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Calibrating the Next Generation: Mothers,
Early Life Experiences, and Reproductive
Development
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Introduction

In the spirit of illuminating the invisible, this chapter examines how early life
experiences shape a biological sensitivity to context. The priming of growth, de-
velopment, and adult physiology through early life experiences, also known as
biological embedding, is an exciting new area of research that lends itself to
integrated systems thinking. Indeed, this body of research demands an integration
of social inequality, ecological theory, and the cellular unfolding of development
from conception to old age. Or, what Thayer and Kuzawa (2011: 2) call a
“promising new convergence of molecular biology, social science, and public
health practice.” This integrative perspective offers a means to draw on the pre-
dictive power of evolutionary theory with the broader strengths of what
Anthropologists do best, documenting the circumstances of daily lives in nuanced
and detailed ways. By starting from the position that biology, culture, and lived
experience are inseparable, we have the opportunity to link real world contingencies
of inequality to global patterns of population health.

While signals of environmental quality drive many developmental pathways, the
focus of this chapter will be the development of the reproductive system. The chapter
begins with a broad overview of early life programming, a brief introduction to the
array of early life signals that guide reproductive development including the
importance of the timing of these signals, and proceeds with examples of ways to
make such invisible signals more transparent in research. As such, this chapter draws
on the biological embedding of early life experiences as a means to make sense of the
way evolution has shaped gonadal sensitivity to intergenerational, individual, and
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environmental cues about the past, current condition, and future. Many thoughtful
scholars have written extensively about elements of this topic (see for example Ellis
2004; Ellison 2003a, b; Jasienska 2012; Kuzawa 2007; Vitzthum 2008), and this
chapter will pull some of their ideas together to create a picture of how stressful and
low resource environments shape developmental pathways of human reproduction.

Biological Embedding of Environments

From the early studies of high altitude adaptations (Baker and Little 1976; Beall
2007) and the notable contributions of Lasker (1969) on plasticity, biological
anthropologists have long been interested in how the environment shapes pheno-
types. Early research designs imagined the possibility of disentangling
gene × environment interactions by focusing on powerful isolated environmental
stressors, such as high altitude hypoxia. However, even in these earliest models, the
complexities of disentangling context and biology were obvious (Baker and Little
1976; Little and Haas 1989). Important hypoxia modifications incurred during
growth and development argued for at the very least a gene × environ-
ment × development model. Fast forward to the new insights of the epigenetics
revolution (Carey 2012) and the task of understanding how environmental expe-
riences are embedded in human biology becomes an even more compelling task.
Indeed, we now understand that environmental cues—typically delivered via
nutrients and hormones—are necessary for the genetic expression of many traits
(Jablonka and Lamb 2005). These cues include signals that regulate a host of
biological systems (Kuzawa and Bragg 2012), with some deriving from a mother’s
appraisal of her environmental circumstances passed to her fetus in utero (Bateson
et al. 2004; Gluckman and Hanson 2004), and other signals received at critical set
points in postnatal life. As our understanding of epigenetics unfolds, the task of
making sense of how environments, broadly defined, shape biology across the
lifespan creates rich opportunities for human biologists trained at the intersections
of evolutionary biology and health.

Environmental information weaves its way into the circuitry and infrastructure of
developing organisms through epigenetics and hormonal signals (Shonkoff 2012;
Meaney 2010). At the molecular level, environmental information can modify DNA
signals by silencing or switching developmental pathways on or off (Meaney 2010).
As Charney (2012) suggests, genes do not self-activate nor is every gene tran-
scribed, instead they are turned on or off by the epigenetic regulatory system. The
epigenome allows transcription of the DNA to occur in a way that can silence or
activate genes without modifying the DNA (Carey 2012). The silencing or acti-
vation of genes can be stable across the life course for some genes (e.g., those that
occur during embryogenesis), but other genes can be responsive to environmental
input at any point in the life span (Carey 2012). Hormonal signals and nutrients
may trigger epigenetic modifications that shift developmental pathways, as in the
well-documented case of bisphenol A (BPA) and the positive offspring outcomes
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when Agouti mouse dams were fed diets rich in methyl groups and long-term
negative outcomes of offspring whose dams received a regular diet (Dolinoy et al.
2007). A better sense of the array of signals that can trigger epigenetic modifica-
tions is emerging, with much to learn (Meaney 2010).

At the systemic level, the stress–response system (SRS) appears to be a key
candidate for facilitating the biological instantiation of local ecology (Hertzman and
Boyce 2010; Schulkin et al. 2005; Seckl and Holmes 2007; Reynolds 2013 for an
excellent review). Indeed, the SRS appears to help coordinate many of the earliest
developmental switch points (Crespi and Denver 2005; Reynolds 2013). A robust
body of literature links maternal prenatal stress to perinatal outcomes including
infant stress reactivity (Gunnar and Quevado 2007; Lupien et al. 2009; Wadhwa
2005). During pregnancy, the maternal hypothalamic–pituitary–adrenal (HPA) axis
ramps up cortisol production three fold over the course of infancy. This cortisol
increase helps coordinate a host of systems, not the least of which includes nutrient
transport across the placenta to the fetus (Belkacemi et al. 2010). The fetus is only
partially protected from the increased maternal glucocorticoids by the placental
hormone 11-β-hydroxysteroid dehydrogenase 2 (11βHSD2) which converts glu-
cocorticoids to deactivated cortisone (Harris and Seckl 2010; Seckl and Holmes
2007). Despite mechanisms to buffer the fetus from maternal glucocorticoids,
elevated maternal cortisol, whether from maternal stress or undernutrition, repre-
sents a signal of environmental stress and appears to increase fetal HPA axis
sensitivity (Nyberg 2013). This sensitivity can persist or be recalibrated during the
birthing process, early perinatal life, or—some evidence suggests—again during
puberty.

During birth and the first days of life, the perinate must establish an autonomous
HPA axis. This transition, a developmental switch point (West-Eberhard 2003),
creates ample opportunity to receive information about this new postnatal envi-
ronment. Evidence for increased sensitivity to these signals exists, with higher
glucocorticoid receptor density in the gut (compared to postweaning age) but also in
the brain, suggesting patterns of caretaking (Gunnar 1998; Gunnar and Donzella
2002; Gunnar and Quevedo 2007) and maternal glucocorticoids delivered via breast
milk are critically important to early infant development (Glynn et al. 2007; Hinde
2013; Nyberg 2013). Moreover, these signals, still strongly linked to maternal cues,
include “lactational programming” (Hinde 2013; Pike and Milligan 2010) with
information about maternal energy stores via leptin (Kiess et al. 1998; Miralles et al.
2006; Smith-Kirwin et al. 1998; Vickers and Sloboda 2012), maternal pathogen
experience, and even melatonin in evening breast milk (Hamosh 2001; Illnerova
et al. 1993). Glucocorticoids, thus, serve as mediators of metabolic pathways but
also the target systems for programming (Reynolds 2013), up-regulating or
down-regulating stress reactivity (Gunnar and Quevedo 2007) depending upon the
cues being received. In sum, this regulation appears to be a part of the process that
allows preferential allocation of resources to important systems but channels
resources in thriftier ways if the signals suggest resources are scarce or the envi-
ronment is risky.
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Kuzawa (2007) and others (Ellison 1994; Ellison and Jasienska 2007) draw on
life history theory to suggest that the early biological responses of offspring to
maternal condition allow organisms to scale metabolism via growth and develop-
ment for survival and later reproductive investment. Such scaling, according to
Kuzawa (2007), in theory allows for a filtering of transient nutritional messages so
that investment in reproduction does not outstrip metabolic resources. What then
are the broad strokes of how maternal signals can prime early life development
down thriftier pathways? Pioneered by Hales and Barker (2001), the thrifty phe-
notype hypothesis set the stage for reexamining the links between maternal nutri-
tion and fetal growth outcomes. This now well-described hypothesis links the fetal
response to signals of prenatal undernutrition with circulatory shifts favoring critical
organs that can result in compromised growth for other organs. For adults, the
constraints associated with small size at birth, and the catch-up growth that often
accompanies growth restriction, are quite noteworthy, particularly in women,
although men also experience important consequences (Kuzawa et al. 2010). While
the implications of this thriftier metabolism for chronic disease have been a point of
interest for theoretical and for practical reasons, a growing body of literature also
links these early life experiences to cognitive (Braun et al. 2013; Wadhwa et al.
2009), immune system (McDade 2003), and reproductive (Ellison and Jasienska
2007; Gluckman and Beedle 2007; Jasienska et al. 2006a, b) development.

How Does Biological Embedding Influence Reproductive
Development?

In recent studies, associations have emerged linking alterations in the methylation
of genes associated with variation in cortisol levels with tissue-specific responses to
cortisol for adults who experienced early life growth restriction (Reynolds 2013).
These associations make it clear that molecular and system-wide facultative
adaptations occur in response to adverse early environments. While less is known
about these early life influences on the developing reproductive system than is
known for cardiometabolic health, a complex picture is slowly emerging (see
Sloboda et al. 2007 for an excellent review). Small size at birth, as a proxy for fetal
growth restriction, has been associated with a smaller uterus and ovaries (Hart et al.
2009; Ibáñez et al. 2000, 2002, 2003), higher concentrations of follicle-stimulating
hormone (FSH) at 18 years (Ibáñez et al. 2003), and fewer primordial follicles
compared to non-growth restricted girls (de Bruin et al. 1998, 2001). Moreover,
fetal growth restriction also appears to influence the timing of puberty (Adair 2001;
Gluckman and Beedle 2007; Gluckman and Hanson 2006), age at menopause (Elias
et al. 2003), ovarian function (Elias et al. 2005; Jasienska et al. 2006b), and a strong
association with giving birth to smaller infants, indicating an intergenerational
consequence (Aiken and Ozanne 2014; Schulz 2010). Indeed, animal models have
shown that even when nutritional conditions improve in the second generation,
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including adequate maternal nutrition, smaller size at birth takes several generations
to disappear from the matriline (Drake and Walker 2004; Kuzawa 2007). While
some of this suite of consequences may be due, in part, to the experience of
constraint during fetal gonadal development, there is some evidence for epigenetic
mechanisms acting in concert with mechanical constraint (Drake and Walker 2004;
Roseboom et al. 2006). Taken as a whole, these data offer intriguing insights into
the links between fetal growth restriction and partitioning resources toward
reproductive development.

The relationship between the intrauterine growth experience and early postnatal
growth and development is critical for understanding how reproductive develop-
ment unfolds. For example, rapid weight gain in infancy for babies born thin is
associated with higher adiposity at age 5 years (Ong et al. 2007), and this in turn
influences the timing of reproductive maturation (Cooper et al. 1996; He and
Karlberg 2001; Karlberg 2002; Ong et al. 2007; Sloboda et al. 2007). There are two
points here as follows: (a) rapid fat gain in infancy irrespective of size at birth
appears to influence endocrine systems that drive reproductive development and
(b) fetal growth restriction appears to be accompanied by accelerated growth and fat
deposition whenever postnatal energetic resources are sufficient to make this pos-
sible (Cameron and Demerath 2002; Cameron 2007; Cameron et al. 2011). These
patterns of faster growth and early adiposity are strongly associated with earlier age
at puberty in longitudinal studies (Adair 2001; He and Karlberg 2001; Kaplowitz
2008). Patterns of postnatal growth are driven, in part, by energetic signals (e.g.,
leptin in breast milk, insulin), but also through neuronal mechanisms that sense the
availability of glucose in real time (Roland and Moenter 2011). Signals of adequate
energetic resources ramp up growth patterns and appear to encourage an abdominal
pattern of fat deposition (see Yajnik et al. 2003).

Based on the complexities of how patterns of prenatal and postnatal growth
interact with fat deposition and endocrine regulation, Wagner et al. (2012) revi-
talized the concept of the gonadostat. The gonadostat theory (Bhanot and Wilkinson
1983), simply stated, suggests that the decline in hypothalamic–pituitary sensitivity
to the negative feedback of gonadal steroids drives the initiation of puberty. This
“gonadostat” setting, which begins during fetal life in response to HPA and
hypothalamic–pituitary–gonadal axis (HPG) signals, appears to be able to recali-
brate during early growth and development. While Wagner et al. focus exclusively
on how early life overweight and obesity interact with potential gonadostat settings,
the concept can be modified as a means to make sense of the sensitivity of the HPG
axis to early life cues. Ellison’s (1990, 1994, 1996, 2003b) work has been central in
making a case for ovarian sensitivity to maternal condition and here I am blending
his work with that of Wagner’s et al. to suggest that HPG axis sensitivity emerges
early in life, responds to signals of the environment in the early years of life
including cross talk with the HPA axis (Ellis 2004), and this in turn acts in concert
with other mechanisms to drive the timing/tempo of maturation.
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During early postnatal life, the hypothalamus transitions to a more active state
with a rise in the release of gonadotrophin releasing hormone (GnRH) and
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the pitu-
itary. This activation stimulates ovarian follicle activity that then subsides again
during early and middle childhood. While the precise regulatory mechanisms that
guide the onset of puberty are not well understood, neuropeptides from the kis-
speptin family and the GPR54 receptor appear to play important permissive roles as
do metabolic signals of energy homeostasis such as insulin, leptin, ghrelin, and
neuropeptide Y (Kiess et al. 1998; Roa et al. 2008) among others (Wagner et al.
2012).

Once reproductive maturation occurs, a host of mechanisms that balance
maternal condition against the energetic cost of reproduction are well documented
(see Ellison 1994, 2003a; Jasienska 2012; Vitzthum 2008). Indeed, ovarian sensi-
tivity to ecological settings was first proposed by Ellison (1994) as a key life history
trade-off that balances survival versus reproductive success in poor nutritional
circumstances. More recently, Jasienska et al. (2006a) found that this ovarian
sensitivity appears to be more responsive/reactive if prenatal growth was restricted.
It is also well established that early developmental experiences associated with low
energetic resources shape adult hormone profiles, with individuals who experience
nutritional constraint during early life having lower peak progesterone (Ellison
1990; Vitzthum 2008, 2009) and estradiol (Jasienska et al. 2006b) when compared
to higher resources settings. While critical links remain to be identified in how these
lower hormonal profiles influence conception (Jasienska 2012; Vitzthum 2008), the
bulk of evidence indicates a dampening of reproductive hormone signaling when
women are in marginal condition. Interestingly, recent evidence suggests that
energetic resources can be detected in real time via GnRH neurons that sense
glucose (Roland and Moenter 2011) to modify HPG settings over the short and
longer term. Greater ovarian/HPG sensitivity to energetic homeostasis for women
who experienced growth restriction in utero suggests an interesting set of new
questions about partitioning of resources and life history trade-offs (Jasienska
2012).

Finally, the relationship between early growth trajectories and the timing of
menopause remains poorly understood (Cresswell et al. 1997; Sloboda et al. 2011).
There is some evidence to suggest that fetal growth restriction reduces follicle
production and increases the rate of follicular atresia (Broekmans et al. 2007, 2009;
Hardy and Kuh 2002), indicating an indirect association with fecundity and age at
menopause. While much work remains to be done in this area, the current working
model for the influence of early life experiences on menopause is that it appears to
modify the number and quality of oocytes and interacts with life experiences (e.g.,
smoking, marital status, and education) to shorten the age at menopause (Murphy
et al. 2013; Sievert 2006; Sloboda et al. 2011).
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Promising Ways to Reveal the Invisibility of Biological
Embedding and Reproductive Sensitivity

The complicated interaction of genes × epigenome × development × environment
makes it hard to disentangle causal pathways that allow us to link context to
biological experiences. Yet, this task is precisely the task at hand. A number of tried
and true approaches are being utilized such as large cohort studies and animal
model studies that closely examine proposed mechanisms (e.g., Gardner et al. 2009;
Langley-Evans 2006; Manikkam et al. 2008). While anthropologists have taken
advantage of these approaches, they have also offered more grounded data, that is to
say they offer data that link populations to contextual experiences in a host of
settings with some new research that examines causal pathways.

The first approach to revealing early life calibration and sensitivity to context
that I will highlight is innovation in research designs. One excellent example of this
approach includes the assessment of reproductive hormonal profiles of migrant
women who experienced different developmental environments than the one they
were currently living in (Nunez de la Mora et al. 2007). By sampling across a
spectrum of ages at migration, this research found that Bangladeshi women who
migrated to England had lower salivary progesterone profiles and a later age at
maturation when compared to second generation Bangladeshi migrants and women
of European descent. Moreover, as might be predicted, the age at migration matters,
with more time spent in Bangladesh having a stronger suppressive effect on adult
progesterone profiles. As such, this research is one of the first to examine postu-
terine developmental experiences on reproductive hormonal profiles (Nunez de la
Mora et al. 2007). Another noteworthy research design includes a post hoc test that
links ponderal index (a proxy for fetal growth and fatness at birth) with heightened
adult sensitivity to energetic constraint on estradiol (Jasienska et al. 2006b). This
research was conducted among Polish women and examined the influence of
activity levels on ovarian hormones by low, moderate, or high ponderal index at
birth revealing a stronger suppressive effect with even moderate activity levels for
women in the low ponderal index category. This research offers one of the first
direct tests of early life programming and adaptation (Ellison and Jasienska 2007;
Jasienska et al. 2006a).

The second approach to highlighting the invisible nature of biological embed-
ding within anthropology includes advances in minimally invasive field techniques
(see McDade 2014; Miller et al. 2013). While such field methods have been used
for over two decades, new techniques allow for a wider array of biomarkers but also
more direct evidence to apply to life history questions (McDade 2014; Miller et al.
2013). For example, given the emerging evidence for cues of local ecology and
maternal condition in milk (Petherick 2010), studies examining hormonal cues and
variation in the composition of breast milk are an exciting new area of research
(Miller et al. 2013). Interesting developmental programming questions can be
addressed directly from studies of milk (e.g., Hinde and Capitanio 2010; Hinde and
Milligan 2011; Prentice 2005; Quinn and Kuzawa 2012). Milk analyses are
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highlighted because they create the opportunity to test mechanisms of biological
embedding while also linking women’s daily lives to the biological experiences of
their infants. For example, Quinn and Kuzawa (2012) found poor maternal nutrition
was not reflected in macronutrient content of the breast milk of Filipino women but
found docosahexaenoic acid (DHA) levels, important for neurological develop-
ment, increased proportionately with increased fish consumption (Quinn and
Kuzawa 2012).

Finally, while longitudinal cohort studies have long been the gold standard for
understanding health across the life span, two merit mentioning for the ways in
which the invisible nature of biological embedding can be revealed. The Cebu
longitudinal study (Adair et al. 2011) offers the opportunity to ask intergenerational,
early developmental, and longer term health questions. Considerable population
level evidence for the effect of developmental processes on markers of stress,
inflammation, and reproductive function are emerging from this important longi-
tudinal study. For example, Kuzawa et al. (2010) found that rapid growth in the first
6 months of life meant greater investment in testosterone production and reaching
puberty at an earlier age. Also McDade et al. (2010) found that low birthweight is
linked to higher C-reactive protein, a marker of inflammation that is associated with
a higher risk for cardiovascular disease Yet, overall, C-reactive protein may be
lower in the Philippines than in the US due to pathogen exposure during infancy. Of
particular note given the rare nature of longitudinal studies from sub-Saharan Africa
is the Mandela’s Children: the 1990 Birth to Twenty Cohort study (BT-20) (Richter
et al. 2007). Similar to the Cebu study, the BT-20 study also documents commu-
nities experiencing a dramatic economic and nutritional transition. However, this
cohort represents a very different daily lived experience. Born 4 years prior to the
end of apartheid, the children in this cohort experienced considerable heterogeneity
in nutrition, health, violence, and educational opportunities. Interesting insights
have emerged from this study, including minimal differences in psychological
well-being as a result of poor early life nutrition, a finding that stands in contrast to
associations found in the US (Sabet et al. 2009). Also, similar to other findings,
poor glucose tolerance is more common in children who were born with low
birthweight and have higher body mass index levels at age 7 years (Crowther et al.
1998).

What Does this Embedding Approach Suggest for Work
in Global Contexts?

In the search to reveal the processes that allow context to become biology, it is easy
to lose sight of the fundamental implications behind the biological embedding
approach. The distinctions between biology and environment can be artificial and
misleading (Gravlee 2009; Oyama et al. 2001) because they suggest that biology
can unfold in a vacuum (Oyama 2000), ignoring the very real physical and
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emotional experiences associated with every environment from the most nurturing,
to the poorest, or the most violent. Ultimately, we are examining women’s (and
men’s) lived experiences and how these experiences shape the next generation’s
physical and emotional well-being. The ability to link biological embedding pro-
cesses across time and space to intergenerational biological “memories” (Prentice
2001; Thayer and Kuzawa 2011) such as hunger and famine (Lussana et al. 2008;
Tobi et al. 2009), to life span trade-offs such as shorter telomeres (markers of
cellular aging) associated with chronic stress (Epel et al. 2004), and early life
experiences of violence (Shalev et al. 2013) creates the opportunity for more robust
public health interventions.

As researchers committed to context, perhaps our biggest challenge is to doc-
ument the invisible nature of constraints to care and nurturing (Pike 2014) that
women and men in marginalized communities experience. Or perhaps most
poignantly, as Rudzik’s work among poorer women in Sao Paulo, Brazil, suggests
even the circumstances of whether or not a woman wanted or planned the preg-
nancy influences levels of oxytocin and stress hormones, which in turn can influ-
ence glucocorticoid levels in breast milk (Rudzik 2013; Rudzik et al. 2014). Or, as
is emerging in the obesity literature, constraints to nurturing may also include how
to make (and afford) healthy food choices in a constantly changing food and
nutritional environment. Such challenges to feeding children have emerged across
the globe (Adair and Popkin 2005). Indeed the work of Thompson et al. (2014),
Thompson (2013), and Wasser et al. (2013) suggest important challenges for US
families too, with patterns of childcare linked to infant feeding and obesity. These
examples offer an important snapshot of the invisible processes that women and
children, in particular, experience regularly, but they also offer the first steps in how
to link the biological embedding of context with daily lives in more nuanced ways.

How then can we leverage these findings of the importance of biological
embedding of context to the global sites of inequality that many of us work in? The
sites I work in, as an example, represent one extreme end of a nutritional contin-
uum, with low nutrition driving thriftier developmental pathways. In this very real
backdrop of marginalization and inequality, might there be testable questions that
make it clear that the starting point for intervention involves monitoring growth and
development across early life and into middle childhood and adolescence?
Laudable steps are being taken to examine the impact of psychosocial well-being on
pregnancy outcomes (e.g., Dancause et al. 2011; Howells 2013; Thayer and
Kuzawa 2014) and how local dietary shifts influence breast milk composition
(Quinn and Kuzawa 2012). It is reasonable, then, to expect the emergence of new
developmental questions that directly address the circumstances associated with
contexts of global inequality. As scholars trained to scrutinize the links between
context and biology, we have the opportunity to be at the forefront of generating
these new questions.

2 Calibrating the Next Generation: Mothers, Early Life … 21



References

Adair, L. S. (2001). Size at birth predicts age at menarche. Pediatrics, 107(4), e59.
Adair, L. S., & Popkin, B. M. (2005). Are child eating patterns being transformed globally?

Obesity Research, 13(7), 1281–1299.
Adair, L. S., Popkin, B. M., Akin, J. S., Guilkey, D. K., Gultiano, S., Borja, J., et al. (2011).

Cohort profile: The Cebu longitudinal health and nutrition survey. International Journal of
Epidemiology, 40(3), 619–625.

Aiken, C. E., & Ozanne, S. E. (2014). Transgenerational developmental programming. Human
Reproduction Update, 20(1), 63–75.

Baker, P. T., & Little, M. A. (Eds.). (1976). Man in the Andes: A multidisciplinary study of
high-altitude Quechua. Stroudsberg, PA: Dowden, Hutchinson, and Ross.

Bateson, P., Barker, D., Clutton-Brock, T., Deb, D., D’Udine, B., Foley, R. A., et al. (2004).
Developmental plasticity and human health. Nature, 430(6998), 419–421.

Beall, C. M. (2007). Two routes to functional adaptation: Tibetan and Andean high-altitude
natives. Proceedings of the National Academy of Sciences, 104(Suppl. 1), 8655–8660.

Belkacemi, L., Nelson, D. M., Desai, M., & Ross, M. G. (2010). Maternal undernutrition
influences placental-fetal development. Biology of Reproduction, 83(3), 325–331.

Bhanot, R., & Wilkinson, M. (1983). Opiatergic control of gonadotropin secretion during puberty
in the rat: A neurochemical basis for the hypothalamic ‘Gonadostat?’. Endocrinology, 113(2),
596–603.

Braun, T., Challis, J. R., Newnham, J. P., & Sloboda, D. M. (2013). Early-life glucocorticoid
exposure: The hypothalamic–pituitary–adrenal axis, placental function, and long-term disease
risk. Endocrine Reviews, 34(6), 885–916.

Broekmans, F. J., Knauff, E., Velde, E., Macklon, N. S., & Fauser, B. C. (2007). Female
reproductive ageing: Current knowledge and future trends. Trends in Endocrinology and
Metabolism, 18(2), 58–65.

Broekmans, F., Soules, M., & Fauser, B. (2009). Ovarian aging: Mechanisms and clinical
consequences. Endocrine Reviews, 30(5), 465–493.

Cameron, N. (2007). Growth patterns in adverse environments. American Journal of Human
Biology, 19(5), 615–621.

Cameron, N., & Demerath, E. W. (2002). Critical periods in human growth and their relationship
to diseases of aging. American Journal of Physical Anthropology, 119(S35), 159–184.

Cameron, N., Johnson, W., & Anderson, E. L. (2011). Rapid growth (>1.33 sds) rather than
catch-up growth (>0.67 to <1.33 sds) during infancy is associated with significantly greater risk
for obesity in childhood. Obesity, 19, S220.

Carey, N. (2012). The epigenetics revolution: How modern biology is rewriting our understanding
of genetics, disease, and inheritance. New York: Columbia University Press.

Charney, E. (2012). Behavior genetics and postgenomics. Behavioral and Brain Sciences, 35(05),
331–358.

Cooper, C., Kuh, D., Egger, P., Wadsworth, M., & Barker, D. (1996). Childhood growth and age
at menarche. British Journal of Obstetrics and Gynaecology, 103(8), 814–817.

Crespi, E. J., & Denver, R. J. (2005). Ancient origins of human developmental plasticity.
American Journal of Human Biology, 17(1), 44–54.

Cresswell, J. L., Egger, P., Fall, C. H. D., Osmond, C., Fraser, R. B., & Barker, D. J. P. (1997). Is
the age of menopause determined in-utero? Early Human Development, 49(2), 143–148.

Crowther, N. J., Cameron, N., Trusler, J., & Gray, I. P. (1998). Association between poor glucose
tolerance and rapid postnatal weight gain in seven-year-old children. Diabetologia, 41(10),
1163–1167.

Dancause, K. N., Laplante, D. P., Oremus, C., Fraser, S., Brunet, A., & King, S. (2011).
Disaster-related prenatal maternal stress influences birth outcomes: Project ice storm. Early
Human Development, 87(12), 813–820.

22 I.L. Pike



de Bruin, J. P., Dorland, M., Bruinse, H. W., Spliet, W., Nikkels, P. G. J., & Te Velde, E. R.
(1998). Fetal growth retardation as a cause of impaired ovarian development. Early Human
Development, 51(1), 39–46.

de Bruin, J. P., Nikkels, P. G. J., Bruinse, H. W., van Haaften, M., Looman, C. W. N., & te Velde,
E. R. (2001). Morphometry of human ovaries in normal and growth-restricted fetuses. Early
Human Development, 60(3), 179–192.

Dolinoy, D. C., Huang, D., & Jirtle, R. L. (2007). Maternal nutrient supplementation counteracts
bisphenol A-induced DNA hypomethylation in early development. Proceedings of the
National Academy of Sciences, 104(32), 13056–13061.

Drake, A. J., & Walker, B. R. (2004). The intergenerational effects of fetal programming:
Non-genomic mechanisms for the inheritance of low birth weight and cardiovascular risk.
Journal of Endocrinology, 180(1), 1–16.

Elias, S. G., van Noord, P. A., Peeters, P. H., den Tonkelaar, I., & Grobbee, D. E. (2003). Caloric
restriction reduces age at menopause: The effect of the 1944–1945 Dutch famine. Menopause,
10(5), 399–405.

Elias, S. G., van Noord, P. A., Peeters, P. H., den Tonkelaar, I., & Grobbee, D. E. (2005).
Childhood exposure to the 1944–1945 Dutch famine and subsequent female reproductive
function. Human Reproduction, 20(9), 2483–2488.

Ellis, B. J. (2004). Timing of pubertal maturation in girls: An integrated life history approach.
Psychological Bulletin, 130(6), 920–958.

Ellison, P. T. (1990). Human ovarian function and reproductive ecology: New hypotheses.
American Anthropologist, 92(4), 933–952.

Ellison, P. T. (1994). Advances in human reproductive ecology. Annual Review of Anthropology,
23, 255–275.

Ellison, P. T. (1996). Developmental influences on adult ovarian hormonal function. American
Journal of Human Biology, 8(6), 725–734.

Ellison, P. T. (2003a). Energetics and reproductive effort. American Journal of Human Biology, 15
(3), 342–351.

Ellison, P. T. (2003b). On fertile ground: A natural history of human reproduction. Cambridge:
Harvard University Press.

Ellison, P. T., & Jasienska, G. (2007). Constraint, pathology, and adaptation: How can we tell
them apart? American Journal of Human Biology, 19(5), 622–630.

Epel, E. S., Blackburn, E. H., Firdaus, J. L., Dhabhar, S., Adler, N., Marrow, J. D., et al. (2004).
Accelerated telomere shortening in response to life stress. Proceedings of the National
Academy of Sciences, 101(49), 17312–17315.

Gardner, D. S., Ozanne, S. E., & Sinclair, K. D. (2009). Effect of the early-life nutritional
environment on fecundity and fertility of mammals. Philosophical Transactions of the Royal
Society B-Biological Sciences, 364(1534), 3419–3427.

Gluckman, P. D., & Beedle, A. S. (2007). Migrating ovaries: Early life influences on later gonadal
function. Plos Medicine, 4(5), 781–783.

Gluckman, P. D., & Hanson, M. A. (2004). Living with the past: Evolution, development, and
patterns of disease. Science, 305(5691), 1733–1736.

Gluckman, P. D., & Hanson, M. A. (2006). Evolution, development and timing of puberty. Trends
in Endocrinology and Metabolism, 17(1), 7–12.

Glynn, L. M., Poggi Davis, E., Dunkel-Schetter, C., Chicz-DeMet, A., Hobel, C. J., & Sandman,
C. A. (2007). Postnatal maternal cortisol levels predict temperment in health breastfed infants.
Early Human Development, 83, 675–681.

Gravlee, C. C. (2009). How race becomes biology: Embodiment of social inequality. American
Journal of Physical Anthropology, 139(1), 47–57.

Gunnar, M. R. (1998). Quality of early care and buffering of neuroendocrine stress reactions:
Potential effects on the developing human brain. Preventive Medicine, 27(2), 208–211.

Gunnar, M. R., & Donzella, B. (2002). Social regulation of the cortisol levels in early human
development. Psychoneuroendocrinology, 27(1–2), 199–220.

2 Calibrating the Next Generation: Mothers, Early Life … 23



Gunnar, M., & Quevedo, K. (2007). The neurobiology of stress and development. Annual Review
of Psychology, 58, 145–173.

Hales, C. N., & Barker, D. J. (2001). The thrifty phenotype hypothesis. British Medical Bulletin,
60(1), 5–20.

Hamosh, M. (2001). Bioactive factors in human milk. Pediatric Clinics of North America, 48(1),
69–86.

Hardy, R., & Kuh, D. (2002). Does early growth influence timing of the menopause? Evidence
from a British birth cohort. Human Reproduction, 17(9), 2474–2479.

Harris, A., & Seckl, J. (2010). Glucocorticoids, prenatal stress and the programming of disease.
Hormones and Behavior, 59(3), 279–289.

Hart, R., Sloboda, D. M., Doherty, D. A., Norman, R. J., Atkinson, H. C., Newnham, J. P., et al.
(2009). Prenatal determinants of uterine volume and ovarian reserve in adolescence. Journal of
Clinical Endocrinology and Metabolism, 94(12), 4931–4937.

He, Q., & Karlberg, J. (2001). BMI in childhood and its association with height gain, timing of
puberty, and final height. Pediatric Research, 49(2), 244–251.

Hertzman, C., & Boyce, T. (2010). How experience gets under the skin to create gradients in
developmental health. Annual Review of Public Health, 31, 329–347.

Hinde, K. (2013). Lactational programming of infant behavioral phenotype. In Building Babies
(pp. 187–207). New York: Springer.

Hinde, K., & Capitanio, J. P. (2010). Lactational programming? mother’s milk energy predicts
infant behavior and temperament in rhesus macaques (Macaca mulatta). American Journal of
Primatology, 72(6), 522–529.

Hinde, K., & Milligan, L. A. (2011). Primate milk: Proximate mechanisms and ultimate
perspectives. Evolutionary Anthropology: Issues, News, and Reviews, 20(1), 9–23.

Howells, M. E. (2013). Maternal psychosocial stress and neonate outcomes on the Pacific island
of Tutuila. Doctoral dissertation. University of Colorado at Boulder.

Ibáñez, L., Potau, N., Enriquez, G., & De Zegher, F. (2000). Reduced uterine and ovarian size in
adolescent girls born small for gestational age. Pediatric Research, 47(5), 575–577.

Ibáñez, L., Potau, N., Enriquez, G., Marcos, M. V., & De Zegher, F. (2003).
Hypergonadotrophinaemia with reduced uterine and ovarian size in women born
small-for-gestational-age. Human Reproduction, 18(8), 1565–1569.

Ibáñez, L., Potau, N., Ferrer, A., Rodriguez-Hierro, F., Marcos, M. V., & De Zegher, F. (2002).
Reduced ovulation rate in adolescent girls born small for gestational age. Journal of Clinical
Endocrinology and Metabolism, 87(7), 3391–3393.

Illnerova, H., Buresova, M., & Presl, J. (1993). Melatonin rhythm in human milk. The Journal of
Clinical Endocrinology & Metabolism, 77(3), 838–841.

Jablonka, E., & Lamb, M. J. (2005). Evolution in four dimensions. Cumberland, RI: MIT Press.
Jasienska, G. (2012). The fragile wisdom: An evolutionary view on women’s biology and health.

Cambridge: Harvard University Press.
Jasienska, G., Thune, I., & Ellison, P. T. (2006a). Fatness at birth predicts adult susceptibility to

ovarian suppression: An empirical test of the predictive adaptive response hypothesis.
Proceedings of the National Academy of Sciences of the United States of America, 103(34),
12759–12762.

Jasienska, G., Ziomkiewcz, A., Lipson, S. F., Thune, I., & Ellison, P. T. (2006b). High ponderal
index at birth predicts high estradiol levels in adult women. American Journal of Human
Biology, 18(1), 133–140.

Kaplowitz, P. B. (2008). Link between body fat and the timing of puberty. Pediatrics, 121, S208–
S217.

Karlberg, J. (2002). Secular trends in pubertal development. Hormone Research, 57, 19–30.
Kiess, W., Blum, W. F., & Aubert, M. L. (1998). Leptin, puberty and reproductive function:

Lessons from animal studies and observations in humans. European Journal of Endocrinology,
138(1), 26–29.

Kuzawa, C. W. (2007). Developmental origins of life history: Growth, productivity, and
reproduction. American Journal of Human Biology, 19(5), 654–661.

24 I.L. Pike



Kuzawa, C. W., & Bragg, J. M. (2012). Plasticity in human life history strategy. Current
Anthropology, 53(S6), S369–S382.

Kuzawa, C. W., McDade, T. W., Adair, L. S., & Lee, N. (2010). Rapid weight gain after birth
predicts life history and reproductive strategy in Filipino males. Proceedings of the National
Academy of Sciences, 107(39), 16800–16805.

Langley-Evans, S. C. (2006). Developmental programming of health and disease. Proceedings of
the Nutrition Society, 65(01), 97–105.

Lasker, G. W. (1969). Human biological adaptability. The ecological approach in physical
anthropology. Science, 166(3912), 1480–1486.

Little, M. A., & Haas, J. D. (Eds.). (1989). Human population biology: A transdisciplinary
science. New York: Oxford University Press.

Lupien, S. J., McEwen, B. S., Gunnar, M. R., & Heim, C. (2009). Effects of stress throughout the
lifespan on the brain, behaviour and cognition. Nature Reviews Neuroscience, 10(6), 434–445.

Lussana, F., Painter, R. C., Ocke, M. C., Buller, H. R., Bossuyt, P. M., & Roseboom, T. J. (2008).
Prenatal exposure to the Dutch famine is associated with a preference for fatty foods and a
more atherogenic lipid profile. American Journal of Clinical Nutrition, 88, 1648–1652.

Manikkam, M., Thompson, R. C., Herkimer, C., Welch, K. B., Flak, J., Karsch, F. J., et al. (2008).
Developmental programming: Impact of prenatal testosterone excess on pre- and postnatal
gonadotropin regulation in sheep. Biology of Reproduction, 78, 648–660.

McDade, T. W. (2003). Life history theory and the immune system: Steps toward a human
ecological immunology. American Journal of Physical Anthropology, 122(S37), 100–125.

McDade, T. W. (2014). Development and validation of assay protocols for use with dried blood
spot samples. American Journal of Human Biology, 26(1), 1–9.

McDade, T. W., Rutherford, J., Adair, L., & Kuzawa, C. W. (2010). Early origins of inflammation:
Microbial exposures in infancy predict lower levels of C-reactive protein in adulthood.
Proceedings of the Royal Society B: Biological Sciences, 277(1684), 1129–1137.

Meaney, M. J. (2010). Epigenetics and the biological definition of Gene × Environment
Interactions. Child Development, 81(1), 41–79.

Miller, E. M., Aiello, M. O., Fujita, M., Hinde, K., Milligan, L., & Quinn, E. A. (2013). Field and
laboratory methods in human milk research. American Journal of Human Biology, 25(1), 1–11.

Miralles, O., Sánchez, J., Palou, A., & Picó, C. (2006). A physiological role of breast milk leptin in
body weight control in developing infants. Obesity, 14(8), 1371–1377.

Murphy, L., Sievert, L., Begum, K., Sharmeen, T., Puleo, E., Chowdhury, O., et al. (2013). Life
course effects on age at menopause among Bangladeshi sedentees and migrants to the UK.
American Journal of Human Biology, 25(1), 83–93.

Nunez-de la Mora, A., Chatterton, R. T., Choudhury, O. A., Napolitano, D. A., & Bentley, G. R.
(2007). Childhood conditions influence adult progesterone levels. Plos Medicine, 4(5), 813–
821.

Nyberg, C. H. (2013). Navigating transitions in hypothalamic–pituitary–adrenal function from
pregnancy through lactation: Implications for maternal health and infant brain development. In
Building babies (pp. 133–154). New York: Springer.

Ong, K. K., Northstone, K., & Wells, J. C. K. (2007). Earlier mother’s age at menarche predicts
rapid infancy growth and childhood obesity. Plos Medicine, 4(4), 737–742.

Oyama, Susan. (2000). Evolution’s eye: A systems view of the biology-culture divide. Durham and
London: Duke University Press.

Oyama, S., Griffiths, P. E., & Gray, R. D. (2001). Introduction: What is developmental systems
theory? In S. Oyama, P. E. Griffiths, & R. D. Gray (Eds.), Cycles of contingency:
Developmental systems and evolution (pp. 1–12). Cambridge, MA: MIT Press.

Petherick, A. (2010). Development: Mother’s milk: A rich opportunity. Nature, 468(7327), S5–
S7.

Pike, I. L. (2014). Remembered hunger in an increasingly obese world. In Anthropology News, 55
(3), 3–4.

Pike, I. L., & Milligan, L. A. (2010). Pregnancy and Lactation. In M. Muhlenbein (Ed.), Human
evolutionary biology (pp. 338–350). New York: Oxford University Press.

2 Calibrating the Next Generation: Mothers, Early Life … 25



Prentice, A. M. (2001). Fires of life: The struggles of an ancient metabolism in a modern world.
Nutrition Bulletin, 26(1), 13–27.

Prentice, A. M. (2005). Early influences on human energy regulation: Thrifty genotypes and thrifty
phenotypes. Physiology & Behavior, 86(5), 640–645.

Quinn, E. A., & Kuzawa, C. W. (2012). A dose–response relationship between fish consumption
and human milk DHA content among Filipino women in Cebu City, Philippines. Acta
Paediatrica, 101(10), E439–E445.

Reynolds, R. M. (2013). Glucocorticoid excess and the developmental origins of disease: Two
decades of testing the hypothesis–2012 Curt Richter Award Winner.
Psychoneuroendocrinology, 38(1), 1–11.

Richter, L., Norris, S., Pettifor, J., Yach, D., & Cameron, N. (2007). Cohort profile: Mandela’s
children: The 1990 birth to twenty study in South Africa. International Journal of
Epidemiology, 36(3), 504–511.

Roa, J., Aguilar, E., Dieguez, C., Pinilla, L., & Tena-Sempere, M. (2008). New frontiers in
kisspeptin/GPR54 physiology as fundamental gatekeepers of reproductive function. Frontiers
in Neuroendocrinology, 29(1), 48–69.

Roland, A. V., & Moenter, S. M. (2011). Clucosensing by GnRH neurons: Inhibition by androgens
and involvement of AMP-activated protein kinase. Molecular Endocrinology, 25(5), 847–858.

Roseboom, T., de Rooij, S., & Painter, R. (2006). The Dutch famine and its long-term
consequences for adult health. Early Human Development, 82(8), 485–491.

Rudzik, A. E. F. (2013). C-reactive protein, body mass index and psychosocial stress/distress
among Brazilian women in the early postpartum. American Journal of Human Biology, 25(2),
272–273.

Rudzik, A. E. F., Breakey, A., & Bribiescas, R. G. (2014). Oxytocin and Epstein-Barr virus: Stress
biomarkers in the postpartum period among first-time mothers from Sao Paulo, Brazil.
American Journal of Human Biology, 26(1), 43–50.

Sabet, F., Richter, L. M., Ramchandani, P. G., Stein, A., Quigley, M. A., & Norris, S. A. (2009).
Low birthweight and subsequent emotional and behavioural outcomes in 12-year-old children
in Soweto, South Africa: Findings from Birth to Twenty. International Journal of
Epidemiology, 38(4), 944–954.

Schulkin, J., Schmidt, L., & Erickson, E. (2005). Glucocorticoids facilitation of
corticotropin-releasing hormone in the placenta and brain: Functional impact on birth and
behavior. In M. L. Power & J. Schulkin (Eds.), Birth, distress, and disease: Placenta-brain
interactions (pp. 235–268). Cambridge: Cambridge University Press.

Schulz, L. C. (2010). The Dutch Hunger winter and the developmental origins of health and
disease. Proceedings of the National Academy of Sciences, 107(39), 16757–16758.

Seckl, J. R., & Holmes, M. C. (2007). Mechanisms of disease: Glucocorticoids, their placental
metabolism and fetal ‘programming’ of adult pathophysiology. Nature Clinical Practice
Endocrinology & Metabolism, 3(6), 479–488.

Shalev, I., Moffit, T. E., Sugden, K., Williams, B., Houts, R. M., Danese, A., et al. (2013).
Exposure to violence during childhood is associated with telomere erosion from 5 to 10 years
of age: A longitudinal study. Molecular Psychiatry, 18(5), 576–581.

Shonkoff, J. P. (2012). Leveraging the biology of adversity to address the roots of disparities in
health and development. Proceedings of the National Academy of Sciences, 109(Supplement
2), 17302–17307.

Sievert, L. L. (2006). Menopause: A biocultural perspective. New Brunswick: Rutgers University
Press.

Sloboda, D. M., Hart, R., Doherty, D. A., Pennell, C. E., & Hickey, M. (2007). Rapid
communication—Age at menarche: Influences of prenatal and postnatal growth. Journal of
Clinical Endocrinology and Metabolism, 92(1), 46–50.

Sloboda, D. M., Hickey, M., & Hart, R. (2011). Reproduction in females: The role of the early life
environment. Human Reproduction Update, 17(2), 210–227.

26 I.L. Pike



Smith-Kirwin, S. M., O’Connor, D. M., Johnston, J., de Lancy, E., Hassink, S. G., & Funanage, V.
L. (1998). Leptin expression in human mammary epithelial cells and breast milk. The Journal
of Clinical Endocrinology & Metabolism, 83(5), 1810.

Thayer, Z. M., & Kuzawa, C. W. (2011). Biological memories of past environments: Epigenetic
pathways to health disparities. Epigenetics, 6(7), 798–803.

Thayer, Z. M., & Kuzawa, C. W. (2014). Early origins of health disparities: Material deprivation
predicts maternal cortisol in pregnancy and offspring cortisol reactivity in the first few weeks of
life. American Journal of Human Biology. doi:10.1002/ajhb.22532

Thompson, A. L. (2013). Intergenerational impact of maternal obesity and postnatal feeding
practices on pediatric obesity. Nutrition Reviews, 71, S55–S61.

Thompson, A. L., Houck, K. M., Adair, L., Gordon-Larsen, P., Du, S. F., Zhang, B., et al. (2014).
Pathogenic and obesogenic factors associated with inflammation in Chinese children,
adolescents and adults. American Journal of Human Biology, 26(1), 18–28.

Tobi, E. W., Lumey, L. H., Talens, R. P., Kremer, D., Putter, H., Stein, A. D., et al. (2009). DNA
methylation differences after exposure to prenatal famine are common and timing- and
sex-specific. Human Molecular Genetics, 18, 4046–4053.

Vickers, M. H., & Sloboda, D. M. (2012). Leptin as mediator of the effects of developmental
programming. Best Practice & Research Clinical Endocrinology & Metabolism, 26(5), 677–
687.

Vitzthum, V. J. (2008). Evolutionary models of women’s reproductive functioning. Annual Review
of Anthropology, 37, 53–73.

Vitzthum, V. J. (2009). The ecology and evolutionary endocrinology of reproduction in the human
female. Yearbook of Physical Anthropology, 52, 95–136.

Wadhwa, P. D. (2005). Psychoneuroendocrine processes in human pregnancy influence fetal
development and health. Psychoneuroendocrinology, 30(8), 724–743.

Wadhwa, P. D., Buss, C., Entringer, S., & Swanson, J. M. (2009). Developmental origins of health
and disease: Brief history of the approach and current focus on epigenetic mechanisms.
Seminars in Reproductive Medicine, 27(5), 358–368.

Wagner, I. V., Sabin, M. A., Pfäffle, R. W., Hiemisch, A., Sergeyev, E., Körner, A., et al. (2012).
Effects of obesity on human sexual development. Nature Reviews Endocrinology, 8(4), 246–
254.

Wasser, H. M., Thompson, A. L., Siega-Riz, A. M., Adair, L. S., Hodges, E. A., & Bentley, M. E.
(2013). Who’s feeding baby? Non-maternal involvement in feeding and its association with
dietary intakes among infants and toddlers. Appetite, 71, 7–15.

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

Yajnik, C. S., Fall, C. H., Coyaji, K. J., Hirve, S. S., Rao, S., Barker, D. J., et al. (2003). Neonatal
anthropometry: The thin-fat Indian baby. The pune maternal nutrition study. International
Journal of Obesity Related Metabolic Disorders, 27(2), 173–180.

2 Calibrating the Next Generation: Mothers, Early Life … 27

http://dx.doi.org/10.1002/ajhb.22532


http://www.springer.com/978-3-319-44101-6


	2 Calibrating the Next Generation: Mothers, Early Life Experiences, and Reproductive Development
	Introduction
	Biological Embedding of Environments
	How Does Biological Embedding Influence Reproductive Development?
	Promising Ways to Reveal the Invisibility of Biological Embedding and Reproductive Sensitivity
	What Does this Embedding Approach Suggest for Work in Global Contexts?
	References


