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ABSTRACT
THE EFFECTS OF INDUSTRIALIZATION AND URBANIZATION ON GROWTH
AND DEVELOPMENT: A COMPARISON OF BOYS AND GIRLS FROM THREE
INDUSTRIAL EUROPEAN SKELETAL COLLECTIONS
MAY 2017
SARAH C. REEDY, B.A., UNIVERSITY OF TENNESSEE KNOXVILLE
M.A., STATE UNIVERSITY OF NEW YORK ALBANY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Brigitte Holt
Exposure to poor environments, malnutrition, and labor during childhood can lead
to stunted height and increased mortality. Studies of skeletal samples from Industrial Era
Europe show height is stunted when compared to Medieval samples, suggesting harsher
conditions. While poor conditions can negatively impact all children, boys may be
particularly disadvantaged, because girls can reserve nutritional components buffering
them during times of stress. This study examines the environmental effects on growth in
three Industrial European skeletal samples. Juveniles (0-18 years) from varied SES
backgrounds were used to test three hypotheses.
H1) Industrial Era children will exhibit shorter femora relative to a healthy
reference sample, those in the lower SES will be more stunted than those in higher SES
groups, and boys will be more stunted than girls.
vii

H2) There will be higher incidences of pathological stress markers (CO, PO,
LEH, and periostitis), in lower SES than higher SES children, and boys will display more
stress markers than girls, especially in the low SES sample.
H3) Lower SES children will exhibit higher mortality than higher SES children,
boys will show higher risk of mortality than girls, and children with stress markers will
have greater risk of mortality than those without.
Results show all Industrial Era children were shorter compared to the reference
sample, with higher SES samples more stunted than low SES children. All adolescent
girls (13-18 years) exhibit severe stunting, likely due to delayed pubertal growth
reflecting cultural buffering of boys. Presence of LEHs are significantly higher in low
SES children, and periostitis is significantly higher in lower SES groups. Boys display
higher frequencies of pathologies than girls, with those in the higher SES exhibiting the
most. Low SES children had the greatest survivability, children with CO and PO had a
greater risk of mortality, and those with LEHs had greater survivability.
Industrial Era conditions did negatively impact children's ability to grow and
survive. Less stunting, little variation in stress markers, and greater survivability within
the low SES suggests environmental conditions were either improved compared to the
other samples or status definitions of skeletal samples are problematic and require more
consideration.
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CHAPTER 1
INTRODUCTION

"In the little world in which children have their existence,
whosoever brings them up, there is nothing so finely
perceived and so finely felt, as injustice. It may be only small injustice
that the child can be exposed to; but the child is small,
and its world is small, and its rocking-horse stands as many hands high...”
From Great Expectations
By Charles Dickens, 1861

Children's growth is a reflection of the environment. When conditions are good,
children grow and develop to their full genetic potential, yielding a population of healthy
adults. In contrast, the impacts of poor environments on childhood growth and
development can be devastating. Conditions of malnutrition, disease, starvation,
overcrowding, and hard labor often lead to stunting, decreased muscle mass, failure to
thrive and increased risk of death (Stini, 1969; Van Gerven and Armelagos, 1983; Tanner,
1989; Eveleth and Tanner, 1990; Bogin, 1999; Cameron, 2002; Lewis, 2002; Cardoso,
2005; Cardoso and Garcia, 2009; Hughes-Morey, 2012).
There is a clear association between socioeconomic status (SES) and children's
growth, with those in higher SES groups having more access to better nutrition, improved
sanitary living conditions, and healthcare than those in lower SES groups. Children from
higher SES households or populations are buffered from stressors such as stunted growth,
disease, and increased risk of death (Stini, 1969; 1972; 1978; 1980; Tanner 1981; Tanner
1989; Komlos, 1994; Bogin and Loucky, 1997; Goodman and Leatherman, 1998;
1

Cardoso, 2005; Oyhenart, 2006; Schell and Magnus, 2007; Bateson et al., 2014).
When children grow under normal, healthy conditions, boys are, on average,
larger than girls in height, weight, upper arm muscle mass, and head circumference,
resulting in sexual dimorphism (i.e. differences between the sexes) (Tanner, 1989; Bogin,
1999; Cameron, 2002). While poor conditions negatively impact the growth of all
children, boys may be at a particular disadvantage. Under conditions of stress, boys show
more evidence of stunted growth, resulting in decreased dimorphism in height (Stini,
1969; Roede; 1978; Oyhenart, 2006). According to Buffa et al. (2001) girls are impacted
less negatively because the evolution of hormonal mechanisms permits them to reserve
nutritional components, like fat and protein, during growth (for use during pregnancy and
nursing), buffering them during times of stress. Studies also suggest that height may be
much more sensitive to poor living conditions than other variables such as head
circumference and upper arm strength (Stini, 1972; Oyhenart, 2006). On the other hand,
Hughes-Morey (2016) argues that lower SES females are in fact the most frail, and have
a higher risk of mortality, especially as children, due to patriarchal cultural factors. For
example, some historical references on the Industrial Era indicate preferential treatment
towards boys and men with better access to nutritional foods within the household
(Horrell and Oxley, 2012).
This study aims to understand better how the stressed environmental conditions of
the Industrial Era (18th-20th Centuries) of Europe, such as high levels of pollution,
infectious diseases, overcrowding, poor sanitation, malnutrition, and low socio-economic
status impacted growth, survivability, and sexual dimorphism through comparisons of
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three Industrial Era subadult samples with varying SES.
The Industrial Era is often credited as a time of development, innovation, and
economic growth. While these may be true, it was also a time of vast urbanization,
pollution, hard labor, distinct social classes, poor nutrition, and disease (Thompson, 1963;
Hobbs et al., 1999; Cardoso and Garcia, 2009; DeWitte et al., 2015; Leatherman and
Jernigan, 2015; Hughes-Morey, 2016). Skeletons from Industrial populations often
express signs of stress like stunted height, pathologies, and increased risk of death to
higher degrees than modern samples and even their Medieval counterparts (Cardoso and
Garcia, 2009; Lewis, 2002; DeWitte et al., 2015). Consequently, many people, primarily
those of the lower classes were exposed to harsh working conditions, poor nutrition,
crowded living spaces, heavy pollution, lack of healthcare, and poor sanitation, putting
them at risk of developing various infectious diseases (like tuberculosis, influenza, and
cholera) and those of malnutrition (like anemia, rickets, and scurvy) (Thompson, 1963;
Engels, 1958). In the urban centers, wages often declined due to new technical and
machinery innovations (Hobbs et al., 1999). All members of families, were often forced
to work long hours to provide enough income for household necessities. Children's small
size was seen as an advantage to employers, who could send them under machines to
retrieve or repair broken parts, despite the dangers, all while being paid significantly less
than adults (Rahikainen, 2004). Managers often had reputations for brutality towards
their workers, including children (Hobbs et al., 1999; Rahikainen, 2004).
As population size increased in urban settings, a growing reliance on grains
increased as well, leading to an overall less nutritional diet (Horrell and Oxley, 2012) that
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likely correlated with increasing incidents of malnutrition, especially amongst women
and children. Historical height data reveal that urban women, who had less access to
nutritious foods, were often shorter and exhibited higher mortality rates, compared to
rural women who had better access to fresher and higher quality foods (Horrell and
Oxley, 2012). Komlos (1993), found similar results amongst English and Irish men using
military height data that shows declining height over the course of the 18th Century.
Historical data also suggests boys and men, in these patriarchal societies, likely
had preferential treatment within the home, as well as better access to higher quality,
nutritional food, since their earning were more valued (Horrell and Oxley, 2012;
Humphries, 2013). Within the home, women would often be forced to decide how to
allocate food amongst her family, sometimes denying food from herself. This would not
impact her height, but it could impact the growth of her children if some were given more
than others. Horrell and Oxley (2012) tell us portions were dependent upon earnings, thus
girls and younger children would be given less than older boys.
As evidence to support this historical data, Industrial Era skeletons from Europe
often display stunted height when compared to Medieval samples (Lewis, 2002; Cardoso
and Garcia, 2009), and high incidences of pathological stress markers and mortality rates
all suggesting poor living conditions (Cardoso, 2005; DeWitte et al., 2015; HughesMorey, 2016). Many growth studies of juvenile skeletal remains offer valuable insight
about the overall experiences of past populations (Lewis, 2002; Cardoso, 2005; Gültekin
et al., 2006; Cowgill and Hager, 2007; Mays et al., 2008; Mays et al., 2009 & 2009b;
Cardoso and Garcia, 2009; De Stefano and De Angelis, 2009; Guatelli-Steinberg, 2009;
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Cowgill, 2010; Humphrey et al., 2011; Schillaci et al., 2013; Ruff et al., 2013). However,
few focus on the impact of stress between boys and girls. In fact, many skeletal growth
studies leave sex out of the analysis (Mays, 2009; Cowgill and Hager, 2007; Cardoso and
Garcia, 2009; Lewis, 2002), disregarding how stress may impact boys' and girls' growth
patterns differently. Analysis of variation between sexes in children can address issues of
growth-related physiological trade-offs and help identify unequal access to nutrition,
susceptibility to disease in childhood, and differential treatment of girls and boys
(Sorenson, 2000; Sofaer, 2006).
This brief review highlights the complex interaction between gender, growth, and
environmental conditions. Using three European Industrial Era juvenile skeletal samples
of known age and sex, and varying SES, this study takes a biocultural approach to
interpreting growth patterns, risk of mortality, and sexual dimorphism under conditions of
stress. Taking such an approach is imperative in skeletal growth studies, since stress and
stunting are directly related to socio-political, economic, social, and historical factors
(Bogin and MacVean, 1978; Johnston and colleagues, 1984; Floud et al., 1990; Norgan,
2002; Schell and Knutsen, 2002). Children, generally the most fragile members of society
(Tanner, 1982; Van Gerven and Armelagos, 1983; Goodman et al., 1984; Schell, 1989;
Bogin, 1999; Cameron, 2002), are therefore key to understanding how these conditions
influenced health differentially between those with better access to resources, i.e. higher
status, and between the sexes, in the Industrial Era, a period of profound social change,
distinct social classes, and poor environmental quality.

5

Goals and Hypotheses
This study aims to investigate the impact from and interaction between sex and
status during the growth process when environmental conditions are poor. While the
negative effects of low social status and poor conditions on growth is well understood, it
is less understood how boys and girls respond to such conditions differently. Are girls
more biologically buffered against harsh conditions compared to boys, therefore resulting
in less stunting, less susceptibility of malnutrition and disease, and decreased risk of
mortality? Or are cultural buffers (i.e. better access to higher quantity and quality food
and healthcare), privileged to males in these patriarchal societies, giving them better
growth and survivability than their female counterparts? These questions have led to the
development of three distinct hypotheses made up of different predictions that are tested
in this dissertation.

Hypothesis 1
Given that poor environmental conditions can lead to stunted height, I test the null
hypothesis that there are no differences in femur length between the Industrial Era
children compared to a healthy reference sample, between boys and girls, and between
SES samples. Alternative hypotheses, if the null hypothesis is rejected include: first, that
poor environmental conditions will lead to shortened femur lengths, with Industrial Era
children exhibiting shorter femora relative to a healthy reference sample (H1: Prediction
1); second, that children from the lower SES will be more stunted than those from middle
and high SES (H1: Prediction 2); and third, that boys will be more stunted than girls,
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resulting in decreased sexual dimorphism in femur length (H1: Prediction 3), especially
in the lower SES sample.

Hypothesis 2
Since poor environmental conditions correlate with indicators of stress in skeletal
samples, this research tests the null hypothesis that there are no differences in the
frequencies of stress markers between SES samples or between sexes. Alternative
versions of this hypothesis are that we will find higher incidences of stress markers (such
as cribra orbitalia (CO), porotic hyperostosis (PO), linear enamel hypoplasias (LEH), or
periostitis), with increased evidence of stress in lower SES relative to either middle or
high SES children (H2: Prediction 1); or that stress markers are more prevalent in boys
than girls (H2: Prediction 2); or, finally, that stress markers are more prevalent in boys
with low SES (H2: Prediction 3).

Hypothesis 3
Because poor environmental conditions also correlate with increased risk of
mortality, I test the null hypothesis that there are no differences in mortality rates between
SES samples, sex, or those with pre-existing signs of stress compared to those without.
Alternative versions of this hypothesis are, first, that poor environmental conditions and
sex differences correlate with increased risk of mortality, with lower SES children
exhibiting higher risk of dying than middle and upper SES samples (H3: Prediction 1).
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Second, under conditions of stress, boys are expected to show higher risk of early
mortality than girls (H3: Prediction 2). Children with an existing pathological condition
will exhibit a greater risk of mortality than those without (H3: Prediction 3).

Background of this project and future goals
This dissertation stems from an original goal of developing a technique for
estimating sex in pre-pubertal skeletal remains. This goal, however, presents a number of
challenges. First, by their very presence, children in skeletal samples are those who likely
did not grow up under normal, healthy conditions. Second, given that growth can be
impacted by environmental conditions, and boys and girls may be affected by such
conditions differently, it is imperative to first determine those various effects before
identifying sex. Third, small sample sizes, gaps in age distributions within samples, and
discontinuity in time and space between samples add to the initial challenge of health
impacts.
Given that boys should be larger than girls under healthy conditions, but may be
at increased risk of stunted growth when environments are stressed, and that children in
skeletal samples are inherently stressed given their presence in the sample, it is fair to say
that research on juvenile skeletal sexual dimorphism has yielded little significant results.
Research in juvenile sexual dimorphism has a long history (Weaver, 1980; Mittler and
Sheridan, 1982; Schutkowski, 1987; 1993; Molleson and Cruse, 1998; Blake, 2005:
Rissech and Malgosa, 2005; Cardoso, 2008; Vlak et al., 2008; Rogers, 2009). Most
research, however, has been hindered by the lack of juvenile remains of known sex and
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age, resulting in small sample sizes (Noren et al., 2005; Cardoso, 2008), the use of broad
age categories that mask developmental differences between the sexes (Sutter, 2003;
Noren, 2005), a focus on univariate analyses or multivariate analyses, limited to one
region of the skeleton (Ridley, 2002; Cardoso, 2008; Gapert et al., 2009; Rogers, 2009;
Veroni et al., 2010), and the use of secondary sex characteristics, like wider pelvic bones
in females, that are not significantly dimorphic until puberty (Weaver, 1980; Mittler and
Sheridan, 1992; Schutkowski, 1993). Since sex cannot be estimated in subadult remains,
children are often left out of bioarchaeological analyses leaving out this key demographic
in research from past populations. Given that children in these samples represent those
who were likely stressed potentially decreasing their dimorphism, it is important to
analyze areas of the skeleton that are less impacted by environmental conditions.
While this dissertation does not aim to discover pre-pubertal sexual dimorphism, it
is important to acknowledge the distinctions between boys' and girls' growth trajectories
and development to fully understand how biological and cultural buffers, as well as
environmental constraints impact their growth, morbidity, and mortality differently. It
will be a future goal from this study to analyze the remains of boys and girls for sexually
dimorphic traits despite the effects of poor environmental conditions, so that further
research of sexual dimorphism in subadult remains might be aimed at less
environmentally controlled areas of the body therefore making such goals more
attainable.
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Structure of the Dissertation
In chapter two, I present a background of Industrial Era life, particularly in the
cities of origins for the skeletal samples used in this research, i.e. London (England),
Lisbon (Portugal), and Bologna (Italy). This chapter will explain the backgrounds of the
samples, the political-economic climate the populations were facing, and a general
review of social history surrounding social status, family life, access to food, living
conditions, and overall life experiences, especially for children when the historical data is
available.
Chapter three provides some background for childhood growth and development,
outlining variation and dimorphism between boys and girls. Here, I explain how poor
environmental conditions can affect growth and how boys and girls might respond to
such conditions differently.
Chapter four outlines the specific samples used, their origins and location, and
specific details for each sample. Chapter five is the Methods chapter discussing the
statistical analyses used to test each hypothesis. Chapter six reports on the results of the
analyses, and Chapters seven and eight provide Discussion and Conclusions, respectively.

Implications and Significance
Analysis of skeletal variation in growth by sex and SES bears on
bioarchaeological and forensic contexts. Archaeological skeletal samples are often used
to understand the relationship between child growth and health. However, without a clear
understanding of how boys and girls responded to poor environments, it can impact the
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ability to make interpretations about gender, SES, and access to resources. Not only do
we need to fine-tune our understanding of distinct sex differences in growth, but also to
provide better, more nuanced interpretations of boys and girls in past populations something that has long been ignored. Stunting in children's remains can mislead us to
believe we are looking at younger individuals (Hoppa, 1992; Lewis, 2002; Goode-Null et
al., 2004; Cardoso, 2005; Pinhasi et al., 2005), or to misinterpret boys for girls.
Juvenile skeletal remains are often considered uninformative or only used for
general growth profiles for pooled sexes (Formicola, 1988; Pettit and Bailey, 2000;
Cowgill and Hager, 2007; Cardoso and Garcia, 2009; Gonzalez et al., 2010; Goikoetxea
et al., 2012). This approach, however, disregards potentially important sex differences,
especially under stressed environmental conditions that may result in sexual differences
in morbidity and mortality levels, or affect the overall growth and health of one sex
versus the other. The skeletal remains of past populations who lived under varying levels
of environmental and social stress provide "natural experiments.” The three samples of
juvenile remains included in this study afford a unique opportunity to assess the impact of
stress on growth. Results will 1) provide a better understanding of the way in which boys
and girls grow and respond to various environmental stresses, 2) allow for broader
perspectives and medical influence on future growth studies of living children, and 3)
improve knowledge about sexual dimorphism among juvenile skeletal remains under
both normal and stressed conditions, thus providing data crucial for future development
of a way to identify the sex of these remains, a task that has generally proven impossible.
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CHAPTER 2
INDUSTRIAL ERA

In this chapter, I will review a general history of Industrial Era Europe as it
pertains specifically to living conditions, diet, and childhood since these address the
hypotheses in this dissertation. Then, I focus on the Industrial histories of London
(England), Bologna (Italy), and Lisbon (Portugal), since the skeletons analyzed in this
research come from these cities.

Industrial Era History
The industrialization of Europe (18th –20th centuries) marks the point at which
water and steam were widely used as a source of power. The typical perception of
industrialization is of large factories using steam power for the large-scale production of
goods. Most industries actually remained small with the manufacturing of artisanal, handcrafted goods. Industrialization may be more accurately described as a time of rapid
urbanization, migration, and economic growth in different sectors. Due to such rapid
urbanization and unprecedented population growth, this period saw increases in
inequality, rising costs, and extremely poor living conditions pushing humans into a new
demographic transitional phase (Thompson, 1963; Webster, 1975; Szreter, 1988; 2004;
Hobbs et al., 1999; More, 2000; Johnson, 2006; Cardoso and Garcia, 2009). Szreter
(2004) discusses this as a period of disruption (from rising population and political
instability), deprivation from a lack of quality food resources and healthcare, leading to
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increased disease and death. Consequently, many people, primarily those of the lower
classes, were exposed to harsh working conditions, poor nutrition, crowded living spaces,
heavy pollution primarily due to coal burning fireplaces, lack of healthcare, and poor
sanitation, putting them at risk for developing various diseases like tuberculosis, cholera,
rickets, and typhoid (Thompson, 1963; Wohl, 1983).
In most European urban centers of the 18th and early 19th centuries, wage labor
was the dominant work force, with wages oftentimes being pushed down by the
development of new technologies (Webster, 1975; Hobbs et al., 1999). Entire families,
including men, women, and children were often forced to work 10-15 hours per day to
provide enough income for the household. Children in particular, were used in a variety
of jobs because their small size made it easier for them to crawl under big machinery and
they were paid significantly less than adults (Rahikainen, 2004). Work in factories was
often brutal, both from the manual labor and the rough treatment from managers and
parents themselves, who were often abusive and took advantage of children’s earnings
(Hobbs et al., 1999; Rahikainen, 2004).
The work of social historians describes a bleak picture for working class children
of the Industrial Era in many parts of Europe and the U.K. In the 18th and early 19th
centuries, children in parts of England, like Manchester, often started to work in mills and
factories by age six (Thompson, 1963; Cox, 1996; Lewis, 2002), children in Portugal
were often sent to factories to work by the age of 10 years or younger in the 19th and early
20th centuries (Goulart and Bedi, 2007; Cardoso and Garcia, 2009), while children in Italy
were put to work in the textile and tobacco industries by age 12 in the 19th and early 20th
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centuries (Kertzer and Hogan, 1989; Rahikainen, 2004). In Italy, children often earned
higher wages than their mothers and, as such, their income was seen as family earnings.
As long as they brought home money, children were sent to work (Cunningham and
Viazzo, 1996).
In the 18th and early 19th century of England, women's and children's work and
wages, which were often not recorded as part of household earning in census data, were
usually necessary to family survival when the male head of the household was killed,
injured, left, or did not earn enough (Humphries, 2010; Goose and Honeyman, 2013;
Humphries, 2013). However, women and children's needs are often underrepresented in
historical research and uncounted in living and household expenses (Humphries, 2013)
thus often masking the day-to-day experiences of women and children. Though the
Industrial Era women worked hard and often, their earnings were small, and they were
still expected to complete household duties while raising children. Tanner (1982)
describes that 19th century European women worked in laborious conditions in factories
throughout their pregnancies.
Household income and food allocation was often left to the mother. Children's
earnings were typically given to the mother to allocate towards supporting the whole
family. Horrell and Oxley (2012) also suggest that within the home women would often
“self-sacrifice” when there were food shortages. While this wouldn’t directly affect a
grown woman’s height, it might affect the growth of her children depending on how she
allocated food. A child’s portion of food would often depend on how their contributions
to the household were valued (Horrell and Oxley, 2012). Most women and young
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children would receive the grain-based foods, some potatoes, and tea, while men and
adolescent boys, who often earned higher wages, received most of the bread, in addition
to meat, dairy, and beer, which had higher nutritional values (Humphries, 2013). This
male preference is also accounted for in higher rates of female infanticide (Voland et al.,
1997), and less time attributed to breastfeeding female infants compared to males,
potentially contributing to higher female infant mortality from Christ Church Spitalfields
(Humphrey et al., 2012).
Writings from a 19th century French medical professional documents the need of
laws to provide social welfare for the public who were suffering from disease, famine,
and short stature during the Napoleonic War (Tanner, 1982; La Berge, 2002). This work
provided a framework for doctors in 1830s England to compare the growth of children
working in factories to those not working, finding that children who labor had suffered
growth insults (Tanner, 1982). According to Parkes (2012), the British Romantic view of
childhood, as traced through children's literature from the 18th-19th centuries, initiated the
removal of child labor in the course of the 19th century Britain. Factory Acts beginning in
1802 set age and hour limits for child labor and by 1851 most "brutal working
conditions" were obsolete (Humphries, 2010). By 1901 it was largely illegal for British
children under the age of 12 years to work in factories, a law that undoubtedly influenced
other Industrial nations coming into their industrialism after this time, such as Italy and
Portugal. These acts were motivated by a changing cultural belief that children should be
separate from the market place and be given a proper childhood as opposed to the
traditional early 18th century idea that children should not be sheltered, but raised as
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“active participants," thus eventually protecting children from labor (Parkes, 2012).
Living conditions in urban centers were often cramped and polluted as a result of
the rapid urbanization (Johnson, 2006). In the mid-18th through 20th centuries, population
size increased tremendously in many major urban centers like London and Lisbon, as
families had more children and rural immigrants searched for work (Engels, 1958;
Thompson, 1963). In other areas such as Bologna however, fertility rates actually
declined, likely due to women's long history of work in the silk and weaving industries
(Forgacs, 1990; Krause, 2012) that left them less time to raise children.
Many populations were exposed to societal stressors, such as poor nutrition,
gender and age inequality, labor, disease, and poor environmental conditions, which are
evident in height data and skeletal remains. For example, historians Horrell and Oxley
(2012) found that, as a result of growing reliance on grains, especially those that became
more processed, or milled down and pre-prepared for consumption, the nutritional quality
of the English diet decreased. As nutritional components were less available, diseases like
rickets, scurvy, and tuberculosis became more prevalent, especially amongst women and
children. When Horrell and Oxley (2012) compared height data (between the sexes) with
diet, they found that urban women, who worked away from home, had less access to
nutritious foods and were often shorter and had higher mortality rates, compared to rural
women who found domestic work and likely had better access to higher quality foods.
Lower nutritional status during childhood likely led to overall stuntedness in both men
and women (Humphries, 2013).
Skeletal research provides evidence of environmental stress and malnutrition on
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the remains of people who lived during the Industrial Era, including children. Cardoso
and Garcia (2009) found more evidence of stunted height in Industrial Era adults from
Lisbon, Portugal than adults from the Medieval Period, indicating more environmental
stress during adolescence of the Industrial Era individuals. Mary Lewis (2002) found that
children from the Industrial Era of London, England compared to Medieval England had
higher frequencies of linear enamel hypoplasias (LEHs,) dental caries and abscesses,
cribra orbitalia, and stunted height, which are all indicative of stressed conditions. While
the medieval period is often described as very bleak, in reality more of the population
lived in rural areas with more agricultural produce available, making living conditions
improved compared to the high population densities and poor sanitary conditions of the
18th and 19th centuries. Mariotti et al. (2015) discovered high rates of infectious diseases
in individuals from a 19th century Bologna, Italy skeletal sample. Poor children from 18th19th century England were more likely to die than those from higher status families
(DeWitte et al., 2015). Hughes-Morey (2016) suggests that low status females were more
stunted and had the highest risk of mortality during Industrial Era London given the
preferential treatment for male children and the added stress of low social status.

London
This research focuses on a skeletal sample from the Spitalfields district from
1729-1859. London, overall had one of the largest populations in Europe from 18th -19th
centuries largely due to migration and natural increases in population, as well as the
development of the railway system allowing migration from rural areas into urban centers
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particularly in the late 19th century (Pooley and Turnbull, 1996; More, 2000; Schwartz et
al., 2011).
By the early to mid-18th century, London (in particular the Spitalfields district)
experienced immigrants from France, fleeing religious persecution, bringing with them
their silk and weaving manufacturing allowing some wealth and industry into the area
(Molleson and Cox, 1993). This rise in industrial manufacturing also led to increased
population and poor environmental conditions. The 1750s brought decreased wages and
severe food shortages to London, especially for the working classes, until after the
Napoleonic Wars when wages increased, at the same time the price of bread fell,
improving conditions. Wages did not completely bounce back to the level of the 1740s
until after the 1840s (Schwartz, 1985: Molleson and Cox, 1993). 1796 saw campaigns for
health improvements after a typhus epidemic in Manchester, particularly among children
who were exposed to such insults early in life (Douglas et al., 2002). Infant mortality
rates were ~30% in the 18th century, with small-pox the major threat until the vaccination
became available in 1800. After this, whooping cough took the leading role (Douglas et
al., 2002). Records from the Marine Society and the Royal Marine recruitment data show
those born before 1800 were severely stunted. For example the average height of a 13year old boy born between 1753-1780 stood only 4'3" tall while 16-year old boys were
4'9", ~4 inches shorter than average, healthy 13 and 16-year old boys today (Molleson
and Cox, 1993). In most industrializing populations in continental Europe urban children
often grew taller than their rural counterparts (Tanner, 1982). The opposite pattern was
true in England in the 19th century where rural children were taller than those in urban
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centers, despite social status, suggesting English urban settings, like London, experienced
more stressed conditions than most others (Tanner, 1982).
Early 19th century England saw rising mortality rates and decrease in height
amongst the working classes, as well as increase in diseases, population, and pollution
(Komlos, 1993; More, 2000; Mays et al., 2008; Bengtsson and van Poppel, 2011) all of
which suggest overall poor living conditions. Thick layers of smoke and smog often sat
atop London's industrial sectors, primarily northern England, like Manchester, due to the
use of coal and steam powered factories and transportation (More, 2000). The smoke
pollution in London from 1600-1900 is associated with increased cases of rickets
(Molleson and Cox, 1993). Ever-growing buildings and narrow streets, likely caused an
increase in nutritional deficiencies, further stunting the growth of the people in London
(More, 2000).
Rising population growth in the 1820s and 30s led to a collapse in small, local
governments causing even further decline in living conditions such as a lack of clean
water and sewage facilities, decrease in available vaccinations for small-pox, and
increase in over-crowded housing (More, 2000; Johnson, 2006). While Industrial Era
London was experiencing major population and economic growth, agricultural output fell
over the course of the 19th century making food, especially nutritious food, harder to
come across (Pooley and Turnbull, 1996; More, 2000). The 1830s also saw the cholera
outbreak, which marked the beginning of actions taken by British sanitary reformers to
clean up housing, water, garbage, and to make better sewage removal (Douglas et al.,
2002).
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The 1840s and 50s brought increased mortality rates with tuberculosis, typhus,
and typhoid outbreaks from overcrowding and unsanitary conditions (Woods and
Woodward, 1984), as well as diarrheal diseases amongst infants due to contaminated milk
(Douglas et al., 2002). Disease spread was the major cause for mortality in the 19th
century, with social class making little difference, especially in highly populated urban
areas (Cain and Hong, 2009; Bengtsson and van Poppel, 2011). With improper treatment
of sewage came the "Great Stink" of 1851, when raw sewage flowed into the Thames
River, which was unfortunately used for various purposes including drinking water. As a
result of such unsanitary conditions, cholera epidemics broke out. It was not until John
Snow's discovery of the contamination of the Broad Street water pump, which caused the
cholera outbreak of 1854, that improving sanitary conditions became a priority (Johnson,
2006; Daunton, 2014; Frerichs, 2016). While attempts were made to improve most of
these poor environmental conditions, it happened slowly (More, 2000).
Mortality rates, especially amongst infants, didn't truly begin to decline until the
end of the 19th century with better public health policies, better nutrition, and better
healthcare practices (Szreter, 1988). The poor environmental conditions of large urban
areas, like Manchester, as well as marked class differences within those cities simply took
a long time to improve (Douglas et al., 2002). In the 1860s, medical professionals noticed
the poor died at younger ages amongst the poor compared to the wealthy. It was at this
point that greater concern about the health and living conditions of the people were
exhibited, real wages began to increase by two thirds for most of the working class
(Bane, 1990; Bengtsson and van Poppel, 2011), and public health, sanitation, and housing
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acts were passed (Szreter, 1988). In 1890 a waterborne sewage disposal system helped
reduce instances of typhoid (Douglas et al., 2002). Unfortunately, most of these
environmental improvements and reforms came after the skeletal sample's time period
ended.

Bologna
The skeletal sample from industrializing Bologna, used in this project, dates from
1880-1935. During the 19th century, Italy was ruled by a parliamentary oligarchy,
composed mainly by rural notables. These rural elites did not encourage revolutionary
actions and industrialization, thus resulting in late Industrial growth in Italy (Webster,
1975; Cardoza, 1982). The ruling class was reluctant to promote steam-powered, factorybased production of goods for industry, since their income was primarily based on
agriculture and the traditional patriarchal notions of family life in north Italian textile
manufacturing, with women often weaving at home (Capecchi, 1997; Bosworth, 2013).
Elites saw the potential for a big urban transition and a bigger middle-class disrupting
their way of life (Webster, 1975; Cardoza, 1982).
In the late 1860s, Bologna saw small industries beginning with iron ore, steel, and
chemical production, and by 1886 the ruling class discovered this industrial output would
allow more political and economic independence thereby finally encouraging economic
growth (Vaccaro, 1980; Capecchi, 1997). Italian Unification sought to gain notoriety
among other European nations and be competitive as a primary political system (Vaccaro,
1980). Though, it was from 1883-1914, with the socialist mayor of Bologna who
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provided public housing, public access to education and the university, rising incomes,
and assistance programs improving social conditions, that industrial growth really started
(Vaccaro, 1980; Capecchi, 1997).
Italy's industrialization officially began in 1883 with the first hydroelectric power
station in Europe, in Milan (Forgacs, 1990) allowing better transportation of goods and
services. Industrial growth was concentrated in northern Italian regions like Milan,
Florence, and Bologna. The urban center of Bologna became well-known for their
agricultural, engineering, silk, cotton, tobacco, steel, chemical, automotive, packaging,
and meat industries (Vaccaro, 1980; Capecchi, 1997; Forgacs, 1990). Between 19001914, Italy was a leading competitor in the silk, cotton, and wool market, and saw a
population increase by 30% with great prosperity and growth (Vaccaro, 1980).
Despite its seemingly "good" environment from socialist movements and leaders,
the textile industries in Bologna employed 60-70% women and 24-32% children,
compared to only 8% of men. In this patriarchal society women and children's work was
often undervalued in the society and the home (Kertzer and Hogan, 1989; Krause, 1999;
2005; 2007). The disenfranchised women and children can be further understood by the
infant mortality rate in Bologna, which was between 40-47% by 1910 (Klüsener et al.,
2014).
Italy was ruled by the fascist leader Mussolini at the end of World War 1 in 1918
until the end of World War II in 1945 (Webster, 1975; Hobbs et al., 1999). Despite
continued (yet slow) industrial growth, by 1921 half the country, including Bologna was
still agricultural and very poor with rising unemployment and inflation compared to other
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northern European standards due to war-time restrictions (Vaccaro, 1980; Capecchi,
1997; Bosworth, 2013). Most laborers of Bologna were required to work additional hours
and days to simply earn a living wage (Capecchi, 1997). The Bolognese eventually led
the market for hemp weaving, primarily by peasant women in the confines of their homes
(Capecchi, 1997).
Men emigrated to find work leaving their families behind. Women were left to
work in and out of the home, work on the land if they had it, handle the family finances,
and educate their children on their own. Home-weaving systems worked well in the
peasant society with women and children often left home to remain in their traditional
roles as housewives and left out of industrialism and nationalism (Capecchi, 1997;
Bosworth, 2013). Italy started experiencing a fertility decline over the course of the 20th
century despite Mussolini's pro-natalist campaigns (Krause, 2005, 2007; Bosworth,
2013), perhaps a reflection of men emigrating out of the country and fighting in World
War II, as well as the hard work women endured, and a lack of sufficient means to
support a family.
Since women in Bologna were the driving force of industrial production primarily
through weaving (Capecchi, 1997), it no doubt put pressure on family life. However,
women and children were still considered inferior, submissive, and treated harshly
(Krause, 1999; Rahikainen, 2004; Bosworth, 2013), which likely affected the health of
both women and their infants if they were pregnant during times of hard work and stress
(Tanner, 1982).
The 19th and 20th centuries saw the Spanish flu, tuberculosis, cholera epidemics,
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starvation, poverty, and open sewage in the streets of some areas (Bosworth, 2013). By
1926, food staples, like vegetables, fruits, wine, and olive oil were largely unavailable
forcing people to sell their land, homes, and go into extreme debt and eventually
bankruptcy (Cardoza, 1982). The population became very unhappy with the fascist
government, which was likely the cause of the overall poor living conditions including
low wages and increased prices, and responded with labor strikes and unrest. As a result,
in the 1930s Italy started to shift toward more modern standards of education with
increasing numbers of children attending school (Forgacs, 1990). Eventually, leftist
movements led to the end of the fascist regime at the end of World War II (1945) and
Italy adopted a republic with a parliamentary democracy (Webster, 1975; Cardoza, 1982;
Hobbs et al., 1999). Growth in industry and literacy reshaped the culture with workers
beginning to receive higher wages and shorter working hours.

Lisbon
The time period of relevance for the skeletal sample from Lisbon is 1805-1975.
During this time period, conditions for industrial development in Portugal were slow and
living conditions for its populace were fairly poor. Historically, Portugal was ruled by a
monarchy until the first Napoleonic invasions in 1807, lasting for six years leaving the
country unstable (Cardoso, 2005; Oliveira and Pinho, 2010). This instability led to civil
war between absolutists and liberals in the 1820s resulting in a monarchy led by King D.
Pedro IV with parliamentary representation that allowed urban planning, industrial
activity, and public works (Oliveira and Pinho, 2010). It was most likely this political
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upheaval and turmoil of the first half of the 19th century, that caused the Portuguese
population to fall from a decrease in natural growth, low immigration, and an increase in
epidemics (Reis, 2009).
It was not until the 1850s that Lisbon experienced regrowth. Between 1864 (the
first official census) and 1890, the number of inhabitants in Lisbon increased by 25%
(Reis, 2009; Oliveira and Pinho, 2010; Da Silveira et al., 2013). By 1895, this increased
migration resulted in increased industrial productivity. The main industries in Lisbon
were textiles, metalworking, food, cork, fishing, ceramics, and tobacco (Reis, 2004).
However, the international market was already established and competitive with lower
priced foodstuffs, making Portuguese industrial growth slow and almost obsolete in all
but cork, fishing, Port wine, olives, and the service sector, which were successful (Reis,
2004; 2009; Oliveira and Pinho, 2010). The labor force was very poor and comprised
large numbers of women and children, with women earning the least (Reis, 2004).
Instability within the government led to the assassination of King Carlos I and his
son in 1908 by anarchists. Portugal was established as a Republic state in 1910, and
entered the 20th century carrying great political instability of the past, resulting in a weak
capitalist system that had been geographically isolated from most other parts of Europe.
At this point, Portugal was one of the least developed countries in Europe, with a strong,
central Catholic influence, and fragile agricultural system with most farmers practicing
subsistence farming through most of the 20th century (Giner, 1982; Reis, 2004; Cardoso,
2005; Reis, 2009; Oliveira and Pinho, 2010), and an infant mortality rate of 30-40%
(Klüsener et al., 2014).
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Most other European countries industrialized after increased productivity had
expanded the food supply, while in Portugal such development was limited by the
preponderance of small-scale subsistence farming mostly in the south where agriculture
was under large land owners and population growth spurred out-migration into urban
centers like Lisbon (Cardoso, 2005). Over the course of 1890 and 1960 the population of
Lisbon tripled, mostly from rural migration of poor, young, illiterate, and unskilled men
(Reis, 2004; 2009; Cardoso, 2005; Cardoso and Garcia, 2009), while most of the skilled
workers and artisans migrated into more peripheral territories to follow new industrial
enterprises (Reis, 2009). Within Lisbon, necessities (food, clean water, employment, and
housing) could not keep up with demand causing increased prevalence of disease,
mortality, and overall poorer living standards (Reis, 2009).
Portuguese industries were small often exploiting peasant labor, the illiterate, and
women and children who had very few rights, earned the lowest wages, and worked
under harsh and disciplined conditions (Giner, 1982; Reis, 2004; 2009; Cardoso, 2005).
Boys started earning more money in factory and military positions by age 15 years,
especially if they were skilled (Reis, 2004). Portuguese families were patriarchal with
children and wives under the father's authority and boys were expected to inherit the land
and property of the family. Efforts to prevent the division of property were great (PinaCabral, 1992).
Late 19th and early 20th century Lisbon was often described as a "nauseating
place", full of disease and filth, overcrowded, and the working class inhabitants living in
even worse conditions with inadequate foods mostly made up of cereal grains and
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vegetables, with very little meat (Reis, 2009). The poor conditions, the effects of World
War I, and the influenza epidemic of 1918 left the population faltering (da Silveira et al.,
2011). Life expectancy in 1920 was at an all-time low, at 30-40 years, and half of all
children died before they reached 15 years, primarily from infectious diseases like
tuberculosis and influenza (Cardoso, 2005) reflecting the very poor societal conditions,
especially amongst the underprivileged. Portugal was one of the shortest populations in
Europe reflecting these conditions (Stolz et al., 2013). Portuguese height declined by
10% in the late 19th century. Compared to the UK, Portugal suffered more stuntedness
and poorer living conditions, while those of the UK were steadily improving (Stolz et al.,
2013).
After many years of governmental upheaval, Portugal fell under the establishment
of the dictator Antonio de Oliveira Salazar in 1933. The Salazar dictatorship resulted in a
fragile agricultural system and weak aristocracy. The average income of the people in
Portugal became one of the lowest in all of Europe. After 1943, a rise in industry related
to war efforts resulted in even poorer living conditions. Food was scarce and hard to
come by, including staples like grains. Housing, sanitation, education, and healthcare
were largely unavailable to most of the working class population. During World War II,
food was even harder to get with fewer available resources, lower wages, and increased
prices. Over half of the population lived in poor sanitary conditions and lacked power.
Eventually, strong social movements led to a military coup in 1974, the longest
dictatorship of Europe ended, resulting in a democratic system. This is when conditions
finally began to improve for the people of Portugal (Giner, 1982; Cardoso, 2005; Stolz et
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al., 2013). Family incomes increased allowing them more access to nutritional food and
healthcare, as well as better public health polices improving sanitary and living
conditions throughout the city (Cardoso, 2005; 2006; 2008; Cardoso and Garcia, 2009).
Military data show that since 1902, men's height has increased 8.93cm to 2000, with most
improvement occurring after the 1970s.
It is important to note the changing social and political structures in each of these
cities. In this research, the skeletal samples are defined by social status for comparative
purposes. The sample from London is defined as high status, those from Bologna are
middle class, while those from Lisbon represent the low social status. These status
definitions are important for comparisons, are based on historical knowledge of the
samples, and have been used to describe these individuals in past research. However,
these samples span large periods of time, include numerous individuals who likely varied
from each other in status, and represent changing social situations. While status is used as
a variable in this project, it must be taken with caution.
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CHAPTER 3
GROWTH AND DEVELOPMENT, STRESS, AND VARIATION
BETWEEN BOYS AND GIRLS

Typical growth in healthy populations follows a fairly specific pattern that has
been mapped through decades of growth studies (Tanner, 1989; Bogin, 1999; Cameron,
2002). Boys and girls have similar, yet distinct, variation in their growth trajectories, with
girls growing and maturing at a faster rate than boys. Boys, however, experience a longer
period of overall growth, resulting in typically higher height and weight values than girls
by the end of growth (Tanner, 1989; Bogin, 1999; Cameron, 2002). Children are some of
the most vulnerable members within a population and their growth is often an indicator of
the health status of a population (Tanner, 1982; Schell, 1989; Bogin, 1999; Cameron,
2002; Leatherman and Goodman, 2005). If environmental conditions interfere with their
ability to grow and develop, they can suffer from stunting, increased morbidity through
disease and malnutrition, and increased mortality (Stini, 1969; Van Gerven and
Armelagos, 1983; Tanner, 1989; Eveleth and Tanner, 1990; Bogin, 1999; Cameron, 2002;
Cardoso, 2005; DeWitte et al., 2015; Hughes-Morey, 2016). While this is an issue for all
children, boys may be at an increased risk compared to girls, who may have adapted a
buffering response to stressed conditions through increased fat and protein reserves
(Stini, 1969; Roede; 1978; Buffa et al., 2001; Oyhenart, 2006; DeWitte, 2010; Redfern
and DeWitte, 2011). The result can be increased risk of stuntedness and morbidity in
boys, thus reducing overall sexual dimorphism. Sex estimation in adult skeletal
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assemblages is a relatively simple task through morphological and size variation
assessment of the skull, pelvic bones, and most long bones. However, children's skeletons
are more difficult to assess, especially if their growth was impacted by environmental
stress. This chapter will review typical growth in healthy children, the variation of growth
between boys and girls, the impacts of stress on their ability to grow and develop, and
how growth, sexual dimorphism, and stress are analyzed on children's skeletal remains.

Growth
Throughout gestation and infancy, both males and females release testosterone
and estradiol at rates equivalent to the pubertal growth spurt (Tanner, 1989; Quigley,
2002; Guatelli-Steinberg et al., 2008). A testosterone surge in infant males peaks around
two months of age, reduces to pubertal levels by six months, and continues reducing to
very low levels throughout childhood. Males estradiol levels peak from zero-two months,
then reduce to pre-pubertal levels until the sixth month, in which it drops to very low
levels (Guatelli-Steinberg et al., 2008; Winter et al., 1976; Gassler et al., 2000). Female
infants have a testosterone surge that reaches pre-pubertal levels between the first week
of life until the second month, while estradiol levels are above the pre-pubertal range
from zero to six months (Gassler et al., 2000; Guatelli-Steinberg et al., 2008). These
hormones drop from the sixth month until the first year in both sexes and will increase at
a slow and steady rate until the onset of puberty (Gassler et al., 2000; Guatelli-Steinberg
et al., 2008). These surges have a specific function in the development of male testes
(Forest et al., 1973; Corbier et al., 1992; Dakin et al., 2008), but their effect on
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differential skeletal growth of males and females is not understood.
As early as during fetal development, female skeletons can be up to three weeks
more advanced than males, and at birth four to six weeks more advanced. Females reach
around 50% of their adult height by age 1.75 years and boys at 2.0 years (Tanner, 1989).
Males, on the other hand, appear to be more advanced in dental development and
eruption (Tanner, 1989), and show more variation in skeletal maturation and growth when
affected by factors of poor health (Tanner, 1989; Buffa et al., 2001). Therefore, girls
continue to mature faster and enter pubertal growth around two years sooner than males
and, as a result, reach terminal height sooner while boys continue growing for a longer
period of time, ultimately allowing them to grow, on average, taller than their female
counterparts.

Growth Distinctions and Age Groups
This project utilizes four age groups that reflect typical developmental markers
like tooth eruption, growth spurts, and fusion of long bones. Skeletal biologists often use
age categories in growth studies to compare variation in growth between sexes and
samples in the most appropriate way. While researchers identify age groups in various
ways, commonly used labels and age boundaries for groups are Infant (0-1 year), Young
Child (2-5 years), Older Child (6-12 years), and Adolescent (13-18 years) (Baker et al.,
2005; Roksandic and Armstrong, 2011). Utilizing age-groups can give researchers the
opportunity to compare children according to growth and developmental phases.
However, age-groups can also create challenges, such as minimizing sample sizes and
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comparing children on one end of the group to the other, for example comparing an 18
year-old boy to a 13 year-old girl. While these are serious challenges, they are to a large
extent unavoidable in skeletal growth studies. The use of age groups can help narrow the
age ranges being compared while attempting to maintain a minimum sample size for
statistical analysis. To help understand the variation in growth in the skeletal samples, this
project will use age groups in statistical comparisons and continual data in the form of
growth curves when they are appropriate.
Infants, from birth to 1 year of age experience rapid brain and body growth. The
skull bones are not fused together and there is no epiphyseal fusion of long bones (Black
and Scheuer, 1996; Baker, 2005; White, 2005; Schwartz, 2007). Dentition typically starts
erupting by around 6 months of age and continues in a fairly specific pattern (Buikstra
and Ubelaker, 1994; White, 2005).
The Young Child age group represents individuals 2 to 5 years of age. Between
the ages of 1 to 6 years, body growth slows to a steady rate, while brain growth continues
to increase rapidly, reaching 91% adult size (Enlow, 1990; Eveleth and Tanner, 1990;
Graw, 1999; Wahl and Graw, 2001; Kalmey and Rathbun, 2006; Gapert et al., 2009).
The Older Child group consists of those between 6 to 12 years of age. Children 7
to 9 years, typically experience a small “childhood” growth spurt (Tanner, 1989; Bogin,
1999; Cameron, 2002) and by 10-11 years, children enter a “pre-pubertal” period in
which hormonal surges begin. Boys and girls alike experience most of their skeletal
growth in their long bones during that time (Tanner, 1989; Eveleth and Tanner, 1990). By
ages 11 and 12, girls' growth rates begin to accelerate and, as a result, they may exceed
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boys of the same age in height and weight (Cameron, 2002). During this time the
permanent canine typically erupts and many epiphyses, like the distal humerus, start to
fuse.
The Adolescent age group contains individuals going through the pubertal growth
spurt in which children grow a significant amount in short period of time (Tanner, 1989;
Eveleth and Tanner, 1990; Bogin, 1999; Cameron, 2002). This group is made up of 13-18
year olds. Puberty begins around 12-14 years of age in typical Western populations
(Bogin, 1999; Cameron, 2002), resulting in distinct sexual differences in pelvic, cranial,
and long bones (Buikstra and Ubelaker, 1994; LaVelle, 1995; White, 2005). Girls in
Western cultures enter this growth spurt first, around 12 years of age and generally
complete growth by 13-14 years. However, girls outside of Western culture, such as
hunter-gatherers, or those from poor environments typically experience delayed pubertal
growth with age of first menarche one or two years later than girls from wealthier
populations (Ellison et al., 1986; Spielmann, 1989; Belachew et al., 2011). For example,
as early as the 1600s Austrian physician Hippolyt Guarinoni, discovered that poor
peasant girls began menstruation long after their urban, wealthier counterparts (Tanner,
1982), while even in our modern world Belachew and colleagues (2011) find that food
insecure girls from Ethiopia experience first menarche one year behind food secure girls,
and stunted girls are delayed an additional year. During this time girls experience rapid
growth of the trunk and will start to experience increased fusion of epiphyses. During this
period, boys are still undergoing growth of the long bones from their “pre-pubertal”
growth. Their pubertal growth spurt begins roughly two years after girls, around 13-14
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years of age. The male growth spurt primarily affects trunk growth and continues to peak
until around age 16 (Tanner, 1989; Eveleth and Tanner, 1990; Bogin, 1999; Cameron,
2002). They continue to grow slowly and steadily until all the epiphyses have fused. The
last bones to fuse in both males and females are the clavicle and some aspects of the
pelvis around age 25 years.

Skeletal Sexual Dimorphism in Children
Under normal, healthy conditions, boys generally grow larger than girls in height,
weight, upper arm muscle mass, and head circumference, resulting in sexual dimorphism
(Tanner, 1989; Bogin, 1999; Cameron, 2002). However, this is difficult to assess in
children's skeletal remains. In adult remains, sex can be determined with high rates of
probability. The morphology of pelvic bones often yields 90% or higher accuracy in sex
estimation (Buikstra and Ubelaker, 1994; Bass, 1995; White, 2005). Cranial bones are
often used to determine sex in adults, with male crania exhibiting larger and more robust
features (Buikstra and Ubelaker, 1994; White, 2005; Williams and Rogers, 2006). Long
bone lengths also provide a reliable means of determining sex (Buikstra and Ubelaker,
1994; Bass, 1995; White, 2005) because males continue to grow for a longer period of
time than females (Tanner, 1989; Bogin, 1999; Cameron, 2002). These traits, however, do
not exhibit statistically significant dimorphism in skeletal remains until after the pubertal
growth spurt (Buikstra and Ubelaker, 1994; Scheuer and Black, 2000; Baker et al., 2005;
White, 2005; Schwartz, 2007), suggesting that a shift to analyzing other areas of the
skeleton is needed.
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Research in juvenile skeletal sexual dimorphism has a long history (Weaver, 1980;
Mittler and Sheridan, 1982; Schutkowski, 1993; Molleson and Cruse, 1998; Rissech and
Malgosa, 2005; Cardoso, 2008; Vlak et al., 2008; Rogers, 2009; Blake, 2011). Most of
this research is hindered by various factors such as a lack of juvenile remains of known
sex and age, small sample sizes yielding low statistical power (Noren et al., 2005;
Cardoso, 2008; Blake, 2011), use of broad or no age categories, masking developmental
differences between the sexes (Sutter, 2003; Noren et al., 2005) a focus on univariate
analyses or multivariate analyses limited to one region of the skeleton (Ridley, 2002;
Cardoso, 2008; Gapert et al., 2009; Rogers, 2009; Veroni et al., 2010), and use of
secondary sex characteristics that do not become significantly dimorphic until the onset
of puberty (Weaver, 1980; Mittler and Sheridan, 1992; Schutkowski, 1993).
A number of studies, however, suggest juvenile skeletons do exhibit sexual
dimorphism in discrete morphological traits, such as pelvic and mandible shape, in
infants and decreased dimorphism of these in childhood (DeVito and Saunders, 1990;
Schutkowski, 1993; Ridley, 2002; Noren et al., 2005; Cardoso, 2008; Gapert et al., 2009;
Veroni et al., 2010; Blake, 2011), possibly due to genetic and hormonal surge differences
established during gestation and infancy (Tanner, 1989; Guatelli-Steinberg et al., 2008).
Some studies aimed at evaluating sex differences in pre-pubertal remains, utilizing other
aspects of the skeleton, have also yielded successful results ranging from 60-94%
accuracy (DeVito and Saunders, 1990; Schutkowski, 1993; Noren et al., 2005; Cardoso,
2008; Gapert et al., 2009; Veroni et al., 2010; Gonzalez, 2011) showing that juvenile
skeletons are, to some extent, sexually dimorphic (Tanner, 1989; Guatelli-Steinberg et al.,
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2008). The cranial base, for instance (Wahl and Graw, 2001; Graw et al., 2005; Noren et
al., 2005; Kalmey and Rathbun, 2006; Lieberman et al., 2006; Gapert et al., 2009), may
become dimorphic in juveniles very early in development because the cranium reaches
91% of its adult size, along with brain growth, in the first five to six years of life (Enlow,
1990; Graw, 1999, 2005; Noren et al., 2005; Gonzalez, 2011). Some elements, like the
petrous bone, reach adult size at two years (Noren et al., 2005). Size differences have
been found in deciduous and permanent teeth, especially mesiodistal measurements of the
canines, with males two to seven percent larger than females (Ditch and Rose, 1972; De
Vito and Saunders, 1990; Iscan and Kedici, 2003; Kondo and Townsend, 2004; Holcomb
et al., 2005; Kondo et al., 2005; Cardoso, 2008; Viciano et al., 2011). The Y-chromosome
houses genes that may code for more dentine and enamel growth, allowing early
increases in tooth size in males (Alvesalo, 1997; Guatelli-Steinberg et al., 2008). Finally,
the morphology of the distal humerus, sometimes called the “carrying angle,” has been
shown to be dimorphic once the distal epiphysis fuses, ~10 years of age. Rogers (2009)
found males typically show 10-15o lateral angles of the radius and ulna relative to the
humerus while females usually exhibit 20-25o angles.
This review of sexual dimorphism in juvenile remains highlights two points of
particular significance for this project: 1) the effects of hormonal surges during fetal
development and infancy should be reflected in early onset of sex differences in the entire
skeleton, distinguishing boys from girls, and 2) the importance of realizing how some
aspects of the skeleton may possess sexually distinct features despite environmental
impacts during growth, a factor that most juvenile skeletal samples will face. However,
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despite some evidence of sexual dimorphism in subadult remains, there is a lack of
significant variation between sexes. One possible reason for the lack of significant
dimorphism may lie with the poor health, malnutrition, and stunted growth in children
who died early in these past populations.

The Effects of Stress on Growth
The long period of growth and plasticity characteristic of humans makes the
environments under which child development takes place a particularly important
determinant of health outcomes (Johnston, 2002). While boys and girls should exhibit
dimorphism, research shows that those growing under conditions of stress exhibit
significantly less dimorphism (Stini, 1969, 1972; Buffa et al., 2001). The rate of growth
and overall adult height within a population reflects the environmental quality during
childhood (Stini,1969; Van Gerven and Armelagos, 1983; Tanner, 1989; Eveleth and
Tanner, 1990; Bogin,1999; Cameron, 2002; Agarwal, 2016). The growth of children,
therefore, is a measure of the overall health of a given population. Evidence of stunting,
stress, and increased mortality in juvenile skeletal remains, reflects exposure to poor
environmental conditions like malnutrition, illness, cramped and polluted living
conditions, low SES, and hard labor, with those with reduced stature having greater
incidences of evidence of other stressors (Stini,1969; Van Gerven and Armelagos, 1983;
Goodman et al., 1984; Martin et al., 1984; Tanner, 1989; Eveleth and Tanner, 1990;
Bogin,1995; 1999; Saunders, 2000; Stinson, 2000; Cameron, 2002; DeWitte et al., 2015;
Agarwal, 2016).
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Diet and nutrition are important factors in growth. Given that political and
economic factors heavily influence access to proper nutrition, growth represents a
potential measure of the economic contribution to societal needs (Norgan, 2002). Daily
food intake is challenging to evaluate in living populations, and it is even harder to
interpret food intake from past populations when relying on written records, many of
which do not present accurate data on women versus men, children versus adults, girls
versus boys, and between households. This challenge results in literature that is unclear
about the day-to-day diets of people in the past, impacting interpretations of nutritional
intake in skeletal research.
By the 19th century, medical doctors and scientists became aware of the negative
impacts of poor nutrition during childhood (Norgan, 2002). Nutrition started being
measured as a proxy to health and growth, as well as an understanding of growth
cessation and catch-up when nutritional factors changed. A child is considered to have
low body weight, be stunted in height, or wasted (weight for height) when they are ≤ 2 Zscores below the mean of the population (Bogin, 1999; Cameron, 2002).
Malnourishment can begin in fetal development with lack of healthy foods
available to the mother, oftentimes resulting in babies being born with low birthweight.
According to Barker's fetal programming hypothesis and the Developmental Origins of
Health and Disease (DOHaD), such early growth and developmental delays can result in
long-term health consequences such as immune function impairments that can cause
greater susceptibility to infectious diseases, decreased cognitive abilities and muscle
mass, as well as a greater risk of morbidity and mortality throughout life (Barker and
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Osmond, 1986; Barker et al., 1989; Stinson, 1992; Barker et al., 1993; Haas, 1998;
Kuzawa, 1998, 2005; Barker, 2007; Armelagos et al., 2009; Wadhwah, 2009).
Maternal malnourishment can also impact the growth and health of the
breastfeeding infant if breastmilk is insufficient in quality and quantity potentially
decreasing the infant's immune system development (Allen, 1994; Haas, 1998; Bogin,
1999). At the point of weaning, the child becomes susceptible to stress from inadequate
foods and diarrheal diseases through potential contamination of those foods (James et al.,
1972; Rowland, 1983; Brown, 2003).
Aside from malnourishment, there are many other variables that can negatively
impact growth. Populational growth stunting is often seen in times of famine, but also
infections, disease outbreak, parasites, poverty, poor sanitation, pollution, war, and civil,
political and economic unrest (Floud et al., 1990; Norgan, 2002; Schell and Knutsen,
2002). Low SES and poverty are likely the largest contributors to malnutrition through
little access to high quality and quantity food, higher susceptibility to disease through
poor living conditions, and higher risk of infectious diseases from a weakened immune
system from such poor nutrition and living conditions. Malnutrition is a populational
problem common in developing societies, like those undergoing industrialization.
If and when poor conditions improve, children may have the opportunity to
"catch-up" to an expected height for age. Catch-up growth refers to a rapid growth
velocity in height or weight in a short period of time (Eveleth and Tanner, 1990; Bogin,
1999; Cameron, 2002). However, the timing, severity, and duration of the growth insult
impact the ability for catch-up growth to be complete (Eveleth and Tanner, 1990; Bogin,
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1999; Teranishi et al., 2001; Cameron, 2002; Agarwal, 2016). Continued exposure to
stress may prevent catch-up growth. Some cultural factors have been shown to affect
whether children have the ability to catch-up (Eveleth and Tanner, 1990; Bogin, 1999;
Cameron, 2002; Norgan, 2002; Agarwal, 2016). For instance, having parents who are less
likely to be sick, who have steady income, improved social status, and movement out of
the stressed environment, as well as being the oldest child or having few siblings, which
can result in more resources allocated toward the child, may all positively influence a
child's growth (Norgan, 2002; Teranishi et al., 2001). When delayed growth occurs in
early childhood, prior to three or four years of age, when growth should occur at a higher
velocity, children with improved conditions are more likely to experience complete catchup growth than those who become delayed in later childhood or adolescence (Martorell
and Habicht, 1986; Eveleth and Tanner, 1990; Stinson, 1992; 2000; Bogin, 1999).
Without the potential for catch-up growth, stunted children become shorter adults (Prader
et al., 1963; Angel, 1972; Larsen, 1984).
Pollution, poverty, disease, unsanitary living conditions, malnutrition, hard labor,
and war are all cultural factors negatively impacting growth in many of today's
populations, as well as those from the past. These factors make up the overall
environment of the child and interact with their genetic growth potential and result in the
expression of such consequences. When conditions are good, children grow in regular
intervals in height, weight, fat, and muscle mass. When conditions are stressed, children
can experience slowed growth in all of these. In a study of 12-year old boys from
Guatemala City, Bogin and MacVean (1978) and Johnston and colleagues (1984) found
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that those from a low SES were shorter, lighter, and had less body fat and muscle mass
compared to those from a middle SES.
Improvements to overall environmental conditions can improve the growth status
of children and result in positive secular trends (Johnston, 2002). While most developed
or industrial populations have experienced an increase in height over the last 50-100
years, many European populations exhibited a decline from the 11th - 19th centuries
(Johnston, 2002), reflective of poor environmental conditions. Given the impacts of poor
environments on growth and the stressed conditions of the Industrial Era in Europe,
skeletal remains from that era afford an excellent opportunity to study how boys and girls
respond to such conditions differently.

Female Buffering
While poor conditions negatively impact the growth of all children, boys may be
at a particular disadvantage. Research since the 1960s suggests that girls are biologically
buffered against environmental stress, morbidity, and mortality compared to boys perhaps
reflecting evolved mechanisms tied to reproductive demands (Greulich, 1951; Stini,
1969, 1971, 1972, 1978, 1980; Roede and van’t Hof, 1978; Brauer, 1982; Wolfe and
Gray, 1982; Hiernaux, 1985; Stinson, 1985; 1992; 2000; Tanner, 1989; Eveleth and
Tanner, 1990; Pucciarelli et al., 1993; Buffa et al., 2001; Oyhenart, 2006; DeWitte, 2010).
This "female buffering" hypothesis states that girls' bodies are evolutionarily adapted to
reserve nutritional components, like fat and protein, during growth (for use during
pregnancy and nursing), buffering them during times of stress (Buffa et al., 2001). This
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allows girls to continue growing while boys, suffering from the same environmental
stresses, may experience more stunting (Stini, 1978, 1980; Wolfe and Gray, 1982; Buffa
et al., 2001). In fact, females have enjoyed a longer life expectancy than males since the
mid-19th century in most Industrial Era European populations (Preston, 1977). They also
have more success surviving during times of stress and are more likely to experience
catch-up growth in preadolescence (~8-13 years) than boys, who often remain stunted
(Greulich, 1951; Stini, 1969, 1972; Tanner, 1989; Eveleth and Tanner, 1990), thereby
decreasing sexual dimorphism in stature of adults (Stini, 1969, 1971; Roede and van’t
Hof, 1978; Brauer, 1982; Hiernaux, 1985; Pucciarelli et al., 1993; Oyhenart, 2006;
Cardoso and Garcia, 2009).
Early growth studies such as Greulich's (1951) found that Guamanian boys and
girls in 1947 experienced growth deficits compared to healthy U.S. children from
Cleveland, OH. However, despite overall poor growth, boys' growth was slowed
compared to that of girls, reducing overall sexual dimorphism. Buffa and colleagues
(2001) also found that boys may endure more physiological stress throughout
development. Oyhenart and colleagues (2006) examined living children in Argentina and
found that overweight and healthy weight children show sexual dimorphism in height,
weight, head circumference, and upper arm muscles at all ages. Underweight children
exhibit dimorphism in weight, head circumference, and upper arm muscle, but not height.
Malnourished and stunted children, on the other hand, only exhibit dimorphism in head
circumference. Of the underweight and stunted children, males were more negatively
affected than girls. Pucciarelli et al. (1993) found similar results in living children from
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the outskirts of Buenos Aires. Their results indicate malnourished children do not show
sexual dimorphism in standing height or upper arm muscle, but do exhibit significant
dimorphism in head circumference.
Garvin and Ruff (2012) analyzed sexual dimorphism in adult skeletons from
varied environmental conditions and found that individuals from lower SES backgrounds
and growing under conditions of stress had decreased body size dimorphism. Cardoso
and Garcia, 2009 found that adult dimorphism in height is decreased in an Industrial
Portuguese sample that shows significant levels of environmental stress, while a
Medieval Portuguese sample that exhibits evidence of catch-up growth and improved
conditions, shows increased dimorphism in height. DeWitte (2010) discovered that men
from Medieval London had an increased risk of mortality, especially when they exhibited
signs of pathological stress, relative to women. Hughes-Morey (2012) found that low
SES males had the greatest frailty compared to low status females, and high status males
and females. Zakrzewski (2003) found that males exhibited more variability in stature,
becoming more stunted in times of stress and increasing stature more than females when
conditions were improved. All of this research suggests that while all individuals may
suffer similarly in the same poor environmental conditions, females may be more resilient
when exposed to stressful conditions.
On the other hand, males, especially from higher status, also tend to experience
cultural buffering as a result of preferential treatment in patriarchal societies, potentially
masking the positive effects of biological buffering in females (Stinson, 1985; HughesMorey, 2012). As discussed in Chapter 2, a number of Industrial Era social historians
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mention the dietary preferences of higher quality and quantity of foods, such as meat,
beer, and cheese given to boys and men (Horrell and Oxley, 2012; Humphries, 2013).
Malnutrition increases stunting and vulnerability to other forms of morbidity, including
infectious diseases, parasites, and frailty, and eventually mortality (Ortner, 1998). Such
forms of stress impact frailty, mortality, and survivability in different ways depending on
variables like genetics, sex-hormones, gender, environmental conditions, SES, and
political-economic conditions of the population and potentially impact interpretations of
skeletal research (Waldron, 1984; Wood et al., 1992; Klein, 2000; DeWitte and
Stojanowski, 2015).

Evidence of Stress on Skeletal Remains
Defining the health status of a population is challenging. For example individuals
who express evidence of disease or malnutrition may be defined as having "poor health,"
but if they are able to survive longer than those whose bodies exhibit no evidence of such
stress, they may be better defined as having "good health" or better "survivability". A
major aim of skeletal biology is to estimate the health conditions of past populations, but
this task is rendered particularly difficult by the fact that, while any of the individuals
who comprise skeletal samples may have experienced stressed conditions that impacted
their overall health or survivability, only certain diseases or signs of stress may be visible
on the skeleton, and only if the timing, severity, and even survival from such diseases are
expressed in the first place (Ortner, 1991; Wood et al., 1992; Goodman, 1993; 1996;
Goodman and Martin, 2002; Armelagos et al., 2009).
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Since "health" can be problematic to define (DeWitte and Stojanowski, 2015), the
goal instead is to identify levels of stress experienced by these individuals. This gives
clues that allow interpretations about conditions of past populations. If the individual dies
before the body has time to heal, evidence of stress may be left to identify. However, the
lack of stress evidenced by the skeleton does not mean the individual did not suffer from
health insults in life. The best ways to interpret stress is to analyze a range of indicators,
such as stunted height (which can be interpreted through femur or tibia length), signs of
infectious diseases, evidence of malnutrition, and mortality rates. These clues give a
momentary glimpse into some of the conditions experienced by certain subgroups (those
who were likely most vulnerable and frail) in the population, allowing the opportunity to
make interpretations about stress within the overall population and between individuals
and sub-groups (Wood et al., 1992; DeWitte and Stojanowski, 2015).
Evidence of disease and malnutrition are most commonly identified in skeletal
remains from stunted femur length, linear enamel hypoplasias (LEHs) on the teeth, and
non-specific indicators of stress like porotic hyperostosis (PO), cribra orbitalia (CO), and
periostitis. These are often used as an assessment of stress and survivability within a
population (Saunders and Hoppa, 1993; Goodman et al., 1998; Lewis, 2002; Hoppa and
Fitzgerald, 2005; Cardoso and Garcia, 2009; Schillaci et al., 2012; DeWitte and
Stojanowski, 2015; Larsen, 2015; Agarwal, 2016; Hughes-Morey, 2016).
Dental linear enamel hypoplasias (LEH) are widely used as an indicator of acute
stress in early childhood (Goodman and Armelagos, 1985; Ogden, 2008). These can be
formed when enamel is laid down over dentin during development. When children
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experience systemic stress such as malnutrition, weaning-related malnutrition, and
disease, enamel may not form properly or at all, leaving a permanent visible band of
discoloring, pits, or furrows primarily on the anterior teeth such as the incisors and
canines (Goodman et al., 1980; Goodman and Armelagos, 1985; Reid and Dean, 2000;
Boldsen, 2007; Ogden et al., 2007; Ogden, 2008).
Periosteal new bone formation, or periostitis, can be a non-specific, generalized
response to infection, malnutrition, or trauma visible as new woven bone is laid down
through increased osteoblast activity on the periosteal layer of the long bones (HussAshmore et al., 1982; Skerry, 1994; Larsen, 1997; Ortner, 2003; Roberts and Manchester,
2005; Geber and Murphy, 2012; Ragsdale and Lehmer, 2012; DeWitte and Stojanowski,
2015). Periostitis is linked with a higher risk of mortality (DeWitte and Wood, 2008;
DeWitte and Stojanowski, 2015), making this a common indicator of stress in
bioarchaeological research.
Porotic hyperostosis (PO) and cribra orbitalia (CO) are most likely indicators of
malnutrition specific to hemolytic or megaloblastic anemias, possibly due to a lack of
vitamin B-12 or iron (Ortner, 2003; 2008; Wapler et al., 2004; Walker et al., 2009;
Oxenham and Cavill, 2010; McIlvaine, 2013). PO is recognized as diploic expansion on
the frontal, parietals, and occipital bones. CO may be related to PO, but is visible as
lesions similar to periostitis on the roof of the orbits rather than the cranial vault. Some
research suggests this may be more indicative of scurvy (a vitamin C deficiency) (Walker
et al., 2009) or rickets (a vitamin D deficiency) (Wapler et al., 2004) rather than anemia.
Nonetheless these are both signs of malnutrition.
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An extensive body of skeletal research on stress, from stuntedness to signs of
malnutrition in juvenile remains, provides compelling data. Some researchers find that
those who die at the youngest ages are more likely to be stunted and to have higher
frequencies of skeletal lesions from infection and malnutrition, while those who survive
to older ages are more likely to exhibit evidence of healing and recovery as a
consequence of longer life (Littleton, 2011; Robbins Schug, 2011; Perry, 2014; Agarwal,
2016). However, others have found that those who survive to older ages are more likely
to exhibit higher frequencies of lesions as a consequence of having more time to be
exposed to stressors (Storey, 1997; Bennike et al., 2005; Watts, 2013). Some find that age
at death is less impactful than other variables such as female biological buffering and
survivability (Holland, 2013). Long bone growth and stress markers are often compared
between samples as a means of assessing stress and health in past populations
(Humphrey, 2000; Saunders, 2000; Kemkes-Grottenthaler, 2005; Mays et al., 2008;
Cardoso and Garcia, 2009; Lewis, 2002; 2007; Schillaci et al., 2011; Agarwal, 2016).
These suggest variation within and between populations among individuals and subgroups (i.e. sex and age) for survivability, but comparing populations and sexes can allow
more nuanced interpretations of stress in particular time periods or within similar
populations such as European Industrial Era samples.
Skeletal research of sexual dimorphism and frailty often focus on adults, missing
valuable information about growth variation, stress, and buffering in children. While sex
assessment in juvenile remains is problematic, those from historic cemetery samples of
known age and sex provide a unique opportunity to test these hypotheses. This project
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aims to determine whether boys or girls from 18th-20th century European samples
experienced differential growth and risk due to the poor environmental conditions and
cultural constraints at the time.
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CHAPTER 4
MATERIALS

The samples chosen for this research are 1) the Luis Lopez skeletal sample from
Lisbon, Portugal, 2) the Spitalfields Coffin Plate Skeletal Collection from London,
England, and 3) the Bologna Skeletal Collection from Bologna, Italy. These samples will
be compared to a modern, healthy living reference sample, 4) the Denver Growth Study
from Denver, CO. These samples provide a unique opportunity to compare children from
similar genetic backgrounds (European), from the same point in history (Industrial Era,
18th - early 20th centuries), but from varied socio-economic (SES) backgrounds.
Each of these cemetery collections house large numbers of juvenile remains for
which sex, age at birth and/or death, and cause of death are known. Many of the skeletal
remains exhibit high levels of stress, while the children from the Luis Lopez and
Spitalfields collections display stunted growth in height compared to medieval skeletal
samples from similar geographic locations (Lewis, 2002; Cardoso and Garcia, 2009).
The samples vary from each other in SES levels. The Spitalfields sample (London,
England) comprises individuals from primarily middle to upper class backgrounds
(Molleson and Cox, 1993), the Bologna sample (Bologna, Italy) contains primarily
middle to low SES individuals (Mariotti et al., 2015), while the Luis Lopez collection
consists of those from primarily low SES (Cardoso, 2005). The backgrounds of these
populations are ideal for testing hypotheses of differential growth of boys and girls under
stressed conditions. Variation in SES among samples provides a means of comparison of
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children from higher SES backgrounds, who likely had better access to nutrition and
healthcare, than those of the lower SES samples who likely experienced more stressed
conditions. Table 1 describes the samples, while Table 2 provides information on the
sample sizes of each collection. Figures 1 and 2 show the distribution of the individuals
utilized for this research by Date of Birth (DOB) and Date of Death (DOD) records.
Table 1: Samples utilized in this research.
Skeletal Samples

Location

Dates

SES

Spitalfields Coffin Plate

England

1729-1859

Middle to High

Bologna, part of

Italy

1880-1935

Middle to Low

Portugal

1805-1975

Low

Frassetto Collection
Luis Lopez

Denver Growth Study

Denver, CO 1927-1967

Radiographs

50

Upper-middle

Table 2: Sample sizes separated by age-groups and sex.
Age Groups
0-1 years
Sample

2-5 years

Boys Girls Boys

6-12years

13-18years

Girls

Boys

Girls

Boys

Girls

Total

Luis Lopez

5

0

7

8

7

9

14

12

62

Spitalfields

15

12

13

7

2

2

2

7

60

Bologna

10

11

12

11

4

6

6

6

66

Total

30

23

32

26

13

17

22

25

188
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Figure 1: Number of individuals by Date of Birth (DOB) and sample.

Figure 2: Number of individuals by Date of Death (DOD) and sample.
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The Spitalfields (London) sample (high SES)
The London Spitalfields Coffin Plate Skeletal Collection dates to 1729-1859. This
collection is comprised of congregation members of the Christ Church in Spitalfields who
were buried in the private family vaults of the crypt. Records indicate that most
individuals buried in the crypt were from middle to upper classes, with occupations such
as craftsmen, surgeons, stockbrokers, and merchants, many of whom were estate owners
(Cox, 1996; Lewis, 2002). They are described as having levels of wealth that likely
helped buffer them from hardship, food shortages, and rising costs of living (Molleson
and Cox, 1993; Nitsch et al., 2011; Hughes-Morey, 2016). According to the
archaeological report, many families interred within the vaults of the crypt were
relatively wealthy by London standards of the day, though fortunes of the quarter fell in
the 19th century (Molleson and Cox, 1993).
Spitalfields was in the heart of industrial London, a dominant center of silk
manufacturing and a neighborhood characterized by rapid urbanization and population
growth that reached a prosperous peak with French Huguenot (protestant) refugees in the
mid-18th century. The 17th and early 18th centuries saw increases in wages, economic
growth, and relative wealth for those involved in the manufacturing and output of
industrial goods, like those in the silk trade of Spitalfields (More, 2000). In 1773, the
Spitalfields Acts, legislation allowing government officials to fix the prices for silk, the
privatization and regulation of silk weavers, and the release of tariffs on foreign silk
products, which eventually led to a decline in wages for the working class (Steinberg,
1999; Hupfel, 2012). By the early to mid-19th century, the silk industry in Spitalfields had
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declined because of increased competition and the reorganization and decreased wages
(Arch, 1822; Molleson and Cox, 1993; Cottereau, 1997; Steinberg, 1999; Hupfel, 2012).
Conditions for the silk industry were so poor, especially amongst the laborers, that
petitions for the repeal of the Spitalfields Acts were brought before Parliament in 1818
and 1823, met with political opposition (Hupfel, 2012). By the 1830s the silk trade of
Spitalfields was economically disadvantaged and the district quickly fell to a
predominant working-class district.
Because of the long time period from which this sample is comprised and the
fluctuating economy under which they lived, these people are often referred to as the
"middling sort" or those who "live well.. , labour hard but feel no want," who come from
a solid middle to upper middle class standing (Molleson and Cox, 1993). Their SES has
been well established based on their occupations and positions within their occupational
structure, with 48% classified as artisans many of whom were known to inherit capital
and/or land, 32% were Master craftsmen, 11% professionals, 7% were merchants and
wholesalers, while 2% were independently wealthy. Wills, insurance policies, and estates
provide insight into the acquisition of wealth (Molleson and Cox, 1993). Individuals in
the sample from the earlier period are sometimes described as obese and gluttonous, with
diets that were fashionably heavy in meat and fat, while those from the later part of the
sample consumed more bread and tea, and at least some sources of protein and vegetables
(Molleson and Cox, 1993).
Despite their more nutritional diet, there are high levels of stress markers
associated with nutritional deficiencies such as stunted height, cribra orbitalia (CO) and
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porotic hyperostosis (PO), as well as scurvy and rickets. Infants have a high frequency of
CO and PO, perhaps indicative of mothers' stress during pregnancy and nursing, the use
of wet-nurses, and newer hand feeding techniques that may have reduced availability of
essential nutrients (Molleson and Cox, 1993). Vitamin C-rich fruits were likely
unavailable to most of the population during this time, due to geographic, seasonal, and
cost limitations.
While average income in London appears to have increased over the industrial
period, food and rent costs increased as well (More, 2000). Those buffered by relative
wealth may have been able to meet rising costs, but laborers and those dependent upon a
declining industry like those in Spitalfields, likely could not. Despite the middle to upper
class status of those interred in the crypt, they were still living without proper sewage
systems, overcrowding, and air pollution. Drinking water was often polluted, and sewer
systems open and exposed (Thompson, 1963).

The Bologna (Italy) sample (middle SES)
The Bologna Skeletal Collection is part of the Frassetto Skeletal Collections
housed at the Museum of Anthropology, University of Bologna, Italy. The Frassetto
Skeletal Collections are comprised of individuals from Sardinia, Bologna, Modena, and
Parma and were assembled by Dr. Fabio Frassetto from the University of Bologna in
1908 (Belcastro et al., 2008). The Bologna sample contains 439 middle class individuals
(adults and children) who lived in the urban center of Bologna from 1880 to 1944. These
people were buried in the Certosa cemetery, and are all identified with known sex and
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age, as well as adult occupation. The skeletons were exhumed and curated by Dr. Elsa
Graffi Benassi during the 1950s (Mariotti et al., 2015). These individuals were removed
from the Certosa cemetery to make room for more interments (Mariotti et al., 2015).
They were primarily members of the middle to low classes (Mariotti et al., 2015).
According to the inventory list of the individuals, about 30% of the adult men in this
sample were factory workers, 20% worked in trade professions, while another 20% were
police, military, businessmen, or retired professionals. Women, on the other hand, were
overwhelmingly (70%) labeled as domestic workers and 20% as laborers. While this
sample is a relatively newer collection accessible for research, research shows that over
half the adults in this sample exhibit signs of stress such as tuberculosis (TB), non-TB
pulmonary infections, and other bony lesions (Mariotti et al., 2015).

The Lisbon (Portugal) sample (low SES)
The Luis Lopez Skeletal Collection, housed at the National Natural History
Museum in Lisbon, Portugal, was founded by Dr. Francisco Ferraz de Macedo in the 19th
century. After a fire nearly destroyed an existing, very large collection in 1978, it was reorganized by Luis Lopes in the 1980s, then largely curated, documented, and published
by Dr. Hugo Cardoso (Cardoso, 2005). This sample comprises skeletons from local
cemeteries (Alto de São João, Benfica, and Prazeres), dating from 1805 to 1975. This is a
documented sample with information including name, sex, age, and cause of death
(Cardoso, 2005, 2006; Matos and Santos, 2006; Cardoso and Garcia, 2009). In Portugal,
people are buried in graves for five years, then exhumed so the burial plot can be reused.
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Family members must pay a fee to place their loved ones in more permanent graves or
mausoleums. When the family cannot pay these fees, the skeletal remains are placed in
communal graves, incinerated, or the National Natural History Museum collects them for
research (Cardoso, 2005). Since the cemeteries used to comprise this sample are large,
they likely include individuals from varied SES backgrounds.
This sample consists of those who lived in the densely urbanized capital city of
Lisbon during a time of great political upheaval and turmoil between a falling monarchy
to Napoleonic invasions (1807-1814), civil war leading to a monarchy with parliamentary
control (1820-1908), to the establishment of a republic from 1910-1933, and eventually
the longest European dictatorship of António de Oliveira Salazar (1933-1974). Portugal
was considered one of the poorest European nations during this time with some of the
highest mortality rates and shortest populations, suggesting overall poor conditions.
Individuals from this sample lived during this period of political upheaval and the Salazar
dictatorship, which is often described as a time of very poor living conditions with high
infant mortality rates (Cardoso, 2005).

The Denver Growth Study sample
The children from the three skeletal collections will be compared to a
contemporary sample of healthy, living children from the Denver Growth Study. This
study was a longitudinal growth analysis of living children from Denver, Colorado,
between 1927 and 1967. These children were from upper-middle class families of
European ancestry. They represent children growing under healthy, modern conditions
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(Maresh, 1955; McCammon, 1970; Ruff, 2003). Skeletal growth for this sample was
obtained from databases with measurements of femur length taken from radiograph
images taken every six months (Maresh, 1955; McCammon, 1970).
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CHAPTER 5
METHODS

All statistical analyses were completed using Microsoft excel and SPSS statistical
software, version 23 from IBM. Only well-preserved individuals with documented sex
and age were utilized. Diaphyseal femur length, without epiphyses, was measured via
osteometric board or spreading calipers for individuals between 0-12 years of age, and
total femur length, with epiphyses, were measured with an osteometric board for all
individuals with epiphyses from age 13-18 years (following Buikstra and Ubelaker,
1994). Left femora were used, except in cases where they were not available, then the
right was used. This chapter outlines the methods for each hypothesis.

Hypothesis 1
Given that poor environmental conditions can lead to stunted height, I test the null
hypothesis that there are no differences in femur length between the Industrial Era
children compared to a healthy reference sample, between boys and girls, and between
SES samples. Alternative hypotheses, if the null hypothesis is rejected include: first, that
poor environmental conditions will lead to shortened femur lengths, with Industrial Era
children exhibiting shorter femora relative to a healthy reference sample (H1: Prediction
1); second, that children from the lower SES will be more stunted than those from middle
and high SES (H1: Prediction 2); and third, that boys will be more stunted than girls,
resulting in decreased sexual dimorphism in femur length (H1: Prediction 3), especially
59

in the lower SES sample.

Stuntedness
Z-scores were calculated to determine if children from the Industrial Era skeletal
samples were short and/or stunted compared to those from the reference sample. A Zscore is a measure of how many standard deviations an element is from the mean
(StatTrek, 2016). In this case, a Z-score refers to how many standard deviations (SD) the
individuals within a given sex and age group deviate from a reference sample from the
Denver Growth Study (DGS). These are calculated using the following formula:
Z = ( X - μ) / σ
where X is the mean of the skeletal sample, μ is the mean of the DGS, and σ is the
standard deviation from the DGS. Z-scores were calculated within sex and age groups,
and for diaphyseal femur length in those 0-12 years and total femur length (with
epiphyses) for those 13-18 years. If the z-scores are two SD below the reference sample
mean, they are considered stunted, while three SD or more below the reference is
considered severely stunted (World Health Organization Working Group, 1986;
Leatherman and Goodman, 2005; Cardoso, 2005; Cardoso and Garcia, 2009;
Leatherman, 2010).
Femur length means and standard deviations by sample, sex, and age group are
listed in Table 3. Because the DGS dataset is based on radiographs, a correction for image
parallax was made using a formula by Ruff (2007). The DGS data were recorded in
centimeters, and were converted to millimeters for comparison.
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Skeletal Growth Profiles
To determine if boys' femur lengths were more negatively impacted than girls,
skeletal growth profiles (SGPs) within samples and sex were created by plotting age at
death against the percent of adult femur length achieved (Lewis, 2002; Cardoso, 2005).
Values for adult height achieved were calculated from adult femur measurements
collected for different projects that used adults from these samples reflecting adult femur
length for contemporary adults (Ruff et al., 2012; Agostini, 2015). This method was
chosen to take into account the fact that all three samples span broad time periods
characterized by changing political-economic situations. In addition, two of the samples
include individuals who were born in the city and some who were immigrants,
introducing potential variability from differing genetic backgrounds and environments.
To ensure the differences seen between samples in the SGPs were not due to these secular
changes and genetic variability within the adult population, femur length was plotted as
the percent of adult femur length achieved. SGPs of femur length were also created
between samples, including the DGS, within sexes to identify overall variation of femur
length between samples.

Comparing Sexes
To test for statistically significant variation between boys and girls within each
sample and age group, Mann-Whitney U-tests of femur length regression residuals were
performed (Schillaci et al., 2011). These are non-parametric tests of means between two
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independent populations or sub-groups, each with multiple individuals, with ordinal or
continuous data that are not distributed normally or have small sample sizes, as is the
case with these samples (Laerd Statistics, 2013). It is important to note that the boys and
girls within each of these samples, especially those from London who come from the
same church congregation, do not necessarily represent independent samples. However,
this is the best test for comparing boys to girls within samples, so results must be taken
with caution.

Table 3: Femur length means (mm) for boys and girls by sample.
Low
Age Groups

Sex

N Mean

Infants

Male

5

Children

St. Dev. N Mean

High

St. Dev. N Mean

St. Dev.

142.16

12.82

7 124.43

18.49

7 116.98

19.93

NA

NA

9 112.22

17.10

6 114.25

24.91

6

201.42

33.85

7 160.79

14.96

8 172.50

16.25

Female 8

195.63

25.94

8 170.63

37.27

3 158.83

21.83

7

290.86

48.28

3 269.33

23.76

2 262.00

86.27

Female 9

294.06

37.64

6 244.17

38.98

1 310.50

NA

11 431.86

29.17

5 416.60

32.51

1 453.00

NA

Female 11 398.00

36.46

6 403.50

8.55

7 398.00

22.07

0-1 year olds Female 0
Young

Middle

Male

2-5 year olds
Older
Children

Male

6-12 year
olds
Adolescents
13-18 year

Male

olds
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Hypothesis 2
Since poor environmental conditions correlate with indicators of stress in skeletal
samples, this research tests the null hypothesis that there are no differences in the
frequencies of stress markers between SES samples or between sexes. Alternative
versions of this hypothesis are that we will find higher incidences of stress markers (such
as cribra orbitalia (CO), porotic hyperostosis (PO), linear enamel hypoplasias (LEH), or
periostitis), with increased evidence of stress in lower SES relative to either middle or
high SES children (H2: Prediction 1); or that stress markers are more prevalent in boys
than girls (H2: Prediction 2); or, finally, that stress markers are more prevalent in boys
with low SES (H2: Prediction 3).

Pathological Scores
Biological indicators of stress, such as CO, PO, LEH, and periostitis of the tibia
were recorded as present or absent for all children in each sample (Goodman et al., 1980;
Schultz, 1988; Buikstra and Ubelaker, 1994; Skerry, 1994; Larsen, 1997). In many cases
preservation of the remains made it impossible to score, and those individuals were left
out of the analysis. CO was identified as pitting on the roof of the orbits (Schultz, 1988;
Stuart-Macadam, 1991; Ogden, 2008). PO was recognized as diploic expansion on the
frontal, parietals, and occipital bones of the cranium (Ortner, 2003; 2008; Wapler et al.,
2004; Walker et al., 2009; Oxenham and Cavill, 2010; McIlvaine, 2013). LEHs were
identified as transverse furrows on the deciduous or permanent anterior (incisors and
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canine) teeth. Individuals with one or two LEH per tooth were given a score of "1", and
those with three or more LEH per tooth were given a score of "2". Periostitis was
identified as new bone formation visible on the periosteal layer of the long bones (HussAshmore et al., 1982; Skerry, 1994; Larsen, 1997; Ortner, 2003; Roberts and Manchester,
2005; Geber and Murphy, 2012; Ragsdale and Lehmer, 2012).

Comparing pathologies among samples
Frequencies of presence and absence of pathological conditions were compared
using chi-square analysis to evaluate if statistically significant differences occurred
between populations, or between sex, or age groups (StatTrek, 2016).

Hypothesis 3
Because poor environmental conditions also correlate with increased risk of mortality, I
test the null hypothesis that there are no differences in mortality rates between SES
samples, sex, or those with pre-existing signs of stress compared to those without.
Alternative versions of this hypothesis are, first, that poor environmental conditions and
sex differences correlate with increased risk of mortality, with lower SES children
exhibiting higher risk of dying than middle and upper SES samples (H3: Prediction 1).
Second, under conditions of stress, boys are expected to show higher risk of early
mortality than girls (H3: Prediction 2). Children with an existing pathological condition
will exhibit a greater risk of mortality than those without (H3: Prediction 3).
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Mortality analysis
Differences in survivability of Industrial Era juveniles between SES samples and
sex were assessed using the non-parametric Kaplan-Meier survival analysis with a
Mantel-Cox log rank test to test for statistical significance. This model tests the
proportion of survival distributions of two or more samples. This is often used for public
health and medical research to estimate survivorship of various treatments for diseases,
but it (and other survival models) has proven useful for bioarchaeological research to
understand the difference in survivability between sub-groups, like sex, age, and status, in
past populations (Boldsen et al., 2014; DeWitte, 2014, 2015; DeWitte et al., 2015;
Hughes-Morey, 2016). Kaplan-Meier functions under the following assumptions: 1) the
event status (dead or alive) should be mutually exclusive, 2) the timing of the event, or
"death" should be clearly defined (age at death), 3) the starting point of participation
should be clearly identifiable (birth), 4) there should be independence of censoring and
the event, for those who no longer participate in the project (irrelevant here, since all
individuals in the skeletal samples "participated"), 5) there should be no secular changes
from the starting point to the end point (birth to age 18 years in this case) of participation
(this is specific to changes occurring within the aging process of an individual), and 6)
there should be a similar amount and pattern of "censoring" or survival time per group
(all results from this research were equal at 0 or 0%, since no individuals survived).
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CHAPTER 6
RESULTS

Hypothesis 1
Results of Z-scores for each SES sample can be seen in Table 4. Relative to the
comparative Denver Growth sample (DGS), over half of the Industrial Era children
exhibit stunted femur lengths, supporting the first prediction. Results by SES, however,
shows that the middle SES sample from Bologna exhibits more stuntedness overall than
the lower and upper SES samples (Table 4), thus not supporting the second prediction.
When each SES sample is broken down by sex, boys in the upper SES sample do exhibit
more stunting than girls overall, but girls from the lower and middle SES samples display
a greater percentage of stuntedness than boys (Table 5).
Z-scores based on mean diaphyseal and total femur length for boys and girls of
each SES group (Figures 3a, b, & c) reveal that Young and Older children are more likely
to exhibit shorter femur length for their age compared to infants. Skeletal growth profiles
(SGP) of diaphyseal and total femur length among the three skeletal samples compared to
the DGS show this discrepancy between the reference sample and the stressed Industrial
Era samples. Diaphyseal femur length of males shows that the middle SES group falters
by age 4 and remains the shortest, while the low SES remains close in femur length to the
DGS until ~ age 5, when they start to decline until age 9, followed by some evidence of
recovery. The high SES sample stagnates in growth from 3 to 7 years and then appears to
experience catch up growth. Girls from the high SES drop significantly from ages 2 to 3
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years and remain quite short throughout their growth, while middle and low SES girls
exhibiting less stunting than their high SES counterparts. These SGPs can be seen in
Figure 4. Total femur length in low SES males exhibit a lot of variability, middle SES
males show an increase in femur length between ages 15-17. Only one male represents
the high SES group, which therefore is not represented by a line. Girls from all three
samples are all similarly shorter than their DGS counterparts, except for one girl from the
low SES sample who brings the mean down to age 16. SGPs for total femur length are in
Figure 5. All children exhibit increased stunting throughout growth. All adolescent girls
were severely stunted compared to boys. Those from the lower SES sample exhibit the
least stuntedness, and those from the middle SES sample exhibit the most, while the
upper SES children fall in the middle, supporting the third prediction in the lower and
middle SES samples.
Because these skeletal samples are from the Industrial Era and likely exhibited
stress, and are compared to a modern, healthy reference sample, they are likely not
normally distributed and skewed to the left (negative). To account for this as a potential, a
Skewness test (a measure for asymmetry of a distribution) was run for z-scores of both
diaphyseal and total femur length. For diaphyseal femur length, Skewness statistic = .331,
Std. error = .186, suggesting this variable is positively distributed. For total femur length,
Skewness statistic = -1.099, Std. error = .258, suggesting adolescents of the skeletal
samples are negatively distributed.
SGPs showing the percent of adult femur length achieved plotted against known
age for each sample can be seen in Figure 6. These SGPs show very little variation by sex
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in either low or high SES groups, but middle SES boys were shorter than girls of the
same age, which is also reflected in Z-scores. Differences in residuals from regressions
between femur length and age were evaluated between boys and girls of each age group
with Mann-Whitney U-tests (p-value <.05, Table 7). Sexual dimorphism was found to be
significant between boys and girls aged 13-18 years from the Denver Growth Study (p = .
001, Figure 7), but was not significant in any age group from the Industrial Era samples.
This suggests sexual dimorphism was reduced in the Industrial Era adolescents aged 1318 years.
Table 4: Percent of those with normal and stunted diaphyseal femur lengths. Those from
Bologna (middle SES) have the overall highest percentage of children stunted, while
London (upper SES) and Lisbon (lower SES) have similar results.
Z-score

N

%

Normal (Z> -2.0)

17

49

Stunted (Z< -2.0)

18

52

Normal (Z> -2.0)

15

38

Stunted (Z< -2.0)

25
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Normal (Z> -2.0)

13

48

Stunted (Z< -2.0)

14

52

Lisbon (Low SES)

Bologna (Middle SES)

London (High SES)
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Table 5: Percent of stunted diaphyseal femur length by sample and sex. Lower and
middle SES girls exhibit more stunting than any other group.
Z-score

N

% Z-score

Lisbon (Low SES) boys

N

%

Lisbon (Low SES) girls

Normal (Z> -2.0)

11

61 Normal (Z> -2.0)

6

35

Stunted (Z< -2.0)

7

39 Stunted (Z< -2.0)

11
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Bologna (Middle SES) boys

Bologna (Middle SES) girls

Normal (Z> -2.0)

8

47 Normal (Z> -2.0)

7

30

Stunted (Z< -2.0)

9

53 Stunted (Z< -2.0)

16

69

London (High SES) boys

London (High SES) girls

Normal (Z> -2.0)

7

41 Normal (Z> -2.0)

6

60

Stunted (Z< -2.0)

10

59 Stunted (Z< -2.0)

4

40

Table 6: Z-scores based on mean diaphyseal and total femur length between boys and
girls of each sample separated into age categories.
Lisbon (Low SES)

Bologna (Middle

London (High

SES)

SES)

Age-groups

Boys

Girls

Boys

Girls

Boys

Girls

Infants (0-1 year)

.70

N/A

00

-.38

-.32

-.39

Young Children (2-5

-.31

-.60

-1.71

-1.03

-1.30

-1.69

-.85

-1.10

-2.06

-1.30

-2.01

-1.57

-1.69

-6.76

-2.61

-6.94

-2.06

-6.83

years)
Older Children (6-12
years)
Adolescents (13-18 years)

69

Lisbon (Low SES) Z-scores

Z-Score

0
-2

Boys
Girls

-4
-6
-8
0–1

2–5

6 – 12

13 – 18

Age Categories

Figure 3a

Bologna (Middle SES) Z-scores

Z-scores

0
-2
Boys
Girls

-4
-6
-8
0–1

2–5

6 – 12

Age Categories

Figure 3b
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13 – 18

Z-scores

London (High SES) Z-scores
1
-0.5
-2
-3.5
-5
-6.5
-8

Boys
Girls

0–1

2–5

6 – 12

13 – 18

Age Categories

Figure 3c
Figure 3: a, b, and c. Z-score results for boys and girls in each SES
sample. Industrial Era children are shorter than DGS, stuntedness
increases throughout growth, adolescent girls exhibit severe stuntedness.
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Figure 4: Graph showing the variation between samples and sexes using diaphyseal
femur length (mm). Results suggest middle SES boys had the shortest femur length
and low SES boys were closer aligned with the reference sample, and high SES boys
exhibited an increase in growth between ages 7 and 10 years. Girls from the low and
middle SES overlap quite a bit, but below the DGS, while high SES girls have the
shortest femur lengths.
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Figure 5: Graph showing the variation between samples and sexes using total femur
length (mm). Results suggest middle and low SES boys had short, but variable femur
lengths during this period. Girls from all three samples overlap quite a bit with the low
SES sample showing the most variability.
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Figure 6: Graph showing the variation between sexes in each sample using the percent
of adult femur length achieved for diaphyseal femur length (mm). Results suggest very
little variation between boys and girls in Lisbon and London, but boys in Bologna were
quite shorter than girls of the same age.
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Figure 7: Graph of total femur length (mm) of boys and girls from the DGS
adolescents, who exhibit statistically significantly different results between sexes (pvalue = .001).

Table 7: Mann-Whitney U-test results between boys and girls, within samples and agegroups. Diaphyseal femur length regression residuals were used to test for significance in
ages 0-12, and total femur length regression residuals were used for ages 13-18.
Age-groups

Low SES

Middle SES

High SES

DGS

0-1

------

.142

.628

1.000

2-5

.282

.694

.630

.645

6-12

.174

.167

1.000

.390

13-18

.065

.126

.250

*.001

* statistical significance at the .05 level.
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Hypothesis 2
Children from the low SES sample (Lisbon) have significantly higher rates of
LEH (p=.0001) (Table 8, Figure 8), and those from low and middle SES both have
significantly higher presence of general periostitis (p=.002) (Table 8, Figure 9). The low
SES group also exhibits higher frequencies of CO (Figure 10) than the other two SES
groups, but the difference did not reach statistical significance. The results for PO were
also not significant, but this time Bologna (middle SES) has the highest frequency of
presence (Figure 11). The low and middle SES groups both have overall more
pathological indicators of stress per person (Figure 12) than the higher SES sample.
Those with only one pathology present break down as follows: low SES 14%, middle
SES 13%, and high SES 17%; those with two pathologies present: low SES 13%, middle
SES 13%, and high SES 10%; three pathologies: low SES 10%, middle SES 8%, and
high SES 2%; and finally those with four or more: low SES 2%, middle SES 1%, and
high SES had none. The overall percentage of individuals with two or more pathologies
present are: low SES 25%, middle SES 22%, and high SES 12%. These results show that
low and middle SES children exhibit higher frequencies of pathologies than high SES
ones, lending some support for the first prediction.

76

Table 8: Chi-square results between samples for presence of pathology.
Samples
Pathologies

Low
SES

Middle
SES

High
SES

Count

62

66

60

Pearson X2

df

p-value

LEH

% Presence 55.8%

23.3%

20.9%

37.397

2

*.0001

Periostitis

% Presence 40.4%

45.6%

14%

12.115

2

*.002

CO

% Presence

34.1%

26.8%

2.829

2

.243

PO

% Presence 24.5%

41.5%

34%

2.557

2

.278

39%

* statistical significance at the .05 level.

Figure 8: Frequency bar graph between samples with
those from the lower SES sample (Lisbon) exhibiting
statistically significantly (p=.0001) more presence of
LEH.
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Figure 9: Frequencies of periostitis between the samples
showing the lower and middle SES samples having
significantly (p=.002) highest rates.

Figure 10: Frequency bar graph of CO presence between
the samples, Chi-Square results were not significant
(p=.243).
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Figure 11: Bar graph showing that the middle class
sample (Bologna) has the highest frequency of PO,
though not statistically significant (p=.278).

Figure 12: Frequencies expressing the overall presence of
pathologies per individual, showing that individuals from
the lower and middle SES samples exhibit more
pathological conditions than those in the higher SES
sample.
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Results comparing boys to girls suggest that boys do exhibit higher frequencies of
CO, PO, and LEH (Figures 13-15) although differences are not significant (Table 9).
Boys and girls display no differences in presence of periostitis (Figure 16), or in the
frequency of numbers of pathologies present per individual (Figure 17). There are 22%
males with one pathology, 18% with two, 12% with three, and 3% with four or more,
with a total of 33% having two or more. Females exhibit 23% with one pathology, 17%
with two, 8% with three, and 1% with four or more, with a total of 26% with two or
more. Overall, males and females tend to exhibit the same amount of pathologies. While
boys do display more CO and PO, supporting the second prediction, they do not exhibit
more evidence of stress in the form of periostitis or overall number of pathologies.
Table 9: Chi-square results between sexes for presence of pathology.
Sex
Pathologies

Male

Count

Female

97

91

Pearson X2

df

p-value

LEH

% Presence

53.5%

46.5%

.227

1

.633

Periostitis

% Presence

47.4%

52.6%

.585

1

.444

CO

% Presence

58.5%

41.5%

2.805

1

.094

PO

% Presence

58.5%

41.5%

1.405

1

.236

80

Figure 13: Frequencies of male and female percent
presence of CO, Chi-square results were not significant
(p=.094).

Figure 14: Frequencies of male and female percent
presence of PO, Chi-square results were not significant
(p=.236).
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Figure 15: Frequencies of male and female percent
presence of LEH, Chi-square results were not significant
(p=.633).

Figure 16: Frequencies of male and female percent
presence of periostitis, Chi-square results were not
significant (p=.444).
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Figure 17: Frequencies expressing the overall presence of
pathologies of males and females, showing that males and
females do not differ in the number of pathologies
experienced.

When differences between sex are compared within SES samples, a clearer
picture of interaction between pathological condition, status, and sex emerges. Figures 18
through 22 show CO, PO, LEH, Periostitis, and the number of pathologies present per
individual. In the lower SES sample, boys have a statistically significantly higher
frequency of CO (p=.043) and borderline significantly higher frequency of PO (p=.054),
while low SES boys and girls show no differences in the frequency of LEH and
periostitis (Tables 10, 11, & 12). Middle SES Girls have higher frequencies of CO, PO,
and periostitis, though none of these are statistically significant. Boys, however, do
exhibit a slightly higher percentage of LEH. Boys from the high SES sample exhibit
more presence of all pathological conditions, though none of these are statistically
significant. Boys from the low and high SES samples exhibit a similar pattern of more
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presence of stress than girls, while girls from the middle SES sample display more
evidence of stress in all markers except LEH. In all three samples boys show slightly
higher frequencies of LEHs than their female counterparts.
Analysis of the number of pathologies present per individual (Figure 22) reveals
another pattern. 19% of the boys from the low SES sample had one pathological marker
of stress, 12% exhibited two, 18% had three, and 5% had four or more with a total of
35% who displayed two or more signs of stress. Only one pathology is present in 18% of
low SES girls, 20% had two, 8% exhibited three, and none had four or more, with a total
of 28% who displayed two or three. Boys from the low SES sample exhibit more
pathologies overall than girls.
Within the middle SES sample, 12% of boys had one pathology, 21% showed
two, 9% displayed three, and none had four or more. Middle SES girls displayed one
pathology in 25% of the sub-population, two markers of pathology within 18%, three
within 10%, and four or more signs of stress found in 2%. Both boys and girls display
30% with two or more pathologies.
High SES boys displayed one pathology within 33% of the population, two were
evident on 22%, three within 5%, and none at four or more. 27% of high SES girls had
one pathology, 11% had two, 2% displayed three, and none had four or more. These total
to 27% boys with two or more pathologies and 13% of girls with two or three, showing
that boys in this sample have more pathologies than girls.
These results show that low SES boys display the highest percentage of
pathologies overall, suggesting they had the highest risk of accumulating multiple
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markers of stress, with low SES girls, middle SES boys, middle SES girls, and high SES
boys exhibiting roughly the same percentage of accumulated stress. High SES girls,
however, show the least percentage of accumulated pathologies overall, primarily
exhibiting only one or two pathologies.

Table 10: Chi-square results for pathologies between sexes for the low SES sample.
Low SES Sample

Sex

Pathologies

Male

Female

Count

33

29

Pearson X2

df

p-value

LEH

% Presence

52.1%

47.9%

.111

1

.739

Periostitis

% Presence

47.8%

52.2%

.428

1

.513

CO

% Presence

65.6%

34.4%

4.084

1

*.043

PO

% Presence

76.9%

23.1%

3.710

1

.054

* statistical significance at .05 level.

Table 11: Chi-square results for pathologies between sexes from the middle SES sample.
Middle SES Sample

Sex

Pathologies

Male

Female

Count

32

34

Pearson X2

df

p-value

LEH

% Presence

55%

45%

.488

1

.485

Periostitis

% Presence

42.3%

57.7%

.655

1

.418

CO

% Presence

42.9%

57.1%

.617

1

.432

PO

% Presence

45.5%

54.5%

.121

1

.728
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Table 12: Chi-square results for pathologies between sexes from the high SES sample.
High SES Sample

Sex

Pathologies

Male

Female

Count

32

28

Pearson X2

df

p-value

LEH

% Presence

55.6%

44.4%

.051

1

.821

Periostitis

% Presence

62.5%

37.5%

.312

1

.577

CO

% Presence

68.2%

31.8%

3.077

1

.079

PO

% Presence

61.1%

38.9%

.625

1

.429

Figure 18: Frequencies of male and female percent
presence of CO within each SES sample, Chi-square
results were significant (p=..043) in the low SES with
males exhibiting more percentage, no significance in the
middle SES (p=.432), and borderline significant in the
high SES sample (p=.079).

86

Figure 19: Frequencies of male and female percent
presence of PO within each SES sample, Chi-square
results were significant (p=.054) in the low SES with
males exhibiting more percentage, no significance in the
middle SES (p=.728) and high SES samples (p=.429).
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Figure 20: Frequencies of male and female percent
presence of LEH within each SES sample, Chi-square
results were not significant in any of the samples though
males do exhibit a higher percentage in the low (p=.739),
middle (p=.485), and high SES samples (p=.821).

Figure 21: Frequencies of male and female percent
presence of periostitis within each SES sample, Chisquare results were not significant in the low SES
(p=.513), middle SES (p=.418) though girls do exhibit a
higher percentage, nor in the high SES (p=.577), though
boys have a higher percentage of presence.
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Figure 22: Frequencies expressing the overall presence of
pathologies of males and females within each SES
sample, with low SES boys accumulating overall the most
amount of pathological stress during life.

Hypothesis 3
Kaplan-Meier survival curves show overall that juveniles from the low SES
sample from Lisbon had a significantly greater chance of surviving from infancy to age
18 years (p=.0001), not supporting the first prediction (Figure 23 & Table 13). This SES
sample displays a consistently better mortality pattern throughout growth than the two
other samples. The high SES group had the greatest mortality risk from ages zero to four
years, with the middle SES sample showing a similar, but slightly improved, condition.
Both middle and low SES groups experienced a leveling in mortality risk from about age
five until 15, where mortality increases again.
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Figure 23: Kaplan-Meier curves showing the lower SES sample
exhibiting a statistically significant (p=.0001) greater survivability,
and the upper SES sample with the lowest, especially early in life.
Table 13: Kaplan-Meier survival analysis by SES samples.
Sample

Mean survival

95% CI

Mantel-Cox X2

p-value

17.17

*0.0001

time (years)
Low SES

10.00

8.56-11.44

Middle SES

5.52

4.12-6.91

High SES

4.32

2.87-5.77

*statistical significance at .05 level.
When survivability is tested by sex females show an improved condition over
males (Figure 24, Table 14). Although the difference is not statistically significant, it
lends some support for the second prediction. SES sample specific survivability curves
(Table 15) show that, in the lower SES (Figure 25) and upper SES (Figure 27) samples,
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girls survive better, though results are not significant, but again supporting the second
prediction. The middle SES sample (Figure 26) exhibits no difference between sexes.

Figure 24: Kaplan-Meier curves between males and females
(samples pooled), while not significant girls had a greater chance
of survival than boys.

Table 14: Kaplan-Meier survival analysis results.
Sex

Mean survival

95% CI

Mantel-Cox X2

p-value

2.68

0.102

time (years)
Male

6.01

4.82-7.21

Female

7.25

5.93-8.58
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Figure 25: Kaplan-Meier survival curves between males and
females of the low SES sample (Lisbon), not statistically
significant.

Figure 26: Kaplan-Meier survival curves between males and
females of the middle SES sample (Bologna), not statistically
significant.
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Figure 27: Kaplan-Meier survival curves between males and
females of the high SES sample (London), not statistically
significant.

Table 15: Kaplan-Meier survival analysis results between boys and girls within each
sample.
Sample

Sex

Mean

95% CI

Mantel-Cox

p-value

X2

survival time
(years)
Low SES

Middle SES

High SES

Male

9.33

7.24-11.43

Female

10.76

8.81-12.71

Male

5.47

3.45-7.48

Female

5.56

3.59-7.53

Male

3.13

1.65-4.60

Female

5.68

3.13-8.23
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2.17

0.141

When the presence of pathologies is analyzed as a covariate for survivability,
there is a significant difference, with those without CO (p=.004) and PO (p=.002) having
better survivability than those with the pathologies (Figures 28 and 29, Tables 16 & 17),
supporting the third prediction. The opposite is true for LEH, with those exhibiting at
least one LEH having significantly (p=.0001) better survivorship (Figure 30, Table 18)
than those without one. Given this pattern and the high number of individuals with at
least one LEH, survivorship patterns were also examined for those with more than one
LEH. The results remained the same when analyzed for two LEHs, while those with three
or more LEHs have significantly (p=.001) greater chance of survival than those with two
or less (Figure 31, Table 19). Results for periostitis shows no significant difference
between those who exhibited the stressor and those who did not (Figure 32, Table 20).
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Figure 28: When samples and sex are pooled, Kaplan-Meier curves
show those without evidence of CO have statistically significantly
(p=.004) greater survivorship.

Table 16: Kaplan-Meier survival analysis results of those with or without CO.
Cribra Orbitalia

Mean survival

95% CI

Mantel-Cox X2

p-value

8.27

*0.004

time (years)
Presence

5.84

4.63-7.06

Absence

8.12

6.66-9.58

* statistical significance at .05 level.
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Figure 29: When samples and sex are pooled, Kaplan-Meier curves
show those without evidence of PO have statistically significantly
(p=.002) greater survivorship.

Table 17: Kaplan-Meier survival analysis results of those with or without PO.
95% CI

Mantel-Cox X2

p-value

4.49

2.88-6.10

9.46

*0.002

7.37

6.29-8.45

Porotic

Mean survival

Hyperostosis

time (years)

Presence
Absence

* statistical significance at .05 level.
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Figure 30: Those with LEH have statistically significantly
(p=.0001) greater chance of survival past the age of nine years than
those without.

Table 18: Kaplan-Meier survival analysis results of those with or without LEH.
LEH

Mean survival

95% CI

Mantel-Cox X2

p-value

105.60

*0.0001

time (years)
Presence

10.99

9.79-12.19

Absence

2.15

1.67-2.62

* statistical significance at .05 level.
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Figure 31: Those with three or more LEHs have statistically
significantly (p=.001) greater chance of survival than those with
two or less.

Table 19: Kaplan-Meier survival analysis results of those with three or more LEH
compared to those with two or less.
LEH

95% CI

Mantel-Cox X2

p-value

12.59

10.89-14.28

11.97

*0.001

5.95

4.88-7.02

Mean survival
time (years)

Presence of
three or more
Two or less

* statistical significance at .05 level.

98

Figure 32: Kaplan-Meier curve shows that presence and absence of
periostitis makes no difference (p=.422) in survivability.

Table 20: Kaplan-Meier survival analysis results of those with or without periostitis.
Periostitis

Mean survival

95% CI

Mantel-Cox X2

p-value

.643

0.422

time (years)
Presence

6.65

5.13-8.17

Absence

7.34

6.11-8.58
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When survivability with and without evidence for CO is examined for patterns
within samples, results are statistically significant (p=.002, Table 21). In the low SES
sample, those without CO exhibit a slight increase in survivability than those with the
pathology, a pattern that is stronger in the middle than lower SES group (Figures 33 &
34). Children from the high SES group exhibit a similar pattern of mortality despite
presence of absence of CO, though both have an overall increased risk of mortality from
ages 0-5 years (Figure 35). These results find those without CO (in all samples) have
increased survivability, though the difference is more marked in the middle SES sample.

Figure 33: Kaplan-Meier curve shows the presence and absence of
CO within the low SES exhibit a similar distribution of
survivability.
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Figure 34: Kaplan-Meier curve shows the presence and absence of
CO within the middle SES exhibit a marked difference of those
without having greater survivability.

Figure 35: Kaplan-Meier curve shows the presence and absence of
CO within the high SES exhibit a similar distribution of
survivability.
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Table 21: Kaplan-Meier survival analysis results of those with or without CO within each
sample.
CO

95% CI

Mantel-Cox X2

p-value

Presence

7.56-11.50

9.74

*.002

Absence

8.74-13.18

Presence

1.90-4.89

Absence

5.56-9.91

Presence

1.77-5.41

Absence

1.64-7.42

Mean survival
time (years)

Low SES

Middle SES

High SES

* statistical significance at .05 level.
When survivability with and without evidence for PO is examined within
populations, results are statistically significant (p=.004, Table 22). In the low SES
sample, those with PO exhibit a slight increase in survivability over those without the
pathology (Figure 36). Individuals in the middle SES without PO have greater
survivability, while those with the pathology have a greater risk mortality before the age
of 5 years (Figure 37). Children from the high SES exhibit a similar pattern of mortality
despite presence of absence of PO, though those with PO have a slight increased risk of
mortality from ages 0-5 years (Figure 38). These results find those without PO in the
middle and high SES have increased survivability, while those in the low SES exhibit
greater survivability if they do show evidence of PO.
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Figure 36: Kaplan-Meier curves show the presence and absence of
PO within the low SES exhibit a unique distribution with those
having evidence of PO having greater survivability than those
without.

Figure 37: Kaplan-Meier curves show the presence and absence of
PO within the middle SES showing those without evidence of PO
having greater survivability than those with.
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Figure 38: Kaplan-Meier curves show the presence and absence of
PO within the high SES showing those without evidence of PO
having a slightly greater chance of survivability than those with
PO.
Table 22: Kaplan-Meier survival analysis results of those with or without PO within each
sample.
PO

95% CI

Mantel-Cox X2

p-value

Presence

8.76-14.94

8.25

*.004

Absence

7.69-10.92

Presence

.70-3.76

Absence

5.46-9.23

Presence

.16-3.73

Absence

2.70-6.55

Mean survival
time (years)

Low SES

Middle SES

High SES

* statistical significance at .05 level.
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When survivability with and without evidence for LEH is examined within
populations, results are statistically significant (p=.0001, Table 23). In the low SES
sample, individuals with LEH exhibit a much greater chance of survivability past the age
of five years than those who do not have an LEH (Figure 39). Those in the middle SES
exhibit the same pattern as the low SES, with those having LEH exhibiting significantly
(p=.0001) greater survivability past the age of eight years (Figure 40). Similar to the other
two samples, children from the high SES have a significantly higher (p=.0001) chance of
survivability when they exhibit an LEH (Figure 41), while those without an LEH are not
likely to survive past the age of seven years. These results find those with an LEH (in all
samples) have increased survivability, while those who do not exhibit an LEH are likely
to die prior to the age of 10 years.
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Figure
39: Kaplan-Meier curves show the presence and absence of LEH within
the low SES showing those with LEH having a significantly (p=.0001)
greater chance of survivability past the age of 5 years than those without.

Figure
40: Kaplan-Meier curves show the presence and absence of LEH within
the middle SES showing those with LEH having a significantly (p=.0001)
greater chance of survivability past the age of 8 years than those without.
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Figure 41: Figure 41. Kaplan-Meier curves of presence and
absence of LEH within the high SES showing those with having a
significantly (p=.0001) greater chance of survivability past the age
of 7 years than those without.

Table 23: Kaplan-Meier survival analysis results of those with or without LEH within
each sample.
LEH

95% CI

Mantel-Cox X2

p-value

Presence

10.16-13.10

82.95

*.0001

Absence

2.60-4.17

Presence

8.79-13.91

Absence

1.27-3.09

Presence

5.83-11.95

Absence

.90-2.14

Mean survival
time (years)

Low SES

Middle SES

High SES

* statistical significance at .05 level.
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When survivability with and without evidence of periostitis are examined within
populations, results are no longer statistically significant (p=.287, Table 24). Presence of
periostitis has no effect on survivability. The results for the low SES sample can be seen
in Figure 42, the middle SES in Figure 43, and the high SES in Figure 44.

Figure 42: Figure 42. Kaplan-Meier curves show the presence and
absence of periostitis within the low SES showing no difference in
survivability.
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Figure 43: Kaplan-Meier curves show the presence and absence of
periostitis within the middle SES showing no difference in
survivability.

Figure 44: Kaplan-Meier curves show the presence and absence of
periostitis within the high SES showing no difference in
survivability.
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Table 24: Kaplan-Meier survival analysis results of those with or without periostitis
within each sample.
LEH

95% CI

Mantel-Cox X2

p-value

Presence

7.52-11.96

1.13

.287

Absence

8.04-11.85

Presence

2.41-6.05

Absence

4.66-9.15

Presence

.87-10.38

Absence

2.91-6.92

Mean survival
time (years)

Low SES

Middle SES

High SES
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CHAPTER 7
DISCUSSION

What does it all mean?
The first prediction of Hypothesis one stated that the Industrial Era children
would exhibit stunted femur length compared to a healthy, modern reference sample (the
Denver Growth Study). Results do show that over half the children had stunted femora,
suggesting this time period was indeed stressful and did impact children’s growth
regardless of their social status. The longer children lived, the more likely they were to
display stunted femur length. These results support those found by Lewis (2002) and
Cardoso and Garcia (2009) and confirm that these samples were stressed.
Part of the third prediction of the first hypothesis was that sexual dimorphism of
femur length would be reduced in the Industrial Era samples, particularly the low SES,
given evidence of biological female buffering often resulting in more stunted males and
less dimorphism (Pucciarelli et al., 1993; Oyhenart et al., 2006; Garvin and Ruff, 2012).
Mann-Whitney U tests confirmed this hypothesis prediction, since none of the Industrial
Era adolescents proved dimorphic compared to the Denver adolescents, who were
statistically significantly dimorphic.
The presence of lesions (CO and PO) associated with nutritional deficiencies in
almost one third of individuals suggests that the overall diet during the Industrial Era was
deficient in vitamin B12, iron, and vitamin C. Since all three samples showed similar
distributions of these, we cannot claim that SES was directly associated with the
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likelihood of experiencing these deficiencies. While it was expected that the London
sample would have fewer frequencies of these pathologies, the fact that they don’t seems
to suggest nutrient-rich food was not always accessible during this time (Molleson and
Cox, 1993; Horrell and Oxley, 2012; Humphries, 2013). It appears that no matter the
social standing, healthy food was hard to come across. The significant association of
LEHs in the Lisbon sample however, suggests that children in the lower class sample
were at increased risk of experiencing times of acute stress than the children in middle
and upper class samples. In this case, SES does play a direct role in the development of
LEHs. The low and middle SES samples display significantly more presence of
periostitis, leaving the high SES expressing the fewest signs of pathology, overall, thus
supporting the first prediction of the second hypothesis.
While results are not statistically significant, boys do display a pattern of greater
frequency of CO, PO, and LEH. There are no differences in periostitis. These somewhat
support the second prediction that boys, being more vulnerable and frail, are more
susceptible to the accumulation of pathologies. Within each sample, boys from the lower
and upper SES groups exhibit a pattern of greater frequency of pathology presence,
supporting the third prediction of the second hypothesis.
The third hypothesis predicted that girls would have greater survivability than
boys. With samples pooled, the survivability curve for girls is consistently above the
curve for boys, suggesting girls did survive better, overall. However, differences were not
statistically significant. These results somewhat support this prediction and the female
buffering hypothesis. When adjusted for samples, we see that girls in Lisbon had greater
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survivability until the age of 12, at which point they are even with boys. Middle SES
(Bologna) boys and girls overlap in their risk of mortality throughout the age ranges, so
neither sex appears more frail than the other. The high SES sample from London shows
that boys and girls have a similar risk of mortality until the age of five years, when boys
risk of death increases and girls' survivability increases.
When samples are pooled, the presence of CO and PO are both associated with a
significantly greater risk of death, while absence of these comes with greater
survivability. These results support the third prediction of the third hypothesis. The
presence of periostitis did not affect survivability. Interestingly, though, the presence of at
least one LEH, and (even the presence of) three or more, was associated with a
significantly greater chance of survivability. These results were unexpected since LEHs
are often correlated with increased risk of death (Goodman, 1989; Steckel, 2005;
Boldsen, 2007; Hughes-Morey, 2012).
Separating the samples did not change the results for survivorship or significance,
though some pattern does emerge for CO, with the middle SES sample exhibiting
variation between those with CO having greater mortality than those without. Presence of
PO surprisingly provides greater survivability in the juveniles of the low SES sample, but
absence of PO is significantly associated with greater survival in the middle and high
SES samples, reflecting the pattern for pooled sample and samples pooled and with the
overall prediction that presence of pathologies should be associated with lower
survivorship. Survivability of those with and without periostitis exhibits more overlap in
the low and high SES samples, while the middle SES displays better survivability in
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those without.

Why weren't the children in Lisbon more stunted?
The first hypothesis predicted that children from the lower SES sample from
Lisbon would exhibit the most stunting compared to the middle SES from Bologna and
the high SES from London. The results did not support this prediction. The children from
Bologna and London showed more stunting in every age category, while children from
the middle SES had an overall higher percentage of stunted femur length when sexes and
ages were pooled.
When looking at sex within SES groups, results show that boys aged 0-12 years
from the middle and high SES groups are shorter and have lower z-scores than those in
the lower SES group. Girls have z-scores more similar to each other, though the high SES
sample tends to be shorter than the other two.
There are two possible interpretations for these results. First, children in Lisbon
may have simply died at the time of stress, before having the opportunity to become
stunted. If the children from the middle and high SES samples had the means to survive
through stress, their bodies may have been more likely to exhibit stunting than their lower
SES counterparts, thus this could be a reflection of survivability of the middle and upper
class children (Wood et al., 1992; DeWitte et al., 2015; Hughes-Morey, 2016). This
would suggest the children from the lower SES sample may have been more frail and
likely to die prior to accumulating stuntedness. If this is the case, it is strong evidence that
social class had a strong influence on a child’s growth and survivability, perhaps yielding
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more stunting in middle and upper SES samples of children.
Second, this could reflect the fact that conditions were poor for everyone, despite
SES. According to Tanner (1981), urban English children experienced more stress than
their rural counterparts, a trend that was quite different than other parts of Europe where
urban children grew and survived better, such as in Portugal where rural inhabitants were
shorter than those in Lisbon (Reis, 2009). These results support those of the z-scores
showing that low SES children were not as stunted as the middle and high SES groups.
Individuals from the high SES sample lived 70 years earlier than the low SES sample and
150 years earlier than the middle SES sample. While the high SES group may have
experienced greater wealth relative to their populations than the other two groups, the
time period in which they lived and their location may have placed them in a more
strenuous environment. Urban industrial London in the 18th century saw a host of
stressful events, like cholera outbreaks, influenza, food shortages (particularly fruits and
vegetables in the winter months), as well as air, water, and ground pollution due to
industrial waste and lack of proper sewerage (Thompson, 1963).
While higher SES is often attributed to higher standards of living and increased
survivability, we must always consider populational context. In 1748, William Cadogan,
a British physician, realized the lack of care given to infants from wealthy families. He
wrote:
The mother who has only a few rags to cover her child loosely
and little more than her own breast to feed it sees it healthy and strong,
and very soon able to shift for itself; while the puny insect, the heir and
hope of a rich family lies languishing under a load of finery that
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overpowers his limb, abhorring and rejecting the dainties he is crammed
with, till he dies a victim of the mistaken care and tenderness of his fond
mother.
Another possibility to consider is that, despite their predominantly lower SES
status and the poor conditions throughout Lisbon during this time, these children may
have experienced better overall environmental conditions than those from the other two
samples. For example, Cardoso and Garcia (2009) find evidence of catch-up growth
reflected in adult stature of this sample, suggesting the Portuguese environment was good
enough to allow improved growth. Lisbon is a port city, with a rich fishing history,
sunlight, and naturally growing citrus-rich fruits. The strong, Catholic, traditional family
unit was considered the "primary institution of society" ( Reis, 2004; 2009; Cardoso,
2005; Oliveira and Pinho, 2010; Klüsener et al., 2014). Perhaps these strong familial ties
and better environment kept conditions improved, relative to the other samples.

Why were adolescent girls so severely stunted in all three samples?
The third prediction of the first hypothesis suggested boys would exhibit more
stunting than girls, as predicted by the buffering hypothesis that females have an adaptive
evolutionary mechanism allowing them to retain protein and fat (Stini, 1969, 1971, 1972,
1978, 1980; Wolfe and Gray, 1982; Hiernaux, 1985; Roede and van't Hof, 1978; Brauer,
1982; Tanner, 1989; Eveleth and Tanner, 1990; Pucciarelli et al., 1993; Buffa et al., 2001;
Oyhenart, 2006; DeWitte, 2010). Results show that the lower and middle SES girls
express an overall higher percentage of stunting than boys, while the higher SES boys
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have a higher percent of stuntedness than girls. When broken down into age groups, girls
in the low SES sample always express a lower z-score than boys. The middle SES boys
have lower z-scores than girls in early and middle childhood (ages 2-12 years), but then
girls become more stunted in adolescence. In the high SES, girls are more stunted in
infancy and early childhood (ages 2-5 years), boys are more stunted in ages 6-12 years,
then girls become more stunted in adolescence. All three samples express a similarity in
both male and female general stunting patterns, with stunting increasing with age. SGPs
of each sample (Figure 6) show variation in these z-scores between males and females,
with the middle SES expressing the most marked differences, with boys being shorter
than girls from ages 3-10 years. Overall the results vary between samples in the ages of
0-12 years. The low SES does not support the prediction that boys would be more
stunted, since girls' z-scores fall below boys'. The middle SES results do support this
prediction, with boys' z-scores falling below girls and even reaching -2 z-scores below
the reference. The high SES varies between boys and girls during these ages, not
supporting or refuting the prediction, rather suggesting there is no difference in girls and
boys pattern of stuntedness.
However, one clear pattern emerges in all three samples. All girls exhibit severe
levels of stunting (-6 to -7 z-scores) in adolescence, while boys remain at 2 z-scores or
less below the reference. If we assume that female buffering exists, this severe
stuntedness could be a consequence of girls surviving early childhood stressors better
than boys and thus accumulating severe stunting over time. Perhaps boys were dying
before having the opportunity to express such stunting, similarly predicted to higher SES
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children displaying more stunting than the lower SES children. However, Kaplan-Meier
results of survivability between boys and girls does not agree with this interpretation,
showing that girls survive better than boys.
Instead, this distinct adolescent girl response may be due to delayed puberty in the
Industrial Era girls relative to the modern, healthy reference sample from Denver, thus
exaggerating the severity of the z-scores. There is evidence to suggest that, when girls are
stunted in height, their pubertal growth can be delayed one to two years behind those
from more modern or healthy populations (Tanner, 1982; Belachew et al., 2011).
Belachew et al., 2011 found that food insecure girls in undeveloped Ethiopia started
menarche, on average, one year after food secure girls, who started on average at 14
years. Those who were stunted began menarche even later (Belachew et al., 2011). The
results suggest Industrial Era girls were delayed in growth compared to boys who appear
to have a similar trajectory (albeit below) to the Denver boys, supporting conclusions by
Cardoso (2005) who found that girls in the Lisbon sample exhibited greater delay than
boys. It seems more likely that female buffering was overridden by cultural buffering of
boys in these patriarchal societies. Indeed, a potential, social interpretation arises about
preferential treatment of boys, especially at the point of pubertal growth. If males were
favored, and historical reference suggests that they were given more access to nutritional
food and healthcare at the time of adolescence when they were working away from home
and bringing earnings to the household (Stinson, 1985; Horrell and Oxley, 2012;
Humphries, 2013), allowing them to continue on their expected growth trajectory in
adolescence, while girls' growth took a negative hit and became delayed. Even with boys,
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potentially working in more stressed conditions outside of the home, girls appear to be
under greater stress.

Why did children in Lisbon survive better?
The survivability results are unexpected and do not support the first prediction of
the third hypothesis, with the high and middle SES samples displaying a greater risk of
mortality than the low SES. The first notable difference is the higher infant mortality
rates in the high and middle SES samples compared to the low SES sample. This could
be due to a few possibilities.
The unsanitary conditions and widespread infectious diseases in London during
the 18th and 19th centuries led to very high infant mortality rates (Woods and Woodward,
1984), an ill-effect that does not care about social status. The mortality profile for urban
Bologna suggests similar conditions there. Breastfeeding practices in 18th and 19th century
England may have led to higher infant mortality because colostrum was considered
harmful. The newborn infant would be fed butter, sugar, or even wine in those first days
until breastmilk was available. Infants were also weaned from breastmilk entirely
between 7-18 months. This lack of colostrum and prolonged breastfeeding, in
conjunction with contamination of foods and utensils, would often cause fatal,
gastrointestinal illnesses in infants, as well as leaving them vulnerable to infectious
diseases (Fildes, 1986). Breastfeeding practices may also contribute to the age of growth
deficit seen in each of the samples, with most faltering taking place in the 2-5 year agegroup. If we assume most infants were no longer breastfed sometime around the age of
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one year, as is suggested by English and Portuguese historical reference (Fildes, 1986;
Cardoso, 2005), growth delay at this point makes sense.
However, we cannot believe infant mortality was less dramatic in Portugal.
Cardoso (2005) tells us half of all children died prior to age 15 years in 1900, and infant
mortality was at a rate of 200 deaths per 1000 births, and remained one of the highest in
comparison to other industrial European countries until the 1960s when public health
programs increased (Cardoso, 2005; Klüsener et al., 2014). Death rates amongst older
children up to age 14 years only started to decline in the 1940-50s, with most deaths
attributed to nutritional deficiencies and infectious diseases (Cardoso, 2005). So, the
improved mortality profile for the Lisbon sample observed in the present study,
particularly amongst infants, must be explained another way.
Lisbon's burial practices during the 19th and 20th centuries are well documented
(Cardoso, 2005). All individuals were placed in a temporary grave for five years, at
which point they were exhumed by cemetery workers. The bodies were either placed in a
more permanent burial if the family payed a fee. If they were unclaimed or the family
could not pay the fee, they were placed in a communal grave or incinerated. The Bocage
Museum began taking individuals that were unclaimed and destined for communal burial
or incineration for this skeletal collection (Cardoso, 2005; 2006). Many stillbirths and
infants were often buried in communal graves rather than interred in their own burials
(Cardoso, 2005). Missing infants from this Lisbon collection could be due to untrained
graveyard workers who exhumed, and likely missed, tiny infant bones (Cardoso, 2005). It
is also worth mentioning that infants and children not placed in this sample could have
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been placed in a more permanent burial if their families paid the interment fee, since
those present are most likely there because their family could not pay that fee, thus a
reflection of the lower status of this sample. It is also important to keep in mind there is a
higher rate of older children present in the Lisbon sample, compared to the others,
lending some support for the historical data regarding child death up to age 15 years
(Cardoso, 2005). Perhaps this is actually a reflection of the frailty within the older
children of the Lisbon sample.
LEHs are often more observable in older individuals with more permanent teeth,
given the fact that they form in early childhood. This is not to suggest LEH cannot be
present on deciduous teeth as indicators of maternal stress. Results do show LEHs were
overwhelmingly skewed toward the Lisbon sample, perhaps a reflection of the greater
number of adolescents.

Why were LEHs associated with increased survivability?
While the results for survivability in those with and without presence of cribra
orbitalia, porotic hyperostosis, and periostitis were expected, those with LEH display an
unexpected pattern of greater survivability. This pattern persists across samples with
those exhibiting at least one having greater survivability than those without an LEH.
Presence of an LEH is associated with children surviving past the ages of 5-8 years.
It seems clear that metabolic stress associated with poor nutrition was detrimental
to children's survival in Industrial Era cities, regardless of their SES. Children who
experienced such accumulation of metabolic stressors were likely more frail than those
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who did not. The fact that most children past the ages of 5-8 exhibit at least one LEH
indicates Industrial Era European environments were stressful for children and inhibited
childhood growth. If a child was able to survive the acute moments of stress leading to
LEHs, they were more likely to survive to older ages. These results are similar to others
who find a positive association between LEH and longevity (Lewis, 2002; Bennike et al.,
2005). A higher prevalence of LEH may be associated with increased survivability over
than those with only one LEH (Amoroso et al., 2014).
This research suggests LEHs are not always a good measure of frailty or
heightened risk of mortality. Rather, it is important to analyze samples as context-specific
units. According to Amoroso et al. (2014), exposure to stressors throughout life is a
stronger factor for predicting longevity than any one non-specific indicator of stress, like
CO, PO, or LEH. Cain and Hong (2009) also suggest overall life conditions are a better
predictor of survivability than early life stressors. They found that military recruits in
London were more likely to die during wartime exposure to disease, famine, and stress if
they were born in rural areas than if they were born in urban areas and already exposed to
such stressful conditions in early life. They argue that rural born recruits, though
healthier, were less able to survive the insults experienced during war than were urbanborn recruits who had already experienced stress. This goes against DOHaD arguments
that early life stressors make an individual more frail and susceptible to death, and rather
supports the argument that overall life experiences are a stronger predictor for
survivability. Ultimately, the children in these samples did not survive into adulthood,
thus taking these LEH laden individuals out of the adult, living population.
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Lower SES kids show increased risk of mortality as they age compared to the
other two samples, as well as a significantly greater frequency of LEHs. This is not
necessarily surprising, given that an older aged sample would be more likely to exhibit
higher rates of LEHs compared to younger children who have not had as much time to
accumulate pathologies. It may be that low SES older children and adolescents were
more frail than those in the middle and high SES samples given their increased mortality
past the ages of 5-8 years. Though their z-scores do not suggest increased stress during
early growth periods, higher frequencies of LEH do suggest early life stress. These
subadults may have experienced selective mortality and thus higher frailty at these
particular ages than their middle and high SES counterparts and simply died before
having chance to accumulate other stressors at higher rates, such as stunting (Wood et al.,
1992). While it appears the middle and high SES samples experienced increased infant
mortality, this pattern likely reflects non-inclusion of infant and young child remains in
the low SES sample.

Why did girls from Bologna display higher frequencies of stress?
The middle SES girls from Bologna have a higher frequency of all pathologies,
except LEHs, compared to middle SES boys, suggesting girls from this sample
experienced greater cultural stress than boys. Italy was certainly a traditionally Catholic
and patriarchal society that has traditionally viewed women as domestic workers,
devaluing their place outside of the home (Buscemi, 2014) and often treating them
harshly by pushing against women's rights, as well as liberal and social policies (Krause,
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1999; Rahikainen, 2004; Bosworth, 2013; Dawes, 2014). Though male migration to find
work outside of Italy and the loss of adult male life after two World Wars resulted in
women and younger boys taking on more responsibilities outside of the home and women
as heads of households (Friedman-Kasaba, 1996). Fascist dictatorships, like Mussolini's,
often involved oppression of working women (Capecchi, 1997; Chang, 2015). These
historical factors of labor and treatment of women and children may help explain why
young Bologna boys experienced more stunted femur lengths than girls through hard
labor outside the home, but also why girls may have been more susceptible to poor health
from lack of healthy food and medical care inside the home.

Limitations
Skeletal growth research is difficult due to a lack of large samples with known sex
and age. Sample sizes are often small, but when they are further divided by sex and age,
they become even smaller. Many of them also display uneven distributions of ages, as in
this study, making some comparisons difficult. In some categories, like the upper class
sample with only one girl in the 6-12 years old age group and one boy in the adolescent
group, sample sizes are very small. This undoubtedly impacts the results of the MannWhitney U-tests between sexes.
It is important to keep in mind that these results are based on samples that
comprise some of the most vulnerable and frail individuals within the general living
population. These indicators of stress (stunted femur, pathology, and mortality) do not
necessarily reflect those of the entire population (Wood et al., 1992). There may also be
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hidden heterogeneity, given that these are large assemblages that span long periods of
time, the prevalence of stuntedness, pathology, and mortality could be due to multiple
factors. These include secular changes, genetic differences that cause particular
individuals to be more susceptible to certain diseases, socio-economic variations within
the samples targeting the lowest within each sample, and gender or sibling preference
within families causing others to be more vulnerable to stress and death despite genetic
potential or SES (Wood et al., 1992).
Skeletal collections can seem biased with regards to linear growth in height,
arguing that those who died and are included within the samples do not represent the
overall population that continued to live (Buikstra and Cook, 1980; Wood et al., 1992).
This mortality bias can lead to overestimation of stuntedness and pathologies within a
population if it is assumed those within the skeletal sample represent the living
population. If stunted growth and susceptibility to disease increase one's risk of death,
then those within a skeletal sample will likely exhibit those signs of stress (Haas, 1990;
Saunders and Hoppa, 1993; Cardoso 2005). In addition to this mortality bias, these
skeletal samples are cross-sections of populations that spanned large periods of time, with
individuals living at different points in their cities' histories. It is important to keep in
mind that these samples were compared to a modern, healthy reference sample, which
could further exaggerate the stuntedness of the past populations. The mortality bias is
confounded by changing environmental, political, and economic factors.
Also, in general, pathologies are difficult to interpret in skeletal remains. Aside
from the fact that they are hard to identify and their origins often unknown, their
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relationship to social status is not clear. Stress markers by themselves do not necessarily
indicate poor health. Not all diseases leave skeletal evidence and a lack of skeletal stress
does not directly indicate good health or the ability to live and function any better than
those who display signs of stress. Stress at older ages, such as the stunting (likely caused
from delayed growth) seen in the older girls, could simply be a consequence of living
longer in stressed conditions. Within any given population these factors must be
considered when attempting to interpret stress, however the patterns seen across all three
of these samples, such as boys having a higher frequency of CO, PO, and LEH, and the
high SES sample expressing the lowest frequencies of pathologies, make general
interpretations of stress more feasible.
Another confounding issue is the definition of status of bioarchaeological
samples. Much like Temple and Goodman (2014) suggested that "Bioarchaeology has a
health problem," this research brings up the question "does bioarchaeology have a status
problem?" Many bioarchaeological researchers analyze the remains of those from past
populations with status being a variable used for comparisons (Lewis, 2002; Cardoso,
2005; Redfern and DeWitte, 2011; DeWitte et al., 2015; Redfern et al., 2015; HughesMorey, 2016), suggesting "status" is important in bioarchaeological investigations. While
research skeletal samples are often placed into low, middle, and upper SES categories
based on grave goods, historical records of occupation, and neighborhood of residence, it
is likely that individuals within the samples vary from each other, especially over the
course of time. It is not likely that all individuals fit into that particular status definition.
The length of time in which the individuals in the samples were living, likely
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allowed the fluctuation and variation of secular changes, political-economic shifts,
environmental conditions, and status. The individuals from Lisbon, for example, lived
through a very tumultuous political economy, but their femur lengths were less stunted
than those from London and Bologna. While this result could be a reflection of higher
SES children surviving through stressed conditions long enough to accumulate stunted
femur length, it could mean that the lower SES sample from Lisbon (despite lower status)
had better access to food and healthcare than the middle and upper SES samples in
Bologna and London, or it could suggest that SES is not clearly defined or understood in
these samples.
Status is multi-dimensional and includes many factors. For example, those buried
in the crypt from the Spitalfields sample enjoyed relative wealth during most of the 18th
century, but as the silk industry declined, so did the economic prosperity of that district,
perhaps decreasing the "high" SES status of the sample over time. Cardoso (2005)
discovered that, for the children in the Lisbon sample, many of the father's occupations
did not correlate with the neighborhood the family lived in and depending on how SES
was determined (father's occupation or neighborhood) results for his dental development
data could change. In Lisbon and Bologna, most women were defined as "doméstica", a
term that could mean stay-at-home wives and mothers to varied forms of domestic
workers, that all have varied levels of "status" meanings.
Defining samples by status for comparisons can become problematic in research
design and interpretations if the status definition is not entirely accurate or if these
definitions are contradictory. Variation between samples may indeed be a reflection of
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status, but may also be a reflection of urban versus rural living conditions, gender
variation, overall environmental factors that could include epidemics, political situations,
famine, population increases, pollution, or populational variation due to genetics. It is
also important to remember that those within skeletal samples are those who did not
survive the stresses of life. If the children represented in these samples could not survive
through these acute or chronic stresses, their father's occupation and their neighborhood
of residence did not make a difference, given their place within the skeletal sample in the
first place.
While there are limitations in sample sizes, status definitions, and secular changes,
large cemeteries do represent a large demographic (Van Gerven and Armelagos, 1983;
Buikstra and Konigsberg, 1985; Saunders, 1993; Larson, 1997), making reconstructions
and interpretations about the overall conditions and growth patterns of the population
possible. This project aimed to understand how environmental stress from
industrialization and female buffering impacted growth, morbidity, and mortality
patterns. To do this, large cemetery samples comprised of known age and sex, with
children aged 0-18 years, and relatively similar numbers of males and females were
found. Though these three samples vary in geographic region and time periods, they were
all undergoing their society's industrialization period within densely populated, urban
environments. While the social status of each sample could be debated as mostly middle
SES, these were chosen to represent three varied SES groups (low, middle, and high),
given the historical context of each sample.
This research supports the findings of others that the environmental insults of the
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Industrial Era impacted children's growth and survivability, that females experienced
delayed growth compared to boys most likely due to the preferential treatment of males,
though males more often exhibited evidence of pathology, and that presence of chronic
stress from malnutrition lead to a higher incidence of death (Lewis, 2002; Cardoso and
Garcia, 2009; DeWitte et al., 2015; Hughes-Morey, 2016).

Future Directions
This research has raised interesting patterns that lead to further questions. Given
the higher survivability of those with LEH in all samples, it would be interesting to assess
if having multiple indicators of stress (both chronic and acute) including LEH in addition
to CO, PO, and periostitis impact survivability and growth. I anticipate that those who
died with evidence of chronic stress will exhibit more stunted femur length than those
with only LEHs.
While the samples used in this research were designated low, middle, and high
SES, it is likely they are all more indicative of middle SES samples given their
widespread time frames, large numbers of interred individuals within the cemeteries, and
populational changes in political and economic climates their populations experienced
over time. It is necessary to perform a broad analysis of how skeletal samples have been
and still are defined by status and to begin a broader conversation of how to interpret
status within these large cemetery samples.
While pooling skeletons from different collections for larger sample sizes can
create challenges such as populational, SES, urban/rural variation, it would be interesting
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to analyze larger samples from each of these geographic locations and to analyze the
effects of industrialization between countries. Larger samples from the same geographic
locations can also provide more information about secular changes by analyzing growth,
stress, and mortality between sexes within date-of-birth and date-of-death cohorts.
Unfortunately, sample sizes are too small to analyze this data now, but with increased
sample sizes this could be done. Lastly, analyzing adult stature in addition to childhood
growth, as a proxy of "catch-up" growth or further stress to assess at what point in time
were conditions improved or worsened.
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CHAPTER 8
CONCLUSIONS

This study assesses the growth of boys and girls from low, middle, and upper class
skeletal samples from the Industrial Era of Europe. Results show that children from this
time period did experience stunted growth, regardless of their SES or sex. This suggests
that all children exhibited stress during this time. However, unexpectedly, high and
middle SES children expressed more stuntedness than children from the lower SES
sample. Adolescent girls aged 13-18 years from all three samples expressed severe
stunting likely due to delayed pubertal growth. While girls experience this delay in
growth, boys do not. This is likely the effect of cultural preference of adolescent boys in
these patriarchal societies. Despite girls' delay in pubertal growth, there is a lack of sexual
dimorphism in femur length in all of the samples, indicative of adolescent male stress.
The presence of pathological conditions associated with nutritional deficiencies,
like cribra orbitalia and porotic hyperostosis, was discovered in over one third of the
entire sample. These conditions did not prove to be directly associated with status, but
presence of LEHs did, with the low SES sample exhibiting statistically significantly more
presence, and periostitis in the middle and low SES. This suggests that while most
children lacked adequate nutrition, those from lower classes were at an increased risk of
experiencing acute stress during childhood.
Though not statistically significant, boys did exhibit higher frequencies of
presence of LEH, PO, and CO, with no distinction between sexes in periostitis. Boys
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within the middle and high SES do exhibit a greater frequency of all pathological
conditions. Mortality patterns reveal that the low SES sample displays the greatest
survivability compared to the other samples, though this result could be biased due to
fewer infant/young child remains included in the sample. Boys and girls exhibit no
differences in survivability. It was discovered that those with presence of CO and PO
have higher risk of mortality compared to those with presence of three or more LEH,
who have a higher survivability.
These results suggest Industrial Era conditions were indeed stressful and inhibited
children's ability to grow and survive. Less stunting, no significant variation in metabolic
stressors, and a greater survivability within the low SES may be a result of environmental
conditions being improved in the low SES sample compared to the middle and high SES
samples, or even variation within samples in terms of status and secular changes.
“When my mother died I was very young,
And my father sold me while yet my tongue
Could scarcely cry “Weep! Weep! Weep! Weep!”
So your chimneys I sweep, and in soot I sleep.”
From The Chimney Sweeper
By William Blake, London Poet (1757-1827)
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