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ABSTRACT

Developmental plasticity, the regulation of ontogenesis in response to environmental cues, is hypothesized to
evolve in spatially and temporally heterogeneous environments and may facilitate dispersal, novel habitat oc-
cupation, and niche construction. In contemporary human populations, exposure to environmental adversity in-
forms a variety of developmental processes, including the pace and tempo of somatic growth and reproductive
maturation. The ability to regulate these aspects of development in response to available resources may have been
advantageous in the novel and marginal environments encountered by our ancestors, outweighing potential costs
associated with elevated morbidity and mortality risks in adulthood. Yet only recently have biological anthropolo-
gists begun to systematically explore the relationship between developmental plasticity and patterns of growth,
morbidity, and mortality in the human skeletal and hominin fossil records. What we currently know about hom-
inin evolution suggests that, after the emergence of Homo erectus, climate change and repeated episodes of disper-
sal promoted the accumulation and maintenance of plastic traits in our genus. At the same time, the evolution of
prolonged childhood and adolescence phases extended the hominin developmental lifecycle, creating additional
opportunities for environmental signals to inform phenotypic trajectories. Experiences in childhood and adoles-
cence may alter processes of skeletal growth, development, and maturation, potentially confounding efforts to
associate episodes of early life stress with downstream phenotypic effects. Studies of developmental plasticity in
late Homo, particularly tests of the Developmental Origins of Health and Disease (DOHaD) hypothesis, should
carefully consider how opportunities for plasticity late in the developmental lifecycle contribute to patterns of
phenotypic variation. Accounting for sources of bias amplified by our derived developmental pattern, including
catch-up growth, swamping, and equifinality, will aid researchers in investigating the potential costs and benefits
of plastic processes initiated during development and their impact on skeletal phenotype.

INTRODUCTION sis (EES) provides a theoretical framework for examining

n the context of human evolution, development is a
biocultural process in which genetic and extragenetic
(e.g., cultural, behavioral, epigenetic) systems of inheri-
tance collectively shape phenotypic trajectories (Bogin et
al. 2017; Nowell 2016; Rosenberg 2021; Tomasello 1999;
West-Eberhard 2003). The Extended Evolutionary Synthe-
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the complex interplay between these systems while offer-
ing a diverse toolkit for interpreting patterns of phenotypic
variation observed in the archaeological and paleoanthro-
pological records (Antén and Kuzawa 2017; Murray et al.
2020; Prentiss 2021). Within this framework, developmen-
tal plasticity —the regulation of ontogenesis in response to
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environmental cues—represents an important source of
extragenetic variation that has historically been underex-
plored in human evolutionary biology (Anton and Kuzawa
2017; Kuzawa and Bragg 2012).

Studying hominin developmental plasticity in diverse
ecological and temporal contexts may foster a more nu-
anced understanding of our species” evolutionary history,
while enabling us to better address persistent questions
about the nature of plasticity informed by environmental
adversity. Human biologists are well aware of the impor-
tance of early life environments in setting long-term pheno-
typic trajectories (Gluckman and Hanson 2006; Gluckman
et al. 2010; Kuzawa 2007; Kuzawa and Quinn 2009; Worth-
man and Kuzara 2005). Only recently have childhood and
adolescent experiences received similar consideration in
research related to contemporary and past patterns of hu-
man growth, behavior, and physiology (Avery et al. 2022;
Gettler et al. 2022; Lewis 2022; Sisk and Gee 2022; Urlacher
2023). Studies of childhood and adolescent growth and de-
velopment suggest that both maturational tempo and the
pace and magnitude of somatic growth are sensitive to en-
vironmental cues received during these life history phases
(Gawlik and Hochberg 2012; Gettler et al. 2022; Ellis, 2013,
2019; Kuzawa and Bragg 2012; Pantsiotou et al. 2008; Sve-
fors 2019). Alterations to these processes may influence as-
pects of hard tissue growth, development, and maturation,
contributing to patterns of phenotypic variation in skeletal
and fossil samples associated with modern humans and
hominins with similar life history characteristics. If unac-
counted for in methodological design, plasticity late in the
developmental lifecycle may confound efforts to associate
episodes of early life adversity with aspects of adult phe-
notype (McPherson 2021), interpret evidence of frailty or
resilience in response to developmental stress (McFadden
and Oxenham 2020), or assess the costs of critical life his-
tory trade-offs (Temple 2019) using skeletal evidence. Ex-
amining developmental plasticity in the context of species-
level life history patterns, which structure opportunities for
environmental signals to influence phenotypic trajectories,
is the first step in addressing this interpretive challenge.

The same environmental conditions that selected for
derived characteristics of the hominin life history pattern
(e.g., prolonged development, increased juvenile depen-
dency) likely favored plastic capacities (Antén and Snod-
grass 2012). Hominin populations experienced significant
spatial and temporal variation throughout the Pleistocene
as a result of climate change and dispersal, and phenotyp-
ic plasticity may have facilitated range expansion (Antén
2007; Antén et al. 2016; Grove 2014; Grove et al. 2015; Potts
2012; Scheiner and Holt 2012; Wells and Stock 2007). In the-
ory, climatic instability acts as a selective force favoring the
development of plastic capacities, which simultaneously
buffer populations against emergent environmental chal-
lenges and equip them for successful dispersal into novel
habitats during subsequent periods of stability (Grove 2014;
Potts 2012; Wells and Stock 2007). It is possible that the de-
velopment of greater behavioral and physiological plastic-
ity in hominins both promoted and shaped the patterning

of subsequent dispersal events, enhancing and maintaining
plastic capacities in a lineage that likely already exhibited
significant behavioral, dietary, and physiological flexibility
(Grove 2011, 2014; Grove et al. 2015; Wells and Stock 2007).
For these reasons, Homo erectus, the first member of our ge-
nus to disperse widely out of Africa, has been suggested as
the potential origin of the enhanced developmental plas-
ticity observed in modern human populations (Aiello and
Anton 2012; Antén and Snodgrass 2012; Kuzawa and Bragg
2012; Wells and Stock 2007).

Traits associated with physiological tolerances, im-
mune function, dietary and behavioral flexibility, and the
pace and tempo of life history are often subject to stron-
ger selection under conditions of dispersal and/or climate
change (Bradshaw and Holzapfel 2008; Reed et al. 2010).
Modern humans exhibit significant developmental plastic-
ity within these trait categories, which may aid individu-
als in overcoming environmental adversity by regulating
energetic trade-offs between core physiological functions
(Kuzawa 2007; Kuzawa and Bragg 2012; Worthman and
Kuzara 2005). In contemporary populations, developmen-
tal stress has been linked to phenotypic variation in pat-
terns of somatic growth (Lampl and Schoen 2017; Wells
2016), neuroendocrine function (McEwen 2008; Raymond
et al. 2021a; Thayer and Kuzawa 2014), immune function
(Measelle and Ablow 2018), individual variation in disease
susceptibility (Danese and McEwen 2012; Gluckman et al.
2009), brown adipose tissue metabolism (Levy et al. 2021),
and the timing of key life history transitions (Chua et al.
2017; Gettler et al. 2015). Whether alternative phenotypes
associated with early life adversity enhance fitness, repre-
sent accommodations to local environmental conditions,
or are products of constrained or dysfunctional develop-
mental processes remains a subject of intense debate within
biological anthropology (see Snyder-Mackler et al. 2020).
Research on developmental plasticity in contemporary
populations is subject to significant methodological limita-
tions, and traits that appear detrimental in Western social
and ecological contexts may be advantageous to popula-
tions living in harsh and marginal environments (Ellis and
del Giudice 2019; Ellis et al. 2017). Regardless, the impact
of developmental plasticity on epidemiological and demo-
graphic trends in contemporary human populations has
major implications for studies of phenotypic variation and
health in both archaeological skeletal samples (Agarwal
2016; Gowland 2015) and hominin fossil samples (Antén
and Kuzawa 2017).

Since hard tissue embodies phenotypic-environmental
interactions experienced at both individual and genera-
tional timescales (Agarwal 2016; Gowland 2015), skeletal
and fossil samples represent a record of hominin envi-
ronmental histories extending into deep time. In modern
humans, a variety of environmental factors influence de-
velopment (e.g., activity patterns, nutrition, temperature,
maternal condition, mortality risks), and plastic aspects of
the skeletal system shaped by these factors (e.g., robustic-
ity, diaphyseal growth, limb proportions) may be used to
elucidate patterns of phenotypic variation in the hominin
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fossil record historically attributed to genetic selection (An-
tén 2016; Anton and Kuzawa, 2017; Migliano and Guillon
2012). Variation in plastic traits within and between popu-
lations may indicate how, and under what circumstances,
extragenetic factors contribute to processes of local adap-
tation and environmental accommodation (Antén and
Kuzawa, 2017; Kuzawa and Bragg 2012). Additionally, the
presence and patterning of skeletal biomarkers can provide
information about the relationship between developmen-
tal stress and life history trade-offs related to growth, mor-
bidity, and mortality (Amoroso and Garcia 2018; Davis et
al. 2019; McFadden and Oxenham 2020; McPherson 2021;
Smith 2006; Temple 2019). Yet interpreting phenotypic
variation in an incomplete fossil record, let alone variation
attributable to developmental plasticity, presents a variety
of methodological challenges related to sample size, pres-
ervation, and spatial and temporal distribution (see Wood
and Smith 2022). Studies of developmental plasticity in
archaeological and paleoanthropological contexts are also
subject to biases associated with mortuary samples (Woods
et al. 1992) and processes of hard tissue development and
maintenance (Clark et al. 1986; Hedges et al. 2007; Seifert
and Watkins 1997).

Even in relatively well-preserved archaeological sam-
ples, derived features of the modern human life history
pattern and aspects of hard tissue biology may interac-
tively obscure associations between environmental cues
and downstream phenotypic effects in the skeletal system
(McPherson 2021). This interpretive problem may broadly
apply to studies of developmental plasticity in late Homo.
Distinct childhood and adolescent life history phases
emerged during the Pleistocene as hominin populations
encountered novel environmental challenges and devel-
oped increasingly complex social behaviors (Bogin 2003;
Nowell and White 2010). The introduction of these phases
to the hominin life history pattern widened the gap be-
tween infancy and adulthood (Bogin 1999), increasing the
odds of disjuncture between developmental and adult en-
vironments (Botero et al. 2015). A growing body of research
suggests that sensitive windows within these life history
phases represent critical opportunities for environmental
conditions to inform patterns of behavior, somatic growth,
and reproductive maturation prior to biological and social
transition into adulthood (Avery et al. 2022; Decrausaz and
Cameron 2022; Gettler et al. 2022; Lewis 2022; Sisk and Gee
2022; Urlacher 2023). These sensitive windows may allow
slowly-developing juveniles to respond to environmental
change late in the developmental lifecycle, shaping pat-
terns of skeletal variation in the process. Consequently, this
underexplored source of variation has the potential to im-
pact studies of hominin developmental plasticity that uti-
lize skeletal biomarkers to evaluate associations between
episodes developmental stress and aspects of adult phe-
notype. Tests of the Developmental Origins of Health and
Disease (DOHaD) hypothesis (Barker 1995; Gluckman and
Hanson 2006), a growing research focus in several branches
of skeletal biology (Agarwal 2016; Anton et al. 2016; Mc-
Fadden and Oxenham 2020; McKerracher et al. 2019), may

be particularly vulnerable.

Specifically, plasticity late in the developmental life-
cycle may amplify sources of bias related to equifinal-
ity, catch-up growth, and swamping, impeding efforts to
identify the costs and benefits of physiological trade-offs
occurring within and across life history phases. Trade-offs
between somatic growth and reproductive investment can
accelerate skeletal maturation, altering patterns of epiph-
yseal fusion and inhibiting diaphyseal growth (Onat and
Iseri 1995; Onat and Ertem 1995), while trade-offs between
growth and survival due to nutritional or immunological
stress often delay skeletal maturation and slow or inhibit
growth (Cavallo et al. 2021). The period of development in
which these trade-offs occur, and their impact on the pace
of growth and maturation, may influence costs associated
with elevated morbidity and mortality risks (Beltrand et
al. 2009; Nobili et al. 2008; Martin et al. 2017; Thompson
et al. 2020; Visuthranukul et al. 2019). As different devel-
opmental trajectories are capable of producing similar out-
comes (equifinality), late alterations to processes of growth
and maturation can bias interpretation if not taken into
consideration. Catch-up growth in childhood and adoles-
cence may effectively overwrite evidence of constrained
early growth in highly plastic skeletal elements like the
long bone diaphyses, provided that sufficient resources are
available (Christian and Smith 2018; Depauw and Oxley
2018; Llop-Vinolas et al. 2004; Pantsiotou et al. 2008; Sve-
fors 2019). Alternatively, evidence of phenotypic responses
to early life environments may be “swamped” by respons-
es to cumulative, proximate signals of stress experienced
downstream in development (Clark et al. 1986; Weibel et
al. 2020). Compared to adults, subadults exhibit elevated
bone turnover rates, which peak in infancy and again in
adolescence (Hedges et al. 2007; Seifert and Watkins 1997).
During the adolescent growth spurt, high rates of cortical
bone remodeling may further contribute to loss of informa-
tion about phenotypic-environmental interactions in prior
life history phases.

The primary goal of this paper is to provide a frame-
work for identifying potential sources of bias related to
plasticity late in the developmental lifecycle, facilitating
more robust analyses of the costs and benefits of devel-
opmental plasticity in different environmental contexts.
To this end, it first provides a brief discussion of the rela-
tionship between life history pattern and plasticity. Then,
it considers how models of developmental plasticity that
inform anthropological studies typically emphasize the in-
fluence of early life environments on phenotypic trajecto-
ries, while associations between childhood and adolescent
experiences and adult phenotype remain relatively under-
studied. Next, it examines characteristics of hominin life
histories that impact how phenotypic-environmental inter-
actions are recorded in hard tissue throughout the devel-
opmental lifecycle. Finally, it discusses current approaches
to studying developmental plasticity designed to capture
evidence of the presence, timing, and frequency of stress
exposures. These approaches may allow skeletal biologists
to work around biases related to variations in hard tissue
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development and maintenance, so that plastic responses to
adversity and their associated costs can be assessed in skel-
etal, and ideally, fossil samples.

EXAMINING DEVELOPMENTAL PLASTICITY

IN EARLY LIFE AND BEYOND
All organisms retain some degree of phenotypic plastic-
ity throughout the lifespan but are most sensitive to envi-
ronmental influence during development (West-Eberhard
2003). The ability to regulate aspects of development in
response to environmental cues may benefit species likely
to experience temporal and spatial heterogeneity in their
environment, but developmental constraints and infor-
mational deficits may limit the ability of plastic processes
to produce contextually optimal traits (Hereford 2009;
Scheiner and Holt 2011). Not all environmental signals
are reliable indicators of future conditions, and even po-
tentially informative signals may contribute to physiologi-
cal dysfunction if there is significant disjuncture between
environmental variables encountered in early life and later
life history phases (Botero et al. 2015; Oates 2011). Such dis-
juncture may be more likely to impact species with slow
life histories, and in primates, it is often the case that key
features of developmental environments poorly resemble
those experienced in adulthood (Botero et al. 2015). The
interaction between aspects of environmental heterogene-
ity and life history characteristics may therefore influence
whether plasticity or fixity is favored in the evolution of
a particular trait (Hereford 2009; Scheiner and Holt 2011),
and if plasticity is favored, how phenotypes might incorpo-
rate environmental information (see Del Giudice et al. 2011,
Kuzawa 2005; Nettle and Bateson 2015). Indeed, the ways
in which developing organisms experience spatial and
temporal heterogeneity can impact how different biological
mechanisms (e.g., neuroendocrine stress pathways, DNA
methylation) operating at different timescales contribute to
the expression of plastic traits (Burggren and Mueller 2019;
West-Eberhard 2003).

Just as rates of growth and development vary within
and across life history phases, phenotypic sensitivity to en-
vironmental signals varies throughout the developmental
lifecycle (Bogin 2006; Stearns 1992; West-Eberhard 2003).
Although models of developmental plasticity remain spec-
ulative, it has been theorized that variations in phenotypic
sensitivity may help organisms cope with changes in the
“informational properties” of their developmental environ-
ments, to include changes in the frequency and reliability of
environmental signals throughout ontogeny (Fawcett and
Frankenhuis 2015; Walasek et al. 2021). Since not all biolog-
ical systems, or components of a system, are equally recep-
tive to environmental influence at a particular point in time,
infrequent, acute stressors may be less likely to produce
dysfunction (West-Eberhard 2003). Conversely, heightened
receptivity during periods of accelerated growth and life
history transitions may aid organisms in regulating ener-
getic expenditures (Ellis 2013; West-Eberhard 2003; Worth-
man and Kuzara 2005). Thus, the informational properties
of environmental signals (e.g., intensity, duration, frequen-

cy), relative to a species’ life history pattern, may influence
the extent to which they inform phenotypic trajectories.

Plasticity within biological systems generally tends to
decrease as organisms age due to energetic and physiologi-
cal constraints (Murren et al. 2015; Stearns 1992; West-Eb-
erhard, 2003). Environmental signals received in early life
are, consequently, thought to exert the strongest influence
over phenotypic trajectories (Gluckman et al. 2010; Murren
et al. 2015; Wells 2019). This concept is fundamental to the
DOHaD hypothesis (Barker 1995; Gluckman and Hanson
2006), which posits that stress experienced within the first
1,000 days after conception is a major contributor to pat-
terns of morbidity and mortality in living human popu-
lations. It also informs current models of developmental
plasticity (e.g., adaptive calibration, developmental con-
straints, maternal capital, phenotypic inertia, predictive
adaptive response) that otherwise offer different explana-
tory frameworks for how the phenotype responds to en-
vironmental heterogeneity experienced at different tim-
escales (Del Giudice et al. 2011; Kuzawa 2005; Nettle and
Bateson 2015; Smith 1985; Wells 2019). Accordingly, the
majority of recent studies dedicated to examining develop-
mental plasticity in human and non-human primates have
focused on the relationship between measures of adversity
in early life and patterns of phenotypic variation in physi-
ology and behavior (see Snyder-Mackler et al. 2020). These
studies have collectively generated significant empirical
evidence to support the theory that early life environments
strongly influence adult phenotype, and that phenotypic-
environmental interactions during this critical period may
drive a substantial proportion of variation attributable to
plasticity (Danese and McEwen 2012; Gluckman et al. 2009,
2010; Kuzawa and Quinn 2009; Thayer and Kuzawa 2014;
Wells 2016).

However, plastic systems that do not completely cana-
lize in early life remain open to the influence of environ-
mental conditions experienced during subsequent periods
of growth and development. Developmental plasticity in
later life history phases is comparatively understudied in
human biology, and this represents a fundamental gap
in our understanding of the relationship between devel-
opmental environments and adult phenotypic outcomes.
Research involving human and non-human animal popu-
lations suggests that sensitive developmental windows
(SDWs)—periods of heightened receptivity to environ-
mental feedback—exist for various systems and tissues
throughout the life course (Amoroso and Garcia 2018;
Burggren and Mueller 2019; Davis et al. 2019; Haapasalo et
al. 2000, 2009; MacKelvie et al. 2002; Measelle and Ablow
2018). SDWs facilitate phenotypic-environmental interac-
tions at multiple scales (e.g., tissues, systems, organisms),
providing additional opportunities for environmental sig-
nals to influence different aspects of phenotype at different
stages of development (Burggren and Mueller 2019; West-
Eberhard 2003). Much attention has been focused on iden-
tifying SDWs in gestation and infancy, but there is growing
evidence to suggest that additional SDWs for a variety of
plastic traits may exist beyond early life. In human popu-
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lations, adversity experienced within SDWs in childhood
and adolescence may influence numerous aspects of adult
phenotype, including bone density (Haapasalo et al. 2000,
2009; MacKelvie et al. 2002), stature (Bhutta et al. 2013;
Christian and Smith 2018; Depauw and Oxley 2018; Pan-
tsiotou et al. 2008; Svefors et al. 2019), brain structure and
function (Fuhrmann et al. 2015), hypothalamic-pituitary-
adrenal (HPA) axis activity (Raymond et al. 2021a, b), re-
productive life history strategy (Brumbach et al. 2009), and
endocrine function (Gettler et al. 2022). Adolescence and
childhood may therefore provide opportunities for envi-
ronmental conditions to adjust phenotypic trajectories in
response to novel challenges, relaxed constraints, or varia-
tions in resource availability experienced late in the devel-
opmental lifecycle (Depauw and Oxley 2018; Fuhrmann et
al. 2015; Gawlik and Hochberg 2012).

If this is the case, the addition of extended childhood
and adolescent phases to the hominin life history pattern
had major implications for the expression of developmen-
tal plasticity in hominins, and potentially, the production
of phenotypic variation in the skeletal and fossil records.
What we currently know about the evolution of the hom-
inin life history pattern suggests that changes in the length,
pace, and tempo of juvenile development may have creat-
ed additional opportunities for environmental conditions
to influence physiological trade-offs and the timing of key
life history transitions. In particular, the relatively recent
appearance of the adolescent growth spurt may have in-
troduced opportunities for late adjustments to processes of
somatic growth and reproductive maturation.

LIFE HISTORY PATTERN AND PLASTICITY
Infants and juveniles are underrepresented in hominin fos-
sil assemblages, and the relative scarcity of subadult fossils
places significant limitations on efforts to estimate changes
in growth velocity throughout ontogeny and the timing of
key developmental milestones. As a result, the evolution-
ary origins of the modern human developmental pattern
remain uncertain. Modern humans have a unique life his-
tory pattern in which prolonged childhood and adolescent
phases separate infancy and adulthood, approximately
doubling the length of the subadult growth period relative
to extant apes (Bogin 1999). Our greatly extended childhood
may be further divided into two phases—an evolutionarily
novel early childhood phase and a middle childhood phase
that roughly corresponds with the juvenile phase of extant
great apes (Bogin 1997, 1999; Thompson and Nelson 2011).
The completion of weaning marks the beginning of the
early childhood phase, which is characterized by extraor-
dinarily rapid brain development and continuing parental
dependency (Bogin 1997, Thompson and Nelson 2011).
During the subsequent middle childhood phase, intensive
social and cognitive development coincides with a period
of moderate to slow somatic growth prior to the onset of
puberty (Bogin 2003, 2006; Hochberg 2008).

There is disagreement over the timing of the transition
between childhood phases in the anthropological litera-
ture, with the start of middle childhood variably defined

using different dental (e.g., permanent M1 emergence)
and brain growth (e.g., cessation of growth, 90% of adult
growth) milestones, which typically occur between five
and seven years post-birth (Thompson and Nelson 2011).
Given the goals of the present paper, it is important to note
that human life history phases do not perfectly correlate
with extant ape and extinct hominin life history phases.
Additionally, different approaches to defining subadult life
history phases substantially complicate efforts to compare
life history patterns within and across different hominin
genera (see Thompson and Nelson 2011 for an extended
discussion).

Human evolutionary biologists have generated a va-
riety of theories to explain the emergence of our unique
childhood phase, with the energetics of brain development
and rapid pace of human reproduction frequently cited as
potential selective factors (see Urlacher 2023). When total
life span is controlled for, modern humans experience ex-
tended periods of synaptic development compared to other
juvenile primates (e.g., chimpanzees, macaques), with in-
tensive development occurring in the first five years of life
(Liuetal. 2012). The protracted and metabolically expensive
process of brain development, which continues into adult-
hood, is counterbalanced by reduced somatic growth rates,
alloparenting behaviors, and technoeconomic systems that
buffer against environmental perturbations (Bogin 1997;
Leonard and Robertson 1994; Neubauer and Hublin 2012;
Rosenberg 2021; Tomasello 1999). An additional benefit
of a prolonged childhood is that it extends the window in
which individuals may acquire essential social skills and
cultural information through instruction, observation, and
imaginative play —an essential process in a species charac-
terized by social complexity and cultural diversity (Nowell
2016; Tomasello 1999). Similarly, adolescence may delay
the onset of energetic costs associated with reproductive
effort and maintenance of a larger body, while providing
opportunities to practice potentially risky adult social and
sexual behaviors without incurring the associated costs
(Anton and Leigh 2003; Bogin 1997; Leigh 1996).

Comparative studies of hominin skeletal and dental de-
velopment suggest it is unlikely that derived characteristics
of the modern human developmental pattern, including an
extended period of moderate growth preceding puberty
followed by an adolescent growth spurt, evolved in our
genus prior to 1.5 Ma (Bogin 2020; Schwartz 2012; Thomp-
son and Nelson 2011). Indeed, distinct early childhood and
adolescent life history phases may have evolved relatively
recently within our lineage, with adolescence emerging
only in the last 100,000 years (Bogin 1999, 2020; Gawlik
and Hochberg 2012; Hochberg 2012; Smith 1992; Smith and
Tompkins 1995; Thompson and Nelson 2011). Patterns of
skeletal and dental development exhibited by australo-
pithecines and early Homo indicate that they likely experi-
enced relatively brief periods of juvenile dependency and
accelerated maturation in comparison to late Homo (Dean
et al. 2001; Hemmer 2014; Schwartz 2012). Gracile austra-
lopithecines matured at rates similar to extant great apes,
potentially reaching sexual maturity around eight to nine
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years of age, in comparison to 9.8 years for chimpanzees
(Hemmer 2014). Similarly, H. habilis potentially reached re-
productive maturity as early as ten years of age (Hemmer
2014). It has been theorized that H. habilis, whose fossil re-
cord ends around 1.9 mya, may have been the first hominin
to experience a distinct childhood phase involving rapid
early growth followed by a period of decelerated, stable so-
matic growth (Bogin 1999, 2006). However, Thompson and
Nelson (2011) argue that this is unlikely, as estimated rates
of dental development in H. habilis are similar to those of
australopithecines.

The early life of H. erectus, the first known member of
our genus to migrate out of Africa, is poorly understood
due to limited subadult remains. Studies of these suggest
that it may have been the first hominin species to experi-
ence a brief childhood phase (Bogin 2006; Thompson and
Nelson 2011) and a growth spurt preceding adulthood
(Anton and Leigh 2003; Gawlik and Hochberg 2012; Leigh
2004; Tardieu 1998). In comparison to H. habilis, H. erectus
may have experienced an even shorter period of infancy
relative to total lifespan, followed by brief childhood phase
lasting approximately a year (Bogin 2006; Gawlik and Ho-
chberg 2012). Studies of juvenile cranial capacity suggest
a rate of relative brain growth slower than chimpanzees
and faster than modern humans (Bogin 2006, Gawlik and
Hochberg 2012; Thompson and Nelson 2011). Similarly, H.
erectus may have exhibited an intermediate pattern of so-
matic growth, with development occurring over a period
similar to (Thompson and Nelson 2011) or slightly longer
than (Dean and Smith 2009) that exhibited by modern great
apes. Using estimated body mass and brain mass to predict
life history characteristics, Hemmer (2014) hypothesized
that H. erectus females likely reached sexual maturity and
first gave birth around 13 and 16 years of age, respectively.
These estimates are later than those for early Homo (9.5 and
12.5 years for H. habilis), but significantly earlier than es-
timates for Middle Pleistocene Homo (14.5, 18 years) and
observed values derived from modern human populations
(16.5, 19.3 years) (Hemmer 2014). The rate of growth expe-
rienced by juvenile H. erectus in their early teens was likely
quite high and may have involved spurts in growth simi-
lar to those observed in other primate species (Leigh 2004;
Tardieu 1998). Although limited by sample size, a study of
facial and mandibular growth velocity in H. erectus by An-
ton and Leigh (2003) suggests that the presence of an ado-
lescent growth spurt should not be ruled out in this species.
However, based on available lines of dental, cranial, and
postcranial evidence, there is currently limited empirical
support for a delayed adolescent growth spurt in H. erectus
characteristic of the modern human life history pattern (Bo-
gin 2020; Schwartz 2012).

When this trait emerged in our genus is unknown, and
itis possible that it is unique to H. sapiens. The body of exist-
ing literature suggests that both Neanderthals and Middle
Pleistocene Homo experienced prolonged childhood and
adolescent phases in comparison to early Homo, although
these phases were likely compressed in comparison to
modern H. sapiens (Bermtidez de Castro et al. 2003; Bogin

1999, 2003; Ramirez-Rozzi and Bermtdez de Castro 2004;
Tardieu 1998; Thompson and Nelson 2011). Rates of dental
development may have been faster in Middle Pleistocene
Homo, potentially indicative of an accelerated develop-
mental lifecycle (Ramirez-Rozzi and Bermutdez de Castro
2004). An analysis of internal molar microstructure by Mac-
chiarelli and colleagues (2006) suggests that Neanderthals
may have developed at a pace similar to modern humans,
with a distinct early childhood phase. This theory is further
supported by a study of Neanderthal endocranial develop-
ment conducted by Ponce de Ledn and colleagues (2016)
which found that trajectories of Neanderthal brain growth
likely resembled those of modern humans from the Late
Pleistocene. However, lines of dental evidence provide in-
creasing support for a relatively accelerated pace of growth
and development in Neanderthals (see Schwartz 2012).
Smith and colleagues’ (2010) analysis of dental crown de-
velopment in Neanderthals and H. sapiens indicates that
Neanderthal dental development was likely faster than
modern human dental development. Meanwhile, dental
development in Middle Paleolithic H. sapiens from Qafzeh,
Israel (90-100 kya) and Jebel Irhoud, Morocco (160 kya)
may have proceeded at a pace more similar to contempo-
rary H. sapiens populations. Additionally, skeletal evidence
indicates that completion of somatic growth in Neander-
thals likely occurred in the mid-teens, from which it can
be inferred that they experienced higher rates of adoles-
cent growth than modern humans (Thompson and Nelson
2011). Based on what we currently know about the pace
and tempo of adolescent development in early modern hu-
mans and Neanderthals, they both may have experienced
adolescent growth spurts (Thompson and Nelson 2011),
but the timing and velocity of these growth spurts remains
uncertain.

In general, this evidence suggests a trend toward slow-
er life histories and larger generational gaps in the hominin
lineage, with proportionately longer childhoods and ado-
lescence relative to total potential lifespan (Figure 1). Sig-
nificant differences in the relative lengths of these phases
between H. erectus and modern humans further suggest
that our derived life history pattern is likely a relatively re-
cent development, potentially emerging in the middle to
late Pleistocene (Schwartz 2012). Although the widening
gap between infancy and adulthood was potentially a by-
product of prolonged brain development, it increased op-
portunities for environmental cues to cumulatively adjust
developmental trajectories in a variety of biological sys-
tems (Gawlik and Hochberg 2012; Leonard and Robertson
1994; Neubauer and Hublin 2012). Of equal importance,
the late addition of childhood and adolescence to the hom-
inin life history pattern may have also introduced sensitive
windows at key stages in the developmental lifecycle.

Sisk and Gee (2022) suggest that it may be helpful to
conceptualize adolescence itself as a sensitive window in
the context of modern human life history, as plasticity is
enhanced across multiple systems during this phase of de-
velopment. As previously discussed, coping with the infor-
mational properties of developmental environments can be
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Figure 1. Length of childhood and adolescence relative to total potential lifespan in hominins.

a significant challenge for organisms that experience spa-
tial and temporal heterogeneity throughout development
(Fawcett and Frankenhuis 2015). The addition of sensitive
windows later in the developmental lifecycle of hominins
may have been necessary to overcome problems associated
with signal reliability, especially in systems that experience
extended development across multiple life history stages.

During the adolescent growth spurt, defined by a peak
in growth velocity, individuals may experience significant
increases in bone turnover rates (Hedges et al. 2007; Seifert
and Watkins 1997) and the linear dimensions of some skel-
etal elements, to include the long bone diaphyses and man-
dibular ramus (Anton and Leigh 2003; Wells 2016). Unsur-
prisingly, a significant percentage of adult stature may be
attained during adolescence, as much as 15%—-25% in girls
(Christian and Smith 2018). The pace and tempo of somatic
growth and reproduction are closely linked to nutritional
status, but in modern human populations, signals of ener-
getic constraint in early life may not be as informative as
proximate signals of resource availability in late childhood
and adolescence (Botero et al. 2015; Ellis et al. 2009; Ku-
zawa and Bragg 2012). For this reason, it has been theorized
that environmental cues received in childhood may have
a particularly strong effect on growth trajectories, while
sensitive windows in adolescence may influence trade-offs
associated with reproductive life history transitions and
longevity (Gawlik and Hochberg 2012).

Since the adolescent growth spurt represents a major
energetic expenditure, signals of environmental conditions
during late growth phases may allow individuals to adjust
the pace and magnitude of somatic growth in response to
available resources and extrinsic mortality risks. Life his-
tory trade-offs between growth, survival, and reproductive
investment shape patterns of variation in stature and body
size observed in both present and past populations (Kuza-
wa and Bragg 2012; Migliano and Guillon 2012; Schwartz
2012; Stearns 1992; Wells 2016), and late adjustments to
growth trajectories may contribute to phenotypic variation

in skeletal and fossil samples. Thompson and colleagues
(2020) argue that, until very recently in our species’ history,
human populations typically exhibited growth trajectories
shaped by exposure to chronic nutritional and immunolog-
ical stressors throughout the developmental lifecycle. Slow
rates of somatic growth occurring over an extended dura-
tion were common, but if conditions allowed, episodes of
accelerated growth could make up for stature lost as a con-
sequence of prior stress events (Thompson et al. 2020). Al-
ternatively, an accelerated pace of development resulting
in reduced stature and earlier age at reproductive matu-
rity may have characterized growth trajectories in environ-
ments associated with limited resources and high extrinsic
mortality risks, (Kuzawa and Bragg 2012; Migliano and
Guillon 2012). In environments with adequate resources
but high extrinsic mortality risks, accelerated development
might also have occurred without associated reductions in
stature (Schwartz 2012). Studies of maturational tempo in
modern human populations indicate that there is signifi-
cant flexibility in the tempo of reproductive maturation as
it relates to somatic growth (Ellis 2013, 2019; Kuzawa and
Bragg 2012). Collectively, they suggest the existence of
plastic mechanisms that compensate for trade-offs in so-
matic growth and reproduction through modifications to
developmental tempo.

Under the right environmental circumstances, these
mechanisms may also provide individuals with opportu-
nities to overcome the effect of early adversity. Studies of
pubertal development indicate that early onset of puberty
in girls may result in a relative delay in peak height velocity
(PHV), but not compromised adult height (Llop-Vinolas et
al. 2004; Pantsiotou et al. 2008). In addition, a recent longi-
tudinal study of a rural Bangladeshi cohort found that chil-
dren who exhibited recovery from early life stunting exhib-
ited pubertal development similar to non-stunted children
(Svefors 2019). However, recovery may only be possible in
environments where there are sufficient resources avail-
able. For a more comprehensive discussion of factors con-
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tributing to patterns of somatic growth in contemporary
and past human populations, refer to the following articles:
Migliano and Guillon (2012), Steckel (2009), Thompson et
al. (2020), and Wells (2016).

The ability of humans—and potentially, other homi-
nins—to fine-tune growth trajectories across multiple life
history stages may significantly complicate efforts to relate
the effects of developmental environments to adult pheno-
typic outcomes. In order to understand the relationship be-
tween developmental plasticity and skeletal variation, we
must therefore develop methodological approaches that
allow us to better interpret patterns of phenotypic-environ-
mental interactions occurring across the life course.

THE SKELETAL SYSTEM AS A RECORD OF
PHENOTYPIC-ENVIRONMENTAL
INTERACTIONS

As Temple (2019) cautions, evidence of plasticity in the
skeletal system may not be adaptive in and of itself, but
instead may indicate the presence of adaptive plastic pro-
cesses in systems that do not preserve in the archaeological
record. Plasticity in hard tissue may largely reflect life his-
tory trade-offs that enhance survival and reproduction by
delaying or inhibiting growth, often at the cost of enhanced
increased morbidity and mortality risk in adulthood (Tem-
ple 2019). Processes of compensatory growth and pheno-
typic adjustment late in development may obscure hard
tissue evidence of trade-offs initiated in early life, while
also incurring delayed costs of their own that may not be
apparent until adulthood (Martin et al. 2017; Nobili et al.
2008). Since skeletal elements vary in the length of their
developmental life cycles and receptivity to environmental
cues, they may differentially embody the effects of these
trade-offs (McPherson 2021).

Despite these challenges, archaeological and paleoan-
thropological studies have much to contribute to ongoing
debates about the potential costs and benefits of phenotyp-
ic plasticity. The skeletal system can simultaneously record
evidence of plastic responses to stress at different stages in
development, relevant phenotypic outcomes, and proxy
measures of health and fitness. Suites of carefully selected
biomarkers can be used to identify links between the tim-
ing of stress exposures in an individual’s developmental
life cycle and patterns of growth, morbidity, and mortality
at the population level. In turn, these patterns may indicate
periods of development in which important life history
trade-offs are initiated (Amoroso and Garcia 2018; Moes et
al. 2022; Newman and Gowland 2015; Temple 2019; Watts
2013, 2015; Weisensee 2013), and whether these trade-offs
contributed to frailty or resilience in a particular environ-
mental context (McFadden and Oxenham 2020). Studies
of developmental plasticity are enhanced by the use of
multi-marker models that incorporate biomarkers indica-
tive of stress experienced at different life history phases, to
include measures of acute stress (e.g., enamel defects, Har-
ris lines) and chronic stress experienced within relatively
discrete periods of development (e.g., vertebral neural ca-
nal dimensions, measures of dental and cranial fluctuating

asymmetry) (McPherson 2021). By capturing evidence of
stress experienced within developmental periods of in-
terest, associations between the timing and patterning of
stress events, phenotypic outcomes of interest (e.g., esti-
mated height) and indicators of fitness (e.g., estimated age
at death, cause of death, evidence of disease stress) can be
more rigorously tested.

Examining how stress is embodied in elements that are
differentially responsive to environmental cues at different
periods in development may help skeletal biologists ac-
count for potential information loss due to compensatory
plasticity, catch-up growth, or swamping. This approach
is briefly outlined in the following sections, which sum-
marize how current multi-marker models of skeletal stress
may be used to develop more nuanced tests of hypotheses
related to adaptive developmental plasticity and DOHaD.
These approaches to interpreting developmental stress,
which prioritize signal timing, frequency, and patterning,
may aid researchers in more clearly relating episodes of
early life stress to adult phenotypic outcomes of interest.

INDICATORS OF LIFE HISTORY TRADE-OFFS
IN THE SKELETAL SYSTEM

While a variety of regulatory mechanisms may synergisti-
cally contribute to plastic developmental processes, not all
of them are equally visible in the skeletal record. Although
this problematizes efforts to reconstruct developmental
processes in historical and archaeological contexts, one
potential regulatory mechanism—the stress response sys-
tem—is directly involved in the production of a diverse ar-
ray of hard tissue biomarkers (Donatti et al. 2011; Lorentz
et al. 2019; Mazziotti and Giustina 2013; Temple and Edes
2022). Neuroendocrine stress pathways involving the hy-
pothalamo-pituitary-adrenal (HPA) axis are hypothesized
to regulate processes of growth and development in a va-
riety of biological systems (Crespi and Denver 2005; Ponzi
et al. 2020; Worthman and Kuzara 2005). Activation of the
stress response system as a reaction to a perceived threat
downregulates the production of growth hormone, in ef-
fect driving trade-offs between growth and survival that
may influence the timing of life history transitions (Ellis
2013; Worthman and Kuzara 2005). Within this framework,
stress hormones (e.g., corticosteroids) act as intermediary
signals of environmental adversity, providing developing
systems with information about potential challenges in or-
der to optimize the allocation of energetic resources (Ellis
2013; Lu et al. 2018). Thus, stress provides organisms with
essential environmental context that may inform key life
history trade-offs while enacting costs and applying con-
straints to developmental processes.

A key advantage of studying developmental plasticity
in the skeletal system is its modularity —the division of the
system into individual elements and functional units. Just
as organisms exhibit different degrees of sensitivity to en-
vironmental signals throughout their lifespans, so too do
skeletal elements within their own developmental lifecy-
cles. In the skeletal system, interactions between corticoste-
roids and growth hormone (GH) impact hard tissue metab-
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olism and development at varying time scales, producing
artifacts that can be used to estimate the timing of these in-
teractions relative to an individual’s chronological age (Do-
natti et al. 2011; Lorentz et al. 2019; Mazziotti and Giustina
2013). Using biomarkers to link stress exposures to down-
stream phenotypic outcomes is a particular strength of
skeletal biology, exemplified by traditional paleopathologi-
cal approaches. In the case of biomarkers associated with
acute stress episodes (e.g., enamel defects), this can often
be accomplished with a relatively high degree of precision
(Davis et al. 2019; Smith 2006; Smith et al. 2006). Other bio-
markers reflect cumulative stress exposures experienced
during relatively narrow windows in early life (e.g., fluc-
tuating asymmetry in deciduous teeth and portions of the
basicranium), or periods encompassing early life and early
childhood (e.g., vertebral neural canal diameters, measures
of fluctuating asymmetry in permanent teeth), while oth-
ers reflect stress experienced over extended developmental
timelines (e.g., long bone diaphyseal measures, vertebral
body height).

Since a variety of environmental signals associated
with adversity (e.g., resource, disease, and psychosocial
stress) use corticosteroids as intermediary signals, it is
not always possible to work backwards from a stress bio-
marker to identify its precise cause. However, by assess-
ing the patterning of stress embodied in skeletal elements,
and the estimated timing and frequency of stress episodes
relative to an individual’s chronological age, it may be pos-
sible to partly reconstruct aspects of their developmental
environment. Skeletal development in modern humans is
well documented in the biological literature at the level of
both elements and functional units, including known peri-
ods of accelerated growth, sequences of epiphyseal fusion,
and rates of remodeling (Cunningham et al. 2017; Lewis
2017). Although features of some hominin life histories are
incompletely understood, sufficient data is available to es-
timate patterns of skeletal and dental development in sev-
eral other species of late Homo (Hemmer 2014; Macchiarelli
2006; Nava 2020; Thompson and Nelson 2011). Although
necessarily speculative in the case of extinct hominins,
knowledge of hard tissue development makes it possible to
identify elements most likely to record evidence of pheno-
typic-environmental interactions within the developmental
periods most relevant to the aims of a study.

RELATING ENVIRONMENTAL SIGNALS TO
PHENOTYPIC OUTCOMES

In contexts where other factors contributing to phenotypic
variation within a trait (e.g., cultural, behavioral, genetic)
are incompletely known, observed variation cannot nec-
essarily be attributed to plastic developmental processes
without a way of identifying the presence and timing of en-
vironmental signals involved in phenotypic-environmental
interactions. For this reason, studies of developmental plas-
ticity that utilize skeletal samples should ideally follow the
framework proposed by Doughty and Resnik (2004) and
include proxy measures of three categories of informa-
tion—the timing of stress exposures, phenotypic products

related to those stress exposures, and when applicable,
measures of fitness. In studies designed to not only iden-
tify the presence of plastic variation, but assess its potential
adaptive value, the same biomarker should never be used
as both evidence of a plastic response and a proxy measure
of fitness. This is especially relevant to studies of plasticity
in somatic growth, as recent research has challenged asso-
ciations between measures of constrained growth and in-
dicators of health and fitness (Scheffler and Hermanussen
2021). Additionally, in the absence of information about
signal timing, it may not be possible to determine whether
stress experienced within a particular developmental epi-
sode inhibited growth or acted as an informational signal
influencing future development (McPherson 2021). Since
these processes are not necessarily mutually exclusive,
multi-marker models involving elements that differentially
embody stress may be needed to disentangle their effects.

In the context of life history theory, biomarkers associ-
ated with acute stress episodes (e.g., enamel defects, Har-
ris lines) signal the dynamic reallocation of energetic re-
sources involved in short-term trade-offs between growth
and other expensive physiological functions (Temple 2019;
Worthman and Kuzara 2005). If experienced within rel-
evant sensitive windows, these acute stress episodes may
also trigger additional life history trade-offs associated
with phenotypic products that are only observable down-
stream, potentially in later life history stages (e.g., associa-
tions between early life stress and accelerated life histories)
(McPherson 2021; Temple 2019). Meanwhile, measures as-
sociated with long-term growth trajectories (e.g., patterns
of stunting, estimated body mass, sexual dimorphism) rep-
resent phenotypic end products informed by a variety of
genetic and extragenetic processes, with plastic processes
contributing to observed patterns of variation (Agarwal
2016). Early differentiating, highly conservative elements
with limited potential for remodeling may act as “time
capsules” of early life environments, retaining information
about phenotypic-environmental interactions into adult-
hood (McPherson 2021). Conversely, elements with ex-
tended developmental lifecycles may remain responsive to
environmental cues beyond early life, with the potential for
catch-up growth in response to improved conditions. For
instance, long bone diaphyses and vertebral bodies exhibit
multiple periods of intensive growth occurring across life
history phases and capture information about phenotypic-
environmental interactions over an extended period (Cun-
ningham et al. 2017; Dimeglio and Canavese 2012; Svefors
et al. 2019; Wells 2016).

Loss of data due to taphonomic processes is a major
limiting factor in studies of developmental plasticity in-
volving skeletal and fossil samples, and bone mineral den-
sity is thought to be a key factor in the survival and rela-
tive preservation of skeletal elements (Biehler-Gomez et al.
2022; Willey et al. 1997). Elements with a high proportion of
trabecular bone (e.g., vertebrae, ribs, sternum, appendicu-
lar elements) are typically less likely to survive than those
with greater cortical density (e.g., long bone diaphyses) or
the dentition (Biehler-Gomez et al. 2022; Stojanowski et al.
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2002). Knowing that researchers working in archaeological
and paleoanthropological contexts may be severely limited
in the number and quality of skeletal elements available,
what follows is a brief (and non-comprehensive) discus-
sion of recent studies of developmental plasticity in skeletal
biology that may serve as useful models (see McPherson
2021 for an extended discussion). Several of these involve
explicit tests of the DOHaD hypothesis, while others focus
on identifying periods of development in which potential
life history trade-offs involving growth and survival are
initiated.

A variety of recent studies in skeletal biology have uti-
lized enamel defects to evaluate associations between the
timing and frequency of developmental stress episodes
and adult phenotypic outcomes, to include age at death
(Armelagos et al. 2009; Garland 2020), estimated stature and
age at death (Temple 2014, 2019), and aspects of behavioral
phenotype (Davis et al. 2019). Most recently, Moes and col-
leagues (2022) used enamel defects to assess relationships
between episodes of early life stress and cranial fluctuating
asymmetry (FA), a measure of developmental instability,
in a sample of 48 individuals from Colonial-era cemeteries
in Mexico City. After dividing permanent canine crowns
into three segments representing different periods in de-
velopment (~1-2.5, 2.5-4, and 4-5.5 years), they assessed
the presence and frequency of enamel defects within these
periods and their association with measures of cranial FA
(Moes et al. 2022). Contrary to their expectations, environ-
mental stress experienced between 4 and 5.5 years had a
unique and potentially durable impact on developmental
instability, which they hypothesized may relate to physi-
ological trade-offs in early childhood associated with the
high energetic demands of brain development (Kuzawa et
al. 2014; Moes et al. 2022).

The results of Moes and colleagues’ (2022) analysis
suggest that the informational properties of environmen-
tal signals should be carefully considered by investigators
and reaffirm the importance of timing and frequency as key
factors influencing plastic phenotypic responses (Garland
2020; McPherson 2021; Temple 2019). Furthermore, their
results support the theory that stressors experienced after
early life may significantly impact phenotypic trajectories.
Although relatively underutilized, measures of cranial FA
may have considerable utility as proxies of cumulative
developmental stress and have been previously used by
skeletal biologists to evaluate associations between early
life environments, age at death, and cause of death (Cho-
valopoulou 2017; Weisensee 2013). The development of the
cranium is complex, with functional units undergoing dif-
ferent rates of growth and exhibiting varying degrees of
plasticity in response to environmental signals (Cunning-
ham et al. 2017). Conservative elements of the cranium that
exhibit limited capacity for remodeling, including more
durable portions of the basicranium, may be particular-
ly suitable for assessing early life stress in future studies
(Chovaloupoulou et al. 2017).

Vertebrae are less likely to survive intact in skeletal and
fossil assemblages, but vertebral biomarkers should also be

considered for inclusion in studies of plasticity whenever
possible due to their ease of measurement and ability to
capture information about phenotypic-environmental in-
teractions at different scales. Several vertebral measures,
but most notably the anterior-posterior (AP) and transverse
(TR) vertebral neural canal diameters, have been success-
fully used to assess relationships between episodes of de-
velopmental stress and measures of growth, morbidity, and
mortality in archaeological contexts (Amoroso and Garcia
2018; Newman and Gowland 2015; Watts 2013, 2015). In
modern humans, the AP diameter of the vertebral neural
canal likely experiences limited growth beyond five years
of age, and Newman and Gowland (2015) have hypothe-
sized that most of this growth occurs in early life. While the
TR diameter similarly completes most of its growth in the
first five years of life, it may achieve limited gains in size
between early childhood and late adolescence (Newman
and Gowland 2015; Watts 2013). Thus, AP and TR diam-
eters of the vertebral neural canal may embody stress ex-
perienced in two overlapping periods of development, and
differences in patterns of associations between constrained
growth in these measures and phenotypic outcomes of
interest may yield valuable information to investigators
(Watts 2015).

Watts’ (2015) nuanced analysis of developmental stress
inlate Medieval and post-Medieval London samples (n=462,
480), utilized enamel defects in conjunction with AP and
TR VNC measures to estimate the timing of stress events
and their association with trade-offs involving growth and
survival. The results of her study found that episodes of
constrained early growth, indicated by the presence of lin-
ear enamel hypoplasia (LEH) and constrained AP VNC di-
ameters, were not strongly associated with estimated age
at death in either sample. Equally intriguing was the find-
ing that constrained early growth was not associated with
constrained later growth in childhood and adolescence,
represented by TR VNC diameters. However, measures of
constrained growth in these later life history phases were
significantly associated with estimated age at death, sug-
gesting that trade-offs between growth and longevity initi-
ated in childhood and adolescence may drive patterns of
mortality in some populations (Watts 2015).

Although the models utilized in these studies may not
be applicable to all research contexts, use of dental and
skeletal biomarkers to assess the timing and frequency of
stress events may enrich traditional approaches to study-
ing the phenotypic effects of developmental stress in ar-
chaeological and paleoanthropological contexts. They may
also provide a potential starting point for assessing the po-
tential costs and benefits of developmental plasticity and
its involvement in evolutionary processes.

THE PROBLEM OF EQUIFINALITY IN
STUDIES OF DEVELOPMENTAL PLASTICITY
Existing approaches to studying developmental plastic-
ity in anthropology and public health often use estimated
height and body mass as proxy measures of plastic re-
sponses to developmental stress (Antén et al. 2016; Pant-
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siotou et al. 2008; Svefors et al. 2019). Estimated stature and
body mass are highly useful measures in archaeological
and paleoanthropological studies, as they may be used to
assess life history characteristics (Helmut 2014) and pat-
terns of growth (Svefors et al. 2019; Wells 2016). Further-
more, body mass can be estimated using a variety of dental,
cranial, and post-cranial measures, while stature estimates
typically utilize dimensions of long bone diaphyses that
preserve well in archaeological and paleoanthropological
contexts. These measures reflect complex interactions be-
tween genetic and extragenetic systems of inheritance, and
without additional contextual information, it is not always
possible to assess the contribution of plastic developmental
processes to phenotypic variation.

Referring to the previous section, long bone dimen-
sions (e.g., diaphyseal length) in particular are shaped by
extended episodes of phenotypic-environmental interac-
tions occurring across life history phases, with the poten-
tial for catch-up growth and exercise-induced increases in
bone density in childhood and adolescence (Haapasalo et
al. 2000, 2009; Svefors et al. 2019). Ultimately, in the absence
of contextual data, variation in measures that embody long-
term developmental trajectories may indicate the presence
of plasticity but provide only limited information about
the phenotypic-environmental interactions that informed
development. In the further absence of information about
the timing of phenotypic-environmental interactions,
specifically, it may not be possible to identify periods of
heightened susceptibility to environmental influence or to
evaluate costs of plasticity related to life history trade-offs
(McPherson 2021; Temple 2019). This is not a problem if the
primary goal of a study is to identify the presence of plas-
ticity in response to a stressor but represents a significant
obstacle to interpretation in studies intended to evaluate
aspects of the DOHaD hypothesis or the adaptive benefits
of plasticity.

Accounting for the timing and frequency of stressors
at different stages in development refines processes of hy-
pothesis testing by facilitating detection of more subtle pat-
terns of trade-offs between growth and longevity in archae-
ological samples. Evidence of inhibited diaphyseal growth
in the presence of acute stress biomarkers occurring over
an extended developmental timeline may be indicative of
a developmental environment characterized by constraint.
In this context, constrained or stunted growth may indi-
cate that plastic processes were insufficient to overcome
chronic energetic deprivation. However, evidence of inhib-
ited growth in early life alongside indicators of accelerated
maturation and elevated mortality risk in adulthood may
be more suggestive of strategic adjustments to the pace and
tempo of life history (Del Giudice et al. 2011). “Normal”
growth occurring alongside evidence of significant early
life stress may suggest the presence of trade-offs that en-
hanced resilience, but this pattern may coincide with ele-
vated mortality risk in adulthood (Ellis et al. 2017; Temple
2019). Alternatively, if there is limited evidence of stress in
late childhood and early adolescence, this pattern could
also indicate the presence of compensatory plasticity facili-

tating catch-up growth.

As these hypothetical examples illustrate, there are
multiple pathways to each phenotypic outcome (con-
strained vs. normal growth), and these involve different
sets of plastic responses and associated life history trade-
offs. Constrained growth is associated with a variety of
negative measures of health and wellbeing (Chua et al.
2017; Danese and McEwen 2012; Kuzawa and Quinn 2009;
Watts 2013), but catch-up growth is not cost-free and may
also modify individual susceptibility and mortality risk
across the lifespan (Martin et al. 2017). Studies of the costs
of catch-up growth are limited, and more evidence is need-
ed to define its relationship to measures of adult health. The
costs of catch-up growth may depend on when it occurs in
the developmental life cycle, and several studies of catch-
up growth in early life suggest that it may not produce sig-
nificant metabolic consequences in adulthood if it occurs
prior to two years of age (Beltrand et al. 2009; Visuthranu-
kul et al. 2019). Others suggest that individuals who over-
come constrained growth in early life through compensa-
tory plastic processes may face costs in adulthood in the
form of increased susceptibility to cardiovascular disease
and metabolic disorders (Nobili et al. 2008; Martin et al.
2017). Populations with access to sufficient resources may
not have to make significant trade-offs between the pace
of growth and pace of maturation. In contemporary West-
ern populations, there is an increasing trend toward ac-
celerated patterns of skeletal growth and maturation with
no associated losses in linear growth (Boeyer et al. 2018;
Thompson et al. 2020). Yet even though greater height is
often associated with measures of fitness (e.g., longer lifes-
pans, reduced mortality risks), individuals who experience
accelerated growth trajectories may still face downstream
costs in the form of elevated mortality risks in adulthood
(Thompson et al. 2020).

In studies of plasticity, growth trajectories should be
given the same consideration as their end products. Costs
associated with accelerated or inhibited growth —and when
they apply—may largely determine whether plasticity is
adaptive within a particular environmental context. These
considerations are especially crucial in studies involving
skeletal and fossil samples, as apparently maladaptive ar-
tifacts of plasticity in the skeletal system may signal the
presence of underlying plastic processes that enhance resil-
ience and promote survival, while measures of health may
disguise costly trade-offs (McFadden and Oxenham 2020;
Temple 2019; Temple and Edes 2022).

DISCUSSION
Studying developmental plasticity in the skeletal and fos-
sil record is methodologically challenging, as hard tissue
is limited in its ability to capture evidence of phenotypic-
environmental interactions and there are significant gaps
in the hominin fossil record. This situation complicates
efforts to study plasticity in the deep past, as incomplete
preservation may impede our ability to apply relevant
techniques to fossil material or to gather sample sizes large
or cohesive enough to permit comparative studies within
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or across populations. At present, there are few compara-
tive studies of developmental plasticity in the anthropo-
logical literature, and even fewer in paleoanthropology de-
spite increased interest in the role played by developmental
plasticity in hominin evolution (Antén and Kuzawa 2017;
Anton et al. 2016; McKerracher et al. 2019).

However, a recent study by Antén and colleagues
(2016) that employed body size and degree of sexual di-
morphism as proxy measures of plastic stress suggests that
modern humans and species of widely dispersed non-hu-
man primates exhibit greater plasticity in somatic growth
than extinct species of hominins. This study included 35
human and non-human primate (Macaca and Chlorocebus)
populations from known environmental contexts, and 14
time and space restricted paleodemes of fossil Homo, to in-
clude H. erectus and Neanderthals. Antén and colleagues
(2016) found that the human and non-human primate pop-
ulations exhibited the greatest similarity in pattern, while
both Neanderthals and H. erectus exhibited reduced plas-
ticity in comparison to modern humans. However, Nean-
derthals exhibited less plasticity than H. erectus. Although
small sample sizes significantly limited their examination
of plastic variation in extinct hominins, they suggest that
there are indications of “unusual” variability in H. erectus
worth exploring in further analyses when additional fossil
evidence becomes available (Anton et al. 2016: 15).

The results of Antéon and colleagues’ (2016) initial
analysis are intriguing, raising lines of further inquiry and
inviting additional comparative studies. The high degree
of plasticity observed in modern human populations may
be partially attributable to the buffering effect of social and
technoeconomic systems, but this does not explain evi-
dence of enhanced developmental plasticity in extant non-
human primates relative to extinct hominins. Studies of
non-human primate species suggest that we have likely un-
derestimated the behavioral and physiological plasticity of
our living relatives, especially in widely dispersed lineages
occupying more variable ecological niches (Snyder-Mack-
ler et al. 2020). It could be the case that the components
required to evolve enhanced developmental plasticity were
present in the primate lineage prior to the emergence of
Homo, and recent environmental histories rather than phy-
logeny may be better predictors of plastic capabilities. The
enhanced plasticity of modern humans may have rapidly
accumulated in response to environmental heterogeneity
experienced through repeated episodes of dispersal and
occupation of extremely diverse ecological niches (Grove
2014). Similarly, differences in the relative plasticity of Ne-
anderthals and H. erectus may also reflect differences in the
rate and geographic extent of their dispersal.

Still, it remains unclear whether plasticity in growth
and maturation is adaptive or a product of inhibited devel-
opment (Campos et al. 2021; Lea et al. 2015, 2018; Snyder-
Mackler et al. 2020). Studies of developmental plasticity in
more diverse social, ecological, and temporal contexts may
provide us with essential information about the environ-
mental factors that promote or constrain plasticity. Tests of
the DOHaD hypothesis in skeletal and fossil samples may

further indicate how phenotypic-environmental interac-
tions experienced at different phases in the lifecycle contrib-
ute to frailty or resilience (Agarwal 2016; Anton et al. 2016;
McFadden and Oxenham 2020). Given the evolutionary
history of our genus, and the presence of enhanced plastic
capabilities in widely dispersed extant primates, it may in-
deed be the case that developmental plasticity is most ben-
eficial in environments characterized by novelty and ad-
versity. If so, developmental plasticity research focusing on
wealthy, contemporary Western populations may be best
positioned to assess costs associated with predictive limita-
tions and environmental “mismatches,” rather than plastic-
ity’s potential benefits. Exploring developmental plasticity
in deep time may help us better understand how plastic
processes shape morbidity and mortality trends observed
in living populations, the phenotypic-environmental inter-
actions that shaped the history of our lineage, and the selec-
tive environments in which our plastic capacities evolved.
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