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Abstract

Objectives: To study pre- and early postnatal tooth formation and to analyze the

effects of physiological disturbances on enamel and dentin formation in deciduous

teeth of infants from the Late Epipaleolithic (Natufian) site Shubayqa 1.

Materials and methods: Ten deciduous teeth from six infants (ages at death between

21 and 239 days) were analyzed by light and scanning electron microscopy.

Results: Marked prism cross-striations and an abnormal wavy course of the prisms

were recorded in pre- and postnatal enamel of all analyzed teeth. Single or multiple

accentuated incremental lines were observed in prenatal enamel of nine teeth and in

postnatal enamel of eight teeth. Accentuated Andresen lines and broader zones

exhibiting an enhanced calcospheritic pattern were recorded in the pre- and postna-

tally formed dentin of nine teeth.

Discussion: The structural abnormalities in the pre- and postnatally formed enamel

of the infants are considered indicative of chronic stress that negatively affected the

activity of secretory ameloblasts. The structural aberrations in pre- and postnatal

dentin denote that odontoblasts were also affected by this stress. The presence of

single or multiple accentuated incremental lines in pre- and postnatal enamel is inter-

preted as reflecting (short-term) impacts of higher intensity superimposed on the

chronic stress. Our findings suggest compromised maternal health affecting the late

fetus and compromised health in newborns. Although limited by the small number of

analyzed individuals, the present study contributes to the knowledge of maternal and

early infant health conditions in Late Epipaleolithic populations.
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1 | INTRODUCTION

Due to their preferential preservation and lack of remodeling, teeth

are important sources of information on normal and impaired devel-

opment in bioarchaeological studies addressing the living conditions

of past human populations. Microscopic analysis of the incrementally

formed dental hard tissues allows the retrospective analysis of periods

of physiological disturbance by recording deviations from a normal

microstructure (Hillson, 2014).

The Late Epipaleolithic (Natufian) period in the Levant was char-

acterized by significant changes in diet and subsistence, settlement

patterns, and social life associated with the transition from hunter-

gatherer to agricultural societies (Bar-Yosef, 1998; Munro &

Grosman, 2018). The transition to food producing societies is gener-

ally considered to have caused a decline in the health status of human

populations (Larsen, 2006). However, previous work focusing on the

Levant provided no evidence for changes in overall health associated

with this transition in final Pleistocene and early Holocene

populations (Eshed, Gopher, & Hershkovitz, 2006; Eshed, Gopher,

Pinhasi, & Hershkovitz, 2010; Hershkovitz & Gopher, 2008). The pre-

sent study analyzed enamel and dentin microstructure in deciduous

teeth of young infants from the Natufian site of Shubayqa 1 (Jordan)

to provide further insight into human health during this period.

Dental enamel forms the outer part of the tooth crown and is the

most highly mineralized and hardest substance of the vertebrate body

(Boyde, 1989; Nanci, 2018). Enamel is formed by specialized cells, the

ameloblasts, and amelogenesis can be subdivided into two main

stages (Boyde, 1989; Nanci, 2018). During the secretory stage, a pro-

teinaceous matrix is secreted and initially mineralized. In the subse-

quent maturation stage, the enamel matrix is enzymatically degraded

and the breakdown products and water are resorbed. Concomitant

crystallite growth leads to the formation of the highly mineralized

(�96% mineral by weight) mature enamel (Smith, 1998).

In mammals, fully active secretory ameloblasts possess a cellular

extension (Tomes' process) at their distal pole with two sites of matrix

production (Boyde, 1989, 1997; Nanci, 2018; Warshawsky, 1988).

Along a rim located around the proximal portion of the Tomes' pro-

cess, the matrix of the interprismatic (interrod) enamel is secreted.

The distal portion of the Tomes' process protrudes into a pit whose

walls consist of interprismatic enamel. Mineralization of the matrix

secreted at the secretory pole of the distal portion of the Tomes' pro-

cess leads to the formation of enamel prisms or rods. These are tightly

packed bundles of hydroxyapatite crystallites that extend from the

enamel–dentin junction (EDJ) to the outer enamel surface (OES).

Crystallite orientation in prims differs from that in interprismatic

enamel (Boyde, 1989; Nanci, 2018; Warshawsky, 1988).

The activity of secretory ameloblasts shows a circadian oscillation

with alternating periods of higher and lower intensity of matrix forma-

tion. In primate enamel, this rhythmic fluctuation is reflected by the

presence of regular daily incremental markings along the prism course.

(Antoine, Hillson, & Dean, 2009; Boyde, 1989; Dean, 2006;

Gustafson & Gustafson, 1967; Hillson, 2014; Smith, 2006). In ground

sections viewed in transmitted light, these markings appear as

alternating light and dark bands oriented perpendicular to the prism

long axis, referred to as prism cross-striations (Boyde, 1989;

Hillson, 2014). Most authors agree that these cross-striations corre-

spond to regular variations in prism width that in the scanning

electron microscopy (SEM) can be demonstrated as alternating vari-

cosities and constrictions (Boyde, 1989, 1997; Hillson, 2014). How-

ever, a strict correspondence between the dark and light bands seen

in the light microscope and the prism constrictions and varicosities

seen in the SEM was questioned by Li and Risnes (2004). Based on

etching experiments, they assume that the incremental pattern visible

in mature enamel reflects periodic changes in crystal concentration,

orientation, or composition within the prisms. Periodic variation in the

mineral composition has been reported to occur already in the initially

mineralized enamel (Boyde, 1989; Gustafson & Gustafson, 1967).

Clearly more research is needed to characterize the differences in the

appearance of the enamel incremental pattern depending on the tech-

niques used for its visualization.

In addition to the daily incremental markings, regular long-period

incremental lines (Retzius lines or striae of Retzius) are present in the

enamel. In human permanent teeth, these lines show a periodicity of

6 to 12 days (Reid & Dean, 2006), while for human deciduous teeth, a

periodicity between 5 and 9 days has been reported (Mahoney, 2011,

2012). The ultimate physiological cause for the formation of striae of

Retzius is unknown, but it has been hypothesized that they represent

a regularly repeated accentuation of the process causing prism cross-

striations, and that they mark the nadir of enamel matrix production

within a long-period secretory cycle (Boyde, 1989; Hillson, 2014;

Risnes, 1998). Newman and Poole (1974) hypothesized that the for-

mation of regular striae of Retzius may be triggered by the action of

two independent oscillations that overlap at regular time intervals.

The long-period markings in dentin that correspond in periodicity with

the striae of Retzius are called Andresen lines (Hillson, 2014).

Secretory ameloblasts are susceptible to physiological disruptions

(Goodman & Rose, 1990), and any impairment of the synthetic/secre-

tory activity of the cells that surpasses a certain threshold will cause

aberrations from the normal topography of the Tomes' process and a

related deviation from normal enamel microstructure (Boyde, 1989;

Hillson, 2014; Warshawsky & Vugman, 1977; Witzel et al., 2006;

Witzel, Kierdorf, Schultz, & Kierdorf, 2008). As enamel does not repair

or remodel, these microstructural changes remain as a permanent

record in the tissue. Their location and extension within the enamel

layer can be used to assess the onset and duration of the impairment

of amelogenesis (Dirks, Humphrey, Dean, & Jeffries, 2010; Dirks, Reid,

Jolly, Philipps-Conroy, & Brett, 2002; FitzGerald & Saunders, 2005;

Hillson, 2014; Schwartz, Reid, Dean, & Zihlman, 2006; Skinner &

Byra, 2019).

Externally, periods of impaired enamel matrix secretion manifest

as enamel hypoplasia, that is, as a deficiency in the amount of enamel

formed, while internally they manifest as accentuated lines (ALs) or

zones of prismless (aprismatic) enamel (Dirks et al., 2002, 2010; Fitz-

Gerald & Saunders, 2005; FitzGerald, Saunders, Bondioli, &

Macchiarelli, 2006; Goodman & Rose, 1990; Gustafson & Gustafson,

1967; Hillson, 2014; Hillson & Bond, 1997; Kierdorf & Kierdorf, 1997;
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Kierdorf, Kierdorf, Richards, & Josephsen, 2004; Kierdorf, Kierdorf,

Richards, & Sedlacek, 2000; Lorentz et al., 2019; McGrath

et al., 2018; Skinner & Byra, 2019; Witzel et al., 2006, 2008). Differ-

ent types of enamel hypoplasia (plane, furrow, and pit-type) are distin-

guished that are considered to reflect varying intensity and duration

of impairment of the synthetic/secretory activity of the ameloblasts

(Hillson, 2014; Hillson & Bond, 1997; Witzel et al., 2008). The rela-

tionship between ALs and hypoplastic defects is variable. While

plane-type defects are typically associated with a prominent AL,

furrow-form defects show a more variable association with ALs which

may indicate that this defect type reflects a less intense disturbance

(Hillson, 2014; Kierdorf, Witzel, Upex, Dobney, & Kierdorf, 2012;

Witzel et al., 2008). Typically, ALs in enamel are matched by accentu-

ated markings in contemporaneously formed dentin, present as accen-

tuated Andresen lines or bands showing an enhanced calcospheritic

pattern (Hillson, 2014; Witzel et al., 2008).

Regarding the prominence of ALs in enamel, it has been argued

(FitzGerald & Saunders, 2005) that when a stress impact coincides

with the nadir of secretory activity during a long-period (stria of

Retzius) rhythm, it will leave a more distinct marking compared to an

impact of the same intensity that occurs between two beats of striae

of Retzius formation. Witzel et al. (2008) have proposed a model

involving three different thresholds of increasingly compromised

activity of secretory ameloblasts to explain varying deviations from

normal enamel microstructure. The latter are considered to reflect the

combined effect of external (intensity and duration of an impact) and

internal (susceptibility of the affected ameloblasts) factors. In this

model, susceptibility of secretory ameloblasts depends on two factors,

first, the previous duration of their matrix producing activity, that is,

whether they represent early, mid or late secretory ameloblasts, and

second, their position within a long-period secretory cycle. The finding

that striae of Retzius are typically best visible in superficial enamel

and become less marked or not discernible at all in deeper enamel

zones (Boyde, 1989; Hillson, 2014) may reflect the fact that late

secretory ameloblasts are more susceptible to physiological distur-

bance than ameloblasts in earlier stages of their secretory lifespan

(Witzel et al., 2008). Independent of, or in addition to, changes in

enamel microstructure, the amount or composition of the mineral laid

down during phases of compromised secretory ameloblast activity

may deviate from the normal situation (Boyde, 1989; Gustafson &

Gustafson, 1967; Hassett et al., 2020; Hillson, 2014).

A specific type of AL is the neonatal line (NNL) that is considered a

marker of perinatal stress in teeth forming at birth and identifies indi-

viduals that survived birth for a certain period (Antoine et al., 2009; Eli,

Sarnat, & Talmi, 1989; Gustafson & Gustafson, 1967; Schour, 1936;

Weber & Eisenmann, 1971; Witzel, 2014a, 2014b; Zanolli, Bondioli,

Manni, Rossi, & Macchiarelli, 2011). The micromorphology and the

width of the NNL in enamel vary widely (Eli et al., 1989; Gustafson &

Gustafson, 1967; Hassett et al., 2020; Rushton, 1933; Schour, 1936;

Weber & Eisenmann, 1971; Witzel, 2014a; Zanolli et al., 2011). As dis-

cussed by Hassett et al. (2020), the appearance of the NNL has been

related to various factors negatively influencing maternal/fetal and

early neonatal health 2020.

The extent of disruption of enamel microstructure is often con-

sidered to reflect the stress level associated with the birth process (Eli

et al., 1989; Witzel, 2014b). There is also evidence suggesting that the

prominence of the NNL varies among the teeth of an individual,

reflecting differences in ameloblast susceptibility (Hurnanen et al.,

2019). In a recent study using data from a modern UK birth cohort

with known maternal and gestational history, Hassett et al. (2020),

however, found no association between the width of the NNL in

enamel and long or difficult births. Instead, NNL width was related

to parameters reflecting the prenatal environment (e.g., maternal

metabolic disruptions or the length of gestation). These authors also

observed considerable variation in structural aberrations along the

course of individual NNLs suggesting variation in ameloblast

susceptibility depending on the stage of their secretory activity, a

finding that is in line with the model proposed by Witzel et al. (2006,

2008).

The present study reports the results of a microscopic analysis of

aberrations from normal enamel and dentin microstructure in decidu-

ous teeth of young infants from Shubayqa 1 to assess the timing and

intensity of pre- and early postnatal stress in this hunter-gatherer

population. By this, we aim to contribute to the knowledge of health

conditions in mothers and infants from a southwest Asian Epi-

paleolithic population during the transition from hunting and gather-

ing to agriculture (Bar-Yosef, 1998; Munro & Grosman, 2018).

2 | MATERIALS AND METHODS

2.1 | Study site

Shubayqa 1, a hunter-gatherer site located in the Harra basalt field

c. 22 km north of the town of Safawi in northeast Jordan, has yielded

archaeological materials from a sequence of deposits spanning the

Early to Late/Final Natufian, between �14,400 and 11,400 cal BP

(Richter et al., 2012; Richter, Arranz Otaegui, House, Rafaiah, &

Yeomans, 2014; Richter, Arranz-Otaegui, Yeomans, & Boaretto,

2017). The site was identified in 1993 and briefly tested in 1996

(Betts, 1993, 1998). More recently, four excavation seasons (2012 to

2015) were conducted at the site by the University of Copenhagen,

under the auspices of the Department of Antiquities of Jordan

(Richter et al., 2017, 2019).

The settlement is situated atop a low natural mound that rises

about 2 to 3 m above the surrounding area. The site has seven strati-

graphic phases comprising the Early Natufian (Phases 7 to 4), Late

Natufian (Phases 3 to 2), and Final Natufian (Phase 1) (Richter

et al., 2017). During the excavation, two superimposed and well-

preserved structures were exposed: Structure 1 belongs to the oldest

Phase 7, while Structure 2 belongs to Phase 3. Structure 1, a semi-

subterranean oval shaped structure with a flagstone pavement made

of local basalt stones, was established at the very beginning of the

Early Natufian and occupied continuously for 200–300 years

(�14,400–14,100 cal. BP). After an extended period of abandonment,

Structure 2, a similar semi-subterranean stone structure, was
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superimposed on top of Structure 1 and occupied during the Late

Natufian (�13,317–13,055 cal. BP).

2.2 | Study sample

Articulated skeletons and isolated human bones, amounting to a mini-

mum number of 23 individuals (including 14 young infants up to 1 year

of age), were recovered at the Shubayqa 1 site. The burials fall into

two groups: six graves were associated with Phases 2 and 3, while

four graves were associated with Phase 4 (Richter et al., 2019). The

human remains were mainly interred individually beneath stone pave-

ments, and some graves are associated with red ochre (Richter

et al., 2019). Colorants have been found on human remains in several

Natufian sites, but to date, only adult individuals show evidence of

this type of pigmentation in the Near East (Bocquentin &

Garrard, 2016; Webb & Edward, 2013).

Of the available young infants, six with at least one well-

preserved deciduous tooth were included in the histological study

(Table 1). The burials are described in detail elsewhere (Richter

et al., 2019). Briefly, all six individuals were found in a flexed position

in primary burials, with four individuals (51b, 85, 108, 112) originating

from a Late Natufian context (Phase 2) and two individuals (136, 189)

from an Early Natufian context (Phase 4). The four Late Natufian indi-

viduals were found under the stone pavement of Structure 2. The

skeletons of two them (51b and 108) were associated with a red col-

orant. The two Early Natufian individuals (136 and 189) were recov-

ered from underneath an area of paving that reused some of the

partially buried Structure 1.

2.3 | Methods

We collected 10 deciduous teeth from the six individuals (Table 1).

The teeth were embedded, sectioned, ground, and polished according

to previously described protocols (Kierdorf, Breuer, Richards, &

Kierdorf, 2014; Kierdorf, Kierdorf, Frölich, & Witzel, 2013; Witzel

et al., 2008). Uncoated surfaces of the sectioned and polished blocks

were examined in a scanning electron microscope (SEM, Zeiss Evo

15 MA) operated in the backscattered electron (BSE) mode. In two

teeth (Individual 112, dUI1; Individual 108, dLC), the block surfaces

were subsequently etched for 5 s with 5% phosphoric acid, sputter-

coated with gold–palladium and viewed in the secondary electron

mode in the SEM. For light microscopy, thin ground sections

(thickness � 50 μm) were prepared from the unetched blocks. Sec-

tions were photographed in plain transmitted light with phase con-

trast using either a Zeiss Axioskop 2 Plus or a Zeiss AxioImager

microscope. Images were captured using 10×, 20×, or 40× objectives,

and high-resolution digital photomontages were produced using

either ImageJ freeware (NIH) or the ZENpro (Zeiss) stitching tool.

Identification of the NNL was based on its typical location in the

respective tooth (Skinner, 1992; Skinner & Dupras, 1993), its struc-

tural qualities (Gustafson & Gustafson, 1967; Sabel et al., 2008;

Weber & Eisenmann, 1971; Witzel, 2014a), its occurrence in both

enamel and dentin (Rushton, 1933; Schour, 1936), and published data

on (macroscopic) crown height at birth (Liversidge, Herdeg, &

Rösing, 1998). Identification of the NNL was mostly also possible in

the BSE-SEM images, based on grey level variation that reflected dif-

ferences in mineral content (Figure 1). Typically, the NNL exhibited a

darker grey level, indicative of a lower mineral content, compared to

the adjacent pre- or postnatal enamel portions.

Crown height at birth was measured on scaled micrographs using

the intersection of the NNL with the EDJ as a baseline (Figure 2).

Crown height at death was measured directly with a sliding caliper as

well as on the micrographs. Typically, the latter values were slightly

lower than those obtained by direct measurement, which is attributed

to the difficulty of macroscopically measuring the height of the tiny

tooth crowns. As most literature data on crown height at birth report

direct measurements, we calculated a correction factor (×1.06) to

make our microscopic measurements comparable with the literature

data. The distinction between individuals born pre- or full-term was

based on the reconstructed crown height at birth, using the data of

Liversidge et al. (1998) as reference.

Using the NNL as a landmark, age at death was assessed micro-

scopically by counting prism cross-striations in the postnatal enamel,

which was still forming at the time of death. Presence of prism frac-

ture planes at the enamel surface was noted in three teeth, indicating

taphonomic loss of outermost enamel. In these cases, the exact age at

death could not be determined. Cross-striation counts were also used

to estimate the duration of prenatal enamel formation. As it was not

possible to make these counts along an individual prism path from

either the EDJ to the NNL or from the NNL to the OES, we either

used ALs as additional natural landmarks or placed auxiliary lines run-

ning parallel to the secretory front as artificial landmarks between

which cross-striations were counted.

Deviations from the normal enamel microstructure (i.e., abnormal

bending of the prism course, formation of aprismatic enamel, marked

constrictions of prism diameters, and disruption of prism continuity)

were used to identify periods of physiological disturbance impairing

enamel matrix formation (FitzGerald et al., 2006; FitzGerald &

Saunders, 2005; Hillson, 2014; Schwartz et al., 2006; Skinner &

Byra, 2019). Identification of ALs in enamel was based on previously

described criteria (FitzGerald & Rose, 2000; FitzGerald &

Saunders, 2005; Goodman & Rose, 1990; Gustafson &

Gustafson, 1967; Hillson, 2014). Briefly, ALs were identified by an

TABLE 1 Analyzed teeth and their context

Individual Analyzed teeth Period

51b dUP4 Late Natufian

85 dLC, dUC Late Natufian

108 dLI1, dLC Late Natufian

112 dUI1, dLC Late Natufian

136 dLI1, dUP3 Early Natufian

189 dLP4 Early Natufian
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abnormal microstructure traceable over a larger extension of the

affected secretory front. ALs were often further characterized by a

reduced mineral content. Originally, Goodman and Rose (1990) con-

sidered an incremental line as pathologically accentuated (i.e., as a so-

called Wilson band) if it was visible for at least 75% of its length from

the EDJ to the OES. This definition was adopted in later studies by

FitzGerald and Saunders (2005) and FitzGerald et al. (2006). We found

that by strictly applying this definition some clearly traceable ALs in

our sections would have escaped registration because they could not

be followed over more than 75% of the respective secretory front.

We therefore distinguished two types of ALs. The first type (first-

order ALs) could be followed over more than 75% of the respective

secretory front, while the second type (second-order ALs) was trace-

able along 50 to 75% of the respective secretory front. The rationale

for this classification is that in both cases ameloblasts over a consider-

able range of their secretory lifespan were negatively affected,

denoting a relatively strong physiological disruption causing both

types of ALs (Witzel et al., 2008).

Assessment of enamel microstructure and counting of prism

cross-striations were performed independently by two observers

(CW, HK). Cross-striation counts in individual teeth varied by less than

5% between these observers. For calculation and tabulation, we used

the mean values of the two independent cross-striation counts. In a

few cases where prism cross-striation counts could not be performed

with the necessary certainty due to poor visibility, a range of days is

given (Tables 2, 3).

We also recorded histologically visible alterations in dentin miner-

alization (accentuated Andresen lines, enhancement of the cal-

cospheritic pattern) to match them with contemporaneously formed

enamel aberrations.

3 | RESULTS

The NNL was identified in the enamel of all teeth based on the follow-

ing criteria. It was either the most prominent incremental line or, if

multiple lines of similar prominence were present, it was identified as

the line matching a likewise prominent line in the dentin. Typically,

the enamel prisms exhibited a marked bending, distinct constriction or

even a structural discontinuity along the course of the NNL (Figures 3

F IGURE 1 Presence of prism cross-
striations and variation of mineral content
in pre- and postnatal enamel of a
deciduous upper first incisor from
individual 112. (a) BSE-SEM image. The
white line represents an approximate
prism course along which grey values
were measured. White arrow: NNL in
enamel, asterisk: enamel–dentin junction

(EDJ). (b) Graph of grey level variation
along the white line indicated in Figure 1a
(higher values correspond to brighter grey
levels). Black arrow: position of the NNL.
Note hypomineralization of the NNL
compared to the adjacent pre- and
postnatal enamel portions. OES, outer
enamel surface
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and 4). In BSE-SEM images, the NNL typically appeared darker, that is,

hypomineralized, compared to the adjacent enamel (Figure 1). In the

dentin of teeth from individuals 85, 51b, 112, and 189, the NNL

appeared as a markedly accentuated Andresen line or as a broader

band exhibiting an enhancement of the calcospheritic pattern

(Figure 5, Table 2). The fact that the NNL was visible in the enamel of

all studied individuals indicated that they had survived birth for a cer-

tain period. In four of the ten analyzed teeth, the NNL was not the

most interiorly located AL, and in one tooth (dLP4 of individual 51b),

it was not the most prominent line in the enamel. In these cases, the

identification of the NNL relied on the other criteria listed above.

The enamel in all studied teeth of individuals from Shubayqa

1 exhibited a prominent incremental enamel pattern with marked

prism cross-striations in prenatal and postnatal enamel. The prisms

also exhibited an abnormal wavy course over large stretches of their

extension from the EDJ to the OES (Figures 4b and 5). This contrasts

with the typical finding in human teeth where the incremental pattern

in prenatal enamel is less distinct than that in postnatal enamel and

the prisms follow a rather straight course. This normal situation is

illustrated in Figure 4a, showing the enamel of a deciduous incisor of

an infant from the Iron Age site Tell Halaf in Syria and regarded to

reflect an undisturbed prenatal enamel formation (Witzel, 2014a).

An additional finding in the deciduous upper central incisor of

individual 112 was the presence of an extended area of postnatally

formed aprismatic surface enamel (Figure 3). Formation of this enamel

had started in the second week after birth and the disturbance had

apparently affected only late secretory ameloblasts.

In addition to the prominence of the cross-striation pattern and

the abnormal wavy course of the prisms in pre- and postnatal enamel

of all 10 analyzed teeth, presence of ALs (first or second order) was

recorded in the prenatal enamel of nine and in the postnatal enamel

of eight teeth (Table 2, Figure 6). Frequency of ALs per tooth ranged

between zero (dLC of individual 136) and four (dUP4 of individual

51b) in prenatal enamel, and between zero (dLI1 and dUP3 of individ-

ual 136) and three (dLI1 and dLC of individual 108, dLP4 of individual

189) in postnatal enamel.

In individual 85 from whom an upper and a lower deciduous

canine were analyzed, we found a good match between the

reconstructed timing of ALs in pre- and postnatal enamel of the two

teeth. In the other three individuals (108, 112, 136) from whom two

teeth were available, these belonged to different tooth types. Here a

match in formation times of ALs between the two teeth was only

recorded for postnatal enamel of individual 108. In the prenatal

enamel of this individual and that of individuals 112 and 136, the

deciduous incisors exhibited more ALs than the second tooth (decidu-

ous canine or deciduous premolar) (Table 2, Figure 6).

Reconstructed tooth heights at birth are given in Table 3. By com-

paring these values with literature data, three individuals (51b,

112, 136) were classified as full-term births, while the other three

(85, 108, 189) were identified as preterm births. The reconstructed

start of crown mineralization is given in Tables 2 and 3 and in

Figure 6.

Prism cross-striation counts in postnatal enamel gave ages at

death between 21 days (individual 136) and 239 days (individual 189)

(Table 2, Figure 6). In three teeth from two individuals (112 and 136),

exact determination of the age at death was not possible due to taph-

onomic loss of the outermost enamel. In these cases, age at death is

underestimated to a certain extent. The deciduous canine of individual

108 showed postmortem damage. However, the enamel surface of its

deciduous incisor was undamaged, so that the age at death for this

individual was based on cross-striation counts of this tooth.

The prenatally formed dentin of five (51b, 85, 108, 112, 189)

and the postnatally formed dentin of four individuals (51b,

108, 112, 189) showed accentuated Andresen lines and broader

zones exhibiting an accentuated calcospheritic pattern (Table 2,

Figure 5a). Due to diagenesis, the dentin of individual 136 could

not be assessed.

4 | DISCUSSION

The NNL is considered a marker of birth-related stress and/or nega-

tive influences prevailing during the gestational period that is present

in teeth forming over the birth period (Hassett et al., 2020). It iden-

tifies individuals that survived birth for a certain period. The NNL was

recorded in the enamel of all teeth available from the six Shubaqya

1 individuals. A problem with NNL identification can occur when birth

F IGURE 2 Micrograph of ground section of a deciduous lower
canine of individual 108 demonstrating the measurements of crown
heights at birth (1) and at death (2). The neonatal line in enamel is
marked by arrows. D: dentin; E: enamel. Section viewed in
transmitted light with phase contrast
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is survived for only a few days and very little postnatal enamel is

formed (Hillson, 2014; Whittaker & Richards, 1978; Witzel, 2014b). In

such cases, a distinct NNL may not be discernible and a distinction

between stillbirth and early neonatal death not possible

(Witzel, 2014b). In the youngest individual (136) of our sample, a post-

natal survival period of approximately 3 weeks was, however, suffi-

cient for assessing age at death based on cross-striation counts in

postnatal enamel.

TABLE 2 Start of prenatal enamel formation, age at death, and timing of first-order (first) and second-order (second) accentuated incremental
lines (ALs) in pre- and postnatal enamel (based on prism cross-striation counts), and additional findings in the dentin of the Shubayqa 1 infants

Ind.
Tooth
type

Enamel

formation
start (day)

ALs in prenatal
enamel (days) ALs in postnatal enamel (days)

Age at

death
(days) Findings in dentin

51b dUP4 −158 AL (first order):

−58 to −56
AL (first order):

−115 to −113
AL (first order):

−137 to −136
AL (first order):

−147 to −146

AL (first order): 44 to 45

AL (first order): 102 to 103

118 Accentuated Andresen lines in pre-

and postnatal dentin

85 dLC −66 to −65 AL (first order):

−13 to −11
AL (first order):

−38 to −36
AL (second order):

−50 to −47

AL (first order): 37 to 39 54 Accentuated Andresen lines in

prenatal dentin

dUC −72 to −71 AL (first order):

−14 to −12
AL (second order):

−35 to −33

AL (first order): 39 to 41 52 Accentuated Andresen lines in

prenatal dentin

108 dLI1 −145 AL (second order):

−92 to −89
AL (first order):

−110 to −107
AL (second order):

−134 to −132

AL (first order): 18 to 19

AL (first order): 37 to 39

AL (second order): 52 to 54

64 Pre- and postnatal dentin with

accentuated calcospheritic

pattern

dLC −105 AL (second order):

−21 to −20
AL (second order): 18 to 19

AL (second order): 25 to 26

AL (first order): 37 to 40

(54–56) Pre- and postnatal dentin with

accentuated calcospheritic

pattern

112 dUI1 −131 AL (first order):

−37 to −35
AL (second order):

−94 to −92
AL (first order):

−100 to −96
AL (first order):

−120 to −119

Aprismatic outer enamel, formation

beginning second week

postnatally

(68) Pre- and postnatal dentin with

accentuated calcospheritic

pattern

dLC ? AL (second order):

−31 to −29
Not applicable: Late secretory

stage not yet reached

(56) Pre- and postnatal dentin with

accentuated calcospheritic

pattern

136 dLI1 −153 AL (second order):

−78 to −77
No ALs (21) Not evaluated (diagenesis)

dUP3 −161 No ALs No ALs (19) Not evaluated (diagenesis)

189 dLP4 −120 to −115 AL (second order):

−29 to −24
AL (second order):

−39 to −34

AL (second order): 160 to 162

AL (first order): 206 to 207

AL (first order): 221 to 222

239 Pre- and postnatal dentin with

accentuated calcospheritic

pattern and accentuated

Andresen lines in late formed

postnatal dentin

Note: Age at death in brackets refers to teeth in which some loss of surface enamel has occurred. Day 0 = day of birth. Negative numbers indicate days

before birth, positive numbers days after birth.
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The structure of prenatal enamel has been described as reflecting

the “apparently smooth course of prenatal enamel matrix formation”

(Antoine et al., 2009, p. 49), with less prominent incremental markings

compared to postnatal enamel (Antoine et al., 2009; Birch, 2012; Fitz-

Gerald & Saunders, 2005; Hillson, 2014; Massler, Schour, &

Poncher, 1941; Weber & Eisenmann, 1971). This situation is illus-

trated in Figure 4a. However, in the Shubayqa 1 sample, prominent

prism cross-striations and an abnormal wavy course of the enamel

prisms were observed not only in postnatal but also in prenatal

enamel of all teeth. In consequence, we found no differences in micro-

structure between their pre- and postnatally formed enamel.

(Figures 4b and 5). We interpret this finding to indicate a chronic dis-

turbance of slight to moderate intensity that had impaired ameloblast

activity during most of the secretory stage of amelogenesis. The pres-

ence of ALs in prenatal enamel of six and postnatal enamel of five

individuals is regarded to denote short-term impacts of higher inten-

sity on secretory ameloblasts that were superimposed on this chronic

disturbance The co-occurrence of structural aberrations in the enamel

and of mineralization defects in the dentin of the teeth indicates a

generalized impairment of development.

The presence of an extended surface zone of aprismatic enamel

in the dUI1 of individual 112 is likewise seen as a manifestation of

chronic stress that affected late secretory ameloblasts. These are con-

sidered to be more susceptible to disturbances than ameloblasts in

earlier stages of their secretory lifespan (Witzel et al., 2006, 2008),

and this finding is therefore regarded to reflect a minor physiological

perturbation that had occurred during the final days of the life of this

individual.

Previous studies (e.g., Dirks et al., 2002, 2010; FitzGerald

et al., 2006; FitzGerald & Saunders, 2005; Goodman & Rose, 1990;

Lorentz et al., 2019; Schwartz et al., 2006; Skinner & Byra, 2019)

employing microscopic analysis of microstructural alterations to

assess disruptions of amelogenesis exclusively focused on the regis-

tration of ALs. In the present study we broadened this perspective

and, in addition to ALs, also considered less marked although clearly

discernible deviations from a regular enamel microstructure as

TABLE 3 Tooth height at birth and prenatal crown formation times (based on prism cross-striation counts)

Ind. Tooth

Tooth height at
birth (mm),
measurement
on ground

section

Corrected
tooth
height
(mm) at

birth

Tooth height
(mm) at birth
(mean ± SD)
(Liversidge

et al., 1998)

Deduced birth
timing based
on corrected

tooth height

Prenatal start
of crown
mineralization

(days)

95% confidence

intervals (days)
for prenatal start
of crown
mineralization
(Birch &

Dean, 2014)

Deduced birth
timing based on
assessed
prenatal start of

crown formation

51b dUP4 2.72 2.88 3.1 ± 0.55 Full-term −158 −122 to −113 Full-term

85 dLC 2.02 2.14 3.4 ± 0.94 Preterm −66/−65 −135 to −121 Preterm

85 dUC 2.15 2.28 3.4 ± 0.94 (preterm) −72/−71 −135 to −121 Preterm

108 dLI1 3.87 4.10 5.4 ± 1.04 (preterm) −145 −152 to −137 Full-term

108 dLC 2.17 2.30 3.4 ± 0.94 (preterm) −105 −135 to −121 Preterm

112 dUI1 4.95 5.25 5.4 ± 1.04 Full-term −131 −152 to −137 (full-term)

112 dLC (2.26)a (2.40)a 3.4 ± 0.94 nd nd −135 to −121 nd

136 dLI1 4.86 5.15 5.4 ± 1.04 Full-term −153 −152 to −137 Full-term

136 dUP3 3.22 3.41 4.0 ± 0.38 (full-term) −161 −146 to −135 Full-term

189 dLP4 2.01 2.13 3.1 ± 0.55 Preterm −120/−115 −122 to −113 Full-term

Note: Corrected values (=measurements on ground sections ×1.06) enable comparison with direct measurements published by Liversidge et al. (1998). A

slash indicates a range of days in cases where prism cross-striation counts could not be performed with the necessary certainty. Deduced birth timings in

brackets refer to values that deviate from those given by Liversidge et al. (1998) and Birch and Dean (2014). nd—not determined.
aApproximate value because section plane did not pass through the highest point of the tooth crown.

F IGURE 3 SE-SEM image of enamel of the acid-etched block
surface of a deciduous upper first incisor from individual
112, demonstrating marked constriction of prism diameter and partial
disruption of prism continuity along the NNL (white arrow). Note
presence of surface zone with aprismatic enamel (asterisk). EDJ to the
lower right of the image
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indications for a perturbation of enamel matrix formation. In our view,

this allows for a more graded assessment of deviations from normal

enamel microstructure that better reflects the graded response of

secretory ameloblasts to disturbances of varying intensity. Further

research on larger sample sizes is needed to evaluate this approach.

FitzGerald and Saunders (2005) argue that atypicality of prism

structure is not a valid criterion to distinguish between normal striae

of Retzius and ALs (Wilson bands), but that only the length over which

these structures are discernible should be used for distinction. How-

ever, in our opinion, the length over which an incremental line can be

traced in a section is a consequence of the degree of aberrations in

microstructure and mineralization occurring along a secretory front.

It has recently been questioned that the width of the NNL or

other ALs is a valid indicator of the intensity of disruption of amelo-

blast secretory activity (Hassett et al., 2020). Actually, a complete stop

of matrix secretion can result in the formation of a narrower NNL/AL

than a slowing down of secretory activity caused by a less severe

impact. Previously, a model of a gradually increasing impairment of

secretory ameloblast function and related graded changes in enamel

microstructure has been proposed (Kierdorf et al., 2000, 2004;

Kierdorf & Kierdorf, 1997; Witzel et al., 2006, 2008). The intensity of

ameloblast reaction to a given impact also depends on the susceptibil-

ity of the cells. There is evidence to suggest that young ameloblasts

are less susceptible to stress than ameloblasts in later stages of their

secretory lifespan (Witzel et al., 2006, 2008). This reasoning has

recently been used to explain the variation in appearance of the NNL

along the cuspal to cervical crown axis (Hassett et al., 2020; Hurnanen

et al., 2019).

A good match in the reconstructed timing of ALs in the enamel of

the upper and lower canine was recorded in individual 85. A

corresponding match was found for the postnatal enamel of the two

analyzed teeth (dLI1 and dUC) from individual 108. Due to the earlier

start of crown formation in the deciduous incisors compared to the

deciduous canines, a matching of ALs in the prenatal enamel was not

possible in individuals 108 and 112.

Determining whether individuals were born full-term or preterm,

in conjunction with evidence of pre- and postnatal growth impair-

ments, may provide insights into the overall health situation of past

populations (Halcrow, Tayles, & Elliott, 2017). Previous research has

shown that the location of the NNL is directly related to the duration

F IGURE 4 Micrographs of ground sections viewed in transmitted light with phase contrast demonstrating the microstructure of prenatal (pre)
and postnatal (post) enamel in the mesial crown portions of a deciduous first incisor of an infant from Tell Halaf (a) and a deciduous lower canine
of individual 85 from Shubayqa 1 (b). Note indistinct incremental pattern in prenatal and regular prism cross-striations in postnatal enamel of the
individual from Tell Halaf. The prism course is almost straight in this tooth. By contrast, in the individual from Shubayqa 1, pre- and postnatal
enamel exhibit marked prism cross-striations and a wavy prism course. White arrows: NNL. Arrowheads in b: ALs in prenatal enamel. EDJ to the
lower right in both images
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of pregnancy, with the NNL in case of preterm births being positioned

closer toward the incisal portion of the tooth compared to full-term

births (Seow, Young, Tsang, & Daley, 2005; Skinner & Dupras, 1993;

Szpringer-Nodzak, 1984). Using published values for crown height at

birth (Liversidge et al., 1998), the reconstructed crown heights at birth

for the teeth of the Shubayqa 1 sample indicate preterm birth in indi-

viduals 85, 108, and 189, and full-term birth in the three other individ-

uals (51b, 112, 136).

The literature data compiled by Birch (2012) for the start of

crown mineralization in human deciduous teeth show a huge variation

that can, at least partly, be attributed to the different methods used

for establishing the onset of crown formation. For a modern dental

sample, Birch and Dean (2014) report a narrower range of variation

based on the analysis of histological ground sections and regression

equations derived from these data. Here, we used the 95% confi-

dence intervals of the means given by these authors for the onset of

prenatal crown formation for the different deciduous teeth (152–

137 days for the deciduous central incisor, 142–131 days for the

deciduous lateral incisor, 135–121 days for the deciduous canine,

146–135 for the deciduous third premolar, and 122–113 days for the

deciduous fourth premolar) to distinguish between pre- and full-term

birth. Comparing these values with our data for the start of prenatal

crown formation based on prism cross-striation counts, revealed one

individual (85) as a preterm birth and four individuals (51b, 112, 136,

189) as full-term births. In individual 108, the data for the dLI1 indi-

cated full-term birth while those for the dLC indicated preterm birth.

Using the threshold of 120 days of prenatal crown formation to dis-

tinguish between pre- and full-term birth in deciduous first incisors

(Nava et al., 2017a) would not change any of the three classifications

based on this tooth in the Shubayqa 1 sample. A recent paper by

Dean, Humphrey, Groom, and Hassett (2020) reports a wide range

(60–150 days) for the duration of prenatal enamel formation in mod-

ern human deciduous canines. However, no information on birth

timing (pre- vs. full-term) of the individuals is provided by these

authors.

In four individuals, the diagnosis of pre- or full-term birth is con-

sistent between the two methods, while in one individual (189), they

provide conflicting results. In another individual (108), recorded crown

height at birth was only slightly less than the value given for newborns

by Liversidge et al. (1998). Our cross-striation counts in the dLI1 of

this individual indicated full-term birth, while the value for the dLC

indicates preterm birth when compared to the data of Birch and

F IGURE 5 Micrographs of ground sections viewed in transmitted light with phase contrast demonstrating irregular microstructure of enamel

(E) and dentin (D) in teeth from Shubayqa 1. (a) Palatal enamel of a deciduous upper first incisor from individual 112. Arrows: NNL in enamel;
arrowheads: AL in postnatal enamel; double-headed arrow: area of prenatally formed dentin exhibiting an accentuated calcospheritic pattern.
(b) Buccal enamel of a deciduous lower fourth premolar from individual 189. Pre- and postnatal enamel show a marked incremental pattern and a
wavy prism course. White arrows: NNL in enamel. Black arrows: NNL in dentin
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Dean (2014). Regarding the reliability of the two methods applied for

establishing birth timing, it must be considered that in direct measure-

ments on ground sections already a slight deviation of the

section plane from the mid-line can cause a relatively large change in

recorded crown height. Prism cross-striation counts are less affected

by deviations of the section plane, and therefore the latter method is

regarded the more reliable one. Based on this reasoning, we consider

individual 189 a full-term birth.

Thus far, only few cases of ALs in prenatal enamel have been

reported (Birch, 2012; Lorentz et al., 2019; Massler et al., 1941; Nava

et al., 2017b; Norén, 1993). Their rarity has been regarded as

reflecting the buffered condition in the intrauterine environment

(Antoine et al., 2009; Hillson, 2014). However, physiological perturba-

tions in pregnant women can be transmitted to the fetus and affect

prenatal enamel (Armelagos, Goodman, Harper, & Blakey, 2009; Hal-

crow et al., 2017). It has been inferred that occurrence of ALs in pre-

natal enamel denotes disturbance of an intensity that exceeds the

capacity of the intrauterine environment to buffer fetal development

(Lorentz et al., 2019). It may thus be hypothesized that the formation

of ALs of similar microscopic appearance requires a stronger impact in

the case of prenatal compared to postnatal amelogenesis.

Disturbances of prenatal enamel formation have been linked to

various conditions including maternal dietary deficiencies, maternal

diabetes or infections during pregnancy (Birch & Dean, 2014; Lorentz

et al., 2019; Nava et al., 2017b; Norén, 1984). In their study, Hassett

et al. (2020) recorded an association between the width of the NNL

and season of birth, gestational age and maternal metabolic distur-

bances during pregnancy, but not with duration and type of delivery

or early neonatal life conditions.

Impaired secretory ameloblast function during prenatal enamel

formation was established in all Shubayqa 1 infants, both pre- and

full-term births. These findings are compatible with the assumption

that periods of maternal stress negatively affected enamel formation

in the fetuses. Thus, no direct relationship between the timing of birth

and the deduced maternal stress during pregnancy is evident from our

findings. Evidence of one or multiple episodes of more intense distur-

bance was observed in the postnatal enamel of five individuals. The

early death of the sixth individual (136) leaves only a small time win-

dow for assessing postnatal enamel formation.

Previous research using larger samples reported different peak fre-

quencies of AL formation in postnatal enamel (FitzGerald et al., 2006;

Lorentz et al., 2019; Nava, Frayer, & Bondioli, 2019). This suggests that

the underlying causes may be site and time specific rather than reflecting

a universal pattern of increased susceptibility at a certain age. Most indi-

viduals from Shubayqa 1 have not survived for long enough to compare

the number of ALs with published postnatal AL peak frequencies. In a

sample from the Iranian urban site of Shahr-i Sokhta, Lorentz et al. (2019)

found that individuals displaying signs of prenatal stress died significantly

younger than individuals without such signs. This might also have been

the case at Shubayqa 1, but our sample is too small for such an analysis.

F IGURE 6 Figure summarizing the findings on the estimated onset of enamel formation, the reconstructed age at death and the timing of ALs
in the enamel of the teeth from the Shubayqa 1 individuals. The X axis gives days before and after birth. Day of birth = 0
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Age-at-death profiles provide an insight in a population's adaptive

success, as infant deaths are influenced by the ability to provide bio-

cultural means for offspring survival (Lewis & Gowland, 2007;

Rousham & Humphrey, 2002). Distinguishing neonates from post-

neonates is crucial here, as these age categories might indicate differ-

ent causes of death. Identification of the NNL and analysis of

incremental markings in dental hard tissues enable an assessment of

duration of birth survival (FitzGerald & Saunders, 2005; Witzel,

2014b). In historical demographic studies, stillbirths and deaths occur-

ring in the neonatal period (0–27 days) are attributed to endogenous

factors such as maternal or genetic conditions (birth trauma, prematu-

rity, low birth weight, congenital anomalies). In contrast, postneonatal

deaths (28 days-1 year) are more likely to be caused by exogenous

factors such as infectious diseases, malnutrition, food shortage, or

other adverse living conditions (Scott & Duncan, 1999). In the

Shubayqa 1 sample, only one individual (136) died at an age of less

than 27 days while the others survived for longer. Based on the above

reasoning, this would suggest death from exogenous causes in the

majority of the Shubayqa 1 infants.

What had caused the impairment of pre- and postnatal enamel

formation in the Shubayqa 1 individuals cannot be inferred from the

recorded enamel changes as these represent unspecific reactions of

secretory ameloblasts that can be triggered by wide variety of factors

(FitzGerald & Rose, 2000; FitzGerald & Saunders, 2005; Goodman &

Rose, 1990; Hillson, 2014; Kierdorf et al., 2004; Kierdorf & Kierdorf,

1997; Schwartz et al., 2006; Skinner & Byra, 2019; Witzel

et al., 2008).

Archaeological studies (Bocquet-Appel, 2002, 2011) reported an

abrupt increase in the proportion of 5- to 19-year-old juveniles in Late

Epipaleolithic/Neolithic burial grounds from Europe and North Africa

and related this to the transition from a hunter-gatherer to an agricul-

tural lifestyle. A corresponding situation has also been observed in

other areas of the world (Bellwood & Oxenham, 2008; Bocquet-

Appel & Naji, 2006; Guerrero, Naji, & Bocquet-Appel, 2008; Kohler,

Glaude, Bocquet-Appel, & Kemp, 2008). For a North African site

(Taforalt, Morocco) that is contemporaneous to Shubayqa 1, Hum-

phrey et al. (2014, 2019) reported high numbers of perinates and

infants in the burial assemblages of a population that had adopted a

more sedentary lifestyle.

It has been hypothesized (Bocquet-Appel, 2008, 2011) that an

increasing population growth rate during the transition from a hunter-

gather to a sedentary agricultural lifestyle was achieved through a

reduced interbirth interval. This requires increased maternal invest-

ment into reproduction and is associated with higher costs for feeding

and care of multiple dependent children (Gurven & Walker, 2006).

This could lead to compromised maternal health and a rise in infant

mortality. Support for the above hypothesis is provided by an ethno-

graphic study from the Philippines that demonstrates a trade-off

between increased maternal fertility, higher reproductive success, and

impaired overall maternal health as well as reduced offspring survival

and health (Page et al., 2016). A novel evolutionary life history model

proposed by Wells and Stock (2020) assumes that in human

populations the limited energy available is allocated in competition

between four basic life functions (maintenance, growth, immune

defense, and reproduction). Natural selection favors energy allocation

strategies that maximize the reproductive fitness of individuals. Wells

and Stock (2020) suggest that transition to a more sedentary lifestyle

favors increased energy allocation to reproduction and immune

defense. The latter reflects higher parasite loads and increased expo-

sure to infectious disease agents in sedentary agriculturalists com-

pared to foragers. The findings in the Shubayqa 1 sample that indicate

a stressful fetal and early postnatal life are in principle consistent with

such a scenario. However, in order to further substantiate our sugges-

tions on the health effects associated with the change from a hunter-

gatherer to a sedentary lifestyle, further studies using larger samples

from societies undergoing this transition are required.

In conclusion, the histological findings in the teeth of the six

Shubayqa 1 individuals indicate periods of physiological perturbations

both before and after birth, suggesting compromised health condi-

tions of pregnant women and young infants. Our findings, although

limited by small sample size, thereby contribute to the assessment of

maternal and early infant living conditions in a Natufian population.

Finally, the present study highlights the value of histological assess-

ment of microstructures in deciduous teeth for reconstructing critical

episodes during late fetal and early postnatal life. This opens a new

perspective on the reconstruction of health conditions in Late Pleisto-

cene populations in southwest Asia from which little data have thus

far been available.

ACKNOWLEDGMENTS

We thank Mirko Novak and Lutz Martin for their permission to ana-

lyze the tooth from Tell Halaf. We are grateful to the Department of

Antiquities of Jordan for permission to export and analyze the sam-

ples used in this study.

AUTHOR CONTRIBUTIONS

Horst Kierdorf: Conceptualization; data curation; formal analysis;

investigation; methodology; project administration; resources; super-

vision; validation; visualization; writing-original draft; writing-review

and editing. Carsten Witzel: Conceptualization; data curation; formal

analysis; investigation; methodology; visualization; writing-review and

editing. Emmy Bocaege: Conceptualization; data curation; formal

analysis; investigation; methodology; project administration; valida-

tion; visualization; writing-review and editing. Tobias Richter: Data

curation; funding acquisition; resources; writing-review and editing.

Uwe Kierdorf: Conceptualization; formal analysis; investigation; visu-

alization; writing-review and editing.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

KIERDORF ET AL. 31



ORCID

Horst Kierdorf https://orcid.org/0000-0001-6411-9631

Carsten Witzel https://orcid.org/0000-0002-1663-7618

REFERENCES

Antoine, D. M., Hillson, S. W., & Dean, C. M. (2009). The developmental

clock of dental enamel: A test for the periodicity of prism cross−stria-
tions in modern humans and an evaluation of the most likely sources of

error in histological studies of this kind. Journal of Anatomy, 214, 45–55.
Armelagos, G. J., Goodman, A. H., Harper, K. N., & Blakey, M. L. (2009).

Enamel hypoplasia and early mortality: Bioarcheological support for

the Baker hypothesis. Evolutionary Anthropology, 18, 261–271.
Bar-Yosef, O. (1998). The Natufian culture in the Levant, threshold to the

origins of agriculture. Evolutionary Anthropology, 6, 159–177.
Bellwood, P., & Oxenham, M. (2008). The expansions of farming societies

and the role of the neolithic demographic transition. In E. Guerrero, S.

Naji, & J. P. Bocquet-Appel (Eds.), The Neolithic demographic transition

and its consequences (pp. 13–34). Dordrecht, The Netherlands: Springer.

Betts, A. V. G. (1993). Wadi al-'Ajib/Shubeiqa Survey 1993. Ann Arbor: Inter-

national monographs in prehistory. Amman, Jordan: Department of

Antiquities of Jordan.

Betts, A. V. G. (1998). The Harra and the Hamad. Excavations and surveys in

eastern Jordan (Vol. 1). Sheffield, England: Sheffield Academic Press.

Birch, W. J. (2012). Incremental growth of deciduous tooth enamel.

(Unpublished doctoral dissertation). University College London,

London, England.

Birch, W., & Dean, M. C. (2014). A method of calculating human deciduous

crown formation times and of estimating the chronological ages of

stressful events occurring during deciduous enamel formation. Journal

of Forensic and Legal Medicine, 22, 127–144.
Bocquentin, F., & Garrard, A. (2016). Natufian collective burial practice

and cranial pigmentation: A reconstruction from Azraq 18 (Jordan).

Journal of Archaeological Science: Reports, 10, 693–702.
Bocquet-Appel, J. P. (2002). Paleoanthropological traces of a neolithic

demographic transition. Current Anthropology, 43, 637–650.
Bocquet-Appel, J. P. (2008). Explaining the neolithic demographic transi-

tion. In E. Guerrero, S. Naji, & J. P. Bocquet-Appel (Eds.), The neolithic

demographic transition and its consequences (pp. 35–55). Dordrecht,

The Netherlands: Springer.

Bocquet-Appel, J. P. (2011). When the world's population took off: The

springboard of the Neolithic demographic transition. Science, 333

(6042), 560–561.
Bocquet-Appel, J. P., & Naji, S. (2006). Testing the hypothesis of a world-

wide neolithic demographic transition: Corroboration from American

cemeteries. Current Anthropology, 47, 341–365.
Boyde, A. (1989). Enamel. In A. Oksche & L. Vollrath (Eds.), Teeth, hand-

book of microscopic anatomy (Vol. V/6, pp. 309–473). Berlin, Germany:

Springer.

Boyde, A. (1997). Microstructure of enamel. In D. Chadwick & G. Cardew

(Eds.), Dental enamel. Ciba Foundation Symposium (pp. 18–27). Chiches-
ter, England: Wiley.

Dean, M. C. (2006). Tooth microstructure tracks the pace of human life-

history evolution. Proceedings of the Royal Society B, 273, 2799–2808.
Dean, M. C., Humphrey, L., Groom, A., & Hassett, B. (2020). Variation in

the timing of enamel formation in modern deciduous canines. Archives

of Oral Biology, 114, 104719.

Dirks, W., Reid, D. J., Jolly, C. J., Philipps-Conroy, J. E., & Brett, F. L.

(2002). Out of the mouths of baboons: Stress, life history and dental

development in the awash National Park hybrid zone, Ethiopia. Ameri-

can Journal of Physical Anthropology, 118, 239–252.
Dirks, W., Humphrey, L. T., Dean, M. C., & Jeffries, T. E. (2010). The rela-

tionship of accentuated lines in enamel to weaning stress in juvenile

baboons (Papio hamadryas anubis). Folia Primatologia, 81, 207–233.

Eli, I., Sarnat, H., & Talmi, E. (1989). Effect of the birth process on the neo-

natal line in primary tooth enamel. Pediatric Dentistry, 11, 220–223.
Eshed, V., Gopher, A., & Hershkovitz, I. (2006). Tooth wear and dental

pathology at the advent of agriculture: New evidence from the Levant.

American Journal of Physical Anthropology, 130, 145–159.
Eshed, V., Gopher, A., Pinhasi, R., & Hershkovitz, I. (2010). Paleopathology

and the origin of agriculture in the Levant. American Journal of Physical

Anthropology, 143, 121–133.
FitzGerald, C. M., & Rose, J. (2000). Reading between the lines: Dental

development and subadult age assessment using the microstructural

growth markers of teeth. In M. A. Katzenberg & S. R. Saunders (Eds.),

Biological anthropology of the human skeleton (pp. 163–186). New York,

NY: Wiley-Liss.

FitzGerald, C. M., & Saunders, S. R. (2005). A test of histological methods

of determining the chronology of accentuated striae in deciduous

teeth. American Journal of Physical Anthropology, 127, 277–290.
FitzGerald, C., Saunders, S., Bondioli, L., & Macchiarelli, R. (2006). Health

of infants in an Imperial Roman skeletal sample: Perspective from den-

tal microstructure. American Journal of Physical Anthropology, 130,

179–189.
Goodman, A. H., & Rose, J. C. (1990). Assessment of systemic physiologi-

cal perturbations from dental enamel hypoplasias and associated histo-

logical structures. American Journal of Physical Anthropology, 33(S11),

59–110.
Guerrero, E., Naji, S., & Bocquet-Appel, J. P. (2008). The signal of the neo-

lithic demographic transition in the Levant. In E. Guerrero, S. Naji, &

J. P. Bocquet-Appel (Eds.), The neolithic demographic transition and its

consequences (pp. 57–80). Dordrecht, The Netherlands: Springer.

Gurven, M., & Walker, R. (2006). Energetic demands of multiple depen-

dents and the evolution of slow human growth. Proceedings of the

Royal Society B, 273, 835–841.
Gustafson, G., & Gustafson, A. G. (1967). Microanatomy and histochemis-

try of enamel. In A. E. W. Miles (Ed.), Structural and chemical organiza-

tion of teeth (Vol. II, pp. 75–134). New York, NY: Academic Press.

Halcrow, S. E., Tayles, N., & Elliott, G. E. (2017). The bioarchaeology of

fetuses. In S. Han, T. K. Betsinger, & A. B. Scott (Eds.), The anthropology

of the fetus: Biology, culture, and society (pp. 83–111). New York, NY:

Berghahn Books.

Hassett, B. R., Dean, M. C., Ring, S., Atkinson, C., Ness, A. R., &

Humphrey, L. (2020). Effects of maternal, gestational, and perinatal

variables on neonatal line width observed in a modern UK birth cohort.

American Journal of Physical Anthropology, 172, 314–332.
Hershkovitz, I., & Gopher, A. (2008). Demographic, biological and cultural

aspects of the neolithic revolution: A view from the southern Levant.

In E. Guerrero, S. Naji, & J. P. Bocquet-Appel (Eds.), The neolithic demo-

graphic transition and its consequences (pp. 441–479). Dordrecht, The

Netherlands: Springer.

Hillson, S. (2014). Tooth development in human evolution and bio-

archaeology. Cambridge, England: Cambridge University Press.

Hillson, S., & Bond, S. (1997). Relationship of enamel hypoplasia to the pat-

tern of tooth crown growth: A discussion. American Journal of Physical

Anthropology, 104, 89–103.
Humphrey, L. T., De Groote, I., Morales, J., Barton, R. N. E., Collcutt, S. N.,

Ramsey, C. B., & Bouzouggar, A. (2014). Earliest evidence for caries

and exploitation of starchy plant foods in Pleistocene hunter-gatherers

from Morocco. Proceedings of the National Academy of Sciences U.S.A.,

111, 954–959.
Humphrey, L., Freyne, A., van de Loosdrecht, M., Hogue, J. T., Turner, E.,

Barton, N., & Bouzouggar, A. (2019). Infant funerary behavior and kin-

ship in Pleistocene hunter-gatherers from Morocco. Journal of Human

Evolution, 135, 102637.

Hurnanen, J., Sillanpää, M., Mattila, M.-L., Löyttyniemi, E., Witzel, C., &

Rautava, J. (2019). Staircase-pattern neonatal line in human deciduous

teeth is associated with tooth type. Archives of Oral Biology, 104, 1–6.

32 KIERDORF ET AL.

https://orcid.org/0000-0001-6411-9631
https://orcid.org/0000-0001-6411-9631
https://orcid.org/0000-0002-1663-7618
https://orcid.org/0000-0002-1663-7618


Kierdorf, H., & Kierdorf, U. (1997). Disturbances of the secretory stage of

amelogenesis in fluorosed deer teeth: A scanning electron-microscopic

study. Cell and Tissue Research, 289, 125–135.
Kierdorf, H., Kierdorf, U., Richards, A., & Sedlacek, F. (2000). Disturbed

enamel formation in wild boars (Sus scrofa L.) from fluoride polluted

areas in Central Europe. The Anatomical Record, 259, 12–24.
Kierdorf, H., Kierdorf, U., Richards, A., & Josephsen, K. (2004). Fluoride-

induced alterations of enamel structure: An experimental study in the

miniature pig. Anatomy and Embryology, 207, 463–474.
Kierdorf, H., Witzel, C., Upex, B., Dobney, K., & Kierdorf, U. (2012). Enamel

hypoplasia in molars of sheep and goats, and its relationship to the

pattern of tooth crown growth. Journal of Anatomy, 220, 484–495.
Kierdorf, H., Kierdorf, U., Frölich, K., & Witzel, C. (2013). Lines of

evidence–incremental markings in molar enamel of Soay sheep as rev-

ealed by a fluorochrome labeling and backscattered electron imaging

study. PLoS One, 8, e74597.

Kierdorf, H., Breuer, F., Richards, A., & Kierdorf, U. (2014). Characteriza-

tion of enamel incremental markings and crown growth parameters in

minipig molars. The Anatomical Record, 297, 1935–1949.
Kohler, T. A., Glaude, M. P., Bocquet-Appel, J. P., & Kemp, B. M. (2008).

The Neolithic demographic transition in the US southwest. American

Antiquity, 73, 645–669.
Larsen, C. S. (2006). The agricultural revolution as environmental catastro-

phe: Implications for health and lifestyle in the Holocene. Quaternary

International, 150, 12–20.
Lewis, M. E., & Gowland, R. (2007). Brief and precarious lives: Infant mor-

tality in contrasting sites from medieval and -medieval England

(AD 850–1859). American Journal of Physical Anthropology, 134,

117–129.
Li, C., & Risnes, S. (2004). SEM observations of Retzius lines and prism

cross-striations in human dental enamel after different acid etching

regimes. Archives of Oral Biology, 49, 45–52.
Liversidge, H. M., Herdeg, B., & Rösing, F. W. (1998). Dental age estima-

tion of non-adults. A review of methods and principles. In K. W. Alt,

F. W. Rösing, & M. Teschler-Nicola (Eds.), Dental anthropology: Funda-

mentals, limits and perspectives (pp. 419–442). Vienna, Austria:

Springer.

Lorentz, K. O., Lemmers, S. A. M., Chrysostomou, C., Dirks, W.,

Zaruri, M. R., Foruzanfar, F., & Sajjadi, S. M. S. (2019). Use of dental

microstructure to investigate the role of prenatal and early life physio-

logical stress in age at death. Journal of Archaeological Science, 104,

85–96.
Mahoney, P. (2011). Human deciduous mandibular molar incremental

enamel development. American Journal of Physical Anthropology, 144,

202–214.
Mahoney, P. (2012). Incremental enamel development in modern human

deciduous mandibular anterior teeth. American Journal of Physical

Anthropology, 147, 637–651.
Massler, M., Schour, I., & Poncher, H. G. (1941). Developmental pattern of

the child as reflected in the calcification pattern of the teeth. American

Journal of Diseases of Children, 62, 33–67.
McGrath, K., Guatelli-Steinberg, D., El Zaatari, S., Arbenz-Smith, K.,

Reid, D. J., Cranfield, M. R., … McFarlin, S. C. (2018). Histological corre-

lates of LEH expression in great apes. American Journal of Physical

Anthropology, 165(S 66), 171.

Munro, N. D., & Grosman, L. (2018). The forager–farmer transition in the

southern Levant (ca. 20,000–8,500 cal. BP). In A. Yasur-Landau, E. H.

Cline, & Y. Rowan (Eds.), The social archaeology of the Levant: From pre-

history to the present (pp. 47–66). Cambridge, England: Cambridge Uni-

versity Press.

Nanci, A. (2018). Enamel. In A. Nanci (Ed.), Ten cate's oral histology, develop-

ment, structure, and function (8th ed., pp. 1124–1164). St. Louis, MO:

Elsevier.

Nava, A., Bondioli, L., Coppa, A., Dean, C., Rossi, P. F., & Zanolli, C. (2017).

New regression formula to estimate the prenatal crown

formation time of human deciduous central incisors derived from a

Roman Imperial sample (Velia, Salerno, Italy, I-II cent. CE). PLoS One,

12, e0180104.

Nava, A., Coppa, A., Coppola, D., Mancini, L., Dreossi, D., Zanini, F., &

Bondioli, L. (2017). Virtual histological assessment of the prenatal life

history and age at death of the upper Paleolithic fetus from Ostuni

(Italy). Scientific Reports, 7, 9427.

Nava, A., Frayer, D. W., & Bondioli, L. (2019). Longitudinal analysis of the

microscopic dental enamel defects of children in the Imperial Roman

community of Portus Romae (necropolis of Isola sacra, 2nd to 4th

century CE, Italy). Journal of Archaeological Science: Reports, 23,

406–415.
Newman, H. N., & Poole, D. F. G. (1974). Observation with scanning and

transmission electron microscopy on the structure of human surface

enamel. Archives of Oral Biology, 19, 1135–1143.
Norén, J. G. (1993). Enamel structure in deciduous teeth from low-birth-

weight infants. Acta Odontologica Scandinavica, 41, 355–362.
Norén, J. G. (1984). Microscopic study of enamel defects in deciduous

teeth of infants of diabetic mothers. Acta Odontologica Scandinavica,

42, 153–156.
Page, A. E., Viguier, S., Dyble, M., Smith, D., Chaudhary, N., Salali, G. D., …

Migliano, A. B. (2016). Reproductive trade-offs in extant hunter-

gatherers suggest adaptive mechanism for the Neolithic expansion.

Proceedings of the National Academy of Sciences U.S.A., 113,

4694–4699.
Reid, D. J., & Dean, M. C. (2006). Variation in modern human enamel for-

mation times. Journal of Human Evolution, 50, 329–346.
Richter, T., Bode, L., House, M., Iversen, R., Arranz, A., Saehle, I., …

Yeomans, L. (2012). Excavations at the late Epipalaeolithic site of

Shubayqa 1: Preliminary report on the first season. Neo-Lithics,

12, 3–14.
Richter, T., Arranz Otaegui, A., House, M., Rafaiah, A., & Yeomans, L.

(2014). Preliminary report on the second season of excavation at

Shubayqa 1. Neo-Lithics, 14, 3–10.
Richter, T., Arranz-Otaegui, A., Yeomans, L., & Boaretto, E. (2017). High

resolution AMS dates from Shubayqa 1, Northeast Jordan reveal com-

plex origins of late Epipalaeolithic Natufian in the Levant. Scientific

Reports, 7, 17025.

Richter, T., Bocaege, E., Ilsøe, P., Ruter, A., Pantos, A., Nørskov

Pedersen, P., & Yeomans, L. (2019). Ochre, ground stone and wrapping

the dead in the late epipalaeolithic (Natufian) Levant: Revealing the

funerary practices at Shubayqa 1, Jordan. Journal of Field Archaeology,

44, 440–457.
Rousham, E., & Humphrey, L. (2002). The dynamics of child survival. In H.

Macbeth & P. Collinso (Eds.), Human population dynamics: Cross-

disciplinary perspectives (pp. 124–140). Cambridge, England: Cam-

bridge University Press.

Risnes, S. (1998). Growth tracks in dental enamel. Journal of Human Evolu-

tion, 35, 331–350.
Rushton, M. (1933). On the fine contour lines of the enamel of milk teeth.

The Dental Record, 53, 170–175.
Sabel, N., Johansson, C., Kuhnisch, J., Robertson, A., Steiniger, F.,

Noren, J. G., … Nietzsch, S. (2008). Neonatal lines in the enamel of pri-

mary teeth—A morphological and scanning electron microscopic inves-

tigation. Archives of Oral Biology, 53, 954–963.
Schour, I. (1936). The neonatal line in enamel and dentin of human decidu-

ous teeth and first permanent molar. Journal of the American Dental

Association, 23, 1946–1955.
Schwartz, G. T., Reid, D. J., Dean, M. C., & Zihlman, A. L. (2006). A faithful

record of stressful life events recorded in the dental developmental

record of a juvenile gorilla. International Journal of Primatology, 27,

1201–1219.
Scott, S., & Duncan, C. J. (1999). Malnutrition, pregnancy, and infant

mortality: A biometric model. Journal of Interdisciplinary History, 30,

37–60.

KIERDORF ET AL. 33



Seow, W. K., Young, W. G., Tsang, A. K., & Daley, T. (2005). A study of pri-

mary dental enamel from preterm and full-term children using light

and scanning electron microscopy. Pediatric Dentistry, 27, 374–379.
Skinner, M. F. (1992). Gestation length and location of the neonatal line in

human enamel. Journal of Paleopathology, 2, 41–50.
Skinner, M., & Dupras, T. (1993). Variation in birth timing and location of

the neonatal line in human enamel. Journal of Forensic Science, 38,

1383–1390.
Skinner, M., & Byra, C. (2019). Signatures of stress: Pilot study of accentu-

ated laminations in porcine enamel. American Journal of Physical

Anthropology, 169, 619–631.
Smith, C. E. (1998). Cellular and chemical events during enamel matura-

tion. Critical Reviews in Oral Biology and Medicine, 9, 128–161.
Smith, T. (2006). Experimental determination of the periodicity of incre-

mental features in enamel. Journal of Anatomy, 208, 99–113.
Szpringer-Nodzak, M. (1984). The location of the neonatal line in human

enamel. Journal of the International Association of Dentistry for Children,

15, 1–6.
Warshawsky, H. (1988). The teeth. In L. Weiss (Ed.), Cell and tissue biology

(6th ed., pp. 595–640). Baltimore, MD: Urban and Schwarzenberg.

Warshawsky, H., & Vugman, I. (1977). A comparison of protein synthetic

activity of presecrotory and secretory ameloblasts in rat incisors. The

Anatomical Record, 200, 371–399.
Webb, S. G., & Edward, P. C. (2013). The human skeletal remains and their

context. In P. C. Edwards (Ed.), Wadi Hammeh 27, an early Natufian set-

tlement at Pella in Jordan (pp. 367–382). Leiden, The Netherlands: Brill.

Weber, D. F., & Eisenmann, D. R. (1971). Microscopy of the neonatal line in

developing human enamel. American Journal of Anatomy, 132, 375–391.
Wells, J. C. K., & Stock, J. T. (2020). Life history transitions at the origins of

agriculture: A novel model for understanding how niche construction

impacts human growth, demography and health. Frontiers in Endocri-

nology, 11, 325.

Whittaker, D. K., & Richards, D. (1978). Scanning electron microscopy of

the neonatal line in human enamel. Archives of Oral Biology, 23, 45–50.
Witzel, C. (2014a). Echoes from birth–mutual benefits for physical and

forensic anthropology by applying increment counts in enamel of

deciduous teeth for aging. Anthropologischer Anzeiger, 71, 87–103.
Witzel, C. (2014b). Inkrementelle Strukturen im Schmelz der Milchzähne—

Dentalanthropologische Beiträge zur Bestimmung einer postnatalen

Lebensspanne auch bei skelettierten Überresten. Rechtsmedizin, 24,

165–171.
Witzel, C., Kierdorf, U., Dobney, K., Ervynck, A., Vanpouke, S., &

Kierdorf, H. (2006). Reconstructing impairment of secretory amelo-

blast function in porcine teeth by analysis of morphological alterations

in dental enamel. Journal of Anatomy, 209, 93–110.
Witzel, C., Kierdorf, U., Schultz, M., & Kierdorf, H. (2008). Insights from

the inside: Histological analysis of abnormal enamel microstructure

associated with hypoplastic enamel defects in human teeth. American

Journal of Physical Anthropology, 136, 400–414.
Zanolli, C., Bondioli, L., Manni, F., Rossi, P., & Macchiarelli, R. (2011). Ges-

tation length, mode of delivery, and neonatal line-thickness variation.

Human Biology, 83, 695–714.

How to cite this article: Kierdorf H, Witzel C, Bocaege E,

Richter T, Kierdorf U. Assessment of physiological

disturbances during pre- and early postnatal development

based on microscopic analysis of human deciduous teeth from

the Late Epipaleolithic site of Shubayqa 1 (Jordan). Am J Phys

Anthropol. 2021;174:20–34. https://doi.org/10.1002/ajpa.

24156

34 KIERDORF ET AL.

https://doi.org/10.1002/ajpa.24156
https://doi.org/10.1002/ajpa.24156

	Assessment of physiological disturbances during pre- and early postnatal development based on microscopic analysis of human...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Study site
	2.2  Study sample
	2.3  Methods

	3  RESULTS
	4  DISCUSSION
	ACKNOWLEDGMENTS
	  AUTHOR CONTRIBUTIONS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


