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Abstract: 

 

Objective: This project sought to investigate whether an association may be observed 

between isotopic stress indicators and skeletal evidence of pathological conditions.   

Materials: Deciduous and permanent teeth of 15 non-adults from two contemporaneous mid-

19th century London burial grounds (City Bunhill, Lukin Street).  

Methods: δ13C and δ15N was measured in the incrementally sectioned dentine collagen. 

Isotopic profiles for each individual included death during tooth development. 

Results: Individuals with skeletal evidence of chronic pathological conditions (e.g., rickets, 

tuberculosis) exhibited raised δ15N values of 0.5-1.7‰ in the months prior to death. Isotopic 

change consistent with chronic physiological stress prior to death was also recorded in two 

individuals with no skeletal evidence of disease. An offset was observed between co-forming 

bone and dentine δ15N values in both populations, indicating that bone and dentine are not 

recording the same isotopic changes. 

Conclusions: Isotopic change consistent with chronic physiological stress was observed in 

both those with and without skeletal evidence of disease, suggesting that adaptation to 

chronic stress in childhood was not uncommon within these 19th century London populations. 

Significance: Chronic physiological stress prior to death may be seen in the incrementally 

sampled dentine of non-adults who die during tooth formation. 

Limitations: The temporal resolution of current dentine micro-sampling methods may mask 

or minimise visibility of shorter-term periods of stress or dietary change.  

Suggestions for further research: Future research should further explore the relationship 

between specific skeletal pathologies and isotopic evidence for stress.  
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1. Introduction 

The Industrial Revolution in Britain during the 18th to 19th centuries brought with it changing 

environmental conditions, extreme population growth, rapid urbanization, and often 

decreased standards of living (Allen, 2009). The impact of this transition from an agricultural 

to industrial society was most apparent in London, where the population rose from 

approximately 1 million in 1801 to 4.5 million in 1901. Public perception at the time saw 

London as an “overgrown monster” with an appetite for consumption which drew people and 

resources from across Britain (O’Brien and Quinault, 1993: 236). The overcrowding, 

pollution, poor sanitation, and poor nutrition caused by rapid urbanization contributed to a 

decline in child health and an increase in mortality rates amongst infants and children at this 

time (Chadwick, 1842; Wohl, 1983). Changes in child mortality profiles or child survival 

rates can provide a critical indicator of the biological well-being of a society, as children are 

the most sensitive to demographic and environmental change (Lewis, 2007). Their health and 

growth reflect the environment in which they are raised, and so the analysis of non-adult 

skeletal remains specifically is crucial to understand the impact that adverse environmental 

conditions had on the day-to-day life of ordinary people during industrialisation. The diseases 

which cause skeletal change, however, represent only a small proportion of all diseases 

present within a community, and a multidisciplinary approach is necessary when attempting 

to recreate an accurate picture of health (Roberts and Manchester, 2010).  

Recent methodological advancements in stable isotope analysis stand as another tool by 

which to assess childhood health in the past. The analysis of stable carbon (δ13C) and 

nitrogen (δ15N) isotopes in human tissues has proven effective in the reconstruction of dietary 

regimes in past populations (DeNiro and Epstein, 1978, 1981; Jay and Richards, 2006; Lee-

Thorp, 2008; Schoeninger, 2011). As dietary protein is incorporated during synthesis of 

collagen and other proteins in the body, the δ13C and δ15N composition of body tissues (e.g., 

bone, dentine, hair, and nail) reflects that of the protein consumed by an individual over time. 

δ13C analysis is used in the differentiation between C3, C4, and CAM sources of plant protein, 

which differ in the photosynthetic pathways used to convert carbon dioxide (CO2) into 

carbohydrates, thus affecting the δ13C values of a consumer (DeNiro and Epstein, 1978; 

O’Leary, 1981). δ13C analysis is also used to differentiate terrestrial and marine sources of 

protein in the diet of a consumer, due to the differences in δ13C values between dissolved 

carbonate in marine environments (c.-17‰) and atmospheric CO2 in terrestrial environments 

(c.-25‰) (Chisholm et al., 1982; McCutchan et al., 2003). δ15N analysis provides information 
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about an individual’s trophic position in the food-web, due to a progressive stepwise 

enrichment of δ15N values from lower to higher levels within a food chain (2-6‰ per trophic 

shift) (DeNiro and Epstein, 1981; Minagawa and Wada, 1984; Ambrose, 1991; Hedges and 

Reynard, 2007; Lee-Thorp, 2008). δ15N values can also differentiate between terrestrial and 

marine sources of protein. δ15N values are higher in marine organisms compared to terrestrial 

organisms, as food chains are longer in marine environments and the stepwise enrichment of 

δ15N values within the food chain is therefore greater (Schoeninger et al., 1983). 

Carbon and nitrogen stable isotope analyses have also been used to reconstruct breastfeeding 

and weaning practices in past populations. Upon birth, if an infant is exclusively breastfed, 

their δ15N values experience a trophic level enrichment (approximately 2-3‰) consistent with 

the consumption of their mother’s milk (Fuller et al., 2003, 2006a, 2006b; Nitsch et al., 

2011). With the commencement of weaning, δ15N values decrease over time (Katzenberg et 

al., 1996; Richards et al., 2002). δ13C values are also slightly elevated in breastfeeding infants 

(approximately 1‰) due to a carbon trophic level effect, and changing δ13C values can record 

the introduction of solid, carbohydrate-based, food to the diet (Fuller et al., 2003, 2006a).  

The fractionation process through which δ13C and δ15N are incorporated into various body 

tissues can be affected by physiological and metabolic processes, resulting in isotopic 

variation between individuals independent of diet (Schoeller, 1999; Reitsema, 2013). Growth 

(Trueman et al., 2005; Moller et al., 2009; Sears et al., 2009), nutritional stress (Hobson et al., 

1993; Hatch et al., 2006; Mekota et al., 2009), and illness (Fuller at al., 2004, 2005; 

D’Ortenzio et al., 2015) disrupt the nitrogen balance in the body, causing variation in diet-

tissue spacing on an individual level. The relationship between physiological processes and 

δ13C and δ15N stable isotope ratios is an area of rapidly expanding interest in bioarchaeology 

(White and Armelagos, 1997; Katzenberg and Lovell, 1999; Beaumont et al., 2013a, b, 2015; 

Beaumont and Montgomery, 2016; Garland et al., 2018; Olsen et al., 2018; Nicholls et al., 

2020). Advancements in isotope ratio mass-spectrometry (IRMS), resulting in a reduction of 

the sample size required for analysis, now allows for the sampling of smaller, sequentially 

formed tissues (e.g., hair, nail, dentine). Recent archaeological research has focused on 

developing a high temporal-resolution method of intra-dentine sampling, allowing for the 

attribution of an approximate age-at-formation to successive increments of dentine within a 

single tooth (Fuller et al., 2003; Eerkens et al., 2011; Beaumont et al., 2013a; Henderson et 

al., 2014; Sandberg et al., 2014; Beaumont and Montgomery, 2015). This affords the 

opportunity to reconstruct detailed life-histories that span from birth until early adulthood in 



5 
 

which changes to diet and health over time may be observed (Beaumont et al., 2013a). 

Utilisation of an isotopic approach to health and stress in past populations has been lauded as 

a new ‘frontier’ in palaeopathological research (Reitsema and Holder, 2018: 63), offering the 

opportunity to broaden the scope of archaeological investigations into disease and the disease 

process in past populations.   

This study combines palaeopathological and stable isotope analyses of non-adults from two 

19th century London populations to investigate whether an association may be observed 

between isotopic indicators of health and skeletal evidence of pathology. The prevalence of 

infectious and nutritional disease during British industrialisation, and within the two 

populations analysed, provides an opportunity to examine the relationship between skeletal 

pathological conditions and potential concurrent changes in isotopic profiles indicative of 

physiological stress. We examine the isotopic profiles of non-adults both with and without 

skeletal evidence of pathology and stunted growth, who died during tooth formation between 

infancy and adolescence, therefore capturing isotopic data in the months prior to death across 

age-groups. This study presents the advantages of integrating isotopic and palaeopathological 

data to explore the relationship between nutrition, stress, growth, and disease, offering a more 

nuanced interpretation of childhood health and quality of life during a period of documented 

high child morbidity and mortality.   
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2. Materials and Methods 

 

 

Figure 1. Location of St Mary and St Michael’s burial ground (●) and City Bunhill burial ground (♦) 

within London. Source: Google Maps [online] Base Map: Light Political, Map Data © 2021 Google.  

 

2.1 St Mary and St Michael’s burial ground, Lukin Street (LUK04) 

 

Located in the borough of Tower Hamlets, the Catholic Mission of St Mary and St Michael 

consecrated the first Roman Catholic burial ground in East London in 1843 (Maynard, 2007) 

(Fig.1). Lukin Street burial ground was in use for a discrete period of 11 years (1843-54) until 

it was closed following the Metropolitan Burial Act of 1853 (Henderson et al., 2013). The 

burial ground was partially excavated by Museum of London Archaeology (MOLA) between 

2004-2006. A total of 760 internments were excavated, of which 705 individuals were 

retained for osteological analysis (62% non-adult, 38% adult). Individuals between the ages 

of one to five years represented the largest category of those recovered (81% of non-adults), 

with a peak around the age of one year when mortality rates were highest (24.7% of overall 

population) (Henderson et al., 2013).  

 

Although no burial registers survive for the parish, legible surnames were recovered on 49 

coffin plates, 32 of which were of Irish origin (Powers and Miles, 2011). This supports 

documentary evidence that much of the Catholic population in East London at this time was 
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of Irish origin (Mayhew, 1861-2). Previous δ13C and δ15N analyses carried out on the bone 

collagen of 119 individuals from this site established that the dietary regime of the burial 

population was largely consistent with that of other contemporary London populations 

(Beaumont et al., 2013b). Dietary input suggested that the Irish population at Lukin Street 

was likely a mixture of 1st generation migrants, long-term or 2nd generation migrants, and 

locals who married into Irish families (Beaumont et al., 2013b). Irish migration to England 

during the Industrial Revolution was common as rising employment in the manufacturing and 

construction industries provided better prospects than those available in Ireland. Irish 

‘navvies’ were integral to the construction of the canals and railways during this period, and 

many other migrants worked as labourers on the docks, in factories, and as porters 

(MacRaild, 1999). It was during the Great Irish Famine (1845-52), however, that Irish 

immigration to London reached a peak of approximately 1.5 million (Swift, 2002), during 

which time the Lukin Street burial ground was open.   

 

2.2 City Bunhill burial ground, Golden Lane (GDA06) 

 

City Bunhill burial ground, located in the east-central London borough of Islington, was an 

area popular with Nonconformists, or Protestants who separated from the Church of England 

(e.g., Puritans, Methodists, Quakers) (Fig. 1). Burial began at City Bunhill in 1833 and 

continued until the grounds closure in 1853 by an Order of Council, due to a concern for 

health and hygiene (Connell and Miles, 2010). The burial ground was partially excavated by 

MOLA in 2006 and a total of 248 individuals were recovered, of which 239 were retained for 

osteological analysis (51% non-adult, 49% adult). Of the excavated non-adult population 

from City Bunhill, 33.6% died under one year of age, and 90.9% were aged approximately 

five years or younger at death (Connell and Miles, 2010). 

 

Burial registers are available for the entire period the burial ground was in use, during which 

18,036 burials were recorded (Connell and Miles, 2010). Extrapolating from the burial 

registers, it is evident that child and infant mortality were very high within the population, 

with 63.3% of burials in 1842 comprising children aged 10 or younger, of which 42% were 

aged two or younger (Connell and Miles, 2010). This child mortality figure suggests that the 

large proportion of recovered non-adult skeletal remains at this site was not a result of partial 

excavation or biased sampling. Documentary evidence recorded that many of the locals were 

of Irish origin, and, as it was common practice for Catholics to bury their dead in 

Nonconformist burial grounds when a Catholic option was not available, the burial 
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population was likely a mixture of individuals of English and Irish origin (Connell and Miles, 

2010). Previous δ13C and δ15N analyses carried out on the bone collagen and hair keratin of 

54 individuals from this site suggested that diet was largely consistent with other 

contemporaneous London populations, comprising mainly of C3 plant and terrestrial animal 

protein (Cadwallader, 2009).  

  

2.3 Sampling Strategy 

 

Normal dietary input in δ13C and δ15N values had already been established for adults from 

both populations, allowing the isotopic life-history profiles generated in this project to be 

considered in a broader population context. The utilisation of two different but contemporary 

population groups afforded the opportunity to establish that any isotopic change consistent 

with physiological stress was not the result of dietary practices unique to one population. To 

ensure that any isotopic variation was not due to dietary or physiological processes specific to 

a particular age, individuals of varying age-at-death were sampled. Ten non-adults from 

Lukin Street were chosen, ranging in age from approximately one to ten years at death. A 

limited number of individuals were available for analysis within the City Bunhill population. 

Five non-adults were chosen, ranging from two to thirteen years at death. All chosen teeth 

were still forming and had not reached apex completion, offering the opportunity to observe 

δ13C and δ15N variation in the period leading up to, and including, the approximate time of 

death.  

 

Osteological analysis was carried out by MOLA on all individuals in this project, the results 

of which were made available to the authors (Table 1). Nutritional, infectious, and non-

specific disease were recorded in the sample group. The characteristics, distribution, 

aetiology, and prevalence rates of these specific skeletal pathological conditions within the 

Lukin Street and City Bunhill populations are expanded upon in Supplemental Table A.1. 

Skeletal long bone measurements were also provided by MOLA, to allow for assessment of 

skeletal vs dental age. 
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Table 1: Table detailing the individuals chosen for this project, their dental age, the teeth chosen for 

isotopic analysis, and any pathological conditions recorded by MOLA.  

Site ID 
Age-at-death 

(Years ±6mths) 
Tooth Recorded pathology 

Lukin Street, 

Tower Hamlets 

1843-54 

(LUK04) 

    

LUK04 27 2 Deciduous RM1 None 

LUK04 211 1.5 Deciduous RM1 Rickets 

LUK04 369 2.5 Deciduous RM2 Cribra orbitalia 

LUK04 487 2.5 Deciduous RM2 Cribra orbitalia, dental caries 

LUK04 532 1.5 Deciduous RM1 Endocranial lesions 

LUK04 931 2.5 Deciduous RM2 Non-specific periosteal bone 

formation on frontal bone, and left 

and right medial tibiae 

LUK04 978 6.5 Permanent LM1 None 

LUK04 1072 2.5 Deciduous LM2 None 

LUK04 1241 2.5 Deciduous RM2 Caries and periapical lesion 

LUK04 1412 9.5 Permanent RM2 Cribra orbitalia, dental caries, enamel 

hypoplasia, vertebral osteoarthritis 

City Bunhill, 

Golden Lane 

1833-53 

(GDA06) 

GDA06 522 4 Permanent LM1 Tuberculosis 

GDA06 550 2 Deciduous RM2 Rickets and greenstick fracture 

GDA06 577 12.5 Permanent RM2
 None 

GDA06 705 13 Permanent LM2 None 

GDA06 709 12 Permanent RM2
 Cribra orbitalia 

    

 

 

2.4 Sample Preparation and Analysis 

 

Method 2 as established by Beaumont et al. (2013a) was followed in preparing the samples 

for isotope ratio mass spectrometry (IRMS) at the University of Bradford stable isotope 

laboratory. Care was taken to ensure that all sampled teeth were well-preserved, non-friable, 

and free from caries. Each tooth was cleaned by air abrasion prior to sectioning. One root 

(preferentially the longest) and the corresponding crown was removed from each tooth using 

a hand-held diamond saw in a straight motor-driven dental handpiece. In the deciduous teeth 

this root was left as is, whereas in the permanent teeth this root was further sectioned 

longitudinally from crown to root apex. Each complete section was demineralised in a 

solution of 0.5M hydrochloric acid (HCl) at 4°C over a period of 5-18 days. Subsequently, 

each sample was rinsed in deionised water, measured alongside a metal ruler, and cut into 

1mm sections perpendicular to the axis of the root, using a sterile scalpel. Each 1mm section 

was placed into a sealed microtube containing a pH 3 HCl and deionised water solution. 

These microtubes were placed on a heating block at 70°C to denature the collagen over a 

period of 24 hours. After this, each microtube was centrifuged for two minutes, to ensure that 

any debris fell to the base of the tube. The microtubes were then frozen and freeze-dried. The 

dry collagen was weighed, in duplicate, into tin capsules with an ideal weight of ~0.5 mg 

(ranging from 0.4-0.8 mg).  
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Each sample was measured in duplicate using a Thermo Delta Plus XL IRMS coupled to a 

Thermo Flash 1112 Elemental Analyser, both manufactured by Thermo Scientific. Instrument 

and sample blanks were included to measure levels of contamination. International and 

laboratory standards were included at the beginning, and at regular intervals thereafter 

throughout each analytical run, in order to detect drift, evaluate precision, and calibrate the 

data, allowing for inter-laboratory comparison (Pollard et al., 2007). The laboratory standards 

used were bovine liver standard (BLS), fish gelatine, and methionine, and the international 

standards were IAEA N2 (ammonium sulfate), and IAEA 600 (caffeine).  

 

2.5 Assessing the period of time represented by each dentine increment 

 

The developmental stage for each tooth was assigned using mineralisation stages described 

by Moorees et al. (1963) and modified by AlQahtani et al. (2010). The period of time 

represented by each dentine increment was assessed following Beaumont and Montgomery 

(2015) which assigns an approximate age in years to each dentine increment, following age-

at-formation stages set out by AlQahtani et al. (2010). The period encompassed by each 

increment was approximately four months in deciduous teeth and nine months in permanent 

teeth. The midpoint for these estimates was used to represent each increment, as age-at-

midpoint more accurately represents the isotopic values encompassed by these increments 

than the age at initial formation (Beaumont et al., 2013a).   

 

2.6 Identifying physiological stress in the dentine profiles 

The effect of physiological processes on stable isotope ratios in human tissues has been well 

documented in clinical and forensic literature (Hatch et al., 2006; Mekota et al., 2006, 2009; 

Petzke et al., 2006; Kuo et al., 2012; Morgan et al., 2012; Reissland et al., 2020), although the 

effect of physiology on δ13C and δ15N values specifically was first noted in animal studies 

investigating starvation/fasting episodes (Hobson et al., 1993; Kempster et al., 2007; 

Williams et al., 2007; Deschner et al., 2012; Robertson et al., 2014). In periods of 

physiological stress (undernutrition, trauma, and disease) the body falls into a catabolic state 

of negative nitrogen balance, during which it begins to process its own protein stores and 

muscle mass to obtain the nitrogen required for physiological processes to continue (Beisel, 
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1972; Katzenberg and Lovell, 1999; Fuller et al., 2005). Reprocessing of this tissue leads to 

increased fractionation, resulting in elevated δ15N values in tissues which is similar in 

appearance to a trophic level shift (Hobson et al., 1993; Hatch et al., 2006; D’Ortenzio et al., 

2015). In clinical contexts, elevated δ15N values have been observed in patients with 

anorexia, pregnant women suffering extreme morning sickness, critically ill children, and in 

hair samples of modern cadavers who suffered from disease or injury (infection, cancer, and 

fracture) (Coss-Bu, 2001; Fuller et al., 2005; Hatch et al., 2006; D’Ortenzio et al., 2015). 

Some alteration of δ13C values has also been observed clinically in response to stress, where 

elevated δ15N values can be accompanied by a slight decrease in δ13C values (Mekota et al., 

2006; Neuberger et al., 2013).  Declining δ13C values have been linked to the utilisation of 

body fat during periods of starvation, and alongside concurrent elevation in δ15N this is 

considered a reliable indicator of nutritional stress in clinical contexts (Neuberger et al., 

2013).     

It has been proposed that a pattern of rising δ15N values alongside little change in, or a 

decrease in δ13C values (opposing co-variance) may be a marker for nutritional and 

physiological stress in dentine profiles, while δ13C and δ15N values which rise and fall in 

tandem (co-variance) indicate dietary change (Beaumont and Montgomery, 2016). Given that 

we know the typical diet within the Lukin Street and City Bunhill populations both from 

previous isotopic analyses, and documentary evidence, it should be possible in this study to 

differentiate dietary input from physiological processes in the dentine profiles.  

 

2.7 Assessing skeletal vs dental age 

 

As tooth development is minimally affected by environmental and nutritional stressors, dental 

age was considered most representative of the true biological age for all non-adults in this 

project (Garn et al., 1965a, b; Elamin and Liversidge, 2013). Long bone length has been 

utilised in archaeology to assess for stunted growth and nutritional stress in children, and the 

lower limbs (femur and tibia) have been found to be the most susceptible to environmental 

stress (Saunders et al., 1993; Saunders and Hoppa, 1993; Lewis 2002). From birth until 

puberty the lower limbs grow more rapidly than the rest of the body, therefore any growth-

related insult experienced during this period is likely to affect lower limb growth more so 

than other skeletal elements (Leitch, 1951; Bogin and Baker, 2012). Lower limb length has 

been found a more sensitive indicator of adverse environment during infancy and childhood 
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than total stature, and relative leg length (hip-ankle length relative to overall total stature) 

reflects nutritional status and health during this period of growth (Bogin and Varela-Silva, 

2010; Bogin and Baker, 2012; Azcorra et al., 2013). The comparison of dental to skeletal 

(diaphyseal long bone) age was therefore used in this study to assess for stunted growth. 

Preference, where possible, was given to the skeletal age suggested by the lower limb bones 

(femur and tibia). Skeletal long bone measurements were available for 13 of the 15 

individuals in this study and skeletal age estimates were compiled using the methods 

established by Maresh (1970) and Gindhart (1973).  Where skeletal age estimates provided an 

age-range, the midpoint was utilised in this study, to facilitate comparison with dental age.   

 

3. Results 

3.1 Sample quality and analytical precision 

 

The C:N ratio for all samples was within the range of 2.9-3.6 recommended by Ambrose 

(1993) and 3.1-3.5 recommended by van Klinken (1999), suggesting the recovery of good 

quality collagen.  The collagen yields for samples were between 14% and 45% by weight 

after demineralisation, also indicative of the recovery of well-preserved collagen (van 

Klinken, 1999). The isotopic results for the dentine collagen are expressed using the delta 

notation (δ) in parts per thousand (‰) relative to a standard substance of known abundance, 

which for carbon is Pee Dee Belemnite (PDB or V-PDB), and for nitrogen is atmospheric N2 

(AIR). The analytical precision of all the data discussed in this project is ±0.2‰ (1σ) for both 

13C and 15N values, based on the repeated analysis of both international and laboratory 

standards.  

The results of the incremental dentine analysis are presented in Supplemental Table A.2 and 

Figures 2-16. The 13C and 15N rib collagen values for each individual (Cadwallader, 2009; 

Beaumont et al., 2013b) are plotted alongside the incremental dentine results, to demonstrate 

how dentine values relate to the rib collagen values from the same individual.  
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Figure 2: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for LUK04 27 

deciduous RM1, rib collagen 13C and 15N values adapted from Beaumont et al., 2013b. 

 

 

Figure 3: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for LUK04 211 

deciduous RM1, rib collagen 13C and 15N values adapted from Beaumont et al., 2013b. 
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Figure 4: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for LUK04 369 

deciduous RM2, rib collagen 13C and 15N values adapted from Beaumont et al., 2013b.  

 

 

 Figure 5: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for LUK04 487 

deciduous RM2, rib collagen 13C and 15N values adapted from Beaumont et al., 2013b. 
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 Figure 6: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for LUK04 532 

deciduous RM1, rib collagen 13C and 15N values adapted from Beaumont et al., 2013b.  

 

 Figure 7: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for LUK04 931 

deciduous RM2, rib collagen 13C and 15N values adapted from Beaumont et al., 2013b. 
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 Figure 8: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for LUK04 978 

permanent LM1, rib collagen 13C and 15N values adapted from Beaumont et al., 2013b. 

 

 

  Figure 9: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for LUK04 1072 

deciduous LM2, rib collagen 13C and 15N values adapted from Beaumont et al., 2013b. 
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 Figure 10: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for LUK04 

1241 deciduous RM2, rib collagen 13C and 15N values adapted from Beaumont et al., 2013b. 

 

  

 Figure 11: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for LUK04 

1412 permanent RM2, rib collagen 13C and 15N values adapted from Beaumont et al., 2013b. 
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 Figure 12: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for GDA06 

522 permanent LM1, rib collagen 13C and 15N values adapted from Cadwallader, 2009. 

 

 

Figure 13: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for GDA06 

550 deciduous RM2, rib collagen 13C and 15N values adapted from Cadwallader, 2009. 
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 Figure 14: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for GDA06 

577 permanent RM2, rib collagen 13C and 15N values adapted from Cadwallader, 2009. 

 

 

 Figure 15: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for GDA06 

705 permanent LM2, rib collagen 13C and 15N values adapted from Cadwallader, 2009. 
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 Figure 16: 13C (‰ V-PDB) and 15N (‰ AIR) values of dentine sections against age for GDA06 

709 permanent RM2, rib collagen 13C and 15N values adapted from Cadwallader, 2009. 

 

3.2 Incremental dentine profiles 

A number of distinct patterns were observed in the Lukin Street and City Bunhill data which 

are summarised in Table 2. The 15N isotopic profiles for those who exhibit rapid 15N 

elevation in the final dentine increments (representing the final few months before death), in 

the absence of significant δ13C variation, are plotted in Figure 17. The 15N isotopic profiles 

of all individuals who exhibit co-varying δ13C and 15N values over time, associated with 

dietary change, are plotted in Figure 18.  
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Table 2: Table summarising the isotopic trends seen in the incremental dentine profiles from Lukin 

Street (n=10) and City Bunhill (n=5).   

Site Summary of Trends in Dentine Profiles 

Lukin Street 

(LUK04) 

LUK04 27, 369, 487 and 931 (all deciduous) exhibit an elevation in δ15N values of between 

0.5‰ - 1.5‰ during the first six months of life, accompanied by an 0.5‰ to 1‰ increase in 

13C values at approximately the same time. This was followed by a sharp decrease of δ15N 

values and accompanying co-variance in 13C values in the period between six to nine months 

of life, which continued until death. This rapid decrease in δ15N values was significant, 

ranging 3.2‰ in one individual (LUK04 487).  

LUK04 978 exhibits an 0.8‰ decrease in 13C values and 0.7‰ decrease in 15N values 

between three months to 2.5 years. Both 13C and 15N values then increase by 1.3‰ and 

1.6‰ respectively, in a steady co-varying manner until death at approximately 6.5 years. 

LUK04 532 and 1412 exhibit relatively flat, stable profiles with a high degree of co-variance 

between δ13C and δ15N values and little change over time.  

LUK04 1072 exhibits a markedly different isotopic profile to others in this sample group. δ13C 

and δ15N values remained relatively constant until approximately 14 months, at which point 

δ15N decrease by 1‰ in the year prior to death while δ13C values rise to -16.4‰, a δ13C value 

visibly higher than all others in this grouping.  

LUK04 211 exhibits a co-varying increase in δ13C and δ15N values until approx. eight months 

of age, at which point δ13C values decrease slightly (0.1‰), while δ15N values continue to rise 

by 1.7‰ (to 16.5‰) in the final increments prior to death at approximately 18 months.  

 

LUK04 1241 exhibits δ15N values which decrease by 2.3‰ from birth until approximately 18 

months, accompanied by little to no variation in δ13C during this same period. In the seven 

months prior to death δ15N values increased by 1.2‰, increasing by 1‰ alone in the final 3.5 

months, accompanied by very slight (0.1‰) variation in δ13C during this period. 

 

City Bunhill 

(GDA06) 

GDA06 522 exhibits a co-varying decrease in δ13C and 15N values from approximately six 

months to three years of age. In the final year 15N increases by 1‰ alongside a small 

increase in δ13C (0.2‰). 

GDA06 550 exhibits a co-varying decrease in 13C and 15N values from birth until 

approximately 12 months, after which 15N values increase by 0.5‰ in the months prior to 

death alongside a slight decrease in δ13C.  

GDA06 577 exhibits a decrease in 15N values from age three to six, followed by a period of 

little variation until age ten, at which point 15N values steadily increased by 0.7‰ in the 

increments approaching death. δ13C values exhibit little to no variation across the entire 

profile. GDA06 705 exhibits a similar pattern to GDA06 577, of an initial decrease in 15N 

values at age three, a subsequent stability until age ten, followed by an increase of 1‰ in the 

increments approaching death. Again, δ13C values vary little across the entire profile.   

The fifth individual, GDA06 709, exhibits stable co-varying δ13C and 15N values from age 

four to nine, followed by an inversely co-varying slight increase in δ 13C and decrease in 15N 

values in the increments approaching death.  

 



22 
 

Figure 17: 15N isotopic profiles for those who exhibited rapid 15N elevation in the final dentine 

increments, in the absence of significant δ13C variation, plotted against approximate age in years. 
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Figure 18: 15N isotopic profiles for those who exhibited co-varying δ13C and 15N values over time 

related to dietary change, plotted against approximate age in years. 

 

3.3 Data in population context 

 

13C values for the Lukin Street non-adult dentine in this study range from -20.5‰ to -16.4‰ 

with a mean value of -18.3(±0.9‰) while 15N values range from 11.2‰ to 17.5‰ with a 

mean value of 14.5(±1.5‰) (n=71 total dentine samples). 13C values for the City Bunhill 

non-adult dentine range from -20.1‰ to -18.2‰ with a mean value of -19.4(±0.3‰) while 

15N values range from 11.8‰ to 14.5‰ with a mean value of 12.8(±0.6‰) (n=43 total 

dentine samples). The difference in δ13C and δ15N values between the Lukin Street and City 

Bunhill groups was significant (independent samples t-test two tailed: p<0.001 for δ13C 

t=9.36, and p<0.001 for δ15N t=8.50, CI 95%), however this significance should be treated 

with caution due to the small sample size of both populations, the differing ages of non-adults 

in both groupings, and the differing number of dentine samples per individual.  

Lukin Street: Mean dentine δ13C values were, on average, 0.3±0.4‰ higher and δ15N values 

0.7±0.7‰ higher than the rib collagen value (Beaumont et al., 2013b) for the same 

individual. The difference in mean δ13C values between dentine and bone was not statistically 
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significant, but the difference in mean δ15N values was significant (two-tailed paired samples 

t-test: p=0.090 for δ13C t= 1.90, p=0.008 for δ15N t= 3.38, CI 95%).   

City Bunhill: Mean dentine δ13C values were, on average, 0.3±0.1‰ higher and δ15N values 

0.6±0.3‰ higher than the rib collagen value (Cadwallader, 2009) for the same individual. The 

difference in mean δ13C and δ15N values between dentine and bone were both statistically 

significant (two-tailed paired samples t-test: p=0.005 for δ13C t=5.72, p=0.013 for δ15N t= 4.22, 

CI 95%).   

3.4 Skeletal vs Dental Age 

Skeletal long bone measurements were available for 13 of the 15 individuals in this study. The 

difference between dental (AlQahtani et al., 2010) and skeletal (Maresh, 1970; Gindhart, 1973) 

age is detailed in Table 3. A difference between dental and skeletal age was observed in 11 of 

the 13 individuals, suggesting that they experienced some degree of stunting or growth deficit 

when compared to healthy children of the same age. Two individuals, LUK04 487 and LUK04 

931, both aged 2.5 years at death, did not exhibit evidence for a growth deficit. All available 

tibial lengths were plotted against expected length-at-age from modern data (Maresh, 1970), 

demonstrating that growth deficits occurred across all age-groups (Fig. 19). 

 

Table 3: Estimated dental vs skeletal age for each individual with available long bone measurements. 

Where skeletal age estimates provided an age-range, the midpoint was utilised to facilitate 

comparison with dental age.  

Individual 

Estimated 

dental age  

(in years) 

Estimated 

skeletal age 

(in years) 

 

Long bone measurements 

used to estimate skeletal age 

Discrepancy 

between skeletal 

and dental age 

(in years) 

LUK04 27 2.0 1.0 Femur & Tibia (L) 1.0 

LUK04 211 1.5 0.75 Humerus (L) 0.75 

LUK04 369 2.5 1.5 Femur (L) 1.0 

LUK04 487 2.5 2.5 Femur & Tibia (L) 0 

LUK04 532 1.5 0.75 Humerus (L) 0.75 

LUK04 931 2.5 2.5 Femur & Tibia (L) 0 

LUK04 978 6.5 3.5 Femur & Tibia (R) 3.0 

LUK04 1072 2.5 1.25 Humerus (R) 1.25 

LUK04 1241 2.5 1.25 Tibia (L) 1.25 

LUK04 1412 9.5 6.0 Femur & Tibia (L) 3.5 

GDA06 522 4.0 2.5 Femur & Tibia (L) 1.5 

GDA06 577 12.5 10.0 Femur & Tibia (L) 2.5 

GDA06 709 12.0 8.0 Tibia (R) 4.0 
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Figure 19: Tibial length plotted against approximate (dental) age for LUK04 and GDA06 individuals, 

compared to expected mean tibial length-at-age for modern children, ± 1 & 2 standard deviations (SD) 

(Maresh, 1970).   
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4. Discussion 

 

4.1 Distinguishing dietary input from physiological processes in the isotopic profiles 

 

4.1.1 Dietary trends 

With the advent of industrialisation, breastfeeding and its duration became increasingly 

linked to the socioeconomic and employment status of the mother, and declined in urban 

areas, especially amongst the poor, as employment outside the home became more common 

for lower-class women (Underwood, 1818; Bull, 1848, 1877; Howarth, 1905; Wickes, 1953; 

Fildes, 1995). Documentary evidence from the 1890’s, however, suggests that up to 80% of 

urban English women did either wholly or partially breastfeed their infants for at least the 

first three months (Fildes, 1995). Nutritionally poor dry foods such as pap (a mixture of bread 

and milk/water) and panada (a mixture of cereal and broth) were increasingly added to the 

diet in place of milk during weaning, alongside whatever food was available in the household 

(Drummond and Wilbraham, 1958).  

Of the nine individuals for whom ‘birth’ samples were obtained, LUK04 27, 369, 487, and 

931 all exhibited a post-birth co-varying increase in both δ13C and δ15N values, consistent 

with that observed in breastfeeding infants (Fuller et al., 2003, 2006a, b) (Fig. 2,4,5,7). δ13C 

values decreased prior to or at the same time as δ15N values, potentially recording the 

introduction of weaning foods into the diet between three and eight months of age (Fuller et 

al., 2006a). It has been argued, however, that short term maternal stress in utero, or in an 

infant around the time of birth, may result in high perinatal δ15N values which subsequently 

decrease post-birth, mimicking a breastfeeding/weaning curve (Beaumont et al., 2015).  In 

this study the co-varying δ13C values strongly suggest that the change is dietary in nature, but 

the possible additional influence of maternal or perinatal stress on δ15N values cannot be 

ruled out (de Luca et al., 2012; Burt and Amin, 2014), particularly in the case of LUK04 27, 

whose perinatal δ15N values are markedly higher than others in this study.  This data is 

consistent with documentary evidence and previous isotopic research, suggesting that 

breastfeeding practice and weaning age in 19th century London was variable (Henderson et 

al., 2014; Beaumont et al., 2015). 

Documentary sources from the period record that bread, potatoes, and beef or ham made up 

the general everyday diet of the poor and labouring classes in London, with irregular 
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consumption of vegetables such as carrots, peas, and onions (Archer, 1870; Anon, 1877). 

Some substituted meat for fish as it was cheaper, and eels, fried fish, and whelks were 

considered weekend luxuries (Archer, 1870).  Milk, treacle, and jam were popular with the 

children of the poor. The latter was often spread on bread and formed a main component of 

childhood diet (Drummond and Wilbraham, 1958). We know from previous isotopic analysis 

of the Lukin Street population that the diet of the majority was consistent with this 

documented London diet, containing meat, some fish, and mainly C3 plants, while those at 

City Bunhill consumed much the same with less marine protein contribution (Cadwallader, 

2009; Beaumont et al., 2013b). In terms of post-weaning and early childhood diet, the data 

from this study was broadly similar. LUK04 978 exhibits a co-varying decrease in δ13C and 

δ15N values from approximately eight months until 2.5 years, which may represent a period 

of weaning on low δ15N foodstuff such as panada, followed by a co-varying rise in both δ13C 

and δ15N values until death at 6.5 years, likely the result of a dietary change to increased 

consumption of animal protein or freshwater fish (Fig. 8). LUK04 1412 and GDA06 709 also 

have isotopic profiles consistent with the consumption of terrestrial animal and C3 plant 

protein in early childhood (Fig. 11, 16).  

The dentine profile of LUK04 1072 is markedly different to the others in the Lukin Street 

group (Fig. 9). It appears that this individual underwent a dietary change at approximately 

one year old, to a low δ15N, high δ13C foodstuff, consistent with a C4 crop. This profile is 

compatible with the consumption of maize, a relief food introduced in Ireland during the 

Famine (1845-52) (Beaumont et al., 2013b; Beaumont and Montgomery, 2016). The 

documentary and isotopic evidence for Famine-period Irish migrants in the Lukin Street 

burial ground mean it is possible that this infant may have been an Irish migrant who came to 

London around the time of the Famine, and died shortly after arrival (Mayhew, 1861-2; 

Powers and Miles, 2011; Beaumont et al., 2013b).  

 

4.1.2 Physiological processes 

All the non-adults sampled in this study died during tooth formation, and so the final dentine 

increments represent an average of δ13C and δ15N values in the months preceding death. Six 

individuals exhibited an elevation in δ15N values of 0.5‰ to 1.7‰ in the final dentine 

increments, accompanied by either little change in, or opposing co-variance, in δ13C values 

(Fig. 17). When the δ15N profiles of all individuals in this study are considered in context, 
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these six deviate in an obvious manner from those for whom co-variance in δ13C and δ15N 

values suggests only dietary input (Fig. 18). This pattern has been observed in other 

archaeological studies and linked to periods of physiological stress due to undernutrition and 

disease (Montgomery et al., 2013; Beaumont and Montgomery, 2016; Nicholls et al., 2020). 

In this study, δ15N elevation in the final dentine increments occurred in both deciduous 

(LUK04 211, 1241, GDA06 550) and permanent teeth (GDA06 522, 577, 705) of varying 

age-at-death (approximately 1.5 to 13 years), suggesting that this pattern was not the result of 

dietary change or physiological processes at a particular age. Given that this elevation of δ15N 

is observed in successive increments, and that δ15N values were both highest, and 

experienced the largest stepwise enrichment, in the final dentine increment, we propose that 

this pattern is consistent with the experience of physiological stress in the months prior to 

death. In order to explore this interpretation further, the relationship between the osteological 

and isotopic data, and their historical context have been considered below.  

 

4.2 The relationship between osteological evidence for disease and isotopic profiles  

 

Of the six individuals with isotopic profiles consistent with the experience of physiological 

stress, two (LUK04 211, GDA06 550) exhibited skeletal change consistent with rickets, one 

with tuberculosis (GDA06 522), one had dental caries and a periapical lesion (LUK04 1241), 

and two exhibited no skeletal evidence for disease (GDA06 577, GDA06 705) (Table 1). 

Pathological conditions indicative of non-specific stress or nutritional deficiency (periosteal 

reaction, enamel hypoplasia, endocranial lesions, cribra orbitalia), were noted in six of the 

fifteen individuals in this study (LUK04 369, 487, 532, 931, 1412, GDA06 709). None of 

these individuals exhibited isotopic profiles consistent with physiological stress in the months 

prior to death. Three further individuals exhibited no skeletal evidence for disease (LUK04 

27, 978, 1072), and isotopic profiles consistent with dietary input.   

 

4.2.1 Relationship between skeletal pathology and isotopic profiles  

Research investigating the relationship between specific pathological conditions and δ13C and 

δ15N ratios in human tissues has found sometimes inconsistent results. Katzenberg and Lovell 

(1999) explored the relationship between pathological bone and stable isotope ratios, finding 
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three of four sampled pathological specimens exceeded normal isotopic variation. White and 

Armelagos (1997) found statistically significantly elevated δ15N values in the bone collagen 

values of female Nubian mummies who suffered from osteopenia, when compared to the 

overall population. Olsen et al. (2018) also identified a pattern of elevated δ15N values in the 

bone collagen of individuals with cribra orbitalia. In contrast, Waters-Rist and Hoogland 

(2018) found significantly lower δ13C and δ15N values in the bone collagen of infants and 

children with rickets than those without in a 19th century Dutch community, and interpreted 

this as the result of a nutritionally poorer diet in those with rickets. These studies are 

complicated however by the lack of precision afforded by bulk sampling of bone collagen, 

which provides a single value averaging δ13C and δ15N values over a period of years 

depending on the bone sampled, making the identification of change due specifically to 

physiological stress difficult (Beaumont, 2020).  More recently, elevation in δ15N values in 

the months preceding death was identified in the incrementally sampled dentine of a 

Bronze/Iron Age infant with probable scurvy, and the combined skeletal and isotopic data in 

this case supported an interpretation of severe malnutrition (Nicholls et al., 2020).  

In this study, increasing δ15N values consistent with the experience of physiological stress 

were noted in all three individuals with specific pathological conditions.  Rickets and 

tuberculosis are both associated with widespread skeletal change (Mays et al., 2006; 

Aufderheide and Rodríguez-Martín, 1998) (Supplemental Table A.1). Trauma and disease 

have been found to elevate δ15N values in incrementally sampled tissues, even in cases where 

an individual is receiving adequate nutrition (Coss-Bu, 2001; D’Ortenzio et al., 2015). King 

et al. (2017), however, noted the difficulties surrounding interpretation of isotopic data due to 

the equifinality, or multiple pathways, which lead to the same isotopic values. Even in the 

case of specifically stress-related isotopic change, it can be difficult to determine whether that 

stress is the direct result of the disease process, a more indirect result of malnutrition due to 

illness, or a result of malnutrition due to lack of available foodstuffs, which in turn made the 

individual more susceptible to disease.  In modern populations both rickets and tuberculosis 

often present with other significant co-morbidities including malnutrition, deficiency disease, 

and other systemic disease (Qazi et al., 1998; Ward et al., 2007; Thacher et al., 2013), and in 

the context of 19th century London, it is almost certain that this also held true. Therefore, 

while the skeletal and isotopic data both support an interpretation of chronic stress in the 

months prior to death in these three individuals, it is not possible to state that the isotopic 

stress was caused by the disease itself.  
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LUK04 1241 was recorded as having dental caries and a localised periapical lesion, and 

exhibits increasing δ15N values consistent with the experience of physiological stress over a 

period of seven months prior to death. Olsen et al. (2018) found lower δ15N values in the 

bone collagen of medieval Germans with dental abscesses, which they attributed to a 

potential dietary change to lower δ15N soft foodstuff to alleviate pain from the abscess. It is 

possible that, in the case of LUK04 1241, the combination of dental caries and a periapical 

lesion impacted their ability to eat, and therefore the nutritional quality of food they 

consumed, and that the elevated δ15N values in the months preceding death reflect a period of 

nutritional stress. Severe dental caries and associated mouth pain in early childhood have 

been found to be substantial risk factors for malnutrition in clinical research, forcing a change 

in diet due to pain while chewing (Vania et al., 2011; So et al., 2017). Given their age-at-

death (approx. 2.5 years), it is likely that nutritionally poor soft foodstuff such as pap and 

panada formed a large part of LUK04 1241’s diet. If this was not supplemented by additional 

animal and plant protein, then catabolism of protein stores in the body may have occurred.  

Given the small sample size in this study, it impossible to determine whether δ15N enrichment 

in those with pathological conditions was a direct result of the disease process itself, or 

whether it is reflective of a more complex relationship between factors which impact disease 

susceptibility. Individuals have been shown to respond differently to similar levels of 

physiological stress depending on factors such as sex, weight, diet, and underlying health 

(Fuller et al., 2005; Closa-Monasterolo et al., 2011; Bhatia et al., 2014). It seems likely 

therefore, that the relationship between disease, nutrition, and isotopic evidence for 

physiological stress is complex, and research is necessary to investigate the link between 

specific pathological conditions and isotopic indicators of health. The first author is currently 

undertaking further research in this area. 

 

4.2.2 Isotopic evidence for stress in the absence of skeletal pathology 

GDA06 577 and GDA06 705 were recorded as exhibiting no osteological evidence of 

pathology, but the isotopic data suggests that these individuals experienced some form of 

chronic stress in the final two years of life, which had not been resolved prior to death. That 

all the individuals in this study died in childhood suggests that some abnormal factor led to 

their death, be that malnutrition, chronic or acute illness, or trauma. The absence of skeletal 

pathology could be interpreted as evidence for acute rather than chronic illness. However, 
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GDA06 577 and GDA06 705 demonstrate that chronic adaptation to stress also occurred in 

those for whom skeletal pathological changes are not evident.  

Diseases which cause skeletal change represent only a small proportion of all diseases present 

within a community. This is especially true in the context of 19th century London, given the 

high prevalence of acute infectious disease amongst children. These diseases had a rapid 

progression resulting in either healing and survival, or death, and therefore rarely cause 

skeletal change which may be identified through osteological analysis. After prematurity and 

congenital defects (~30%), most infant deaths at the time were associated with diarrhoeal 

diseases (Newman, 1906; Wickes, 1953; Buchanan, 1985). Infections such as whooping 

cough, bronchitis, scarlet fever, croup, measles, and smallpox were also common amongst 

infants and young children (Newman, 1906; Hopkins, 1994). Cholera epidemics in 1848-9 

and 1853-4 killed 62,000 and 20,000 people (adults and children) respectively, often within 

hours of first displaying symptoms (Roberts and Cox, 2003: 337). However, in addition to 

these acute diseases, some chronic conditions may not always manifest skeletal change. For 

example, across all age groups pulmonary tuberculosis was the most prevalent single cause of 

death in the mid-19th century (Szreter, 1988), but the crude prevalence rates of tuberculosis 

(based on skeletal manifestation of lesions) in the entire Lukin Street and City Bunhill 

populations were 0.7% and 0.8% respectively (Henderson et al., 2013; Connell and Miles, 

2010). If skeletal lesions of tuberculosis manifest in only 3-5% of cases (Aufderheide and 

Rodríguez-Martín, 1998), this suggests approximately 8.5-14.2% of the Lukin Street 

population (60-100 people) would likely have been infected, yet osteological evidence for the 

disease was only visible in five individuals.  

Crane-Kramer and Buckberry’s (2020) comparison of skeletal palaeopathology and General 

Register Office (GRO) data for 19th century London highlight the complexity of 

reconstructing health during this period. Osteology informs us only of skeletal disease, and 

documentary evidence tends to focus on cause-of-death rather than overall health, and only to 

the extent of the limited understanding of the medical community at that time. As a result, 

there is a gap in reconstructing the actual health experience on an individual basis, where 

diseases which do not cause skeletal change or result in death are underrepresented. Isotopic 

analysis could mitigate this problem, by presenting another tool by which to track changes to 

physiological health during childhood. This isotopic data could provide a method by which to 

estimate the age-of-onset and duration of periods of physiological stress, in incrementally 
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sampled dentine, and may potentially be used to distinguish between chronic and acute illness 

prior to death in non-adult skeletal remains.  

A limitation to this, however, is the attenuation, or temporal overlap, between and within 

dentine sections which is present using the Beaumont et al. (2013a) method. As each dentine 

section represents a period of months, short term dietary changes or discrete periods of 

physiological stress are averaged against the weeks/months on either side of the short-lived 

event (Beaumont and Montgomery, 2016; Scharlotta et al., 2018). The expression of these 

short term δ13C and δ15N changes will therefore be lower than expected, and depending on 

when these changes occur, may result in overlap between increments which blurs the overall 

chronological precision, and limits our ability to identify exact moments of dietary transition 

or onset of stress (Scharlotta et al., 2018).  It is important to consider this when interpreting 

the isotopic profiles in this study, and to highlight that periods of stress may have occurred 

which are not visible due to these current limitations. Future methods achieving increased 

temporal resolution will ameliorate this problem, either in the sampling of smaller dentine 

sections (0.5mm rather than 1mm) or through the use of new imaging-assisted biopsy-punch 

micro-sampling approaches (as seen in Czermak et al., 2018; Fernández-Crespo et al., 2018).  

 

4.2.3 Relationship between stunted growth and isotopic profiles  

The impact of the urban industrial environment on childhood growth has been noted in both 

historical records and archaeological studies (Floud et al., 1990; Lewis, 2002; Newman and 

Gowland, 2017). Factors such as malnutrition, infectious disease, and low-protein diets have 

been found to adversely affect childhood growth, causing a reduction in potential stature 

(Bogin, 1988; De Benedetti et al., 1997; Strauss, 1997; Ramakrishnan et al., 1999; Shrimpton 

et al., 2001). Documentary and archaeological evidence suggests that these factors were 

common amongst the two populations in this study, and analysis of the Lukin Street 

population found that diaphyseal age consistently underestimated true age in the documented 

age-at-death non-adult group, supporting evidence for widespread stunted growth amongst 

those who died in childhood (Henderson et al., 2013). None of these known age individuals 

were sampled in this study.  

Boys and girls experience a different growth tempo throughout childhood, with girls 

maturing faster than boys (by approximately 15%) (Bogin, 2021). It has been proposed that 

fat and protein retention in girls leaves them better ‘buffered’ against environmental stressors, 
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allowing growth to continue in the same circumstances where boys experience stunting 

(Oyhenart et al., 2006; Zhao et al., 2017; Bogin, 2021). It is possible that an offset between 

dental and skeletal age may therefore be more likely in boys, due either to a differential pace 

of growth in childhood between the sexes, or an increased susceptibility of boys to 

environmental stress. Reedy (2020), however, found that lower and middle socio-economic 

status industrial era girls exhibited a greater percentage of stunting when compared to boys 

from the same populations. This unexpected result was interpreted as potential evidence for 

male ‘cultural buffering’ (in terms of favourable social treatment and nutrition) overriding 

female ‘biological buffering’ in these industrial groups (Reedy, 2020). In light of this recent 

research, and as sex is unknown for the individuals in this study, it is not possible to speculate 

on the impact of sex on growth deficit within this sample group.  

In periods of growth, the body enters an anabolic state of positive nitrogen balance, during 

which dietary protein is preferentially routed directly to protein synthesis rather than 

excreted, and so fractionation, and therefore δ15N values, are lowered (Fuller et al., 2004; 

Trueman et al., 2005; Williams et al., 2007; Sears et al., 2009). This effect has been observed 

in the sequentially sampled hair of modern individuals during pregnancy (Fuller et al., 2004), 

but the expected effect of growth on δ15N has not been identified in archaeological bone 

collagen studies (Nitsch et al., 2010; Waters-Rist and Katzenberg, 2010). This may be a result 

of the decreased temporal resolution of bone collagen when compared to sequentially 

sampled tissues, or alternatively, this may be the result of a cessation of bone growth during 

periods of stress (Beaumont, 2020). It has been proposed that, as skeletal growth can be 

affected by nutritional and physiological stress, there is a threshold of stress above which new 

bone collagen is not produced, while teeth, which are more resistant to environmental stress, 

continue to produce dentine collagen during these same periods, resulting in isotopic 

differences between co-forming tissues (Beaumont et al., 2018; Beaumont, 2020). 

This study found a statistically significant (p ≤0.05) difference between rib collagen and 

mean dentine δ15N values in both the Lukin Street (p=0.008) and City Bunhill (p=0.013) 

groups. Mean dentine δ15N values were significantly higher than rib collagen δ15N values, 

from the same individual, in both populations. In six of the 15 dentine profiles, δ15N values 

were consistently higher than bone collagen throughout the entire life-course, and at no point 

did the bone and dentine δ15N profiles overlap (LUK04 27, 532, 1241, 1412, GDA06 550, 

709).  This offset between co-forming dentine and bone collagen δ15N values from the same 

individual has been observed in other studies (Beaumont, 2013; Burt, 2013, 2015; Beaumont 
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et al., 2018; King et al., 2018). Skeletal measurements were available for five of the six 

individuals for whom dentine δ15N values were consistently higher than the bone collagen 

value. All five exhibited skeletal age estimates much younger than their dental ages, 

supporting the interpretation that in some cases elevated dentine to bone δ15N in co-forming 

tissue may represent a cessation of bone collagen production during stress. Whilst growth 

facilitates protein conservation during moderate nutritional stress (Nørrelund et al., 2001, 

2002; Moller et al., 2009), the effect of sustained physiological stress outweighs the effect of 

growth on δ15N values (Fuller et al., 2005).  This could in part explain why dentine δ15N 

values in many stunted individuals were consistently higher than the bone collagen value, 

whilst dentine δ15N values in those with no growth deficit (LUK04 487, LUK04 931) 

overlapped with and dipped below the bone collagen δ15N value. This data supports the 

increasing evidence that incrementally sampled dentine is picking up δ13C and δ15N changes 

caused by both diet and physiological factors, where bulk sampling of bone collagen is not, 

and suggests that the combination of stunted growth and a bone/dentine δ15N offset could be 

used as a marker for long-term stress. 

 

4.2.4 Assessing childhood health during industrialisation through stable isotope analysis 

In the early 19th century, an estimated one in five infants died before the age of one, and 

approximately half of all deaths were accounted for by infants under the age of five (Bull, 

1848, 1877; Hopkins, 1994). Malnutrition, overcrowding, and poor hygiene had a profound 

impact on children born during this period, in which diseases of industry and urbanisation 

impacted their health, quality of life, and chances of survival to adulthood. At the same time, 

industrialisation also brought the advent of a new field of medical research dedicated 

specifically to children’s health, and a drastic change in the approach of the medical 

community to the prevention and treatment of childhood illness (Cooke, 1769; Underwood, 

1818; West, 1854; Rangroo, 2008). For the first time, infrastructure concerned specifically 

with the management of children’s health was developed, initially in the form of charitable 

organisations and later as national healthcare institutions (Loudon, 1979; Dunn, 2002; 

Lomax, 1996). Increasing public concern at the effect of this rapid social change on child 

mortality rates encouraged legislative reform and State intervention in what was once a parish 

responsibility. Against a background of increasing industrialisation, legislative reform 

attempted to balance industrial progress and children’s welfare, through the enactment of 



35 
 

sanitary reform and restrictions on child employment (Chadwick, 1842; Blair et al., 2010; 

Rosen, 2015). This combination of State intervention and reform, and medical research and 

innovation, resulted in a dramatic decrease in infant and child mortality rates in the later 19th 

and early 20th centuries (Duffin, 2010).  

 

The demographic profile of the non-adults in this study, and the osteological evidence for 

disease within the group, is characteristic of many other London burial groups from the 

period. Isotopic stress has been observed in incremental dentine studies of other 19th century 

British populations (Henderson et al., 2014; Beaumont et al., 2015) and in populations from 

other locations and periods (Sandberg et al., 2014; King et al., 2017; Beaumont et al., 2018; 

Craig-Atkins et al., 2018; Nicholls et al., 2020; Walter et al., 2020) (Table 3). However, due 

to the small sample group utilised in this study, and the small number of suitable comparable 

studies, it is not possible to say whether these 19th century children were any more or less 

stressed than others from industrial/non-industrial eras.  Further research is necessary to 

establish a baseline of ‘normal’ δ13C and δ15N profiles, within a population, of those who 

survived childhood and those who did not (e.g., Beaumont et al., 2013a), perhaps also 

exploring the relationship between specific pathological conditions and isotopic evidence for 

stress in both survivors and non-survivors.  

 

Mays et al. (2017) recommend that future studies should focus on an integrated approach 

which utilises both adult and child remains in order to investigate childhood in the past. They 

highlight that such an integrated approach provides the best opportunity to understand the 

life-long implications of factors such as childhood diet and disease, and to more fully 

understand the effects of the osteological paradox on child bioarchaeological data (Mays et 

al., 2017). δ13C and δ15N analysis of dentine provides this opportunity, and the integration of 

isotopic analysis with existing documentary and osteological data in this study demonstrates 

that a multidisciplinary approach yields further insight into the complex interactions between 

maternal health, childhood diet, growth, and disease. It is clear that δ13C and δ15N analysis of 

dentine could play a key role in our understanding of how children experienced 

industrialisation, the impact which these major social changes had on their health and welfare 

throughout the life-course, and how subsequent improvements in maternal and child health 

affected the childhood experience.  
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Table 4: Brief summary of studies which have found evidence for physiological stress in dentine 

profiles.  

Period & Location  Findings  Reference  

Kulubnarti, Nubia c550-

800 CE 

δ13C and δ15N incrementally sectioned dentine profiles 

were created for 5 adult individuals (permanent 1st molar 

and canine). They found LEH coinciding with declining 

δ15N in all individuals and suggested that this represents a 

period of systemic stress during weaning.  

Sandberg et al., 2014 

St Saviour’s Almhouse 

burial ground, 

Southwark, London 

1730-1850 CE 

δ13C and δ15N incrementally sectioned dentine profiles 

were created for 42 individuals (adult and non-adult, 

permanent molars). They found a significant difference in 

δ13C and δ15N values between males and females, and 

proposed that this may represent a greater susceptibility of 

males to nutritional deprivation, as rates of enamel 

hypoplasia were also significantly higher in males.  

Henderson et al., 

2014 

Kilkenny Union 

Workhouse, Ireland 

(1847-52 CE) 

Lukin Street burial 

ground, London (1843-

54 CE) 

High Pasture Cave, Isle 

of Skye (1st – 2nd c BCE) 

Sumburgh cist, Shetland 

(3510-2660 BCE) 

δ13C and δ15N incremental dentine analysis was performed 

on the permanent and deciduous molars of 29 individuals 

from 4 sites spanning from the Neolithic era to the 19th 

century. This study found that the dentine profiles of those 

who died in childhood fluctuated far more than those who 

survived into adulthood, and that perinatal δ15N values 

were significantly higher in non-survivors than in those 

who survived into adulthood, suggesting that 

maternal/perinatal stress may have impacted susceptibility 

to disease in childhood.  

Beaumont et al., 2015 

Azapa Valley, Northern 

Chile, 4000 BCE- 1450 

CE 

δ13C and δ15N incremental dentine analysis was performed 

on the deciduous and permanent dentition of 25 non-adults 

and 5 adults from pre- and post-agricultural sites, finding 

evidence for both in utero and post-natal stress across time 

periods.  

King et al., 2017 

Raunds Furnells 

cemetery, 978 – 1040 CE 

δ13C and δ15N incremental dentine analysis was performed 

on the deciduous and permanent dentition of 18 non-adults 

and 5 adult females, compared to the bone collagen δ13C 

and δ15N values from the same individual. The results 

indicated that dentine is recording aspects of both diet and 

stress, where bone collagen is not.  

Beaumont et al., 2018 

Raunds Furnells 

cemetery 10th-12th c CE 

Black Gate cemetery, 

Newcastle 8th-12th c CE 

δ13C and δ15N incremental dentine analysis was performed 

on the deciduous teeth of 86 non-adults from four early-

medieval cemeteries. They found a pattern of opposing co-

Craig Atkins et al., 

2018 
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Cherry Hinton cemetery, 

Cambridge 8th- 12th c CE 

Spofforth cemetery, 

N.Yorkshire 7th- 9th c CE 

variance in 8 individuals, the most likely cause of which 

was a period of stress.  

St Mary Spital cemetery, 

London c1120-1539 CE 

21 δ13C and δ15N incremental dentine profiles created from 

permanent molars/premolars of attritional (n=10), and 

famine (n=11) burials. Five of the 11 individuals from 

famine burials exhibited an opposing co-variance pattern, 

in some cases associated with concurrent enamel 

hypoplasia.  

Walter et al., 2020 

Zagorje ob Savi 

cemetery, Slovenia 6th – 

4th c BCE 

δ13C and δ15N incremental dentine analysis was performed 

on the 1st deciduous incisor of a non-adult aged approx. 9 

months at death. The infant had pathological lesions 

consistent with scurvy, and the dentine profile suggested 

that the infant suffered from severe malnutrition and an 

increasingly negative nitrogen balance prior to death.  

Nicholls et al., 2020 
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5. Conclusions  

 

The findings from this study support previous research indicating that δ15N and δ13C change 

consistent with periods of physiological stress may be observed in the incrementally sampled 

dentine collagen of non-adults who died during tooth formation. Individuals for whom 

skeletal evidence of chronic pathological conditions (e.g. rickets, tuberculosis) were recorded 

exhibited elevated δ15N values of 0.5-1.7‰ in the months prior to death. Isotopic change 

consistent with chronic physiological stress prior to death was also recorded in two 

individuals with no skeletal evidence of pathology, highlighting that not all those who 

experience long term illness will exhibit skeletal evidence of this. That six of the fifteen 

individuals sampled in this study exhibited isotopic profiles consistent with stress suggests 

that adaptation to chronic physiological stress in childhood was not uncommon within these 

19th century London populations, which is supported by documentary evidence for high child 

mortality during the period.  

This study found a significant difference between mean dentine and bone δ15N values in both 

the Lukin Street and City Bunhill groups, indicating that even in co-forming tissues dentine 

and bone are not recording the same isotopic changes. The elevation of dentine δ15N in those 

with stunted growth suggests that dentine continues to record dietary and physiological 

change when stress may have caused a cessation of bone growth.   

Although the sample size is small, this data demonstrates that utilising δ13C and δ15N stable 

isotope analysis in combination with palaeopathological analysis offers the opportunity to 

provide a more nuanced understanding of the timing of early childhood stress and its 

relationship to diet and disease.  
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