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ABSTRACT

The duality of the skeleton as both a biological and cultural entity has formed the theoretical basis of bioarchaeol-
ogy. In recent years bioarchaeological studies have stretched the early biocultural concept with the adoption of life
course approaches in their study design and analyses, making a significant contribution to how we think about the
role of postnatal plasticity. Life course theory is a conceptual framework used in several scientific fields of biology
and the social sciences. Studies that emphasize life course approaches in the examination of bone morphology in the
past are united in their interrogation of human life as a result of interrelated and cumulative events over not only
the timeframe of individuals, but also over generations at the community level. This article provides an overview of
the theoretical constructs that utilize the life course concept, and a discussion of the different ways these theories
have been applied to thinking about trajectories of bone morphology in the past, specifically highlighting key recent
studies that have used life course approaches to understand the influence of growth, stress, diet, activity, and aging
on the skeleton. The goal of this article is to demonstrate the scope of contemporary bioarchaeological studies that
illuminate the importance of environmental and behavioral influence on bone morphology. Understanding how tra-
jectories of bone growth and morphology can be altered and shaped over the life course is critical not only for bio-
archaeologists, but also researchers studying bone morphology in living nonhuman primates and fossil primate
skeletons. Am J Phys Anthropol 159:S130–S149, 2016. VC 2016 Wiley Periodicals, Inc.

INTRODUCTION

The study of human biology and behavior in biological
anthropology has its foundation in the study of variation
in morphology, particularly of the skeleton. The history of
physical anthropology began with a focus on biological
(particularly racial) differences in skeletal morphology in
the 18th and 19th centuries, and while the evolutionary
approaches of the “New Physical Anthropology” shifted
focus to the study of living primates and fossil non-human
and human primates, the study of variation in skeletal
morphologies continued to be fundamental to the field
(Little and Kennedy, 2010). With advances in molecular
and cellular biology, contemporary biological anthropology
is now a methodologically wider field, and evolutionary
approaches to human variation now share interdiscipli-
nary overlap with subdisciplines such as human biology,
genetic anthropology, medical anthropology, and evolution-
ary psychology. Simultaneously, our understanding of the
evolution of mammalian and human skeletal morphology
has been radically expanded with insights from evolution-
ary developmental biology (Lovejoy et al., 2003). In the
past decade developmental biology has increasingly
grounded questions of phylogeny and functional adapta-
tion in human and nonhuman primate evolution. This
research has led to the use of more complex and multifac-
torial explanations of the role of developmental-genetic
interactions on variation in skeletal morphology, such as
the use of experimental models in the understanding of
variation in cranio-facial morphology (Mart�ınez-Abad�ıas
et al., 2012), and in variation in the ontogeny of the post-
cranial skeleton (Hallgrimsson et al., 2002b; Ryan and
Krovitz, 2006; Gosman and Ketcham, 2009).

Alongside these fundamental breakthroughs in develop-
mental biology, studies of variation by human biologists,
paleopathologists, and particularly bioarchaeologists, have
concentrated on the examination of variation in morphol-
ogy related to influences such as activity, disease, and
nutrition. Bioarchaeological studies focus largely on the
morphology of anatomically modern humans and are
interested in variation within human populations and the
level of the individual, rather than wider evolutionary
questions of phylogenetic variation. Bioarchaeology is
rooted in the early biocultural approach with an emphasis
on archaeological contextualization (Armelagos, 2003;
Buikstra and Beck, 2009) and concerns the interaction of
bone biology and behavior along with environmental influ-
ences on health and lifestyle (Larsen, 2002). Contempo-
rary work has also emphasized the need to tie research to
relevance in modern populations and incorporate critical
social theory in interpretations (Agarwal and Glencross,
2011; Martin et al., 2014). In recent years, bioarchaeologi-
cal studies have made relevant contributions to our wider
understanding of bone morphology with the adoption of
life course perspectives in the analysis of morphology
at the individual and population-levels. Life course
approaches are a widely used and familiar theoretical ori-
entation in sociological and epidemiological studies
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(Ben-Schlomo and Kuh, 2002; Elder et al., 2003; Mayer,
2009). While only a small number of bioarchaeological
studies have explicitly cited life course approaches, studies
of bone morphology in the past are united in their inter-
rogation of human life as a result of interrelated and
cumulative events over not only the timeframe of individu-
als, but also at the community level over generations.
These studies are, however, not oblivious to the role of evo-
lutionary developmental biology or the complex genetic
basis of bone morphology. Many contemporary bioarchaeo-
logical studies are ultimately interested in understanding
the interaction of environmental and genetic influences on
phenotypic variation. These studies stretch the concept of
the early biocultural approach in the field, and make a sig-
nificant contribution to how we think about the role of
postnatal plasticity.

In this article I provide an overview of the theoretical
constructs in biology and the social sciences that utilize
the life course concept, and how these relate to evolution-
ary developmental biology and plasticity, as well as lateral
concepts such as developmental systems theory and
embodiment theory. I then discuss how these theories
have been considered in studies on bone morphology1,
working through the key studies both historically and in
contemporary bioarchaeology that utilize life course
approaches in its varied forms. Spanning growth studies,
paleopathology and archaeological approaches to embodi-
ment, these studies demonstrate the importance of bioso-
cial approaches to plasticity and development. Finally, I
will take a focused look at how life course approaches can
be used to more holistically understand one key aspect of
bone morphology, specifically bone growth, maintenance
and loss. While some anthropological perspectives have
dismissed studies that emphasize postnatal plasticity in
bone morphology (Lovejoy et al., 2003), the goal of this
article is to cohesively demonstrate the scope of bioarch-
aeological studies that illuminate the importance of envi-
ronmental and behavioral influence on bone morphology.
With their emphasis on the cumulative role of experiences
across the life course and potentially across generations
these studies have much to offer to our understanding of
bone morphology in the past and the present.

LIFE COURSE THEORIES AND
DEVELOPMENTAL APPROACHES TO

PLASTICITY

Life course theory is a conceptual framework that has
been generated and used in several scientific fields
including biology and the social sciences. The heart of
the paradigm is the study of individual lives and their
connection to their historical and socioeconomic contexts.
I include here, under the umbrella of life course, all
approaches that view the individual at any point in time
as the sum of previous life experiences. These include
both social and biological experiences, and the individual
plastic response to exposures can be viewed as adaptive
or not, and can be viewed as intergenerational or only
affecting the phenotypic expression in the individual.

In sociology, researchers use life course theory to bet-
ter understand the construction of social pathways, and

how institutions and historical events shape and link
individual and group experiences (Clausen, 1985; Elder,
1995). While individual development is key, individual
agency is also framed as exerting influence on, and
being influenced by, the given social structure (Bengston
and Allen, 1993). Interdependency is the key component,
whereby development at the micro-level of the individual
and families are placed within interconnected contexts
that extend to the biographies of generations over larger
periods of time and space (Bengston and Allen, 1993).

Health researchers also became interested in how this
framework could relate to the development of health and
disease. Contemporary models of life course health
development are based on current findings in epige-
netics, systems biology and longitudinal studies. In epi-
demiology, emphasis is on the role of physical and social
exposures during gestation, childhood, adolescence, and
young adulthood, and the physical manifestations of dis-
ease in later adult life (Halfon et al., 2014). Early life
factors in particular have been shown to increase the
risk of a broad spectrum of diseases (Ben-Schlomo and
Kuh, 2002). This phenomenon has also been termed the
Developmental Origins of Health and Disease (DOHaD)
paradigm, which posits that early life environmental
events, in association with genetic predisposition, play a
central role in influencing responses to the environment
and thus later disease risk. Particularly influential was
the pioneering work on early fetal and childhood envi-
ronment to later adult health. For example, the “Barker
hypothesis” suggested that poor nutrition during preg-
nancy could alter “fetal programming” that could change
the course of the developing body’s structure, function or
metabolism (Barker et al., 1989; Kuh and Davey Smith,
2004). This research by Barker and colleagues first
linked birth weight to the risk of cardiovascular disease
in later life (Barker and Osmond, 1986; Barker et al.,
1989; Benyshek, 2013). Gluckman et al. later elaborated
that conditions such poor nutrition during pregnancy
results in a “predictive adaptive response” (PAR) in the
fetus whereby developmental pathways are developed
that are perceived to be better suited to the postnatal
environment (Gluckman and Hanson, 2004; Low et al.,
2012). This observation has also been called the “thrifty
phenotype” model of human life history and argues that
these predictive physiological responses, and often
resulting diseases, reflect a mismatch between the fetal
development and the actual postnatal environmental
landscape (Hales and Barker, 2001). These developing
physiological pathways can lead to predictive responses
such as increased fat storage or reduced insulin produc-
tion, but when nutrition is plentiful, postnatally the mis-
match can lead to diabetes (Halfon et al., 2014).

Key to life course approaches are the concepts of tra-
jectories and plasticity. First, development is conceived
as following an arc of development or trajectory that can
change direction along the phases of the life course. In
portraying development as a trajectory it is possible to
imagine the range of different influences that alter
development in different outcomes (Low et al., 2012;
Halfon et al., 2014). The idea is that development will
alter trajectory as needed as an adaptive process. Fur-
ther, operating over long periods of time, evolutionary
forces have selected trajectories and strategies that have
plasticity to adapt to a range of environments (Halfon
et al., 2014). Plasticity is the second key concept in life
course approaches. Plasticity is related to both the con-
cepts of growth and development that together form the

1I use the term bone morphology here broadly, referring to the form
and structure of individual bony elements/tissues or whole skeletons
including outward appearance such as size and shape, but also inter-
nal structure, microstructure and chemical structure.
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foundation to understanding patterns of phenotypic vari-
ability (Agarwal and Beauchesne, 2011). Growth is the
enlargement and differentiation of tissues advancing
with chronological age, while development comprises the
pathways of biological milestones along the life cycle.
The rates of growth and timing of developmental
changes can differ among individuals and there has
been debate over growth and development trajectories
and their evolutionary and adaptive significance (Lasker,
1969; Roberts, 1995; Schell, 1995; Bogin, 1999; Ellison,
2005; Worthman and Kuzara, 2005).

Plasticity relates to the ability of an organism to change
its phenotype in response to changes in the environment,
and it has been conceptually linked to adaptation (Lasker,
1969; Roberts, 1995). Before the 1950s and 1960s plastic-
ity was simply an understanding that human morphology
appeared to be malleable during growth and development
(Bogin, 1995). Lasker (1976) redefined the plasticity con-
cept with adaptation, and viewed plasticity as operating
within three modes of adaptation. The first mode was nat-
ural selection itself, where the selection of genotypes
directly influences the genetic spectrum of the population
(Roberts, 1995). The second form of adaptive plasticity
is acclimatization, the physiological and behavioral
response that adapts an individual to the immediate envi-
ronment that is nonpermanent (Roberts, 1995). The third
mode that is relevant to our discussion of life course
approaches is developmental or ontogenetic adaptation
(Roberts, 1995). Here the plasticity operates through
growth and development, and it is generally regarded
that the changes are not reversible and also not heritable
(Schell, 1995). Contemporary studies of variation in
human phenotypes through the lens of plasticity are now
primarily linked to adaptation and the consideration of
biological trade-offs (Worthman and Kuzara, 2005). In
this model, the biological response to early fetal or child-
hood life-stress is seen as a life history trade-off where
early stresses such as poor nutrition cause energetic
reserves to be reallocated to the development of essential
tissues or functions. While early mortality may be
thwarted, the result is a trade-off with reduced future
investment in growth, higher mortality or impaired fertil-
ity (Kuzawa, 2005; Worthman and Kuzara, 2005).

Understanding plasticity in the developmental context
beyond a strictly adaptationist model has also been put
forward by a number of researchers as developmental
systems theory or approach (DST/DSA), and develop-
mental dynamics (Oyama, 2000a; Lewontin, 2001).
These life course approaches are also focused on the
plastic developmental responses that take place in
embryogenesis, during fetal growth, early postnatal
growth, and later adolescence. Unlike epidemiological
approaches that are primarily focused on plasticity dur-
ing fetal development or early infancy, DST/DSA
approaches extend plasticity to include infancy, child-
hood, and adolescence (Fausto-Sterling, 2005). Develop-
mental information is believed to reside neither in the
genes nor the environment, but rather in the interaction
of the two (Roberts, 1995). Plasticity is the essential fea-
ture of the development system that is defined as the
interplay of all influences on development including the
“molecular, cellular, organismal, ecological, social, and
biogeographical” (Robert et al. 2001:954). As such devel-
opment is seen to extend well into postnatal growth
(Robert et al., 2001; Worthman and Kuzara, 2005).
There are a number of examples of this, including neuro-
logical growth (Kamm et al., 1990) and immune

functions (Worthman, 1995). The concept of the body as
a product of both biological and social developmental
contexts is also found in perspectives on embodied life
experience. In this approach embodiment refers to how
beings literally incorporate the world in which they exist
biologically, including social and ecological variables
(Krieger, 2001, 2005). The emphasis is on the process of
creation or transformation of beings and organisms over
time as a product of engagement with the world in
which they are situated. This engagement with the
world can be both conscious (with agency) or uncon-
scious (Krieger, 2001, 2005), and challenges the conten-
tion that organisms are primarily passively built by
their genetic code. The construct of embodiment has
been advocated in epidemiology, particularly in better
understanding population rates of morbidity and mortal-
ity, and social inequalities in health (Krieger, 2001,
2005). Anthropologists have also discussed the human
body as a developmental system that is contextually
dependent, and have emphasized that humans grow and
are active in their development through engagement
with the social world (Gravlee, 2009; Ingold, 1998; Joyce,
2005; Sofaer, 2006a).

There have been comparisons between the different
life course approaches, particularly developmental sys-
tems theory (DST) and evolutionary developmental biol-
ogy (EDB) (Robert et al., 2001; Hallgrimsson et al.,
2002a). EDB perspectives are primarily limited to
embryology/fetal development and are less concerned
with postnatal plasticity (Robert et al., 2001; Hallgrims-
son et al., 2002a). The biggest difference between EDB
and life course approaches has been the emphasis on
genes. EDB has been classically thought of as giving pri-
macy to the gene, with variation in developmental proc-
esses studied in the context of conservation and
constraint of form (Robert et al., 2001). However, in
recent years there has been more common ground link-
ing developmental approaches through epigenetics. Epi-
genetics can be defined as the study of changes in
organisms caused by modification of gene expression
rather than alteration of the genetic code itself. There
are three primary known systems considered to initiate
and sustain epigenetic change: DNA methylation, his-
tone modification and non-coding RNA (ncRNA)-associ-
ated gene silencing (Holliday, 2006). Epigenetic studies
have provided clues to the mechanisms that explain the
findings of studies in fetal programing and DOHaD
research (Halfon et al., 2014). These studies have shown
how gene expression can be altered by various environ-
mental influences, particularly in neurodevelopment
with intergenerational impacts (Halfon et al., 2014). For
example, the recent widely known study by Dias and
Ressler (2014) suggested that mice trained to fear the
smell of acetophenone were able to pass this fear to their
offspring. While transgenerational epigenetic effects still
remain controversial there have been many studies of
epigenetic inheritance found across multiple plant and
animal species (Jablonka and Raz, 2009). In approaches
like developmental systems theory (DST) inheritance is
extended to include ecological and social resources, or
other influences on development (Oyama, 2000b). Epige-
netic processes are seen as heritable and are constructed
and reconstructed during each life cycle. While there is
still uncertainty if or how non-genetic influences are
inherited, particularly in relation to skeletal morphology,
there is increasing evidence that nongenetic forces can
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significantly shape postnatal and skeletal morphology
(Fausto-Sterling, 2005; Agarwal and Beauchesne, 2011).

EXAMINING PLASTICITY AND LIFE
HISTORIES IN BIOARCHAEOLOGY

There have been many studies in bioarchaeology that
have utilized life course approaches to understand bone
morphology and development. While studies have classi-
cally utilized population level data with a focus on indica-
tors of early life stress, newer studies in bioarchaeology
have included a focus on individual life history, the use of
multiple indicators, and a greater concern for approaches
that focus on influences over the broader life cycle.
Included here are both innovative theoretical and meth-
odological approaches to bone morphology. While the
studies included here are varied, they all share an
emphasis on the role postnatal plasticity on bone mor-
phology, and an overall aim to better elucidate the syner-
gistic role of biological and environmental influences over
the life span, and possibly over generations.

Development and stress markers

Historically, the study of plasticity in anthropology
was taken up by Boas (1912) and in even earlier studies
that noted generational changes in growth in migrant
studies (Baxter, 1875; Bowditch, 1879). Boas’ (1912)
detailed anthropometric study of body size and shape in
the children of new immigrants of European descent
was pivotal in demonstrating that environmental
changes including changing cultural milieus could pro-
duce changes in body size and shape in future genera-
tions. Boas’s work was later supported by Shapiro’s
(1939) well cited growth study of Japanese children in
Japan and Hawaii that also showed changes in growth,
stature, and development that were attributed to envi-
ronmental triggers. Since then, numerous migrant stud-
ies have confirmed the correlation of changing
environments to changes in growth and development
(Goldstein, 1943; Lasker and Evans, 1961; Kasl and
Berkman, 1983; Baker et al., 1986; Bogin, 1995; Bogin
and Rios, 2003). Perhaps the greatest attention to skele-
tal postnatal plasticity has been devoted to plasticity in
growth as a biological outcome of environmental and
behavioral stress. Differences in human height or stat-
ure are highly heritable and genomic studies have
shown hundreds of genes associated with the expression
of stature (Lai, 2006; Allen et al., 2010). However,
genetic potential is mediated by environmental factors.
Perturbations in growth are thought of as a compensa-
tory mechanism to disruptions in homeostasis (Martor-
ell, 1989; Bogin, 1999). While the value of the
compensatory response is survival, such developmental
adjustments often come at a cost, and individuals that
do not meet optimal growth or size have increased risk
of morbidity and mortality (Bogin, 1995; Blackwell et al.,
2001).

In this way, slowing or stunting growth allows devel-
oping organisms to reroute nutrition to other more
pressing energetic areas, such as brain growth (Leonard
and Robertson, 1992; Bogin, 1995). These perturbations
to growth are considered nonspecific, as they can have
numerous etiologies including insults from malnutrition,
infection or psychosocial influences (Saunders and
Hoppa, 1993; Blackwell et al., 2001).

The examination of stature derived from long bone
length, and other nonspecific indicators of stress, have

been used to examine early life stress and their link to
morbidity and mortality in skeletal populations. Other
nonspecific “stress” indicators include a variety of skele-
tal and dental markers such as dental enamel defects,
fluctuating asymmetry in bilateral bone structures, and
changes to vertebral neural canal size. Like stunting or
slowing in growth of long bones, these other nonspecific
indicators of stress reflect a physiological disruption
(Larsen, 2015). Populations that show reduced stature
show evidence of greater systemic stress than those
without reduced stature (Bogin, 1995; Saunders, 2000;
Stinson, 2000); as such bioarchaeologists have typically
used stature as an indicator of overall health and stress
during growth (Saunders and Hoppa, 1993; Hoppa and
FitzGerald, 2005). Patterns of long bone growth in
archaeological skeletal samples have been widely used
as a proxy for comparing health and stress statuses
between and among populations (Humphrey; Saunders,
2000; Kemkes-Grottenthaler, 2005; Mays et al., 2008;
Lewis, 2009). Early bioarchaeological studies were of
general physiological stress responses, with a focus on
stress as an adaptive response (Temple and Goodman,
2014). A number of early classic and recent bioarchaeo-
logical investigations have specifically noted early mor-
tality associated with small stature, as well as with
stress indicators such as tooth enamel defects (linear
enamel hypoplasia) (for example, Buikstra and Cook,
1980; Goodman et al., 1988; Duray, 1996; Humphrey and
King, 2000; Steckel, 2005; DeWitte and Wood, 2008) and
smaller vertebral neural canal size (Clark et al., 1986;
Watts, 2011). While older studies also examined stress
markers such growth arrest lines (Harris lines), perios-
teal new bone formation (periostitis), and porosity/pitting
on cranial vaults (porotic hyperostosis and cribra orbita-
lia), recent studies have focused on examining several of
these stress indicators together or in conjunction with
dental defects or reduced stature (for example, McHenry,
1968; Klaus and Tam, 2009; Temple, 2010; Turner and
Armelagos, 2012; Wheeler, 2012; Watts, 2013; Geber,
2014; Vercellotti et al., 2014; Scott and Hoppa, 2015).

Contemporary studies have made a substantial shift
that squarely focuses on developmental plasticity and
overt attention to life course approaches. This research
also emphasizes the potential for differential severity of
stress on adult skeletal morphology and mortality and
the potential for recovery. Further, the simultaneous
study of multiple skeletal indicators allows the study of
stress at longitudinally different points along the life
cycle even within the limits of cross-sectional skeletal
data. For example, early developmental stress indicators
such as linear enamel hypoplasia on the anterior tooth
crowns can reflect development between one and six
years of age, whereas as cribra orbitalia observed on
adult frontal bones is thought to reflect development
before four years of age, and long bone lengths reflect
growth in utero up to late adolescence and early adult-
hood (Watts, 2013). Watts (2013) utilized this explicit
approach in her examination of multiple indicators of
stress in an archaeological sample from St. Peter’s
Church, Barton-on-Humber to investigate the impact
of environmental and economic change on childhood
development in two cemetery phases before and after
AD1700, when generally better living conditions
occurred. She found that some stress indicators, particu-
larly vertebral neural canal (VNC) size, to show a posi-
tive impact of improved living conditions after AD1700
in childhood health between 5 and 14 years of age as
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seen by increased neural canal diameters (Watts, 2013).
However, other stress indicators such as linear enamel
hypoplasia and cribra orbitalia (CO) (that together affect
dental and skeletal development roughly before 6 years
of age), did not show any difference between the ceme-
tery phases, indicating that stress was still experienced
at these earlier developmental ages (Watts, 2013). How-
ever Watts’ (2013) analysis of stress indicators by adult-
age mortality finds that those that experienced early life
stress such as CO no longer experienced reduced adult
lifespan after 1700AD, which suggests that with
improved living conditions these early life stresses no
longer impacted long term health and mortality (Watts,
2013).

Bioarchaeological studies that have used multiple indi-
cators of stress to examine changes in development have
also contributed more nuanced ways of interpreting phe-
notypic variation in stature, focusing not just on stunt-
ing but also on trajectories and tempo and the role of
catch-up growth. When stress insults cause a slowing
down of growth there is a potential for increased growth
velocity to “catch up” to the original or maximum growth
trajectory if there is a significant improvement in envi-
ronmental and nutritional conditions (Tanner, 1981;
Cameron, 2002). Alternatively, catch up growth can also
occur even if the growth rate stays the same but individ-
uals continue to grow for a longer period of time to
achieve normal adult potential (Bogin, 1995; Stinson,
2000; Cameron, 2002). However, catch up growth is
thought to be rare unless individuals are removed from
the environment that was associated with the initial
stress insult during early development (Stinson, 2000)
and it is also dependent on the age of onset in stunting
and age when improvement in conditions occurs (Mar-
torell, 1989). Using transport documents of enslaved
Africans, Steckel (1987) found growth stopped in males
at 21 years of age and females at 19 years of age, with
both sexes achieving normal stature exceeding the 25th
centile as adults, despite falling below the first or second
centile of modern height standards as children. Steckel
(1987) credits this catch up growth, despite poor diet
and disease load during childhood, due to the improved
diet as young adolescents were forced into labor.

Catch up growth has been discussed more extensively
in recent bioarchaeological studies. For example, a sec-
ond study by Watts (2011) on VNC and adult stature in
a medieval population from Fishergate House, York
found small VNC size to correlate with early adult mor-
tality in both sexes, as well as selective mortality with
reduced stature in females. Watts (2011) suggests that
both sexes who died in early adulthood experienced
childhood age stress that affected their neural canal
development, but that males were not significantly
affected by physiological insults that occurred in later
age as they still achieved normal stature. This study
highlights the importance of catch-up growth that can
occur with improvement in environmental conditions,
and demonstrates it may differ between the sexes, per-
haps related to different gender-based biocultural buffer-
ing mechanisms. Temple (2008) also discusses catch-up
growth in his comparative study of stress indicators and
phenotypic variation in prehistoric Japan. The author
made a comparison of dental defects and stature
between Jomon foragers from eastern and western
Japan, the latter region showing more resource scarcity
and environmental stressors in prehistory. While forag-
ers from western Japan showed higher frequency of

enamel hypoplasia, there was no difference in stature
between the two regions, and Temple (2008) suggests
catch up growth may have occurred after the childhood
stress episodes. Importantly, this study considers the
issue of severity in stress insults. Temple (2008) argues
that early childhood stress that results in indicators
such enamel defects could represent simple episodic
events that may not affect long-term phenotypic varia-
tion in stature that is a highly canalized trait. Stature
was seen to decrease temporally, with stature decreasing
between the Middle and Late and Final Jomon phases
that is interpreted as reflecting chronic bouts of systemic
stress such as infection and dietary stress (Temple,
2008). Klaus and Tam (2009) also examined indicators of
systemic stress in the indigenous Mochica population of
Morrope from the Northern coast of Peru, finding an
increase in markers of stress, including porotic hyperoto-
sis and reduced long bone growth, in children potentially
stemming from increases in infectious disease rates after
colonial contact. Klaus and Tam (2009), however, note a
decrease in LEH that they interpret as reflecting high
epidemic mortality, and also suggest catch-up growth as
a factor because terminal adult stature was not signifi-
cantly reduced.

In another recent comparative study of stress indica-
tors and stature in Holocene foragers of the South Afri-
can Cape, Pfeiffer and Harrington (2010) argue that
Holocene foragers, while small in overall stature, do not
show growth stunting and show a tempo of normal
healthy growth. The skeletal individuals examined do
show evidence for early developmental insults with the
presence of both cribra orbitalia and growth arrest lines
(Harris lines), but the authors suggest that these stress
indicators paradoxically indicate that children were
growing well and surviving in a challenging environ-
ment (Pfeiffer and Harrington, 2010). In this case, the
authors point that the phenotypic signature of small
adult body size was maintained throughout the Holocene
by these ancestors of the KhoeSan groups by direct
selection for lighter and smaller bodies, perhaps for
energetic and environmental factors (Pfeiffer and Har-
rington, 2010, 2011). This study is highly relevant in
pointing out the complex interpretation of evolutionary,
developmental and environmental factors needed to
evaluate phenotypic variation in stature in the past.

Many contemporary bioarchaeological studies that
have used multiple stress indicators in a life course
approach also address the concerns of what is termed
“The Osteological Paradox,” particularly the issues of
selective mortality and heterogeneous frailty. The Osteo-
logical Paradox, first coined by in the seminal article by
Wood et al. (1992) laid bare the biased nature of patho-
logical indicators we examine in archaeological skeletal
samples. Selective mortality refers to fact that the skele-
tal data we use come from assemblages that are biased
representatives of the once-living population (Wood
et al., 1992; DeWitte and Stojanowski, 2015). Hidden
heterogeneity in frailty refers to fact that individuals
are unequal in their susceptibility to stress and disease,
and risk of death (Wood et al., 1992; DeWitte and Stoja-
nowski, 2015). Selective mortality acts on differential
frailty, so that individuals with the highest frailty at a
particular age are the most likely to die and end up in
the skeletal assemblage; as such they are not represen-
tative of all the individuals of that age in the entire
living population (Wood et al., 1992; DeWitte and Stoja-
nowski, 2015). A recent study by Vercelotti et al. (2014)
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specifically highlights the role of the Osteological Para-
dox and caution required in interpreting early life stress
and stature. Vercelotti et al. (2014) examined adult stat-
ure in two European medieval skeletal samples that
experienced varying degrees of stress in comparison
with stature growth in living populations from South
America. In the archaeological populations examined,
the authors found the medieval sample from Giecz,
Poland with the greater frequencies of stress indicators
(porotic hyperstosis and LEH) had taller stature as com-
pared with the medieval sample from Italy (Trino Vercel-
lese), contrary to what was expected (Vercellotti et al.,
2014). Vercelloti et al. (2014) do not imply that stress
had no impact on adult stature, but suggest that the
stature of the surviving group might be skewed due to
high selective pressures that eliminated short-statured
individuals in the population that experienced systemic
stress. At the same time the authors suggest this
allowed catch-up growth for those that survived with
improved adult diet (Vercellotti et al., 2014). As such,
tall stature in the Giecz assemblage paradoxically indi-
cates selective pressures rather than positive early life
conditions (Vercellotti et al., 2014). A particularly inter-
esting finding was the intertwined gender and status-
related patterns of stress and stature within the Trino
Verecellese sample. While high status in males was asso-
ciated with lower LEH and taller stature, no such asso-
ciation was found in females, although low status
females did show differences in LEH. The authors sug-
gest this pattern could be attributed to differential bio-
logical buffering with influential factors such as diet,
with low status adult males receiving poor diet (Vercel-
lotti et al., 2014). This study is also unique in comparing
patterns of growth with those in living populations that
generally parallel the patterns of stunting with inequal-
ity in the archaeological populations.

The majority of studies of skeletal assemblages that
have discussed selective mortality and/or frailty have
primarily examined dental enamel defects. As mentioned
earlier, a number of studies have found a relationship
between early mortality and the presence of dental
enamel defects (Goodman et al., 1988; Duray, 1996;
Steckel, 2005; Boldsen, 2007; Miszkiewicz, 2015). How-
ever, in recent years researchers have considered not
just the link between selective mortality and stress indi-
cators but also been explicit in trying to link stress data
to test the validity of the Barker and DOHaD Hypothe-
ses (Armelagos et al., 2009; Ahlstr€om, 2011; Weisensee,
2013; Amoroso et al., 2014; Temple, 2014). Armelagos
et al. (2009) was one of the first to test the validity of
the Barker Hypothesis using enamel defects in archaeo-
logical skeletal samples. In another sophisticated study
in the Late/Final Jomon period Temple (2014) used LEH
indicators and incremental microstructures of enamel to
test two theories of early life stress, the predictive
adaptive response (PAR) and the plasticity/constraint
theory discussed earlier. Temple (2014) hypothesized
that if enamel defects reflected a PAR response, then
there would be no relationship between age-at-death and
early life stress measured by LEH that would indicate
the Jomon in this time period were able to resist future
stress events. In contrast, he hypothesized if the plastic-
ity/constraint model is a better fit, then individuals who
experienced early life stress as indicated by LEH would
be less effective at future investment in growth and
maintenance due to the mitigation of early life stress
(Temple, 2014). Temple (2014) found that individuals

with dental defects that occurred early in life were at a
greater risk of forming defects again at later stages and
of dying at younger ages, in support of the plasticity/con-
straint model that suggests the plasticity in development
observed is a life history trade-off. This study adds to
the previous bioarchaeological studies that have shown a
clear relationship between early life stress and early
mortality. Interestingly, Temple (2014) found that
growth disruptions that occurred early were the ones
that affected future risk of stress disruption and risk of
mortality, suggesting that these early stress indicators
could have occurred at a critical developmental period
that had greater long-term consequences. Amoroso et al.
(2014) however, found conflicting support for the
DOHaD hypothesis in their study of early mortality,
LEH and socioeconomic-related quality of life in a mod-
ern skeletal sample (19th–20th century) from Lisbon.
They found that while the presence and severity of LEH
was related to early mortality, socioecomic circumstance
accounted for most of the association with premature
mortality (Amoroso et al., 2014). However, a study of
another indicator of early life stress in the Lisbon collec-
tion, craniofacial fluctuating asymmetry, showed a posi-
tive association between those who died from
degenerative diseases and higher asymmetry (Weisen-
see, 2013), perhaps pointing again to the complexity of
interpreting early life stress. The study of stress indica-
tors, their relationship to growth disruption, and their
role in adult bone morphology, as well as overall morbid-
ity and mortality, is clearly complicated. While these
studies suggest caution in interpretation, the most
recent work also demonstrates the contribution of bio-
archaeological studies to explore the validity of life
course theories.

Life course approaches to diet in the past

In recent years there have also been studies of paleo-
diet and paleomobility that have taken a life course
approach. While trace elemental and stable isotopic
analyses have become widespread methods for recon-
structing diet in past humans, recent studies have used
isotope signatures from different parts within bones and
teeth to reconstruct diet change over the life course.
While these studies examine the variability of bone
chemical signatures stored in the skeleton over the life
course rather than strict bone morphology, they have
great potential to give longitudinal dietary data that are
clearly relevant to contextualizing observed bone growth
and structural morphology in the past. More impor-
tantly, the goal of these studies is to gain a fuller under-
standing of individual life histories that can
simultaneously be used to assess the role of biocultural
and environmental influences on past communities.

Stable isotopes of carbon and nitrogen are the most
widely used in isotopic analyses of paleodiet. In brief,
stable carbon isotopes in plants vary according to the
photosynthetic pathway they use. Animals that consume
plant matter will incorporate a portion of the carbon
from the plant food source into their tissues. Terrestrial
plants utilize one of three photosynthetic pathways, and
the carbon products that result from these systems have
variable stable isotope ratios (Knudson et al., 2012).
Most terrestrial plants (that include most cereals,
legumes, vegetables, nuts, and fruits) use the C3 path-
way, or Calvin-Benson, while mainly tropical grasses
(like maize, millet, and sugarcane) use the C4, or
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Hatch-Slack photosynthetic pathway (Katzenberg, 2000;
Tykot, 2006; Schoeninger, 2011). The third pathway is
the CAM (Crassulacean Acid Metabolism) pathway that
results in d13C values intermediate between C3 and C4

pathways which includes cacti and succulents (Ambrose,
1993; Katzenberg, 2000; Schoeninger, 2011; Knudson
et al., 2012). Carbon isotope values also differ signifi-
cantly between organisms from marine versus terrestrial
ecosystems as a consequence of dramatic differences in
the carbon sources of these two reservoirs (Katzenberg,
2000; Schoeninger, 2011; Knudson et al., 2012). The car-
bon isotope values in the hydroxylapatite portion of
bones and teeth reflect the carbon sources from all
plants and animals in the whole diet, and carbon values
from the organic collagen portion of bones and teeth
tend to disproportionately represent carbon that is
derived from protein sources in the diet (Ambrose and
Norr, 1993; Schoeninger, 2011). As such, analysis of car-
bon isotope ratios from both the collagen and the
hydroxyapatite component give more complete informa-
tion about the full dietary composition (Ambrose, 1993;
Schoeninger, 2011). Nitrogen values are derived from
the collagen portions of bone and dentine in teeth and
are linked to consumed protein sources. Stable nitrogen
isotopes vary according to trophic level, and in general
levels of d15N are higher in marine organisms vs. terres-
trial organisms, and as such are useful for identifying
marine food consumption, although the contribution of
marine foods in an individual’s diet would increase both
the d15N and d13C values of bone collagen (Schoeninger
and DeNiro, 1984; Schoeninger, 2011; Knudson et al.,
2012). Nitrogen isotopes also are used in the reconstruc-
tion of breastfeeding and weaning practices in the past
as children being breastfed have d15N values approxi-
mately three parts per million higher than their mothers
that begin to decrease at the given rate of weaning,
eventually leveling off to the value of the solid diet
(Schoeninger and DeNiro, 1984; Fogel et al., 1989; Tsu-
taya and Yoneda, 2015). In addition there have been
studies of sulfur, hydrogen, strontium, and oxygen iso-
topes in recent years (Schoeninger, 2011; Tsutaya and
Yoneda, 2015), with stable oxygen isotopes and radio-
genic strontium isotopes being used for studies of paleo-
mobility (Knudson, 2009; Schoeninger, 2011; Knudson
et al., 2012).

Hundreds of archaeological studies have utilized iso-
topic analyses to examine questions related to diet in
the past, and more recent studies have used isotopic
analyses to address larger anthropological questions con-
cerning social status, gender, forensics, and diet
throughout human evolution (for detailed reviews of iso-
topic analyses see Schoeninger and DeNiro, 1984;
Schwarcz and Schoeninger, 1991; Ambrose, 1993; Kat-
zenberg, 2000; Ambrose and Krigbaum, 2003; Lee-Thorp
and Sponheimer, 2006; Schoeninger, 2011).Isotopic stud-
ies that have particularly used a life course approach
have become increasingly common. Many have used iso-
tope analysis to understand early diet and growth, par-
ticularly the study of weaning age. Differences in
nitrogen isotopes in bone collagen and oxygen isotopes
in tooth enamel between individuals of different ages
have been used to determine age at weaning in the past
(e.g. Katzenberg and Pfeiffer, 1995; Herring et al., 1998;
Schurr, 1998; Wright and Schwarcz, 1998; Dupras et al.,
2001; Pearson et al., 2010; Tsutaya and Yoneda, 2015).
More recently, there has been an effort to extend this
approach to examine not only dental tissue formed in

early growth and childhood, but also tooth and bone
formed at differing periods or rates to build a life history
perspective on past diets. Tooth enamel is made up of
primarily hydroxyapatite, and forms in childhood and
does not undergo subsequent remodeling. Primary den-
tine that makes up a significant amount of the tooth is
high in collagen and is also formed mostly in childhood
(Sealy et al., 1995; Sandberg et al., 2014). A small
amount of secondary dentine is added near the pulp cav-
ity later in life, and tertiary dentine can be added in the
case of injury (Sealy et al., 1995). The adult secondary
dentition begins to form at birth, with the molars start-
ing mineralization at birth and complete at about 11 to
12 years of age, while the final third molars start to
form at 7 years of age with roots completing growth in
the early 1920s (Sealy et al., 1995; Hillson, 2005). As
such, isotopic analyses in the dental enamel and dentine
can provide information from childhood and early life.
Bone however, models and remodels during life in
response to physiological needs and biomechanical
stress. Further, rates of bone turnover also vary across
the skeleton depending on stress levels and/or composi-
tion of trabecular versus cortical tissues (Stout and
Lueck, 1995; Robling and Stout, 2004). While bone tissue
can reflect mineral and collagen material accumulated
over a decade, cortical bone in long bone shafts can have
slower remodeling as compared with skeletal elements
with high turnover in cancellous bone that reflect bone
tissue in recent years of life (Sealy et al., 1995; Stout
and Lueck, 1995). As such, isotope analyses of different
skeletal elements and teeth have the potential to record
diet or residence patterns along different points of the
life course and provide a type of “longitudinal” dietary
data.

White (1991) made the first life history study of iso-
topic signatures from multiple tissues in Nubian mum-
mies. Sealy et al. (1995) subsequently used five South
African archaeological skeletons to examine stable iso-
tope signatures from teeth as compared with bone, and
by looking at skeletal elements with different rates of
remodeling. The use of isotopic signatures in different
teeth and comparisons of both enamel and dentine has
allowed more detailed information on the process of
breastfeeding practices in the past including the age of
weaning, the introduction of solid foods, and duration of
weaning. For example, Wright and Schwarz (1998) made
foundational studies on the difference in carbon and oxy-
gen isotopes in enamel between teeth within skeletons,
as well as a comparative study of these signatures in
tooth enamel with carbon and nitrogen signatures in
dentine in a Prehispanic sample from Kaminlijuyu, Gua-
temala (Wright and Schwarcz, 1999). Dupras and Toche-
ri’s (2007) study of weaning age in Roman period
skeletons from Dakhleh Oasis, Egypt also used both
enamel and dentine samples, examining differences in
isotopes in utero, postbirth, pre and postweaning, as
well as juvenile to adult ages. The use of both dental tis-
sues allowed a longitudinal picture of isotopic signatures
that suggests extended breastfeeding practices (Dupras
and Tocheri, 2007). Approaches that examine isotopes in
teeth across the life course as compared with conven-
tional cross-sectional analyses are particularly notewor-
thy as they circumvent the issues associated with
mortality bias and the danger of assessing weaning age
from children that died during the process.

The few recent studies that have successfully extended
the use of intratooth stable isotope analysis with
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concurrent consideration of early stress indicators such
as LEH relate most directly to the focus of this article.
For example, Sandberg et al. (2014) conducted a study of
dentine intratooth stable carbon and nitrogen isotope
profiles in a small sample of adults from the medieval
Nubian site of Kulubnarti in Sudan, and compared the
profiles to the age-of-occurrence of LEH timing. The
authors found that hypoplastic stress indicators occurred
during weaning rather than before or after the weaning
process. Interestingly, when their data was compared
with previously published cross-sectional data that
included bone isotopic signatures from juvenile and
adult bone, the adult survivors appear to have been
weaned earlier than nonsurvivors (Sandberg et al.,
2014). The data suggests that individuals that relied on
breastfeeding too long may have suffered from greater
malnutrition stress in this population. More recent stud-
ies have also followed the early work by Sealy et al.
(1995) and Cox and Sealy (1997) in examining isotopic
profiles in multiple teeth along with samples of bone tis-
sue. For example, Richards et al. (2002) utilized this life
course approach to examine carbon and nitrogen iso-
topes of both rib bone and teeth to get a fuller picture of
weaning age but also diet through childhood to adult-
hood. The authors found that both teeth and bone indi-
cate that weaning occurred at about 2 years of age, and
that weaning was relatively abrupt. Also, the diet in
early/middle childhood as indicated by nitrogen isotopes
appears different than in later years, possibly reflecting
more plant based consumption in these childhood years.
In a particularly sophisticated study of dental and bone
isotopes, Reitsema and Vercelloti (2012) examined diet
over the life course, and between status and sex sub-
groups in the medieval sample from Trino Vercellese,
Italy. The results indicated a diet that was based on ter-
restrial resources and C4 plants, but that low-status
males differed from high-status males and females (Reit-
sema and Vercellotti, 2012). Interestingly, the authors
note that the differences only develop in adulthood as
childhood diets are all similar (Reitsema and Vercellotti,
2012). It is argued that there may have been a cultural
buffer that gave females and children preferential access
to better dietary foods, in agreement with the subse-
quent study by Vercelotti et al. (2014) on stress indica-
tors in the same sample discussed earlier.

Studies of isotopic signatures in the past that use both
dental and skeletal tissues are the most promising ave-
nues for life course research, particularly in combination
with other stress indicators or measures of bone mor-
phology. Studies in smaller pilot samples and larger
samples have shown methodological improvements in
isotope analysis and continue to offer the possibility of
tracking temporal relationships of breasfeeding and
weaning along with later dietary patterns in single indi-
viduals, such as with tooth dentine serial sections
(Fuller et al., 2003; Eerkens et al., 2011; Beaumont
et al., 2013b; Eerkens and Bartelink, 2013; Burt and
Garvie-Lok, 2013; Sandberg et al., 2014) laser ablation
of enamel (Sandberg et al., 2012), or incremental sam-
pling of hair keratin (Beaumont et al., 2013a). Jørkov
et al. (2009) has also shown that the inner layers of the
adult petrous part of the temporal bone can show diet in
the fetal and early stages of life in a Medieval sample
from Denmark, as this part of the skeleton is a small
area that does not undergo any bone turnover after
about 2 years of age. Bell et al. (2001) further developed
the method of examining temporal isotopic signatures

from bone by examining different mineral densities in a
single bony element using bone density fractionation
along with stable isotope measurement, raising the
exciting potential of gaining information on the last
years down to even months before of an individual’s
death. Finally, strontium and stable oxygen isotopes can
be used for evidence of paleomobility, and in conjunction
with other isotopic analyses to build a life history
approach to both diet and childhood residence (Chenery
et al., 2010; Knudson et al., 2012). While there is still
much to be learned about interpreting variation in iso-
topic signals within and between bones and teeth, and
concern on particular issues such as isotopic trophic off-
sets in studies of weaning (Reynard and Tuross, 2015),
the application of isotopic methods will continue to be
key in life course studies in the past.

Examining embodied life experience and the
individual in bioarchaeology

The concept of the body as a product of both biological
and social developmental context is central to develop-
mental system theory approaches to plasticity and also
in archaeological and epidemiological perspectives on
embodied life experience. Ingold (1998) has argued that
the body is a developmental system that is contextually
dependent, and that more importantly humans grow
and are active in their development through engagement
with the social world. This social engagement can be
both conscious (with agency) and/or unconscious
(Krieger, 2001; White et al., 2009). Social anthropological
discourse on embodiment has situated the body in its
environmental context, and has strived to used concepts
such as the “embedded body” and “local biologies” to
highlight the importance of individual experience and
external variables on creation of the body (Lock, 1993,
2015; Niew€ohner, 2011), and most recently to even aug-
ment epigenetic interpretation (Lock, 2015). Important
in these theoretical concepts of the body is the notion
that bodies are dynamic and fluid, changing and created
by what we do and experience over the lifetime (Ingold,
2013; P�alsson, 2013). Theoretical approaches of embodi-
ment and the life course have been utilized in the analy-
sis of mortuary data (Joyce, 2000; Meskell, 2000;
Stoodley, 2000; Sofaer Derevenski, 2002; Crossland,
2010), but are not widely applied in the examination of
skeletal data (Agarwal, 2012). In broader archaeology,
scholars have emphasized the importance of a life course
perspective in providing contextualization for the physi-
cal lifecycle (Gilchrist, 2000; Knudson and Stojanowski,
2008). There has also been a theoretical engagement in
archaeology with ideas of individual agency and person-
hood (Dobres and Robb, 2000; Hamilakis et al., 2002;
Fowler, 2004; Joyce, 2005), and more recently bioarch-
aeologists have taken this work more seriously to exam-
ine intersecting aspects of social identity from the
skeletal body (Sofaer, 2006a; Knudson and Stojanowski,
2008; Agarwal, 2012). For example, Joanna Sofaer
(2006b) and Rebecca Gowland (2006) emphasize the
developmental process of gender over the life course,
linking the study of gender with aging. Life course
approaches such as these have also been used in recent
years to consider aspect of aging and growing old (Robb,
2002; Gowland, 2009; Appleby, 2010), or childhood from
archaeological skeletons (Perry, 2008; Redfern and Gow-
land, 2012; Barrett, 2014; Blom and Knudson, 2014;
Ellis, 2014). Fundamentally, the emphasis in these
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approaches is on the importance of social life in the crea-
tion of the biological skeleton. Sofaer (2006a) suggests
viewing the skeleton as a form of material culture
crafted through lived experience that blurs the division
of the biological and social body. Studies that seek the
integration of social theory into study of the skeleton,
are still focused on bony indicators such as diet, stress
and health, but do so with a humanistic focus on people
the past with an eye to observe skeletons as a product of
lived experience.

While the emphasis in bioarchaeology traditionally
has been on variation in bone morphology or chemistry
at the population level, there has been a contemporary
resurgence of interest in the study of individual life his-
tories through the examination of bony indicators of food
consumption, activity patterns, disease experience and
movement across biosocial landscapes. Importantly,
these indicators are reconstructed alongside considera-
tion of archaeological and archival contextual informa-
tion as available (White et al., 2009) .Termed
“osteobiographies,” a word first coined by Frank Saul in
1961 (Saul et al., 1989), these bioarchaeological studies
offer valuable insight to life course approaches in the
past. There have been many osteobiographical studies of
archaeological skeletons (for example Hawkey, 1998;
Williamson and Pfeiffer, 2004; Mayes and Barber, 2008;
Barrett and Blakey, 2011) and even a recent edited vol-
ume devoted to the approach (Stodder and Palkovich,
2012). While the focus is on individual skeletons, the
goal of many of these studies is certainly to use data
from the individual level to gain an understanding of
skeletal variation at the population level, and to contrib-
ute to developing larger biosocial questions about the
community (Robb, 2002).

A number of studies are noteworthy in specifically tak-
ing on a life course perspective to osteobiographies. For
example Hawkey (1998) examines the progression of dis-
ability and pathology over the life course in her study of
an individual from historic Gran Quivira Pueblo, New
Mexico. Her approach is unique, focused not just on the
disease, but the changes in joint and muscular move-
ments and the correspondence to impairment over the
life cycle. Similar osteobiographic accounts have been
used in the study of activity and trauma patterns, and
infectious disease on the skeleton over the lifecourse.
For example, Heathcote et al. (2012) discuss violent
trauma and evidence for arduous activity patterns that
build from early life in a 16th to 17th century Chamorro
man, set within the historical understanding of Cha-
morro “strong men” builders and stoneworkers. Simi-
larly, Kn€usel (2012) uses a life course approach in his
impressive study of elbow injuries in a small skeletal
sample of medieval men from England. Kn€usel (2012)
utilizes both skeletal and archival data, and detailed
modern clinical data, to build a compelling understand-
ing of how embodied behaviors that begin in young age
and can lead to distinctive skeletal morphology that
reflects how male identity changed and developed over
the life course. Baker and Bolhofner (2014) use a con-
texulized approach to an early 15th century burial of a
young woman from a basilica at Polis Chrysochous on
Cyprus to show the biological and social effects of lep-
rosy. Recent studies that combine bioarchaeological and
biochemical methods to build osteobiographies are also
particularly noteworthy. For example, Knudson et al.
(2012) examined stable and radiogenic isotopes of
enamel, bone and hair together with burial context to

reconstruct diet and mobility over the lifetime in an iso-
lated Andean individual buried along a pre-Columbian
route in the Atacama Desert, Chile, an individual they
suggest was likely regularly moving across a strategic
trade/resource route. In another study by Torres-Rouff
and Knudson (2007) of an individual buried in a larger
cemetery in the San Pedro de Atacama oases, the
authors use isotopic life history information in combina-
tion with skeletal indicators of lifestyle and activity, to
demonstrate that despite foreign birth the man was fully
acculturated into Atacame~no society during his life.
Douglas and Pietrusewky (2012) use both isotopic data
and skeletal data from a Bronze age skeleton from Ban
Chiang, Thailand to show the skeletal changes in an
male immigrant who led a long life as a skilled crafts-
man. In another osteobiographic study by Wilson et al.
(2007), the authors use both stable isotopes and aDNA
evidence in four Andean child mummies to illuminate
the preparatory stages and life of the children before
their ritual killing.

While there is a sentiment that large sample size
analyses in bioarchaeology allow more rigorous hypothe-
sis testing, analysis at the individual level is critical if
we are to understand fully the range of plasticity of the
skeleton over the lifecourse. Analyses of individuals
allow the detailed and nuanced exploration of morphol-
ogy that does not always fall within the normal distribu-
tion of the larger community. What is key is the use of
multiscalar analyses that utilize a comparative approach
of examining both individual and population level bony
signatures simultaneously, and make clear the larger
anthropological questions sought in the osteobiographic
study. Finally, critiques of the focus on the individual
also note the imaginative exploration that is found in
some analyses, as is particularly the case with the use of
fictive narrative in osteobiography (Boutin, 2011, 2012).
However, even narrative approaches are based within
rigorous bioarchaeological analysis. Osteobiographies
clearly provide a more experiential and humanistic
approach to skeletal remains, but that does not mean
they are less valuable than traditional biological
approaches to understanding the plasticity and develop-
ment of the skeleton over the lifecourse.

BONE STRENGTH, MAINTENANCE, AND LOSS
OVER THE LIFE COURSE

Studies of bone development and plasticity in archaeo-
logical samples have focused largely on growth, stress,
and diet as discussed above. However, studies that have
emphasized biomechanical and physiological influences
on bone strength and loss in past populations are also
central to life course approaches to bone morphology.
The examination of long bone strength through the anal-
ysis of diaphyseal cross-sectional geometry is a widely
used method in bioarchaeology to understand behavior,
particularly changes in mobility in past populations.
While most studies do not explicitly use a life course
approach, the study of bone strength in archaeological
samples examines the formation and maintenance of
long bone shape and size over the lifetime, and empha-
sizes the cumulative influence of biomechanical strain
that begins in early adolescence and adulthood. There
have been many comparative temporal and geographic
bioarchaeological studies of bone structural analyses,
and studies have moved to a consideration of both bio-
mechanical as well as nonmechanical influences on
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morphological variation over the life course. There is
also a greater concern toward understanding bone
growth, remodeling and loss across the different bone
envelopes, and how these change over the life course.

Long bone structural analyses of early hominids and
modern humans are used to investigate a number of
questions such as the role of climate on long bone struc-
ture and activity patterns. However, the majority of
studies of diaphyseal bone structure have focused on
questions related to past behaviors, such as changes in
labor practices with shifts in economic or subsistence
strategies. Studies have also noted differences in bone
shape between the sexes that are suggested to be related
to gendered differences in activity patterns in combina-
tion with sexual dimorphism in body shape (Ruff and
Larsen, 2014). For example Ruff and Hayes (1983)
showed that sex differences in lower limb structure for
males and females from Pecos Pueblo related both to pel-
vis shape differences and to gendered activities where
particular types of movements and associated biome-
chanical stress differed for Pecos men and women. More
recently studies have considered how long bone struc-
ture changes over the life course, and intersects with
other variables such as sex and status. For example,
long bone analyses of samples from the Mayan site of
Xcamb�o suggest that labor patterns changed for men
through time and that women had similar strenuous
workloads despite some women being “elite,” suggesting
a strong sexual division of labor that united women’s
work despite class differences (Maggiano et al., 2008).
All of these studies underscore the importance of post-
natal plasticity in bone shape and size. While caution
has been noted over simplistic interpretations of long
bone structural analyses (Lieberman et al., 2004; Pear-
son and Lieberman, 2004; Cowgill, 2010), comprehensive
research in recent years has clarified the complexity of
influences on long bone shape and size. In particular,
research has shown that bone shape is a better indicator
of mobility differences than bone size (Wescott, 2006;
Ruff and Larsen, 2014), and that changes in shape and
rigidity in the lower limb correspond to ontogenetic
changes in loading related to learning to walk and gain
mature gait patterns (Wescott, 2006; Cowgill et al.,
2010). There have been only a few bioarchaeological
investigations of variation and the trajectory in robustic-
ity and strength in juveniles (Ruff et al., 1994; Wescott,
2006; Cowgill et al., 2010), however, a continued under-
standing of changes in bone shape and size over the life
course is needed.

Recently there has been study of the temporal trends
in bone structure and density. Ruff et al. (2015) exam-
ined temporal trends in upper and lower long bone
strength in a large number of European skeletons dating
from the Upper Paleolithic to the 20th century. The
authors found a decline in mediolateral bending strength
that is interpreted as reflecting the decline in mobility
with the shift from foraging toward food production from
foraging (Ruff et al., 2015). These findings are also con-
sistent with the recent study of temporal changes in tra-
becular architecture in humans (Chirchir et al., 2015;
Ryan and Shaw, 2015). Ryan and Shaw (2015) examined
femoral trabecular architecture in four archaeological
human populations representing foragers and sedentary
agriculturalists, finding forager groups to have higher
bone volume and thicker trabeculae that was interpreted
as likely resulting from high physical activity at a young
age. Chirchir et al. (2015) found low trabecular density

in limb epiphyses in recent modern humans as compared
with extinct hominins, including pre-Holocene Homo
sapiens that is also interpreted as relating to increased
sedentism. While these studies indicate increased gracil-
ity of the modern human skeleton, it is unclear if this
trend is primarily the result of decreased mechanical
stimulus during development or also the result of direct
selection for gracile and perhaps lighter skeletons as the
selection pressure for more robust skeletons was lost
with sedentary lifestyles (Martin, 2003; Chirchir et al.,
2015). It should also be noted that not all human groups
became strict sedentary food producers, some retained
considerable mobility foraging or as pastoralists. Fur-
ther, while these studies focus on changes in mid aged-
adult bone, there was no direct consideration of sex-
related changes or how these changes may have played
out over the life course. A better understanding of the
developmental interplay between various genetic and
nonmechanical influences on skeletal robusticity is criti-
cal to examining adult bone morphology. Getting at
changes on the different the bone envelopes, particularly
endosteal versus periosteal surfaces, is certainly key to
this understanding (Gosman et al., 2011; Ruff and
Larsen, 2014). Studies indicate that the periosteal sur-
face is more sensitive to mechanical influences during
growth and before adolescence, whereas the endosteal
surface in long bones is more sensitive to mechanical
influences after mid-adolescence (Ruff et al., 1994; Gos-
man et al., 2011; Ruff and Larsen, 2014). It is important
to understand bone remodeling and modeling processes
and how material properties of bone change dynamically
during growth and aging if we are to interpret the static
bone morphology observed in the archaeological record
(Currey, 2003; Agarwal and Beauchesne, 2011; Gosman
et al., 2011). Two notable recent studies have attempted
to consider both systemic and mechanical influences on
bone structure and biology in archaeological samples.
Temple et al. (2014) compared skeletal growth and stress
between an Early Neolithic and Late Neolithic foragers
from Cis-Bakal, Eastern Siberia, examining stature,
cortical thickness, and medullary width. They found
that the Early Neolithic sample, that previously showed
skeletal evidence for systemic stress, exhibited stunting
in femoral length and wasting in body mass, but no dif-
ference from the later Neolithic sample in cortical bone
measures (Temple et al., 2014). The authors suggest that
biomechanical strain may still have been sufficient in
the early Neolithic despite systemic stress affecting
growth (Temple et al., 2014). A study by Schug and
Goldman (2014) also attempted to examine midshaft
femoral bone morphology along with another indicator of
bone turnover in the study of stress in a second millen-
nium BC prehistoric sample of immature skeletons from
India. The authors found that immature femora show
alteration in cross-sectional bone shape that is consist-
ent with the acquisition of locomotor behavior, as indi-
cated by previous studies of ontogenetic changes noted
earlier (Schug and Goldman, 2014). However, children
during the first 10 years of life with low BMI, also show
reduced compact bone mass consistent with a significant
increase in cortical bone porosity (Schug and Goldman,
2014).

Such studies are important in demonstrating the com-
plex interplay of systemic and mechanical influences on
bone strength, morphology and quality over the life
course. In the study of children from the prehistoric vil-
lage of Inamgaon, India the extreme effects of wasting
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and poor health on bone growth and metabolism could
have had long term effects on adult bone morphology
and health as suggested by life course theories in epide-
miology discussed earlier (Schug and Goldman, 2014).
Bioarchaeological studies that have examined bone
remodeling and aging are also relevant to the study of
plasticity in adult bone morphology. Studies of bone loss
in bioarchaeology have focused primarily on the influen-
ces of nutrition and physical activity on bone mainte-
nance (Agarwal, 2008), although there has been
consideration of the influence of early growth and devel-
opment on the mature skeleton in archaeological sam-
ples. The classic studies of bone loss in Sudanese Nubia
were some of the first to consider and compare bone
growth and maintenance in both juvenile and adult skel-
etons. Armelagos et al. (1972) suggested that femoral
cortical bone loss in young-aged female Nubians was
likely due to early growth disturbance and stress as
young adults during pregnancy and lactation. A later
study by Van Gerven et al. (1985) of cortical bone growth
maintenance in juvenile Nubians from the Kulubnarti
site found that while bone mineral content increased
after birth, the process of modeling combined with likely
periods of nutritional stress, caused a reduction in per-
cent cortical area during early and late childhood. More
recently studies have also focused on the structural vari-
ation of trabecular bone during growth. For example
Kneissel et al. (1997) examined both ontogeny and aging
patterns of trabecular bone in the vertebrae of a medie-
val Lower Nubian skeletal sample of juvenile and adults
from Egypt. They found the trabecular bone volume to
be greatest during adolescence when the juvenile rod-
like trabeculae begin to change to plate-like structures
(Kneissel et al., 1997). Kneissel et al. (1997) also noted
that age-related loss of trabecular structure in adults
occurred earlier than in modern populations. More
recently, Gosman and Ketcham (2009) examined ontoge-
netic patterns in trabecular bone in the tibia in skele-
tons from the prehistoric Ohio Valley, noting changes in
trabecular architecture from growth to skeletal maturity
and with increasing ambulatory activities. A unique
study by Rewekant (2001) correlated growth patterns
and developmental stress with variation in skeletal mor-
phology and bone loss. Rewekant (2001) examined the
correlation of adult cortical bone loss with indicators of
growth disturbance (specifically compression of the skull
base and vertebral stenosis) in two Polish medieval pop-
ulations with differing socioeconomic statuses. Greater
metacarpal cortical bone loss was found in the popula-
tion that also showed greater disturbance of bone growth
during childhood (Rewekant, 2001). The population that
appeared to have suffered greater environmental stress
during growth also showed lower sexual dimorphism in
measurements of metacarpal cortical bone and skull
base height, suggestive of a relationship between the
disturbance of growth and the achievement of peak bone
mass, as well as later age- and sex-related patterns of
bone loss (Rewekant, 2001)

Reproductive behavior is another factor that may
influence the trajectory of bone maintenance and loss in
older age. As suggested earlier, studies in the archaeo-
logical skeletons of Nubian females were thought to
reflect pregnancy and lactation stress (Martin and
Armelagos, 1979, 1985; Martin et al., 1984). Similarly,
recent studies of low bone mineral density in young
female medieval skeletons from Denmark (Poulsen
et al., 2001) and Norway (Turner-Walker et al., 2001;

Mays et al., 2006) have emphasized that this is a result
of insufficient nutrition together with pregnancy and
lactation stress. However, applying a life course perspec-
tive, it is unclear what the influence of reproduction in
young adulthood would have had on later adult bone
mass and strength in these populations. For example,
Vogel et al. (1990) study of a historical European
skeletal sample found that female skeletons showed bet-
ter trabecular connectivity when compared with modern
populations, which was attributed to the benefits of high
parity. While this seems contradictory to studies that
suggest reproductive stress results in bone loss, it has
been argued that the loss of bone during the reproduc-
tive years in women in the past was transitory, and that
in many circumstances bone loss during reproduction
would have little or no effect on long-term bone fragility
in women who would have survived to old age (Agarwal
and Stuart-Macadam, 2003; Agarwal et al., 2004; Agar-
wal, 2008; Agarwal and Grynpas, 2009).

These bioarchaeological studies emphasize the impor-
tance of early life experiences on the strength and fragil-
ity of the adult skeleton. While influences such as
nutrition, physical activity, and reproduction are critical
to understanding bone growth and maintenance, it is
increasingly evident that what is key to understand are
the trajectories these influences take over the life course
in each individual and community (Fausto-Sterling,
2005; Agarwal and Beauchesne, 2011), and particularly
how they affect bone metabolism along the different
areas and bony envelopes of the skeleton (Robling and
Stout, 2004; Peck and Stout, 2007; Gosman et al., 2011).
An example of the complex influences on bone morphol-
ogy, maintenance and fragility is seen in the well-
studied British medieval skeletal sample, Wharram
Percy. Mays et al. have found age- and sex-related loss
of cortical bone mass and mineral density at Wharram
Percy similar to modern populations (Mays, 1996; Mays
et al., 1998). A later study by McEwan et al. (2005) then
examined the correlation of radial bone mineral density
(BMD) to indicators of growth disturbances (specifically
cortical index (CI), Harris lines, and cribra orbitalia)
typically attributed to poor nutrition, in juvenile skele-
tons from the sample. Bone mineral density was found
to be correlated with overall growth but not strongly cor-
related with the cortical index (CI), the latter showing
greater sensitivity to environmental stress (McEwan
et al., 2005). The correlation with reduced cortical index
and stress markers was also as seen in the prehistoric
Nubian study by Van Gerven et al. (1985), discussed
above. McEwan et al. (2005) suggest that perhaps bone
mineral accrual is relatively stable despite environment
(nutritional) stress as compared with cortical bone mod-
eling, and a similar finding was also noted in the femur
cortical index measurement (Mays, 1999). These studies
suggest that long bone cortical thickness is strongly
influenced by nutritional stress and that reduced bone
quantity during modeling can be carried into adulthood
acerbating later loss of bone density. However, the same
population shows little or no evidence for typical fragil-
ity fracture (McEwan et al. 2005). Further, study of bone
loss in the trabecular bone tissue of the vertebrae shows
atypical patterns with bone loss in young age-females,
and no significant difference in bone loss between the
sexes in old age that has been suggested to reflect the
role of reproductive factors in bone maintenance (Agar-
wal et al., 2004; Agarwal and Grynpas, 2009). Transitory
bone loss would be expected in women of reproductive
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age in the archaeological record as they were often likely
pregnant or lactating at the time of death, while high
parity and extended lactation may have conserved and
strengthened bone post-menopause in the long (Agarwal
et al., 2004; Agarwal and Grynpas, 2009). The patterns
of bone maintenance and bone loss over the life course
and in the differing bony tissues, suggests that bone loss
Wharram Percy was not solely an outcome of aging and
menopause.

While there have been numerous studies of bone aging
and osteoporosis in bioarchaeology, the etiology of bone
loss in the past remains unclear (Agarwal, 2008; Agarwal
and Grynpas, 2009). In some regions archaeological sam-
ples show temporal and/or spatial patterns of bone loss,
but many do not, and many populations in the past have
different patterns of bone loss and fragility than those
observed in modern Western populations (Agarwal,
2008). Like all bioarchaeological studies, those on bone
loss in the past are problematic, and suffer from the use
of often incomplete or biased skeletal samples, and the
difficulties related to age determination in older individu-
als. However, the variable patterns of bone maintenance
fragility in the past are in some ways not surprising
given that groups in the past would have had very differ-
ent biosocial histories from our own (Agarwal and Beau-
chesne, 2011). Studies of osteoporosis in the past deal
with how much bone is laid down during growth, and
how it is shaped and lost in later life. Bone maintenance
and loss is the result of ontogenetic processes over the
life course, with trajectories of bone maintenance laid out
in early growth, refined during adulthood, and played
out and modified within the everyday individual and gen-
erational choices of behavior and life experience (Agar-
wal and Beauchesne, 2011) (Fig.1). This perspective is
grounded in the social concepts of mentioned earlier of
the body being “embedded” in its biosocial environment
(Niew€ohner, 2011) and the creation of “local biologies”
that are the result of a fluid and dynamic trajectory of
development that is influenced by internal and external
processes (Lock, 1993, 2015). If we observe only a snap-
shot of bone morphology (such as bone loss in only an
older adult individual, only one area of the skeleton or
using only one method) we end up with a skewed per-
spective on the complex and unique path that has cre-
ated the observed bone morphology. The examination of
bone quantity and quality is an ideal method to assess
bone plasticity and development as it directly reflects the
lived experience of the body crafted at the cellular level
through bone remodeling. This approach views plasticity
as more than adaptation to specific environmental con-
texts, and instead as a developmental process where
plasticity is seen as constructing the body and skeleton
over the lifecourse and potentially over generations of
multiple life cycles, as suggested by the developmental
systems theory (DST) models discussed earlier (Oyama,
2000b; Oyama et al., 2003; Fausto-Sterling, 2005; Agar-
wal and Beauchesne, 2011).

This theoretical approach has been supported by
recent biomedical and epidemiological studies on bone
mineral density and loss. Infant and adolescent growth
spurts have been shown to be influential in defining later
adult bone quality and quantity (Cooper et al., 2001,
2002, 2006; Miller, 2005; Javaid et al., 2006). While peak
bone mass (the maximal amount of bony tissue accrued
during growth) is generally thought to be inherited (Dun-
can et al., 2003), heritability of bone mass is complex,
and is a fluid measure based on a relationship between

population and environment variance (Seeman, 1999). As
age, height, gender, and body composition vary, so do
heritability measures of bone mass or density (Seeman,
1999). Cooper et al. (2006) have suggested that fetal pro-
gramming along with environmental cues early in life
interact with the genome to create the boundaries of
growth and development for a given individual. These
developmental boundaries or trajectories may originate
in the expectation of future environmental conditions, as
outlined in theories such as the predictive adaptive
response (PARS) (Gluckman and Hanson, 2004). Fetal
programming by maternal under nutrition has been
shown to be a risk factor for low birth weight (Cooper
et al., 2002), and low birth weight is strongly correlated
with lower levels of basal growth hormones placing indi-
viduals at risk for lower peak bone mass, reduced miner-
alization, and an elevated rate of bone loss later in life
(Cooper et al., 2002; Dennison et al., 2005). Further, a
number of studies have shown that impaired fetal and
childhood growth place individuals at risk for fragility
fractures later in life (Cooper et al., 2001, 2006;

Fig. 1. A diagrammatic model of plasticity in development
and maintenance of the skeleton over the life course. Bone
maintenance and loss is the result of ontogenetic processes over
the life course, with trajectories of bone maintenance laid out in
early growth, refined during adulthood, and played out and
modified within each individual and potentially generations.
Circles represent major periods in the biological life cycle (fetal
life, childhood and adolescence, young adulthood, and middle/
older age) each containing examples of some of the major influ-
ences within each life stage in human skeletal development.
Influences in each stage are cumulative and dependent on influ-
ences in earlier life stages (represented as arrows between
circles). Cumulative influences shape overall skeletal morphol-
ogy (depicted as the different skeletons in the center). (Figure
adapted from Agarwal and Beauchesne 2011).
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Gale et al., 2001; Dennison et al., 2005). These studies on
bone maintenance and later loss emphasize again the
important role of environmental influences on phenotypic
plasticity in early life, and how these early exposures can
change the trajectory of development and aging of skele-
tal morphology throughout life.

WORKING THROUGH THE LIMITATIONS AND
GOING FORWARD WITH USING LIFE COURSE

PARADIGMS IN BIOANTHROPOLOGY

Life course theory as a conceptual framework has
been used in the biological and social sciences for some
time. The epidemiological studies of the 1980s that first
highlighted the consequences of stress in early fetal life
(Barker’s hypothesis), and later studies that have led to
the more encompassing paradigm of the Developmental
Origins of Health and Disease (DOHaD), have firmly
established that events in early life play a central role
together with genetic predispositions in influencing
responses to the environment and later disease risk.
Molecular epigenetics is providing potential explanatory
mechanisms for how early life stress can be translated
into disease risk in later life and even the potential for
transgenerational inheritance. Finally, developmental
systems theory (DST) approaches extend the concept to
include ecological and social resources and epigenetic
processes are seen as heritable across the life cycle.
While it is unclear how nongenetic influences are inher-
ited in relation to skeletal morphology, there is increas-
ing discussion that nongenetic forces can shape
postnatal and skeletal morphology significantly. While
early human biologists and bioanthropologists pioneered
many of the studies of early life stress and growth in
human groups, the bones and teeth of past populations
house unique information on developmental trajectories
and histories. Contemporary bioarchaeologists have
begun to extend and develop this work into sophisticated
studies that attempt simultaneously to observe multiple
indicators over the life course, directly test life course
hypotheses, and challenged our ideas of variation in
bone morphology.

A way in which researchers can continue to develop
studies that are framed in a life course approach is to
focus on multiple scales of analyses. This includes the
examination of remodeling and modeling on differing
bony envelopes as well as the use of multiple comple-
mentary methods in the same sample. Such research
naturally leads to larger and more collaborative projects
that often marry expertise in specialized methods such
as histological, biomechanical, or isotopic analyses
together with the examination of stress and pathology.
The attention to multiple scales now also calls for a
renewed interest in individual life histories and osteo-
biographies tied together with population level research.
The consideration of influences on bone morphology over
the life course is inherently difficult with the cross-
sectional study of archaeological samples. It is particu-
larly hard with the lack of precision in the determina-
tion of age at death in the oldest adults. Further, issues
of heterogeneous frailty and selective mortality are par-
ticularly problematic when the goal is to assess stress in
young age skeletons or morphology in old age. Studies
that have explicitly considered the osteological paradox
in their interpretation or have even circumvented these
issues by conducting “longitudinal” studies within indi-
vidual skeletons, such as isotopic studies of diet or bone

remodeling over the life cycle, are particularly valuable.
Further, the use of more rigorous biostatistical methods
in bioarchaeological population studies that can better
make probabilistic statements on prevalence are also
needed. For example the use of odds ratios to estimate
prevalence (Klaus and Tam, 2009; Klaus, 2014) or meth-
ods such as the person years construct to determine
length of risk of exposure (Glencross and Sawchuk,
2003), offer the potential to be able to address problems
related to age structures or proportional differences in
sample sizes (Klaus, 2014).

Understanding how trajectories of bone growth and
morphology can be altered and shaped over the life
course is critical not only for bioarchaeologists, but also
researchers studying bone morphology in living nonhu-
man primates and fossil primate skeletons. There has
been extensive study of growth and development in fossil
hominids, for example recently in post-cranial growth
trajectories in H. erectus KNM-WT15000 (Graves et al.,
2010) and numerous studies of dental development in
living apes and fossil hominids (for example Beynon and
Dean, 1988; Dean et al., 1993; Dean, 2010; Schwartz,
2012). However, the focus of these studies is to better
understand phylogenetic relationships and variation in
human patterns of growth. There has been some interest
the possible influence of developmental stress in fossil
primates. For example, White (1978) first identified
enamel hypoplasia in a fossil hominid, and since then
several subsequent studies of indicators of linear enamel
hypoplasia have been examined in fossil hominids (Bru-
net et al., 2002; Guatelli-Steinberg, 2003, 2004; Guatelli-
Steinberg et al., 2004) and Miocene primates (Lukacs,
2001). More recently a study by Mart�ın-Gonz�alez et al.
(2012) examined postcranial growth in Neanderthals,
interpreting the slower growth in childhood as compared
with modern humans as related to perhaps ontogenetic
constraints and also metabolic stress, that they suggest
could be responsible for the shorter stature observed in
Neanderthals. There have also been many isotopic stud-
ies of diet in early hominids (Lee-Thorp and Sponheimer,
2006; Sponheimer et al., 2006, 2013; Ungar and Spon-
heimer, 2011; Lee-Thorp et al., 2012; Cerling et al.,
2013) and also the study of weaning age from barium
distribution in dental enamel in Neanderthals (Austin
et al., 2013). Life course approaches with living nonhu-
man primate skeletal material has been equally limited,
although there have been studies of stress markers such
as LEH in nonhuman primates (Skinner, 1996; Swindler,
2002; Guatelli-Steinberg, 2003, 2004; Guatelli-Steinberg
et al., 2004; Hannibal and Guatelli-Steinberg, 2005), and
bone remodeling dynamics related to growth history that
are geared towards understanding taxonomic and intra-
skeletal patterns of cortical morphology (for example,
McFarlin et al., 2008). While these studies in living and
fossil primates are focused on aspects of biological life
history, explicit and detailed life course approaches to
analyses of fossil hominids and nonhuman primate
material remain to be undertaken.

Our understanding of bone morphology and pheno-
typic variation in the past will continue to develop with
increasing knowledge about bone metabolism and adap-
tation (Currey, 2003; Gosman et al., 2011), experimental
studies of ontogenetic mechanisms in bone morphology
(Hallgrimsson et al., 2002a; Roseman et al., 2010;
Mart�ınez-Abad�ıas et al., 2012), and increasingly sophis-
ticated molecular data in ancient bone (Briggs et al.,
2010). While epigenetic influences on bone morphology
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are not fully understood, they are clearly important as
demonstrated by work on fetal programming in bone
growth and loss, discussed earlier (Cooper et al., 2002,
2006; Dennison et al., 2005). Although we cannot empiri-
cally test how epigenetic mechanisms are at work in
cross-sectional skeletal samples from the past (Klaus,
2014), we should not discount the role of early life experi-
ence on long term bone morphology. Recent studies that
have tested the DOHaD hypothesis using archaeological
skeletal samples (Clark et al., 1986; Armelagos et al.,
2009; Watts, 2013; Temple, 2014) are contributing much
to our understanding of developmental plasticity and dis-
ease epidemiology of the skeleton in both the past and
the present. Gowland (2015) recently emphasized the
implications of the DOHaD hypothesis in the interpreta-
tion of patterns of health in the bioarchaeological record,
particularly as they relate to fetal and maternal health
in the past. Similarly life course approaches have been
important to understanding aspects of diet and bone
chemistry (White and Schwarcz, 1994; Sealy et al., 1995;
Dupras and Tocheri, 2007; Reitsema and Vercellotti,
2012; Gregoricka and Judd, 2015) and other influences
on bone remodeling over the life cycle (Rewekant, 2001;
Agarwal, 2012; Schug and Goldman, 2014; Temple et al.,
2014). Similarly, studies that have utilized life course
approaches in osteobiographical accounts (Boutin, 2011;
Stodder and Palkovich, 2012) or in theoretical discus-
sions of embodied life history (Fuentes, 2013 Ingold,
1998; Sofaer, 2006a) highlight the complex relationship
between life experience and the physical body. These
approaches are critical as we become increasingly aware
that the chemical and morphological signatures of the
skeletons we analyze are the result of life long and poten-
tially even inter-generational creation.

Margaret Lock (2015) has called for an anthropological
contribution to address the wider implications of molecu-
lar epigenetics. Bioarchaeologists have long been making
this contribution—while studies of skeletal assemblages
have only recently explicitly discussed epigenetics and
utilized life course frameworks, bioarchaeology origi-
nated with the appreciation of humans as biosocial crea-
tions, not too unlike P�alsson’s (2013) concept of humans
embedded in “ensembles of biosocial relations.” Data
from isotopic signatures of diet, metabolic stress, and
patterns of bone strength or bone loss in skeletal
assemblages have been weaved together and have made
significant contributions to understanding the biosocial
landscapes for example of gender, inequality, violence,
and aging in the past and present (Agarwal and Glen-
cross, 2011; Martin et al., 2014). Bioarchaeologists have
the opportunity to continue to make more deliberate con-
tributions to understanding and interpreting postnatal
plasticity. Phenotypic skeletal variation is the result of
entangled biocultural trajectories of individual people
that are embedded in the larger families and commun-
ities from which they are drawn. There is a resistance in
biological anthropology towards approaches that are
more humanistic or have roots in engagement with
social theory. In order to reconstruct the rich and intri-
cate life histories of human beings, however we need a
holistic approach that uses our empirical testing of skel-
etal data as well as our imaginations.
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