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ABSTRACT

Using traditional osteological methods of stress analysis, specifically skeletal lesions and
growth and development patterns, this research focuses on the timing and manifestation of stress
in the hard tissues of the body and the interaction between these various indicators of poor
health. The Danish Black Friars cemetery population spanning the medieval and post-medieval
periods (13"-17"™ centuries) is used for this research to explore changing health trends during a
period of socioeconomic disruption and expanding urban dwelling. The results of this study
show a distinct trend between the late and early post-medieval periods where stress was elevated
after the Reformation (AD 1536). Additionally, females generally show higher levels of stress
than males. The poorer health experienced in the post-medieval period was likely influenced by
the changing living conditions of the late 16" century where urban dwelling increased in
Denmark introducing new pathogens, poorer living conditions and new environmental and
working stressors, all contributing to poorer health. While the overall level of stress appears to
increase into the post-medieval period, the average age-at-death is higher after the Reformation
suggesting that while these individuals may have been exposed to more prolonged periods of
stress, they were able to adapt and survive in spite of these hardships. This research also
examines the ability to analyse stress through the extraction of ancient proteins from bone. Using
MircoBCA and enzyme-linked immunoassay (ELISA) analysis, it is shown that protein
preservation is good in the Black Friars population and the level of protein reflects the expected
fluctuations associated with the demography of the population (i.e. age, sex) and not necessarily
the influence of stressors. Overall this study provides a comprehensive examination of stress
from its initial biological signal through to skeletal disruption in a climate of expanding urban

development and changing socioeconomics in Denmark.
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CHAPTER 1: INTRODUCTION

As a dynamic living tissue, the human skeleton provides a unique opportunity to explore
the human condition at a biological level and more specifically how the skeleton adapts, evolves
and changes in response to its surrounding environment. As a discipline created between the
boundaries of archaeology and osteology, bioarchaeology promotes an exploration of the
relationship between cultural influences and biological processes, and the impact of this
relationship on the skeletal tissues of archaeological populations (Clark 1972; Buikstra 1977).
This “context-embedded approach” (Palkovich 1996) is a key element of bioarchaeological
research where skeletal variability is critically analyzed beyond just the genetic framework of the
human body. From a bioarchaeological perspective then, “human skeletons represent answers
and the goal of osteology is to frame the questions” (Armelagos and VanGerven 2003:53).

Studies of health, more specifically skeletal stress, have been foundational in
bioarchaeological research where the ability to identify episodes of poor health are based on
gross macroscopic physical changes such as lesion formation or linear growth disruption.
Identified as any perceived or actual threat (Selye 1936; Selye 1973; Charmandari et al. 2005;
Chrousos 2009), stress activates multiple biological systems that work in tandem to promote
survival and maintain homeostasis (Chrousos and Gold 1992; Habib et al. 2001). While the stress
response is an intricate process with multiple particularities, stress in an osteological context
largely remains non-specific, as multiple confounding factors may influence the skeletal
manifestation of stress over different periods of the life course (Goodman et al. 1988; Armelagos
and VanGerven 2003). As such, when analyzing physical indicators of stress that affect skeletal
tissues, bioarchaeologists must be aware that any visible changes reflect a timeline of health and

not merely the conditions present at the time of death (Goodman 1993). While identified as a



primary challenge of bioarchaeological research, the overlapping nature of intrinsic and extrinsic
stressors have prompted the development of collaborative and innovative research that integrates
multiple methods of analyses (e.g. Ribot and Roberts 1996), employs new technologies and
theories (e.g. Scott and Hoppa 2015), and re-evaluates the common assumptions associated with
skeletal research and studies of health (e.g. Wood et al. 1992). It is because of this shift in
bioarchaeological research design that current analyses of skeletal stress are better equipped to
address questions of individual and population health and the relationship between culture, the
environment and human biology.
1.1 PURPOSE AND SIGNIFICANCE

This research will focus on how indicators of skeletal stress can be measured and
analyzed in archaeological populations to inform our understanding of health and well-being in
the past. By situating this research within a clinical framework of the biological stress response,
the relationship between well-established markers of skeletal stress can be better explored and
compared across different demographic groups highlighting individual and population trends.

This research will also explore the biochemical evidence of stress and how chemical
signatures extracted from ancient bone may be compared and contrasted to the well-established
macroscopic indicators of poor health. This relationship is a key component of this research as
this biochemical data may effectively close the analytical gap that has been present in
bioarchaeological research until now, providing new insight into the chemical changes associated
with stress and the consequences of this on the hard tissues of the body. By exploring and
identifying the threshold at which stress affects the skeletal tissues of the body and which regions
may be more susceptible to these physical changes, there is an opportunity to expand the

analytical framework of archaeological studies of stress and health.



This research is significant in that it will provide the most up-to-date analysis of stress
with a specific focus on the biological stress response and how this impacts the manifestation
and distribution of stress lesions and linear growth disruption. With this data there is an
opportunity to explore the hierarchical nature of stress and which skeletal tissues may be most
vulnerable to disruption during periods of poor health. In establishing a better timeline of how
stress effectively spreads across the skeletal tissues, bioarchaeologists will be better equipped to
identify individual and population differences in health. This timeline approach for the study of
stress will also benefit from the integration of biochemical data where it may be possible to
identify stress from the onset, increasing the interpretive possibilities for this type of
bioarchaeological research.

While this research will emphasize the methodological and analytical dimensions of
stress research in archaeological populations, the results will focus on the specific stress patterns
identified in the Black Friars cemetery sample. Spanning the medieval and early post-medieval
periods (13"-17" centuries), the Black Friars cemetery sample represents the urban population of
Odense, Denmark. Situated within the Danish medieval and post-medieval periods, the Black
Friars cemetery population was no doubt exposed to many cultural, environmental and social
insults during this period, all of which would have influenced the overall health of this
population. While the historical and archaeological texts can enlighten our knowledge of the
Danish experience between the late medieval and early post-medieval periods, it is only through
an in-depth analysis of the skeletal remains that a better understanding of the human condition
can be achieved. In creating an in-depth health profile of the Black Friars population, this

research will contribute to the knowledge of livelihood, mortality and morbidity during the 13"-



17" centuries in Denmark, all of which influence our understanding of history, culture and
society in the past.

This research is situated within the well-established bioarchaeological methods of stress
assessment (e.g. Angel 1966; Park 1964; Garn et al. 1968; Sweeney et al. 1969; Pindborg 1970;
Steinbock 1976; El-Najjar et al. 1978; Nikiforuk and Fraser 1981; Huss-Ashmore et al. 1982;
Goodman and Armelagos 1985; Goodman and Armelagos 1988; Stuart-Macadam 1989;
Goodman and Rose 1990; Mays 1995; Lewis and Roberts 1997; Scott 2009; Walker et al. 2009;
Scott and Hoppa 2015). In combining these various methods that have been explored by multiple
researchers in different contexts, the best possible suite of osteological changes have been
compiled for this analysis. Further, the integration of both lesion- and growth-based methods
allows for an exploration of stress from different biological perspectives where the underlying
mechanisms that mediate their formation provide a more nuanced understanding of how the
stress response, once activated, targets specific skeletal tissues. In addition to these well-
established methods of stress examination, the use of biochemical protein to address questions of
health will also be explored. As a new method of osteological interpretation, this biochemical
focus is an innovative approach to skeletal health, as chemical changes are the precursor to the
physical manifestation of stress in bone. Until now, stress research has been confined to the
analysis of skeletal changes associated with chronic periods of prolonged stress, whereas the
integration of biochemical methods may shorten the timeline of interpretation arguably providing
an opportunity for bioarchaeologists to explore skeletal stress before it has even begun to visibly
manifest in the skeletal tissues. Using established archaeological methods of protein extraction

(e.g. Collins et al. 2002; Smith et al. 2005; Cleland et al. 2012), the corroboration of skeletal



lesions and growth disruptions with biochemical data provides an innovative approach to the
well-established and relied upon methods of health assessment in archaeological populations.
1.2 RESEARCH OBJECTIVES

The main research question for this project is how can different indicators of skeletal
stress better inform our understanding of health and well-being in archaeological populations?
Within this broad framework are more specific research objectives that identify the gaps in the
stress literature and will be explored throughout this dissertation.

Based on a clinical understanding of the stress response, one of the objectives of this
research will be to further elaborate on the severity and duration of stress in archaeological
populations using macroscopic indicators of disruption. Further, this research also seeks to
clarify the biological relationship between lesion- and growth-based skeletal manifestations of
stress, specifically how might the presence of one affect the manifestation of the other. In
exploring the relationship between different indicators of stress, this research will also seek to
identify the role biochemistry has in the bioarchaeological analysis of stress, particularly the
accuracy in which ancient proteins can be used to explore health during life. Additionally, this
research aims to explore how this analysis of stress can better inform our understanding of the
Black Friars cemetery population and what factors contribute to observable fluctuations in health
between the medieval and post-medieval periods.

Building on these research objectives, four hypotheses are proposed with respect to the
observed impact of stress in the skeleton. Using well-established indicators of stress (i.e. lesion
formation and growth disruption) in addition to biochemical changes, these four hypotheses will
be addressed in this dissertation. It is assumed that the stress observed is prolonged in nature, as

individuals must survive beyond the onset of the disturbance to register physical manifestation in



the skeleton (Wood et al. 1992). It is based on this assumption that chronic stress produces
skeletal changes that the following four hypotheses are outlined and will be discussed in further
detail in Chapter 4:

e Hypothesis I states if morbidity (occurrence of illness) and mortality (occurrence of
death) are elevated within a population, it is expected that skeletal evidence should
indicate stress, or that stress indicators should be present;

e Hypothesis 2 states that the severity of that stress and how it is manifest in the skeleton
will be reduced in successive age cohorts (i.e. after a certain age, those affected by the
increased stress will have likely succumbed to these insults);

e Hypothesis 3 states that the severity of stress may be higher in children who represent the
non-survivors of their community (i.e. individuals affected early in life by high levels of
physiological stress do not survive to adulthood). As such, it is expected that adult
survivors will not demonstrate the same severity of stress as observed in the subadults;

e Hypothesis 4 states that a small proportion of individuals, as a result of differential frailty
(Wood et al. 1992), might live beyond what is expected despite showing an elevated
severity of stress.

The dissertation is structured as follows. Chapters 2 and 3 provide an overview of the
relevant literature associated with this project. Chapter 2 focuses on the historical context of
medieval and post-medieval Denmark outlining specific environmental (e.g. The Late Medieval
Agrarian Crisis; The Little Ice Age), political (e.g. The Count’s War) and health events (e.g. the
Black Death) that effectively shaped the Danish Middle Ages influencing the daily lives of the
Black Friars population. Chapter 3 discusses the osteological context of this research and situates

the outlined research questions and hypotheses within the current bioarchaeological literature.



Beginning with an overview of skeletal metabolism and the growth process, this chapter presents
an in-depth analysis of the stress response from a clinical perspective and unites these data with
the traditional osteological indictors of stress including: cribra orbitalia, porotic hyperostosis,
enamel hypoplastic lesions, Harris lines, body size indicators and cortical thickness. This chapter
also outlines the challenges of analyzing stress in archaeological remains and the primary
limitations within this field of study. Chapter 4 outlines the materials and methods of this project
discussing the criteria of skeletal selection, the dating methods of the Black Friars cemetery
population and the age and sex demographics of the population. Additionally, Chapter 4 outlines
the specific stress analysis methods used in this study (lesion- and growth-based) and discusses
the protocol for ancient protein extraction and analysis. Chapter 5 presents the results and
statistical analyses of this research with emphasis placed on the differences observed between
time period, sex and age. Focusing on how the various stress indicators interact with one another
there is overlap between each section as different indicators are compared and contrasted. A
discussion of the results is presented in Chapter 6 along with an in-depth summary for each
aspect of this project including pathological and stress-lesion data, growth patterns, biochemical
analysis and mortality patterns. Comparative archaeological data is also used in this discussion to
assess how the visible patterns of stress in the Black Friars population compare to other
contemporaneous populations. The main focus of the discussion is on the potential stressors that
may have influenced the visible heath trends in the Black Friars population including:
environmental stressors from urban dwelling, daily labour requirements, under nutrition and
malnutrition, psychological stress and biological demands (i.e. pregnancy, menarche). This
chapter concludes with a discussion of the interaction between the lesion- and growth-based

stress indicators as well as the biochemical data and how these interactions can be used to



address the four outlined hypotheses. Chapter 7 presents the conclusions of this research with a
final summary of the Black Friars population and future directions for the study of skeletal stress.
These future directions outline the need to continue with analyses of stress duration and severity
based on a clinical understanding of the stress response and the biological systems that mediate

these changes.



CHAPTER 2: LITERATURE REVIEW — HISTORICAL CONTEXT

2.1 INTRODUCTION

This chapter will focus on the broad historical context of the skeletal population used in
this research detailing the history of the Black Friar Dominican Order in Odense and the
archaeological excavation of the Black Friars monastery. Situated within this specific historical
context, a broad discussion of the medieval to post-medieval period will be provided with
specific focus on climate, economy, subsistence, living conditions, and disease during these
centuries.
2.2 THE DOMINICAN ORDER

Founded by St. Dominic, the Dominican Order or Preach Friars were more colloquially
known as the Black Friars, so named for the black cappa worn over their white habit
(Hinnebusch 1973; Ashley 1990; Becher 1999). The Dominican Friars, similar to other Orders,
were known for their commitment to poverty through a lack of worldly possessions, but more
widely recognized for their commitment to knowledge and learning (Hinnebusch 1973; Ashley
1990; Orrman 2003b). As a ‘learned Order’ the Dominican Friars were mobile and intended to
enlighten the largely uneducated masses and combat heresy through their preaching (Hinnebusch
1973). As the Dominican Order grew in the early part of the 13™ century, monasteries were
established in university towns throughout Europe so that all brothers could enroll, effectively
contributing to a rise in the education of the Scandinavian clergy (Orrman 2003b). Further,
during the creation of the Order’s legislation in AD 1220, it was decreed that all monasteries
must employ at least one professor so that it could also function as an educational institution

(Hinnebusch 1973; Becher 1999). This emphasis on learning was employed by the Dominican



Friars for both cultural gain and to protect the church from opposition by expanding the reach of
these Friars across the known world (Bennett 1937:52).

The founder of the Order, Dominic de Guzman was born in the latter half of the 12
century to Spanish nobility and was known for his scholastic aptitude and dedication to learning
(Ashley 1990). It has been argued that Dominic’s early life as a successful student was integral
to the formation of the Dominican Order and its intellectual character (Hinnebusch 1973). After
his completion of university, Dominic became an ordained priest and accompanied Bishop Diego
on a journey to Denmark in AD 1203. It was during this journey into Scandinavia that Dominic
recognized the need to preach and spread knowledge into the untamed Pagan territories of the
northeast (Ashley 1990). The Dominican Order was officially recognized by the Catholic Church
in AD 1216 and the first Scandinavian monastery was established in AD 1223 in the now
Swedish city of Lund (Becher 1999). After AD 1238 and the formation of the ‘Dacia’ province,
the Dominican Order had control of 15 monasteries throughout Scandinavia (Jakobsen 2008),
with further expansion up until AD 1250 (Orrman 2003b).

2.3 THE ODENSE BLACK FRIARS MONASTERY AND CEMETERY

The city name Odense is derived from Old Danish “Odens Vi’ meaning the shrine of the
Norse God, Odin (Lauring 1976; Christensen 1988). During the Viking Age, Odense was likely
an important centralized ceremonial site on Fyn as one of the seven ring fortresses
(Nonnebakken) was built during the era of Harald "Bluetooth" Gormsson before the turn of the
millennia (Kaufmann and Kaufmann2004; Randsborg 2009). However, written records of the
city are absent until AD 988, after which time Odense became an important Christian city when
it was named the fourth diocese of the Catholic Church in Denmark (Christensen 1988). In

addition to this centralized power of the Church during the early medieval period, Odense was
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also the parliamentary seat for the central region of the country leading to increased settlement
and expansion of the city (Hybel and Poulsen 2007). In AD 1086 Odense became infamous when
King Knud was murdered by the people in St. Alban’s Priory, which was eventually converted
into a royal shrine in AD 1101 (Oakley 1972). King Knud’s murder was spurned by the
displeasure of the masses to pay the demanded tithe for ecclesiastic development, as Christianity
was still relatively new in Scandinavia during this period (Lauring 1976). In AD 1247 Odense
experienced further disruption as part of the city was burned by an invading army under the
command of Abel of Denmark, the Duke of Schleswig against King Erik the 4™ (Erslev 1889).
As the younger brother of Erik, Abel mounted an attack to gain independence for the Duchy of
Schleswig (southern Jylland) in AD 1246. Abel invaded much of Jylland and eventually moved
into Fyn where the city of Odense fell victim to this dispute. Eventually, a truce was reached in
AD 1250 at which time Erik was murdered and Abel claimed the Danish throne (Lauring 1976).
Despite the civil unrest during the early medieval period, Odense remained an important
centralized power, but arguably reached its culmination in the post-Reformation period as the
commercial center of Fyn (Lauring 1976).

The Dominican Friars in Odense, referred herein as the Black Friars, were located in the
north eastern part of the medieval city and likely established their monastery around AD 1239
(Meontegdrden Odense bys Museer 2010). No written records survive that confirm the
foundational date of the Black Friars monastery, but is rather based on similar institutional
formations in other Cathedral cities in Denmark at this time (Becher 1999). The earliest written
record of the Black Friars monastery is from AD 1252 when the city of Odense became the
provincial chapter of the Dominican Order (Christensen 1988; Becher 1999). Who established

the Black Friars monastery and decided its location in the medieval city of Odense is unknown
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(Christensen 1988). Archaeological excavations on the site have recovered organic remains and
ceramics dating to the 12" century, suggesting an earlier occupation before the monastery was
established (Christensen 1988). Historical records indicate that the Black Friars did not build the
original foundations of the monastery, but rather took over the previous ecclesiastical building
and used recycled materials to further expand and repair their newly acquired property
(Christensen 1988). It is likely that that some of the building materials used to update and repair
the Black Friars monastery was acquired from the vacated Nonnebakken church when the
Benedictine nuns moved their convent to the southeast village of Dalum (Christensen 1988).
Once established, the Black Friars monastery was located at the corner of the city proper;
archaeological excavations suggest that the monastery was walled with a primary gate located
along the southern perimeter at Overstreede (Christensen 1988). During the medieval period the
Black Friars monastery expanded to include a second church structure to the south of the original
construction, making the Black Friars monastery a prominent landmark in the medieval city.
While the Black Friars square is still present today in Odense, the western and northern
boundaries are undefined. Archaeological excavations were unable to locate the terminus of the
Black Friars property due to current residences built on portions of the site (Christensen 1988).
However, the western and northern regions of the original property were likely characterized by
swampy soils that may have been improved by the Black Friars, as contemporary drilling has
revealed soil backfilling that was laid into these swampy areas and may have allowed for further
expansion and use of the land (Christensen 1988). In addition to the physical expansion of the
monastery, the religious reach of the Black Friars was also advanced in AD 1316 when both the
Black and Grey Friars of Odense were granted permission to use St. Knud’s Church to hear the

confessions of their parishioners (Christensen 1988). While the history of the Black Friars
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monastery is somewhat incomplete, successful geographic expansion visible in the
archaeological record and written documentation of increased religious responsibilities suggests
this monastic order was a significant institution in medieval Odense.

After the Lutheran Reformation in Denmark in AD 1536, the monastery was closed with
its church demolished in AD 1542 and the remaining buildings used as residences (Christensen
1988; Boldsen and Mollerup 2006) and part of the Grey Friar hospital (Becher 1999). After the
formal close of the Black Friars monastery, the graveyard was turned over to the city in AD 1551
and remained in use until in the early part of the 17" century (Christensen 1988; Becher 1999;
Boldsen and Mollerup 2006). Historical records show that in AD 1607 permission was granted to
demolish the final stone structure standing on the site, marking the end of the cemetery’s use
(Christensen 1988). Before the Reformation, the monastery was likely reserved for the interment
of the friars and the middle classes of society (Jakobsen 2008). Inside the church and along the
cloister walks were locations primarily designated for the brothers with the larger cemetery
complex to the east reserved for the middle classes (Jackobsen 2008). During the medieval
period in Denmark it was tradition for individuals to be buried in their local church cemeteries;
however, those with the financial means were able to secure a burial location in a monastery
cemetery and put ones soul closer to God after death (Jakobsen 2008). As such, the Black Friars
cemetery during the medieval period was likely represented by the middle class while the post-
medieval period was characterized by lower class burials, as the cemetery became publically run
and more widely used after AD 1551 (Becher 1999). Despite these traditions in the historical
literature, the inclusion of women and children in the church and cloister walk regions of the
Black Friars cemetery suggests these strict designations were not necessarily adhered to

(Jakobsen 2008). Additionally, the need to accommodate a large density of individuals in an
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urban environment likely created a more fluid cemetery composition that included individuals
from all socioeconomic statuses. As Mollerup and Boldsen (2010) discuss, the closing of three
other city cemeteries in the post-medieval period prompted the prolonged use of the Black Friars
cemetery after the Reformation and as such, likely incorporated all echelons of society based on
need over personal preference of burial location.

The time period of the Black Friars cemetery is comprised of two main periods of
interment: the monastic phase (AD 1240 — 1536), and the public phase (AD 1536 — 1600)
(Mollerup and Boldsen 2010). There were an increased number of post-medieval interments
compared to the medieval period as cemeteries were closed (post AD 1536) at a time when the
Danish population was on the rise (Christensen 1988). Approximately 800 square meters of this
cemetery complex were excavated beginning in 1972 until 1997; however, burials were only
recovered from 1978, 1979, and 1981, identified as SBT78, SBT79, and SBT81, respectively
(Nielsen 1982a; 1982b; Becher 1999). Estimates for the number of individuals recovered from
Black Friars cemetery vary from 520 (based on skeletal inventories) to 979 (based on the
ADBOU collection record). These discrepancies are likely due to the archaeological recording
on site; for example, the 1981 burial inventory contains 680 grave entries, but only 661 of those
entries were true burials (Nielsen 1982b). Considering this then, the skeletal assemblage from the
Black Friars cemetery complex is made up of approximately 661 to 710 individuals with well
over half belonging to the post-medieval period (Mollerup and Boldsen 2010).

2.4 DANISH HISTORICAL TIMELINE

The focus of this study will be on the medieval and post-medieval periods as shown in

Table 2.1 below. While the dates of these periods may shift depending on geographic location,

the dates selected and discussed here relate to cultural, political and environmental events clearly
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demarcated in Denmark’s history. The early medieval period begins with the adoption of
Christianity at the conclusion of the Viking Age to the beginning of the Great Famine in the
early 14" century. The high Middle Ages refers to the period from the Great Famine and the
Black Death up until the Protestant Reformation in the early 16" century. This division in the
medieval period is historically relevant and warranted specific discussion; however, it would be
noted that the medieval skeletal remains cannot be defined within these specific time periods and
will be classified as medieval only. The post-medieval period is defined as the short period
between the Reformation and when Denmark lost large holdings of land to Sweden in the mid-
17" century (Oakley 1972; Hybel and Poulsen 2007; Randsborg 2009; Yoder 2010). Figure 2.1
shows the geographic expanse of Denmark during the medieval period, whereas the post-
medieval period saw the loss of Halland, Scania and Blekinge to Sweden.

Table 2.1 Historical Time Periods in Medieval and Post-medieval Denmark

Time Period Dates

Early Medieval Period AD 1050-1300
High Medieval Period AD 1300-1536
Post-Medieval Period AD 1536-1660
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Figure 2.1 Map of Medieval Denmark

(Hybel and Poulsen 2007:xxiii; with permission from N. Hybel and B. Poulsen)
2.5 THE EARLY AND HIGH MEDIEVAL PERIOD (AD 1050-1536)

2.5.1 The Emerging Danish Nation during the Middle Ages

At the conclusion of the Viking Age the emerging Danish nation developed under the
rule of Svend Estridsen and his five sons who ruled successively from AD 1074 to 1134. It was
during the reign of these brothers that the early medieval period experienced the death of King
Knud in Odense who had imposed heavy taxes on his people. Following his death, Knud was

succeeded by his brother Oluf who was blamed by the people for widespread famine until after
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his death in AD 1095. The youngest brother, King Niels finally introduced stability into the early
medieval period as Denmark began to flourish from increased shipping and trade (Lauring 1976;
Sawyer and Sawyer 1993). Following this was the period of the Valdemars beginning with
Valdemar the Great from AD 1157 to 1182. During the rule of Valdemar the Great, order was re-
established in Denmark with the help of Absalon, a nobleman’s son who eventually gained
control over the Danish Church in the later 12" century (Lauring 1976). In AD 1202 when
Valdemar the Victorious (2") ascended to the throne after his brother’s death, there was growing
concern with the southern Danish and German border. Concerned with keeping this trading route
open, Valdemar made many land conquests to the south. This was eventually retaliated by
Heinrich von Schwerin, the Black Count, when he captured Valdemar and his son and held them
hostage for three and a half years until Valdemar agreed to a large cash settlement and not to re-
invade the northern German provinces (Lauring 1976). Once released, Valdemar rescinded his
promise and marched into Germany, but lost and returned to Denmark. While his German
expansion was unsuccessful, Valdemar did conquer Estonia during his reign in AD 1219 and
also established the Jyllandic Laws, which were the first wide-spread laws in Denmark and
remained in place until AD 1683 (Lauring 1976). Similar to the early succession of Sweyn
Estridon’s sons, Valdemar also had three sons, Eric, Abel and Christopher, who ascended the
throne between AD 1241 and 1259. Eric, the eldest was crowned king but his brother Abel
rebelled almost immediately, an act which culminated in the burning of Odense and the eventual
murder of Eric. Abel ruled for only two years after Eric’s murder until the youngest brother,
Christopher took the throne. During his reign, Christopher dealt with trouble from northern
Germany and the Slesvig region in addition to trouble with the Church and nobles who

collectively wanted to curtail the power of the king. In AD 1282 Christopher signed a Royal
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Charter putting more power in the hands of the nobility in Denmark; he was eventually murdered
in AD 1286 (Lauring 1976; North 2012).

At the end of the 13" century and into the beginning of the 14" century Denmark
experienced a financial crisis and severe land disruption at the hands of Eric Menued and
Christopher the 2™, The rule of Eric Menued from AD 1286-1319 created many financial
hardships for Denmark with his overspending made worse by Christopher the 2" who the Danish
people distrusted (North 2012). On the brink of financial collapse, the Danish nobles acted
without the king and asked for help from Count Gerhard of Rendsberg, a Duke of Holstein to
rescue Denmark from financial crisis. Gerhard acted immediately and had the Danish nobility
elect his nephew, Count Valdemar, to rule Denmark, effectively having Christopher the 2™ de-
throned. Christopher however, did not concede and re-acquired his crown by dividing the control
of Danish territory between Count Gerhard, who ruled for his nephew, and Count John of Kiel,
an associate of Gerhard’s. Once divided, Gerhard controlled Fyn and most of Jylland and John
controlled Skane and Sjalland, Christopher the 2™ at this time had no property as the Danish
king (Lauring 1976; North 2012). Eventually, the heavy-handed ruling imposed by Gerhard and
John were opposed by the Danish masses and Gerhard was murdered and the German forces
were driven out of Denmark. At that time, the son of Christopher the 2nd, Valdemar, was
recognized as the rightful heir of Denmark. Valdemar Alterdag ruled Denmark from AD 1340 to
1375, and during his reign he managed to reunite and liberate Denmark, a task that was
continued after his death by his grandson Oluf who during his reign was advised by his mother
Margaret (Lauring 1976; Sawyer and Sawyer 1993; North 2012).

Known as the ‘uncrowned queen’, Margaret continued to strengthen the re-united

Denmark and for a period also had control over Norway when her Norwegian-born husband
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died. With the death of her son Oluf'in AD 1387, Margaret continued her political pursuits by
adopting her grandnephew who became king under the name Eric of Pomerania. During the rule
of Margaret and Eric of Pomerania, Denmark became the center of the Nordic Union (Union of
Kalmar) and reclaimed much of its financial strength through the introduction of @resund dues in
AD 1429, creating extensive revenue for the Danish monarchy until its abolishment in AD 1857
(Lauring 1976; North 2012). It was during this period after the rule of Eric of Pomeranian that
Denmark again found itself without a proper king and saw the shift to an elected royalty with
Christian the 1% who ruled from AD 1448-1481 (Derry 1979; Sawyer and Sawyer 1993). As a
young king Christian had both control over Denmark and the Holstein and Slesvig provinces and
signed a treaty to keep the provinces forever united. While successfully establishing Danish
control over the contentious southern Jylland region, Christian was unable to keep control over
the Shetland and Orkney islands as they were given to Scotland as a dowry for his daughter’s
marriage to King James the 3. This lack of money and poor economic forethought characterized
the rule of Christian the 1¥ (Lauring 1976; Derry 1979; Sawyer and Sawyer 1993). In AD 1481,
Christian’s son Hans ascended the Danish throne and re-established the Nordic Union where he
was king of all three countries. During his reign unrest stirred again in the Slesvig and Holstein
provinces under the rule of his brother Frederick who attempted to occupy the Ditmarshes region
which during Scandinavian history had been continuously occupied by the Frisians who
belonged neither to Germany or Denmark (Lauring 1976). During this battle both Denmark and
Germany suffered losses; however, the weakness of Hans’” army was noted by the Swedish
peasants who rose up and successfully removed Hans as their king and broke the Nordic Union
once more. At the end of his reign, King Hans passed the crown to his son Christian the 2™ (AD

1513-1523) who, under the guidance of his mother, used Holland as a model of perfection in
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Europe and put into place various laws and sanctions to help the Danish peasants and middle
class (Derry 1979). Christian the 2™ also successfully re-acquired Sweden and strengthened the
Nordic Union. At the close of the high medieval period, Frederick the 1% (AD 1523-1533) and
Christian the 3 (AD 1535-1559) ruled Denmark over a 36 year period which was fraught with
religious upheaval and general dissatisfaction within the Holstein and Slesvig provinces. It was
this civil unrest that would eventually lead to the Count’s War in Denmark prompting the
Protestant Reformation in Scandinavia (Lauring 1976; Sawyer and Sawyer 1993).

2.5.2 The Spread of Christianity and Population Growth

The medieval period in Denmark and most of Europe was one of economic, political,
demographic, and perhaps most imposing climatic fluctuation that influenced the course of
history. Following the decline of the Viking Period after AD 1047, Christianity successfully
replaced Pagan belief systems throughout Denmark (Oakley 1972), marking the beginning of the
medieval period. This religious conversion, in addition to the growing power of Danish royalty
throughout the 10™ and 11" centuries contributed to the growth and appearance of new
settlements throughout the country as towns and cities became important interconnected
strongholds (Andren 1989; Hybel and Poulsen 2007). With the spread of Christianity, churches
were built across the landscape with estimates suggesting that at least 2700 parish churches were
present in the early part of the medieval period before AD 1300 (Wienberg 1993). Based on the
proliferation of these local parish churches, estimates suggest that during the early medieval
period, the population of Denmark was roughly one million people (Christensen 1938;
Benedictow 1993), with much of this population clustered around the arable land pockets of the
country, namely the Skane plain (now Sweden), most of Sj&lland and Fyn, and eastern Jylland

(Hybel and Poulsen 2007). While cities and town were growing rapidly during the early
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medieval period, particularly between AD 1200-1350 (Hybel and Poulsen 2007), it is estimated
that only ten percent of the population occupied these urban environments. Denmark was
predominantly agrarian with the majority of the population (approximately 90 percent)
remaining part of the rural class until after the 13" century (Benedictow 2003; Yoder 2006). This
population growth and expansion during the early medieval period began as early as AD 700
during the Viking Age and levelled-off by the 14™ century (Hybel and Poulsen 2007). It was in
the early 11™ century that the Scandinavian countries began to form as states under centralized
Kingship and Church rule with regular taxes established in the early medieval period (Andren
1989). Whereas population growth during the Viking Period prompted the emigration of young
males to other countries, the early medieval population growth led to significant settlement
expansion and stability within Denmark (Andren 1989; Orrman 2003a).

2.5.3 Emerging Agriculture and Diet during the Medieval Period

Agriculture in Northern Europe was developed around 4000 BC (Hybel and Poulsen
2007) with the first farmers of Denmark immigrating into the region sometime during the New
Stone Age which began in 2700 BC (Oakley 1972). During the Middle Ages, subsistence in
Denmark was based on both cultivated crops and supplemented by various forms of hunting,
fishing and gathering from waste and meadow lands throughout the country (Orrman 2003a;
Hybel and Poulsen 2007). Inconsistencies in soil composition across Denmark however,
effectively pushed cultivated food production to the clay soils of the east and left the sandy soils
of western Jylland for animal husbandry (Hybel and Poulsen 2007). Grain was the most vital
crop produced in Denmark throughout the early and high Middle Ages with estimates suggesting
that up to 75 percent of the daily diet for adults consisted of grain and grain products (Hybel and

Poulsen 2007).

21



During the early and high medieval periods the primary foodstuffs were agricultural
produce such as rye and barley with the majority of the household income being spent on food
products (Adamson 2004). First introduced into Denmark at the beginning of the 12" century,
rye was grown and used primarily for bread and barley which was most popular for bread and
malt and originated from north eastern Germany (Orrman 2003a). It was because of this ability
to grow barley and oats in a colder, moist environment that throughout the medieval period
Denmark was able to continually export grain and enjoyed similar success to that seen in
Western Europe (Orrman 2003a). This success of the grain industry in Denmark was partly
dependent on the introduction of specific agricultural technologies including the development of
the plough between the 1 1" and 12" centuries and the introduction of water, wind and horse
mills in the 12™ and 13" centuries (Hybel and Poulsen 2007). Bread was considered the most
cost-effective food where the calories to expense ratio was three to four times higher than for
meat (Adamson 2004). While meat was available during the medieval period it was up to four
times more expensive, as agricultural land took precedence over livestock habitat, and was
mostly enjoyed by the upper tiers of society (Adamson 2004). Most diets during the medieval
period were supplemented with garden and wild fruits, nuts and some grasses, likely collected
from plots of land outside the urban centres (Hybel and Poulsen 2007). Fish was perhaps the
most important dietary supplement as coastal settlements had free access to the water and inland
settlements were not far from trading points to obtain salted cod or herring (Sawyer and Sawyer
1993). Additionally, religious sanctions against terrestrial mammal consumption on
approximately 135 days each year created more demand for fish, as the Church allowed this

dietary substitution on holy days beginning in the 7" century (Hoffman 2001).
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The majority of the medieval population survived on two meals a day, a midday dinner
and an evening supper. Exceptions to this were the elderly, the sick and children who were
afforded small snacks or an early morning meal, as well as some craftspeople who needed
additional sustenance to complete their long workday hours (Adamson 2004). For the lowest
echelons of medieval society, which was approximately 20-30 percent of the entire population,
alms from the rich provided them with basic essentials including various foodstuffs and ale
(Orrman 2003b). During years of poor crop yields (i.e. beginning of the 14™ century),
fluctuating grain prices benefitted townspeople who were able to purchase grain at a reduced
price and supplement their diet with secondary goods such as meat and fish (Adamson 2004).
Those who were not as fortunate were forced to stretch their grain supply by adding beans or
sawdust to their bread flour, made worse by times of extreme famine where grass and dead
animals were consumed as a last resort (Adamson 2004). Even in times of sufficient grain
supply, contaminants such as fungus were a concern for grains that remained damp before
harvest or during storage (Adamson 2004). After the initial onslaught of the Black Death in the
high medieval period, those that survived were afforded more meat and animal products such as
milk and butter as fallow fields were left for grazing land and prompted an increased interest in
animal husbandry (Adamson 2004; Hybel and Poulsen 2007). Overall, the entire medieval period
was characterized by the introduction of sophisticated agricultural tools such as the wheel-plough
and three-course crop rotation (Orrman 2003b). However, there was a continuous disruption of
the food supply for all tiers of society, made worse through the onset of disease and
unpredictable weather patterns.

In addition to these natural regulators of the food supply during the early and high

medieval periods, religious fasts also regulated much of the quality and quantity of food
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consumed by the Danish population (Adamson 2004). As Adamson (2004) discusses, with the
onset of Christianity in the western world, fasting was not as wide-spread or as strict as the
regulations during the early and high medieval periods. It was in beginning of the 5™ century that
this focus on food became prominent, as overindulgence was linked with sin, specifically carnal
desire. Therefore, fasting represented a way in which to cleanse one’s body and soul and to
control sexuality and desire (Adamson 2004; Albala 2011); fasting was essentially “a conscience
ritual of intentional undernourishment” (Albala 2011:43). Fasting was also used as a tool to unite
the religious community where fasting contributed to a sense of belonging (Adamson 2004).
While the guidelines of fasting changed over the centuries, by the Middle Ages it was generally
agreed upon that no meat from warm-blooded animals could be consumed in addition to dairy
products or eggs on designated holy days (Adamson 2004). With religion and religious sanctions
playing a pivotal role during the early and high medieval periods, fasting was strictly adhered to
with food consumption restricted for almost one third of all calendar days each year (Adamson
2004). Exceptions to this rule were the sick, elderly, and children (Adamson 2004).

2.5.4 Climatic Shift between the Early and High Medieval Periods

Before the 14™ century, the early medieval period was characterized by stable weather
patterns and higher average summer temperatures that contributed to good harvests and grew the
Danish population (Fagan 2000). Known as the “Medieval Warm Period,” between the 11" and
14™ centuries there was a moderate temperature increase of 0.2 degrees in Europe (Hybel and
Poulsen 2007). Scandinavia experienced the beginning of this warmer period in the 11" and 12
centuries, while the remainder of Europe was not until the 13" century (Hybel and Poulsen
2007). Described as the “climatic golden age” (Fagan 2000:21), this period of agricultural

proliferation saw one of the warmest periods in Denmark (Fagan 2000). Following this prolific
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period of agriculture success and adequate foodstuffs for the steadily increasing Danish
population, a climate shift that brought substantial rains in the first decades of the 14™ century
led to wide-spread famine (Jordan 1996; Fagan 2000; Hybel and Poulsen 2007). Known as the
“Little Ice Age,” the 14" century ushered in a cooler climate and increased precipitation that
lasted until AD 1800 (Fagan 2000). Beginning with poor crop yields in AD 1315, food shortages
spread as summer crops were both flattened by torrential rains and failed to ripen properly
leading to an insufficient quantity of food and inadequate nutrition (Jordan 1996; Fagan 2000).
This first year significantly contributed to widening the gap between agricultural production and
demand, a trend that would continue for another six seasons (Jordan 1996). The following year
AD 1316 was considered the worst year for cereal crops in all of the medieval period (Fagan
2000). Cereal crops failed as the spring rains kept farmers from planting enough seeds to sustain
the population. Estimates suggest that shifting weather trends responsible for the Great Famine
devastated over 400,000 square miles of Northern Europe and affected as many as 30 million
people, as its continuous presence was felt for a full seven years between AD 1315 and 1322
(Jordan 1996). In addition to poor agricultural yields, livestock also suffered from inadequate
food with many left to starve or forage on their own. As a result of these diminishing livestock
herds less manure was available to fertilize the fields, contributing to further agricultural
hardship (Fagan 2000). While the famine was felt across the Danish landscape and elsewhere in
Europe, city inhabitants were perhaps most at risk, as food shortages and the introduction of
diarrheal diseases from poor and experimental diets led to disease outbreaks (Fagan 2000). While
the beginning of the 14™ century marks the beginning of the Little Ice Age in Europe, this period
was marked not by constantly colder temperatures, but rather climatic fluctuations that caused

warm summers and moderate winters, but also torrential rains and devastatingly cold periods

25



leading to an inconsistent and unreliable food supply (Fagan 2000; Yoder 2006). By AD 1322
these climatic shifts subsided enough to allow for economic, agricultural and population rebound
in Denmark, but this calm was followed closely by the Black Death in AD 1349. This “climatic
seesaw” (Fagan 2000:47), and disease devastation contributed to what has been referred to as the
Late Medieval Agrarian Crisis (LMAC) (Gissel 1981; Jager 1981). First discussed by Abel
(1976), the LMAC was the result of multiple culminating factors including, large scale land
desertion, a decreased workforce, a reduction in grain demand, civil unrest and religious
upheaval. During this period there were no new towns established anywhere in Scandinavia
(Andrén 1989) as the masses experienced a wide-spread and obvious reduction in the standard of
living.

2.5.5 The Black Death

Derived from the Latin phrase, “atra mors,” the Black Death is considered the worst
“demographic disaster” (Benedictow 2004:3) in human history. With a lethality rate of 80 to 100
percent, the Black Death could kill within a few hours of infection (Benedictow 2004). The
colloquial term “plague”, derived from the Latin “plaga”, originated in northern Europe and was
used to describe the symptoms of a stroke (Benedictow 2004). It was in an AD 1349 Norwegian
correspondence from King Erik Magnus Eriksson that the first written record of “plaga”
appeared in Scandinavia (Benedictow 2004). Contrasting theories have emerged regarding the
etiology of the Black Death ranging from the bacteria Yersinia pestis to haemorrhagic fever
filoviruses (Yersin 1894; Scott and Duncan 2001). While Benedictow (2004) argues that fleas
found on rats were the main transmitter of the Black Death, the epidemiology of this
transmission system is based on the contemporary strain of the Yersinia pestis bacteria and too

slow for what was experienced in Europe in the Middle Ages. As Scott and Duncan (2001)
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argue, a direct person-to-person contact system would have been necessary to spread the Black
Death as fast as it did and over great distances in a relatively short period of time; the long
incubation period in the flea-rat-human system would not have sustained the disease. This debate
is also present at a molecular level where Drancourt et al. (1998) and Raoult et al. (2000) were
able to extract Yersinia pestis DNA from the pulp cavity of teeth, but Thomas et al. (2004)
showed no evidence of the bacteria in any confirmed archaeological plague victims. Considering
this etiological debate, it is likely that the Black Death was carried into Denmark by ship from
Southern Norway into the coastal province of Halland in the summer of AD 1349 (Sawyer and
Sawyer 1993; Benedictow 2004). However, arguments have been made that the disease could
have also been introduced into Halland from Oslo in Norway, Idd in south eastern Norway or
even from eastern England (Benedictow 2004). Once in Denmark, the Black Death immediately
invaded the southern province of Skéne, and by AD 1350 was present in Jylland to the far west,
evidenced through a sharp increase in mortality rates in church records (Benedictow 2004).
Similar to the arguments made by Scott and Duncan (2001) and Cohn (2002), the Black Death
spread quickly throughout Denmark and likely would have needed human-to-human contact to
maintain its virulence, strengthening the virus argument for this disease. After the initial
devastation of the Black Death in the middle of the 14™ century, there were smaller resurgences
of the plague in the 1360s and late 1370s in Lund, Roskilde, and Ribe (Hybel and Poulsen 2007).
These later outbreaks of the disease, while less fatal than the initial strain of the Black Death,
still contributed to the population deficit which did not fully recover until the beginning of the

19" century (Hybel and Poulsen 2007).
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2.5.6 Early and High Medieval Population Demography

During the early medieval period life expectancy was low as poverty “was a permanent
feature of the Middle Ages” (Mollat 1986:1) and contributed to poor housing, inadequate
clothing, disease outbreak, substandard hygiene practices and malnutrition (Mollat 1986; Livi-
Bacci 1991; Hybel and Poulsen 2007). From the early 11" century onwards there was an
increase in population size in Denmark which introduced economic strain and resultant poverty
for the lowest income families (Mollat 1986; Benedictow 2003; Youngs 2006). This urban
expansion also contributed to an increase in epidemics that created “severe demographic stress”
(Petersen et al. 2006:114). Regular intervals of disease outbreak would have been commonplace
in these medieval urban communities resulting in a population decrease and an inability to
recover as these diseases would have affected adolescents and young adults in their reproductive
years (Petersen et al. 2006). As Paine (2000) discusses, in normal contemporary populations the
risk of dying is highest during the initial phase of life with a steady decline into adolescence;
however, this pattern is not always reflected in archaeological populations, where a large
proportion of older children, adolescents and young adults may enter the skeletal record. For
example, in the medieval St. Mikkel Viborg sample in Denmark survivorship was reduced in the
older children and adolescent groups suggesting these urban individuals were exposed to specific
conditions driving this unexpected mortality patterns, like periods of disease outbreak (Petersen
et al. 20006).

This is not to say that these medieval populations were not experiencing a similar
mortality pattern as that seen within contemporary populations, but these expected patterns may
have been masked by larger trends driven by long term catastrophic episodes (Paine 2000). For

example, infants would have been particularly vulnerable due to obstetrical complications,
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disease and infection, and malnutrition living in these urban environments (Palubeckaité et al.
2002; Youngs 2006); however, the demographic profile of Danish populations at this time (Paine
and Boldsen 2002) do not adhere strictly to this expectation suggesting that factors influencing
mortality were multi-dimensional and could affect any age group within a medieval population.
For adult men and women there was some disparity in life expectancy with women
experiencing higher mortality rates between 20 to 35 years and men between 35 to 50 years
(Sellevold 1989a, 1989b; Sawyer and Sawyer 1993). This elevated risk of dying for females in
this younger age category was likely the result of childbearing complications or post-partum
infection (Sawyer and Sawyer 1993; Petersen et al. 2006; Boldsen 2007). However, for both men
and women adult mortality was highly dependent on morbidity patterns seen earlier in life.
Boldsen (2007) and DeWitte and Wood (2008) both discuss how individuals that experienced
early life stress events were more likely to have higher mortality rates in adulthood as the effects
of early life stress may predispose an individual to increase frailty (Palubeckaité et al. 2002;
DeWitte and Wood 2008) or may activate differential frailty already biologically present
(Boldsen 2007). Further, sexual buffering may have also impacted these frailty and visible
mortality patterns. Sexual buffering is the concept that females are less biologically vulnerable to
stress insults than males producing a health gradient between the sexes (DeWitte 2010).
However, cultural influences and the historical preference for males or females may skew this
biological vulnerability and observed mortality rates. For example, when looking at victims of
the Black Death, DeWitte (2010) illustrates that males show higher vulnerability than females
even when both sexes are predisposed to the plague based on early life stress events. Looking
specifically at the medieval Danish Tirup skeletal sample, Boldsen (2007) found that mean life

expectancy rates were 20 years for females and 25 years for males, with less than 50 percent of
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the population reaching these ages. However, of the individuals who did reach early adulthood,
up to 20 percent survived until the 8" decade of life (Boldsen 2007). This low life expectancy
was fairly constant throughout the medieval period with a slow improvement during the post-
plague period likely the result of decreased population density and better access to resources
(Benedictow 2003), improved hygiene and better living conditions (Youngs 2006), and a shift in
socioeconomics with an increased reliance on animal husbandry and meat products (Benedictow
2003; Hybel and Poulsen 2007). Despite these improvements however, it was not until the mid-
18™ century that life expectancy had risen into the fourth decade of life in Denmark (Benedictow
2003).

2.5.7 Cattle Farming

The importance of cattle farming in Denmark was not full recognized until after the mid-
14™ century when the decimation of widespread famine and the Black Death had passed (Hybel
and Poulsen 2007). In the high Middle Ages Denmark experienced land desertion on a large
scale in part due to poor weather conditions in the early 1300s and further exacerbated by the
population decline after the Black Death period in the mid-14™ century (Hybel and Poulsen
2007). Animal husbandry has always been a part of the Danish landscape since the Neolithic
period (Randsborg 2009), particularly in rural environments, and while some larger-scale cattle
rearing had begun in the 12" and 13" centuries on deserted land, it wasn’t until after AD 1350
there was a wide-spread economic interest in animal husbandry, specifically cattle breeding.
While cattle had been used in the early medieval period for dairy, the high Middle Ages were
characterized by cattle breeding for meat (Hybel and Poulsen 2007), an industry that flourished
as cattle had access to large plots of grazing pasture on deserted land (North 2012). Despite the

population decline experienced after the Black Death, animal husbandry thrived as less labour
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was required than agricultural pursuits and more land was available (Randsborg 2009). These
lands desertions were not equally distributed across Denmark with the western province of
Jylland experiencing the most vacancies beginning in the late 1300s and culminating in the late
1400s, making western Denmark the seat of cattle production (North 2012). Where an average
farmer may have had 3-4 cows during the early medieval period, at the end of the 15" century a
peasant farmer could have had as many as 15 cattle in their herd (Hybel and Poulsen 2007). One
benefit of this cattle expansion was a possible shift in dietary patterns where the consumption of
meat and dairy products in the early part of the 15" century may have risen (Hybel and Poulsen
2007). As Denmark’s reliance on cattle breeding expanded, trade of meat, dairy products and
cattle was also increasing, particularly in Germany (Dahlbick 2003). By the early 15™ century
salted meat and cattle hides were being heavily traded, with markets becoming saturated with
these products around AD 1450 (Hybel and Poulsen 2007). At the height of production,
Scandinavia was considered the third major supplier of cattle and cattle products in Europe
(Hoffman 2001). This steady increase in cattle production intensified across all of Denmark,
replacing the previously successful horse breeding industry between AD 1100 and 1300 (North
2012). The pinnacle of this cattle trade and production was in the early to mid-1500s, where
approximately 25,000 heads of cattle were driven south annually into northern Germany a trend
that continued well into the post-medieval period (Dahlbédck 2003; Hybel and Poulsen 2007).
2.6 THE POST-MEDIEVAL PERIOD (AD 1536-1660)

2.6.1 Political Unrest and Shifting Borders

During the post-medieval period Denmark experienced substantial agricultural change, a
new investment in trading opportunities, and a renewed interest in urban towns; this period was

also marked by political struggles and changing geographic boundaries (Randsborg 2009). This
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shifting of Danish land rites was politically charged as the post-medieval period was continually
plagued with conflict between Denmark and Sweden that had begun with the establishment of
the Nordic Union in AD 1397 (Derry 1979). After the Nordic Union was established in an
attempt to centralize power and strength equally between all three countries (Norway, Sweden
and Denmark), Denmark became increasingly identified as the central authority and claimed land
rights in Norway, Finland and even Sweden for a period, creating a tumultuous relationship
resulting in constant conflict through the late and early post-medieval periods (Derry 1979). This
animosity reached its peak in the 17" century when Denmark almost lost its independence at the
hands of Sweden as land was being constantly traded between various ruling monarchs
(Randsborg 2009). While first established under the rule of Margaret, the Nordic Union from the
Middle Ages into the post-Reformation period was a constant struggle for the Danish monarchy
and rebellious peasants (Derry 1979). In addition to these external threats, Denmark also
experienced civil war at the dawn of the Reformation that arguably ushered in this new religious
reform (Oakley 1972). Known as the Count’s War, this Danish civil war was the result of
feuding Catholic and Protestant beliefs which rallied the Catholic masses against the largely
Protestant nobility. During these two years of civil war, proponents of Christian the 2™ with the
support of Count Christoffer of Oldenburg tried to restore the crown to the rightful heir, while
the nobility of Denmark, worried by the rebellious peasant masses, elected Christian the 3™ a
known Lutheran to fight against this Catholic rebellion (Lockhart 2004). As the war raged across
Denmark with the Protestant side gaining ground, this civil unrest eventually reached the island
of Fyn in June AD 1535 (Lockhart 2004). Despite Christian the 2™ supporters resisting in
Copenhagen and Malmé, eventually they surrendered and Christian the 3™ was appointed as king

of Denmark (Lockhart 2004). With Christian the 3™ as the new leader of Denmark the nobility
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who had helped his cause in the Count’s War were granted social advantages and new land
claims, while the Catholic peasant groups of Denmark experienced increased economic and
social sanctions (Lockhart 2004). Because of the close relationship between Denmark and
Northern Germany, Protestantism was inevitable in Scandinavia as the demand for religious
reform continually grew after Martin Luther posted his 95 theses in Wittenberg, Germany
(Oakley 1972). It was the Count’s War that led to this widespread change, as the rule of
Christian the 3" marked the beginning of Denmark’s Golden Age receptive to cultural
maturation, social engagement and religious reform (Randsborg 2009). Following the rule of
Christian the 3in AD 1559, Frederick the 2™ enjoyed a relatively stable rule of Denmark with
his political gain over the island of @sel and a fruitless seven year war against Sweden from AD
1563-1570. The purpose of this war was to re-establish the Nordic Union, but in reality created
greater animosity between these warring nations (Randsborg 2009). At the conclusion of the
reign of Frederick the 2" in AD 1588, Christian the 4™ became the king of Denmark. As the king
of both Denmark and Norway (Dano-Norwegian Kingdom), Christian the 4™ enjoyed the
benefits of sole control over the Baltic via the @resund which separated the Sjelland and Skéne
provinces. With increased trade and traffic through the Gresund, the second half of the 16™
century was prosperous for Denmark (Oakley 1972; Randsborg 2009). It was during this period
that urban control switched to Copenhagen and Malmo as the Oresund was the “commercial
link” between the West and East of Europe (Andren 1989:602). As a strictly Protestant entity,
the Dano-Norwegian Kingdom was called to fight during the 30 Years’ War when the Catholic
enemy began defeating Protestant forces. As one of the first countries to engage in the 30 Years’
War, Denmark attempted to quell the Catholic forces of northern Germany in AD 1625 but failed

(Anderson 2011). After this defeat in the 30 Years’ War, unrest was still present in this early
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post-medieval period as the Torstenson War began in AD 1643 when Sweden with the help of
the Dutch simultaneously invaded Jylland in the west and the Skane province in the east
(Randsborg 2009). This defeat at the hands of the Swedes cost Denmark the islands of Gotland
and Osel, as well as Norwegian territory. Denmark was also forced to cede the Skane and
Halland provinces for 30 years (Randsborg 2009), marking the end of the early post-medieval
period in Denmark.

2.6.2 Post-medieval Population Demography

Within European society, the post-medieval period was dominated by the peasant class,
making up approximately 85 percent of the population with the remaining 15 percent of society
being represented by the middle class and nobility (Anderson 2011). While the population in
Scandinavia slowly recovered from the high medieval decline to approximately 1.4 million
people in the late 1500s, mortality rates were still high among children reaching as much as 50
percent in rural regions (Anderson 2011). Despite relatively stable weather patterns and a return
to agricultural success with wheat, rye and barley crops, the cattle production success of the early
16" century was challenged by outbreaks of the cattle plague in AD 1518 and 1559. These
plague outbreaks diminished livestock herds and consequently led to a rise in unemployment and
an increase in the urban poor population (Anderson 2011); this urban influx lead to
overcrowding conditions similar to that experienced in the early medieval period (Anderson
2011). There was an overall decline in the Danish population in the post-medieval period likely a
hangover from the events of the high Middle Ages leaving the Danish population at an estimated
825,000 by AD 1645 at which point settlement and growth began to rebound (Randsborg 2009;

North 2012).
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2.6.3 Diet during the Post-medieval Period

While many of the staple food items remained the same from the medieval into the post-
medieval period, two important aspects changed: 1) meat consumption and cattle products were
more readily available, and 2) new foodstuffs were being introduced into Europe from the new
world after AD 1520 (Anderson 2011). Bread, similar to the medieval period, was the staple food
item in all of Europe during the post-Reformation period. The majority of breads for the peasant
classes were made from rye and barely grains with the upper classes and nobility enjoying more
refined and less coarse grains (Anderson 2011). New items being introduced into Europe
included tomatoes and potatoes. Because potatoes were a hardy vegetable and could be grown in
various climatic conditions, they became widely used in the late 16™ and 17" centuries
(Anderson 2011). The expansion of European markets to include various foreign foodstuffs also
contributed to shifting dietary patterns where new spices such as saffron, cinnamon, ginger and
cloves could be added to recipes changing the way food was prepared and consumed (Anderson
2011). During the 16" century the prominence of wine and ale was also marked as only children
enjoyed non-alcoholic beverages and the remainder of the population consumed homemade ale
or imported wine, as water was deemed unfit to consume (Anderson 2011). Fish was also an
important dietary item during the post-medieval period as herring from the North Sea established
Aalborg as an important commercial trade city distributing herring along the Danish coast into
the Baltic region (North 2012). Despite the introduction of new food items and larger
commercial pursuits, the post-medieval period was not immune to famine or disruptions of the
food supply. Between AD 1594 and 1597 another widespread famine swept through much of

Europe due to shifting weather patterns (Fagan 2000; Hybel and Poulsen 2007). In addition to
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the shifting availability of food and the introduction of foreign items, new religious
considerations about food were also ushered in during the post-Reformation period.

During the century leading up to the Reformation in Denmark, there was marked increase
in public interest in the Church with rebellion against the ridged sanctions of Catholicism
(Randsborg 2009). Not surprisingly, as King Christian the 3" demanded Protestantism become
the religious doctrine for all of Danish society, there were changes in the public’s opinion of
certain religious practices, namely fasting (Benedictow 2003). Considered a devotional act,
fasting during the medieval period was well-entrenched; however, with the crumbling of
Catholicism in the mid-16"™ century in Scandinavia, individuals began to question the necessity
of fasting to gain salvation (Albala 2011). Fasting was generally opposed by the newly reformed
Protestants due to the poor management of this religious sanction during the medieval period;
specifically the lack of consistency and enforcement of food restrictions, the ability to obtain a
dispensation from fasting and, the different rules in place from region to region (Albala 2011). It
was because of this increasing discontent within the general population that fasting was
reassessed by Pope Alexander the 6™ who lowered restrictions on foodstuffs such as butter and
increased the number of exceptions that were granted throughout the year (Albala 2011). Once
these new rules were ushered in by Pope Alexander in AD 1491, the growing Protestant
population questioned why other similar foodstuffs could not also be reintroduced and what the
benefit of fasting was if the rules could be changed so easily (Albala 2011). As Protestantism
grew throughout Europe, fasting became more of a private, voluntary matter where individuals
could decide which foodstuffs they would or would not consume during specific calendar days

(Albala 2011).
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2.7 SUMMARY OF THE MEDIEVAL TO POST-MEDIEVAL PERIOD IN DENMARK

The early medieval period in Denmark saw the establishment of new towns and the
growth and evolution of agriculture (Hybel and Poulsen 2007). Characterized by relatively stable
weather the early medieval Danish population mainly subsisted off of a grain diet and local
foodstuffs (Fagan 2000; Adamson 2004). Despite these stable climatic trends and adequate food
for the majority of the population, this period also experienced low life expectancy, especially
for infants and children (Youngs 2006). In contrast, the high medieval period in Denmark was
marked by the beginning of the Little Ice Age which brought unpredictable weather patterns
leading to wide-spread famine in the first decades of the 14" century (Jordan 1996; Fagan 2000).
This climatic devastation was promptly followed by the Black Death which decimated nearly 50
percent of the Scandinavian population (Benedictow 2004). The sharp population drop resulting
from these high medieval disasters led to a socioeconomic shift in Denmark where cattle
production became important for trade in larger European markets (Hybel and Poulsen 2007).
Towards the end of the high medieval period Danish diets were likely influenced by the
expanding meat and dairy trade that was flourishing at this time; however, the primary grain
staple of the diet remained the same throughout the medieval and post-medieval periods
(Anderson 2011). Despite the devastation of the Black Death and the early 14™ century famine
period, those who survived in late medieval period likely had better over health as resources
were more abundant due to the sharp decrease in the Danish population.

The post-medieval period was mainly characterized by an increase in urban expansion
due to diminished agricultural work which introduced new concerns such as pathogen exposure
from over-crowding and food contamination (Anderson 2011). This urban expansion would have

also created specific strains on the food supply chain as more and more foodstuffs would have
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needed to be brought in from the countryside to feed the expanding urban population. Changing
religious beliefs also contributed to the post-medieval diet as fasting rules became more lenient
and the population was allowed to take control of their own food consumption habits during holy
days (Albala 2011). Despite this economic prosperity however, the post-medieval period was
also marked by continual conflict with Sweden resulting in the loss of agricultural land needed to
feed the expanding population (Hybel and Poulsen 2007). While the medieval period would have
been host to many fluctuations in health, the post-medieval period experienced mainly conditions
of extreme hardship that ushered in the Reformation and continued steadily through the 16™ and

early 17" centuries.
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CHAPTER 3: LITERATURE REVIEW — OSTEOLOGICAL CONTEXT

3.1 INTRODUCTION

This chapter will focus on an in-depth discussion of skeletal structure, bone metabolism,
bone cell dynamics and the influence of stress on these processes. Specific attention will be paid
to the osteological indicators of stress in the skeleton and their use to assess health and well-
being in past populations.
3.2 SKELETAL STRUCTURE AND GROWTH

Bone is the foundational tissue of the human body, providing the necessary structure and
support to all overlying and interconnected biological systems (Rosenfield 1996). Human bone is
comprised of both organic and inorganic materials and when fully mineralized has a composition
of 20 percent water, 35 percent organic materials and 45 percent inorganic materials (by weight)
(Carter and Beaupré 2001; White and Folkens 2005). The structural protein collagen makes up
nearly 90 percent of the organic component of bone, with hydroxyapatite (bone mineral
comprised of calcium carbonate and calcium phosphate) making up the majority of the inorganic
component of bone (Carter and Beaupré 2001). While bone development begins in utero, this
dynamic tissue is continually modelled and remodelled in size and shape throughout the lifetime
of an individual, with primary bone mineralization occurring during the growth and development
period (Leonard and Zemel 2004). This initial mineralization of bone is referred to as modelling,
where bone cells lay down the primary scaffolding of the skeletal system to maintain bone shape
and mass during the growth and development period. After this primary modelling of bone has
occurred, bone remodelling is required to maintain calcium homeostasis within the skeleton and

to repair any bone that may be damaged (Buckwalter et al. 1995; Giustina et al. 2008). This
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modelling and remodelling process continues throughout life with 10 percent of the entire
skeleton being turned over every year (Parfitt 1977).

3.2.1 Osteoblast Cells and the Creation of Bone

All skeletal elements are comprised of three types of bone cells that form the foundation
of skeletal integrity, osteoblasts, osteoclasts, and osteocytes, which form, remodel and maintain
bone, respectively (Vaughan 1975). Osteoblasts are the primary bone cells that begin to
differentiate in utero and are responsible for bone formation and deposition (Ducy et al. 2000;
Carter and Beaupré 2001). Osteoblasts contribute to the formation of both the organic and
inorganic components of bone through the production of type 1 collagen and through the
regulation of calcium and phosphate (Manolagas 2000). It is through this type 1 collagen
synthesis that the osteoblast cells secrete osteoid and other proteins creating the primary bone
structure that will eventually become mineralized (Kronenberg 2003). The average lifespan of an
osteoblast cell is approximately 3 months (Parfitt 1994), and within this lifespan all osteoblast
cells will be a part of a basic multicellular unit (BMU) (Manolagas 2000). A BMU is made up of
both osteoblasts and osteoclasts and maintains skeletal equilibrium as bone is equally deposited
and resorbed by these units (Manolagas 2000). Not only do osteoblasts play an imperative role
in bone formation, mineralization, and remodelling, but are also responsible for the synthesis and
secretion of molecules required to stimulate the production of osteoclast cells (Ducy et al. 2000).
Despite the similar structure of osteoblasts and osteoclasts and their working relationship within
BMUs, these cells stem from different precursors that dictate their unique metabolic function

(Manolagas 2000).
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3.2.2 Osteoclast Cells and Bone Remodelling

Osteoclasts are primarily identified as bone resorbing cells, but also play an important
role in bone formation and the regulation of overall skeletal mass (Rifken and Gay 1992).
Despite the resorptive function of these cells, osteoclasts are imperative for the successful growth
and development of an individual, as their resorbing function ensures that all skeletal elements
maintain an optimal calcium composition, and that damaged bone is removed and replaced by
new bone (Giustina et al. 2008). It is well understood that osteoclasts participate in a multistep
process during their functional lifespan. This process begins with the establishment of osteoclast
cells within the embryonic skeleton, followed by a maturation sequence into adult cells that
begin their resorptive duties within BMUSs throughout the skeleton (Teitelbaum 2000). Similar to
osteoblasts and their production of osteoid, osteoclast cells also manipulate their extracellular
environment during bone resorption. This extracellular environment is created by the unique
membrane feature only visible in osteoclast cells during the bone destruction process
(Teitelbaum 2000). Upon recognizing degraded bone, an osteoclast cell will situate this unique
membrane between itself and the degraded bone. Once this extracellular environment becomes
sealed, the osteoclast cell begins the process of acidification that demineralizes both the organic
and inorganic components of the bone (Blair et al. 1986). How the osteoclast recognizes when to
halt this destructive process is not as well understood, but may be controlled by receptors that
indicate calcium levels and essentially cause the osteoclast to switch-off the demineralization
process when the older, calcium-deprived bone has been successfully removed (Vaénédnen and

Horton 1995).
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3.2.3 Osteocyte Cells and Bone Maintenance

The metabolic function of osteocyte cells is far less understood; however, there is general
agreement regarding their basic maintenance and communication function in bone (Vaughan
1975). Osteocytes are the most abundant bone cells within the skeleton (Parfitt 1977), and have a
considerable lifespan of approximately 20 years (Weinstein et al. 1998). Osteocytes, sometimes
referred to as “sensor cells,” are considered maintenance cells because of their ability to
communicate and dictate the function of osteoblast and osteoclast cells (Aarden et al. 1994).
While osteoblasts and osteoclasts are created from precursor cells, osteocytes are created directly
from osteoblast cells that become encapsulated within the boney matrix of the forming skeleton
(Carter and Beaupré 2001). Within each BMU osteoblasts are organized into rows and create
new bone in a linear pattern; however, during the bone formation process, some osteoblasts
become trapped within the boney matrix being created by surrounding cells. Once these
osteoblasts become encapsulated, they begin to differentiate into osteocytes with distinct cellular
bodies housed in the lacunae and cytoplasmic processes housed in the canaliculi (Noble et al.
1997). This cellular organization of osteocytes effectively connects all cells to one another
through the canaliculi, including osteoblasts and osteoclasts, creating a communication network
where the osteocyte maintains homeostasis within the skeleton (Aarden et al. 1994; Manolagas
2000). In order for the skeleton to maintain homeostasis, there must be cohesion between all
three cell types; therefore, once one osteoblast cell has begun to differentiate into an osteocyte
cell, an immature osteoblast cell will differentiate into a mature cell and will replace the old

osteoblast in its former position within the BMU (Palumbo et al. 1990).
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3.3 BONE MINERALIZATION

All skeletal elements are built upon a framework established by the embryonic
mesenchymal cells during the initial stages of skeletal formation (Wagner and Karsenty 2001). In
utero, these mesenchymal cells cluster together to form the structural precursors of the entire
skeleton (Wagner and Karsenty 2001). The mesenchymal cells that precede all skeletal elements
migrate from three distinct cell lineages where they will differentiate into either chondrocytes
(cartilage cells) or osteoblasts (Hall and Miyake 2000; Olsen et al. 2000). The craniofacial
skeleton is created through cranial neural crest cells that migrate from the neural tube; the axial
skeleton is created through paraxial (somatic) mesoderm cells, and the appendicular skeleton is
created by cells from the lateral plate mesoderm (Bronner-Fraser 1994; Tam and Trainor 1994;
Cohen and Tickle 1996; Cooper 2004). Once established, these skeletal precursors will either
contribute to intramembranous or endochondral ossification (Scheuer and Black 2000).

3.3.1 Intramembranous Ossification

As the primary mode of skeletal mineralization, intramembranous ossification begins in
utero and continues throughout life during the bone remodelling process (Scheuer and Black
2000). During intramembranous ossification, mesenchymal cells differentiate directly into
osteoblast cells in a one-step process where ossification begins immediately after cellular
differentiation. While intramembranous ossification continues throughout life as bone is
continually remodelled without a cartilage precursor, the primary bones that form through this
type of ossification are the bones of the cranial vault, the face, and many elements of the thorax
(Scheuer and Black 2000). It has been suggested that primary skeletal elements derived from this

type of mineralization are imperative for protection and survival immediately after birth,
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particularly the bones of the cranial vault to protect the brain, and the bones of the face and
thorax to facilitate feeding and respiration (Holden 1882).

3.3.2 Endochondral Ossification

Endochondral ossification occurs in the majority of skeletal elements; particularly the
long bones with all elements being preceded by a cartilage matrix (Vaughan 1975). In utero,
mesenchymal cells that cluster to form the endochondral skeleton differentiate into chondrocytes
creating a cartilage matrix that will eventually mineralize. Once created, these matrices will be
mineralized by the osteoblast cells, those mineralized first in utero are referred to as the primary
ossification centers, where matrices mineralized after birth are known as secondary ossification
centers (Scheuer and Black 2000). The primary ossification centers make up the majority of the
skeleton, with secondary centers being represented by the hands and feet, all long bone epiphyses
and elements of the thorax. While the primary and secondary ossification centers create the
skeletal template, it is the growth plates located between these templates that allow for the linear
growth of the skeleton (van der Eerden et al. 2003; Giustina et al. 2008).
3.4 BONE GROWTH

3.4.1 Growth Plates and Linear Growth

The growth plate is comprised of three zones of well-organized specialized chondrocyte
cells: the resting zone, the proliferative zone and the hypertrophic zone (Giustina et al. 2008).
The resting zone is the furthest zone from the diaphysis and where chondrocytes replicate slowly
before moving into the proliferative zone (Hunziker 1994). The proliferative zone is
characterized by an increase in cell replication followed by the hypertrophic zone located
directly along the bone diaphysis (Nilsson et al. 2005). Once cells have entered into this

hypertrophic zone they begin to increase in size and move into the extracellular matrix along the
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diaphyseal border, where these hypertrophic chondrocytes are able to attract blood vessels, bone
cells, and then begin to calcify the boney matrix. With the attraction of osteoblasts and blood
supply, hypertrophic chondrocytes begin their natural cell death as bone mineralization continues
(Nilsson et al. 2005). This process of laying down new layers of bone along the proximal and
distal diaphyseal borders is what contributes to linear growth.

3.4.2 Appositional Growth

While bone length is obtained through the delicate balance between chondrocyte
proliferation and osteoblast mineralization in the growth plates, bone mass is increased through
the interaction of osteoblast and osteoclast cells during appositional growth (Vaughan 1975).
Appositional growth is described as the process in which bone modelling and remodelling
creates an increase in bone width or girth (White and Folkens 2005). Shortly after the appearance
of primary ossification centers, skeletal elements are surrounded by a periosteum which is a
protective sheath that covers the cortical bone (Buckwalter et al. 1995). Within this protective
layer the osteoblast cells line up along the outer surface of the bone and begin to secrete osteoid
to be mineralized, effectively increasing bone width (Brainerd Arey 1965). During this bone
formation process on the outer surface of the bone, a similar destructive process occurs on the
endosteal surface as osteoclasts resorb bone. Essentially as the osteoblasts are laying down new
skeletal tissue on the outer surface, bone is being equally removed from the inner surface
allowing for bone width expansion without increased cortical bone thickness (Buckwalter et al.
1995).

3.4.3 Hormonal Influence on Skeletal Growth

In addition to the cellular component of bone growth, there are also specific hormones

that contribute to skeletal maturation, particularly growth hormone (GH) and insulin-like growth
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factor 1 (IGF-1). GH and IGF-1 are closely related metabolic hormones that work together to
maintain skeletal homeostasis (Giustina et al. 2008). GH is synthesized through a variety of
central and peripheral signals within the body as well as through input from sex hormones and
thyroid hormones (Giustina et al. 2008). GH is secreted for the majority of the lifecycle and is
usually complete after 60 years of age (Giustina et al. 2008). GH stimulates the growth of
cartilage during longitudinal bone growth and can either act directly on the chondrocytes or in a
more systemic capacity through interaction with IGF-1 (Ohlsson et al. 1998). Up until the 1980s
it was believed that GH worked in a systemic capacity only, rather than directly at the site of the
growth plate; however, this theory was abandoned when research showed that injecting GH
directly into the growth plate will stimulate chondrocyte proliferation and increase growth
(Isaksson 1982). GH has a direct effect on the proliferation of osteoblast cells in developing
bone, but has also been shown to affect the mesenchymal precursor cells by promoting
osteoblastogenesis and chondrogenesis (Giustina et al. 2008). In addition to the function of GH
on skeletal growth, GH also directly impacts IGF-1 as GH stimulates the synthesis and secretion
of IGF-1 via the liver. Once synthesized, IGF-1 functions at both a local level and a systemic
level contributing to bone growth (Giustina et al. 2008). Similar to GH, IGF-1 directly impacts
bone formation and osteoblast cells by increasing collagen synthesis and decreasing collagen
degradation (Ohlsson et al. 1998). It is through this intricate hormonal system and a detailed
understanding of the skeletal maturation process that the impact of stress can be identified and
linked to changes in skeletal structure.
3.5 THE STRESS RESPONSE

First introduced into biological research in the 1930s, “stress” is defined as any perceived

or actual disruption of biological homeostasis caused by either physiological or psychological
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factors (Selye 1936; Selye 1973; Charmandari et al. 2005; Chrousos 2009). In reaction to this
perceived or actual disruption, the body undergoes what is referred to as the “stress response,”
also known as the “fight or flight” response, which signals multiple physiological and
behavioural responses via the central nervous system (Cannon 1914). The “stress response” is a
time limited response that promotes survival by increasing the function of primary systems (i.e.
heart rate, respiration, and energy release) and halts secondary systems (i.e. reproduction,
digestive function, and growth) (Chrousos and Gold 1992; Habib et al. 2001); this regulation is
accomplished through the release of glucocorticoids (Tsigos and Chrousos 2002).

Glucocorticoids are endogenous steroids released by the hypothalamo-pituitary-
adrenocortical (HPA) axis and are present in nearly all cellular and physiological systems
(Herman and Cullinan 1997; Charmandari et al. 2004). When the stress system is activated the
body releases these steroids to fulfil two functions: 1) to alert the individual to the stress, and 2)
to preserve homeostasis (Herman and Cullinan 1997). Glucocorticoids are an essential
component of normal bone metabolism and growth; however excessive levels of these steroids,
produced during times of prolonged or chronic stress, can have a detrimental effect on skeletal
tissues (Charmandari et al. 2004; Miller et al. 2007; Henneicke et al. 2011)

3.5.1 Skeletal Stress and Glucocorticoids

Glucocorticoids have been studied extensively in a clinical context for their adverse
effects on bone (Manelli and Giustina 2000; Weinstein 2001; Rehman and Lane 2003), with
these negative effects first recognized 80 years ago by Harvey Cushing (1932). While many of
these studies focus on the effects of pharmaceutical glucocorticoids, the natural endogenous form
of glucocorticoids has also been shown to have a negative effect on skeletal growth and

development (Charmandari et al. 2005). The relationship between endogenous and exogenous
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glucocorticoids has, however, shown some disparity with the endogenous form seemingly less
potent than the manufactured form (Henneicke et al. 2011). Despite this disparity, endogenous
glucocorticoids circulating at an elevated level for a prolonged period can still produce skeletal
changes (Dennison et al. 1999). Additionally, bone type has also been shown to react differently
to glucocorticoid saturation with differing chemical signatures reflecting the heterogeneous
nature of cortical and trabecular bone (Ninomiya et al. 1990; Weinstein et al. 1998). Within this
heterogeneous framework, interconnected skeletal segments have also demonstrated differing
sensitivity to the effects of glucocorticoids with the axial skeleton considered more vulnerable to
growth disturbances than then appendicular skeleton (Weinstein et al. 1998). Essentially, these
tissue specific vulnerabilities to glucocorticoids can be related to receptor prevalence and
location, differing osteoblast frailty (Henneicke et al. 2011) and unique governing mechanisms
of the metabolic process in different skeletal tissues (Ninomiya et al. 1990). The negative effects
of glucocorticoids on bone metabolism are primarily through their ability to disrupt the
differentiation and proliferation of osteoblast cells (Cooper et al. 1999). This disruption includes
1) a reduction in osteoblastogenesis and the creation of new bone cells, ii) an increase in
premature cell death, and iii) an increase in osteoclast lifespan and their functionality (Manelli
and Giustina 2000: O’Brian et al. 2004). This negative effect of glucocorticoids on osteoblast
cells can occur during any phase of the cell cycle, affecting precursor cells in utero and mature
cells throughout the life course (Cooper et al. 1999). Glucocorticoids have also been shown to
alter the function of bone cells, specifically inhibiting the production of type 1 collagen in
osteoblast cells (Canalis and Delany 2002) and disrupting the differentiation of mesenchymal
cells into mature osteoblast cells during skeletal maturation (Cooper et al. 1999). An excessive

release of glucocorticoids has also been shown to interfere with the bone demineralization
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process as osteoid remains unmineralized and, therefore, stimulates the removal process carried
out by the osteoclast cells (Chambers and Fuller 1985; Cooper et al. 1999).

3.5.2 Osteocalcin

During normal bone metabolism in adult and subadult years, the modelling and
remodelling of bone is accompanied by the production of biochemical by-products (Christenson
1997; Rauch 2008). Osteocalcin is a non-collagenous protein made up of 49 amino acids and is
secreted by the bone forming osteoblast cells. Osteocalcin regulates skeletal mineralization and
influences bone cell activity (Delmas 1995; Calvo et al. 1996; Neve et al. 2013). While a small
amount of osteocalcin is deposited into the blood stream after synthesis, the majority of this
protein is found in the inorganic hydroxyapatite of bone making it less susceptible to degradation
over time (Calvo et al. 1996; Collins et al. 2000; Smith et al. 2005; Neve and Corrado 2011).
Considered the most sensitive chemical indicator of bone mineralization, a decrease in
osteocalcin levels has been clinically shown to correlate with an increase in circulating
glucocorticoid levels (Delmas 1995; Neve et al. 2013). This disruption of osteocalcin production
is associated with the overlap between the glucocorticoid receptors found in skeletal tissues, and
the osteocalcin promoter where the production of osteocalcin is repressed by an over-saturation
of this steroid (Stromstedt et al. 1991; Morrison and Eisman 1993). While present in all bone
types, osteocalcin is most prevalent in lamellar bone (Ingram et al. 1994; Calvo et al. 1996).
Indicative of osteoblast new bone creation, osteocalcin is more closely associated with the bone
mineralization process than bone synthesis (Calvo et al. 1996). Because of this close link with
the mineralization process, quantifying the amount of osteocalcin can be difficult. Studies have
shown that if bone mineralization is stimulated through dietary malnourishment, the amount of

osteocalcin can fluctuate (Calvo et al. 1996). Osteocalcin levels can also vary based on age with
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the peak value occurring around puberty, reflecting rapid linear growth (Calvo et al. 1996; Szulc
et al. 2000). Elevated levels of osteocalcin also occur during the infancy and childhood stage of
maturation (Hauschka et al. 1989; Szulc et al. 2000). At birth, the high level of osteocalcin
continues to increase until the end of the first month and remains high until the end of the third
year (Magnusson et al. 1995; Mora et al. 1997) where it remains stable until puberty for males
and females (Szulc et al. 2000). Reflecting growth velocity over chronological age, these
elevated levels of osteocalcin correspond with rapid bone growth and mineralization periods
(Robins 1994; Szulc 2000). Once skeletal maturation is complete, osteocalcin levels remain
relatively stable with a slow decline reflecting a reduction in bone remodelling with age. Women
however, experience a slight increase in osteocalcin during menopause (Vanderschueren et al.
1990; Ingram et al. 1994; Calvo et al. 1996). Additionally, women can experience fluctuating
osteocalcin levels during pregnancy where osteocalcin levels are up to 50 percent lower than
normal during the first and second trimesters (Martinez et al. 1985; Cole et al. 1987). Osteocalcin
may also be elevated during menstruation, particularly during the luteal phase (Calvo et al.
1996). Diet and activity have also been shown to affect osteocalcin levels; where underweight
individuals have lower osteocalcin levels, overweight individuals can have elevated levels of
osteocalcin up to 25 percent higher than an age-matched average-weight individual (Bell et al.
1985; Fonseca et al. 1987). Similarly, in individuals with higher activity levels and increased
skeletal strain, osteocalcin levels can be up to 50 percent higher than age-matched sedentary
individuals (Bell et al. 1988). Interestingly, while many internal and external factors can affect
osteocalcin levels, diseases that do not directly involve bone seem to have no effect on normal

osteocalcin production (Slovik et al. 1984).
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3.5.3 Archaeological Studies of Osteocalcin

From an archaeological perspective, the study of osteocalcin and other similar non-
collagenous proteins (NCPs) was developed with the methodological hope that these NCPs could
provide another way in which to date fossilized material or to contribute to paleodietary
reconstructions (Ajie et al. 1991). Because the preservation of collagen can be greatly hampered
by diagenetic changes post-mortem, the extraction and quantification of NCPs was developed to
further explore which proteins best preserve in ancient bone and how they may be used to
explore archaeological research. While there are a variety of these NCPs that have been explored
in archaeological research, osteocalcin is arguably the most prevalent and favoured due to its
excellent preservation (Hugq et al. 1990; Collins et al. 1998). The use of NCPs to explore
paleopathological changes in skeletal materials has also been initiated in skeletal studies by
Tuross (1991) and Cattaneo et al. (1994). These studies, focusing on the immunological
detection of extracted of NCPs, demonstrated the viability of using biochemical signatures to
explore changing health trends in archaeological populations. Similar to clinical studies on
NCPs, fluctuating levels of these biochemical markers, can be used to approach
paleopathological research previously unattainable through skeletal remains alone. In addition to
the interpretive value of studying NCPs in an archaeological context, many of these studies have
also focused on extraction protocols and diagenetic changes to these biochemical markers.
Discussed by Smith et al. (2005) and Collins et al. (2002), the survival of organic remains in
bone is highly dependent on the conditions of burial after death specifically, soil pH, microbial
activity and burial environment (Elster 1991; Grupe and Turban-Just 1996). In addition to these
post-depositional changes, Collins et al. (2002) also discussed the impact of perimortem changes

such as funerary practices which can alter the biological environment of the body and the
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underlying skeletal tissue affecting the long term preservation of these NCPs. After death bone
becomes unstable outside of its natural organic environment and begins to crystalize immediately
(Trueman et al. 2004). As crystallinity increases through the process of Ostwal ripening (small
crystals dissolve and reform as larger crystals), the level of protein preservation in bone
decreases (Roberts et al. 2002; Trueman et al. 2004). However, the rate of this crystallinity is
dependent on the speed of organic decomposition and surrounding soil type, evidenced in the
results of Hedges and colleges (1995). While the preservation of NCPs in archaeological remains
is not infinite, the complete or partial extraction of these proteins from archaeological sites over
multiple millennia (e.g. Grupe and Turban-Just 1996; Smith et al. 2005) demonstrates the long-
term viability of these biochemical markers and the need to expand their analytical potential in
archaeological research. From a simplistic perspective, the better preserved the overall bone is,
the better preserved the NCPs (Grupe and Turban-Just 1996; Collins et al. 2000; Collins et al.
2002; Smith et al. 2005). There has also been an additional focus on extraction protocols for
NCPs with growing interest in the demineralization process and whether or not similar
techniques can be used between traditional collagen extraction and NCPs (Cleland et al. 2012).
Depending on the type of protein to be extracted, Cleland and colleagues argue that there are
both benefits and drawbacks to traditional hydrochloric acid (HCI) extractions over
ethylenediaminetetraacetic acid (EDTA) methods; however, with osteocalcin EDTA provides a
higher yield at the cost of an additional purification step.
3.6 BIOARCHAEOLOGICAL EVIDENCE OF SKELETAL STRESS

It is based on clinical knowledge of glucocorticoids and their effect on skeletal growth
and development, that osteologists are able to assess the impact of stress on skeletal maturation.

Because there is individual variation in how stress is internalized (Goodman and Armelagos
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1989; Wood et al. 1992) and how stress manifests in different skeletal elements (Weinstein et al.
1998; Cooper 2004), there are a variety of ways in which osteologists can assess stress and the
specific nature of these disturbances.

Defined by a limited data set, osteological questions regarding biological processes must
be identified from skeletal remains alone (Steckel 2005). As Armelagos and VanGerven argue,
“human skeletons represent answers and the goal of osteology is to frame the questions”
(2003:53) and it is the responsibility of osteologists to define what types of data can be obtained
from studies of skeletal remains. It is during the growth and development period (birth to
approximately 20 years of age) when variation is introduced into the skeleton, as biological
systems are rapidly maturing into their adult form (Bogin 2001); as such, subadult growth is
considered to be the most sensitive indicator of biological or cultural fluctuations (Lewis 2000).
While the basis of osteological research is in the study of skeletal variation, the primary objective
is to explore the variety of influencing factors, known as stressors, which can lead to these
developmental deviations (Hoppa and FitzGerald 1999; Humphrey 2003). Because human
growth and development is well-established as one of the best indicators of overall health
(Eveleth and Tanner 1990), these patterns of maturation are consistently used as a gauge of stress
and the impact of that stress on overall skeletal health. While these stressors may be brought
upon by genetic, socioeconomic, environmental, and psychosocial factors (Johnston and Zimmer
1989), their resultant effect on skeletal growth is considered “deceptively simple because bone is
limited in its potential responses” (Goodman and Armelagos 1989:228), but not without specific
limitations.

In general, osteological studies are able to identify that a stress event has occurred based

on the presence of lesions, or the alteration of linear growth; however, the challenge is in
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defining the cause of that stress. While many factors are identified as potential catalysts of stress,
these factors are generally considered non-specific (Goodman et al. 1988; Larsen 1997,
Armelagos and VanGerven 2003). Additionally, it must be recognized that examples of stress in
archaeological populations are not necessarily defined by one single factor, but are rather the
result of multiple, confounding factors that affect the skeleton in a collaborative manner
(Goodman et al. 1988; Klaus and Tam 2009). Important to consider here is how the impact of
one type of stress may affect the manifestation of another, or if adaptation to one stressor can
hinder or help the skeleton in its response to any subsequent exposure to stress (Goodman et al.
1988). Further to these complicating factors, is that stress will not always manifest within the
biological systems of the body, as evidence shows some physiological stress does not cause an
increased release in glucocorticoids (Mason 1968a, 1968b; 1971; Mason et al. 1976).
Conversely, the effect of perceived stress is also a challenging factor for anthropological
analyses, as perceived threat has been identified as the most consistent activator of the “stress
response” system (Mason 1968a, 1968b; 1971; Mason et al. 1976; Goodman et al. 1988).
Because osteological analyses are limited to the skeleton only, it becomes a matter of
questioning whether it is the perceived stress, or the experienced stress that is being biologically
recorded. While perceived threat has been shown to be the most consistent activator of the
“stress response,” there has been no correlation of this activation to the deeper tissues of the
skeleton. This manifestation of perceived stress may perhaps be more apparent in the soft tissues
of the body, as it has been shown that the soft tissues are more vulnerable to endocrine
fluctuations than the skeleton (McCance 1960; McCance et al. 1961, 1962).

When trying to accurately assess stress in the skeleton, the hierarchical nature of the

body’s biological systems must be considered. Discussed in detail from an osteological
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(Goodman et al. 1988) and clinical perspective (Weinstein et al. 1998; Cooper 2004), stress
affects the skeleton in a graded manner. At the individual level, the impact of stress can be
affected by an individual’s age, sex, genetic susceptibility, or socioeconomic status. Depending
on the type and duration of stress, individuals of diverse constitutions will inevitably react
differently, producing a variety of physiological changes (Goodman et al. 1988). Additionally, at
the cellular level there is a hierarchy of vulnerability, with teeth considered more resilient and
buffered against stress than bones (Garn et al. 1965). Because of the variety of responses to stress
within the skeleton, based on intrinsic and extrinsic factors and their interaction, osteologists are
only able to obtain a certain level of specificity in stress analysis based on the current methods
employed and their limitations.

Lesion-based methods of assessing stress are well-defined in the osteological literature
and are arguably the main source of information regarding the health of archaeological
populations (Lewis and Roberts 1997). Porotic hyperostosis (PH) and cribra orbitalia (CO) are
frequently used as indicators of stress due to their prevalence in many archaeological
populations. While these lesions manifest in different regions of the cranium, PH on the posterior
parietal bones and CO along the orbital plate, both stress indicators occur as the result of similar
metabolic processes (Angel 1966; Stuart-Macadam 1989). For both PH and CO there is a
characteristic expansion of the diploe with resulting macroscopic porosity of the cortical bone
surface (Stuart-Macadam 1985). While in a North American context these indicators are defined
under the umbrella term of ‘porotic hyperostosis,” in Europe CO is much more common than PH
leading some researchers to argue that they are not necessarily linked by the same type of stress
or perhaps indicate a variation in severity (Lewis 2000). This recognition is significant as it

demonstrates the underlying variability of the skeleton and how the concurrent expression of
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stress indicators in one population does mean it is a universal pattern, as the manifestation of
stress is not that simple. CO and PH can be associated with a variety of causes, but most
commonly with iron deficiency anemia, resulting from poor nutrition or genetic factors (Huss-
Ashmore et al. 1982), with more recent research suggesting that the iron deficiency anemia
causing these lesions may be the result of pathogens rather than nutritional deficits (Stuart-
Macadam 1992). Current research further explores the etiology of PH and CO by demonstrating
that severe iron deficiency anemia is perhaps not the best explanation for these lesions, as this
type of anemia causes a restriction in red blood cell production, not an increase, which is
necessary for the characteristic expansion of the diploe seen in these stress lesions (Walker et al.
2009). However, this argument has been further countered by Oxenham and Cavil (2010) who
argue that CO and PH can be tied to anemias and the arguments by Walker et al. (2009) are
faltered as they do not consider the clinical knowledge surrounding the increased erythropoietic
(formation of red blood cells) activity that occurs in the bone marrow with the onset of iron-
deficiency anemia. Despite these ongoing debates, CO and PH are arguably the best indicator of
stress in regards to the specific cause of these lesions, but to date there is no method to assess the
time period or duration of these stress events.

Enamel hypoplastic lesions (EHL) are considered the most versatile indicator of stress as
the time period in which the stress occurred, its duration, and its potential severity can be
assessed (Goodman et al. 1980). Similar to stress disruption in bone, EHL form when there is a
systematic disturbance of biological homeostasis and appear as lines or pits within tooth enamel
(Pindborg 1970). As the tooth enamel forms, it does so in a predictable pattern as ameloblasts
(enamel forming cells) lay down new enamel during the growth and development period;

therefore, the period in which these lesions form can effectively be measured and translated into

56



a chronological age estimate (Goodman and Song 1999). In addition to providing a time period
when stress was experienced, the pattern of EHL may indicate systemic versus localized trauma
or infection, if multiple teeth are affected (King et al. 2005). EHL have been associated with a
variety of causes, but are most often linked with nutritional deficiencies, including calcium
deficiency, gastrointestinal disorders, and weaning stress (Sweeney et al. 1969; El-Najjar et al.
1978; Nikiforuk and Fraser 1981; Goodman and Armelagos 1988). Arguably, the primary benefit
of employing EHL in studies of stress is the fact that these lesions will not remodel over time,
and remain a permanent marker of early childhood stress (Goodman and Song 1999); however,
this permanent record can only provide a limited timeline of stress specificity before
approximately 12 years when enamel formation is complete (Lewis 2000).

Harris lines, visible only through radiographic analysis, are another type of growth arrest
lesion used to assess stress in the subadult years of life. Harris lines are formed when there is a
disruption of the cartilage growth plate causing an interruption in the bone formation process
(Park and Richter 1953; Park 1964; Garn et al. 1968; Larsen 1997). As Park (1964) explained,
Harris lines first form in the organic matrix of the bone, but become incorporated into the hard
tissue, as bone mineralization occurs almost immediately after the stress event has passed
creating a radiopaque line of disruption. It is only after a stress episode has subsided and growth
has resumed that these lines will appear; however, this does not necessarily indicate that the
stress has completely dissipated, but rather has subsided enough to allow growth to resume
(Mays 1995). Therefore, this method of analysis has specific limitations in defining the timeline
of a stress event, or if indeed the event has passed completely. As with many of these methods, it
cannot be assumed that stress was only present if there is an indicator to denote a fluctuation in

homeostasis, as many researchers have identified the need for “sufficient stress” to illicit a
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skeletal response (Steckel 2005:325). This is also addressed in the clinical literature of stress
disruption and the assumption that stress manifests only once it has passed a threshold of specific
severity and duration (Tsigos and Chrousos 2002; Charmandari et al. 2005). Unfortunately in an
osteological context this threshold of severity and duration is still poorly understood and not
easily accessed, as studies of stress more often than not focus solely on the immediate
environment and do not necessarily consider the long-term stress processes that lead to skeletal
changes (Goodman et al. 1988). Studies show that Harris lines appear most commonly after the
initial six months of life and usually plateau around five to six years of age (Clarke and Gindhart
1981); however, these lines can disappear over time as a result of normal bone remodelling.
Because the skeleton undergoes a continual process of skeletal remodelling (Parfitt 1977; 1994),
the analysis of Harris lines in adult remains is limited (Dreizen et al. 1964). In addition to the
complications surrounding the formation of Harris lines, there is also a lack of consensus
regarding their cause with potential correlations to childhood illness and disease (Garn et al.
1968; Marshall 1968), nutritional deficiencies (Blanco et al. 1974), and psychological stress
(Sontag and Comstock 1938).

In addition to lesion-based methods of stress analysis in archaeological populations,
studies of linear growth and development have also been used to assess stress, specifically body
size. As discussed, during times of stress the body will redirect energy to vital operating systems,
effectively disrupting normal growth which can alter the overall skeletal maturation of an
individual if this stress occurs at a critical time of maturation (Sommer 1996). What is unique
about studying stress from a linear growth perspective is that endocrine disturbance is scored
based on subtle, gradient changes in relation to the remainder of the skeleton, while studies of

lesions focus purely on presence or absence. While lesions can be scored based on their
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frequency, it is still primarily based on a presence or absence binary classification, whereas
growth and development methods approach stress by assessing element variation within the
larger skeletal system. A limiting factor of studying stress from this linear growth perspective
however, is the effect of mechanical loading and how factors such as handedness (Steele 2000)
may produce skeletal responses that give the impression of stress, but cannot be verified or
denied as such by skeletal remains alone.

It is well established that certain elements within the skeleton are correlated to overall
body stature and body mass (Anderson et al. 1976; McHenry 1992; Aiello and Wood 1994;
Porter 1999; Ruff 2002; Spocter and Manger 2007). Using these indicators of body size as
proxies for what is considered normal growth and development, it has been shown that during
times of physiological and psychological stress, these indicators may be reduced in size as a
result of growth disruption during critical periods of maturation (Scott 2009). This method of
assessing linear growth allows for a better understanding of the timeline of stress and its
potential severity by looking at the number of indicators affected over a certain period of time.
Evidence suggests that the more body size indicators being affected, the more severe the stress at
that critical period of maturation. Despite the benefit of this method in identifying stress along a
timeline continuum, there is no way to associate a reduction in body size indicators with any
specific type of stress, unless associating the calculated time period of stress with known cultural
or environmental events.

Stature has also been used as a means by which to examine the impact of stress on
skeletal maturation. While the calculation of stature is fraught with difficulties in osteological
research, the measurement of long bone lengths has been used successfully to assess individual

growth in clinical settings (Maresh 1943, 1955). Based on long bone length measurements within
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and between populations, osteological research has been able to use these clinical data to assess
the expected growth trajectories of a population and identify individuals that fall outside of those
parameters. These outliers may be the result of prolonged stress during critical periods of growth
and maturation and can be associated with a variety of factors, predominantly environmental
factors including: nutritional deficiencies (Huss-Ashmore et al. 1982), socioeconomic status
(Cardoso 2007), climatic variation (Frisancho 1979), or psychosocial stress (Eveleth and Tanner
1990). One of the primary difficulties with studies of stature, aside from methodological
challenges, is that measures of stature that deviate from the norm are more often than not
presumed to represent stress without enough focus on genetic variability or secular changes in
populations over time, especially when archaeological populations are compared
indiscriminately to contemporary populations. Even if these genetic considerations are accounted
for, the calculation of adult stature only provides a static assessment of stress, attained at
maturation and does not consider the possibility of growth fluctuations that may have occurred
earlier in life, but left no skeletal evidence due to biological recovery.

While all of these methods have potential to demonstrate the impact of stress on the
skeletal system they lack certain specificity. Many researchers argue that knowing the age at
which stress occurred influences osteological conclusions regarding health and survival (Lewis
2000); or that knowing the cause of the stress event may indicate changing cultural practices or
environmental trends (Goodman et al. 1988); therefore, access to this knowledge is important,
but can be difficult to ascertain based on the current methods of stress assessment. Lesion-based
methods are perhaps the best indicators to specify the potential cause and duration of stress;
however, it is the subtleties of the growth-based approaches that can better address the ever-

imperative question of stress threshold (the point at which homeostasis is disrupted enough to
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cause physiological change) and severity (the amount of stress experienced by an individual to
cause any one particular type of disruption or delay). At this stage, osteological researchers can
be fairly specific in the identification of a stress event whether through lesion-based analyses or
changes in linear growth and development. The downfall, however, is the difficulty in moving
beyond the simple recognition that stress has occurred. Goodman et al. (1988) argued that
because there is such a variety in how stress can manifest within the skeleton, it is imperative
that researchers begin to address the intra- and inter-variability for each type of stress indicator
and the impact of that stress on “functional competence” (195).
3.7 BRINGING THE STRESS DATA TOGETHER

One of the main challenges of osteological research is working with cross-sectional data,
and the inability to observe skeletal fluctuations at the individual level over an extended period
of time (Lewis 2007). Particularly for studies of stress, being able to observe how an individual
reacts and adapts over time to negative influencing factors provides insight into the biology of
the “stress response” and the resultant health outcome. While there has been clinical research
conducted regarding the visible impact of stress in living populations (Eveleth and Tanner 1990;
Bogin 1999), subtle changes within the skeleton are generally unobservable. However, despite
the limitation of a cross-sectional data set, osteological research focusing on skeletal maturation
sequencing has provided a means by which to move beyond static assessments of stress at the
time of death to incorporate periods of disturbance throughout the lifespan (Goodman and
Armelagos 1988; Humphrey 1998). Stress in past osteological research has been approached
from both adult and subadult perspectives, with each age cohort suited to different research
objectives. However, subadult examples arguably make up the majority of the literature as these

individuals provide “the most sensitive indicator of change” (Goodman and Martin 2002:19).
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More recently however, there has been a shift towards looking at stress on a continuum through
the entire span of growth and development and the impact of stress on later life events. As
Armelagos and Van Gerven (2003) argued, osteologists have become impeded by their inability
to move beyond simple descriptions of stress to explore the intricate analytical possibilities of
this type of skeletal research. While there has been intensive studies of skeletal stress
incorporating multiple methods of analysis (see Larsen 1997; Hoppa and FitzGerald 1999;
Steckel and Rose 2002; Lewis 2007), it is only recently that this multifaceted research has moved
beyond a static point in time to focus on the implications of these stress events on health.
Discussed by Goodman et al. (1988), the only attempt by osteologists to truly look at the
continuum of stress though life via lesions has been in the study of mortality, first explored in an
anthropological context by Meindl and Swedlund (1977). Meindl and Swedlund argued that by
considering stress events from both the subadult and adult years of life a better understanding
could be gained regarding the impact of stress on long term health outcomes. As they described,
this was a method in which to isolate and quantify the adult and subadult relationship and the
impact of stress beyond a single period in time (Meindl and Swedlund 1977). This timeline
approach to stress was also tested in early osteological studies by White (1978), Cook and
Buikstra (1979), and Rose et al. (1978). In all three examples, the authors determined that early
childhood stress events, evidenced by EHL, could be correlated with an increase in adult
mortality rates. Because EHL do not remodel over time, this method of associating early life
stress events to later adult health helped to better explore the underlying mechanism of the stress
process.

Building on these earlier studies and the relationship between early life stress events and

adult mortality, there has been an increasing focus on studying the relationship between multiple
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stress indicators. While the study of multiple stress indicators is not a new approach in
osteological research, the comparison of these indicators and their contribution to later adult
mortality provides a new perspective on stress severity and if some indicators produce greater
vulnerability later in life. In translating indicator frequencies into patterns of adult mortality,
researchers have been able to show how these indicators compare to one another in the
assessment of stress (Hummert and VanGerven 1983; Miles and Bulman 1994; Ribot and
Roberts 1996; Steckel 2005; Klaus and Tam 2009). While Goodman et al. (1988) argued that
stress occurs within a hierarchical framework, and that an individual experiencing stress would
not necessarily show evidence in the skeleton, it was not until the work of Miles and Bulman
(1994) and Ribot and Roberts (1996) that this was clearly demonstrated in archaeological
remains. Miles and Bulman in their study found that linear growth disruption could occur in
skeletal elements with no evidence of stress lesions present. Conversely, Ribot and Roberts
found that despite high frequencies of stress lesions in their sample, linear growth was virtually
unaffected and showed no evidence of being impeded by stress. The results of these two studies
challenged how stress was assessed at this time, by demonstrating there is not necessarily a
straightforward relationship between stress and the skeletal reaction. Based on these studies and
earlier theoretical assumptions, it was illustrated that when an individual experiences stress they
do not necessarily demonstrate the entire gamut of stress responses. Importantly, this suggests
that the hierarchical underpinning of the skeletal response to stress can perhaps be accessed in
osteological research.

Another important consideration that came out of this mortality based research was the
possibility of identifying the severity of stress episodes in different populations. Steckel (2005)

found that some indicators of stress differently affected adult mortality, with linear growth
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disruption as the variable least likely to affect mortality and EHL being the most likely to
increase adult mortality. Based on the literature, it is known that teeth are more resistant than
bone to disruption during growth (Garn et al. 1965); therefore, this would suggest that EHL are
produced during periods of more severe stress than other indicators affecting the reminder of the
skeleton. This type of analysis also has applicability for the comparison between populations and
how the severity of stress indicators may change over time or reflect geographic differences. By
expanding osteological analyses to look at which stress indicators are more predictive of adult
mortality, it should be possible to ‘rank’ these indicators in terms of severity which may help to
better elucidate their causes.

The concept of catch-up growth is also an important consideration for osteological
studies of stress. First introduced by Prader et al. (1963), catch-up growth is based on the
foundation that every individual has a growth trajectory that they will follow under ideal
conditions. If however, an individual deviates from this growth curve due to stress, there is the
capacity for them to regain their trajectory if the stress event passes before the cessation of
growth (Prader et al. 1963; Tanner 1986). As Tanner (1986) outlined, growth is “self-stabilizing
or target-seeking” (167), and will push the organism to regain their normal growth trajectory.
Because of this self-stabilizing mechanism, individuals that experience growth disruption early
in childhood may not show signs of stress as the result of catch-up growth. Considered an
invisible mechanism in osteological research due to cross-sectional data sets, catch-up growth is
an important consideration for studies of stress, particularly in respect to severity and duration.
To date, catch-up growth has not been extensively studied in osteology; however, its potential
use for studies of stress has been recognized. Clark et al. (1986) focused on how early life stress

events could affect adult lifespan and overall health, similar to the discussed studies of adult
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mortality patterns. To explore this relationship between early life events in adult skeletal
remains, Clark and colleagues focused on vertebral growth, as vertebral growth shows fast
velocity in early childhood and is likely susceptible to stress insults. The authors argued that
using different indicators of growth, such as vertebral measurements, provided a more reliable
way to explore the impact of stress on later life health, as later developing skeletal elements
always had the capacity to realign with their growth trajectories, while earlier maturing elements
did not and could provide a record of early life stress events (Clark et al. 1986). From this
pioneering study and a later study conducted by Clark (1988), these researchers demonstrated the
plausibility of assessing a static skeleton from a timeline perspective and the use of catch-up
growth to demonstrate whether stress was prolonged (affecting all aspects of the vertebra) or
acute (affecting only the earliest maturing vertebral elements).

Porter and Pavitt (1987) also explored the use of vertebral canal measurements but
combined this linear growth data with lesion-based methods of analysis. In combing these two
types of stress assessment methods, Porter and Pavitt successfully demonstrated the variability in
the timeline of when certain indicators actually manifest within the skeleton, suggesting that
vertebral growth is first affected by stress followed by the production of lesions in the terminal
stages of growth. The benefit of this comprehensive analysis of linear growth indicators and
lesions is the potential to identify how the visibility of stress can change over time. When
looking at linear growth indicators alone, catch-up growth has the potential to mask stress events,
but when coupled with a lesion-based analysis, the masking effect of catch-up growth can be
averted. Despite the difficulties associated with catch-up growth, its identification in skeletal
remains provides a unique opportunity to look at the timing of skeletal recovery and any possible

impact this may have on the production of other indicators of stress.

65



The acknowledgement of skeletal sequencing and the timing of specific growth events
has also become an innovative way to explore stress in archaeological populations (Humphrey
1998; Scott 2009). Because certain skeletal elements will reach adult maturity before others, it
has been argued that some elements will be more vulnerable to the effects of stress during their
critical maturation period. While skeletal sequencing was defined in detail by Humphrey (1998),
the application of this sequencing pattern to the timing of stress was further explored by Scott
(2009). By focusing on the overall size of certain skeletal elements compared to a population
standard, Scott was able to demonstrate the variability in size discrepancies between different
skeletal elements. When plotted against each other in a sequential order, it was possible to
identify periods of stress when multiple skeletal elements known to mature at the same
chronological age all demonstrated a reduction in growth. Further to this, Scott was also able to
identify accelerated growth following these periods of stress in later maturing elements, possibly
representing catch-up growth. While Clark et al. (1986) and Clark (1988) also focused on stress
sequencing, this study was the first to incorporate multiple skeletal elements in a timeline
approach to stress. A significant outcome of this research was the ability to identify invisible
stress episodes that from a traditional lesion-based perspective would be overlooked.

This move towards identifying invisible stress has also been explored in microstructure
analyses, first discussed by Martin and Armelagos (1979; 1985) and expanded more recently by
Simpson (1999); FitzGerald et al. (2006); Schilling et al. (2008); and Temple et al. (2012).
Martin and Armelagos (1985) argued for the need to combine microscopic and macroscopic data
and highlighted the important fact that stress does not necessarily lead to gross macroscopic
skeletal changes. This new innovation of using microstructure analysis has focused

predominantly on enamel defects, but has also been used to assess the shape and morphology of
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osteons within the remainder of the skeleton. The benefit of microstructure analysis is the ability
to compare what is visible at a microscopic level to that at the macroscopic level, establishing a
better understanding of the threshold in which stress must reach before leaving a visible insult in
the skeleton.

Similar to these studies of microstructure there has also been exploration into bone
mineral density (BMD) and its applicability to stress analysis (Van Gerven et al. 1985; McEwan
et al. 2005). Most recently, McEwan and colleagues (2005) used radiographic analysis to look at
BMD in juvenile radii to see if there was a correlation between BMD and visible stress lesions.
Because BMD is known to increase in a linear fashion with age, the authors questioned whether
deviations from this linear pattern were indicative of stress. It was found that BMD is preserved
in the skeleton at the cost of other architectural structures, again highlighting the hierarchical
nature of stress manifestation. The authors argued that only severe stress would be capable of
altering BMD in the skeleton, as bone mineralization is a vital function which seems to be better
buffered against disruption. This innovative technique to assess stress provides another important
vantage point to look at stress impact on the skeleton and the need to explore the possibilities of
a hierarchical ranking system for these skeletal changes.

The study of stress in osteological research is predominantly focused on skeletal remains;
however, innovative techniques employing soft tissues can perhaps expand and contribute to
these strictly skeletal analyses. Using archaeological hair, recent research has demonstrated the
ability to extract cortisol which can then be used to identify hormonal levels associated with
stress shortly before death (Webb et al. 2010; 2015). This type of collaborative data is significant
for stress research, as direct hormonal evidence can perhaps be correlated with skeletal evidence

of stress depending on the type of soft tissue used and its preservation. While the examples
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discussed by Webb et al. (2010) focused on adult remains, there is a possibility that organic
material from subadult remains could be employed to assess the actual levels of stress hormone
in the body at the time of death and if there is associated skeletal evidence of this stress. Because
the subadult skeleton is extremely susceptible to perturbations, this method could perhaps be an
important step forward in identifying how quickly stress translates from the biological soft
tissues into the hard tissues of the skeleton.
3.8 THEORETICAL LIMITATIONS IN THE STUDY OF SKELETAL STRESS

3.8.1 The Osteological Paradox

One of the biggest theoretical challenges to come out of osteological research in recent
decades has been the “Osteological Paradox™ (Wood et al. 1992) and the implications for the
way in which skeletal stress is assessed in archaeological populations. As discussed, skeletal
disruption controlled by chemical reactions, is continually used as a gauge for health and well-
being in past populations; however, with the introduction of the Osteological Paradox, this
seemingly straightforward relationship between skeletal changes and overall health was
challenged. Wood and colleagues focused on three main conceptual issues that had, as they
argued, been overlooked in the osteological literature at that time: demographic non-stationarity,
selective mortality, and hidden heterogeneity in risks (Wood et al. 1992). All three issues tied
into how researchers at the time were making direct conclusions about once living populations
from deceased individuals; particularly pertinent was their concern of selective mortality.

Selective mortality focuses on the argument that skeletal samples will never fully
represent the entire population at risk of dying at any particular age, but only those individuals
who did in fact die, as these were the non-survivors. Wood and colleagues argued that all skeletal

samples were therefore, under-representative of the once living population who were at risk of
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dying, inevitably creating a selectivity bias. While some authors argue that a skeletal sample will
always be under-representative of the once living population due to preservation issues and a
lack of full skeletal recovery (Waldron 1994; Saunders 2008), Wood and colleagues insisted that,
even if it were possible to obtain a perfectly random sample it would still be under-representative
of the living population from which it was derived, as these individuals are only the non-
survivors, not all who were at risk of dying (Wood et al. 1992).

Selective mortality also addresses skeletal disruptions (i.e. lesions and linear growth) and
how these disruptions are used to infer health. Wood and colleagues argued that the
interpretation of lesions is difficult in skeletal remains, as lesion frequencies may be under-
represented due to a delay in skeletal manifestation, or that the frequency of lesions may be over-
represented because the non-survivors who died were more likely to have lesions. The authors
reasoned that because lesions are associated with illness, mortality would be selective for
individuals in a population that had lesions. Wood and colleagues also discussed selective
mortality in regards to growth and development patterns, considering linear growth a more subtle
indicator of stress. The authors argued that studies of stature in particular, consistently associate
short stature with increased stress, as this relationship has been continually observed in
contemporary populations (Eveleth and Tanner 1990; Bogin 2001). While recognizing this
consistent trend in contemporary research, the authors still challenged this assumption, and
argued that variations in growth may indicate variations in mortality, as mortality is likely
selective for stature, similar to lesions. Assuming that stature variation within a population is
normally distributed, the authors pointed out that in times of high mortality, not only will short
individuals enter the skeletal record, but individuals of average or tall stature as well. However,

in times of low mortality, only the weakest or most frail will die, therefore the shortest. Based on
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this reasoning, Wood and colleagues concluded that like lesions, stature and growth patterns
cannot be approached in a straight forward manner, and as more lesions may equate with better
health, shorter skeletons may also indicate better overall health as the result of low mortality.

Complicating the concept of selective mortality is the third caveat of the Paradox and that
is hidden heterogeneity in risks. Hidden heterogeneity refers to the fact that any skeletal
population is made up of various individuals that will have varying frailty and susceptibility to
disease and the risk of dying. It cannot be assumed that all individuals will react similarly to
stress, as individuals are exposed to unique internal and external forces that contribute to
individual heterogeneity in terms of frailty (Eisenberg 1992; Palubeckaité et al. 2002; Boldsen
2007). Boldsen (2007) argued, that stress events can manifest in the skeleton in one of two
circumstances: 1) these lesions form due to heterogeneity in an individual’s immune system or 2)
these lesions can occur by activating other pre-existing variables leading to frailty. Based on this
understanding of individual heterogeneity then, it must be recognized that frailty is not fixed and
can change, impacting how stress manifests within the skeleton. While this understanding of
heterogeneity complicates the ability to define whether frailty is inborn or acquired from early
life stress events (Boldsen 2007), it is assumed that individuals exposed to chronic stress will
eventually manifest lesions or display growth disturbance reflective of differential frailty.
Therefore, this understanding of frailty contributes to the discussion of stress severity rather than
the manifestation of stress over time which is important as it separates these key elements of the
stress response system and how it ultimately affects skeletal tissues.

Based on the arguments made by Wood and colleagues, the seemingly straightforward
relationship between outward skeletal manifestations of health and the actual health status of

archaeological populations was called into question. The authors demonstrated the countless
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intricacies that must be considered in osteological research and how the study of health, whether
through an assessment of lesions or growth and development patterns, must consider the
influence of extrinsic factors, intrinsic vulnerability, and of course how health actually expresses
itself within the skeleton.

3.8.2 Considerations of the Paradox

Not surprisingly, there was a considerable amount of comment on the Osteological
Paradox immediately after publication (Cohen, Eisenberg, Hutchinson, Jankauskas and Cesnys,
Katzenberg, Lukacs, McGrath, Abella Roth, Ubelaker, Wilkinson 1992; Goodman 1993; Cohen
1994) and more recently (Wright and Yoder 2003) with discussions of whether the concerns
raised by Wood and colleagues were valid for researchers studying skeletal remains. While many
of the initial commenters did agree that osteologists must be stringent in their conclusions drawn
from skeletal research, many also argued that Wood and colleagues overlooked some of the basic
foundational aspects of osteological research and how researchers conduct their analyses. At the
forefront of this rebuttal was the work of Goodman (1993), who argued that the Paradox is not
paradoxical at all, but rather an interpretation without all of the facts. One of the main arguments
made by Goodman against Wood and colleagues was that many of the interpretations made from
the provided examples were based on single indicators of health, and overlooked the analytical
possibilities when evaluating multiple indicators. Discussing the relationship between lesion
analyses and studies of linear growth, Goodman made the excellent point that any type of health
indicator provides different information contributing to what is known of skeletal health. For
example, growth data provides cumulative measures of health as the skeleton matures on a
continuum until adulthood, while lesions provide very time specific information regarding

health; therefore, “the bones and teeth of the dead reflect conditions at death and conditions
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during life” (Goodman 1993:282, emphasis added). Goodman also pointed out the very
significant oversight by Wood and colleagues in their hypothetical reconstruction of a
population, and that was their omission of age at death information. In the authors’ hypothetical
situation, there is Group 1 that has no exposure to stress and as such displays no skeletal lesions;
Group 2 however, is exposed to moderate stress that is widespread and lasts a prolonged period
without many deaths, therefore skeletal lesions are present; and finally Group 3 is exposed to
severe stress with many casualties at the onset of the illness, and as such no lesions manifest in
the skeleton. Wood and colleagues argued that Groups 1 and 3 would look identical in the
skeletal record and that a lack of lesions cannot automatically be associated with better health, as
no lesions may also indicate acute severe stress that did not have time to manifest in the skeleton
before death. Goodman (1993) was quick to dissolve this possibility that “better health makes for
worse skeletons” (Wood et al. 1992:356) by demonstrating that despite lesions frequencies being
the same, the individuals from Group 1 would have lived, whereas the individuals from Group 3
would have died and would have shown an earlier mean age at death. Goodman argued that
calculating age-at-death mortality profiles within these hypothetical groups is a way in which to
avoid the supposed paradoxical nature of the argument made by Wood and colleagues. Further to
this, Goodman also challenged the assumption that shorter individuals are inherently more
vulnerable and stated that the model used by Wood and colleagues was too simplistic. Even
though it has been shown that shorter stature is tied to higher mortality, it is also based on a
prerequisite that stress has occurred earlier during skeletal maturation and has compromised an
individual’s overall health and constitution. Therefore, stature can be associated with a risk of
dying, but other factors can also contribute to this increased mortality, which was overlooked by

the authors in their analysis.
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In addition to these arguments made by Goodman (1993), Cohen (1994) also responded
to the Osteological Paradox, particularly focusing on Wood and colleagues assumption that those
who die are always the most vulnerable. As Cohen argued, “the sample of deaths in a population
will always include both a selected and random component” (631) as there are always
unforeseeable factors that select individuals to be included into skeletal samples, even when they
are not considered at risk or vulnerable (e.g. accidental death). Cohen applied this reasoning to
stature fluctuations visible between the Paleolithic and Neolithic period. Where Wood and
colleagues would argue the decrease in stature indicates better health, Cohen demonstrated that
because the sample is made up of the most vulnerable and a random component, the general
decline in stature was likely due to cultural shifts and a decline in nutrition, not the result of only
the weakest dying in times of low mortality.

It was not until the work of Saunders and Hoppa (1993), that the mortality bias discussed
by Wood and colleagues was fully explored and considered from a methodological perspective,
creating a standard of accountability when using non-survivors to make inferences about
survivors in a population. Saunders and Hoppa addressed whether or not there was a significant
difference in morphology and physiology between the survivors and non-survivors of childhood,
and whether or not there would be “significantly different subadult stature distributions than their
corresponding living populations” (128). While considering various factors that may affect
mechanisms of growth and development, the authors determined that there was significant
variation in growth between survivors and non-survivors, with the survivors generally showing
enhanced growth; however, these individual differences were almost negligible when assessed
from an aggregate level as the majority of studies using skeletal remains are (Saunders and

Hoppa 1993). Therefore, Saunders and Hoppa concluded that using a non-survivor sample to

73



draw conclusions about the health of the survivor group in a skeletal sample was
methodologically viable.
3.9 METHODOLOGICAL LIMITATIONS IN THE STUDY OF SKELETAL STRESS

3.9.1 Lesion-based Assessments of Stress

One of the biggest challenges for osteologists is the variability in skeletal preservation,
affected by numerous factors such as soil composition (Behrensmeyer 1978), predator
disturbance (Marshall 1989), freeze thaw climatic cycles (Micozzi 1996), chemical breakdown
(Gill-King 1996), skeletal age at death (Stojanowski et al. 2002), etc. As a result of these
numerous factors, the archaeological record is inherently biased in what remains are initially
discovered and of those how many are preserved well enough for osteological analysis (Waldron
1994). Particularly in the study of stress lesions, preservation can be a large limiting factor as
some of these indicators are located on skeletal elements inherently delicate and prone to post-
mortem loss or excavation damage (e.g. orbital plate fragility; the loss of teeth during
excavation). While preservation issues can negatively affect both stress lesions and growth
analyses of stress, the interaction between lesions associated with stress and taphonomic damage
is arguably more difficult to discern in archaeological remains (Aufderheide 2011).

Another challenge with the study of stress lesions is the lack of standardization between
the various methods of assessment. While multiple osteological studies have focused on identical
stress lesions, the methods used and the theoretical foundation in which they are approached can
differ, producing variable results and inconsistent interpretations (Lewis and Roberts 1997;
Jacobi and Danforth 2002). As Jacobi and Danforth (2002) discussed, inter-observer error when
assessing cribra orbitalia and porotic hyperostosis can be minimal between observers; however,

more discrepancies and error are introduced when assessing more complex aspects of these
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lesions such as the degree of healing. While there has been some attempt to improve this lack of
standardization through new technologies and refined methodology (e.g. Suter et al. 2008;
Naveed et al. 2012; Hassett 2014; Scott and Hoppa 2015), differing opinions in how these
lesions can be approached and studied still produces variability in how stress is interpreted in
archaeological remains. While this variability does not necessarily produce problems within a
particular study, it can make cross-population and temporal studies difficult to compare as results
produced using one method of assessment do not necessarily produce the same results when
compared using a secondary method. In addition to this lack of consistent methodological
approaches, there is also a growing disparity between comparing different stress indicators and
their timeline of manifestation in the skeleton (McHenry and Schulz 1976; Maat 1984; Mays
1995; Ribot and Roberts 1996; Nowak and Piontek 2002; McEwan et al. 2005;
Papageorgopoulou et al. 2011). While the causes of these stress lesions can range from
malnutrition to parasitic infections (e.g. Sontag and Comstock 1938; Garn et al. 1968; Marshall
1968; Sweeney et al. 1969; Blanco et al. 1974; El-Najjar et al. 1978; Nikiforuk and Fraser 1981;
Huss-Ashmore et al. 1982; Goodman and Armelagos 1988; Stuart-Macadam 1992; Walker et al.
2009) there is no definitive connection between certain stressors and resultant lesions, making
this comparison challenging when researchers are trying to compare different lesion types to
better explore the timeline of manifestation (Ribot and Roberts 1996). As discussed, the stress
response is a heterogeneous process where biological tissues and skeletal elements are affected
differently; therefore, there should not be an assumption that all skeletal stress lesions will be
comparable.

Within this comparison of multiple stress-lesions there is also the challenge of intra-

observer error and the consistency of researchers and their ability to accurately and precisely
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identify these lesions. Because stress studies now focus on development stages when assessing
lesions, observation has moved beyond a simple determination of presence or absence increasing
intra-observer error. Additionally, intra-observer error is not consistent across these different
lesion types, within intra- and interobserver error varying widely depending on the methods used
and experience of the researcher (e.g. Danforth et al. 1993; Macchiarelli 1994). These intra- and
interobserver error challenges may also be affected by age differences and employing similar
methods of observation across all age groups. Whereas adult skeletal structure is dominated by
lamellar or mature bone, subadult remains have more woven or immature bone which may be
mistakenly identified as pathological when in reality it is healthy bone. Similarly, size and shape
differences encountered when observing skeletal lesions across various age categories can distort
the visualization of these stress indicators (e.g. Scott and Hoppa 2015).

There has also been an increased discussion of how these lesions form and if they are
always associated with stress or poor health. For example, Papageorgopolou et al. (2011) argued
that because Harris lines cannot be consistently associated with other indicators of stress, they
may in fact represent normal growth events rather than stress events. Similarly, Alfonzo et al.
(2005) and Alfonso-Durruty (2011) argued that hormonal shifts during maturation that speed up
and slow down the growth process may lead to the formation of Harris lines. These studies are an
important consideration in the osteological study of stress lesions as they address the assumption
that all skeletal changes that deviate from expected patterns are unequivocally associated with
stress or poor health. These theoretical considerations of stress lesions are warranted to ensure

that the interpretations being made based on skeletal changes have biological validity.
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3.9.2 Linear Growth Assessments of Stress

Archaeological speaking, osteologists are limited in how growth data is collected and
measured. From a clinical perspective, growth and development studies usually focus on
longitudinal measurements that allow the researcher to collect multiple data points from one
individual over an extend period of time, effectively creating an individual growth curve
(Eveleth and Tanner 1990; e.g. Maresh 1955, 1970). Archaeological studies of growth and
development, however, must rely on cross-sectional data to create population growth curves.
While cross-sectional studies have the advantage of displaying population trends of growth and
maturation, the drawback of these datasets is a lack of information regarding individual growth
velocity, as measurements are taken from multiple individuals at only one period of time, the
time of death (Hoppa and FitzGerald 1999; Lewis 2007). Based on these cross-sectional
population growth curves, archaeological populations are regularly compared to other
archaeological samples or are compared to modern growth studies to assess changing patterns of
maturation (Johnston and Zimmer 1989).

Some of the challenges associated with cross-sectional growth studies are difficulties in
accurately comparing measurements between populations when overall growth patterns can
differ based on genetics. It has been well-established that the growth and development sequence
remains consistent across all human populations (Humphrey 1998); however, the timing at which
certain growth landmarks are attained may differ as a result of genetic factors, geographical
differences or temporal changes in growth patterns (King and Ulijjaszek 1999). Because not all
populations will have the same genetically predetermined adult body size and stature, comparing
cross-sectional measurements of growth has been a consistent challenge for osteologists

(Saunders 2008).
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Methodological issues of aging and sexing techniques are also an important consideration
for osteologists. Growth curves are the basis of growth studies with skeletal measurements
usually plotted against chronological age to track maturation trends through the subadult years of
life. Accurate determination of chronological age is of utmost importance, as poor assignment of
age can greatly skew the growth curve of a population (Merchant and Ubelaker 1977). It has
been well-established that dental formation is far less affected by stress than the remainder of the
skeleton (EI-Nofely and Iscan 1989; Smith 1991) and as such, subadult dentition is a key source
of chronological age information over other skeletal data (Lewis and Garn 1960). While early
studies used a combination of both skeletal and dental eruption criteria for aging subadult
remains, later studies began to focus solely on dental formation patterns (Saunders 2008). For
many of these later growth studies the Moorrees et al. (1963a,b), or the Schour and Massler
(1944) aging techniques were used, but not consistently, as aging techniques are usually
modified within each study to suit specific research questions.

The determination of sex can also hinder growth and development studies of subadults,
particularly due to a lack of consistent and accurate subadult sexing techniques. While some
techniques have been established within the literature (Gleiser and Hunt 1955; Hunt and Gleiser
1955; Boucher 1957; Weaver 1980), the majority of researchers do not attempt to assign sex to
subadult remains. The limitation of this methodological challenge for studies of growth and
development is the differing rates of maturation between males and females which has been
well-established within the clinical literature (Eveleth and Tanner 1990; Bogin 2001). When
creating a growth curve from subadult remains, the intermixing of males and females, especially
during the adolescent period of maturation, may cause skewing of the data as females generally

mature two years earlier than males (Bogin 2001). The majority of growth and development
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studies focus on younger subadults before the onset of puberty; therefore, these sexual
differences are minimized between the sexes but are still an important consideration for

osteologists and their observations of growth pattern variation.
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CHAPTER 4: MATERIALS AND METHODS

4.1 BLACK FRIARS SKELETAL MATERIAL

4.1.1 Selection Criteria

For this study, all skeletal data were collected from the Black Friars cemetery sample
curated at the ADBOU facility, University of Southern Denmark. A total of 203 individuals (out
of a maximum of 710) were examined with 152 adults and 51 subadults. For the adult
individuals (over 20 years) the primary criterion for selection was preservation. This included
preservation of the cranial vault and face in addition to the long bones and vertebral column.
Adult individuals selected for this study were also those who had recorded archaeological
information including a grave number and registry in the archaeological site report. For the
subadults (birth — 20 years), all identified individuals with archaeological information were
assessed; poorly preserved individuals were not excluded due to a reduced sample size.
4.2 ARCHAEOLOGICAL DATING OF THE BLACK FRIARS POPULATION

4.2.1 Arm Position

Using the original Black Friars site reports from 1979 and 1981, temporal classification
of each individual was assigned on arm position, cemetery location and for some individuals
relative dating techniques used at the time of excavation. The majority of dating that has been
completed on the Black Friars cemetery sample has been based primarily on arm positioning and
the distinct pattern that emerged during the Middles Ages (Kieffer-Olsen 1993; Jantzen et al.
1994). Four distinct arm positions have been identified: A) arms at the sides, B) hands on the
pelvis, C) hands over the abdomen, and D) hands crossed over the chest (Kieffer-Olsen 1993;
Jantzen et al. 1994). Position A is the earliest seen in the medieval period and was dominant up

until the beginning of the 14™ century. The transition from position A to B occurred during the
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late part of the 13™ century up until AD 1350 with the introduction of position C. It was not until
the middle of the 15™ century that position D was introduced, but was most prevalent in the later
part of the 16™ century (Mollerup and Boldsen 2010). As shown in Table 4.1 below, the Black
Friars sample demonstrates a similar distribution of this arm position patterning spanning the
medieval and post-medieval periods. For the Black Friars sample, only three positions were
recorded at the time of excavation: 1) at sides; 2) over pelvis; and 3) over chest. It was therefore,
assumed that individuals in the Black Friars population with arm position 2 likely represented
both those defined by positions B and C described by Kieffer-Olsen (1993) and Jantzen et al.
(1994), spanning the period between the late 13™ century up until the middle of the 15™ century.
The subtle differences between positions B and C as discussed by Kieffer-Olsen (1993) and
Jantzen et al. (1994), were likely not distinguished at the time of the Black Friars excavation as
the four-position classification was published after excavation was complete.

Table 4.1 Distribution of Arm Positions between Time Periods in the Black Friars
Cemetery Sample

Arm Position*
Time Period 1 2 N 3
Cogpmingof | (e 5000 | Gty | Unkoown
Medieval 21 29 0 11
Post-medieval 7 80 37 18
Total 28 109 37 29

* Arm position designations based on Kieffer-Olsen (1993) and Jantzen et al. (1994)
classifications. Position 1 = A; Position 2 = B and C; Position 3 =D

4.2.2 Burial Location
Burial location within the cemetery was also used to aid in temporal classification as
those buried within the church and to the east were most predominantly from the medieval

period and those recovered in the central section of the cemetery complex and the church
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courtyard were largely post-medieval (Boldsen and Mollerup 2006; Mollerup and Boldsen
2010). Using arm position (when available) and geographic location, burials were assigned a
temporal classification. Of the 152 adult individuals studied, 147 were classified as either
medieval or post-medieval using site report data. Similarly, of the 51 subadult individuals, 48
were classified as medieval or post-medieval, as shown in Table 4.2 below.

The remaining five adults and three subadults were without arm position data as they
were excavated in the 1978 field season and no site report was available. However, site maps did
show that the 1978 excavation season only removed burials from the east side of the church
complex that fell within the medieval burial region outlined by Mollerup and Boldsen (2010).
Therefore, these individuals were confidently classified as medieval.

Table 4.2 Distribution of Adults and Subadults between Time Periods in the Black Friars
Cemetery Sample

Time Period Adults Subadults Total
Medieval 52 9 61
Post-medieval 100 42 142
Total 152 51 203

4.2.3 Relative Dating Techniques

For all 1979 and 1981 burials, in addition to arm positioning and burial location, relative
dating methods used at the time of excavation and recorded in the site reports were also used.
Relative dating was based on grave position in relation to the surrounding church structures that
could be accurately dated and compared with other surrounding graves dated at the time of
excavation. In circumstances where relative dating designation in the site reports disagreed with
the burial location and arm positioning designations, the relative dating method was used for
classification. This disagreement occurred for 13 burials, where temporal classification was

based on relative dating; ten burials were moved from medieval to post-medieval classification
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and three burials were moved from post-medieval to medieval classification. In switching these
individuals based on the site report data, it is important to note that the arm positioning still
agreed with these shifts as there is great overlap between these distinct phases. Further, many of
these individuals were located along the perimeter of geographically ambiguous regions where
medieval and post-medieval burials may have overlapped; therefore, their shift from one
temporal period to another is not inconsistent with what might be expected in a cemetery with
such a long burial history as Black Friars (Figure 4.1).

Figure 4.1 Black Friars Site Map
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(Modified from Nielsen 1982, with permission from Odense Bys Museer).
Further, the distribution of medieval and post-medieval individuals in this Black Friars

sample is similar to the temporal distribution reported by Mollerup and Boldsen (2010), with the
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highest number of medieval burials located inside the church proper and directly east of the
church complex, and the greatest number of post-medieval burials located in the central cemetery
region and the church courtyard and cloister regions. Whereas the central cemetery and church
proper designations of this research match closely with Mollerup and Boldsen (2010) there is
some discrepancy between the medieval and post-medieval burials located inside the church
courtyard and cloister walk regions. Because the designation between these two regions was
difficult to discern using the archaeological excavation reports these two regions needed to be
combined; possibly skewing the number of medieval and post-medieval burials that have been
previously reported in this area. The burials located east of the church also show some
discrepancy with higher post-medieval burials in the Mollerup and Boldsen study. Again, this is
likely the result of some individuals being buried on or near the threshold of the church complex.
For this study, only 19 individuals east of the church were used as compared to the 128 selected
in the Mollerup and Boldsen study; therefore, it is not surprising that there is a difference
between the patterns emerging. Significant to note, however, is that despite the differences
between the number of medieval and post-medieval graves present in this region, both studies do
show a similar pattern with more medieval burials located east of the church compared to post-
medieval burials, as shown in Table 4.3 below. Additionally, it was not possible to confirm the
burials used in the Mollerup and Boldsen analysis and it can be assumed that not all of the same
individuals were selected; therefore, slight differences in temporal patterns based on burial

geography would be expected.
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Table 4.3 Comparison of Burial Location by Time Period in the Black Friars Cemetery

Sample
Present Study
Burial Location Medieval Post-medieval
Central cemetery 2% 98%
East of church 74% 26%
Church proper 76% 24%
Cloister and courtyard 5% 95%

Mollerup and Boldsen (2010:42)

Burial Location Medieval Post-medieval
Central cemetery 9% 91%
East of church 55% 45%
Church proper 78% 22%
Cloister and courtyard 17% 83%

4.3 SEX DETERMINATION AND AGE ESTIMATION

For each individual a standard osteological inventory sheet was completed in addition to

photographs taken in the anatomically correct position. Skeletal elements were recorded as

present or absent with the level of fragmentation also recorded. For all adult individuals sex was

assigned using both pelvic and cranial scoring methods. Pelvic traits included the ventral arc,

subpubic concavity, ischiopubic ramus ridge (Phenice 1969), the greater sciatic notch (Buikstra

and Ubelaker 1994; Walker 2005), preauricular sulcus (Milner 1992), arc composé or composite

arch (Genovés 1959; Bruzek 2002), subpubic angle (White and Folkens 2005), and sacrum

curvature (St. Hoyme and Iscan 1989). Cranial traits included the nuchal crest, mastoid process,

supra-orbital margin, glabella, mental eminence (Buikstra and Ubelaker 1994). After

amalgamating the pelvic and cranial scores, if there was discrepancy between the two in terms of

sex determination, favour was granted to the pelvic assignment of sex. Overall skeletal structure
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(i.e. robusticity) was also assessed when assigning sex, but was always considered with regard to
the pelvic or cranial scores. Table 4.4 shows the sex distribution of the Black Friars sample based
on temporal period, for all adult individuals it was possible to determine sex. Sex was not
determined for any of the subadult individuals due to inconsistent results in the established
methods of analysis (see Cox and Mays 2000).

Table 4.4 Distribution of Sex between Time Periods in the Black Friars Cemetery Sample

Time Period Female Male Total
Medieval 23 29 52
Post-medieval 55 45 100
Total 78 74 152

Adult age was determined for each individual using the pubic symphyses (Todd 1921;
Brooks and Suchey 1990) and the auricular surface (Lovejoy et al. 1985; Meindl and Lovejoy
1989). Because these methods have limitations, particularly in accurately aging older adults with
arbitrary age divisions, these standard osteological methods were further supplemented with
aspects of the Transition Analysis method (Boldsen et al. 2002; Milner and Boldsen 2012).
Transition Analysis was not used as the primary method for age estimation as it is not as accurate
as experience-based assessments of individual skeletons (Milner and Boldsen 2012). Therefore,
attempts were made to integrate supplementary skeletal elements aside from the pelvis when
estimating age, as discussed by Milner and Boldsen (2012). In particular, femoral aging
techniques were used to secondarily assess the age estimates given to the oldest adult
individuals, as pelvis traits have been consistently shown to under-estimate the oldest individuals
in a population (Hens et al. 2008; Jackes 2011). Fovea capitis lipping and spicule formation

along the greater trochanter were used (Milner and Boldsen 2012). In the few instances where
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femoral age was greater than the estimate made from the pelvic characteristics, the femoral age
took precedent. For all adult individuals age estimation was possible.

For all subadult individuals age estimation was based on dental formation and eruption
as well as epiphyseal closure. A standard dental inventory was completed for all subadult
individuals identifying all teeth present, teeth lost ante-mortem, and root development in loose
teeth that could be removed from the alveolar bone. Tooth formation and root development were
assessed using the Moorrees and colleagues (1963) standards. These standards were chosen for
their ease of use and the continued evolution and refinement in various studies (i.e. Demirjian et
al. 1973, Demirjian and Goldstein 1976, Anderson et al. 1976). Tooth eruption was based on the
Ubelaker standard (Ubelaker 1989). While this Ubelaker standard was constructed based on
Native American populations, its use in this research was only to determine a wide age range that
was further refined using root development standards, as well as supplementary data from
epiphyseal development and closure throughout the skeleton. Because dental formation is
considered the least susceptible to episodes of stress (Garn et al. 1965) and therefore a fairly
reliable indicator of subadult age, formation was considered the primary source for age
estimation with eruption used as a secondary mode of assessment. In instances of excellent
preservation the majority of epiphyses throughout the skeleton could be assessed and recorded
including the long bones, the vertebral column, and bones of the cranial vault, especially in
young infants. Epiphyseal closure timing was estimated from the Schaefer et al. (2009) summary
standards and only fusion ages were recorded, not appearance ages. Because taphonomy (e.g.
soil pH) and varying bone densities in subadult remains contribute to the absence of epiphyseal
bones in the archaeological record (Gordon and Buikstra 1981), it was difficult to determine if

the epiphysis had not yet appeared or was simply not recovered and therefore omitted. Age
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estimation was possible for all subadult individuals. Using the same age classifications as

Chamberlain (2000), the adult and subadult age distribution in the Black Friars sample is shown

below (Tables 4.5 and 4.6), with a further division of the subadult data into developmental

categories outlined by Bogin (2001).

Table 4.5 Age Distribution between Time Periods in the Black Friars Cemetery Sample

Age (years) Medieval Post-medieval Total
0-14 8 37 45
15-29 16 36 52
30-44 33 63 96
45-59 4 5 9
60+ 0 1 1
Total 61 142 203

Table 4.6 Age Distribution in Subadults between Time Periods in the Black Friars

Cemetery Sample

Age (years) Medieval Post-medieval Total
0-1 0 8 8
2-4 2 3 5
5-7 3 4 7
8-13 3 21 24
14-18 1 6 7
Total 9 42 51

4.4 PATHOLOGICAL ANALYSIS

For both adults and subadults, a visual pathological assessment was completed with a

specific focus on diseases known to affect medieval Danish populations, including tuberculosis,

treponemal disease, and leprosy (e.g. Moller-Christensen 1953, 1958, 1961, 1967, 1978; Bennike

1985; Lefort and Bennike 2007; Boldsen 2005, 2008; Boldsen and Mollerup 2006). The criteria

outlined in these studies and Ortner (2003) were used to assess each individual with additional




guidance from members of the ADBOU research team (Dr. Jesper Boldsen, Ulla Hog Freund,
and Peter Tarp). Additionally, visual assessments to identify trauma (e.g. fractures), degenerative
disease (e.g. osteoarthritis), dental disease (e.g. caries), and other skeletal anomalies were also
made for all adult and subadult individuals. Once this data was collected in a qualitative format it
was translated into quantitative scoring for ease of comparison. Pathology categories included:
periostitis, tuberculosis, leprosy, treponema, fractures, degenerative spine changes, Schmorl’s
nodes, degenerative joint changes (excluding the spine), and dental abscesses. Using the
qualitative descriptions of these pathological conditions all adult and subadults were given a
score for each of the outlined pathologies: 0 (none) — no pathology visible, or 1 (possible) —
either confirmed or possible pathology present. Because the focus of this dissertation was on
indicators of skeletal stress, scoring these pathological conditions in a simple classification was
considered sufficient to assess the interaction between these conditions and skeletal indicators of
stress. A detailed description of pathological changes was recorded at the time of initial
observation along with photographs; therefore, this data may be revisited for further analysis in
the future.
4.5 STRESS LESION DATA

For all adult and subadult individuals stress indicators, including enamel hypoplastic
lesions, cribra orbitalia, porotic hyperostosis, and Harris lines were analyzed and recorded. These
particular lesions were chosen for this study as their use indicate periods of stress has been well-
established in the osteology literature (e.g. Angel 1966; Park 1964; Garn et al. 1968; Sweeney et
al. 1969; Pindborg 1970; Steinbock 1976; El-Najjar et al. 1978; Nikiforuk and Fraser 1981;

Huss-Ashmore et al. 1982; Goodman and Armelagos 1985; Goodman and Armelagos 1988;
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Stuart-Macadam 1989; Goodman and Rose 1990; Mays 1995; Lewis and Roberts 1997; Walker
et al. 2009).

4.5.1 Cribra Orbitalia (CO) and Porotic Hyperostosis (PH)

Cribra orbitalia (CO) and porotic hyperostosis (PH) were similarly scored for adult and
subadult individuals as it has been argued that both lesions have a similar etiology characterized
by cortical destruction (Angel 1966; Stuart-Macadam 1989). Cribra orbitalia and porotic
hyperostosis were scored only if the lesions were visible to the naked eye and could be
confirmed through the use of a hand lens if necessary. Similar to the recording conditions of
EHL, both CO and PH were observed in bright natural light supplemented by the use of a
standard desk lamp. CO and PH scoring was based on the classification scheme of Stuart-
Macadam (1982) and supplemented by the photographs and descriptions by Ribot and Roberts
(1996). This classification scheme was selected for this research for its ease of use and
repeatability and its standardization in osteological studies. Each individual was scored in one of
5 categories: absent (0) — no evidence of lesions; mild (1) — slight pitting, no expansion of bone,
scattered foramina; moderate (2) — scattered large and small foramina, some coalescence of
foramina, no expansion of bone; advanced (3) — foramina have linked to trabecular structure,
substantial coalescence, some expansion of bone; and severe (4) — severe pitting, gross
expansion of bone, trabecular exposure, substantial coalescence of foramina, deformation of
normal contour (after Stuart-Macadam 1982, and Ribot and Roberts 1996) (Appendix A.1 and
A.2). All 152 adults and 21 subadults were scored for both CO and PH. Seventeen subadult
individuals had either CO or PH scores and 13 individuals had no CO or PH data due to absent

skeletal elements. Repeated observations of CO and PH were also made to test intra-observer
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error selecting the same 21 adult individuals used for the EHL rechecks and five of the 17
subadults individuals.

4.5.2 Enamel Hypoplastic Lesions (EHL)

For the analysis of enamel hypoplastic lesions (EHL), all present teeth, both deciduous
and permanent, were scored. An EHL defect was only counted if it was visible with the naked
eye, but could be confirmed through the use of a hand lens if necessary. All lesions were
observed in bright natural light and supplemented with a standard desk lamp. For each adult and
subadult individual a standard inventory of all teeth was completed including data on teeth lost
ante-mortem and those absent for study. All visible lesions were then recorded onto the dental
inventory chart with each tooth classified into a specific grouping category. All teeth were scored
at the time of initial data collection with the knowledge that only specific teeth would eventually
be used for this study, this was done in the event that further analysis required the assessment of
different teeth or in the event of using a different method of analysis. Due to the difficulty of
observing these small enamel defects, grouping raw counts into categories was done to decrease
the potential of intra-observer error. The classification categories were as follows: absent (0) - no
evidence of defects; mild (1) - maximum of one defect present; moderate (2) — two to three
defects present; severe (3) — more than three defects present (Appendix A.3). While all teeth can
show evidence of EHL it was decided that the best tooth for identification was the mandibular
canine, left, which was preferentially chosen to remain consistent throughout the sample. When
absent, the right canine was used. This decision was based on the fact that the anterior teeth show
the most susceptibility to these defects (Cutress and Suckling 1982; Goodman and Rose 1990)
and have the longest period of enamel formation in medieval Danish populations (Reid et al.

2002; Reid and Dean 2006; Reid and Ferrell 2006). This long period of enamel formation allows
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the mandibular canine to capture the most data during the developmental period. When the
mandibular canines were not present or damaged, the left central incisor was selected as it also
shows a long maturation period (Reid and Dean 2006). If the central incisor was missing the
maxillary canine was used followed by the maxillary premolar. As shown in Tables 4.7 and 4.8
below, the majority of adult and subadult individuals had EHL data for the mandibular canine,
central incisor, or maxillary canine which cover the longest developmental period 1.5 - 6.2 years,
1.1 -5.0 years and 1.7 - 5.3 years, respectively (Reid and Dean 2006). Boldsen (2007) argues
that the use of multiple teeth introduces bias as one stress event may manifest on multiple teeth
inflating the EHL count. Therefore, this study only used one tooth for each individual,
eliminating the possibility of double counting the same stress event. Further, all teeth selected
had a similar developmental time period arguably providing similar data with minimal bias. In
three individuals (two adult, one subadult) the maxillary premolar was used for EHL analysis as
there were no other teeth present. There were six adult and 15 subadult individuals who had no
dental data.

Table 4.7 Distribution of Adult Teeth used in EHL Assessment

Tooth Mandibular Maxillary central Maxillary Macxillary
canine incisor canine premolar 1

Adults

1=152 105 27 12 2

No data n=6

Table 4.8 Distribution of Subadult Teeth used in EHL Assessment

Tooth Mandibular Maxillary central Macxillary Macxillary
canine incisor canine premolar 1

Subadults 31 3 1 1

n=51

No data n=15

Repeated observations of EHL were also made to assess intra-observer error. Twenty-one adults

and 17 subadults that covered the entire duration of data collection were selected. In testing a
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non-random sample, the goal was to assess any identifiable changes between observations taken
at the beginning of the project to observations taken after the learning curve period. A third
round of rechecks was also conducted on the 21 adult individuals.

4.5.3 Harris Lines (HL)

Harris lines (HL) were scored for all adult and subadult individuals using radiographic
analysis of the left and right radii and tibiae. Initially 34 adults and 23 subadults were
radiographed in both an anterior-posterior (AP) and medial-lateral (ML) orientation. Because of
time constraints it was assumed that taking radiographs in only one orientation (standard AP)
would be sufficient. However, early analysis of these adult and subadult subsamples
demonstrated that the ML view provided optimum visibility to identify all HL present and
therefore, better accuracy for analysis (Scott and Hoppa 2015). During a subsequent visit to
Denmark, the remainder of the adult individuals were then radiographed in the ML view;
however, time limitations and inconsistent results from the preliminary study did not warrant
further radiographs for the remaining subadult individuals. In total, 141 adults and 23 subadults
were radiographed in both the AP and ML orientations. All radiographs were taken at the Odense
University Hospital by radiograph technicians on a Siemens Ysio machine. The standard source
to bone distance was 115 cm with adult KvP and mAs values ranging between 49-52 and 3.0-3.2,
respectively and subadult kVp and mAs values ranging between 46-52 and 1.3-3.1, respectively.
These ranges allowed for better image capture and were adjusted by the radiographic technicians
based on bone preservation, weight/density, and overall size, particularly in the subadults. Once
captured, the radiographic images were exported from their DICOM format into the Materialize
MIMICS software program. Each individual image was then observed and scored. HL were only

counted if they met two standard criteria: 1) the line crossed at least half of the diaphyseal shaft,
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and 2) the line was predominately transverse in orientation (Mays 1985; Clark 1981; Mays
1995). All adult and subadult individuals were first scored in the AP orientation followed by the
ML orientation with data kept blind between observations; this was done to ensure no biases
between assessments. All radiographs were magnified to 200 percent in a standard position when
viewed in MIMICS to ensure consistency during analysis. The thresholding function, used to
demarcate areas of increased density in the image, was also used when identifying HL. While
this function was used to help identify faint lines within each image, it was not used exclusively
to determine when HL were present. Based on the previous study by Scott and Hoppa (2015),
Harris lines were grouped into categories reflecting differing levels of severity: absent (0) - zero
lines present; low (1) — one to three lines present; moderate (2)- four to eight lines present; and
high (3) - nine or more lines present (Appendix A.4). While both the tibiae and radii were
radiographed, the distal tibia was selected for the assessment of HL due to its higher prevalence
for the formation of these lines and its continued use in osteological studies (e.g. Follis and Park
1952; Park and Richter 1953; Park 1964; Garn et al. 1968; Hughes et al. 1996). For the adults,
135 individuals were scored in the ML view using the left distal tibia and replaced with right
when absent, and nine scored in the AP view. Eight adult individuals had no data available.

For the subadult individuals there was no consistent pattern regarding orientation that
emerged in the preliminary study (Scott and Hoppa 2015); therefore, the AP orientation was used
to establish consistency as the majority of subadult individuals only had data in this orientation.
Using the left distal tibia and replacing with the right when absent, 40 subadults were analyzed in
the AP view, and 11 individuals had no radiographic data.

To assess intra-observer error 25 adults and 10 subadults with radiographs in both

orientations were selected for a second round of observations. Similar to the original scoring
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protocol, all individuals were first observed in the AP orientation followed by the ML orientation
with all scoring data kept blind between the rounds of observation. The 35 individuals chosen for
HL intra-observer error were not the same individuals used for the EHL, CO, and PH rechecks.
The individuals for HL were chosen at random as all observations were made within a similar
time period and did not exhibit the same time depth between observations as the other indicators
of stress.

4.6 GROWTH AND DEVELOPMENT DATA

4.6.1 Body Size Indicators (BSI)

In addition to the standard stress indicators, body size indicator (BSI) and cortical
thickness data were also collected for all adult individuals. Introduced by Scott (2009), the BSI
method uses a suite of 56 skeletal measurements that correlate with overall body size (16
measurements from the cranium and 40 measurements from the infra-cranial skeleton). The
standard osteological measurements established by Moore-Jansen et al. (1994) were primarily
used for the cranial and long bone measurements, with more specific body size measurements
taken from descriptions found in Trotter and Gleser (1958); Anderson et al. (1977); McHenry
(1992); Aiello and Wood (1994); Holland (1995); Porter (1999); Ruff (2002); Raxter et al.
(2006); and Spocter and Manger (2007). Measurements were only collected if bone preservation
was adequate and specific landmarks could be consistently determined. Both digital sliding
calipers and spreading calipers were used for all cranial measurements, vertebral measurements
and some long bone measurements. A standard osteometric board was used for all long bone
lengths, including the talus and calcaneus with a flexible measuring tape used for midshaft

circumferences.
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Once collected, all left side measurements were used to determine if a linear correlation
was present between each BSI. To assess these correlations, individuals were divided into sex
groupings as size and shape variations between males and females may affect the correlation
between these measurements. Only BSIs with an R-value of 0.60 (60%) or higher with at least
two other measurements were kept to ensure the highest correlation between the BSIs selected.
From this initial correlation analysis using all original 56 BSI measurements (Scott 2009), 31
infra-cranial and four cranial BSIs met the R-value criterion in the Black Friars female group and
29 infra-cranial and one cranial BSI in the Black Friars male group. These correlated BSIs were
then further reduced by eliminating measurements with an overlapping maturation timeline or
measurements that were redundant (e.g. femur midshaft width and femur midshaft
circumference). The final BSI list consisted of 20 measurements for females and 19
measurements for males. Once established, the male and female BSI measurements were then
ordered chronologically based on established maturation timing (Schaefer et al. 2009) (Tables
4.9 and 4.10). While the timeline of maturation may shift in different populations based on a
variety of factors, the sequence of maturation remains fixed (Humphrey 1998); therefore, using
standard maturation timing to determine the chronological ordering of each BSI measurement

was considered sufficient for this analysis.
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Table 4.9 Female BSI Measurements in Chronological Maturation Sequence

Maturation Age Average

Female BSI Measurements (yrs)
(Schaefer et al.2009)

BSII - maximum length of talus 9.0
BSI2 - transverse diameter of tibial facet of talus 9.0
BSI3 - distal humerus epiphysis breadth 11.0
BSI4 - maximum humerus length 11.5
BSIS - femur midshaft circumference 12.0
BSI6 - tibia midshaft circumference 12.0
BSI7 - transverse diameter of radius head 12.3
BSI8 - maximum radius length 14.0
BSI9 - maximum superior/inferior diameter of femoral head 14.0
BSI10 - maximum femur length 14.0
BSII1 - second metacarpal length 14.3
BSI12 - anteroposterior diameter of humeral head 15.0
BSI13 - maximum tibia length 15.0
BSI14 - proximal tibia breadth (plateau) 15.0
BSI15 - maximum length of calcaneus 15.5
BSI16 - maximum ulna length 16.0
BSI17 - biepicondylar diameter of distal femur 16.0
BSI18 - T12 anteroposterior diameter of superior surface 20.0
BSI19 - L1 anteroposterior diameter of superior surface 20.0
BSI20 - L5 anteroposterior diameter of superior surface 20.0
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Table 4.10 Male BSI Measurements in Chronological Maturation Sequence

Maturation Age Average
Male BSI Measurements (yrs)
(Schaefer et al.2009)

BSI1 - femur midshaft circumference 12.0
BSI2 - tibia midshaft circumference 12.0
BSI3 - maximum humerus length 13.5
BSI4 - distal humerus epiphysis breadth 13.5
BSIS - second metacarpal length 16.3
BSIG6 - transverse diameter of radius head 16.5
BSI7 - maximum fibula length 17.0
BSIS8 - maximum radius length 17.5
BSI9 - femur head breadth 17.5
BSII10 - biepicondylar diameter of distal femur 17.5
BSI11 - maximum femur length 17.5
BSI12 - maximum tibia length 18.4
BSI13 - proximal tibia breadth (plateau) 18.4
BSI14 - anteroposterior diameter of humeral head 18.5
BSI15 - maximum ulna length 18.5
BSI16 - max. length of calcaneus 19.0
BSI17 - T12 transverse diameter of superior surface 20.0
BSI18 - L1 transverse diameter of superior surface 20.0
BSI19 - L5 transverse diameter of superior surface 20.0

Once the BSI maturation sequence was complete, all measurements were chronologically
paired and analysed using regression analysis with the earlier maturing variable on the x-axis and
the later maturing variable on the y-axis. Because each BSI measurement only needed to be
correlated with two other measurements to be included in the final BSI list, not all chronological
pairs were correlated; therefore, only BSI pairs that met the correlation criterion (R-value >0.60)

were analyzed. For females, 113 regression pairs were analyzed and for males 54 pairs. Using a
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95% confidence interval for each chronological pairing it was possible to visually identify if an
individual fell within, above, or below the confidence interval for each of the BSI pairs.
Analyzing all BSI pairings in this chronological order then, allowed for an assessment of growth
fluctuations between specific maturation periods. These regression data were then recorded to
visually illustrate the periods of individual growth fluctuation. Because each BSI variable was
compared to multiple other variables with overlapping periods of maturation, a summary
designation was assigned to each BSI based on how it fluctuated when compared to other BSI
measurements. Below in Table 4.11 is a regression analysis excerpt (SBT81 GR212)
demonstrating the results of the analysis and the determined summary designation for each BSI
variable. The first column represents the multiple variable pairings determined from the
correlation analysis results; the second column represents the focus variable (i.e. the later
maturing variable driving the regression analysis results); the third column represents the
physical position of the focus variable from the regression analysis (i.e. within the 95%
confidence interval (0), above the confidence interval (+) or below the confidence interval (-));

and the fourth column represents the summary designation for each variable.
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Table 4.11 An example of a BSI Pattern Map with Summary Designation for Focus
Variables (SBT81 GR212)

Variable Pairs . Regression Analysis Summary
(Female) Focus Variable Results Designation

BSI1 compared to BSI2 2 + +

BSII compared to BSI3 3 0 0

BSI2 compared toBSI3 -

BSI1 compared toBSI4 4 - -

BSI2 compared to BSI4 -

BSI3compared to BSI4 -

BSI1 compared to BSIS 5 - -

BSI3 compared to BSIS -

BSI4 compared to BSIS -

BSII compared to BSI6 6

BSI4 compared to BSI6

BSI5 compared to BSI6

BSI1 compared to BSI7 7

BSI2 compared to BSI7

BSI3 compared to BSI7

BSI4 compared to BSI7

+ |+ |+ |o |+

BSI5 compared to BSI7

BSI3 compared to BSI8 8 - -

BSI4 compared to BSI8 -

BSI1 compared to BSI9 9 0 0

BSI2 compared to BSI9 -

BSI3 compared to BSI9

0
BSI4 compared to BSI9 +
BSI5 compared to BSI9 +

BSI6 compared to BSI9

BSI7 compared to BSI9 -

BSI8 compared to BSI9 +
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Table 4.12 BSI Summary Designation Code

Early Maturing BSI Later Maturing BSI Summary Designation
0 + +
0 - -
0 0 0
- + 0
- 0 -
+ + +
+ - 0
+ 0 +

To determine the summary designation for each BSI, a simple code was created to ensure
consistency and repeatability in the method. As shown in Table 4.12, the code was based on the
relationship between the earlier and later maturing BSIs and how the overall size of the earlier
maturing BSI affected where the later maturing BSI fell within the regression analysis. With
multiple BSI pairs displaying different regression results, the final summary designation was
based on the most consistent classification assigned to each BSI using the code in Table 4.12.
This designation summary was completed for all individuals using this method and a final
calculation was completed to determine the proportion of variables that fell above and below the
confidence interval within each time period and sex group.

Intra-observer error was not assessed for the BSIs as consistency and precision was
already established during previous research (Scott 2009). However, to ensure consistency
between individuals, measurements that were difficult to capture (e.g. maximum width of

proximal tibia across plateau) were reviewed and practiced in advance of data collection.
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4.6.2 Cortical Bone Thickness

Using the HL radiographs, cortical bone thickness was also recorded for each adult
individual in both AP and ML orientations when possible. Cortical thickness was captured at the
midshaft of the tibia and radius (both sides) using the MIMICS software measurement tool at a
200 percent magnification to remain consistent across individuals. The AP value was calculated
as the average of the anterior and posterior measurements and the ML value was calculated as
the average of the medial and lateral measurements. The left tibia was used to calculate the
average AP and ML thickness and replaced with the right side when absent. For the adults, 134
individuals had data for both AP and ML cortices, nine individuals had ML data only and nine
individuals were unobservable. Cortical thickness measurements were not captured for the
subadults as inconsistencies related to age, sex and growth introduce extensive bias into the
analysis. Intra-observer error was not conducted for cortical thickness as these measurements
were captured along the clearly demarcated edges of the outside cortical bone and the inside
medullary cavity.
4.7 BIOCHEMICAL DATA

In addition to using growth- and lesion-based data to assess stress, osteocalcin was also
identified as a potential indicator of poor health because of its relationship with bone formation
and glucocorticoid release as discussed in Chapter 3 Section 3.5.1 and 3.5.2. This study of
osteocalcin was a pilot project to test extraction protocol and analytical potential by comparing
any results with the observed macroscopic skeletal disruptions associated with stress. Twenty
adult individuals were chosen for this preliminary biochemical exploration (Appendix B.1).
Selection was based on preservation, as poor preservation has been shown to negatively affect

protein extraction in archaeological samples (Brown and Brown 2011). Only adult remains were
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used for this preliminary analysis as fluctuating growth patterns during the subadult years have
been shown to interfere with osteocalcin production (Gundberg et al. 2002), making it difficult to
identify if osteocalcin fluctuations are reflecting stress events or normal growth cycles. For each
of the 20 adults, two samples were collected, one from the femur and one from the clavicle. Two
samples were taken to test the argument that glucocorticoids affect regions of the skeleton
differently based on receptor density in the surrounding soft tissues (Weinstein et al. 1998).
Therefore, the femur was used as a proxy for the appendicular skeleton and the clavicle as a
proxy for the axial skeleton. While more centrally located skeletal elements would have been
preferred for the axial comparison, the thin cortical bone found on the ribs, vertebrae, sternum
and pelvic bones were not suitable for sample collection. All femoral samples were taken on the
posterior portion of the shaft inferior to the lesser trochanter. All clavicle samples were taken on
the inferior portion of the shaft medial to the conoid tubercle. All samples were collected at the
ADBOU laboratory under the supervision of Dr. Lillian Skytte, Institute of Physics, Chemistry
and Pharmacy at the University of Southern Denmark. Approximately 50mg of bone powder was
harvested from the cortical bone of the femur and clavicle in each individual using a standard
electrical Dremel (model 225). The bone surface was first cleaned by removing the outer layer of
cortical bone with the Dremel approximately 1cm by 3cm, followed by a sterilization of the
Dremel tip before the sample was collected. The tip was first cleaned in distilled water and
sterilized in an ethanol flame. The Dremel was allowed to cool before the bone sample was
collected. All samples were collected onto aluminum foil and then directly funneled into a glass
vial. All attempts were made to keep the bone powder free of contaminants from the surrounding

boney tissue at the sample site, especially loose dirt fragments.
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In addition to these 20 individuals, bone powder and a raw bone sample was also
procured from the surface collection remains of the Aarhus Vestergade Site to use as a control.
Contemporaneous to the Black Friars cemetery, the femoral sample taken from the Aarhus
Vestergade site was used to establish and test the osteocalcin extraction protocol in advance of
the Black Friars analysis. Approximately 100mg of bone powder was collected from the Aarhus
femur using the Dremel method discussed above, and an additional 100mg was harvested by
hand at the University of Manitoba, BDIAL Laboratory. To test the impact of heat (generated
from the Dremel) on protein preservation, a preliminary test study was done comparing the
amount of protein extracted from heat-harvested bone powder, versus hand crushed bone
powder. The hand crushed bone samples were collected by using a hacksaw to remove a small
portion of the cortical bone from the femur. Once removed this small bone fragment was put into
an ultrasonicator bath of distilled water for 45 minutes until the water ran clear and was left for
24 hours to dry completely. This bone sample was then crushed by hand using a marble mortar
and pestle and crushed until the powder was a similar consistency to the Dremel collected
samples.

4.7.1 Protein extraction

All biochemical analysis was conducted at the Manitoba Centre for Proteomics &
Systems Biology at the John Buhler Research Centre at the University of Manitoba. Dr.
Neeloffer Mookherjee and Grace Choi (Department of Immunology) were responsible for
establishing the protocol for the biochemical analysis and training. In advance of using the Black
Friars sample for biochemical extraction, the Aarhus Vestergade femoral sample was used to test
the extraction protocol, discussed below. Following this successful protocol development stage,

all 40 Black Friar samples were then analyzed. The protein extraction protocol developed was
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based on the methods outlined by Cleland et al. (2012) with ethylenediaminetetraacetic acid
(EDTA) selected as the extraction agent over hydrochloric acid (HCL), as the stable pH of
EDTA retains the structure of the proteins better than HCL in bone material. For this preliminary
step of extraction all 40 samples were treated with an EDTA and protease inhibitor cocktail
(PIC) mixture; 9000ul of EDTA was added to 90ul of PIC. The EDTA contributes to the
demineralization of the boney tissue encasing the proteins, while the PIC renders the protease in
the bone non-functional which halts the protein degradation process. 200l of this EDTA PIC
mixture was then added to each of the 40 vials and then vortexed to ensure the EDTA PIC
mixture saturated as much of the bone powder as possible. All samples were then continually
oscillated at 4 degrees Celsius for 24 hours. Following this 24-hour oscillation period, the
samples were centrifuged at 4 degrees Celsius for 10 minutes at 10,000xg relative centrifugal
force (RCF). Following this step, the supernatant was collected off of the top of each vial with
5ul being added to 40 small vials and the reminder to another 40 larger vials. The supernatant
was divided like this so that the small vials could be used for the microBCA process and the
remaining larger vials for the ELISA analysis. After dividing the supernatant samples each day,
all vials were kept at -80 degrees Celsius and kept on ice once removed from the freezer this was
to minimize the freeze-thaw process. This supernatant collection process was repeated for 4
days.

Once the supernatant was collected, all samples were filtered to remove any EDTA still
present. Using Amicon Ultra-0.5 centrifugal Filter Devices, each filter membrane was cleaned to
remove the glycerine used to keep the filters moist before laboratory use. Using 400ul of
phosphate-buffered saline solution (PBS), each filter tube was centrifuged for 15 minutes at

13,000xg RCF. After this initial cleaning, 500ul of each supernatant sample was added to the
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cleaned filters and centrifuged for 15 minutes at 13,000xg RCF. After this initial filter of the
supernatant samples, 350ul of PBS was added to the filter tubes to rinse the membranes and
centrifuged for 15 minutes at 13,000xg RCF. After this secondary cleaning the clarity of the
samples was visually assessed. Because many samples still had a yellowish colour, the samples
were again filtered for a total of three cleaning cycles. While not all samples were consistently
yellowish, all were filtered the same so as to not introduce variability in the established protocol
between certain samples. Once the filtering was complete, approximately 50ul of each sample
was removed from the filter tubes and transferred into vials; additionally, 150ul of PBS was
added to these vials as well, to ensure all samples were at approximately 200ul. Because the
samples were further diluted by PBS during the microBCA and ELISA processes, this addition at
the end of the filtering stage did not negatively dilute the supernatant. All samples were stored at
-80 degrees Celsius.

4.7.2 MicroBCA Protein Analysis

For the microBCA analysis a Thermo Scientific 23235 kit was used to measure the
quantity of protein present in the supernatant samples. A standard was mixed using 450ul of
buffer 1 (PBS and double distilled water) and 50ul of bovine serum albumin (BSA). 100ul of
buffer 1 was then added to columns one and two, rows B through H on the plate, followed by
100ul of the standard mix in rows one and two, rows A and B. From this a serial dilution was
performed downwards from column B through G leaving wells H blank with no solution. After
these standard columns were established, 95ul of the standard solution and 5pul of each
supernatant sample were added to the 40 sample wells. At this stage the microBCA reaction mix
was created using regents A, B and C at a ratio of 25:24:1, respectively. Once mixed, 100ul of

the reaction solution was added to all 40 sample wells and 16 standard wells. The plate was then
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incubated for approximately 45 minutes until the wells developed a purple/blue colour. Based on
the colour change of the top standard wells, multiple plate reads were conducted to ensure the
standard was not overdeveloped (i.e. too dark). Once optimal colour change was reached, the
plate was read at 560nm with protein levels recorded.

4.7.3 Enzyme-linked immunoassay (ELISA)

For the ELISA analysis a R&D Systems Quantikine ELISA — Human Osteocalcin
(DSTCNO) kit was used to quantifying the amount of osteocalcin protein present in each sample.
After determining the concentration of proteins for each sample from the micoBCA results,
differing amounts of each sample (Appendix B.2) were extracted from the individual vials and
mixed with PBS to bring all samples to 50ul. 100ul of the Assay Diluent (RDI-117) was then
added to each well in addition to 50ul of each sample. Similar to the micoBCA analysis, two
columns of standards were also prepped following a similar serial dilution method (Appendix
B.3). Once all samples were added during this initial step, the plate was put on an oscillator at
room temperature for two hours. Following this, the plate was washed using the buffer solution
from the ELISA kit. 300ul was added to each well, dumped and blotted dry on clean paper
towels. This washing step was repeated four times to ensure all material not adhered to the
primary antibody that was pre-coated on the plate was removed. After washing, 200ul of the
secondary antibody was added to all 40 sample wells and 16 standard wells. Because the
secondary antibody is light sensitive the plate was covered and left to oscillate for two hours at
room temperature. The plate was again washed four times. At this stage Colour Reagent A and
Colour Reagent B were mixed together creating the substrate solution. 200pl of the substrate
solution was then added to all 56 wells. This substrate solution is also sensitive to light and was

covered during incubation. Kept at room temperature, the incubation timing of this substrate
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solution was based on the full development of the standard columns, similar to the microBCA
analysis. Once the standards were fully developed, 50ul of the stop solution was added to each
well and gently mixed by hand until the colour of all wells turned from green to yellow. After
this colour change, signalling the full activation of the stop solution, the plate was read at 450nm
and 540nm and osteocalcin levels were calculated by creating a standard curve in Excel with the
concentration from each dilution multiplied by the dilution factor as per the instructions from the
ELISA kit. All osteocalcin levels were recorded as ng/ml from 4ug of starting bone material.
Two dilutions were completed for this osteocalcin data. The first dilution was 1:1 with 14
samples developing beyond the top standard. While these osteocalcin levels were still recorded
within the standard curve for the data, the samples were rerun at a 1:4 dilution in an attempt to
capture those outliers. With the second dilution only three samples fell above the top standard

and within the standard curve and deemed sufficient for this analysis.
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CHAPTER 5: RESULTS

5.1 INTRODUCTION

This chapter presents the results of this research beginning with an overview of intra-
observer error followed by the analysis of the lesion-based observations including assessments of
both pathological and stress indicators. Growth and development-based analyses are also
discussed with a specific focus on body size indicators and cortical thickness measurements. This
chapter concludes with the analysis of the osteocalcin data.
5.2 INTRA-OBSERVER ERROR

Intra-observer error was calculated for the primary macroscopic stress indicators (i.e. CO,
PH, EHL and HL), comparing the first and second rounds of scoring, and a third round of
scoring for EHL. For CO, PH and EHL a weighted quadratic kappa test () was performed. All
calculated kappa statistics will fall between -1.00 and 1.00, but most often are between 0.00 and
1.00, with 1.00 representing perfect agreement between scoring rounds and 0 representing the
level of agreement that would occur by chance. A negative kappa statistic (<0.00) means that the
level of agreement is less than what would be expected by chance (Viera and Garrett 2005). For
ordinal, hierarchical data the weighted kappa statistic puts more emphasis on larger score
discrepancies than the smaller score discrepancies (Cohen 1960; Cohen 1968; Sim and Wright
2005; Viera and Garrett 2005). A quadratic weighting for the kappa statistic was used to
represent the differences between the score categories (i.e. the severity difference between the 0
score category and the 1 score category is not equal to the difference between the 2 score
category and the 3 score category) whereas a linear weighting assumes there is no difference
between the score categories (i.e. the severity difference between the 0 score category and the 1

score category are equal to the difference between the 2 score category and the 3 score category)
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(Fleiss and Cohen 1973; Brenner and Kliebsch 1996; Schuster 2004). While Landis and Koch
(1977) established an arbitrary hierarchy for kappa statistic interpretation (Table 5.1), Sim and
Wright (2005) argue that the nature of the data being interpreted and inherent observer biases
influence the interpretation of the kappa statistic and should be considered.

Table 5.1 Landis and Koch (1977) on the Interpretation of the Kappa Statistic

Kappa Statistic (Ky,) Strength of Agreement
<0.00 Poor
0.00-0.20 Slight
0.21 -0.40 Fair
0.41 -0.60 Moderate
0.61 —0.80 Substantial
0.81 -1.00 Almost Perfect

For CO and PH the kappa statistic between the first and second scoring rounds was 0.860
(standard error = 0.116; confidence interval (95%) =0.632 to 1.088) and 0.909 (standard error
=0.094; confidence interval (95%) =0.724 to 1.094), respectively. This included the adult and
subadult rechecks. For EHL the kappa statistic was calculated separately for the adult and
subadult groups as the adult group had three rounds of scoring and the subadult only two. In this
study, EHL left side observations were used for analysis and replaced with the right side when
the left was absent. An assessment of the comparability between left and right side observations
was not completed for enamel defects as all data was converted into categorical data arguably
diminishing any potential bias between the original raw counts. Further, any right side
replacements in the primary data were also replaced in the secondary and tertiary observational
rounds to ensure consistency. For the adults, the EHL kappa statistic ranged between 0.194 and
0.811 and for the subadults between 0.333 and 0.677 (Table 5.2). For all adult comparisons,
except the maxillary canine, the kappa agreement value was highest between the second and
third rounds of scoring, demonstrating the predicted learning curve associated with the
identification of EHL; however, the calculated kappa statistic between the first and second round
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of scoring also demonstrated satisfactory agreement between observations and can be considered
a good representation of the population sample. In both the adult and subadult grouping the
highest kappa agreement values were for the maxillary first premolar scores. This level of
agreement likely represents a bias in the tooth being observed. As discussed by Sim and Wright
(2005), the interpretation of the kappa statistic requires an acknowledgement of influencing
biases such as an observer’s pre-existing knowledge of the subject being scored. For example,
EHL are less likely to form on the premolars and as a result stricter criteria may have been
inadvertently used in identifying what was and was not considered an EHL. Because this high
level of agreement for the first premolar was seen in both the adult and subadult grouping and
differs from the generalized trend seen in the remaining comparisons, it is likely that observer

bias was in part influencing this kappa statistic result.
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Table 5.2 Weighted Quadratic Kappa Statistic Values for Adult and Subadult EHL
Comparisons

Adults (n=21) Ky Std. Error | Confidence Interval (95%)
MNC Score 1 — MNC Score 2 0.679 0.201 0.285to 1.072
MNC Score 1 — MNC Score 3 0.407 0.141 0.132 t0 0.683
MNC Score 2 — MNC Score 3 0.750 0.161 0.434 to 1.066
MXCI Score 1 — MXCI Score 2 0.423 0.236 -0.039 to 0.885
MXCI Score 1 — MXCI Score 3 0.625 0.227 0.181 to 1.069
MXCI Score 2 — MXCI Score 3 0.581 0.195 0.199 to 0.963
MXC Score 1 - MXC Score2 0.480 0.178 0.131 to 0.829
MXC Score 1 — MXC Score 3 0.343 0.204 -0.056 t0 0.743
MXC Score 2 — MXC Score 3 0.462 0.176 0.117 to 0.806
MX1PM Score 1 - MX1PM Score 2 0.545 0.206 0.142 to 0.949
MXI1PM Score 1 - MX1PM Score 3 0.194 0.362 -0.515 t0 0.902
MX1PM Score 2 - MX1PM Score 3 0.811 0.126 0.565 to 1.057
Subadults (n=17) Ky Std. Error | 95% Confidence Interval
MNC Score 1 — MNC Score 2 0.500 0.375 -0.235to 1.235
MXCI Score 1 — MXCI Score 2 0.333 0.385 -0.421 to 1.088
MXC Score 1 — MXC Score 2 0.400 0.162 0.083 t0 0.717
MXI1PM Score 1 - MX1PM Score 2 0.667 0.236 0.205 to 1.129

(MNC - mandibular canine; MXCI — maxillary central incisor; MXC — maxillary canine;
MXPMI — maxillary first premolar)

Intra-observer testing for Harris lines was preceded by a comparison of left and right side
observations in the distal tibia to ensure comparability when absent left side data was replaced
with the right. While this comparison was not completed on the categorical EHL data, for the
Harris line raw count data this comparison was necessary; further, the asymmetrical growth of
long bones shown to be associated with stress (Albert and Greene 1999; DeLeon 2007) may

affect the manifestation and visibility of these lines. For the adult group a paired samples t-test
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was used to assess side comparison in the medial-lateral (ML) view with no statistically
significant differences between the left and right raw counts (t=1.114; df=14; p=0.284).
Similarly, the subadult group also showed no statistically significant differences between the left
and right raw counts in the anterior-posterior (AP) orientation (t=1.210; df=9; p=0.257).

For the adult grouping, a paired samples t-test was completed to assess the relationship
between the first and second rounds of counts in the ML orientation with no statistically
significant differences observed (t=0.295; df=22; p=0.770). For the subadult grouping, there was
a statistically significant difference between the first and second round in the AP orientation (t=-
2.512; df=9; p=0.033). One subadult individual (SBT81 GR53) demonstrated an exceptional
number of Harris lines in the distal tibia making it difficult to clearly observe the true line count;
therefore, this individual was omitted from a second paired samples t-test to determine whether
or not their noted variability was influencing the differences between observational rounds. Once
removed, there were no statistically significant differences between the observational rounds in
the subadult subsample (t=-2.121; df=8; p=0.067), suggesting this one individual was likely
influencing the original assessment.

Overall, the intra-observer error results suggest satisfactory agreement between
preliminary and secondary data collection for all of the stress indicators in both the adult and
subadult age groupings. Cribra orbitalia and PH showed the highest level of agreement when
using the kappa statistic with variable results for EHL. Variability between the EHL observations
was likely influenced by multiple factors including: natural lighting differences at the time of
observation, observer eye fatigue, or observer expectation bias when scoring particular teeth.
Despite these limitations however, it is assumed that based on these results the data used for

further analysis are an accurate reflection of the Black Friars population.
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5.3 LESION-BASED ANALYSES

5.3.1 Pathology

Using a chi-square test ()°) each of the nine pathological conditions were assessed for any

significant differences between males and females and lesion frequency. The results showed that

there was a statistically significant difference between males and females in the prevalence of

Schmorl’s nodes (3’=7.028; df=1; p=0.008) and degenerative joints changes (}*=6.625; df=1;

p=0.010), with males more likely to develop these pathologies over females. No other

pathological comparisons between males and females were significant. All adult raw data is

presented below in Tables 5.3 to 5.11.

Table 5.3 Cases of Periostitis between Sexes in the Black Friars Cemetery Sample

Sex Periostitis

Absent (n) Possible/Present (n) Total (n)
Male (n=74) 25 49 74
Female (n=78) 28 50 78
Total (n=152) 53 99 152

Table 5.4 Cases

of Tuberculosis (TB) between Sexes in the Black Friars Cemetery Sample

Sex 18

Absent (n) Possible/Present (n) Total (n)
Male (n=74) 61 13 74
Female (n=78) 56 22 78
Total (n=152) 117 35 152

Table 5.5 Cases of Leprosy between Sexes in the Black Friars Cemetery Sample

Sex Leprosy

Absent (n) Possible/Present (n) Total (n)
Male (n=74) 73 1 74
Female (n=78) 75 3 78
Total (n=152) 148 4 152
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Table 5.6 Cases of Treponema between Sexes in the Black Friars Cemetery Sample

Sex Treponema

Absent (n) Possible/Present (n) Total (n)
Male (n=74) 51 23 74
Female (n=78) 51 27 78
Total (n=152) 102 50 152

Table 5.7 Cases of Fractures between Sexes in the Black Friars Cemetery Sample

Sex Fractures

Absent (n) Possible/Present (n) Total (n)
Male (n=74) 64 10 74
Female (n=78) 69 9 78
Total (n=152) 133 19 152

Table 5.8 Cases of Degenerative Spine Changes (DSC) between Sexes in the Black Friars

Cemetery Sample

Sex DSC

Absent (n) Possible/Present (n) Total (n)
Male (n=74) 28 41 69
Female (n=78) 36 42 78
Total (n=152) 64 83 147

Table 5.9 Cases of Schmorl’s Nodes between Sexes in the Black Friars Cemetery Sample

Schmorl’s Nodes

pex Absent (n) Possible/Present (n) Total (n)
Male (n=74) 10 59 69
Female (n=78) 26 52 78
Total (n=152) 36 111 147

Table 5.10 Cases of Degenerative Joint Changes (DJC) between Sexes in the Black Friars

Cemetery Sample

Sex DJC

Absent (n) Possible/Present (n) Total (n)
Male (n=74) 47 27 74
Female (n=78) 64 14 78
Total (n=152) 111 41 152
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Table 5.11 Cases of Dental Abscesses between Sexes in the Black Friars Cemetery Sample

Dental Abscesses

Sex Absent (n) Possible/Present (n) Total (n)
Male (n=74) 67 6 73
Female (n=78) 69 9 78
Total (n=152) 136 15 151

Similarly, when assessing the data by time period there were no statistically significant

differences between the medieval and post-medieval groupings except in the presence of dental

abscesses ((’=5.467; df=1; p=0.019) with the post-medieval individuals more likely to have

dental abscesses than the medieval individuals. All adult raw data is presented below in Tables

5.12 to0 5.20.

Table 5.12 Cases of Periostitis between Time Periods in the Black Friars Cemetery Sample

. . Periostitis
Time Period -
Absent (n) Possible/Present (n) Total (n)
Medieval (n=52) 30 31 61
Post-medieval (n=100) 63 79 142
Total (n=152) 93 101 203

Table 5.13 Cases of Tuberculosis (TB) between Time Periods in the Black Friars Cemetery

Sample
Time Period 18

Absent (n) Possible/Present (n) Total (n)
Medieval (n=52) 51 10 61
Post-medieval (n=100) 116 26 142
Total (n=152) 167 36 203

Table 5.14 Cases of Leprosy between Time Periods in the Black Friars Cemetery Sample

Time Period Leprosy
Absent (n) Possible/Present (n) Total (n)
Medieval (n=52) 60 1 61
Post-medieval (n=100) 139 3 142
Total (n=152) 199 4 203
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Table 5.15 Cases of Treponema between Time Periods in the Black Friars Cemetery

Sample
Time Period Treponema ;

Absent (n) Possible/Present (n) Total (n)
Medieval (n=52) 47 14 61
Post-medieval (n=100) 105 37 142
Total (n=152) 152 51 203

Table 5.16 Cases of Fractures between Time Periods in the Black Friars

Cemetery Sample

. . Fractures
Time Period -
Absent (n) Possible/Present (n) Total (n)
Medieval (n=52) 56 5 61
Post-medieval (n=100) 128 14 142
Total (n=152) 184 19 203

Table 5.17 Cases of Degenerative Spine Changes (DSC) between Time Periods in the Black

Friars Cemetery Sample

. . DSC
Time Period -
Absent (n) Possible/Present (n) Total (n)
Medieval (n=52) 32 26 58
Post-medieval (n=100) 71 57 128
Total (n=152) 103 83 186

Table 5.18 Cases of Schmor!l’s Nodes between Time Periods in the Black Friars Cemetery

Sample

Schmorl’s Nodes

Time Period

Absent (n) Possible/Present (n) Total (n)
Medieval (n=52) 23 35 58
Post-medieval (n=100) 44 84 128
Total (n=152) 67 119 186

Table 5.19 Cases of Degenerative Joint Changes between Time Periods in the Black Friars

Cemetery Sample

. . DJC
Time Period -
Absent (n) Possible/Present (n) Total (n)
Medieval (n=52) 47 14 61
Post-medieval (n=100) 109 29 138
Total (n=152) 156 43 199
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Table 5.20 Cases of Dental Abscesses between Time Periods in the Black Friars
Cemetery Sample

. . Dental Abscesses
Time Period -
Absent (n) Possible/Present (n) Total (n)
Medieval (n=52) 58 1 59
Post-medieval (n=100) 116 16 132
Total (n=152) 174 17 191

Using a Fisher’s exact test and looking at sex specific differences within each time
period, there were no significant differences between males and females and any pathological
condition in the medieval period. In the post-medieval grouping only the presence of Schmorl’s
nodes was significantly different between males and females (p=0.023) with males more likely to
have the pathology over females.

Pathological conditions were also assessed by age group. Because many of these
pathologies do not manifest in subadults (e.g. Schmorl’s nodes, degenerative changes, to some
extent leprosy and treponema), the subadult age groups were only evaluated for periostitis, TB,
leprosy, treponema, fractures, and dental abscesses. In the subadult group there were five age
categories used, marking known maturation periods (i.e. 0-1 year; 2-4 years; 5-7 years; 8-13
years; 14-18 years) (Bogin 2001). A Fisher’s exact test was used for all subadult comparisons
due to a reduced sample size. In assessing all subadult individuals there was no statistically
significant differences between the presence of pathological conditions by age. Further, there
were no cases of leprosy or fractures among any of the subadult age groups. Pathology was then
compared by age group within each time period with no significant differences observed. In the
medieval grouping there were no cases of leprosy, treponema, fractures or dental abscesses and
in the post-medieval group there were no cases of TB, leprosy or fractures. All subadult raw data

is presented below in Tables 5.21 to 5.28.

118



Table 5.21 Cases of Periostitis between Age Categories in the Black Friars Subadult

Cemetery Sample

Age Category Periostitis .
Absent (n) Possible/Present (n) Total (n)

0-1 years (n=8) 4 3 ;
2-4 years (n=5) 5 0 S
5-7 years (n=7) 6 ) ;
8-13 years (n=24) 17 p =
14-18 years (n=7) 6 1 »
Total (n=51) 40 1 5

Table 5.22 Cases of Tuberculosis (TB) between Age Categories in the Black Friars

Subadult Cemetery Sample

IAge Category 18 ;
Absent (n) Possible/Present (n) Total (n)

0-1 years (n=8) 7 0 7
2-4 years (n=5) 5 0 5
5-7 years (n=7) 6 1 7
8-13 years (n=24) 23 0 23
14-18 years (n=7) 7 0 7
Total (n=51) 50 1 51

Table 5.23 Cases of Treponema between Age Categories in the Black Friars Subadult

Cemetery Sample

Treponema
Age Category ;
Absent (n) Possible/Present (n) Total (n)

0-1 years (n=8) 7 0 7
2-4 years (n=5) 6 0 6
5-7 years (n=7) 7 0 7
8-13 years (n=24) 23 0 23
14-18 years (n=7) 6 1 7
Total (n=51) 50 1 51
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Table 5.24 Cases of Dental Abscesses between Age Categories in the Black Friars Subadult

Cemetery Sample

Dental Abscesses

Age Category

Absent (n) Possible/Present (n) Total (n)
0-1 years (n=8) 5 0 5
2-4 years (n=5) 5 0 5
5-7 years (n=7) 6 0 6
8-13 years (n=24) 17 0 17
14-18 years (n=7) 5 2 7
Total (n=51) 38 2 40

Table 5.25 Cases of Periostitis between Time Periods in the Black Friars Subadult

Cemetery Sample

Periostitis
Time Period Absent (n) Possible/Present (n) Total (n)
Medieval (n=9) 7 2 9
Post-medieval (n=42) 33 9 42
Total (n=51) 40 11 51

Table 5.26 Cases of Tuberculosis (TB) between Time Periods in the Black Friars Subadult

Cemetery Sample

. . TB
Time Period -
Absent (n) Possible/Present (n) Total (n)
Medieval (n=9) 8 1 9
Post-medieval (n=42) 42 0 42
Total (n=51) 50 1 51

Table 5.27 Cases of Treponema between Time Periods in the Black Friars Subadult

Cemetery Sample

Treponema
Time Period Absent (n) Possible/Present (n) Total (n)
Medieval (n=9) 9 0 9
Post-medieval (n=42) 41 1 42
Total (n=51) 50 1 51
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Table 5.28 Cases of Dental Abscesses between Time Periods in the Black Friars Subadult
Cemetery Sample

. . Dental Abscesses
Time Period -
Absent (n) Possible/Present (n) Total (n)
Medieval (n=9) 7 0 7
Post-medieval (n=42) 31 2 33
Total (n=51) 38 2 40

For the adult age comparison, individuals were divided into three age categories (i.e. 18-
29 years; 30-44 years; 45-60 years) and were tested against all nine pathological conditions. All
pathological groups were analyzed using a Fisher’s exact test due to the low prevalence of
pathology. All pathologies associated with age, degenerative spine changes (p<0.001), Schmorl’s

nodes (p=0.037) and degenerative joint changes (p=0.012) were all significantly more prevalent

in the older age categories, as expected. No other pathology showed a significant difference in

prevalence between any of the three adult age groups. All adult raw data is presented below in

Tables 5.29 to 5.37.

Table 5.29 Cases of Periostitis between Age Categories in the Black Friars Adult Cemetery

Sample
Age Category Periostitis :
Absent (n) Possible/Present (n) Total (n)
18-29 years (n=46) 16 30 46
30-44 years (n=96) 33 63 96
45-60 years (n=10) 4 6 10
Total (n=152) 53 99 152

Table 5.30 Cases of Tuberculosis (TB) between Age Categories in the Black Friars Adult

Cemetery Sample

TB
Age Category ;
Absent (n) Possible/Present (n) Total (n)
18-29 years (n=46) 38 8 46
30-44 years (n=96) 74 22 96
45-60 years (n=10) 5 5 10
Total (n=152) 117 35 152
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Table 5.31 Cases of Leprosy between Age Categories in the Black Friars Adult Cemetery

Sample
Age Category Leprosy ;
Absent (n) Possible/Present (n) Total (n)
18-29 years (n=46) 44 2 46
30-44 years (n=96) 94 2 96
45-60 years (n=10) 10 0 10
Total (n=152) 148 4 152

Table 5.32 Cases of Treponema between Age Categories in the Black Friars Adult

Cemetery Sample
Age Category Treponema -
Absent (n) Possible/Present (n) Total (n)
18-29 years (n=46) 30 16 46
30-44 years (n=96) 65 31 96
45-60 years (n=10) 7 3 10
Total (n=152) 102 50 152

Table 5.33 Cases of Fractures between Age Categories in the Black Friars Adult Cemetery

Sample
Age Category Fractures :
Absent (n) Possible/Present (n) Total (n)
18-29 years (n=46) 41 5 46
30-44 years (n=96) 85 11 96
45-60 years (n=10) 7 3 10
Total (n=152) 133 19 152

Table 5.34 Cases of Degenerative Spine Changes (DSC) between Age Categories in the
Black Friars Adult Cemetery Sample

DSC
Age Category Absent (n) Possible/Present (n) Total (n)
18-29 years (n=46) 35 10 45
30-44 years (n=96) 25 68 93
45-60 years (n=10) 4 5 9
Total (n=152) 64 83 147
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Table 5.35 Cases of Schmorl’s Nodes between Age Categories in the Black Friars Adult

Cemetery Sample

Schmorl’s Nodes
Age Category Absent (n) Possible/Present (n) Total (n)
18-29 years (n=46) 17 28 45
30-44 years (n=96) 17 76 93
45-60 years (n=10) 2 7 9
Total (n=152) 36 111 147

Table 5.36 Cases of Degenerative Joint Changes between Age Categories in the Black
Friars Adult Cemetery Sample

DJC
Age Category Absent (n) Possible/Present (n) Total (n)
18-29 years (n=46) 35 11 46
30-44 years (n=96) 73 23 96
45-60 years (n=10) 3 7 10
Total (n=152) 111 41 152

Table 5.37 Cases of Dental Abscesses between Age Categories in the Black Friars Adult

Cemetery Sample

Dental Abscesses
Age Category Absent (n) Possible/Present (n) Total (n)
18-29 years (n=46) 41 5 46
30-44 years (n=96) 87 8 95
45-60 years (n=10) 8 2 10
Total (n=152) 136 15 151

This age data was further divided by time period to assess any differences in the presence
or absence of these pathologies in the medieval or post-medieval period. Using a Fisher’s exact
test for the medieval group there was a significant difference in the presence of fractures
(x*=6.319; p=0.027) (Table 5.38), degenerative spine changes (y’=11.814; p=0.001) (Table 5.39)
and degenerative joint changes (y’=5.716; p=0.041) (Table 5.40). While degenerative changes
are expected to increase with age, the number of fractures in the oldest age group was not

expected. In the oldest age category (45-60 years) half of the observed individuals had a fracture,
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whereas in the youngest age group (18-29 years) of the 15 observable individuals, none showed

evidence of a fracture (new or healed) (Table 5.38).

Table 5.38 Cases of Fractures in the Medieval Adult Age Categories in the Black Friars

Cemetery Sample

Fractures
Age Category -
Absent (n) Possible/Present (n) Total (n)
18-29 years (n=15) 15 0 15
30-44 years (n=33) 30 3 33
45-60 years (n=4) 2 2 4
Total (n=52) 47 5 52

Table 5.39 Cases of Degenerative Spine Changes (DSC) in the Medieval Adult Age
Categories in the Black Friars Cemetery Sample

DSC
Age Category Absent (n) Possible/Present (n) Total (n)
18-29 years (n=15) 12 2 14
30-44 years (n=33) 10 22 32
45-60 years (n=4) 2 2 4
Total (n=52) 24 26 50

Table 5.40 Cases of Degenerative Joint Changes (DJC) in the Medieval Adult Age
Categories in the Black Friars Cemetery Sample

DJC
Age Category Absent (n) Possible/Present (n) Total (n)
18-29 years (n=15) 10 5 15
30-44 years (n=33) 27 6 33
45-60 years (n=4) 1 3 4
Total (n=52) 38 14 52

Similar to the medieval comparison and using a Fisher’s exact test, the post-medieval age

groups also showed a significant difference between the prevalence of degenerative spine

changes (x’=20.913; p=0.000) based on age category with the oldest age group showing the

majority of these degenerative changes; however, degenerative joint changes were not

significantly different by age (’=5.876; p=0.072) in the post-medieval group. No other

pathological comparisons by age in the post-medieval group were significant. Further, when
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comparing the three age groups across the medieval and post-medieval time periods using a chi-
square test there was a significant difference in the presence of periostitis (y’=4.438; df=1;
p=0.035) in the middle age group (30-44 years) (Table 5.41). In this comparison, it was more
likely for the post-medieval individuals to have periostitis in middle adulthood than the medieval
individuals. There was also a significant difference in the presence of dental abscesses using a
Fisher’s exact test (p=0.047) in the 30-44 year age category with the pathology only present in
the post-medieval individuals (Table 5.42). All other comparisons between age groups across the
two time periods were not significantly significant.

Table 5.41 Cases of Periostitis within each Adult Age Category Compared between Time
Periods in the Black Friars Cemetery Sample

Age Category . Time Period ‘
Medieval (n) | Post-medieval (n) Total (n)
Absent 6 10 16
18-29 years | Possible/Present 9 21 30
Total 15 31 46
Absent 16 17 33
30-44 years |Possible/Present 17 46 63
Total 33 63 96
Absent 1 3 4
45-60 years |Possible/Present 3 3 6
Total 4 6 10
Absent 23 30 53
Total Possible/Present 29 70 99
Total 52 100 152
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Table 5.42 Cases of Dental Abscesses within each Adult Age Category Compared between
Time Periods in the Black Friars Cemetery Sample

Age Category . Time Period ‘
Medieval (n) | Post-medieval (n) Total (n)
Absent 15 26 41
18-29 years |Possible/Present 0 5 5
Total 15 31 46
Absent 33 54 87
30-44 years |Possible/Present 0 8 8
Total 33 62 95
Absent 3 5 8
45-60 years |Possible/Present 1 1 2
Total 4 6 10
Absent 51 85 136
Total Possible/Present 1 14 15
Total 52 99 151

Overall, despite a lack of statistical significance, many pathological conditions were more
prevalent in the post-medieval period, particularly visible in the middle adult age category,
whereas in the youngest and oldest age categories this trend is less distinct (Figures 5.1 to 5.3).
Also, in the post-medieval period there were some pathological conditions present that were
absent in the earlier medieval period. In the youngest age group fractures and dental abscesses
were only present in the post-medieval sample. In the middle age group TB, degenerative joint
changes and dental abscesses were also only present in the post-medieval group. In the oldest age
category all pathological conditions were represented in both the medieval and post-medieval

groups except leprosy.
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Figure 5.1 Percentage of Individuals with Pathological Conditions between Time Periods in
the 18-29 year Age Group
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(DSC — degenerative spine changes; DJC — degenerative joint changes)

Figure 5.2 Percentage of Individuals with Pathological Conditions between Time Periods in
the 30-44 year Age Group
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(DSC — degenerative spine changes; DJC — degenerative joint changes)

127



Figure 5.3 Percentage of Individuals with Pathological Conditions between Time Periods in
the 45-60 year Age Group
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(DSC — degenerative spine changes; DJC — degenerative joint changes)

5.3.2 Stress Indicators

When analyzing the subadult sample, a Fisher’s exact test was used to compare the
prevalence of each stress indicator by severity category with time period and age. There were no
significant differences observed between the four indicators when compared by time period and
no significant differences when compared by age group except for EHL (¥*=23.699; p=0.001).
All subadult raw data is presented below in Tables 5.43 to 5.50.

Table 5.43 Subadult Cases of Cribra Orbitalia (CO) by Severity between Time Periods in
the Black Friars Cemetery Sample

Time Period CO (Severity Levels 0-4)

0 (n) 1 (n) 2 (n) 3(n) 4 (n) Total (n)
Medieval (n=9) 0 3 3 1 0 7
Post-medieval (n=42) 12 11 4 1 1 29
Total (n=51) 12 14 7 2 1 36
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Table 5.44 Subadult Cases of Porotic Hyperostosis (PH) by Severity between Time Periods
in the Black Friars Cemetery Sample

PH (Severity Levels 0-4)
Time Period 0 (n) 1 (n) 2 (n) 3 (n) 4 (n) Total
Medieval (n=9) 6 0 1 0 0 7
Post-medieval (n=42) 23 4 1 1 0 29
Total (n=51) 29 4 2 1 0 36

Table 5.45 Subadult Cases of Enamel Hypoplastic Lesions (EHL) by Severity between
Time Periods in the Black Friars Cemetery Sample

. . EHL (Severity Levels 0-3)
Time Period
0 (n) 1 (n) 2 (n) 3 (n) Total (n)
Medieval (n=9) 5 0 1 1 7
Post-medieval (n=42) 10 3 6 10 29
Total (n=51) 15 3 7 11 36

Table 5.46 Subadult Cases of Harris Lines (HL) by Severity between Time Periods in the
Black Friars Cemetery Sample

HL (Severity Levels 0-3)
Time Period 0 (n) 1 (n) 2 (n) 3 (n) Total (n)
Medieval (n=9) 0 1 5 2 8
Post-medieval (n=42) 8 7 12 5 32
Total (n=51) 8 8 17 7 40

Table 5.47 Subadult Cases of Cribra Orbitalia (CO) by Severity between Age Categories in
the Black Friars Cemetery Sample

CO (Severity Levels 0-4)
IAge Category
0 (n) 1 (n) 2 (n) 3 (n) 4 (n) Total (n)

0-1 year (n=8) 2 1 0 0 0 3
2-4 years (n=5) 0 2 1 1 0 4
5-7 years (n=7) 1 2 2 0 0 5
8-13 years (n=24) 6 6 3 1 1 17
14-18 years (n=7) 3 2 1 0 0 6
Total (n=51) 12 13 7 2 1 35

129



Table 5.48 Subadult Cases of Porotic Hyperostosis (PH) by Severity between Age
Categories in the Black Friars Cemetery Sample

PH (Severity Levels 0-4)

Age Category 0 (n) 1 (n) 2 (n) 3 (n) 4 (n) Total (n)
0-1 year (n=8) 3 0 0 0 0 3
2-4 years (n=5) 3 1 0 0 0 4
5-7 years (n=7) 4 1 1 0 0 6
8-13 years (n=24) 15 0 0 1 0 16
14-18 years (n=7) 3 2 1 0 0 6
Total (n=51) 28 4 2 1 0 35

Table 5.49 Subadult Cases of Enamel Hypoplastic Lesions (EHL) by Severity between Age
Categories in the Black Friars Cemetery Sample

EHL (Severity Levels 0-3)
Age Category
0(m) 1 (n) 2 (n) 3(n) Total (n)
0-1 year (n=8) 0 1 0 0 1
2-4 years (n=5) 4 0 0 0 4
5-7 years (n=7) 6 1 0 0 7
8-13 years (n=24) 3 0 6 8 17
14-18 years (n=7) 2 1 1 2 6
Total (n=51) 15 3 7 10 35

Table 5.50 Subadult Distribution of Harris Lines (HL) by Severity between Age Categories
in the Black Friars Cemetery Sample

HL (Severity Levels 0-3)

Age Category
0 (n) 1 (n) 2 (n) 3 (n) Total (n)

0-1 year (n=8) 4 1 1 0 6
2-4 years (n=5) 0 1 2 1 4
5-7 years (n=7) 0 1 4 0 5
8-13 years (n=24) 3 4 8 3 18
14-18 years (n=7) 1 1 1 2 5
Total (n=51) 8 8 16 6 38

As shown in Figure 5.4, there is a trend where the older age categories not only show

stress, but a higher severity than the younger age categories. However, in this example, missing

dentition in the youngest age categories may in part be influencing these results.

130




Figure 5.4 Percentage of Individuals with Enamel Hypoplastic Lesions Across Stress
Severity Categories Comparing Subadult Age Groups
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For the adult sample, all stress indicators were compared to sex, age and time period
using a chi-square test to assess any significant differences between severity categories. There
were no significant differences between males and females or the medieval and post-medieval
prevalence of these indicators; however, when looking at age, there was a significant difference
in the prevalence of PH (y’=14.753; df=6; p=0.012) (Figure 5.5). In looking at PH, the oldest age
category shows the most non-stressed or minimally stressed individuals, whereas the youngest
and middle age categories show similar stress in the mild and moderate categories and only the
youngest age groups shows the most severe level of stress. The youngest age group is also
distinct in that it shows a similar frequency of individuals distributed across all four severity
levels, whereas the middle and oldest categories cluster towards the milder end of the severity

spectrum. All adult raw data is presented below in Tables 5.51 to 5.62.
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Figure 5.5 Percentage of Individuals with Porotic Hyperostosis Across Stress Severity

Categories Comparing Adult Age Groups
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Table 5.51 Adult Cases of Cribra Orbitalia (CO) by Severity between Sexes in the Black

Friars Cemetery Sample

Sex CO (Severity Levels 0-4)

0 (n) 1 (n) 2 (n) 3(n) 4 (n) Total (n)
Female (n=78) 55 12 7 3 1 78
Male (n=74) 59 9 6 0 0 74
Total (n=152) 114 21 13 3 1 152

Table 5.52 Adult Cases of Porotic Hyperostosis (PH) by Severity between Sexes in the
Black Friars Cemetery Sample

Sex PH (Severity Levels 0-4)

0(n) 1 (n) 2 (n) 3(n) 4 (n) Total (n)
Female (n=78) 46 24 6 2 0 78
Male (n=74) 40 20 13 1 0 74
Total (n=152) 86 44 19 3 0 152
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Table 5.53 Adult Cases of Enamel Hypoplastic Lesions (EHL) by Severity between Sexes in

the Black Friars Cemetery Sample

EHL (Severity Levels 0-3)

Sex 0 (n) 1 (n) 2 (n) 3 (n) Total (n)
Female (n=78) 19 17 32 9 77
Male (n=74) 22 10 23 14 69
Total (n=152) 41 27 55 23 146

Table 5.54 Adult Cases of Harris Lines (HL) by Severity between Sexes in the Black Friars

Cemetery Sample

HL (Severity Levels 0-3)

Sex

0 (n) 1 (n) 2 (n) 3 (n) Total (n)
Female (n=78) 3 11 25 35 74
Male (n=74) 3 13 25 29 70
Total (n=152) 6 24 50 64 144

Table 5.55 Adult Cases of Cribra Orbitalia (CO) by Severity between Time Periods in the
Black Friars Cemetery Sample

CO (Severity Levels 0-4)

Time Period 0 (n) 1 (n) 2 (n) 3 (n) 4 (n) Total (n)
Medieval (n=52) 42 4 4 1 1 52
Post-medieval (n=100) 72 17 9 2 0 100
Total (n=152) 114 21 13 3 1 152

Table 5.56 Adult Cases of Porotic Hyperostosis (PH) by Severity between Time Periods in

the Black Friars Cemetery Sample

Time Period

PH (Severity Levels 0-4)

0 (n) 1 (n) 2 (n) 3 (n) 4 (n) Total (n)
Medieval (n=52) 35 10 7 0 0 52
Post-medieval (n=100) 51 34 12 3 0 100
Total (n=152) 86 44 19 3 152

Table 5.57 Adult Cases of Enamel Hypoplastic Lesions (EHL) by Severity between Time
Periods in the Black Friars Cemetery Sample

. . EHL (Severity Levels 0-3)
Time Period
0 (n) 1 (n) 2 (n) 3 (n) Total (n)
Medieval (n=52) 12 11 16 13 52
Post-medieval (n=100) 29 16 39 10 94
Total (n=152) 41 27 55 23 146
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Table 5.58 Adult Cases of Harris Lines (HL) by Severity between Time Periods in the
Black Friars Cemetery Sample

HL (Severity Levels 0-3)

Time Period 0 (n) 1 (n) 2 (n) 3 (n) Total (n)
Medieval (n=52) 0 10 12 24 46
Post-medieval (n=100) 6 14 38 40 98
Total (n=152) 6 24 50 64 144

Table 5.59 Adult Cases of Cribra Orbitalia (CO) by Severity between Age Categories in the

Black Friars Cemetery Sample

CO (Severity Levels 0-4)

Age Category 0 (n) 1 (n) 2 (n) 3(n) 4 (n) Total (n)
18-29 years (n=46) 35 5 2 3 1 46
30-44 years (n=96) 71 14 10 0 95
45-60 years (n=10) 8 2 1 0 0 11
Total (n=152) 114 21 13 3 1 152

Table 5.60 Adult Cases of Porotic Hyperostosis (PH) by Severity between Age Categories in
the Black Friars Cemetery Sample

PH (Severity Levels 0-4)

Age Category 0 (n) 1 (n) 2 (n) 3(n) 4 (n) Total (n)
18-29 years (n=46) 21 12 10 3 0 46
30-44 years (n=96) 55 31 9 0 0 95
45-60 years (n=10) 10 1 0 0 0 11
Total (n=152) 86 44 19 3 0 152

Table 5.61 Adult Cases of Enamel Hypoplastic Lesions (EHL) by Severity between Age
Categories in the Black Friars Cemetery Sample

EHL (Severity Levels 0-3)
Age Category
0 (n) 1 (n) 2 (n) 3 (n) Total (n)
18-29 years (n=46) 13 7 16 9 45
30-44 years (n=96) 23 19 39 11 92
45-60 years (n=10) 5 1 0 3 9
Total (n=152) 41 27 55 23 146
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Table 5.62 Adult Cases of Harris Lines (HL) by Severity between Age Categories in the
Black Friars Cemetery Sample

HL (Severity Levels 0-3)

Age Category 0 (n) 1 (n) 2 (n) 3 (n) Total (n)
18-29 years (n=46) 2 8 15 19 44
30-44 years (n=96) 4 14 30 42 90
45-60 years (n=10) 0 2 5 3 10
Total (n=152) 6 24 50 64 144

A further analysis within each time period using a Fisher’s exact test demonstrated that
when comparing the prevalence of each stress indicator between the sexes, in the medieval
period there was a significant difference between males and females for PH (y’=11.543;
p=0.002) and EHL severity (x’=11.548; p=0.008), but in the post-medieval analysis there were
no significant differences between the sexes.

Looking specifically at these differences shown in Figure 5.6 there were substantially
more females in the first and second severity categories for EHL than males; however, males
showed the greatest number in the most severe EHL category. Similarly, when looking at the
trend for PH (Figure 5.7) there were more females in the mild stress category and more males in
the most severe stress category. Also, in both examples, there were a far greater number of males

who showed no evidence of EHL or PH at all.

135



Figure 5.6 Percentage of Individuals with Enamel Hypoplastic Lesion Across Stress
Severity Categories Comparing Males and Females in the Medieval Group
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Figure 5.7 Percentage of Individuals with Porotic Hyperostosis Across Stress Severity
Categories Comparing Males and Females in the Medieval Group
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Looking at the distribution of stress indicators across age categories within each time

period there were no significant differences in the medieval group; however, in the post-
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medieval group when using a Fisher’s exact test there was a significant difference in the
prevalence of EHL across age category (x*=12.339; p=0.029) (Figure 5.8). By far, the 30-44 year
category showed the highest frequency of EHL in the first two severity categories, surpassed in
the highest severity category by the 18-29 year age group and the 45-60 year age group. This
significance, however, may in part be associated with a small sample size, particularly in the
oldest age category. Within this post-medieval grouping, the middle age category had nearly
double the number of individuals (n=59) than the 18-29 year age group (n=30) and more than 10
times as many individuals as the 45-60 year age group (n=5).

Figure 5.8 Percentage of Individuals with Enamel Hypoplastic Lesion Across Stress
Severity Categories Comparing Age Groups in the Post-medieval Period
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Overall when analyzing the stress severity data some general trends emerged. As
discussed, for the adults, there were no significant differences between severity categories based
on time period (Figures 5.9 to 5.12); however, in both the medieval and post-medieval groups
there was less disparity between the number of individuals occupying each severity category for
EHL and HL than in CO and PH where the majority of individuals had no evidence of stress or
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were in the lowest severity category (level 1). There was a slight increase in severity level
observed across the majority of stress indicators into the post-medieval period, particularly in the
middle severity category (level 2); however, in the most severe category (level 3) the number of
individuals with EHL and HL decreases from the medieval to post-medieval period.

Figure 5.9 Percentage of Individuals with Cribra Orbitalia across Stress Severity
Categories Comparing the Medieval and Post-medieval Periods
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Figure 5.10 Percentage of Individuals with Porotic Hyperostosis across Stress Severity
Categories Comparing the Medieval and Post-medieval Periods
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Figure 5.11 Percentage of Individuals with Enamel Hypoplastic Lesions Across Stress
Severity Categories Comparing the Medieval and Post-medieval Periods

100

80

60

H Medieval
40

M Post-medieval

20

Percentage of Individuals (%)

0 1 2 3
Stress Severity Levels

139



Figure 5.12 Percentage of Individuals with Harris Lines Across Stress Severity Categories
Comparing the Medieval and Post-medieval Periods
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Comparing the severity levels across each indicator divided by sex (Figures 5.13 to 5.16),
the majority of males and females did not show evidence of CO or PH; however, this ratio was
skewed when assessing EHL and HL where the majority of males and females occupied the
higher severity categories (i.e. levels 2 and 3). In general, the females had more individuals in
level 1 for all indicators except HL, in level 2 for all indicators except PH and in level 3 for all
indicators except EHL. While not significantly different, the females tended to demonstrate a

higher level of stress severity across the majority of indicators when compared to the males.
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Figure 5.13 Percentage of Individuals with Cribra Orbitalia Across Stress Severity
Categories Comparing Males and Females
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Figure 5.14 Percentage of Individuals with Porotic Hyperostosis across Stress Severity
Categories Comparing Males and Females
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Figure 5.15 Percentage of Individuals with Enamel Hypoplastic Lesions across Stress
Severity Categories Comparing Males and Females
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Figure 5.16 Percentage of Individuals with Harris Lines across Stress Severity Categories
Comparing Males and Females

100
S
< 80
=
=
=
2z 60
=
=
= ® Female
o 40
&0 B Male
g
g ) -
-

0 I
0 1 2 3
Stress Severity Levels

In looking at stress severity across the three adult age groups (Figures 5.17 to 5.20), CO

and PH showed a relatively similar distribution across severity categories 1, 2 and 3 in the
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youngest age group. In the middle and oldest adult age groups there were fewer individuals in
the highest severity categories and continued to decline with age, as would be expected. For EHL
there was far more fluctuation in stress severity between age groups with the least amount of
individuals occupying the lowest severity category. For HL there was a clear trend in all three
age groups where the majority of individuals occupied the highest severity categories, except for
the oldest age group that showed a slight decline between levels 2 and 3.

Figure 5.17 Percentage of Individuals with Cribra Orbitalia across Stress Severity
Categories Comparing Adult Age Groups
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Figure 5.18 Percentage of Individuals with Porotic Hyperostosis across Stress Severity
Categories Comparing Adult Age Groups

100

80

60
m 18-29 years

40 - m 30-44 years
= 45-60 years

20 - L

0 M
0 1 2 3

Stress Severity Levels

Percentage of Individuals (%)

Figure 5.19 Percentage of Individuals with Enamel Hypoplastic Lesions across Stress
Severity Categories Comparing Adult Age Groups
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Figure 5.20 Percentage of Individuals with Harris Lines across Stress Severity Categories
Comparing Adult Age Groups
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For the subadult sample the data was also assessed by stress severity and compared by
time period and age group (Figure 5.21 to 5.24). In the medieval grouping all individuals showed
at least some evidence of CO and HL, whereas PH and EHL were only scored within the higher
severity categories (i.e. levels 2, 3 and 4). In the post-medieval group, over 40 percent of
individuals showed no evidence of CO. The distribution of PH was similar between time periods
with a slight increase in severity in the post-medieval group. Similarly, EHL were also more
prevalent in the post-medieval group and at higher severity levels. The distribution of HL
between time periods was relatively similar with a slight decrease in severity into the post-
medieval period. Overall, the post-medieval period showed more consistent stress across all four
severity categories; however, individuals from the medieval period occupied the moderate and

severity categories at a higher level across three of the four indicators (i.e. CO, PH, HL).

145



Figure 5.21 Percentage of Subadult Individuals with Cribra Orbitalia across Stress
Severity Categories (0-4) between Time Periods
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Figure 5.22 Percentage of Subadult Individuals with Porotic Hyperostosis across Stress
Severity Categories (0-4) between Time Periods
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Figure 5.23 Percentage of Subadult Individuals with Enamel Hypoplastic Lesions across
Stress Severity Categories (0-3) between Time Periods
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Figure 5.24 Percentage of Individuals with Harris Lines across Stress Severity Categories
(0-3) between Time Periods
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When analyzing the subadult data by age group and stress severity, the youngest age

groups showed far fewer individuals (if any at all) in the highest severity categories. Arguably,
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this was due to the time needed for stress to manifest in the skeleton; therefore, it was not
expected that the 0-1 year individuals would show moderate or severe stress in most cases. There
was a steady increase in the severity of EHL and HL within increasing age with many
individuals showing moderate or severe stress for EHL in the 8-13 year category and moderate
stress for HL in the 14-18 year category. Severe stress was only visible in CO and PH in the
oldest subadult age categories. Overall, there was more diversity in the level severity in the older
age groups with the most severe categories occupied by those with EHL and HL, similar to the
adult group.

The relationship between each stress indicator was also analyzed using a Kendall’s tau
ranked correlation analysis testing both the adult and subadult groups, with no significant
correlations between any of the four indicators which produced both positive and negative
correlation coefficients.

This relationship analysis was further explored by calculating the sum of all stress
indicator severity levels for each individual — the ‘stress sum’ score. For this analysis the
amalgamation of the stress indicator scores provided a numerical representation of aggregated
stress to provide a simple visual tool for assessing overall severity for each individual. While the
nature of this data does not necessarily allow for a full understanding of the relationship between
those with a higher level of severity in one indicator over another, it does provide a summary
analysis of the general trends emerging in the data. Only individuals with a score for all four
stress indicators were included. When comparing these stress sum scores in the adult group using
a Kendall’s tau-b analysis, there were no significant differences between time period (t =-0.040;
p=0.589), sex (1 =-0.076; p=0.313), or age categories (t=-0.111; p=0.138). In all three

comparisons the distribution of individuals clustered around the middle range of stress severity
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with the fewest individuals occupying the lowest and highest ranges of stress (Figures 5.25 to
5.27). In looking at time period, there were no obvious differences between the medieval and
post-medieval period calculated stress sums, similar to the male and female comparison.
However, when assessing the data by sex, the females had slightly more individuals with a
higher stress score than the males, but this comparison was not significantly different. When
assessing the distribution of individuals by age group there was an interesting trend that
continued through the three age categories (Figure 5.27). In the youngest age group (18-29 years)
more individuals scored towards the higher range of stress severity. In the middle age group (30-
44 years) this trend shifted where more individuals had a lower stress score. Finally in the oldest
age group (45-60 years), no individuals showed the highest possible stress score, but rather
occupied the lower end of the stress spectrum; however, the sample size in this oldest age

category was small (n=8) and may in part, have influenced this outcome.
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Figure 5.25 Distribution of Adult Stress Sum based on Time Period
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Figure 5.26 Distribution of Adult Stress Sum based on Sex
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Figure 5.27 Distribution of Adult Stress Sum based on Age Category
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Because the subadult sample was already reduced with the further omission of those
without data for each of the four stress indicators, no further comparison analysis was completed.
It was expected that the lack of correlation between any of the subadult stress indicators, similar
to the adults, would provide a similar pattern of distribution across time period and age group.
With an increased sample size a further analysis of the subadult data would be possible.

5.4 GROWTH AND DEVELOPMENT-BASED ANALYSES

5.4.1 Body Size Indicators

All body size indicator data were analyzed using a two-way ANOVA with the data
divided by time period and sex. Because the focus of this analysis was on those individuals

falling outside the 95 percent confidence interval, only the variables from individuals falling both
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above and below the confidence interval were analyzed. The females showed a much higher
proportion of variables falling below the confidence interval with the mean value ranging
between 0.2666 and 0.3501, whereas in the male group the mean value ranged from 0.2055 to
0.2666. Additionally, moving from the medieval into the post-medieval period there was an
increased proportion of variables falling below the confidence interval (Table 5.63). The two-
way ANOVA results showed that both sex and time were significantly affecting the differences
observed; however, their interaction effect was not significant suggesting the patterns visible
between males and females over each time period were occurring in parallel (Table 5.64; Figure
5.28).

Table 5.63 Two-way ANOVA Results for Mean Proportion of BSI Variables Falling Below
the 95% Confidence Interval

Time Sex Mean Std. Deviation
Medieval Male 0.2055 0.15228
Female 0.2666 0.16932
Total 0.2460 0.16622
Post-medieval Male 0.2666 0.16932
Female 0.3501 0.22402
Total 0.3151 0.20696
Total Male 0.2460 0.16622
Female 0.3151 0.20695
Total 0.2883 0.19508
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Table 5.64 Two-way ANOVA Results with Independent Effects for BSI Variable

Frequencies Below the 95% Confidence Interval

Source “isquares 9 square P Sie o’
Corrected Model 5.581° 3 1.860 52.248 0.000 0.066
Intercept 145.105 1 145.105 4075.367 0.000 0.646
Time 2.561 1 2.561 71.938 0.000 0.031
Sex 2.561 1 2.561 71.938 0.000 0.031
Time*Sex 0.062 1 0.062 1.741 0.187 0.001
Error 79.400 2230 0.036

Total 270.628 2234

Corrected Total 84.981 2233

a. R squared = 0.066 (Adjusted R Squared = 0.064)

Figure 5.28 Plotted Two-way ANOVA (Estimated Marginal Means) for BSI Variables

Below the 95% Confidence Interval
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A similar pattern also emerged when looking at the frequency of variables falling above

the confidence interval. The females showed more variables above the confidence interval with

the mean value ranging between 0.2857 to 0.3111 and the male mean value between 0.1815 and

0.2857 (Table 5.65). For both males and females there was also an increase in the frequency of

variables falling above the confidence interval when moving from the medieval into the post-

medieval period. As independent effects, both time and sex were significantly influencing the

frequency of BSI variables affected (Table 5.66). The interaction effect of time and sex was also

significant suggesting the visible frequency patterns were not occurring in parallel as shown in

Figure 5.29. These results suggest that when moving from the medieval into the post-medieval

period the males were more affected than females in regards to the frequency of variables falling

above the confidence interval.

Table 5.65 Two-way ANOVA Results for Mean Proportion of BSI Variables Falling Above

the 95% Confidence Interval

Time Sex Mean Std. Deviation
Medieval Male 0.1815 0.15173
Female 0.2857 0.18591
Total 0.2506 0.18185
Post-medieval Male 0.2857 0.18591
Female 0.3111 0.23292
Total 0.3004 0.21475
Total Male 0.2506 0.18185
Female 0.3004 0.21475
Total 0.2811 0.20404
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Table 5.66 Two-way ANOVA Results with Independent Effects for BSI Variable
Frequencies Above the 95% Confidence Interval

Source “isquares 9 square P Sie o’
Corrected Model 3.635% 3 1.212 30.244 0.000 0.039
Intercept 138.599 1 138.599 3460.004 0.000 0.608
Time 2.055 1 2.055 51.313 0.000 0.022
Sex 2.055 1 2.055 51.313 0.000 0.022
Time*Sex 0.761 1 0.761 18.996 0.000 0.008
Error 89.328 2230 0.040

Total 269.500 2234

Corrected Total 92.963 2233

a. R squared = 0.039 (Adjusted R Squared = 0.038)

Figure 5.29 Plotted Two-way ANOVA (Estimated Marginal Means) for BSI Variables
Above the 95% Confidence Interval
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Looking specifically at the variables falling below the confidence interval, the data were
divided into body sections maturing during specific periods (i.e. arms, legs, vertebrae, hands and
feet) to determine how stress was manifesting across the body. For each time period and sex
group a tally of which body sections fell below the confidence interval were converted into
percentage values for cross-group comparison. Figure 5.30 shows that for all four groups the leg
variables fell below the confidence interval the most followed by the arms, vertebrae and hands
and feet. However, when looking at the nature of the data over half the BSIs selected for males
and females were from the arms and legs; therefore, it is likely that even the smallest stress
disruption would have been captured across one of the many elements observed. For the
vertebrae and hands and feet however, there were minimal variables to observe and it is possible
that small fluctuations in size may not have manifested in the particular elements studied. In the
male group, the vertebral variables fell below the confidence interval much more than the hand
and foot variables, whereas in the female groups there was no difference between these two body
sections. The female groups also had more individuals with multiple body sections being
affected with nearly 40% of the medieval group and over 50% of the post-medieval group falling

below the confidence interval in all four body sections.
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Figure 5.30 Percentage of Individuals with Body Sections below the Confidence Interval
Compared by Time Period and Sex
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As shown in Figure 5.31, when considering the general BSI trend within each time period
divided by sex, the majority of individuals were clustered within the confidence interval. The
medieval males showed the least amount of fluctuation in their BSI designations with the lowest
number of individuals above and below the confidence interval. The post-medieval females
showed the greatest fluctuation between the categories with the highest proportion of individuals
both above and below the confidence interval. The medieval females showed the largest number
of individuals within the confidence interval and slightly more individuals below the confidence
interval than above. Finally, the post-medieval males had a nearly equal number of individuals
above and below the confidence interval and almost 50 % of the group falling within the

confidence interval.
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Figure 5.31 Percentage of Individuals within each BSI Designation Category
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To compare BSI variable frequencies with stress lesions, all severity data were converted

into two categories (i.e. present, absent) for ease of analysis. Using a one-way ANOVA each

stress indicator was compared to the BSI frequencies both above and below the confidence

interval. As shown in Tables 5.67 and 5.68, there were no significant differences in the

frequency of BSIs falling above or below the confidence interval for individuals with or without

stress indicators present.

Table 5.67 One-way ANOVA Results for BSI Frequencies Below the 95% Confidence

Interval and Stress Indicators

Stress Indicators F-value df P-value
Cribra Orbitalia 0.066 1 0.797
Porotic Hyperostosis 0.072 1 0.789
Enamel Hypoplastic Lesions 1.395 1 0.239
Harris Lines 0.826 1 0.365
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Table 5.68 One-way ANOVA Results for BSI Frequencies Above the 95% Confidence
Interval and Stress Indicators

Stress Indicators F-value df P-value
Cribra Orbitalia 0.655 1 0.419
Porotic Hyperostosis 0.099 1 0.754
Enamel Hypoplastic Lesions 0.787 1 0.377
Harris Lines 0.075 1 0.785

5.4.2 Cortical Bone Thickness

Cortical thickness was first analyzed by comparing the left and right side thickness
averages based on orientation (ML and AP) using a paired samples t-test. For the adults there
was a statistically significant difference between the left and right AP view (t=-2.837; df=31;
p=0.008), but no difference in the ML view (t=-0.839; df=135; p=0.403). When comparing the
ML and AP averages between time periods using an independent samples t-test there were no
significant differences (ML view t=1.256; df=142; p=0.211; AP view t=-0.126; df=122;
p=0.900). Assessing the data within the medieval and post-medieval groups divided by sex there
were no significant differences between the ML and AP average in the males (medieval ML
view t=0.523; df=21; p=0.607; post-medieval ML view t=-1.470; df=42; p=0.149; medieval AP
view t=-1.283; df=3; p=0.290; post-medieval AP view t=-1.955; df=9; p=0.082) or females
(medieval ML view t=-0.696; df=17; p=0.496; post-medieval ML view t=-0.220; df=52;
p=0.827; medieval AP view t=0.086; df=4; p=0.936). However, there was a significant
difference between the left and right AP average for the post-medieval females (t=-2.636; df=12;
p=0.022) with the left side average smaller than the right.

Cortical thickness was also compared to pathology in both orientations. For this analysis,
degenerative spine and joint changes as well as Schmorl’s nodes were omitted as they are more
reflective of age and activity than specific pathological conditions. An independent samples t-test

was completed for each of the six remaining pathological conditions in both orientations. The
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presence of leprosy and treponema were significantly different when compared to cortical

thickness in the ML view and tuberculosis in the AP orientation (Tables 5.69 and 5.70).

Table 5.69 Independent Samples t-test Results for ML Cortical Thickness and Pathological

Conditions

Pathology t-value df P-value
Periostitis -0.980 142 0.329
Tuberculosis 0.781 142 0.436
Leprosy 5.443 7.209 0.001*
Treponema -3.136 142 0.002*
Fractures 1.157 142 0.249
Dental Abscesses 0.073 141 0.942

* significant at a 95% confidence interval

Table 5.70 Independent Samples t-test Results for AP Cortical Thickness and Pathological

Conditions

Pathology t-value df P-value
Periostitis -1.354 122 0.178
Tuberculosis 2.048 122 0.043*
Leprosy 1.419 122 0.158
Treponema -1.182 122 0.240
Fractures 1.090 122 0.278
Dental Abscesses -1.148 121 0.253

* significant at a 95% confidence interval

Cortical thickness was also compared to each stress lesion using a one-way ANOVA. There were

no significant differences between ML or AP cortical thickness in any of the severity categories

(Tables 5.71 and 5.72).

Table 5.71 One-way ANOVA Results for ML Cortical Thickness and Stress Indicators

Stress Indicators F-value df p-value
Cribra orbitalia 0.317 4 0.866
Porotic hyperostosis 0.797 3 0.497
Enamel hypoplastic lesions 1.236 3 0.299
Harris lines 1.567 3 0.200

Table 5.72 One-way ANOVA Results for AP Cortical Thickness and Stress Indicators

Stress Indicators F-value df p-value
Cribra orbitalia 1.065 4 0.377
Porotic hyperostosis 0.870 3 0.459
Enamel hypoplastic lesions 2.093 3 0.105
Harris lines 1.730 3 0.165
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In looking at the fluctuation in cortical thickness between severity categories (Figures 5.32 and
5.33), the ML orientation shows a slight pattern across the stress indicators where cortical
thickness is reduced with increasing severity; however, this trend is not consistent. Whereas
cortical thickness remains relatively stable for CO and PH in all severity categories, cortical
thickness decreases as EHL and HL severity increases. However, in the most severe stress
category cortical thickness for EHL and HL increases, in contrast to this observed pattern. In the
AP orientation there is no discernable pattern between cortical thickness and stress severity.

Figure 5.32 Cortical Thickness Average in the ML Orientation Compared to Stress
Severity Categories
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Figure 5.33 Cortical Thickness Average in the AP Orientation Compared to Stress Severity
Categories
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5.5 BIOCHEMICAL ANALYSES

5.5.1 Osteocalcin

A comparison of the mean osteocalcin levels between the two femur and clavicle
dilutions (1:1 and 1:4) was analyzed using a paired samples t-test with both showing statistically
significant differences between the 1:1 and 1:4 dilution results (femur t=2.880; df=19; p=0.010;
clavicle t=3.044; df=19; p=0.007). The 1:4 dilution had less osteocalcin, however, this reduction
in the mean osteocalcin level was not necessarily unexpected as an increased dilution would have
made it more difficult for the ELISA kit to identify the target protein. When assessing the
correlation between the osteocalcin levels of the 1:1 and 1:4 dilutions for each bone, all
osteocalcin levels were highly correlated (Table 5.73) suggesting that despite statistical
differences in the mean osteocalcin levels of the 1:1 and 1:4 dilution results, the osteocalcin

levels remained consistent. Because the 1:4 dilution allowed for the capture of outliers produced
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in the 1:1 dilution all remaining analyses were completed using the 1:4 dilution only (Table
5.74).

Table 5.73 Correlation between the 1:1 and 1:4 Osteocalcin Dilutions for the Femur and
Clavicle

Femur Femur Clavicle Clavicle
1:1 1:4 1:1 1:4
Pearson 1 938" 809" 774"
Correlation
Femur 1:1 I (2-tailed) 000 000 000
N 20 20 20 20
Pearson 938" 1 765" 773"
Correlation
Femur 1:4 1 " 0-tailed) 000 000 000
N 20 20 20 20
Pearson 809 765" 1 962"
Clavicle Correlation
1:1 Sig. (2-tailed) .000 .000 .000
N 20 20 20 20
Pearson 774" 773" 962" 1
Clavicle Correlation
1:4 Sig. (2-tailed) .000 .000 .000
N 20 20 20 20

**_ Correlation is significant at the 0.01 level (2-tailed).
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Table 5.74 Osteocalcin Levels (ng/ml) for the Femur and Clavicle at 1:1 and 1:4 Dilutions

Individual Femur 1:1 Femur 1:4 Clavicle 1:1 Clavicle 1:4
SBT81 GR513 159.2631 211.9808 75.03089 100.5954
SBT81 GR9 87.06953 78.47035 114.246 149.6363
SBT81 GR661 253.8341 260.4196 290.8625 260.7017
SBT81 GR313 50.42609 56.35345 100.6089 71.60475
SBT81 GR562 267.572 164.3239 167.5938 142.1643
SBT81 GR307 31.91991 28.07047 25.15279 32.26626
SBT81 GR378 149.8737 108.3201 264.2268 216.1523
SBT81 GR297 99.90307 95.30891 60.17099 50.24117
SBT81 GR457 366.4075 300.3326 307.5064 264.9299
SBT81 GR316 48.89608 39.82423 23.18932 25.41656
SBT81 GR208 179.0387 168.8958 160.1675 123.9141
SBT81 GR10 139.6174 101.0605 96.02565 66.12962
SBT81 GR241 141.9531 127.7056 36.41956 37.09395
SBT81 GR306 90.92723 63.86218 93.38669 64.99688
SBT81 GR193 308.6302 248.1174 246.6095 166.6851
SBT81 GR344 31.0902 27.18872 32.25212 31.57093
SBT81 GR550 145.0106 129.219 169.9521 160.1836
SBT81 GR131 78.68467 77.51607 87.41986 73.36707
SBT81 GR279 147.3511 112.3151 181.5874 127.857
SBT81 GR447 153.8425 107.8582 80.25337 74.32656

Comparing the femur and clavicle osteocalcin levels using a paired samples t-test there
were no significant differences observed (1:4 dilution t=1.163; df=19; p=0.259). Similarly, when
divided by sex, there were also no significant differences observed between the femur and
clavicle levels (female 1:4 t=0.484; df=8; p=0.641; male 1:4 t=1.039; df=10; p=0.323) (Figure

5.34).
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Figure 5.34 Mean Osteocalcin Concentrations at 1:4 Dilution Compared by Sex for the
Femur and Clavicle

. Female

=
£ 400- :
£ ; ns
- : 1
& 300- ; i
= !
o :
5 :
S 200= :
= y @@
S 5
= i
S 100+ :
= @
g !
2 ; o
5 0 -

Clavicle 1:4 Femur 1:4

Osteocalcin levels were also assessed in relation to age with the data divided into two
categories (20-30 years and 31-50 years). When comparing these age-specific data through a
one-way ANOVA there were no statistically significant differences in the osteocalcin levels by
age in the femur or clavicle (femur 1:4 F=0.030; p=0.981; clavicle 1:4 F=0.900; p=0.355).
However, osteocalcin levels in the femur and clavicle did show a consistent decrease with age, as
expected (Figure 5.35). When further comparing the age group data by sex using a one-way
ANOVA, there were no significant differences between osteocalcin levels in either age category
(female femur 1:4 F=0.015; p=0.906; female clavicle 1:4 F=0.368; p=0.563; male femur 1:4

F=0.015; p=0.905; male clavicle 1:4 F=0.547; p=0.479).
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Figure 5.35 Mean Osteocalcin Concentration at 1.4 Dilution Compared by Age Group for
the Femur and Clavicle
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Differences by time period were also assessed using an independent samples t-test where
there was a significant decrease in osteocalcin level from the medieval into the post-medieval

period (femur 1:4 t=2.838; df=18; p=0.011; clavicle 1:4 t=3.490; df=18; p=0.003) (Figure 5.36).
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Figure 5.36 Mean Osteocalcin Concentrations at 1:4 Dilution Compared by Time Period
for the Femur and Clavicle
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Using a one-way ANOVA, the osteocalcin data for both the femur and clavicle were
compared to all pathological conditions as all are marked by skeletal change that may be
reflected in fluctuating osteocalcin levels. Because some of these pathological conditions were
not prevalent in this subsample of the Black Friars population (n=20), all data were analyzed
together regardless of sex, time period or age grouping. While considering these variables may
provide a more refined analysis of osteocalcin fluctuations, the small sample size did not allow
for this. When assessing the pathological conditions and the variability in osteocalcin levels
between those with and without these pathological markers, significant differences were only

noted for degenerative spine changes in the clavicle sample (Table 5.74).
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Table 5.75 Independent Samples t-test Results for the Comparison between Femur and
Clavicle 1:4 Dilution Osteocalcin Concentrations and Pathological Conditions

Pathology Bone/Dilution t-value df p-value
Periostiti Femur 1:4 2.041 18 0.056
CHIOSHUS Clavicle 1:4 1.144 18 0.268
Tub losi Femur 1:4 1.395 18 0.180
uberculosts Clavicle 1:4 1.441 18 0.167
. Femur 1:4 20.560 18 0.582
cprosy Clavicle 1:4 20.162 18 0.873
T Femur 1:4 0.581 18 0.569
feponema Clavicle 1:4 1.909 17.690 0.073
Fract Femur 1:4 1.688 18 0.109
ractures Clavicle 1:4 1.962 18 0.065

. . Femur 1:4 1.128 18 0274
Degenerative Spine Changes 1~ o- 7 57 2.439 18 0.025*
, Femur 1:4 -1.546 18 0.139
Schmorl’s Nodes Clavicle 1:4 11,535 18 0.142
. . Femur 1:4 -0.798 18 0.435
Degenerative Joint Changes 1=~ o 7 5 0.551 18 0.588
Femur 1:4 1.578 18 0.132

Dental Abscesses Clavicle 1:4 1314 18 0.206

* significant at a 95% confidence interval

When looking at osteocalcin levels compared to the stress indicators, there were no
significant differences in the osteocalcin averages between the severity categories (Table 5.75).
In looking at the specific trends in the data, the clavicle and femur osteocalcin levels were
similar between severity levels. However, the clavicle showed a more consistent trend where
increasing stress severity was associated with decreasing osteocalcin levels, as expected. Figures
5.37 and 5.38 show the fluctuation of osteocalcin levels between severity level for the femur and
clavicle 1:4 dilution. Looking closer at the data, it was clear that HL provided the most consistent
trend for osteocalcin levels in both the femur and the clavicle, whereas EHL severity seems to
have no real effect on osteocalcin levels. CO and PH showed the most inconsistency between

osteocalcin levels and stress severity, particularly in the clavicle.
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Table 5.76 One-way ANOVA Results for the Comparison between Femur and Clavicle 1:4
Dilution Osteocalcin Concentrations and Stress Indicators

Stress Indicators Bone/Dilution F-value p-value
) . Femur 1:4 0.118 0.948
Cribra Orbitalia Clavicle 1:4 0216 0.884
Porotic H tosi Femur 1:4 0.012 0.988
Orotic Hyperostosts Clavicle 1:4 0.346 0.712
. . Femur 1:4 0.067 0.977
Enamel Hypoplastic Lesions Clavicle 14 0.092 0.963
Harris Li Femur 1:4 2.838 0.071
arris Lines Clavicle 1:4 2.452 0.101

Figure 5.37 Mean Osteocalcin Concentrations in the Clavicle at 1:4 Dilution Compared to
Stress Severity Categories
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Figure 5.38 Mean Osteocalcin Concentrations in the Femur at 1:4 Dilution Compared to
Stress Severity Categories
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Because the sample size for osteocalcin analysis was only 20 individuals, it did not allow
for a further break down of the stress severity data by sex, age group or time period. When
reassigning the stress data into nominal categories (present or absent), it was possible to assess
sex, age and time period in relation to osteocalcin levels. For all three variables there were no
statistically significant differences in osteocalcin levels between those with and without CO, PH
or EHL. As for HL, the femur 1:4 dilution showed a significant difference in osteocalcin levels
between those with and without HL (F=6.552; p=0.038). It should be noted that the division of
the HL data into nominal categories may have influenced this significant outcome as only one
individual in the entire subsample of 20 was classified in the absent category. As such, the
significance of these data may be reflecting this bias.

Osteocalcin levels were also compared to cortical thickness in both the ML and AP
orientation to assess if any correlation was present. There were no significant correlations

between the femur or clavicle at the 1:4 dilution when compared to either the ML or AP cortical
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thickness averages. The relationship between osteocalcin and BSI designations was also
analyzed. When comparing the frequency of BSI variables falling above and below the 95%
confidence interval using a linear regression analysis, there was no significant trend in the data

suggesting a relationship between BSI fluctuation and osteocalcin levels.
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CHAPTER 6: DISCUSSION

6.1 INTRODUCTION

This chapter discusses the results of this study focusing on pathological conditions, stress
indicators and biochemical data to better inform the understanding of medieval and post-
medieval life in the city of Odense. More specifically, the implications of the results are
discussed with respect to the four hypotheses and the overall assessment of stress in
bioarchaeological populations.
6.2 PATHOLOGY

6.2.1 Pathological Patterns between the Sexes

When looking at the adult pathology results, the only conditions that were statistically
shown to manifest differently between the sexes were those related to activity, specifically
Schmorl’s nodes and degenerative joint changes. The presence of these nodes more frequently in
one sex than the other would suggest a division in labour between males and females and the
type of mechanical loading they were exposed to during their lifetime. While Schmorl and
Junghanns (1971) suggest that Schmorl’s nodes may form as the result of localized trauma or
high-activity during the growth and development period of life, more recent bioarchaeological
studies associate these pathological changes with repeated stress to the spine from habitual
activity (Weiss 2005; Fan 2006). The differences between males and females in the Black Friars
population are not inconsistent with the bioarchaeological literature (Table 6.1), where the

prevalence of Schmorl’s nodes can vary greatly between populations and temporal periods.
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Table 6.1 The Percentage of Adult Individuals with Schmor!’s nodes from Medieval and
Post-medieval Archaeological Assemblages

Skeletal Sample Time Period Males Females

(Location) (centuries) n (%) n (%) Reference
Aberdeen th th Saluja et al.
(Scotland) 137 -16 18 72.0 6 67.0 1986
Nova Raca 14" 18" | 35 | 211 | 33 88 | Slaus 2000
(Croatia)

Klostermarienberg th th Ustiindag
(Austria) 167-18 95 4.3 2009
London St. Bride’s th th Saluja et al.
Church (England) 18" -19 28 75.0 25 20.0 1986
Black Friars Medieval 13h_ 16t 29 78.0 23 570

(Denmark)

Black Friars Post-

th 1+t
medieval (Denmark) 167-17 45 90.0 55 71.0

The Aberdeen, Scotland sample most closely resembles the distribution of Schmorl’s
nodes in the Black Friars population with females showing less evidence of the pathology.
However, in the post-medieval London, England, sample the percentage of males and females
affected by Schmorl’s nodes is greatly reduced compared to the contemporaneous Black Friars
post-medieval sample, particularly in the females. If activity is the primary catalyst for the
formation of these lesions, then the results suggest different activity patterns between the sexes.
Ustiindag (2009) explains that while both males and females would have worked the agricultural
fields in the post-medieval Klostermarienberg population, the different type of mechanical
loading and twisting of the spine between men wielding a scythe and females using a sickle may
have led to this discrepancy between the sexes, which may also be similar to what is happening
in the Black Friars population. As Dyer (1989) explains, despite living in an urban environment
many individuals had access to plots of lands in the countryside or garden plots within the city
limits that required tending, in addition to small herds of livestock. For females that worked in
domestic service (Dyer 1989), the responsibility of tending these small agricultural plots likely

fell to them, increasing their daily labour. However, as Jacobsen (1983) discusses, domestic
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service was not abundant during the medieval period forcing women to find work in different
vocations requiring varying levels of physical labour.

Before AD 1550, the social and legal position of women in Denmark was based on her
marital status. That is, those who were married to or were fathered by a merchant, draper, or
craftsman had the opportunity to learn the trade or craft and become incorporated into the Danish
workforce. However, there were strict statutes regulating how much work a woman could do and
how many people she could hire to work for her (Jacobsen 1983). During the early medieval
period the statutes put in place by merchant and craft guilds were much more lenient towards
women. However, into the post-medieval period these statutes became stricter and greatly
impeded a woman’s ability to obtain and retain viable employment (Jacobsen 1983). As a result
of these increasingly stifling regulations and legal ties to marriage titles, the majority of women
were forced into heavy labour occupations such as laundry, dishwashing, or preparing flax for
weaving (Jacobsen 1983). While there was some opportunity for women to work as brewers and
alewives, by the time of the Reformation, these occupations became less abundant and lost much
of their status (Jacobsen 1983). Jacobsen (1983:19) argues that, “as society became more
organized, it became increasingly difficult for women to find lucrative careers that were legal”. It
is the result of these legal barricades that the majority of women likely worked wherever they
could, including heavy manual labour that would have taken its toll physically. Additionally, as
more women joined the workforce moving into the post-medieval period their time and energy
would have been split between their daily work responsibilities and any domestic household
work.

The overall high prevalence of Schmorl’s nodes and degenerative joint changes in the

Black Frias males, similar to other archaeological populations is likely related to the nature of
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work during this time period. As Gallagher (2005) discusses, repetitive manual labour can
compromise the synergy of the musculoskeletal system leading to increased tissue damage over
time. For the Black Friars males, their increased and restrictive manual labour, typical of urban
environments (i.e. craftsmen, building workers) (Jacobsen 1983; Dyer 1989) would have
increased these degenerative changes during this transition from the medieval to post-medieval
period. While females would have been exposed to differing types of heavy manual labour
resulting in varying severities of degenerative changes for the time period, the higher levels of
skeletal disruption seen in males was likely associated with repetitive activities, causing more
localized and severe changes over time. Because both adult males and females were needed for
manual labour in a variety of physical settings in a changing urban environment, it is not
surprising that the Black Friars population shows compromised spine and joint health.

6.2.2 Pathological Patterns between Time Periods

In assessing the overall temporal trend, the post-medieval period shows more individuals
with evidence of pathology (Table 6.2), although not significantly increased. The infectious
diseases (TB, leprosy, treponema) associated with crowded living conditions and increased
human contact (Roberts and Manchester 2007), represent the influx of individuals moving into
city centers like Odense in the late medieval and early post-medieval period. The lower
prevalence of leprosy compared to TB and treponema is likely related to the timeline of the
disease in Denmark. As discussed by Boldsen and Mollerup (2006), leprosy was a disease of the
early medieval period, dropping significantly after AD 1400. While the Black Friars skeletal
sample spans both the medieval and post-medieval period, only 10 percent of the skeletal

assemblage likely belongs to those buried before AD 1400 (Boldsen and Mollerup 2006;
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Mollerup and Boldsen 2010); therefore, this lower frequency of the disease represents both the
nature of the skeletal sample and the known timeline of the disease in Denmark.

Table 6.2 Percentage of Black Friars Adults with Pathological Conditions across Time
Periods

Time Period | Perio. | TB | Lep. | Trep. | Fracs. | DSC | SN | piC | D%
n | 020 | o | 1| 4] s | 2 | 3] 14 I
Medieval
% | 560 | 17.0 | 20 | 270 | 100 | 520 | 680 270 | 20
n | 70 | 26| 3| 36 | 14 | 50 | 79| 27 14
Post-medieval
% | 700 | 260 3.0 | 360 | 140 | 590 | 790 | 270 | 140

(Perio. — periostitis; TB — tuberculosis; Lep. — leprosy; Trep. — treponema; Fracs. — fractures;
DSC — degenerative spine changes; SN — Schmorl’s nodes; DJC — degenerative joint changes;
Den. Abs. — dental abscesses)

When compared to biomolecular studies, contemporaneous populations from southern
Germany (AD 1400-1800) and Hungary (AD 1500-1600), reported that TB was present in 19.6
and just under 40 percent of individuals, respectively (Djuri¢-Sreji¢ and Roberts 2001; Posa et al.
2015). Both the medieval and post-medieval Black Friar samples fall within range of these two
comparative samples, however it should be noted that the true prevalence of TB in the Black
Friars sample may be higher as skeletal lesions occur in only three to five percent of individuals
(Roberts and Manchester 2007). Conversely, because those who comprise the cemetery sample
are the non-survivors, it is expected that the frequency of lesions would be elevated compared to
those unaffected by the disease making a true estimate of prevalence difficult when using
macroscopic observations alone. The advantage of biomolecular studies then, is their ability to
capture both infection prevalence and disease prevalence, whereas macroscopic studies only

allow for the observation of disease prevalence once skeletal changes have occurred, skewing

estimates of mycobacterial diseases like TB.
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The increase in cases of treponema between the medieval and post-medieval period is not
surprising when compared to the known spread of the disease at the end of the 15" century
(Walker et al. 2015). While debate continues as to the origins of treponemal disease (Harper et
al. 2011), evidence suggests that in the early medieval period treponemal disease was already
present in Europe but in a more benign form that then lead to the rise of the venereal strain into
the 16™ century (Stirland 1994; Cole and Waldron 2010; Schwarz et al. 2013). Because only 10
percent of the Black Friars medieval sample makes up the period before AD 1400, it is likely that
the majority of individuals affected by treponema within this temporal period represent the later
part of the medieval period and the venereal strain of the disease. However, there is possibility
that the non-venereal early medieval strain of the disease is also present in these remains. The
increase in treponemal disease in the post-medieval period was likely influenced by urban
development and population crowding that fostered the spread of the more virulent venereal
form of the disease; a pattern seen across western Europe at this time. When compared to the
work of Schwarz (2009) who also studied the Black Friars population, the prevalence of
treponema is elevated in this study with 31. 5 percent of adults affected, compared to the 16.7
percent reported by Schwarz (2009). This discrepancy may be the result of three factors: 1)
which skeletal remains were chosen for each study; 2) how the pathological data was collected;
and 3) new diagnostic criteria. Because pathology for this study was scored as “possible or
present” the individuals making up this distribution may have had other conditions that
resembled early treponemal changes, such as increased periostitis on the lower legs (Ortner
2003; Roberts and Manchester 2007). While all attempts were made to ensure that any
pathological diagnoses were consistent, there is a possibility that this study inflates the true

number of treponemal cases present in the Black Friars sample. However, it should still be noted
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that the increased shift in prevalence between the medieval and post-medieval period remains
consistent with the literature. Similarly, those pathologies related to increased activity (fractures,
Schmorl’s nodes, degenerative spine and joint changes), also increase in frequency into the post-
medieval period suggesting more mechanical loading and repetitive activity during this period of
urban expansion.

Compared to the study by Milner et al. (2015) and their extensive look at fractures in
three medieval Danish populations, the frequency of fractures in the Black Friars sample is quite
low with only 24 percent of individuals being affected, whereas Milner et al. (2015) showed 47
percent of individuals had evidence of healed fractures. This trend may in part be influenced by
the amalgamation of data in the Milner et al. (2015) study. While their three study populations
mainly represented urban environments, the Tirup individuals likely still participated in far more
agricultural activities than the Black Friars individuals predisposing them to different types of
injuries that may or may not have resulted in increased fractures. Additionally, the co-occurrence
of different pathological conditions may have masked some of the skeletal changes associated
with fractures, particularly the final stages of bone remodelling potentially leading to an
underestimate of the fracture prevalence in the Black Friars sample. Despite this difference in
fracture frequency, the pattern between these two studies is the same where males experience
more fractures than females likely a result of occupational differences (Milner et al. 2015).
Further to this, these fracture patterns allow for a closer examination of selective mortality
(Boldsen et al. 2015). For the Black Friars population, the average age-at-death for males with
fractures during the medieval period was 41.8 years, but only 32.7 years in the post-medieval
period. In looking at the type of fractures incurred by males, the post-medieval fractures were

more severe, including unhealed hip fractures and humeral head fractures, whereas the medieval
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males experienced phalanx and clavicle fractures. The nature of these injuries and their impact
on mobility likely affected the post-medieval males to a greater extent than the medieval males
increasing their risk of death. Similarly, Boldsen et al. (2015) looking at three medieval Danish
samples demonstrated that males who sustained cranial fractures and showed evidence of healing
had a much higher risk of dying than those without fractures present. For females with fractures,
the average age-at-death was 32.5 years in the medieval period and 35.2 years in the post-
medieval period. The female pattern is opposite to that of the males where those in the post-
medieval period with fractures lived slightly longer. Of the post-medieval women with fractures,
50 percent were Colles’ fractures, possibly associated with early osteoporotic changes. However,
as Agarwal et al. (2004) and Brickley and Howell (1999) discuss, aging trabecular bone in
archaeological samples is not compromised in a similar way as modern female populations.
While half of the post-medieval fractures in Black Friars females are suspiciously osteoporotic in
nature, these injuries more likely reflect the economic necessity for women to work later into
adulthood putting them at higher risk for fractures. A limitation of this analysis however, is the
representativeness of the sample and fracture misclassification. Whereas Milner et al. (2015) and
Boldsen et al. (2015) argue that fracture analysis should only be completed when like elements
are present between all individuals; fracture analysis for this study was completed using all
individuals possible. Additionally, there is also a risk that perimortem fractures were classified as
antemortem; however, because all pathological conditions were categorized as absent or
possible/present, the results are ultimately an estimate of the general trends present in this
population.

Periostitis is formed as a result of periosteal inflammation and identified archaeologically

by its distinct striations and plaque like structure on the surface of cortical bone (Roberts and
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Manchester 2007). In the Black Friars sample the prevalence of periostitis also increased from
the medieval into the post-medieval period (56% to 70%) and was likely associated with
increased traumatic injuries or more substantial systemic stress, particularly in diseases such as
leprosy and treponema where the preliminary skeletal change is periostitis (Ortner 2003; Roberts
and Manchester 2007). In assessing the frequency of periostitis minus those individuals suffering
from leprosy or treponemal disease the medieval and post-medieval frequencies were reduced to
29 and 32 percent, respectively (Table 6.3). Looking at comparative populations, there is large
range of variation in the presence of periostitis which is not unexpected as its etiology is broad
and overlaps with multiple conditions (see Ortner 2003; Roberts and Manchester 2007). Shown
by Slaus (2000), the adult frequency of periostitis in the medieval Nova Ra¢a sample is 17.6
percent suggesting the pathological load experienced by the Black Friars medieval and post-
medieval groups was much higher. However, when compared to the early medieval Stenjevec
sample from Croatia, the frequency of periostitis is comparable (Slaus 2002). The higher
frequency of periostitis in the Black Friars sample is likely associated with increased systemic
stress from new pathogens (e.g. the Black Death, venereal treponema) and acute trauma from the
dangers of urban dwelling and occupation which was exacerbated from the medieval into the
post-medieval period (Dyer 1989). Discussed by Hanawalt (1998), 61 percent of accidents for
women in the medieval period were associated with their domestic work and village life, where
daily activities such as doing laundry, fetching food and water, starting fires, tending domestic
animals, put these women more at risk for fracture and injury. Only 36 percent of men had
accidents in the home, but they were at an increased risk when moving from their domestic home
to their place of employment where there were dangers associated with horseback riding,

walking and carting (Hanawalt 1998). Similar to the elevated risk of accidents for women in the
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home, men experienced more accidents at work where four percent of deaths were associated
with construction and carpentry (Hanawalt 1998). Fractures and injury associated with work,
both within and outside the domestic sphere would have been a real risk for the Black Friars
population, particularly in the post-medieval period as urban expansion and development would
have introduced new dangers.

Table 6.3 Percentage of Adult Individuals with Periosteal Lesions in Comparative
Archaeological Assemblages

Skeletal Sample Time Period n Periostitis Reference
(Location) (centuries) (%)
Nova Raca (Croatia) 14™_ 18" 12 17.6 Slaus 2000
Stenjevec (Croatia) 10™— 12 15 26.0 Slaus 2002
Black Friars Medieval th th
(Denmark) 137 -16 15 29.0

. . th th
Black Friars Post-medieval 167 -17 3 320
(Denmark)

The post-medieval period also shows an increased frequency of dental abscesses,
particularly in the older adult individuals. As discussed by Boldsen (1998a), dental disease was
common in populations of the middle ages. In Boldsen’s (1998) examination of the Danish Tirup
medieval skeletal assemblage he demonstrated a similar distribution of dental abscesses with
higher frequencies present in the oldest adult age groups, but cautions that attrition more than age
may be to blame for these patterns. Similarly, DeWitte and Bekvalac (2011) also demonstrated
higher levels of periodontal disease in the older adults from their urban medieval St. Mary
Graces, London sample (AD 1350-1538) but suggest similar to Boldsen (1998a) that age is not
necessarily the only contributing factor. Focusing on the relationship between periodontal
disease and the presence of periostitis, DeWitte and Bekvalac (2011) discuss how periodontal
disease and other indicators of ill-health occurring in tandem may represent underlying

susceptibility to illness in immunochallenged individuals. In the Black Friars sample, a similar
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trend was evident where more individuals in the post-medieval period show evidence of multiple
pathologies likely reflecting an increased susceptibility to illness when particular pathologies
interact within the biological system.

6.2.3 Pathological Patterns between Age Categories

In the youngest adult age group (18-29 years), the medieval and post-medieval
frequencies of pathology are relatively equal; even for pathology only present in the post-
medieval sample, less than 20 percent of individuals were affected. This similarity is likely the
result of comparable exposure to pathogens during the subadult years which were shown to be
relatively similar between the medieval and post-medieval periods and will be further discussed.
Also, because these individuals represent those who did not survive, it is not surprising that they
demonstrate a relatively similar distribution of pathological conditions that likely contributed to
their premature death. While Bogin (2001) argues that late adolescence and early adulthood is
the healthiest and most buffered period of biological development, these individuals in the Black
Friars sample represent those who were the unhealthy within their community and do not
represent the normal patterns of health we would expect to see. Moving into the middle adult age
category, there were more discrepancies between time periods with the post-medieval group
showing higher frequencies of infectious disease such as treponema, TB and also periostitis. In
the youngest age category, the frequencies of TB and leprosy are similar in the medieval and
post-medieval periods; however, within the two subsequent age groups TB levels rise but, the
frequency of leprosy decreases. This pattern is not dissimilar to that discussed in the literature
and the concept of cross-immunity between these diseases (see Manchester 1984; Lietman et al.
1997). However, the coexistence of both diseases is possible (see Donoghue et al. 2005),

suggesting that both intrinsic and extrinsic factors (i.e. establishment of leper hospitals with
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separate burials grounds for those with the disease (Roffey 2012)) likely played a role in the
gradual decline of leprosy and increase in TB in skeletal samples such as the Black Friars. In the
oldest age category, TB is at its highest frequency and leprosy is absent in both the medieval and
post-medieval samples. TB prevalence is the highest in the post-medieval category for all three
age groups reflecting the population density requirements of the disease and the relative ease of
its spread through respiratory mechanisms (Cockburn 1963; Manchester 1984).

It is important to note that this discussion of pathology is based on any presence of
skeletal disease and not reflective of disease severity. Therefore, in some cases individuals
included in this pathological analysis may show differing degrees of disease progression from
initial localized skeletal involvement to tertiary wide-spread changes. While this type of
classification is not sufficient for a succinct pathological analysis, it does provide the relevant
information needed for this study which is a basic examination of those who were at some point
during their life affected by disease that left skeletal evidence. Additionally, because disease
takes time to manifest in the skeleton (Goodman and Armelagos 1989), it is expected that some
individuals suffering from disease did not show skeletal disruption before death, or that the delay
in manifestation may indirectly change the pathological frequencies within each specific age
category based on the timeline of when physical lesions actually form. For example, treponemal
disease is most often contracted in late adolescence or early adulthood but does not show skeletal
changes until the tertiary stages of the disease between two to ten years later (Ortner 2003),
potentially biasing the data towards the older age categories. However, timelines such as this, are
based on the modern behaviour of these diseases and do not necessarily account for how the
timeline of skeletal involvement may have changed between different strains of a disease or

various mutations.
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6.2.4 Subadult Pathology

Important to note is that while the study of the medieval and post-medieval subadult
groups provides a snapshot into the living conditions of the Black Friars children, an analysis of
all individuals within the population would provide the most robust data set for a subadult-
specific analysis. While those who died in childhood represent the non-survivors of a population,
the adults represent the children who did survive. The assessment of pathology in the subadult
group therefore, focused on frequency by age with the assumption that the most pathological
changes would be present in the older age groups of the non-survivors. This trend was
demonstrated to some extent within the subadult sample; however, not consistently as all age
groups appear to experience a similar level of stress. Because the pathological data was captured
using a nominal scale, the severity of each condition was not assessed. This may have influenced
the results of this analysis, where these pathological conditions may have been similarly present
or absent within each of the age groups but at different levels of severity.

Periostitis was the most common pathological condition affecting the subadult sample
with approximately 22 percent of individuals affected. The highest frequency of periostitis in the
8-13 year age category (55%), followed by the youngest age category from 0-1 year (27%). The
overall prevalence of periostitis is similar to the distribution reported by Grauer (1993), where 14
percent of the subadult sample from the St. Helen-on-the-Walls showed evidence of periostitis.
This 10™-16™ century medieval sample represents the urban poor of York, England, where
individuals were likely exposed to similar urban stressors as the Black Friars population. The
timing of this high frequency of periostitis in the later phase of childhood before puberty is
similar to the results reported by Ribot and Roberts (1996) for the rural and urban cemeteries of

Raunds and Chichester, respectively. For the rural Raunds cemetery (8"-10™ centuries), children
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were equally affected with high frequencies of periostitis at the ages of three, seven and 12 years,
where the urban Chichester cemetery (16™-17" centuries when cemetery was open to children)
showed the highest levels of periostitis in the oldest subadult age group at 18 years (Ribot and
Roberts 1996). Ribot and Roberts (1996) suggest that the high frequencies of periostitis likely
reflect systemic stress rather than specific localized trauma. Despite the large age range between
the subadult age groups most affected by periostitis in the Black Friars sample (i.e. 0-1 year; 8-
13 years), systemic disturbance resulting in periostitis may be related to immunological changes
during these distinct maturation periods. As Holt and Jones (2000) discuss, neonates (0-1 year)
are not “immunologically naive” (688), but rather experience a period of transition from
maternal immunity to independent immune competence (West 2002), making this first year of
life vulnerable to external insults and systemic disturbance. Conversely, while
immunocompetence may be reached during the adolescent years, hormonal changes and
behavioural shifts may introduce new challenges for the immune system during the final stage of
childhood, possibly explaining this increased level of periostitis in the young adolescents from
the Black Friars population.
6.3 STRESS LESIONS IN SUBADULTS

6.3.1 Patterns of Subadult Stress Lesions between Time Periods

In the Black Friars subadult sample there were no significant differences in the presence
of stress indicators when dividing the data by time period. Table 6.4 illustrates the percentage of
Black Friars subadults affected by each stress indicator compared to other contemporaneous

subadult skeletal assemblages.
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Table 6.4 Percentage of Subadult Individuals with Stress Indicators across Archaeological

Assemblages

Skeletfal Sample Time Pgrlod Cco PH EHL HL Reference

(Location) (centuries)

Raunds n 39 12 43 28 :

(England) g _ 10 Ribot and Roberts
% | 58.0 | 17.0 | 49.0 | 42.0 1996

Chichester n 40 10 32 33 .

(England) 1ot _ 17t Ribot and Roberts
% | 670 | 150 | 380 | 32.0 1996

Wharram Percy - n 112 36 40 Mays 1995

(England) 107-16 < 2002
% | 56.0 30.0 | 37.0 Lewis 200

St. Helen-on-the- n 49 31

Walls 10" - 16" Lewis 2002

Ch.rist Church n 63 22

Spittalfields 18™- 19" Lewis 2002

Nastved . ) n 36 23

(Denmark) 13"-16' Bennike et al. 2005
% 60.0 42.0

Zbelholt ) ) n 57 21

(Denmark) 12"-16' Bennike et al. 2005
% 53.0 17.0

Black Friars n 7 1 2 g

Medieval 13- 16"

(Denmark) % 100.0 | 14.0 | 29.0 | 100.0

Black Friars Post- n 17 6 19 24

medieval 16™- 17"

As shown in Table 6.4, during the medieval period, a similar percentage of subadult individuals

exhibited stress indicators regardless of geographic location. This similarity was likely

influenced by two main factors: 1) food availability and 2) living conditions. In the early 14"

centuries wide spread famines affected much of Europe compromising the quality and quantity

of crop yields (Jordan 1996; Fagan 2000; Hybel and Poulsen 2007). Because grain crops were

the primary foodstuffs during the medieval period, particularly for children (Hybel and Poulsen

2007; Mays 2007), this famine would have directly affected these subadult populations, whether
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through malnutrition or under nutrition. Aside from the post-medieval populations (i.e. Raunds,
Christ Church, Black Friars post-medieval), all other skeletal samples demonstrate a similar
prevalence of stress indicators with the Chichester and Black Friars medieval samples with 100
percent of the Black Friars subadults with evidence of CO and HL.

While the high percentage of individuals affected by CO in the Black Friars sample may
be a function of the small sample size of this subgroup (n=7), the high level of CO at Chichester
is likely due to the nature of this site as a hospital where arguably poorer overall health was the
norm (Ribot and Roberts 1996). Despite the possible influence of a small sample size, the
number of individuals affected by CO in the Black Friars medieval sample more likely reflects
the reduced caloric intake or malnutrition experienced by these children as they began to
engaged in adult activities as early as six years of age, with more intensive involvement and
labour beginning between 10 and 12 years of age. This increase in activity for these subadults
would have required an increased caloric intake and adequate nutrition to maintain healthy
development and normal immune function (Hanawalt 2002; Gilchrist 2013). Goran et al. (1993)
demonstrated that in a resting environment of low level activity, children between four and six
years of age required on average 1379 +/- 290 kcal/day. Muldrew (2011) determined caloric
intake for late and post-medieval English children to be between 943 kcal/day in the very
impoverished and up to 2021 kcal/day for the average middle-class child. While the caloric
intake of middle-class children met the daily requirements outlined by Goran et al. (1993), it
does not account for the additional calories needed for physical work, particularly the protein
energy needed from meat consumption. As Muldrew (2011) outlined children consumed
approximately 1299 kcal/day in grain products, 383 kcal/day in dairy products and only 339

kcal/day in meat. With this low consumption of meat, which at times may have been absent from
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the diet, children would have been deprived of an iron and B-12 rich diet possibly contributing to
the increased prevalence of CO in the medieval period. Hoffman (2001) argues that meat was
always present in the medieval diet. However, grain-based foods dominated the caloric intake in
these populations, particularly children who were fed less meat and more plant-based foods
(Mays 2007). Further to note is that despite the shifting nature of economic exports out of
Denmark from grain to cattle during the late and post-medieval periods, these resources were
primarily for export and did not likely contribute to a drastic shift in the national Danish diet.
The relationship between CO and PH has been well-explored in the literature (e.g.
Oxenham and Cavill 2010) with arguments that both indicators of stress are associated with
similar dietary etiologies (Walker et al. 2009). However, Stuart-Macadam (1989) demonstrated
that despite high co-prevalence of CO and PH in the Romano-British Poundbury sample, they do
not always manifest in tandem. Stuart Macadam (1989) and Wiggins (1991) argue that CO may
represent the milder form of this stressor as changes in bone thickness occur first in the orbital
roof followed by the posterior vault where PH manifests (Caffey 1937). In looking at the Black
Friars subadult data (Table 6.4), it is clear that the medieval period is dominated by CO and the
post-medieval period PH. Interestingly, in both the medieval and post-medieval subadult groups
PH is not present in any individuals without CO, possibly demonstrating that CO is the primary
skeletal change to occur followed by PH as the more severe or advanced lesion type. Looking
specifically at dietary trends during the medieval period, Hoffman (2001) outlines that the
dietary level of iron- and B12-rich meat would have been highest during the century after the
Black Death with the increased expansion of cattle rearing and higher per capita income.
However, this did not last into the post-medieval Reformation period where meat consumption

declined and did not resume its previous height until into the late 19" century (Hoffman 2001). If
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truly tied to anemia (see Chapter 3, section 3.6) from low levels of iron and B12 in the diet, the
switch from mild stress during the medieval period to more severe stress in the post-medieval
period may explain the CO and PH patterning within the subadult sample.

The number of individuals with HL is also high in both the Black Friars medieval and
post-medieval samples compared to other contemporaneous subadult populations (see Table 6.4).
This disparity may be occurring for one of two reasons: 1) image capture techniques and 2)
severity scores. For all subadult individuals HL data were captured by radiographic technologists
and then analyzed using the MIMICS medical imaging software contributing to a better
visualization and identification of these lines (Scott and Hoppa 2015). With this improved
visualization through standardized capture methods, more obscure or previously invisible lines
were able to be captured for analysis based on the mechanics of bone remodelling and how that
remodelling affects the radiographic process. The etiology of these skeletal disruptions also
contributes to how these data are analyzed, specifically the previously unequivocal connection of
these lines to periods of stress. Recently it has been suggested that due to a lack of correlation
with other indicators of stress (see Alfonso et al. 2005; Alfonso-Durruty 2011;
Papageorgopoulou et al. 2011), HL may represent normal periods of growth stasis that occur
during skeletal maturation. Because growth is a highly regulated process (Eveleth and Tanner
1990), it is expected that if HL do represent normal growth then all subadults individuals, who
have yet to undergo substantial skeletal remodelling, would show evidence of these lines.
However, in the Black Friars sample eight subadults have no visible HL with their ages at death
ranging between birth and 18 years of age. This stands in contrast to the expectation that lines
would be visible in at least the three individuals that are in their adolescent years and also likely

for the fourth individual who died during late childhood as all of them would have passed
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through normal periods of growth fluctuation and stasis. As Steckel (2005) argues, in order for
HL to form there needs to be sufficient stress to illicit a skeletal response and based on the target-
seeking nature of growth (Eveleth and Tanner 1990), it is unlikely that normal growth
fluctuations would have the capacity to halt growth enough to create a HL. Assuming then that
HL do represent periods of stress endured during the subadult years of life, the data suggest that
the Black Friars subadults were likely exposed to a variety of insults capable of stalling growth,
including disease, dietary deficiencies and psychological stress which will be discussed (Garn et
al. 1968; Marshall 1968; Blanco et al. 1974).

The comparatively low level of EHL in the Black Friars medieval subadults likely
reflects the greater resilience of teeth over bone during periods of stress (Garn et al. 1965).
However, this discrepancy may also be related to the type of stress affecting these individuals
and how it is able to manifest in particular skeletal tissues. The stress load experienced by the
Black Friars subadults during the medieval period demonstrates fluctuations between each
indicator suggesting different stressors at differing levels of severity were likely affecting these
subadults. Moving into the post-medieval period, however, the number of individuals with EHL
increases substantially possibly indicating that the cause of stress may have remained the same,
but the intensity of the stress was more biologically disruptive. This greater biological disruption
may not have necessarily affected mortality in these individuals, but it does demonstrate a
change in stress between the medieval and post-medieval period. Because this increase in EHL
also matches the increase in PH, it is likely that the higher prevalence of both stress indicators
during the post-medieval period is closely tied with severity over specific cause. As Dyer (1989)
argues in reference to British trends, dietary shifts and the changing urban environment with

increased pollution greatly compromised individual health in the 16™ century.
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6.3.2 Patterns of Subadult Stress Lesions between Age Groups

Similar to the pathological results, the subadult individuals did not show great variability
between age groups and the severity of stress, except for EHL. In the oldest age categories, EHL
were not only more prevalent, but also more severe than in the youngest age categories. This
discrepancy is likely driven by two factors: 1) the nature of lesion formation and 2)
methodological limitations. Enamel formation for all deciduous teeth begins in utero (Mahoney
2012). Therefore, any defects may represent conditions before and shortly after birth, whereas all
permanent enamel defects represent only conditions later in life after birth. Permanent teeth also
have a longer period of enamel formation than deciduous dentition and therefore, have the ability
to capture longer periods of skeletal disruption (Schaefer et al. 2009). Methodologically,
macroscopic observation of deciduous teeth are a challenge as these tooth crowns are small in
size and their thinner enamel makes any hypoplasias more difficult to see than on the thicker
permanent dentition where disturbances in the perikymata are more obvious (Grine 2005; Hassett
2014). However, normal variation of the tooth surface, more visually apparent in permanent
dentition, can also cause additional challenges in the accurate identification of these enamel
defects (Schwartz et al. 2001).

In looking at the prevalence of stress indicators and age-at-death estimates in the subadult
group, mortality appears to be tied with the presence of multiple stress indicators. Individuals
were assessed based on having one, two or three indicators present (no subadult individuals had
all four indicators present) with the average age-at-death falling from 12.1 years (1 indicator), to
10 years (2 indicators) and finally 9.3 years (3 indicators). However, when assessing the average
age-at-death for each stress indicator at varying levels of severity this pattern is less distinct

(Table 6.5). A one-way ANOVA of this data showed no significant differences between the

192



average age at death and stress severity level except for EHL (F=4.174; p=0.013). Those with

increased severity had an older average age at death; however, this may be an artifact of the time

it takes for severe EHL to form in the dentition.

Table 6.5 Subadult Average Age-at-death Estimates (years) in Different Stress Severity

Categories
Stress Indicator Level 0 Level 1 Level 2 Level 3 Level 4
n 12 14 7 2 1
CO
years 10.8 8.9 9.1 8.0 8.5
n 29 4 2 1 0
PH
years 9.0 10.4 10.5 12.0
n 15 3 7 11
EHL
years 7.3 9.0 12.9 11.6
n 8 8 17 7
HL
years 6.5 8.8 8.1 12.4

In this comparison it is clear that average age-at-death distributions fluctuate much more based

on stress severity, which may be a reflection of the arbitrary severity levels chosen for this study.

For example the severity difference between level 1 and 2 may represent a different magnitude

of biological change than that occurring between levels 2 and 3 or 3 and 4. Further, this

comparison does not consider the interactions between these indicators and how the presence of

one specific lesion may help or hinder an individual’s immune system when met with subsequent

stress. Perhaps then the number of different indicators present is more reflective of severity

rather than the various physical changes seen within each specific stress indicator. Because

biological variability and individual frailty affect how stress will manifest within the skeleton

(Wood et al. 1992; Boldsen 2007), the varying degrees of physical change for each stress

indicator may in part be dictated by these inherent biological differences. As Elenkov et al.

(1999) discuss, when stress occurs glucocorticoids selectively suppress aspects of the immune
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system and the pattern of these changes is based on the acute or chronic nature of the stress.
Perhaps then, when stress is acute, it remains contained within a specific tissue type, reflecting a
finite level of stress. Conversely, when stress is chronic the immunosuppressive function of
glucocorticoids may fluctuate between different tissue types resulting in the formation of
multiple stress indicators across multiple tissues. While the immune system certainly plays a role
in the manifestation of skeletal changes associated with stress it does not function in isolation as
there are a variety of factors that affect the mechanisms of the endocrine system. Essentially, the
extrinsic stressors of daily living during the medieval and post-medieval periods would have
influenced the intrinsic responses that lead to skeletal change with those intrinsic responses
mediated by individual frailty, exposure, sex, age, etc. While the immune system and the
influence of glucocorticoids may be responsible for the physical changes associated with stress,
arguably it is the extrinsic factors (i.e. harsh working environments, lean calorie intake,
exhaustion, etc.) that drive the extent of endocrine involvement and how substantial the resultant
skeletal disruption will be.
6.4 STRESS LESIONS IN ADULTS

6.4.1 Adult and Subadult Stress Lesion Comparison

For the adult sample (Table 6.6), the distribution of individuals with each type of stress
lesion was relatively similar to the distribution of the subadult sample except for CO and EHL
(Table 6.4). The frequency of CO in the adult sample (10-30%) was much less than that present
in the subadult sample (59-78%) likely reflecting the selective mortality of this indicator where
those suffering from CO in the subadult years are less likely to survive into adulthood; therefore,
those in adulthood show less evidence of the pathology. Conversely for EHL, the adult sample

showed much higher prevalence (68-87%) compared to the subadult sample (29-66%), likely
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reflecting the time it takes for manifestation. The CO and PH data in the adults differs from the
subadults in that more individuals showed evidence of PH over CO. If PH is considered the more
severe type of cranial lesion, similar to the prevalence of EHL, it may take time for this lesion to
manifest and as such is more obvious in the adult sample. While CO and PH are mainly
associated with the childhood period, they may still be active into adulthood as the cortical bone
continually remodels throughout life (Kular et al. 2012). This persistence of CO and PH into the
adult years, similar to the subadults, is likely associated with unmet caloric requirements that
may have led to conditions such as iron-deficiency anemia.

In the early post-medieval period Muldrew (2011) estimates that the baseline caloric rate
for average males and females was 2100 kcal/day and 1900 kcal/day, respectively. In addition to
this baseline, however, are the caloric requirements needed for manual labour. For example,
males employed in the building industry working for 10 hours a day would require
approximately 6300 kcal/day, whereas women employed doing heavy housework for 10 hours a
day would require 4900 kcal/day (Muldrew 2011). Based on Muldrew’s (2011) estimates for
average middle class males and females in the 1600s, males would only be consuming 3950
kcal/day and females 3215 kcal/day resulting in considerable caloric deficits. Similar to the
subadults, meat made up only a small portion of the diet and as such, these individuals would
have been deprived of specific nutrients such as iron and B12 possibly contributing to the
elevated presence of PH into the adult years. As discussed in Chapter 2, Section 2.6.3, after the
Reformation religious fasting became less prominent in the lives of parishioners essentially
allowing for non-regulated food consumption on all calendar days (Albala 2011). However, it
cannot be assumed that the abandonment of fasting was immediate or complete for all

individuals, as shifts in religious practice took time and in most cases were merely adapted to the
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more lenient viewpoints proposed by the Protestant church (Albala 2011). While this diminished
adherence to fasting would have arguably improved the nutritional status of the post-medieval
population, it is likely that the medieval population experienced a similar leniency towards the
fast as children, the ill and manual labourers were given dispensation and allowed to eat full
meals during holy periods. While this compliance to religious fasting adds an additional
consideration to the overall nutritional status of the Black Friars cemetery population it likely did
not greatly influence the overall health trends visible before or after the Reformation, as
nutritional hardships were already commonplace.

In the adult sample, all individuals were assessed for HL based on the methodology
presented by Scott and Hoppa (2015), whereas the subadult data was captured using standard AP
orientation, as discussed in Chapter 4, Section 4.5.3. The elevated prevalence of HL in the adult
sample is not surprising as the ML orientation provides better visualization of HL, based on
cortical thickness and known patterns of remodelling in the tibia (Scott and Hoppa 2015).
Similar to the subadults, some adult individuals did not show evidence of HL (n=6). While the
argument can be made that any HL could have remodelled out of the tibia, all six individuals fell
within the youngest and middle adult age categories where complete obliteration of these lines is
not likely as individuals within the oldest age category still showed evidence of HL. Further, the
slow remodelling rate of the tibia increases the likelihood that HL will remain visible into later
adulthood. The high number of individuals with HL in both sex groups and time periods suggest
that growth faltering was a common occurrence for the Black Friars population. However, it is
important to note that these individuals also experienced growth recovery to some extent as HL

are not radiologically visible until growth has resumed (Mays 1995).
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Because the adult individuals represent the survivors of their population, it is evident that
they did not pass through childhood unscathed. When inspecting the data based on severity, there
is a clear trend where increased severity leads to a lower average age-at-death for CO and PH
(Table 6.7); therefore, while these adult individuals may represent the survivors of childhood,
they were still likely affected by increased mortality and predisposed to increased morbidity as a
result of these early life stress events. Statistically, there is a significant difference between the
average age at death between severity levels for PH (F=4.530; p=0.005), but not for the other
indicators (CO F=1.888; p=0.116; EHL F=0.141; p=0.935; HL F=0.840; p=0.474). However,
this age data is an amalgamation of all adults and may be influenced by sex and time period,
potentially skewing the results. Likely, more severe CO contributes to an increased risk of dying
similar to PH based on their similar etiology and the data presented; however this is not true for
EHL and HL. For both of these stress lesions severity does not seem to increase the risk of dying
which may be due to the nature of these lesions where formation occurs only after a period of
recovery. Therefore, those with higher frequencies of EHL and HL represent individuals who
showed the most recovery and were not necessarily predisposed to an increased risk of dying.
This pattern is in contrast to the non-survivor subadults where there appeared to be no direct
relationship between stress severity and increased mortality; however, this may be a product of
their foreshortened lives where any negative biological outcomes associated with particular

stressors did not have time to manifest and affect the average age at death statistics.
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Table 6.6 Percentage of Adult Individuals with each Stress Indicator by Sex and Time

Period
Black Friars Groups CO PH EHL HL
n 3 7 20 27
Medieval Males
% 10.0 24.0 69.0 100.0
n 12 27 27 40
Post-medieval Males
% 27.0 60.0 68.0 93.0
n 7 10 20 19
Medieval Females
% 30.0 43.0 87.0 100.0
n 16 22 38 52
Post-medieval Females
% 29.0 40.0 70.0 95.0
Table 6.7 Adult Average Age-at-Death Estimates in Different Stress Severity Categories
Stress Indicators Level 0 Level 1 Level 2 Level 3 Level 4
n 114 21 13 3 1
CO
years 33.8 34.6 37.3 25.2 29.5
n 86 44 19 3
PH
years 35.5 33.5 30.3 23.8
n 41 27 55 23
EHL
years 33.9 34.0 33.2 34.2
n 6 24 50 64
HL
years 33.5 33.8 35.5 33.0

6.5 BODY SIZE INDICATORS (BSIs)

As Johnston (1969) states, “the major components of variation among adults is due to

variations in the growth process” (335); therefore, similar to the stress indicators, the BSI data

provides a window into the formative years of life that may or may not influence overall heath

during the adult years. As an individual matures, biological processes promote linear growth in

the skeleton but the rate of that linear growth is not constant between individuals (Johnston

1962) or within an individual as shown in the BSI data. Mensforth (1985) argues that it is the
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study of these fluctuations and the rate of growth that can provide a measure of stress within a
population and the heterogeneous nature of skeletal growth provides an opportunity to observe
and track growth fluctuations at different periods of maturation (Vercellotti et al. 2011).

6.5.1 BSI Patterning between the Sexes and Time Periods

The BSI data, similar to the pathological and stress data, demonstrated more stress within
the female group, particularly in the post-medieval period. When assessing the variables, the
females showed more fluctuation both above and below the confidence interval. As discussed,
variables falling below the confidence interval represent poor growth during a particular
maturation period; conversely those falling above the line reflect accelerated growth during the
maturation period. Therefore, the observed fluctuation in the post-medieval female group likely
represents periods of poor growth and the resultant catch-up growth achieved after these periods
of growth retardation or stasis. Because catch-up growth may only act upon skeletal elements
that have not reached adult maturity, it is not surprising that while the majority of female
variables fell below the confidence interval, there were also ones above the confidence interval,
likely those maturing at a later period and could still be influenced by the mechanisms of catch-
up growth (Prader et al. 1963; Tanner 1986). While some individuals experiencing catch-up
growth may fall within the limits of the confidence interval, these periods of acceleration are
usually rapid and as a result may push the growth of these variables beyond the population
average. The importance of assessing catch-up growth cannot be overstated in studies of growth
and development. As discussed by Clark (1988) and Clark et al. (1986), it is imperative to study
both periods of early and late maturation to gain a complete understanding of individual growth
velocity and deviation. Also, it is likely that all individuals within this population were

experiencing some level of stress. Thus, the confidence interval determined for each variable
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pairing may not necessarily represent optimal growth. Individuals experiencing catch-up growth
may surpass the population-specific confidence interval as their body attempts to restore the
normal trajectory of growth expected under optimal conditions.

When comparing the medieval and post-medieval male groups, the proportion of
variables falling below and within the confidence interval was similar; however the post-
medieval males had a higher proportion of variables falling above the confidence interval. While
the females are more likely to fluctuate around the confidence interval, the males show a more
consistent trend between time periods with the only real discrepancy visible in those variables
falling above the confidence interval. These results are surprising considering that variables
falling above the confidence interval likely represent periods of rapid catch-up growth where
stress has subsided long enough in order to not only resume growth but accelerate it in elements
that have yet to reach adult maturity. While some individuals may have been fortunate enough to
experience catch-up growth through improved living conditions, this trend in the post-medieval
male group could also be associated with a temporal shift in overall body size. Boldsen and
Segaard (1997) argue that the average height of males and females was constant throughout the
medieval and into the post-medieval period with average male height at 167.1cm and females at
156.0cm. Because stature is closely associated with body size, it is likely that if average height
remained stable through this period body size would have also remained as such. Therefore, the
BSI pattern observed likely reflects cultural disparity between males and females and access to
resources. Because females show more fluctuation around the confidence interval it is likely that
they were faced with increased hardships into the post-medieval period including differential

access to food, housing, jobs, health care, etc.
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When comparing the number of skeletal elements affected by this growth disruption (i.e.
legs, arms, vertebrae, hands and feet), the leg variables were most affected for both males and
females and in both time periods. Because the majority of variables used in this study were from
the leg this trend was not surprising, additionally the faster maturation of the leg bones (e.g.
femur) may predispose these elements to skeletal changes where catch-up growth cannot occur
after the stress has passed. When assessing the data by time period, the medieval males and
females showed less disruption in the other skeletal elements (i.e. arms, vertebrae, hands and
feet). However, in the post-medieval period arm variables were almost disturbed as much as the
leg variables illustrating a more widespread disruption of skeletal growth than that seen in the
medieval period. Because the maturation of the arms begins earlier than the legs (Schaefer et al.
2009), this post-medieval shift likely demonstrates prolonged stress during the maturation years,
perhaps more systemic in nature than what was experienced in the medieval period. Further,
within these temporal periods, the females in particular had more overlapping skeletal elements
that fell below the confidence interval. In the medieval period only 40 percent of females had all
four body sections affected, whereas in the post-medieval period over 50 percent of females had
all four body sections affected. These results suggest that the stress experienced by the post-
medieval females was more severe and longer in duration, affecting multiple variables maturing
across the entire period of growth and development and likely contributed to poorer overall
health.

This pattern of disruption in the leg variables closely resembles the work of Jantz and
Owsley (1984) where the Arikara population showed higher levels of disruption in leg growth
over arm growth. Tanner (1978) and Humphrey (1998) discuss the variability in skeletal

maturation and the periods in which stress may affect different skeletal elements. It is not
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surprising that specific regions are targeted by stress, or may have a predisposition to disruption.
Disruption may also be identified through changes in body proportions; whereas catch-up growth
has the ability to diminish size disparity resulting from stress episodes, element proportions are
exacerbated by this process leaving a lasting indication of stress (Boldsen 1998b). Even secular
changes in overall skeletal size has demonstrated that the upper and lower limbs do not follow a
similar proportion shift (Jantz and Jantz 1999), making a stronger case that despite a similar
physiological make-up, different regions of the skeletons react differently to biological changes,
particularly stress.

The elevated growth disruption experienced by the Black Friars post-medieval females
over any other group was likely tied to the poor living conditions in urban Odense. While Mays
et al. (2008) demonstrate that urban living conditions did not greatly affect the growth of
subadults until the Industrial Revolution, the biological hardships for young adolescent women,
when growth was still occurring, may have drastically impacted their maturation and later life
health status. While the similar age-at-death and distribution of stress lesions and pathologies
between males and females does not suggest a large cultural disparity between the sexes, the
impact of menarche and early pregnancy would have hindered many young females within these
populations. Because menarche occurs at the end of the female adolescent growth spurt (Eveleth
2008), iron requirements are already elevated and must be continually met throughout life if
menstruation remains normal (Hallberg 2001). During the medieval period estimates suggest that
first menstruation occurred between 13-14 years of age (Amundsen and Diers 1973); however,
the onset of menstruation was highly dependent on nutritional status (Eveleth 2008). Those girls
living in poor conditions with inadequate nutrition likely experienced later menarche into the 15"

year of life (Eveleth 2008). The benefit of BSI data is that it provides growth information for the
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final stages of skeletal maturation (i.e. nine to 20 years) and as such can be used to assess the
increased biological stress that menstruation and puberty may have brought to these young
women.

Additionally, early pregnancy during the final years of growth and development would
have also been a burden for young women as growth and pregnancy both require increased levels
of dietary iron and other essential nutrients (Hallberg 2001). While the majority of iron
requirements can be met through dietary supplementation, the second and third trimester of
pregnancy require more iron than can be absorbed through diet alone; therefore, iron stores
within the body are needed to meet demand (Hallberg 2001). It is unlikely that the majority of
women during the post-medieval period, with inconsistent food sources and reduced meat
consumption (Hoffman 2001), were able to meet the iron and nutrient demands associated with
later stage pregnancy. The onset of menstruation did not necessarily mean immediate pregnancy
for young women; however, when pregnancy did occur it would have created additional
biological strain for these women as their bodies adapted to both the demands of pregnancy and
the energy requirements needed for the final stages of physiological growth.

6.6 CORTICAL THICKNESS

6.6.1 Cortical Thickness and Orientation

In looking at cortical thickness patterns for the Black Friars population, there were less
consistent trends than the BSI data in regards to overall growth and development fluctuations.
The medial and lateral measures of cortical thickness (captured in AP radiographic orientation)
provided more consistent data over the anterior and posterior cortical measurements, likely
related to the bone structure of the anterior and posterior tibia. As the anchor for the tibialis

anterior muscle, the anterior crest of the tibia is under constant muscle strain during foot and
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ankle movement. Similarly, the posterior tibia is the origin point for the tibialis posterior muscle
which provides stability in the leg and also controls foot and ankle movement (Marieb and
Hoehn 2013). Cortical thickness in these regions of the tibia may be highly influenced by
mechanical strain with resultant remodelling of the cortical tissue. The medial and lateral cortical
bone of the tibia, however, is somewhat insulated from these mechanical influences that are
associated with the primary muscle attachment sites for the lower leg and foot. Therefore, the
medial and lateral cortical bone may be more reliable when assessing acute or chronic stress.
Focusing then on the medial and lateral cortical measurements, the results of this study
tentatively reflect higher levels of stress in the post-medieval female group as cortical thickness
discrepancies between the left and right tibiae could be associated with fluctuating asymmetry.
Defined as the deviation of skeletal formation from symmetrical development, specifically in the
long bones, asymmetry can become exacerbated with prolonged stress (Palmer and Strobeck
1986; Leung et al. 2000). Bioarchaeological research into fluctuating asymmetry has been
associated predominately with handedness (Steele 2000), but has also been considered evidence
of “developmental instability” (Albert and Greene 1999; DeLeon 2007:520), associated with
environmental shifts (excessive heat or cold), nutritional deficiencies, excessive noise, prenatal
chemicals, and diabetic fetal environments (Albert and Greene 1999; DeLeon 2007).

6.6.2 Cortical Thickness and Pathology

In assessing the relationship between cortical thickness and pathology, the increase in
thickness associated with conditions such as leprosy, treponema and tuberculosis likely represent
the normal skeletal response associated with the initial onset of these diseases (Ortner 2003) and
is therefore not unexpected. Conversely however, the post-medieval females showed a decrease

in cortical thickness when fractures were present. This relationship however, likely reflects the
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natural decrease in cortical thickness with age (Parfitt 1984) and the increase prevalence of
fractures associated with conditions such as osteoporosis (Cummings et al. 1985). In the post-
medieval group, the average age of the women with fractures was 35.2 years. This suggests that
while some of these women may have shown a decrease in cortical thickness due to early
osteoporotic changes, the younger women likely showed reduced cortical bone when fractures
were present due to the energy diverted away from normal bone remodelling while a bone
callous is formed and maintained.
6.7 OSTEOCALCIN

6.7.1 Osteocalcin Levels and Sex Steroids

Osteocalcin is regulated by the osteoblast cells and their ability to produce new bone
tissue (Christenson 1997; Rauch 2008). However, the function of osteoblasts cells is greatly
influenced by glucocorticoids that are secreted as part of the stress response system (Cooper et
al. 1999) and can indirectly influence osteocalcin levels. As mentioned briefly in Chapter 3
Section 3.5.2, osteocalcin levels are closely associated with sex, more specifically sex steroids.
Estrogens have been clinically shown to increase the circulation of glucocorticoids in the body,
whereas androgens reduce the number of circulating glucocorticoids (DeSilva 1999). This
increase and decrease of circulating glucocorticoids has a direct effect on the ability of the
osteoblast cells to synthesize osteocalcin. This pattern of fluctuation was clearly demonstrated in
the Black Friars population with males showing increased levels of osteocalcin and females
showing decreased levels of osteocalcin. While there are other contributing factors affecting the
overall level of osteocalcin in these male and females groups (e.g. age), the influence of
circulating sex steroids is primarily responsible for this observed pattern. A consistent decrease

of osteocalcin with age was also demonstrated in these data where factors such as slower bone
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remodelling and decreased growth hormone secretion (Vanderschueren et al. 1990; Ingram et al.
1994) contribute to the diminished function of osteoblast cells and consequently the level of
osteocalcin captured in the skeletal tissues.

6.7.2 Osteocalcin Levels and Skeletal Elements

As presented in Chapter 5, Section 5.5.1, there were no significant differences between
the clavicle and femur osteocalcin levels compared across the 20 individuals. However, the
clavicle levels of osteocalcin appeared to be more consistent than the femur osteocalcin levels
when compared to the pathological and stress data. Once synthesized, 60-90 percent (Neve and
Corrado 2011) of osteocalcin is retained in the skeletal tissues, protected overtime by the
hydroxyapatite. Once incorporated into the skeletal tissues, osteocalcin remains present until the
remodelling process occurs whereby a basic multicellular unit controlled by osteoclasts and
osteoblasts begin to remove old bone and deposit new bone (Beaupré et al. 1990; Kular et al.
2012). The duration of this remodelling phase can vary extensively between bone types due to
different mechanical and metabolic processes that dictate this process (Parfitt 2010; Kular et al.
2012). The heterogeneity of bone also plays an important role in this rate of turnover where
appendicular turnover is prompted more by mechanical influences and axial turnover is dictated
more by metabolic requirements (Parfitt 2010). As Parfitt discusses (2002), cortical bone is made
up of three distinct layers: endosteal, intracortical and periosteal with the periosteal and endosteal
bone experiencing the most turnover. The approximate mean age of these outer layers of cortical
bone are between 0.5 — 4.0 years (Parfitt 2010) illustrating the variability of cortical composition
and the period of skeletal incorporation that these osteocalcin samples may represent. Because
the cortical bone of the axial skeleton is much thinner than the appendicular skeleton (Parfitt

2010), there is faster turnover over of the cortical bone, approximately 4 percent per year (Parfitt
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1983; Parfitt 2002; Parfitt 2010). Considering the remodelling properties of bone, it is clear that
the data collected from the femur and clavicle for this study likely represent different periods of
osteoblast activity and therefore, variable levels of osteocalcin due to regional differences of
bone location and overall cortical thickness. The higher rate of bone remodelling in the clavicle
would therefore represent more recent osteocalcin levels while the femur likely represents
slightly earlier levels of osteocalcin incorporation. However, overlap between the samples is
likely.

The differences in glucocorticoid receptor prevalence may also influence which type of
bone is more negatively affected (Weinstein et al. 1998; Henneicke et al. 2011). These
glucocorticoid receptors are responsible for transducing the glucocorticoid signal into all
surrounding cells and their presence in the body is tissue-specific. Therefore, the magnitude in
which the effects of glucocorticoids are incorporated biologically depends heavily on these
receptors (Bamberger et al. 1996). These receptors are present in all bone cells (LaCorte et al.
2010); however, some skeletal tissues may be more vulnerable to the effects of glucocorticoids
based on the number of receptors they house. Using rabbit femora, Eberhardt et al. (2001)
demonstrated that the trabecular bone of the femur is particularly vulnerable to the effects of
glucocorticoids. The authors concluded that this trend was due in part to the large size of the
femur and the number of glucocorticoid receptors present in the bone. This would suggest that
osteocalcin levels would show more fluctuation in the femur over the clavicle. However, the
heavy mechanical loading of the femur promotes faster bone remodelling and the loss of
accumulated osteocalcin data, introducing very specific limitations for the bone best used for
osteocalcin analysis. Additionally, research by Prigodich and Uesely (1997) and more recently

by Chen et al. (2015) has explored the relationship between osteocalcin and type-1 collagen. This

207



not only has implications for the bone mineralization process (Chen et al. 2015), but also
influences how osteocalcin can be extracted and detected in archaeological remains. Each
collagen molecule has one binding site for osteocalcin; therefore, osteocalcin and collagen form
a 1:1 complex (Prigodich and Uesely 1997). As such, the amount of collagen preservation in
bone directly influences osteocalcin preservation and should be similar across all skeletal
elements regardless of remodelling rates, potentially explaining the close similarity between the
osteocalcin levels recorded in the clavicle and femur samples.

6.7.3 Osteocalcin Levels and Pathological Conditions

When considering the effect of bone heterogeneity, remodelling and collagen
preservation on osteocalcin levels, there is also a need to consider the nature of the pathological
and stress data collected. While the stress indicators represent conditions of childhood that
remain visible in adult tissues, the pathological conditions more likely represent chronic
ailments. Therefore, the demonstrated relationship between decreasing osteocalcin levels and
degenerative spine changes reflect a condition affecting these adult individuals near the time of
death. With this pathology there is a characteristic deconstruction of the spinal elements with
subsequent disorganized bone formation (e.g. osteophyte lipping) (Ortner 2003). While this
reactionary bone formation may temporarily increase osteocalcin levels, the long term
destruction of bone and lack of proper remodelling would eventually lead to the disruption of
normal osteocalcin synthesis.

6.7.4 Osteocalcin Levels and Stress Indicators

Enamel hypoplastic lesions and HL are confident markers of childhood stress, whereas
CO and PH may continue into adulthood and must be considered when analyzing osteocalcin

levels. In the Black Friars sample, individuals with evidence of CO or PH showed lower
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osteocalcin levels, possibly representing the persistence of these lesions into adulthood, as it is
unlikely that the subadult years were captured in these bone samples. The formative process of
stress lesions may also need to be considered in osteocalcin analysis. Enamel hypoplastic lesions
and HL are characterized by distinct periods of growth stasis, whereas CO and PH form
throughout the growth period. These dynamics affect osteocalcin synthesis in different ways. For
EHL and HL, osteocalcin levels likely decrease significantly while growth is stalled due to
osteoblast inactivity. However, once the stress had passed and growth resumed, synthesis can
rebound quickly to normal levels. For CO and PH, however, because the growth disruption
process occurs on a continual basis and is characterized by bone porosity due to dysfunctional
osteoblastic activity, these indicators may create long-term disruptions in osteocalcin levels. The
lack of correlation between osteocalcin levels and diminished BSI growth is also likely
influenced by when these osteocalcin levels were incorporated into the bone. If stress was
endured through the entire period of skeletal maturation any reduction in osteocalcin levels
would only be reflected for a finite amount of time before being remodelled. Alternatively, these
osteocalcin fluctuations may be masked through rapid catch-up growth recovery which would
saturate the tissues with osteocalcin during this accelerated period of growth, possibly explaining
the pattern visible in this small sub-sample of the Black Friars population.

6.7.5 Osteocalcin Levels and Time Period

A significant outcome of this pilot study was the comparison of osteocalcin between time
periods where there was a clear reduction in the femur and clavicle levels from the medieval into
the post-medieval period (see Figure 5.36). Because of the small sample size the sex and age
group data were combined and of course could have influenced the result. However, when the

distribution of males and females and age groups across time period were statistically compared
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there were no significant differences. This suggests that the pattern observed is reflective of real
differences between the medieval and post-medieval periods and not significantly influenced by
known differences between sex or age groups. As discussed throughout this chapter, there were
many hardships endured by the Black Friars population between the medieval and post-medieval
period most highly influenced by food quality and supply and the increasing strain of the
growing urban environment of Odense. These lower levels of osteocalcin in the post-medieval
period suggest these individuals were exposed to higher levels of circulating glucocorticoids
associated with increased stress. When looking at this post-medieval osteocalcin data compared
to the pathological, stress lesion and BSI data, all suggest a similar trend where increased
hardships were faced by the post-medieval individuals in the Black Friars population. While the
macroscopic skeletal data does allude to this temporal shift, it is this biochemical data that truly
substantiates these results.

6.7.6 Osteocalcin Levels and Psychological Stress

The effect of psychosocial stress on overall health is also a consideration in the study of
archaeological populations. While difficult to extract from skeletal remains, actual or perceived
psychological stress can signifcantly affect overall health. Known as the immunosuppression
model, the onset of stress depresses the immune system making the body more vulnerable to
disease, in part through the release of glucocorticoids (Miller et al. 2002; Segerstrom and Miller
2004). The impact of psychological stress on glucocorticoid release has been thoroughly
discussed in the literature (see Miller et al. 2007). However, the fluctuation of these steroids and
their resultant impact on biological tissues is highly dependent on the duration of the stress, the
type of threat and the emotions associated with the stress (Miller et al. 2007). With the onset of

psychological stress, cortisol levels rise rapidly to help the individual adapt, but fall as the stress
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becomes more distant and removed from thought (Miller et al. 2007). The type of psychological
threat is also an important factor regulating glucocorticoid release as each type of stress may
“pose different adaptational demands” (Miller et al. 2007:27). While there is a general trend to
assume that the biological response to stress is homogenous and non-specific, in reality the
biological response evolved and adapted to improve coping and survival (Weiner 1992; Kemeny
2003). The emotions attached to different types of stressors also contribute to the biological
response, where traumatic stress with threat to physical well-being elicits an elevated
glucocorticoid/endocrine response compared to other benign factors (Miller et al. 2007).
Individual variability also contributes to how psychological stress is internalized. For example,
Kirschbaum and colleagues (1992) examined the differences in cortisol levels between males and
females when public speaking. Cortisol levels were greatly increased in males over females even
when the threat was only perceived and had not yet taken place (Kirschbaum et al. 1992). Not
only do these increased levels of steroids associated with psychological stress affect personal
health, they also have the ability to influence fetal growth and development. Studying cortisol
levels in individuals from the womb through to adolescence, Jones and colleagues (2006)
demonstrated that those exposed to higher levels of glucocorticoids from maternal stress while in
the womb had differential responses to later life stress. Despite the difficulty in extracting this
type of information from archaeological remains “social stressors, whether they are acute or
chronic, reliably activate the HPA (hypothalamic-pituitary-adrenal) axis” (Miller et al. 2007:36)
requiring appropriate attention for how this may influence skeletal tissues and interpretations of
health.

Regardless of time period, the Black Friars population was exposed to both chronic and

acute psychological stressors including periods of famine, climate change, disease outbreak and
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warfare. However, these psychological stressors may have been short-lived as prolonged periods
of the same psychological stressor effectively begins to desensitize the biological system
Dienstbier 1989; Gunnar and Vazquez 2001; Miller et al. 2007). For example, the psychological
stress associated with unreliable food resources in the Black Friars sample likely did not
contribute to a drastic increase in circulating glucocorticoids as famine was commonplace during
this period and arguably expected. While the physical toll of these chronic nutritional stresses
would have been inevitable the associated psychological upset would not have drastically
influenced the skeletal outcome.

As an acute psychological stressor, the Black Death during the 14" century, likely had
wide-spread consequences as individuals who managed to survive were burdened with the
mental stress of caring for those who were sick and mourning for those who had died
(Meinlschmidt and Heim 2005; Nicolson 2004). Additionally, the threat of subsequent outbreaks
would have also placed a psychological burden on these populations, contributing to increased
levels of stress. Another source of psychological stress particularly in the post-medieval period
would have been the outbreak of the Danish civil war (Count’s War) at the dawn of the
Reformation. Spread across the whole of Denmark, this war saw the battle between the old
Catholic faith and the new Protestant masses (Lockhart 2004). While warfare and political unrest
was not new in Denmark, arguably, the Count’s War was the largest wide-spread war in
Denmark during the period of the Black Friars cemetery and no doubt lead to various levels of
psychological stress, particularly once the war reached the island of Fyn in the summer of AD
1535 (Lockhart 2004). As Miller et al. (2007) outline, psychological stressors that threaten the
physical self lead to increased cortisol levels, and in some cases of post-traumatic stress disorder

(see Yehuda 2000). Therefore, the psychological stress and resultant glucocorticoid levels would
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have been vastly different for those participating in the war as soldiers, those left behind in
Odense, and those burdened with injury or the loss of loved ones at the war’s end. While the
analysis of psychological stress in archaeological remains is a near impossible task, the impact of
mental health must not be overlooked, particularly when studying biochemical fluctuations
associated with stress. Interestingly, the caveats of studying psychological stress can also be
considered in the wider context of the physical stress markers already discussed, where the tissue
distribution and physical manifestation of various stress indicators have likely evolved to help
maximize our ability to cope with stress.

Despite the successful extraction of osteocalcin for this study, there is a need to measure
the amount of crystallinity present in these samples to determine how much of the protein has
been lost and how that compares to what has been successfully extracted. This is not to say the
osteocalcin levels obtained for this analysis are not true reflections of what were present in the
bone samples acquired, but rather without a clear understanding of the diagenetic processes
influencing the rate of protein degradation over time these results must be considered cautiously
and preliminary in nature.

6.8 MORTALITY

6.8.1 Adult Mortality

For the medieval males and females, the average age-at-death was 34.8 and 32.4 years,
respectively. In the post-medieval sample, the average age-at-death for males was 34.6 years and
33.7 years for females. While these age-at-death averages are not noticeably different between
the sexes, when looking at the average age distribution and the number of individuals dying

before 30 years, the females show a sharp increase compared to the males (Figure 6.1).
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Figure 6.1 Percentage of Males and Females dying before 30 years in the Black Friars
Cemetery Sample
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While the differences in biological frailty between males and females have shown a
general trend towards increased male susceptibility, cultural and social factors also influence
these biological frameworks (Buchanan 1975; Waldron 1983; Hogberg et al. 1987; Klein 2000).
For women, childbirth and complications arising from pregnancy (Wells 1975) are likely driving
this disparity as the sharp increase in female mortality dissipates after the childbearing years
(Boldsen 1984; Hogberg et al. 1987). In addition to the biological disparities between men and
women, the urban environment of medieval and post-medieval Denmark also likely contributed
to this increased female mortality. Urban Odense at the beginning of the 17" century was
estimated to have a population of 5000-6000 (http://museum.odense.dk/viden-
om/historie/odense-historie/odense-bys-historie), and would have been characterized by the
many challenges of urban dwelling, including increased pathogen exposure, high population
density, poor sanitation and unreliable water supply (Dyer 1989; Landers 1993). With women at

an increased susceptibility to infectious disease at the time when they gave birth (Wells 1975;
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Hogberg et al. 1987), these urban environments likely exacerbated the dangers of childbearing
and considerably challenged any natural immunity females may have had over males (Klein
2000). Discussed by Palubeckaité et al. (2002), the urban post-medieval Subaciaus Lithuanian
population, similar to the Black Friars sample, experienced what the authors describe as an
environment of chronic stress elevating levels of morbidity, but not drastically affecting overall
mortality. Looking at the shift in mortality from the medieval Black Friars sample into the post-
medieval period there is a similar trend of rising morbidity evidenced through an increase in
pathological conditions, stress lesions and growth disruptions. For the females in particular, life
expectancy was slightly higher in the post-medieval period despite this increased morbidity,
possibly reflecting a biological shift where individuals exposed to more stress earlier in life were
better equipped to withstand later stressors in adulthood.

6.8.2 Subadult Mortality

Opposite to the adult mortality data, the Black Friars subadults in both the medieval and
post-medieval groups had the same average age-at-death, 8.5 years. Whereas the adult females in
the post-medieval period experienced an increase in the average age-at-death despite increased
morbidity, the subadult individuals do not show a similar trend. As adult females aged and had
increased exposure to pathogens and stress, individual resistance to these influences may have
been acquired. As for the subadults, their foreshortened lives would have diminished their ability
to acquire the same resistance as the adults. While the post-medieval adults would have also
passed through the dangerous childhood years, the type of stress they were exposed to and
individual variability in biological resistance would have allowed some individuals to reach

adulthood and gain further resistance.
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6.9 REVISITING THE FOUR HYPOTHESES

The four hypotheses and the results of this analysis are important as they contribute to a
better understanding of the stress response and the interaction (if any) between these multiple
indicators of poor health. Further, these hypotheses provide an opportunity to explore the benefit
of combining traditional osteological methods with biochemical signatures to explore health.
Based on the discussion above, each hypothesis is examined within the framework of the Black
Friars population and the general trends that emerged from this research.

Hypothesis [ stated that if morbidity (occurrence of illness) and mortality (occurrence of
death) were elevated within this population, it is expected that skeletal evidence should indicate
stress, or that stress indicators should be present. Within the Black Friars sample all individuals
showed some indication of stress, whether lesion-based or growth-based. The biochemical data,
while preliminary, also hinted at fluctuations associated with increased glucocorticoid release
from stress response activation. How stress was differentially internalized across this population
was likely the result of stress severity and duration and the various insulating aspects of human
biology (i.e. differential frailty, tissue vulnerability). From a biochemical perspective, the release
of glucocorticoids does not suppress all aspects of immunity equally during periods of stress, but
can prompt a myriad of responses depending on the chronic or acute nature of the stressors
(Elenkov et al. 1999). Therefore, while the statement can be made that all individuals in the
Black Friars sample were exposed to periods of stress resulting in skeletal disruption, a closer
examination of the biological stress pathways may better help extrapolate why these differences
in skeletal manifestation occur.

Hypothesis 2 stated that the severity of that stress and how it was manifest in the skeleton

would be reduced in successive age cohorts (i.e. after a certain age, those affected by the
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increased stress would have likely succumbed to these insults). In observing the stress sum data
and the relationship between each lesion-based indicator, there was no distinct relationship
between these lesions where the presence of one may preclude the development of another.
However, there was a clear decline in stress severity in the oldest adult age group, suggesting
those individuals who survived into later adulthood were less stressed during their development
period. While the biochemical data shows the expected decrease of osteocalcin levels into older
adulthood, this trend is primarily dictated by underlying biological processes. It is likely that
stress is still present in this older age group, but individuals may have developed coping
mechanisms that reduce the level of circulating glucocorticoids in tandem with these already
known biological reductions.

Armelagos et al. (2009) discuss how the relationship between increased stress and
increased morality can be the result of three independent processes difficult to differentiate
archaeologically: 1) individual differential frailty, 2) pre-exposure frailty and 3) confounding
stressors. How an individual responds to stress is driven both by internal and external factors.
Differential frailty may predispose certain individuals within the population to show differing
levels of stress in their skeletal tissues. Pre-exposure frailty may also influence the pattern
between increased stress severity and mortality as individuals become “biologically damaged”
(Armelagos et al. 2009:268), and are less able to cope with later life stress events. As discussed
in Chapter 3, Section 3.8.1, frailty is not static and can change over an individual’s lifetime
(Boldsen 2007). This fluctuation in frailty inevitably leads to fluctuations in individual mortality
as exposure to new stress during the life course continually influences overall health status.

Hypothesis 3 states that the severity of stress would be higher in children who represent

the non-survivors of their community (i.e. individuals affected early in life by high levels of
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physiological stress would not survive to adulthood). As such, it is expected that adult survivors
would not demonstrate the same severity of stress as observed in the subadults. As discussed
above, differential frailty greatly impacts how stress is manifested within the skeletal tissues,
making the study of severity difficult. For example when observing the lesion-based indicators,
the subadult individuals in the Black Friars population showed increased mortality when more
indicators were present. The inverse was true for the adults where mortality was increased when
each specific stress indicator showed increased severity. This would suggest that the co-
prevalence of multiple stress indicators is more detrimental to overall health than fluctuations in
the manifestation of each specific indicator as the subadults represent the non-survivors of the
community. Perhaps then, the differing levels of manifestation for each specific indicator are
more reflective of differential frailty and the heterogeneous response to stress in multiple tissues
based on underlying biological factors (i.e. age and sex), and the influence of previous stress
exposure (Armelagos et al. 2009).

Hypothesis 4 states that a small proportion of individuals, as a result of differential frailty
(Wood et al. 1992), might live beyond what was expected despite showing an elevated severity
of stress. In the oldest adult age group, the prevalence of stress lesions was relatively low, with
no individuals having more than two different lesions present. The most prevalent stress lesions
showing the most severity in the oldest age group were EHL and HL, whereas CO and PH were
almost non-existent. For the BSI data all of the oldest adult individuals, except for one, had less
than 50 percent of their BSI variables falling below the confidence interval, with one medieval
male having no variables below the confidence interval. Interestingly, while the prevalence of
stress lesions was low in this group and growth disruption moderate, pathology was relatively

high with some individuals having as many as seven pathological conditions present at the time
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of death. Table 6.8 is a summary of three individuals chosen for their high number of stress
lesions, BSI variables falling below the confidence interval and the most pathology present and
how they fit within the caveats of the fourth hypothesis.

For individual SBT81 GR479 (medieval male), the pathological conditions that are
present better reflect later life health rather than insults incurred during the subadult years. This
individual likely benefited from a naturally stronger immune system throughout childhood
allowing him to pass through the subadults years relatively unscathed and to survive into later
adulthood even when exposed to various pathological conditions. Individuals SBT81 GR633
(medieval male) and SBT81 GR253 (post-medieval female) show a different pattern of subadult
health where they did develop more than one type of stress lesion which manifested quite
dramatically (levels 2 and 3). However, the number of BSI growth variables affected by stress is
noticeably different between these two examples where the post-medieval female demonstrates a
much higher level of disruption (62% of variables below the confidence interval). The
discrepancy between these two individuals could of course be tied to biological differences and
individual constitution. However, the discussed hardships of the post-medieval period and the
impact on health likely contributed to this pattern as well. Further, in assessing the pathological
data, the post-medieval female would be identified as having worse overall health than the
medieval male example. Important to note here is that both individuals have the same mean age-
at-death, suggesting that despite more growth disruption during the childhood years and later life
pathological processes, the post-medieval female continued to survive. This demonstrates that at
an individual level when considering differential frailty, there will always be some in the oldest
age categories with visibly poorer health yet still survive over those who appear nearly

unscathed.
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Table 6.8 Stress Summary Examples from the Oldest Adult Age Group (45-60 years)

Individual Stress Lesions BSIs Pathology
(severity level) | (% of variables below CI) (Present)
SBT81 GR633 EHL - level 3
HL —level 3 D
45 years 36.0 Periostitis
medieval male No €O
v No PH
SBT81 GR253 EHL - level 3 TB
HL — level 2 ,
45 years 62.0 Schmorl’s nodes
ost-medieval female No €O DIC
P v No PH
Periostitis
B
SBT81 GR479 HII:I(_) }15?/16111 ! Treponema
51 years No CO 33.0 Fractures
medieval male No PH DSC
Schmorl’s Nodes
DJC

6.10 SUMMARY

Overall the results and discussion of this research demonstrate that the stress response is
not a uniform process and that the manifestation of stress in the hard tissues of the body is
constantly influenced by a multitude of intrinsic and extrinsic factors. Despite the difficulty in
determining the relationship between these different skeletal changes there was a clear trend in
the data where the post-medieval group, particular the females, were experiencing higher levels
of stress in the Black Friars population. Interestingly, this increase in stress did not lead to
increased mortality in the post-medieval sample, suggesting that early childhood exposure to
various types of stress may have provided some insulation against later life stress events.
Although the medieval period was host to the outbreak of the Black Death and the beginning of
the Late Medieval Agrarian Crisis (Gissel 1981; Jager 1981; Benedictow 2004), it was the post-
medieval period that was left with the consequences of these events in addition to an expanding
urban environment and increasing political and religious upheaval. These cultural disruptions

along with the physical and psychological stressors associated with these hardships would have
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increasingly affected the post-medieval Black Friars population and their daily lives in the city of

Odense.
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CHAPTER 7: CONCLUSIONS

The main objective of this research was to examine different indicators of skeletal stress
and how the relationship between these stressors can better inform our understanding of health
and well-being in the past. Situating each of these indicators within a larger clinical
understanding of the stress response and the mechanisms that instigate skeletal disruption, this
study provided a comprehensive look at stress. By expanding the analytical framework of well-
established methods and integrating new biochemical analyses, this study demonstrated the
importance of comparing and contrasting multiple data types in the study of stress.

This research also provided an opportunity to explore health in the Black Friars cemetery
population from the medieval into the post-medieval period. Informed by historical texts of the
cultural, social and environmental changes in Denmark between the medieval and post-medieval
period, it was expected that these two time periods would display distinct health trends that could
be captured within the caveats of the research objectives and four hypotheses.

7.1 REVISITING THE RESEARCH OBJECTIVES

Revisiting the research objectives outlined in Chapter 1 of this dissertation, the following
conclusions were drawn. A clinical understanding of the stress response, specifically the
influence of glucocorticoids, should be used to better assess the patterns of skeletal disruption,
particularly when these disruptions are characterized differently (e.g. systemic vs. localized
stress; complete growth halting vs. growth disruption). This clinical knowledge of glucocorticoid
release timing, the distribution of their receptors, and the underlying biological factors that
control their circulation patterns all contribute to the underlying stress response process that
eventually results in hard tissue change. While a direct correlation between glucocorticoids and

macroscopic skeletal changes to date has not been made in in archaeological remains, knowledge
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of these steroids and their release at the onset of stress provides the necessary foundation to
better understand the biological processes that mediate the initial stress response and how over
time this response translates into visible skeletal disruption. Therefore, through a better
integration of this clinical knowledge osteologists can improve and advance their approach to the
stress process and its study in ancient populations. While this relationship has been hinted at in
the osteological literature in the past, this dissertation provides an in-depth analysis of how
clinical knowledge of the stress response can better inform our osteological expectations.
Further, the introduction of this discussion provides an opportunity to reframe our research
questions and how we may interpret the presence or absence of specific stress indicators in
archaeological remains.

The lesion- and growth-based data showed similar results within the Black Friars
population, but of course represent different mechanisms of the stress response. In theory, when
the stress response is activated, glucocorticoids lead to primary skeletal changes that then target
the growth function of the body resulting in immediate growth disruption that over time
eventually leads to lesion formation. Therefore, these indicators do not necessarily reflect
differing severities of stress, but rather the duration of the stress. In contrast, severity seems to be
best measured through increased skeletal involvement within each tissue type. Figure 7.1
presents a schematic summary of this based on clinical observations and our expectations for
osteological remains. This schematic represents our current understanding of the stress
mechanism and resultant hard tissue changes at an individual level and cannot necessarily be
used to compare individuals when factors such as age-at-death, individual frailty and pre-
exposure that can differentially affect osteological evidence of stress manifested over the life

course. The stress response is not a simple step-wise matrix, with individual and population
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factors influencing how these trends can be explored and interpreted archaeologically. In looking
specifically at this progression, duration is best captured through the type of skeletal change(s)
occurring, beginning first with chemical changes, then a disruption of growth and finally the
formation of lesions. Based on the biological factors driving these specific processes, this
progression is fairly straightforward. While it is likely that growth disruption occurs first before
lesion changes due to the specific influence of glucocorticoids on this mechanism, this response
to stress may not present as simplistically in an archaeological context as factors such as catch-
up growth impede our ability to clarify this process. Severity and how it is captured in skeletal
remains however, is much more difficult to identify and confidently assess as each of the three
components (i.e. chemical changes, growth disruption, and lesion formation) are marked by
different skeletal change and involvement. When assessing the initial phase of chemical change,
glucocorticoid release identifies the onset of stress followed by disruption to secondary
processes, particularly the production of osteocalcin. Similar to the disruption of osteocalcin, it is
expected that similar proteins will also be affected during more severe periods of stress and
warrant further investigation (see Section 7.2). In looking at growth disruption, specifically
through BSI analysis, the initial stages of stress lead to disruption in single BSI variables. With
increasing severity more BSI variables are affected, culminating in multiple BSIs being disrupted
across multiple skeletal elements. Finally, the severity of stress lesions is perhaps best analyzed
through an examination of multiple lesions. Whereas the varying degree of manifestation for one
lesion type may be regulated by differential frailty, the involvement of multiple lesions across
different tissue types suggests a more severe form of stress. While this explanation and

schematic represent an idealized projection of the stress response in skeletal tissues, it does
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contribute to a more refined understanding of duration and severity and how these elements are a

necessary component of osteological analyses.

Figure 7.1 Summary of the Stress Response with Focus on Severity and Duration
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Through this in-depth exploration and discussion this research contributes further insight
and observations into the stress response and how different indicators of stress and their
variability in manifestation may be better integrated into osteological interpretations. Further,
this research has attempted to explore the relationship between lesion based changes and growth
disruptions and how underlying biological mechanisms mediate these responses differently.
While not the primary focus of this study, this dissertation provides the foundation on which to
further explore how BSIs may be further integrated into stress research.

The introduction of biochemistry into studies of health and well-being can also inform

the subtle changes associated with stress that until now have been invisible archaeologically.
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While particular attention must be paid to the diagenetic influences of protein preservation, the
use of osteocalcin to support the well-established methods of stress assessment is invaluable.
One of the primary points made by Wood and colleges (1992) is our inability to account for
those suffering from poor health without any physical evidence. Advancing biochemical
techniques and methods however, can address this issue and as shown in this research can/should
be used in tandem with macroscopic methods. Further, in instances where skeletal preservation
may be poor, or remains badly damaged, bioarchaeological research is limited by what can be
observed. However, with the integration of biochemical techniques that can be reliably used to
assess health research, collections previously overlooked due to issues of preservation may be re-
explored. This dissertation directly contributes to this growing area of research by providing a
viable method of osteocalcin extraction for human remains and preliminary interpretations
between this protein and other osteological indicators of stress. Additionally this dissertation
provides the theoretical foundation linking the clinical literature with the current osteological
understanding of osteocalcin production and preservation over time.

Overall the Black Friars population experienced more stress in the post-medieval period,
with females in particular showing the greatest biological strain. Evidence of stress lesions,
growth disruption and osteocalcin fluctuations in the post-medieval population suggests that a
variety of hardships such as: poor nutrition, heavy manual labour, an introduction of new
pathogens in a growing urban environment, psychological stressors and civil unrest impacted the
overall well-being of these individuals. While the medieval period was also exposed to many
stressors, the increasing urban environment of the post-medieval period exacerbated by
diminishing social assistance with the shift to Protestantism created an increased strain on the

lower classes of Danish society in the second half of the 16" century. At the onset of this
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research, it was expected that the socioeconomic shift experienced in the late medieval and early
post-medieval period in Denmark would have led to improved health in the post-medieval
population due to improved dietary supplementation. Despite this new reliance on cattle and
cattle products however, it appears that the majority of these new foodstuffs were traded in
European markets and not necessarily researching the general population in Denmark. This is not
to say that certain individuals did not benefit from this socioeconomic shift, but the majority of
the population likely still subsisted off of foods similar to those from the medieval period. Yoder
(2010) also found no significant dietary changes when comparing early and late medieval
populations, reiterating that “there was a shift in the agricultural system, (but) there was not
much of a shift in the actual diet” (2234). While the contents of the Danish diet may have
remained fairly stable between the medieval and post-medieval periods, the amount of available
foodstuffs possibly influenced the unexpected poorer health observed in the post-medieval
population. While the medieval period experienced agricultural devastation during the Little Ice
Age (Fagan 2000) and the Late Medieval Agrarian Crisis (Gissel 1981; Jager 1981), agricultural
production eventually rebounded creating a surplus after the population decline following the
Black Death (Hybel and Poulsen 2007). This surplus however was short-lived as political unrest
and social upheaval in the post-medieval period saw the loss of one of Denmark’s main
agricultural region to Sweden (i.e. the Halland, Sk&ne and Blekinge provinces). Since the
introduction of agriculture in Denmark, the Skine province in particular was an important
agricultural region; therefore, its loss during a period of urban expansion and population growth
no doubt contributed to some extent to declining volumes of food for those living in the post-

medieval period. These constant food woes in addition to the multiple other confounding factors
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discussed were likely responsible for the poorer overall health of the post-medieval Black Friars
population despite the economic successes of the European cattle trade.
7.2 FUTURE RESEARCH

From a traditional standpoint, the methods and protocols for how stress indicators are
captured and studied can be continually re-evaluated and improved upon. The benefit of this
constant improvement and validation is consistency within this field of research which
contributes to the reliability and repeatability of the results. Additionally, further exploration into
the hierarchical nature of stress can also better inform the interpretations we make about
particular populations. While the summary presented in Figure 7.1 may represent the visible
patterns in the Black Friars population, it may not be as consistent in other contexts with
different influences affecting the outcome of skeletal change associated with stress. As an area of
study decidedly complex and difficult to ascertain concrete rules, the study of stress is best
approached from a multi-method perspective where indicators that cover various time periods of
maturation can be analyzed in tandem. This integration of multiple methods capturing various
aspects of the stress response does more than simply complicate research goals; it provides an
opportunity to explore the various biological responses that may occur from one particular
stressor. In better understanding how these different indicators of stress piece together,
bioarchaeologists will be in a better position to establish a more concrete understanding of
severity and duration. The benefit of this is of course in the analytical and interpretative potential
of this type of research, where degrees of severity and duration can enlighten the subtleties of
stress which have been notoriously difficult to ascertain.

In order for biochemistry to become a cornerstone of stress research there is a need to

truly understand the diagenetic processes that effect the preservation and extraction of proteins
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such as osteocalcin. While this research used ELISA analysis to identify the amount of
osteocalcin in each sample, more refined methods such as mass spectrometry would provide a
better snapshot of the chemical composition of the bone and what diagenetic influences may be
affecting the observed results. Similarly, the use of Fourier transform infrared spectroscopy (FT-
IR) analysis to measure the amount of crystallinity within each sample would illustrate the rate
of osteocalcin degradation compared to crystallinity (see Smith et al. 2005). FT-IR analysis
could help establish the rate at which osteocalcin degrades when exposed to variables such as
time depth, soil type, burial influences and underlying biological conditions. In addition to the
further analysis of osteocalcin there is an opportunity to explore other similar proteins that reflect
growth disruption during periods of stress such as bone-specific alkaline phosphatase (BSAP).
Also produced by the osteoblast cells, BSAP is found in many biological tissues, including bone
(van Straalen et al. 1991; Leung et al. 1993; Gomez et al. 1995; Christenson 1997; Rauch 2008).
Similar to osteocalcin, it has been demonstrated that the quantitative measurement of BSAP can
indicate specific bone diseases associated with bone loss or destruction such as Paget’s and
Cushing’s disease (Gomez et al. 1995; Canalis and Delany 2002). More specifically, it has been
clinically shown that decreases in BSAP reflect changes in the levels of circulating
corticosteroids (van Straalen et al. 1991), similar to the glucocorticoids that are secreted during
periods of prolonged stress. Recent archaeological studies have focused on the extraction of
BSAP from ancient bone, demonstrating the longevity and viability of these biomarkers to
explore paleopathological conditions in the past (Weser et al. 1995, Grupe and Turban-Just 1996;
Weser et al. 1996; Schmidt-Schultz and Schultz 2004). In expanding the protocol for ancient
protein extraction and establishing the diagenetic parameters of these particular proteins, there is

an opportunity to guide stress research into the realm of biochemistry. This new methodology
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arguably has the ability to clarify the visual and chemical expectations of stress from the onset of
the biological response through to skeletal change, better informing how we explore health in the

past and the types of questions that may be answered.
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APPENDIX A: STRESS LESION SEVERITY CATEGORIES

A.1 Cribra Orbitalia Severity Categories
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Category 3 (advanced) (SBT81 GR222)
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A.2 Porotic Hyperostosis Severity Categories

Category 3 (advanced) (SBT81 GR35) Category 4 (severe) (SBT81 GR266)
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A.3 Enamel Hypoplastic Lesion Severity Categories

Category 3 (severe) (SBT81 GR15)
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A.4 Harris Line Severity Categories

Category 1 (low) Category 2 (moderate) Category 3 (high)
(SBT81 GR142) (SBT79 GR22) (SBT81 GR464)
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APPENDIX B: BIOCHEMICAL DATA

B.1 Adult Individuals Selected for Osteocalcin Extraction

Individual Time Period Sex Age (years)
SBT81 GR378 Medieval Male 20-25
SBT81 GR447 Medieval Female 18-20
SBT81 GR457 Medieval Male 20-25
SBT81 GR513 Medieval Male 35-45
SBT81 GR550 Medieval Male 32-39
SBT81 GR562 Medieval Female 35-39
SBT81 GR661 Medieval Male 30-34
SBT81 GR10 Post-medieval Female 30-35
SBT81 GR131 Post-medieval Female 45-55
SBT81 GR193 Post-medieval Male 19-21
SBT81 GR208 Post-medieval Female 25-29
SBT81 GR241 Post-medieval Male 40-49
SBT81 GR279 Post-medieval Female 35-40
SBT81 GR297 Post-medieval Male 30-34
SBT81 GR306 Post-medieval Male 20-24
SBT81 GR307 Post-medieval Male 35-40
SBT81 GR313 Post-medieval Female 27-32
SBT81 GR316 Post-medieval Female 37-42
SBT81 GR344 Post-medieval Male 27-32
SBT81 GR9 Post-medieval Female 22-29
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B.2 Total Protein Results from MicroBCA Analysis and PBS Amounts added for ELISA

Analysis

Individual 4ug starting bone material | pl of PBS added to protein extract
SBT81 GR9 Femur 5.1 449
SBT81 GR9 Clavicle 4.0 46.0
SBT81 GR307 Femur 2.5 47.5
SBT81 GR307 Clavicle 3.1 46.9
SBT81 GR513 Femur 11.4 38.6
SBT81 GR513 Clavicle 19.0 31.0
SBT81 GR313 Femur 3.5 46.5
SBT81 GR313 Clavicle 3.0 47.0
SBT81 GR378 Femur 3.5 46.5
SBT81 GR378 Clavicle 4.9 45.1
SBT81 GR241 Femur 4.7 45.3
SBT81 GR241 Clavicle 8.4 41.6
SBT81 GR344 Femur 2.8 47.2
SBT81 GR344 Clavicle 3.5 46.5
SBT81 GR550 Femur 8.7 41.3
SBT81 GR550 Clavicle 9.2 40.8
SBT81 GR316 Femur 34 46.6
SBT81 GR316 Clavicle 3.3 46.7
SBT81 GR131 Femur 5.6 44 .4
SBT81 GR131 Clavicle 5.2 44 .8
SBT81 GR279 Femur 7.1 42.9
SBT81 GR279 Clavicle 5.0 45.0
SBT81 GR661 Femur 7.6 42.4
SBT81 GR661 Clavicle 53 44.7
SBT81 GR447 Femur 3.4 46.6
SBT81 GR447 Clavicle 3.7 46.3
SBT81 GR208 Femur 4.9 45.1
SBT81 GR208 Clavicle 4.3 45.7
SBT81 GR457 Femur 6.2 43.8
SBT81 GR457 Clavicle 6.2 43.8
SBT81 GR193 Femur 5.0 45.0
SBT81 GR193 Clavicle 3.8 46.2
SBT81 GR562 Femur 4.9 45.1
SBT81 GR562 Clavicle 5.5 44.5
SBT81 GR306 Femur 3.0 47.0
SBT81 GR306 Clavicle 2.8 47.2
SBT81 GR297 Femur 3.5 46.5
SBT81 GR297 Clavicle 3.2 46.8
SBT81 GR10 Femur 5.6 44 .4
SBT81 GR10 Clavicle 8.4 41.6
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B.3 Serial Dilution Calculation for ELISA Analysis

Well Position ng/ml of Human Osteocalcin Standard*
Rows A, Columns 1 and 2 128

Rows B, Columns 1 and 2 64

Rows C, Columns 1 and 2 32

Rows D, Columns 1 and 2 16

Rows E, Columns 1 and 2 8

Rows F, Columns 1 and 2 4

Rows G, Columns 1 and 2 2

Rows H, Columns 1 and 2 0

* As per instructions provided with R&D Systems Quantikine ELISA — Human Osteocalcin kit
(DSTCNO)
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