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ABSTRACT

Context: This review paper captures the topics and discussions during a workshop held in April 2023
in Minden, Nevada, USA regarding the study of pre-adult hominin fossil specimens.

Objective: Perspectives from diverse academic fields were merged to articulate, examine and clarify the
many approaches available to interpret fossil remains and reconstruct our hominin ancestors.
Methods: The Wenner-Gren Workshop was organised to address the increasing collection of pre-adult
hominin remains. Sixteen scientists from North America, Europe, Australia and Africa participated.
Results: The sizeable sample of immature fossil hominin specimens provided the opportunity to reflect
on the state of maturity research, highlight multi-disciplinary advances, and identify future areas for

study.
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Conclusion: The workshop advanced efforts to understand human evolution, particularly the selective
pressures shaping patterns of growth and maturity across a broad range of hominin species.

The workshop was designed around the integration of multi-
ple research fields, including auxology (human growth stud-
ies), biological anthropology, bioarchaeology, comparative
anatomy, developmental biology, forensic anthropology,
palaeoanthropology, and primatology, to address common
language, theory, applications, methods, and goals to sup-
port and advance future studies of pre-adult hominins (e.g.
Bolter and Zihlman 2003; Cameron 2007, 2015; Pruetz and
Bertolani 2009; Berger et al. 2010; Bernstein 2010, 2017;
Churchill 2014; Schell 2014; Hawks et al. 2017; Molopyane
2020; Boughner et al. 2021; Stull, Corron, et al. 2021; Stull,
Wolfe, et al. 2021; Leece et al. 2022, 2023; Monson et al.
2022; Schell and Rousham 2022; Schroeder et al. 2022; Wolfe
2023; Mahoney et al. 2024; cf. Bolter et al. 2023). Perspectives
from each of these cognate areas helped articulate, examine,
and clarify the many approaches available to interpret fossil
remains and reconstruct our hominin ancestors. As such, the
workshop aimed to advance our efforts to understand human
evolution, particularly the selective pressures shaping

patterns of growth and maturity across a broad range of
hominin species.

Despite decades of research, paleoanthropologists and
anthropologists continue to debate when the life history sig-
nature of the human species evolved (e.g. Mann 1975;
Bromage and Dean 1985; Beynon and Dean 1988; Beynon
and Wood 1987; Wopoff et al. 1988; Smith 1989, 1991, 1994;
Mann et al. 1990a, 1990b; Bogin and Smith 1996; Thompson
et al. 2003; Hawkes and Paine 2006; Robson and Wood 2008;
Dean and Smith 2009; Schwartz 2012; Ponce de Leén et al.
2016; Rosas et al. 2017; Miller et al. 2019; Nava et al. 2020;
Berghaenel et al. 2023; Henneberg et al. 2023). In other
words, what may be uniquely “human” in terms of maturation
cadence, or in the timing and development of our species? Is
our species unusual in the length of our life stages? Is “child-
hood” a life history stage special to Homo sapiens? Is the ado-
lescent growth spurt uniquely human? How do these human
characteristics before adulthood provide us with an adaptive
advantage? In any species, altering life history stages can
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result in costly evolutionary trade-offs. This cost is particularly
acute if individuals postpone reproduction and must survive
a longer period of immaturity before contributing to the spe-
cies’ gene pool (e.g. Smith and Tompkins 1995; Lee 2012).
Hypotheses to explain the benefit of extended human stages
of life before adulthood include to: divert energy to immune
function, thus lowering mortality; increase the period of brain
growth, thus extending periods of social and ecological
learning; increase the period of body growth, thus mitigating
exogenous and endogenous stress events; buffer food sup-
plies, thus weathering periods when resources are unpredict-
able and inconsistent; extend a period of infertility, thus
prolonging adolescent socio-cultural learning; allow older,
pre-adolescent children to care for infants after early wean-
ing thereby freeing mothers to stop lactating and reproduce
faster; or a combination of these factors (e.g. Leigh and Park
1998; Bogin 2003, 2012; Walker, Burger, et al. 2006; Walker,
Hill, et al. 2006; Robson and Wood 2008; Bogin and Varea
2020). Studying the fossil individuals who had not reached
adulthood will help test these hypotheses about varying
maturity patterns and will help refine our understanding of
the evolution of Homo sapiens. The larger the sample sizes
per hominin species, the more proximate to reality these
tests are likely to be.

Pre-adult materials in the fossil record

Life stages are defined by systematic groupings of immature
and adult life categories. These stages are assessed in fossils
using four main categories of skeletal elements, representing
distinct somatic systems. These elements are represented in
the fossil record to varying degrees: the cranium, the brain
(as represented by the endocranium), the dentition, and the
postcrania (cf. Bolter and Cameron 2020). Although other fac-
tors are available to integrate into maturity patterns in extant
species, such as sexual maturity or change over time (growth)
in dimensions such as height and weight (Tanner 1962), the
body systems from which to model extinct species are more
restricted. Teeth are particularly important in the work of
pre-adult fossil remains. Teeth are protected by a hard outer
layer of enamel, making them more resistant to the process
of decay and decomposition compared to cortical or trabec-
ular bone of the skeleton. This resistance contributes to the
high representation of dentition in the fossil record and the
use of dental features to define an extinct species (e.g.
Kimbel and Delezene 2009; Leece et al. 2022, 2023). Indeed,
there are far more deciduous and newly erupted permanent
teeth from hominin pre-adults in the fossil record than there
are postcranial remains.

Data from multiple somatic systems for each individual are
preferred to reconstruct maturation patterns of an extinct
species. However, this sampling ideal is elusive: the numbers
of immature hominins in the fossil record are less than adults,
and typically are either cranio-dental remains or postcranial
remains (cf. Krovitz et al. 2003; Kuykendall 2003). It is rare to
find associated immature skeletal elements from one individ-
ual (cf. Alemseged et al. 2006; Kelley and Bolter 2013). Table
1 summarises those exceptional Plio-Pleistocene individuals
represented by cranio-dental and associated postcranial

remains, starting with Australopithecus (Figure 1). Immature
skeletons increase in frequency with more recent Homo spe-
cies, such as Neanderthals.

Why are immature associated skeletons uncommon in the
fossil record? Fossilisation is a rare process; bodies more often
decompose and deteriorate rather than fossilise. When fossili-
sation does occur, the hominin record reflects “discovery bias”
in that a majority of remains are adult. This bias towards adult
fossils is explained by taphonomic processes and life history.
Taphonomic processes unequally destroy immature bones due
to their fragility and fragmentary nature (e.g. diaphyses and
epiphyses). Life history stages of infancy and juvenility are
shorter than the period of adulthood. Related to vulnerability
earlier in life, other factors such as predation rates on younger/
smaller individuals that would also destroy their remains fur-
thers the unequal preservation against immature individuals.
Altogether this results in the majority of fossilised remains dis-
proportionately skewed towards adults, which is why the dis-
covery of pre-adult remains is particularly important, especially
when their preservation is more than fragmentary.

It is from the more recently surviving species of Homo
that the sample of rare immature hominins is most robust. At
the Gran Dolina site in the Sierra de Atapuerca cave systems
in northern Spain, from the TD-6 stratigraphic level dated to
~720,000-850,000years, at least eight individuals are repre-
sented, of which six are immature (Parés et al. 2013; Arnold
et al. 2015; Bermudez-de-Castro et al. 2017; Grlin and Stringer
2023). Also at the Sierra de Atapuerca cave systems, but from
a more recent deposit, the Sima de los Huesos site yields an
assemblage of Homo with several adult and pre-adult dental
and postcranial elements (Arsuaga et al. 1997, 2014; Carretero
et al. 1997; Bischoff et al. 2007; Griin and Stringer 2023;
Garcia-Gonzalez et al. 2024). In total, the Sima de los Huesos
assemblage comprises at least 29 individuals, of which 13 are
immature (Bermudez-de-Castro et al. 2004, 2021).

In Eurasia, several associated immature Homo neandertha-
lensis skeletons have been recovered from multiple localities
that date from 130,000 to 40,000years ago (Heim 1976; Tillier
1983, 1995b; Trinkaus 1983; Rak et al. 1994; Akazawa et al.
1999; Akazawa and Muhesen 2002; Maureille 2002; Tillier
et al. 2003; Ponce de Ledn et al. 2008; Martin-Gonzalez et al.
2012; Weaver et al. 2016; Balzeau et al. 2020; Deviése et al.
2021) (Table 1). Many of these immature skeletons are infants
that range from neonates to individuals with all deciduous
teeth erupted (Figure 2). The recovered Neanderthal imma-
tures are distinctive in that many have been identified as
purposeful burials (cf. Pettitt 2002).

Numerous Homo naledi individuals from a single geo-
graphic population in South Africa have been recovered
(Berger et al. 2015; Dirks et al. 2015; Hawks et al. 2017).
Dated between 335,000-241,000years ago for the Dinaledi
Chamber assemblage, the remains have been buffered inside
the cave in multiple locations, and have been protected from
destructive taphonomic forces including weathering and ani-
mal activity (Dirks et al. 2015, 2017; Wiersma et al. 2020). This
paleodeme includes individuals across all life stages: infants,
early juveniles, late juveniles, sub-adult, young and old adults
(Figure 3) (e.g. Bolter et al. 2018; Cofran et al. 2022; Berger
et al. 2023; Brophy et al. 2024).
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Table 1. Key Plio-Pleistocene hominins with associated cranio-dental and postcranial remains (not intended as a comprehensive inventory; excludes early modern
humans/Homo sapiens).

Genus Specimen; locale Species Life stage Material
Australopithecus Dikika DIK-1-1 “Selam” afarensis Infant Cranium, mandible with erupted deciduous teeth; elements of
Hadar, Ethiopia’ the thorax, arm and leg bones
Australopithecus  Malapa MH1 sediba Juvenile  Cranium, mandible with erupted permanent teeth except third
“Karabo” molars; elements of the thorax, pelvis, upper and lower
Gauteng, South Africa*3 limbs, with combination of unfused and fused elements
Paranthropus Kromdraai TM1517 assemblage robustus Sub-adult  Cranium, mandible with erupted permanent teeth, M3 root ~%
Gauteng, South Africa*> formed; partial elements of arm and one foot bone, with
combination of unfused and fused elements
Homo WT 15000 “Nariokotome Boy” erectus Juvenile  Cranium, mandible with erupted permanent teeth except third
Lake Turkana, Kenya®’ molars, with deciduous upper canines; thorax, pelvis, arm
and leg bones, with combination of unfused and fused
elements
Homo D2700 assemblage erectus (senso lato) Sub-adult  Cranium, mandible with erupted permanent teeth, M3 partially
Dmanisi, Georgia®® erupted; elements of the thorax, upper and lower limbs, with
combination of fused and unfused elements
Homo DH 6 naledi Infant Cranium, mandible with partially erupted deciduous teeth;
Rising Star Cave, South Africa'® nearly complete skeleton
Homo DH 7 naledi Juvenile Partial mandible with permanent teeth including second molars,
Rising Star Cave, South Africa' partial skeleton with mixed unfused and fused elements
Homo Amud 7 neanderthalensis Infant Cranium (fragmented), mandible; partial skeleton
Amud Cave, Israel'?
Homo Mezmaiskaya 1 Mezmaiskaya Cave, neanderthalensis Infant Cranium, mandible with partially erupted deciduous teeth;
Russia'>* nearly complete skeleton
Homo Kebara 1 neanderthalensis Infant Partial cranium, partial mandible with some erupted deciduous
Israel'® teeth; parts of thorax and limb bones
Homo Roc de Marsal 1 neanderthalensis Infant Cranium, mandible with no erupted permanent teeth; nearly
Dordogne, complete skeleton
France'®
Homo Le Moustier 2 (aka La Ferrassie 4),  neanderthalensis Infant Cranium, mandible with no erupted permanent teeth; nearly
Dordogne, France'’'8 complete skeleton
Homo Shanidar 7 neanderthalensis Infant Cranium, mandible with partially erupted deciduous teeth; parts
Shanidar Cave, Northern Iraq' of thorax and limbs
Homo La Ferrassie 4 (aka La Ferrassie 4b  neanderthalensis Infant Partial skeleton
or 4 bis)
Dordogne
France18,20,21
Homo La Ferrassie 5 neanderthalensis Infant Partial skeleton
Dordogne,
France?0?!
Homo La Ferrassie 6 neanderthalensis (3-5 yrs)  Partial skeleton
Dordogne,
France?0?!
Homo La Ferrassie 8 neanderthalensis Infant Cranium, mandible with no erupted permanent teeth; thorax,
Dordogne, pelvis, hand bones
France?02?
Homo Dederiyeh 1 neanderthalensis Infant Cranium, mandible with partially erupted deciduous teeth;
Afrin Valley, Syria?>2* nearly complete thorax, pelvis, arms, legs, with some hand
and foot bones
Homo Dederiyeh 2 neanderthalensis Infant Partial cranium, mandible with erupted deciduous teeth; partial
Afrin Valley, Syria?>2* skeleton
Homo Teshik-Tash 1 neanderthalensis Juvenile Cranium, mandible with mix of erupted deciduous and
Southeastern permanent teeth; elements of thorax, pelvis, upper limb and
Uzbekistan® lower limbs elements
Homo Sima de los Palomas 97, Murcia, neanderthalensis Juvenile Cranium, mandible; elements of upper limbs, thorax, pelvis
Spain?
Homo El Sidron J1 neanderthalensis Juvenile Cranium, mandible with mix of erupted deciduous and
Spain?’ permanent teeth; thorax, upper and lower limbs with mix of
unfused and fused elements
Homo Le Moustier 1 neanderthalensis Juvenile Cranium, mandible with permanent erupted M2s; fragments and
Dordogne, France? elements of thorax, upper and lower limbs, pelvis; long
bones unfused
Homo Sima de los Palomas 96, Murcia, neanderthalensis Sub-adult  Cranium, mandible, full eruption LM3; skeleton except feet, with

Spain?6:?°

combination of fused and unfused elements

TAlemseged et al. (2006); 2Berger et al. (2010); 3Cameron et al. (2017); *Broom (1942); Cazenave et al. (2020); Brown et al. (1985); "Walker and Leakey (1993);
8Vekua et al. (2002); °Lordkipanidze et al. (2007); '°Cofran et al. in prep; ''Bolter et al. (2020); '?Rak et al. (1994); *Weaver et al. (2016); '*Ponce de Ledn et al.
(2008); "Tillier et al. (2003); '¢Tillier (1983); "Maureille (2002); ®Martin-Gonzalez et al. (2012); "*Trinkaus (1983); 2Tillier (1995b); 2'Heim (1976); ?*Balzeau et al.
(2020); 2*Akazawa and Muhesen (2002); *Akazawa et al. (1999); #*Glantz et al. (2009); *Walker, Lopez-Martinez, et al. (2011); ?’Rosas et al. (2017); 2®Nelson and
Thompson (2005); 2Walker, Ortega, et al. (2011).
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While the increase of pre-adult skeletal remains in the fos-
sil record provides new opportunities to study growth and
development of extinct hominins, the workshop participants

Figure 1. Australopithecus sediba, MH 1, juvenile male from Malapa, South
Africa circa 2010. CC-BY-SA 3.0 Lee R. Berger. Image by Peter Schmid slightly
modified (right tibia was removed from the image as it is no longer associated
with MH 1). Note that additional skeletal elements have been recovered for MH
1 and are currently under study.

recognise that the sample is biased by the fact that these
individuals died as immatures (cf. Boldsen et al. 2022).
Evidence of stress markers in the teeth and bones of some
individuals raises the question of whether we are finding
these individuals in the assemblage because they were
unhealthy (thus the markers denote frailty) or whether they
recovered from the stress, but subsequently died at a later
age (thus the markers denote resilience: see Wood et al.
1992). Comparative work of modern living and recently
deceased Homo sapiens individuals suggests no statistical dif-
ference in maturational patterns of juveniles who died before
reaching adulthood, which supports modelling of an extinct
species’ developmental patterns based on its deceased imma-
tures (Stull, Wolfe, et al. 2021).

Life stages in fossil individuals are deduced based on
dental and bone patterns of maturation; these patterns may
be complicated by undefined physical and/or psychological
stressors that disrupt tissue growth and maturation (e.g.
Bateson et al. 2014; Macintosh et al. 2018; Ng and Chin
2021). How to refine the interpretation of variations in stress-
ors is another difficult problem to address. For instance,
workshop discussants appreciated that growth is eco-sensitive
and that paleoecologies for extinct hominins are highly vari-
able and, for this reason and others, it is challenging to
parse out stress-inducing factors marked in fossilised tissues
(e.g. Lee-Thorp et al. 2010; Cerling et al. 2013; Potts 2013;
Blumenthal et al. 2017; Lidecke et al. 2018). While capturing
population-level variation is important for accurate recon-
structions of species, natural (i.e. genetically controlled) vari-
ability in growth rates such as osteogenesis (e.g. Tillier
1995a) may also confuse interpretations of immature individ-
uals. These specimens may tell us accurate information
about life history, survival, and selection, but perhaps in a
different way than teased out using growth models from liv-
ing populations of humans and other primates. Thus,
approaching studies of pre-adult fossil specimens may
require different theoretical frameworks if not practical
methods, which our group of colleagues are working to
devise and test using an interdisciplinary approach. We also
look for solutions from other scientists studying human evo-
lution by working across fields, as major advances are likely
to come from various groups across geographical regions

Figure 2. Homo neanderthalensis, Roc-de-Marsal, infant from Dordogne, France. CC-BY-SA 3.0 Leo Fylinet, photo from display at National Museum of Prehistory,

Les Eyzies-de-Tayac, France.



Figure 3. Homo naledi, DH 7, juvenile from Rising Star Cave, South Africa.
CC-BY-SA 3.0 (Bolter et al. 2020).

and time. But for now, we return to the body tissue used to
rigorously define and contrast chronological ages in fossil
species: teeth.

Dentition: maturational datasets in the fossil record

The first attempt to score immature fossils for dental ages
was Mann’s pioneering paleodemographic study on South
African materials, building on methodologies developed from
radiographs on modern human developing dentitions
(Demirjian et al. 1973; Mann 1975; Mann et al. 1990b). The
relationship between dental development, life history stages
and the development of other somatic systems like the brain
furthered research approaches of immature fossil remains
(Smith 1989). About 90-95% of brain volume is achieved
across primate species with the emergence of the first per-
manent molars (Ashton and Spence 1958; Smith 1991, 1993).
Methods to assess and interpret growth patterns from dental
tissues, and to link these chronologies to life history features
such as weaning and the end of infancy, and to compare
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them broadly to ape-like and human-like cadence of matu-
rity, advanced the study of immature fossil hominin remains
(e.g. Dean and Wood 1981; Bromage and Dean 1985; Dean
1985, 1987a, 1987b; Beynon and Wood 1987; Bromage 1987;
Beynon and Dean 1988, 1991; Conroy and Vannier 1991;
Dean et al. 2001). Building on these research methods, new
CT scanning technology of unerupted dentition furthered the
application of the age-at-death estimate, growth patterns
and life history evolution in immature fossil remains (Conroy
and Vannier 1987).

The hard mineralised tissues of teeth are information rich,
and within a species tend to be less developmentally plastic
relative to other body tissues (Liversidge 2003). In particular,
the process of dental mineralisation is highly constant, and
thus reliable and precise for determining the daily and
longer-term periodic history of enamel and dentine forma-
tion and of the absolute timing of tooth formation, eruption,
and emergence. Using histological techniques developed
over the last 40years, measures and counts of the internal
microscopic structures and incremental markings of dental
hard tissues provide a replicable way to reliably and precisely
determine age-at-death for pre-adult individuals and to iden-
tify the timing and duration of stress events (e.g. Bromage
and Dean 1985; Schwartz et al. 2006; Dirks et al. 2010; Dean
2012; Birch and Dean 2014; Smith et al. 2018; Austin et al.
2023; Mahoney et al. 2024). The next two sections delve into
age-at-death and stress events in more detail, including
implications for studies of pre-adult hominins.

Age-at-death as measured from teeth

Primate teeth preserve evidence of growth in the form of
incremental markings that can be accessed through physical
or virtual thin sections (e.g. Dean et al. 2001; Smith et al.
2015; Mahoney et al. 2021). One of these markings occurs in
enamel in response to a circadian 24-hour rhythm that man-
ifests as cross striations (Schour and Poncher 1937; Boyde
1989; Zheng et al. 2013). Counts of cross striations combined
with the neonatal line that forms at birth (e.g. Sabel et al.
2008; Mahoney 2011) allow the reconstruction of the timing
of tooth formation and relate it to chronological age (Boyde
1964). A real strength of this histological approach is that the
estimate of chronological age is based directly on the sam-
pled tooth without need of an external standard, which may
not even be available in a fossil specimen. Another key
strength is that age can be calculated accurately to within a
few days of known age-at-death (Antoine et al. 2009). Indeed,
this method has been used to calculate age-at-death in
pre-adult fossil hominins, such as the 7.7 year old Neanderthal
juvenile skeleton (J1) from El Sidrén in Spain, which provides
a starting point from which to assess the cadence of matura-
tion of the associated skeletal elements (Rosas et al. 2017).
Not only enamel and dentine but other dental tissues
retain growth markings. Specifically, incremental markings
form in cementum, which covers portions of the root and
anchors the tooth into the socket. Acellular cementum is
deposited incrementally and, unlike enamel, deposition con-
tinues throughout life, with pairs of lines relating to an
annual cycle. As such, measures and counts of cementum
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lines have been used to determine age at death beyond the
period in which enamel forms (Gustafson and Malmo 1950;
Stott et al. 1982). This approach requires knowledge of the
period in which the tooth developed prior to formation of
the first cementum marking, which is usually obtained either
from estimates of tooth emergence age or histologically
derived tooth formation times. As powerful as growth lines
are for calculating absolute chronological age at death, these
lines are also powerful for defining key periods in the indi-
vidual’s life linked to physiological stressors.

Developmental stress as measured in the teeth

Primate teeth can retain evidence of developmental stress in
the form of accentuated markings. In enamel, these markings
are known as Wilson bands (Rose et al. 1978; Goodman and
Rose 1990). The bands can sometimes emerge onto the outer
enamel surface as hypoplastic defects (e.g. Mahoney 2008).
While the cause of the bands is not well understood it is
thought they, like hypoplastic defects, are non-specific mark-
ers that form in response to a range of stressors, discussed
next (Sarnat and Schour 1941; Sweeney et al. 1971; May
et al. 1993; Schwartz et al. 2006; see Guatelli-Steinberg 2001
for a review).

Wilson bands have been related to weaning and other life
history events in extant primates (Bowman 1991; Dirks et al.
2002, 2010; Lemmers 2017). Weaning occurs as infants transi-
tion from a diet composed of maternal milk to one that
includes additional non-milk foods. While weaning can pro-
vide additional nutrients that benefit the infant (Kennedy
2005), it can also increase the risk of illness through exposure
to new pathogens (Black et al. 1989). Wilson bands have
been used to infer the timing of weaning in human archae-
ological samples (e.g. FitzGerald et al. 2006; Deter et al. 2019;
Miszkiewicz et al. 2019). As with age-at-death estimates,
reconstructing the timing of these accentuated markings
draws upon the circadian cycle of enamel growth (eg.
FitzGerald and Saunders 2005).

The microstructure of other dental tissues can retain evi-
dence of stress. The irregular formation of cementum lines
(Lieberman 1993; Cipriano 2002) has been related to periods
of physiological stress, coinciding with childbirth for females
with a known life history (Cerrito et al. 2020). As with the
majority of stress markings in teeth the challenge is to find
ways to distinguish between the causes of the markings
when applied to fossil material.

Dental studies of enamel defects on Neanderthal individ-
uals record their stressful lives (Rosas et al. 2006;
Guatelli-Steinberg et al. 2014). At El Sidrén in Spain, a family
of 13 Neanderthals, seven adults and six pre-adults, were
excavated out of a cave site dated to 49,000years ago (De
Torres et al. 2010; Lalueza-Fox et al. 2011; Wood et al. 2013;
Rosas et al. 2017). The individuals have damage and marks
on their bones consistent with cannibalism, and the bodies
appeared to have been interred simultaneously in a cave wall
collapse (Rosas et al. 2006). The dentition of the El Sidrén
individuals exhibit enamel hypoplasia on all tooth types -
incisors, canines, premolars, and molars (Rosas et al. 2006).

These lines mark an individual’s stress, and, in this family
group, the lines are most frequent around 4years of age and
again at 12years of age; the authors suggest these represent
potential nutritionally stressful times in Neanderthal life stage
transitions (Rosas et al. 2006). In contrast, one well preserved
juvenile, the 7.7-year-old El Sidrén J1, only had mild hypopla-
sia, which occurred around 2-3years of age (Rosas et al. 2017).
Information about diets can also be gleaned by combin-
ing tooth histology with analyses of trace elements (barium/
calcium, strontium/calcium) incorporated into enamel and
dentine. One such application is to detect age at weaning,
i.e. the shift from breast milk to other foods. Barium is
restricted by the placenta but is enriched after birth with
breast milk in extant macaques (Austin et al. 2013). Strontium
calcium ratios of deciduous enamel are altered with the
onset of weaning in living humans (Nava et al. 2020). Based
upon these types of modern analogues, studies have exam-
ined elemental ratios of Neanderthal juveniles to identify the
age at which exclusive breastfeeding was supplemented with
other foods, estimated to have occurred between 5 and
6 months of age (Austin et al. 2013; Nava et al. 2020). Typically,
age is calculated from histological analyses of physical thin
sections, and then elemental ratios are determined from
laser-ablation inductively coupled plasma mass spectrometry
that is applied to the enamel of the same section. Ablation
preferentially focuses on the enamel region adjacent to the
enamel-dentine junction (Mduller et al. 2019). Additional
approaches to a young individual’s diet combine histology
with stable isotope analysis of enamel and dentine (e.g.
Lee-Thorp et al. 2010; Beaumont et al. 2013; Wright 2013).

Eruption of teeth

In addition to the microstructure and chemical signatures of
dental tissues, patterns of tooth eruption are invaluable for
reconstructing growth and maturation in pre-adult hominins.
Researchers assign broad life stages from teeth exactly
because fossilised dental remains allow at least partial recon-
struction of a tooth eruption stage. Molar teeth in particular
are used to mark transitions across life stages, for example,
pre-M1 eruption is classified as infant; erupted M1 classifies
as a young juvenile; and full M3 eruption classifies as an
adult (e.g. Smith 1989, 1991; Godfrey et al. 2001; Bermudez-de-
Castro et al. 2004; Kelley and Schwartz 2010; Rosas et al.
2013; Bolter et al. 2018). Eruption status is particularly insight-
ful when combined with age and stressor data gleaned from
tooth histology, to more comprehensively characterise an
individual’s growth story.

Workshop participants spent time discussing variations in
dental development. Dental eruptions in Homo sapiens are
highly variable - within a person and within a population
(e.g. Liversidge 2003, 2008; Ramirez Rozzi 2016). For example,
modern human children can erupt first molars anywhere
from the age of 4.8-7.0years, and second molars anywhere
from 9.9 to 14.5years (Liversidge 2003; Esan et al. 2018). We
recognise from research on living species that there are bet-
ter estimates of life history stages than from tooth eruption
(cf. Bermudez-de-Castro et al. 2015). However, it may be



difficult to standardise alternative methods across the homi-
nin fossil record. Adding in multiple maturity indicators gives
a better estimate of life history and pace of maturity, but
always keeping in mind the limited dataset that the fossil
record affords.

Tooth eruption and reproductive life history

Teeth offer insights into maturity patterns beyond life his-
tory markers and age-at-death. For example, the eruption of
the first permanent molar in primates corresponds with near
completion of adult cranial size, an indirect measure of brain
mass (Smith 1989). Recent studies have highlighted the
genetic, developmental, and phenotypic relationships
between tooth morphology and reproductive life history
(e.g. Hlusko et al. 2018; Monson et al. 2019, 2022). In mar-
moset and tamarin monkeys, for example, the evolutionary
loss of the third molar is hypothesised to be linked to repro-
duction, twinning, and prenatal growth rates (Monson et al.
2019). Because teeth begin developing in utero, with sequen-
tial development of the molars (e.g. Jernvall and Thesleff
2000), it has been proposed that a slower prenatal growth
rate also slows growth of the later developing teeth (e.g.
third molars) and may contribute to their absence. Further
investigation of this hypothesis across extant primates
demonstrated that molar proportions are significantly asso-
ciated with prenatal growth rates (Monson et al. 2022).
Molar proportions are thus an effective proxy for contrasting
growth rates among primate taxa. Given this phenotypic
correlation in extant primates, it may be possible to use
molar proportions to model prenatal growth rates in extinct
hominins (see Monson et al. this volume). Research suggests
that more rapid foetal growth may have played an essential
role in the evolution of the large human brain and body
size. While this approach is another valuable use of fossilised
tissues to reconstruct a process that cannot fossilise directly,
the caveat is of course that the molar row must be suffi-
ciently intact in order to accurately measure crown propor-
tions in fossil individuals.

New approaches: tooth formation prior to eruption

More recent comparative work has explored the process of
tooth morphogenesis to document ontogeny variations
across species (e.g. Jernvall and Thesleff 2012; Boughner
et al. 2015). The development of permanent teeth is perhaps
the nearest opportunity to study an embryological process in
a post-natal individual. Studying early tooth development in
fossil hominin immatures requires the preservation of bone
surrounding and housing the developing tooth. Hominin
mandibles are composed of dense bone and, like teeth, often
survive the rigours of fossilisation. The jaw retains crypts, or
holes, in the jaw where teeth will eventually form. The crypt
is a proxy for the earliest stages of tooth development, when
the tooth organ transitions through bud, cap, and early bell
stages, before mineralisation of the cusp(s) begins in the late
bell stage (Boughner et al. 2012, 2015; Jernvall and Thesleff
2012; Appelt et al. 2021). This early pre-mineralisation period
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of tooth development is insulated from environmental per-
turbations and is comparatively stable in an individual (e.g.
Liversidge 2008; Wise 2009; Kjeer 2014). High resolution,
digital-format scan data can visualise crypt sizes, shapes, and
positions of the pre-mineralised tooth organs within the jaw-
bone that are not visible by classic radiographic imaging
techniques (e.g. Raj et al. 2014; Gignac et al. 2016). This line
of evidence is an added and underused source upon which
to compare maturational patterns in fossil hominins.

Skeletal datasets for determining age
Skeletal maturity

In contrast to applying aspects of dental development to
define, compare, and contrast maturity patterns among con-
temporary humans, living primates and fossil hominins,
assessing maturation across extinct species using skeletal evi-
dence is more difficult. The principal challenge is that, in con-
trast to static enamel and dentine mineralised tooth tissues,
bone tissue remodels (Bolamperti et al. 2022). As such, bone
does not encode the continuous life history patterns that are
represented in the teeth.

The skeleton does preserve evidence of developmental
stages during immature years. The best evidence derives
from associations of immature hominin cranial and postcra-
nial materials with dentition, as dental markers allow a
chronological ruler with which to compare maturation of
other body systems, such as the skeleton and the brain (e.g.
Alemseged et al. 2006; Rosas et al. 2017). Fossil immatures
can be grouped into life history stages. For example, infant
endocranial volume may be estimated from the cranial vault,
and then compared by life stage and to an adult average, to
characterise the brain growth patterns in an extinct species
(e.g. Australopithecus afarensis; Gunz et al. 2020). Juvenile
hominin skeletons with second but not third molar eruptions
can be compared to dental juveniles from modern humans
and living apes to ascertain postcranial maturity by assessing
open and fused epiphyses, and thereby assess somatic devel-
opment for an extinct species (e.g. Australopithecus sediba;
Cameron et al. 2017).

Forensic anthropology and auxology studies document
covariance of maturational markers in modern humans. For
example, there are skeletal events that correlate with men-
arche such as iliac crest presence and fusion of the hand
phalanges (Shapland and Lewis 2013; Lewis 2022; Dabbs
2024) (Figure 4). Are there evolutionary constraints on body
systems maturity, such as the skeleton, due to covariation? In
the genus Pan, the sequence of fusion of skeletal elements is
generally consistent across the two species — Pan troglodytes
(chimpanzees) and Pan paniscus (bonobos, or pygmy chim-
panzees). When holding dental emergence as the chronolog-
ical marker, Pan species show differences in the timing of
fusion of skeletal elements at a particular stage of dental
emergence; environmental conditions (captive versus free
ranging) appear to affect the timing of maturity of both den-
tition and the skeleton in a similar manner (Bolter and
Zihlman 2011, 2012). Likewise in modern humans, dental
development does not serve as a proxy for skeletal
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Figure 4. Select dental and skeletal maturity markers before, during and after adolescence in female Homo sapiens. Physical markers are proxies for pre-puberty,
acceleration through a growth spurt, peak height velocity (PHV), deceleration, or post-menarche. CC-BY-4.0 (Lewis 2022).

maturation, although the systems appear to be related (Seselj
2013). New methods applying statistical techniques of multi-
variate analyses may further our understanding of the rela-
tionships of phenotypes and their integration during
development in primates, humans, and hominins (see Wolfe
et al. this volume).

Modelling patterns of evolutionary change in skeletal
maturity requires robust comparative datasets. While we have
significant knowledge of growth and development of living
humans in Westernised countries, we have less information
about people living in the Global South, and even less
archaeologically from that region (Eveleth and Tanner 1991;
Seselj 2013; Lewis 2022). Forensic databases of bone age esti-
mations and identification provide another line of evidence
for comparative materials, although as with living referent
samples, most specimens are from Westernised populations
(e.g. Cole et al. 2015; Stull and Corron 2022). The workshop
participants recognised the importance of broad samples for
humans, and under multiple conditions, to characterise the
Homo sapiens pattern and range of skeletal variability in

terms of maturity, growth, development, and life history
(Eveleth and Tanner 1991). Conclusions drawn without refer-
ence to such representative samples must therefore be tenta-
tive and open to revision as more data become available.
Compared to our species, we have even less reference
material for nonhuman primates (e.g. Nissen and Riesen 1964;
Kerley 1966; Gavan 1971; Watts 1971; Conroy and Mahoney
1991; Kuykendall et al. 1992; Winkler et al. 1996; Bolter and
Zihlman 2012). We know the least about skeletal and dental
maturation from wild-living ape populations (e.g. Pusey 1978;
Kimura and Hamada 1996; Zihlman et al. 2007; Brimacombe
et al. 2015; Machanda et al. 2015; Galbany et al. 2017; Kralick
et al. 2017). Information about these free-ranging populations
is valuable because these animals may have subsisted in
ways that more closely approximate the lives, including envi-
ronmental stressors, of extinct hominins. Our workshop dis-
cussants identified the need for more robust reference
material from ape populations across varied living conditions,
including free-lived and institution-housed, to capture the
greatest range of maturational data under varied conditions



(discussed below). Building these reference materials takes
time because not only are many samples rare but also the
work of acquiring these samples is highly opportunistic.

Developmental stress and stressors: resiliency and
plasticity

Stress is defined as the individual's non-specific response to
external stimuli. Stressors are those external stimuli acting on
individuals or communities such as specific vitamin deficiency
at the individual level or famine at the community or regional
level. The effect of stressors is always related to their magni-
tude, frequency of occurrence, duration, and the age of the
organism at the time of exposure (Cameron and Demerath
2022). The recognition of “critical periods” during growth and
development when specific stressors have both short-term
and long-term impact is well documented (Cameron and
Demerath 2022). The early years of infancy and childhood in
Homo sapiens are particularly sensitive and in auxological
studies, it is well documented that there are multiple path-
ways of resilience to adulthood.

As an example, one such pathway that is most commonly
accepted and forms the basis for the measurement of length
and weight during infancy and childhood is that stress, nutri-
tional or otherwise, reduces growth rate and thus achieved
height and/or weight for age (Tanner 1962; Cameron 2007).
However, for such growth patterns to be viewed as an adap-
tation, rather than an adverse reaction to a stressor, positive
outcomes should result. The simple hypothesis that this
growth failure takes place without having any deleterious
effects — the “small but healthy” hypothesis —-was promoted in
the early 1980s but is no longer accepted as a reasonable
outcome (Martorell 1989; Cameron 1999). It has been demon-
strated quite conclusively that nutritional stunting through
the first few years of life leads not only to a reduction in adult
stature but also cognitive impairment in young adulthood,
thus not supporting the “small but healthy” status as an adap-
tive outcome (Adair et al. 2013; de Onis and Branca 2016).
There is an evolutionary trade-off between growth and off-
spring mortality in that the women who are able to invest
more time and energy in their own growth prior to their first
birth are reproductively more successful than women who are
younger at first birth (Allal et al. 2004). So, in sum, stress expe-
rienced in the early years of life is likely to have a long-term
impact on adult morphology, cognitive ability, and reproduc-
tive success. We anticipate that these three characteristics -
morphology, cognition, and reproduction — were affected by
stress levels in fossil hominins as they grew into adulthood. In
terms of natural selection and fitness, stressors that impacted
phenotypes and behaviours during immaturity are critical fac-
tors of theory building in pre-adult fossil hominin research.

In addition to body growth, the rate and progression of
maturation, and particularly sexual maturation, are also
affected by stress and such responses are sex specific. In the
research field of the developmental origins of health and
wellbeing in Homo sapiens, it is accepted that the reproduc-
tive and life history strategies of the two sexes are quite dis-
tinct (Gluckman and Hanson 2006). Secular trends in the
ages at which pubertal events occur, and indeed the rate at
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which puberty proceeds, are sex-specific, and the response of
these pubertal events to stress may also be sex-specific
(Stearns and Koella 1986; Steger et al. 2024). It is generally
accepted that stress delays sexual maturity in females, but
some forms of acute stress, e.g. sexual abuse, have been
shown to be associated with earlier menarche, while chronic
stress, e.g. severe physical abuse, is associated with both ear-
lier and later menarche (Boynton-Jarrett et al. 2013). Such
advances or delays in male maturation are more difficult to
assess because of the lack of a clear and unequivocal matu-
rity indicator, but Homo sapiens affected by “psycho-social”
stress invariably demonstrate delayed maturity.

Usually, stressors do not happen in isolation for modern
peoples. Nutritional stressors, behavioural stressors and
psycho-social stressors usually cluster in modern human pop-
ulations and are often related to socio-economic status
(Wales et al. 1992; van Minde et al. 2021). The clustering of
factors in explaining stress responses is not unexpected when
the symphony of factors includes maternal and child health,
nutritional quantity and quality, and psychological and social/
emotional factors (e.g. Bogin 2023). The scale of the stressor
also differentially affects an individual during maturation. If
the stressor is regular and predictable, the impacts on the
individual will be different than a novel unexpected stressor.

Population level stressors translate into an overall adaptive
pressure. The high frequency of Neanderthal hypoplasia across
all geographic sites, for example, has been interpreted as a
population-level stressor of resource seasonality (Ogilvie et al.
1989). Such nutritional stressors, then, require consideration
when interpreting the maturation pattern of an extinct spe-
cies. However, an individual’s stress response in terms of inten-
sity/magnitude, duration, frequency, and age of occurrence
provides flexibility for an organism’s integrated phenotypes to
respond. This overall ability/flexibility allows the organism to
survive that impact of the stressor and still guarantee the “nor-
mality” of post-stress development. But the stress response
may or may not be overall adaptive. Therefore, observable
indicators of stress in one immature fossil hominin may not
relate to reliable indicators of population-level stressors.

Workshop participants acknowledge that parsing out indi-
vidual from population-level selective pressures in the fossil
record is challenging. Furthermore, can developmental stress-
ors in the skeleton be accurately surveyed for stress
responses? Some aspects of ontogenetic signatures remain in
bone (e.g. McFarlin et al. 2016). Dental tissues have been the
proxy for measuring physiological disruptions during matu-
rity as they do not remodel, and they track disruptions from
birth (neonatal line) through dental adulthood. Teeth also
survive the process of fossilisation better than bone and are
better reflected in hominin assemblages (e.g. Bolter and
Zipfel, this volume). Workshop participants discussed the
potential of future research in identifying factors during
development that affect bone tissue growth and approaches
to evaluate stress responses at the individual and population
level for extinct species. Workshop participants agree that
there is a need for more ontogenetic studies of bone (e.g.
McFarlin et al. 2008). One discussion during the workshop
highlighted the accelerated maturity of captive colony pri-
mates versus wild-living primates, and variation among
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populations within a species depending on living conditions
(e.g. Pusey 1978; Altmann et al. 1981; Phillips-Conroy and
Jolly 1988; Kimura and Hamada 1996; Cheverud et al. 1992;
Zihlman et al. 2004, 2007; Smith and Boesch 2011; Bolter and
Zihlman 2012; Kelley et al. 2020). In free-ranging primates,
exposure to adverse environmental conditions and more
challenging resource acquisition prolong life history events,
like age at first reproduction, and length of interval between
births (e.g. Neugebauer 1980; Kano 1992; Kimura and Hamada
1996; Neal Webb and Pruetz in prep). Captive ape colonies,
such as those in zoos or research populations, are hypothe-
sised to experience less biological stress than wild-living pri-
mates in terms of malnutrition, thermoregulation, parasite
load, and locomotion/energy expenditure (Lathouwers and
Elsacker 2005; Zihlman et al. 2007; Smith and Boesch 2011).
Workshop participants debated the confounding effect of
social stress in captive conditions where individuals have no
way to avoid each other. Free-living individuals, in contrast,
have more flexible space and more ability to escape poten-
tially tense social interactions. In short, biological and social
stressors at the population level may have different effects
on primate maturity and life history. However, participants
noted the limited availability of primate maturational studies
across heterogeneous environments upon which to develop
ontogeny models to apply to hominin species (cf. Bolter and
Cameron 2020).

Research from auxology provides two complimentary
models to interpret the disparity of maturity patterns in cap-
tive versus free-ranging primates and to aid in building mod-
els to apply to extinct species. As discussed previously, in
humans, stressful environments during development can lead
some children to accelerate maturity; yet other children delay
development, particularly under stressful conditions that
include malnutrition (Cameron and Demerath 2022).
Workshop participants concluded future research is needed
to develop the field’s understanding of plasticity in ape
maturity patterns across multiple environments, periods of
growth, and types of stressors. As part of these investigations
into stressors and before modelling maturity patterns of
extinct species, the effects of varying stressors on growth
and development need to be studied across a range of spe-
cies to clarify how resiliency influences the adaptive poten-
tial. These studies presume that all markers of stress are
defined, captured, and detectable in body tissues that are
also typically fossilised, but this is of course not the case.
There is a need to develop or refine markers of stress in
non-human primates, including interspecies markers of nutri-
tional and health stress.

In sum, to varying levels of precision dental and skeletal
tissues preserve evidence of growth, maturation, stress, diet,
reproduction, and lifespan in primates across taxa. As reference
samples grow and diversify, there is reasonable optimism that
the life histories of fossil hominins can be reconstructed in
greater accuracy and detail, with higher confidence.

Prediction models

In humans, one main goal of auxology research is to predict
“normal” patterns of growth and identify unhealthy and/or

pathological patterns. There are two main ways to predict
height in humans: using either a multivariate model includ-
ing sex, maturity indicators, chronological age, and parental
heights or simply using parental heights and the average
growth pattern of same sex samples from the same popula-
tion. Researchers have used regression techniques based on
data from modern primates and humans to reconstruct, for
example, the estimated brain size at birth for fossil ancestors
(DeSilva and Lesnik 2008). Applying auxology models, recon-
structions of estimated height have been made based on
immature fossil specimens (Ruff and Walker 1993; Ruff 2007;
Graves et al. 2010; Cameron et al. 2017). What is the best
predictor for modelling growth from teeth and bones, body
tissues also present in the fossil record? Can we apply any
sort of time-series reconstructions to extinct hominins?
Workshop participants noted that developing ways to ascer-
tain “normal” growth in past populations is a goal for future
researchers.

Modelling maturity in the fossil record

What has become clear as more immature hominin remains
have been recovered, and with a more comprehensive inte-
gration of auxology, is that we have moved away from
searching for when “the” Homo sapiens signature of maturity
can be identified in an extinct hominin species. One of the
most remarkable immature fossil hominins is the Nariokotome
Boy, or WT-15000 from Lake Turkana, Kenya, which represents
80% of the skeleton of a late juvenile Homo erectus from
about 1.5 million years ago (Brown et al. 1985; Brown and
McDougall 1993) (Figure 5). He died before erupting his third
molars and permanent upper canines; postcranially his skele-
ton was mostly unfused. Nariokotome Boy was estimated to
be between 154 and 160cm (~5'1"-5'3") at death (Ruff and
Walker 1993; Ruff 2007; Graves et al. 2010) and with an endo-
cranial volume about 900cc, over double the size of living
chimpanzees (~300-420cc) but far below that of modern
humans (~1200-1600cc) (Begun and Walker 1993; e.g.
Zihlman et al. 2008; Pearce et al. 2013).

Based on a modern human model, his dental eruption
age was estimated at 11years, his skeletal epiphyseal age
estimated at 13-13.5years, and age-for-stature around
15years (Smith 1993; cf. Graves et al. 2010). A Homo sapiens
pattern of maturity was not an unreasonable hypothesis for
Nariokotome Boy. Variations among age estimates across
somatic systems occurs in living and archaeological human
populations; Nariokotome Boy was within this range of
human variation (e.g. Clegg and Aiello 1999; Smith 2004;
Ruff 2007). Although his dental eruption pattern aligned
him with a human-like model of development (Smith 1993),
his dental and skeletal ages were more consistent with an
ape model, ageing Nariokotome Boy between 7 and 9years
old. Using dental histology, Nariokotome Boy's pace of
maturity revealed an absolute timing most similar with
free-ranging chimpanzees, and unlike modern humans
(Dean et al. 2001; Zihlman et al. 2004; Dean and Smith
2009). Therefore, at 7.6-8.8years old at death, Nariokotome
Boy’s somatic maturation neither conformed simply with an
ape or a human pattern. Furthermore, his tall stature at that



Figure 5. Homo erectus, Nariokotome Boy WT 15000, juvenile male from Lake
Turkana, Kenya. CC-BY-NC 2.0 (Dunsworth 2010). Photo by Alan Walker.

age established that the prolonged developmental period
characteristic of modern humans did not evolve due to the
selective pressures of an overall larger body size or a larger
brain (Dean et al. 2014).

Intra- and inter-individual variation is the essential charac-
teristic of growth and development among pre-adults of
Homo sapiens, and among captive versus free-ranging pri-
mates. We recognise that the same is true for extinct homi-
nin species writ large. It is the extent and meaning of this
variation which manifest as the ultimate aims of our approach,
and to characterise the life histories including growth of
pre-adults in the fossil record. Our emphasis redirects from
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the question, “How did this species get to us?’, towards delib-
erately considering each species in its own right as a first
principal and without defaulting to cross-taxonomic compar-
isons (see Kuykendall 2003; Thompson et al. 2003) - although
of course these comparisons are valuable subsequent steps
to contextualise individual finds. The goal is to establish the
pressures that each species is under, on its own. We must
emphasise variation in these patterns, and consider human
and other primates comparatively in size, rates, and timing.

Recent innovative studies

More research on establishing relationships among somatic
systems, such as skeletal maturity and dental maturity, as
well as the impact of social, ecological, and dietary variables
on life history, will further the goals to understand the extent
of plasticity across systems. Recognising the role of develop-
mental plasticity and environmental interface on phenotypes
will broaden the field of palaeoanthropology and expand
methods of interpretation (Lequin et al. 2025). Work on the
role of “developmental stress” and how this relates to resil-
ience - in a species, in a population, and in an individual -
will further the goals of modelling adaptation in extinct
species.

Recent multi-disciplinary research advances the field of
pre-adult hominin palaeoanthropology with new immature
fossil recoveries, increased comparative data from extant spe-
cies, and advances in technologies. For example, predictive
equations to estimate body mass in immature hominins
based on human juvenile reference samples has been devel-
oped, generating a body mass at death for Homo erectus
Nariokotome Boy (WT 15000) at about 50kg (~110 Ibs) (Ruff
2007). The 2008 recovery of the immature partial skeleton of
Australopithecus sediba (MH1) and its comparison to a recently
available wild chimpanzee developmental series supports an
ape-like maturity cadence about 2 million years ago in the
hominin fossil record (Cameron et al. 2017). Compiling robust
captive colony data on infant chimpanzee newborns and
their mothers and applying to reconstructions of body mass
estimates in fossil hominins establishes that Australopithecus
species had heavy infants, birthing offspring at least 5% of
the mothers’ body mass compared to chimpanzees at ~3.3%
(DeSilva 2011). Mountain gorillas of known age and sex
under long-term study in the wild were assessed anthropo-
metrically using remote laser photogrammetry, and docu-
ment that males do not emigrate from their natal groups
until reaching full adult body length, while females emigrate
before adult body length is achieved (Galbany et al. 2017).
Locomotion signatures in the bones of immature primates
and humans link skeletal changes to neuromuscular develop-
ment, with application to interpret life history stages in post-
cranial elements of immature hominins (Saers et al. 2022).
The use of non-invasive laser camera technology to measure
wild and captive orang-utan anthropometrics across different
developmental ages documents that both ecology and social
organisation affects body size in the apes (Knott et al. 2024).
The recovery of a partial skeleton of an infant from the Rising
Star Cave allows the reconstruction of a ~2-year-old Homo
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naledi at a weight of 5kg (~11 Ibs), and a height of 62cm (~2
feet), considerably smaller than a modern human infant of
comparable age (Cofran et al. 2024). Multivariate analyses of
epiphyseal fusions across immature hominins compared with
modern humans suggests that Australopithecus sediba and
Homo erectus did not share a skeletal maturity cadence with
modern humans, but Homo neanderthalensis and Homo naledi
do exhibit higher concordance with the modern human pat-
tern of fusion (Stull and Wolfe 2024). Applying computerised
micro-CT and 3D surface scans to reconstruct lower limb and
vertebral skeletal elements of Nariokotome Boy (WT 15000)
and comparing their developmental status to an immature
modern human sample reveals an ontogenetic variation in
the axial and appendicular skeleton of Homo erectus, with the
developmental stage of the spine estimating an earlier
age-at-death than one based on the developmental stage of
the distal femur (Haeusler et al. 2024).

The workshop participants engaged in discussion over
several days across research fields to stimulate ideas about
how best to advance this multi-disciplinary approach within
palaeoanthropology, addressing the new questions afforded
by the significant increase of extinct immature specimens. In
anticipation of future, rich discussions in partnership with the
wider scientific community, we conclude with several com-
plex questions for further consideration:

+  What can we predict based on maturity patterns in
fossil species? E.g. stature, gestation length, birth
weight.

« Is chronological and/or biological age the appropriate
“gold standard” for maturity modelling in fossil
species?

«  What hard tissue indicators of soft tissue maturity can
be detected reliably on fossils?

«  What hard tissue indicators of physiological develop-
ment can be measured on fossils?

«  Can these hard tissue indicators facilitate the reinte-
gration of skeletons in the fossil record?

« Does a longer maturational period in fossil species
implicate behavioural adaptations more significant to
a particular species? What might those behavioural
signatures in the fossil record be and how might they
manifest in fossilised materials?

+  What are the “best” prediction points from the skele-
ton in humans and non-human primate models for
adult biometrics?

+  Are there cases of captive primates maturing at a
slower pace than wild counterparts? Are there ways
to tease out stressors (and lack of) on the pace of
maturity in primates from captive data? Can these
variables be quantified? Can these populations be
used to help model how variation in stressors affects
maturity and adult adaptations that can be applied to
fossil species?

+  Whole-bodied primate skeletal collections with pedi-
gree information may expand our understanding of
patterns of maturity in multiple body systems. Can
these collections be used to help model how

variation in stressors affects maturity and adult adap-
tations to apply to fossil hominins?

« s it possible to collaborate and develop an online
catalogue that pulls together data across field sites in
Africa, Europe, and Asia on available immature homi-
nin fossil materials, and how to access them for study?
(see Bolter and Zipfel this volume). What sort of
long-term funding would be required to maintain
such an online resource?

Conclusion

The Wenner-Gren Workshop “New approaches to studying
sub-adult hominins in the fossil record” occurred over three
full days. The agenda, while structured by general topics,
allowed for a fluid discussion across a wide range of subjects
as conversations developed and ideas flowed (cf. Bolter et al.
2023). There were far more subjects than time to discuss. As
participants wrapped up the last afternoon session with a
summary and an overview of future goals, it was lamented
that time had run out. There had yet been an in-depth dis-
cussion of some key topics, such as shape changes across
ontogeny, including craniofacial morphology and the role of
shape in fitness. Other topics mentioned but not discussed
included how to tease out morphological evolution by natu-
ral selection, versus evolution by chance factors. “Critical
genes” and understanding the genetic component in pheno-
types also remained unexplored. So did cascading effects and
linkage of systems during development. During the American
Association of Biological Anthropology (AABA) meetings in
Los Angeles, California in March 2024, the workshop conver-
sations continued in the Invited Symposium The growth and
development of sub-adult hominins:  multidisciplinary
approaches. Both through the morning presentations, and in
a robust discussion at the end of the talks, the conversation
broadened as audience members engaged in an extended
question and answer session — with symposium presenters,
and with each other. The discussions brought up new ideas,
and fresh topics to explore.

Acknowledgements

We thank the Wenner-Gren Foundation for funding (Gr. CONF-900).

Disclosure statement

This article was submitted to the Human Origins & Survival section of
Annals of Human Biology (AHB) for which one of the authors is the
Section Editor, and one of the authors is the Editor-in-Chief of AHB. Both
the Editor-in-Chief and Section Editor were recused from handling this
article and it was assigned to another AHB Editor for independent and
anonymous peer-review. In no way were these authors involved in the
editorial process for this article.

Funding

Wenner-Gren Foundation [Gr. CONF-900]. Additional travel costs were
funded individually by the following institutions: Natural Sciences and
Engineering Research Council, Southern Cross University, Faculty of



Science and Engineering, University of Kent, and University of the
Witwatersrand, Faculty of Science.

ORCID

Tesla A. Monson http://orcid.org/0000-0001-5443-9236

References

Adair LS, Fall CH, Osmond C, Stein AD, Martorell R, Ramirez-Zea M,
Sachdev HS, Dahly DL, Bas I, Norris SA, et al. 2013. Associations of
linear growth and relative weight gain during early life with adult
health and human capital in countries of low and middle income:
findings from five birth cohort studies. Lancet. 382(9891):525-534. doi:
10.1016/50140-6736(13)60103-8.

Akazawa T, Muhesen S, Ishida H, Kondo O, Griggo C. 1999. New discov-
ery of a Neanderthal child burial from the Dederiyeh Cave in Syria.
Paléorient. 25(2):129-142. doi: 10.3406/paleo.1999.4691.

Akazawa T, Muhesen T, editors. 2002. Neanderthal burials. Excavations of
the Dederiyeh Cave, Afrin, Syria. Kyoto (Japan): International Research
Center for Japanese Studies.

Alemseged Z, Spoor F, Kimbel W, Bobe R, Geraads D, Reed D, Wynn J.
2006. A juvenile early hominin skeleton from Dikika, Ethiopia. Nature.
443(7109):296-301. doi: 10.1038/nature05047.

Allal N, Sear R, Prentice AM, Mace R. 2004. An evolutionary model of
stature, age at first birth and reproductive success in Gambian wom-
en. Proc Biol Sci. 271(1538):465-470. doi: 10.1098/rspb.2003.2623.

Altmann J, Altmann S, Hausfater G. 1981. Physical maturation and age
estimates of yellow baboons, Papio cynocephalus, in Amboseli National
Park, Kenya. Am J Primatol. 1(4):389-399. doi: 10.1002/ajp.1350010404.

Antoine D, Hillson S, Dean MC. 2009. The developmental clock of dental
enamel: a test for the periodicity of prism cross-striations in modern
humans and an evaluation of the most likely sources of error in his-
tological studies of this kind. J Anat. 214(1):45-55. doi:
10.1111/j.1469-7580.2008.01010.x.

Appelt CM, Van Ankum EM, Df M, Boughner JC. 2021. Cell processes un-
derpinning the evolution of primate dental form and formula. In:
Pitirri MK, Richtsmeier JT, editors. Evolutionary cell processes in pri-
mates. Boca Raton (FL): CRC Press; p. 55-81.

Amnold LJ, Demuro M, Parés JM, Pérez-Gonzalez A, Arsuaga JL, Bermudez-de-
Castro JM, Carbonell E. 2015. Evaluating the suitability of extended-range
luminescence dating techniques over early and Middle Pleistocene times-
cales: published datasets and case studies from Atapuerca, Spain. Quat
Inter. 389:167-190. doi: 10.1016/j.quaint.2014.08.010.

Arsuaga JL, Martinez |, Arnold LJ, Aranburu A, Gracia-Téllez A, Sharp WD,
Quam RM, Falguéres C, Pantoja-Pérez A, Bischoff J, et al. 2014.
Neandertal roots: cranial and chronological evidence from Sima de los
Huesos. Science. 344(6190):1358-1363. doi: 10.1126/science.1253958.

Arsuaga JL, Martinez |, Gracia A, Carretero JM, Lorenzo C, Garcia N,
Ortega Al. 1997. Sima de los Huesos (Sierra de Atapuerca, Spain). The
site. J Hum Evol. 33(2-3):109-127. doi: 10.1006/jhev.1997.0132.

Ashton EH, Spence TF. 1958. Age changes in the cranial capacity and
foramen magnum of hominoids. Proc Zool Soc Lond. 130(2):169-181.

Austin C, Kumar P, Carter EA, Lee J, Smith T, Hinde K, Arora M, Lay PA.
2023. Stress exposure histories revealed by biochemical changes
along accentuated lines in teeth. Chemosphere. 329:138673. doi:
10.1016/j.chemosphere.2023.138673.

Austin C, Smith T, Bradman A, Hinde K, Joannes-Boyau R, Bishop D, Hare
DJ, Doble P, Eskenazi B, Arora M. 2013. Barium distributions in teeth
reveal early-life dietary transitions in primates. Nature. 498(7453):216-
219. doi: 10.1038/nature12169.

Balzeau A, Turg A, Talamo S, Daujeard C, Guérin G, Welker F, Crevecoeur
I, Fewlass H, Hublin JJ, Lahaye C, et al. 2020. Pluridisciplinary evidence
for burial for the La Ferrassie 8 Neandertal child. Sci Rep. 10(1):21230.
doi: 10.1038/541598-020-77611-z.

ANNALS OF HUMAN BIOLOGY 13

Bateson P, Gluckman P, Hanson M. 2014. The biology of developmental
plasticity and the Predictive Adaptive Response hypothesis. J Physiol.
592(11):2357-2368. doi: 10.1113/jphysiol.2014.271460.

Beaumont J, Gledhill A, Lee-Thorp J, Montgomery J. 2013. Childhood
diet: a closer examination of the evidence from dental tissues using
stable isotope analysis of incremental human dentine. Archaeometry.
55(2):277-295. doi: 10.1111/j.1475-4754.2012.00682 x.

Begun DR, Walker A. 1993. The endocast of WT-15000. In: Walker A,
Leakey R, editors. The Nariokotome Homo erectus skeleton. Harvard:
Cambridge University Press; p. 326-58.

Berger L, De Ruiter D, Churchill S, Schmid P, Carlson K, Dirks P, Kibii J.
2010. Australopithecus sediba: a new species of Homo-like australopith
from South Africa. Science. 328(5975):195-204. doi: 10.1126/sci-
ence.1184944.

Berger L, Hawks J, de Ruiter D, Churchill S, Schmid P, Williams S, DeSilva
J, Kivell T, Skinner M, Musiba C, et al. 2015. Homo naledi, a new spe-
cies of Homo from the Dinaledi Chamber, South Africa. eLife. 4:e09560.
doi: 10.7554/eLife.09560.

Berger LR, Makhubela T, Molopyane K, Kruger A, Randolph-Quinney P,
Elliott M, Peixotto B, Fuentes A, Tafforeau P, Beyrand V, et al. 2023.
Evidence for deliberate burial of the dead by Homo naledi. elife.
12:RP89106.

Berghaenel A, Stevens JMG, Hohmann G, Deschner T, Behringer V. 2023.
Evidence for adolescent length growth spurts in bonobos and other
primates highlights the importance of scaling laws. eLife. 12:RP86635.
doi: 10.7554/elife.86635.

Bermudez-de-Castro JM, Martinez |, Gracia-Téllez A, Martinén-Torres M,
Arsuaga JL. 2021. The Sima de los Huesos Middle Pleistocene hominin
site (Burgos, Spain). Estimation of the number of individuals. Anat Rec.
304(7):1463-1477.

Bermudez-de-Castro JM, Martindn-Torres M, Lozano M, Sarmiento S,
Muela A. 2004. Paleodemography of the Atapuerca: Sima de los hue-
sos hominin sample: a revision and new approaches to the paleode-
mography of the European Middle Pleistocene population. J Anthrop
Res. 60(1):5-26.

Bermudez-de-Castro  JM, Martinén-Torres M, Martin-Francés L,
Modesto-Mata M, Martinez-de-Pinillos M, Garcia C, Carbonell E. 2017.
Homo antecessor: the state of the art eighteen years later. Quat Int.
433:22-31. doi: 10.1016/j.quaint.2015.03.049.

Bermudez-de-Castro JM, Modesto-Mata M, Martindn-Torres M. 2015.
Brains, teeth and life histories in hominins: a review. J Anthropol Sci.
93:21-42. doi: 10.4436/JASS.93008.

Bernstein RM. 2010. The big and small of it: how body size evolves. Am
J Phys Anthropol. 143 Suppl 51(551):46-62. doi: 10.1002/ajpa.21440.
Bernstein RM. 2017. Hormones and human and nonhuman primate

growth. Horm Res Paediatr. 88(1):15-21. doi: 10.1159/000476065.

Beynon AD, Dean MC. 1988. Distinct dental development patterns in ear-
ly fossil hominids. Nature. 335(6190):509-514. doi: 10.1038/335509a0.

Beynon AD, Dean MC. 1991. Hominid dental development. Nature.
351(6323):196-196. doi: 10.1038/351196a0.

Beynon AD, Wood BA. 1987. Patterns and rates of enamel growth in the
molar teeth of early hominids. Nature. 326(6112):493-496. doi:
10.1038/326493a0.

Birch W, Dean MC. 2014. A method of calculating human deciduous
crown formation times and of estimating the chronological ages of
stressful events occurring during deciduous enamel formation. J Foren
Legal Med. 22:127-144. doi: 10.1016/j.jflm.2013.12.002.

Bischoff JL, Williams RW, Rosenbauer RJ, Aramburu A, Arsuaga JL, Garcia
N, Cuenca-Bescés G. 2007. High-resolution U-series dates from the
Sima de los Huesos hominids yields 600+ 66 kyrs: implications for the
evolution of the early Neanderthal lineage. J Archaeol Sci. 34(5):763-
770. doi: 10.1016/j.jas.2006.08.003.

Black RE, Lopez de Romafia G, Brown KH, Bravo N, Bazalar OG, Kanashiro
HC. 1989. Incidence and etiology of infantile diarrhea and major
routes of transmission in Huascar, Peru. Am J Epidemiol. 129(4):785-
799. doi: 10.1093/oxfordjournals.aje.a115193.


http://orcid.org/0000-0001-5443-9236
https://doi.org/10.1016/S0140-6736(13)60103-8
https://doi.org/10.3406/paleo.1999.4691
https://doi.org/10.1038/nature05047
https://doi.org/10.1098/rspb.2003.2623
https://doi.org/10.1002/ajp.1350010404
https://doi.org/10.1111/j.1469-7580.2008.01010.x
https://doi.org/10.1016/j.quaint.2014.08.010
https://doi.org/10.1126/science.1253958
https://doi.org/10.1006/jhev.1997.0132
https://doi.org/10.1016/j.chemosphere.2023.138673
https://doi.org/10.1038/nature12169
https://doi.org/10.1038/s41598-020-77611-z
https://doi.org/10.1113/jphysiol.2014.271460
https://doi.org/10.1111/j.1475-4754.2012.00682.x
https://doi.org/10.1126/science.1184944
https://doi.org/10.1126/science.1184944
https://doi.org/10.7554/eLife.09560
https://doi.org/10.7554/eLife.86635
https://doi.org/10.1016/j.quaint.2015.03.049
https://doi.org/10.4436/JASS.93008
https://doi.org/10.1002/ajpa.21440
https://doi.org/10.1159/000476065
https://doi.org/10.1038/335509a0
https://doi.org/10.1038/351196a0
https://doi.org/10.1038/326493a0
https://doi.org/10.1016/j.jflm.2013.12.002
https://doi.org/10.1016/j.jas.2006.08.003
https://doi.org/10.1093/oxfordjournals.aje.a115193

14 D.R.BOLTERET AL.

Blumenthal SA, Levin NE, Brown FH, Brugal JP, Chritz KL, Harris JM, Jehle
GE, Cerling TE. 2017. Aridity and hominin environments. Proc Natl
Acad Sci USA. 114(28):7331-7336. doi: 10.1073/pnas.1700597114.

Bogin B. 2003. The human pattern of growth and development in pale-
ontological perspective. In: Thompson JL, Krovitz GE, Nelson AJ, edi-
tors. Patterns of growth and development in the genus Homo.
Cambridge (UK): Cambridge University Press; p. 15-44.

Bogin B. 2012. The evolution of human growth. In: Cameron N, Bogin B,
editors. Human growth and development. 2nd ed. London: Elsevier; p.
287-324.

Bogin B. 2023. What makes people grow? Love and hope. J Physiol
Anthropol. 42(1):13. doi: 10.1186/540101-023-00330-7.

Bogin B, Smith BH. 1996. Evolution of the human life cycle. Am J Hum
Biol. 8(6):703-716. doi: 10.1002/(SICI)1520-6300(1996)8:6<703:
:AID-AJHB2>3.0.CO;2-U.

Bogin B, Varea C. 2020. Evolution of human life history. In: Kaas JH, edi-
tor. Evolutionary neuroscience. 2nd ed. London (UK): Academic Press;
p. 753-767.

Bolamperti S, Villa |, Rubinacci A. 2022. Bone remodeling: an operational
process ensuring survival and bone mechanical competence. Bone
Res. 10(1):48. doi: 10.1038/s41413-022-00219-8.

Boldsen JL, Milner GR, Ousley SD. 2022. Paleodemography: from archae-
ology and skeletal age estimation to life in the past. Am J Biol
Anthropol. 178 Suppl 74(S74):115-150. doi: 10.1002/ajpa.24462.

Bolter D, Zihlman A. 2012. Skeletal development in Pan paniscus with
comparisons to Pan troglodytes. Am J Phys Anthropol. 147(4):629-636.
doi: 10.1002/ajpa.22025.

Bolter DR, Cameron N. 2020. Utilizing auxology to understand ontogeny
of extinct hominins: a case study on Homo naledi. Am J Phys
Anthropol. 173(2):368-380. doi: 10.1002/ajpa.24088.

Bolter DR, Cameron N, Hawks J, Churchill SE, Berger L, Bernstein R,
Boughner JC, Elton S, Leece AB, Mahoney P, et al. 2023. Addressing
the growing fossil record of subadult hominins by reaching across dis-
ciplines. Evol Anthropol. 32(4):180-184. doi: 10.1002/evan.21995.

Bolter DR, Elliott MC, Hawks J, Berger LR. 2020. Immature remains and
the first partial skeleton of a juvenile Homo naledi, a late Middle
Pleistocene hominin from South Africa. PLoS One. 15(4):e0230440. doi:
10.1371/journal.pone.0230440.

Bolter DR, Hawks J, Bogin B, Cameron N. 2018. Palaeodemographics of
individuals in Dinaledi Chamber using dental remains. S Afr J Sci.
114(1/2):6. https://www.sajs.co.za/article/view/4331. doi: 10.17159/
5ajs.2018/20170066.

Bolter DR, Zihiman AL. 2003. Morphometric analysis of growth and de-
velopment in wild-collected vervet monkeys (Cercopithecus aethiops),
with implications for growth patterns in Old World monkeys, apes and
humans. J Zool. 260(1):99-110. doi: 10.1017/50952836903003522.

Bolter DR, Zihlman AL. 2011. Brief communication: dental development
timing in captive Pan paniscus with comparisons to Pan troglodytes.
Am J Phys Anthropol. 145(4):647-652. doi: 10.1002/ajpa.21517.

Boughner JC, Dean MC, Wilgenbusch C. 2012. Permanent tooth mineral-
ization in bonobos (Pan paniscus) and chimpanzees (P. troglodytes).
Am J Phys Anthropol. 149(4):560-571. doi: 10.1002/ajpa.22166.

Boughner JC, Der J, Kuykendall KL. 2015. A multivariate approach to den-
tally age free-lived and captive-raised chimpanzees (P. troglodytes). Am
J Phys Anthropol. 158(3):452-462.

Boughner JC, Marchiori DF, Packota GV. 2021. Unexpected variation of
human molar size patterns. J Hum Evol. 161(2021):103072. doi:
10.1016/j.jhevol.2021.103072.

Bowman JE. 1991. Life history, growth and dental development in young
primates: a study using captive rhesus macaques [PhD thesis].
Cambridge (UK): University of Cambridge.

Boyde A. 1964. Estimation of age at death of young human skeletal re-
mains from incremental lines in dental enamel. Third International
Meeting in Forensic Immunology, Medicine, Pathology and Toxicology,
Plenary Session 11A. London, April 16-24, 1963. Excerpta Med
IntCongrSer, Vol. 80.

Boyde A. 1989. Enamel. In: Oksche A, Vollrath L, editors. Handbook of
microscopic anatomy. Vol. V/6: Teeth. Berlin (Germany): Springer-Verlag;
p. 309-473.

Boynton-Jarrett R, Wright RJ, Putnam FW, Lividoti Hibert E, Michels KB,
Forman MR, Rich-Edwards J. 2013. Childhood abuse and age at menarche.
J Adolesc Health. 52(2):241-247. doi: 10.1016/j,jadohealth.2012.06.006.

Brimacombe CS, Kuykendall KL, Nystrom P. 2015. Epiphyseal fusion in
Pan troglodytes relative to dental age. Am J Phys Anthropol. 157(1):19-
29. doi: 10.1002/ajpa.22684.

Bromage T. 1987. The biological and chronological maturation of early hom-
inids. J Hum Evol. 16(3):257-272. doi: 10.1016/0047-2484(87)90002-9.
Bromage TG, Dean MC. 1985. Re-evaluation of the age at death of im-
mature  fossil hominids. Nature. 317(6037):525-527. doi:

10.1038/317525a0.

Broom R. 1942. The hand of the ape-man, Paranthropus robustus. Nature.
149(3784):513-514. doi: 10.1038/149513a0.

Brophy JK, Bolter DR, Elliott M, Hawks J, Berger LR. 2024. An examination of
Homo naledi early juveniles recovered from the Rising Star cave system,
South Africa. Ann Hum Biol. 51(1):2321128. doi: 10.1080/03014460.
2024.2321128.

Brown F, Harris J, Leakey R, Walker A. 1985. Early Homo erectus skeleton
from West Lake Turkana, Kenya. Nature. 316(6031):788-792. doi:
10.1038/316788a0.

Brown F, McDougall I. 1993. Geologic setting and age. In: Walker A,
Leakey R, editors. The Nariokotome Homo erectus skeleton. Cambridge
(MA): Harvard University Press; p. 9-20.

Cameron N. 1999. The use and abuse of growth charts. In: Johnston FE,
Zemel BS, Eveleth PB, editors. Human growth in context. London (UK):
Smith-Gordon and Company, Ltd; p. 65-74.

Cameron N. 2007. Growth patterns in adverse environments. Am J Hum
Biol. 19(5):615-621. doi: 10.1002/ajhb.20661.

Cameron N. 2015. Can maturity indicators be used to estimate chrono-
logical age in children? Ann Hum Biol. 42(4):302-307. doi:
10.3109/03014460.2015.1032349.

Cameron N, Bogin B, Bolter D, Berger LR. 2017. The postcranial skeletal
maturation of Australopithecus sediba. Am J Phys Anthropol.
163(3):633-640. doi: 10.1002/ajpa.23234.

Cameron N, Demerath EW. 2022. Critical periods in human growth: rela-
tionships to chronic disease. Yrbk Phys Anthropol. 45:159-184.

Carretero JM, Arsuaga JL, Lorenzo C. 1997. Clavicles, scapulae and humeri
from the Sima de los Huesos site (Sierra de Atapuerca, Spain). J Hum
Evol. 33(2-3):357-408. doi: 10.1006/jhev.1997.0128.

Cazenave M, Dean MC, Zanolli C, Oettlé A, Hoffman J, Tawane M,
Thackeray F, Macchiarelli R. 2020. Reassessment of the TM 1517
odonto-postcranial assemblage from Kromdraai B, South Africa, and
the maturational pattern of Paranthropus robustus. Am J Phys
Anthropol. 172(4):714-722. doi: 10.1002/ajpa.24082.

Cerling TE, Manthi FK, Mbua EN, Leakey LN, Leakey MG, Leakey RE,
Brown FH, Grine FE, Hart JA, Kaleme P, et al. 2013. Stable isotope-based
diet reconstructions of Turkana Basin hominins. Proc Natl Acad Sci
USA. 110(26):10501-10506. doi: 10.1073/pnas.1222568110.

Cerrito P, Bailey SE, Hu B, Bromage TG. 2020. Parturitions, menopause
and other physiological stressors are recorded in dental cementum
microstructure. Sci Rep. 10(1):5381. doi: 10.1038/s41598-020-62177-7.

Cheverud J, Wilson P, Dittus W. 1992. Primate population studies at
Plonnaruwa. lll. Somatometric growth in a natural population of toque
macaques (Macaca sinica). J Hum Evol. 23(1):51-77. doi: 10.1016/0047-
2484(92)90043-9.

Churchill SE. 2014. Neandertal biology, archeology, and ecology. Denver
(CO): John Wiley & Sons, Inc.

Cipriano A. 2002. Cold stress in captive great apes recorded in incremen-
tal lines of dental cementum. Folia Primatol (Basel). 73(1):21-31. doi:
10.1159/000060416.

Clegg M, Aiello LC. 1999. A comparison of the Nariokotome Homo erectus with
juveniles from a modern human population. Am J Phys Anthropol. 110(1):81-
93. doi: 10.1002/(SICI)1096-8644(199909)110:1<81::AID-AJPA7>3.0.CO;2-T.


https://doi.org/10.1073/pnas.1700597114
https://doi.org/10.1186/s40101-023-00330-7
https://doi.org/10.1002/(SICI)1520-6300(1996)8:6<703::AID-AJHB2>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1520-6300(1996)8:6<703::AID-AJHB2>3.0.CO;2-U
https://doi.org/10.1038/s41413-022-00219-8
https://doi.org/10.1002/ajpa.24462
https://doi.org/10.1002/ajpa.22025
https://doi.org/10.1002/ajpa.24088
https://doi.org/10.1002/evan.21995
https://doi.org/10.1371/journal.pone.0230440
https://www.sajs.co.za/article/view/4331
https://doi.org/10.17159/sajs.2018/20170066
https://doi.org/10.17159/sajs.2018/20170066
https://doi.org/10.1017/S0952836903003522
https://doi.org/10.1002/ajpa.21517
https://doi.org/10.1002/ajpa.22166
https://doi.org/10.1016/j.jhevol.2021.103072
https://doi.org/10.1016/j.jadohealth.2012.06.006
https://doi.org/10.1002/ajpa.22684
https://doi.org/10.1016/0047-2484(87)90002-9
https://doi.org/10.1038/317525a0
https://doi.org/10.1038/149513a0
https://doi.org/10.1080/03014460.2024.2321128
https://doi.org/10.1080/03014460.2024.2321128
https://doi.org/10.1038/316788a0
https://doi.org/10.1002/ajhb.20661
https://doi.org/10.3109/03014460.2015.1032349
https://doi.org/10.1002/ajpa.23234
https://doi.org/10.1006/jhev.1997.0128
https://doi.org/10.1002/ajpa.24082
https://doi.org/10.1073/pnas.1222568110
https://doi.org/10.1038/s41598-020-62177-7
https://doi.org/10.1016/0047-2484(92)90043-9
https://doi.org/10.1016/0047-2484(92)90043-9
https://doi.org/10.1159/000060416
https://doi.org/10.1002/(SICI)1096-8644(199909)110:1<81::AID-AJPA7>3.0.CO;2-T

Cofran Z, Garvin H, Radov¢i¢ D. 2024. Homo naledi and the evolution of
infancy. Am J Biol Anthropol. 183(577):32.

Cofran Z, Garvin H, Radovc¢i¢ D, Elliott M, Peixotto B, In Chinamitira G,
Garcia-Martinez D, Williams SA, Hawks J, Berger L. In prep. Infant Homo
naledi skeleton reveals the evolution of growth and development.

Cofran Z, VanSickle C, Valenzuela R, Garcia-Martinez D, Walker CS, Hawks
J, Zipfel B, Williams SA, Berger LR. 2022. The immature Homo naledi
ilium from the Lesedi Chamber, Rising Star Cave, South Africa. Am J
Biol Anthropol. 179(1):3-17. doi: 10.1002/ajpa.24522.

Cole TJ, Rousham EK, Hawley NL, Cameron N, Norris SA, Pettifor JM.
2015. Ethnic and sex differences in skeletal maturation among the
Birth to Twenty cohort in South Africa. Arch Dis Child. 100(2):138-143.
doi: 10.1136/archdischild-2014-306399.

Conroy GC, Mahoney CJ. 1991. Mixed longitudinal study of dental emer-
gence in the chimpanzee, Pan troglodytes (Primates, Pongidae). Am J
Phys Anthropol. 86(2):243-254. doi: 10.1002/ajpa.1330860212.

Conroy GC, Vannier M. 1987. Dental development of the Taung skull
from computerized tomography. Nature. 329(6140):625-627. doi:
10.1038/329625a0.

Conroy GC, Vannier MW. 1991. Dental development in South African aus-
tralopithecines. Part Il: dental stage assessment. Am J Phys Anthropol.
86(2):137-156. doi: 10.1002/ajpa.1330860205.

Dabbs GR. 2024. Menarche at Amarna: timing and the further implica-
tions. Am J Biol Anthropol. 183:e24856. doi: 10.1002/ajpa.24856.

de Onis M, Branca F. 2016. Childhood stunting: a global perspective.
Matern Child Nutr. 12 Suppl 1(Suppl 1):12-26. doi: 10.1111/mcn.12231.

De Torres T, Ortiz JE, Grlin R, Eggins S, Valladas H, Mercier N, Tisnérat-laborde
N, Julid R, Soler V, Martinez E, et al. 2010. Dating of the hominid (Homo
neanderthalensis) remains accumulation from El Sidron cave (Pilona,
Asturias, north Spain): an example of a multi-methodological approach to
the dating of upper Pleistocene sites. Archaeometry. 52(4):680-705. doi:
10.1111/j.1475-4754.2009.00491 x.

Dean MC. 1985. The eruption pattern of the permanent incisors and first
permanent molars in Australopithecus (Paranthropus) robustus. Am J
Phys Anthropol. 67(3):251-257. doi: 10.1002/ajpa.1330670310.

Dean MC. 1987a. Of faster brains and bigger teeth. Nature. 330(6145):213-
213. doi: 10.1038/330213a0.

Dean MC. 1987b. The dental developmental status of six East African juve-
nile fossil hominids. J Hum Evol. 16(2):197-213. doi: 10.1016/0047-
2484(87)90076-5.

Dean MC. 2012. A histological method that can be used to estimate the time
taken to form the crown of a permanent tooth. In: Bell L, editor. Forensic
microscopy for skeletal tissues. Methods in molecular biology. Vol. 915.
Totowa (NJ): Humana Press; p. 89-100. doi: 10.1007/978-1-61779-977-8_5.

Dean MC, Leakey MG, Reid D, Schrenk F, Schwartz GT, Stringer C, Walker
A. 2001. Growth processes in teeth distinguish modern humans from
Homo erectus and earlier hominins. Nature. 414(6864):628-631. doi:
10.1038/414628a.

Dean MC, Liversidge HM, Elamin F. 2014. Combining radiographic and
histological data for dental development to compare growth in the
past and the present. Ann Hum Biol. 41(4):336-347. doi:
10.3109/03014460.2014.922614.

Dean MC, Smith BH. 2009. Growth and development of the Nariokotome
youth, KNM-WT 15000. In: Grine FE, Fleagle JG, Leakey RE, editors. The
first humans-origin and early evolution of the genus Homo. Dordrecht
(The Netherlands): Springer; p. 101-120.

Dean MC, Wood BA. 1981. Developing pongid dentition and its use for
ageing individual crania in comparative cross-sectional growth stud-
ies. Folia Primatol. 36(1-2):111-127. doi: 10.1159/000156011.

Demirjian A, Goldstein H, Tanner JM. 1973. A new system of dental age
assessment. Hum Biol. 1:211-227.

DeSilva JM. 2011. A shift toward birthing relatively large infants early in
human evolution. Proc Natl Acad Sci USA. 108(3):1022-1027. doi:
10.1073/pnas.1003865108.

DeSilva JM, Lesnik JJ. 2008. Brain size at birth throughout human evolu-
tion: a new method for estimating neonatal brain size in hominins. J
Hum Evol. 55(6):1064-1074. doi: 10.1016/j.jhevol.2008.07.008.

ANNALS OF HUMAN BIOLOGY 15

Deter C, Mahoney P, Johns SE, Thomas S. 2019. Chapter 6. Aspects of
human osteology and skeletal biology. In: Pearson MP, Sheridan A, Jay
M, Chamberlain A, Richards MP, Evans J, editors. The Beaker People:
isotopes, mobility and diet in prehistoric Britain. Oxford (UK): Oxbow;
p. 253-291.

Deviese T, Abrams G, Hajdinjak M, Pirson S, De Groote |, Di Modica K,
Toussaint M, Fischer V, Comeskey D, Spindler L, et al. 2021. Reevaluating
the timing of Neanderthal disappearance in Northwest Europe. Proc
Natl Acad Sci USA. 118(12):e2022466118. doi: 10.1073/pnas.2022466118.

Dirks PH, Roberts EM, Hilbert-Wolf H, Kramers JD, Hawks J, Dosseto A,
Duval M, Elliott M, Evans M, Griin R, et al. 2017. The age of Homo
naledi and associated sediments in the Rising Star Cave, South Africa.
elife. 6:224231. doi: 10.7554/eLife.24231.

Dirks PHGM, Berger LR, Roberts EM, Kramers JD, Hawks J,
Randolph-Quinney PS, Elliott M, Musiba CM, Churchill SE, de Ruiter DJ,
et al. 2015. Geological and taphonomic context for the new hominin
species Homo naledi from the Dinaledi Chamber, South Africa. eLife.
4:¢09561. doi: 10.7554/eLife.09561.

Dirks W, Humphrey LT, Dean MC, Jeffries TE. 2010. The relationship of
accentuated lines in enamel to weaning stress in juvenile baboons
(Papio hamadryas anubis). Folia Primatol (Basel). 81(4):207-223. doi:
10.1159/000321707.

Dirks W, Reid DJ, Jolly CJ, Phillips-Conroy JE, Brett FL. 2002. Out of the
mouths of baboons: stress, life history, and dental development in the
awash National Park hybrid zone, Ethiopia. Am J Phys Anthropol.
118(3):239-252. [Database] doi: 10.1002/ajpa.10089.

Dunsworth HM. 2010. Origin of the genus Homo. Evo Edu Outreach.
3(3):353-366. doi: 10.1007/512052-010-0247-8.

Esan TA, Mothupi KA, Schepartz LA. 2018. Permanent tooth emergence:
timing and sequence in a sample of Black Southern African children.
Am J Phys Anthropol. 167(4):827-839. doi: 10.1002/ajpa.23714.

Eveleth P, Tanner J. 1991. Worldwide variation in human growth.
Cambridge (UK): Cambridge University Press. doi: 10.1017/
CB0O9780511629105.

FitzGerald C, Saunders S, Bondioli L, Macchiarelli R. 2006. Health of in-
fants in an Imperial Roman skeletal sample: perspective from dental
microstructure. Am J Phys Anthropol. 130(2):179-189. doi: 10.1002/
ajpa.20275.

FitzGerald CM, Saunders SR. 2005. Test of histological methods of deter-
mining chronology of accentuated striae in deciduous teeth. Am J
Phys Anthropol. 127(3):277-290. doi: 10.1002/ajpa.10442.

Galbany J, Abavandimwe D, Vakiener M, Eckardt W, Mudakikwa A,
Ndagijimana F, Stoinski T, McFarlin S. 2017. Body growth and life his-
tory in wild mountain gorillas (Gorilla beringei beringei) from Volcanoes
National Park, Rwanda. Am J Phys Anthropol. 163(3):570-590. doi:
10.1002/ajpa.23232.

Garcia-Gonzalez R, Salazar-Fernandez A, Mufioz-Guarinos J, Rodriguez L,
Zorrilla-Revilla G, Arsuaga JL, Carretero JM. 2024. The pattern of skel-
etal growth and development in Sima de los Huesos hominins.
Paleoanthropology. 2024(2):61.

Gavan JA. 1971. Longitudinal, postnatal growth in chimpanzee. In:
Bourne GH, editor. The Chimpanzee. Baltimore (MD): University Park;
p. 46-102.

Gignac PM, Kley NJ, Clarke JA, Colbert MW, Morhardt AC, Cerio D, Cost
IN, Cox PG, Daza JD, Early CM, et al. 2016. Diffusible iodine-based con-
trast-enhanced computed tomography (diceCT): an emerging tool for
rapid, high-resolution, 3-D imaging of metazoan soft tissues. J Anat.
228(6):889-909. doi: 10.1111/joa.12449.

Glantz M, Athreya S, Ritzman T. 2009. Is Central Asia the eastern outpost
of the Neandertal range? A reassessment of the Teshik-Tash child. Am
J Phys Anthropol. 138(1):45-61. doi: 10.1002/ajpa.20897.

Gluckman PD, Hanson MA. 2006. The developmental origins of health
and disease. In: Wintour EM, Owens JA, editors. Early life origins of
health and disease. New York (NY): Springer; p. 1-7.

Godfrey L, Samonds K, Jungers W, Sutherland M. 2001. Teeth, brains, and
primate life histories. Am J Phys Anthropol. 114(3):192-214. doi:
10.1002/1096-8644(200103)114:3<192::AID-AJPA1020>3.0.CO;2-Q.


https://doi.org/10.1002/ajpa.24522
https://doi.org/10.1136/archdischild-2014-306399
https://doi.org/10.1002/ajpa.1330860212
https://doi.org/10.1038/329625a0
https://doi.org/10.1002/ajpa.1330860205
https://doi.org/10.1002/ajpa.24856
https://doi.org/10.1111/mcn.12231
https://doi.org/10.1111/j.1475-4754.2009.00491.x
https://doi.org/10.1002/ajpa.1330670310
https://doi.org/10.1038/330213a0
https://doi.org/10.1016/0047-2484(87)90076-5
https://doi.org/10.1016/0047-2484(87)90076-5
https://doi.org/10.1007/978-1-61779-977-8_5
https://doi.org/10.1038/414628a
https://doi.org/10.3109/03014460.2014.922614
https://doi.org/10.1159/000156011
https://doi.org/10.1073/pnas.1003865108
https://doi.org/10.1016/j.jhevol.2008.07.008
https://doi.org/10.1073/pnas.2022466118
https://doi.org/10.7554/eLife.24231
https://doi.org/10.7554/eLife.09561
https://doi.org/10.1159/000321707
https://doi.org/10.1002/ajpa.10089
https://doi.org/10.1007/s12052-010-0247-8
https://doi.org/10.1002/ajpa.23714
https://doi.org/10.1017/CBO9780511629105
https://doi.org/10.1017/CBO9780511629105
https://doi.org/10.1002/ajpa.20275
https://doi.org/10.1002/ajpa.20275
https://doi.org/10.1002/ajpa.10442
https://doi.org/10.1002/ajpa.23232
https://doi.org/10.1111/joa.12449
https://doi.org/10.1002/ajpa.20897
https://doi.org/10.1002/1096-8644(200103)114:3<192::AID-AJPA1020>3.0.CO;2-Q

16 D.R.BOLTERET AL.

Goodman AH, Rose JC. 1990. Assessment of systemic physiological perturba-
tions from dental enamel hypoplasias and associated histological struc-
tures. Am J Phys Anthropol. 33(S11):59-110. doi: 10.1002/ajpa.1330330506.

Graves RR, Lupo AC, McCarthy RC, Wescott DJ, Cunningham DL. 2010.
Just how strapping was KNM-WT 150007 J Hum Evol. 59(5):542-554.
doi: 10.1016/j.jhevol.2010.06.007.

Grin R, Stringer C. 2023. Direct dating of human fossils and the
ever-changing story of human evolution. Quatern Sci Rev. 322:108379.
doi: 10.1016/j.quascirev.2023.108379.

Guatelli-Steinberg D. 2001. What can developmental defects of enamel
reveal about physiological stress in nonhuman primates? Evol
Anthropol. 10:138-151.

Guatelli-Steinberg D, Stinespring-Harris A, Reid DJ, Larsen CS, Hutchinson
DL, Smith TM. 2014. Chronology of linear enamel hypoplasia forma-
tion in the Krapina Neanderthals. PaleoAnthropol. 2014:431-445.

Gunz P, Neubauer S, Falk D, Tafforeau P, Le Cabec A, Smith T, Kimbel WH,
Spoor F, Alemseged Z. 2020. Australopithecus afarensis endocasts sug-
gest ape-like brain organization and prolonged brain growth. Sci Adv.
6(14):eaaz4729. doi: 10.1126/sciadv.aaz4729.

Gustafson G, Malmo DO. 1950. Age determinations on teeth. J Am Dental
Assoc. 41(1):45-54. doi: 10.14219/jada.archive.1950.0132.

Haeusler M, Mdller S, Kéchli J, Morante GB, Tardieu C, Tamayo NT,
Jashashvili T, Ruff C. 2024. Evolutionary-ontogenetic foundations of
modern body form: insights from KNM-WT 15000 (Homo erectus).
Paleoanthropology. 2024(2):73.

Hawkes K, Paine RR, editors. 2006. The evolution of human life history.
Santa Fe (NM): School of American Research Press.

Hawks J, Elliott M, Schmid P, Churchill SE, Ruiter DJd, Roberts EM,
Hilbert-Wolf H, Garvin HM, Williams SA, Delezene LK, et al. 2017. New
fossil remains of Homo naledi from the Lesedi Chamber, South Africa.
elife. 6:224232. doi: 10.7554/eLife.24232.

Heim JL. 1976. Les hommes fossiles de La Ferrassie. Arch I'Institut Paléont
Humaine. 35:1-338.

Henneberg M, Rosset |, Zadzinska E. 2023. Pubertal growth spurt is not
universal: polymorphism in growth at adolescence and its possible
origin. medRxiv. 2023-03.

Hlusko LJ, Carlson J, Chaplin G, Elias SA, Hoffecker JF, Huffman M,
Jablonski NG, Monson TA, O'Rourke DH, Pilloud MA, et al. 2018.
Environmental selection during the last ice age on the mother-to-in-
fant transmission of vitamin D and fatty acids through breast milk.
Proc Natl Acad Sci USA. 115(19):E4426-E4432. doi: 10.1073/
pnas.1711788115.

Jernvall J, Thesleff I. 2000. Reiterative signaling and patterning during
mammalian tooth morphogenesis. Mech Dev. 92(1):19-29. doi:
10.1016/50925-4773(99)00322-6.

Jernvall J, Thesleff I. 2012. Tooth shape formation and tooth renewal:
evolving with the same signals. Development. 139(19):3487-3497. doi:
10.1242/dev.085084.

Kano T. 1992. The last ape: pygmy chimpanzee behavior and ecology.
Stanford (CA): Stanford University Press.

Kelley J, Bolter D. 2013. Growth, development, and life history in hominin
evolution. In: Begun D, editor. A companion to paleoanthropology.
New York (NY): Wiley; p. 97-116. doi: 10.1002/9781118332344.ch6.

Kelley J, Schwartz G. 2010. Dental development and life history in living
African and Asian apes. Proc Natl Acad Sci USA. 107(3):1035-1040. doi:
10.1073/pnas.0906206107.

Kelley J, Schwartz GT, Smith TM. 2020. Age at first molar emergence in
Pan troglodytes verus and variation in the timing of molar emergence
among free-living chimpanzees. J Hum Evol. 145:102823. doi:
10.1016/j.jhevol.2020.102823.

Kennedy GE. 2005. From the ape’s dilemma to the weanling’s dilemma: ear-
ly weaning and its evolutionary context. J Hum Evol. 48(2):123-145.

Kerley ER. 1966. Skeletal age changes in the chimpanzee. Tulane Stud
Zool. 13:71-80.

Kimbel WH, Delezene LK. 2009. “Lucy” redux: a review of research on
Australopithecus afarensis. Am J Phys Anthropol. 140(549):2-48. doi:
10.1002/ajpa.21183.

Kimura T, Hamada Y. 1996. Growth of wild and laboratory born chimpan-
zees. Primates. 37(3):237-251. doi: 10.1007/BF02381856.

Kjeer 1. 2014. Mechanism of human tooth eruption: review article includ-
ing a new theory for future studies on the eruption process. Scientifica
(Cairo). 2014:341905-341913. doi: 10.1155/2014/341905.

Knott C, Brown E, Harwell F, Kralick A, Laman J, O'Connell C, Rizal A,
Scott A, Setia TM, Susanto TW. 2024. Variation in orangutan develop-
ment and body size: implications for assigning sex and age to fossil
hominins. Am J Biol Anthropol. 183(577):87-88.

Kralick AE, Loring Burgess M, Glowacka H, Arbenz-Smith K, McGrath K,
Ruff CB, Chan KC, Cranfield MR, Stoinski TS, Bromage TG, et al. 2017.
A radiographic study of permanent molar development in wild
Virunga mountain gorillas of known chronological age from Rwanda.
Am J Phys Anthropol. 163(1):129-147. doi: 10.1002/ajpa.23192.

Krovitz GE, Thompson JL, Nelson AJ. 2003. Hominid growth and develop-
ment from australopithecines to Middle Pleistocene Homo. In:
Thompson JL, Krovitz GE, Nelson AJ, editors. Patterns of growth and
development in the genus Homo. Cambridge (UK): Cambridge
University Press; p. 271-292.

Kuykendall K. 2003. Reconstructing australopithecine growth and devel-
opment: what do we think we know?. In: Thompson JL, Krovitz GE,
Nelson AJ, editors. Patterns of growth and development in the genus
Homo. Cambridge (UK): Cambridge University Press; p. 191-218.

Kuykendall KL, Mahoney CJ, Conroy GC. 1992. Probit and survival analysis
of tooth emergence ages in a mixed-longitudinal sample of chimpan-
zees (Pan troglodytes). Am J Phys Anthropol. 89(3):379-399. doi:
10.1002/ajpa.1330890310.

Lalueza-Fox C, Rosas A, Estalrrich A, Gigli E, Campos PF, Garcia-Tabernero
A, Garcia-Vargas S, Sanchez-Quinto F, Ramirez O, Civit S, et al. 2011.
Genetic evidence for patrilocal mating behavior among Neandertal
groups. Proc Natl Acad Sci USA. 108(1):250-253. doi: 10.1073/
pnas.1011553108.

Lathouwers MD, Elsacker LV. 2005. Reproductive parameters of female
Pan paniscus and P. troglodytes: quality versus quantity. Int J Primatol.
26(1):55-71. doi: 10.1007/s10764-005-0723-0.

Lee P. 2012. Growth and investment in hominin life history evolution:
patterns, processes, and outcomes. Int J Primatol. 33(6):1309-1331.
doi: 10.1007/510764-011-9536-5.

Leece AB, Martin JM, Baker S, Wilson C, Strait DS, Schwartz GT, Herries
AIR. 2023. New hominin dental remains from the~ 2.04-1.95Ma
Drimolen Main Quarry, South Africa. Ann Hum Biol. 50(1):407-427.
doi: 10.1080/03014460.2023.2261849.

Leece AB, Martin JM, Herries Al, Riga A, Menter CG, Moggi-Cecchi J.
2022. New hominin dental remains from the Drimolen Main Quarry,
South Africa (1999-2008). Am J Biol Anthropol. 179(2):240-260. doi:
10.1002/ajpa.24570.

Lee-Thorp JA, Sponheimer M, Passey BH, de Ruiter DJ, Cerling TE. 2010.
Stable isotopes in fossil hominin tooth enamel suggest a fundamental
dietary shift in the Pliocene. Phil Trans R Soc B. 365:3389-3396.

Leigh SR, Park PB. 1998. Evolution of human growth prolongation. Am J
Phys Anthropol. 107(3):331-350. doi: 10.1002/(SICI)1096-8644(199811)
107:3<331::AID-AJPA9>3.0.CO;2-4#.

Lemmers SAM. 2017. Stress, life history and dental development: a histo-
logical study of mandrills (Mandrillus sphinx) [PhD thesis]. Durham
(UK): Durham University.

Lequin M, Colard T, Colombo A, Le Cabec ARF, Schuh A. 2025.
Investigating development in human evolution: specificities, challeng-
es, and opportunities. Evol Anthropol. 34(1):e70001.

Lewis ME. 2022. Exploring adolescence as a key life history stage in bioar-
chaeology. Am J Biol Anthropol. 179(4):519-534. doi: 10.1002/ajpa.24615.

Lieberman DE. 1993. Life history variables preserved in dental cementum
microstructure. Science. 261(5125):1162-1164. doi: 10.1126/sci-
ence.8356448.

Liversidge H. 2003. Variation in modern human dental development. In:
Thompson JL, Krovitz GE, Nelson AJ, editors. Patterns of growth and
development in the genus Homo. Cambridge (UK): Cambridge
University Press; p. 73-113.


https://doi.org/10.1002/ajpa.1330330506
https://doi.org/10.1016/j.jhevol.2010.06.007
https://doi.org/10.1016/j.quascirev.2023.108379
https://doi.org/10.1126/sciadv.aaz4729
https://doi.org/10.14219/jada.archive.1950.0132
https://doi.org/10.7554/eLife.24232
https://doi.org/10.1073/pnas.1711788115
https://doi.org/10.1073/pnas.1711788115
https://doi.org/10.1016/s0925-4773(99)00322-6
https://doi.org/10.1242/dev.085084
https://doi.org/10.1002/9781118332344.ch6
https://doi.org/10.1073/pnas.0906206107
https://doi.org/10.1016/j.jhevol.2020.102823
https://doi.org/10.1002/ajpa.21183
https://doi.org/10.1007/BF02381856
https://doi.org/10.1155/2014/341905
https://doi.org/10.1002/ajpa.23192
https://doi.org/10.1002/ajpa.1330890310
https://doi.org/10.1073/pnas.1011553108
https://doi.org/10.1073/pnas.1011553108
https://doi.org/10.1007/s10764-005-0723-0
https://doi.org/10.1007/s10764-011-9536-5
https://doi.org/10.1080/03014460.2023.2261849
https://doi.org/10.1002/ajpa.24570
https://doi.org/10.1002/(SICI)1096-8644(199811)107:3<331::AID-AJPA9>3.0.CO;2-#
https://doi.org/10.1002/(SICI)1096-8644(199811)107:3<331::AID-AJPA9>3.0.CO;2-#
https://doi.org/10.1002/ajpa.24615
https://doi.org/10.1126/science.8356448
https://doi.org/10.1126/science.8356448

Liversidge HM. 2008. Timing of human mandibular third molar formation.
Ann Hum Biol. 35(3):294-321. doi: 10.1080/03014460801971445.

Lordkipanidze D, Jashashvili T, Vekua A, Ponce de Leén MS, Zollikofer
CPE, Rightmire GP, Pontzer H, Ferring R, Oms O, Tappen M, et al. 2007.
Postcranial evidence from early Homo from Dmanisi, Georgia. Nature.
449(7160):305-310. doi: 10.1038/nature06134.

Ludecke T, Kullmer O, Wacker U, Sandrock O, Fiebig J, Schrenk F, Mulch
A. 2018. Dietary versatility of Early Pleistocene hominins. Proc Natl
Acad Sci USA. 115(52):13330-13335. doi: 10.1073/pnas.1809439115.

Machanda Z, Brazeau NF, Bernard AB, Donovan RM, Papakyrikos AM,
Wrangham R, Smith TM. 2015. Dental eruption in East African wild
chimpanzees. J Hum Evol. 82:137-144. doi: 10.1016/j.jhevol.2015.02.010.

Macintosh AA, Wells JCK, Stock JT. 2018. Maternal investment, matura-
tional rate of the offspring and mechanical competence of the adult
female skeleton. Evol Med Public Health. 2018(1):167-179. doi:
10.1093/emph/eoy015.

Mahoney P. 2008. Intraspecific variation in M1 enamel development in
modern humans: implications for human evolution. J Hum Evol.
55(1):131-147. doi: 10.1016/j.jhevol.2008.02.004.

Mahoney P. 2011. Human deciduous mandibular molar incremental
enamel development. Am J Phys Anthropol. 144(2):204-214. doi:
10.1002/ajpa.21386.

Mahoney P, McFarlane G, Smith BH, Miszkiewicz JJ, Cerrito P, Liversidge
H, Mancini L, Dreossi D, Veneziano A, Bernardini F, et al. 2021. Growth
of Neanderthal infants from Krapina (120-130ka), Croatia. Proc R Soc
B. 288(1963):20212079. doi: 10.1098/rspb.2021.2079.

Mahoney P, McFarlane G, Taurozzi AJ, Madupe PP, O'Hara MC, Molopyane
K, Cappellini E, Hawks J, Skinner MM, Berger L. 2024. Human-like
enamel growth in Homo naledi. Am J Biol Anthropol. 184(1):e24893.
doi: 10.1002/ajpa.24893.

Mann A, Lampl M, Monge J. 1990b. Patterns of ontogeny in human evo-
lution: evidence from dental development. Am J Phys Anthropol.
33(S11):111-150. doi: 10.1002/ajpa.1330330507.

Mann A, Monge J, Lampl M. 1990a. Dental caution. Nature. 348(6298):202—
202. doi: 10.1038/348202a0.

Mann AE. 1975. Some paleodemographic aspects of the South African
Australopithecines. Philadelphia (PA): University of Pennsylvania Press.

Martin-Gonzalez JA, Mateos A, Goikoetxea |, Leonard WR, Rodriguez J.
2012. Differences between Neandertal and modern human infant and
child growth models. J Hum Evol. 63(1):140-149. doi: 10.1016/j.jhev-
01.2012.04.005.

Martorell R. 1989. Body size, adaptation and function. Hum Org. 48(1):15-
20. doi: 10.17730/humo.48.1.x20u5450x51h5211.

Maureille  B. 2002. A lost Neanderthal neonate found. Nature.
419(6902):33-34. doi: 10.1038/419033a.

May RL, Goodman AH, Meindl RS. 1993. Response of bone and enamel
formation to nutritional supplementation and morbidity among mal-
nourished Guatemalan children. Am J Phys Anthropol. 92(1):37-51.
doi: 10.1002/ajpa.1330920104.

McFarlin SC, Terranova CJ, Zihiman AL, Bromage TG. 2016. Primary bone
microanatomy records developmental aspects of life history in catar-
rhine primates. J Hum Evol. 92:60-79. doi: 10.1016/j.jhevol.2015.12.004.

McFarlin SC, Terranova CJ, Zihlman AL, Enlow DH, Bromage TG. 2008.
Regional variability in secondary remodeling within long bone corti-
ces of catarrhine primates: the influence of bone growth history. J
Anat. 213(3):308-324. doi: 10.1111/j.1469-7580.2008.00947 x.

Miller I, Churchill S, Nunn C. 2019. Speeding in the slow lane: phyloge-
netic comparative analyses reveal that not all human life history traits
are exceptional. J Hum Evol. 130:36-44. doi: 10.1016/jjhev-
01.2018.12.007.

Miszkiewicz JJ, Stewart TJ, Deter CA, Fahy GE, Mahoney P. 2019. Skeletal
health in Medieval societies: insights from ancient bone collagen sta-
ble isotopes and dental histology. In: Miszkiewicz JJ, Brennan-Olsen S,
Riancho JA, editors. Bone health: a reflection of the social mosaic.
Singapore: Springer; p. 17-34. doi: 10.1007/978-981-13-7256-8.

Molopyane K. 2020. Patterns of antemortem skeletal trauma in 20th cen-
tury South African cadaveric populations: an analysis of secular trends

ANNALS OF HUMAN BIOLOGY 17

in trauma expression [PhD thesis]. Johannesburg (South Africa):
University of the Witwatersrand.

Monson TA, Coleman JL, Hlusko LJ. 2019. Craniodental allometry, prena-
tal growth rates, and the evolutionary loss of the third molars in New
World monkeys. Anat Rec (Hoboken). 302(8):1419-1433. doi: 10.1002/
ar.23979.

Monson TA, Weitz AP, Brasil MF, Hlusko LJ. 2022. Teeth, prenatal growth
rates, and the evolution of human-like pregnancy in later Homo. Proc
Natl Acad Sci USA. 119(41):2200689119. doi: 10.1073/pnas.2200689119.

Mduller W, Nava A, Evans D, Rossi PF, Alt KW, Bondioli L. 2019. Enamel
mineralization and compositional time-resolution in human teeth
evaluated via histologically-defined LA-ICPMS profiles. Geochim
Cosmochim Acta. 255:105-126. doi: 10.1016/j.gca.2019.03.005.

Nava A, Lugli F, Romandini M, Badino F, Evans D, Helbling AH, Oxilia G, Arrighi
S, Bortolini E, Delpiano D, et al. 2020. Early life of Neanderthals. Proc Natl
Acad Sci USA. 117(46):28719-28726. doi: 10.1073/pnas.2011765117.

Neal Webb SJ, Pruetz J. In prep. Reproductive patterns of West-African
chimpanzees (Pan troglodytes verus) living in a savanna-mosaic envi-
ronment.

Nelson AJ, Thompson JL. 2005. Le Moustier 1 and the interpretation of
stages in Neandertal growth and development. In: Ullrich H, editor.
The Neandertal adolescent Le Moustier 1: new aspects, new results.
Berlin (Germany): Staatliche Museen zu Berlin/Preussischer Kulturbesitz;
p. 328-338.

Neugebauer W. 1980. The status and management of the pygmy chim-
panzee Pan paniscus in European zoos. Int Zoo Yrbk. 20:64-70.

Ng JS, Chin KY. 2021. Potential mechanisms linking psychological stress
to bone health. Int J Med Sci. 18(3):604-614. doi: 10.7150/ijms.50680.

Nissen H, Riesen A. 1964. The eruption of the permanent dentition of
chimpanzee. Am J Phys Anthropol. 22(3):285-294. doi: 10.1002/
ajpa.1330220315.

Ogilvie MD, Curran BK, Trinkaus E. 1989. Incidence and patterning of
dental enamel hypoplasia among the Neandertals. Am J Phys
Anthropol. 79(1):25-41. doi: 10.1002/ajpa.1330790104.

Parés JM, Arnold L, Duval M, Demuro M, Pérez-Gonzalez A, BermUdez-de-
Castro JM, Carbonell E, Arsuaga JL. 2013. Reassessing the age of
Atapuerca-TD6 (Spain): new paleomagnetic results. J Arch Sci.
40(12):4586-4595. doi: 10.1016/j.jas.2013.06.013.

Pearce E, Stringer C, Dunbar RI. 2013. New insights into differences in
brain organization between Neanderthals and anatomically modern
humans. Proc Biol Sci. 280(1758):20130168. doi: 10.1098/rspb.2013.0168.

Pettitt PB. 2002. The Neanderthal dead: exploring mortuary variability in
Middle Palaeolithic Eurasia. Before Farming. 2002(1):1-26. doi: 10.3828/
bfarm.2002.1.4.

Phillips-Conroy JE, Jolly CJ. 1988. Dental eruption schedules of wild and
captive baboons. Am J Primatol. 15(1):17-29. doi: 10.1002/
ajp.1350150104.

Ponce de Ledn M, Bienvenu T, Akazawa T, Zollikofer C. 2016. Brain devel-
opment is similar in Neanderthals and modern humans. Curr Biol.
26(14):R665-R666. doi: 10.1016/j.cub.2016.06.022.

Ponce de Ledn MS, Golovanova L, Doronichev V, Romanova G, Akazawa
T, Kondo O, Ishida H, Zollikofer CP. 2008. Neanderthal brain size at
birth provides insights into the evolution of human life history. Proc
Natl Acad Sci USA. 105(37):13764-13768. doi: 10.1073/pnas.0803917105.

Potts R. 2013. Hominin evolution in settings of strong environmental
variability. Quat Sci Rev. 73:1-13. doi: 10.1016/j.quascirev.2013.04.003.

Pruetz J, Bertolani P. 2009. Chimpanzee (Pan troglodytes verus) behavioral
responses to stresses associated with living in a savanna-mosaic envi-
ronment: implications for hominin adaptations to open habitats.
PaleoAnthropology. 2009:252-262. doi: 10.4207/PA.2009.ART33.

Pusey A. 1978. The physical and social development of wild adolescent
chimpanzees (Pan trolgodytes schweinfurthii) [PhD thesis]. Palo Alto
(CA): Stanford University.

Raj MT, Prusinkiewicz M, Cooper DML, Belev G, Webb MA, Boughner JC.
2014. Imaging earliest tooth development in 3D using a new
silver-based tissue contrast agent. Anat Rec (Hoboken). 297(2):222-
233. doi: 10.1002/ar.22845.


https://doi.org/10.1080/03014460801971445
https://doi.org/10.1038/nature06134
https://doi.org/10.1073/pnas.1809439115
https://doi.org/10.1016/j.jhevol.2015.02.010
https://doi.org/10.1093/emph/eoy015
https://doi.org/10.1016/j.jhevol.2008.02.004
https://doi.org/10.1002/ajpa.21386
https://doi.org/10.1098/rspb.2021.2079
https://doi.org/10.1002/ajpa.24893
https://doi.org/10.1002/ajpa.1330330507
https://doi.org/10.1038/348202a0
https://doi.org/10.1016/j.jhevol.2012.04.005
https://doi.org/10.1016/j.jhevol.2012.04.005
https://doi.org/10.17730/humo.48.1.x20u5450x51h5211
https://doi.org/10.1038/419033a
https://doi.org/10.1002/ajpa.1330920104
https://doi.org/10.1016/j.jhevol.2015.12.004
https://doi.org/10.1111/j.1469-7580.2008.00947.x
https://doi.org/10.1016/j.jhevol.2018.12.007
https://doi.org/10.1016/j.jhevol.2018.12.007
https://doi.org/10.1007/978-981-13-7256-8
https://doi.org/10.1002/ar.23979
https://doi.org/10.1002/ar.23979
https://doi.org/10.1073/pnas.2200689119
https://doi.org/10.1016/j.gca.2019.03.005
https://doi.org/10.1073/pnas.2011765117
https://doi.org/10.7150/ijms.50680
https://doi.org/10.1002/ajpa.1330220315
https://doi.org/10.1002/ajpa.1330220315
https://doi.org/10.1002/ajpa.1330790104
https://doi.org/10.1016/j.jas.2013.06.013
https://doi.org/10.1098/rspb.2013.0168
https://doi.org/10.3828/bfarm.2002.1.4
https://doi.org/10.3828/bfarm.2002.1.4
https://doi.org/10.1002/ajp.1350150104
https://doi.org/10.1002/ajp.1350150104
https://doi.org/10.1016/j.cub.2016.06.022
https://doi.org/10.1073/pnas.0803917105
https://doi.org/10.1016/j.quascirev.2013.04.003
https://doi.org/10.4207/PA.2009.ART33
https://doi.org/10.1002/ar.22845

18 D.R.BOLTERET AL.

Rak Y, Kimbel WH, Hovers E. 1994. A Neandertal infant from Amud cave,
Israel. J Hum Evol. 26(4):313-324. doi: 10.1006/jhev.1994.1019.

Ramirez Rozzi F. 2016. Diversity in tooth eruption and life history in hu-
mans: illustration from a Pygmy population. Sci Rep. 6(1):27405. doi:
10.1038/srep27405.

Robson S, Wood B. 2008. Hominin life history: reconstruction and evolu-
tion. J Anat. 212(4):394-425. doi: 10.1111/j.1469-7580.2008.00867 .X.
Rosas A, Estalrrich A, Garcia-Vargas S, Garcia-Tabernero A, Huguet R,

Lalueza-Fox C, de la Rasilla M. 2013. Identification of Neandertal indi-
viduals in fragmentary fossil assemblages by means of tooth associa-
tions: the case of El Sidrén (Asturias, Spain). C R Palevol. 12(5):279-

291. doi: 10.1016/jcrpv.2013.06.003.

Rosas A, Martinez-Maza C, Bastir M, Garcia-Tabernero A, Lalueza-Fox C,
Huguet R, Ortiz JE, Julia R, Soler V, de Torres T, et al. 2006. Paleobiology
and comparative morphology of a late Neandertal sample from El
Sidrén, Asturias, Spain. Proc Natl Acad Sci USA. 103(51):19266-19271.
doi: 10.1073/pnas.0609662104.

Rosas A, Rios L, Estalrrich A, Liversidge H, Garcia-Tabernero A, Huguet R,
Cardoso H, Bastir M, Lalueza-Fox C, de la Rasilla M, et al. 2017. The
growth pattern of Neandertals, reconstructed from a juvenile skeleton
from El Sidron (Spain). Science. 357(6357):1282-1287. doi: 10.1126/
science.aan6463.

Rose JC, Armelagos GJ, Lallo JW. 1978. Histological enamel indicator of
childhood stress in prehistoric skeletal samples. Am J Phys Anthropol.
49(4):511-516. doi: 10.1002/ajpa.1330490411.

Ruff CB. 2007. Body size prediction from juvenile skeletal remains. Am J
Phys Anthropol. 133(1):698-716. doi: 10.1002/ajpa.20568.

Ruff CB, Walker A. 1993. Body size and body shape. In: Walker A, Leakey
R, editors. The Nariokotome Homo erectus skeleton. Cambridge (MA):
Harvard University Press; p. 234-265.

Sabel N, Johansson C, Kiihnisch J, Robertson A, Steiniger F, Norén JG,
Klingberg G, Nietzsche S. 2008. Neonatal lines in the enamel of prima-
ry teeth--a morphological and scanning electron microscopic investi-
gation. Arch Oral Biol. 53:954-963. doi: 10.1016/j.archoralbio.2008.
05.003.

Saers JP, Gordon AD, Ryan TM, Stock JT. 2022. Trabecular bone ontogeny
tracks neural development and life history among humans and
non-human primates. Proc Natl Acad Sci USA. 119(49):e2208772119.
doi: 10.1073/pnas.2208772119.

Sarnat BG, Schour I. 1941. Enamel hypoplasia (chronologic enamel apla-
sia) in relation to systemic disease: a chronologic, morphologic, and
etiologic classification. J Am Dent Assoc. 28(12):1989-2000. doi:
10.14219/jada.archive.1941.0307.

Schell LM. 2014. Culture, urbanism and changing human biology. Glob
Bioeth. 25(2):147-154. doi: 10.1080/11287462.2014.897070.

Schell LM, Rousham EK. 2022. Environmental effects on growth. In:
Cameron N, Schell L, editors. Human growth and development.
London (UK): Academic Press; p. 261-315.

Schour |, Poncher HG. 1937. Rate of apposition of enamel anddentin,
measured by the effect of acute fluorosis. Am J Dis Child. 54:757-776.

Schroeder L, Elton S, Ackermann RR. 2022. Skull variation in Afro-Eurasian
monkeys results from both adaptive and non-adaptive evolutionary
processes. Sci Rep. 12(1):12516. doi: 10.1038/541598-022-16734-x.

Schwartz GT. 2012. Growth, development, and life history throughout the
evolution of Homo. Curr Anthropol. 53(56):5395-5408. doi:
10.1086/667591.

Schwartz GT, Reid DJ, Dean MC, Zihiman AL. 2006. A faithful record of
stressful life events preserved in the dental developmental record of
a juvenile gorilla. Int J Primatol. 22:837-860.

Sedelj M. 2013. Relationship between dental development and skeletal
growth in modern humans and its implications for interpreting ontog-
eny in fossil hominins. Am J Phys Anthropol. 150(1):38-47. doi:
10.1002/ajpa.22209.

Shapland F, Lewis ME. 2013. Brief communication: a proposed osteologi-
cal method for the estimation of pubertal stage in human skeletal
remains. Am J Phys Anthropol. 151(2):302-310. doi: 10.1002/
ajpa.22268.

Smith BH. 1989. Dental development as a measure of life history in pri-
mates. Evolution. 43(3):683-688. doi: 10.2307/2409073.

Smith BH. 1991. Dental development and the evolution of life history in
Hominidae. Am J Phys Anthropol. 86(2):157-174. doi: 10.1002/
ajpa.1330860206.

Smith BH. 1993. The physiological age of KNM-WT 15000. In: Walker A,
Leakey R, editors. The Nariokotome Homo erectus skeleton. Harvard:
Cambridge University Press; p. 195-220.

Smith BH. 1994. The physiological age of KNM-WT 15000. In: Walker A,
Leakey R, editors. The Nariokotome Homo erectus skeleton. Cambridge
(MA): Harvard University Press; p. 195-220.

Smith BH, Boesch C. 2011. Mortality and the magnitude of the “wild ef-
fect” in chimpanzee tooth emergence. J Hum Evol. 60(1):34-46. doi:
10.1016/j.jhevol.2010.08.006.

Smith BH, Tompkins RL. 1995. Toward a life history of the Hominidae.
Annu Rev Anthropol. 24(1):257-279. doi: 10.1146/annurev.an.24.100195.
001353.

Smith SL. 2004. Skeletal age, dental age, and the maturation of KNM-WT
15000. Am J Phys Anthropol. 125(2):105-120. doi: 10.1002/ajpa.10376.

Smith T, Houssaye A, Kullmer O, Le Cabec A, Olejniczak AJ, Schrenk F, de
Vos J, Tafforeau P. 2018. Disentangling isolated dental remains of
Asian Pleistocene hominins and pongines. PLoS One. 13(11):e0204737.
doi: 10.1371/journal.pone.0204737.

Smith T, Tafforeau P, Le Cabec A, Bonnin A, Houssaye A, Pouech J,
Moggi-Cecchi J, Manthi F, Ward C, Makaremi M, et al. 2015. Dental
ontogeny in Pliocene and early Pleistocene hominins. PLoS One.
10(2):e0118118. doi: 10.1371/journal.pone.0118118.

Stearns SC, Koella JC. 1986. The evolution of phenotypic plasticity in
life-history traits: predictions of reaction norms for age and size at
maturity. Evolution. 40(5):893-913. doi: 10.2307/2408752.

Steger V, Stadelmann S, White L, Dohnert M. 2024. Child abuse and pu-
bertal timing: what is the role of child sex and identity of the perpe-
trator? BMC Psychiatry. 24(1):242. doi: 10.1186/512888-024-05683-6.

Stott GG, Sis RF, Levy BM. 1982. Cemental annulation as an age criterion in
forensic dentistry. J Dent Res. 61(6):814-817. doi: 10.1177/00220345
820610063401.

Stull KE, Corron LK. 2022. The Subadult Virtual Anthropology Database
(SVAD): an accessible repository of contemporary subadult reference
data. Forensic Sci. 2(1):20-36. doi: 10.3390/forensicsci2010003.

Stull KE, Corron LK, Price MH. 2021. Subadult age estimation variables:
exploring their varying roles across ontogeny. In: Algee-Hewitt BF, Kim
J, editors. Remodeling forensic skeletal age. San Diego (CA): Academic
Press; p. 49-73.

Stull KE, Wolfe C. 2024. Exploring covariation in epiphyseal fusion in ex-
tant and extinct hominins. Am J Biol Anthropol. 183(577):176.

Stull KE, Wolfe CA, Corron LK, Heim K, Hulse CN, Pilloud MA. 2021. A
comparison of subadult skeletal and dental development based on
living and deceased samples. Am J Phys Anthropol. 175(1):36-58. doi:
10.1002/ajpa.24170.

Sweeney EA, Saffir JA, de Leon R. 1971. Linear hypoplasia of deciduous
incisor teeth in malnourished children. Am J Clin Nutr. 24(1):29-31.
doi: 10.1093/ajcn/24.1.29.

Tanner JM. 1962. Growth at adolescence. 2nd ed. Oxford: Lackwell
Scientific Publications.

Thompson JL, Nelson AJ, Krovitz GE. 2003. Hominid growth and develop-
ment: the modern context. In: Thompson JL, Krovitz GE, Nelson AJ,
editors. Patterns of growth and development in the genus Homo.
Cambridge (UK): Cambridge University Press; p. 170-187.

Tillier AM. 1983. Lenfant neanderthalien du Roc de Marsal (Campagne
du. Bugue, Dordogne). Le squelette facial. Annls Paléont. 69:137-149.

Tillier AM. 1995a. Neanderthal ontogeny: a new source for critical analy-
sis. Anthropologie. 33(1-2):63-68.

Tillier AM. 1995b. Biologie du squelette et populations anciennes: perspec-
tives et limites de la paléoauxologie. In: Communication au 22e Congres
du Groupement des anthropologistes de langue francaise, Bruxelles.

Tillier AM, Vandermeersch B, Arensburg B, Chech M. 2003. New human
remains from Kebara Cave (Mount Carmel). The place of the Kebara


https://doi.org/10.1006/jhev.1994.1019
https://doi.org/10.1038/srep27405
https://doi.org/10.1111/j.1469-7580.2008.00867.x
https://doi.org/10.1016/jcrpv.2013.06.003
https://doi.org/10.1073/pnas.0609662104
https://doi.org/10.1126/science.aan6463
https://doi.org/10.1126/science.aan6463
https://doi.org/10.1002/ajpa.1330490411
https://doi.org/10.1002/ajpa.20568
https://doi.org/10.1016/j.archoralbio.2008.05.003
https://doi.org/10.1016/j.archoralbio.2008.05.003
https://doi.org/10.1073/pnas.2208772119
https://doi.org/10.14219/jada.archive.1941.0307
https://doi.org/10.1080/11287462.2014.897070
https://doi.org/10.1038/s41598-022-16734-x
https://doi.org/10.1086/667591
https://doi.org/10.1002/ajpa.22209
https://doi.org/10.1002/ajpa.22268
https://doi.org/10.1002/ajpa.22268
https://doi.org/10.2307/2409073
https://doi.org/10.1002/ajpa.1330860206
https://doi.org/10.1002/ajpa.1330860206
https://doi.org/10.1016/j.jhevol.2010.08.006
https://doi.org/10.1146/annurev.an.24.100195.001353
https://doi.org/10.1146/annurev.an.24.100195.001353
https://doi.org/10.1002/ajpa.10376
https://doi.org/10.1371/journal.pone.0204737
https://doi.org/10.1371/journal.pone.0118118
https://doi.org/10.2307/2408752
https://doi.org/10.1186/s12888-024-05683-6
https://doi.org/10.1177/00220345820610063401
https://doi.org/10.1177/00220345820610063401
https://doi.org/10.3390/forensicsci2010003
https://doi.org/10.1002/ajpa.24170
https://doi.org/10.1093/ajcn/24.1.29

hominids in the Levantine Mousterian fossil record. Paléorient.
29(2):35-62. doi: 10.3406/paleo.2003.4764.

Trinkaus E. 1983. The Shanidar Neandertals. New York: Academic Press.

van Minde MRC, de Kroon MLA, Sijpkens MK, Raat H, Steegers EAP,
Bertens LCM. 2021. Associations between socio-economic status and
unfavorable social indicators of child wellbeing; a neighbourhood lev-
el data design. Int J Environ Res Public Health. 18(23):12661. doi:
10.3390/ijerph182312661.

Vekua A, Lordkipanidze D, Rightmire GP, Agusti J, Ferring R, Maisuradze
G, Mouskhelishvili A, Nioradze M, De Leon MP, Tappen M, et al. 2002.
A new skull of early Homo from Dmanisi, Georgia. Science.
297(5578):85-89. doi: 10.1126/science.1072953.

Wales JK, Herber SM, Taitz LS. 1992. Height and body proportions in
child abuse. Arch Dis Child. 67(5):632-635. doi: 10.1136/adc.67.5.632.

Walker A, Leakey R, editors. 1993. The Nariokotome Homo erectus skele-
ton. Cambridge (MA): Harvard University Press.

Walker MJ, Lépez-Martinez MV, Ortega-Rodriganez J, Haber-Uriarte M,
Lopez-Jiménez A, Avilés-Fernandez A, Polo-Camacho JL, Campillo-Boj
M, Garcia-Torres J, Carrion Garcia JS, et al. 2011. The excavation of bur-
ied articulated Neanderthal skeletons at Sima de las Palomas (Murcia,
SE Spain). Quat Internat. 259:7-21. doi: 10.1016/j.quaint.2011.03.034.

Walker MJ, Ortega J, Parmova K, Lépez MV, Trinkaus E. 2011. Morphology,
body proportions, and postcranial hypertrophy of a female Neandertal
from the Sima de las Palomas, southeastern Spain. Proc Natl Acad Sci
USA. 108(25):10087-10091. doi: 10.1073/pnas.1107318108.

Walker R, Burger O, Wagner J, Von Rueden C. 2006. Evolution of brain
size and juvenile periods in primates. J Hum Evol. 51(5):480-489. doi:
10.1016/j.jhevol.2006.06.002.

Walker R, Hill K, Burger O, Hurtado A. 2006. Life in the slow lane revisit-
ed: ontogenetic separation between chimpanzees and humans. Am J
Phys Anthropol. 129(4):577-583. doi: 10.1002/ajpa.20306.

Watts ES. 1971. A comparative study of skeletal maturation in the chim-
panzee and rhesus monkey and its relationship to growth and sex-
ual maturity [PhD thesis]. Philadelphia (PA): University of Pennsylvania.

Weaver TD, Coqueugniot H, Golovanova LV, Doronichev VB, Maureille B,
Hublin JJ. 2016. Neonatal postcrania from Mezmaiskaya, Russia, and
Le Moustier, France, and the development of Neandertal body form.
Proc Natl Acad Sci USA. 113(23):6472-6477. doi: 10.1073/pnas.
1523677113.

ANNALS OF HUMAN BIOLOGY 19

Wiersma JP, Roberts EM, Dirks PH. 2020. Formation of mud clast breccias
and the process of sedimentary autobrecciation in the hominin-bear-
ing (Homo naledi) Rising Star Cave system, South Africa. Sedimentology.
67(2):897-919. doi: 10.1111/sed.12666.

Winkler LA, Schwartz JH, Swindler DR. 1996. Development of the orang-
utan permanent dentition: assessing patterns and variation in tooth
development. Am J Phys Anthropol. 99(1):205-220. doi: 10.1002/(SICl)
1096-8644(199601)99:1<205::AID-AJPA12>3.0.CO;2-R.

Wise G. 2009. Cellular and molecular basis of tooth eruption. Orthod
Craniofac Res. 12(2):67-73. doi: 10.1111/j.1601-6343.2009.01439.x.
Wolfe CA. 2023. Beyond a company of soldiers: exploring phenotypic in-
tegration across the multivariate human growth and development

phenotype [PhD thesis]. Reno (NV): University of Nevada, Reno.

Wood JW, Milner GR, Harpending HC, Weiss KM. 1992. The osteological
paradox: problems of inferring prehistoric health from skeletal sam-
ples. Curr Anthropol. 33:343-370.

Wood RE, Higham TFG, DE Torres T, Tisnérat-laborde N, Valladas H, Ortiz JE,
Lalueza-fox C, Sdnchez-moral S, Cafaveras JC, Rosas A, et al. 2013. A new
date for the Neanderthals from El Sidron Cave (Asturias, northern Spain).
Archaeometry. 55(1):148-158. doi: 10.1111/j.1475-4754.2012.00671.x.

Wopoff MH, Monge JM, Lampl M. 1988. Was Taung human or ape?
Nature. 335(6190):501-501. doi: 10.1038/335501a0.

Wright LE. 2013. Examining childhood diets at Kaminaljuyu, Guatemala,
through stable isotopic analysis of sequential enamel microsamples.
Archaeometry. 55(1):113-133.

Zheng L, Seon YJ, Mourdo MA, Schnell S, Kim D, Harada H, Papagerakis
S, Papagerakis P. 2013. Circadian rhythms regulate amelogenesis.
Bone. 55(1):158-165. doi: 10.1016/j.bone.2013.02.011.

Zihlman A, Bolter D, Boesch C. 2004. Wild chimpanzee dentition and its
implications for assessing life history in immature hominin fossils.
Proc Natl Acad Sci USA. 101(29):10541-10543. doi: 10.1073/
pnas.0402635101.

Zihlman AL, Bolter DR, Boesch C. 2007. Skeletal and dental growth and
development in chimpanzees of the Tai National Park, Cote D’lvoire. J
Zool Lond. 273(1):63-73. doi: 10.1111/j.1469-7998.2007.00301 ..

Zihlman AL, Stahl D, Boesch C. 2008. Morphological variation in
adult chimpanzees (Pan troglodytes verus) of the Tai National Park,
Cote d'lvoire. Am J Phys Anthropol. 135(1):34-41. doi: 10.1002/
ajpa.20702.


https://doi.org/10.3406/paleo.2003.4764
https://doi.org/10.3390/ijerph182312661
https://doi.org/10.1126/science.1072953
https://doi.org/10.1136/adc.67.5.632
https://doi.org/10.1016/j.quaint.2011.03.034
https://doi.org/10.1073/pnas.1107318108
https://doi.org/10.1016/j.jhevol.2006.06.002
https://doi.org/10.1002/ajpa.20306
https://doi.org/10.1073/pnas.1523677113
https://doi.org/10.1073/pnas.1523677113
https://doi.org/10.1111/sed.12666
https://doi.org/10.1002/(SICI)1096-8644(199601)99:1<205::AID-AJPA12>3.0.CO;2-R
https://doi.org/10.1002/(SICI)1096-8644(199601)99:1<205::AID-AJPA12>3.0.CO;2-R
https://doi.org/10.1111/j.1601-6343.2009.01439.x
https://doi.org/10.1111/j.1475-4754.2012.00671.x
https://doi.org/10.1038/335501a0
https://doi.org/10.1016/j.bone.2013.02.011
https://doi.org/10.1073/pnas.0402635101
https://doi.org/10.1073/pnas.0402635101
https://doi.org/10.1111/j.1469-7998.2007.00301.x
https://doi.org/10.1002/ajpa.20702
https://doi.org/10.1002/ajpa.20702

