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Abstract

This paper presents the Adaptive Calibration Model (ACM), an evolutionary-developmental
theory of individual differences in the functioning of the stress response system. The stress
response system has three main biological functions: (1) to coordinate the organism’s allostatic
response to physical and psychosocial challenges; (2) to encode and filter information about the
organism’s social and physical environment, mediating the organism’s openness to environmental
inputs; and (3) to regulate the organism’s physiology and behavior in a broad range of fitness-
relevant areas including defensive behaviors, competitive risk-taking, learning, attachment,
affiliation and reproductive functioning. The information encoded by the system during
development feeds back on the long-term calibration of the system itself, resulting in adaptive
patterns of responsivity and individual differences in behavior. Drawing on evolutionary life
history theory, we build a model of the development of stress responsivity across life stages,
describe four prototypical responsivity patterns, and discuss the emergence and meaning of sex
differences. The ACM extends the theory of biological sensitivity to context (BSC) and provides
an integrative framework for future research in the field.
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1. Introduction

The stress response system (SRS) is an ancient biological mechanism, fine-tuned by natural
selection and crucially involved in a wide range of adaptive functions in humans as well as
other animals. The basic structure of the SRS is highly conserved across species (Nesse et
al., 2007); however, the SRS exhibits a striking amount of individual variation in its working
parameters (e.g., baseline activation, hormone levels) and in its responsivity to external
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events (e.g., the magnitude of cortisol response, or the balance between sympathetic and
parasympathetic activation). In turn, individual differences in stress responsivity consistently
relate to differences in psychological functioning, social relations, and in the risk for mental
and physical disorders. The SRS is highly plastic, especially in response to early experience
(e.g., Boyce and Ellis, 2005; Gunnar et al., 2009a; Levine, 2005; Parker et al., 2006); at the
same time, widespread allelic variation exists in many genes that can affect SRS functioning
(e.g., Alexander et al., 2009, 2011; Ouellet-Morin et al., 2008; Propper et al., 2008; Wiist et
al., 2004). Understanding individual differences in stress responsivity — their causes, effects,
and developmental processes leading to different patterns of responsivity — has become a
major research focus in neuroscience, psychology, and medicine (e.g., Cameron et al., 2005;
Ellis et al., 2006; Gunnar et al., 2009a; Korte et al., 2005). To date, however, a unifying
theoretical framework for the study of individual differences in SRS functioning is still
lacking.

In this paper we advance an evolutionary model of the development of stress responsivity in
humans: the Adaptive Calibration Model (ACM). Our aim is to develop a biologically
rigorous framework to understand the meaning of individual differences in responsivity and
describe the developmental trajectories leading to such differences. The ACM is an
extension of the theory of biological sensitivity to context (BSC; Boyce and Ellis, 2005;
Ellis et al., 2005; Ellis and Boyce, 2008); to our knowledge, the ACM is the first theory of
stress development to take full advantage of the tools of modern evolutionary and
developmental biology. In particular, our model draws extensively on life history theory
(Ellis et al., 2009; Roff, 2002), sexual selection and parental investment theory (Trivers,
1972; Kokko and Jennions, 2008), and the theory of developmental plasticity (West-
Eberhard, 2003).

The ACM postulates that individual differences in stress responsivity are largely (though not
exclusively) the result of conditional adaptation — the evolved ability of an organism to
modify its developmental trajectory (and the resulting phenotype) to match the local
conditions of the social and physical environment. Individual variation in responsivity is
primarily seen as the result of adaptive mechanisms, rather than the outcome of pathological
or dysfunctional processes. In the framework developed here, the SRS has three main
biological functions: (1) to coordinate the organism’s allostatic response to physical and
psychosocial challenges; (2) to encode and filter information about the organism’s social
and physical environment, mediating the organism’s openness to environmental inputs; and
(3) to regulate the organism’s physiology and behavior in a broad range of fitness-relevant
areas including growth, competitive risk-taking, learning, attachment, affiliation, and
reproductive functioning. All these traits and behaviors can be seen as components of the
organism’s life history (LH) strategy, a biological construct describing the developmental
schedule of an organism and its allocation of time and energy to different fitness-promoting
activities, such as mating and parenting (Figure 1).

The central concept of the ACM is that information encoded by the SRS in the course of
development feeds back on the long-term calibration of the system itself, resulting in
adaptive patterns of responsivity and individual differences in life history-related behavior
(the curved arrow in Figure 1). In other words, the SRS acts as an integrative mechanism,
mediating the development of alternative LH strategies that are adaptive in different
environmental conditions (or at least have been adaptive during the course of human
evolution). In this paper we describe the evolutionary logic of adaptive calibration and
employ that logic to model a number of developmental trajectories — from birth to adulthood
— that lead to stable patterns of individual differences in responsivity to environmental
threats and opportunities.
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Developmental psychologists frequently consider the effects of life experience on
development but rarely consider how these effects have been structured by natural selection.
Despite this oversight, the burgeoning field of evolutionary-developmental biology has
exciting and profound implications for the study of human development (see especially
West-Eberhard, 2003). Over the last two decades, theory and research in the field has come
to acknowledge that, in most species, single “best” strategies for survival and reproduction
are unlikely to evolve. This is because the “best” strategy varies as a function of the
physical, economic, and socioemotional parameters of one’s environment (Crawford and
Anderson, 1989), and thus a strategy that promotes success in some environmental contexts
may lead to failure in others (Belsky et al., 1991; Ellis and Boyce, 2008; Meaney, 2010).
This adaptationist perspective challenges the prevailing notion (e.g., Beauchaine et al., 2007;
Cicchetti and Rogosch, 2001; El-Sheikh et al., 2009; Evans and Kim, 2007) that childhood
exposures to stress and adversity routinely derail normal development (i.e., induce
dysregulated biological and behavioral functioning). Rather, both stressful and supportive
environments have been part of the human experience throughout our evolutionary history,
and thus our developmental systems have been shaped by natural selection to respond
adaptively to a range of different contexts. When people encounter stressful environments,
this does not so much disturb their development as direct or regulate it toward strategies that
are adaptive under stressful conditions; conversely, when people encounter well-resourced
and supportive environments, it directs or regulates development toward strategies that are
adaptive in that context (Ellis et al., 2011a, 2011b; Flinn, 2006).

Consider the extensive experimental work conducted by Michael Meaney and colleagues,
showing that relatively low quality maternal care in the rat (i.e., low levels of maternal
licking and grooming) alters pups’ stress physiology and brain morphology. Although such
changes may seem disadvantageous (i.e., higher corticosterone levels, shorter dendritic
branch lengths, and lower spine density in hippocampal neurons), they actually enhance
learning and memory processes under stressful conditions (Bagot et al., 2009; Champagne et
al., 2008). Moreover, such physiological and morphological changes mediate the effects of
maternal behavior on central features of defensive and reproductive strategies: behavior
under threat, open-field exploration, pubertal development, sexual behavior, and parenting
(Cameron et al., 2005, 2008a, 2008b). In the rodent model presented by Meaney and
colleagues, then, variations in stress physiology and brain morphology apparently represent
strategic — that is, functional — ways of developing under different rearing conditions
(Meaney, 2010).

A central premise of the ACM is that human children likewise have evolved to function
competently — to survive and ultimately reproduce — in a variety of contexts; thus, our
default assumption is that alternative patterns of stress responsivity and related variation in
life history-related behavior, both in response to stressful and supportive environmental
conditions (within the range encountered over human evolution), constitute adaptive
developmental variation. Along these lines, an evolutionary-developmental perspective
emphasizes conditional adaptation: “evolved mechanisms that detect and respond to specific
features of childhood environments, features that have proven reliable over evolutionary
time in predicting the nature of the social and physical world into which children will
mature, and entrain developmental pathways that reliably matched those features during a
species’ natural selective history” (Boyce and Ellis, 2005, p. 290; for a comprehensive
treatment of conditional adaptation, see West-Eberhard, 2003). Conditional adaptation,
which is closely related to the concept of a predictive adaptive response (e.g., Gluckman et
al., 2007), is guided by both external environmental factors (e.g., predation pressures,
quality of parental investment, seasonal change, diet) and indicators of the individual’s
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status or relative competitive abilities in the population (e.g., age, body size, health, history
of wins and losses in agonistic encounters).

1.2. Biological sensitivity to context

Boyce and Ellis (2005) have proposed a conditional adaptation model of developmental
variation in the human SRS. This model articulated the precepts and rationale for a new
claim about the nature of relations between early life experience and stress responsivity.
Boyce and Ellis (2005) contend that heightened responsivity may reflect, not simply
exaggerated arousal under challenge, but rather a form of enhanced, neurobiologically-
mediated sensitivity to context, or biological sensitivity to context (BSC).

The concept of BSC has its early roots in a 1995 Psychosomatic Medicine report by Boyce
and colleagues (1995b), presenting two studies of naturally occurring environmental
adversities and stress reactivity as predictors of respiratory illnesses in 3-5 year old children.
Results revealed, first, that children showing low cardiovascular or immune reactivity to
stressors had approximately equal rates of respiratory illnesses in both low and high
adversity settings. Second, and consistent with the prevailing diathesis-stress model, highly
biologically responsive children exposed to high adversity child care settings or home
environments had substantially higher illness incidences than all other groups of children.
The third, and unexpected, finding was that highly responsive children living in lower
adversity conditions — i.e., more supportive child care or family settings — had the lowest
illness rates, significantly lower than even low responsive children in comparable settings.

These data suggested that children differed in their susceptibility to environmental influence
in a “for better and for worse” manner (Belsky et al., 2007), with more biologically
responsive children experiencing unusually poor outcomes in high-stress, unsupportive
social conditions but flourishing under low-stress, nurturing, and predictable conditions.
Further, the initial Boyce et al. (1995b) research, together with subsequent work (Boyce and
Ellis, 2005), identified candidate physiological mechanisms of environmental susceptibility
— autonomic, adrenocortical, or immune reactivity to psychosocial stressors — and proposed
that psychobiologic reactivity moderated the effects of early environmental exposures on
physical and mental health outcomes in a bivalent manner. More responsive children
displayed heightened sensitivity to both positive and negative environmental influences and
thus were given the shorthand designation of orchid children, signifying their special
susceptibility to both highly stressful and highly nurturing environments. Children low in
responsivity, on the other hand, were designated as dandelion children, reflecting their
relatively high capacity for survival in species-typical circumstances of all varieties (Boyce
and Ellis, 2005).

Although the findings of Boyce et al. (1995b) stimulated a provisional interpretation of how
environmental exposures and psychobiologic responsivity worked together in regulating
children’s mental and physical health, conspicuously missing was a broader, more heuristic
theoretical framework in which these findings could be interpreted and explained. Boyce
and Ellis’s (2005; see also Ellis et al., 2005, 2006; Ellis and Boyce, 2008) BSC theory was
an effort to provide such an evolutionary functional analysis, advancing as it did two key
propositions. The first involved a new hypothesis about the function of the SRS and the
second a novel evolutionary hypothesis about its developmental calibration. Each is
considered here, in turn.

With respect to the function of the SRS, it was clear that biological reactivity to stressors
comprises a complex, integrated system of central neural and peripheral neuroendocrine
responses designed to prepare the organism for challenge or threat. On the other hand,
according to BSC theory, the components of the “stress response” system also function to

Neurosci Biobehav Rev. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Giudice et al.

Page 5

increase susceptibility to resources and support in the environment. This dual function
signifies the need to conceptualize stress responsivity more broadly as BSC, which Boyce
and Ellis (2005) defined as neurobiological susceptibility to both cost-inflicting and benefit-
conferring features of the environment and operationalized as an endophenotypic property
indexed by heightened responsivity in one or more components of the SRS.

Highly responsive children experience either the best or the worst of psychiatric and
biomedical outcomes within the populations from which they are drawn. Under conditions
of adversity, such children sustain higher rates of disease, behavioral problems, and injuries
than their more normatively reactive peers. By contrast, such highly responsive children in
low-stress, protective social environments experience substantially lower rates of physical
and mental health problems than their less reactive counterparts (Boyce, 1996; Boyce et al.,
1995b; Bubier et al., 2009; Ellis et al., 2011b; Essex et al., 2011; Obradovi¢ et al., 2010,
2011; Quas et al., 2004). BSC theory therefore posits that individual differences in the
magnitude of biological stress responses function to regulate openness or susceptibility to
environmental influences, ranging from harmful to protective. Complementing this
perspective, Jay Belsky’s theory of differential susceptibility also postulates that children,
due to variation in temperament and genetics, differ in their susceptibility to both the
adverse effects of risk-promoting early environments and the beneficial effects of
development-enhancing rearing conditions (Belsky, 1997, 2005; Belsky and Pluess, 2009).

The second evolutionary proposition of BSC, concerning developmental calibration of the
SRS, draws on the concept of conditional adaptation. BSC theory proposed that humans
have evolved developmental mechanisms for detecting and internally encoding information
about levels of support versus adversity in early childhood environments; this information is
then used to calibrate activation thresholds and response magnitudes within stress response
systems to match those environments. Given past evidence that early trauma can increase
stress responsivity and newer evidence that responsivity can enhance developmental
functioning in highly supportive settings, Boyce and Ellis (2005) postulated a curvilinear, U-
shaped relation between early support-adversity and the magnitude of biological response
dispositions. Specifically, Boyce and Ellis hypothesized that: a) exposure to acutely stressful
childhood environments up-regulates BSC, increasing the capacity and tendency of
individuals to detect and respond to environmental dangers and threats; b) exposure to
especially supportive childhood environments also up-regulates BSC, increasing
susceptibility to social resources and ambient support; and (c) by contrast, exposure to
childhood environments that are not extreme in either direction down-regulates BSC.
Because development of heightened BSC has associated fitness costs (e.g., increased rates of
mental and physical disorders; reviewed in Boyce and Ellis, 2005), enhanced
neurobiological susceptibility to the environment is unlikely to be adaptive in the large
majority of children who grow up in normative environments. Instead, low to normative
levels of BSC should produce the best fitness outcomes in such contexts, buffering
individuals against the chronic stressors encountered in a world that is neither highly
threatening nor consistently safe. Exploratory analyses in two studies offered confirmatory
evidence that the lowest prevalences of highly responsive phenotypes were found in
conditions of moderate stress and that both tails of the support-adversity distribution were
associated with higher proportions of responsive children (Ellis et al., 2005; see also Gunnar
et al., 2009a; Hagan et al., 2010). Converging findings of a curvilinear relationship between
early stress and later responsivity have also been reported in recent studies of mice (Macri et
al., 2007, 2009).

1.2.1. Extending the BSC theory—The ACM extends and refines the original BSC

theory in a number of ways. First of all, we explicitly connect the concept of sensitivity to
context to the broader evolutionary framework of LH theory. Second, we discuss the
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adaptive meaning and developmental origin of sex differences in responsivity, a crucial
aspect that was missing from the initial formulation of the BSC theory. Third, we attempt to
model the trajectories leading to individual differences in a more fine-grained way, by
discussing the development of stress responsivity at different life stages and identifying a
number of “switch points” when plasticity is preferentially expressed. Finally, we refine the
BSC construct of stress responsivity by considering distinct roles for the three main
components of the SRS (the parasympathetic and sympathetic systems and the
hypothalamic-pituitary-adrenal axis). This allows us to model four prototypical responsivity
patterns, each reflecting the coordinated activity of the SRS components.

1.3. Overview of the paper

The paper is organized as follows. Section 2 introduces the basics of LH theory and
describes the role of LH strategies in the organization of behavior. Section 3 presents the
evolutionary view of human development as a sequence of stages and switch points, and
discusses the main switch points in the development of LH strategies. Section 4 is a
synthetic review of the biological functions fulfilled by the SRS — the coordination of the
allostatic response, the encoding/filtering of environmental information, and the regulation
of life history-relevant traits. In sections 5 and 6 we present the Adaptive Calibration Model,
describe four prototypical patterns of stress responsivity, and explore their developmental
trajectories across life stages. We conclude with a theoretical integration and a discussion of
current limitations and future directions.

2. Life history theory

Life history theory is a branch of evolutionary biology dealing with the way organisms
allocate time and energy to the various activities that comprise their life cycle (see Ellis et
al., 2009; Hill, 1993; Kaplan and Gangestad, 2005; McNamara and Houston, 1996; Penke,
2010; Roff, 2002). All organisms live in a world of limited resources; the energy that can be
extracted from the environment in a given amount of time, for example, is intrinsically
limited. Time itself is also a limited good; the time spent by an organism looking for mates
cannot be used to search for food or care for extant offspring. Since all these activities
contribute to an organism’s evolutionary fitness, devoting time and energy to one will
typically involve both benefits and costs, thus engendering trade-offs between different
fitness components. For example, there is a trade-off between bodily growth and
reproduction because both require substantial energetic investment, and thus producing
offspring reduces somatic growth. Childhood is an expression of this trade-off — the initial
phase of an organism’s life cycle is usually non-reproductive and characterized instead by a
fast growth rate. As Ellis et al. (2009, p. 208) have stated: “Each trade-off constitutes a
decision node in allocation of resources, and each decision node influences the next decision
node (opening up some options, foreclosing others) in an unending chain over the life
course.” Natural selection strongly favors organisms that are able to schedule development
and activities in a manner that optimizes this chain of resource allocation decisions. LH
theory concerns optimal allocation of time and energy toward competing life functions —
bodily maintenance, growth, and reproduction — over the life cycle.

2.1. Life history strategies

LH theory employs formal modeling to solve the complex optimization problem of how —
and when — to allocate limited resources to gain the maximum reproductive success. LH
strategies1 are adaptive solutions to a number of simultaneous fitness trade-offs. The most
basic trade-offs are between somatic effort (i.e., growth, body maintenance, and learning)
and reproductive effort; and, within reproductive effort, between mating (i.e., finding and
attracting mates, conceiving offspring) and parenting (i.e., investing resources in already
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conceived offspring). From another perspective, the critical decisions involved in a LH
strategy can be summarized by the trade-offs between current and future reproduction, and
between quality and quantity of offspring (see Ellis et al., 2009). Is the organism going to
reproduce as soon as it can, or to wait longer, in order to accumulate resources that can then
increase offspring “quality” and reproductive success — and thereby the parent’s own
inclusive fitness? The more time spent waiting, the more resources (e.g., energy reserves,
but also skills and social status) could become available, but the risk of dying before
reproducing will increase as well. And is the organism going to put all of its reproductive
effort into increasing the number of offspring, or will it channel resources and parenting
effort into increasing the quality and long-term prospects of a few, selected descendants?

One of the most important implications of LH theory is that no strategy can be optimal in
every situation; more specifically, the optimal (i.e., fitness-maximizing) strategy for a given
organism depends on its ecology and on a series of factors such as resource availability,
mortality and environmental uncertainty. Indeed, organisms usually embody mechanisms
that allow them to fine-tune their life histories according to the environmental cues they
encounter during development. Within the same species, different individuals can find
themselves in dramatically different environmental conditions, which may call for
adjustment in the way strategic trade-offs are resolved. For this reason, LH traits and
strategies tend not to be genetically fixed, but rather evolve to show developmental plasticity
(Belsky et al., 1991; Ellis et al., 2006; West-Eberhard, 2003). Developing organisms assess
their local environments and adjust their strategic allocation choices, following evolved
rules that maximize expected fitness in different ecological conditions. To the extent they
result from evolved mechanisms of plasticity, individual differences in LH strategies are
examples of conditional adaptation (section 1).

2.1.1. Sex differences in life history strategies—In sexual species, the two sexes
predictably differ on LH-related dimensions; they thus can be expected to employ somewhat
different strategies in response to the same cues in the environment. In most species, males
tend to engage in higher mating effort and lower parental effort than females (Geary, 2002;
Kokko and Jennions, 2008; Trivers, 1972). In addition, males usually undergo stronger
sexual selection (i.e., their reproductive success is more variable) and tend to mature more
slowly in order to gain the competitive abilities and qualities needed for successful
competition for mates. Sexual asymmetries in LH strategies can be attenuated in species
with monogamous mating systems and when both parents contribute to offspring care.
Compared with other mammals, humans show an unusual degree of paternal investment; we
are clearly adapted for the possibility of monogamous, long-term relationships. However,
human paternal care is highly variable and facultative (e.g., Geary, 2005; Quinlan, 2008),
and strict monogamy is rarely found (Marlowe 2000, 2003). The reproductive success of
men is more variable than that of women, especially in societies characterized by polygyny
or serial monogamy (Brown et al., 2009). Human mating is best characterized as
strategically flexible (Gangestad and Simpson, 2000), with a widely documented tendency
for men to engage in higher mating effort than women (e.g., Schmitt, 2005).

As a result of these biological differences, the various components of LH strategies do not
typically carry the same weight for men and women. The current versus future reproduction
tradeoff is more pressing for women: women’s reproductive rate is limited by the long
duration of gestation and the conspicuous energetic investment of pregnancy and lactation,

lin evolutionary biology the term “strategy” denotes an organism’s realized phenotype among a set of possible phenotypes; adoption
of a given strategy can depend on both environmental and genetic factors (see section 3). The term does not imply conscious planning,
deliberation, or even awareness — a “choice” between phenotypic strategies (even behavioral ones) can be implemented by low-level
physiological means such as hormonal switches or modifications of genetic expression.
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and their window for successful reproduction necessarily ends with menopause. In contrast,
men can potentially sire many offspring in a very short time, as well as for a more extensive
period of their lives. Men’s crucial trade-off is the mating versus parenting one: the payoffs
of high mating effort are potentially much larger for males, who can benefit directly from
having access to a large number of partners; women can have only one child at a time (twin
pregnancies aside), and thus benefit relatively less from mating with multiple partners.

2.2. Determinants of life history strategies

2.2.1. Environmental factors—The key dimensions of the environment that affect the
development of LH strategies are resource availability, extrinsic morbidity-mortality, and
unpredictability, as signaled by observable cues. Because successful conversion of energy
harvested from the environment into reproduction is the central task faced by all organisms,
obtaining an adequate supply of food is and always has been a fundamental adaptive
problem. Consequently, energetic conditions — caloric intake, energy expenditures, and
related health conditions — set a baseline for many developmental processes, including
development of LH strategies. Drawing on LH theory, various evolutionary biologists and
psychologists (e.g., MacDonald, 1999; Ellison, 2001; Surbey, 1998) have argued that
energetic stress (i.e., malnutrition, low energy intake, negative energy balance, and
associated internal stressors such as disease) cause the developing person to shift toward a
slower LH strategy. This translates into development of a more energy-sparing phenotype:
slower growth, delayed sexual maturation, low gonadal steroid production, small adult body
size, and low fecundity. Developmental responses to resource scarcity, therefore, include
trade-offs favoring maintenance over growth, future over current reproduction (late age at
first birth) and offspring quality over quantity (low offspring number). Along these lines,
monogamous marriage and father-present social systems are more likely to be found among
hunter-gatherers inhabiting harsh physical environments where biparental care (male
provisioning) is substantial and important for offspring survival and reproductive success
(Draper and Harpending, 1988; Geary, 2000; Kaplan and Lancaster, 2003: Table 7-1;
Marlowe, 2003).

Development of fast LH strategies depends on adequate bioenergetic resources (low
resource scarcity/energetic stress) to support growth and development. Once this energetic
threshold is crossed, other environmental conditions (i.e., extrinsic morbidity-mortality,
unpredictability) become salient determinants of LH strategy (Ellis et al., 2009). Extrinsic
morbidity-mortality constitutes external sources of disability and death that are relatively
insensitive to the adaptive decisions of the organism. When environmental factors cause
high levels of extrinsic morbidity-mortality, even prime-age adults suffer relatively high
levels of disability and death. According to LH theory, environmental cues indicating high
levels of extrinsic morbidity-mortality cause individuals to develop faster LH strategies
(Belsky et al., 1991; Chisholm, 1993, 1999; Ellis et al., 2009; Pennington and Harpending,
1988; Quinlan, 2007). Faster strategies in this context — a context that devalues future
reproduction — function to reduce the risk of disability or death prior to reproduction.
Accordingly, exposure to environmental cues indicating extrinsic morbidity-mortality (i.e.,
observable cues that reliably covaried with morbidity-mortality risks during our
evolutionary history, such as exposures to violence, dangerous ecological conditions, or
harsh childrearing practices) should shift LH strategies toward current reproduction by
maturing and starting mating early (Belsky et al., 1991), even at a cost for one’s future
reproductive potential. Moreover, high extrinsic morbidity-mortality means that investing in
parental care has quickly diminishing returns (by definition, parental effort beyond a basic
level cannot shield offspring against extrinsic morbidity-mortality). Thus, high extrinsic
morbidity-mortality favors quantity versus quality of offspring.
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In addition to the effects of levels of extrinsic morbidity-mortality, variation in extrinsic
morbidity-mortality over time and space — environmental unpredictability — also regulates
development of LH strategies (Ellis et al., 2009). In environments that fluctuate
unpredictably (e.g., changing randomly between Conditions A and B, so that exposure by
parents or their young offspring to Condition A does not reliably forecast whether offspring
will mature into Condition A or B), long-term investment in a development of a slow LH
strategy does not optimize fitness; all of the energy invested in the future would be wasted if
the individual matures into an environment where life expectancy is short. Instead, given
adequate bioenergetic resources to support growth and development, the psychobiological
mechanisms regulating LH strategies should detect and respond to proximal cues to
environmental unpredictability (e.g., stochastic changes in ecological context, geography,
economic conditions, family composition, parental behavior) by entraining faster LH
strategies. Because levels of and variability in extrinsic morbidity-mortality are distinct,
developmental exposures to each of these environmental factors should uniquely contribute
to variation in LH strategy (Ellis et al., 2009).

2.2.2. Genetic factors and gene-environment interactions—In heterogeneous
environments, adaptive developmental plasticity can match the organism’s phenotype to its
developmental context in a manner that maximizes the organism’s expected fitness. This is
only possible, however, if the relevant dimensions of the environment can be detected and
predicted with some reliability, and if the organism is equipped with biological mechanisms
capable of responding appropriately to environmental cues. While adaptive plasticity is
widespread, it may not always be the best option. For example, if the cost of maintaining the
mechanisms that regulate plasticity is high, or if there are no reliable cues in the
environment on which to base the organism’s strategy, natural selection may favor fixed
alternative phenotypes (i.e., specialists) in heterogeneous environments. Such alternative
phenotypes may be implemented through a stochastic developmental switch (as in the case
of bet-hedging; see Philippi and Seger, 1989) or be based on DNA sequence variation
(polymorphisms). Natural selection tends to maintain genetic variation when there are
multiple ecological niches in the environment, and individuals are able to select the niche
that best fits their genotype (and expressed phenotype; Wilson, 1994); or when temporally
changing environments produce fluctuating selection pressures that are stronger than any
unidirectional selection pressure, and alternative genotypes (and their expressed phenotypes)
have approximately the same fitness when averaged across the fluctuating selection regimes
(Penke et al., 2007); or when the fitness of alternative genotypes (and their expressed
phenotypes) varies depending on their frequency in the population (Maynard Smith, 1998).

A crucial question is, to what degree should LH strategies be developmentally contingent
and plastic, rather than canalized and more strictly determined by genotype? The answer is
not simple; indeed, what is typically found in organisms is a mixture of the two. Theoretical
models suggest that one should often expect a balance between genetic and environmental
determination of phenotypic individual differences. At the individual level, a model by
Leimar and colleagues (2006) indicates that, in a broad range of conditions, plasticity
switches should evolve so as to integrate both genetic and environmental information in
phenotypic determination. Indeed, all the LH traits studied so far in humans show at least
moderate heritability (e.g., Figueredo et al., 2004; Kirk et al., 2001; Pettay et al., 2005;
Rodgers et al., 2001). At the population level, the opportunity for habitat choice plus
heterogeneous environmental conditions can maintain a diverse population composed of
both “specialists” (fixed phenotypes) and “generalists” (plastic phenotypes), as shown by
Wilson and Yoshimura (1994). In a similar vein, differential susceptibility theory (Belsky,
1997, 2005) maintains that, because the cues driving the development of conditional
phenotypes are not completely reliable, children vary in their susceptibility to rearing
influences (section 1). Such differential susceptibility underlies pervasive person-by-
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environment interactions, whereby individuals with given genotypes or phenotypes show
higher sensitivity to environmentally-induced effects on development (see Belsky, 1997,
2005; Belsky and Pluess, 2009; Boyce and Ellis, 2005; Ellis et al., 2011a).

2.3. Life history strategies and the organization of behavior

When interpreted in a narrow sense, LH strategies refer mainly to growth- and reproduction-
related traits such as maturation timing, age at first reproduction, fertility, and number of
sexual partners. However, it is easy to see that the choice of a specific strategy will affect a
much broader range of traits and behaviors (Belsky et al., 1991; Figueredo et al., 2004,
2006; Wolf et al., 2007). Imagine an organism that, following cues of extrinsic morbidity-
mortality and unpredictability, adopts a strategy characterized by early reproduction and
high mating effort. To succeed, the organism needs to outcompete same-sex conspecifics
and be chosen by members of the other sex. Especially for males, this is likely to involve
status-seeking behavior, plus considerable investment in traits and displays that the other sex
finds attractive in short-term mates; in humans, these may involve verbal and creative
displays, competitive sports, humor, and so on (Jackson and Ellis, 2009; Locke and Bogin,
2006; Miller, 2000). The cues of environmental risk that drive the choice of the strategy will
also prompt higher risk-taking in other domains (e.g., exploration, fighting, dangerous
sexual displays), preference for immediate over delayed rewards, and impulsivity
(Chisholm, 1999; Daly and Wilson, 2005). A recent model by Wolf and colleagues (2007)
formally showed that individual differences in present- versus future—oriented strategies can
be expected to result in consistent individual differences in risk-related traits, such as
boldness and aggression. Impulsivity and competitive attitudes, in turn, should decrease the
willingness to engage in long-term cooperation and to behave altruistically (Belsky et al.,
1991; Curry et al., 2008); and since the behaviors associated with a fast strategy predictably
increase the organism’s expected morbidity-mortality, the very fact of having adopted the
strategy may act as a “self-produced cue” of increased hazard, leading to self-reinforcing
feedback on behavior.

In summary, LH strategies play a powerful role in the organization of behavior. Traits and
behaviors that covary along LH dimensions form a broad, integrated cluster which includes
exploration/learning styles, mating and sexual strategies, pair-bonding, parenting styles,
status- and dominance-seeking, risk-taking, impulsivity, aggression, cooperation, and
altruism. Correlations within this cluster have been documented both in humans (e.g., Del
Giudice, 2009a; Figueredo et al., 2006; Kruger et al., 2008) and other animals (e.g.,
Dingemanse and Réale, 2005; Korte et al., 2005). For example, Figueredo and colleagues
were able to identify a heritable, general factor accounting for a large proportion of variance
in psychological traits including security of attachment to romantic partners, mating style,
impulsivity, and altruism (Figueredo et al., 2004, 2005, 2006).

Life history strategies organize individual differences across multiple domains, from
physical growth and maturation to social, sexual, and parental behavior. This requires the
evolution of physiological mechanisms capable of coordinating the development of LH-
related traits in an integrated, adaptive fashion. In this paper we argue that the SRS is such
an integrative mechanism. As we will show in section 4, the SRS contributes to the
regulation of a wide range of LH-related traits — from sexual maturation and fertility to risk-
taking and parenting styles. Even more importantly, the SRS is well suited to make use of
environmental information to entrain the development of alternative strategies.

3. Stages and switch points in human development

Adaptive scheduling of developmental tasks requires tight coordination between physiology
and behavior, and the emergence of life stages is an effective solution to this problem. For
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example, if an organism has to grow to a certain size and accumulate a minimum quantity of
resources before it can engage in successful reproduction, it will need to: (1) promote bodily
growth; (2) keep the neuroendocrine machinery devoted to mating shut off, or at least reduce
its activity; (3) intensify behaviors related to resource seeking and acquisition; and (4) track
body size and resource level to decide when to begin to look for mates. These multiple goals
can be achieved by putting all the relevant metabolic and behavioral processes under the
control of a single switch mechanism, so that the organism will first specialize in growth and
resource acquisition and then in mating and reproduction. In this way, the organism avoids
interference and competition for time and metabolic resources between different
developmental tasks. Although LH trade-offs do not always lead to mutually exclusive
choices (e.g., parenting and searching for new mates may coexist up to a point), the
competition between different fitness-related activities encourages developmental
specialization. Then once life stages begin to evolve, one can expect them to become
increasingly more specialized as traits that work well together cluster with one another.

At the molecular level, the selective expression of different traits is permitted by expression
of different sets of genes; thus, transitions between life stages involve the turning on and off
of co-expressed genetic networks. The suite of traits expressed in a given stage fulfills the
definition of evolutionary modules: Switch-controlled sub-units of the phenotype that
display coordinated expression as a unit; are internally integrated (recurrence together in
time or space of the same elements, indicating a common source of regulation); are
temporally or spatially discrete relative to other systems; display stereotypy of form and
location across individuals of the same species; and are semidissociable (able to be deleted
or reexpressed as a unit) (West-Eberhard, 2003). Modules are highly integrated by
pleiotropic effects of the underlying genes2 and relatively isolated from other such sets by a
paucity of pleiotropic effects (Wagner and Altenberg, 1996; Wagner et al., 2005).

Transitions between life stages are often under hormonal control (Adkins-Regan, 2005;
Heyland et al., 2005). The widely distributed effects of hormonal signaling systems allows
them to act as crucial nodes in complex regulatory networks, coordinating the expression of
traits in the whole organism (Dufty et al., 2002; Heyland et al., 2005). Working through both
peripheral and central nervous system pathways, hormonal regulation of between-stage
transitions allows for remarkable plasticity, making these transitions sensitive to social and
environmental cues. More generally, it is becoming increasingly clear that neuroendocrine
systems are crucially involved in the expression of developmental plasticity in most species,
integrating and “interpreting” environmental variation and adaptively shaping the
development of the whole organism (Dufty et al., 2002; Kaplan and Gangestad, 2005;
Nijhout, 2003; Ricklefs and Wikelski, 2002).

3.1. Developmental switch points

West-Eberhard (2003) has modeled the role of switch-controlled modular systems in
development. Her model can be usefully applied both to sequential changes in biologically
distinct life stages (e.g., the pubertal transition) and to development of alternative LH
strategies. Transitions between stages are coordinated by developmental switches that
operate through hormonal mechanisms. Most critically, developmental plasticity is regulated
through developmental switches and, thus, enhanced at life stage transitions.

To illustrate the concept of a developmental switch, we focus on puberty: the transition from
the pre-reproductive phase of the human lifespan, when energy is primarily allocated toward

2a pleiotropic gene is involved in the expression of more than one phenotypic trait, so that allelic variation can affect many traits
simultaneously. With respect to stages, pleiotropy refers to genes that affect physiology and behavior at different time points, thus
creating genetic correlations across life history stages.
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physical and psychological growth, to the reproductive phase of the lifespan, when energy is
allocated toward transforming the developing adolescent into a reproductively competent
individual (see Schlegel, 1995; Weisfeld and Janisse, 2005). This transition is marked by
puberty-specific physical and psychological changes that function to promote reproductive
competence (e.g., greater height and muscle mass in adolescent boys aids in face-to-face
competition with rivals; widening of the pelvis and accumulation subcutaneous fat in
adolescent girls promotes successful pregnancy and lactation; increasing attraction — and
reaction — to romantic, sexual, and peer contexts helps adolescents break into the breeding
pool). The pubertal transition, like other developmental switch points, is a sensitive period
for developmental change (Forbes and Dahl, 2010; Nelson et al., 2005), with increased
susceptibility to genetic and environmental influences.

Perhaps the most striking feature of the pubertal transition is its variation. Some individuals
complete pubertal development in primary school while others are still relatively
undeveloped when they start high school. This variation begins with individual difference in
maturation of the reproductive axis — when and how fast puberty occurs — and then, in a
linked set of resource allocation decisions that characterize development of LH strategies,
feeds forward to many other reproductive characteristics. For example, girls who experience
early pubertal development, compared with their later maturing peers, tend to have higher
levels of serum estradiol and lower sex hormone binding globulin concentrations that persist
through 20-30 years of age; have shorter periods of adolescent sub-fertility (the time
between menarche and attainment of fertile menstrual cycles); experience earlier ages at first
sexual intercourse, first pregnancy, and first childbirth; and tend to be heavier and carry
more body fat in adolescence and early adulthood (reviewed in Ellis, 2004; see also St.
George et al., 1994; van Lenthe et al., 1996).

How do genes and environments affect this variation? Developmental change is coordinated
by regulatory switch mechanisms, which serve as transducers (mediators) of genetic,
environmental, and structural influences on phenotypic variation. These switch mechanisms
control developmental switch points: “A point in time when some element of phenotype
changes from a default state, action, or pathway to an alternative one — it is activated,
deactivated, altered, or moved” (West-Eberhard, 2003, p. 67). This can involve a discrete
structural change or a change in the rates of a process. Genetic and environmental inputs
interact with extant phenotypic qualities to determine the functioning of regulatory switch
mechanisms and influence their thresholds. Once a threshold is passed (i.e., the switch
occurs), the regulatory mechanism coordinates the expression and use of gene products and
environmental elements that mediate the species-typical transition to the new phenotypic
stage as well as individually differentiated pathways within that stage.

For example, consider the key event in the pubertal transition — gonadarche (maturation of
the gonads) — and its regulatory functions. Gonadarche begins at approximately 9 or 10
years of age in girls and soon thereafter in boys; it involves a change from low-level,
irregular secretion of gonadotropin-releasing hormone (GnRH) to a pattern of distinct
pulses. At gonadarche, the GnRH surge markedly increases pulsatile secretion of luteinizing
hormone and follicle-stimulating hormone, leading to a cascade of events, including gonadal
maturation, increased production of steroid hormones, growth acceleration, weight gain,
development of secondary sexual characteristics, and so forth (see Ebling, 2005; Grumbach
and Styne, 2003; Plant and Barker-Gibb, 2004).

A switch point is controlled by a condition-sensitive, quantitatively variable regulatory
mechanism with a given activation threshold. Appropriate pulsatile secretion of GnRH is the
threshold that must be passed for gonadarche to occur. In terms of pubertal development,
gonadarche can be thought of as a master switch, with subsequent decision points working
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as subordinate switches in a developmental sequence. The neurotransmitter and
neuromodulatory systems that control the GnRH secretory network are a major locus of
operations for both environmental and genetic influences on not only the awakening of the
hypothalamic—pituitary—gonadal (HPG) axis (gonadarche) but also regulating its functioning
after gonadarche occurs. Environmental factors, such as nutrition and exercise, predation
threats, or family stress and support, can potentially influence the reproductive axis at every
developmental switch point (reviewed in Ellis, 2004). In addition, a large number of genes
influence the maturation and functioning of the HPG axis. For example, seventeen different
single-gene mutations have been associated with delayed or absent puberty in humans
(Herbison, 2007).

Most critically, regulatory switch mechanisms provide a common locus of operations for
genetic and environmental influences on phenotypic development; that is, these mechanisms
are the vehicle through which gene-gene, environment-environment, and gene-environment
interactions occur. These inputs structure the operation of regulatory switch mechanisms
(e.g., determine levels of pulsatile release of GnRH) and may affect the threshold necessary
for a developmental switch to occur and/or the organism’s ability to cross that threshold
(West-Eberhard, 2003; Ellis, in press).

3.2. Human juvenility

Human development can be segmented in a number of biologically distinct stages separated
by transitional periods: a prenatal stage (conception to birth), infancy (birth to about 2
years), childhood (about 3 to 6 years), juvenility or middle childhood (about 7 to 11 years),
adolescence (about 12 to 17 years), and adulthood (Bogin, 1997, 1999). Each is
characterized by a specific pattern of growth, physiology and behavior, and fulfills a distinct
set of biological functions. Infancy, childhood and adolescence are often discussed in
relation to the development of the SRS (Adam et al., 2007; Gunnar and Donzella, 2002;
Gunnar and Vazquez, 2006; Gunnar et al., 2009c; Shirtcliff and Ruttle, in press). More
recently, there has also been a surge of interest in the prenatal stage as a critical period in
stress development (e.g., Bergman et al., 2007; Gutteling et al., 2004, 2005; Poggi Davis et
al., 2010). Much less attention has been devoted to the developmental role of juvenility and
to the neuroendocrine changes that take place in the passage from early to middle childhood.
Juvenility, however, has an important place in our model, and in sections 5 and 6 we argue
that it represent a critical transition period in the development of individual and sex
differences in responsivity. In order to give the reader the necessary background, we now
present an overview of human juvenility and its psychological and neurobiological
correlates.

Juvenility is defined as a pre-reproductive stage in which the youngster is independent from
parents for survival, but still sexually immature. Human juvenility is a biological label for
what is usually called “middle childhood”. Children become relatively able to gather food
and protect themselves from predators at about 6-7 years of age. In most societies, children
rely on parental provision and protection until adolescence or young adulthood (Lancaster
and Kaplan, 2009); however, a typical 7-year-old child has some chances of surviving on
his/her own if forced to do so, and is able to make a significant contribution to the household
economy when ecological conditions allow (Bogin, 1999; Kramer, 2002, 2005).

By age seven, gross motor development is complete, walking efficiency is comparable to
that of adults, and the brain has virtually stopped growing in weight. The juvenile growth
pattern of humans is marked by a slight acceleration at the beginning of this stage (the “mid-
growth spurt™), followed by a deceleration that brings juvenility to the slowest growth rate
from birth. Permanent teeth begin to erupt, allowing the child to eat adult-type food (see
Bogin, 1999; Kramer, 2005). In the psychological domain, the beginning of juvenility
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witnesses dramatic increases in self-control, emotional and attentional regulation, and
executive functions in general, which collectively go under the label of “the 5- to 7-years
shift” (Best et al., 2009; Sameroff and Haith, 1996).

Whatever the original selective pressures driving the evolution of juvenility (see Janson and
van Schaik, 1993; Kaplan et al., 2000; Pereira and Fairbanks, 1993; Joffe, 1997),
evolutionary theorists agree that one of the key functions of this delayed growth phase is
learning. Once equipped with the basic motor and cognitive toolkit, human juveniles engage
in active learning and experimentation in all domains: technical skills (e.g., hunting,
gathering, manufacturing), parenting, social role, and culturally transmitted abilities in
general (Bogin, 1999; Campbell, 2006; Lancy and Grove, in press). In primates, the duration
of juvenility correlates with social group size, suggesting that social learning is indeed a
crucial function of this life stage (Joffe, 1997).

Another crucial characteristic of juvenility is the growing importance of peers in children’s
interpersonal relations. Children begin to form stable groups with clearly defined
hierarchies, and engage in intense social competition3 for status and dominance within their
group. The outcomes of social competition can carry over well into adulthood; longitudinal
studies of dominance and peer acceptance, for example, suggest that ranks acquired in
childhood may be relatively stable over many years (reviewed in Weisfeld, 1999). The first
romantic/sexual attractions also appear in middle childhood (Herdt and McClintock,
2000;McClintock and Herdt, 1996). As a consequence, children receive important feedback
about their desirability as a group member and a mate, and more generally about their
competitive abilities in the social world.

From an evolutionary standpoint, the above implies that sexual selection (natural selection
through mate choice and/or same-sex competition for mates) begins to operate already in
middle childhood. One would then expect increased sex differentiation of behavior in
middle childhood — and there is abundant evidence that this is the case. Sex differences in
aggression, play activities, and language use intensify or peak in middle childhood. For
example, there is a peak in fighting and rough-and tumble play (especially boys), play
parenting (usually girls), and sex segregation between groups of boys and girls (Geary,
2010). Boys also engage in more locomotor and exploratory play (Smith, 2005). At the same
time, sex differences in aggression become larger, with girls showing substantially less
physical aggression and slightly more relational aggression than boys (Pellegrini and
Archer, 2005). Recently, it has been proposed that attachment styles undergo a sex-specific
reorganization in middle childhood, with insecure boys shifting towards avoidance and
insecure girls toward ambivalence (Del Giudice, 2009a; Del Giudice and Belsky, 2010a). As
concerns LH trade-offs, the juvenile stage is largely devoted to somatic effort through the
acquisition of knowledge and skills; however, social competition can also be seen as a form
of anticipatory mating effort, thus underlining the complex functional role played by
juvenility.

The activation/reorganization of the motivational systems mediating social competition and
attachment in juvenility is reflected in the age distribution of psychiatric diagnoses. The
overall prevalence of psychiatric diagnoses peaks at 9—-10 years, then declines and rises
again around age 14 (Costello et al., 2003; Kessler et al., 2005). The middle childhood peak
is mainly due to an increase in aggressive and disruptive behavior, impulsivity, and anxiety
(including attachment-related anxiety). Several anxiety- and aggression-related syndromes

3Note that we use “competition” in a broad sense as the pursuit of social acceptance, centrality, and influence; in this sense, social
competition often involves cooperative and prosocial behaviors in addition to agonistic and aggressive ones (e.g., Hawley, 1999;
Pellegrini and Bartini, 2001).
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have a typical age-at-onset range that includes (or is even limited to) middle childhood:
specific and social phobias, separation anxiety disorders, oppositional-defiant disorder
(ODD), conduct disorder (CD), and attention deficit-hyperactivity disorder (ADHD).

3.2.1. Adrenarche and the juvenile transition—The transition from childhood to
juvenility is marked by the event of “adrenal puberty” or adrenarche (Auchus and Rainey,
2004; Ibafiez et al., 2000). At about 6--8 years, with little difference between the sexes but
substantial individual variation in timing, the cortex of the adrenal glands begins to secrete
increasing quantities of androgens, mainly dehydroepiandrosterone (DHEA) and
dehydroepiandrosterone sulfate (DHEAS). The sequence of physiological events leading to
the initiation of adrenarche remains largely unknown and may consist of a gradual
maturational process (Gell et al., 1998; Palmert et al., 2001).

Adrenarche has a minor impact on bodily development; the effects of adrenal androgens
include the initial appearance of pubic and axillary hair, increased oiliness of the skin and
hair, changes in body odor, subtle voice changes and a small, temporary acceleration of
skeletal growth. Adrenal androgens, however, can have stronger effects on brain functioning
and maturation. DHEA and DHEAS modulate the action of GABA, and the action of
DHEAS at sex-steroid receptors may reduce fear and anxiety in social interactions and
improve memory by modulating neural activity in the amygdala and the hippocampus.
DHEAS may also increase neural plasticity thanks to its role as a synaptic modulator (see
Campbell, 2006; Simon and Lu, 2006; Wolf and Kirschbaum, 1999). In addition to their
direct actions, both DHEA and DHEAS can be converted to testosterone and/or estrogen in
several organs — including the brain (Labrie et al., 2001, 2005). The indirect action of
adrenal androgens may account for much of their behavioral effects in middle childhood and
links them to the intensification of sex differences observed during this developmental stage.
In juveniles, adrenal steroids can produce behavioral effects in specific domains regulated
by “adult” sex hormones while having minimal effects on physical maturation, thus shifting
development on sexually differentiated pathways even before full reproductive maturity.

Based on the mechanism of adrenarche, the passage from early childhood to juvenility has
the quality of a discrete psychobiological event. Del Giudice and colleagues (2009)
proposed the label juvenile transition to emphasize the shift in developmental function and
the accompanying endocrine and neurobiological changes (see also Campbell, 2006). They
further theorized that the juvenile transition works as one of the main switch points in the
development of individual LH strategies.

3.3. The development of life history strategies

The concept of development as a sequence of switch points can be used to sketch a general
developmental model of human LH strategies. Del Giudice and Belsky (2010b) proposed
that LH strategies develop in a sequential, multi-stage fashion, whereby early experiences
shift development on alternative pathways with the possibility of later “revision.” A
sequential process of assessment-adjustment provides the best compromise between early
commitment to a strategy (with the benefit of having time to develop the appropriate skills)
and finely tuned tracking of changes in ecological and social conditions. This process is
marked by a number of developmental switch points when plasticity is preferentially
expressed and development is directed (or re-directed) along alternative pathways. At
developmental switch points, genotypic variation is integrated with information from the
environment, and the result of this integration shapes strategy choice.

What are the main switch points in the development of human LH strategies? To begin with,
some preliminary strategy-setting may occur even before birth. For example, energetic
conditions experienced in utero affect subsequent metabolism (e.g., Worthman and Kuzara,
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2005); likewise, prenatal exposure to maternal stress hormones is linked to temperamental
reactivity and stress physiology, likely through epigenetic regulation of gene expression (de
Weerth et al., 2003; Gutteling et al., 2005; Mohler et al., 2006; O’Connor et al., 2005; Poggi
Davis et al., 2010). Then, during the first years of life, the child can sample the environment
to gather information about the local ecology (including extrinsic morbidity-mortality,
unpredictability, and resource availability); such environmental sampling can take place
both directly and via the mediation of parental behavior (Belsky et al., 1991; Chisholm,
1993, 1996). With the juvenile transition, this information could be translated into nascent
behavioral strategies through the neurobiological mediation of adrenarche. First, adrenal
androgens can contribute to the phenotypic expression of a suite of LH-related traits,
including attachment, competitive risk-taking, aggression, and the first manifestation of
sexuality. For example, there is a correlation between levels of DHEAS and the severity of
disruptive behaviors in middle childhood (van Goozen et al., 1998, 2000, 2007). Second,
adrenal androgens can regulate development in a sex-specific way through activation of
sexually differentiated brain structures; for example, fast LH strategies are expected to
prompt an increase in high-risk, physically aggressive dominance-seeking in boys more than
in girls (section 2). Third, adrenal androgens can mediate conditional adaptation by
interacting with the action of other neuroendocrine systems (such as the SRS). This is
consistent with the results of a longitudinal study by Ellis and Essex (2007), who found that
familial stress experienced in childhood anticipates adrenarche in both boys and girls. There
is also evidence that early insecure attachment anticipates the onset of sexualized behavior
in juveniles (Sroufe et al., 1993) and promotes early puberty (Belsky et al, 2010). Fourth,
activation of sex hormone pathways can reveal individual variation at the genetic level — for
example in conversion enzymes, hormone receptors, or hormone response elements — thus
contributing to the development of individual differences in LH-related traits (for extended
discussion see Del Giudice et al., 2009). Finally, juvenility provides an assessment period
before the actual onset of mating and reproduction; such an assessment period may be
crucial for appraising the likely success of a chosen strategy, prompting strategic revision in
case the strategy is unsuccessful or does not match the child’s social environment (see Del
Giudice, 2009b; Del Giudice et al., 2009; Del Giudice and Belsky, 2010b).

The next switch point is provided by puberty, when individuals first enter the arena of actual
mating and reproduction (section 3.1). There are a suite of puberty-specific physical,
emotional, motivational, and cognitive changes that constitute a re-orientation of social
behavior (Forbes and Dahl, 2010; Nelson et al., 2005) and support the transition from the
pre-reproductive to the reproductive phase of the human life cycle. Both sexual promiscuity
and the intensity of sexual competition peak in adolescence and early adulthood, when most
people have not yet found a stable partner and the mating market is maximally open. This
time of heightened promiscuity and competition may help young people determine their own
status and attractiveness, refine their mate preferences, and practice mate attraction
strategies (Weisfeld, 1999; Weisfeld and Coleman, 2005). In this context, both risk-taking
and sex differences in risk-taking peak in adolescence and early adulthood (e.g., Kruger and
Nesse, 2006; Wilson et al., 2002). Jackson and Ellis (2009) proposed that, especially for
males, the social status acquired in adolescence should be a critical factor affecting the
development of LH strategies. Consistent with this claim is evidence that the degree of
agonistic stress experienced in early adolescence affects the choice of mating strategies in
adulthood (Davis and Werre, 2007), although the effects of social competition on LH
strategy development probably start already in juvenility.

LH trade-offs extend well beyond puberty, and it seems likely that other switch points can
be found across the life course. For example, menopause most certainly represents a
fundamental switch point for women, and there seems to be a tendency for men around the
world to increase their parental effort when approaching middle age (Winking et al., 2007).
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Other factors may also contribute to strategic adjustment during adult life, even without
qualifying as identifiable switch points. An event of special significance may be represented
by the birth of one’s first child: not only does it signal (some degree of) reproductive
success, but it is known to affect hormonal functioning in both sexes (e.g., Storey et al.,
2000) and could thus directly interact with the endocrine systems that regulate the
expression of LH strategies. Dramatic changes in social dominance (especially for men) and
in social support (especially for women) may also act as triggers for recalibrating one’s
strategy in response to changing opportunities in the environment.

4. The stress response system: Organization and function

In this section we review the neurobiology of the stress response system and provide an
integrative overview of its biological functions. The SRS comprises three anatomically
distinct neuroendocrine circuits: the sympathetic (SNS) and parasympathetic (PNS)
branches of the autonomic nervous system and the hypothalamic-pituitary-adrenal axis
(HPA). The activity of these circuits is integrated and cross-regulated, so that they can be
considered as components of a single functional system despite their anatomical and
physiological diversity (e.g., Adam et al., 2007; Boyce and Ellis, 2005; Ellis et al., 2006;
Habib et al., 2001; Porges, 1995; Schlotz et al., 2008).

The biological function of the SRS is threefold (see Figure 1). First, the SRS coordinates the
organism’s physiological and behavioral response to environmental threats and
opportunities. This includes any event that may have important (i.e., fitness-relevant)
consequences for the organism and requires the organism to modify its current state in order
to be dealt with effectively (section 4.1). In addition to threats and dangers, environmental
opportunities may be represented by unexpected or novel events, and even highly
pleasurable situations (e.g., signs of sexual availability in a potential partner). The whole-
organism adjustment to environmental challenge is often termed allostasis (McEwen,
1998;McEwen and Wingfield, 2003;Sterling and Eyer, 1988). Allostasis is defined as the
process of achieving stability through physiological or behavioral change — in contrast with
homeostasis, which maintains physiological stability by keeping the organism’s state at a
fixed set point. The SRS mediates allostasis by coordinating brain/body changes in response
to environmental challenges, both in the short and in the long term. Because allostasis is a
broader concept than “stress response”, and because many of the challenges that activate the
SNS and HPA are not “stressors” in the classical sense, the label “stress response system” is
not entirely adequate to describe the function of the SRS. In the present paper we employ it
for lack of a widely accepted alternative; however, we want to make it clear from the outset
that the SRS is a general interface with the environment, mediating the organism’s
adjustment to both positive and negative events (Boyce and Ellis, 2005;Ellis et al., 2006)4.

The second function of the SRS, closely connected to the first, is that of encoding and
filtering information coming from the social and physical environment (section 4.2).
Activation of the SRS components carries information about the likelihood of threats and
opportunities in the environment, their type, and their severity. This information can be
encoded by the SRS and, in the long run, provides the organism with a statistical “summary”
of key dimensions of the environment, including the LH-relevant dimensions of extrinsic
morbidity-mortality and unpredictability. An important corollary is that the system’s level of
responsivity acts as an amplifier (when highly responsive) or filter (when unresponsive) of

4Note that in this paper we focus on the mechanisms mediating the allostatic response (allostatic mediators) rather than on the long-
term cost of allostasis (allostatic load). Allostatic load has received much attention in the health-related literature (McEwen and
Wingfield, 2003); however, the evolutionary approach suggests a broader perspective, emphasizing the trade-offs involved in
allostasis and the overall cost-benefit balance of the organism’s strategy.
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various types of environmental information. A highly responsive system makes an
individual more informationally open and — as explained by the BSC theory — enhances his/
her sensitivity to contextual influences, both “positive” and “negative”.

Finally, the role of the SRS extends far beyond the response to immediate challenges.
Profiles of SRS baseline activity and responsivity are associated with individual differences
in a range of LH-relevant domains including competitive risk-taking, learning, self-
regulation, attachment, affiliation and reproductive functioning (section 4.3). In a life history
framework, this is no coincidence: we argue that — together with sex hormones and relevant
neurotransmitter systems — the SRS is a critical mediator of LH development, gathering
information from the environment and translating it into broad-band individual differences
in behavior and physiology (Figure 1; see also Korte et al., 2005;Worthman, 2009). In the
remainder of this section we will discuss the functions of the SRS in more detail, from the
coordination of the allostatic response to challenges (focusing specifically on psychosocial
challenges) to the regulation of LH-relevant traits.

4.1. Response to psychosocial challenges

The SRS is organized in a hierarchical fashion, and its components differ in their response
timing and in the physiological “depth” of their effects. The quickest and most immediate
response is that of the parasympathetic system (PNS), followed by the sympathetic system
(SNS) and by the HPA axis. The allostatic response of the SRS to a given challenge may
involve activation of one or more of its components, depending on the nature, duration, and
intensity of the challenge itself.

4.1.1. Anatomy and physiology—The parasympathetic branch of the autonomic system
directly innervates internal organs via cholinergic fibres (with the exception of fibres
releasing adenosine triphosphate in the digestive tract; see Lovallo and Sollers, 2007). The
general function of the PNS is to promote vegetative functions and reduce physiological
arousal. The PNS and SNS are in dynamic equilibrium, and tonic activation of the PNS
counteracts sympathetic-induced arousal, thus promoting sustained attention, self-regulation,
relaxation and social engagement. In mammals, a specific role in this respect may be played
by myelinated vagal fibres originating in the nucleus ambiguus, which apply a
parasympathetic “brake” on cardiac activity (Porges, 1995, 2001, 2007). If the PNS becomes
deactivated, it stops counterbalancing sympathetic activation and releases the physiological
effects of the SNS. Parasympathetic disengagement provides an extremely rapid way to
increase arousal and re-orient attention in the face of unexpected events.

If parasympathetic withdrawal is not sufficient to cope with the present challenge, activation
of the SNS provides a second layer of response. Sympathetic activation mediates fight/flight
responses and is co-ordinated by the locus coeruleus (LC). From the LC, SNS activation
follows two routes: a fast, direct pathway via the noradrenergic innervation of visceral
organs, and a slower, hormonal pathway through innervation of the adrenal medulla (the
sympathetic-adrenal-medullary pathway; See Goldstein and Kopin, 2008; Gunnar and
Vazquez, 2006). Following sympathetic activation, the adrenal medulla secretes epinephrine
(E) and smaller amounts of norepinephrine (NE). The resulting effects on physiology
include heart rate increase, faster respiration, increased blood supply to skeletal muscles,
glucose release in the bloodstream and suppression of vegetative functions. The
norepinephrine/epinephrine balance is associated with specific types of behavioral reaction
to the challenge, with high NE/E ratios associated with proactivity and dominance and low
ratios associated with fear and anxiety (Korte et al., 2005; Netter, 1983, 1987, 1991).

More extreme defense reactions associated with “freeze/hide” behaviors may again involve
activation of the PNS, although via different efferent fibres (Porges, 1995, 2007). In general,
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sympathetic and parasympathetic activity in response to challenge tend to be negatively
associated with one another (e.g., PNS deactivation plus SNS activation), a pattern labeled
“reciprocal activation” (Berntson et al., 1991). Only a minority of people show low
activation of both systems (“coinhibition”), and even fewer show simultaneous high
activation in both (“coactivation”; e.g., Alkon et al., 2003; ElI-Sheikh et al., 2009).
Coactivation may also result from the specific demands of highly exciting situations where
one needs to maintain tight self-control; for example, a recent study found a consistent
pattern of autonomic coactivation during skydiving (Allison et al., in press). Thus, observed
differences in autonomic profiles may partly reflect individual differences in the appraisal of
a given stressful event.

The third component of the SRS is the HPA axis, which mounts a delayed, long-term
response to environmental challenges through the release of cortisol. Neurons in the
paraventricular nucleus of the hypothalamus (PVN) secrete corticotropin releasing hormone
(CRH) and vasopressin (AVP) into the portal circulation system of the pituitary. In the
anterior pituitary, CRH and AVP trigger secretion of pro-opiomelanocortin (POMC)
polypeptide, which is then cleaved into various hormones, including adrenocotricotropic
hormone (ACTH) and B—endorphin. Through systemic circulation, ACTH reaches the
adrenal cortex where it stimulates cortisol release. Besides stimulating cortisol production,
centrally released CRH also contributes on its own to the physiological and psychological
aspects of response to challenge.

Cortisol elevation starts about 5 minutes after the triggering event, with a peak between 10
and 30 minutes. Some of the effects of cortisol begin after an hour and may be observed for
several hours or more. Cortisol binds to nuclear receptors and regulates gene transcription;
in addition, membrane-bound cortisol receptors have been found to mediate faster,
nongenomic effects of cortisol (Oitzl et al., 2010). The main effects of cortisol are (1) to
mobilize physiological and psychological resources (e.g., energy release, alertness and
vigilance, memory sensitization; see Barsegyan et al., 2010; Flinn, 2006; Roozendaal, 2000;
Sapolsky et al., 2000; Tops et al., 2006b; van Marle et al., 2009) and (2) in part, to counter-
regulate the physiological effects of sympathetic activation, thereby facilitating recovery
(Munck et al., 1984; discussed in Boyce and Ellis, 2005). The joint effects of the SNS and
HPA axis are complex, and can be synergistic (especially in the short-term) as well as
antagonistic (especially at later phases of the challenge response; Adam et al., 2007; Bauer
et al., 2002; Sapolsky et al., 2000). In addition to the delayed cortisol response, HPA
activation involves the secretion of AVP and B-endorphin, which can mediate rapid
behavioral effects before cortisol levels begin to rise.

HPA activity is regulated by a hierarchy of feedback loops at different levels in the axis (see
Gunnar and Vazquez, 2006), and the sensitivity of these feedback loops is a major factor in
determining HPA responsivity. The HPA axis responds to chronic stressors with sustained
cortisol elevation, resulting in a flattened diurnal rhythm of secretion (Miller et al., 2007)5.
Chronic elevation is often followed by a rebound of the system below the previous baseline
level after the stressor terminates (Koob and Le Moal, 2008). This hypocortisolism phase
can last months; its function is probably to facilitate recovery and offset the physiological
and immune costs of high circulating cortisol (Fries et al., 2005; Miller et al., 2007).

SCircadian rhythm refers to the 24 hour cycle of the biological processes shifting their basal levels of activity. When limited within the
waking hours, the term is more accurately described as diurnal (i.e., daily, or daytime) rhythm. Cortisol levels, for example, are at
their zenith within an hour of awakening, decline sharply across the morning hours and then reach their lowest diurnal levels around

bedtime.
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As required by tight functional integration, there is extensive cross-regulation among the
various components of the SRS. For example, LC noradrenergic neurons project to the PVN,
where they stimulate CRH release (Habib et al., 2001); in turn, cortisol exerts an inhibitory
action on CRH-mediated activation of LC noradrenergic neurons (Valentino et al., 1998). At
a higher hierarchical level, both the ANS and the HPA are centrally controlled by limbic
structures, with the amygdala playing a crucial role (Ganzel et al., 2010; Gold and Chrousos,
2002; Herman et al., 2003). The organization of the SRS explains why correlations between
the responses of its components are often found to be weak (e.g., response to a challenge
may involve high sympathetic arousal but low cortisol elevation). Whereas weak
correlations are usually interpreted as evidence of “dissociation” between components (e.g.,
Bauer et al., 2002; Schommer et al., 2003), they follow directly from the on-demand, quasi-
sequential nature of the SRS response. An SRS component is activated only if the external
situation calls for it, and usually after previous response steps have failed. For example,
sympathetic activation can be avoided in favor of a rapid parasympathetic response;
likewise, in most instances strong activation of the HPA axis is not required because the
challenge is managed effectively by other fast-responding (and less costly) components of
the SRS.

4.1.2. SRS responsivity and basal activity—Although the main focus of this paper is
the development of individual differences in responsivity, the SRS shows background
activity even when the individual is not engaging in any specific task. Indeed, basal
activation levels have important implications for an individual’s psychological state. High
basal activation of the PNS (especially the myelinated vagus) promotes calm, concentration,
self-regulation and positive emotionality (e.g., Fabes and Eisenberg, 1997; Oveis et al.,
2009; Porges, 2007), whereas high SNS baseline relates to anxiety (e.g., EI-Sheikh et al.,
2008); baseline cortisol secretion regulates energy mobilization and engagement with the
physical and social environment (e.g., Booth et al., 2008). Patterns of basal SRS activity
have been empirically linked to individual differences in a range of LH-relevant traits (see
below). Interactions between baseline and responsivity of different systems are also
possible: for example, when cortisol is low (e.g., after chronic stress), the consequent
reduction of inhibitory feedback on CRH stimulation of the LC may amplify sympathetic
activity and responsivity (Fries et al., 2005). Because of the important behavioral
implications of basal SRS activity, the responsivity patterns predicted by our model (section
6) will also include information on basal activity profiles.

4.1.3. What activates the HPA axis?—Cortisol is a powerful mediator of the
organism’s adaptation to the environment, but high levels of circulating cortisol also have
physiological costs and a number of side effects (see Evans, 2003; Flinn and England, 2003;
Gunnar and Vazquez, 2006; Korte et al., 2005; McEwen and Wingfield, 2003). Accordingly,
the HPA axis does not respond indiscriminately to each and every challenge faced by the
organism; rather, it is engaged most intensely by those challenges requiring extensive,
sustained mobilization of metabolic and psychological resources.

In general, social-evaluative threats and uncontrollable outcomes elicit strong HPA
responses in laboratory tasks (Dickerson and Kemeny, 2004; Mason, 1968). The largest
increases in cortisol are observed when both elements are present. Public speaking in front
of a panel of “judges” is an especially reliable elicitor of HPA activation; the likelihood of
cortisol response can be augmented experimentally by increasing the social evaluation and/
or uncontrollability components of the task, for example by increasing the number of judges,
providing negative feedback, directing attention to the self, or modifying the length of time
available to prepare the speech (Bosch et al., 2009; Denson et al., 2009; Dickerson et al.,
2008; Westenberg et al., 2009). Social evaluation (e. g., public speaking, peer provocation)
effectively activates the HPA axis in older children (juveniles) and adolescents as well
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(Gunnar et al., 2009b; Yim et al., 2010). Importantly, positive events involving a component
of unpredictability/uncontrollability also activate the HPA axis; for example, anticipatory
cortisol elevation in children has been observed on the day before Christmas, and the
intensity of the response was proportional to the degree of children’s positive expectations
(Flinn, 2006). Engagement in team sports (e.g., Bateup et al., 2002; Donzella et al., 2000;
Gonzalez-Bono et al., 1999) and even video game contests (e.g., Mazur et al., 1997) also
elicit HPA responses. The HPA axis responds strongly when “important events are going to
happen, the child [or adult] does not know how to react so as to achieve desired outcomes,
but is highly motivated to figure out what should be done. Cortisol release is associated with
unpredictable, uncontrollable events that require full alert readiness and mental
anticipation.” (Flinn, 2006, p.147; text in brackets added).

Separation from parents is a specific challenge activating the HPA response in infants and
children. Infants 6-9 months old routinely respond with cortisol increase to mild separations
from the mother. By 1 year of age, only infants with insecure-ambivalent attachment
patterns (who must deal with unpredictable, inconsistently available caregivers) show HPA
responses to brief separation, especially if they are also behaviorally inhibited (Spangler and
Schieche, 1998). In contrast, insecure-avoidant infants (who experience consistent rejection
by unavailable or intrusive caregivers) show little cortisol secretion to separation; their
response profile is dominated by strong vagal withdrawal and sympathetic arousal, as
though they were preparing to cope with possible dangers on their own (Hill-Soderlund et
al., 2008). Whereas most 1-year-olds do not respond with HPA activation to brief
separations from their caregivers, longer separations (e.g., entry in child care) can reliably
elevate cortisol in 2-year-olds. It is noteworthy that the intensity of protest behavior during
separation is often uncorrelated, or even inversely correlated, to cortisol secretion (Gunnar,
2005; see also Quas et al., 2000), suggesting that HPA response to separation takes place
when more immediate coping mechanisms are ineffective. In one study, cortisol elevation
and protest behavior were positively correlated in secure infants (who showed a weak
cortisol response to separation) but not in insecure infants reacting with strong HPA
activation (Ahnert et al., 2004).

Field studies clearly show that conflict, rejection and instability experienced in the family
are powerful elicitors of children’s HPA response — much more so than physical challenges.
In the Dominica studies by Flinn (2006; Flinn et al., 1996), the largest and most durable
cortisol elevations in children followed family events such as punishment, quarreling,
marital conflict and residence change. Socially anxious children also show HPA activation
in tasks involving conflict or discussions with parents, perhaps because they are especially
sensitive to cues of rejection (Gunnar et al., 2009b). When children respond with
disengagement strategies, however, cortisol can decline acutely during family conflict
(Kiecolt-Glaser et al., 1997, 2003; Klimes-Dougan et al., 2001; Malarkey et al., 1994).
Cortisol decline may be observed more readily in response to laboratory-induced conflict,
which takes place in a safe and controlled setting (with little risk of escalation or violence);
actual conflict experienced at home is likely to be perceived as much more unpredictable/
uncontrollable, thus eliciting a stronger HPA response in children.

In summary, the HPA is engaged (1) when the individual faces unpredictable and/or
uncontrollable challenges requiring alertness and anticipation, and (2) when challenges
involve social evaluation or a threat to one’s social/affective relationships. Relationships
with parents (and between parents) have a vital importance for infants and children, whose
HPA axis is exceptionally responsive to separation, rejection, and negative events in family
life; in older children and adults, peer evaluation becomes a powerful elicitor of HPA
response (Booth et al., 2008). From an evolutionary perspective, social evaluation is critical
in two intertwined but distinct ways: being negatively judged can cause a loss in social
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status (thus being perceived as an agonistic threat), but can also lead to ostracism, rejection
and loss of social bonds (thus resulting in a threat to affiliation and group membership). On
both counts, HPA activation is crucially linked to sensitivity to social feedback; even in 4-
year-olds, cortisol responsivity is associated with the experience of shame and
embarrassment in self-evaluative tasks (Lewis and Ramsay, 2002; see also Tops et al.,
2006a).

4.1.4. Sex differences in SRS functioning—Although the basic architecture of the
SRS is the same in males and females, there are consistent sex differences in the type of
events that elicit a SRS response and in the physiological and behavioral correlates of the
response. Men often show larger HPA activation than women in achievement-related tasks
(which may elicit status-related motives), whereas women show larger HPA activation in
situations involving social rejection (Stroud et al., 2002; see also Ennis et al., 2001). During
university entrance exams male students secrete more adrenaline, indicative of a stronger
sympathetic response (Rauste von Wright et al., 1981). Cortisol elevation has also been
found in male (but not female) undergraduates during periods of high examination stress
(Weekes et al., 2006). A neuroimaging study employing mental arithmetic tasks showed
clear sex differences in brain activation patterns; moreover, brain activity was more strongly
correlated with cortisol elevation in males than in females (Wang et al., 2007).

In public speaking tasks, sex differences in HPA responsivity show an inconsistent pattern;
when effects are found, they indicate stronger responses in men, although women show
increased cortisol response in the luteal phase of the menstrual cycle (Kajantie and Phillips,
2006; Kudielka and Kirshbaum, 2005; Kudielka et al., 2009). As noted above, social
evaluation tasks such as public speaking can elicit both status-related and affiliation-related
motives, so they may activate the HPA axis in males and females for somewhat different
reasons. Interestingly, two studies detected no elevation in cortisol after public speaking in
11-13 year old boys, but found the expected cortisol responses in younger and older boys
and in girls (Gunnar et al., 2009¢c; Klimes-Dougan et al., 2001); the significance of this
finding is not clear, but indicates that the pubertal transition may have sex-specific effects on
HPA response.

Sex hormones are powerful determinants of sex differences in SRS functioning. Androgens
and estrogen modulate cortisol synthesis in the adrenal cortex and CRH and AVP synthesis
in the hypothalamus; the latter effect is mediated by sex hormone receptors in the amygdala
(Viau, 2002; Viau et al., 2005). Estradiol typically stimulates HPA activity, whereas
androgens tend to have inhibitory effects (Kudielka et al., 2005). Cross-talk between
endocrine systems can even take place at the genomic level, since androgen and
glucocorticoid receptors can interact in the regulation of gene transcription (Viau, 2002).

Taylor and colleagues (2000; Taylor, 2006) proposed an important and broad-ranging theory
of sex differences in physiological and behavioral responses to stressors. They argued that,
in humans as well as in other animals, the classical sympathetic fight-or-flight response is
more typical of males, whereas females tend to react to threats with a “tend-and-befriend”
behavioral pattern: (1) caring for and protecting offspring, if present (tending); and (2)
affiliate with a group and seek social support, preferably from other females (befriending).
They also proposed oxytocin secretion under stress as one of the key physiological
mediators of the tend-and-befriend response. Oxytocin has anxiolytic and sedative effects
(e.g., Heinrichs et al., 2003). In a series of experimental studies carried out in the last
decade, oxytocin has been demonstrated to increase trust and altruism, stimulate affiliative
social interactions and approach behavior, and enhance emotional empathy (e.g., Alvares et
al., 2010; Ditzen et al., 2009; Domes et al., 2010; Kemp and Guastella, 2010; Hurlemann et
al., 2010; Kosfeld et al., 2005; Theodoridou et al., 2009; Zak et al., 2005). Oxytocin
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production under stress is inhibited by androgens and stimulated by estrogen (Jezova et al.,
1996; McCarthy, 1995; McCarthy et al., 1996); thus, sex hormones could drive sex
differences in stress-related mechanisms through their effects on oxytocin in addition to
direct modulation of SRS pathways.

Certainly, the model by Taylor and colleagues contains some simplifications. Long-term
pair-bonding and paternal investment in humans mean that men are probably capable of
expressing a “tending” response as well; it also means that male partners, and not just other
females, can sometimes serve as effective providers of social support (but see Kirschbaum et
al., 1995). Nevertheless, the model is consistent with women’s higher sensitivity to social
rejection (see above) and stronger propensity to seek for social support in stressful situations
(Belle, 1987; Tamres et al., 2002).

4.2. Information encoding and filtering

By modulating the organism’s response to environmental challenges, the SRS fulfills a
major role in the transduction of information about the local environment. The view of
neuroendocrine systems as involved in the transmission and integration of information is
well established in neurobiology (e.g., Dufty et al., 2002; Ellison, 2009; Heyland et al.,
2005). The SRS receives complex information about the external environment through
limbic structures, and complex information about the organism from interaction with other
neuroendocrine systems (e.g., the HPG axis® and the immune system; see Herman et al.,
2003). In the SRS, this information is integrated and translated into a physiological and
behavioral response involving the whole organism. By binding to mineralocorticoid and
glucocorticoid receptors, cortisol directly regulates gene expression in a wide range of
tissues and organs (including the SRS itself), thus permitting the long-term encoding and
storage of information about the frequency, type and severity of the challenges encountered
by the organism. In other words, the SRS continuously “samples” the environment, and its
pattern of activation over the years provides a statistical representation of key dimensions of
the environment, which can then be used to orient the individual’s developing LH strategy.
Crucially, different strategies may require different calibrations of the SRS itself; for
example, a slow strategy in a safe environment could be optimally served by a responsive
HPA axis and parasympathetic system, coupled with moderate sympathetic reactivity
(section 6). SRS calibration can be expected to depend on the system’s previous history of
activity (Adam et al., 2007), in interaction with factors such as the individual’s sex and
developmental stage (Miller et al., 2007).

4.2.1. Environmental information—The amount of information encoded by each
component of the SRS depends on the specificity of its response. Parasympathetic
withdrawal occurs frequently and is a relatively non-specific response, so it comparatively
conveys relatively little information about the local environment. Sympathetic activation, in
contrast, is more specifically tied to challenges requiring fight-or-flight responses; patterns
of SNS activation may thus provide reliable information about the dangerousness (or safety)
of one’s environment. The most information-rich response (and the one with the longest
lasting effects) is that of the HPA axis, which is strongly activated in unpredictable and/or
uncontrollable situations, in those involving social evaluation, and in response to family
conflict, rejection or separation. Secure attachment to parents buffers HPA activation
(Ahnert et al., 2004; Nachmias et al., 1996), so that frequent, high-intensity cortisol
elevation in the first years of life is a likely correlate of conflictual family dynamics,

6in keeping with our definition of the SRS as a functional (rather than anatomical) system, we treat the HPG axis as a related but
functionally distinct system, despite its anatomical overlap with the HPA axis. Of course, such distinctions are always arbitrary to
some degree, since — at a higher organization level — the whole organism can be considered as a single integrated system.
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insecure attachment relations and insensitive parenting (Gunnar, 2005). Even if avoidant
infants do not react with HPA activation to brief separations (section 4.1), they can still
mount intense HPA responses to family conflict, punishment, or even longer separation
episodes (as found by Ahnert et al., 2004).

In a life history perspective, extrinsic morbidity-mortality and unpredictability are two key
dimensions of environmental variation (section 2). Extrinsic morbidity-mortality is
conveyed both by frequent SNS activation (signaling a potentially dangerous ecology) and
by repeated HPA activation. Extrinsic morbidity-mortality and environmental
unpredictability have negative effects on family relationships and reduce both the quality
and quantity of parental investment (Belsky et al., 1991; Chisholm, 1993, 1999; Ellis et al.,
2009; Quinlan, 2007), thus indirectly leading to elevated cortisol in children. Because it
responds strongly to uncontrollable challenges and novel situations, the HPA also encodes
direct information about environmental unpredictability/uncontrollability, thus giving
cortisol a central role in the regulation of LH strategies.

4.2.2. Responsivity and information filtering—If the SRS encodes environmental
information as a statistical aggregation of repeated responses to challenge, it follows that
SRS responsivity functions as an information filter. An unresponsive system has a higher
threshold for letting environmental signals in: many potential challenges will not be encoded
as such, and many potentially relevant events will fail to affect the organism’s physiology to
a significant degree. Imagine an individual with an unresponsive HPA axis facing a socially
evaluative event (e.g., public speaking). Note that it does not matter which specific
mechanism is the cause of unresponsivity; it may be a high threshold for activation of the
amygdala (e.g., Taylor et al., 2008), increased inhibitory activity in the prefrontal cortex
(e.g., Kern et al., 2008; Pruessner et al., 2010), or an especially strong negative feedback
loop at some level in the regulatory hierarchy. For this individual, public speaking will not
entrain the chain of physiological and psychological effects that follow CRH and cortisol
secretion. This will result in a number of potential costs (e.g., reduced alertness, reduced
sensitivity to social feedback) as well as potential benefits (e.g., resource economization,
avoidance of immune suppression). In fact, many of the possible consequences of a low-
intensity HPA response can be read as either costs or benefits depending on context.
Reduced sensitivity to social feedback, for example, can be optimal in highly competitive
contexts, when taking deliberate risks, or when group non-conformity is the desired
outcome. More generally, sometimes organisms do well to partially or totally shield
themselves from the effects of environmental information.

A highly responsive SRS, by contrast, amplifies the signal coming from the environment
and maximizes the chances that the organism will be modified by current experience. This,
too, can have both costs and benefits. Potential costs of a highly responsive system include
high physiological costs, hypersensitivity to social feedback, and exposure to psychological
manipulation; in addition, the organism’s action plans can get easily interrupted by minor
challenging events, and the ability to deal with future events may be reduced if physiological
resources are already overwhelmed. On the other hand, a highly responsive system
facilitates social learning, enhances mental activities in localized domains, focuses attention,
and primes memory storage, thus improving cognitive processes for dealing with
environmental opportunities and threats (Barsegyan et al., 2010; Flinn, 2006; Roozendaal,
2000; van Marle et al., 2009). Heightened sensitivity to social feedback can be advantageous
in social contexts in which sharing in the emotions of another conveys social benefits and
promotes bonding (Shirtcliff et al., 2009). In total, greater SRS responsivity generally
increases “informational openness”; this is the basic insight of the theory of BSC (Boyce
and Ellis, 2005; Ellis and Boyce, 2008) and a central building block of the model we
develop here.
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4.3. Regulation of life history-relevant traits

The biological function of the SRS extends beyond the immediate response to challenges
and the encoding/filtering of environmental information. The SRS has a pervasive role in the
regulation — and, most importantly, the integration — of physiology and behavior across the
whole spectrum of human LH-relevant traits (Figure 1). Hundreds of studies document how
individual differences in autonomic and HPA functioning are associated with individual
differences in growth and maturation, learning, aggression and competitive risk-taking,
attachment, and so on. Here we briefly summarize the most important findings on SRS
functioning and individual differences in life-history related traits. Following LH theory we
discuss traits in relation to two basic LH trade-offs: somatic versus reproductive effort and
mating versus parenting (section 2.1).

4.3.1. Somatic effort: Growth and learning—The HPA is crucially involved in the
regulation of metabolism, and chronic stress has been linked to individual differences in
physical growth patterns (e.g., Hofer, 1984; Schanberg et al., 1984). Growth is largely
regulated by hormones, including sex hormones like DHEA, testosterone and estrogen;
moreover, release of growth hormones is integrally connected with the SRS, and growth
hormones themselves are stress-responsive, especially in extremely stressful contexts (e.g.,
psychosocial dwarfism).

Physical growth is an important component of somatic effort but, from the biological point
of view, learning can also be conceptualized as a form of investment in somatic capital
(section 2.1). A learning organism spends time and energy accumulating knowledge and
developing skills that may — or may not — become useful in the future. In formal models of
human life history evolution, learning can be modeled as the accumulation of “embodied
capital” with delayed returns (Kaplan et al., 2000). The SRS modulates learning in a number
of different ways: HPA and autonomic profiles have been associated with individual
differences in cognitive functioning (e.g., Staton et al., 2009), memory (e.g., Stark et al.,
2006), and self-regulation/executive function (e.g., Blair et al., 2005; Shoal et al., 2003;
Williams et al., 2009).

4.3.2. Reproductive effort: Maturation and fertility—The autonomic systems, HPA,
and HPG axes are connected by extensive functional cross-talk (Ellis, 2004), and cortisol is
a major regulator of fertility and sexual development. Given adequate bioenergetic resources
to support growth and reproduction, exposures to psychosocial stressors—indexed by SRS
activation and, over time, calibration during development—generally provoke early or
accelerated development of the HPG axis but suppressed ovarian functioning in mature
individuals (reviewed in Ellis, 2004). Thus, cues to extrinsic morbidity-mortality guide
development toward LH trade-offs favoring an earlier pubertal transition from somatic to
reproductive effort (e.g., Belsky et al., 1991; Ellis and Essex, 2007; Tither and Ellis, 2008)
but future over current reproduction in adulthood, especially in females (e.g., Nakamura et
al., 2008; Nepomnaschy et al., 2006). The effects of acute response to challenge, however,
are much more variable; males and females do not respond in the same way, and whether
acute stress suppresses or enhances fertility depends on individual characteristics such as
dominance status (e.g., Chichinadze and Chichinadze, 2008; Korte et al., 2005; Tilbrook et
al., 2000). Finally, cortisol responsivity has been linked to the age of first intercourse in
women (Brody, 2002).

4.3.3. Mating effort: Intrasexual competition—Competition among members of the

same sex is the inevitable outcome of sexual reproduction. Dominance-seeking, aggression,
and risk-taking are all functionally connected to mating competition (Trivers, 1972), and all
are associated with SRS functioning. There is a huge literature linking HPA and autonomic
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functioning to aggression, antisociality, and externalizing behavior (e.g., Alink et al., 2008;
Boyce et al., 2001; Gunnar and Vazquez, 2006; Lorber, 2004; Shirtcliff et al., 2009;
Shirtcliff and Essex, 2008; van Goozen et al., 2007). The widely adopted category of
“externalizing behavior” in children and adolescents includes attention-seeking, defiance,
bragging and boasting, disruption of (adult-imposed) discipline, teasing and threatening, in
addition to physical aggression. In an evolutionary perspective, externalizing behaviors can
be seen as high-risk tactics of social competition, and “disruptive behavior disorders”
(conduct disorder and oppositional-defiant disorder) represent — at least in part — extreme
manifestations of risky dominance-seeking (see also Mcintyre and Hooven, 2009). Given
the centrality of risk-taking and impulsivity in LH models of behavior (see section 2), it is
noteworthy that HPA functioning has also been linked to risk-taking behavior in
standardized laboratory tasks (e.g., Lighthall et al., 2009; van den Bos et al., 2009; van
Honk, 2003). Moreover, executive function and self-regulation have a key role as (negative)
mediators of risky and impulsive behavior (Figueredo and Jacobs, 2009). Stress exposure
can also regulate mating behavior more directly by, for example, altering mate preferences
and affecting the perceived attractiveness of potential sexual partners (e.g., Lass-Hennemann
et al., 2010).

In the modulation of risky competition, the SRS interacts with sex hormones, serotonin (5-
HT), and dopamine (DA). Studies of aggression and antisocial behavior often report
interactions between cortisol, testosterone (T) and adrenal androgens such as DHEA and
DHEAS (e.g., Popma et al., 2007; van Goozen et al., 2007). The general function of 5-HT is
to regulate avoidance of threat, withdrawal from dangerous or aversive cues, and behavioral
inhibition/restraint. Serotonergic activity is thus crucially involved in risk aversion and self-
regulation (Cools et al., 2008; Deakin, 2003; Fairbanks, 2009; Tops et al., 2009). Serotonin
is an upstream modulator of SRS activity through its action on the amygdala and
hypothalamus; serotonergic neurotransmission, in turn, is reciprocally affected by cortisol
(Porter et al., 2004; van Goozen et al., 2007). The effects of 5-HT on stress responsivity are
complex: on the one hand, 5-HT up-regulates the HPA axis by promoting CRH secretion
(Bagdy, 1992; Fuller, 1996); on the other hand, carrying low-transcription variants of the
serotonin transoporter has been related to increased HPA responsivity (Gotlib et al., 2008;
Mueller et al., 2010). In addition, 5-HT inhibits sympathetic activation via central 1A
receptors (Nalivaiko and Sgoifo, 2009). Both 5-HT and sex hormones regulate LH-relevant
traits in humans and other animals (e.g., Adkins-Regan, 2005; af Klinteberg et al., 2004;
Fairbanks, 2009; Gray and Campbell, 2009; Hau, 2007; Knapp, 2004; Manuck et al., 2006;
McGlothlin et al., 2007; Miczek and Fish, 2006; Worthman and Brown, 2005).
Dopaminergic activity is also tightly linked to SRS functioning (Lexander et al., 2011);
Gatze-Kopp (2010) has recently argued that reduced dopaminergic activity can be adaptive
in highly dangerous and unstable environments (and especially so for males) by promoting
sensation-seeking, risk-taking, and preference for immediate rewards.

4.3.4. Parenting effort: Pair bonding and caregiving—In humans, parenting effort is
promoted by long-term bonding between romantic partners, which in turn is mediated by
many of the same neurobiological mechanisms underlying parent-child attachment (Carter,
1998; Lancaster and Kaplan, 2009; Pedersen et al., 2005). Individual differences in SRS
functioning have been associated with differences in romantic attachment styles (e.g.,
Diamond and Hicks, 2005; Quirin et al., 2008; Laurent and Powers, 2007; Oskis et al., 2010;
Powers et al., 2006); in turn, romantic attachment predicts relationship stability,
commitment and investment (reviewed in Del Giudice, 2009a). The key molecules that can
be expected to interact with the SRS in the regulation of pair-bonding and parental
investment are sex hormones, vasopressin, oxytocin, serotonin, and endogenous opioids
(Fairbanks, 2009; Gray and Campbell, 2009). Oxytocin secretion, in particular, has been
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related to individual differences in romantic attachment styles (Chen et al., in preparation;
Marazziti et al., 2006).

The SRS is also directly involved in the regulation of caregiving behavior. Stress
responsivity in a parent can profoundly affect the way he/she responds to his/her child,
especially in challenging situations and when the child’s behavior becomes especially
demanding (for example following severe distress, illness, or prolonged separation). These
are also the occasions in which parental behavior can have the strongest effects on the
child’s emotional development and attachment security. Differences in SRS functioning (as
well as in oxytocin- and serotonin-related genes) have been linked to individual differences
in maternal sensitivity and parenting behavior (e.g., Bakermans-Kranenburg and van
IJzendoorn, 2009; Martorell and Bugental, 2006).

In summary, the SRS not only collects and encodes crucial LH-relevant information but is
also involved in the regulation of all the major trade-offs in human LH strategies. This is
why we can employ LH theory as a guide to model the development of stress responsivity
across the life course.

5. The Adaptive Calibration Model of stress responsivity

In this and the next section, we integrate the material presented so far into an evolutionary-
developmental model of individual differences in stress responsivity. Here we summarize
the key points of the model, review the underlying evolutionary logic, and describe four
prototypical patterns of stress responsivity. In section 6 we present a detailed analysis of the
four patterns, their behavioral correlates and their developmental trajectories.

Patterns | (sensitive), 11 (buffered) and 111 (vigilant) correspond to the extremes and midpoint
of the distribution hypothesized in the original theory of BSC (Boyce and Ellis, 2005). We
argue that pattern 111 (high responsivity in dangerous/unpredictable environments) actually
comprises a distribution of subtypes, each with specific neurobiological and behavioral
correlates; furthermore, pattern 111 subtypes are expected to develop in a sexually
differentiated way. Finally, the male-typical pattern IV (unemotional)—a profile associated
with antisocial and disruptive behavior, especially in males—was not described in the BSC
theory and corresponds to low responsivity following severe/traumatic stress. These patterns
are meant to describe relatively stable individual differences in SRS functioning, emerging
over the course of years or even decades of development. That is, these patterns attempt to
capture central tendencies in how different people characteristically respond to threats and
opportunities in their environment. Although responsivity patterns are not fixed, and are
sometimes expected to undergo substantial developmental change (see sections 5.4 and 6),
major developmental transitions in responsivity should be distinguished as clearly as
possible from temporary, reversible alterations in SRS functioning tied to specific life
events. For example, highly responsive individuals (patterns I and 111) may show an
unresponsive phase after the termination of a prolonged stressor (section 4.1), but this alone
does not amount to a shift to an unresponsive pattern (11 or 1V).

5.1. Summary of the model

The ACM can be summarized in seven points:

1. The SRS has three main biological functions: to coordinate the organism’s
allostatic response to physical and psychosocial challenges; to encode and filter
information from the environment, thus mediating the organism’s openness to
environmental inputs; and to regulate a broad range of LH-relevant traits and
behaviors.
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The SRS works as a mechanism of conditional adaptation, regulating the
development of alternative LH strategies. Different patterns of activation and
responsivity in early development modulate differential susceptibility to
environmental influence and shift susceptible children on alternative pathways,
leading to individual differences in LH strategies and in the adaptive calibration of
stress responsivity (Figure 1).

Activation of the SRS during the first years of life provides crucial information
about LH-relevant dimensions of the child’s environment. Frequent, intense SNS/
HPA activation carries information about extrinsic morbidity-mortality and
environmental unpredictability; consequently, it tends to shift LH strategies toward
the fast end of the LH continuum. In contrast, a safe environment and the buffer
provided by investing, secure caregivers result in infrequent and low-intensity
activation of the SNS and HPA axis, and shift development toward slow strategies
oriented to high somatic effort and parental investment.

At a very general level, a nonlinear relationship exists between environmental
stress during ontogenetic development and the optimal level of stress responsivity
(Figure 2), as stipulated in the BSC theory. Note that the environment-responsivity
relationship need not be the same for all the components of the SRS (see table 1 for
detailed predictions for each of the main SRS components). Furthermore, stress
responsivity is expected to show domain-specific effects; for example, a generally
unresponsive component of the SRS may respond strongly to some particular type
of challenge.

Because of sex differences in LH trade-offs and optimal strategies, sex differences
are expected in the distribution of responsivity patterns and in their specific
behavioral correlates. Sex differences should become more pronounced toward the
fast end of the LH continuum; in environments characterized by severe/traumatic
stress, we predict the emergence of a male-biased pattern of low responsivity.

Pre- and early postnatal development, the juvenile transition, and puberty are likely
switch points for the calibration of stress responsivity. Individual and sex
differences in SRS functioning are predicted to emerge according to the
evolutionary function of each developmental stage.

Responsivity profiles develop under the joint effects of environmental and genetic
factors. Genotypic variation may have directional effects on stress responsivity and
associated LH strategies, thus predisposing some individuals to follow a certain
developmental trajectory. Genotypic variation, in part through effects on the SRS,
may also affect their sensitivity to environmental inputs, resulting in gene-
environment interactions whereby some individuals display a broader range of
possible developmental outcomes (i.e., broader “reaction norms”) than others.

5.2. Environmental stress and responsivity

The main tenet of the BSC theory is that optimal calibration of the stress response strongly
depends on the characteristics of a child’s environment while growing up. In safe, protected,
low-stress environments, a highly responsive SRS enhances social learning and engagement
with the external world, allowing the child to benefit more fully from social resources and
opportunities, thus favoring development of a sensitive phenotype (pattern I). A sensitive
phenotype in this context may make children better at detecting positive opportunities and
learning to capitalize on them (e.g., seeing a teacher as a prospective mentor, taking advice
from a parent). Social learning and sensitivity to context are especially adaptive in the
context of slow LH strategies, as a form of protracted somatic investment. It is important to
note that in very safe and protected settings, sensitive individuals will rarely experience
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strong, sustained activation of the SNS and HPA systems; precisely because of the high
quality of the environment, they will most likely experience a pattern of low-key, short-lived
activations followed by quick recovery. Thus, the individual enjoys the benefits of
responsivity without paying significant fitness costs (e.g., immune, energetic, and so on). At
moderate levels of environmental stress, however, the cost/benefit balance begins to shift;
the optimal level of HPA and SNS responsivity falls downward, leading to buffered
phenotypes (pattern II).

The benefits of increased responsivity rise again when the environment is perceived as
dangerous and/or unpredictable. A responsive SRS enhances the individual’s ability to react
appropriately to dangers and threats while maintaining a high level of engagement with the
social and physical environment. Moreover, engaging in fast LH strategies should lead the
individual to allocate resources in a manner that discounts the long-term physiological costs
of the stress response in favor of more immediate advantages. In this context, the benefits of
successful defensive strategies outweigh the costs of frequent, sustained HPA and SNS
activation, leading to vigilant phenotypes (pattern I11). High HPA and SNS responsivity,
however, can be associated with rather different behavioral patterns, leaning toward the
“fight” (vigilant-agonistic, I11-A) or “flight” (vigilant-withdrawn, 111-W) side of the
sympathetic response. Furthermore, evolutionary theory provides reasons to expect males
and females to differ in the distribution of agonistic versus withdrawn patterns (see below).
Increased SRS responsivity in dangerous environments can be expected to go together with
increased responsivity in other neurobiological systems; for example, hyper-dopaminergic
function may contribute to the vigilant phenotype by boosting attention to threat-related cues
and fast associative learning (Gatze-Kopp, 2010).

What happens in extremely dangerous environments characterized by severe or traumatic
stress? We argue that the balance shifts again toward low responsivity, especially for males
who adopt a fast, mating-oriented LH strategy characterized by antagonistic competition and
extreme risk-taking. Such a strategy requires outright insensitivity to threats, dangers, social
feedback and the social context. For an extreme risk-taker, informational insulation from
environmental signals of threat is an asset, not a weakness. In particular, adopting an
exploitative/antisocial interpersonal style requires one to be shielded from social rejection,
disapproval, and feelings of shame (all amplified by heightened HPA responsivity). In
summary, an unemotional pattern of generalized low responsivity (pattern 1V) can be
evolutionarily adaptive (i.e., fithess-maximizing) at the high-risk end of the environmental
spectrum, despite its possible negative consequences for the social group and for the
individual’s subjective well-being. The same principle applies to other neurobiological
systems involved in the regulation of risk-taking; for example, hypodopaminergic function
is likely adaptive in severely stressful environments (Gatze-Kopp, 2010).

Figure 2 depicts the overall predicted relations between developmental context and stress
responsivity, extending the original BSC curve to the right and showing the male-biased
pattern of low responsivity in high-risk environments. In section 6 we further supplement
this broad-band analysis with a more fine-grained description of the profiles of basal activity
and responsivity of the various SRS components (see table 1 for details). It is important to
stress again that, although in this paper we mainly restrict our attention to the SRS, similar
environment-dependent curves may potentially be described for other neurobiological
systems as well (e.g., the DA system [Gatze-Kopp, 2010], the OT and AVP systems, and so
on).

Responsivity profiles respond adaptively to environmental conditions, but are also co-
determined by genetic factors and genotype-by-environment (GXE) interactions (section
2.2). For reasons of space, in the present paper we focus our attention on the role of the
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environment, and only cursorily describe the most likely forms of GXE interactions that we
expect to emerge in the development of responsivity patterns (section 6). Future treatments
of the ACM will need to integrate the role of specific genes in more detail (including
individual differences in reaction norms), as well as consider the possibility of epigenetic
effects mediating intergenerational transmission of stress responsivity patterns (Champagne,
2010; Meaney, 2010).

5.2.1. Adaptation versus pathology—Whereas the ACM emphasizes adaptive
calibration to a wide range of developmental conditions, not all developmental outcomes
reflect evolutionary adaptation. Some rearing contexts may go beyond the range to which
humans adapted during their evolutionary history, and the developmental response to such
contexts may be better described as truly pathological; i.e., as a failure of an otherwise
adaptive system. Maltreatment, neglect, abandonment and infanticide have been consistently
evident across human evolution and across cultures, and parental violence and neglect are
found in many other species as well (e.g., Daly and Wilson, 1984; Hrdy, 1999; McCormack
et al., 2006; Mock, 2004; Sanchez et al., 2001). For this reason, and in contrast to a common
view among developmentalists (e.g., Cicchetti and Lynch, 1995; Scarr, 1992), our model
assumes that children have the evolved capacity to respond in biologically adaptive ways to
harsh and unsupportive family environments, not only to loving and protective ones (see
also Meaney, 2010).

Of course, a biologically adaptive response does not necessarily result in psychological well-
being or socially valued outcomes. Indeed, the evolutionary meaning of “adaptive” is
fundamentally different from the meaning often given to the term in the developmental and
psychopathology literatures. Further, optimal adaptation (in the evolutionary sense) to
challenging environments is not without real consequences and costs, as adaptive processes
in this context often involve “making the best of a bad job.” Indeed, harsh environments can
harm or Kill children, and the fact that children can developmentally adapt to such rearing
conditions does not imply that such conditions either promote child well being or should be
accepted as inevitable facts of life. Relatedly, it is likely that some extreme and
evolutionarily novel rearing conditions, such as orphanages and peer-reared “street
children,” can push evolved mechanisms beyond their adaptive limits and lead to
pathological developmental outcomes. Likewise, at least some genotypic variants that
contribute to individual differences in responsivity may just be harmful mutations with no
previous history of natural selection.

Another possible source of biologically maladaptive outcomes is phenotype-environment
mismatch, occurring as a side effect of conditional adaptation (e.g., Gluckman et al., 2007).
For example, a child exposed to stressful and dangerous conditions in the first years of life
could develop a physiological and behavioral profile designed to deal with a competitive,
dangerous world; however, the same phenotype would become maladaptive if the
environment changed suddenly to a safe, low-stress one (e.g., because of adoption or other
dramatic improvements in life conditions; see Rutter et al., [2004] for a discussion of
developmental programming in post-institutionalized children). Even if the extended
plasticity of LH development in humans (section 3.3) can be expected to reduce the
likelihood of prolonged phenotype-environment mismatches, any predictive-adaptive
mechanism is vulnerable to the effects of a rapidly changing environment.

5.2.2. Domain generality versus specificity—The SRS responds to a wide range of
external and internal events (Figure 1), and in that sense can be described as a domain-
general mechanism of response to the environment (Bugental, 2000;Nesse et al., 2007). In
fact, a certain degree of domain generality is required by the broad integrative function
served by the SRS in the regulation of life history trade-offs (section 4.3). At the same time,
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the individual components of the SRS respond in specific ways to different types of
challenges (section 4), and the physiological profile of the stress response has been shown to
change subtly with different types of stressors (e.g., Nair et al., 2007;Pacék and Palkovits,
2001;Thrivikraman et al., 2000). We therefore expect a mixture of domain-general and
domain-specific effects in the development of responsivity patterns. Two instances of
domain specificity in the present version of the model are (1) the prediction of increased
sensitivity to social support in adolescent and adult females (section 5.4) and (2) the
prediction of high autonomic responsivity to agonistic encounters in unemotional
individuals (section 6.4). As future research will progress in mapping domain-specific
effects in the SRS, the resulting knowledge could be usefully incorporated in the ACM to
increase its descriptive and predictive power.

5.3. Sex differences

Because the costs and benefits associated with LH trade-offs are not the same for males and
females, LH strategies show consistent differences between the sexes (section 2.1). On
average, men engage in faster LH strategies and invest more in mating effort (and less in
parenting effort) than women. The extent of sex differences in LH-related behavior,
however, is not fixed but depends in part on the local environment.

At the slow end of the LH continuum, both sexes engage in high parental investment, and
male and female interests largely converge on long-term, committed pair bonds; sex
differences in behavior are thus expected to be relatively small. As environmental danger
and unpredictability increase, males benefit by shifting to low-investment, high-mating
strategies; females, however, do not have the same flexibility since they benefit much less
from mating with multiple partners and incur higher fixed costs through childbearing. Thus,
male and female strategies should increasingly diverge at moderate to high levels of
environmental danger/unpredictability. Only in high-risk environments are females
predicted to reduce their parental investment in a male-like way (Del Giudice, 2009a,
2009b); nevertheless, males can successfully engage in higher mating and lower parenting
effort than females, even at the fast end of the LH continuum. In addition, sexual
competition takes different forms in males and females, with males engaging in more
physical aggression and substantially higher levels of risk-taking behavior (e.g., Archer,
2009; Byrnes et al., 1999; Kruger and Nesse, 2006; Wilson et al., 2002). As LH strategies
become faster, sexual competition becomes stronger, and sex differences in competitive
strategies become more apparent. For these reasons, sex differences in responsivity patterns
and in the associated behavioral phenotypes should be relatively small at low to moderate
levels of environmental stress (patterns | and Il) and increase in stressful environments
(pattern 11). Finally, males should be over-represented as high-risk, low-investment LH
strategists (pattern IV) because of the larger potential benefits they enjoy from extreme
mating-oriented behavior.

5.4. Developmental stages and switch points

The human life history is organized as a sequence of stages and transitions (section 3). LH
strategies unfold progressively, according to the evolutionary function of each life stage.
The juvenile transition can be expected to be a critical turning point in the development of
stress responsivity. Juvenility witnesses a dramatic increase in the sexual differentiation of
behavior and physiology, and early forms of sexual selection are already at work in this life
stage; thus, we predict that sex differences in the developmental trajectories of stress
responsivity will become apparent starting from the beginning of middle childhood, with a
further increase at puberty.
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We also expect that individual changes in responsivity will be especially frequent in the
transition from early to middle childhood. Early childhood affords an “evaluation” period in
which the child can sample the environment — both directly and through the mediation of
parents. With juvenility, however, stress responsivity becomes an integral component of the
child’s emerging LH strategy; indeed, the SRS contributes to regulation of what are
probably the main evolutionary functions of juvenility: learning, self-regulation, and peer
competition (section 4.3). For this reason, it may be adaptive for some children to adjust
their levels of responsivity when transitioning from early to middle childhood, possibly
under the effect of adrenal androgens. For example, a highly responsive boy living in a
severely traumatic environment may show a marked decrease in responsivity when
transitioning to middle childhood. Such a decrease in SRS responsivity would reduce the
boy’s sensitivity to social feedback, increase risk-taking, and promote disruptive,
exploitative patterns of social behavior. Despite the obvious personal and social costs, this
outcome can be seen as an evolutionarily adaptive “emergency” strategy, one that promotes
individual fitness (or has done so in past environments) in the face of threatening
environmental conditions.

With the onset of puberty, sexual behavior and romantic attachment come to the forefront,
and social competition further intensifies. Puberty affords another opportunity to revise
one’s LH strategy, depending for example on the success enjoyed — or the level of
competition experienced — during juvenility. The activation of sex hormone pathways also
provides a possible source of novel genetic effects on LH-related behavior. Thus, individual
and sex-related changes in stress responsivity are expected to take place in adolescence as
well.

5.4.1. Social support and fertility in females—In females, stress has a powerful
regulatory effect on fertility, a pivotal component of female LH strategies (section 4.3). We
predict that adolescent females should exhibit increased stress responsivity to cues of
reduced social support, a key determinant of successful reproduction (Hrdy, 2009; Wasser,
1994; Wasser and Barash, 1983; see also Troisi, 2001). The function of increased
responsivity would be to allow females to track the fluctuations of the social and physical
environment and to suppress fertility when conditions are unsupportive (e.g., because of a
sudden decrease in social support or partner loss). Basal cortisol often increases in
adolescent girls (reviewed in Adam et al., 2007), and cortisol in adolescent girls is more
state-dependent (i.e., context-sensitive) than in same-age boys (Booth et al., 2008; Shirtcliff
et al., 2005). If our prediction was supported, we would expect the oxytocin system to be
involved in the context-specific modulation of the stress response (section 4.1 and 4.3).

Following the logic of LH theory, we also predict that responsivity to loss of social support
should be weaker in women engaging in fast LH strategies; when social resources become
scarce, it only makes sense to delay reproduction if (1) the social context can be reasonably
expected to improve (Wasser and Barash, 1983), (2) the delay in reproduction can be repaid
by an increase in offspring quality, and (3) extrinsic morbidity-mortality is not too high. By
contrast, fertility can be expected to become relatively decoupled from social support in
women engaging in fast, low-investment LH strategies. This may be achieved by reduced
sensitivity to social support or by functional decoupling between SRS activation and
fertility. This kind of strategy-specific effect has been recently documented in side-blotched
lizards: administration of corticosterone (the analogue of cortisol) suppresses reproduction
in females with a slow LH phenotype, but increases the reproductive rate of females with a
fast LH phenotype (Lancaster et al., 2007).
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6. Patterns of responsivity

In this section we provide a detailed description of the four patterns of responsivity arising
in the ACM. Each pattern is characterized by a physiological profile of SRS responsivity
and basal activity, the behavioral correlates of that profile, and one or more hypothetical
developmental trajectories. Organizing the description of individual differences in
responsivity around a limited number of patterns is an effective expository device and helps
derive clear-cut, falsifiable empirical predictions. It should be stressed, however, that the
ACM is a dimensional model rather than a typological one; accordingly, many individuals
are expected to show responsivity patterns intermediate between the “pure” prototypes
(Figure 2). Furthermore, the present classification is not intended to be exhaustive.
Knowledge about individual differences in stress responsivity is still limited, and it is likely
that additional pathways and patterns will be described in the future.

6.1. Sensitive pattern (1)

6.1.1. Physiological profile—The logic of sensitive phenotypes is that responsivity
increases the organism’s openness to the social and physical environment. In our model,
sensitive phenotypes are characterized by high PNS responsivity and basal activation (e.g.,
vagal tone), favoring sustained but flexible attention and engagement with the external
environment. In contrast, SNS responsivity and (especially) basal activation are predicted to
be in the moderate range: high trait anxiety (associated with high SNS baseline) would
interfere with learning and exploration rather than promoting them, and an oversensitive
fight/flight response is not needed in a safe, protected environment. Thus, the autonomic
profile of pattern | is expected to be relatively dominated by the activity of the
parasympathetic system. HPA responsivity is expected to be high, with moderate basal
activity; a highly responsive HPA promotes sensitivity to social feedback and the
mobilization of metabolic and psychological resources (Table 1). High HPA responsivity
also allows the organism to adjust rapidly to temporary perturbations in the environment, for
example by suppressing fertility following reductions in social support.

6.1.2. Behavioral and life history correlates—The sensitive phenotype has been
described extensively in the BSC literature (see Boyce and Ellis, 2005; Ellis et al., 2006;
Ellis and Boyce, 2008). Sensitive children and adults are reflective, self- and other-
conscious, and engaged with the environment; they are also high in inhibitory control,
executive function, and delay of gratification. Collectively, these traits promote sustained
learning (a form of somatic investment) and social cooperation, hallmarks of a slow LH
strategy; accordingly, we predict that sensitive phenotypes will be associated with slow
physical and sexual maturation (Ellis, 2004). Because of the overall tendency of males to
engage in faster LH strategies than females, small sex differences can be expected in the
distribution of patterns I and 11, with females somewhat over-represented in pattern | and
under-represented in pattern Il.

High parasympathetic baseline and responsivity have been linked to socio-emotional
competence, engagement, and self-regulation (e.g., Beauchaine, 2001; Calkins, 1997; Fabes
and Eisenberg, 1997; Stifter and Corey, 2001). High PNS baseline also predicts measures of
cognitive efficiency and working memory (Staton et al., 2009). Cortisol responsivity has
been related to executive function and self-regulation in preschoolers (Blair et al., 2005) and
task engagement and sensitivity to feedback in adults (Tops et al., 2006a). Associations
between HPA responsivity and social competence are found in some (but not all) studies of
children (see Doussard-Roosvelt et al., 2003). From the vantage point of our model,
contradictory associations between HPA responsivity and social competence may be
explained by the existence of functionally differentiated patterns with similar levels of
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responsivity (e.g., cortisol responsivity alone does not discriminate well between pattern |
and I11). Intriguing evidence in this respect comes from a study by Legendre and Trudel
(1996), who found strong cortisol responses to peer group entry both in shy/withdrawn
children and in the most outgoing, extraverted ones (see also Gunnar et al., 1997). A
relevant study in another species is the experiment by Macri and colleagues (2007): as
adults, mouse pups raised in protected, low-stress conditions showed both high HPA
responsivity and the highest levels of novelty-seeking behavior, a clear indicator of openness
to environmental stimulation.

Sensitive phenotypes may hold the solution to a long-standing paradox in psychological
research: that of the “repressive coping style”. It has been observed that some individuals
display high responsivity to social stressors while at the same time reporting low levels of
trait anxiety. They also tend to score high on scales purportedly assessing socially desirable
response styles (specifically “impression management”; Weinberger et al., 1979). This
response profile has been labeled repressive, based on the assumption that these individuals
are repressing the experience of anxiety out of defensive self-presentation motives.
However, subsequent research has shown that “repressive” individuals do in fact experience
lower levels of negative emotion, and — contrary to predictions — do not incur increased
health risks (reviewed in Uziel, 2010). Instead, the evidence indicates that “repressors”
actively respond to social evaluation with SRS activation and an increased sense of
challenge (Derakshan and Eysenck, 1997; Newton and Contrada, 1992), which in our model
can reflect heightened sensitivity to social feedback. Moreover, there is overwhelming
evidence that impression management scales do not tap defensiveness but a very different
construct, which has been recently labeled interpersonally oriented self-control (I0SC).
IOSC predicts increased prosocial orientation, optimism, and emotional stability, higher
social skills and frustration tolerance, and lower risk-taking (Uziel, 2010). Most intriguingly
in a life history perspective, IOSC also predicts increased marital stability and lower levels
of intimate violence (Bradburn et al., 1979; Sugarman and Hotaling, 1997). It is likely that
many “repressors” identified in this research tradition are in fact type | individuals, who
display high stress responsivity and low anxiety and whose behavioral profiles reflect slow,
cooperative, low-risk LH strategies.

6.1.3. Development—What are the most likely developmental pathways leading to
sensitive responsivity patterns? First, infrequent SNS and/or HPA activation in the first
years of life could up-regulate the SRS, leading to increasing responsivity in those children
with sufficiently wide reaction norms. Second, at least some children are already born with a
highly responsive profile (because of genetic predisposition and/or prenatal effects of
maternal hormones); a protected environment would then maintain responsivity, whereas
moderate stress would down-regulate the SRS during the first years of life. Consistent with
this view, a large study by Blair et al. (2006) found that high maternal sensitivity is
associated with higher cortisol responsivity in 6-months-old infants. A relation between
positive early family relations and cortisol responsivity in adults was also found by Luecken
et al. (2009). Further, in a longitudinal study of bereaved children by Hagan et al. (2010),
elevated basal cortisol was found in adolescents who had experienced unsupportive
parenting and high levels of concurrent stress, but also in those who had enjoyed highly
supportive parenting and low stress levels. Finally, some children may have a narrow
reaction norm, so that they almost always develop highly responsive phenotypes (sensitive
or vigilant, depending on the level of stress experienced).

Highly responsive infants and young children may be emotionally labile and characterized
by difficult or inhibited temperament; as they grow up in a protected environment, however,
they are expected to become more emotionally stable, low-anxious, and socially confident,
possibly even more so than their temperamentally stable peers (Belsky, 2005; Belsky and
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Pluess, 2009). At the physiological level, this shift is likely to be marked by increased
parasympathetic tone and responsivity (e.g., Propper et al., 2008). It is important not to
confuse a protected, safe environment (characterized by secure attachment relationships)
with overprotective, intrusive, and anxious parenting. The latter is associated with insecure
attachment patterns, and has been shown to promote persistent inhibition/withdrawal and
low vagal tone/responsivity in children (Rubin, 2002), a physiological profile consistent
with vigilant patterns (I11). The developmental trajectory from difficult temperament to
openness and stability is expected to consolidate in middle childhood and adolescence if the
social context remains protective, and if new genetic influences do not emerge during the
juvenile transition or puberty.

6.2. Buffered pattern (ll)

6.2.1. Physiological profile—Buffered phenotypes are predicted to develop
preferentially in conditions of moderate environmental stress, where they strike a balance
between the costs and benefits of responsivity. The responsivity profile of pattern 1l is in the
low-to-moderate range, and should not be confused with the extreme, generalized
unresponsivity of pattern IV (unemotional). We predict that the autonomic balance should
be tilted toward PNS activity, reflecting the lower costs associated with parasympathetic
response and the benefits of an active engagement with the social environment (Table 1).

6.2.2. Behavioral and life history correlates—In our model, buffered phenotypes
(like sensitive ones) lie in the slow range of the LH spectrum. We do not expect large sex
differences in the overall frequency of this pattern; still, buffered females are expected to
show domain-specific responsivity to cues of reduced social support starting from
adolescence. Compared with fast LH strategists (patterns 111 and 1V), buffered individuals
are predicted to be lower in anxiety and aggression, less risk-prone, more sensitive to social
feedback and more oriented to long-term couple relationships. Buffered responsivity can
thus look like a “protective factor”, especially when the study sample does not include many
sensitive individuals. This is the essence of the stress inoculation hypothesis (Garmezy,
1991; Rutter, 1993). Indeed, most current approaches to stress development imply an
“optimal” responsivity profile very close to the buffered pattern, with higher or lower
responsivity usually considered as “dysfunctional” outcomes.

6.2.3. Development—Buffered responsivity is predicted to arise primarily through
moderate, repeated SRS activation during the first years of life. Moderate stress would then
down-regulate (or fail to up-regulate) responsivity in children with a potentially responsive
phenotype. On the other hand, genetic and/or epigenetic factors may narrow the reaction
norm of some infants, leading to the development of buffered phenotypes over most of the
range of possible environments. Indeed, an infant born with a moderately unresponsive SRS
would partially filter out the cues of danger/unpredictability even in a dangerous and
unpredictable environment. “Buffering” genetic variants would therefore tend to shift
development toward slow LH strategies, irrespective of the local environment. Conversely,
buffering genetic variants should impede development of a potentially costly slow-LH
strategy, instantiated through pattern I (sensitive), in response to highly supportive
environments. As a result, we predict that buffered phenotypes — though more prevalent at
moderate levels of stress — will be distributed widely across environmental conditions; in
contrast, sensitive phenotypes are expected to cluster tightly in protective, low-stress
developmental contexts.

6.3. Vigilant pattern (lll)

6.3.1. Physiological profile—Broadly stated, vigilant patterns develop in stressful
contexts, where they enable people to cope effectively with dangers and threats in the
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physical and social environment. They are characterized by high responsivity and basal
activity in both the HPA and the sympathetic system, and by low parasympathetic tone and
responsivity, especially as concerns the myelinated vagus (Table 1). This SNS-dominated
physiological profile mediates heightened attention to threats and high trait anxiety (which is
adaptive in dangerous contexts; see also Porges, 2005). In response to severe challenges,
however, vigilant individuals may also display “freezing” PNS responses mediated by the
dorsal vagal complex (Porges, 1995,2007). Compared with highly responsive individuals
with a sensitive phenotype (pattern 1), vigilant individuals may show slower HPA recovery
(i.e., they may take longer to return to baseline after HPA activation) and slower habituation
(see Gunnar and Vazquez, 2006;Netter, 2004;Pruessner et al., 1997). For this reason, they
are also likely to show stronger hypocortisolism following prolonged stress (section 4.1).

Within this general responsivity profile, we predict the existence of a distribution of
behavioral patterns, whose extremes are represented by two sex-typical subtypes: a vigilant-
agonistic pattern (I11-A), typical of males, in which “fight” responses predominate; and a
vigilant-withdrawn pattern (111-W), typical of females, characterized by protective “flight”
behavior. The 111-A and I11-W subtypes are similar in their overall profile of SRS
responsivity; both should involve lower serotonergic activity than patterns | and 11 (Carver et
al., 2008; Tops et al., 2010); however, they can be expected to differ in a number of
functionally related physiological parameters. Agonistic patterns should be associated with a
high NE/E ratio and higher levels of androgens such as testosterone and DHEA/DHEAS
(van Goozen et al., 2007). Withdrawn patterns, in contrast, should be characterized by a
lower NE/E ratio, lower androgen levels, and — at least in females — higher levels of
oxytocin, as predicted by the tend-and-befriend hypothesis.

6.3.2. Behavioral and life history correlates—In our model, vigilant responsivity
patterns reflect fast LH strategies characterized by early maturation, low investment in
somatic effort, low levels of cooperation, and — especially in males —increased mating effort
and risk-taking. Psychological resources are employed to monitor (and cope with) possible
sources of threat and/or social competition, rather than to maximize learning and relaxed
exploration as in the sensitive pattern. In males, we expect vigilant phenotypes to be
associated more often with increased risk-taking, impulsivity, agonistic social competition
and aggression (the agonistic subtype; 111-A). In females, the typical pattern should involve
social anxiety, lower risk-taking and impulsivity, and fearful/withdrawn behavior (the
withdrawn subtype; 111-W). Consistent with the tend-and-befriend theory, vigilant females
should be highly sensitive to social support and especially distressed by cues of rejection;
these effects may be partly mediated by oxytocinergic activity. The vigilant-agonistic
pattern overlaps with the hostility/anger dimension of the “type A” personality profile,
which is characterized by high SNS responsivity, low vagal responsivity, and increased
cardiovascular risk (e.g., Muranaka et al., 1988; Williams et al., 1982;). In contrast, the
vigilant-withdrawn pattern may overlap with the anxious, socially inhibited “type D”
personality profile (Denollet et al., 1996). Both profiles are related to increased risk of
cardiovascular disease (see Denollet, 2000; Pedersen and Denollet, 2003; Williams, 1987;
Yan et al., 2003).

A number of studies have found positive relationships between aggressive/externalizing
behavior and HPA and/or SNS responsivity, especially in non-clinical groups, in
preschoolers, and when aggressive/disruptive behaviors coexists with high levels of anxiety
(see Bauer et al., 2002; Gunnar and Vazquez, 2006; Lorber, 2004; Netter, 2004; Shirtcliff et
al., 2009; van Goozen et al., 2000, 2007). At the same time, many studies report associations
between high HPA and/or SNS responsivity and fearful, anxious, or internalizing behavior
(see Adam et al., 2007; Boyce et al., 2001; Flinn et al., 1996; Gunnar et al., 2009c; Gunnar
and Vazquez, 2006; Li et al., 2007). There are large and robust sex differences in the
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prevalence of externalizing versus internalizing behaviors, with males higher in
externalizing and lower in internalizing compared to females (e.g., Boyce et al., 2001;
Crijnen et al., 1997; Leadbeater et al., 1999; Shirtcliff and Essex, 2008). Both externalizing
and internalizing behaviors correlate with precocious sexuality in juveniles (Lévesque et al.,
2010; van Goozen et al., 2002), which is to be expected if they are manifestations of fast,
mating-oriented LH strategies.

Consistent with our hypothesis, impulsivity is high in externalizers but low in internalizers,
whereas both types of behavior are associated with lower self-regulation and increased
irritability (Baldwin and Dadds, 2008; Eisenberg et al., 2003; Oldehinkel et al., 2004).
Serotonin is a key modulator of impulsivity and risk-taking and is implicated in the
regulation of stress responsivity; moreover, serotonergic activity interacts with sex
hormones at various levels (see Amin et al., 2005; Fink et al., 1999; Rubinow et al., 1998).
Through their interaction with 5-HT, sex hormones can contribute to the sexually
differentiated distribution of agonistic and withdrawn patterns; for example, a sex-specific
association between the 5-HT transporter polymorphism and aggression has been reported
by Verona and colleagues (2006).

The kind of aggression displayed by pattern 111 individuals is expected to be mostly reactive,
that is, enacted in response to threats or social confrontation (e.g., aggression may follow
from a challenge to the individual’s status or dominance). Reactive, emotionally charged
aggression is down-regulated by 5-HT and potentiated by cortisol; by contrast, proactive
(instrumental, cold-blooded) aggression appears to be unrelated to serotonergic function and
more typical of low-cortisol phenotypes such as the unemotional pattern IV (Haller and
Kruk, 2006; Haller et al., 2004, 2005; Hawes et al., 2009; van Bokhoven et al., 2005; van
Goozen et al., 2007; see below).

In the ACM, high HPA/SNS responsivity in pattern 111 is not associated with a single
behavioral pattern, but rather with a distribution of patterns involving different mixtures of
aggressive/externalizing and withdrawn/internalizing behaviors. Moreover, there is a high-
responsivity subgroup (pattern I) characterized by low fearfulness and low aggression. We
believe that such a complex, nonlinear relation between responsivity and behavior may
explain the many inconsistent findings in the literature and the very small overall
correlations found in meta-analysis (Alink et al., 2008). The fact that internalizing and
externalizing behaviors are both associated with high responsivity in pattern I11 may
contribute to the observed positive correlation between the two (e.g., Keiley et al., 2003;
Oldehinkel et al., 2004; Shirtcliff and Essex, 2008); the progressive sexual differentiation of
agonistic versus withdrawn patterns may explain why this correlation seems to decrease
over the course of adolescence (Scaramella et al., 1999). Vigilant children who display high
levels of both agonistic and withdrawn behaviors (Rogosch and Cicchetti, 1994) may be best
described as belonging to a third subtype, the vigilant-agonistic/withdrawn pattern (111-A/
W).

6.3.3. Development—We expect vigilant phenotypes to develop primarily in
temperamentally difficult/inhibited infants who grow up in stressful rearing contexts.
Frequent stress experienced in early life may up-regulate (or fail to down-regulate) SRS
responsivity; however, some highly responsive children with narrow reaction norms may
develop a pattern 11 profile even in conditions that would prompt the development of a
buffered pattern 11 in most of their peers. Intrusive, anxious and over-protective parenting
(which signals to the child a dangerous, unpredictable environment) seems to be especially
conducive to the development of vigilant phenotypes in temperamentally labile infants
(Rubin, 2002; see also Calkins et al., 1998).

Neurosci Biobehav Rev. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Giudice et al.

Page 38

There are two main reasons to predict that the juvenile transition will be a crucial turning
point in the development of vigilant patterns. First, sex differences in the distribution of
agonistic versus withdrawn patterns are expected to emerge consistently only in middle
childhood (under the influence of adrenal androgens) and further intensify in adolescence.
Second, some children (especially males) who grow up under conditions of severe stress
may display a highly responsive profile in early childhood, then shift to low responsivity as
social competition becomes a central developmental task. Thus, we expect a number of
individuals — likely the most aggressive ones — to display a transition from pattern I11-A to
pattern IV during juvenility or adolescence. This may help to explain a puzzling finding in
the literature: that the overall association between basal cortisol and aggressive/externalizing
behavior tends to be positive in preschoolers but negative in middle childhood and
adulthood (Alink et al., 2008; Shirtcliff et al., 2005, 2009).

6.4. Unemotional pattern (IV)

6.4.1. Physiological profile—The last pattern we discuss is the unemotional one,
characterized by low responsivity and basal activity in all the components of the SRS (Table
1). Generalized unresponsivity inhibits social learning and sensitivity to social feedback; it
can also increase risk-taking by blocking information about dangers and threats in the
environments. Based on LH theory, the distribution of pattern IV is expected to be male-
biased; in addition, the behavioral correlates of low stress responsivity seem to depend on
the action of sex hormones and may differ between the sexes (see below). Low serotonergic
and dopaminergic activity are also expected to be associated with unresponsive phenotypes,
especially when associated with aggression and risk-taking (Gatze-Kopp, 2010;Moore et al.,
2002;Susman, 2006).

Whereas low responsivity can be adaptive in severely stressful contexts, there is no reason to
expect that unemotional individuals will always show a blunted response to challenge. More
specifically, we anticipate that pattern IV individuals (especially males) will be
unresponsive to performance-related stressors and social evaluation, but will respond with
autonomic activation when facing immediate physical threats and during agonistic
encounters (e.g., physical confrontations or dominance conflicts). The SNS response is
partly an adaptation to fight, and it would make little biological sense to suppress it precisely
when it is most needed. At the same time, the aggression exhibited by unemotional
individuals is often of the instrumental/proactive, cold-blooded type (Haller and Kruk, 2006;
Haller et al., 2004, 2005; van Goozen et al., 2007). Maintaining calm and vigilance during
aggressive confrontation is likely to involve parasympathetic upregulation, preceding or
complementing SNS activation. Putting a parasympathetic “brake” on sympathetic
activation when threatened can also work as a signaling handicap (see Zahavi and Zahavi,
1997); by showing that he/she is not preparing for immediate physical response, an
individual sends opponents a credible signal that he/she is not scared, and is ready to
withstand an attack. In summary, we predict that the autonomic pattern of unemotional
individuals facing agonistic threats will be complex, possibly involving SNS/PNS
coactivation and a delayed “fight-or-flight” response. So far, the results of human studies
employing agonistic stressors are consistent with our prediction’. Using a peer provocation
paradigm, Katz (2007) found that conduct-disordered children coming from violent families
showed vagal augmentation (rather than suppression) during anticipation of conflict with
another child. In a study by Waschbusch et al. (2002), the initial autonomic response to
provocation was similar in controls and in boys with conduct disorders; however, conduct-

"Haller and colleagues (2004) showed that, in mice, chronically induced hypocortisolism promotes predatory aggression but also
causes a smaller increase in heart rate during fights. However, heart rate reflects the action of both the SNS and the PNS, and a
blunted increase in heart rate is compatible with a pattern of autonomic coactivation such as the one we hypothesize here.
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disordered boys showed reduced heart rate recovery, which could result from increased
vagal activation. Finally, inspection of the data collected by van Goozen and colleagues
(2000) reveals that, during a peer provocation task, youth with disruptive disorders and low
autonomic baseline displayed an increase in sympathetic activity at least as large as that of
controls (p. 1443).

6.4.2. Behavioral and life history correlates—Unemotional patterns lie at the fast end
of the LH spectrum and can be expected to show a male-biased distribution and an
association with early sexual maturation and behavior. In males, extreme fast strategies are
characterized by low empathy and cooperation, impulsivity, competitive risk-taking, and a
higher likelihood of antisocial behavior. Low basal activity and responsivity in both the
autonomic and HPA systems are consistently associated with disruptive, antisocial, and
externalizing behavior (e.g., Beauchaine et al., 2007; Boyce et al., 2001; Lorber, 2004;
O’Neal et al., 2010; Shirtcliff et al., 2005, 2009). In particular, low stress responsivity seems
to be specifically related to callous-unemotional traits (e.g., lack of empathy and guilt,
manipulativeness, emotional constrictedness), which are a core feature of psychopathic and
antisocial personalities (Enebrink et al., 2005; Frick et al., 2000, 2003; Hawes et al., 2009;
Shirtcliff et al., 2009). Despite the clear overlap between the unemotional pattern and
psychopathic traits, it should be stressed that the two constructs are not equivalent. Different
dimensions of psychopathy have different physiological correlates, and some individuals
high in psychopathic traits do not display generalized unresponsivity to stress, nor high
levels of impulsivity or antisocial behavior (see Hall and Benning, 2006; Fowles and Dindo,
2006).

The specific behavioral correlates of low stress responsivity seem to depend at least in part
on the action of sex hormones. In several studies of adults and juveniles, severe antisocial/
disruptive behavior is associated with a profile of low cortisol coupled with high levels of
androgens (testosterone, DHEA or DHEAS; see Popma et al., 2007; van Goozen et al.,
2007). Androgens may also mediate the male-specific association found between low HPA
activity/responsivity, psychopathic traits, and externalizing behavior (O’Leary et al., 2007;
Shirtcliff et al., 2005; but see Pajer et al., 2001). At the fast extreme of the LH continuum,
male and female strategies are expected to diverge; indeed, the typical behavioral profile of
unemotional females may primarily involve reduced cooperation and parental investment
rather than high-risk competition of the externalizing kind. Booth and colleagues (2008)
found that, during adolescence, low basal cortisol in females (but not in males) was
associated with a generalized pattern of aloof social relationships with parents, siblings and
peers. Given that social resources are a key determinant of women’s ability to invest in
children (Hrdy, 2009), detached social/kin relationships may indicate reduced parental
investment. Low basal cortisol and psychopathic traits in females also predict high levels of
relational aggression (Marsee et al., 2005; Murray-Close et al., 2008); indeed, this may be
the preferred type of aggression in unemotional females. In turn, both low HPA responsivity
and relational aggression toward peers in adolescence are associated with earlier age at first
intercourse, a key indicator of fast LH strategy (Brody, 2002; White et al., 2010). In view of
these data, we expect unemotional females to display low stress responsivity even to cues of
reduced social support. Insensitivity to social support would decouple fertility from the
perceived availability of social resources, as required by a low-investment LH strategy
adapted to high-risk environments.

6.4.3. Development—We hypothesize two main developmental pathways leading to
unemotional responsivity patterns. In the first pathway, an initially responsive phenotype
shifts toward unresponsivity following chronic severe stress (Gunnar and Vazquez, 2006;
Gustafsson et al., 2010; Tarullo and Gunnar, 2006). The shift to pattern IV should often take
place during juvenility or adolescence (see section 6.3); indeed, the typical age of onset of
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disruptive behavior disorders is between 8 and 15 years (Kessler et al., 2005). In the second
pathway, unresponsivity may develop even in low-stress environments because of strong
genetic predispositions, and may be apparent already in early childhood (e.g., Hawes et al.,
2009; Raine et al., 1997). The difference between these two pathways may have crucial
implications for the long-term development of stress responsivity: unemotional individuals
coming from a history of high responsivity may revert to higher responsivity levels if
environmental conditions improve for a sufficiently long time, and/or if their high-risk
behavioral strategies turns out to be successful (e.g., if they are able to acquire social status
and mating success).

The importance of wide versus narrow reaction norms in the development of unemotional
patterns and their behavioral correlates is well illustrated by a recent experimental study of
children at risk for antisocial behavior (O’Neal et al., 2010). The effectiveness of an
aggression-reducing intervention was largely mediated by changes in cortisol responsivity:
the children who became more responsive to social stress following intervention also
became less aggressive, whereas children whose HPA axis remained unresponsive (possibly
because of their narrow reaction norms) continued to show high levels of aggression.

7. Conclusions

In this paper we presented an evolutionary-developmental theory of individual differences in
stress responsivity. The ACM provides a framework for research on stress and development,
one that is explicitly built on the foundation of modern evolutionary biology. The ACM
reorganizes a substantial amount of empirical findings from different research fields,
weaving them together in a theoretically coherent fashion; even more importantly, it makes
many novel and testable predictions about behavior, development, and neurobiology. The
stress literature has contributed a wealth of insight into the mechanics of how SRS
responsivity is elicited, yet the same research seldom asks why or for what purpose;
evolutionary theory allows researchers to formulate these questions. As a result, research
can move beyond purely inductive theory-building, dramatically increasing the researchers’
ability to make targeted hypotheses about individual differences and their development.

Perhaps the single most important implication of the ACM for empirical research is that the
relationships between developmental factors, stress responsivity, and behavior are expected
to be complex and intrinsically non-linear. This aspect was already present in the original
BSC theory, and the ACM further reinforces it. If one considers the environment-
responsivity curves shown in Figure 2, it is apparent that the results of any single study
looking at linear statistical relationships can range from positive to null to negative,
depending on the portion of the curve sampled in each case (Boyce and Ellis, 2005;Ellis et
al., 2005). The many inconsistent results in the stress literature may depend, at least in part,
on the failure to consider nonlinear relationships between environmental factors and SRS
parameters, or the failure to assess the full range of environmental variance necessary to
capture all four patterns of responsivity specified by the ACM. Moreover, the behavioral
correlates of a single physiological parameter (for example high HPA responsivity) are
predicted to vary widely depending on an individual’s developmental history, age, and sex,
as explored in detail in section 6. The good news is that the complexity we envision in the
ACM is lawful and predictable: although the development of stress responsivity is a highly
multifactorial process, evolutionary theory makes it possible to “carve nature at its joints”
and advance principled hypotheses about the most critical factors, their effects, and their
interaction.
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7.1. The ACM in context

How does our model relate to other theories of stress responsivity? First, the ACM
incorporates the key elements of Porges’ polyvagal theory of autonomic functioning
(Porges, 1995, 2007). Like the ACM, the polyvagal theory recognizes that different
autonomic profiles can be adaptive in different environmental contexts, thus implying the
concept of conditional adaptation (e.g., Porges, 2005, 2007). Two other models that we see
as fully consistent with the ACM - and whose insights we drew on in this paper — are the
neurobiological model of antisocial behavior by van Goozen and colleagues (2007) and the
tend-and-befriend theory by Taylor and colleagues (2000). Similarly, the ACM employs the
concept of allostasis (McEwen and Wingfield, 2003); across development, allostatic
processes help canalize the individual along their developmental trajectory based on
information encoding and filtering.

Finally, the ACM shares some features with the evolutionary hawk-dove model by Korte
and colleagues (2005). These authors argue that, in many animal species, it is possible to
describe two distinct behavioral phenotypes: aggressive, bold, proactive “hawks” and non-
aggressive, cautious, reactive “doves”. These phenotypes have different costs and benefits
and are biologically adaptive in different environmental contexts. The physiological profile
of hawks includes high testosterone, low HPA and PNS responsivity coupled with high SNS
responsivity, and low serotonergic activity, whereas doves show the opposite pattern. We
believe that the ACM provides a better fit to humans by describing four responsivity
patterns instead of two; however, it is possible to draw some parallels between the two
models. The “dove” phenotype is similar to patterns I and 111 (especially 111-W), whereas the
“hawk” phenotype shares features with both pattern IV and pattern I11-A. There is no
equivalent of pattern Il in the hawk-dove model. Another difference is that the hawk-dove
model conceptualizes the alternative phenotypes as maintained by frequency-dependent
selection (i.e., adaptive genetic variation) and does not consider conditional adaptation.

In summary, building on the key features of extant models the ACM aspires to become a
truly integrative framework for the study of stress responsivity. In our opinion, what the
field really needs is more fundamental theory, not a multitude of alternative micro-models
without a common frame of reference.

7.2. Current limitations and future directions

In spite of its broad scope, the ACM is far from comprehensive or complete. The model still
lacks a detailed account of genetic and epigenetic effects and GXE interactions (see
Champagne, 2010; Meaney, 2010), and further work remains to be done before achieving
full integration with the theory of differential susceptibility (for discussion, see Ellis et al.,
2011a). Another current limitation is the relative neglect of domain-specificity (section 5.2);
although the ACM is a refinement over the BSC in this respect, it is likely that, as research
progresses, the model will need to accommodate many more domain-specific effects than
those described so far. Third, the ACM adopts a simplified definition of responsivity as the
magnitude of the response to challenge. Responsivity, however, can be measured on several
possible dimensions; for example, Boyce and colleagues (1995a) proposed peak intensity,
between-task variability, and attenuation over time in addition to classical difference
measures. Such a fine-grained analysis may help formulate even more specific functional
hypotheses and possibly reveal important differences between apparently similar patterns of
responsivity. Finally, the present version of the ACM focuses on developmental trajectories
and does not explicitly deal with the occurrence of traumatic stress in adults or the etiology
of post-traumatic stress disorder (PTSD).
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Thanks to the common framework of LH theory, the ACM has the potential to be easily
connected with other evolutionary models of individual differences. For example, Figueredo
and colleagues (2006) formulated some intriguing hypotheses about the relation between
individual differences in LH strategies and the development of specific brain regions
including the amygdala, the prefrontal cortex, and the hippocampus. This is especially
interesting in view of the role played in the regulation of the SRS by these structures and
other functionally related regions, such as the insula and the anterior cingulate cortex
(Shirtcliff et al., 2009).

Other potentially fruitful connections can be made with the LH-based theory of attachment
by Del Giudice (2009a), which extends the model proposed by Belsky and colleagues (1991;
see Del Giudice and Belsky, 2010a). Patterns of parent-child attachment in early life and
romantic attachment in adulthood can be linked to individual differences in LH strategies, as
they influence crucial LH dimensions such as parental investment, mating style, social
bonding/cooperation, and so on (see section 4.3). Thus, it should be possible to link
individual and sex differences in attachment styles to the patterns of stress responsivity
described in this paper. It should also be possible to formulate principled hypotheses about
the reciprocal relations between attachment and stress responsivity across the life course,
and to relate both to individual patterns of brain development (Figueredo et al, 2006).

In conclusion, the ACM can contribute to the progress of research in two distinct but related
ways. On the one hand, it reorganizes present knowledge and helps formulate new
predictions within the domain of stress research. On the other hand, it promotes integration
with other research areas by anchoring stress research to the common framework of
evolutionary biology. We believe that — in the not so distant future — large-scale integration
based on evolutionary theory will be the key to breaking obsolete boundaries between
disciplines to finally build a unified science of human development.
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Figure 1.
Conceptual structure of the Adaptive Calibration Model. SRS: stress response system; LH:
life history; OT: oxytocin; 5-HT: serotonin, DA: dopamine.
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Figure 2.

The Adaptive Calibration Model of individual differences in development of stress
responsivity. At a very general level, a nonlinear relation exists between exposures to
environmental stress and support during development and optimal levels of stress
responsivity. Although this nonlinear relation is specified for the stress response system
(SRS; see Table 1), it may apply to other neurobiological systems as well. The figure does
not imply that all components of the SRS will show identical responsivity profiles, nor that
they will activate at the same time or over the same time course. Male/female symbols
indicate sex-typical patterns of responsivity, but substantial within-sex differences in
responsivity are expected as well.
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