutionary
basis of the predictive adaptive response hypothesis in a
preindustrial human population. Evolution, Medicine, and
Public Health, 2013, 106-117. Retrieved from http://emph
.oxfordjournals.org/content/2013/1/106.full

Hayward, A. D., Rickard, I. J., & Lummaa, V. (2013). The influence
of early-life nutrition on mortality and reproductive success
during a subsequent famine in a pre-industrial population.

Downloaded from pps.sagepub.com at Durham University on January 15, 2014


http://emph.oxfordjournals.org/content/2013/1/106.full
http://pps.sagepub.com/
http://pps.sagepub.com/

14

Rickard et al.

Proceedings of the National Academy of Sciences, USA, 110,
13886-13891. doi:10.1073/pnas.1301817110

Hope, D., Bates, T., Penke, L., Gow, A.J., Starr, J. M., & Deary, L.
J. (2013). Symmetry of the face in old age reflects childhood
social status. Economics & Human Biology, 11, 236-244.

James, J., Ellis, B. J., Schlomer, G. L., & Garber, J. (2012). Sex-
specific pathways to early puberty, sexual debut, and sexual
risk taking: Tests of an integrated evolutionary-develop-
mental model. Developmental Psychology, 48, 687-702.

Joergensen, A., Broedbaek, K., Weimann, A., Semba, R. D.,
Ferrucci, L., Joergensen, M. B., & Poulsen, H. E. (201D).
Association between urinary excretion of cortisol and mark-
ers of oxidatively damaged DNA and RNA in humans. PLoS
ONE, 6, €20795. Retrieved from http://www.plosone.org/
article/info%3Adoi%2F10.1371%2Fjournal.pone.0020795

Jones, B., Leeton, J., McLeod, 1., & Wood, C. (1972). Factors influ-
encing the age of menarche in a lower socio-economic group
in Melbourne. Medical Journal of Australia, 2, 533-535.

Jones, J. (2005). Fetal programming: Adaptive life-history tactics
or making the best of a bad start? American Journal of
Human Biology, 17, 22-33.

Kananen, L., Surakka, I., Pirkola, S., Suvisaari, J., Lonnqvist, J.,
Peltonen, L., . . . Hovatta, 1. (2010). Childhood adversities
are associated with shorter telomere length at adult age both
in individuals with an anxiety disorder and controls. PLoS
ONE, 5, €10826. Retrieved from http://www.plosone.org/
article/info%3Adoi%2F10.1371%2Fjournal.pone.0010826

Kim, K., & Smith, P. K. (1998). Childhood stress, behavioural
symptoms and mother-daughter pubertal development.
Journal of Adolescence, 21, 231-240.

Kimura, M., Hjelmborg, J. V. B., Gardner, J. P., Bathum, L,
Brimacombe, M., Lu, X., . . . Christensen, K. (2008). Telomere
length and mortality: A study of leukocytes in elderly Danish
twins. American Journal of Epidemiology, 167, 799-800.

Liu, Y., van Goor, H., Havinga, R., Baller, J. F. W., Bloks,
V. W., van der Leij, F. R., . . . de Boorst, M. H. (2008).
Neonatal dexamethasone administration causes progres-
sive renal damage due to induction of an early inflam-
matory response. American Journal of Physiology: Renal
Physiology, 294, F768-F776.

Maestripieri, D. (2005). Effects of early experience on female
behavioural and reproductive development in rhesus
macaques. Proceedings of the Royal Society B: Biological
Sciences, 272, 1243-1248.

Mangel, M., & Clark, C. W. (1988). Dynamic modeling in bebhav-
ioral ecology. Princeton, NJ: Princeton University Press.
McEwen, B. S., & Wingfield, J. C. (2003). The concept of allo-
stasis in biology and biomedicine. Hormones and Behauvior,

43, 2-15.

McNamara, J., & Houston, A. (1999). Models of adaptive behav-
jour. Cambridge, England: Cambridge University Press.
Mendle, J., Turkheimer, E., D’Onofrio, B., Lynch, S., Emery, R,
Slutske, W., & Martin, N. (2006). Family structure and age
at menarche: A children-of-twins approach. Developmental

Psychology, 42, 533-542.

Metcalfe, N. B., & Monaghan, P. (2001). Compensation for a bad
start: Grow now, pay later? Trends in Ecology & Evolution,
16, 254-260.

Mezzich, A., Tarter, R., Giancola, P., Lu, S., Kirisci, L., & Parks,
S. (1997). Substance use and risky sexual behavior in
female adolescents. Drug and Alcobol Dependence, 44,
157-160.

Miller, G. E.; Chen, E., & Parker, K. J. (2011). Psychological
stress in childhood and susceptibility to the chronic dis-
eases of aging: Moving toward a model of behavioral and
biological mechanisms. Psychological Bulletin, 137, 959—
997.

Moffitt, T. E., Caspi, A., Belsky, J., & Silva, P. A. (1992).
Childhood experience and the onset of menarche: A test
of a sociobiological model. Child Development, 63, 47-58.

Monaghan, P., Metcalfe, N. B., & Torres, R. (2009). Oxidative
stress as a mediator of life history trade-offs: Mechanisms,
measurements and interpretation. Ecology Letters, 12,
75-92.

Neal, C. R., Weidemann, G., Kabbaj, M., & Vazquez, D. M.
(2004). Effect of neonatal dexamethasone exposure on
growth and neurological development in the adult rat.
American Journal of Physiology: Regulatory, Integrative
and Comparative Physiology, 287, R375-R385.

Neberich, W., Penke, L., Lehnart, J., & Asendorpf, J. B. (2010).
Family of origin, age at menarche, and reproductive strat-
egies: A test of four evolutionary-developmental models.
European Journal of Developmental Psychology, 7, 153-177.

Nettle, D., Coall, D. A., & Dickins, T. E. (2011). Early-life
conditions and age at first pregnancy in British women.
Proceedings of the Royal Society B: Biological Sciences, 278,
1721-1727.

Nettle, D., Frankenhuis, W. E., & Rickard, I. J. (2013). The evo-
lution of predictive adaptive responses in human life his-
tory. Proceedings of the Royal Society B: Biological Sciences,
280. doi:10.1098/rspb.2013.1343

Njajou, O. T., Hsueh, W.-C., Blackburn, E. H., Newman,
A. B., Wu, S.-H., Li, R., . . . Health ABC Study. (2009).
Association between telomere length, specific causes of
death, and years of healthy life in health, aging, and body
composition, a population-based cohort study. Journals
of Gerontology Series A: Biological Sciences and Medical
Sciences, 64, 860-864.

Nussey, D., Kruuk, L., Morris, A., & Clutton-Brock, T. C. H.
(2007). Environmental conditions in early life influence
ageing rates in a wild population of red deer. Current
Biology, 17, R1000-R1001.

Penke, L., Bates, T. C., Gow, A. J., Pattie, A., Starr, J. M., Jones,
B. C, . .. Deary, 1. J. (2009). Symmetric faces are a sign
of successful cognitive aging. Evolution and Human
Behaviour, 30, 429-437.

Pesonen, A.-K., Raikkonen, K., Heinonen, K., Kajantie, E.,
Forsén, T., & Eriksson, J. G. (2008). Reproductive traits
following a parent—child separation trauma during child-
hood: A natural experiment during World War II. American
Journal of Human Biology, 20, 345-351.

Rice, F., Harold, G., Boivin, J., van den Bree, M., Hay, D., &
Thapar, A. (2010). The links between prenatal stress and off-
spring development and psychopathology: Disentangling
environmental and inherited influences. Psychological
Medicine, 40, 335-345.

Downloaded from pps.sagepub.com at Durham University on January 15, 2014


http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0020795
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0010826
http://pps.sagepub.com/
http://pps.sagepub.com/

Adaptation to Internal State

15

Rickard, I. J., Courtiol, A., Prentice, A. M., Fulford, A. J. C.,
Clutton-Brock, T. C. H., & Lummaa, V. (2012). Intergenera-
tional effects of maternal birth season on offspring size in
rural Gambia. Proceedings of the Royal Society B: Biological
Sciences, 279, 4253-4262.

Rickard, I. J., Holopainen, J., Helama, S., Helle, S., Russell, A.
F., & Lummaa, V. (2010). Food availability at birth limited
reproductive success in historical humans. Ecology, 91,
3515-3525.

Rickard, I. J., & Lummaa, V. (2007). The predictive adaptive
response and metabolic syndrome: Challenges for the hypoth-
esis. Trends in Endocrinology and Metabolism, 18, 94-99.

Roustit, C., Campoy, E., Renahy, E., King, G., Parizot, 1., &
Chauvin, P. (2011). Family social environment in child-
hood and self-rated health in young adulthood. BMC
Public Health, 11, Article 949. Retrieved from http://www
.biomedcentral.com/1471-2458/11/949/

Schwartz, J. E., Friedman, H. S., Tucker, J. S., Tomlinson-
Keasey, C., Wingard, D. L., & Criqui, M. H. (1995).
Sociodemographic and psychosocial factors in childhood
as predictors of adult mortality. American Journal of Public
Health, 85, 1237-1245.

Segerstrom, S. C., & Miller, G. E. (2004). Psychological stress
and the human immune system: A meta-analytic study of
30 years of inquiry. Psychological Bulletin, 130, 601-630.

Smallegange, 1. (2011). Complex environmental effects on the
expression of alternative reproductive phenotypes in the
bulb mite. Evolutionary Ecology, 25, 857-873.

Stearns, S. C., & Koella, J. (1986). The evolution of phenotypic
plasticity in life-history traits: Predictions of reaction norms
for age and size at maturity. Evolution, 40, 893-913.

Steinberg, L. (1988). Reciprocal relation between parent-
child distance and pubertal maturation. Developmental
Psychology, 24, 122-128.

Stephens, D. W. (1991). Change, regularity, and value in the
evolution of animal learning. Behavioral Ecology, 2, 77-89.

Tither, J. M., & Ellis, B. J. (2008). Impact of fathers on daugh-
ters’ age at menarche: A genetically and environmentally
controlled sibling study. Developmental Psychology, 44,
1409-1420.

Tonolo, G., Fraser, R., Connell, J. M., & Kenyon, C. J. (1988).
Chronic low-dose infusions of dexamethasone in rats:

Effects on blood pressure, body weight and plasma atrial
natriuretic peptide. Journal of Hypertension, 6, 25-31.
Turner, P., & Runtz, M. (1999). Sexual abuse, pubertal tim-
ing, and subjective age in adolescent girls: A research
note. Journal of Reproductive and Infant Psychology, 17,

111-118.

Uller, T., Nakagawa, S., & English, S. (2013). Weak evidence for
anticipatory parental effects in plants and animals. Journal
of Evolutionary Biology, 26, 2161-2170. doi:10.1111/jeb.
12212

Vigil, J. M., Geary, D. C., & Byrd-Craven, J. (2005). A life his-
tory assessment of early childhood sexual abuse in women.
Developmental Psychology, 41, 553-561.

von Zglinicki, T. (2002). Oxidative stress shortens telomeres.
Trends in Biochemical Sciences, 27, 339-344.

Walker, R., Gurven, M., Hill, K., Migliano, A., Chagnon, N.,
de Souza, R., . .. Yamauchi, T. (2006). Growth rates and
life histories in twenty-two small-scale societies. American
Journal of Human Biology, 18, 295-311.

Waynforth, D. (2012). Life-history theory, chronic childhood
illness and the timing of first reproduction in a British
birth cohort. Proceedings of the Royal Society B: Biological
Sciences, 279, 2998-3002.

Webb, R. T., Marshall, C. E., & Abel, K. M. (2011). Teenage
motherhood and risk of premature death: Long-term
follow-up in the ONS Longitudinal Study. Psychological
Medicine, 41, 1867-1877.

Wegman, H. L., & Stetler, C. (2009). A meta-analytic review
of the effects of childhood abuse on medical outcomes in
adulthood. Psychosomatic Medicine, 71, 805-812.

Wells, J. C. K. (2012). A critical appraisal of the predictive
adaptive response hypothesis. International Journal of
Epidemiology, 41, 229-235.

West-Eberhard, M. J. (2003). Developmental plasticity and evo-
lution. Oxford, England: Oxford University Press.

Widen, E., Silventoinen, K., Sovio, U., Ripatti, S., Cousminer,
D. L., Hartikainen, A.-L., . . . Palotie, A. (2012). Pubertal tim-
ing and growth influences cardiometabolic risk factors in
adult males and females. Diabetes Care, 35, 850-850.

Zafir, A.,; & Banu, N. (2009). Modulation of in vivo oxidative
status by exogenous corticosterone and restraint stress in
rats. Stress (Amsterdam, the Netherlands), 12, 167-177.

Downloaded from pps.sagepub.com at Durham University on January 15, 2014


http://www.biomedcentral.com/1471-2458/11/949/
http://pps.sagepub.com/
http://pps.sagepub.com/

