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a b s t r a c t

The hypothalamic-pituitary-adrenal axis (HPAA) is highly responsive to social challenges. Because stress
hormones can have negative developmental and health consequences, this presents an evolutionary
paradox: Why would natural selection have favored mechanisms that elevate stress hormone levels in
response to psychosocial stimuli? Here we review the hypothesis that large brains, an extended child-
hood and intensive family care in humans are adaptations resulting from selective forces exerted by the
increasingly complex and dynamic social and cultural environment that co-evolved with these traits.
Variations in the modulation of stress responses mediated by specific HPAA characteristics (e.g., baseline
cortisol levels, and changes in cortisol levels in response to challenges) are viewed as phenotypically
plastic, ontogenetic responses to specific environmental signals. From this perspective, we discuss rela-
tions between physiological stress responses and life history trajectories, particularly the development
of social competencies. We present brief summaries of data on hormones, indicators of morbidity and
social environments from our long-term, naturalistic studies in both Guatemala and Dominica. Results
indicate that difficult family environments and traumatic social events are associated with temporal ele-
vations of cortisol, suppressed reproductive functioning and elevated morbidity. The long-term effects of
traumatic early experiences on cortisol profiles are complex and indicate domain-specific effects, with
normal recovery from physical stressors, but some heightened response to negative-affect social chal-
lenges. We consider these results to be consistent with the hypothesis that developmental programming
of the HPAA and other neuroendocrine systems associated with stress responses may facilitate cognitive
targeting of salient social challenges in specific environments.
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1. Evolutionary paradox of psychosocial stress

Psychosocial challenges reliably stimulate the hypothalamic-
pituitary-adrenal axis (HPAA) in humans and many other mammals
(Hennessey et al., 2009; Yim et al., 2010). Given the apparent
short- and long-term costs of HPAA activation to physical and
mental health (Cohen, 2004; Kiecolt-Glaser et al., 2010; Shonkoff
et al., 2009), this presents an evolutionary paradox: Why do social
interactions and relationships affect HPAA responses? Currently no
satisfactory explanations exist for why natural selection could have
favored links between the HPAA and the neuropsychological mech-
anisms involved with assessment of the social environment. We do
not fully understand why, in the sense of evolved function, these
links are modifiable during ontogeny, such that early social experi-
ences may permanently alter HPAA stress responses (Champagne,
2010; Glover et al., 2010). Furthermore, we have not evaluated
thoroughly the unusual and perhaps unique characteristics of the
evolved human social brain, including empathy and theory of mind
(Adolphs, 2003a,b; Daly and Wilson, 1995; Geary, 2005) in regard
to physiological stress responses to psychosocial challenges.

Our objectives for this paper are to provide a plausible the-
oretical model linking stress responses to the neural plasticity
that enables adaptation to the dynamic social environment of
the human child. We examine the apparent paradox of HPAA
responses to psychosocial stimuli from the unifying paradigm
of Niko Tinbergen (1963), who emphasized the importance of
integrating proximate physiological explanations with ontogeny,
phylogeny, and adaptive (evolutionary) function. We evaluate
possible mechanisms and developmental trajectories that con-
nect early life social events to physiological stress and androgen
responses, psychological development, and health outcomes from
conception through adolescence. We illustrate our ideas with brief
overviews of our respective work in Guatemala and Dominica.
This empirical portion of our review starts by analyzing stress
as a modulator of women’s reproductive function and the con-
flicts that can arise between mother and fetus. Next we focus on
the specific effects of social challenges on postnatal ontogeny of
HPAA responses, and subsequent health outcomes. We conclude
by proposing a reconsideration of the concepts of adaptation and
pathology in stress theory.

2. Physiological mechanisms, developmental plasticity and
adaptive function

Most studies of social modulation of early HPAA development
have been based on clinical, epidemiological and experimental
(primarily nonhuman animal model) research paradigms. Tremen-
dous advances have been made in understanding the physiological,
neurobiological and genetic mechanisms that underpin stress
responses (de Kloet et al., 2005b; Joëls and Baram, 2009; Lupien
et al., 2009; McEwen, 2007; Sapolsky et al., 2000; Weaver et al.,
2004). Explanations for early social modulation of HPAA develop-
ment have centered on the concepts of allostasis (Romero et al.,
2009; McEwen and Wingfield, 2003, 2010), developmental pro-
gramming (Entringer et al., 2009; Kajantie and Räikkönen, 2010;
Mirescu et al., 2004; Veenema, 2009) and mismatches to novel
adverse environmental conditions (Gluckman et al., 2005, 2007;
Loman and Gunnar, 2010; Sapolsky, 2005). The effects of early,
extreme and chronic psychosocial stress are generally posited to
be pathological (Anisman et al., 1998; Chrousos, 1998, 2009; Seckl

and Holmes, 2007; Seckl and Meaney, 2004). Moderate exposure to
stressors, however, is thought to enable the development of cop-
ing responses that enhance resiliency (Gunnar et al., 2009a; Lyons
et al., 2010; Macrì et al., 2009). We suggest that evolutionary devel-
opmental biology may provide important theoretical insights into
this apparent contradiction.

2.1. Allostasis as a proxy for adaptation

Neuroendocrine systems such as the HPAA and the
hypothalamic-pituitary-gonadal axis (HPGA) may be viewed
as complex mechanisms produced by natural selection to com-
municate information within and between cells and tissues.
Physiological stress responses regulate the allocation of energetic
and other somatic resources to different bodily functions via a
complex assortment of neuroendocrine mechanisms. Changing
environments and conditions require adjustment of priorities.
While being chased by a predator, organisms do not want to
expend resources on digestion, growth, immunity and repro-
duction (Sapolsky, 2005). Neuroendocrine stress responses help
release and direct glucose, fatty acids and other resources to tissues
necessary for the task at hand. Chronic and traumatic stress can
diminish health, evidently because resources are diverted away
from important health maintenance functions such as immune
regulation (Bartolomucci, 2007). Cortisol can inhibit inflammation
(Elenkov et al., 1996; Elenkov and Chrousos, 1999), alter cytokine
production (Derijk et al., 1997; Turnbull and Rivier, 1999), and
increase monocyte apoptosis (Norbiato et al., 1997), which may
translate into increased susceptibility to infections. The sum of
these costs of HPAA activation is often referred to as “allostatic
load,” with “allostasis” being the general process of physiologi-
cal/behavior change to maintain homeostasis (Korte et al., 2005;
McEwen and Wingfield, 2003, 2010).

The diversion of resources may have particular significance dur-
ing fetal and child development because of the additional demands
of physical and mental growth with possible long-term ontogenetic
consequences (Glover et al., 2010; Korosi et al., 2010; Nepomnaschy
and Flinn, 2009). For example, environmental cues of high mortality
risk may result in more rapid reproductive maturation (Chisholm
et al., 2005; Stearns, 1992), whereas resource limitations may delay
pubertal onset (Ellison, 2001) and modify metabolic processes
(Gluckman et al., 2009; Kuzawa and Quinn, 2009; Sloboda et al.,
2007).

The apparent negative consequences of HPAA responses and
high allostatic loads for individual health are often viewed as patho-
logical. Such an interpretation can produce confusion about evolved
functions of the HPAA and its ontogeny. We suggest that this
confusion is rooted partly in the different perspectives of clini-
cal practice, general biological/physical sciences and evolutionary
biology. The goal of clinical practice is to improve physical and
mental health; the goal of general biological/physical sciences is to
describe biochemical mechanisms that affect health; and the goal of
evolutionary biology is to understand how mechanisms that affect
health evolved by natural selection. Reconciling these perspectives
can be difficult (Bateson et al., 2004; Nesse et al., 2006, 2009). For
example, in pursuit of evolutionary (reproductive) fitness, natural
selection can produce outcomes that do not maximize short-term
physical and mental health (Buss, 2000; Muehlenbein, 2010). Traits
are selected to increase replication of genetic materials through
survivorship and reproduction. Simply put, natural selection does
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not maximize one’s happiness nor minimize stress. Otherwise we
might never experience anxiety or low mood, which could be
adaptive under certain circumstances (Nesse and Ellsworth, 2009).
Caution is also warranted in assuming that the function of the
HPAA is to maintain “homeostasis.” The stress concepts of “allosta-
sis,” “allostatic load” and “homeostasis” are proxy measures that
usually, but not always, track the evolved functions of a set of phys-
iological mechanisms (Bonier et al., 2009; McEwen and Wingfield,
2010; Worthman and Panter-Brick, 2008). Identification of the
evolved functions of the HPAA is further muddled by environmental
effects on the ontogeny of the neuroendocrine mechanisms.

2.2. Ontogeny: life history trade-offs

Waddington (1956) referred to the lack of understanding of
ontogeny, or the translation of genetic information into the phe-
notype during development, as the “great gap” in biology. All
living organisms have significant portions of their genomes and
epigenomes that perform developmental “regulatory” functions –
in effect, switches that turn some genes off and others on during
development (Qiu, 2006; West-Eberhard, 2003). Some of these reg-
ulatory switches are attuned to external environmental conditions
in ways that can result in advantageous phenotypic modifications
(Agrawal, 2001). The morphological, physiological, and behavioral
mechanisms that organisms use to modify phenotype and respond
to environmental challenges are posited to be evolved adapta-
tions. Flexibility involves both immediate, transient responses and
longer-term developmental changes. The ability to generate a vari-
ety of phenotypes from a single genotype in response to various
environmental conditions is referred to as “phenotypic plasticity”
(West-Eberhard, 2003).

The general objective of phenotypic plasticity is to modify the
organism so as to meet better any present and future challenges.
Natural selection favors organisms capable of generating efficiently
a functionally plastic phenotype in response to environmental
conditions that have occurred with some regularity in a species’
evolutionary history. However, a key problem is lack of predictabil-
ity of future conditions. How reliable are the present and past
cues that are used to assess future contingencies? This difficulty
of prediction increases with distances in time and space. Early
preparation allows for improved specialization and economy of
development; the sooner one can adjust development to suit future
environments the better. In this way resources are not wasted
maintaining abilities to respond to conditions that are unlikely to
occur. The balance between predictability and specialization during
development influences the ontogenetic trajectories of phenotypic
plasticity. “Critical” or “sensitive” periods for environmental input
involve this inherent temporal trade-off between the reliability of
cues and the advantages of earlier specialization (Alexander, 1990;
Mousseau et al., 2009; Shettleworth, 2010).

Physiological research on ontogenetic trajectories has targeted
the homeostatic mechanisms of the HPAA system, which appear
sensitive to exposure to high levels of corticotropin-releasing hor-
mone (CRH), adrenocorticotropin hormone (ACTH), and cortisol
during development. Glucocorticoid receptors (GRs) and neurons in
the hippocampus and hypothalamus (which are part of the negative
feedback loop regulating release of CRH and ACTH) can be affected
by neurotoxic levels of cortisol, ACTH and CRH associated with trau-
matic events (Sapolsky, 1996, 2005). Hence early trauma is posited
to result in permanent HPAA dysregulation and hypercortisolemia,
with consequent deleterious effects on the hippocampus, thymus,
and other key neural, metabolic, and immune system components
(Mirescu et al., 2004; Zhang et al., 2002). In human and nonhuman
primates, these effects are posited to have additional consequences
for cognitive development because of the high density of GRs in the
pre-frontal cortex (de Kloet et al., 1999; Patel et al., 2000; Sanchez

et al., 2000). If exposure to trauma had commonly occurred dur-
ing a species’ evolutionary history, and caused maladaptive (fitness
reducing) effects, then it seems likely that natural selection would
favor protective mechanisms. If the occurrence of trauma provided
useful information regarding the future environment (e.g., proba-
bility of food shortages—Gluckman et al., 2007), then it seems likely
that natural selection would favor mechanisms that would modify
the phenotype to better suit the predicted conditions (Kaiser and
Sachser, 2005).

Activation of various epigenetic mechanisms during critical
periods could play important roles in producing this pheno-
typic plasticity (Oberlander et al., 2008; Szyf et al., 2007, 2008).
For example, DNA methylation in the rat, set during a sen-
sitive period in the first week after birth, is a mechanism
connecting diminished maternal care (licking, grooming, and
arched-back nursing) with long-term elevations of HPAA responses
(Champagne, 2010). The methylation sites are specific to cells
in different parts of the brain, consistent with the logic that it
is adaptive to modify the expression of different genes contin-
gent on cellular function. For example, DNA methylation affects
hippocampal GR exon 17 promoter activity in response to mater-
nal care altering the patterns of CRH release in rat offspring
(Weaver et al., 2004, 2005). Histone modification is another epi-
genetic mechanism that can alter the activity of DNA and affect
neurological functions (e.g., Tsankova et al., 2007). Glucocorti-
coids transferred during lactation may provide a complementary
mechanism for trans-generational effects (Macrì and Wurbel,
2006).

Gestation and early childhood are especially critical periods for
the development of the HPAA and its associated phenotypic traits
(Champagne et al., 2008; Lupien et al., 2009; Maccari et al., 2003;
Nepomnaschy and Flinn, 2009). While the relationship between
early social trauma and variation in HPAA development in humans
has not been documented as well as it has been in nonhuman
animals, similar effects and intervening mechanisms likely exist.
In humans, early childhood social experiences can have profound
and permanent effects on later adolescent and adult HPAA reg-
ulation and stress responses (Champagne, 2010; cf. Flinn, 2009;
Levine, 2005). For example, difficult social environments – such as
maternal depression, family death, orphanage, neglect and abuse –
are temporally linked with unusual HPAA responses (Essex et al.,
2002; Heim et al., 2000, 2002; Lupien et al., 2005; McGowan
et al., 2009; O’Connor et al., 2003; Slavich et al., 2010; Teicher
et al., 2006). Although the evolutionary reasons for this are still
equivocal (and may be species-specific, e.g., Wiedenmayer, 2004),
early social modulation of HPAA responses may function to pro-
duce adaptive neural reorganization (Ademec et al., 2005; Flinn,
2006a; Huether, 1998; Kaiser and Sachser, 2005; Meaney, 2001;
Rodriguez Manzanares et al., 2005). Alternatively, these may sim-
ply be the result of maladaptation to the novelty of chronic
stress in social environments (McEwen, 1995; Sapolsky, 1996,
1999).

The former explanation is particularly appropriate for consid-
eration in humans, since children face particularly challenging
cognitive problems as a result of complex social interactions. An
important role of stress responses here may be to assist in the man-
agement of mental processes to solve specific cognitive problems,
like the threat of an approaching bully. The child needs to reallo-
cate cognitive efforts to the task at hand: prepare for immediate
contingencies by recalling salient information, enhancing relevant
sensory input, and activating circuits for appropriate actions. Cer-
tain aspects of HPAA may have been selected to help enable not only
the acute responses to such challenges, but also facilitate their mod-
ification during development, including learning. Human social and
cultural environments may pose special problems for the ontogeny
of the HPAA and its links to the limbic and other brain systems.
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2.3. Childhood, family and the social brain

Intensive information processing and social communication are
core human adaptations. The human brain that enables these abil-
ities is an astonishing organ. Its cortex comprises about 30 billion
neurons of 200 different types, each of which is interlinked, on
average, by more than a thousand synapses, resulting in a million
billion connections working at rates of up to ten billion inter-
actions per second (Edelman, 2006; Koch, 1999; Williams and
Herrup, 1988). Quantifying the transduction of these biophysi-
cal actions into specific cognitive activities (e.g., thoughts and
emotions) is difficult, but it is likely that humans have more infor-
mation processing capacity than any other species (Roth and Dicke,
2005).

The human brain evolved at a rapid pace: hominin cranial capac-
ity nearly tripled (from an average of about 500 cm3 to 1350 cm3)
in approximately two million years (Lee and Wolpoff, 2003)—an
average increase of roughly 100,000 neurons and supportive cells
per generation. Structural changes such as increased convolutions,
thickly myelinated cortical neurons, lateral asymmetries, increased
von Economo neurons, expansion of the neo-cortex, and enhanced
integration of the cerebellum were all significant (Allman, 1999;
Amodio and Frith, 2006; Schoenemann, 2006; Sherwood et al.,
2006). In comparison with most other parts of the human genome,
selection on genes involved with brain development was especially
intense (Gilbert et al., 2005).

The human brain has high metabolic costs: approximately 50%
of an infant’s, and 20% of an adult’s, energetic resources (pri-
marily glucose) are used to support neurological activity (Aiello
and Wheeler, 1995; Holliday, 1986). The increase in energetic
resources allocated to the brain was accompanied by a correspond-
ing decrease in digestive tissue. However, this does not explain
what selective pressures for enhanced information processing
were, nor why the resources conserved by reducing digestive tis-
sues were not reallocated to reproductive functions. The obstetric
difficulties associated with birthing a large-headed infant generate
additional problems (Rosenberg and Trevathan, 2002). The selec-
tive advantages of increased intelligence must have been high to
overcome these costs.

The human brain, in short, is a big evolutionary puzzle. It is
developmentally and metabolically expensive, evolved rapidly, and
enables unusual human cognitive abilities such as language, empa-
thy, foresight, consciousness, mental time-travel, creativity, and
theory of mind. Advantages of a larger brain may include enhanced
information processing capacities to contend with ecological pres-
sures that involve sexually dimorphic activities such as hunting
and complex foraging (Kaplan and Robson, 2002). There is little
evidence, however, of sufficient domain-specific enlargement of
those parts of the brain associated with selective pressures from the
physical environment (Adolphs, 2003a; Geary and Huffman, 2002).
Indeed, human cognition has little to distinguish itself in the way
of specialized ecological talents.

The human brain did not evolve as an isolated trait; concomi-
tant changes in other traits may provide clues as to what selective
pressures were important during hominin evolution (Flinn et al.,
2007). Changes in life history patterns accompanied the evident
increases in information processing and communication during the
Pleistocene epoch (Dean et al., 2001). Length of gestation (preg-
nancy) was increased, but resultant offspring became even more
altricial (Rosenberg, 2004). Human infants must be carried, fed, and
protected for a longer period relative to our hominin ancestors and
other primates such as chimpanzees. Human childhood and ado-
lescence are also exceptionally lengthy (Bogin, 1999; Leigh, 2004;
Smith, 1992). This extension of the juvenile period results in a delay
of reproduction until at least fifteen years of age, resulting in pro-
longed exposure to extrinsic causes of mortality, as well as longer

generation intervals. Parental and other kin investment continues
for an unusually long time, often well into adulthood and perhaps
even after the death of the parents. Like the big brain, human life
history is an evolutionary puzzle (Geary and Flinn, 2001; Hill and
Kaplan, 1999; Mace, 2000; Muehlenbein and Flinn, 2011).

Human childhood has traditionally been viewed as a period of
edification: “immatures are enabled to live a protected existence
while they learn skills necessary for adult life” (Bowlby, 1969, p.
63; see also Alexander, 1987). The primary question has been: What
information is so important and difficult to acquire that so many
years are needed for its mastery? Most juvenile primates spend
considerable effort playing and practicing in their physical environ-
ment, developing predator avoidance and fighting skills (Pellegrini
and Archer, 2005). But compared with other primates, our motor
skills do not appear especially challenging; a terrestrial environ-
ment seems more easily mastered than an arboreal one. Children
may need time to acquire knowledge for tool use and complex
foraging including hunting (Darwin, 1871; Hill and Kaplan, 1999;
see also Byrne, 2002a,b). An extraordinarily long developmental
apprenticeship may be useful for acquiring solutions to ecological
problems unique to a culture group’s niche (Bock, 2005; cf. Bird and
Bliege Bird, 2002; Blurton-Jones and Marlowe, 2002). Investment
in “embodied capital” (i.e., information from learning retained in
memories, procedural skills, etc.), via an extended childhood, has
been suggested to have a fitness payoff from increased adult forag-
ing ability (Kaplan et al., 2000).

A complementary approach to the problem of the evolution of
human childhood involves consideration of the brain as a “social
tool” (Alexander, 1989; Bjorklund and Rosenberg, 2005; Dunbar,
1998; Flinn et al., 2005a,b; Humphrey, 1983). This hypothesis sug-
gests that many human cognitive and psychological adaptations
function primarily to contend with social relationships, with eco-
logical constraints (e.g., hunting or extractive foraging) being a
more secondary or complementary force of recent evolutionary
change (Joffe, 1997). It appears that some human cognitive com-
petencies, such as theory of mind and language, are most readily
understood in terms of social selection pressures (Bjorklund and
Pellegrini, 2002; Flinn, 2004; Flinn, 2006b; Flinn and Alexander,
2007), although some cognitive competencies for interacting (e.g.,
navigating) with the physical world are evident as well (Geary
and Huffman, 2002). Interactions with similarly intelligent con-
specific competitors and cooperators appear to have been a major
force shaping many of the distinctive changes in the human
neocortex (Adolphs, 2003a,b; Allman et al., 2001; Flinn et al.,
2005a,b; Gallagher and Frith, 2003). Predicting future behaviors
of a social competitor/cooperator, and anticipating appropriate
countermoves, makes the arms race of social success a difficult
undertaking, particularly since this must be accomplished in mul-
tiple relationship networks with shifting coalitions and deception
(Chagnon, 1988; Flinn and Coe, 2007; Gilbert, 2005).

Indeed, the potential variety of human social puzzles is appar-
ently infinite; no two social situations are precisely identical, nor
are any two individuals ever in the exact same social environ-
ment. Moreover, social relationships can change rapidly, requiring
quick modification of strategy. Variability in these dynamics cre-
ates conditions that should favor the evolution of brain and
cognitive systems above and beyond more traditional modular sys-
tems (Tooby and Cosmides, 2005). These systems include general
intelligence, domain-general abilities, fluid intelligence (abstract
reasoning) and executive functions that are capable of integrating
and co-opting information processed by more restricted, domain-
specific mechanisms (Adolphs, 2003a,b; Blakemore et al., 2004;
Geary, 2005) and using mental simulations, or “scenario-building”
(Alexander, 1989), to construct and rehearse potential responses to
changing social conditions. These complex cognitive processes are
more capable of contending with, and producing, novelties of cul-
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tural change and individual-specific differences (Bjorklund, 2006;
Flinn, 1997, 2006b; Tomasello, 1999).

The information processing capacity used in human social com-
petition is considerable, and perhaps significantly greater than that
involved with foraging skills (Rilling et al., 2002; Roth and Dicke,
2005; Schoenemann, 2006). Although knowledge of the basic neu-
roanatomical structures involved with human social aptitudes has
increased dramatically (e.g., Allman, 1999; Damasio, 2003; Duvarci
et al., 2005; Gallese, 2005; Gallese et al., 2004; Moll et al., 2005),
the mechanisms that guide their ontogeny remain uncertain (Geary
and Bjorklund, 2000). The neuroendocrine stress responses to social
stimuli may provide important clues.

2.4. Phenotypic plasticity through programming of the limbic
system and neocortex for human sociality

One function of neuroendocrine stress responses may be to
guide adaptive neural reorganization, such as enhancing preda-
tor detection and avoidance mechanisms (Buwalda et al., 2005;
Dal Zatto et al., 2003; LeDoux, 2000; Mateo, 2008; Meaney,
2001; Rodriguez Manzanares et al., 2005; Wiedenmayer, 2004).
For example, exposure to cats can have long-term effects on
the central amygdala (right side) in mice, resulting in increased
fear sensitization (Ademec et al., 2005). The potential evolution-
ary advantages of this neural phenotypic plasticity are apparent
(Rodriguez Manzanares et al., 2005). Prey benefit from adjusting
alertness to match the level of risk from predators in their envi-
ronments. Post traumatic stress disorder (PTSD) appears analogous
to these fear conditioning models, and involves similar effects of
noradrenergic (Pitman et al., 2002) and glucocorticoid systems
(Brinks et al., 2009; de Quervain et al., 2009; Rohleder et al., 2010;
Roozendaal et al., 2002, 2009; Schwabe et al., 2009) on associative
long-term potentiation (LTP) of the amygdala and other neurolog-
ical structures that underlie the emotional state of fear.

Social defeat also affects the amygdala and hippocampus, but
in different locations (Amaral, 2003; Bartolomucci et al., 2005;
Koolhaas et al., 1997), suggesting that neural remodeling and
LTP is targeted and domain-specific (e.g., Rumpel et al., 2005).
Glucocorticoids, perhaps in combination with peptide hormones
and catecholamines, appear to facilitate the targeting of domain-
specific remodeling and LTP in developmentally appropriate ways
(e.g., Moriceau et al., 2006). The potentiating effects of cortisol on
emotional memories and other socially salient information may
be of special significance in human child development (Beylin and
Shors, 2003; Fenker et al., 2005; Jackson et al., 2006; Lupien et al.,
2002, 2009; Pitman, 1989; Roelofs et al., 2007). The neurological
effects from stress responses may underlie adaptation to short-
term contingencies and guide long-term ontogenetic adjustments
of emotional regulation and associated behavioral strategies.

If physiological stress responses promote adaptive modifica-
tion of neural circuits in the limbic and higher associative centers
that function to solve psychosocial problems (Huether et al.,
1999), then the apparent paradox of psychosocial stress would be
partly resolved. Temporary elevations of cortisol in response to
social challenges could have advantageous developmental effects
involving long-term potentiation, synaptogenesis and neural reor-
ganization (Buchanan and Lovallo, 2001; Huether, 1996, 1998).
Such changes may be useful and necessary for coping with the
demands of an unpredictable and dynamic social environment. An
evolutionary advantage would result if elevating stress hormones
in response to social challenges (a) enhances specific acute men-
tal functions, (b) regulates energetic resources used by the brain,
and (c) helps guide cortical remodeling (e.g., Shansky et al., 2009),
including the neurological structures involved with emotional reg-
ulation.

Chronic destabilization of neuronal networks in the hippocam-
pus or cerebral cortex, combined with enhanced fear circuits in
the amygdala (e.g., Bauer et al., 2001; Phan et al., 2006), however,
could result in apparently pathological conditions such as PTSD
(Yehuda, 2002) and some types of depression (Preussner et al.,
2005; Shansky and Morrison, 2009). Even normal (but perhaps
novel) everyday stressors in modern societies, such as social dis-
cordance between what we desire and what we have (Dressler and
Bindon, 2000), might generate some seemingly maladaptive HPAA
responses. Individual differences in perception, emotional control,
rumination, reappraisal, self-esteem and social support networks
would be likely co-factors (Chisholm et al., 2005; Ellis et al., 2006;
Geary and Flinn, 2002; Vigil et al., 2009, 2010).

2.5. Stress as a modulator of fecundability

The impact that the environment has on ontogeny cannot be
over-emphasized. Environmental conditions will affect an organ-
isms’ future beginning even before the gametes fuse to form the
conceptus. In all species with internal fertilization, the mother
represents the first environment. Therefore the mother’s overall
condition may not only affect the chances of conceiving and main-
taining a pregnancy but can also critically affect her offspring’s
chances of survival and overall adult phenotype. Consequently, a
pregnancy conceived or maintained under stressful conditions may
affect the mother’s lifetime reproductive success and that of her
offspring (Penn and Smith, 2007).

In humans, a healthy, well-nourished mother is necessary but
not sufficient. Human offspring require comparatively very high
levels of energetic resources, protection and training for a pro-
longed period of time in order to reach reproductive maturity and
subsequent successful reproduce. These resources are provided not
just by the mother but by a broad social network, one of the most
extensive examples of alloparenting that exists in nature, com-
posed of the mother’s partner (often the biological father of the
offspring), her relatives and friends (Hrdy, 2009; Walker et al.,
2010). The human early environment is represented by a com-
bination of available allocare in addition to maternal health and
nutritional status. Importantly, there is a tight association between
an individual’s health and nutritional status and the size and qual-
ity of her social support network (Neumann, 2009). Variations in
the quality of any of these factors can have a significant effect on
her children’s survival and future reproductive fitness.

Given the importance of maternal investment in offspring
development, it has been hypothesized that when women’s abil-
ity to invest (for various reasons including poor nutrition and
small, poor social support networks) in new offspring deterio-
rates, reproductive suppression would be advantageous (Ellison,
2001; Nepomnaschy et al., 2004, 2006). Suppressing reproduc-
tion in the face of stress can help women survive the inauspicious
times, helping already existing offspring to survive, while avoiding
new pregnancies with reduced fitness prospects. How do women
determine when the deterioration of conditions for reproduction
make suppression the best temporary decision? And what are
the neuropsychological and physiological mechanisms that cause
reproductive suppression? The answers to these questions are
linked.

A woman’s conscious rationalizations about the convenience
or not of conceiving or maintaining a pregnancy likely had little
impact on actual fertility before the emergence of modern con-
traception and safe elective abortion. Unlike most other mammals
that reproduce in specific seasons, women ovulate continuously
throughout the year; this logically increases the chances of con-
ception. Behavioral avoidance of intercourse could be used to limit
fertility. Sex plays an important role, however, in creating and
maintaining bonds in humans, and these bonds are likely to have
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been linked to offspring survival at some points in human evo-
lution (Alexander, 1989). In addition, sexual coercion could have
easily trumped behavioral efforts to prevent untimely pregnancies.
Behavioral avoidance of intercourse is unlikely to have been an effi-
cient strategy to modulate the timing of reproductive ventures for
most of human evolutionary history.

In contrast, physiological mechanisms underlying reproductive
suppression would help women avoid untimely pregnancies inde-
pendent of sexual activities. Nepomnaschy et al. (2004, 2006) have
suggested that selective pressures could have favored the evolution
of pathways that will foster the exchange of physiological infor-
mation between the HPAA and the HPGA, leading to reproductive
suppression when environmental (ecological and social) condi-
tions deteriorate. Indeed, the presence of corticotrophin releasing
factor receptors on the ovary (Ghizzoni et al., 1997) suggests a
possible direct connection of HPAA activation with the downregu-
lation of steroidogenesis exerted directly at the level of the ovaries
(Chrousos et al., 1998; Tilbrook et al., 2002). While such a con-
nection has been consistently supported by evidence derived from
animal studies (e.g., Breen and Karsch, 2006; Brunton et al., 2008),
the physiological data needed to test them in humans continues to
be scarce.

2.5.1. Surviving mom: evolution of the defensive fetus and the
postnatal consequences of surviving prenatal stress

While the mechanisms described above may reduce the likeli-
hood of untimely conceptions or increase the chances of an early
spontaneous abortion, no biological mechanism is infallible and
challenges may appear after conception has taken place. In those
cases the ability of a woman’s body to prevent the development
of a new pregnancy may clash with the interests and physiologi-
cal defense mechanisms of the developing fetus. Mother and fetus
may have different interests. Each fetus is a genetically unique
entity, with only one opportunity to be born. Being alive is a pre-
requisite to achieving any other goals and, thus, being born should
be a fetus’s first priority. Here is where conflicts of interest with
the mother may arise; there will be some conditions under which
the mother would benefit from the interruption of gestation and
the fetus would benefit from promoting its continuation (Trivers,
1974). These conflicts of interests might help explain why, within
just hours after fertilization, embryos begin secreting a battery
of metabolites that reduce the risk of miscarriage (Haig, 1993).
In line with this argument Nepomnaschy et al. (2006) suggested
that maternally-derived abortive mechanisms may lose efficiency
as the fetus progressively gains physiological control of its own
gestation. In other words, the more developed a fetus gets the
more capable it should be of surviving periods of maternal stress.
Whether the abortifacient effects of stress diminish as the fetus
develops remains to be tested. A number of studies, however, sug-
gest that pregnancies can continue despite acute stressors deriving
from challenges experienced after placentation has taken place
(Kaiser and Sachser, 2005; de Kloet et al., 2005b; Murphy et al.,
2006). Surviving stressful maternal conditions, though, can have
serious physiological and behavioral consequences for the fetus,
and can lead to important variations in the resulting postnatal phe-
notype.

Experiments in non-human mammals, mainly rodents and non-
human primates, suggest that prenatal stress can result in low
birth weight and delayed postnatal physical growth, as well as
affect motor and cognitive development. Significantly, one of the
important consequences of prenatal stress appears to be a ‘repro-
gramming’ of HPAA basal function and regulation (de Kloet et al.,
2005a). Animals experimentally exposed to prenatal stress show
a shift in their circadian cortisol secretion profile (Koehl et al.,
1999), and increased basal cortisol and ACTH levels (Buitelaar et al.,
2003; Clarke et al., 1994; Schneider, 1992; Weinstock, 1997, 2008;

Weinstock et al., 1992; Welberg et al., 2000). When prenatally
stressed rats are postnatally challenged, they present with a faster
and stronger physiological response to the stressor compared to
control animals (Fride et al., 1986; McEwen et al., 1995, 1995).
Furthermore, prenatally stressed rats also take longer to recover
and to habituate to a stressor (Takahashi et al., 1992). Prenatally
stressed animals also tend to have higher plasma glucose levels
than controls (Vallée et al., 1997) and have fewer hippocampal glu-
cocorticoid and mineralocorticoid receptors (Szuran et al., 2000;
Weinstock, 2005, 2009).

Neurophysiological changes observed in prenatally stressed
animals have clear behavioral correlates. Animals experimentally
subjected to stress during pregnancy display increased anxiety,
shorter attention spans, and depressive-like symptoms such as
learned helplessness and anhedonia (Cirulli et al., 2009; Frye and
Wawrzycki, 2003; Morley-Fletcher et al., 2003). They also differ
from controls in their behavioral strategies when facing novel situ-
ations such as the inclusion of new individuals in their social group,
physical alterations of their environment, or when exposed to an
open field (ibid).

Although human studies are more limited in scope and design,
available reports are consistent with what has been observed in
nonhuman animal experiments. Prenatal stress in humans has been
linked with premature parturition, low birth weight for gestational
age (Hedegaard et al., 1996; Wadhwa et al., 1998; Ruiz et al., 2002;
Rondo et al., 2003), small head circumferences (Lou et al., 1994;
Buitelaar et al., 2003), and variations in the rates of physical, mental,
and motor development (Gluckman et al., 2007; Kajantie, 2006).
Prenatal stress appears to also affect HPAA regulation in humans
(Andrews and Matthews, 2004; Glover et al., 2004; Halligan et al.,
2004; Meinlschmidt et al., 2010). For example, Gitau et al. (2001)
report that piercing of the fetal trunk around the time of pituitary
maturation (18th gestational week) leads to detectable increases
of fetal �-endorphin levels, and that the same challenge two weeks
later (after the adrenal glands mature) leads to increases in fetal
cortisol.

The effects of prenatal stress on the HPAA can also be observed
postnatally. Field et al. (2004) compared depressed and non-
depressed pregnant women and their children. They report a strong
association between the cortisol, catecholamines, and serotonin
levels in their mother–children dyads. Similarly, Gutteling et al.
(2004) report that maternal cortisol during gestation, as well as
pregnancy-related fears, were positively associated with their chil-
dren’s cortisol levels before and after being vaccinated at ages 4–6
years, as well as during the first days of the school year (Gutteling
et al., 2005). Prenataly stressed children also presented steeper
circadian slopes.

Exposure to stressors in utero may affect the fetus’s neurological
development and its ability to habituate to challenges. Mater-
nal stress levels during the third trimester have been associated
with changes in fetal heart rate after vibroacoustic stimulation
(Sandman et al., 1999). Children stressed prenatally have been
reported to have increased tendency of depression, attention
deficits (Buitelaar et al., 2003), difficult temperament (Van den
Bergh, 1992), emotional problems, hyperactivity (Linnet et al.,
2003; O’Connor et al., 2003) and difficulties in adapting to novel
situations (Van den Bergh, 1992). Furthermore, prenatal stress has
been linked to schizophrenia (Hultman et al., 1999; Imamura et al.,
1999; Koenig et al., 2002; Van Os and Selten, 1998; Watson et al.,
1999), criminal behavior, autism, and social withdrawal (Huttunen
and Niskanen, 1978; McIntosh et al., 1995; Meijer, 1986; Schneider
et al., 2004).

Still other studies have not identified statistical associations
between prenatal stress and changes in HPAA functioning, motor
and cognitive development, and postnatal behavior. For exam-
ple, while individuals prenatally exposed to the Dutch famine
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(1944–1945) show higher baseline salivary cortisol levels com-
pared to unexposed controls, responses to psychological stress
appear to not differ between the two (de Rooij et al., 2006). Other
studies report positive effects of moderate gestational stress on
development. DiPietro et al. (2006) concluded that mild mater-
nal anxiety and depression in otherwise healthy women were
associated with enhanced motor maturation in their two year-old
children. These inconsistencies may be related to the broad range
of differences in study designs as well as the multiple ethical and
logistical limitations affecting human research on this subject. But
these inconsistencies confirm that the relationships between pre-
natal stress and fetal programming are complex, and highlight how
little we still know about this phenomenon.

The pathways through which prenatal stress may exert its
effects are poorly understood (Huizink et al., 2004; de Weerth
and Buitelaar, 2005). Glucocorticoids are logically suspected to be
involved. Maternal cortisol levels are known to gradually increase
during pregnancy, although the placental barrier keeps fetal corti-
sol levels 5–10 times lower than in the mother (Gitau et al., 1998;
Predine et al., 1979). The placental enzyme 11�-hydroxysteroid
dehydrogenase type 2 (11�HSD2) inactivates maternal cortisol by
metabolizing it into cortisone before it crosses the placenta (Brown
et al., 1993). Nonetheless, some maternal cortisol (about 10%) is
believed to cross the placenta (Gitau et al., 1998). Given the differ-
ence in basal levels between mother and fetus, even small amounts
of maternal cortisol can cause significant changes in fetal phys-
iology (de Weerth and Buitelaar, 2005). These changes in cortisol
levels have been reported to affect fetal growth (Banks et al., 1999),
birth weight (Bloom et al., 2001), head circumference (French et al.,
1999), HPAA functioning (Gitau et al., 1998), coronary function
(Rotmensch et al., 1999; Subtil et al., 2003) and gastric function
(Chin et al., 2003).

Stress metabolites may have additional effects on fetal develop-
ment through alternative pathways. Placental production of CRH
has been reported to increase with maternal stress (de Weerth and
Buitelaar, 2005). CRH enters fetal circulation and can influence the
development, distribution and abundance of glucocorticoid recep-
tors in the fetus’ central nervous system (Meaney et al., 1996;
Majzoub and Karalis, 1999). Increases in glucocorticoids and cat-
echolamines can reduce uterine blood flow, which, in turn, may
restrict fetal growth and contribute to fetal hypoxia. This mech-
anism has been proposed as a potential explanation for the link
between prenatal stress, low birth weight, prematurity, and poor
neurologic outcomes (Schneider et al., 2004; Teixeira et al., 1999).
Prematurity and low birth-weight have been linked with increased
HPAA reactivity adults (Kajantie et al., 2002, 2003; Phillips et al.,
2000, Reynolds et al., 2001).

Variation in placental 11�HSD2 may also contribute to vari-
ability in stress responses between mothers. Placental 11�HSD2
activity varies between women and within individuals according
to gestational stage, protein content of diet, oxygen levels, and
hormone levels (estradiol, progesterone, prostaglandins and cate-
cholamines) (Bertram et al., 2001; Welberg et al., 2000). Variations
in placental 11�HSD2 activity levels have been linked to changes in
fetal HPAA development, fetal growth, survivorship, birth weight
and adult coronary, renal and hepatic functions (Murphy et al.,
2003). Nonhuman animal experiments suggest that alterations in
placental function involving changes in the levels of prostaglandins,
proopiomelanocortin (POMC), progesterone, and 11�HSD2 activity
may mediate some of the effects that stress has on fetal develop-
ment (Bloomfield et al., 2004).

Prenatal stress may exert its effects through a variety of other
genetic, epigenetic and ontogenetic pathways. Fetal development
depends on the synchronized occurrence of a large number of com-
plex processes; stress related alterations of any of these processes
or their tempos are likely to have an effect on the final outcome.

Fig. 1. Human (solid line) DHEAS levels from birth throughout juvenility compared
to two other species of primates, rhesus macaques (dashed line) and chimpanzees
(dash-dotted line). Data approximated using values from Copeland et al. (1985),
Kemnitz et al. (2000) and Korth-Schutz et al. (1976).

At the neurological level, for example, disruption of cell differen-
tiation, migration, positioning, and connection appear to be linked
to outcomes such as dyslexia, schizophrenia, and mental retarda-
tion (Watson et al., 1999). Fetal factors also play important roles in
any pathway mediating the relationship between gestational stress
and fetal development (Meaney et al., 2007; Murphy et al., 2006;
O’Donnell et al., 2009).

2.6. Social modulation of adrenal androgens

Other products of the HPAA worth mentioning here include the
androgen dehydroepiandrosterone (DHEA) and its sulfated conju-
gate (DHEAS) (Maninger et al., 2009; Pérez-Neri et al., 2008). These
hormones appear to be important biomarkers of longevity, immune
functions, stress responses and psychological well-being (Buford
and Willoughby, 2008; Chen and Parker, 2004; Enomoto et al.,
2008; Maninger et al., 2009; Yen, 2001). They are synthesized in the
cortex of the adrenal gland, where the region-dependent expres-
sion of several enzymes drives biosynthetic processes away from
the production of cortisol towards the formation of the androgens
(Hornsby, 1995; Nguyen and Conley, 2008; Pattison et al., 2009).
As androgens, DHEA and DHEAS are relatively weak but they can
be converted to sex steroids in target tissues (Labrie et al., 2005).
They are the most prominent adrenocortical hormones produced
in humans (Kime et al., 1980).

In humans, DHEA and DHEAS production begins with a sharp
increase at adrenarche during mid-childhood followed by a steady
increase that peaks in the mid-twenties, then steadily declining
throughout senescence (Auchus and Rainey, 2004; Havelock et al.,
2004) (Fig. 1). Adrenarche is particularly interesting because of
the congruence of several psychobiological phenomena at this
stage of child development (Campbell, 2006; Del Giudice, 2009),
and because it appears to be shared only with a few Great Apes
(Copeland et al., 1985; Cutler et al., 1978; Hornsby, 2004; Labrie,
2004; Nguyen et al., 2008; Smail et al., 1982) although measurable
levels of DHEA and DHEAS are present in many non-human pri-
mates (Conley et al., 2004; Muehlenbein et al., 2003; Pattison et al.,
2005).

Adrenal production of these androgens is virtually absent in
other vertebrates (Conley et al., 2004; Labrie, 2004; Nguyen and
Conley, 2008), with the exception of some rodents (hamster and red
squirrel) and songbirds (Boonstra et al., 2008; Soma and Wingfield,
2001; Pieper and Lobocki, 2000). In these cases, the primary func-
tion of DHEA is likely the maintenance of aggressive behaviors
outside the reproductive season (Soma et al., 2008). In songbirds,
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aggressive interactions can result in elevated levels of DHEA (Soma
et al., 2008; Wingfield et al., 2001), as well as its conversion to
androstenedione within specific regions of the brain (Pradhan et al.,
2010). DHEA could therefore act as a possible mediator of life his-
tory trade-offs between immune functions and reproduction (i.e.,
gonadal androgens; Wingfield and Sapolsky, 2003).

DHEA and DHEAS are synthesized de-novo in the brain where
they perform neuroprotective and neuromodulatory functions
(Baulieu and Robel, 1998; Corpechot et al., 1981; Do Rego
et al., 2009; Majewska, 1995; Maninger et al., 2009; Pérez-Neri
et al., 2008), likely as a direct result of their anti-glucocorticoid
effects (Hazeldine et al., 2010; Maninger et al., 2009; McEwen,
2003). These functional relationships between glucocorticoids and
adrenal androgens are complex. DHEA and DHEAS are synthesized
and released in both the periphery and brain following exposure
to acute and chronic stressors (Corpechot et al., 1981; Maninger
et al., 2010). Empirical evidence points to a strong influence of CRH
(Ibanez et al., 1999) and a permissive role of ACTH in regulating
this DHEA and DHEAS release. For example, although DHEA does
not show an awakening spike and is more stable throughout the
day, its secretory patterns from the adrenals are similar to that of
cortisol (Granger et al., 1999; Hucklebridge et al., 2005; Rosenfeld
et al., 1971), and individuals with mutations in ACTH receptors
have very low levels of DHEAS (Weber et al., 1997). On the other
hand, patients with Cushing syndrome seem to maintain normal
levels of DHEAS (Parker, 1989), thus ruling out a unique action
of ACTH. Instead, glucocorticoids could regulate the production of
DHEA through inhibition of 3-beta hydroxysteroid dehydrogenase
(3�HSD) (Topor et al., 2010), although this scenario cannot explain
the mismatch between DHEA and cortisol secretion throughout life.

The question still remains as to what selective pressures could
have produced the evolution of adrenal secretion of DHEA and
DHEAS. Increased social complexity of group-living animals that
resulted in the evolution of larger brains (Byrne and Whiten, 1988;
Dunbar and Schultz, 2007) would have been an important selective
pressure for the production of neurochemicals that could buffer the
negative effects of other chemicals (i.e., glucocorticoids) released
during stress responses (Campbell, 2006). So why should these
levels of neuroprotectants increase in mid-childhood?

Middle childhood is a life-history stage unique to humans. As
discussed above, human children are very sensitive to perceived
social relationships among kin and non-kin. Social hierarchies
begin developing (Kohlberg et al., 1972; Strayer and Trudel, 1984),
and their outcomes influence future social behavioral patterns
(Weisfeld, 1999). Increased social complexity between these chil-
dren and their peers as well as kin/non-kin adults can make it
difficult to predict the outcomes of future social relationships, and
these complex decision processes are stressful mental activities for
children. The type of child-parent attachment could mediate how
the child copes with their social environment and could be related
to the development of personality and physiological attributes,
both leading to individual differences in implicit and explicit repro-
ductive strategies such as risk taking behaviors, onset of puberty
and somatic growth (Belsky et al., 1991; Flinn et al., 1999).

Adrenarche, through an activation-reorganization of human
attachment strategies before the onset of puberty (Del Giudice,
2009; Del Giudice et al., 2009) or through its neurosteroid action on
neural plasticity, could act as a physiological event of hormonal pro-
duction that shapes and primes behaviors that will allow children to
better deal with the growing complexity of the social system made
by peers and adults, preparing them for the intra-sexual competi-
tion during adolescence and adulthood. Early stressful experiences
mediated by the family are expected to result in different life his-
tory strategies mediated by HPAA activity (Del Giudice, 2009; Del
Giudice et al., 2009; Ellis and Essex, 2007; Flinn et al., 2009; Suomi,
2005). In line with this argument, DHEA and DHEAS do appear to

covary with child wellbeing. For example, prepubertal and pubertal
children with major depression disorders exhibit low DHEA lev-
els, and DHEA levels correlate with some comorbid aspects of the
pathology (Goodyer et al., 1996). Premature adrenarche (i.e., high
levels of DHEA and DHEAS for age) is associated with depressive
symptoms (Dorn et al., 1999, 2008), and higher DHEA levels are
present in pre- and peri-adolescent boys characterized with aggres-
sive, antisocial behaviors (Van Goozen et al., 1998). DHEA levels
are associated with higher resilience scores in abused children
(Cicchetti and Rogosh, 2007). Low birth weight is also associated
with higher levels of DHEAS during the catch-up growth phase
in mid-childhood (Ong et al., 2004; Ibanez et al., 2006). ‘Higher
quality’ parental care (including less marital conflict) also appears
associated with adrenarche at a later age (Ellis and Essex, 2007).

Studies of human adults demonstrate that DHEAS levels are pos-
itively associated with physical and psychological performance in
extremely stressful conditions (Morgan III et al., 2009; Taylor et al.,
2007) and are negatively associated with negative mood after a
stressful task (Izawa et al., 2008). High levels of DHEA, as well as
a high DHEA to cortisol ratio, have been identified in individuals
with post-traumatic stress disorders (Maninger et al., 2009) and
have generally been associated with positive resilient outcomes
(Haglund et al., 2007; Maninger et al., 2009).

Unfortunately, existing studies do not directly evaluate the
effects of prenatal or early postnatal stress on adrenal androgens
in humans. We need longitudinal studies in naturalistic settings
targeting day-by-day variation of DHEA and DHEAS secretion
in relation to pre- and post-natal stressful events. Furthermore,
detailed analyses of DHEA and DHEAS levels following early
life psychosocial stressors in nonhuman primates and certain
rodents (e.g., hamster) are warranted. Because comparative data
on adrenarche in naturalistic environments are scarce, it is difficult
to hypothesize similarity of function.

3. Stress in the wild: HPAA responses in natural, everyday
context

“What is missing are long term prospective studies that track
the nature and timing of early stress exposure and the link-
ages to children’s later stress exposure, HPA functioning, and
behaviors” (Essex et al., 2002, p. 777).

Investigating relations among HPAA responses, neural remod-
eling and cognitive adaptations to the social environment is not
a simple or easy task (e.g., Pine et al., 2001). While cortisol can
affect cognitive functioning and emotional states, cognitive pro-
cessing and emotional regulation can also affect cortisol responses.
Evaluating the causes and effects in ontogenetic sequence requires
sequential data on physiological response profiles, environmen-
tal context and perception. Extensive research on hormonal stress
responses has been conducted in clinical, experimental, school, and
work settings (Dickerson and Kemeny, 2004; Hellhammer et al.,
2009; Lupien et al., 2009; Panter-Brick and Pollard, 1999). We
know relatively little about stress responses among children in
normal everyday (“naturalistic”) environments, particularly in non-
industrial societies that are more similar to the environments of
human evolutionary history.

Longitudinal monitoring of a child’s daily activities, stress hor-
mones, and psychological conditions provides a powerful research
design for investigating naturally occurring stressors. Analyzing
hormone levels from saliva (Ellison, 1988) can be a useful tool for
examining the child’s imperfect world and its developmental con-
sequences, especially when accompanied by detailed ethnographic,
medical and psychological information. Unfortunately, we do not
yet have field techniques for assessment of corresponding ontoge-
netic changes in the relevant neurological mechanisms.
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Assessment of early social modulation of HPAA responses during
child development requires (a) longitudinal monitoring of social
environment, emotional expressions, hormone levels, immune
measures, and health, (b) control of extraneous effects from
physical activity, circadian rhythms, and food consumption, (c)
knowledge of individual differences in temperament, experience,
and perception, and (d) awareness of specific social and cultural
contexts. Multi-disciplinary research that integrates human biol-
ogy, psychology and ethnography is necessary for meeting these
demands. Physiological and medical assessment in tandem with
ethnography including participant observation can provide inti-
mate, prospective, longitudinal information that is not feasible in
clinical studies.

In what follows, we briefly review results from our research on
HPAA responses in rural communities in Guatemala and Dominica.
Both studies are prospective, longitudinal, and naturalistic. The pri-
mary investigators have lived in the communities for long periods.
Our objectives are to provide data useful for examining relations
among hormonal measures of HPAA responses, events occurring in
everyday life and developmental outcomes.

3.1. Conception and pregnancy

Investigation of relations between the maternal social environ-
ment and reproduction in humans has been limited by the paucity
of large longitudinal studies that could help us better understand
women’s stress physiology and its interactions with reproductive
function (Kajantie and Phillips, 2006). Women’s stress research is
often modeled on what has been learned from male stress models.
This approach, however, is not appropriate. While in both sexes the
HPAA and HPGA are intimately interconnected, in women, unlike
men, the HPGA axis is continuously transitioning across reproduc-
tive stages making its interactions with the HPAA more dynamic
and complex (Brummelte and Galea, 2010).

To further our understanding of the interactions between the
HPAA and HPGA in women, Nepomnaschy and colleagues devel-
oped the “Society, Environment and Reproduction” (SER) Study.
The SER study explores the effects that energetic, health and psy-
chosocial challenges have on women’s HPAA function and the
impact that HPAA activation has on HPGA function. A total of
103 married Mayan women from a population in the highlands of
southwest Guatemala provided biological specimens and answered
questionnaires 3 times per week for up to a year. Longitudinal anal-
yses of the interview data and hormonal profiles from a sub-set
of 22 women were performed to assess the relationship between
daily fluctuations in first morning urinary cortisol and reproductive
hormones during the menstrual cycle and early pregnancy. These
analyses revealed several interesting aspects of the role that daily
challenges play in these women’s lives and how they affect their
reproductive physiology.

The more frequently self-reported concerns by the women par-
ticipating in the SER study were health issues affecting them or
their immediate family. We attribute the importance that women
place on health concerns (i.e., infant diarrhea, respiratory prob-
lems, or obstetric complications) to the serious consequences that
these problems can have in this rural population with little access
to medical attention. The next most commonly reported concerns
involved interpersonal problems, including marital quarrels. This
is understandable in a patrilocal society where women are highly
dependent on their husbands and their relatives for their subsis-
tence and social support.

Economic problems were not a cause of frequent concern in
this community, which is in stark contrast to those in most indus-
trialized populations. In the SER study, social stratification of
participants is minor, meaning that fluctuations in the availabil-
ity of goods tend to affect all individuals equally. Furthermore,

economic concerns appear to be minor for this community sim-
ply because their economic expectations are (based on previous
experiences within this community) low, and so psychosocial stress
related to such expectations is low. In contrast, loss of a member of
a woman’s support network due to illness or conflict can carry with
it grave social and biological consequences, seriously impairing her
ability to raise children.

Concerns reported by participants in the SER study were
associated with elevated first morning urinary cortisol levels. In
turn, within-woman increases in cortisol levels were linked with
changes in profiles of reproductive hormones across the men-
strual cycle. Specifically, raised cortisol levels were associated with
untimely increases in gonadotrophins across the menstrual cycle,
increases in follicular progesterone and decreases in mid-luteal
progesterone (Fig. 2a) (Nepomnaschy et al., 2004). Increased pro-
gesterone, probably of adrenal origin, during the follicular phase
has been previously reported to be associated with decreased
fecundability (Baird et al., 1999). Low progesterone levels may
lead to poor development and lack of vascularization of the
endometrium (Clancy, 2009; Soules et al., 1989). An early drop in
progesterone levels that lasts more than 24 h is likely to lead to an
early termination of the luteal phase, all of which would negatively
affect the chances of successful implantation (Clancy, 2009; King
and Critchley, 2010). Energetic and psychosocial challenges had
been previously reported to cause poor luteal progesterone lev-
els in human and non-human primates (Ellison and Lager, 1986;
Ferin, 1999; Xiao et al., 2002). Importantly, our results provide evi-
dence for a potential pathway linking stress responses to luteal
insufficiencies (Nepomnaschy et al., 2004), although the physio-
logical evidence supporting this claim in humans is limited and
sometimes contradictory (e.g. Ellison et al., 2007).

Work by Nepomnaschy and colleagues suggests a connection
between daily challenges, stress axis activation, and reproductive
suppression in women (Fig. 2a and b). For example, analyses of
pregnancy fate and cortisol during the first 3 weeks of gestation
(the period in which the placenta begins to develop and becomes
functional) indicate that pregnancy loss was almost 3 times higher
in women with increased cortisol levels (both means and number
of peaks) during this period (Nepomnaschy et al., 2006).

In sum, there appears to be an intimate, hormonally-based
connection between a woman expressing concerns, HPAA activa-
tion and reproductive suppression. In unfavorable circumstances,
avoiding or interrupting reproduction could allow females to focus
scarce resources on survival, improvement in overall condition, and
investment in existing offspring (Nepomnaschy et al., 2004, 2006).

Understanding the multiple mechanisms through which pre-
natal stress affects fetal development and the resulting postnatal
phenotype is a complex task that will require high-quality longi-
tudinal research. Future studies will need to thoroughly assess the
various factors that might be mediating the observed relationships.
It would be important, for example, to (a) explore the genetic her-
itability of HPAA function from mothers to children, (b) separate
the influence of the maternal HPAA functioning from stress related
behaviors (such as alcohol or caffeine consumption), and (c) assess
the differential effects of prenatal stress on HPAA functioning at the
different stages of fetal development.

3.2. Infancy and childhood

Wayonne’s dirt-clod missile struck the bright yellow dress hang-
ing on the clothesline, making an impressive star-shaped smudge.
His older cousin Jenny turned angrily from sweeping the house
yard to chase him with her broom. Granny Deedee’s yell halted
their squabble. Jenny’s face morphed from stifled argument to guilt,
head bowed. She later confided to me that she felt upset because
granny did not understand; her frustration was compounded by the
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Fig. 2. (a) Progesterone levels as predicted by time and cortisol throughout the luteal phase according to the model developed by Nepomnaschy et al. (2004), based on data
from 92 menstrual cycles provided by 24 healthy Mayan women. The blue dashed line represents the natural logarithm of progesterone levels as predicted by low cortisol
(two standard deviations below each individuals’ mean). The solid dark line represents progesterone levels as predicted by mean cortisol and the red dashed line represents
progesterone levels as predicted by high cortisol levels (2 standard deviations above the mean). High cortisol levels predicted lower progesterone levels between days 4 and
10 after ovulation (day 0) (data from Nepomnaschy et al., 2004). Progesterone profiles were predicted using a random coefficients regression model (RCRM) (Brown and
Prescott, 1999). The RCRM calculates a polynomial regression for the level of progesterone (the dependent variable) as predicted by time (day of the menstrual cycle) and
each woman’s cortisol levels and an overall polynomial for all the women. The degrees of freedom in the model are calculated based on the number of individuals included
in the analyses adjusted to account for daily values missing from the record of each individual. We checked the adequacy of the model using residual diagnostic plots,
influence statistics, and plots of predicted versus observed values. Associations between the progesterone, time, and cortisol were examined using mixed model analyses in
Proc Mixed, SAS release 8.2 (Cary, NC) in all statistical analyses to take into account both fixed (e.g., day of the menstrual cycle) and random effects (individual participant).
(b) Proportion of cortisol peaks (values > 90th percentile of the whole sample) and pregnancy outcome. Successful pregnancies had a significantly lower proportion of high
cortisol peaks than did those pregnancies that resulted in spontaneous abortions (P < 0.01). Bar height indicates the average proportion of cortisol peaks observed for each
pregnancy outcome. Error bars represent one standard deviation (data from Nepomnaschy et al., 2006). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

rule that she must accept granny’s authority without debate (Flinn
field notes, July 17, 1994). Jenny’s cortisol level, measured from her
saliva that was collected from all children in the community several
times a day, rose from 1.4 to 4.2 �g/dl. The next day her secretory
immunoglobulin-A levels dropped from 6.04 to 3.6 mg/dl. Four days
later she had common cold symptoms: runny nose, headache, and
low-grade fever (Fig. 3).

This exemplary case is illustrative of a common pattern. Children
in this rural Dominican community are more than twice as likely to
become ill during the week following a stressful event compared to
when they had not recently experienced any significant stressors
(Flinn, 2008; Flinn and England, 2003). This relation between social
stress and illness is obviously not confined to Dominican children.
Humans respond to challenges in their social environments by ele-

Fig. 3. Changes in cortisol and secretory immunoglobulin-A levels of a young girl
in response to a conflict with her grandmother (figure based on data from Flinn,
2006a). Note the temporal pattern of the high cortisol spike associated with the
stressful event, followed by low cortisol and secretory immunoglobulin-A, and then
illness. Morbidity among children in this community is 2.7 times higher during a
2–5 day period following high stress events such as this (Flinn and England, 2003).

vating cortisol levels, often with negative consequences for their
health (Cohen, 2004; Loman and Gunnar, 2010). Why should this be
so? Why do social interactions, and a child’s perceptions of them,
affect stress physiology and morbidity? From the Tinbergen per-
spective, these “why?” questions ultimately involve understanding
the evolutionary design of the ontogeny of the brain and HPAA of
the human child.

Flinn has lived and conducted research in Jenny’s village, located
on the east coast of the island of Dominica, with the help of many
colleagues including Ponzi and Muehlenbein, every year from 1988
to 2011. In this community, most of a child’s mental efforts seem
focused on negotiating social relationships with parents, siblings,
grandparents, cousins and other kin, friends, teachers, bus drivers,
neighbors, shop owners, and so forth. Foraging for mangos and
guavas, hunting birds or even fishing in the sea from rock cliffs,
are relatively simple cognitive enterprises, complicated by conflicts
with property owners and decisions about which companions to
garner and share calories with. The mind of the child seems more
concerned with solving social puzzles than with utilitarian con-
cerns of collecting food. Of course, some other populations have
more difficult subsistence practices that require more extensive
learning (e.g., Bock, 2005), but the social chess game nonethe-
less appears ubiquitous and cognitively demanding in all cultures
(Hewlett and Lamb, 2005), as it likely was during human evolution-
ary history (Alexander, 1989).

3.2.1. Family environment
In their study of childhood stress and health in the community

of Bwa Mawego, Flinn and colleagues use sequential longitudi-
nal monitoring to assess children’s physiological stress responses
to everyday events, including social challenges such as the event
described above. Their analyses indicate that social challenges are
important stressors, with an emphasis on the family environment
as both a primary source and mediator of stressful stimuli (Flinn
and England, 1995, 1997).

In this community, high-stress events (cortisol increases from
100% to 2000% above average—similar to Nepomnaschy’s assess-
ment of cortisol “peaks” in the previous section) most commonly
involve trauma from family conflict or change (Flinn et al.,
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1996). Punishment, quarreling and residence change substantially
increase cortisol levels, whereas calm, affectionate contact is asso-
ciated with diminished (−10% to −50%) cortisol levels. High cortisol
levels are temporally associated with traumatic family events (res-
idence change of child or parent/caretaker, punishment, “shame,”
serious quarreling, and/or fighting) within a 24 hour period (Flinn
and England, 2003).

There is considerable variability among children in corti-
sol responses to family disturbances. Not all individuals have
detectable changes in cortisol levels associated with family trauma,
and some children have significantly elevated cortisol levels dur-
ing some episodes of family trauma but not during others. Elevated
cortisol is sometimes followed by subnormal levels (e.g., note
diminished cortisol levels on July 18–19 in figure three). Some
children respond to stressful family environments by social with-
drawal, which is often associated with a lack of cortisol response
and generally flattened circadian profiles. Such results illustrate the
fact that HPAA responses are not simple or uniform phenomena.
Numerous factors, including preceding events, habituation, specific
individual histories, context and temperament, can affect how chil-
dren respond to particular situations (Kudielka et al., 2009; Luijk
et al., 2010). Nonetheless, traumatic family events are associated
with elevated cortisol levels for all ages of children more than any
other factor that Flinn and colleagues have examined. These results
suggest that family interactions are a critical psychosocial stressor
in most children’s lives, although the sample collection during peri-
ods of relatively intense family interaction (early morning and late
afternoon) may exaggerate these associations.

Chronic elevation of cortisol levels is also most often associ-
ated with family difficulties. Children usually became habituated
to stressful events, but absence of a parent often results in abnor-
mal patterns of elevated and/or subnormal cortisol levels. Children
living in families with high levels of marital conflict (observed and
reported serious quarreling, fighting, residence absence) are more
likely to have abnormal cortisol profiles than children living in more
amiable families (Flinn and England, 2003). Long-term stress, how-
ever, may result in diminished cortisol response. In some cases,
chronically stressed children had blunted response to physical
activities that normally evoked cortisol elevation, surprisingly sim-
ilar to cases of post-traumatic stress disorder (PTSD) (Pervanidou
and Chrousos, 2010).

Comparison of cortisol levels during “non-stressful” periods
(no reported or observed crying, punishment, anxiety, residence
change, family conflict, or health problem during 24 hour period
before saliva collection) indicates a striking reduction and, in many
cases, reversal of the family environment-stress association (Flinn
and England, 2003). Chronically stressed children sometimes have
sub-normal cortisol levels when they are not in stressful situa-
tions. For example, cortisol levels immediately after school (saliva
collected while walking home from school) and during noncompet-
itive play were lower among some chronically stressed children.
Some chronically stressed children also appear socially “tough” or
withdrawn, exhibiting little or no arousal to the novelty of the first
few days of the saliva collection procedure and other minor social
challenges. Again, these sub-normal profiles may be similar in some
respects to those of individuals with PTSD (e.g., Yehuda et al., 2005).
The relation between cortisol and level of arousal or interest is also
apparent in the high reactivity of both shy (introverted) and surgent
(extroverted) children to social gatherings.

Although elevated cortisol levels in children are usually asso-
ciated with negative affect such as fear, anxiety, and anger,
events that involve excitement and positive affect also stimulate
stress responses (the following section provides an example from
responses to Christmas). Cortisol response appears sensitive to
social challenges with different affective states, and the cognitive
effects of cortisol may vary with affective states, such as perceived

social support (Ahnert et al., 2004; Quas et al., 2004). There are
additionally some age and sex differences in cortisol profiles, but
it is difficult to assess the extent to which this is a consequence of
neurological differences (e.g., Butler et al., 2005), physical matura-
tion processes, or the different social environments experienced,
for example, during adolescence as compared with early childhood
(Flinn et al., 1996, 2009; Gunnar et al., 2009b; Romeo, 2010a,b).

The emerging picture of HPAA responses in the naturalistic con-
text from our Dominica study is a combination of physical exertion
and metabolic demands on the one hand, and sensitivity to social
challenges on the other. The results are consistent with clinical
and experimental studies (e.g., Dunn, 2004; Hetherington, 2003a,b)
in suggesting that family environments and their developmental
sequelae of affiliation, attachment and security are important.

Children in the Bwa Mawego study who were exposed to the
stress of hurricanes and political upheavals during infancy or in
utero do not have any apparent differences in cortisol profiles in
comparison with children who were not exposed to such stres-
sors (Flinn, 2006a). However, children exposed to the stressors of
parental conflict and separation, death or abuse (hereafter “early
family trauma”) have significantly higher cortisol levels at age ten
compared with other children (Flinn, 2006a). Based on analogy with
the nonhuman animal research discussed previously, two key fac-
tors may be involved: (1) diminished hippocampal GR receptor
functioning, resulting in less effective negative feedback regula-
tion of cortisol levels; and (2) enhanced sensitivity to perceived
social threats, mediated in part by emotional regulation. Cortisol
increases in response to common activities such as eating meals,
active play and hard work (e.g., carrying loads of wood to bay oil
stills) among healthy children, but returns to normal levels within
a few hours. If early family trauma has affected the negative feed-
back loop, then recovery to normal cortisol levels should be slower.
Resumption of normal cortisol levels after physical stressors, how-
ever, is similar regardless of early experience of family trauma
(Flinn, 2006a). In contrast, cortisol profiles following social stres-
sors indicate that children who experienced early family trauma
sustain elevated cortisol levels longer compared to other children
(Flinn, 2006a, 2009). Hence the enhanced HPAA stress response of
those children in this community that were exposed to early family
trauma appears primarily focused on social challenges, suggest-
ing that the ontogenetic effects of early trauma on stress response
may be domain-specific and even context-specific. These results
are consistent with studies of the effects of social defeat in nonhu-
man animal models (e.g., Kaiser and Sachser, 2005). The effects of
early social trauma on HPAA, moreover, can be modulated by subse-
quent family environments (see also Coe and Lubach, 2005; Furlan
et al., 2001; Lussier et al., 2002; Macrì et al., 2009). Children who
experienced early trauma, but who received extensive alloparental
care from grandparents and other kin, have cortisol levels that are
not significantly different from children who did not experience
early trauma (Flinn and Leone, 2006). Infants with cortisol profiles
that were synchronous with their mothers (Fig. 4) also exhibited
resilience to effects of early trauma, including lower subsequent
morbidity levels over the next fifteen years. This synchrony effect
may involve sleep regulation (e.g., Bernier et al., 2010) and oxytocin
(Feldman et al., 2010; Heinrichs and Domes, 2008; Lee et al., 2009).

“Attachment” in humans appears to involve additional func-
tions beyond security and protection; the flow of information
from parents and other relatives, and recruitment into kin-based
coalitions, emerge as critical challenges for the child. Predicting
what one’s social environment will be as an adult and modifying
phenotypic trajectories of the hormonal, neurological, and psy-
chological mechanisms that comprise “internal working models”
seems extraordinarily complex, and unlikely to favor early canal-
ization of neuroendocrine mechanisms. A more flexible system that
allows inclusion of input throughout childhood and adolescence
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Fig. 4. Synchrony of mothers and their 8 month-old infants cortisol levels. Case #5 (a) exhibits moderate relation between a mother’s salivary and breast milk cortisol levels
and the salivary cortisol levels of her infant (r = .743 for saliva). Cases #3 (b) (r = .123 for saliva) and #12 (c) (r = −.182 for saliva) exhibit lower levels of relation. Biological
samples collected by Mark Turner.

would have advantages over one primarily contingent on condi-
tions during infancy.

Overall, the results of our research on early trauma and
subsequent HPAA functioning have not found support for the
hypothesis that early trauma has damaged the neuroendocrine
regulatory mechanisms of the HPAA. Our findings suggest that
in this population, relations between HPAA functioning and early
trauma are mediated by higher order cognitive and emotional pro-
cesses.

3.2.2. T’was the night before Christmas and all through the village
most cortisol levels were high

Stress is often assumed to involve only negative events. As a
final empirical example of viewing HPAA stress responses from
an evolutionary perspective, we examine a vignette of children’s
cortisol levels in Bwa Mawego during Christmas holidays. This is
a period of excitement and anticipation for many children in the
study community. They are free from schoolwork, eat special food
treats and enjoy various merrymaking activities. They often receive
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Fig. 5. Comparison of average cortisol levels of children with high expectations
(reported anticipation of presents and/or other exciting activities) for Christmas day
with children with low expectations (reported lack of expectation of gifts and special
activities in family household). Control values represent samples collected during
the summer. “Xmas” represents the day or two before Christmas (December 23rd
and/or 24th, 1993 and 1998). Numbers of children are noted inside the bars. Samples
collected during family conflict events were excluded (N = 7). Cortisol values are
standardized by 5-minute intervals since wake-up time.

gifts from parents and other relatives. They are more likely to report
feeling happy and to be having fun than on most other days of
the year. If the key determinant of HPAA stress responses is the
negative-positive valence of events and emotional states, we expect
cortisol levels to be below average for children that are enjoy-
ing holiday festivities. Alternatively, if HPAA stress responses are
more closely linked to arousal to social opportunities – both pos-
itive and negative – then we expect cortisol levels to be above
average for children with high expectations. Overall cortisol levels
on the two days before Christmas were above normal, with chil-
dren from two-parent households and those reporting the most
positive expectations having the highest cortisol levels (Fig. 5).
It is unknown if cortisol elevations in response to positive emo-
tional stimuli have different consequences on child health and
cognitive development than elevations in response to negative
stimuli.

In summary, results from our long-term naturalistic studies sug-
gest the importance of interpreting various HPAA responses in light
of functionally – and evolutionarily – relevant explanations of phe-
notypic plasticity in both behavioral and physiological outcomes,
all of which must be done in specific reference to the complex social
dynamics characteristic of our species.

4. Concluding remarks

Returning to the paradox of why natural selection favored sensi-
tivity of stress response to social stimuli in the human child, several
points emerge. Human childhood is a life history stage that appears
necessary and useful for acquiring the information and practice
to build and refine mental algorithms critical for negotiating the
social coalitions that are key to success in our species. Mastering the
social environment presents special challenges for the human child.
Results from the Guatemala and Dominica studies indicate that
family environment is a primary source and mediator of stressful
events. The sensitivity of stress physiology to the social environ-
ment may facilitate adaptive responses to this most salient and
dynamic puzzle.

Coping with social challenges, however, can have significant
health consequences, ranging from dysregulation of emotional con-
trol and increased risk of psychopathology (Gilbert, 2001, 2005;
Nesse et al., 2009) to broader health issues associated with social
and economic disparities (Barker, 1998; Dressler et al., 2005;
Marmot, 2004; Marmot and Wilkinson, 1999). The potential for

intergenerational cycles that perpetuate social relationships pro-
moting stress and poor health are of particular concern (Belsky,
2005; Fleming et al., 1999; Gonzalez et al., 2009; Maestripieri et al.,
2005).

We are still far from identifying the specific connections from
family environment, to stress response, to the ontogenetic plastic-
ity of components of the limbic system and pre-frontal cortex that
are involved with the acquisition of social competencies. An evolu-
tionary developmental perspective can be useful for understanding
this critical aspect of a child’s world by integrating knowledge of
physiological causes with the logic of adaptive design by natural
selection. It reminds us that our biology and psychology have been
profoundly affected by our evolutionary history as fundamentally
social creatures.1
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