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“Ye canna be loosin’ folk straight from Scotland into the wilderness, and expect them to claw
a living out of it” – Jamie Fraser
Diana Gabaldon, A Breath of Snow and Ashes
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Abstract
This thesis investigates the childhood physiological stress experiences of mid-nineteenth
century European and Chinese settlers in Otago, New Zealand, through the histological
examination of enamel formation disruption. Immigrants to Otago expected superior living
conditions, more upward mobility and the opportunity to obtain more wealth than in their origin
countries. Although historical studies frequently argue that the early immigrant populace of
New Zealand experienced better health than their contemporaries back home, this has only been
recently addressed from a bioarchaeological perspective. Recent archaeological excavations of
three cemeteries in the Otago towns of Milton (2016) and Lawrence (2018, 2019) aimed to
elucidate the lived experience of nineteenth century Otago settlers.
Children are a valuable and widely used indicator of population health as they are more
sensitive to stress events than adults due to the physiological demands of growth. Additionally,
the analysis of early childhood experiences in a person that continued to live can contribute to
a biosocial picture of individual life histories. Preliminary bioarchaeological evidence has
indicated a more nuanced picture of health than the established historical narrative. This thesis
presents results of histological analyses of enamel formation disruption that provide evidence
for childhood ill-health experiences in early European and Chinese settlers of Otago. Internal
indicators of secretory ameloblast function disruption, ‘Wilson bands’, were analysed in
individuals from three cemetery sites; St John’s Burial Ground, Milton (SJM) (n =14), and the
Ardrossan Street (n = 9) and Gabriel Street (n = 6) Cemeteries, Lawrence. Only one individual
did not exhibit evidence of Wilson band formation, and mean prevalence was higher in
individuals from the Chinese section of Gabriel Street (mean = 11.8) than those from the
predominantly European SJM (mean = 4.6) and Ardrossan Street (mean = 5.7) cemeteries.
There was no significant difference in mean duration of enamel formation disruption between
all three sites, however one individual (A B1, mean = 22 days) exhibited a much higher average
duration compared to all other individuals (SJM mean = 4.2 days, Gabriel Street mean = 4 days,
other individuals from Ardrossan Street mean = 4.4 days). Average stress event duration was
almost twice as long in European adults (mean = 5.3 days) when compared to European
subadults (mean = 2.7 days) from SJM. There were no clear differences in Wilson band
prevalence or duration when European males and females were compared. The presence of
prenatal Wilson bands in four samples provides evidence for difficult maternal health
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circumstances. Neonatal line width was variable between samples, and consistent with other
published measurements.
The histological results presented in this thesis are consistent with difficult childhood
circumstances for early European and Chinese immigrants to Otago, and the first generation of
Pākehā children. By comparing evidence for individual experiences between people of different
backgrounds, sex and ethnicities, this thesis challenges the homogenous narrative that
frequently presented New Zealand as a ‘land of plenty’, free from the hardships of industrial
revolution era Britain, or China during a period of socioeconomic collapse.

Keywords: childhood stress, colonial health, dental histology, enamel growth disruption,
Wilson bands
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Chapter 1: Introduction
New Zealand has long been thought of as a ‘land of plenty’. During the latter half of the
nineteenth century, immigrants to New Zealand were lured by advertisements of plentiful work
and easy living (Phillips & Hearn, 2008; Simpson, 1997; ‘The Right Class of Emigrants’, 1860).
In particular, the goldrush of the 1860s in central Otago attracted a wave of immigrants from
Europe, largely Britain and Ireland, many by way of the Australian goldfields (Inwood &
Maxwell-Stewart, 2015; Ng, 1993; Petchey et al., 2018a; Phillips & Hearn, 2008). Chinese
miners were invited to Otago by the Dunedin Chamber of Commerce, first arriving in 1865 and
comprising almost half of all miners by the mid-1870s (‘Manorburn’, 1865; Ng, 1993).
Historical studies have argued that the early immigrant populace of New Zealand experienced
better health and longer lifespans than their contemporaries back home (Inwood & MaxwellStewart, 2015; Woodward & Blakely, 2014). Research based archaeological investigations of
colonial health in New Zealand have only recently begun, allowing the corroboration of
historical data with physical evidence (Petchey, et al., 2017, 2018a, 2018b; Smith & Garland,
2012). Preliminary bioarchaeological evidence has indicated the picture of health is more
nuanced than the established historical narrative (Buckley et al., 2022; Coleborne &
Godtschalk, 2013; King et al., 2020a, 2021a; Snoddy et al., 2020, 2021).
This thesis will demonstrate how the application of histological methods of analysing
disruptions to dental enamel formation provides evidence for episodes of physiological stress
during childhood in early settlers of Otago, New Zealand. Placing this analysis in a framework
of concurrent bioarchaeological investigation contributes to the understanding of individual
lived experiences at this time. To best outline and justify this research approach, this chapter is
divided into five main sections. Section 1.1 provides an overview of the settlement of Otago
during the mid-nineteenth century, from which the population sampled in this thesis was drawn.
Section 1.2 summarises the historical, archaeological and bioarchaeological research that has
previously been conducted on this population and their origin communities. Section 1.3 outlines
the significance, scope and definitions used in this thesis. Section 1.4 presents the research aims
and objectives, and section 1.5 provides a full thesis outline.
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HUMAN SETTLEMENT OF AOTEAROA NEW ZEALAND

1.1.1 Polynesian Settlement and Subsequent European Colonisation of Aotearoa New
Zealand
Aotearoa New Zealand was one of the last areas of Earth to be colonised, with a relatively
short indigenous settlement history in comparison to the rest of the Pacific (Buckley & Petchey,
2018; Walter et al., 2017). The first humans to visit New Zealand were Polynesians who likely
arrived in the thirteenth century AD, and the earliest evidence of permanent and widespread
human settlement dates to the early fourteenth century AD (King, 2003; Walter et al., 2017).
The indigenous occupation of New Zealand was uninterrupted by outside forces until the arrival
of the first European explorers, at which point huge changes in subsistence, society, health and
population occurred (Ballantyne, 2012; Pool, 2013; I. Smith, 2008). The first European contact
with New Zealand occurred in 1642 when Abel Tasman sighted the northwest coast of the South
Island (Wilson, 2016). Subsequent European contact was not made until 1769 when James
Cook made the first non-Māori circumnavigation of New Zealand in the barque Endeavour,
followed closely by Jean de Surville in the Saint Jean Baptiste (Dunmore, 1990; King, 2003).
Temporary Pākehā occupation of New Zealand began in 1792, and the first permanent
European settlement was developed in 1814 (Middleton, 2009; Smith, 2008). The word Pākehā
came into use by Māori to refer to the European immigrants, and now typically designates a
New Zealand born person of European descent (Smith, 2008).
Population growth was gradual, with around 2000 European immigrants in New Zealand
in 1839 (Adams, 1977), representing only 2.5% of the entire New Zealand population, and
Māori outnumbered foreign nationals until the end of the 1850s (Pool, 2013). In 1840 the
signing of Te Tiriti o Waitangi, the Treaty of Waitangi, granted Britain sovereignty over New
Zealand, and this was followed shortly by the establishment of formal towns such as Auckland,
Wellington and Whanganui (Smith, 2008; Treaty of Waitangi [English Version], 1840). Rapid
immigration ensued, with almost half of new immigrants of English descent, followed by
Scottish, Irish and Australians, with small groups of Welsh, Germans, Scandinavians, Chinese
and Americans (Belich, 2002).
As part of the nineteenth century European colonial drive, state-sponsored emigration
schemes began to operate in Britain (Figs. 1-1a & b), and New Zealand was advertised as a
‘land of plenty’, promising a better life to encourage the settlement of families and development
of the growing British colony (Ballantyne, 2012; Phillips & Hearn, 2008; ‘The Right Class of
Emigrants’, 1860; Ward, 1840). Many people emigrated to escape the shackles of the British
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class system and their poor living and working conditions, hoping to find in New Zealand a
more egalitarian society that allowed people to “do well and realize their ambitions”
(Ballantyne, 2012; Simpson, 1997, p. 9). As much of this immigration to New Zealand was
state sponsored and incentivised, the population cannot be interpreted as a microcosm of the
general outflow to new worlds during the nineteenth century (Phillips & Hearn, 2008).
Additionally, many immigrants did not settle permanently in New Zealand, instead engaging in
itinerant occupations such as sealing, whaling and goldmining, and Phillips and Hearn (2008,
p. 27) note that “for many who endured the long voyage here, New Zealand was not the promise
land”. Despite this the non-Māori population of New Zealand continued to grow, with
devastating consequences for the existing tangata whenua, as the governing British Crown
sought to abolish indigenous lifeways through social reform to fulfil the imperial dream of
‘progress’ (Inwood & Maxwell-Stewart, 2015).
Figure 1-1a.

Figure 1-1b.

Figures 1-1a & b. Propaganda posters advertising sponsored emigration from Britain to New
Zealand during the nineteenth century. 1-1a. Auckland City Libraries – Tāmaki Pātaka Kōrero,
Sir George Grey Special Collections. Reference: 7-C2024. 1-1b. Courtesy of A. Snoddy.
Many factors were at play during the nineteenth century to encourage emigration from
the ‘old world’ to the ‘new’, and push factors included increasingly overcrowded urban areas,
poor working conditions, and hunger, with many people forced to stretch already thin resources
(Beattie, 2008; Simpson, 1997). Pull factors included the perceived benefits and opportunities
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of new world colonies during a period of increasing globalisation, such as the chance to improve
one’s social station and health by escaping the class system of Britain, particularly for children
(Phillips & Hearn, 2008; Simpson, 1997; Soper, 1948). Job loss increased in Victorian Britain
and Ireland when many rural labourers lost rights to their land as commons gave way to
increased pastoral farming in England, crofters lost land in Scotland, and industrialisation
removed the livelihoods for domestic craftpersons, such as spinners and weavers (Phillips &
Hearn, 2008). Propaganda promoting the new colony of New Zealand was rife, enthusiastically
proclaiming a similar climate to Britain, free from biting winter cold or wan summers, without
the extreme hot and parched landscapes of Australia, nor the numbing cold of Canada (Beattie,
2008; ‘New Zealand Misrepresented’, 1860; Newman, 1882). The early nineteenth century also
saw major economic and social disturbances in southern China, compelling Cantonese men to
leave, as a series of civil wars plunged the area into an economic depression (Ng, 2003). Pull
factors to New Zealand for Cantonese men from poor rural areas included the opportunity to
quickly obtain capital through goldmining and wage earning, with low living costs and a high
exchange rate providing good returns on wealth sent back to China (Ng, 2003). While many
men arrived with the aim to return to their families in China after saving their earnings, some
established permanent lives in New Zealand (Ng, 1993). There are records of Cantonese men
opening businesses, marrying and having families with Pākehā and Māori women (Ip, 2003a;
Ng, 1995; Reeves, 2010; Wanhalla, 2013).
1.1.2 Settlement of South and Central Otago
The Otago region has been occupied since humans first arrived in New Zealand during
the fourteenth century, and prior to European settlement the largest changes to the landscape
came from the clearing of forests and subsequent formation of grasslands through extensive
burning by Māori across Te Wai Pounamu, the South Island (McGlone, 2001; Smith, 2008;
Williams, 2009). Archaeologists have long assumed the lower South Island climate was
prohibitive for crop cultivation, suggesting populations instead relied on transient coastal
settlements, with sporadic seasonal visitation to inland sites for food and lithic resource
collection (Hamel, 2001; McGlone, 2001; Williams, 2009). Barber and Higham (2021) have
recently published evidence for kūmara storage at Pūrākanui in northern Otago during the midfifteenth century, proposing that this was grown in Canterbury and transported south via waka.
Organised gathering and processing of foods in the late eighteenth century allowed the growth
of permanent coastal Māori villages, and the arrival of Europeans provided opportunities for
trade and the incorporation of new crops such as the potato (Hamel, 2001).
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The first Pākehā Otago residents were whalers living at shore stations between 1831 and
1848, and they integrated heavily with the local iwi, marrying local women and combining their
European farming skills with Māori garden resources (Belich, 2002). The founding of Dunedin
in 1848 by the Free Church of Scotland began an influx of storekeepers and farmers, with many
runholders emigrating from Australia, and farms were quickly established across the Taieri and
Tokomairiro plains (Hamel, 2001; Smith, 2008; Sumpter & Lewis, 1949). The discovery of
alluvial gold deposits by Gabriel Reid in 1861 precipitated the Otago Goldfields rush, populated
by a cosmopolitan mix of European and Chinese immigrants, predominantly men, resulting in
the proliferation of inland Otago settlements such as Tuapeka/Lawrence, Clyde and Cromwell
to accommodate the burgeoning population (Ng, 1993; Petchey et al., 2018).
While the majority of early Otago settlers appear to have been drawn to New Zealand
hoping to realise the goals of economic stability and improved living conditions, this was not
always the case. Similarly, these people would have come from a huge variety of socioeconomic
backgrounds, and their early life experiences would have been vastly different. This thesis
investigates the childhood ill-health experiences of early European and Chinese Otago settlers,
as well as the first generation of Pākehā children born in New Zealand. Accordingly, it is
important to understand how their early lived experiences may have influenced their choice to
leave their ‘home’ countries for New Zealand.
1.2

PREVIOUS RESEARCH OF NINETEENTH CENTURY HEALTH
This thesis examines disruptions to dental enamel formation in individuals that died in

New Zealand, many of whom were born and raised elsewhere. Thus, a grounded framework of
contextual bioarchaeological literature based on their origin communities contributes to the
elucidation of their diverse early lived experiences. This section summarises previous studies
of nineteenth century health, with a focus on Britain and China, as well as south and central
Otago.
1.2.1 Bioarchaeological Studies of Health in Victorian Britain
Bioarchaeological enquiry into nineteenth century period cemeteries is well founded in
the United Kingdom. Recent investigations have explored the biosocial contexts of life
experiences during the industrial revolution in both rural and urban settings, with a focus on
comparing the health effects of increasing industrialisation between the two contexts (Brickley
et al., 2007; Gowland, 2018; Gowland et al., 2018; Newman & Gowland, 2017). These studies
have exposed a recurrent theme of increasing hardship and unfavourable health effects amongst
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the urban poor and a comparatively ‘healthier’ lifestyle in rural populations, with large regional
variation in diet, lifestyle and mortality rates (Greaves, 2018; Roberts & Cox, 2003). Historical
records from the nineteenth century attest to regular stunting of growth, exhibited most
extremely in the poorest classes, who were often forced to stretch resources due to low wages,
inconsistent employment and increasing family sizes (Floud et al., 1990; Newman & Gowland,
2017; Sharpe, 2012). Lower income families were frequently forced to prioritise resource
distribution, whereas individuals of higher social status had better access to resources such as
food and State supported medical care, resulting in better health (Mays et al., 2009; Newman
& Gowland, 2017; Sapolsky, 2004).
Dietary surveys taken during the mid-nineteenth century have shown that while lifespans
increased during this period in Britain, there was a disparity in diet between urban and rural
populations (Clayton & Rowbotham, 2008b, 2009; Greaves, 2018). The poorer labouring
population in isolated rural areas of England, the west of Ireland and the mainland and islands
of Scotland may have consumed diets with higher nutritional value than those living in urban
centres (Clayton & Rowbotham, 2008a, 2008b, 2009; Greaves, 2018; Smith, 1864). This
increase in lifespan was likely not just a result of improved nutrition and sanitation, contributing
to lower mortality from food and water borne diseases, but also fewer deaths due to pulmonary
tuberculosis which is often associated with improved nutrition (Clayton & Rowbotham, 2008a;
Greaves, 2018). Overall, research has indicated that a relatively ‘healthier’ lifestyle was
experienced by individuals living in rural settings, with increased hardship and detrimental
health effects commonly observed amongst the urban poor (Clayton & Rowbotham, 2008a,
2008b, 2009; Roberts & Cox, 2003; Rowbotham & Clayton, 2008). This would be expected to
have been mirrored in the early settler populations of New Zealand, which was advertised as a
paradise for the working man, with access to good food, adequate clothing and an invigoratingly
dry and mild climate (Newman, 1882).
1.2.2 Overseas Chinese Archaeology
Overseas Chinese Archaeology, archaeological investigation focussed on the nineteenth
century Chinese diaspora, initially developed in North America during the late 1960s (Barth,
1964; Chinn et al., 1969; Lee, 1960; Lyman, 1974; Saxton, 1971). Early archaeological analysis
was primarily based on descriptive unpublished site reports and graduate student theses (Ross,
2014). Research has been largely confined to the United States of America, Canada, Australia
and New Zealand, and has developed primarily over the last two decades into an
interdisciplinary field with increasing contextual and comparative methodologies (Chan et al.,
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2001; Hannis, 2011; Ip, 2003a; Ng, 1993, 2003; Ritchie, 1986, 2003b; Ross, 2014; Sheng, 2011;
Voss, 2005, 2018). Early studies often concluded that the maintenance of traditional Chinese
culture by immigrants, based on the high frequency of Chinese made artifacts in archaeological
assemblages, indicated a resistance of acculturation (Piper, 1988, Praetzellis et al., 1987). This
frequently homogenised Chinese immigrant groups that often varied widely in socioeconomic
backgrounds, cultural traditions and languages (Piper, 1988; Praetzellis et al., 1987; Ritchie,
1986; Ross, 2014). The work of Mary and Adrian Praetzellis, who conducted early resource
management studies of Chinese merchants in Sacramento, California, was some of the first to
begin questioning the interpretation of the adoption of European material culture by Chinese
immigrants (Praetzellis et al., 1987). Praetzellis et al. (1987) have argued that this limited
adoption of European material culture is not only reflective of acculturation, but other factors
such as power relationships and differential access to goods. Recent historical and
archaeological investigations have challenged these assumptions further, in an effort to
elucidate the different individual experiences of Chinese immigrants during the mid-nineteenth
century (Beattie, 2017; Chan et al., 2001; King et al., 2020a; Ng, 2003; Reeves, 2010; Ritchie,
2003a; Ross, 2014; Sheng, 2011; Voss, 2005, 2018). Whilst this recent effort has begun to
dissect the often-homogenised Chinese immigrant experience, this is still on a much more
limited scale than that seen in contemporary studies of nineteenth century European
immigrants. The contribution of evidence for individual lived experiences, such as those
presented in this thesis, therefore provide a valuable addition to the modern understanding of
the nineteenth century Chinese diaspora.
1.2.3 Recent Historical and Archaeological Studies of South and Central Otago
The archaeological investigation of the transformations in material culture, settlement
patterns and economy within early non-Māori settlement of New Zealand has focussed largely
on corroborating the positive view of Pākehā New Zealand that has been held since the earliest
days of European settlement (Newman, 1882; Smith, 2008; Woodward & Blakely, 2014).
Recent historical investigations have argued that the New Zealand environment was broadly
healthy for Europeans, with early settlers enjoying higher standards of living, longer lifespans
and better health than their contemporaries in Europe (Inwood & Maxwell-Stewart, 2015;
Maxwell-Stewart et al., 2015; Woodward & Blakely, 2014). This was accompanied by largely
unimpeded access to natural resources that continued to drive immigration and economic
expansion, as migrants were compelled to leave their homes due to declining financial
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circumstances, leading to a fear of impending hunger and poverty (Inwood & Maxwell-Stewart,
2015; Phillips & Hearn, 2008).
Despite this overwhelmingly positive view, scholars have noted that migrants would often
exaggerate the negative qualities of the ‘old world’ and hide their negative health experiences
in New Zealand (Phillips & Hearn, 2008). Contemporary photographers of the New Zealand
frontier tended to portray everyday life in a positive context to contribute to the general
propaganda that was distributed to promote New Zealand at the time (Mackay, 1992). Mackay
(1992, p. 15) observes that “only a few guarded images of the many human casualties of the
[frontier New Zealand] experience [exist]. Sickness, injury, violence, drunkenness and despair
were rarely photographed because of the technical and social limitations of colonial
photography, yet they were common features of the frontier society in New Zealand”.
Smith (2008) discerns that by the early twenty first century the majority of archaeological
investigations of colonial New Zealand has focused on Chinese settlers. Phillips and Hearn
(2008) argue that we must have a concrete perception of who the Pākehā settlers were in order
to understand the developing culture that was Pākehā New Zealand. Historical and
archaeological research of health is limited not only by the narrow scope of archaeological
studies of early settler health in New Zealand, but by the small traces of information that are
able to be collected. Many historical sources are biased towards the controlling classes and
those who emigrated through state-sponsorship, rendering a large portion of the population, in
particular women and children, largely invisible to the historical and archaeological records
(Ballantyne, 2012).
1.2.4 Recent and Current Bioarchaeological Investigation of South and Central Otago
The use of bioarchaeological research methods to investigate health in early non-Māori
settlers has begun only very recently, and the Southern Cemeteries Research Project (SCRP) is
the first to combine different facets of osteological analysis in order to examine the health
experience of early settlers in their new physical and social environments (Buckley et al., 2022;
Buckley & Petchey, 2018; King et al., 2020a, 2020b, 2021a, 2021b; Snoddy et al., 2020, 2021).
Since 2016, The University of Otago has undertaken archaeological excavations as part of the
Southern Cemeteries Research Project, in conjunction with Southern Archaeology Ltd (Petchey
et al., 2017). To date, four cemetery sites have been excavated: the ‘Old’ Ardrossan Street
Lawrence Cemetery (H44/1135), the ‘New’ Gabriel Street Lawrence Cemetery (H44/1136), St
John’s Anglican Burial Ground in Milton (SJM) (H45/156), and the Drybread Cemetery near
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Omakau (G41/630). One of the main research aims associated with these excavations is to
establish whether those who immigrated to the area in the mid- to late-nineteenth century did
in fact lead a healthier life, or if there was any improvement on their earlier health experiences
at all (Buckley et al., 2022; Petchey et al., 2018b). A cross-disciplinary approach has allowed
investigators to examine many aspects of early settler origins, diet and health, through a
combined lens of bioarchaeological analysis, archaeological investigation and historical
information (Buckley et al., 2022; King et al., 2021a, 2021b; Petchey et al., 2017; Snoddy et
al., 2020, 2021). As early records are extremely limited in content and quality, historic studies
homogenise the distinct national identities extant within early New Zealand society, often
ignoring significant non-European groups such as the Chinese goldminers, by lumping people
into British or non-British categories, and the biosocial experiences of early colonists remain
largely unknown (Buckley et al., 2022; King, 2003; Ng, 1993; Woodward & Blakely, 2014).
Thus far, innovative isotopic and genetic studies of settler origins in a New Zealand
colonial sample by King et al. (2020a, 2021a) have challenged the expectation that class
differences would be less pronounced in New Zealand than in Britain. This suggests that the
move to New Zealand was not necessarily associated with a shift to higher quality and more
nutritious food, as was suggested by colonial advertising. There is also evidence for infectious
diseases such as tuberculosis (Snoddy et al., 2020), disability (Snoddy et al., 2021), and illhealth and serious injury in European frontier men and women (Petchey et al., 2018a, 2018b).
Preliminary results from Buckley et al. (2022) suggest that little changed for the initial colonists
in Otago. Ongoing research at the University of Otago continues to examine the people, their
cultural traditions, origins, and health, through a range of artefactual and skeletal material
analyses. Nineteenth century colonial cemeteries such as those explored in this project are an
ideal basis for research that assesses the biological effects of colonisation on the health of the
colonisers. Likewise, the analysis of childhood indicators of physiological stress in immigrants
permits the comparison of health experiences before and after immigration. Incorporating
bioarchaeological data into investigations of health during this time is advantageous since this
can provide information that is absent from the historical record, particularly as individual life
stories of those who made up early colonial society have frequently been lost (Buckley et al.,
2022; King et al., 2021a; Snoddy et al., 2020).
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1.2.5 Osteobiography and the Life History Approach
Osteobiographies are an increasingly popular approach to studies of the individual life
history within osteology, in particular as an alternative to large-scale population studies. An
osteobiographical or life history approach considers an individual’s life experience within their
biosocial environment, and can provide more sensitive information regarding their lived
experiences than osteological analyses alone (Appleby, 2019; Hosek, 2019; Hosek & Robb,
2019). An osteobiographical or life history approach is reliant on the idea of skeletal plasticity,
the capability of the body to change in response to stress, disease, damage and degenerative
changes throughout the life course (Agarwal & Glencross, 2011; Hosek & Robb, 2019; Sofaer,
2006). Osteobiographies are multi-faceted, and are generally rooted in macroscopic
observations of bony changes, such as those associated with health, disease and habitual activity
patterns (Stodder & Palkovich, 2012). The addition of microscopic observations of evidence
for changes in health can further add to the picture of individual lived experiences, and this is
discussed further in Chapter Six.
Observations of skeletal changes throughout the life course are then considered in a
framework of contextual information, often provided by historical and ethnographical sources
(Stodder & Palkovich, 2012). The analysis of childhood experiences of physiological stress,
that resulted in changes to regular skeletal growth, can thus contribute to the creation of a
holistic osteobiography. As childhood is a critical period of the life course, events that impact
health and development at this time can inform long-term health outcomes (Armelagos et al.,
2009; Hales & Barker, 2001). A growing body of animal research has begun to indicate how
developmental changes in utero and during early childhood can influence adult mortality and
morbidity (Armelagos et al., 2009).
An osteobiography should place an individual within their sociocultural context, the
comparison of individual microhistories can offer different insights into the same period of time
(Appleby, 2019; Robb & Pauketat, 2013). History may have unfolded differently for different
peoples, and it is necessary to separate metanarratives, such as the colonisation of New Zealand
by Britain, or the Otago goldrush of 1861, from individual experiences (Robb & Pauketat,
2013). Nevertheless, an osteobiographical approach counteracts some of the limitations of
historical, archaeological and mortality-based studies, where only a single point of an
individual’s lifetime is able to be studied.
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SIGNIFICANCE, SCOPE AND DEFINITIONS

1.3.1 Using Dental Growth Disruption to Study Physiological Stress During Childhood
Historical and archaeological sources can provide a basis for the analysis of health, both
at the population and individual levels, but these sources can often be unreliable or ambiguous.
The inclusion of bioarchaeological evidence mitigates some of these confines, but this still
involves some inherent limitations. Using dental analytical methods is advantageous as teeth
preserve better than bone and, as dental enamel does not remodel during life, they form a
permanent temporal record of responses to physiological and chemical conditions from in utero
to late childhood (Armelagos et al., 2009; Boldsen, 2007; Hosek & Robb, 2019).
Children are highly vulnerable to adverse environmental conditions due to their immature
immune system and the physiological demands of growth (Lewis, 2007; Newman & Gowland,
2017). As dentition forms during infancy and childhood, the analysis of teeth is a valuable
means of investigating health and diet during this period of life (Rose et al., 1984). One of the
most frequently used non-specific indicators of stress and ill heath in childhood studies is dental
enamel hypoplasia (DEH), defined as deficiencies in enamel secretion due to the disruption of
secretory ameloblast function during the formation of the dental crown (Goodman & Rose,
1990). These result in transverse depressed lines or pits on the surface of enamel (Goodman &
Rose, 1990; Hillson, 1996). Internally, enamel development is characterised by the production
of long-period incremental lines known as Retzius lines, representing rhythmic disturbances or
changes in enamel secretion, and short-period lines visible as cross-striations that denote the
circadian repeat interval and can be used to determine the daily enamel secretion rate (ESR) of
enamel (Fig. 1-2) (Goodman & Rose, 1990; Smith et al., 2007).
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Figure 1-2. A longitudinal tooth section showing striae of Retzius, which emerge as perikymata
on the imbricational enamel. The direction of short-period cross-striations are visible as
horizontal lines in the inset photomicrograph. Adapted from Katzenberg and Grauer (2019, p.
232).
Disruptions to normal growth can result in accentuated Retzius lines, referred to as
‘Wilson bands’. These can be used to construct a chronology of stress events during an
individual’s life history when the ESR is known or able to be estimated (FitzGerald & Saunders,
2005; Smith et al., 2007). These techniques, although destructive, can provide more sensitive
evidence of stress events than external DEH analyses, allowing the confident association of
identified defects with episodic growth disruptions during childhood (Aris, 2020; FitzGerald et
al., 2006; FitzGerald & Saunders, 2005; Witzel et al., 2008). Additionally, age at death and sex
estimations are able to made for adult skeletons, allowing the consideration of sex as a factor
when studying physiological responses to stress events. This is beneficial as children are the
most sensitive indicators of a culture’s adaptive fitness, but are often underrepresented or absent
from skeletal collections, and sex estimates are not able to be made for subadult skeletons based
on morphology alone (Rose et al., 1984).
1.3.2 Ethics and Limitations
Although the dentition tends to preserve better than bone within an archaeological
context, there are inherent limitations when undertaking bioarchaeological analyses. Dental
information can be lost through several different processes, such as antemortem tooth loss due
to disease or accidents, dental attrition and abrasion, and post-mortem tooth loss and
taphonomic changes (Armelagos et al., 2009). Additionally, the study of stress indicators such
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as enamel hypoplasia has not been standardised (e.g. Cares Henriquez & Oxenham, 2017, 2019,
2020; Erkman et al., 2022; Goodman & Rose, 1990; King et al., 2005; Rose et al., 1984; Towle
& Irish, 2020), and this has led to a variety of analytical methods, thresholds, result presentation
and result reporting (Cares Henriquez & Oxenham, 2019; Dąbrowski et al., 2021; Neiburger,
1990; Primeau et al., 2015; Reid & Dean, 2006). The two most common methods can be
separated into microscopic and macroscopic categories (Boldsen, 2007; Cares Henriquez &
Oxenham, 2020; Goodman & Rose, 1990a; Towle & Irish, 2020). The microscopic method
used in this thesis provides a greater capacity for objective, precise and accurate results, when
compared to surface macroscopic observations (Cares Henriquez & Oxenham, 2017, 2020;
Goodman & Rose, 1990; Witzel et al., 2008). Conversely, microscopic methods, while able to
provide a higher level of details, are often destructive and can be expensive and timeconsuming. In addition, several researchers have proposed that enamel defects that cannot be
matched across teeth may indicate localised trauma or infection (FitzGerald & Saunders, 2005;
Hillson, 1996; King et al., 2005), however these defects are extremely rare (Hillson, 2005).
Some authors have recommended using only a singular tooth type when comparing individuals
to provide a more standard approach (e.g. Buikstra & Ubelaker, 1994), but this is not always
possible given the limits of recovering skeletal remains. Indicators of physiological stress, such
as Wilson bands, are also nonspecific. Although the stressors contributing to skeletal changes
can rarely be determined, contextual artefacts and historical data can provide clues to potential
causes on individual scales (Boldsen, 2007).
Individual frailty, the relative risk of dying, also varies within any given population
(Boldsen, 2005). This results in the exhibition of different physiological changes to the same
biological phenomena, meaning that not all humans will react in an identical manner to stressors
such as malnutrition or illness. Insults may expose a pre-existing frailty variance both within
and between populations, and it is equally possible that these insults are a cause of heterogeneity
of frailty (Boldsen, 2007; Towle & Irish, 2020). As dental defects occur during early life they
have been argued to be less prone to bias than later bony changes (DeWitte & Stojanowski,
2015; Wood et al., 1992). Despite this, there is little standardisation across bioarchaeological
dental analytical methods and many studies are limited by small sample sizes. In addition, the
Osteological Paradox observes that skeletal samples are inherently biased as they are not
representative of the living population at a given time (Wood et al., 1992), and this is important
to consider in all bioarchaeological studies.
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As there are always inherent ethical implications when working with human remains, all
efforts have been made to comply with all ethical research requirements and samples were
always treated with the utmost respect. Disinterment licences were obtained for all cemetery
samples, and excavation was carried out after thorough consultation with local governing
bodies and descendant communities, as outlined in Chapter Three. Any individuals that may
have been identified during excavation are not named in this thesis, and are referred to only by
their burial identification number.
1.4

RESEARCH AIMS AND OBJECTIVES
As outlined in sections 1.2 and 1.3, the current understanding of life for early immigrants

and their children in New Zealand has been deduced largely from historical and archaeological
sources. These resources can be heavily prone to bias, and frequently exclude significant
portions of the population, typically those of lower social standing and wealth. A
bioarchaeological investigation of this population can thus provide a voice to these individuals,
as well as providing an opportunity to critically examine the notion that the early non-Māori
population of New Zealand was one of the ‘healthiest’ in the world.
AIMS
This thesis aims to investigate childhood physiological stress experiences in mid-nineteenth
Century European and Chinese settlers of Otago, New Zealand, through the histological
analysis of enamel growth disruption. In addressing this central aim, evidence is contributed
for early life experiences for persons about whom little is known from the historical record, in
particular groups such as women, children and Chinese immigrants.
OBJECTIVES
1. Use Wilson band prevalence to estimate the chronology and duration of stress events that
arrested dental formation within historic populations from Lawrence (n=6 individuals from
Gabriel Street, n=9 individuals from Ardrossan Street) and Milton (n=14 individuals),
Otago.
2. Compare individuals who immigrated to New Zealand as an adult, and their children born
in Otago, to investigate the extent to which the picture of New Zealand as a ‘healthy’
country may have been realised.
3. Compare and contrast the early childhood experiences of physiological stress between adult
immigrants to New Zealand from Europe with those from China.
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4. Place any findings in a grounded framework of concurrent bioarchaeological literature in
order to elucidate the lived experiences of early immigrants to Otago, and the first
generation of Pākehā children born in New Zealand.
1.5

THESIS OUTLINE
This introductory chapter has summarised the background of human settlement in New

Zealand, with a particular emphasis on nineteenth century Otago. Coupled with the review of
previous historical, archaeological and bioarchaeological study of contemporary populations,
this has demonstrated the current gap in knowledge regarding the lived experiences of early
settlers from a biological perspective. The osteobiographical or life history approach has been
outlined as a useful method of contributing evidence for skeletal changes in response to
physiological stressors over a life course. This chapter has also outlined the significance and
scope of this thesis, and stated the research aims and objectives.
Chapter Two provides a literature review that examines the history of non-Māori
migration to New Zealand, in particular south and central Otago, in depth. An overview of
previous and current historical, archaeological and bioarchaeological studies of south and
central Otago is also given. Finally, this chapter evaluates the growing use of histological
research methods to assess and examine dental enamel defects in archaeological samples, to
provide evidence for both individual and population level changes in health.
Chapter Three provides a summary of the sites from which samples were obtained; the
‘Old’ Ardrossan Street Lawrence Cemetery (H44/1135), the ‘New’ Gabriel Street Lawrence
Cemetery (H44/1136) and St John’s Anglican Burial Ground in Milton (SJM) (H45/156).
Chapter Four examines the biological mechanisms controlling enamel deposition and
how this can be affected by physiological stress. The value of histological research methods is
discussed, and a summary of the methodology and research design adopted in this thesis is
presented. The method of producing thin sections, creating digital slides and analysing these
for evidence of stress disruption during childhood is provided. The limitations of working with
archaeological samples is discussed and justified.
Chapter Five contains the results obtained from the histological analysis of dental remains
recovered from the above sites. These include a chronology of Wilson band formation, Wilson
band formation duration and measurements of neonatal line width.
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Chapter Six discusses the results with regard to the aims and objectives set out in Chapter
One, and presents the conclusions that can be made from this research. The histological results
are discussed with respect to the potential aetiology of enamel deposition disruptions and the
subsequent implications for individuals in this thesis. These results are then considered in a
grounded framework of concurrent bioarchaeological research on the same population, to build
a biosocial picture of early Otago. Seven individuals, for which multiple lines of
bioarchaeological evidence are available, are discussed in further depth through an
osteobiographical or life history approach. This further elucidates the varied individual
experiences that are frequently homogenised by the historical record. Limitations and
considerations in regards to the histological analysis of early childhood experiences of
physiological stress are discussed. This chapter closes with the conclusions that can be
contributed from the analysis undertaken in this thesis, and offers suggestions for further areas
of research in nineteenth century non-Māori populations.
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Chapter 2: Literature Review
This chapter provides a summary of the historical background of Otago (section 2.1), with
particular focus on the initial period of European and later Chinese settlement and the factors
that influenced settlement patterns (section 2.2). As this thesis assesses childhood experiences
of physiological stress, it is important to understand the background of early settlers in Otago,
the vast majority of whom arrived in New Zealand as adults. This approach is also valuable
when critically examining the notion perpetuated by the historical literature that many people
chose to emigrate to New Zealand in order to improve their station in life, of which health is a
major component. The towns of Milton/Tokomairiro and Lawrence/Tuapeka will be discussed
in more detail in Chapter Three. An overview of previous and current historical, archaeological
and bioarchaeological studies of south and central Otago is provided in sections 2.3 and 2.4.
The use of histological research methods to assess and examine dental enamel defects in
archaeological samples is evaluated and justified as a practical and valuable method of
analysing stress events during childhood in section 2.5. Finally, the summary and implications
of this literature review are discussed in section 2.6.
2.1

HISTORICAL BACKGROUND
New Zealand has long been considered a ‘land of plenty’, offering bountiful work

opportunities, easy living and a chance to escape the class shackles of nineteenth century
Britain. Nineteenth-century propaganda heavily advertised the warm and temperate climate of
New Zealand, and Trollope (1874) proudly proclaimed that hens laid more eggs, bees swarmed
more frequently, ewes were more certain with their lambs and rabbits reproduced more
prodigiously in New Zealand than in Britain. British literature, such as John Ward’s 1840
volume Information Relative to New Zealand: Compiled for the Use of Colonists, offered an
overwhelmingly positive view of the New Zealand climate. They optimistically announced that
the Mediterranean climate of New Zealand would be ideal for growing olives, wine and grains
(Ward, 1840). Yet, despite sharing a similar latitude and geography with the Mediterranean, the
climate of the New Zealand islands is highly variable, and many early accounts failed to
mention the swampy and hilly harbours, and the amount of potentially usable land that had yet
to be cleared (Andrews, 2009). An 1887 account of life in New Zealand, depicting the harsh
reality of life in a new colony, acknowledges this positive prejudice in the British literature, and
the author expected to evoke criticism as they were “well aware it is to the interest of a certain
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class to be for ever publishing favourable and exaggerated accounts of the prosperity of New
Zealand, their great aim being to get people out” (Hopeful, 1887, p. 203).
2.1.1 Creating a Country – British Colonisation of New Zealand
The establishment of a formal British Colony in 1840 was followed by the rapid
expansion of residential settlements throughout New Zealand. This was supported by sponsored
migration schemes offered by corporations, such as the New Zealand Company scheme inspired
by the principles of colonial promotor and political theorist Edward Gibbon Wakefield. From
1852 the Provincial Governments provided assisted migration, where emigrants were provided
with discounted or free passage from Britain to New Zealand (Phillips & Hearn, 2008). The
New Zealand government, spearheaded by Colonial Treasurer Julius Vogel, offered assisted
migration between 1871 and 1890 to combat a global economic depression at the time (Phillips
& Hearn, 2008; Simpson, 1997). Assisted migration, where the cost was subsidised on behalf
of the emigrant, was viewed as an efficient method of colonising the British empire (Hudson,
2001; Newman, 1882). Immigration was an important factor in population growth and between
1861 and 1876 the non-Māori population of New Zealand rose from around 99,000 to almost
400,000 people, 207,000 of which was through net immigration (Simpson, 1997). Growth
through immigration remained steady through the mid-nineteenth century, and it wasn’t until
the 1890s that population growth in New Zealand occurred through a natural rate of increase,
when the number of births outweighed number of deaths (Simpson, 1997). Emigrants
frequently followed family or fellow community members to the ‘new’ world, such as the
outpouring of Shetlanders from Scotland in the 1870s and the departure of thousands of young
men from Guangdong (also referred to as Kwantung or Canton) Province in China in the midnineteenth century (Ng, 1993; Phillips & Hearn, 2008).
The high volume of state sponsored emigration from Britain to New Zealand created a
unique settler population when compared to other colonies such as Australia and Canada, where
emigrant selection was under looser control (Ballantyne, 2012; Simpson, 1997; Van Vugt,
1988). Selection criteria for assisted emigrants to New Zealand heavily favoured young
families, with a strong preference for individuals under 45 years of age, and all potential
emigrants were purported to have been subject to a medical inspection (Newman, 1882).
Preference was given to skilled labourers, such as masons, bricklayers, builders and
agriculturalists, and young single women in order to provide wives and domestic servants in a
country with an overwhelmingly male population (Phillips & Hearn, 2008). Even with the
presence of sponsored emigration schemes in Britain (Fig. 2-1), the number of immigrants
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arriving in New Zealand from Australia vastly outnumbered those arriving directly from the
United Kingdom until 1864 (Simpson, 1997). This is understandable, as the average fare to
New Zealand from Europe was around four times the cost of a trip between Australia and New
Zealand or Britain and North America, and the journey took around 100 days to complete
(Phillips & Hearn, 2008). As mentioned in Chapter One, early settlers of New Zealand were
more culturally diverse than the established historic narrative indicates, and many historic
sources homogenise the distinct ethnic groups present during early colonisation. During the
1860s and 1870s, other European groups, such as Germans, Danes, Norwegians and Swedes
began to arrive in significant numbers, and by 1900 Germans were the third largest European
ethnic group in New Zealand, behind the British and Irish (Adams, 1977; Belich, 2009).

Figure 2-1. 1884 ephemera advertising swift and comfortable direct emigration from Glasgow,
Scotland, to Port Chalmers, Otago, New Zealand. Alexander Turnbull Library, Wellington,
New Zealand, reference: Eph-C-IMMIGRATION-1884-01.
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Whilst there are some records of the people who chose to emigrate to New Zealand at this
time in the way of shipping lists and registers, the reasons given for emigration present a statesponsored view as many emigrants may have supplied false information in order to afford the
opportunity to improve their station (Phillips & Hearn, 2008). There are also gaps in archival
data as no official records were kept between 1840 and 1852, during the Crown Colony period
in New Zealand (Phillips & Hearn, 2008). As Gilkison (1930, p. 185) observes, “history
consists of the story of lives of men”, and historic resources often do not include details of the
personal lives of women, children and otherwise marginalised individuals. Historic texts also
tend to focus on settlers that were deemed important or influential (e.g., Gilkison, 1930; Reed,
1947; Soper, 1948; Trollope, 1874). Despite this, “within the profoundly gendered discourses
of colonisation, the presence of women was seen [by Edward Gibbon Wakefield] as essential
to the health of the colony, as they would ensure the maintenance of piety and social order on
the frontier” (Ballantyne, 2012, p. 58). The emigration of families, rather than single men, was
supported by Wakefield as he believed they would be less mobile and create a growing
population that identified with their new home (Ballantyne, 2012). In her book, The Otago of
Our Mothers, Soper (1948, p. 1) suggests that many women chose to emigrate to afford their
husbands a means of making a living more easily than in their home countries, and to provide
“their children with a better chance of a healthy and prosperous future”. Families in Britain are
frequently framed as having been frantic to relieve the pressure under which they lived, getting
away from recurrent scarcity of basic food resources such as wheat and potatoes, as well as
growing rates of unemployment (Clayton & Rowbotham, 2009; Gurney, 2009). Interestingly,
Soper (1948) observes that when demand grew in the 1860s and 1870s for female emigrants to
balance the overwhelmingly male population of the New Zealand goldfields, many came
without domestic skills and were unable to find the higher pay they expected as their skill sets
were not sought after by employers.
Not all immigrants planned to permanently settle in New Zealand. The early Chinese
settlers prioritised a return to the ancestral homeland, whether in life or death, and many other
people followed the goldfields around the globe (Mackay, 1992; Ng, 1993). Phillips and Hearn
(2008) have estimated that between 1853 and 1870 around 250,000 people arrived in New
Zealand, and around 150,000 people departed. It was likely that two thirds of the long-term
migrants came directly from the United Kingdom with the remainder arriving from Australia,
forming only a small portion of the 150,000 people who departed the British Isles on an annual
basis during the 1850s and 1860s (Phillips & Hearn, 2008). Figures compiled by Van Vugt
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(1988) from the 1873 General Report of the Emigrant Commissioners indicate British
emigrants heavily favoured North America, although Australia and New Zealand were the
destination of around a quarter of all those who departed in 1852. Between 1865 and 1901 an
estimated 8000 Cantonese immigrants arrived in New Zealand, with a peak resident population
in 1881 of around 5000 (Ng, 1993). Gender-balanced Chinese migration to Australasia was
supported by Wakefield, however in reality the majority of emigrants were male (Phillips &
Hearn, 2008; Wakelin, 1853). By 1901 there were only 32 Chinese women recorded to have
lived in New Zealand, 11 of whom were under 14 years of age (Ng, 1993). Cantonese emigrants
are popularly assumed to have arrived with the twin aims of ‘Gold and China’, hoping to raise
capital through goldmining and return with their newfound and hard-earned wealth to their
wives and families (Ng, 1993). Despite this, the 1886 New Zealand census recorded 93
Chinese-Pākehā marriages and de facto relationships (Ng, 1993). Regardless of their intentions,
many itinerant immigrants to New Zealand established permanent or semi-permanent abodes,
or became unable to leave through poverty, illness or death.
The pursuit of improved health for themselves and their children was a major driver of
immigration for many nineteenth century emigrants to New Zealand (Bryder, 1991; Newman,
1882; Woodward & Blakely, 2014). It was believed at this time that improved health could be
linked directly to the climate and the environment, and many sought to benefit by removing
themselves from the poor conditions of urban Britain (Beattie, 2008; Woodward & Blakely,
2014). Unlike the increasingly overcrowded populace of Britain and Ireland, sponsored settlers
in New Zealand were afforded largely unimpeded access to natural resources such as arable
land, clean air, water and food (Phillips & Hearn, 2008; Woodward & Blakely, 2014). A
medical treatise published by Newman in 1882 heavily supported emigration to the bountiful
isles of New Zealand, where the sparse population, fertile soils, mineral wealth, access to good
nutrition for children and ease of life were purported to cause little mental stress for the adults.
New Zealand was sold as a ‘haven’ for invalids, attracting migrants hoping to find relief from
diseases such as consumption (pulmonary tuberculosis) in the clean air (Newman, 1882;
Phillips & Hearn, 2008). Although this appears to contradict the apparent health controls on
emigrants, the transmission and cause of diseases was understood differently at this time, a
point discussed in depth later in this chapter.
Other drivers of immigration to the new British colony included economic expansion,
with immigration supported by European military superiority and aboriginal demographic
collapse (Maxwell-Stewart et al., 2015; Soper, 1948). Likewise, Cantonese miners could earn
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up to thirty times more in New Zealand than in Guangdong Province or in Southeast Asia, and
families commonly retained one son at home to maintain a farm, and sent another overseas in
pursuit of wealth (Ng, 2003; Ritchie, 2003b). Access to adequate nutrition was a significant
push factor, in particular during the ‘hungry forties’ of Britain and Ireland, and many
researchers have argued the high mortality in Europe during the nineteenth century is
attributable to habitual underfeeding in populations of low socioeconomic status (Brickley et
al., 2007; Floud et al., 1990; Gowland, 2018; Gowland et al., 2018; Horrell et al., 2009; Mays
et al., 2009). Although food was advertised as plentiful in New Zealand, access to staples such
as milk, flour and salt was not always straightforward and Soper (1948) observes that once a
200 lb sack of flour was delivered, settlers would often have to maneuver this 50 to 100 yards
to their property from the beach or track it was left upon. Soper (1948) also shares reports of
settlers bolstering their diets with native food resources such as cabbage tree/tī kōuka hearts,
tutu berries and kaimoana/seafood. British immigrants sought to recreate the biosocial
landscape of ‘home’, and this involved the transport of traditional livestock such as cattle and
sheep, as well as staple crops, largely oats and wheat (Hopeful, 1887). There was a heavy
reliance on supply chains that stretched back to Britain for daily necessaries that were not
readily available in the new colony, including clothing, tools, books, food and drinks (Traue,
2007). Phillips and Hearn (2008, p. 13) observe that the habits and ways of living that people
developed in Britain and Ireland profoundly affected Pākehā culture, and “patterns of speech,
a taste for certain foods and drinks, religious practices, ways of relating to family and friends
... were not stripped off the moment the migrant got on the boat”. Similarly, Chinese emigrants
retained many traditional foods and lifestyle patterns, establishing market gardens in Dunedin
and Lawrence to grow and trade traditional vegetables and importing resources from China,
such as rice, opium, preserved eggs, tea and medicines (Ng, 1993; Ritchie, 2003b).
2.2.1

The Environment and Health in Historic New Zealand
The natural environment was imperative to a society that lacked effective medical

intervention, where the rhythms of daily life moved in time with patterns of seasonal diseases
(Beattie, 2008). The separation of ‘healthy’ and ‘unhealthy’ areas was important to Victorian
Britain, and this was carried into the New Zealand colony, where unhealthy areas such as
swamps were ‘improved’ through draining and the planting of trees to recreate their ‘home’
environment (Andrews, 2009; Beattie, 2008). In addition, botanic gardens were established to
afford a ready supply of medicinal plants which were an important resource, particularly for
Scottish trained doctors, who were the majority of doctors in Otago at this time (Beattie, 2008;
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Belgrave, 1991). The concept of germ theory, where it is understood that diseases are spread
through the transmission of microorganisms, was not popularised until the late 1870s.
Consequentially, the ideas surrounding health and disease transmission during the early
colonisation of New Zealand were heavily influenced by the concept of miasmas and bad air, a
feature common to many British urban centres (Pannell, 2017). There was also a colonial
understanding that susceptibility to disease was reflective of a person’s own constitution, rather
than communicability of a given disease (Beattie, 2008; Haley, 1978). This was particularly
evident in social attitudes to venereal diseases and alcohol abuse, associated with uncivilised or
undesirable members of society (Fig. 2-2) (Brookes, 1991; Eldred-Grigg, 2008; Pruitt, 1974;
Spongberg, 1998). Interestingly, Newman (1882) acknowledged the privileged position of New
Zealand as an island nation with the potential for absolute border control, and he urged the
government to use this as a means to inhibit the introduction of novel diseases into the New
Zealand population, such as has been the case during the Covid-19 pandemic of the 2020s.
Inwood and Maxwell-Stewart (2015) also observe that although New Zealand may have been
a ‘working man’s paradise’, not all emigrants had been born into uniform health circumstances,
or equally promising life prospects.

Figure 2-2. Advertisement for Clark and M'Ilroy's hotel and boarding house, Dunedin,
suggesting miners that wish to engage in uncivilised behaviour such as drinking to drunkenness
need not visit their hotel. Alexander Turnbull Library, Wellington, New Zealand, reference:
PUBL-0207-044-2.
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The effect of climate and environmental conditions on health were well known during the
nineteenth century, and in his examination of Pākehā health in New Zealand Newman (1882,
p. 507) compares the “poor little frozen children in Great Britain [in] ragged tattered coats and
trousers” with those in New Zealand where parents could “obtain stout boots and warm socks
and woollen garments for their children”. The dry arid mountain air of New Zealand was also
advertised as a sanctuary for sufferers of consumption (Newman, 1882; Ward, 1840).
Individuals afflicted by diseases such as phthisis, typically indicating consumption or a similar
chest infection, were officially excluded from sponsored emigration eligibility (Ward, 1840),
however, there is recent bioarchaeological evidence for tuberculosis within the early New
Zealand population (Snoddy et al., 2020). Despite the apparent preventative measures, chest
infections are reported by Newman (1882) as having been prevalent among the New Zealand
born, with a high mortality rate for the very young and a higher prevalence in the cold wet south
than the drier hotter north. A series of letters from an immigrant in Christchurch to her brother
in Britain also observed that the highly variable New Zealand climate was “most trying to the
constitution, and in many cases has acted fatally; asthma, bronchitis, diphtheria and rheumatism
in various forms, are most common” (Hopeful, 1887, p. 95).
The fledgling nation also lacked an efficient public health system, and the first hospitals
in New Zealand were not opened until 1847 in Auckland and Wellington (Barber & Towers,
1976). There was no national system of medical licensing for doctors during the 1860s in New
Zealand, and there was often not much to distinguish ‘doctors’ from chemists, teeth-pullers and
itinerant drug vendors, with nurses, midwives and dentists even more marginally defined
(Belgrave, 1991). Small field hospitals and regional doctors were frequently relied upon to
service the rural population of New Zealand (Smith & Garland, 2012; Sumpter & Lewis, 1949).
As the Pākehā gold mining population rapidly grew during the 1860s, hospitals such as the
Dunstan District Hospital in Clyde were established to support the increased rates of severe
accidents requiring surgery (Dow, 1991). In St Bathans, a gold mining town 65 kilometres from
Clyde, a Medical Aid Society provided “medical assistance and medicine gratis, in case of
sickness or illness” to paying members from 1868 (‘St Bathans’, 1868). The early public
hospitals in New Zealand were not required to make separate provisions for infectious diseases,
unlike their British counterparts, and instead incorporated fever wards within their main
buildings (Dow, 1991). The 1880s gave rise to a differentiation of new medical subfields such
as doctors, ophthalmologists, dentists and chemists, and it was not until 1887 that the first New
Zealand trained doctor graduated from the Otago Medical School (Belgrave, 1991; Robinson,
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1975). Historical records indicate Chinese miners were also treated within the New Zealand
hospital system (‘Our Local Hospital’, 1880; ‘St Bathans’, 1868), and archaeological evidence
shows that traditional medicines were imported directly from China during the 1860s (Ritchie,
2003b). Unfortunately, there have been limited historic analyses of Chinese health in midnineteenth century New Zealand, providing little information regarding the general wellbeing
of the Chinese population.
2.2

NINETEENTH CENTURY MIGRATION TO OTAGO
Due to the two distinct waves and vastly different origins of the population studied in this

thesis, the literature regarding migration to New Zealand has been divided into two sections;
2.2.1 considers European immigration to Otago and 2.2.2 considers Chinese immigration to
Otago.
2.2.1 European Immigration to Otago

Figure 2-3. Meridional Circuit map of Otago, produced in 1866. J. KcKerrow, Otago Survey
Lithographic Press.
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The organised European settlement of the southern half of the South Island (formerly
Middle Island) of New Zealand was a joint venture between the Lay Association of the Free
Church of Scotland and the New Zealand Company, who acquired 144,600 acres of coastal
Otago land from Ngāi Tahu in 1844 (Beattie, 1947; Phillips & Hearn, 2008). The Otago
Association was created in 1845 as an offshoot of the New Zealand company, with the aim to
populate the region with emigrants, recruited largely from Scotland (Phillips & Hearn, 2008).
Europeans had been living in Otago since the late eighteenth century when Johnny Jones, a
whaler from Sydney, acquired Ngāi Tahu land between 1838 and 1840 and formed a settlement
at Waikouaiti, north of the Otago (Ōtākou) Peninsula (Ballantyne, 2012). Religion was an
important driver of emigration both out of Scotland and into Otago. Reed (1947, p. 161) notes
that “the Scots are a religious people, with a passion for freedom” and in 1843 over 400
ministers and half of the congregation of the Church of Scotland left as they abjured the State
control over the church. Led by Dr Thomas Chalmers, they established the Free Church of
Scotland, and plans for migration to New Zealand were made. The primary intention of this
venture was to establish a ‘New Edinburgh’, modelled on Wakefield’s principles where the
community would be divided into a land-owning capitalist class and a wage-earning working
class (Beattie, 1947; Hocken, 1989; Schrader, 2016). Land was purchased in large blocks from
Māori and then sold to settlers at a price that would cover the cost of the land, road building,
church and school building, and the cost of free or assisted passage for labourers that would
work for others until they were wealthy enough to buy land (Reed, 1947). Although class
structure was more egalitarian in New Zealand than contemporary Europe, the dream of a
‘working man’s paradise’ was not always realised (Inwood & Maxwell-Stewart, 2015).
Land in the Otago settlement was divided into urban, suburban and rural property, with
the intention of developing agriculture in the hinterland (Fig. 2-3). Inland Otago was not heavily
explored by Pākehā during the early period of settlement, and in 1838 the Committee of the
House of Lords in England was advised that Otago was “very bleak and cold, and not fit for
settling” (Reed, 1947, p. 112). Dunedin remained relatively isolated until the beginning of the
goldrush, with the only means of contact with the outside world via sailing craft (Fig. 2-4)
(Beattie, 1947; Reed, 1947). The flow of people into inland Otago was compelled by
goldminers in the 1860s, driving colonists west beyond the Taieri river as they followed the
gold (Ballantyne, 2012). The discovery of gold near Tuapeka by Gabriel Read in 1861 triggered
a steep influx of immigration that peaked in 1863 at 45,000 immigrants to Otago for the year,
the largest annual inflow for the next century (Phillips & Hearn, 2008). Although the Otago
goldrush was predominantly populated by British and Irish men, a cosmopolitan mix of other
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Europeans, Australians, Americans and local Māori arrived in smaller numbers to seek their
fortunes (Petchey, 2015; Phillips & Hearn, 2008).

Figure 2-4. The Edward P. Bouverie docked at Port Chalmers, a sailing ship that made several
trips from Scotland to New Zealand between 1864 and 1872. Passengers included Patrick F.
Kinney, great-great-grandfather of the author, who emigrated from Ireland to Hyde, Otago as
a prospective goldminer in 1871. Alexander Turnbull Library, Wellington, New Zealand,
reference: 1/2-014406-G.
The majority of early sponsored settlers came from areas in Ireland and Scotland similar in
climate and landscape to Otago (Soper, 1948; Trollope, 1874). The main stream of emigrants
departed from industrial towns in the middle of Scotland, between the Firth of Clyde and the
Firth of Forth, with established skills in tailoring, baking, weaving, handicrafts and shoemaking
(Soper, 1948). Sheep farmers or runholders generally arrived from Australia, and New Zealand
pastoralism was adopted from Australian techniques rather than those from other lands (Beattie,
1947; Weld, 1853). The number of emigrants arriving from Australia outweighed those arriving
directly from Britain and Ireland until 1864, and many crossed the Tasman several times in
pursuit of work and wealth (Simpson, 1997). There was no sponsored emigration scheme for
goldminers, and the prospectors and miners that arrived in New Zealand had diverse origins
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(King et al., 2021b). According to the 1861 Otago provincial census, only 66% of people had
been born in Britain and Ireland (Fig. 2-5), and proportions were similar among the goldfield
population (‘Inveniam Viam Aut Faciam’, 1862). Most frequently miners emigrated from the
Victorian goldfields in Australia using their own capital, with wives often following their
husbands a year or more after he had established himself in a new goldfield (Phillips & Hearn,
2008). Very few miners arrived directly from North America and Britain (Phillips & Hearn,
2008), likely reflecting the huge cost of travelling to and establishing oneself in New Zealand
at the time.

Figure 2-5. Region of birth taken from the Otago Provincial Census taken in December 1861,
published in the Otago Daily Times Issue 207, 7 August 1862.
Frontier Otago was a harsh environment, and the realities of establishing new settlements
in a largely untouched landscape is discussed in depth in Chapter Three. Children often helped
their parents with home making efforts, such as building, grinding of food resources and animal
husbandry (Soper, 1948). Although many coastal settlements in Otago were planned, such as
Oamaru, Dunedin and Tokomairiro/Milton, the goldrush triggered a proliferation of
spontaneous or unofficial settlements, many of which no longer exist (Mackay, 1992). Many
emigrants also lacked the skills necessary for building a town, such as timber milling, house
construction, roadbuilding and farming (Phillips & Hearn, 2008). In spite of this, emigration
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was offered to young adults and their families willing to take on the task of building the ‘Britain
of the South’ (Hursthouse, 1857; Simpson, 1997; Ward, 1840).
Although the quest for good health was at the forefront of many settler journeys, this
was not always realised. Private letters written during the mid-nineteenth century in New
Zealand report nosebleeds, consumption, common colds, death in childbirth and the death of
children, frequently creating not only a physical burden but additional economic, social and
emotional pressure on settler families (Coleborne & Godtschalk, 2013). For instance, the Parry
family emigrated to Dunedin in 1863 from the goldfields of Victoria, and Ann Parry
acknowledged that while “their station was possibly better than had they remained in England”,
she wished that they had stayed in Australia where they had experienced better living conditions
(Coleborne & Godtschalk, 2013, p. 406). Personal writing also highlights the gendered nature
of illness, any of which could place strain on an entire household. For females the biggest risks
to health were reproductive, and many letters written by women place heavy consideration on
maternal and child health, whereas men were exposed to greater risk of accidental injury, with
the potential to result in the loss of labour or income (Coleborne & Godtschalk, 2013). Early
public health systems in New Zealand were poor, with butchers and slaughterhouses often
dumping offal directly outside their premises and human waste emptied into open drains, behind
buildings or directly into the ocean (Mackay, 1992). This could have devastating consequences
on early settler health as poor sanitation creates the potential for outbreaks of diseases such as
cholera, typhoid, dysentery and diphtheria (Angelakēs, 2014; Beattie, 2008; Hamlin, 1985).
Public health measures were slow to develop. Dunedin Public Hospital was established
in 1851, and the first patient was admitted in July 1852 (Dow, 1991). There was no push for
further hospitals in Otago until the goldrush of the 1860s, as the Pākehā population of the
province doubled from 50,000 in 1857 to 100,000 in 1861, doubling again by 1866 (Ballantyne,
2012; Dow, 1991). Although the largest health risk to miners was serious mechanical injury,
the destructive force of excessive alcohol use was also widely known, and alcohol controls were
first attempted in New Zealand in the 1830s, becoming widespread in the 1860s and
intensifying in the 1890s (Mackay, 1992). Additionally, prostitutes were at risk of disease both
from other humans and from heavy alcohol consumption, and in an effort to minimise their
public presence, and to limit the spread of venereal diseases, prostitution was outlawed in 1869
(Mackay, 1992). Despite these legal controls, prostitution, gambling and abuse of other drugs
such as opium remained prevalent on the remote goldfields of New Zealand (Fig. 2-6) (Mackay,
1992).
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Figure 2-6. A report from the Otago Daily Times Issue 581 (p. 5), 10 January 1863, describing
death by 'congestion of the brain' caused by excessive alcohol consumption in Francis Bryce,
who had been using both opium and alcohol for several weeks.
Delirium tremens, a neurological disorder resulting from alcohol withdrawal in those who
consume it in excessive quantities, was a frequent problem on the goldfields when grog became
scarce, resulting in weakness and even death (Mackay, 1992). William Hart from Okarito was
reported as having collapsed after a day of boozing, and the morning after his companions
dragged him to bed in a wheelbarrow he was found to have died of ‘excessive drink’ (Mackay,
1992). Diseases such as dysentery and scurvy due to lack of fresh produce were also present
among the goldminers, and the growing remote Otago population necessitated the addition of
a dispenser of medicines by the Provincial Government at Dunstan (now Clyde), where the
Dunstan District Hospital opened in 1863 (Smith & Garland, 2012; Soper, 1948). Despite this,
studies of health in New Zealand frequently attest to greater health in settlers than their siblings
and cousins that stayed in Europe (Ballantyne, 2012; Bryder, 1991; Woodward & Blakely,
2014), although Inwood and Maxwell-Stewart (2015) have questioned if this health advantage
was due to their relative isolation from infectious disease rather than command over abundant
resources.
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2.2.2 Chinese Immigration to Otago
As previously mentioned, there have been significant Asian populations in New Zealand
since the 1860s. Prior to the increasing globalisation of immigrants to New Zealand in the
twentieth century, the Cantonese speaking Chinese population of New Zealand peaked in the
late 1870s (Ng, 1993). The Chinese had been successfully mining in Victoria since the 1850s,
and as the Australian goldfields began to wane in popularity a work force well experienced in
goldmining was facing increasing unemployment. Chinese miners living in Australia also
began to face a progressively more hostile and xenophobic environment, stimulating emigration
out of Australia to other Pacific goldfields (Chan et al., 2001; Curthoys, 2001). The Otago
Provincial Council (OPC) actively recruited Cantonese-speaking miners from Victoria to
rework mining claims abandoned by Europeans, and to maintain the economic boon that began
in 1861 (Ballantyne, 2012).
Pākehā opposition to the introduction of Chinese miners was present from the beginning
of the gold rush (Fig. 2-7), although prevailing business interests resulted in their formal
governmental invitation in 1865 (Ritchie, 2003b). Many Pākehā exhibited a xenophobic attitude
to non-European miners and others welcomed them (Wakelin, 1853). In support of the
migration of Chinese miners from Victoria, Australia to New Zealand, William Hickson (1853,
p. 3) stated “these men will not be Convicts, neither will they be Chinese slaves, but they will
be men who can hold themselves erect in any society – either poor or rich – and say
unblushingly we are free men”. The first Chinese miners arrived from Victoria in December
1865, and Ho A Mee, a representative of his influential countrymen in Melbourne, was the first
recorded new immigrant to the Otago goldfields (Ng, 1993). Although xenophobia remained
rampant, many members of goldfield communities found the Chinese a welcome addition
(‘Chinese Immigration.’, 1870; ‘More About the Chinese Camp’, 1884; Ching, 1884), and a
letter from W.B. Yaldwyn (1870, p. 11) to the editor of the Otago Witness argued that nobody
should be opposed to Chinese settlement in New Zealand as they share the fundamental rights
of all members of the human race, with “as much right to come to our colonies as we have to
go to their country, or anywhere else where we intrude, to better ourselves”.
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Figure 2-7. To Working Men, a piece reflecting the xenophobic attitude of many living in the
New Zealand Colony, potentially written circa 1853 by Joseph Masters. Alexander Turnbull
Library, Wellington, New Zealand, reference: Eph-C-POLITICS-1853-02.
Chinese immigrants most frequently arrived in New Zealand by way of Australia, many
of them originated from the Pearl River Delta of Guangdong Province (Fig. 2-8), in particular
the Samyip counties of Panyu, Nanhai and Shunde, and the Seyip counties of Taishan, Xinhui,
Kaiping and Enping (Ng, 2003; Tai, 2005). Emigration out of China opened up in the 1850s
through the ports of Canton (Guangzhou), Macao and Hong Kong, resulting in a diaspora of
Cantonese men escaping poor living circumstances, stemming from the economic depression
and civil disorder that culminated in the Taiping Rebellion (1851-64) (Ng, 2003; Voss, 2005;
Wu et al., 2020). A comparative study of the mean height of male Chinese emigrants in
Australia during the nineteenth century by Morgan (2009) indicated a decline in average height
from the 1850s. This is consistent with increasing poverty in southern China at this time, as low
socioeconomic status and the subsequent restricted access to adequate nutrition and adequate
medical care is associated with decreased stature (Floud & Wachter, 1982; Steckel, 1995,
2008). Early accounts of the pre-migration experience of Chinese in New Zealand, recorded by
Reverend Alexander Don, describe difficult living conditions in the Upper Panyu region during
the late nineteenth century (Ng, 1993). Droughts and floods frequently disrupted the rice
harvests, and pestilence such as malaria, smallpox, cholera, neonatal tetanus, typhoid and other
plagues were reported (Ng, 1993).
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Figure 2-8. Map of mainland China indicating the Guangdong and Fujian Provinces, origin
states for the majority of nineteenth century Chinese immigrants to Otago. Most departed
through the port of Guangzhou (Canton). Map courtesy of C. King.
The men who arrived in New Zealand are thought to have had two main aims; to obtain
capital to remit or take home to China, and to return to their ancestral villages and towns, either
in life or via the return of their remains (Ng, 2003). Many men could barely afford their fare to
New Zealand, usually enduring the long voyage travelling in steerage (Ng, 2003). There was
frequent reliance on Chinese merchants and storekeepers to financially support new miners in
the goldfields by grubstaking them upon arrival in Dunedin, with the expectation that they
would be reimbursed out of the miner’s profit (Ng, 2003). Some men were afforded supported
migration by the benevolent Poon Fah Association, also called Cheong (faithful) Shing (true,
trustworthy) Tong (club or society) (Ng, 1993). This organisation supported subscribing
Chinese migrants on the journey to and within New Zealand, as well as the return to their
ancestral lands (Ng, 1993, 2003). Storekeepers and merchants formed a nucleus of Chinese
activity, and although the Chinese used European businesses, Chinese shops were a social hub,
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where news was spread from local and Chinese newspapers, and opium smoking and gambling
were enjoyed (Ng, 1993). They also formed an important liaison between Chinese and Pākehā,
as merchants were some of the few Chinese that could speak English (Ng, 1993).
Typically, gold seekers came from rural backgrounds, largely farming and rural artisan
stock, with no tradition of mining and very low rates of literacy (Ng, 1993). Despite this,
Chinese sojourners had been travelling overseas for work as goldminers for decades, and many
emigrated directly to New Zealand from Australia (Ng, 1993, 2003). Ng (1993) stresses that
the Cantonese men who arrived in New Zealand should be considered to have been of similar
socioeconomic status as contemporary European yeoman, as their families could either afford
the fare to New Zealand, or had collateral for loans. Although New Zealand goldfields were the
most difficult and expensive to get to from China, the higher potential return on gold due to a
strong exchange rate, as well as the possibility of side employment attracted thousands of
Chinese men (Ng, 1993, 2003).
The Otago Chinese population were employed largely as miners, with an eventual buildup of trades and services to support alluvial goldmining, such as market gardening, laundry,
shopkeeping, money lending, lodging and boarding, gambling houses and opium dens (Tai,
2005). Some Chinese immigrants found waged work as labourers in European-owned gold
mines, farms, hotels, sheep stations, and railway construction (Tai, 2005). Archaeological
investigations and ethnohistorical records have indicated a reliance on traditional material
culture and lifestyle by the Chinese in New Zealand, with heavy use of imported foodstuffs,
utensils and medicines, and a marked preference for opium use over alcohol consumption (Ng,
2003; Ritchie, 2003b). An archaeofaunal analysis by Piper (1988) showed a dependence on rice
and vegetables in a central Otago Chinese population, with supplementary beef, pork, mutton
and chicken sourced locally. Fresh fish was largely absent from their diet, instead being
replaced by canned or dried imported fish (Piper, 1988). Many of the existing historic
descriptions of the lifestyle of Chinese in New Zealand during the late nineteenth century were
recorded by Reverend Alexander Don, and he describes a diet heavy in rice and vegetables that
was very similar to the diet common to South China at the time (Piper, 1988). Chinese miners
also frequently planted fruit trees in areas they intended to occupy for long periods, with many
plum, apple, pear and peach trees still present throughout Otago (Piper, 1988). Due to the cold
weather and harsh conditions, many Chinese men quickly adopted Western-style clothing and
mining tools (Figs. 2-9a & b), although there is archaeological evidence for continued use of
traditional clothing (Petchey et al., 2018b; Ritchie, 2003b).
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Figure 2-9b.

Figures 2-9a & b. Chinese goldminers at the Otago goldfields of Orepuki (2-9a), and the
Kyeburn diggings with Reverend Alexander Don (2-9b). Photographer unknown, taken circa
1860s. Alexander Turnbull Library Wellington, 2-9a. REF 1/2-019142-F, 2-9b. REF 1/209156-F.
It has been argued that some Chinese settlements and dwellings in Australasia were
framed around the principles of fengshui (

, literally translates to “wind and water”)

(Beattie, 2017; Ng, 1993). Fengshui recognises a joined qi (energy) that flows through all
things, and appropriate situation of buildings, gardens, graves and settlements is thought to
maximise the effects of this (Hong et al., 2007). Beattie (2017) observes that the idea of fengshui
had some influence on Chinese settlement patterns in early Otago, as Reverend Alexander Don
reported a Chinese labourer preferred to live in Cromwell, with proximity to the river and hills,
rather than Dunedin where housing was becoming crowded. Cantonese burial customs also
traditionally incorporated fengshui, and the ideal burial site was on a slope with a view of
flowing water, with a preferences for rectangular rather than sarcophagus shaped coffins (Ng,
1993).
In 1881 a £10 poll tax on Chinese immigrants was imposed by the New Zealand
government, and this, combined with the depletion of many New Zealand goldfields,
contributed to a decline in the number of Chinese residents in New Zealand (Ng, 2003). William
Pember Reeves, a New Zealand politician, constructed a rigid opposition between the white
settler family and the male Chinese sojourner and was integral in creating a hostile environment
for Chinese in New Zealand during the late-nineteenth and early-twentieth centuries
(Ballantyne, 2012). Although it is popularly believed that the Chinese aimed to return to their
ancestral homeland, a census in 1896 showed that 855 of the 1104 Chinese residents in Otago
had never been back to China. Ng (2003) acknowledges this may be representative of ageing
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and less fortunate men, as those who struck lucky would have already returned home. Overall
it is estimated 1500 Chinese gold seekers died in New Zealand (Ng, 2003). Two mass
exhumations were undertaken by the Poon Fah Association to repatriate Chinese remains, with
at least 230 dead transported in 1883 on the steamer Hoihow and 474 dead transported in 1902
on the SS Ventnor. Unfortunately, the SS Ventnor struck a reef off Taranaki and eventually
foundered off the New Zealand coast at Hokianga.
2.3

HISTORICAL STUDIES OF COLONIAL SOUTH AND CENTRAL OTAGO
Many historical studies view the colonial settlement of Otago in a romantic light, with

authors such as Reed (1947, p. 161) stating that although poverty was a major push factor from
Britain, “religion and love of adventure [urged people to] leave their native land”. Newman
(1882) suggests that British immigrants selected for state-sponsored emigration were healthier
than the general population as these individuals were able and willing to ‘rough it’, few over
45 years of age were selected, and they were subject to a medical inspection prior to departure.
Life in New Zealand was reportedly idyllic, with the children of the earliest settlers enjoying a
freedom from poverty and work as they “enjoyed a long school holiday” (Reed, 1947, p. 193),
roaming among the shore and bush; fishing, exploring and befriending Māori (Reed, 1947;
Soper, 1948). In his nostalgic history of early central Otago, Gilkison (1930, p. 9) describes the
area as “consisting largely of tussocky plains, watered by immense rivers and surrounded by
lofty mountains ... ideal country for either the sheep farmer or the gold miner”. Whilst he
provides census figures for the number of European miners in Otago during the 1860s, he
neglects to mention the Chinese mining population that grew after 1865.
The analysis of personal correspondence, such as diaries and letters, can be a valuable
source of information that is sometimes excluded from major historical sources. Coleborne and
Godtschalk (2013) argue that while often neglected, personal writing is a rich repository that
can shed light on cultures of health across families and households in colonial New Zealand,
however it is important to consider that these are generally sources that reflect the privileged
and literate members of society. An examination of letters from rural labourers in New Zealand
to their families, union organisations and newspapers in Britain suggests that the image of a
‘land of plenty’ was widely accepted across the classes (Arnold, 1981). This optimistic attitude
was fed by the positive press generated by politicians, middle-class travel writers and migration
agents, as settlers expressed “success in achieving selection for passages, rosy reports of
conditions in the new land, and the solicitude of the colonial authorities for their welfare while
emigrating” (Arnold, 1981, p. 238). Paper suffused the new lives of the immigrants to Otago
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from the outset as they brought with them newspapers, bibles and occasionally substantial
libraries (Ballantyne, 2012). Paper was imported from Britain for printing as well as personal
stationary, and by 1870 paper mills had been established at Mataura and Dunedin (Ballantyne,
2012). Newspapers, printed either locally or imported from overseas, were an important source
of news in the early period of British settlement as New Zealand was not connected to the global
telegram network until 1876 (Harvey, 2002).
Due to the low literacy rate of the Chinese who first emigrated to New Zealand there are
few surviving Chinese language documents written during the goldrush, and thus far there have
been no Chinese texts recovered in surviving material culture assemblages (Ng, 2003). There
are two known examples of English texts written by Chinese men; a summary of assisted
migration of Cantonese goldseekers to Otago in 1866 and 1871 by Ho A Mee, and a narrative
of the Round Hill goldfield near Riverton co-authored by Wong Young Wah (Ng, 2003). The
history of Chinese in New Zealand has been thoroughly explored by James Ng in his Four
Volume text Windows on a Chinese Past, published between 1993 and 1999, as well as in the
2003 collected volume Unfolding History, Evolving Identity: The Chinese in New Zealand
edited by Manying Ip. Several other authors have explored the history of Chinese in Australasia,
taking into account the close relationship between Australian and New Zealand settlement
during the mid-nineteenth century (e.g., Beattie, 2007; Chan et al., 2001; Curthoys, 2001;
Reeves, 2010). Recent historical investigations of other non-Anglophone groups, such as the
‘Norwegian Party’ who became a dominant Otago gold producer in the late-nineteenth century,
also highlight the lack of in-depth analysis of groups that spoke little or no English (Barnett,
2017). Many studies also tend to only consider miners in Australia or Australasia as a whole,
with New Zealand tacked on as an extension or afterthought (e.g., Barnett, 2017; Beattie, 2011,
2017; Curthoys, 2001; Ritchie, 2003a; Sheng, 2011).
2.4

ARCHAEOLOGICAL STUDIES OF COLONIAL SOUTH AND CENTRAL
OTAGO
Early non-Māori settlement of Otago has only begun to be studied in an academic

archaeological context in recent years (e.g., Findlay, 2016; Hamel, 2001; Hannis, 2011; Ng,
2003; Petchey et al., 2018b; Petchey & Woods, 2015; Reeves, 2010; Smith & Garland, 2012;
Wu et al., 2020). Similarly, studies of skeletal remains dating to the early colonial period of
New Zealand are very limited prior to the Southern Cemeteries Research Project (Buckley et
al., 2022; King et al., 2020a, 2020b, 2021a, 2021b; Petchey et al, 2018a; Snoddy et al., 2020,
2021), with some exceptions (e.g., Best et al., 2006; Trotter & McCulloch, 1989). Biological
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anthropology has early roots in New Zealand and when John Halliday Scott, the second
Professor of Anatomy at the University of Otago Medical School, was appointed in 1877 he
bought with him a passion for anthropology (Neuman, 1993). Early anthropological studies
were concerned with study of the Māori and Moriori (the tribal group inhabiting the Chatham
Islands, southeast of New Zealand), often employing studies of cranial and postcranial
morphology and dental wear (Pickerill, 1912). Despite this, bioarchaeologists were rarely
present on archaeological excavations in New Zealand until the 1970s, and until the early 1990s
Professor Philip Houghton of the University of Otago was in essence the only academic
osteologist working in the country (Buckley & Petchey, 2018; Houghton, 1980). Early
bioarchaeology work in New Zealand was rooted in the British ‘osteoarchaeology’ tradition,
taking a clinical rather than anthropological approach to placing the skeleton into the biocultural
framework of New Zealand (Buckley & Petchey, 2018; Roberts, 2006). Over time the approach
in New Zealand has evolved into the hypothesis-driven ‘bioarchaeology’ of the American
tradition, and field-based research projects are conducted on an international scale (e.g., Cox et
al., 2011; Halcrow et al., 2008; King et al., 2018; Tayles et al., 2009).
Prior to the excavation of St John’s Anglican Burial Ground in Milton in 2016, no
research-driven bioarchaeological excavations of historical cemeteries had been undertaken in
New Zealand. Under New Zealand legislation, pre-1900AD burials of European or Chinese
ancestry are considered ‘archaeological’ and are thus subject to the same rules as kōiwi tangata
(Buckley & Petchey, 2018). Cemetery sites are a valuable resource for bioarchaeological
investigations of early European and Chinese settler health. Many early immigrants to New
Zealand had fled overcrowded urban centres and famine-conditions, and individuals in
unmarked or poorly maintained graves are likely to have come from the lower-classes and
margins of society (Gowland, 2018; King et al., 2020a; Roberts & Cox, 2003). Direct biological
evidence for the origins of early settlers can be identified through the bioarchaeological study
of human skeletal remains, in particular isotope analyses of bone, teeth and hair (King et al.,
2020a). Recent bioarchaeological evidence has suggested the initial colonists of New Zealand
experienced little dietary change. Isotopic research has indicated similar levels of terrestrial
meat consumption in a nineteenth-century Pākehā cemetery sample, compared to contemporary
Britain, bolstered by the consumption of freshwater fish and game, with lower consumption of
marine resources than expected (Buckley et al., 2022; King et al., 2020a, 2021a). Although New
Zealand was sold as a haven for sufferers of consumption, bioarchaeological evidence also
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suggests a relatively high burden of mortality due to tuberculosis in early settlers of south Otago
(Buckley et al., 2022; Snoddy et al., 2020).
By employing direct bioarchaeological research methods, researchers are able to “bring
to light some of the stories of settlers whose individual and regional histories have been erased
in favour of a broad-scale narrative of British settlement” (King et al., 2020a, p. 2), and recent
isotopic evidence for diverse European and Chinese origins has called into question the
homogenous historical narrative that has been established. The origins of both European and
Chinese early settlers has a less clear geographical distribution than the neatly defined origins
described in the historical literature (King et al., 2020a, 2021b). This research demonstrates
how the genetic background of and ethnic identity of an individual may also not be clear through
the analysis of material culture alone, as in the case of an individual from Gabriel’s Street
Cemetery in Lawrence that was found with Chinese material culture but has mitochondrial
DNA haplogroups that are typically European (King et al., 2021b).
Modern bioarchaeology is influenced by postprocessualism, an approach that developed
during the 1980s as archaeologists began to discuss the inherent difficulties in interpreting past
cultures through the slim lens of material culture and historical records (Renfrew & Bahn,
2008). Postprocessualism considers how “humans live in a world of meanings that shape their
actions in fundamental ways” and emphasises a multidisciplinary and multifactorial approach
to interpretation of the life histories of people in the past (Robb & Pauketat, 2013, p. 16). This
multifaceted approach has accompanied a reinvention of the archaeological method, which has
in the past been heavily reliant on population-level studies to emphasise major biocultural
trends in human adaptations (Burt, 1978; Goodman & Armelagos, 1988; Stodder & Palkovich,
2012b; Szreter, 2003). Use of the individual life history approach to elucidate lived experiences
is discussed further in Chapters Four and Six.
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ENAMEL GROWTH AND DISRUPTION
This thesis analyses disruptions to enamel growth through the histological analysis of

permanent and deciduous dentition. This section provides an overview of the biological
mechanisms that may result in macroscopic and microscopic changes, or defects, in the enamel
in response to physiological stress. Through the examination of this literature, the use of
histological research methods to assess and examine dental enamel defects in archaeological
samples is evaluated and justified as a practical and valuable method of analysing stress events
during childhood.
Internal or external stress events, such as malnutrition, illness and traumatic injury, can
disrupt enamel growth. Stress has been defined by Hans Selye as “the nonspecific response of
the body to any demand made upon it” (1976, p. 137), and although this response may not have
a clear aetiology it is nevertheless indicative of an interruption to homeostasis (Selye, 1956,
1976). The occurrence of stressors will not always create difficulties for individuals or
populations as the physiological ability to resist stressors is highly dependent on the magnitude
and duration of the stress event (Martin et al., 1984). Disruptions to physiological stability that
occur when the body is not sufficiently buffered from environmental stressors, either through
cultural or biological means, can impact growth and/or homeostasis (Cameron & Bogin, 2012).
This is particularly evident in children, who are still developing (Cameron & Bogin, 2012;
Martin et al., 1984). Growth can be affected by many different factors including diet, disease,
altitude, climate and socioeconomic status, any of which can cause disruption to enamel matrix
secretion (Hillson, 2005). Importantly, many of these factors are interlinked, as low
socioeconomic status is frequently associated with poor nutrition, resulting in arrested growth
(Floud et al., 1990; Floud & Wachter, 1982; Steckel, 1995, 2008). However, one of the primary
issues in bioarchaeological investigations of physiological stress is the uncertain aetiology of
these stress events. The occurrence of a stressor will not necessarily create difficulties for
individuals or populations, and physiological responses can be affected by the magnitude and
duration of a stressor, as well as individual ability to resist stressors (Fig. 2-10) (Martin et al.,
1984. Witzel et al. 2008). As such, an emphasis is placed on considering multiple factors when
studying non-specific stress indicators (Goodman & Armelagos, 1988; Goodman & Rose,
1990; Martin et al., 1984).
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Figure 2-10. Diagram illustrating the different factors that can influence the expression of
secretory ameloblast function disruption. Image reproduced from Witzel et al. (2008, p. 411).
These disruptions to growth are visible on the enamel surface in the form of dental enamel
hypoplasia (DEH). The term enamel hypoplasia was first used in 1893 by Otto Zsigmondy and
can refer to defects with non-specific aetiologies, or to defects caused by congenital conditions
such as Amelogenesis Imperfecta (AI) (Hillson, 2005). Linear Enamel Hypoplasia (LEH),
transverse lines or pits on the enamel surface, is a widely used indicator of non-specific growth
disruption in archaeological samples (Armelagos et al., 2009; Cares Henriquez & Oxenham,
2020; Goodman & Rose, 1990; Hannibal & Guatelli-Steinberg, 2005; Lukacs, 1991;
Miszkiewicz, 2015; Primeau et al., 2015; Witzel et al., 2008). Although universally recognised
as an indicator of childhood stress, LEH assessment has not been standardised and there is
considerable variation in methodologies, thresholds, and interpretations used by researchers.
The two most commonly used approaches can be separated into macroscopic or microscopic
methods, differing in capacity to provide objective, precise and accurate results (Cares
Henriquez & Oxenham, 2020). In addition to the difficulties in using surface hypoplastic lines
to assess stress, the enamel surface is also prone to damage that may obscure or destroy evidence
for LEH, such as dental attrition and taphonomic disturbances. Surface defects may also
represent localised trauma to an isolated region of the mouth, or congenital conditions as
previously discussed. Although the majority of LEH studies have been conducted on modern
humans, hypoplastic defects are common to mammals, in particular primates (Hannibal &
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Guatelli-Steinberg, 2005; Lemmers et al., 2021; Towle & Irish, 2020), sheep and goats
(Kierdorf et al., 2012), and cattle and horses (Hillson, 2005).
Internally, disruptions to normal growth can result in accentuated lines that are visible
under light microscopy, commonly known as Wilson bands (Aris, 2020; Rose et al., 1978,
1984). The neutral term ‘Wilson band’ was initially introduced by Rose et al. (1978) to reflect
the unclear aetiology of the bands, resulting from generalised physiological stress rather than
specific disease. More recently, terms such as ‘accentuated lines’ (ALs), ‘accentuated
incremental lines’, ‘stress lines’ and ‘irregular accentuated striae’ (IAS) have been introduced
in the literature in acknowledgement of the coincidence of these bands both with and between
Retzius lines (Hassett et al., 2020; Kierdorf et al., 2021; Lemmers et al., 2021). These bands
may or may not correspond with an enamel surface defect. Wilson bands have been established
to be caused by physiological stress and this can be elicited by specific pathological conditions
(Lemmers et al., 2021), but due to the similar responses of enamel to metabolic disturbances,
such as malnutrition and infection, it is not possible to confidently identify the cause of all
accentuated lines. Moreover, the period of secretory ameloblast function disruption, and the
duration of a stress event may not necessarily be exactly correlated (Witzel et al., 2008).
Wilson bands can be distinguished from regular Retzius lines as they are visible under
light microscopy along more of their length than regular striae (Antoine et al., 2019). Goodman
and Rose (1990) propose that in order to positively identify a Wilson band the line should be
continuous through a minimum of 75% of the enamel thickness, and observable in matching
portions of the enamel on lingual and labial sides of the crown. Additionally, the neonatal line
(NNL) is a prominent Retzius line that is formed just after the time of birth in the deciduous
teeth and some permanent first molars, separating prenatal enamel from postnatal enamel
(Hillson, 2005). NNL formation is associated with physiological perturbation as an infant
departs the intrauterine environment (Behie & Miszkiewicz, 2019). It has been hypothesised
that NNL width may be linked to maternal health and the prenatal environment (Behie &
Miszkiewicz, 2019; Eli et al., 1989; Hassett et al., 2020; Hershkovitz et al., 2019; Hurnanen et
al., 2017, 2019; Kurek et al., 2015, 2016; Mountain et al., 2021; Zanolli et al., 2011). However,
the relationship between the perinatal environment and NNL width remains unclear. Most
investigations of NNL width have also been based on modern populations with known maternal
histories, which is not known in archaeological samples (e.g., Behie & Miszkiewicz, 2019; Eli
et al., 1989; Hassett et al., 2020; Hershkovitz et al., 2019; Hurnanen et al., 2017; Mountain et
al., 2021; Zanolli et al., 2011).

Chapter Two: Literature Review

43

A wide range of experimental, epidemiological and clinical studies strongly suggest that
DEHs and the associated internal abnormalities are relatively sensitive non-specific stress
indicators (Armelagos et al., 2009; FitzGerald & Saunders, 2005; Goodman & Rose, 1990;
Hogg, 2018; Rose et al., 1984; Witzel et al., 2008). Several aetiologies for these early life stress
events have been proposed, and although it is impossible to make a confident association, there
are numerous factors that may contribute to early life physiological stress. The infant immune
system is immature, developing to only half the level of an adult immune system by 6 months
of age (Abrams & Miller, 2011). Infants also develop the ability to put their hands in their
mouth and pick up moderately sized objects around 4 months of age (Xiong et al., 2018).
Around 9 months of age they are able to pick up smaller objects, and they become increasingly
mobile as they learn to crawl (Xiong et al., 2018). Dental eruption also begins to occur around
4 to 7 months (AlQahtani et al., 2014), causing infants to rub their gums in relief, and this hand
to mouth interaction provides a potential vector for an increased pathogen load at this time
(Lorentz et al., 2019; Xiong et al., 2018). During this period of life, weaning may also begin,
which can potentially harm the infant if undertaken under adverse environmental conditions
and if their nutritional needs are unable to be met (Koutlias, 2019). As an infant is weaned and
outside foods are introduced, they are exposed to fewer maternal antibodies, immunoglobins
and lymphocytes, and the risk of infection of disease is increased (Foote & Marriott, 2003;
Katzenberg et al., 1996). In a study of modern infant weaning, Morgan et al. (2004) found no
apparent differences in infant size or morbidity at 18 months when comparing groups that had
begun weaning before or after 12 weeks postpartum, however they acknowledge this does not
preclude later emergence of health issues in relation to poor nutrition during early infancy.
Inadequate nutrition and poor diet during early childhood, particularly in conjunction with
the period of weaning, have been associated with elevated levels of stress and infectious disease
(Katzenberg et al., 1996). It is important to distinguish the terms diet and nutrition; diet refers
to the foods that are consumed, and nutrition to the adequate intake of the necessary nutrients
to maintain growth and development (Garland et al., 2018). Although the study of historical
evidence for diet cannot necessarily be equated with early childhood nutrition, isotopic
evidence for the intakes of certain food types can add to this picture. Similarly, inadequate
nutrition during early childhood, either through insufficient access to nutrients or the diversion
of resources away from growth towards the functions necessary for immediate survival, is
associated with Wilson band formation (Armelagos et al., 2009; Garland et al., 2016, 2018;
Goodman & Rose, 1990a; Huss-Ashmore et al., 1982; Neiburger, 1990; Witzel et al., 2008).
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Regardless, the histological investigation of secretory ameloblast disruption provides
more accurate results than traditional macroscopic surface analyses, in which age estimates
have varied widely between methods, particularly in the maxillary dentition (Cares Henriquez
& Oxenham, 2019; Łukasik & Krenz-Niedbała, 2014). Although not originally designed for
use as a dental standard for estimating LEH chronologies, the decile chart from Reid and Dean
(2006) has been over relied upon in studies of enamel surface defects (e.g., Cares Henriquez &
Oxenham, 2017, 2019; Dąbrowski et al., 2021; Erkman et al., 2022; Gamble et al., 2017;
Miszkiewicz, 2015). Primeau et al. (2015) attempted to combine decile charts from Reid and
Dean (2006), and Holt et al. (2012), in order to take into account hidden cuspal enamel. They
found that estimates based on these still ranged from a period of weeks to months, and
developmental projections varied between populations. Recently, Cares Henriquez and
Oxenham (2019) determined that the relationship between chronology and dental crown height
is not linear but curvilinear, and have presented a distance-based exponential regression method
for LEH chronology estimation. Dąbrowski et al. (2021) found both the Reid and Dean (2006)
and Cares Henriquez and Oxenham (2019) methodologies produced consistent results for LEH
forming around two to three years of age in a Medieval northern European sample. The authors
also found that results were less consistent when comparing datasets from western Europe and
southern Africa, and stress the necessity of producing population specific datasets.
Boldsen (2007) has also argued that a tooth with LEH is on average more fragile than a
tooth with no LEH, and the older an individual is the more likely they have lost teeth premortem,
or have teeth worn so far that LEH cannot be scored. Overall, these factors indicate that
macroscopic analyses of enamel hypoplastic lines can be more subjective and less accurate than
histological investigations of enamel cross-section. Histological studies also reduce the
potential for observer bias when compared to commonly used surface methods, and increase
the accuracy, replicability and comparability of results (Cares Henriquez & Oxenham, 2019,
2020). Despite the uncertainties that must be considered when dealing with archaeological
samples, the analysis of early childhood physiological stress can contribute to a better
understanding of health at both the individual and population levels in the past.
2.6

SUMMARY AND IMPLICATIONS
Our knowledge of the past has often been filtered through surviving sources, and the lives

of ‘ordinary’ people are rarely recorded with much detail (Zeitlyn, 2012). In particular, life
histories of children are often missing from the historical, archaeological and bioarchaeological
record due to poor preservation of remains and frequently prejudiced written sources. Historical
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archaeology is also limited by the place-bound nature of studying archaeological “sites”,
discrete locales that are fixed in place (Voss, 2018). It is important to consider that although
these bounded locations can provide contextual information, the people that created them were
not anchored to a single location (Voss, 2018), particularly immigrant populations such as those
studied in this thesis. Using a life history approach to examine archaeological populations is
not new (e.g., Saul & Saul, 1989), but has become more welcome in the current research
climate. By employing an osteobiographical approach researchers are able to consider
individuals, their intentions and their socially contextualised identities (Hosek & Robb, 2019;
Stodder & Palkovich, 2012a, 2012b). In addition a microhistorical approach, where research
engages with historical phenomena at multiple scales of analyses, can help to mitigate the
limitations of individual case studies by considering the deeply interconnected nature of our
world (Beaudry, 2011; Hosek & Robb, 2019; Magnússon & Szijártó, 2013; Szijártó, 2017;
Walton et al., 2008).
The analysis of enamel formation disruption has been outlined as a valuable tool in the
assessment of early childhood health due to the resilience and lack of modification of enamel
over a life course, when compared to other body tissues. Although teeth are frequently studied
in an archaeological context, the lack of consistency in research methods, results reported and
interpretation of results had led to highly varied discussions and conclusions regarding both
their usefulness, and the data they can provide regarding early health. A histological approach
mitigates some of the factors that can inhibit traditional surface level studies, such as
taphonomic changes and dental attrition. This approach also has the potential to provide more
accurate estimates for the age at, and the duration of, interruptions to growth during early
childhood. This analysis can help to provide a voice to those that have been lost to the historic
record, including a large portion of early Otago settlers, many of whom came to New Zealand
in order to escape already poor and marginalised circumstances in their home countries.
The Southern Cemeteries Research Project is the first of its kind in New Zealand, aiming
to elucidate the lived experience of the early non-Māori settlers of Otago by critically examining
the notion that New Zealand was a ‘healthy’ country. The consideration of health during
childhood of early settlers can not only uncover information that is absent from the record, but
potentially offer a comparison with the childhood experiences of the first-generation of children
born in New Zealand. This research also contributes to the international literature regarding
mid-nineteenth century settler populations whom, as discussed in Chapter One, have rarely been
the subject of bioarchaeological scrutiny.
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Chapter 3: Sites and Samples
This chapter provides a brief history of each archaeological site, as well as site-specific
contextual information relevant to the analysis and discussion conducted in this thesis, and is
divided into six sections. Section 3.1 examines life in nineteenth century Otago. Section 3.2
reviews the settlement of Tokomairiro/Milton, and section 3.3 reviews the settlement of
Tuapeka/Lawrence and the neighbouring goldfields. Section 3.5 summarises the skeletal
samples used in this thesis, and includes an overview of the osteological methods used to
estimate age and sex in unidentified individuals. Section 3.6 provides a chapter summary.
3.1

LIFE IN NINETEENTH CENTURY OTAGO

Figure 3-1. Map indicating the location of Milton and Lawrence (grey circles), relative to the
major New Zealand cities. Adapted from King et al. (2021b, p. 3).
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Life in an inchoate British colony offered unseen challenges to new emigrants. Hazards
to health included infectious diseases, dangerous working and living conditions, and an
unpredictable and often extreme climate. Provisions were sometimes scarce or difficult to
obtain, and in 1862 and 1863 harsh winters with heavy snowfall, floods and storms wreaked
havoc as the packhorses that were the general means of transporting provisions inland struggled
through mud and broken roads (Beattie, 1947; Gilkison, 1930). There are reports of illnesses
such as scurvy and dysentery in remote populations as they struggled to obtain fresh produce
(Soper, 1948), although Gilkison (1930, p. 32) in his history of Otago states that “food was
always obtainable at Tuapeka”. Work was generally centred around agriculture, industry and
service occupations, many of which involved a high level of risk (Buckley et al., 2022). Local
newspapers such as the Bruce Herald, Otago Daily Times and Tuapeka Times frequently
reported a range of accidents resulting in injury and death for those engaged in all kinds of
labouring work (Fig. 3-2). Additionally, factory work in industries such as wool and flour
milling has also been associated with an increased risk of respiratory illness (Buckley et al.,
2022; Mohammadien et al., 2013).

Figure 3-2. A report on the Tuapeka Hospital from the Bruce Herald, 22 December 1880, page
5, describing the wide range of patients and their complaints.
Otago was divided by the Otago Provincial Council (OPC) into seven pastoral districts
on 21 November 1859; Oamaru, Moeraki, Waikouaiti, Dunedin, Clutha, Invercargill and
Riverton (Beattie, 1947). The Southland/Murihiku Province split from Otago in 1861, but later
re-joined in 1870 as Otago began to benefit economically due to the goldrush and Southland
faced increasing debt (McLintock et al., 1966). Despite the economic growth associated with
the goldrush, the society divided into a land-owning capitalist class and a wage-earning working
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class that had been envisioned by Wakefield was not realised by everyone. A scathing report
from the Bruce Herald (‘Statistical.’, 1874, p. 3) laments the loss of young first-generation New
Zealand farming men to “other lands offering greater inducements to settlement” as they have
been “forced to remain their parent’s servants” by the new governmental land policies, and the
editors question “how the fertile brains of some of our political parasites can account for [this]”.
The current Otago boundary was established in 1989 during New Zealand local government
reform (Fig. 3-1). Although much of the Otago hinterland had originally been earmarked for
agriculture, demand for land increased during the goldrush and the OPC sold large blocks of
land under the Goldfields act in 1876 (Beattie, 1947). As population and demand for land grew,
small settlements proliferated, including the settlements of Milton/Tokomairiro and
Lawrence/Tuapeka.
3.2

A HISTORY OF TOKOMAIRIRO/MILTON

Figure 3-3. Map indicating the location of Milton on the Tokomairiro plains, approximately
54 km south of Dunedin. The Tokomairiro and Taeri plains were earmarked for agricultural
development during the initial period of European settlement. Map adapted from King et al.
(2021a, p. 4).
Milton is on the edge of the low-lying Tokomairiro floodplain, 54 kilometres south of the
main port city of Dunedin (Fig. 3-3). Farming on the Tokomairiro plains began in the 1850s,
part of the agricultural hinterland envisioned by proponents of the Wakefield Class Settlement,
as discussed in Chapter Two. A small settlement was established at Fairfax/Tokoiti, now part
of Milton, acting as a service town for the local farming community (Sumpter & Lewis, 1949),
a role it still plays today. The Tokomairiro district covers an area over 14,000 acres and consists
largely of flat tussock and grassland, with easy and widespread access to waterways such as
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streams and rivers. Tokomairiro roughly translates from Te Reo Māori as “pushing a canoe
through swamp”, and the first settlers took this as an indication that the area was likely fertile
and well-suited to agriculture, similar to pastoral districts of Scotland such as Peebleshire
(Sumpter & Lewis, 1949). By the 1860s, Milton was on one of the main routes to the goldfields
(Fig. 3-6), as well as providing a link to trade networks along the coast and to the interior of
Otago, with thousands of people passing through annually (Buckley et al., 2022; Sumpter &
Lewis, 1949). The first cart driven between Milton and Dunedin in 1850 took 9 days to arrive,
and a regular coach service was established between the two by 1858 (Reed, 1947; Sumpter &
Lewis, 1949). The railway reached Milton in 1875, providing easy access to Dunedin for
passengers and freight (Sumpter & Lewis, 1949).
Migrants were enticed by low land prices, offered initially at £2/acre (Sumpter & Lewis,
1949). In April 1856 the OPC discounted this to 10s/acre, with the proviso that £2/acre must be
expended on cultivation and land improvements before a title could be secured (Sumpter &
Lewis, 1949). This offer was very attractive to settlers, particularly as the price of grain exports
to Australia increased after gold was found in Victoria, and within four years all the land had
been purchased (Sumpter & Lewis, 1949). While Milton was predominantly a farming
community, local industries included a flour mill (1857), a brick and pipe works (1869), pottery
works (1873) and the Bruce woollen mill (1897) (Buckley et al., 2022; Elwood, 1965; Sumpter
& Lewis, 1949). Sumpter and Lewis (1949) suggest that Tokomairiro was attractive to young
doctors between the 1850s and 1880s as it grew into a very prosperous settlement between
Dunedin and Invercargill, however poor remuneration resulted in a high turnover and the
average doctor stayed only one to two years (Fulton, 1921). Although the doctors stationed at
Tokomairiro/Milton covered a wide section of the district, as far South as the Clutha River and
as far inland as Tuapeka, a hospital was not built in Milton until 1873, 13 years after the
establishment of a hospital in Lawrence (Sumpter & Lewis, 1949).
Two censuses of the Otago population, taken in 1864 and 1867 and published in the North
Otago Times in 1868, provide a broad picture of the population of Milton during the midnineteenth century (Buckley et al., 2022). The population was dominated by European men
aged 21 to 39 years, reflecting the incentivised immigration schemes and the pull of the
goldfields, although a growing number of small children suggests the development of families
in the area, consistent with Wakefield’s settlement vision. The censuses also indicate there were
few adults over 65 in Otago, and this is echoed in the available burial records (Buckley et al.,
2022).
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A HISTORY OF TUAPEKA/LAWRENCE AND SURROUNDING
GOLDFIELDS
The Otago goldrush was triggered in 1861 when prospector Gabriel Read, following up

earlier gold prospection by ‘Black’ Edward Peters, found gold in the Tuapeka district “shining
like the stars in Orion on a dark frosty night” (Mackay, 1992, p. 37; Petchey, 2015). The gold
was alluvial, washed down from glaciers and found commonly in riverbeds, subsoils, gravel
beds and coastal beaches, quickly attracting an influx of hopeful miners (Barker et al., 2004;
Craw, 2017; Mackay, 1992). Many Presbyterian Scottish settlers of Otago, who had emigrated
in order to build an ordered, prosperous new world by escaping the religious and social strife
of Scotland, opposed the ‘easy’ work of mining as it would take men away from the
development of the province’s economy through agriculture (Mackay, 1992). There are also
reports of fear that the goldfields would attract Irish Catholics “and spawn a host of social evils
in the new world” (Mackay, 1992, p. 38). Nevertheless, the economic benefits outweighed any
public opposition, and the OPC declared a goldfield at Gabriel’s Gully in 1861.
Figure 3-4a.

Figure 3-4b.

Figures 3-4a & b. Two views of the miner’s encampment at Gabriel’s Gully. 3-4a. Haylock (no
date), 3-4b. Gore (c1862).
A small camp was established at Gabriel’s Gully on the Tuapeka River, the location of
Read’s gold discovery (Figs. 3-4a & b). There were three recognised tracks from Dunedin to
Gabriel’s Gully (Fig. 3-5); across the Taieri Plain to Tokomairiro/Milton, then 35km over the
low mountain ranges to Tuapeka/Lawrence, over Mount Maungatua and direct to Waipori then
Gabriel’s Gully, or down the coast by steamer to the Taieri Mouth, thence to the Taieri Ferry at
Henley, and finally boat or canoe to Lake Waihola to reach the Tokomairiro track (Gilkison,
1930).
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Figure 3-5. 1862 Map of the main routes to the Otago Goldfields, produced by John ‘Jock’
Graham, a local post carrier. Dunedin is represented by the circle, Milton by the triangle and
Lawrence by the Star. The two main routes are highlighted; orange represents the southern
track via Milton/Tokomairiro, blue represents the western track over Mount Maungatau. Image
adapted from Sullivan (2019).
The population of Gabriel’s Gully exploded during the initial years of the goldrush and
the town of Tuapeka (officially renamed Lawrence in 1866) was established to support the
burgeoning population. By July 1962 the government census indicated 11,472 people lived at
Tuapeka, only 148 of whom were female (‘Inveniam Viam Aut Faciam’, 1862), but by 1865
there were estimates of fewer than 5000 European miners in Otago as the goldfield population
waned (Gilkison, 1930). Services such as banks, hotels, ironmongers, libraries and food stores
began life in small wooden and corrugated iron structures, growing into permanent brick and
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timber buildings in the mid-1860s (Jennings, 1921; Traue, 2007). By 1863 there were over 50
children resident at Tuapeka and an application was made for a school and schoolmaster to
Dunedin (Soper, 1948; Traue, 2007). As the town developed, demand increased for people
engaged in other professions, for example bank officers, chemists, brewers, doctors, journalists,
prostitutes, goldfield officials and police, and many people emigrated from the goldfields of
Victoria, Australia to fill these roles (Mackay, 1992). Labouring jobs were also increasingly
required, with men engaging in work as clerks, builders, roadmen, and coach and wagon
drivers, while young women were attracted by roles as domestic servants and hotel staff
(Mackay, 1992). Not all emigrants were well meaning, and temporary settlements with
sojourning populations also attracted unscrupulous individuals such as quack doctors and conartists, notably the infamous pirate Bully Hayes (Druett, 2016), and prostitution was not
uncommon (Mackay, 1992).
The Lawrence Chinese Camp was established in 1866 to house the invited Chinese
miners, consisting initially of shanties made with flattened kerosene cans, rice sacks and other
scavenged materials, mixed with open cesspits and pigsties (Ng, 1993; Ritchie, 2003b). The
number of Cantonese migrants grew quickly, and in 1867 the local council set aside a block of
land on the outskirts of Lawrence in order to accommodate the residential and commercial
needs of the Chinese (Wu et al., 2020). In 1882 the camp was rebuilt with weatherboard houses,
formalised streets and street lamps, and there was praise for improved sanitation, which was
potentially better than in the rest of Lawrence (‘More About the Chinese Camp’, 1884). Ritchie
(2003b) observes that while Chinese archaeological sites and structural remains are widespread
on the goldfields they may not necessarily be visibly ‘Chinese’ at first due to adoption of local
materials and building methods. The Chinese resident population was relatively small in
Lawrence, estimated at 120 men in 1870, and only 60-70 men in 1883 (Ng, 2003; Wu et al.,
2020). By 1871 the first known Chinese doctor had arrived in Lawrence, and the Chinese camp
had five stores, a hotel, an immigrants hostel and a Joss House (meeting place or ‘club house’)
of the Poon Fah Association (Ng, 2003). Other businesses included a butcher, baker, carpenter,
and jeweller, alongside eateries and gambling or opium dens (Ng, 2003; Ritchie, 2003b; Wu et
al., 2020). At present only two historic Chinese structures remain in Lawrence; the ‘Chinese
Empire Hotel’ which was rebuilt in 1885 by businessman Sam Chew Lain, and his mausoleum
in the Gabriel Street cemetery. This mausoleum in particular is notable as this represents the
adoption of European-style burial practices by a Chinese individual, who was buried in the
traditionally ‘Christian European’ section of the cemetery (Ng, 1993).

Chapter Three: Sites and Samples
3.4

53

CEMETERY SITES

3.4.1 St John’s Anglican Burial Ground, Milton
The St John’s Burial Ground (abbreviated as SJM, archaeological site H45/156) was first
used in 1857, formally opened in 1860, and closed to burials from 1927. While the cemetery
was primarily Anglican, anecdotal evidence suggests burial of people from other denominations
was welcome, potentially reflecting the necessity of inclusivity in a fledgling colonial
community (Buckley et al., 2022). Nearly half the interments were made during the 1870s, but
it is unclear if the population was at higher risk of death during this period, or if the population
was simply larger as there is no full population profile of the town at this time (Buckley et al.,
2022). It is also possible that cemetery records from the 1850s and 1860s are less complete
(Buckley et al., 2022).

Figure 3-6. Map of St John’s Anglican Burial Ground in Milton, indicating the areas excavated
in 2016. Map from Petchey et al. (2017, p. 25).
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As part of the Southern Cemeteries Research Project, 25 graves were excavated and
exhumed in 2016 at the request of the Tokomairiro Project 60 (TP60), a historical preservation
group formed of descendants of the first Milton residents, and the Anglican Church (Petchey et
al., 2017). After extensive public consultation, excavation took place under archaeological
authority (no. 2017/171) from Heritage New Zealand and a disinterment licence (no. 2016/17)
from the Ministry of Health (Petchey et al., 2017). Excavations were preceded by a blessing by
Bishop Kelvin Wright and a whakawatea by Rachel Wesley, and closed by a blessing by Vicar
Vivienne Galletly, whom also performed a brief blessing for each burial as it was uncovered
(Petchey et al., 2017). The project had two main aims. Firstly, to assist the church and local
community with the identification of the extent of the burial grounds and to confirm if any
graves are located outside the current fenced area; and secondly, to build a biosocial profile of
early colonial settlers in their new social and physical environments (Buckley et al., 2022;
Petchey et al., 2017).
There were 25 graves excavated containing 27 individuals, with remains in varying levels
of preservation, from almost complete and well preserved with hair, to dentition only (Fig. 36) (Buckley et al., 2022; Petchey et al., 2017). Subadult skeletal preservation was extremely
poor, and most are represented only by the remains of teeth (Buckley et al., 2022). Material
culture is consistent with interment between 1860 and 1890 (Petchey et al., 2017). Records
associated with the cemetery indicate that most people buried there were farmers or engaged in
industry, although some individuals, for example individual SJM B21 (Table 3-1), were
involved in goldmining prior to death (Findlay et al., 2015; Petchey et al., 2017). The exact size
of the population that the cemetery drew off is unknown as the Otago population was highly
mobile at this time, and all adults sampled have been demonstrated isotopically to have been
new migrants to New Zealand (Buckley et al., 2022; King et al., 2020a). The 1867 census for
Otago reported that the population was composed of 61.5% males and 38.5% females, and the
SJM sample is represented by 53% males and 47% females (Buckley et al., 2022). Death
certificates for the cemetery list over 80 different causes of death, with some people having
multiple causes recorded, and over a quarter of the people are recorded to have died due to
pulmonary infections such as tuberculosis, pneumonia and bronchitis, although heart disease
and strokes are the leading causes of death recorded for those over 60 (Buckley et al., 2022).
Samples from SJM are summarised in Table 3-1.
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3.4.2 The ‘Old’ Ardrossan Street Cemetery, Lawrence

Figure 3-7. Map of the ‘Old’ Ardrossan Street cemetery in Lawrence, indicating the areas excavated
in 2018. Map from Petchey et al. (2018a, p. 29).
As a continuation of the Southern Cemeteries Research Project, the ‘old’ Ardrossan Street
cemetery, Lawrence (archaeological site H44/1135), was excavated in 2018 and 25 individuals
were exhumed (Fig. 3-7) (Petchey et al., 2018a). This was the first cemetery established in
Lawrence, and was used between 1861 and 1866, during the goldrush and the immediate
aftermath. Public consultation was carried out extensively, including with the Otago Southland
Chinese Association, the Lawrence Tuapeka Community Board and Te Runanga o Otakou, as
well as media releases through sources such as newspapers (Petchey et al., 2018a). Once
permission was obtained from the landowners, excavation took place under archaeological
authority (no. 2018/456) from Heritage New Zealand and a disinterment licence (no. 09/2018)
from the Ministry of Health. There are very few historic records associated with the cemetery,
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and it had become widely believed through anecdotal and official information that the
interments had been exhumed and moved to the ‘new’ Gabriel Street cemetery, although
excavations uncovered no evidence for this (Petchey et al., 2018a). There is some material
evidence for a stratified society as Lawrence grew in size during the gold rush, with clear
differences in the value of grave goods between individuals buried at Ardrossan Street (Petchey
et al., 2018a). It is expected that most occupants of this cemetery were British as records such
as miner’s claims indicate that the goldfields were initially dominate by European miners,
however individual A B19 was interred with traditional Chinese grave offerings and has
strontium isotope data that strongly outlies the other individuals sampled (King et al., 2021b).
Samples from Ardrossan Street are summarised in Table 3-2.
3.4.3 The ‘New’ Gabriel Street Cemetery, Lawrence

Figure 3-8. Map of the southern end of the ‘New’ Gabriel Street cemetery in Lawrence,
indicating the areas excavated in 2018. Map from Petchey et al. (2018a, p. 32).
The ‘new’ Gabriel Street Cemetery in Lawrence (archaeological site H44/1136) was
opened in 1866, and was used by all members of Lawrence society. Excavations were carried
out under the same archaeological authority and disinterment licence as above for the Ardrossan
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Street Cemetery (Petchey et al., 2018a). There are no existing records of grave plots or the
individuals interred in the excavated area. Excavations in 2018 were centred on an unmarked
area of the cemetery that is known as the ‘Chinese section’, and 3 individuals were exhumed
(Fig. 3-8) (Petchey et al., 2018a). Further excavations in 2019 identified 24 further graves, many
of which contained no remains (King et al., 2021b). This is consistent with the historic tradition
of exhuming Chinese individuals in order to repatriate them. Archaeological evidence suggests
that those excavated were interred during the late 1800s, with the presence of Chinese material
culture such as coins and burnt rice offerings, as well as buried headstones marked with Chinese
characters (King et al., 2021b). The individuals who remain may represent a portion of the
Chinese population who were unable to afford to pay into exhumation schemes, such as those
orchestrated by the Poon Fah Association, or chose to have their remains stay in New Zealand
(King et al., 2021b). There is also the potential that individuals interred in this section were not
all Chinese but were other marginalised people, such as European women who married Chinese
men, or individuals who were unable to afford burial in the European section of the cemetery
(King et al., 2021b). Samples from Gabriel Street are summarised in Table 3-3.
3.5

SUMMARY OF SAMPLED BURIALS
This research project assesses childhood experiences of physiological stress in mid-

nineteenth century non-Māori immigrants to Otago, New Zealand. The 29 samples examined
have been recovered from three sites; St John’s Burial Ground in Milton (n = 14), and the
Ardrossan Street (n = 9) and Gabriel Street (n = 6) Cemetery sites in Lawrence. As several
individuals are represented by more than one sample, the total number of individuals analysed
in this study is 24; eleven from St John’s Burial Ground (SJM), eight from Ardrossan Street
and five from Gabriel Street. This number is lower than the total number of excavated
individuals, as outlined in sections 3.3 and 3.4, due to poor preservation of enamel in many
individuals. Here, section 3.5.1 outlines the osteological methods used to estimate age and sex
of skeletal remains. Section 3.5.2 presents the pertinent osteological, bioarchaeological and
historical information for each individual sampled in this thesis.
3.5.1 Osteological Methods
The Fédération Dentaire Internationale (FDI) system was used to record teeth during
initial sample recovery (Keiser-Nielsen, 1971). A guide to the FDI system is presented in
Appendix D. Age of adults was estimated from standard observations of late fusing epiphyses
(e.g. sternal clavicle and sternum) (Scheuer et al., 2010), the auricular surface of the ilium
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(Lovejoy et al., 1985), and the pubic symphysis (Brooks & Suchey, 1990). Age of subadults,
individuals under 15 years of age at death, was estimated from dental growth standards where
only dental remains survived (Moorrees et al., 1963a, 1963b). Where subadult skeletal material
was present, methods based on skeletal development and estimated skeletal element
measurements were used (Buckley et al., 2022; Scheuer & Black, 2000). Where no identifying
historic record provided age of death, adults were grouped into relative age categories of young
(20-34 years), middle (35-50 years) and old aged (50+) (Buikstra & Ubelaker, 1994).
Estimation of sex for adults was based on standard morphological observations of the pelvis
(Walker in Buikstra & Ubelaker, 1994; Milner, 1992; Phenice, 1969), and cranium (Acsádi &
Nemeskéri, 1970), with a preference given to pelvis morphology as this provides a more
accurate reflection of sex. Subadult sex estimates were not attempted due to the lack of sexual
dimorphism in the skull and pelvis prior to puberty (Buckley et al., 2022).
3.5.2 Sample Summaries
Table 3-1. Summary of samples from St John’s Burial Ground, Milton (SJM).
Individual

Age at
Death

Sex

Cause of
Death (listed
on Death
Certificate)
Alcoholism
and
chloroform
abuse

SJM B4*

Mid adult
(42?)

M

SJM B6*

Mid adult
(36)

F

Complications
from
childbirth

SJM B11

Mid adult

M

Possibly
identified as
injuries due to
mining

Skeletal
Pathology

Notes

Unobservable

Town doctor, German
born, resident in NZ for
14 years prior to death.
Coffin furniture not
ornate, poor-quality
iron
Wife of doctor (B4),
resident in NZ 21 years
prior to death. Coffin
furniture ornate, highquality iron
European mDNA
haplogroups

Maxillary
sinusitis, welldeveloped
enthesis of
upper limb
Sever
perimortem
trauma of
femur,
antemortem rib
fracture,
possible
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SJM B16
SJM B18
SJM B19
SJM B20b
SJM B21*

SJM B23
SJM B27
SJM B29

1.5-2
years
1-2 years
9-12
months
3 years
Mid adult
(42)

Unknown
15-18
months
Young
adult (2034 years)

59

?

N/A

fracture of left
elbow
N/A

?
?

N/A
N/A

N/A
N/A

Only teeth preserved
Only teeth preserved

?
M

N/A
Pneumonic
phthisis
haemorrhage

N/A
Osteological
evidence for
tuberculosis in
skull, pelvis

Only teeth preserved
Ex-gold miner,
European mDNA
haplogroups. Coffin
furniture not ornate,
high-quality iron.
London born, emigrant
to Hobart, Australia
(1856) then Otago
(1861) 12-month period
as an invalid prior to
death

F?
?

N/A
N/A

Unobservable
N/A

F

N/A

Skeletal
dysplasia,
possible sharp
perimortem
sharp force
injury to
sternum

Only teeth preserved

Only teeth preserved

European mDNA
haplogroups. Coffin
furniture ornate, highquality iron. Evidence
for skeletal dysplasia,
possibly an inherited
connective tissue
disorder or dysostosis
Data compiled from Buckley et al. (2022), King et al. (2021a, 2021b) and Snoddy et al. (2020,
2021). *Asterisks denote individuals that were identified through coffin name plates. Further
contextual information regarding these identified individuals was compiled by Buckley et al.
(2022) from historical records.
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Table 3-2. Summary of samples from Ardrossan Street (AS) Cemetery.
Individual
A B1

Age at Death

Sex

Notes

Adult

M

European mDNA haplogroups, evidence for
wrought iron fence and headstone associated
with grave

A B4

Adult

M?

Possible Chinese ancestry based on tooth
morphology

A B6

Adult

?

Only coffin with handles and decorative
plates

A B17

Adult

?

European mDNA haplogroups

A B21

Mid Adult (30s)

M

Partially readable coffin plate

A B22

Adult

M

A B23

Adult

M?

A B24

Adult

F?

Data compiled from Buckley et al. (2022), King et al. (2021b) and Petchey et al. (2018a).

Table 3-3. Summary of samples from Gabriel Street (GS) Cemetery.
Individual
G B1

Age at Death

Sex

Notes

Adult

M?

European mDNA hapologroups, buried with
burnt rice offering and hat, embossed zinc
ribbon trim and illegible name plate on coffin

G B3

Adult

M?

East Asian mDNA hapologroups, buried with
burnt rice offering and hat, embossed zinc
ribbon trim and iron handles on coffin

G B7

Adult

M?

East Asian mDNA haplogroups, buried with
burnt rice offering, coins and Chinese comb;
traditional Chinese queue preserved

G B15

Adult

?

East Asian mDNA haplogroups, traditional
Chinese queue preserved

G B25

Adult

?

Samples compiled from King et al. (2021b) and Petchey et al. (2018a).
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CHAPTER SUMMARY
As discussed in previous chapters, a histological investigation of evidence for

physiological stress disrupting enamel deposition is a valuable method of analysing childhood
stress experiences. Direct biological investigations of early settler health in New Zealand have
begun only recently, and a heavy reliance on historical records frequently negates the
experiences of peoples outside the wealthy and literate spheres. As the majority of these
individuals are unidentified, a bioarchaeological approach grounded in a framework of
concurrent research allows us a glimpse into their lives that would otherwise be lost to history.
Of the 24 individuals studied in this thesis, four have been identified as female, five as subadults
and five as likely Chinese, meaning 14/23 individuals are likely not be heavily represented in
the historical record.
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Chapter 4: Methods
This chapter outlines the research methods adopted in this thesis in order to achieve the
aims stated in Chapter One; to investigate the childhood physiological stress experiences of
mid-nineteenth century early settlers of Otago. Section 4.1 reviews the biological processes that
control enamel formation, and the histological methods used to analyse enamel growth
disruption. Section 4.2 summarises the research design, and section 4.3 outlines sample
selection. The sample preparation procedure is outlined in section 4.4, and section 4.5 provides
an in-depth description of the digital image analysis employed in this study. Finally, the
limitations that may influence any reported results are discussed in section 4.6. Further
contextual information regarding the individuals studied can be found in Tables 3-1, 3-2 and 33 in Chapter Three.
4.1

ENAMEL FORMATION AND DENTAL HISTOLOGY
Amelogenesis, the secretion of enamel, begins in utero and is largely complete in the

permanent dentition around 12 years of age (Armelagos et al., 2009; Nelson, 2015).
Ameloblasts, enamel producing cells, secrete the enamel matrix in sequential, ring-like layers
as they retreat from the cusp tip in a curved path outward toward the future enamel surface
(Hillson, 2005). After the enamel matrix has been secreted, the ameloblasts begin a maturation
process, where they remove water and protein from the enamel to produce a tough and resilient
material composed of at least 96% inorganic material (Hillson, 2005; Ten Cate & Nanci, 2008).
Enamel is deposited via a cellular extension of the ameloblast known as the Tomes’ process
(Boyde, 1967; Hillson, 2005). The Tomes’ process has different secretory regions for prismatic
and interprismatic enamel, and the two have crystallites oriented in different directions
(Lemmers et al., 2021). The paths of ameloblasts, representing successive positions of the
matrix-forming secretory front, can be observed using light microscopy (Antoine et al., 2009).
Microscopic examinations of dental enamel have been undertaken since the seventeenth
century, when Leeuwenhoeck (1677, p. 1002) observed “that the whole tooth was made up of
very small straight and transparent pipes”. These incremental growth lines were first described
in detail by the Swedish anatomist Anders Retzius (1837), and are referred to by a variety of
names in the literature including Retzius lines, long-period lines and brown striae of Retzius
(Hillson, 2005; Rose et al., 1984). Under a microscope, Retzius lines are typically easier to
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observe cervically and near the surface of the tooth, becoming less distinct occlusally and
deeper within the enamel. They are more clear in the permanent than the deciduous dentition,
and appear brown due to light scattering (Hillson, 2005). Cuspal (also known as cervical or
appositional) enamel is formed in domes, and once the full height of the cusp tip is reached
deposition changes to a sleeve shape, to form the imbricational (or lateral) enamel (Fig. 4-1)
(Hillson, 2005). Retzius lines emerge on the tooth surface as lateral lines called perikymata,
from the Greek peri (around) and kyma (wave) (Antoine et al., 2019). Perikymata are
characterised as troughs that run around the circumference of the imbricational enamel surface
(Hillson, 2005; Hogg, 2018).

Figure 4-1. Bucco-lingual cross-section of a molar indicating the features observable under a
light microscope. Retzius lines are visible within the enamel as regular brown lines, beginning
in the cuspal enamel. Exaggerated Retzius lines, Wilson bands, are indicated by the purple
arrows, and the prism cross-striations are indicated by the green arrow. Image created in
BioRender.com.
Mature enamel has a prismatic structure wherein enamel crystallites are organised in
bundles of ‘prisms’ measuring between 4 and 12 μm in width (Hillson, 2005). Prism crossstriations, regular changes in prism structure, are visible in histological cross-sections as
alternating bright and dark bands roughly 3 to 4 μm apart (Fig. 4-1) (Antoine et al., 2019;
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Hillson, 2005). These cross-striations represent sinusoidal or helical ‘wriggling’ of the prisms
known as prism decussation, and are thought to provide strength to the enamel (Antoine et al.,
2019; Hillson, 2005). In primates, one combined light and dark unit of the prism cross-striations
represents a circadian growth rhythm, approximately 24 hours of enamel matrix secretion
(Antoine et al., 2009; Hillson, 2005). This circadian periodicity has been well established, and
studies have demonstrated that cross-striation counts correspond well with known or
independent estimates of enamel formation times (Antoine et al., 2009; Asper, 1917; Gysi,
1931).
Cross-striation counts remain uniform between Retzius lines within the same tooth. By
counting the Retzius lines in one area of the tooth an approximate enamel formation chronology
can be extrapolated for the entire tooth (Antoine et al., 2009). Retzius Periodicity (RP), the
number of days of enamel formation between adjacent Retzius lines, has been widely used to
estimate crown formation times (e.g., Gysi, 1931; Mahoney, 2008; Mahoney et al., 2017, 2018;
McFarlane et al., 2021a, 2021b; Reid et al., 1998; Risnes, 1986). The average count of crossstriations between clearly defined Retzius lines varies between individuals. Most humans and
other great apes exhibit six to eleven cross-striations between Retzius lines, and this count can
be used to calculate the daily enamel secretion rate (ESR) of enamel (Goodman & Rose, 1990;
Hillson, 2005; McFarlane et al., 2021a; Smith et al., 2007). The count of cross-striations
between Retzius lines has been referred to by some researchers as the circaseptal interval as it
is supposed to represent one week of enamel deposition (Antoine et al., 2009, 2019; Goodman
& Rose, 1990). However, as previously noted the number of cross-striations is highly variable
between individuals and cannot be confidently relied upon to represent seven days of enamel
secretion. The rate of enamel deposition has also been observed to vary within a tooth, with
faster growth at the cusp indicated by wider spacing of Retzius lines (30 to 45 μm), and slower
growth near the cervix indicated by narrower spacing (15 to 20 μm) (Antoine et al., 2019). It
has been widely accepted that the number of increments between adjacent Retzius lines is
consistent among all teeth in one dentition (Antoine et al., 2019; Dean & Beynon, 1991; Smith
et al., 2007). Recent work by McFarlane et al. (2021a) has suggested that the rate of enamel
deposition is not consistent within the dentition of a given individual, challenging a
longstanding assumption that all teeth in an individual form at the same rate. Mahoney et al.
(2017) have also reported variation in ESRs around a hypoplastic defect in a deciduous molar.
As discussed in Chapter Two, disruptions of secretory ameloblast function due to a
physiological stressor that is insufficiently buffered can result in accentuated Retzius lines
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referred to as ‘Wilson bands’. It has been generally accepted that to confidently identify a
Wilson band it must be clearly traceable along at least 75% of the secretory front, and
observable in matching portions of the enamel on lingual and labial sides of the crown
(Goodman & Rose, 1990). FitzGerald and Saunders (2005) maintained that this length based
assessment should be used for distinction of Wilson bands from regular Retzius lines, and that
atypical prism structure is not a valid criterion for distinguishing the two, however Kierdorf et
al. (2021) have recently challenged this as they argue that the length over which a Wilson band,
which they refer to as an Accentuated Line (AL), is able to be traced is a consequence of the
degree of microstructure aberration along an entire secretory front. Based on this, Kierdorf et
al. (2021) distinguish ‘first-order ALs’ that can be traced for at least 75% of the secretory front,
and ‘second-order ALs’ that can be traced along 50 to 75% of the secretory front. For the sake
of consistency in this thesis, clear Wilson bands are recorded where they are traceable for 75%
of the secretory front, and potential Wilson bands are recorded where they cannot be traced for
this length, largely due to taphonomy or enamel loss.
A wide range of experimental, epidemiological and clinical studies strongly suggest that
enamel hypoplastic lines and the associated internal abnormalities are relatively sensitive nonspecific stress indicators (Armelagos et al., 2009; FitzGerald & Saunders, 2005; Goodman &
Rose, 1990; Hogg, 2018; Rose et al., 1984; Witzel et al., 2008). In deciduous teeth and some
first permanent molars that are forming around the time of birth, the NNL separates prenatal
and prenatal enamel (Hillson, 2005). Where it is able to be positively identified, the NNL is a
useful marker for the calculation of a dental developmental chronology. The factors underlying
the formation of the NNL are not fully understood, and a recent study by Hassett et al. (2020)
found NNL width varies in relation to parameters reflecting length of gestation and prenatal
environment, with no correlation with length or difficulty of birth. Similarly Kierdorf et al.
(2021) found that late foetal and infant health, as evidenced by enamel deposition disruption,
are likely to be associated with compromised maternal health.
By utilising counts of prism cross-striations, Retzius lines and perikymata, enamel growth
chronologies, as well as age at death, can be calculated in individuals with at least one complete
tooth crown (Hillson, 2005). This method was first applied by Boyde (1963), who used counts
of cross-striations from the neonatal line to estimate age at death in Anglo-Saxon children. It
has been similarly used by Dean & Beynon (1991) on a subadult from the late eighteenthcentury Spitalfields crypt in London, England, and by Reid et al. (1998) to analyse medieval
dentition from Picardie, France. A test of cross-striation counts with known ages calculated
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from historical records and coffin plates from the Spitalfields crypt was carried out by Antoine
et al. (1999), and matched well in several of the children. Due to the regular ring-like
development of enamel, and the inability of enamel to remodel, dental defects provide an
indelible chronology of stress events during dental crown formation (Goodman & Rose, 1990;
Hillson, 1996). Although there are some published analyses of archaeological samples, most
modern dental growth standards are limited and are usually based on well-nourished
populations of European descent (Antoine et al., 2019). As there are no dental standards based
on populations of east Asian descent, this thesis is limited in the comparisons to other
populations that are able to be made. Similarly, there are no published histological examinations
of secretory ameloblast function disruption in the contemporary ‘home’ countries of the
individuals examined in this thesis. The limitations of conducting bioarchaeological analyses
of health have been discussed in depth in Chapter One.
Histological analyses are becoming an increasingly common methodology in enamel
research due to the high degree of accuracy, combined with relatively low preparation time and
higher resolution, when compared to radiography and micro computed tomography (micro-CT)
(Aris, 2020). In the last two decades the analysis of the internal structures of human enamel in
archaeological populations has increased dramatically, in particular in studies of impacts of
health on the dentition (Birch & Dean, 2014; Lukacs, 1991, 1992, 1999; Primeau et al., 2015;
Reid & Dean, 2006). Histology affords access to internal dental features that can be highly
variable between individuals, in particular those related to enamel (Aris, 2020). Although
histological analysis is destructive, in combination with digital techniques this method provides
access to valuable data. Institutions are also able to curate both the physical slides and digital
resources for future research opportunities (Aris, 2020). This is particularly beneficial as
currently there are a relatively small number of histological collections of archaeological
samples of human dentition, limited geographically to populations from Europe and Southern
Africa (Antoine et al., 1999; Aris, 2020; Le Luyer & Bayle, 2022; Reid et al., 1998). Although
histological methods can provide more sensitive and accurate chronological data than
traditional surface methods, prism-cross striations are not always visible in cross-section and
generally some estimation is required to establish crown formation times (Antoine et al., 2009).
Despite this, reasonable estimates of age at stress event can be calculated based on the wellestablished circadian secretion of enamel, with more precision than traditional surface methods.
Prism decussation, the sinusoidal ‘wriggling’ of cross-striations does not appear to have a
noticeable impact on cross-striation counts (Antoine et al., 2009).
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RESEARCH DESIGN
Studies at the individual level are becoming more frequent, and Stodder and Palkovich

(2012a) stress that individual case studies are valuable both in their own right, and as a
compliment to the population based framework of bioarchaeology. This osteobiographical
approach has been used in bioarchaeological studies of the individuals recovered in the
Southern Cemeteries Research Project (Buckley et al., 2022; Petchey et al., 2018b; Snoddy et
al., 2020, 2021). The analysis of evidence for physiological stress events in enamel is
advantageous in the construction of osteobiographies as enamel forms in a well-established
chronology and does not remodel during an individual’s lifetime, providing a clear and indelible
record of childhood stress events. By combining archaeological, historical epidemiological and
bioarchaeological analyses, a bigger picture of individual experience during the early period of
Otago settlement can be created, recovering information that has largely been lost to history.
A histological research approach, although destructive, was chosen as it is able to provide
more sensitive data than traditional surface methods. This mitigates some of the common issues
faced in surface level analyses, such as the heavy taphonomic changes to the teeth. To produce
clear and accurate digital images, transmitted light microscopy was used to analyse thin dental
sections. Examination of composite digital images of histological dental specimens allowed the
identification of clear and potential Wilson bands, where visible bands were then traced using
software and recorded. Where possible, an average daily enamel secretion rate (ESR) was
calculated for each individual tooth (Birch & Dean, 2014; Nelson, 2015; Reid & Dean, 2006),
and these are provided in Table 4-2. The approximate chronology and duration of ameloblast
function disruption was then recorded, and this process is summarised in section 4.5. This
duration was calculated by measuring along the enamel prism path from the youngest enamel,
or NNL where visible, and the Wilson band, and then dividing by the ESR (Fig 4-8). Placing
this information in a wider framework of historical, archaeological and bioarchaeological data
allowed a comparison both within and between cemetery sites to be made, contributing to a
summary of the lived health experience of these individuals. This research design adopted both
quantitative data, collected from the dental analysis, and qualitative contextual information
from the corresponding evidence of life experience from the historical and archaeological data.
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SAMPLE SELECTION
Samples were selected with a preference for tooth types that would provide the earliest

and longest chronological record. In adults, initial preference was given to the first permanent
molars as they best cover early childhood. Where this was unfeasible due to poor enamel
preservation, preference was given to the permanent canines, followed by the central incisor.
In subadults, preference was given to the deciduous molars as they cover the widest time period
in utero and post birth, followed by the permanent first molars. Quality of preservation and
completeness of the enamel were limiting factors to this sampling preference, resulting in a
variety of tooth types in this analysis. A summary of samples analysed is provided in Table 41. As teeth form in a well-established chronological pattern, the samples used in this study
represent different periods of an individuals’ life history (Fig. 4-2). The approximate age range
during which each sampled tooth formed is visualised in Figure 4-2, and is an important
consideration when comparing samples to one another. These age ranges were compiled from
published enamel mineralisation standards (Birch & Dean, 2014; Nelson, 2015; Reid & Dean,
2006).
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Figure 4-2. Approximate age range at which each sampled tooth was forming. Birth is
indicated by the horizontal dotted line. Where an individual is represented by more than one
tooth, they are distinguished in brackets by the FDI identification of each tooth. Individuals
from SJM are represented in orange, those from Gabriel Street in green and those from
Ardrossan Street in magenta.
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Table 4-1. Summary of dental samples, indicating the average chronological age during
which each tooth was forming.
Individual

Tooth

Tooth (FDI
Average Age at Initial
Average Age at
system)
Enamel Mineralisation* Enamel Completion*
SJM B4
mand I1
31 or 41
3- 4 months
4-5 years
SJM B6
L mand C
33
4-5 months
6-7 years
SJM B11
R mand C
43
4-5 months
6-7 years
SJM B16
R mand dm2
85
17-19.5 weeks in utero
10 -10.5 months
SJM B18
L mand dm2
75
17-19.5 weeks in utero
10-10.5 months
SJM B19
R max dm1
54
14.5-17 weeks in utero
6-7 months
SJM B20b R mand dm2
85
17-19.5 weeks in utero
10-10.5 months
SJM B20b R max dm2
55
16-23.5 weeks in utero
10.5-11 months
SJM B20b
L max M1
26
Around birth
2.5-3 years
SJM B21
R max M1
16
Around birth
2.5-3 years
SJM B21
L mand C
33
4-5 months
6-7 years
SJM B23
L mand M1
36
Around birth
2.5-3 years
SJM B27
L mand dm2
75
17-19.5 weeks in utero
10-10.5 months
SJM B29
L mand C
33
4-5 months
6-7 years
A B1
R max M1
16
Around birth
2.5-3 years
A B1
L mand C
33
4-5 months
6-7 years
A B4
R max M2
17
2.5-3 years
7-8 years
A B6
L max M2
27
2.5-3 years
7-8 years
A B17
L mand M3
38
8-10 years
12-16 years
A B21
L max M1
26
Around birth
2.5-3 years
A B22
R max M1
16
Around birth
2.5-3 years
A B23
L max M3
28
7-9 years
12-16 years
A B24
L max PM2
25
2-2.5 years
6-7 years
G B1
R mand M1
46
Around birth
2.5-3 years
G B3
L max M2
27
2.5-3 years
7-8 years
G B3
R max M2
17
2.5-3 years
7-8 years
G B7
R max M2
17
2.5-3 years
7-8 years
G B15
R mand M2
47
2.5 years
7-8 years
G B25
L mand M1
36
Around birth
2.5-3 years
*Age at tooth formation compiled from Birch & Dean (2014), Nelson (2015) and Reid & Dean
(2006). SJM is highlighted in orange, Ardrossan Street in magenta and Gabriel Street in green.
The FDI dental number system is provided in Appendix D.
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PREPARATION OF THIN SECTIONS
The majority of dental samples were prepared for histological analysis by Dr Annie

Sohler-Snoddy, in the PC1 Bioanthropology Laboratory in the Anatomy Department,
University of Otago and the PC2 OMNI Histology Unit, Pathology Department, University of
Otago. Some preliminary slides were prepared in the Banks 229 Hart Tissue Histology
Laboratory, Department of Anthropology and Archaeology, at the Australian National
University. Samples were prepared following standard methods (Aris, 2020; Miszkiewicz &
Mahoney, 2017). Teeth were initially embedded in epoxy-resin (Beuhler Epothin2TM) (Bancroft
& Gamble, 2008), and sectioned using a Buehler IsoMet low speed saw equipped with a
diamond blade. Anterior teeth (incisors and canines) were sectioned in a labio-lingual direction
and posterior teeth (premolars and molars) were sectioned in a bucco-lingual direction. Anterior
teeth and premolars were cut as close as possible to the central axis while molars were sectioned
through either the two most mesial or two most distal cusps (Fig. 4-3) (Dean, 2012;
Miszkiewicz & Mahoney, 2017). This provides visibility of the widest chronological enamel
growth period, and allows the calculation of stress events from the earliest formed enamel, as
amelogenesis begins at the tip of the enamel cusp (Hillson, 2005).
The exposed tooth surface was briefly manually smoothed on wet 600 grit/P1200 silicon
carbide paper, and this side was then mounted on a glass slide using AralditeTM glue (Bancroft
& Gamble, 2008). Dental sections were reduced to a final thickness of ~100-120 μm using
successively finer grits (320 grit/P400, 600 grit/P1200) of wet silicon carbide paper on a
Buehler EcoMetTM manual grinder-polisher (Boyde, 1963; Dean, 2012; Miszkiewicz &
Mahoney, 2017; Risnes, 1986). Samples were then polished with Buehler MicroPolish II 0.3
μm powder, sonicated in order to remove debris, dehydrated with 90% and 100% ethanol and
then cleared with xylene in order to permanently fix the tissue microstructure (Bancroft &
Gamble, 2008).
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Figure 4-3. Diagram indicating the bucco-lingual plane through which a molar was sectioned
(red rectangle). Image created in BioRender.com.
4.5

IMAGE ACQUISITION AND ANALYSIS
Slides were viewed with transmitted light on an EVOS M5000 microscope with

incorporated digital camera. A series of digital images comprising the entire tooth section were
taken at 40x total magnification and stitched in Adobe Photoshop (v.6) to create a virtual slide
wherein Retzius lines and Wilson bands are identifiable (Miszkiewicz & Mahoney, 2017).
Observation of the entire tooth section in FIJITM enabled rapid identification of possible Wilson
bands across the entire crown (Fig. 4-4).
Regions of interest (ROIs) for more detailed analysis were identified and captured at 100x
and 200x total magnification. Where possible according to preservation and crown
completeness, these ROIs comprised the entire width of the enamel between the DEJ and
external surface at approximately mid-crown (Fig. 4-5). By creating an ROI image of the midcrown region, a digital slide is able to be produced that examines the widest period of enamel
formation in higher detail. These higher magnification images also provide clear images of the
enamel prism cross-striations, which allows the calculation of an enamel formation chronology
through either cross-striation counts or the calculation of a daily ESR (Dean, 2012; Miszkiewicz
& Mahoney, 2017).
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Figure 4-4. Histological cross-section of the left mandibular canine from individual A B1,
demonstrating the method of tracing Wilson bands. Clear bands are traced in magenta and
potential bands are traced in green. Bands marked with a yellow arrow are matched on the
labial and lingual sides of the tooth. Total magnification of the image is 40x.

Figure 4-5. Image demonstrating the location of ROI image in relation to the entire tooth
cross-section image from SJM B20b R mand dm2. Whole tooth image is 40x total
magnification, ROI image is 200x total magnification.
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For individuals SJM B4, A B1 (tooth 16), A B21 and G B25, an Aperio ScanScope (Leica
BiosystemsTM) was used to capture whole-slide scans. Use of the Aperio ScanScope imaging
system was discontinued when the EVOS M5000 microscope, which has higher objective
magnifications, became available. FIJITM software was used to identify and trace clear and
potential Wilson bands in composite images at 40x total magnification. ImageJ/FIJITM was
chosen as the digital analytical tool as it is free to access and was developed for use with
microscopic digital images (Dean, 2012). Image scale was set in ImageJ by tracing a scale in
the digital image using the line tool, and then set using the “set scale” tool. In images created
using the Aperio ScanScope no scale is visible in the 40x composite images (this information
is contained in metadata and only viewable through Aperio software), and a scale has been
approximated from a matching measurement taken in an ROI image at 100x or 200x total
magnification. The line tracing tool was used to trace accentuated striae, and these were
recorded as clear Wilson bands where they were traceable along at least 75% of the length
between the DEJ and the enamel surface on scanned images of the dental crown at 40x total
magnification. This method is appropriate as this allows evidence of stress events that affected
the entire crown to be distinguished from less clearly defined local enamel disturbances
(Lemmers et al., 2021; Lorentz et al., 2019). Where accentuated striae were not visible for this
minimum length, the bands were traced and recorded as potential events that cannot be as
confidently associated with physiological perturbation. In teeth forming at the time of birth the
neonatal line (NNL) was identified and traced. Purple was chosen as the colour to trace clear
Wilson bands, green was chosen to trace potential bands and orange was chosen for the NNL
as these colours all contrast clearly against the enamel images (e.g., Fig. 4-4).
Estimation of age at stress event was calculated in several ways, depending on the
visibility of features in the digital image and presence of the NNL. In teeth with clear prismcross striations in a 200x ROI image, the enamel secretion rate for each tooth is calculated
according to the number of prism cross-striations per μm.
!"#$%&'( "& *"'+,&#
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A measure of five consecutive black and white bands, indicating five days of enamel
deposition, was recorded in μm (Fig. 4-6). This measure was repeated 40 times and the results
averaged and divided by five for a final daily ESR estimate per tooth (Table 4-2). Where this
was not possible, an ESR was approximated from either another tooth from the same individual,
or from published dental standards (Dean, 1998; Mahoney, 2008). Where possible, the ESR
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was calculated as closely to the Wilson band as achievable, as it is well established that the ESR
varies within regions of enamel (i.e., cuspal vs lateral enamel) (Antoine et al., 1999, 2009; Aris
et al., 2020a, 2020b; Birch & Dean, 2009, 2014; Dean, 1998, 2012; Dean et al., 2020; Dean &
Beynon, 1991; Miszkiewicz et al., 2019).

50 microns
Figure 4-6. 200x total magnification image of left maxillary M3 from individual A B23.
Potential Wilson Bands can be seen running through the lower right of the image, indicated by
the white triangles. Dentine-enamel junction is to the right and enamel surface to the left. The
prism cross-striations can be clearly seen running horizontally as alternating white and black
bands. White lines have been drawn over the cross-striations in groups of 6, indicating 5 days
of enamel deposition. The double headed white arrows indicate the direction of measurements
taken for ESR calculations.
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In deciduous teeth and permanent first molars where a neonatal line is present, timing of
the first stress event was calculated by measuring the distance between the NNL and the Wilson
band, following the enamel prism path as accurately as possible. Unfortunately, as these paths
are not always perfectly straight there is an unknown level of error in these measurements (Figs.
4-7 & 4-8). This was repeated between subsequent Wilson bands in order to establish a
chronology of stress event formation. This measurement in μm was then divided by the ESR
for each tooth to calculate the approximate timing of stress events. In teeth that either begin
amelogenesis after birth, or where the NNL could not be confidently identified, measurements
were taken from the dentin-enamel junction (DEJ) closest to the cusp. Where the NNL was not
present, age at initial tooth formation was approximated from established dental standards
(Nelson, 2015; Reid & Dean, 2006). The use of cross-striation counts to establish a chronology
of stress events was not used due to inconsistent clarity of cross-striations in the histological
images.
Where bands were visible on the buccal/lingual, and the labial sides of the tooth section,
they were examined to determine if they represent the same stress event. Paired bands were
identified where the event time after initial tooth formation or birth was within a few days. For
consistency, the time in days after birth recorded for these paired bands was reported for the
band on the side of the tooth with more Wilson bands. A Wilson band is more clearly defined
than a regular Retzius line in histological sections, and is thus easier to trace to the DEJ.
Subsequently, measurements made between bands in the same side of the tooth section are
expected to be more accurate than measurements made between Retzius lines (Figs. 4-7, 4-8).
Stress event duration was measured in two different ways, depending on visibility of cross
striations. Where cross-striations were clearly visible throughout the width of a clear or
potential Wilson band, these were counted and, as these represent a circadian rhythm of enamel
deposition, this number was recorded as the number of days over which secretory ameloblast
function was disrupted. Where cross-striations were not clearly visible throughout the width of
a band, the width was measured and divided by the ESR, and rounded to the nearest full day.
NNL width was also measured at three points; next to the DEJ, nearest the top of the crown and
halfway between the two (mid-crown). This measurement was recorded in μm, in keeping with
standard practice (Behie & Miszkiewicz, 2019; Eli et al., 1989; Hassett et al., 2020; Hershkovitz
et al., 2019; Hurnanen et al., 2017, 2019; Kurek et al., 2015, 2016; Mountain et al., 2021; Zanolli
et al., 2011).
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Table 4-2. Daily Enamel Secretion Rates used for each sampled tooth.
Individual
SJM B4
SJM B6
SJM B11
SJM B16
SJM B18
SJM B19
SJM B20b
SJM B20b
SJM B20b
SJM B21
SJM B21
SJM B23
SJM B27
SJM B29
A B1
A B1
A B4
A B6
A B17
A B21
A B22
A B23
A B24
G B1
G B3
G B3
G B7
G B15
G B25
a

Tooth
mand I1
L mand C
R mand C
R mand dm2
L mand dm2
R max dm1
R mand dm2
R max dm2
L max M1
R max M1
L mand C
L mand M1
L mand dm2
L mand C
R max M1
L mand C
R max M2
L max M2
L mand M3
L max M1
R max M1
L max M3
L max PM2
R mand M1
L max M2
R max M2
R max M2
R mand M2
L mand M1

Enamel Secretion Rate
3.74
5.67
5.68
5.93
5.99
5.31
7.09
6.79
7.10
6.45
6.45a
5.85
6.14
N/A
5.31
4.71
5.44
6.25
4.72
4.55*
5.67
6.21
6.71
5.75
5.67b
5.67
4.00*
5.31
6.69

Standard Deviation
1.06
1.40
1.08
0.87
1.10
1.02
0.95
0.61
1.42
1.12
1.12a
0.88
0.94
N/A
1.84
1.41
0.74
0.59
1.94
0.61*
0.79
0.73
0.74
1.01
1.20b
1.20
1.40*
1.37
0.79

Approximated from the right maxillary M1 from the same individual.
Approximated from the right maxillary M2 from the same individual.
*ESR taken from published dental standards (Dean, 1998; Mahoney, 2008).
No ESR was calculated for the sample from SJM B29 as there was no ROI image available,
and there were no clear or potential Wilson bands in the 40x total magnification image.

b
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Figure 4-7. Image demonstrating the measurement of enamel in consecutive 200 μm sections.
A 200 μm line is drawn out following the enamel prisms, and then followed to the DEJ (on left
of image) parallel with the direction of the striae of Retzius. This allows for more accurate
estimation of the number of days between initial tooth mineralisation, and Wilson band
formation in the lateral enamel. Figure modified from Dean (2012, p. 97).

a
b

c

d

e

Figure 4-8. Cross-section of the left mandibular canine from individual SJM B6. DEJ is to the
left, enamel surface to the right, and four clear Wilson Bands can be seen (indicated by arrows
b, c, d and e). Measurements are taken from the youngest enamel to oldest, following the
direction of the white arrows. The total number of days after initial enamel mineralisation is
calculated by adding together these distances, i.e., a + b + c + d + e. Image was taken at 40x
total magnification.
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STATISTICAL ANALYSIS
Due to the small sample sizes used in this thesis, statistical analyses to examine

relationships between cemetery groups are limited. Therefore, the majority of results report
qualitative data trends. As the individuals are represented by a variety of tooth types with
varying levels of preservation, very few direct comparisons can be made with regards to Wilson
band prevalence and chronology, as well as NNL width. Estimates of secretory function
disruption duration were tabulated and compared between the three cemeteries, and a Grubbs
Test was performed to detect outlying values (p<0.001). Duration measurements were then
compared with a 1-factor ANOVA, to determine if there were any statistically significant
differences in mean duration.
In order to assess Wilson bands that appear to be matched on buccal or labial and lingual
sides of the tooth section, a paired t-test was performed to compare the mean estimate of
secretory ameloblast function disruptions between pairs, as well as the estimated timing of event
occurrence in days after birth (Appendix C). No significant differences were found between
any groups of pairs (p>0.05). This test was performed to add more certainty when eliminating
bands that appear to be matched, however it is important to consider that all reported Wilson
bands in this thesis represent minimum values, due to the challenges of preservation, thin
section preparation, and lack of perfect symmetry within a tooth.
An inter-observer test was performed on Wilson band identification and ESR calculation
in 6 samples and no significant difference was found between the two observers results (paired
t-test, p = 0.435). P values below 0.05 (two-tailed) were considered statistically significant.
Analyses were conducted using R Statistical Software (v4.1.2; R Core Team 2021).
4.7

LIMITATIONS
A histological approach to the analysis of evidence for physiological stress during enamel

formation can provide more sensitive and accurate results than traditional surface analyses. This
is particularly valuable in a sample set such as the one in this thesis that has been heavily
affected by post-depositional forces, such as taphonomic changes and enamel breakage and
loss. Although analysis of the same tooth type is recommended for consistency (Aris et al.,
2020b; Birch & Dean, 2014; Dean, 1998; Dean et al., 2020; Miszkiewicz, 2015), poor
preservation has necessitated the use of different tooth types in this study. The use of different
tooth types has limited the direct comparison of the same life period between some individuals,
as demonstrated in figure 4-2. The duration of enamel formation is also highly variable between
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tooth types, and several of the subadults are represented by teeth that are not completely grown.
Enamel formation standards, as discussed in section 4.1, are limited to relatively small
geographic populations, and are generally based on well-nourished modern European
populations (e.g., Antoine et al., 1999; Birch & Dean, 2009, 2014; Dean et al., 2020; Le Luyer
& Bayle, 2022; McFarlane et al., 2021a, 2021b; Reid & Dean, 2006). By calculating an average
ESR for each sample, where possible, the error in estimated chronologies is expected to be
smaller than if published standards alone had been relied upon. Additionally, each sample was
analysed in ImageJ three separate times to ensure accurate recording of accentuated striae of
Retzius.
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Chapter 5: Results
This chapter presents the results of the histological analysis of disruptions to dental
enamel formation undertaken in this thesis, and are reported in four main sections. Section 5.1
examines Wilson band prevalence, section 5.2 provides a Wilson band formation chronology,
and section 5.3 presents estimates of secretory ameloblast function disruption duration. The
occurrences of evidence for enamel deposition disruption are presented in relation to site,
ethnicity, age (adult vs subadult) and sex. This will provide a comparison of early childhood
stress experiences between groups, which may have been quite different. For samples in which
the NNL was identifiable, NNL width is examined in section 5.4. Section 5.5. summarises the
results presented in this chapter.
5.1

WILSON BAND PREVALENCE
Wilson band prevalence varied from as little as zero to a minimum of fourteen combined

clear and possible bands per tooth (Fig. 5-1, Table 5-1). Although samples sizes are small, there
are some emergent patterns that warrant further investigation (Figs. 5-2, 5-3, 5-4).
Figure 5-1. Graph illustrating clear and potential Wilson band prevalence in all samples.

Where an individual is represented by more than one sample the FDI tooth identification
number is indicated in brackets.
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Table 5-1. Minimum number of clear and potential Wilson bands identified in each sampled
tooth.
Individual Sex

Age at Death

Tooth

Number Number of Total Number
of Clear
Potential
of Clear and
Wilson
Wilson
Potential
Bands
Bands
Wilson Bands
SJM B4
M
42 years
mand I1
3
4
7
SJM B6
F
36 years
L mand C
8
3
11
SJM B11
M
Mid adult
R mand C
2
4
6
SJM B16
?
1.5-2 years
R mand dm2
2
2
4
SJM B18
?
1-2 years
L mand dm2
0
6
6
SJM B19
?
9-12 months
R max dm1
0
1
1
SJM B20b
?
3 years
R mand dm2
1
3
4
SJM B20b
?
3 years
R max dm2
1
3
4
SJM B20b
?
3 years
L max M1
0
9
9
SJM B21
M
42 years
R max M1
0
1
1
SJM B21
M
42 years
L mand C
5
0
5
SJM B23
F?
Adult
L mand M1
4
2
6
SJM B27
?
15-18 months L mand dm2
0
1
1
SJM B29
F
Young adult
L mand C
0
0
0
A B1
M
Adult
R max M1
3
6
9
A B1
M
Adult
L mand C
7
0
7
A B4
M?
Adult
R max M2
0
4
4
A B6
?
Adult
L max M2
0
3
3
A B17
?
Adult
L mand M3
0
4
4
A B21
?
Mid Adult
L max M1
0
6
6
A B22
?
Adult
R max M1
2
6
8
A B23
M?
Adult
L max M3
0
6
6
A B24
F?
Adult
L max PM2
0
4
4
G B1
M?
Adult
R mand M1
6
4
10
G B3
M?
Adult
L max M2
7
7
14
G B3
M?
Adult
R max M2
0
12
12
G B7
M?
Adult
R max M2
8
6
14
G B15
?
Adult
R mand M2
5
4
9
G B25
?
Adult
L mand M1
9
3
12
Adult age at death estimates are defined as; young adult (20-34 years), mid adult (35-49
years), older adult (50+ years).

Chapter Five: Results

83

5.1.1 Site Comparison (Adult Immigrants to New Zealand)
The individuals from the Chinese section of the Gabriel Street Cemetery (highlighted
green in Table 5-1) consistently stand out as having a higher prevalence of both clear and
probable Wilson bands (average 11.8 events per tooth sampled, n=6) than the individuals from
SJM (average 4.6 events per tooth sampled n=14) and Ardrossan Street (average 5.7 events per
tooth sampled, n=9) (Figs. 5-2a, b & c).
Figure 5-2a. SJM

Figure 5-2b. Gabriel Street
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Figure 5-2c. Ardrossan Street

Figures 5-2a, b & c. Number of observable Wilson bands in adults from SJM (5-2a), Gabriel
Street (5-2b) and Ardrossan Street (5-2c). Where an individual is represented by more than one
sample the FDI tooth identification number is indicated in brackets.

5.1.2 European Immigrants Compared to New Zealand-Born Children
There was no clear difference when comparing individuals who had emigrated to New
Zealand after birth, settling on the Tokomairiro Plain, and their children born in New Zealand.
The subadults interred in SJM have only a slightly lower prevalence of Wilson bands (average
4.9 events per sampled tooth, n=7) when compared to adults from the same cemetery (average
5.1 events per sampled tooth, n=7) (Figs. 5-3a & b).
Figure 5-3a. SJM Adults
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Figure 5-3b. SJM Subadults

Figures 5-3a & b. Minimum number of Wilson bands for adults from SJM (5-3a) compared to
the subadults from SJM (5-3b). Where an individual is represented by more than one sample
the FDI tooth identification number is indicated in brackets.

5.1.3 European Males Compared to Females
There is also no consistent pattern evident among the few females in the sample set, with
no clear difference in prevalence found in European females (average 5.3 events per sampled
tooth) when compared to European males (average 5.5 events per sampled tooth) (Fig. 5-4).

Figure 5-4. Minimum Wilson band prevalence in European males compared to European
females. Individuals that were either not identified through historic records, or were not able
to be confidently assigned a sex estimate, have been excluded. Where an individual is
represented by more than one sample the FDI tooth identification number is indicated in
brackets.
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WILSON BAND FORMATION CHRONOLOGY
All observable clear and possible Wilson bands fall within the expected chronological

window when compared with enamel formation times based on published standards (Fig. 5-6),
(Birch & Dean, 2009; Nelson, 2015; Reid & Dean, 2006). While most observed Wilson bands
are postnatal, the observation of possible prenatal Wilson bands was made in two subadults
from SJM (SJM B18 (Fig. 5-5, overleaf), SJM B20b), and one adult from Ardrossan Street (A
B1) (Fig. 5-10).
In teeth that began formation after birth (i.e., permanent second and third molars and
permanent canines) the average initial age at mineralisation was converted from published
dental standards to days after birth (Nelson, 2015; Reid & Dean, 2006). In five individuals
Wilson band pairs were identified on either the buccal and lingual or labial and lingual sides of
the imbricational enamel (e.g., Fig 4-4). In individuals with multiple teeth sampled, there were
also some bands that were estimated to have occurred around the same number of days after
birth or initial enamel mineralisation, which is expected when these teeth were forming
contemporaneously. However, as this sample size is small (n=4 individuals) no statistical
comparison was made.
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Figure 5-5. ROI image of SJM B18 highlighting the location of five possible prenatal Wilson
bands. Neonatal line is indicated by yellow arrows. Image taken at 200x total magnification.
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Figure 5-6. Chronology of clear and potential Wilson band formation, indicating the
approximate time of band formation in days before or after birth. Birth is indicated by the
horizontal dotted line. The horizontal bands represent the average period during which the
enamel formed in each sample. Timing of clear Wilson band formation is indicated by vertical
black lines, and potential bands by vertical blue lines. Where an individual is represented by
more than one sample the FDI tooth identification number is indicated in brackets.
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5.2.1 Stress Event Chronology by Site
As a range of tooth types have been sampled from all three cemeteries, the same period
of development was not able to be explored in each individual. Nevertheless, some observations
can be made. Individuals from SJM do not have evidence for Wilson band formation after 3
years of age (Fig. 5-7a), whereas individuals from the Gabriel and Ardrossan Street Cemeteries
have evidence for band formation in later childhood (Figs. 5-7b & c).
Figure 5-7a. SJM

Figure 5-7b. Gabriel Street

Chapter Five: Results

90

Figure 5-7c. Ardrossan Street

Figures 5-7a, b & c. Chronology of Wilson band formation for individuals from SJM (5-7a),
Gabriel Street (5-7b) and Ardrossan Street (5-7c). Horizontal bands indicate the average age
at which enamel forms for the sampled tooth type. Clear Wilson bands are indicated by solid
vertical bands, and potential bands are indicated by dotted vertical bands. Where an individual
is represented by more than one sample the FDI tooth identification number is indicated in
brackets.
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5.2.2. Wilson Band Formation Chronology in Women
All three females in which Wilson bands were observable show evidence for stress events
no later than approximately 3 years of age, and these are largely clustered together, rather than
spread through early childhood (Fig. 5-8).

Figure 5-8. Chronology of Wilson band formation in the three female samples. Horizontal
bands indicate the average age at which enamel forms for the sampled tooth type. Clear Wilson
bands are indicated by solid vertical bands, and potential bands are indicated by dotted vertical
bands.
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Wilson Band Formation Chronology in Subadults
Wilson band formation in all subadults occurred within the first 1-1.5 years of life, and

in two individuals there is evidence of prenatal band formation (Fig. 5-9).

Figure 5-9. Chronology of Wilson band formation in subadults. Horizontal bands indicate the
average age at which enamel forms for the sampled tooth type. Clear Wilson bands are
indicated by solid vertical bands, and potential bands are indicated by dotted vertical bands.
Where an individual is represented by more than one sample the FDI tooth identification
number is indicated in brackets.
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Prenatal Wilson Band Formation
Three individuals exhibit evidence of prenatal Wilson band formation, the majority of

which formed in the three weeks immediately prior to birth (7/10) (Fig. 5-10).

Figure 5-10. Chronology of potential prenatal Wilson bands in days before neonatal line
formation. Birth is indicated by the vertical dashed line. Bars represent the approximate
duration each tooth was forming in utero, and the timing of Wilson band formation is
represented by the vertical dotted lines. Where an individual is represented by more than one
sample the FDI tooth identification number is indicated in brackets.

5.3 STRESS EVENT DURATION
Estimated duration of secretory ameloblast function disruption varied from one to thirtyseven days, with more than half of all events falling between 2-3 days duration (Table 5-2, Figs.
5-11a, b & c, overleaf). One individual from Ardrossan Street has a much higher average stress
event duration estimate than all others (A B1 (tooth 33), average duration 22 days). While there
is evidence for ameloblast function disruption lasting one week or longer in ten individuals
across the sample set, this individual stands out for the consistently high stress event duration
(see section 5.3.1).
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Table 5-2. Table illustrating the most common length of secretory ameloblast disruption
compared by cemetery. Bracketed numbers refer to the number of Wilson bands analysed.
Cemetery

Mode (Days)

Median (Days)

Mean (Days)

SJM (n=65)

2

4

4.2

Gabriel Street (n=70)

2

3

4

Ardrossan Street (n=50)

3

5

6.4*

*When sample A B1 (33) is not considered the mean duration for Ardrossan Street is 4.4 days.
Figure 5-11a. SJM

Figure 5-11b. Gabriel Street
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Figure 5-11c. Ardrossan Street

Figures 5-11a, b & c. Approximate duration of ameloblast disruption for individuals from SJM
(5-10a), Gabriel Street (5-10b) and Ardrossan Street (5-10c). One outlying clear band with an
estimated duration of 37 days was excluded from figure 5-10c.
When the duration of only clear Wilson bands was considered, the average duration was
found to be significantly longer in samples from Ardrossan Street than from both SJM and GS
(1 factor ANOVA, F2,69, p<0.001) (Fig. 5-12).

Figure 5-12. Bar graph showing average stress event duration (days) by cemetery based on
clear Wilson band measurements. Significantly different groups are indicated with an asterisk.
Bars are means ± 1 standard error.
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However, when all potential and clear Wilson Bands were considered, there was no
significant difference (1 factor ANOVA, F2,182, p>0.05) found between any of the cemeteries
(Fig. 5-13).

Figure 5-13. Bar graph showing average stress event duration (days) by cemetery based
on clear and potential Wilson band measurements. Bars are means ± 1 standard error.
As the Ardrossan Street samples were the most heavily affected by taphonomy, it is likely
that the number of clear Wilson bands in this group was higher than recorded, and that there is
no meaningful difference between all three groups. Some individuals exhibit Wilson bands that
appear to be chronologically matched on the lingual and labial or buccal side of the tooth and
this is consistent with the results in section 5.2, indicating these paired bands are most likely
reflecting the same stress event.
5.3.1

Extended Periods of Secretory Ameloblast Function Disruption
There were no incidents of ameloblast disruption longer than a week found in any of the

subadults. Ten adults exhibit evidence of interruption for longer than a week (n=19 Wilson
bands), and five exhibit evidence of interruption for longer than two weeks (n=11 Wilson
bands) (Table 5-3, overleaf).
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Table 5-3. Comparison of the average age at occurrence of stress events lasting between 1-2
weeks, and 2 weeks or longer.
Range of growth
disruption
duration (days)

Median Duration Mean duration
of growth
of growth
disruption (days) disruption (days)

Median age
at
occurrence
(months)

Mean age at
occurrence
(months)

8-14 days

9

10

18

23

15+ days

18

20

22

27

5.3.2

Stress Event Duration Compared by Site
Duration of secretory ameloblast function disruption was on average lower in the

individuals from the Chinese Section of Gabriel Street (average 4 days, n=6), than those in
European adults from SJM (average 5.3 days, n=6) and individuals from Ardrossan Street
(average 6.4 days, n=9) (Figs. 5-14a, b & c).
Figure 5-14a. SJM
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Figure 5-14b. Gabriel Street

Figure 5-14c. Ardrossan Street

Figures 5-14a, b & c. Average stress event duration for adults from SJM (5-14a), Gabriel
Street (5-14b) and Ardrossan Street (5-14c).Bracketed FDI numbers distinguish two teeth taken
from the same individual.
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European Immigrants Compared to New Zealand-Born Children
When adults (n=6) and subadults (n=5) are compared from SJM, the adults experienced

on average ameloblast function disruption for almost twice as long as the subadults (average
duration for adults = 5.3 days, average duration for subadults = 2.7 days) (Figs. 5-15 a & b).
This pattern is consistent with the occurrence of longer stress events later in life, where events
lasting between 8 and 14 days had a median occurrence of 18 months, and those lasting 15 days
or longer had a median occurrence at 22 months of age. Of the five subadults in the sample,
four are estimated to have lived no longer than 18-24 months, and SJM B20b is estimated to
have lived no longer than 3 years.
Figure 5-15a. SJM Adults

Figure 5-15b. SJM Subadults

Figures 5-15a & b. Average stress event duration from adults from SJM (5-15a) compared to
subadults from the same site (5-15b). Bracketed FDI numbers distinguish two teeth taken from
the same individual.

Chapter Five: Results
5.3.4

100

European Males Compared to Females
When European males (n=7) and females (n=3) are compared there is also no clear pattern

of secretory ameloblast disruption duration (Fig. 5-16). Individual A B1 has a much higher
average duration (22 days) than all other individuals, and when they are included in the male
average the average duration for both European males and females is 5.6 days. When individual
AB1 is excluded the average duration for European males becomes 4.4 days. There was also
one female (SJM B29) that exhibited no evidence for ameloblast function disruption.

Figure 5-16. Average stress event duration comparing European males (blue) and females
(red). Individuals that were either not identified through historic records, or were not able to
be confidently assigned a sex estimate, have been excluded. Where an individual is represented
by more than one sample the FDI tooth identification number is indicated in brackets.
5.4 NEONATAL LINE WIDTH
Neonatal line width measurements were taken from available samples at three points, at
the DEJ, at the tooth cusps and at mid-crown (halfway between the two points). These
measurements are presented in Table 5-4 (overleaf).
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Table 5-4. Neonatal line width, measured at three points along the ameloblast path.
Individual Tooth (FDI

Cusp

Mid-Crown

DEJ (μm)

Average NNL

System)

(μm)

(μm)

SJM B16

85

23.65

22.88

22.13

22.89

SJM B18

75

13.65

13.01

9.76

12.14

SJM B19

54

6.55

19.33

9.27

11.72

SJM B20b

85

14.15

23.42

20.45

19.34

SJM B20b

55

13.08

14.36

28.32

18.59

SJM B20b

26

15.62

18.05

20.38

18.02

SJM B27

75

22.28

19.64

10.52

17.48

G B25

36

12.66

8.17

n/a

10.42

A B1

16

7.19

6.82

7.12

7.04

Width (μm)

5.5 CHAPTER SUMMARY
The high Wilson band prevalence across the sample set provides evidence for episodes
of physiological stress during childhood in the early settler population, with only one individual
(SJM B29) out of 24 exhibiting no evidence of Wilson band formation. The histological
observations of secretory ameloblast function disruption in these individuals are variable, and
there is evidence for a higher periodicity of growth disruption in the early Chinese immigrants
to New Zealand, in comparison to the contemporary European settlers, although there is likely
no difference in event duration. The subadults show evidence for several acute episodes
arresting their growth, several while still in utero. European adults from the agricultural town
of Milton also have no evidence for Wilson band formation beyond 3-3.5 years of age, whereas
Wilson bands are apparent through much of childhood in the individuals from Gabriel Street
and Ardrossan Street. There are no clear patterns when European females are compared to
European males, although similar to the samples from SJM there was no evidence for Wilson
band formation later than approximately 3-3.5 years of age in any of the women. Neonatal line
width also shows no clear patterns, and all measurements fall within other reported averages.
All measurements reported in this chapter are supplied in appendices A and B. A contextual
analysis of the results from this thesis in conjunction with recent bioarchaeological work on the
same population is provided in Chapter Six.
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Chapter 6: Discussion and Conclusions
This chapter discusses the evidence for episodes of physiological stress during childhood,
and how this contributes to the understanding of early life experiences in mid-nineteenth
century European and Chinese residents of Otago. The discussion herein considers the results
from Chapter Five in respect to the two main aspects of the aim set out in this thesis;
a. Investigate childhood physiological stress experiences in mid-nineteenth century
European and Chinese settlers of Otago, New Zealand through the histological analysis of
enamel growth disruption.
b. Contribute evidence for early life experiences for persons about whom we know little
from the historical record, in particular groups such as women, children and Chinese
immigrants.
The chapter is presented in five main sections. Section 6.1 examines the potential
aetiologies of enamel deposition disruption and the implications for the individuals in this
thesis. Section 6.2 places the histological results in a framework of concurrent
bioarchaeological investigations of the sample population. Section 6.3 summarises the
bioarchaeological evidence for lived experiences in early Otago settlers. Section 6.4 discusses
limitations and methodological restrictions, and finally section 6.5 summarises the findings and
conclusions of this thesis and discusses any future directions for this research. Overall, the
results presented here indicate that the histological analysis undertaken in this thesis is a valid
and viable method of elucidating the lived experience of individuals that have only recently
begun to be studied from a bioarchaeological perspective.
6.1

SUMMARY OF EVIDENCE FOR ENAMEL FORMATION DISRUPTION IMPLICATIONS FOR INDIVIDUALS IN THIS THESIS

“Taken as a whole, the human skeleton and dentition preserve evidence of stress events
experienced early in life, although the production of these defects may be seen as a deeper
physiological strategy associated with survival as the event was preserved in the tissues of an
individual that continued to live” (Temple, 2019, p. 5).
During the nineteenth century, New Zealand was sold as a ‘land of plenty’, offering ample
opportunity for new immigrants to improve their station in a new, relatively egalitarian society.
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Within the sample set analysed in this thesis, all but one adult exhibit evidence for multiple
insults to growth during childhood that arrested skeletal growth, in the form of Wilson bands.
This is consistent with the idea that many people chose to emigrate to New Zealand in order to
realise these advantageous living conditions, however the picture is nuanced and complicated.
There was no clear difference found in the prevalence of Wilson band formation between the
subadults born in New Zealand and their immigrant parent generation, further contradicting the
idyllic image of life in the new British colony. This section discusses the results from the
histological analysis presented in Chapter Five, and how they contribute to the picture of life in
mid-nineteenth century Otago. By meeting the first three objectives of this thesis, comparing
and contrasting the Wilson band prevalence, chronology and duration of individuals from
different backgrounds, this discussion addresses the main aims of this thesis.
6.1.1 Wilson Band Prevalence and Chronology
The analysis of Wilson band prevalence and chronology in the early settler population of
Otago in this thesis contributes evidence of physiological stress events back ‘home’ for
immigrants to New Zealand. As it is often assumed that the choice to emigrate was heavily
influenced by the hope to improve living conditions and escape the confines of class systems
in the ‘old’ world, direct biological evidence for early childhood lived experiences contributes
to a critical examination of pre-emigration biosocial landscapes. As the samples in this thesis
also represent European children born in New Zealand, this allows the direct comparison of
early childhood experiences in both the ‘old’ and the ‘new’ worlds. Adult immigrants to New
Zealand from Europe and China are also able to be compared. This bioarchaeological data
contributes to the historical picture of increasingly poor living conditions that were experienced
by many people during the nineteenth century, a major driver of globalisation. This is
particularly valuable as no contemporary histological collections from the origin communities
of the individuals analysed in this thesis have been published.
All individuals, except one, showed evidence of at least one event of secretory ameloblast
function disruption during dental development. Wilson band prevalence is consistent with field
observations of LEH in the adult skeletons during excavation, indicative of periods of childhood
stress at ‘home’, prior to immigration to New Zealand. With the exclusion of SJM B29, all
adults excavated from SJM displayed LEH, the majority of which was most clear on anterior
dentition (canines and incisors) (Buckley et al., 2022; Snoddy et al., 2021). This is in keeping
with the results presented in this thesis, where SJM B29 was the only adult to not exhibit any
internal evidence of secretory ameloblast disruption. In many cases the Wilson band prevalence
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values represent a minimum number of events, as heavy taphonomy, enamel breakage and
antemortem enamel loss through processes such as attrition have obscured sometimes
substantial areas of the enamel surface.
This section discusses the Wilson band prevalence and chronology by cemetery site
(section 6.1.1.1), by age (adult vs. subadult) (section 6.1.1.2) and by sex (section 6.1.1.3).
Prenatal Wilson band formation is examined in section 6.1.1.4. This comparative approach
contributes evidence for the early life experiences of groups such as children, women and nonEuropeans, who are frequently excluded from the historical record.
6.1.1.1 Site Comparison (Adult Immigrants to New Zealand)
There is variation in Wilson band prevalence both within and between cemeteries,
however due to the small sample sizes no statistical comparisons were able to be made. The
estimated chronology of Wilson band formation in all samples falls well within the average
enamel formation times for each tooth type, and there are some emergent patterns worth
discussion. Although the preference of many researchers has been the analysis of a single tooth
type, this demonstrates the value of analysing teeth that develop during different periods of life.
It is however important to keep in mind that the period of life examined varies between
cemetery, due to the different tooth types that have been examined.
St John’s Burial Ground, Milton
Adults from SJM had the lowest average number of Wilson bands per tooth when
compared to the other groups, however as the sample sizes are small no statistical comparison
has been attempted. No individual from SJM had evidence of Wilson band formation beyond
three years of age, whereas individuals from Ardrossan Street and Gabriel Street have evidence
for Wilson band formation throughout childhood. This cannot be solely attributed to tooth type
differences between samples, as the SJM sample set contains five canines, a tooth that typically
forms enamel between 3-4 months and 6-7 years of age. This lack of evidence for secretory
ameloblast function disruption beyond three years of age in the available samples from SJM
may potentially indicate some improvement of circumstances after this time, where extreme
physiological stress was sufficiently buffered. The teeth from SJM also show the highest
variability of Wilson band prevalence between samples, with teeth exhibiting evidence of
between zero and eleven clear and potential Wilson bands. This may reflect the varied origins
of the early settler population of Milton, who have been demonstrated through historical and
isotopic evidence to have come from a wide range of areas in western Europe.
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Ardrossan Street Cemetery, Lawrence
The Ardrossan Street sample set contains the widest period of enamel formation
chronology, and there is evidence for Wilson band formation in all tooth types. In teeth that
complete enamel formation around the age of 6-7 years, there is a similar pattern of Wilson
band formation in the first 3-4 years to the SJM sample, potentially indicating a change in health
circumstances at this time. The Ardrossan Street sample set also contains two third molars, both
of which have evidence for potential Wilson band formation. It is much more difficult to assign
as estimated time-at-defect for these teeth as their formation is highly variable, with initial
enamel deposition beginning between 7-10 years of age (Hurnanen et al., 2017; Reid & Dean,
2006). Nevertheless, the potential presence of Wilson bands in these later-forming teeth is
indicative of some level of physiological stress in later childhood.
Gabriel Street Cemetery, Lawrence
The high prevalence of Wilson bands in the first six years of life in the samples from
Gabriel Street indicates repeated occurrences of stress events throughout early childhood. In
samples representing the first few years of life these bands are prevalent from shortly after birth,
potentially indicating repeated insults to growth through infectious diseases or poor nutrition.
Modern evidence for breastfeeding practices in rural Guangzhou has indicated that although
99% of infants are breastfed, they exhibit poorer growth by four months of age compared with
those from urban Guangzhou (He et al., 1996). This may potentially reflect lower birth weights,
as well as an association with the earlier introduction of solid foods that are inadequate for
infant nutritional needs, in line with traditional weaning practices (He et al., 1996; He, 1956).
As most children are fully weaned by the age of two or three, many of the Wilson bands that
formed later in childhood cannot be attributed to weaning or other factors influencing health
during infancy. Thus, Wilson bands that formed beyond this age may have a different aetiology
to those that formed in the first few years of life. Interestingly, individual G7 exhibits an isotopic
profile that indicates a prolonged weaning process, lasting until age 5 (King et al., 2021b), and
breastfeeding past the typical age of weaning has been associated with poor health in young
children (Brockway & Venturato, 2016; Piovanetti, 2001).
6.1.1.2 European Immigrants Compared to New Zealand-Born Children
There was no clear difference when comparing Wilson band prevalence between the
subadults and adults from SJM, contradicting the notion that the first-generation of Pākehā
children born in New Zealand should have benefitted from the relatively ‘healthier’ conditions
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of the country. Subadult Wilson band formation was restricted to the first 1-1.5 years of life and
this is consistent with the estimated age at death for the individuals, as all except SJM B20b are
predicted to have lived no longer than two years. SJM B20b is estimated to have survived to
approximately three years of age but has no apparent Wilson bands in the last 1.5 years of their
life. SJM B20b is suspected to be an individual identified to have died from whooping cough,
based on historic records (Findlay et al., 2015). As this is an acute infection they may have
experienced a swift decline in health (Miller et al., 1985; Worrall, 2011), with death occurring
before any evidence of secretory ameloblast function was formed. As this individual has
evidence for at least 9 disruptions of secretory ameloblast function in the first year of their life,
it is possible that this pre-existing frailty predisposed them to a higher risk of death from
infectious disease, such as whooping cough, consistent with the Barker hypothesis (discussed
in Chapter One) (Armelagos et al., 2009; Boldsen, 2005, 2007). As the subadults from SJM did
not survive past early childhood, it is likely that they represent a particularly frail subsection of
the Milton population, and cannot be used as a proxy for the overall childhood stress experience
of the earliest Pākehā generations born in New Zealand.
6.1.1.3 European Female Experiences of Secretory Ameloblast Function Disruption
There was no consistent pattern of Wilson band prevalence when European males and
females were compared, and both groups had a similar mean prevalence of Wilson bands per
tooth. No female sample had evidence for Wilson band formation beyond 3-3.5 years of age,
however as three of the four female samples are from SJM this is consistent with the results
from other individuals in this cemetery. Nevertheless, Wilson band prevalence was variable
between female samples, from zero to eleven clear and potential events per tooth. This is a
wider variance than that seen in European males, who experienced between one and seven clear
and potential events per tooth. This attests to the importance of individual-level analysis, as
such differences can be lost in a homogenised population-level approach.
6.1.1.4 Prenatal Wilson Band Chronology
The presence of potential prenatal Wilson bands in individuals SJM B18, SJM B20b and
AB1 is indicative of maternal physiological stress during late pregnancy, and 70% of these
bands are estimated to have formed in the three weeks prior to birth. Prenatal enamel deposition
disruption is another poorly explored area of histological research, and it had been frequently
assumed that prenatal enamel generally does not contain Wilson bands, and that the first clear
band in teeth forming at birth was typically the NNL (Mahoney, 2011; Sabel et al., 2008;
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Schour, 1936; Weber & Eisenmann, 1971). Recent studies have begun to explore enamel
disruption in the prenatal enamel, and the associated links with maternal health and the
intrauterine environment (Hassett et al., 2020; Kierdorf et al., 2021; Lorentz et al., 2019; Sabel
et al., 2008). Lorentz et al. (2019) have argued that the presence of Wilson bands in prenatal
enamel can be inferred to have been caused by relatively severe physiological stress, surpassing
the maternal buffer of the intrauterine environment to affect the developing foetus. Likewise,
Kierdorf et al. (2021) recorded structural abnormalities in prenatal and postnatal enamel, and
suggested that diminished maternal health affected the late foetus and compromised health in
early infancy.
The presence of prenatal Wilson bands in individuals SJM B18, SJM B20b and A B1 are
suggestive of periodic maternal physiological stress during late pregnancy. Unfortunately, as
there are no known maternal/subadult pairs in the sample population of this thesis this is not
able to be explored in more detail. However, the presence of these bands in children that were
born in New Zealand (SJM B18 and B20b) challenges the notion that New Zealand was a ‘land
of plenty’, with better adult health circumstances for immigrants when compared to their home
countries. Due to the extremely poor subadult skeletal preservation no estimate of mDNA
ancestry has been made, but it is most likely that all subadults from SJM were of European
ancestry as this is consistent with the historical records, and estimated origins of the adults
buried in the cemetery. Overall, these prenatal bands are indicative of the close link between
infant and maternal health and are worth further examination as they have rarely been described
in published studies (Hassett et al., 2020; Kierdorf et al., 2012; Lorentz et al., 2019; Sabel et
al., 2008).
6.1.1.5 Wilson Band Formation in the First Eighteen Months of Life
The prevalence of stress events during the first eighteen months of life has also been a
focus of studies of enamel formation in archaeological contexts, with a variety of results being
reported. Recent research has explored the links between weaning, maternal health, the prenatal
environment, infant motor development and physiological stress in the first few years of life,
and while this is a large area, some small considerations are able to be made in this thesis. Peak
occurrences of Wilson bands in the first one to two years of life have been variously reported
as occurring around 5 months of age (Garland et al., 2016), at 2-5 months and subsequently at
6-9 months of age (FitzGerald et al., 2006), around months 4, 7 and 8 (Lorentz et al., 2019),
and between 5-7 months and 15-26 months of age (Miszkiewicz, 2015).
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Figure 6-1. Wilson band prevalence (clear and potential) in teeth that form between birth and the
first 500 days of life. Number of Wilson bands in each group is given as a number next to the
cemetery designation.
In the samples examined in this thesis, peak occurrences of clear and potential Wilson
bands in teeth that formed between birth and 500 days of age (approximately 16 months) vary
between cemetery groups. Overall, there is a much higher prevalence of Wilson bands in the
first 11 months of life than in the subsequent 7 months (Fig. 6-1). For individuals from SJM,
Wilson band prevalence is not particularly variable over the first 9 months of life, with small
peaks around months 1, 6, 8 and 9. For those from Ardrossan Street, there is a peak in the first
month after birth, again at 5 months, and then at 16 months of age. Individuals from Gabriel
Street show a higher prevalence in the first 3 months after birth, gradually tapering off until
approximately 10 months after birth.
6.1.2 Stress Event Duration
Estimates of stress event duration has not been widely published in regards to secretory
ameloblast function disruption as examined histologically. The results of this thesis
demonstrate that the vast majority of stress events interrupted ameloblast function for only a
few days, and average stress even duration in days is presented in Table 6-1 (overleaf).
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Table 6-1. Average stress event duration compared by cemetery.
Cemetery

Average Duration (Days) ± Standard

Number of

Deviation

Wilson Bands

SJM (Clear WBs)

3.81 ± 2.25

26

SJM (All WBs)

4.88 ± 3.30

65

GS (Clear WBs)

4.46 ± 3.30

35

GS (All WBs)

4.17 ± 3.95

70

12.10 ± 8.87*

11

6.02 ± 5.43

50

AS (Clear WBs)
AS (All WBs)

* Indicates a significantly different average duration, however the duration for AS was
no longer significant when all clear and potential Wilson bands (WBs) were considered, and
the average duration of 12.10 days for clear Wilson bands for individuals from AS is likely
exacerbated by the small sample size (11).
6.1.2.1 Stress Event Duration Compared by Site
When only clear Wilson bands were considered, average duration was significantly
higher among individuals from Ardrossan Street, in comparison to both Gabriel Street and SJM.
However, there was no significant difference in average stress event duration between all three
cemeteries when all clear and potential Wilson bands were considered. As the samples from
Ardrossan Street were highly affected by dental attrition and post-depositional changes (Fig. 62), it is likely that many Wilson bands are not able to be detected and there is likely no
meaningful difference between the cemeteries in terms of stress event duration.
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Figure 6-2a.

Figure 6-2b.

Figure 6-2c.

Figure 6-2d.

Figure 6-2. Images of several teeth from Ardrossan Street, FDI identifier in brackets next to
burial number. All images are 40x total magnification. Images a and b demonstrate total loss
of imbricational enamel. Images d and d demonstrate fractured enamel and extremely dark
taphonomic changes that obscure much of the enamel section surface. a. A B1 (16), b. A B21
(26), c. A B6 (27), d. A B4 (17).
6.1.2.2 Extended Periods of Secretory Ameloblast Function Disruption
Across the entire sample set, there are chronological patterns in duration of secretory
ameloblast function. Disruption that lasted between one and two weeks had a median
occurrence at 18 months and an average occurrence at 23 months of age. Events lasting two
weeks or longer had a median occurrence at 22 months and an average occurrence at 27 months
of age. Although these longer periods of enamel deposition disruption may reflect a different
potential aetiology to shorter period events, it is important to consider that the duration of
ameloblast function disruption does not necessarily correlate exactly to stress event duration.
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No subadult exhibited evidence of secretory ameloblast function disruption longer than a week,
and this is consistent with the general occurrence of these longer growth disturbances beyond
1.5-2 years of age, the age at which most subadults are estimated to have died. This may reflect
a different aetiology of stress event at different periods of childhood, with more acute insults
occurring in earlier life. The infant immune system is immature when compared to older
children, and the cessation of breastfeeding has been associated with an increased risk of
infection, disease and malnutrition if undertaken during adverse environmental conditions
(Foote & Marriott, 2003; Katzenberg et al., 1996, 1996; Morgan et al., 2004). The formation of
shorter-period Wilson bands in the first 1-2 years of life may thus be associated with acute
episodes of ill-health, and the formation of longer-period Wilson bands beyond this time may
indicate an individuals’ ability to resist more chronic conditions, such as extended periods of
poor nutrition. Interestingly, on average the individuals from the Chinese section of Gabriel
Street experienced shorter periods of secretory ameloblast function disruption than individuals
from SJM or Ardrossan, although this is not statistically significant. There are also no clear
differences in average stress event duration between European males and European females.
The severity of physiological stressors, as well as time of occurrence relative to secretory
ameloblast stage, can affect expressions of growth disruption in enamel (FitzGerald &
Saunders, 2005). As such, FitzGerald and Saunders (2005) have suggested that measurements
of stress event durations identify minimum rates of secretory ameloblast interruption
occurrences. Stress event duration estimates can also be affected by variation in ESRs within
and between teeth, and where achievable, cross-striation counts should be employed to estimate
event duration. This method was employed where possible in this thesis to estimate stress event
duration, and when not possible a time estimate was made based on ESRs. Given the lack of
published literature regarding stress event duration based on histological observations of
enamel, these results provide an important observation of an underreported feature of enamel
growth disruption.
6.1.3 Neonatal Line Width
The width of the NNL has been the subject of recent scrutiny in both bioarchaeological
and modern contexts, in particular in relation to the links between maternal health and the
prenatal environment (Behie & Miszkiewicz, 2019; Eli et al., 1989; Hassett et al., 2020;
Hershkovitz et al., 2019; Hurnanen et al., 2017, 2019; Kurek et al., 2015, 2016; Mountain et
al., 2021; Zanolli et al., 2011). It is well established that maternal health can affect foetal
development (Mulder et al., 2002), but the relationships between NNL thickness and the
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conditions immediately prior to and around the time of birth are unclear. In their analysis of a
modern British population, with samples from the Avon Longitudinal Study of Parents and
Children (ALSPAC), Hassett et al. (2020) and Mountain et al. (2021) found that while NNL
width varied in relation to parameters reflecting the prenatal environment and gestation length,
there was no evidence of an association between exposure to different psychosocial factors and
NNL width at the cusp and mid-crown. Mountain et al. (2021) did however find that increased
NNL width near the intersection with the DEJ was seemingly associated with maternal
psychopathological history, for example severe lifetime depression or psychiatric problems,
and maternal depression or anxiety from 32 weeks gestation. Behie and Miszkiewicz (2019)
found no clear links between maternal conditions and NNL width, although they did identify a
statistically significant association between alcohol consumption during pregnancy and wider
NNLs. There has been no association found between NNL width and long or difficult births in
some studies (Hassett et al., 2020; Zanolli et al., 2011); a negative relationship between
prolonged vaginal delivery and NNL width, but no association between NNL width and mode
of birth by Hurnanen et al. (2017); and a statistically significant difference between mode of
birth and NNL by Canturk et al. (2014). This variation in reported results may indicate intraspecific and inter-population variation in NNL expression in modern populations (Behie &
Miszkiewicz, 2019). As such, this does not offer much support in interpretations of
archaeological samples as many of these studies have been conducted on modern groups with
known medical and psychosocial histories, and often compare vaginal and caesarean births.
Published NNL width measurements vary between three and 32 μm (Behie &
Miszkiewicz, 2019; Eli et al., 1989; Hassett et al., 2020; Hershkovitz et al., 2019; Hurnanen et
al., 2017; Kurek et al., 2015, 2016; Mountain et al., 2021; Zanolli et al., 2011). Average NNL
widths reported in this thesis (Table 5-4) are well within this range, falling between seven and
23 μm. In their study of samples from ALSPAC, Hassett et al. (2020) reported the mean NNL
width at the cusp at 12.33 μm (n=142), mid-crown at 10.21 μm (n=213) and near the DEJ at
7.69 μm (n=212). Average NNL width in the sample population, all of whom are estimated to
be of European ancestry, is higher than these reported values; width at cusp was 14.31 μm
(n=9), width at mid-crown was 16.19 μm (n=9) and width near the DEJ was 15.99 μm (n=8).
As the circumstances surrounding the birth of the individuals in this thesis are unknown it is
impossible to determine why NNL values appear to be higher than in the modern British
population, however several factors may have influenced NNL formation. The NNL width
measurements were taken from three different tooth types, and as discussed earlier the average
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ESR can vary both within regions of enamel and between teeth of the same individual. The
sample sizes are also relatively small, and due to poor preservation the ESR has been calculated
for only one region of the tooth. The variability in measurements is clear when the average
NNL widths for three separate teeth from individual SJM B20b are compared, with average
NNL width calculated to be 18.02 μm (tooth 26), 18.59 μm (tooth 55) and 19.34 μm (tooth 85)
respectively. Nevertheless, the higher average NNL width in the sampled teeth when compared
to the ALSPAC group may be a potential indication of relatively difficult maternal
circumstances during late pregnancy. This is consistent with the evidence for prenatal Wilson
band formation in several individuals, which is also associated with compromised maternal
health. Although New Zealand was advertised as a ‘healthy’ country offering ample opportunity
to early settlers, the challenges of creating a home in an inchoate country were unlikely to have
been completely buffered for many early families. Soper (1948, p. 53) observes that “a mother
in the pioneer days had to be a woman of many parts – cook, baker, maker of butter and cheese,
dressmaker, manufacturer of soap and candles, nurse, gardener, general handyman, hostess”,
reflecting the multi-faceted role of women in early settler families.
6.2

BUILDING A BIOSOCIAL PORTRAIT OF EARLY OTAGO
This thesis has two main aims; to investigate childhood experiences of physiological

stress through histology, and to contribute evidence for the early life experiences of some of
the first non-Māori settlers of Otago, New Zealand. The individuals in this thesis have been the
subject of bioarchaeological scrutiny as part of the ongoing Southern Cemeteries Research
Project. By placing the findings discussed in section 6.1 in a framework of concurrent
bioarchaeological data the last objective of this thesis is met, and the findings are able to be
integrated in order to better meet these aims. This segment is divided into two main sections.
Section 6.2.1 discusses the findings of this thesis in relation to the nineteenth century biosocial
environments of Milton and Lawrence, and how this compares and contrasts with the historical
narrative of life in early New Zealand. Section 6.2.2 adopts an osteobiographical approach to
better highlight the diverse lived experiences of several individuals, demonstrating the
contributions of histological enamel analysis to the understanding of early childhood
physiological stress experiences.
6.2.1 Evidence for Diverse Early Settler Experiences and Origins
The populace of early Otago has long been thought of as a homogenous group of British
immigrants, escaping the class shackles of Britain for the more egalitarian society of New
Zealand. Similarly, Chinese miners have been thought of as sojourners, travelling overseas with
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the twin aims of ‘gold and China’. Despite these historical narratives, isotopic evidence has
demonstrated that the early non-Māori population of New Zealand is not as clear-cut as these
assumptions imply (King et al., 2020a, 2021a, 2021b). Isotopic evidence for diverse ‘home’
lands for these early settlers is consistent with the histological results, which indicate that
experiences of childhood physiological stress varied both within and between cemetery sites.
Similarly, the presence of Wilson bands in children born in New Zealand contradicts the notion
that their life should have been an improvement over that of their parents. This section discusses
each cemetery separately, and highlights the additions that the findings of this thesis make to
the understanding of the biosocial profile of early Otago.
St John’s Burial Ground, Milton
Although all adults from SJM have been identified isotopically as immigrants to New
Zealand (King et al., 2020a), there is evidence for diverse western European origins indicated
by historical records, isotopic and genetic data, and material culture (Buckley et al., 2022; King
et al., 2020a, 2021b). This is mirrored in the varied histological results of this thesis, as
discussed in section 6.1.1.1. Isotopic investigation of early settler diets for European
immigrants in Milton has indicated the translocation of their ‘home’ biosocial landscapes (King
et al., 2021a), contrasting the image conjured by historic advertisement that suggested that the
move to New Zealand should have been associated with a shift toward higher quality and more
nutritious food. These results suggest relatively little changed in terms of diet for the early
settlers of Milton, and this may be reflected in the histological evidence for episodes of poor
health in the subadults from SJM. As discussed in sections 6.1.1.2 and 6.1.2.1, both the adults
and subadults from SJM experienced periods of growth disruption in the first three years of life,
with the exclusion of only one individual. The presence of potential prenatal Wilson bands in
individuals SJM B18 and SJM B20b may also be indicative of poor maternal health, as this is
associated with physiological stress during late pregnancy. If the formation of Wilson bands
within the first three years of life in this group was associated with poor diets back ‘home’, the
retention of traditionally ‘British’ ways of eating may thus be associated with cultural habits
that at least provided an adequate level of nutrition to survive physiological stress during early
life. These sources of physiological stress cannot be confidently identified, however the similar
pattern of Wilson band formation in the SJM subadults in comparison to the adults suggests
early childhood circumstances may have not been radically different post-emigration.
Although proponents of assisted migration to New Zealand sold an image of a land
without the epidemics and poor living conditions of urban Britain, infectious disease was not
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absent from the new British colony. All subadults from SJM exhibit histological evidence for
repeated health insults resulting in Wilson band formation in the first 18 months of life, all of
which are estimated to have formed over a period no longer than a week. These repeated shortduration insults are suggestive of recurrent acute infections over the first 18 months of life
within the first-generation Milton settler children. As these subadults all died before three years
of age, they are potential victims of local epidemic conditions. While Wilson bands are nonspecific indicators of physiological stress, these observations are consistent with historical and
bioarchaeological evidence for high rates of infectious diseases at this time, such as whooping
cough and cholera, which can have a large influence on infant mortality. Reports circulated
exalting that “whooping cough is exceedingly prevalent in the Tuapeka district” (‘News of the
Week’, 1873, p. 15), and advertisements for various cure-alls and cough remedies abounded.
These range from the more innocuous, such as advertisements for Keating’s cough lozenges for
coughs, asthma, bronchitis, amongst other ailments, which “contains no opium nor any
deleterious drug, therefore the most delicate can take them with perfect confidence”, contrasting
on the same page with Dr J Collis Browne’s Chlorodyne (Fig. 6-3), which advertises none of
the unpleasant results associated with opium but was opiate/laudanum based (‘Advertisements’,
1875, p. 4; Parker et al., 1974; Smith, 1870).

Figure 6-3. Advertisement for Chlorodyne, Nelson Evening Mail, 15 Oct 1874, page 15.
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Ardrossan Street Cemetery, Lawrence
Isotopic and genetic analysis also suggests diverse origins for European individuals
interred in the Ardrossan Street Cemetery (King et al., 2021b). This group represents some of
the earliest goldminers in New Zealand, and these are individuals likely to have lived a much
more transient lifestyle than those in agriculturally based settlements such as Milton.
Regardless, their experiences prior to immigration may have been similar to the western
European settlers of Milton, and this is reflected in the similar prevalence of Wilson bands.
There is evidence for Wilson band formation in later childhood in the samples from Ardrossan
Street whereas the Wilson bands in SJM samples all formed before approximately three years
of age. However, as no teeth forming during late childhood have been sampled from SJM, these
later forming bands may not necessarily be a phenomenon unique to Ardrossan Street.
As the international goldrushes had been going on since the 1840s, it is possible that some
of these miners represent second-generation sojourners, following the path of their parents
(Bagnall, 2011; Hales, 2004; Ng, 1993), and that this evidence for late-childhood growth
disruption may reflect the less certain access to resources associated with a transient lifestyle.
Child labour in the mid-nineteenth century was also common in Britain, and many children
were employed in labour before successive Education Acts enforced school attendance until at
least the age of ten after 1870 (Bates, 2009; Childs, 1990; Honeyman, 2016). Children were
often forced into work to support their families, and as adult mortality also remained relatively
high at this period in Britain, they may have been compelled into physical labour to fill the gap
left by an absent father (Honeyman, 2016; Humphries, 2013). This has the potential to tax the
resources of a growing body, and provides a potential aetiology for Wilson bands forming in
later childhood.
As this cemetery was only in use for a short period after the beginning of the Otago
goldrush, the individuals here represent some of the earliest miners in Tuapeka/Lawrence, and
thus are likely to have been younger adults. Unfortunately, without any clear causes of death it
is impossible to speculate as to the influence early childhood physiological stress may have had
on longevity. Regardless, the histological evidence suggests that these individuals may have
experienced periods of diminished health and nutrition during early childhood, and it is possible
they chose to emigrate to New Zealand in the hopes of providing themselves and their families
with better life circumstances than back ‘home’.
There are two individuals interred in the ‘European’ Ardrossan Street Cemetery that have
been identified as potential Chinese based on observations made in the graves (A B4 and A
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B19, B19 was not sampled in this thesis), further confounding the assumption of homogeneity
in the sample. The burial of Chinese individuals in the ‘European’ or ‘Christian’ sections of
cemeteries in New Zealand is not unique, and the Presbyterian section of Gabriel Street
Cemetery contains the mausoleum of Sam Chew Lain, a prominent nineteenth century Chinese
businessman and freemason (Ng, 1993). Although A B4 was identified as potentially Chinese
based on tooth morphology (Buckley et al., 2022), they do not exhibit the pattern of high Wilson
band prevalence seen in the Gabriel Street samples, as they have evidence for only four potential
Wilson bands.
Gabriel Street Cemetery, Lawrence
Similar to SJM and Ardrossan Street, the cultural identity of individuals interred in the
‘Chinese section’ of Gabriel Street Cemetery is not straightforward. As discussed in the next
paragraph, these individuals may have had varied backgrounds, however this group shows the
highest similarity in Wilson band formation patterns. This may be reflective of similar
childhood living conditions at this time in southern China, without the localised variations in
nutrition and exposure to illness seen in Britain, where there was a heavy disparity between
urban and rural health. The similar pattern of a relatively high prevalence of Wilson bands in
the Gabriel Street samples is consistent with the idea that many Chinese miners would have
come from poor rural peasantry. This may be reflective of a very difficult socioeconomic
environment in Guangdong Province, China at the time. As discussed in Chapter Two, the
Taiping Rebellion (1851-64) precipitated economic collapse that resulted in a diaspora of
Cantonese men hoping to escape their poor living conditions (Ng, 1993; Voss, 2005). Historic
records attest to droughts and floods that interrupted the rice harvest, as well as epidemics of
infectious disease such as malaria, typhoid, cholera and smallpox (Ng, 1993). These difficult
living conditions had the potential to result in seasonal bouts of fever and malnutrition, and
historical epidemiological evidence has attested to decreased adult stature and shorter average
life-spans in men from south-eastern China during the nineteenth century (Morgan, 2009;
Murray, 1994; Woods, 1993). This may be reflected in the higher prevalence of Wilson bands
among the individuals from Gabriel Street, when compared to adults from SJM and Ardrossan
Street, who are most likely of western European origin.
Interestingly, although isotopic and mDNA evidence is consistent with origins in
Guangdong and Fujian Province of southern China for most individuals from Gabriel Street,
individual G B1 does not fit this pattern. This individual has a mDNA genome that is typically
associated with western Europeans and is rare-to-absent in east Asian populations, which may
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represent either a European mother or grandmother, or an even more distant European maternal
ancestor (King et al., 2021b). Coupled with strontium isotope evidence, this likely European
genome presents two potential origins for this individual (King et al., 2021b). It is possible that
he immigrated directly from Guangzhou, Guangdong Province, and the mDNA genome reflects
a distant European maternal ancestor. If this mDNA genome reflects a more recent European
maternal ancestor, it is possible that this individual is linked to a mixed marriage between a
Chinese miner and a European woman in Victoria, Australia. While rare, historic evidence
indicate that de facto and legitimate marriage occurred between Chinese miners and European
women in Australia and New Zealand (Bagnall, 2011; Hales, 2004; Ng, 1993). The first Chinese
goldminers in Otago arrived in 1866 from Victoria, 15 years after the southern Australian
goldrush had begun, and it is entirely possible that children born to miners in Australia followed
the transient profession of their fathers. Nevertheless, the inclusion of traditional Chinese grave
goods with G B1 suggest he identified culturally as Chinese. G B1 shows a similar pattern of
Wilson band formation to the other individuals from Gabriel Street, indicating that he likely
experienced similarly difficult childhood circumstances, further muddying the picture of
localised socioeconomic collapse that may have resulted in the relatively high Wilson band
formation in Chinese immigrants.
Additionally, despite the historical narrative heavily implying that most international
Chinese miners left extremely poor socioeconomic environments in China, this was likely not
the case for all that arrived in Otago. The New Zealand goldfields were some of the most
difficult and expensive to get to from China, requiring a certain level of wealth to afford the
fare to New Zealand (Ng, 1993). The practice of borrowing money in order to afford the fare
to foreign goldfields was common at this time (Ng, 2003), with the idea that it would be paid
back once a miner was established on the goldfields, but a family would still need to offer
substantial collateral against any loan. Many of the other graves in the Chinese section of
Gabriel Street Cemetery had been exhumed, potentially indicating that the remaining
individuals were excluded from exhumation. This may be because they were unable to buy into
systems, such as those offered by the Poon Fah Association, to arrange shipment of their
remains back to China, or that they had requested to remain in New Zealand. It is also possible
that these people had been marginalised in life and death, either by local Chinese or the greater
Tuapeka/Lawrence community, and the choice was made to omit them from repatriation efforts.
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6.2.2 Life Histories of Early Otago Settlers
As previously discussed, the historical record has a tendency to homogenise the varied
origins and life experiences of the immigrant population of mid-nineteenth century Otago.
Osteobiographies and case studies have been published for several individuals as part of the
Southern Cemeteries Research Project (Buckley et al., 2022; King et al., 2021a, 2021b; Snoddy
et al., 2020, 2021), and this section considers the findings of this thesis within the sphere of this
contextual information. As discussed in section 6.1, there are very few homogenous patterns of
Wilson band formation among the individuals analysed in this thesis, indicating that although
they may have lived through similar circumstances, their individual life experiences may have
been vastly different. This section places the findings of this thesis in a grounded framework of
concurrent bioarchaeological literature, further contributing to the known life histories of seven
individuals from SJM, Ardrossan Street and Gabriel Street.
SJM B4
Individual SJM B4 has been identified as the town doctor in Milton. He was born in
Bavaria and emigrated to New Zealand 14 years prior to his death at age 42 from alcoholism
and chloroform abuse (Buckley et al., 2022). Isotopic evidence has suggested that his meat
consumption was higher in New Zealand than prior to emigration, however a lack of solid
baselines in Germany make this difficult to interpret (King et al., 2020a). Although his coffin
was not ornate and produce with poor quality iron (Buckley et al., 2022; King et al., 2021a),
the presence of dental work during his adult life suggests a certain level of wealth (Buckley et
al., 2022). While there is little known about the early life of this individual, the presence of at
least seven clear and potential Wilson bands in the sampled dentition suggests he experienced
several periods of stress in early childhood, resulting in secretory ameloblast function
disruption. In the mandibular permanent first incisor (enamel formation range 3-4 months to 45 years), these disruptions all fall between the approximate age of 6 months to 2.5 years (Fig.
6-4). This is consistent with the patterns seen in weaning infants. Interruptions to growth
averaged 7.5 days in duration, and over half are estimated to have lasted between 5 and 6 days,
with the longest insult interrupting enamel growth for 11 days. Three bands are estimated to
have formed in close procession, at approximately 14, 16 and 17 months of age, potentially
indicating poor health associated with increased weaning and introduction of outside food
sources.
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Figure 6-4. Cross-section of tooth 31 or 41 from SJM B4. Total magnification 40x. Magenta
lines indicate clear Wilson bands; green lines indicate potential Wilson bands.
SJM B6
Individual SJM B6 is also an identified individual, and was married to SJM B4 until her
death at age 36 in childbirth (Buckley et al., 2022). Originally from Caithness in northern
Scotland, she was a resident in New Zealand for 21 years prior to her death (King et al., 2020a).
Isotopic evidence suggests weaning was complete around 2.2-2.3 years of age (King et al.,
2020a), and the occurrence of Wilson bands in her dentition is estimated to have occurred from
approximately 9-19 months of age. The age at these occurrences is consistent with weaning
patterns, and the high prevalence of bands (8 clear, 3 potential) over a period of less than a year
may suggest a prolonged period of compromised health (Fig. 6-5). The sampled tooth (33)
typically begins enamel formation around 4-5 months of age and is complete around 6-7 years
of age, and the lack of Wilson band formation later in her childhood suggests an improvement
in health circumstances after the age of 2 years. As her background is in rural Scotland it is
probable her diet was more seasonal than other individuals from SJM who likely came from
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urban English contexts, and this is evident in early-life oscillations in dietary isotopic values
(King et al., 2020a). Isotopic data also indicates that her intake of meat may have been higher
in New Zealand than at home in Scotland prior to immigration (King et al., 2020a). This
individual also had dental work as an adult, and this is consistent with possessing a certain level
of wealth at this time. There were no clear pathological conditions visible on the skeleton,
however there is evidence of maxillary sinusitis and other skeletal markers of respiratory
irritation, prior to her death in childbirth (Buckley et al., 2022). Interruptions to growth averaged
7.3 days in duration, with the longest insult interrupting enamel growth for 17 days. Longer
period events occurred later in the chronology of Wilson band formation, after 16 months of
age, whereas events prior to this age generally lasted between 3 and 6 days. This may reflect a
changing aetiology of secretory ameloblast function disruption, or a difference in the exhibition
of this phenomenon with increased age.

Figure 6-5. Cross-section of tooth 33 from SJM B6. Total magnification 40x. Magenta lines
indicate clear Wilson bands; green lines indicate potential Wilson bands.
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SJM B11
SJM B11 is suspected to have been identified as an individual that was killed in a mining
accident, consistent with the severe perimortem trauma of the femur and cranium evident in his
skeleton (Buckley et al., 2022). Isotopic and genetic analysis indicate he was likely of European
origin, with potential origins in southern England, the English Midlands, southern Scotland or
central Ireland (King et al., 2021a, 2021b). He shows isotopic evidence for weaning between 9
months and 3.5 years of age (King et al., 2020a), as well as for early childhood stress, and a
subsequent improvement of life experience in the New Zealand colony (King et al., 2020a).
There is also evidence of antemortem fracturing of the ribs and left elbow, and these likely
occurred in childhood back ‘home’ in Britain (Buckley et al., 2022). The fractured elbow may
have been associated with reduced mobility, dexterity and feeling in this arm throughout life,
indicating periods of disability requiring medical intervention, and a prolonged period of
community and familial support (Buckley et al., 2022). There is isotopic evidence of childhood
stress between the ages of 4.5 and 7.5, and although this is within the typical range of enamel
formation for the tooth type analysed (between 4-5 months to 6-7 years of age) for this
individual, there is severe taphonomy and enamel breakage that obscures much of the enamel
(Fig. 6-6). Histological analysis provides evidence for the formation of 2 clear and 4 potential
Wilson bands between the age of 14 and 22 months, consistent with difficult health
circumstances during his second year of life that were not sufficiently buffered and arrested
secretory ameloblast function. The average duration of stress events was estimated to be 4 days,
and all events are estimated to have lasted between 3 and 7 days.
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Figure 6-6. Cross-section of tooth 43 from SJM B11. Total magnification 40x. Magenta lines
indicate clear Wilson bands; green lines indicate potential Wilson bands.
SJM B21
SJM B21 is another individual who has been identified, and his death at age 42 on 5 July
1873 from “pneumonic phthisis haemorrhage [sic]” is consistent with evidence for tuberculosis
in the skull and pelvis (Snoddy et al., 2020). His occupation at time of death was given as
“labourer”, and it is possible he was working as the local butcher after a period of time working
as a goldminer (Findlay et al., 2015; Snoddy et al., 2020). He was born in Mitcham, London in
1830, and isotopic analysis is consistent with a childhood based in the greater London area
(Findlay et al., 2015; King et al., 2020a). He emigrated to Hobart, Australia in 1856 and then
to Gabriel’s Gully, New Zealand in 1861, followed the year after by his wife and children
(Findlay et al., 2015). This history is valuable as it demonstrates that while Milton was an
agriculture-based settlement, not all residents were necessarily involved in agricultural pursuits.
A high prevalence of LEH in his dentition is indicative of stress between 2 and 6 years of age,
with a higher frequency of stress events occurring around two years of age (Snoddy et al., 2020).
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Results of the histological analysis of tooth 16 and tooth 33 from this individual are
consistent with the macroscopic analysis of LEH, but provide a much more detailed chronology
of stress events (Figs. 6-7a & b). In both samples, there is evidence for Wilson band formation
around 9 months of age. Unfortunately, much of tooth 16 is obscured by taphonomy so no later
Wilson bands are visible, however Wilson band formation is relatively regular in tooth 33.
There is evidence in tooth 33 for three bands forming roughly six months apart from the first
occurrence (i.e., at 13.5 months, 19 months and 25 months of age), and a final band forming
only three weeks after this. This is consistent with the LEH evidence for high stress around the
age of two years. In tooth 33, interruptions to growth averaged 8 days in duration, and estimates
of enamel disruption duration vary between 7 and 13 days duration.
Figure 6-7a.
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Figure 6-7b.

Figures 6-7a & b. Cross-section of teeth 16 (6-7a) and 33 (6-7b) from SJM B21. Total
magnification 40x. Magenta lines indicate clear Wilson bands; green lines indicate potential
Wilson bands.
SJM B29
SJM B29 is an unidentified individual that was assessed to be a young (20-34 years)
female (Snoddy et al., 2021). There is no evidence of weaning in her isotopic profile, indicating
she was either not breastfed or had been fully weaned before the first datapoint at age 9 months,
or there are other factors affecting the isotopic data (King et al., 2020a). Isotopic data suggests
she was born in the UK, and would have thus been likely exposed to Victorian weaning
practices (Fildes, 1998; King et al., 2020a). Early weaning can be linked to wealth, amongst
whom it was fashionable to end breastfeeding early, or extreme poverty wherein the mother is
unable to provide enough breastmilk for her infant (Fildes, 1998). The lack of any surface
enamel defects in her dentition, and no evidence for Wilson band formation internally (Fig. 68), combined with the evidence for early weaning and material culture associated with her grave
suggests she came from a relatively wealthy background. This individual had the most ornate
coffin furniture, with good quality iron, when compared to the other individuals from SJM,
consistent with the theory that she comes from relative wealth, which continued after she
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emigrated too New Zealand (Buckley et al., 2022; Snoddy et al., 2021). She exhibits skeletal
dysplasia which was likely present from early childhood, however the lack of stress markers in
her dentition indicates her condition was unlikely to have been associated with periods of
systemic stress that disrupted secretory ameloblast function between the ages of approximately
10 months and 12 years (Snoddy et al., 2021). The skeletal dysplasia would have resulted in
her being visibly ‘different’ to her peers, and the lack of stress markers suggests she was born
into a family where she was highly valued, with enough wealth to protect her from some of the
social and physical consequences that were suffered by other disabled persons in midnineteenth century colonial settings (Snoddy et al., 2021). This evidence for relative wealth
challenges the notion that frontier New Zealand was a comparatively egalitarian society, and
that only individuals who were fit and capable of labour and building families were permitted
to emigrate.

Figure 6-8. Cross-section of tooth 33 from SJM B29. Total magnification 40x.
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G B7
Individual G B7 was a recent immigrant to New Zealand, estimated to have arrived
approximately 10 months prior to his death based on isotopic analysis (King et al., 2021b).
Isotopic and genetic markers are consistent with an origin in Guangdong Province, China, and
he was interred with traditional Chinese grave goods such as a coins, burnt rice, and a Chinese
comb, and his traditional queue was preserved (King et al., 2021b). Isotopic analysis indicates
that his weaning was delayed, and was complete around 5 years of age (King et al., 2021b).
Extended breastfeeding has been associated with poor infant health, and this is consistent with
the histological results. In the right maxillary permanent second molar analysed from G B7 (in
which enamel typically forms between 2.5-3 years and 7-8 years of age), there is evidence for
at least 14 stress markers between the ages of 3 and 5.5 years (Fig. 6-9). Interruptions to growth
averaged 4.8 days in duration, and over half are estimated to have lasted between 2 and 3 days,
with the longest insult interrupting enamel growth for 16 days. This may indicate periodic acute
fevers or other short-lived periods of physiological stress.

Figure 6-9. Cross-section of tooth 17 from G B7. Total magnification 40x. Magenta lines
indicate clear Wilson bands; green lines indicate potential Wilson bands.
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A B1
Individual A B1 is another unidentified individual, most likely of European origin based
on isotopic and mitochondrial DNA evidence, but the picture of his early life is unclear. It has
been suggested he may originate from Britain based on isotopic and historical contextual
information (King et al., 2021b), however his strontium and oxygen isotope results also fall in
the likely local isotopic range for Lawrence. As the Ardrossan Street cemetery was only in use
for the first 10 years of the Otago goldrush it is likely this was not his place of residence as a
child, and the range is also consistent with Cornwall, northern Ireland, and Skye and Mull in
Scotland (King et al., 2021b). The early childhood life experiences of this individual are
unknown; however, he stands out as having experienced several periods of prolonged enamel
formation disruption. He is the only individual to exhibit evidence of prenatal Wilson band
formation other than the subadults from SJM, attesting to difficult health circumstances for his
mother during late pregnancy.
Two teeth have been analysed from this individual; the right maxillary permanent first
molar (enamel formation time is typically two months in utero to 3 years of age) and the left
mandibular permanent canine (enamel formation time typically between 3-4 months and 6-7
years of age) (Figs. 6-10a & b). There is a cluster of 3 clear and 6 potential Wilson bands within
the first year of enamel formation in the molar, however due to the loss of imbricational enamel
the later period of formation of this tooth is not able to be analysed (Fig. 6-10a). The canine
exhibits evidence of at least 7 clear Wilson bands, forming between the approximate ages of 5
months and 3.5 years of age, with two bands matched on labial and lingual sides of the tooth
(Fig. 6-10b). These occurrences in the canine stand out as consistently lasting for longer periods
of time than those exhibited in other individuals, with an average duration of 22 days, and
estimates for secretory ameloblast function disruption are between 15- and 37-days duration.
In the molar, interruptions to growth averaged 3 days in duration, and two thirds are estimated
to have lasted 3 days, with the longest insult interrupting enamel growth for 5 days.
The very high prevalence of Wilson bands, occurring both before and after birth, and
extended chronology of insults to growth in this individual attest to extremely difficult
childhood circumstance. A potential aetiology for extended periods of stress resulting in
secretory ameloblast function disruption is chronic malnutrition, either due to lack of nutritious
food sources, or the inability to consume an adequate diet due to infectious or systemic disease,
or traumatic injury (Goodman & Rose, 1990; Huss-Ashmore et al., 1982). The relationship
between infectious disease and malnutrition is synergistic (Garland et al., 2018), malnutrition
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can influence the immune system, and reduced immunity can also impair nutrient absorption
which leads to nutritional deficiency (Reitsema & Holder, 2018). This has been found in
children that experience repeated enteric infections (Guerrant et al., 2008), as well as
autoimmune conditions such as celiac disease (Barton et al., 2007; Naik et al., 2018). The
formation of Wilson bands in tooth 33 from A B1 does not fit a regular pattern, with events
estimated to have occurred at intervals that vary between 2 and 13 months. This indicates that
the occurrence of these bands is unlikely to be associated with seasonal changes in access to
food resources.
This individual is from the only grave in Ardrossan Street that had evidence of a
tombstone during excavation (King et al., 2021b), suggesting circumstances may have
improved in later life. Historic information attests to the erection of a tombstone at the cost of
£20, which was contributed by the community, for an individual who passed away aged 22 of
“brain fever” after eight days of illness, soon after arriving at the Tuapeka goldfields (‘Sacred
to the Memory’, 1862; ‘Wanganui’, 1862). While this connection is only speculation, it is
consistent with the higher susceptibility to death from infectious disease associated with a high
number of growth insults as a child.
Figure 6-10a.

Figure 6-10b.

Figures 6-10a & b. Cross-section of teeth 16 (6-10a) and 33 (6-10b) from A B1. Total
magnification 40x. Orange line indicates NNL, magenta lines indicate clear Wilson bands;
green lines indicate potential Wilson bands.
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SUMMARY OF BIOARCHAEOLOGICAL EVIDENCE FOR LIVED
EXPERIENCES OF OTAGO SETTLERS
Overall, sections 6.1 and 6.2 have demonstrated the nuanced understanding of early settler

health that is able to be gleaned from bioarchaeological investigation. The histological evidence
attests to highly varied early childhood experiences of nineteenth century immigrants to Otago,
sometimes contradicting the homogenous historical narrative. Individual episodes of
physiological stress that interrupted secretory ameloblast function have been recorded in the
dentition of all but one of the sampled individuals, and these are exhibited differently between
the three cemetery groups, as well as within subgroups of age and sex. Although New Zealand
may have been sold as a land of opportunity, with the chance to improve health and wealth, this
was clearly not realised by everyone. The similar prevalence and chronology of Wilson band
formation in subadults when compared to their parent generation indicates that their early
childhood experiences may not have been vastly different, and this is consistent with evidence
for the translocation of biosocial landscapes which influenced Pākehā lifeways. In particular,
the presence of prenatal Wilson bands suggests that the health of pregnant women in New
Zealand may have been compromised, with insufficient buffers to protect the developing foetus.
Thus, the Wilson bands evident in subadults from SJM provides evidence for events such as
resource scarcity and illness caused by infectious disease in both the immigrant residents of
New Zealand, and their children. Nevertheless, these subadults all died in early childhood,
representing a particularly frail subset of the population. As the demographic makeup of Milton
at this time is unknown, it is unclear if they represent a very small proportion of the population
that was more susceptible to death from physiological stressors, or if their early childhood
experience was similar to many other first-generation New Zealanders.
Although they may have died in different communities, the results from Ardrossan Street
are very similar to those from SJM, indicating they may share a common biosocial background.
This is consistent with other bioarchaeological evidence for broadly western European origins
for these peoples. The prevalence of Wilson bands among the Chinese individuals from Gabriel
Street stand out from both the SJM and Ardrossan Street groups, indicating a different early
childhood experience. There is also less variation amongst the Gabriel Street samples,
potentially signifying that these individuals had a similar socioeconomic background, but it is
unclear as to whether this is representative of the early Chinese population of New Zealand as
a whole. Overall, the histological evidence demonstrates the complex potential aetiologies of
episodes of physiological stress in early Otago settlers, and how the consideration of other
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biological, social and archaeological evidence can add to the picture of early childhood
experiences for these individuals. The findings of this thesis attest to varied experiences of
childhood physiological stress in a colonial New Zealand setting, highlighting the nuanced
response to growth insults that are often homogenised in population level analyses.
6.4

LIMITATIONS AND CONSIDERATIONS
The adoption of histological research methods has been thoroughly discussed and

justified in Chapters Two and Four of this thesis. However, there are some factors to consider
when interpreting the results. Although permanent teeth are highly studied in archaeological
contexts, they have been the subject of very few clinical studies (Hillson, 2014). Enamel
microstructure preservation can also be highly variable in archaeological contexts, and there is
generally some estimation required to establish crown formation chronologies, as visible prismcross striations are often not clearly preserved (Antoine et al., 2009; Dean, 2012). Nevertheless,
observation of the internal enamel microstructure is advantageous in samples that have been
heavily affected by post-depositional surface changes (Figs. 6-11a, b & c).
Figure 6-11a.

Figure 6-11b.

Figure 6-11c.

Figures 6-11a, b & c. Whole tooth images of selected samples used in this thesis prior to
destructive analysis, demonstrating post-depositional obfuscation and breakage of the enamel.
a. G B1 (46), b. G B7 (17), c. SJM B23 (36). Scale bars are 5mm. Bracketed numbers are the
FDI dental identifiers.
There has also been some discussion as to whether ameloblasts are more or less sensitive
to stress events at different periods of their secretory lifespan, and it has been suggested that
this may influence the severity or intensity of accentuated incremental striae (Dean et al., 2020;
FitzGerald et al., 2006; FitzGerald & Saunders, 2005; Kierdorf et al., 2021; Witzel et al., 2008).
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There are many potential aetiologies of enamel disruption, including malnutrition, infectious
disease, weaning, accidental consumption of toxins and trauma (Blakey et al., 1994; Boldsen,
2007; Gamble et al., 2017; Goodman & Armelagos, 1988; King et al., 2005; Koutlias, 2019;
Miszkiewicz, 2015; Neiburger, 1990; Roberts & Manchester, 2005). When stressful conditions
are encountered, such as those bought on by inadequate nutrition or infection, resources are
diverted from growth to the functions necessary for immediate survival (Cameron & Bogin,
2012; Sapolsky, 2004), however the threshold at which this occurs varies between individuals.
Temple (2019, p. 4) argues that careful consideration of early life experiences is necessary, and
that greater emphasis on context and method should be employed in studies focussed on early
life stress as “stress events do not occur in a vacuum”. The prevalence of skeletal indicators of
stress and disease do not have a straightforward relationship with health (Armelagos et al.,
2009; Wood et al., 1992), and this is an important consideration when investigating health in
archaeological populations. These factors mean the confident estimation of any stress event
aetiology is not possible from dental evidence alone.
One limit of this study is the reliance on ESR calculations rather than prism cross-striation
counts to calculate Wilson band chronologies, and to estimate stress event duration. Prism
cross-striation counts have been a well-established methodology of reconstructing the time
taken to form tooth crowns using light microscopy as this follows a circadian rhythm of
secretory ameloblast function (Antoine et al., 2019; Boyde, 1963, 1967; Dean et al., 2020;
Lacruz et al., 2012; Risnes, 1986; Schour, 1937; Zheng et al., 2013). The use of ESRs to
estimate enamel formation is a common method, and is particularly useful where prism crossstriations are less clearly defined. Recent studies of enamel formation have published ESR rates
comparable to those used in this thesis, although these are largely calculated from deciduous
teeth (Aris, 2020; Birch & Dean, 2009, 2014; Dean et al., 2020). Nevertheless, this technique
has been adopted as a practical method whereby a chronology of enamel formation can be
estimated in histological specimens in samples with poor preservation of daily incremental
markings, in particular prenatal enamel and deciduous teeth (Dean et al., 2020). Mean ESR
values have been published by several researchers, with means varying from 2.4 – 6 μm/day
(Birch & Dean, 2009; Mahoney, 2012, 2015; McFarlane et al., 2021b). In a recent study of ESR
values in deciduous first molars from a global sample of children McFarlane et al. (2021b)
found no significant difference in rates between sexes or populations. The mean ESR values
used in this thesis varied from 3.74 ± 1.06 μm/day to 7.10 ± 1.42 μm/day.
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Another estimate that has been relied upon in this thesis is the timing of amelogenesis
initiation in samples that began formation after birth. In all teeth where a NNL was confidently
identified this was used as an indicator of birth (Schour, 1936; Weber & Eisenmann, 1971).
There is a small delay from the event of birth and the formation of the NNL, as the NNL has
not been found in still birth cases (Canturk et al., 2014), however the absence of a NNL does
not necessarily indicate that an individual did not survive past birth. In teeth that form after
birth, or where no NNL was able to be confidently identified, the average number of days after
birth at which the tooth type formed was calculated and added to the estimated number of days
between initial enamel formation (i.e., at the DEJ at the tooth cusp) and subsequent Wilson
bands. These are presented in Table 6-2, and are based on published dental standards (Birch &
Dean, 2014; Nelson, 2015; Reid & Dean, 2006). Although this is obviously less accurate than
measuring from the NNL, adopting this method has allowed a wider range of samples to be
analysed than would have been possible if only one tooth type had been chosen. This is valuable
in this sample set as the dentition of this population has highly variable levels of skeletal
preservation, restricting the skeletal features that are available for bioarchaeological analysis.
Table 6-2. Table presenting the average added time in days for teeth that begin forming after
birth.
Average Age of Initial Mineralisation

Average Age (Days) at Initiation of Mineralisation

3 – 4 months

107 ± 15

4 – 5 months

137 ± 15

2 – 2.5 years

821 ± 91

2.5 – 3 years

1004 ± 91

7 – 9 years

2920 ± 365

8 – 10 years

3285 ± 365

Age estimates have been compiled from Birch and Dean (2014), Nelson (2015) and Reid and
Dean (2006).
Another debate in biological anthropology is the extent to which early life stress events
affect longevity, as outlined by the ‘osteological paradox’ and ‘homogeneity of frailty’ models
(Armelagos et al., 2009; DeWitte & Stojanowski, 2015; Hales & Barker, 2001; Salkind &
Margolis, 2006; Wood et al., 1992). In particular, researchers have identified contradictory
results when prenatal or early postnatal physiological stress and any subsequent relation to age
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at death has been studied through enamel hypoplastic lines in archaeological contexts (e.g.,
Armelagos et al., 2009; Boldsen, 2007; Gamble et al., 2017, 2017; Garland et al., 2016; King
et al., 2005; Koutlias, 2019; Lorentz et al., 2019; Miszkiewicz, 2015; Nava et al., 2020). In this
thesis, the link between longevity and Wilson band prevalence is not heavily explored as there
are very few individuals in whom a confident age at death can be established, and this is outside
the scope of this research project.
6.5

CONCLUSIONS AND FUTURE DIRECTIONS
As outlined at the beginning of this chapter, this thesis set out with two main aims; to

investigate evidence of physiological stress during childhood in early settlers of Otago through
the histological analysis of dentition, and to contribute evidence for these lived experiences in
persons who are frequently invisible from the historical record. This was achieved through four
main objectives, that altogether have contributed to the understanding of early life experiences
of early European and Chinese Otago settlers, and demonstrated the valuable addition that
histological enamel research can provide. The first objective of this thesis was to adopt
histological research methods to estimate Wilson band prevalence, chronology and duration of
periods of secretory ameloblast function disruption within the historical Otago population. This
methodology provides much more sensitive and accurate data than traditional macroscopic
surface methods of analysing enamel hypoplastic lines, and as discussed in section 6.1.1,
provides a complimentary approach to surface observations of LEH. The samples analysed in
this thesis were particularly heavily affected by post-depositional changes, such as taphonomy
and enamel breakage, further demonstrating the value of a histological examination of the
internal enamel microstructure (Figs. 6-2, 6-11).
By comparing evidence for individual experience between people of different
backgrounds, sex and ethnicity, this thesis has challenged the homogenous historical narrative
that frequently represented early New Zealand as a ‘land of plenty’, free from the hardships of
industrial revolution era Britain, or China during a period of socioeconomic collapse. Although
immigrants may have come from vastly different backgrounds, it was generally believed that
they journeyed to New Zealand in order to improve the life circumstances for themselves and
their children. By estimating Wilson band prevalence and chronology, this thesis has
demonstrated that the early childhood experiences of physiological stress do not conform to
this homologous picture of hardship back ‘home’ and improved living conditions in New
Zealand. The presence of clear and potential prenatal and postnatal Wilson bands in subadults
from SJM, indicates that hardship was not absent from their short lives, and their early
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childhood experiences may have been quite similar to that of their parents. The varied
prevalence and chronology of Wilson bands, particularly in the SJM and Ardrossan Street
samples are however consistent with the varied origins indicated for these individuals by
historical and bioarchaeological data. Wilson band prevalence and chronology is more
comparable amongst the individuals interred in Gabriel Street, and this suggests they their early
childhood circumstances may have been more alike than the early European immigrants. The
inclusion of further samples from early colonial cemetery contexts can help to address this
disparity.
By placing the histological results in a grounded framework of concurrent
bioarchaeological literature this thesis has elucidated lived experiences of early immigrants to
Otago, as well as the first generation of children born in New Zealand. Although the
investigation of non-specific skeletal indicators of stress cannot provide precise aetiologies for
childhood experiences of ill-health, combining the histological results with wider contextual
information has allowed the construction of a biosocial portrait of life in early Milton and
Lawrence. The value of a histological analysis of enamel deposition disruption is also clear, as
this can provide a much more sensitive timescale than traditional macroscopic surface methods
of studying enamel hypoplastic lines. These methods are complimentary, and in combination
with broader osteological methodologies can help to build a clearer image of an individuals’
life experience.
The use of microhistorical and osteobiographical research approaches have also allowed
the discussion of potential aetiologies of physiological stress, and how these might have been
experienced between individuals of both very similar, or very different, backgrounds. The
duration of stress events has been rarely explored through enamel histology, and the temporal
trends towards longer periods of secretory ameloblast function disruption after 1.5-2 years of
age may also be indicative of a shift in aetiology, or a change in the body’s response to
physiological stress. Similarly, neonatal line width has only recently been examined with
relation to maternal health and the infant birth experience, with no clear trends consistently
observed in modern populations. The careful consideration of Wilson band or neonatal line
width could thus potentially contribute to both the understanding of the physiological
mechanisms that result in their formation, and the biosocial factors that can buffer or exacerbate
these phenomena. The addition of further samples from the early Otago population will help to
build a bigger picture of lived childhood experiences. In particular, the study of more first-
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generation New Zealand born individuals will contribute to the comparison of life between
them and their immigrant parents.
Overall, this thesis has demonstrated the value in studying these people from a
bioarchaeological perspective, as many were almost completely invisible from the historical
record. As the historical and archaeological records have been heavily relied upon in relation
to the understanding of early New Zealand, the additions of this thesis have shown that the lived
experience of these peoples is more nuanced, and less clear-cut than the image portrayed by
these other resources. The results have also provided a voice to those that have been lost to
history, and have validated a cross-disciplinary approach to bioarchaeological investigations of
early childhood physiological stress experiences.
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Appendices
APPENDIX A
WILSON BAND FORMATION CHRONOLOGY
Estimated Occurrence of Clear Wilson Band Formation (Days after Birth):
Sample
Band 1 Band 2
Band 3
Band 4
Band 5
Band 6
SJM B4*
184
515
677
SJM B6*
3101
326
341
368
377
505
SJM B11*
5712
673
SJM B16
214
267
SJM B18
SJM B19
SJM B20b (85)
71
SJM B20b (55)
41
SJM B20b (26)
SJM B21 (16)
SJM B21 (33)*
288
487
651
831
849
SJM B23
482
511
589
649
SJM B27
SJM B29*
*Additional time (days) added as tooth begins formation after birth
Multiple teeth from one individual are distinguished by FDI identifier numbers in brackets

Band 7

Band 8

536

578

Time Added*
107 ± 15
137 ± 15
137 ± 15

137 ± 15
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Estimated Occurrence of Clear Wilson Band Formation (Days after Birth):
Sample
Band 1 Band 2
Band 3
Band 4
Band 5
Band 6
G B1
174
183
201
235
257
287
G B3 (27)*
1142
1199
1246
1256
1273
1306
G B3 (17)*
G B7*
1428
1446
1484
1579
1615
1712
G B15*
1209
1234
1262
1295
1395
G B25
28
42
47
50
63
81
*Additional time added as tooth begins formation after birth
Multiple teeth from one individual are distinguished by FDI identifier numbers in brackets

Band 7

Band 8

Band 9

1336
1731

1994

91

133

1004 ± 91
1004 ± 91
1004 ± 91
164

Estimated Occurrence of Clear Wilson Band Formation (Days after Birth):
Sample
Band 1 Band 2
Band 3
Band 4
Band 5
Band 6
A B1 (16)
15
21
2
A B1 (33)*
330
406
480
655
1050
1113
A B4*
A B6*
A B17*
A B21
A B22
280
321
A B23*
A B24*
*Additional time added as tooth begins formation after birth
Multiple teeth from one individual are distinguished by FDI identifier numbers in brackets

Band 7
1262

Time Added*

Time Added*
137 ± 15
1004 ± 91
1004 ± 91
3285 ± 365

2920 ± 365
821 ± 91
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Estimated Occurrence of Potential Wilson Band Formation (Days before/after Birth):
Sample
Band 1 Band 2
Band 3
Band 4
Band 5
Band 6
SJM B4*
428
487
804
883
SJM B6*
390
423
457
SJM B11*
425
483
509
517
SJM B16
19
147
SJM B18
-20
-16
-12
-9
3
64
SJM B19
37
SJM B20b (85)
-71
-12
163
SJM B20b (55)
-48
126
154
SJM B20b (26)
12
76
143
169
205
215
SJM B21 (16)
264
SJM B21 (33)*
SJM B23
157
226
SJM B27
27
SJM B29*
*Additional time added as tooth begins formation after birth
Multiple teeth from one individual are distinguished by FDI identifier numbers in brackets

Band 7

Band 8

Band 9

231

254

265

Time Added*
107 ± 15
137 ± 15
137 ± 15

136.89 ± 15.19
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Estimated Occurrence of Potential Wilson Band Formation (Days after Birth):
Sample
Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 Band 9 Band 10 Band 11 Band 12
G B1
76
83
103
129
G B3 (27)* 1005
1065
1071
1112
1423
1579
1625
G B3 (17)* 1045
1053
1127
1183
1211
1228
1238
1255
1263
128
1722
1800
G B7*
1122
1138
1279
1329
1805
2022
G B15*
1105
1133
1653
1728
G B25
13
17
21
*Additional time (1004 ± 91 days) added as tooth begins formation after birth
Multiple teeth from one individual are distinguished by FDI identifier numbers in brackets
Estimated Occurrence of Potential Wilson Band Formation (Days before/after Birth):
Sample
Band 1 Band 2
Band 3
Band 4
Band 5
Band 6
A B1 (16)
-34
-19
-15
79
98
126
A B1 (33)*
A B4*
1130
1220
1437
1480
A B6*
1307
1489
1502
A B17*
3333
3425
3463
3476
A B21
148
171
218
477
502
527
A B22
124
143
166
471
511
518
A B23*
3038
3058
3066
3089
3125
3176
A B24*
967
986
1032
1095
*Additional time added as tooth begins formation after birth
Multiple teeth from one individual are distinguished by FDI identifier numbers in brackets

Time Added*
136 ± 15
1004 ± 91
1004 ± 91
3285 ± 365

2920 ± 365
821 ± 91
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APPENDIX B
WILSON BAND DURATION

Estimated Duration of Clear Wilson Band Formation (Days):
Sample
Band 1 Band 2
Band 3
Band 4
Band 5
Band 6
SJM B4
5
5
11
SJM B6
3
5
4
4
6
9
SJM B11
3
4
SJM B16
3
2
SJM B18
SJM B19
SJM B20b (85) 2
SJM B20b (55) 2
SJM B20b (26)
SJM B21 (16)
SJM B21 (33)
8
11
13
7
9
SJM B23
10
10
8
4
SJM B27
SJM B29
Multiple teeth from one individual are distinguished by FDI identifier numbers in brackets

Band 7

Band 8

12

17
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Estimated Duration of Clear Wilson Band Formation (Days):
Sample
Band 1 Band 2 Band 3
Band 4
Band 5
Band 6
G B1
3
5
2
2
10
3
G B3 (27)
3
2
3
5
2
6
G B3 (17)
G B7
4
5
4
5
8
2
G B15
5
7
9
3
4
G B25
2
2
1
2
2
3
Multiple teeth from one individual are distinguished by FDI identifier numbers in brackets

Band 7

Band 9

8
2

2

2

13

Estimated Duration of Clear Wilson Band Formation (Days):
Sample
Band 1 Band 2
Band 3
Band 4
Band 5
Band 6
A B1 (16)
3
3
3
A B1 (33)
23
18
24
19
18
37
A B4
A B6
A B17
A B21
A B22
5
2
A B23
A B24
Multiple teeth from one individual are distinguished by FDI identifier numbers in brackets

Band 8

Band 7
15

15
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Estimated Duration of Potential Band Formation (Days):
Sample
Band 1 Band 2
Band 3
Band 4
Band 5
Band 6
SJM B4
5
6
10
3
SJM B6
8
5
7
SJM B11
4
3
3
7
SJM B16
5
3
SJM B18
2
2
2
2
2
2
SJM B19
4
SJM B20b (85) 1
4
2
SJM B20b (55) 2
3
2
SJM B20b (26) 1
3
4
4
3
4
SJM B21 (16)
3
SJM B21 (33)
SJM B23
2
4
SJM B27
2
SJM B29
Multiple teeth from one individual are distinguished by FDI identifier numbers in brackets

Band 7

Band 8

Band 9

4

4

3
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Estimated Duration of Potential Wilson Band Formation (Days):
Sample
Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8
G B1
2
2
1
2
G B3 (27)*
3
1
2
2
5
4
4
G B3 (17)*
3
1
2
2
6
1
2
2
G B7*
2
5
16
6
4
2
G B15*
6
3
1
23
G B25
1
2
1
Multiple teeth from one individual are distinguished by FDI identifier numbers in brackets

Estimated Duration of Potential Wilson Band Formation (Days):
Sample
Band 1 Band 2
Band 3
Band 4
Band 5
Band 6
A B1 (16)
3
2
2
5
3
3
A B1 (33)
A B4
3
3
7
5
A B6
5
8
6
A B17
6
4
2
6
A B21
7
9
5
6
7
6
A B22
4
3
3
5
2
4
A B23
4
2
2
5
6
2
A B24
3
5
3
2
Multiple teeth from one individual are distinguished by FDI identifier numbers in brackets

Band 9

Band 10

Band 11

Band 12

3

2

1

2
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APPENDIX C
STATISTICAL COMPARISONS (INTER- AND INTRA-OBSERVER ERROR)
Paired Wilson bands (Occurrence in days after birth):
Individual
Band a
Band b
SJM B4
184.24
197.73
SJM B21 (33)
650.95
652.4
G B1
183.25
186.93
G B1
257.27
257.31
G B7
1614.8 1632.54
G B7
1730.82 1751.11
A B1 (33)
1113.62 1204.25
A B1 (33)
1262.38 1214.51
Paired t-test no difference in means between paired bands, p = 0.3875
t = -0.92142
Paired Wilson bands (Duration in Days):
Individual
Band a
Band b
SJM4
5
3
SJM21 (33)
13
7
G1
5
20
G1
10
14
G7
8
7
G7
2
3
A1 (33)
37
47
A1 (33)
15
25
Paired t-test no difference in means between paired bands, p = 0.1718
t = -1.5223
Inter-Observer Test (Average ESR Per Tooth in μm/day):
Individual (Tooth) Observer 1 Observer 2
A B1 (16)
5.31
5.97
G B1 (46)
5.75
5.05
SJM B20b (26)
7.10
7.77
A B23 (28)
6.21
6.67
G B3 (17)
5.67
5.70
Paired t-test no difference in means between paired bands, p = 0.435
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APPENDIX D
FDI NOTATION SYSTEM
FDI Notation System for Permanent Dentition:

M3

M2

Maxillary (Upper) Right
M1
PM2
PM1
C

18

17

16

15

14

13

12

11

21

22

23

24

25

48

47

46

45

44

43

42

41

31

32

33

34

M3

M2

M1

PM2

PM1

C

I2

I1

I1

I2

C

PM1

I2

I1

I1

I2

C

Mandibular (Lower) Right

Maxillary (Upper) Left
PM1
PM2
M1

M2

M3

26

27

28

35

36

37

38

PM2

M1

M2

M3

Mandibular (Lower) Left

FDI Notation System for Deciduous Dentition:

m2

m1

55
85

54
84

m2

m1

Maxillary (Upper) Right
c
i2

53
83

52
82

c
i2
Mandibular (Lower) Right

i1

i1

i2

51
81

61
71

62
72

i1

i1

i2

Maxillary (Upper) Left
c
m1

63
73

64
74

c
m1
Mandibular (Lower) Left

m2

65
75
m2

