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Abstract  

Family can be broadly defined as a community of care, cooperation and shared resources. As we 

move further into the past, however, our ability to observe these relationships becomes blurred. 

For most of human history, ethnographic and historical documents are lacking; identity and 

relationships are therefore inferred through the analyses of mortuary practices and evidence of 

production through artefacts and features. In this study, we examine the unique connection that 

exists between mother and infant, illustrating how this relationship gives potential insight into 

lived experiences in the past.  

The human skeleton reflects an individual’s biocultural life-course, recording information 

on diet, health, and stress. Using new methods for inferring physiological stress during the foetal, 

infant and childhood periods, this chapter investigates the early lives of two subadult individuals 

through the lens of the maternal-infant nexus from the Neolithic site of Man Bac in Vietnam. We 

apply a novel approach that incorporates stable isotopic evidence for weaning and diet, with a 

quantitative method of identifying and measuring linear enamel hypoplasia to assess 

physiological stress during development. These case studies are interpreted within a 

bioarchaeology of infant and child-care theoretical model approach that focuses on the maternal-

infant nexus, and incorporates information on fertility, palaeopathological data, archaeological 

data on the natural and social environment, and social organisation. 

 

The maternal-infant nexus 

In recent years, the study of women and children has blossomed within historical, 

anthropological and archaeological research, giving voice to those individuals who were 

previously unseen, mislabelled, or defined only by their relationships to men (Lillehammer 2015; 



Han et al. 2017; Gowland & Halcrow 2020). Although it is generally well acknowledged in 

bioarchaeology that children are sensitive measures of population health (e.g. Lewis 2006; 

Halcrow & Tayles 2008a), the maternal-infant nexus is relatively understudied. Understanding 

the relationship between mother and infant in the present and the past has far-reaching 

implications for interpretation of maternal and infant health, the developmental origins of health 

and disease, infant feeding practices, fertility and demography, social experience, and learning 

(Gowland & Halcrow 2020).  

Pregnant women must meet the energetic demands of a rapidly growing foetus and may 

have increased susceptibility to malnutrition, infectious disease and/or the exacerbation of 

existing disease. The mother-infant pair is extremely sensitive to environmental stress and act as 

a barometer of overall population success (Halcrow et al. 2017; Halcrow 2020). Several studies 

have identified foetal burials in the archaeological record, including foetuses in-utero, post-

partum foetuses and possible coffin-birth individuals (e.g. Halcrow et al. 2017; Le Roy & 

Murphy 2020; Lewis 2006: 34–36). There are several examples of mother-infant burials in the 

archaeological record from different time periods and parts of the world (Halcrow et al. 2017). 

Notable examples from prehistoric Southeast Asia are at Khok Phanom Di in Southeast 

Thailand, where there were two cases of newborn individuals placed on the shoulder of an adult 

female (Halcrow et al. 2008), and a mother and probable breech baby at An Son in Vietnam, 

both of which may have died due to birthing complications (Willis & Oxenham 2013a). 

When considering the mother and the infant in bioarchaeology, it is presumed that if the 

developing baby experienced physiological stress, then so too did the mother. We rarely, 

however, consider the maternal experience further. This is particularly true in the context of 

recent stable isotope analyses that interpret increased nitrogen isotope values as evidence for in-

utero stress (e.g. Beaumont et al. 2013; Beaumont & Montgomery 2015; Beaumont et al. 2015; 

King et al. 2018). But how can we improve our understanding of the social experiences of care 

and health relationships of mother and baby? It is a challenge within the archaeological context, 

as many of the post-term ‘foetuses’ who, for example, were still-born or died soon after birth as 

the result of maternal stress or birth trauma, are found without their mother (Halcrow et al. 

2017).  

Here, we present two case-studies to investigate the maternal-infant nexus to assess 

physiological stress through the novel integration of stable isotopic evidence for early-life diet 



with a quantitative analysis of linear enamel hypoplasia. Maternal-infant care and health are 

assessed through data interpretation using the approach of Halcrow (2020) that considers 

maternal, infant and child stress in the context of fertility, and palaeopathological and 

archaeological data. 

 

Bioarchaeological methods 

 

Assessing diet and stress through incremental dentine stable isotopes 

For several decades, isotopic techniques have been used to study weaning behaviour at a 

population level using bone collagen (Fogel et al. 1989; Katzenberg et al. 1993; Schurr 1998; 

Wright & Schwarcz 1999). However, the recent development of incremental dentine sampling of 

a single tooth allows weaning, childhood diet, and episodes of physiological stress to be 

observed at individual level (Eerkens et al. 2011; Beaumont et al. 2013). Weaning can be 

identified isotopically because it is a dietary change, and isotope ratios within tissues broadly 

reflect what was consumed during tissue development. As dentine does not turn over and forms 

incrementally, this allows us to diachronically sample to observe the childhood diet. Broadly 

speaking, nitrogen isotope (δ
15

N) values vary with the trophic level of an individual, which can 

inform us of protein sources (Minagawa & Wada 1984). Carbon isotope (δ
13

C) values vary based 

on the photosynthetic pathway of plants consumed (C3 vs. C4), as well as the proportion of 

marine resources in the diet (Craig 1953; DeNiro & Epstein 1981).  

During pregnancy, isotopic values in the infant reflect the diet or health of the mother, 

potentially recording physiological changes in the maternal environment such as episodes of 

maternal morning sickness, or third trimester physiological stress (Fuller et al. 2005). After birth, 

infant isotopic values should hypothetically rise above maternal values, reflecting a trophic level 

shift during breastfeeding; the magnitude of this change is typically 2–3‰ (δ
15

N) and 1‰ (δ
13

C) 

(Fuller et al. 2006a). During the weaning process, isotopic values shift and these elevated values 

gradually lower to correspond with the mother’s values (Fuller et al. 2006a), assuming that the 

infant is being weaned onto the same foods as the mother is eating.  

Use of isotopic analyses to identify weaning is rendered problematic by several issues 

(Reynard & Tuross 2015; Tsutaya & Yoneda 2014). Firstly, the identification of a trophic level 

shift associated with weaning relies upon the comparison to adult female ‘baseline’ values, 



despite our inability to identify those females within the archaeological record who were 

mothers. Secondly, isotopic changes associated with the weaning process may be either masked 

or exaggerated by changes associated with episodic stress. Finally, it is generally assumed that 

infants are weaned onto the same foods as their mothers. Childhood diets, however, may be 

distinct, with the potential for gendered access to food, and mothers may have had preferential 

access to food (or not) during pregnancy (Kusaka et al. 2010; Dong et al. 2017; Oxenham 2016; 

Miller et al. 2018, 2020). These factors can all complicate our understanding of isotopic changes 

in incremental dentine samples. Lastly, despite the high resolution of incremental dentine 

sampling, each increment represents the averaging of multiple months or years. Interpretations 

are therefore generalised and may miss important factors, such as changes in isotope values as a 

result of short-term stress.  

 

Assessing stress through enamel defects 

 

Linear enamel hypoplasia in permanent teeth 

The study of childhood stress through linear enamel hypoplasia of permanent dentition is 

commonplace in bioarchaeology (e.g. Goodman et al. 1980, 1984; Chavez et al. 1991; Goodman 

& Rose 1991; Guatelli-Steinberg 2003; King et al. 2005; Hillson 2014). Systemic physiological 

stress, such as severe malnutrition or infection, is often cited as causing disturbances in enamel 

formation. Stress disrupts ameloblasts during their secretory phase, causing pits, grooves, and 

areas of missing enamel production. The most commonly studied are furrow-form defects along 

perikymata, referred to as linear enamel hypoplasia (LEH) (Goodman & Rose 1990; Fédération 

Dentaire Internationale 1992; Ten Cate 1994; Hillson 1996; Hillson & Bond 1997). The number 

of perikymata involved in the defect can be used to estimate the duration of disruption and 

subsequent recovery events (Hillson & Bond 1997; Hillson 2014). Unless teeth are heavily worn, 

these defects remain permanent features of the tooth crown. As LEH has multiple aetiologies and 

expressions, it is regarded as a non-specific indicator of stress, meaning that primary causation is 

unknown (Hillson & Bond 1997; FitzGerald & Saunders 2005; Hillson 2014). Permanent teeth 

can be analysed to examine the post-natal physiological responses to stress. The first three 

anterior permanent teeth, the central and lateral incisors and canines, capture nearly seven years 

of life experience. As these teeth begin to form at approximately 4.5 months of age (AlQahtani et 



al. 2010), they can potentially provide evidence of non-specific physiological stress during 

breastfeeding, weaning, and beyond.   

 

Linear enamel hypoplasia in deciduous teeth 

Given their developmental timing, deciduous teeth can record stress from the pre- and post-natal 

environments, although they are rarely examined for this purpose. Most studies of defects in 

deciduous teeth involve either the observation of localised hypoplasia of the primary canine (e.g. 

Halcrow and Tayles 2008b; McDonell & Oxenham 2014), or of the neonatal line growth to 

examine if a perinate died before or after birth (Zanolli et al. 2011). The gap in the literature may 

be due to the anatomy of deciduous teeth, where the perikymata are difficult to observe due to 

number of factors, including the more bulbous shape of deciduous enamel in comparison to 

permanent enamel; an increase in prismless enamel; the geometry of striae of Retzius at the 

surface; and lack of clearly observable histological structures (FitzGerald & Saunders 2005; 

Mahoney 2012; Hillson 2014). However, as deciduous teeth form by the same mechanisms as 

permanent teeth, the logic applied to the study of LEH in permanent teeth should also apply to 

them (FitzGerald & Saunders 2005). 

Pre-natal enamel in deciduous teeth can inform about the health of the mother and her 

physiological interactions with her baby. Although the chemical signatures and internal 

structures, including formation of striae of Retzius, in pre-natal enamel is rarely mentioned in the 

literature (FitzGerald & Saunders 2005; Fitzgerald & Hillson 2009; Birch & Dean 2014), it has 

been postulated that pre-natal circadian rhythms, derived from maternal rhythms, are 

insufficiently intense to trigger distinct histological formations (FitzGerald & Saunders 2005). 

Scrutiny of the histology and defects of pre-natal enamel allows us to better understand the 

maternal-infant nexus as directly as possible within bioarchaeology, untangling the symbiotic 

relationship between mother and baby. Deciduous teeth also react to events following birth that 

are inaccessible when studying permanent teeth alone, including both the gestational 

environment and its consequences, and the first few months of life. 

 

Case Studies from Man Bac, Neolithic Northern Vietnam 

 

Materials  



The individuals presented here are from the Neolithic site of Man Bac (1906–1523 cal BC) in 

Yen Mo district, Ninh Binh Province, northern Vietnam (Oxenham et al. 2011; Buckley et al. 

2019; Vlok et al. 2020). Surrounded by karst limestone mountains, the site is located 

approximately 25km from the coast although it would have been closer to the coast at the time of 

occupation due to higher sea levels (Oxenham 2006; Oxenham et al. 2011). Northern Vietnam 

currently experiences two seasons, one cold, and one hot, and year-round high humidity. The 

region also experiences typhoons that can disrupt agricultural production (Oxenham 2006; 

Matsumura & Oxenham 2011). While there was less ecological variation in northern Vietnam 

than the south, there is evidence at Man Bac of the exploitation of fish and deer (Sawada et al. 

2011; Toizumi et al. 2011), as well as the earliest evidence of pig management in northern 

Vietnam (Jones et al. 2019). Additionally, the occupants of Man Bac may have grown rice, as 

long-grain rice phytoliths have been found in the occupation layers overlying graves (Willis & 

Oxenham 2013b). Radiocarbon dating of occupation layers contemporaneous with the burials 

discussed here places site usage between 2016 and 1524 cal BC, near the start of the Phung 

Nguyen period (Oxenham et al. 2011). This period is characterised by local food production via 

agricultural practices and hunting, including the exploitation of marine resources, along with 

ceramic production, and evidence for trade networks—all of which are believed to have been 

present at Man Bac (Matsumura & Oxenham 2010). Mortuary practices at Man Bac show little 

distinction in treatment between individuals by sex, and an individual with a disability was 

treated no different to others, although an age-based social hierarchy has been suggested 

(Oxenham et al. 2008b; Tilley & Oxenham 2011). Previous palaeopathological and demographic 

research shows that the Man Bac population experienced poor health, high fertility, high infant 

mortality, and the highest rate of natural population increase of sites within Mainland Southeast 

Asia during the Bronze through Iron Ages (Oxenham et al. 2008b; Domett & Oxenham 2011; 

Oxenham & Domett 2011; McFadden et al. 2018). This range of biosocial evidence is potentially 

valuable for addressing the impact of any occurrences of stress in early infant life. Two juveniles 

are examined here: (1) individual 07MBH1M3 was an adolescent who died between 12 and 18 

years of age; (2) individual 05MBM36 was a young child who died around age 3 years ± 6 

months (age assessment using dental eruption via visual and radiographic assessment, and 

epiphyseal fusion, see Domett & Oxenham 2011).   

 



Methods 

  

Stable isotope analysis 

Only loose teeth with an antimere (the same tooth on the opposite side) present, no apparent 

pathologies, no post-mortem damage and no reconstructive glue, were analysed. Photographs 

were taken of all aspects of the teeth prior to sampling. Teeth were half-sectioned bucco-

lingually into mesial and distal halves. One half was retained for future research. The other half 

was prepared for isotope analysis by removal of enamel and secondary and tertiary dentine using 

a diamond cutting disk and dental burr. Preparation of dentine followed Method 2 of Beaumont 

et al. (2013), which involves demineralisation, cutting into 1mm increments, before following a 

modified Longin (1971), during which collagen is gelatinised before lyophilisation. 

Mass spectrometry of collagen was conducted at the Stable Isotope Biogeochemistry 

Laboratory (SIBL) at Durham University using a Costech Elemental Analyzer connected to a 

Thermo Delta V Advantage isotope ratio mass spectrometer. Carbon isotope ratios were 

corrected for 
17

O contribution, and both carbon and nitrogen isotope results are reported in delta 

notation as δ
13

C and δ
15

N.  Isotopic accuracy was monitored through repeat measurements of 

standards (USGS40, USGS24, IAEA-600, IAEA-N-1, IAEA-N-2). Analytical error for carbon 

and nitrogen isotope analysis was calculated to be ±0.3‰ (2 SD) on replicate sample analysis. 

Collagen was considered to be of good quality if the C/N ratio fell between 2.9 and 3.6, carbon 

percentage by weight was between 35 and 50%, and nitrogen percentage by weight was between 

11 and 16% (DeNiro 1985; Mook & Waterbolk 1985). The mid-point of the time period 

represented by each dentinal increment was calculated using the method of Beaumont and 

Montgomery (2015).  

 

Quantification of LEH  

High resolution silicone impressions of permanent and deciduous teeth were produced using 

Affinis (Coltene) Perfect Impressions Regular Body polyvinylsiloxane applied directly to the 

labial surface of all anterior maxillary and mandibular crowns. A resin replica of the teeth was 

produced using an epoxy resin (Epofix) with red liquid epoxy dye added for contrast during 

microscopy. The resin tooth replicas were analysed under a Sensofar “S Neox” 3D Optical 

Profiler Confocal Microscope. Measurements of enamel depth (z-axis) were taken every micron 



at 20× magnification down the length of the tooth crown (y-axis) from the cementoenamel 

junction to the incisal edge, using the Sensoscan program. Data was processed according to 

Cares Henriquez and Oxenham (2017), creating micropolynomial estimations of teeth in order to 

quantify changes of enamel depth on the tooth surface; LEH are identified when residuals 

deviate negatively by at least 1 moving standard deviation. 

 

Aging LEH on permanent teeth 

The timing of defects must chronologically match at least two teeth to be considered 

representative of systemic stress (Hillson 2014). Defects on permanent teeth were aged following 

Cares Henriquez and Oxenham (2019), using regression-based formulae based on the 

histological work of Reid and Dean (2000, 2006), which takes into account the non-linear nature 

of enamel growth. By inputting the distance from the cemento-enamel junction, these equations 

estimate the age at which the defect began and ended.  

 

Aging LEH on deciduous teeth 

Although developmental timescales of permanent crowns have been a topic of extensive study 

over the past 30 years (e.g. Goodman & Rose 1990; Goodman & Song 1999; Reid & Dean 2000, 

2006; AlQahtani et al. 2010; AlQahtani et al. 2014), deciduous teeth have not received the same 

scrutiny. We therefore used the ages assigned by Schour and Massler (1940) and AlQahtani et al. 

(2010) for different stages of deciduous tooth crown development (Table 1). Although the 

previous authors used different methodologies (histology and radiography respectively), which 

causes slight discrepancies in aging the same section of teeth (Hillson 2014), we apply these for 

our preliminary ageing system (Adams et al. 2019a). Assuming that a month encompasses four 

weeks and birth occurs at 40 weeks, we approximate growth as linear between the stages. This 

type of linear growth approximation is another point of potential error, as both deciduous and 

permanent teeth are assumed to grow non-linearly.  

 

 

 

 

 



 

Table 1.  Stages of deciduous crown growth and ages for anterior teeth. Ages in italics are 

our interpretations of the published values in weeks with birth as zero. 

  Central maxillary 

incisors 

Lateral maxillary 

incisors 

Canines 

Initiation 16 weeks gestation
*
 

(–24 weeks) 

18 weeks gestation
*
 

(–22 weeks) 

20 weeks gestation
*
 

(–20 weeks) 

Crown 50% 

formed 

30 weeks gestation
**

 

(–10 weeks) 

34 weeks gestation
**

 

(–6 weeks) 

4.5 months post-natal
**

 

(+18 weeks) 

Crown 100% 

formed 

1.5 months post-natal
*
 

(+6 weeks after birth) 

2.5 months post-natal
*
 

(+10 weeks) 

9 months post-natal
*
 

(+36 weeks) 

% crown 

completed at birth 

83.3% (5/6) formed
*
 66.7% (2/3) formed

*
 33.3% (1/3) formed

*
 

Total time to form 30 weeks 32 weeks 56 weeks 

*
after AlQahtani et al. (2010) 

**
after Schour and Massler (1940) 

 

Palaeopathology 

A full skeletal assessment for pathology was undertaken for both individuals. Evidence for 

abnormal osteoblastic and osteoclastic activity was observed macroscopically, and specific 

diseases were differentially diagnosed using weighted diagnostic criteria (e.g. Brickley & Ives 

2010; Snoddy et al. 2018). The long bones of both individuals were radiographed for signs of 

disease, such as evidence for growth disruption or osteopenia. For these two individuals, lesion 

patterns do not suggest infectious disease, and differential diagnosis identified probable 

nutritional disease. Evidence for scurvy was diagnosed following Snoddy et al. (2018). Cribra 

orbitalia, the abnormal hyperplastic porosity of the orbital roofs attributed to anaemia in 

childhood, was recorded following standards by Stuart-Macadam (1985). As porosity of the 

orbital roofs can also occur due to capillary formation in regions of retro-orbital haematoma 



development following microtrauma (Ortner & Ericksen 1997; Ortner et al. 1999, 2001; Klaus 

2017), only cribra orbitalia porosity scored as medium or severe (Stuart-Macadam 1985) were 

included in analysis of childhood anaemia, as these grades denote marrow hyperplasia and not 

just cortically restricted porosity. Similarly, porotic hyperostosis (porosity of the ectocranium 

with associated diploic expansion of the cranial vault) was recorded as a marker of childhood 

anaemia (Ortner 2003). Evidence for anaemia, as identified through the presence of cribra 

orbitalia and porotic hyperostosis, is considered a marker of non-specific stress, as anaemia can 

result from genetic disorders, nutritional deficiency, and parasitic and pathogenic infections 

(Gowland & Western 2012). Standards for diagnosis of rickets following Brickley and Ives 

(2010) were also employed in the differential diagnosis. 

 

Results 

 

Case study 1: individual 07MBH1M3 (aged 12–18 years) 

Incremental dental stable isotopes  

Incremental isotopic results for 07MBH1M3 are given in Table 2 and Figure 1. A 2.4‰ decrease 

in δ
15

N values during the first 2.2 years of life is suggestive of the weaning process. Weaning is 

usually also associated with a 1‰ decrease in δ
13

C, as contributions from higher trophic level 

breastmilk decline during weaning until the infant adopts the same diet as their mother (Fuller et 

al. 2006b). However, in this individual, δ
13

C during the proposed weaning period changes very 

little (less than 0.5‰) which may be due to this individual consuming a diet with slightly higher 

δ
13

C values than their mother (Sandberg et al. 2014; King et al. 2018). The first isotopic 

increment’s estimated mid-point age is 0.7 years, so it is also likely that some proportion of solid 

foods were already present in the diet at this time (Fuller et al. 2006a). Isotopic changes are also 

clear between 6 and 10 years of age in this individual. Between ~6.7 and 8.2 years of age, δ
13

C 

values decrease by 1.1‰, before rising by 1.5‰ by 9.6 years old. These changes are also 

accompanied by shifts in δ
15

N, which decrease by 0.7‰ between 5.9 and 7.4 years old, before 

increasing by 1.9‰ by 9.6 years old. This pattern may reflect dietary change in late childhood, 

although similar trends have been observed in other incremental studies and interpreted as 

relating to changes in normal growth rate and the reduction of nitrogen deficiency in late 

childhood (e.g. Henderson et al. 2014). 



 

Table 2. Carbon and nitrogen stable isotope data and quality control parameters for 

increments for the mandibular permanent left first molar of individual 07MBH1M3. 

Increment  Mid-point age 

represented by 

increment 

(years) 

δ
15

N 

(‰ AIR) 

δ
13

C 

(‰ VPDB) 

C:N (%) N (%) C 

1 0.7 14.1 -18.7 3.3 15.0 42.1 

2 1.4 12.7 -18.8 3.2 14.3 39.7 

3 2.2 11.7 -19.2 3.2 12.9 36.0 

4 2.9 12.0 -19.1 3.3 14.6 40.7 

5 3.7 12.0 -19.2 3.3 14.5 40.6 

6 4.4 12.2 -19.2 3.2 14.4 40.0 

7 5.2 12.2 -19.0 3.3 14.2 40.0 

8 5.9 12.3 -19.0 3.3 13.7 38.5 

9 6.7 11.7 -19.0 3.3 13.5 38.1 

10 7.4 11.6 -19.7 3.3 13.3 37.9 

11 8.2 11.8 -20.1 3.4 11.9 35.0 

12 8.9 11.9 -20.0 3.5 12.3 36.6 

13 9.6 13.4 -18.6 3.3 14.9 41.5 

 

 



 
Figure 1. Incremental isotopic profile for the permanent mandibular left first molar of 

individual 07MBH1M3.  

 

The micropolynomial residual charts for 07MBH1M3 are provided in Figure 2 A–C. 

Three systemic defects are present across the three teeth, with stress and recovery occurring 

between the ages of ~1.6–2.0 years, ~2.5–3.1 years, and ~ 4.1–4.7 years. Note that the third 

defect, defect C, ~4.1–4.7, is not seen on the mandibular molar, as the crown had completed 

formation by this time.  
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Figure 2 A-C: Micropolynomial residuals for the permanent maxillary right first incisor 

(2A) of individual 07MBH1M3; the permanent maxillary left first incisor (2B); and 

permanent mandibular left first molar (2C), with matching systemic defects highlighted. 

Defect A = 1.6–2.0 years; Defect B = 2.5–3.1 years; Defect C = 4.1-4.7 years. Note that the 

method used to age the permanent first incisors (Cares Henriquez and Oxenham 2019) is 

functional only for anterior teeth. LEH on the mandibular molar had age estimated by the 

method of Reid and Dean (2000, 2006) (on which Cares Henriquez and Oxenham (2019) is 

based), and then matched with defect ages from the incisors. Ages presented are from 

Cares Henriquez and Oxenham (2019) only.  

 

Linear enamel hypoplasias  

Comparison of the timing of systemic LEH with the isotopic profile of 07MBH1M3 is presented 

in Figure 3, although we caution that there are potential problems with the comparison of 

Beaumont and Montgomery (2015) and Reid and Dean (2000,2006) rooted in differential aging 

theories (as per Adams et al. 2020). The first LEH, Defect A, occurred between ~1.6 and 2.0 

years of age, between the isotopic increments aged 1.4 and 2.2 years of age. During this time, 

there is decrease in δ
15

N values, associated with the δ
15

N decrease within the weaning process, 

thus allowing us to place Defect A as occurring during the weaning process. The second LEH, 

Defect B, aged ~2.5–3.1 years of age, was associated with a slight increase in both δ
15

N (0.3‰) 

and δ
13

C (0.1‰), although these changes in isotopic values would not be categorised as stress in 

isotopic studies. Lastly, the third LEH, Defect C, occurs at ~4.1–4.7 years of age, associated with 



an increment with an average age of 4.4 years. While there is no change of δ
13

C, δ
15

N increased 

by 0.2‰. Although these LEH events do correspond with small changes to isotopic values, those 

changes are within analytical error and are thus unlikely to be associated with the stress-events 

that may have been responsible for LEH formation.  

 

 

 

Figure 3. Incremental dentine isotopes and linear enamel hypoplasias by age for individual 

07MBH1M3. 

 

Palaeopathology 

The 12–18-year-old individual 07MBH1M3 presented with bilateral severe, active cribra 

orbitalia, indicating anaemia around the time of death. Additionally, we noted lesions consistent 

with a diagnosis of probable scurvy (after Snoddy et al. 2018). These comprised bilateral and 

symmetrical discrete deposits of mixed active and remodelled subperiosteal new bone associated 

with abnormal cortical porosity on the external greater wing of the sphenoid bones, posterior 

maxillae and zygomatic bones, palatal surfaces of the maxillae, around the mylohyoid lines, and 

on the medial coronoid processes of the mandible. Symmetrical subperiosteal deposits of new 

bone on the proximal femora may be the result of a number of conditions but is also consistent 

with a diagnosis of scurvy. Evidence of mixed remodelling of the lesions suggest either that the 



individual was recovering from a period of nutritional deficiency at time of death or was affected 

by repeated cycles of deficiency and recovery prior to death. Deep endochondral porosity 

exceeding 10mm from the metaphyseal plates of all the long bones—indicative of disruptions to 

osteoid production—is also consistent with Vitamin C deficiency during growth (Snoddy et al. 

2017). No radiographic signs diagnostic for scurvy (e.g. pelkan spurs, Trummerfeld zones, and 

white lines of Fraenkel) were observed, although ground-glass osteopenia indicative of 

nutritional disease was present. Lesions consistent with a diagnosis of rickets were not present.  

 

Case Study 2: individual 05MBM36 (aged ~3 years) 

 

Incremental dentine stable isotopes  

The incremental isotopic results for individual 05MBM36 are shown in Table 4 and Figure 4. 

Only three increments yielded good quality collagen. The δ
15

N around birth is 15.2‰ but 

decreases by 2.4‰ in the first nine months of life. δ
13

C values changed very little over the same 

period, decreasing by 0.4‰ in the first 5 months, before increasing by 0.6‰ by 9 months. The 

relatively high starting point and continual decrease of δ
15

N suggest that this is not a typical 

weaning trajectory, see discussion below (Jay 2009; Craig-Atkins et al. 2018; King et al. 2018; 

Kendall et al. 2020). It is difficult to interpret this pattern without further isotopic data points, 

baseline data from the site, or other bioarchaeological and contextual information.  

 

Table 3. Carbon and nitrogen stable isotope ratio data and quality control parameters for 

increments from the deciduous maxillary left canine of individual 05MBM36. Note that 

increment 4 has a C:N outside of the accepted range.  

Increment Mid-point age 

represented by 

increment 

(years) 

δ
15

N 

(‰ AIR) 

δ13C 

(‰ VPDB) 

C:N (%) N (%) C 

1 0 15.2 -18.7 3.4 14.1 41.1 

2 0.4 13.7 -19.1 3.4 14.3 41.3 

3 0.8 12.8 -18.5 3.4 13.3 39.4 

4 1.2 11.3 -19.1 3.7 9.8 31.1 

 



 

 

 

Figure 4. Incremental isotopic profile of the deciduous maxillary left canine of individual 

05MBM36. 

 

Linear enamel hypoplasia 

The micropolynomial residual charts for individual 05MBM36 are provided in Figure 5 A–D. 

There are five systemic defects apparent across the four teeth, with stress and recovery occurring 

between the ages ~18 and 21.5 weeks gestation (Defect A), ~22 and 32 weeks gestation (Defect 

B), ~33 weeks gestation and 14 weeks post birth (Defect C), ~20–24 weeks after birth (Defect 

D), and ~24.5–74 weeks after birth (Defect E). Note that the Defect A (~18 and 21.5 weeks 

gestation) is only present on the maxillary incisors, and the Defects D and E orange and purple 

defects (~20–24 weeks after birth and ~24.5–74 weeks after birth) are only present on the 

maxillary canines. The presence of Defect A only on the maxillary incisors can be explained, as 

the maxillary canines had not yet initiated formation. Defects D and E appearing only on the 

canines is similarly explained by the crowns of the incisors having completed their growth.  
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Figure 5 A–D: Micropolynomial residuals for the deciduous maxillary left first incisor (5A) 

of individual 05MBM36; the deciduous maxillary right first incisor (5B); the deciduous 

maxillary right canine (5C); and the deciduous maxillary left canine (5D), with weekly 

aging lines included, and matching systemic defects highlighted. Defect A = ~18–21.5 weeks 

gestation; Defect B = ~22–32 weeks gestation; Defect C = ~33 weeks gestations to 14 weeks 

after birth; Defect D = ~20–24 weeks after birth; and Defect E = ~24.5–34 weeks after 

birth.  

 

The comparison of the timing of systemic LEH with the isotopic profile of individual 

05MBM36 (Figure 6) shows that the in-utero environment was a stressful one, with three of the 

five defects, Defects A, B, and C,occurring before birth at ~18 and 21.5 weeks gestation, ~22 

and 32 weeks gestation, and ~33 weeks gestation, respectively. While we lack in-utero isotopic 

values, the first increment (while averaged to “0”) represents the period just before and after 

birth. This increment has high δ
15

N and δ
13

C values, and overlaps temporally with Defect C, 

which continues until 14 weeks post-partum. The decrease in δ
15

N values after birth may indicate 

that the postnatal environment was less stressful than the in-utero environment, as suggested by 

other isotopic studies  (e.g. Fuller et al. 2005; Jay 2009; Beaumont et al. 2015; Craig-Atkins et 

al. 2018; King et al. 2018; Kendall et al. 2020). The fourth and fifth LEH, Defects D and E, 

occur in succession between approximately 5 and 8 months of postnatal age. These LEH 

occurred between two isotopic increments, with midpoints of 0.4 and 0.8 years of age. During 

this time, there was a 0.9‰ decrease in δ
15

N, while δ
13

C increased by 0.6‰.  

 

 



 

Figure 6. Incremental dentine isotopes and evidence for linear enamel hypoplasia by age 

for individual 05MBM36. 

 

Palaeopathology 

The ~3-year-old child, 05MB36, exhibited no evidence for anaemia. However, lesions consistent 

with a diagnosis of probable scurvy (after Snoddy et al. 2018) were observed. These comprised 

bilateral and symmetrical discrete deposits of active subperiosteal new bone and abnormal 

cortical porosity on the squama of the temporal bones, on the palatal surfaces of the maxillae, the 

anterior maxillae around the regions of the infraorbital foramina, on the superior orbital roofs, 

and on the anterior posterior zygomatic bones. Active, bilateral subperiosteal deposits of new 

bone on the tibiae are also consistent with a diagnosis of scurvy, and may represent subperiosteal 

haematoma formation in the lower limbs. The active nature of these subperiosteal lesions 

indicates that the individual was probably suffering from scurvy around the time of death (see 

Crandall & Haagen (2014: 3) for a discussion on the spectrum of vitamin deficient states and 

skeletal involvement). While the individual had no diagnostic radiographic signs of scurvy, thin 

cortices and ground-glass osteopenia consistent with nutritional disease was observed. No lesions 

consistent with a diagnosis of rickets were observed. 

 

Discussion 



To reconstruct the early life of these individuals through the experiences of diet, stress, and 

disease, we use a model that incorporates data within a bioarchaeology of infant and child-care 

theoretical model.  

 

Early life histories from the LEH and isotopic evidence 

For 12–18-year-old individual 07MBH1M3, weaning appears to have been completed around 

two years of age, following the introduction of solid foods potentially prior to 8 months of age, 

with slightly more positive δ
13

C resources than the maternal diet. Although there is no isotopic 

evidence for childhood stress in this individual’s tooth dentine, physiological stress during the 

weaning period and early childhood is expressed in the LEH timing. One defect is associated 

with a decrease in δ
15

N linked to the gradual reduction of breastmilk in the diet. Two LEH 

defects occur after weaning is complete but are not associated with significant changes to 

isotopic values. This supports the view that not all occurrences of LEH are associated with the 

weaning period (Wood 1996) and highlights the importance of considering multiple aetiologies 

in their formation (Hillson 2014).  

This individual’s LEH and isotope data demonstrate the challenges in interpreting 

physiological stress from isotopic values. The δ
15

N ‘spikes’ previously used to interpret stress 

have been associated with catabolism (Beaumont et al. 2015; King et al. 2018; Crowder et al. 

2019) and are absent in this profile. The presence of LEH, however, suggests that potential stress 

events did occur during the weaning process. While δ
15

N can inform us of macronutrient 

(protein) intake and metabolism, we are unable to see potential micro-nutrient deficiencies 

during this time which may be affecting immune functions.  Stress during the weaning process is 

often attributed to risks, such as inadequate nutrition and/or the introduction of infectious 

elements through supplementary foods (Katzenberg et al. 1996; Lewis 2006), any of which may 

have contributed to high infant morbidity and mortality at Man Bac, in addition to other risks 

infants are exposed to at this age. Previous publications from the site (Oxenham et al. 2008b; 

Domett & Oxenham 2011; Oxenham & Willis 2017) suggest that a mortality spike at 1.5 years 

old (representing 10% of the mortuary sample) could be associated with the period of weaning, 

which would be early in comparison to other developing countries (Dettwyler 1995; Lewis & 

Roberts 1998; Sellen 2001). However, Domett & Oxenham (2011) also not that this spike may 

be an artefact of aging techniques clustering individuals, as weaning is usually a process, rather 



than an abrupt cessation of breastfeeding (see Katzenberg et al. (1996) for a critique of 

interpretations of ‘weaning stress’).  

Notably, the last LEH occurs at ~4.1–4.7 years of age and is only associated with a slight 

increase in δ
15

N. Within their sub-adult mortality data, Domett and Oxenham (2011) showed an 

increase in mortality at 4 years of age, making total mortality of 1–4 year-olds (representing 27% 

of mortuary sample) higher than that of 0–1 year olds (representing 21% of mortuary sample). 

While this individual shows evidence of ongoing and prolonged cycles of nutrient deficiency and 

recovery before death (between 12 and 18 years of age), it is unclear how early life events may 

have played a part, if at all. However, the evidence of nutritional deficiencies for both individuals 

analysed here potentially signal a larger issue at Man Bac.  

Three-year-old individual 05MBM36 has LEH evidence for stress in-utero and extending 

to approximately three months post-partum, with another episode between 5 and 8 months of 

age. This is accompanied by high δ
15

N values at the start of their incremental isotopic profile, 

which continually decrease thereafter. Several isotopic studies have suggested that high in-utero 

values could be due to maternal stress (e.g. Fuller et al. 2005; Beaumont et al. 2015), while the 

formation of pre-natal LEH could be heavily influenced by maternal circadian rhythms and/or 

foetal health (Fuller & Saunders 2005; Birch & Dean 2014). A typical weaning pattern involves 

infant δ
15

N values matching the mother’s in-utero values, rising after birth and remaining high 

for some months during exclusive breastfeeding before they decrease during the weaning process 

(Jay 2009). However, that pattern is not observed here. If the mother was sufficiently stressed 

during pregnancy to affect the infant, this may explain the steep decline of δ
15

N values after 

birth, when the maternal environment is no longer impacting the infant’s δ
15

N values (Beaumont 

et al. 2015; King et al. 2018; Kendall et al. 2020). However, this interpretation is not the sole 

explanation for stress during deciduous growth, as the presence of LEH for seven of the nine 

post-birth months for which we have data suggests further continuing factors affecting this 

individual physiologically.  

Other processes can cause a decrease in δ
15

N values immediately after birth, for example, 

maternal values (and therefore breastmilk values) may decrease due to a change of maternal diet 

to a lower trophic level after childbirth, or lowered stress levels post-parturition (Beaumont et al. 

2015; King et al. 2018; Kendall et al. 2020). If maternal stress during pregnancy resulted in the 

death of the mother, another individual breastfeeding the infant may have markedly lower δ
15

N 



values and transfer these lower values via their breast milk. Kendall and co-authors (2020) 

suggested an individual they studied with unusual δ
15

N and δ
13

C patterning in ante- and postnatal 

dentine samples may have suffered from malnutrition in conjunction with breastfeeding from a 

mother consuming lower-trophic level foods (Kendall et al. 2020:117). While the individual 

Kendall et al. (2020) examined produced a longer dentine timeline from which to infer this 

pattern, the few early-life dentine samples of 05MBM36 from Man Bac follow the same trends, 

suggesting this may be one possible explanation for the isotopic data. Finally, others have argued 

that this pattern is most likely associated with a non-exclusive breastfeeding (e.g. Craig-Atkins et 

al. 2018). This final explanation is unlikely in our case, as there is no historical or published 

evidence for supplemental feeding with animal milk in Southeast Asia, and Man Bac lacks 

evidence for traditional domesticated milk producing animals (Jones et al. 2019; Oxenham et al. 

2011). A complete absence of breastfeeding would almost certainly be fatal in the first few 

months of life (Knodel & Kintner 1977; Stewart et al. 2013), as the infant digestive system is 

underdeveloped for complementary feeding from birth, exposing the infant to significant 

digestive and potential malnutrition-related stress, as well as potential pathogens (Jay 2009; King 

et al. 2018). This type of isotopic profile, with its atypical values, and the paucity of datapoints, 

highlights the difficulties associated with interpretation due to isotopic equifinality (King et al. 

2018). There are many variables from both mother and baby that could affect isotopic values. 

However, the merging of isotopic and LEH information allows for greater insight into this 

individual’s early-life experience.  

The third defect for individual 05MBM36 extends from ~10 weeks before birth to nearly 

three months post-partum. This could be interpreted as representing a continued stressful post-

birth environment. The cervical wall of the LEH, however, always represents some period of 

recovery—an environment allowing normal enamel production. We are therefore uncertain as to 

what proportion of the later section of the LEH represents stress, and what proportion represents 

recovery (Hillson 2014; Guatelli-Steinberg 2015).  

The two instances of LEH occurring between 5 and 8 months coincide with a decrease in 

δ
15

N and an increase in δ
13

C (<1‰). It is noted, however, that an infant's nutritional demands 

tend to increase at this age, accompanied by rapid growth in the first year post-partum, 

necessitating the introduction of complementary foods to breastfeeding in typical feeding 

strategies (McDade & Worthman 1998; Jay 2009). There is also a peak in mortality around this 



age (representing 7% of the cemetery sample) at Man Bac, suggesting this period of life was 

particularly stressful at the site (Domett & Oxenham 2011). Stress at this time may be expected 

due to an increased risk of infectious elements introduced through supplementary foods in 

addition to other introductory pathways, or poor nutrition. In-utero conditions and early life 

stress may have continued to affect this individual’s ability to adapt (Gowland 2015), potentially 

influencing the development of LEH at this time. However, due to external care and/or 

resiliency, this individual survived for another 2.5 years. This early life stress and potentially 

irregular infant feeding pattern may have left this individual more susceptible to other ailments. 

The pathological evidence for probable scurvy, for example, may have resulted from poor 

nutrition and/or lack of ability to absorb nutrients due to other infections such as intestinal 

parasites, which were probably highly prevalent in tropical and sub-tropical Vietnam (Buckley et 

al. 2014; Halcrow et al. 2014; Oxenham 2000; Oxenham & Willis 2017). Maternal transfer of 

vitamin C deficiency is also a possibility (Snoddy et al. 2018), although all of this individual’s 

lesions were active, indicating that they were suffering from scurvy near time of death at three 

years of age. Factors relating to insufficient levels of vitamin C, such as malabsorption, genetics, 

or socioeconomically, culturally, or environmentally aggravated factors, would probably result in 

low dietary diversity and deficiencies in other micronutrients (Pimentel 2003; Popovich et al. 

2009; Halcrow et al. 2014). Lack of vitamin C can also affect the immune system and absorption 

of iron, causing further stress and pathological conditions, such as anaemia (Langlois et al. 1997; 

Nguyen et al. 2006; Halcrow et al. 2014; Snoddy et al. 2018).  

The evidence for potential in-utero stress from individual 05MBM36 suggests that both 

maternal and infant health were compromised. As previously noted, pregnant women face 

greater physiological demands and are more susceptible to nutritional deficiencies, infection, and 

the exacerbation of pre-existing disease. There are multiple lines of evidence that the Man Bac 

population experienced high levels of physiological stress (Oxenham & Domett 2011; Oxenham 

& Willis 2017). The rates of localised hypoplasia of the primary canine of subadults (41.7%, 

10/24 subadults) may provide further evidence of maternal stress (McDonell & Oxenham 2014). 

Although a variety of causes have been proposed for the formation of localised hypoplasia of the 

primary canine, nutritional and dietary deficiencies—especially Vitamin A, D, and calcium—in 

the maternal diet during gestation may be implicated, affecting health outcomes for both mother 

and baby (Skinner & Hung 1989; Halcrow & Tayles 2008b; McDonnell & Oxenham 2014).  



 

Contextualising the case studies  

Both children in this study offer individual stories of the relationship between mother and infant, 

the feeding practices employed, and the stressors they may have experienced. Assessing these 

individuals within the wider bioarchaeological, palaeodemographical, and mortuary context 

allows us to understand how their stories may relate to care within their specific social, cultural 

and environmental setting.  

Palaeodemographic analyses show a high ratio of <15 years individuals to adults at Man 

Bac, calculated as 1.48, the highest such dependency ratio recorded in Neolithic and Bronze Age 

Southeast Asia (Domett & Oxenham 2011). In many modern agricultural societies, children are 

cared for by other children (Zeller 1987). This may have been the case in the past, though some 

children may have been recurrently ill, as seen through the palaeopathological evidence in the 

two children presented, potentially affecting their ability to assist in childrearing. Our evidence 

for maternal and infant stress (in individual 05MBM36) adds to this picture, offering insights 

into the possible difficulties in caring for infants, the pressure on resources, and issues with 

maternal health. Oxenham and Willis (2017: 228) suggest that the sub-optimal level of childhood 

health at Man Bac “would have required an elevated level of care and nurturing beyond that 

normally provided to non-ill children of an equivalent age cohort in this community”.  

At Man Bac, there is evidence for extended community support through the long-term 

care of an individual with quadriplegia (Tilley & Oxenham 2011). It seems likely that such 

extended community systems would also have assisted in the rearing of children. In general, 

having community support or alloparenting networks decreases infant and maternal mortality 

significantly (Sear & Mace 2009). Although present-day evidence does not necessarily inform on 

past practises, within modern Southeast Asia, including Vietnam, community and extended 

families share roles in caregiving, socialisation and co-parenting of children. This is central to 

social organisation, with better access to health care and support systems for mothers affecting 

improved health outcomes for mother and baby (McHale et al. 2014; Mestechkina et al. 2014). 

Social organisation also may have also impacted the health of mothers and infants, and care 

afforded at Man Bac, specifically along the lines of age and gender. Pregnant and post-partum 

mothers in modern society often practice culturally mediated food taboos and avoidances, which 

by extension, adversely affect their offspring for a number of years. This may have been the case 



in the past as well (Oxenham 2000; Oxenham & Willis 2017). Previous preliminary isotopic 

work at Man Bac suggested that males and females had slightly different diets, with females 

have more negative δ
13

C values and lower δ
15

N values (Oxenham & Domett 2011; Yoneda 

2008), perhaps further placing mothers at risk. Additionally, macroscopic examinations of linear 

enamel hypoplasia formed during childhood found females were more likely to have more 

instances than males, indicating their early childhoods may have been more stressful (Oxenham 

& Domett 2011).  

 A correlation between an increasing quantity and quality of grave goods associated with 

increasing age-at-death at Man Bac suggests that age-based hierarchy may have been a central 

aspect of social organisation (Oxenham et al. 2008a). While the hierarchy is based on the 

presence of mortuary offerings, if this translated to access to resources, it may have affected 

health outcomes (Oxenham & Domett 2011; Vlok, forthcoming PhD). Core childbearing years 

have been quoted as 20-24 years of age within modern society (McFadden & Oxenham 2019), 

and though it is difficult to discern, this may have been younger prehistorically (Papadimitriou 

2016; Pfeiffer et al. 2014). Not only would mothers be at greater risk due to risks of childbearing 

generally, young mothers may not have had social standing to acquire needed resources for 

healthy pregnancy and caring for young children.  

For infants, their age may have disadvantaged them independently from their caregiver’s 

standing. Approximately 40% of the mortuary sample of Man Bac is 2 years old or younger 

(Domett & Oxenham 2011). With weaning taking place between 1.5–2.2 years old (Adams et al. 

2019b), perhaps it was only after this period that a change in the relationship between parent and 

child took place, and/or a new biosocial stage as an individual was achieved within both the 

family the community (Oxenham & Willis 2017; Miller et al. 2020). A potential difference in 

social age is suggested in differential mortuary investment with age, as children younger than 2 

years frequently lack grave offerings (Oxenham et al. 2008a), although differential burial 

treatments may, of course, reflect the choices of the surviving caregivers (Oxenham et al. 

2008b). In this relatively egalitarian community “it is clear that children of all ages were deemed 

worthy of mortuary ritual and thus arguably recognised as individuals, people, or at least 

members of the community” (Oxenham et al. 2008b: 203). Both individuals in our case study 

were interred with mortuary offerings that probably reflect the care which they were afforded in 

the mortuary record and the context of grief for these lost children. 05MBM36 was found with 



shells, beads, and pottery fragments. The older 07MBH1M3, was buried with both shell and pot 

fragments (Huffer & Hiep 2011).  

 

Conclusion 

Here, we have presented a mixed-methods analysis of two individuals from the Neolithic site of 

Man Bac in northern Vietnam. In an attempt to better understand the maternal-infant nexus in 

this community, we analysed the dentition both chemically and through the use of cutting-edge 

LEH identification techniques. We show that while one of our individuals seems to have 

experienced a ‘typical’ weaning process, the other had a much more difficult time. We used LEH 

evidence to suggest that stress episodes were experienced by both individuals, with 05MBM36 

probably experiencing significant in utero stress. This evidence emphasises the levels of stress 

and care experienced by both infants and their mothers at the Man Bac site. Their stories support 

broader-scale evidence of population stress and maternal demands associated with growing 

fertility in the Neolithic population. The evidence that many children were experiencing early-

life stress also suggests that systems of community care may have been in place, aligning with 

evidence for care for the disabled in the same population. Overall, these case studies show that 

the examination of diet and stress during the pre- and perinatal period can help in untangling the 

maternal-infant nexus, and to better understand health ramifications for individuals and the 

community.  
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