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ABSTRACT This study evaluates two hypotheses
that address how Late/Final Jomon period people
responded to early-life stress using linear enamel hypo-
plasia (LEH) and incremental microstructures of enamel.
The first hypothesis predicts that Jomon people who
experienced early-life stressors had greater physiological
competence in responding to future stress events (predic-
tive adaptive response). The second hypothesis predicts
that Jomon people traded-off in future growth and main-
tenance when early investment in growth and survival
was required (plasticity/constraint). High resolution
tooth impressions were collected from intact, anterior
teeth and studied under an engineer’s measuring micro-
scope. LEH were identified based on accentuated periky-
mata and depressions in the enamel surface profile. Age
of formation for each LEH was estimated by summing
counts of perikymata and constants associated with
crown initiation and cuspal enamel formation times. The

relationship between age-at-first-defect formation, num-
ber of LEH, periodicity between LEH, and mortality was
evaluated using multiple regression and hazards analy-
sis. A significant, positive relationship was found
between age-at-death relative to age-at-first-defect for-
mation and a significant, negative relationship was found
between number of LEH relative to age-at-first-defect
formation. Individuals with earlier forming defects were
at a significantly greater risk of forming defects at later
stages of development and dying at younger ages. These
results suggest that Late/Final Jomon period foragers
responded to early-life stressors in a manner consistent
with the plasticity/constraint hypothesis of human life
history. Late/Final Jomon period individuals were able to
survive early-life stressors, but this investment weak-
ened responses to future stress events and exacerbated
mortality schedules. Am J Phys Anthropol 155:537–545,
2014. VC 2014 Wiley Periodicals, Inc.

This study uses linear enamel hypoplasia (LEH) and
incremental microstructures of enamel to test two
hypotheses regarding the human biological response to
early-life stressors, the predictive adaptive response
(Gluckman et al., 2005a, b, 2007) and plasticity/con-
straint (Worthman and Kuzara, 2005) models of human
life history. This research is historically linked to the
analysis of cardiovascular disease and birth weight in
the United Kingdom, where correlations between fetal
health and neonatal and postnatal death rates were
found: individuals with smaller size at birth had shorter
life spans and were at greater risk for cardiovascular
disease (Barker and Osmond, 1986). Further studies
demonstrated links between birth weight, cardiovascular
disease, and respiratory ailments (Barker et al., 1989b,
1989a). These results supported two important conclu-
sions. First, cardiovascular and respiratory ailments at
later ages were associated with fetal environment. Sec-
ond, resource deprived fetal environments have down-
stream consequences such as enhanced diabetes and
cardiovascular disease risks at later stages of life (Hales
and Barker, 2001).

The predictive adaptive response or thrifty phenotype
model of human life history argues that cardiovascular
disease is associated with physiological responses to
environmental cues that reflect mismatches between
fetal development and the postnatal ecological landscape
(Hales and Barker, 2001; Gluckman et al., 2005a, b,
2007). Specifically, when individuals experience nutri-

tional deprivation during fetal or early postnatal devel-
opment, predictive physiological responses are built into
the organism that help guide responses to future stress
events. These responses include greater storage of fat,
increased amount of insulin resistant tissue, and
reduced insulin production. These responses are compo-
nents of a broader array of adaptive mechanisms that
thwart death in response to nutritional shortages early
in development, and these individuals are thought to be
more efficient at dealing with stressful postnatal
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environments at later stages of life because of a height-
ened sensitivity to stressful events. However, under cir-
cumstances where the organism experiences a sedentary
environment with access to calorically dense foods at
later ages, the risk for cardiovascular disease and diabe-
tes intensifies.

The alternative hypothesis invokes plasticity and con-
straint as an explanatory mechanism for the impact of
early-life stress on human life history (Worthman and
Kuzara, 2005). This hypothesis is based primarily on
life history trade-offs proposed by Charnov (1991, 1993)
where energetic investment in maintenance may fore-
stall or inhibit future investments into growth and
reproduction. When the fetus or postnatal infant expe-
riences poor nutrient availability, and is forced to real-
locate energetic reserves into the development of
essential tissue such as the brain, trade-offs in energy
budgets, reductions in body size, earlier maturation,
and exacerbated mortality schedules are found (Allal
et al., 2004; Leary et al., 2006; Walker et al., 2006;
Barbiro-Michaely et al., 2007; Giussani, 2011; Pomeroy
et al., 2012; Kurki et al., 2012). Here, the model argues
that the human ability to allocate energy budgets
within the physiological system is highly flexible early
in life and that this plasticity helps thwart mortality.
Growth of essential tissue is maintained and mortality
is avoided. However, this imbalance results in future
trade-offs, wherein the developing organism reduces
investments in growth and reproduction. Therefore,
consequences of early-life stressors include reduced
investments in growth, higher mortality, and impaired
fertility (reviewed in: Metcalf and Monaghan, 2001;
Worthman and Kuzara, 2005; Kuzawa, 2007).

The relationship between the presence of LEH and
mortality provides important perspectives on how early
growth disruptions may decrease survivorship at later
ages and generate greater risk for stress and growth
impairment (Armelagos et al., 2009). LEH are grooves or
furrows of enamel deficiency caused when shortened
enamel prisms are produced during the secretory phase
of amelogenesis (Goodman and Rose, 1990, 1991).
Enamel production is stopped earlier than normal and
accentuated striae of Retzius are produced (Hillson,
1996). The process is mostly transitory as the gradual
return to prismatic shape of enamel rods is reported in
the cervical walls of defects (Boyd, 1970; Hillson and
Bond, 1997).

LEH most often form in response to increased mainte-
nance demands from nutritional deprivation, infectious
disease, and traumatic injury (Suckling and Thurley,
1984; Suckling et al., 1986; Goodman et al., 1991; May
et al., 1993; Hillson, 1996; Zhou and Corruccini, 1998).
Because teeth do not remodel and enamel is laid down
in a chronological fashion, LEH provide an indelible
marker of growth disruptions experienced at specific
ages during the course of ontogeny—the defects remain
permanently observable in teeth, and it is possible to
estimate the age at which these disruptions occurred
(Hillson, 1996).

Individuals with LEH have significantly lower average
ages-at-death than those without LEH (Cook and Buik-
stra, 1979; Blakey and Armelagos, 1985; Goodman and
Armelagos, 1988; Goodman, 1996; Stodder, 1997; King
et al., 2005) and more frequently express other skeletal
indicators of stress (Cook and Buikstra, 1979; Stodder,
1997; Sciulli and Oberly, 2002). The term stress is used
here to reference a disruption to physiological homeosta-

sis that exceeds the biological and cultural buffering sys-
tem of the individual and population (Goodman et al.,
1988). These disruptions to homeostasis frequently pro-
duce lesions on bones and teeth (i.e., skeletal indicators
of stress) that are identifiable as general disruptions to
growth, specific indicators of disease, and nonspecific
indicators of disease (Goodman et al., 1984). The previ-
ously mentioned studies demonstrated that LEH often
co-occurs with other indicators of stress and disease, and
suggest that stress experienced early in life may have
consequences at future stages in life history. These
important findings support the hypothesis that early-life
stressors may weaken physiological responses to future
stress events (Armelagos et al., 2009).

It is, however, important to point out that many of
these studies explored the association between LEH
presence, mortality, and skeletal indicators of stress. The
critical predictions of the plasticity/constraint and pre-
dictive adaptive response models focus on the canaliza-
tion of energy budgets via physiological trade-offs or
improved ability to resist future developmental pertur-
bations due to stresses experienced early in life. The
presence of LEH is highly variable in terms of age-at-
defect formation as imbricational enamel forms between
�1.1 and 6.2 years on anterior, permanent teeth (Reid
and Dean, 2000, 2006). Earlier studies that focused on
LEH presence are important as these works point out a
relationship between stress and susceptibility to mortal-
ity, but these works do not explore the relationship
between early life stressors, future stress events, and
mortality. This study explores the impact of age-at-
defect formation on later instances of growth disruption,
stress periodicity, and mortality in a sample of hunter-
gatherers from prehistoric Japan using a microscopic
method that objectively identifies LEH and histological
methods to define age-at-defect formation.

RESEARCH HYPOTHESES

Two hypotheses are tested to evaluate these models of
the human physiological response to early life stressors
among a sample of hunter-gatherers from the Late/Final
Jomon period of Japan. If the predictive adaptive
response model is best fit to Jomon life history, then no
relationship between age-at-first-defect formation, age-
at-death, number of LEH, and LEH periodicity will be
found. That is, early stress events will have minimal
impact on age-at-death, and these individuals will have
fewer enamel growth disruptions that are spaced over
greater durations of time, suggesting a heightened abil-
ity to resist future stress events. If the plasticity/con-
straint model of human life history is best fit to the
Jomon sample, then a significant, negative relationship
between age-at-first-defect formation, number of LEH,
and LEH periodicity should be observed. There will also
be significant, positive relationship between age-at-first-
defect formation, age-at-death. Under these circumstan-
ces, individuals who experience early life stressors
should be less effective at future investments in growth
and maintenance. These individuals will have more evi-
dence for enamel growth disruptions, experience shorter
intervals between LEH, and have exacerbated mortality
schedules.

MATERIALS

Sites with dental remains included in this study are
mapped in Figure 1. A total of 32 individuals had
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adequately preserved enamel microstructures and
appropriate crown height for the purposes of this study
(Table 1). The number of individuals with observable
perikymata is small because of taphonomic factors influ-
encing preservation of enamel microstructures and con-
servative criteria for inclusion. To achieve the goal of
observing LEH at early stages of ontogeny, a sample pre-
serving 90% or more of crown height must be used. The
sample size is, however, comparable with previous stud-
ies that evaluate LEH in population perspective using
enamel microstructures (Guatelli-Steinberg et al., 2004;
King et al., 2005; Temple et al., 2013).

Dental remains dated to the Late/Final phase of the
Jomon period (4000 to 2300 BP) were selected from sites
in Hokkaido, Coastal Honshu, and Inland Honshu.
Jomon people from Hokkaido ate significantly more mar-
itime mammals and fish than contemporaneous popula-
tions from Coastal and Inland Honshu (Minagawa and
Akazawa, 1992), though fish (oceanic versus freshwater)
consumption among Jomon people from Coastal and
Inland Honshu was similar (Yoneda et al., 2004). How-
ever, few differences in stress episode duration were
identified between these samples (Temple et al., 2013).
In addition, no differences in average age-at-defect for-
mation or chronological distributions of LEH were found
between these samples (Temple, 2014). This suggests
that the samples can be pooled. All of these sites were
dated using radiocarbon or pottery chronologies (Ima-
mura, 1996; Habu, 2004; Kusaka et al., 2009). Pottery
chronologies are an accepted method of relative dating
in prehistoric Jomon culture as strong concordance
between pottery styles and radiocarbon dates have been
established (Imamura, 1996; Habu, 2004).

METHODS

Age-at-death was estimated in each individual using
tooth wear, tooth formation and emergence, and fusion
of epiphyses. All indicators of age were recorded accord-

ing to standard protocols and compared to appropriate
reference standards (Buikstra and Ubelaker, 1994;
Liversidge and Molleson, 2004; AlQhatani et al., 2010).
Each individual was placed into an age group associated
with the developmental stage for each age indicator.
These ranges include Age Group 1 (5.0–9.9 years, n 5
11), Age Group 2 (10.0–14.9 years, n 5 6), Age Group 3
(15.0–19.9 years, n 5 5), and Age Group 4 (20.0–24.9
years, n 5 9). Age Group 4 represents the maximum
range of ages observed in this study as the methods of
analysis were reliant on the presence of intact tooth
crowns (crown height � 90%, see below).

High resolution impressions were collected from the
labial surfaces of intact anterior teeth using Coltene
President light/regular body polyvinyl siloxanes. This
material has a documented resolution of 1 lm (Beynon,
1987). All teeth utilized by this study retained 90% or
more of crown height. Crown completeness was assessed
based on average crown heights for Jomon maxillary
and mandibular central incisors that were established
by previous studies (Kaifu, 2000). Methods described by
Guatelli-Steinberg and Reid (2008) were applied to all
other anterior teeth with evidence of slight attrition. In
these circumstances, crown height was reconstructed by
following the contour of each cuspal side and projecting
it until both sides met. These reconstructions were then
measured using Image J software.

Replicas were produced from the surface impressions
using EpoFix resin (Streuers, Cleveland, OH). Casting
methods for replicas followed protocols established by
Temple et al. (2012). Perikymata spacing and enamel
surface profiles were measured from replicas using a
measuring microscope (Spectra Services, Rochester, NY)
and Vision Gauge Software (Vision X, Point Claire, Que-
bec, Canada). For a detailed description of these meas-
urements see Temple et al. (2012). Briefly, perikymata
were identified as regularly spaced grooves running
around the circumference of the tooth (Hillson and
Bond, 1997). Perikymata spacing was measured along
the y-axis of a tooth surface. The enamel surface profile
was measured using the z-coordinate arm of the meas-
uring microscope, which runs at a 90� angle to the y-
axis. The measurement coordinate is set to zero (mm) at
the most occlusal point of a tooth. Measurements
increase in millimeters as the tooth surface is moved
closer to the optical lens, and decrease as the tooth is
moved further from the optical lens.

LEH were identified by comparatively wider spaced
perikymata and a depression in the enamel surface
(Hillson and Bond, 1997; King et al., 2002). Figure 2 is a
microscopic (103) image of perikymata taken from a
right second mandibular incisor of a young-adult male
from the Takasago site (Specimen 194). Figure 3 shows
the enamel depth and perikymata spacing for the same
tooth. The LEH pictured in Figure 2 is listed in Figure 3
as E. Some accentuated perikymata in Figure 2 that
were not labeled as LEH may be noted. These instances
represent circumstances where the LEH was not

Fig. 1. Archeological sites that yielded dental remains used
by this study: 1, Funadomari; 2, Hiroo; 3, Takasago; 4, Koten-
Onsen; 5, Nakazuma; 6, Kitamura; 7, Yoshigo; 8, Inariyama;
and 9, Tsukumo.

TABLE 1. Sample composition, including total number of indi-
vidual, total number of teeth, and total number of matched

LEH by region

N Individuals N Teeth N LEH

Hokkaido 5 21 30
Coastal Honshu 20 71 256
Inland Honshu 7 19 76
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possible to match across teeth or was not accompanied
by an enamel surface depression, possibly because not
all LEH defects manifest as typical furrow-form defects
(Guatelli-Steinberg, 2008).

The estimation of age-at-defect formation should fol-
low methods that divide teeth into deciles associated
with tooth development and include cuspal enamel and
crown initiation times as constants in this procedure
(Reid and Dean, 2000, 2006). The modal periodicity for
perikymata formation in Northeast Asian foragers from
the Cis-Baikal region of Siberia was 8-days (Antanova,
2011). This is also the modal periodicity of perikymata
in most studies of contemporary humans, though sam-
ples from South Africa do have modal periodicities of 9-
days and fewer perikymata on anterior teeth (Fitzgerald,
1998; Reid et al., 1998; Reid and Ferrell, 2006; Reid and
Dean, 2006). On this basis, periodicity for perikymata in
this study was established at 8-days. Age-at-defect for-
mation for each LEH was calculated by multiplying the
total number of perikymata found between the cuspal
tip to the first perikyma of an LEH defect by 8.0 and
adding this value to the total number of days associated
with crown initiation and cuspal enamel formation for
the tooth in question. Crown initiation and cuspal for-
mation constants were collated from Reid and Dean
(2006). The total number of days was divided by 365,
and the resultant value was taken as the age-at-defect
formation for each LEH.

Traumatic injuries may produce LEH, and these
defects are not possible to differentiate from those asso-
ciated with systemic stress based on appearance (Hill-
son, 1996). As a result, it is necessary to chronologically

match LEH across the dentition, as growth disruptions
associated with systemic stress will affect all teeth that
were actively forming (Hillson, 1996). LEH on different
teeth of the same individual were matched within 0.1 of
a year on two or more teeth in order to be included in
this study. The average of these values was taken as the
age-at-defect formation for the stress event, and the
number of matched defects is used as the unit of analy-
sis for calculating the total number of defects per indi-
vidual. Finally, intervals (or periodicities) were
calculated by subtracting the age-at-defect formation for
each successive stress episode from the age-at-defect for-
mation of the previous LEH. Thus, an individual with
stress episodes estimated at 1.4, 2.2, 2.8, and 3.2 years
would have stress episode periodicities of 0.8 (2.2–1.4),
0.6 (2.8–2.2), and 0.4 (3.2–2.8) years.

The distribution of age-at-defect formation for all LEH
was evaluated using skewness to ensure that there was
not a preponderance of LEH at earlier or later ages.
Associations between age-at-first-defect formation, risk
of future growth disruptions, and mortality were eval-
uated using multiple regression. Age-at-first-defect for-
mation was listed as the dependent variable, while age
group, number of LEH, and LEH periodicity were listed
as independent variables. In addition, this study uses
Cox’s proportional hazards analysis to understand differ-
ences in risk of death and future LEH formation as a
function of age-at-first-defect formation. Age-at-first-
defect formation was listed as the time series variable,
while each individual was labeled as “affected” by LEH.
The covariates included number of LEH, periodicity of
LEH, and age group.

RESULTS

The total number of matched LEH is listed by region
in Table 1. Each individual had at least two matched
defects. Age-at-defect formation for all matched LEH fol-
lows a normal distribution (skewness 5 0.097) (Fig. 4).
Results of the multiple regression analysis are listed in
Table 2 (adjusted R2 5 0.52). Significant associations

Fig. 3. Enamel surface and perikymata spacing profile of a
right mandibular second incisor for individual 194 from the
Takasago site. Black bars indicate measurements of perikymata
spacing, while gray bars indicate the distance between the opti-
cal lens and the focal point (enamel depth). Matched LEH
defects are identified by letters and arrows. LEH defect E is pic-
tured in Figure 2.

Fig. 2. Microscopic image of a right mandibular second inci-
sor from individual 194, recovered from the Takasago site. An
LEH is outlined in black. Numbers are placed on the exposed
striae of Retzius planes between perikymata grooves. A mini-
mum of six exposed striae of Retzius planes were identified in
the occlusal wall of this defect. This defect is depicted as LEH
defect E in Figure 3.
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between age-at-first-defect formation, age group, and
number of matched-LEH were found. Here, there was a
significant, negative association between age-at-first-
defect formation and number of LEH (B 5 20.426, P <
0.014), while a significant, positive association between
age-at-first-defect formation and age-at-death (B 5
0.556, P < 0.001) was observed. There was no significant
relationship between age-at-first-defect formation and
LEH periodicity (B 5 20.29, P < 0.134). Results for
Cox’s proportional hazards analysis are listed in Table 3.
The 22 log likelihood is statistically significant in terms
of overall score (P < 0.0001), changes between blocks (P
< 0.0001), and changes between steps (P < 0.0001).
Results of the hazards analysis for each covariate are
listed in Table 4. Significantly increased risk of death (P
< 0.013) and future LEH formation (P < 0.043) was
found in relation to age-at-first-defect formation. Risks
for differences in LEH periodicity as a function of age-
at-first-defect formation were not, however, significant.

DISCUSSION

A normal distribution for age-at-defect formation is
found. This suggests that there was not a preponderance
of defects forming at later stages of development, and
argues against the possibility that individuals with later
forming defects continued to experience stress episodes
that were missed following the cessation of imbricational
enamel development.

Defects in the occlusal third of teeth are more difficult
to identify, and therefore, observer bias may play a role
in previous studies that find relationships between age-
at-first-defect formation and age-at-death. The observed
patterns may reflect random statistical noise in a region
of the tooth where the identification of LEH is hindered
by striae of Retzius geometry (King et al., 2005). Striae
of Retzius angles are less acute in the occlusal third of
teeth, and LEH in this region are comparatively shallow
and less well-defined (Hillson and Bond, 1997; Guatelli-
Steinberg et al., 2012). However, this study relied on
enamel depth and perikymata spacing to identify LEH.
In addition, the occlusal third of many teeth may be obli-

terated by wear in older individuals and may obscure
the presence of LEH in earlier forming enamel (King
et al., 2005). This problem was addressed by only includ-
ing individuals that preserved 90% or more of their
tooth crowns.

Each individual had at least two matched defects.
Microscopic studies often find that the vast majority of
individuals in skeletal samples have LEH, and identify
many more LEH than macroscopic observation (King
et al., 2002, 2005; Guatelli-Steinberg et al., 2004;
Guatelli-Steinberg, 2008; Temple et al., 2013; Hassett,
2014). Microscopic studies are able to identify LEH
based on enamel surface depressions and accentuated
perikymata spacing (Hassett, 2014). The identification of
LEH based on accentuated perikymata spacing is helpful
when defects are shallow and poorly defined. The large
percentage of individuals with LEH (100%) in the Jomon
sample likely reflects the ability of microscopic methods
to better identify LEH under circumstances where
defects are poorly defined and not easily identified using
macroscopic methods.

Significant negative associations between age-at-first-
defect and age group were found. Individuals in older
age groups formed defects at later ages, while those in
younger age groups formed defects at earlier ages. In
addition, individuals that formed LEH at earlier ages
had a greater risk of mortality than those who formed
LEH at later ages. Late/Final Jomon period individuals
who have earlier ages-at-first-defect formation also have
greater amounts of LEH than those with later ages-at-
first-defect formation. Earlier age-at-first-defect forma-
tion was also associated with a significantly greater risk
of forming more LEH at future ages. These results sup-
port the second hypothesis of this study, specifically that
Late/Final Jomon people who invest in surviving early-
life stress events will be more vulnerable to future stress
events and have an increased risk of death.

Fig. 4. The chronological distribution of all matched LEH in
this study. Ninety percent confidence intervals are indicated by
solid lines, and the interquartile range is indicated by dotted
lines.

TABLE 2. Multiple regression analysis of individual age-at-
death, number of LEH per individual, and periodicity of LEH

per individual relative to age-at-first-defect formation

Factor Beta P-value

Age-At-Death 0.556 0.001
Number of LEH 20.426 0.014
Periodicity of LEH 20.290 0.134

TABLE 3. Results of Cox’s proportional hazards analysis

Statistic Chi-square P-value

22 Log Likelihood 139.627 –
Overall Score 19.767 0.0001
Between Steps 19.235 0.0001
Between Blocks 19.235 0.0001

TABLE 4. Results of Cox’s proportional hazards analysis listing
individual age-at-first-defect formation as the time series vari-
able, with individual age-at-death, number of LEH per individ-

ual, and periodicity of LEH per individual as the covariates

Factor B Wald P-value

Age-at-death 20.511 6.15 0.013
Number of LEH 0.075 4.10 0.043
Periodicity of LEH 1.52 0.45 0.499
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Previous studies found significant associations
between the presence of LEH and other skeletal indica-
tors of stress (Cook and Buikstra, 1979; Cook, 1984;
Stodder, 1997; Sciulli and Oberly, 2002). Individuals
with shorter stature and LEH also had a greater risk of
dying from the bubonic plague in historic London (DeW-
itte and Wood, 2008; DeWitte and Hughes-Moray, 2012).
In addition, Blakey and Armelagos 1985 found that indi-
viduals with prenatal defects had younger ages-at-death,
while individuals with only postnatal defects had a more
variable range of ages-at-death. Another recent study
reports a relationship between fluctuating asymmetry
and deaths because of degenerative conditions (Weisen-
see, 2013). Finally, individuals with early forming LEH
are at a greater risk for death, shorter stature, and
forming defects at later ages (King et al., 2005; Littleton,
2005; Floyd and Littleton, 2006).

The findings of this study are consistent with these
earlier efforts by demonstrating that early-life stress
among Jomon people is associated with future risks of
growth disruption and mortality. The work among the
Jomon sample does, however, add to the findings of pre-
vious studies by showing that the relationship appears
to be chronological: growth disruptions that begin rela-
tively earlier in development exacerbate the risk of
future LEH formation and early death.

In addition, previous studies in bioarcheological
research ask, “Are individuals with skeletal indicators of
stress more adapted to their environment in the sense
that they survived the stress event or are these individ-
uals part of a group with increased frailty (Wood et al.,
1992)?” The results of this study contextualize the con-
cepts of “adapted” versus “frail” within an evolutionary
and life history based framework. This avoids falling
into a typological trap of classifying members of the pop-
ulation as “adapted” or “frail” and instead evaluates the
evolutionary dynamics associated with the process of
early-life stressors. Finally, it is worth noting that this
study demonstrates that the microscopic approach to the
recognition of age-at-first-defect formation is necessary
as macroscopic studies may miss LEH that are shallow
and poorly defined, particularly in the occlusal third of
anterior tooth crowns where enamel is formed during
infancy.

Evidence for greater risk of death and stress relative
to age-at-first defect formation may be part of broader
embodied processes in the physiology of Late/Final
Jomon period people. Embodiment theory views human
phenotypic variation as an incorporation of the biologi-
cal, ecological, and social realms within which an indi-
vidual operates that are further informed by ontogeny
(Ingold, 1998, 2011). This theoretical perspective is
applied in epidemiological research and views stress as a
product of biological, developmental, ecological, and
social domains (Krieger, 2001, 2005). For example,
embodiment theory untethers differences in cardiovascu-
lar disease between African and European Americans
from genetically or “racially” determined causes by envi-
sioning the process as informed by cultural, developmen-
tal, and economic contexts (Kuzawa and Sweet, 2009).
Using this theoretical foundation as a guide, human
phenotypic variability is never divorced from the ecologi-
cal or social landscape while remaining a product of
unique developmental pathways, so that the variation
expressed at any one point in time is a combined reflec-
tion of contemporary context and past experience (Agar-
wal and Beauchesne, 2011).

Among Late/Final Jomon period people, LEH repre-
sents evidence of growth disruption associated with envi-
ronmental/social constraints that surpassed the cultural
and physiological buffers of the group or individual.
Interestingly, when growth disruptions occur at rela-
tively younger ages, the Jomon body appears to “learn”
responses to future stress events that are distinct from
individuals with later ages-at-first-defect formation. Spe-
cifically, the age at which growth disruptions begin
informs how Jomon populations interact with stressors
experienced at later points of development, whether eco-
logically or socially mediated. Thus, the physiological
response of Jomon people to stress events appears to be
patterned within the context of developmental
experience.

There exist a number of physiological consequences for
early investment in survival that help explain the canali-
zation of human physiological responses to resource scar-
city and disease at later ages that should be briefly
addressed. Early-life stressors reduce the production or
lymphocatic cells and the ability of these cells to interact
with ecologically-specific pathogens, and the proliferation
and interaction of these cells is age-specific (McDade,
2003, 2005). In addition, experimental and clinical
research demonstrates that stress hormone production
inhibits and dysregulates antibody producing cells, white
blood cells, immunoglobulins, and T-lymphocytes (Maule
et al., 1989; Herbert and Cohen, 1993; Padgett and
Glaser, 2003). Finally, early-life stress promotes DNA
methylation, smaller adult body sizes, and poor adult
body conditions (Crespi and Denver, 2005; Walker et al.,
2006; Stock and Migliano, 2009; Essex et al., 2013; Kin-
nally, 2014). As a whole, these findings suggest that
early-life stress likely weakened the ability of Jomon peo-
ple to respond to future stress events, either through
inhibited immune responses, DNA methylation, or gen-
eral energetic investment in surviving stress episodes
that detracted from growth and maintenance at late
stages of life history. Interpreted in a myriad of ways, the
Jomon people appear to trade-off surviving early-life
stress events with reduced investments in growth and
physiological maintenance, specifically those associated
with thwarting growth disruption and death.

The results of previous studies are environmentally
contingent, and the results reported here remain specific
to the landscape of Late/Final Jomon period foragers. In
particular, Jomon people were members of a seasonally-
based foraging economy (Kobayashi, 2005) and parasites
have been identified from a number of Jomon sites (Mat-
sui et al., 2003). Resource shortages or infectious disease
may have played an important role in producing the
growth disruptions observed in this study, and were
likely persistent hazards over the Jomon lifespan. These
environmental experiences are not, however, universal.
Individuals in the Hamman-Todd skeletal collection with
LEH formation at relatively later ages, specifically 3.0–
4.0 years, also have a reduced life expectancy (Goodman,
1996). Relationships between the presence of LEH and
age-at-death in a sample with documented age-at-death
and occupation were recently reported, although socioe-
conomic factors rendered this relationship insignificant
(Amoroso et al., 2014). These results suggest that the
impacts of early life stress may be corrected if individu-
als thrive in environments where stress hazards are
mitigated. In addition, contemporary people with low
birth weight have improved physiological efficiency in
response to workload (Shetty, 1993; Lipson and Ellison,
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1996; Venners et al., 2006; Jasienska et al., 2006). This
provides some evidence in favor of predictive adaptive
responses, where the body anticipates or “predicts” an
energetically constrained environment (Ellison, and
Jasienska, 2007).

Many studies in human biology that address questions
of adaptation versus constraint in response to early-life
stress use birth weight and physiological performance at
later ages as primary data sources (Barker and Osmond,
1986; Barker et al., 1989a, 1989b; Lipson and Ellison,
1996; Hales and Barker, 2001; Adair et al., 2001; McDade
et al., 2001; McDade, 2003, 2005; Kuzawa, 2005; Venners
et al., 2006; Jasienska et al., 2006; and others). Bioarch-
eological research cannot provide physiological evidence
for predictive responses, particularly in terms of meas-
uring hormonal output, nor do bioarcheologists (often)
have access to birth weight data. Teeth do, however, pro-
vide a longitudinal record of enamel growth disruption
for individuals, and the ages at which these disruptions
occur are estimable (Hillson, 1996, 2014). By contrast,
many studies of living humans cannot include informa-
tion on the precise age at which growth disruptions occur.
These methodological advantages equip bioarcheological
researchers with the ability to test hypotheses related to
early-life stress, adaptation, and constraint in ways that
differ from human biology, yet provide equally compelling
results. In particular, it is possible to evaluate the rela-
tionship between growth disruptions experienced during
critical developmental periods, those phases of life history
where investment in survival has greater long-term con-
sequences (Kuzawa, 2007), and investments in growth
and maintenance. Future studies may also explore the
relationship between age-at-first-defect formation with
skeletal stress indicators such as estimated stature or
body mass, population fertility, mortality, porotic hyperos-
tosis, or chronic infection.

CONCLUSIONS

This study tested two hypotheses that are associated
with the response to early-life stressors among Late/
Final Jomon period foragers using incremental micro-
structures of enamel and LEH. Specifically, one hypothe-
sis predicts that early-life stressors condition future
adaptive responses in environments with resource scar-
city, and a second hypothesis predicts that investment in
surviving early-life stressors results in trade-offs with
future investments in growth and maintenance. There
were significant positive associations between age-at-
first-defect and age-at-death, while a significant negative
relationship was found between age-at-first-defect forma-
tion and number of LEH. Thus, among Jomon people,
there is evidence that early investments in survival are
associated with inhibited growth and maintenance at
later stages of development. These findings may be con-
tingent upon the local environment of Jomon people as
the mitigation of environmental hazards due to socioeco-
nomic conditions and improved physiological efficiency
in response to work load among individuals with LEH
and small birth size have been respectively documented.
However, early-life stress among Late/Final Jomon peo-
ple is associated with greater susceptibility to future
stress events and exacerbated mortality schedules.

ACKNOWLEDGMENTS

The author thanks Masato Naktsukasa, Hirofumi
Mastumura, Yoshitaki Miyauchi, and Tomatsu Kawasaki

for access to the dental specimens included in this study.
D. Guatelli-Steinberg provided advisement on the micro-
scopic methods employed by this study. This work also
benefitted greatly from conversations with H. Klaus,
L. Reitsema, V. Thompson, S. Tanner, G. Robbins Schug,
and K. Liu following a series of invited lectures. Peter
Ellison, the associate editor, and two anonymous
reviewers provided comments that greatly improved this
manuscript.

LITERATURE CITED

Adair LS, Kuzawa CW, Borja J. 2001. Maternal energy stores
and diet during pregnancy program adolescent blood pres-
sure. Circulation 104:1034–1039.

Agarwal SC, Beauchesne. 2011. It is not carved in bone: devel-
opment and plasticity of the aged skeleton.In: Agarwal SC,
Glencross BA, editors. Social bioarchaeology. Chichester:
Wiley-Blackwell. p 312–332.

Allal N, Sear R, Prentice AM, Mace R. 2004. An evolutionary
model of stature, age at first birth, and reproductive success
in Gambian women. Proc Roy Soc Lond B 271:465–470.

AlQhatani SJ, Hector MP, Liversidge HM. 2010. The London
atlas of human tooth development and eruption. Am J Phys
Anthropol 142:481–490.

Amoroso A, Garcia SJ, Cardoso HFV. 2014. Age at death and
linear enamel hypoplasias: testing the effects of childhood
stress and adult socioeconomic circumstances in premature
mortality. Am J Hum Biol 26:461–468.

Antanova A. 2011. Growth, stress, and mortality: application of
dental histology to archaeological material from the Cis-
Baikal Neolithic. MA thesis, University of Calgary.

Armelagos GJ, Goodman AH, Harper KN, Blakey ML. 2009.
Enamel hypoplasia and early mortality: bioarchaeological
support for the Barker Hypothesis. Evol Anthropol 18:261–
271.

Barbiro-Michaely E, Tomasov M, Rinkevich-Shop S, Sonn J,
Mayvesky A. 2007. Can the “brain-sparing” effect be detected
in a small animal model? Med Sc Monit 13:BR211–BR219.

Barker D, Osmond C. 1986. Infant mortality, childhood nutri-
tion, and ischemic heart disease. Lancet 8489:1077–1081.

Barker D, Osmond C, Golding J, Kuh D, Wadsworth ME.
1989a. Growth in utero, blood pressure in childhood and
adult life, and mortality from cardiovascular disease. Br Med
J 298:564–567.

Barker D, Osmond C, Law CM. 1989b. The intrauterine and early
postnatal origins of cardiovascular disease and bronchitis.
J Epidemiol Comm Health 43:237–240.

Beynon AD. 1987. Replica technique for studying microstruc-
ture in fossil enamel. Microscopy 1:663–669.

Blakey ML, Armelagos GJ. 1985. Deciduous defects in prehis-
toric Americans from Dickson Mounds: prenatal and post-
natal stress. Am J Phys Anthropol 66:371–380.

Boyd A. 1970. The surface of enamel in human hypoplastic
teeth. Arch Oral Biol 15:897–898.

Buikstra JE, Ubelaker DH. 1994. Standards for data collection
from human skeletal remains. Fayetville: Arkansas Archaeo-
logical Survey Research Series no. 44.

Charnov E. 1991. Evolution of life history variation among
female mammals. Proc Natl Acad Sci U S A 88:1134–1137.

Charnov E. 1993. Life history invariants: some explorations of
symmetry in evolutionary ecology. Oxford: Oxford University
Press.

Cook DC. 1984. Subsistence and health in the lower Illinois Val-
ley: osteological evidence.In Cohen MN, Armelagos GJ, edi-
tors. Paleopathology at the origins of agriculture. Orlando:
Academic Press. p 235–269.

Cook DC, Buikstra JE, 1979. Health and survival in prehistoric
populations: prenatal defects. Am J Phys Anthropol 51:649–
664.

Crespi EJ, Denver RJ. 2005. Ancient origins of human develop-
mental plasticity. Am J Hum Biol 17:44–54.

EVIDENCE FOR LIFE HISTORY TRADE-OFFS IN LATE/FINAL JOMON PEOPLE 543

American Journal of Physical Anthropology



DeWitte SN, Hughes-Morey G. 2012. Stature and frailty during
the Black Death: the effect of stature on risks of epidemic
mortality. J Archaeol Sc 39:1412–1419.

DeWitte SN, Wood JW. 2008. Selectivity of Black Death mortal-
ity with respect to pre-existing health. Proc Natl Acad Sci U
S A 105:1436–1441.

Ellison PT, Jasienska G. 2007. Constraint, adaptation, and
pathology: How do we tell them apart? Am J Hum Biol 19:
622–630.

Essex MJ, Thomas Boyce W, Hertzman C, Lam LL, Armstrong
JM, Neumann SS, Kobor MS. 2013. Epigenetic vestiges of
early developmental adversity: childhood stress exposure and
DNA methylation in adolescence. Child Dev 84:58–75.

Fitzgerald CM. 1998. Do enamel microstructures have regular
time dependence?Conclusions from the literature and a large
scale study. J Hum Evol 91:401–419.

Floyd B, Littleton J. 2006. Linear enamel hypoplasia and
growth in an Australian Aboriginal community: not so small,
but not so healthy either. Ann Hum Biol 33:424–443.

Giussani DA. 2011. The vulnerable developing brain. Proc Nat
Acad Sci U S A 108:2641–2642.

Gluckman PD, Hanson MA, Beedle AS. 2007. Early life events
and their consequences for later disease: a life history and
evolutionary perspective. Am J Hum Biol 19:1–19.

Gluckman PD, Hanson MA, Morton SMB, Pinal CS. 2005a.
Life-long echoes—a critical analysis of the developmental ori-
gins of adult disease model. Biol Neonate 87:127–139.

Gluckman, PD, Hanson MA, Spencer HG. 2005b. Predictive
adaptive responses and human evolution. Trends Ecol Evol
20:527–533.

Goodman AH. 1996. Early life stresses and adult health:
insights from dental enamel development.In: Henry CJK, Uli-
jaszek SJ, editors. Long-term consequences of early environ-
ment: growth, development, and the lifespan developmental
perspective. New York: Cambridge University Press. p 163–
182.

Goodman AH, Armelagos GJ. 1988. Childhood stress and
decreased longevity in prehistoric populations. Am Anthropol
90:936–944.

Goodman AH, Rose JC, 1990. Assessment of systemic physiolog-
ical perturbations from dental enamel hypoplasias and associ-
ated histological structures. Yearb Phys Anthropol 33:59–110.

Goodman AH, Rose JC. 1991. Dental enamel hypoplasias as
indicators of nutritional status.In Kelley MA, Larsen CS, edi-
tors. Advances in dental anthropology. New York: Wiley-Liss.
p 279–293.

Goodman AH, Martin DL, Armelagos GJ, Clark G. 1984. Indica-
tions of stress from bones and teeth.In: Cohen MN, Armela-
gos GJ, editors. Paleopathology at the origins of agriculture.
Orlando: Academic Press. p 13–49.

Goodman AH, Martinez C, Chavez A. 1991. Nutritional supple-
mentation and the development of linear enamel hypoplasias
in children from Tezonteopan, Mexico. Am J Clin Nutr 53:
773–787.

Goodman AH, Thomas RB, Swedlund AC, Armelagos GJ. 1988.
Biocultural perspectives on stress in prehistoric, historic, and
contemporary populations. Yearbk Phys Anthropol 31:169–
202.

Guatelli-Steinberg D. 2003. Analysis and significance of linear
enamel hypoplasia in Plio-Pleistocene hominins. Am J Phys
Anthropol 123:199–215.

Guatelli-Steinberg D. 2008. Using perikymata to estimate dura-
tion of growth disruption in fossil hominin teeth: issues of
methodology and interpretation.In: Irish JD, Nelson GC, edi-
tors. Technique and application in dental anthropology. Cam-
bridge: Cambridge University Press. p 71–86.

Guatelli-Steinberg D, Ferrell RJ, Spence J. 2012. Linear enamel
hypoplasia as an indicator of physiological stress in Great
Apes: reviewing the evidence in light of enamel growth varia-
tion. Am J Phys Anthropol 148:191–204.

Guatelli-Steinberg D, Larsen CS, Hutchinson DL. 2004. Preva-
lence and duration of linear enamel hypoplasia: a compara-
tive study of Neandertals and Inuit foragers. J Hum Evol 47:
65–84.

Guatelli-Steinberg D, Reid D. 2008. What molars contribute to
an emerging understanding of lateral enamel formation in
Neandertals vs. modern humans. J Hum Evol 54:236–250.

Habu J. 2004. Ancient Jomon of Japan. Cambridge: Cambridge
University Press.

Hales CN, Barker DJ. 2001. The thrifty phenotype hypothesis.
Br Med J 60:5–20.

Hales CN, Barker DJP. 2001. The thrifty phenotype hypothesis.
Br Med Bull 60:5–20.

Hassett BR. 2014. Missing defects? A comparison of microscopic
and macroscopic approaches to identifying linear enamel
hypoplasia. Am J Phys Anthropol 153:463–472.

Herbert TB, Cohen S. 1993. Stress and immunity in humans: a
meta-analytic approach. Psychosomat Med 55:364–379.

Hillson S. 1996. Dental anthropology. Cambridge: Cambridge
University Press.

Hillson SW. 2014. Tooth development in human evolution and
bioarchaeology. Cambridge: Cambridge University Press.

Hillson S, Bond J. 1997. The relationship of enamel hypoplasia
to tooth crown growth: a discussion. Am J Phys Anthropol
104:89–103.

Ice JH, James GD. 2012. Stress and human biology. In: Stinson
S, Bogin B, O’Rourke D, editors. Human biology: an evolu-
tionary and biocultural perspective. Hoboken: Wiley-Black-
well. p 459–512.

Imamura K. 1996. Prehistoric Japan: New perspectives on insu-
lar East Asia. Honolulu: University of Hawaii Press.

Ingold T. 1998. From complementary to obviation: on dissolving
the boundaries between social and biological anthropology,
archaeology, and psychology. Zeit Ethnol 123:21–52.

Ingold T. 2011. The perception of the environment: essays on
livelihood, dwelling, and skill. London: Routledge.

Jasienska G, Ziomkiewicz A, Thune I, Lipson SF, Ellison PT.
2006. Habitual physical activity and estradiol levels in
women of reproductive age. Eur J Cancer Prev 15:439–445.

Kaifu Y. 2000. Tooth wear and compensatory modification of the
anterior dentoalveolar complex in humans. Am J Phys
Anthropol 111:369–392.

King T, Hillson S, Humphrey LT. 2002. A detailed study of
enamel hypoplasia in a post-medieval adolescent of known
age and sex. Arch Oral Biol 47:29–39.

King T, Humphrey LT, Hillson S. 2005. Linear hypoplasias as
indicators of systemic physiological stress: evidence from two
known age-at-death and sex populations from post-Medieval
London. Am J Phys Anthropol 128:547–559.

Kinnally EL. 2014. Epigenetic plasticity following early stress
predicts long-term health outcomes in rhesus macaques. Am
J Phys Anthropol. DOI: 10.1002/ajpa.22565.

Kobayashi T. 2005. Jomon reflections: forager life and culture
in the prehistoric Japanese archipelago. Oxford: Oxbow
Publishing.

Krieger N. 2001. Theories for social epidemiology in the
21st century: an ecosocial perspective. Int J Epidemiol 30:
668–677.

Krieger N. 2005. Embodiment: a conceptual glossary for epide-
miology. J Epidemiol Comm Health 59:350–355.

Kurki H, Pfieffer S, Stynder D. 2012. Allometry of head and
body size in Holocene foragers of the South African Cape. Am
J Phys Anthropol 147:462–471.

Kusaka S, Ando A, Nakano T, Ishimaru E, Yoneda M,
Katayama K. 2009. A strontium isotope analysis on the rela-
tionship between ritual tooth ablation and migration among
the Jomon people in Japan. J Archaeol Sci 36:2289–2297.

Kuzawa CW. 2005. Fetal origins of developmental plasticity: are
fetal cues reliable predictors of future nutritional environ-
ments? Am J Hum Biol 17:5–21.

Kuzawa CW. 2007. Developmental origins of life history:
growth, productivity, and reproduction. Am J Hum Biol 19:
654–661.

Kuzawa CW, Sweet E. 2009. Epigenetics and the embodiment of
race: developmental origins of US racial disparities in cardio-
vascular health. Am J Hum Biol 21:2–15.

Leary S, Fall C, Osmond C, Lovel H, Campbell D, Erikkson J,
Forrester T, Godfrey K, Hill J, Jie M, Law C, Newby R,

544 D.H. TEMPLE

American Journal of Physical Anthropology



Robinson S, Yajnik C. 2006. Geographical variation in the
neonatal phenotype. Acta Obstet Gynecol Scand 85:1080–
1089.

Lipson SF, Ellison PT. 1996. Comparison of salivary steroid pro-
files in naturally occurring conception and non-conception
cycles. Hum Reprod 11:2090–2096.

Liversidge H, Molleson T. 2004. Variation in crown and root for-
mation and eruption of human deciduous teeth. Am J Phys
Anthropol 123:172–180.

Littleton J. 2005. Invisible impacts but long-term consequences:
hypoplasia and contact in central Australia. Am J Phys
Anthropol 126:295–304.

Matsui A, Kanehara M, Kanehara M. 2003. Palaeoparasitology
in Japan: discovery of toilet features. Mem Inst Oswaldo
Cruz 98:127–136.

Maule AG, Tripp RA, Kaattari SL, Schreck CB. 1989. Stress
alters immune function and disease resistance in chinook
salmon (Ochorynchus tshawytscha). J Endocrinol 120:135–
142.

May RL, Goodman AH, Meindl RS. 1993. Response of bone and
enamel formation to nutritional supplementation and morbid-
ity among malnourished Guatemalan children. Am J Phys
Anthropol 92:37–51.

McDade TW. 2003. Life history and the immune system: steps
toward a human ecological immunology. Yearb Phys Anthro-
pol 46:100–125.

McDade TW. 2005. Life history, maintenance, and early origins
of immune function. Am J Hum Biol 17:81–94.

McDade TW, Beck M, Kuzawa CW, Adair LS. 2001. Prenatal
undernutrition, postnatal environments, and antibody resist-
ance to vaccination in adolescence. Am J Clin Nutr 74:543–
548.

Metcalf NB, Monaghan P. 2001. Compensation for a bad start:
grow now, pay later? Trends Ecol Evol 16:254–260.

Minagawa M, Akazawa T. 1992. Dietary patterns among Jomon
hunter-gatherers: stable nitrogen and carbon isotope analyses
of human bones.In: Aikens CM, Nai Rhee S, editors. Pacific
Northeast Asia in prehistory: hunter-fisher-gatherers, farm-
ers, and sociopolitical elites. Pullman: Washington State Uni-
versity Press. p 69–73.

Padgett DA, Glaser R. 2003. How stress influences immune
response. Trends Immunol 24:444–448.

Pomeroy E, Stock JT, Stanojevic S, Miranda JJ, Cole TJ, Wells
JCK. 2012. Trade-offs in relative limb length among Peruvian
children: extending the thrifty phenotype hypothesis to limb
proportions. PLOS One 7:e51795.

Reid DJ, Beynon AD, Ramirez Rozzi F. 1998. Histological
reconstruction of dental development in four individuals
from a medieval site in Picardie, France. J Hum Evol 35:463–
479.

Reid DJ, Dean MC, 2000. Brief communication: the timing of
linear enamel hypoplasias on human anterior teeth. Am J
Phys Anthropol 113:135–139.

Reid DJ, Dean, MC, 2006. Variation in modern human enamel
formation times. J Hum Evol 50:329–346.

Reid DJ, Ferrell R. 2006. The relationship between number of
striae of Retzius and their periodicity in imbricational enamel
formation. J Hum Evol 50:195–202.

Sciulli PW, Oberly J. 2002. Native Americans in Eastern North
America: the southern Great Lakes and Upper Ohio Valley.
In: Steckel RH, Rose JC, editors. The backbone of history:
Health and nutrition in the Western Hemisphere. Cambridge:
Cambridge University Press. p 440–480.

Shetty PS. 1993. Chronic undernutrition and metabolic adapta-
tion. Proc Nutr Soc 52:267–284.

Stock JT, Migliano AB. 2009. Stature, mortality, and life history
among the indigenous populations of the Andaman Islands,
1871-1986. Curr Anthropol 50:713–725.

Stodder ALW. 1997. Subadult stress, morbidity, and longevity in
Latte Period Populations on Guam, Mariana Islands. Am J
Phys Anthropol 104:363–380.

Suckling G, Eliot DC, Thurley DC. 1986. The macroscopic
appearance and associated histological changes in the enamel
organ of hypoplastic lesions of sheep incisor teeth resulting
from induced parasitism. Arch Oral Biol 31:427–439.

Suckling G, Thurley DC. 1984. Developmental defects of
enamel: factors influencing their macroscopic appearance.In:
Fearnhead RW, Suga S, editors. Tooth enamel IV. New York:
Elsevier Science. p 357–362.

Temple DH. 2014. Chronology and periodicity of linear enamel
hypoplasia in Late/Final Jomon period foragers: evidence
from incremental microstructures of enamel. Quart Int, in
press.

Temple DH, McGroarty JN, Guatelli-Steinberg D, Matsumura
H, Nakatsukasa M. 2013. A comparative study of stress epi-
sode prevalence and duration among Jomon period foragers
from Hokkaido. Am J Phys Anthropol 152:230–238.

Temple DH, Nakatsukasa M, McGroarty JN. 2012. Reconstruct-
ing patterns of systemic stress in a Jomon period subadult
using incremental microstructures of enamel. J Archaeol Sci
39:1634–1641.

Venners SA, Liu X, Perry MJ, Korrick SA, Li Z, Yang F, Yang J,
Lasley BL, Xu X, Wang X. 2006. Urinary estrogen and pro-
gesterone metabolite concentrations in menstrual cycles of
fertile women with non-contraception, early pregnancy loss,
or clinical pregnancy. Human Reprod 21:2272–2280.

Walker RS, Gurven M, Hill K, Migliano A, Chagnon N, De
Souza R, Djurovic G, Hurtado AM, Kaplan H, Kramer K,
Oliver WJ, Vallegia C, Yamauchi Y. 2006. Growth rates and
life histories in twenty-two small-scale societies. Am J Hum
Biol 18:295–311.

Weisensee KE. 2013. Assessing the relationship between fluctu-
ating asymmetry and cause of death in skeletal remains: a
test of the developmental origins of health and disease
hypothesis. Am J Hum Biol 25:411–417.

Worthman CM, Kuzara J. 2005. Life history and the early ori-
gins of health differentials. Am J Hum Biol 17:95–112.

Yoneda M, Suzuki R, Shibata Y, Morita M, Sukegawa,
Shigehara N, Akazawa T. 2004. Isotopic evidence for inland
fishing from the Boji site, Nagano, Japan. J Archaeol Sci 31:
97–107.

Wood JW, Milner GJ, Harpending HC, Weiss KW. 1992. The
osteological paradox: problems in inferring health from skele-
tal samples. Curr Anthropol 33:343–358.

Zhou L, Corruccini RS. 1998. Enamel hypoplasia related to fam-
ine stress in living Chinese. Am J Hum Biol 10:723–733.

EVIDENCE FOR LIFE HISTORY TRADE-OFFS IN LATE/FINAL JOMON PEOPLE 545

American Journal of Physical Anthropology


