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A B S T R A C T

Urbanization in pre-modern populations may have had a variety of consequences related to population
crowding. However, research on the effects of urbanization have provided inconsistent results regarding the
biological impact of this transition on human populations. The purpose of this study is to test the hypothesis that
urbanization caused an increase in overall biological stress in a medieval (10th–13th centuries AD) Polish po-
pulation. A human skeletal sample (n = 164) was examined for the presence of porotic hyperostosis, cribra
orbitalia, linear enamel hypoplasia, periosteal reaction, and specific infectious diseases. Prevalence rates were
compared among three temporal samples: initial urbanization, early urbanization, and later urbanization.
Results indicate no significant trends for any of the pathological conditions. Cox proportional hazards analyses,
however, revealed a significant increase in the risk of death over time, which supports the hypothesis. These
results reflect the necessity of using multiple analyses to address bioarchaeological questions. The lack of sig-
nificant results from skeletal indicators may be due to an earlier urbanization trend in the population. This study
illustrates that the association of urbanization with elevated biological stress is complicated and dependent on
various factors, including culture and time period.

1. Introduction

Urbanization is one of the most significant changes in the last
10,000 year of human history. Today, over 50 percent of the modern
global population resides in urban areas (United Nations, 2012; World
Health Organization, 2010). Much contemporary urban growth is oc-
curring in developing nations (e.g., Leon, 2008; United Nations, 2012),
and substantial concerns have been outlined regarding the possible
health impacts of such population accumulation, including especially
the facilitation of the spread of infectious diseases in large agglomer-
ated communities lacking in sanitation and adequate nutrition (Leon,
2008; United Nations, 2006; World Health Organization, 2007, 2010).
While the possible negative consequences of a large, global, urban
population have been argued by national and international organiza-
tions, the positive attributes of urban life have simultaneously been
recognized by a variety of social scientists (Leon, 2008). In fact, it can
be argued that urban centers have been the “…drivers of commercial,
scientific, political and cultural life…” (Leon, 2008: 4), offering better
employment, security, and in some cases better health care (Moore
et al., 2003; World Health Organization, 2010). Although contemporary
concerns regarding the health impact of urbanization are well known

(e.g., World Health Organization, 2010), the consequences of urbani-
zation for health in historic periods prior to the modern era are not
especially well known.

Various bioarchaeological studies comparing rural-urban differ-
ences from European contexts have drawn differing conclusions (e.g.,
Budnik and Liczbińska, 2006; Gamble, 2014; Kaupová et al., 2014;
Krenz-Niedbała and Łukasik, 2016; Lewis, 2002; Perrone, 2014;
Redfern et al., 2015; Sundman and Kjellström, 2013) A study of Roman
period cemeteries in England reveals higher frequencies of some, but
not all, skeletal stress markers in urban vs. rural populations; estimated
risks of mortality were higher for urban subadults compared to their
rural peers, but the adult risks of mortality were lower in urban vs. rural
areas (Redfern et al., 2015). These results suggest that the effects of
urbanization on health varied by age in Roman Britain. Walter and
DeWitte (2017) found that in medieval England (c. 1120 − 1539),
urban adult females faced elevated risks of mortality and lower survi-
vorship, and by inference poorer health, compared to rural females;
however, survivorship and risks of mortality were not significantly
different between urban and rural adult males, suggesting that urban
environments in this period were more hazardous for women than men.
Lewis (2002) found that urbanization did have some impact on
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morbidity and mortality for subadults in medieval and post-medieval
England, but that industrialization was more significant. The growth
profiles of urban and rural subadults were very similar and there were
no significant differences in the frequency of stress indicators. However,
when severity and age-at-death were taken into consideration, there
was evidence of more stress in the urban sample (Lewis, 2002). Gamble
(2014), on the other hand, could find no consistent patterns in stress
indicators between rural and urban samples from medieval Danish
populations. Krenz-Niedbała and Łukasik (2016), in their study of
maxillary sinusitis in subadults from medieval and post-medieval Po-
land, found no significant differences between rural and urban samples,
which they argue may be due, in part, to the similar indoor exposure to
air pollutants for both groups. Few studies (e.g., Daverman, 2008; Peck,
2009; Roberts and Cox, 2007) have investigated how the process of
urbanization has impacted the health of a single population undergoing
the transition, at least from a bioarchaeological standpoint (although
see Larsen et al., 2015). The variable findings from previous bioarch-
aeological studies suggest that the impact of urbanization varied tem-
porally and geographically and was likely dependent on local en-
vironmental conditions as well as on sociocultural factors, as
emphasized by critics of the broad association of modern urbanization
and declining health (Leon, 2007). Contemporary populations under-
going urbanization experience varying impacts on their health owing to
a range of factors, such as where the greatest levels of poverty are
found, vaccination coverage, and availability of treatments like oral
rehydration therapy (Leon, 2007). While these factors are not ne-
cessarily applicable in historic populations, others may be relevant,
such as population density, regular and ample food supply, palliative
care, and access to clean drinking water.

Investigation of urbanization’s impact on population health requires
careful contextual analysis in addition to the reporting of comparative
analyses. Skeletal samples from medieval Poland (10th-13th centuries
AD) provide an opportunity to document and interpret the impact of
urbanization on a geographically constrained population, for which
archaeological and historical data are available to provide the neces-
sary context. We note that in light of the complex nature of and

difficulty of assessing health even for living people and the uncertainty
that exists regarding the association between observable skeletal lesions
and health (DeWitte and Stojanowski, 2015; Reitsema and McIlvaine,
2014; Temple and Goodman, 2014; Wood et al., 1992), in this study, we
interpret skeletal lesions and demographic trends as measures of bio-
logical stress rather than health per se.

1.1. Medieval Poland (10th-13th centuries AD)

The medieval period in Poland was characterized by numerous
political, religious, and other societal changes. Mieszko I (CE 960-992),
a Piast ruler and duke of the Polanian state in the 10th century AD,
transitioned the region from pagan beliefs to Christianity commencing
with his baptism in CE 966. This action was primarily political, as it
facilitated a wide coalescence of the country’s independence and so-
vereignty (Davies, 1982; Gieysztor et al., 1968; Manteuffel, 1982).
Under his centralized ducal rule, Mieszko I established “castle-towns”
or gróds, which served as residences for ducal representatives (Gieysztor
et al., 1968). Gróds, which usually included a stronghold, served an
important role as the seat of governing dukes, which were accompanied
by their courts, administrative officials, and fiscal authorities (Celka,
2007). In addition, a military garrison was established in each gród for
the protection of the local lord as well as to enforce the commands of
the lord or duke within the local populace (Celka, 2007; Gieysztor et al.,
1968). During the 10th and 11th centuries, gróds and the territories
surrounding them were an important settlement pattern as the large
and fortified gróds served as local administrative centers (Koter and
Kulesza, 1999). The stronghold had several adjacent ancillary settle-
ments, many of which were also fortified (Buko, 2008). In conjunction,
there were settlements of traders and craftmen that were attached to
the gróds, providing services for the entire territory, enabling these
settlements to become the most important centers of craft and trade for
a region (Koter and Kulesza, 1999).

Fig. 1. Location of Poznań in modern Poland.
Adapted from the Regional Environmental Center for
Central and Eastern Europe. http://www.rec.org/
REC/Maps/pol_map.html
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1.2. Poznań in the medieval period

One of the locations of these gróds was Poznań, the capital of the
Wielkopolska (Greater Poland) region of west-central Poland (Fig. 1),
and arguably the most important city in the state during the early
medieval period (Buko, 2008; Koter and Kulesza, 1999; Wyrozumski,
1998). By the end of the 10th century, Poznań was founded and later
chartered, making it one of the oldest cities in Poland (Koter and
Kulesza, 1999; Wyrozumski, 1998). Poznań was initially established as
a fortified settlement, or ‘proto-town,’ at the end of the 8th/beginning
of the 9th centuries, (Buko, 2008; Jackowiak, 2010). During the first
half of the 10th century, a stronghold was built on the island of Ostrów
Tumski, the site of the original settlement, located at the junction of the
Warta River to the west and its tributary, the Cybina River, to the east
(Fig. 2) (Buko, 2008; Kócka-Krenz et al., 2004; Koter and Kulesza,
1999). A stronghold was the main center of territorial power, and in CE
950–960, a new, larger stronghold replaced the smaller, earlier one in

the northern part of the island (Buko, 2008; Kócka-Krenz et al., 2004).
The early gród included a palace and large church, and east of the is-
land, a marketplace on the right bank of the Cybina River, an area
known as Śródka (Fig. 2) (Koter and Kulesza, 1999). By the end of the
10th century, the settlement had become the capital of Poland, and the
residence of the first two rulers, Mieszko I and his heir, Bolesław I the
Brave (CE 992–1025), was established in the fortified area on Ostrów
Tumski. In CE 968, Poznań was declared the first bishopric (i.e, seat of a
bishop for a diocese) and a great cathedral was erected (Buko, 2008;
Kócka-Krenz et al., 2004; Parysek and Mierzejewska, 2006). This was a
prime location for such an important gród, as it was close to water and
land routes for trade and communication and played a fundamental role
in expanding the Piast domain throughout Poland (Buko, 2008). The
northern enclosure on the island was inhabited by wealthy citizens with
close connections to the prince, while the southern part of the island
included both higher status and lower status individuals. Based on the
archaeological data and artifacts recovered from the site, it has been

Fig. 2. Location of three cemeteries in Poznań. The
general map of Poznań at the top is based on the
boundaries of the modern city.
Adapted from http://www.cs.put.poznan.map/
mapa.gif
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argued that the lower status individuals in this part of the site were
those involved in food preparation for their wealthier counterparts
(Kócka-Krenz et al., 2004).

While the settlement inside the fortifications grew in terms of oc-
cupants, the settlments outside the walls also progressed quite quickly
(Jackowiak, 2010). While those living on the island belonged to the
higher social strata, those living in the ancillary settlements were en-
gaged in agriculture, craft, and trade and were not part of the elite class.
Although the beginning of the Piast dynasty led to a decrease in po-
pulation density in some areas, a different pattern emerged at Poznań
and Gniezno due to considerable development in these locations. Esti-
mates have been suggested of up to 10 people/km2 (Buko, 2008), which
is substantially greater than the average for the entirety of Poland at
this time and may be due to population displacements during the early
Piast period as people migrated to the more favorable settlement con-
ditions and economic opportunities in the vicinity of Poznań. Regional
economic development was stimulated as a result of the population
shift to Poznań, which led the city to become a center of economic and
public life for local communities. This development was further en-
hanced by the adoption of monetary exchange and the market institu-
tion during the 11th century (Buko, 2008).

By all accounts, Poznań was an important urban center during the
early medieval period and served as the state residence of the earliest
Polish rulers as well as a focus of craft production, agriculture, and
market exchange. It is important to note, however, that while Poznań
had a high population density relative to the more rural areas of Poland,
it was still relatively low compared to western European countries. For
example, at the end of the 13th century, France had a population
density of 35 people/km2 (Wyrozumski, 1998). Information on popu-
lation size and density in Poznań is not known for much of the early
medieval period, and there is a lack of yearly records during the earliest
years of Poznań as a significant settlement (Dobosz, 2013). Despite its
importance, Poznań does not appear in written history until rather late;
the chronicle of Thietmar, bishop of Meresburg, provides the first in-
formation about the city in the 11th century, but does not include in-
formation regarding population size (Kócka-Krenz et al., 2004). By the
12th century, Poznań surely had a substantial population size as Gallus
Anonymus wrote in his chronicle about the army of Bolesław I, which
included “1300 armoured warriors and 4000 shielded warriors from
Poznań” (quoted in Kócka-Krenz et al., 2012:12). Other early texts
emphasize that during the reign of Bolesław I, Poznań was a military
center; however, no more specific information regarding the population
size and structure is recorded (Kócka-Krenz et al., 2012).

Poznań was not chartered until the 13th century (Dobosz, 2013),
and while that is late relative to cities in western Europe, the city is one
of the oldest chartered settlements in Poland (Koter and Kulesza, 1999;
Wyrozumski, 1998). The chartered town originally encompassed an
area of 21 ha, but it is likely that the land surrounding the city, in-
cluding fields, meadows, forests, and pastures, ranged somewhere be-
tween 340 and 1700 ha (Buko, 2008; Jackowiak, 2010; Koter and
Kulesza, 1999). With the charter, the location of the town shifted from
its original location on Ostrów Tumski. The island stronghold had be-
come over-populated by the mid-13th century and the duke at that
time, Przemysł I (CE 1220–1257), decided that the city would be re-
located (Parysek and Mierzejewska, 2006). Initially, the plan was to
charter the town at the settlement of Śródka, on the right bank of the
Cybina (i.e., to the east of Ostrów Tumski), which had served as the
marketplace for the gród and included its own church − the church of
Saint Margaret (Dobosz, 2013). However, due to tensions between the
inhabitants of Śródka and the Church, Przemysł I decided to establish
Poznań on the left bank of the Warta (i.e., to the west of Ostrów
Tumski), where another settlement was already located (Fig. 2)
(Dobosz, 2013; Jackowiak, 2010; Kócka-Krenz et al., 2004). The set-
tlement on the left bank (whose name is unknown) must have been a
substantial, permanent village, as the church of Saint Martin was lo-
cated there. The duke reinforced this as the new location by having

fortifications built similar to what was in place on Ostrów Tumski −
earthen walls and water-filled moats (Dobosz, 2013). In CE 1253, with
the town established on the left bank, Przemysł I, moved the inhabitants
from Śródka to the new location (Dobosz, 2013; Kócka-Krenz et al.,
2004).

The area in which Poznań was established, both initially and after
being chartered, is a lowland region of the Warta River Valley, ap-
proximately 100 m above sea level. The region is the driest in Poland,
averaging less than 550 mm of annual precipitiation (Jackowiak,
2010). The medieval diet in Poznań would have included cereal grains,
most prominently, millet, but meat was also significant for individuals
of all social classes (Dembińska, 1999; Krenz-Niedbała, 2016). Analyses
of faunal assemblages from medieval settlements (10th-12 centuries) on
Ostrów Tumski yielded 94% domestic mammals, 3% wild mammals,
2% birds, and a small proportion of fish (Makowiecki, 2007: 100).
Among the domestic mammals, pork and beef were the most important,
followed by sheep and goats (Makowiecki, 2007). While people of
varying social classes had meat in their diet, the consumption of pork,
beef, and mutton may have been patterned according to social status
(Kócka-Krenz et al., 2004). Evidence from other areas in Poznań yielded
similar results, but also emphasized the role of fish in the diet, parti-
culary sturgeon, catfish, and herring. The presence of herring remains
in medieval deposits demonstrates that this was a commercial food
acquired through trade from port-centers (Kócka-Krenz et al.,
2004:145). Wild game was part of the diet, as well, predominantly from
deer and boar (Kócka-Krenz et al., 2004; Makowiecki, 2007). Fowl were
important in terms of meat and eggs, including domestic and wild
species of chicken, goose, and duck (Kócka-Krenz et al., 2004;
Makowiecki, 2007). While there were dietary differences to some de-
gree based on social status (Dembińska, 1999; Krenz-Niedbała, 2016), it
can be argued that patterns of consumption of non-elites living at dif-
ferent peripheral settlements would have been comparable. Overall,
then, the diet of individuals living in Poznań, regardless of social status,
included grains and meat; however, the types of meat consumed likely
was dictated by status.

The availability of this historical and archaeological evidence re-
garding the transformation of Poznań into an economic, political, and
social focus in the early medieval period makes it ideal for an ex-
amination of the effects of urbanization on patterns of biological stress.
This study tests the hypothesis that biological stress increased with
urbanization in medieval Poland. Specifically, we assess whether var-
ious stress markers increase in prevalence across three temporal sam-
ples representing initial urbanization, early urbanization, and later
urbanization. Additionally, we explore whether survivorship declines
temporally. Utilizing these different data types enables us to potentially
capture the impact of urbanization in a more nuanced manner, as stress
marker formation and survivorship can be affected by different factors.
The skeletal series used to test this hypothesis include those recovered
from three cemeteries in the Poznań area representing the period from
initial urbanization through the time when urbanization was well es-
tablished.

2. Materials and methods

2.1. Materials

Our skeletal sample is drawn from the Śródka, Wodna, and Garbary
cemeteries (Fig. 1). The Śródka cemetery (CE 950–1150), was located
in what was initially a settlement outside the fortified stronghold on the
island of Ostrów Tumski and served as the marketplace for the gród
(Fig. 2) (Koter and Kulesza, 1999). The cemetery was excavated be-
tween 1996 and 2001 and yielded the remains of 271 individuals
(Pawłak, 2005). The Wodna and Garbary cemeteries were located in
another peripheral settlement that was in use while Ostrów Tumski
served as the main part of the gród and later became the new location
for Poznań during its relocation and chartering during the 13th century
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(Dobosz, 2013; Jackowiak, 2010; Kócka-Krenz et al., 2004; Parysek and
Mierzejewska, 2006). The Wodna cemetery (CE 950–1150) was ex-
cavated in the 1990s, and the remains of eleven individuals were found
(Pawłak, 2005). The Garbary cemetery (CE 1150–1250) was excavated
between 1970 and 1971, with 69 individuals recovered. The locations
of the cemeteries in the settlements adjacent to the site of the strong-
hold indicate that they include citizens of non-elite status, as at the time
when these cemeteries were in use, wealthier individuals resided within
the fortified area on the island of Ostrów Tumski (Kócka-Krenz et al.,
2004).

Since the three cemetery samples include non-elite citizens living in
settlements in the vicinity of the stronghold, the samples were collapsed
into a single sample, which was temporally segregated into three
groups: initial urbanization (CE 950–1025), early urbanization (CE
1025–1100), and later urbanization (CE 1100–1250). The Śródka
cemetery sample could be temporally divided based on radiocarbon
dates of stratigraphic layers of the cemetery (Pawłak, 2005). The
Wodna and Garbary cemeteries were not dated by layers; instead, they
each had dates for when the entire cemetery was in use. The initial
urbanization sample includes individuals from Śródka and Wodna, and
the early urbanization sample includes individuals from Śródka. The
later urbanization sample consisted of Garbary and Śródka individuals.

During the initial urbanization period, Poznań became the capital of
the newly independent Poland and the stronghold was erected on
Ostrów Tumski (Buko, 2008; Kócka-Krenz et al., 2004; Koter and
Kulesza, 1999; Parysek and Mierzejewska, 2006). During the early ur-
banization period, population size grew and the market economy was
established (Buko, 2008). Finally, during the later urbanization period,
the population size grew further and the city of Poznań was chartered in
the area of the Wodna and Garbary cemeteries (Dobosz, 2013;
Jackowiak, 2010; Kócka-Krenz et al., 2004; Kócka-Krenz et al., 2012).
The Wodna cemetery was in use prior to the re-location of the town,
while the Garbary cemetery was likely in use close to the time of re-
location. The foundation of the town on the left bank arguably occurred
in CE 1253 (Dobosz, 2013) and the Garbary cemetery was in use to
approximately CE 1250. While there is no specific historical or ar-
chaeological information available that indicates how the population
size grew during the period of CE 950–1250, which would provide
insight into changes in garbage and waste accumulation as well as other
population density-related factors, what is known suggests an ever-
growing population in this area as the importance of Poznań increased
and expanded. The temporal divisions then, are a product of the
available archaeological information and radiocarbon dates and pro-
vide a method by which the sample can be divided and patterns of
general biological stress can be assessed during this three hundred year
period. Of the skeletons recovered during excavation of these three
cemeteries, a total sample of 164 individuals was available for study
(initial urbanization n = 47, early urbanization n = 67, later urbani-
zation n = 50). All remains are curated by the Poznań Archaeological
Museum (Tables 1–2).

2.2. Osteological and bioarchaeological methods

Adult age-at-death estimates were based on age-related morpho-
logcical changes to the pubic symphyseal and the auricular surfaces
(Brooks and Suchey, 1990; Buikstra and Ubelaker, 1994; Lovejoy et al.,
1985), and subadult age-at-death estimates were based on dental de-
velopment and eruption and epiphyseal closure (Buikstra and Ubelaker,
1994; Hillson, 1992; Smith, 1991). Sex determinations of adults were
conducted based on pelvic and cranial morphology (Buikstra and
Ubelaker, 1994).

Biological stress can be assessed from skeletal and dental tissues
through the study of a variety of markers (Larsen, 2015). The skeletal
remains in this study were assessed for porotic hyperostosis, cribra
orbitalia, linear enamel hypoplasias, and periosteal reaction. Ad-
ditionally, the remains were examined for the presence of specific

infectious diseases, such as tuberculosis, leprosy, and treponemal dis-
ease. Pathological conditions were scored based on the Global History
of Health Project coding standards1 (Steckel et al., 2006), and data were
collected as part of that project. While the importance of distinguishing
between healed and active lesions is noted (DeWitte, 2014a), this was
not part of the coding protocol when it was established nor when the
data were collected. Therefore, healed and active lesions are considered
together.

Porotic hyperostosis is characterized by porosity of the cranial vault,
particularly on the ectocranial surfaces (Stuart-Macadam, 1985, 1992).
Classified as a marker of deprivation, porotic hyperostosis is most often
associated with anemia due to blood loss, altered red blood cells, or
increased red blood cell production, although there may be other
etiologies (Ortner, 2003; Schultz, 2001; Stuart-Macadam, 1985, 1992;
Walker et al., 2009). Most often, active, unhealed lesions are found in
young subadults, while healed lesions can be observed in older sub-
adults and adults (Stuart-Macadam, 1985; 1992; Walker et al., 2009).
For this study, porotic hyperostosis was scored as present or absent
when at least one parietal was observable (Steckel et al., 2006). The
presence of porotic hyperostosis was identified by at minimum, slight
pitting (Steckel et al., 2006). The pathology was also assessed for se-
verity; mild porotic hyperostosis included slight pitting to substantial
porosity, while the more severe form involved excessive enlargement or
expansion of the bone (Steckel et al., 2006).

Cribra orbitalia are similar lesions that occur in the roof of the eye
orbits (Fig. 3). Clusters of pitting and porosity and, in some cases,
raised, hypervascularized areas can result from marrow hypertrophy
due to anemia or from subperiosteal inflammation due to deficiencies in
vitamins C and D or trauma (Angel, 1966; Brickley and Ives, 2008; El-
Najjar et al., 1976; Schultz, 2001; Stuart-Macadam, 1989, 1992; Walker
et al., 2009; Wapler et al., 2004). Like porotic hyperostosis, cribra or-
bitalia appears to develop during childhood, and active lesions are most
often observed in these individuals (Stuart-Macadam, 1989; 1992;
Walker et al., 2009). There is a consensus that although porotic hy-
perostosis and cribra orbitalia appear similarly on the skeleton, they do
not necessarily share a common etiology (Stuart-Macadam, 1989, 1992;
Walker et al., 2009; Wapler et al., 2004). Cribra orbitalia was scored as
present or absent when at least one observable orbit was present. Cribra
orbitalia was considered present when there was minimally, a clus-
tering of fine foramina, which was considered a mild expression. The
more severe expression involved a greater area of involvement
(> 1 cm2) involving a clustering of smaller or larger foramina (Steckel
et al., 2006). In order to differentiate cribra orbitalia from scurvy or
rickets, skeletal remains were assessed for other evidence of deficiency
in vitamins C and D. To identify cases of scurvy, orbital changes had to
be accompanied by changes to the sphenoid, maxilla, mandible, and/or
scapulae (Brickley and Ives, 2008; Ortner and Ericksen, 1997). To at-
tribute orbital pathology to rickets, evidence of changes to the ribs,
mandible, and/or bones of the arms and legs had to be identified as well
(Ortner and Mays, 1998).

Linear enamel hypoplasias (LEH) are macrodefects of the tooth
enamel that result when ameloblasts reduce enamel production in re-
sponse to physiological disturbances (Goodman and Rose, 1990;
Suckling, 1989). Hypoplastic defects appear as pits or grooves of re-
duced enamel thickness, most often appearing as horizontal grooves.
Hypoplasias form during dental development and often result from
systemic metabolic stress, such as malnutrition, disease, or neonatal
disruptions, although trauma and hereditary anomalies are possible
etiological factors as well (Goodman and Rose, 1990, 1991; Hillson,
1996). Since it is often difficult to determine the etiology of hypoplastic
defects in a particular individual or population, they are considered
nonspecific indicators of childhood stress (Goodman and Rose, 1990,

1 The codebook for the Global History of Health Project can be viewed here: http://
global.sbs.ohio-state.edu/european_module.htm

T.K. Betsinger, S. DeWitte International Journal of Paleopathology 19 (2017) 24–36

28

http://global.sbs.ohio-state.edu/european_module.htm
http://global.sbs.ohio-state.edu/european_module.htm


1991; Hillson, 1996). For this study, LEH were scored for permanent
maxillary and mandibular incisors and canines, since those teeth are
most often affected (Goodman and Armelagos, 1985). Defects were
scored macroscopically for presence or absence based on the avail-
ability of at least one observable tooth with more than 50% of the
crown intact.

Periosteal reaction involves formation of osseous plaques of woven
bone and/or irregular elevations of cortical bone resulting from the
inflammation of the periosteum due to trauma, bacterial infection, or
other factors that impact the periosteum (Eyre-Brook, 1984; Ortner,
2003; Weston, 2012). Periosteal reactions can be localized or systemic
and can vary in terms of severity and degree of healing. Because many
factors can cause periosteal reactions, it is considered nonspecific in-
fection (Ortner, 2003; Weston, 2012). The tibia has been shown to be
the most commonly affected bone (see Larsen, 2015); thus, periosteal
reaction in this study was scored as present or absent based on the
availability of at least one observable tibia (i.e., > 50% of diaphysis
present). Periosteal reaction was considered present if, at minimum,
longitudinal striations were noted, constituting a mild expression. A
moderate expression included discrete patches of reactive bone, while a
severe expression involved extensive reaction coupled with cortical

expansion (Steckel et al., 2006). When an individual with both right
and left tibiae present had two different levels of periosteal reaction
expression, the individual was classified as having the more severe
form.

Infectious diseases such as tuberculosis, leprosy, and treponemal
disease can leave pathognomonic markers on skeletal remains.
Tuberculosis, caused by Mycobacterium, initiates as a lung infection and
can result in resorptive and proliferative lesions on the pleural surface
of ribs (Ortner, 2003; Roberts and Buikstra, 2003). A hematogenous
dissemination leads to involvement of hematopoietic areas of the bone,
including joints. This type of secondary infection often involves de-

structive lesions on vertebral bodies and, less commonly, the joints of
the hip and knee (Ortner, 2003; Roberts and Buikstra, 2003). For this
study, the thoracic and lumbar vertebrae, ribs, hip and knee were ex-
amined for the presence of lesions associated with tuberculosis and
scored for presence or absence (i.e., at least one observable thoracic/
lumbar vertebra, at least one observable pleural surface of rib, at least
one bone surface involved in hip and knee joints).

Leprosy is caused by a related pathogen, Mycobacterium leprae.
However, this bacteria prefers cooler areas of the body, resulting in
pathognomonic atrophic changes to the nasopalatal region known as
facies leprosa (Boldsen, 2001; Lynnerup and Boldsen, 2012; Møller-
Christensen, 1978; Ortner, 2003). The bones of the hands and feet may
also be involved, as they become atrophied and shortened (Ortner,
2003). Leprosy was assessed in this study based on nasopalatal re-
sorption and/or lesions as well as resorptive changes to the bones of the
fingers and toes, requiring the nasal aperture and the nasal spine, at
least one phalanx/metacarpal, or at least one phalanx/metatarsal to be
observable.

Treponemal disease has four different syndromes, three of which
have skeletal involvement in more advanced stages (Ortner, 2003;
Powell and Cook, 2005). The pathogens causing these syndromes

Table 1
Medieval Polish Skeletal Samples.

Skeletal Sample Total N Initial Urbanization N (CE 950–1025) Early Urbanization N (CE 1025–1100) Later Urbanization N (CE 1100–1250)

Śródka (CE 950–1150) 140 37 67 36
Wodna (CE950–1150) 10 10 0 0
Garbary (CE 1150–1250) 14 0 0 14
TOTAL 164 47 67 50

Table 2
Sex and Age Distribution of Skeletal Samples.

Initial
Urbanization N
(CE 950–1025)

Early Urbanization
N (CE 1025–1100)

Later Urbanization
N (CE 1100–1250)

Subadults
(< 18 years)

13 27 14

Adults (18+
years)

30 37 28

Adult Females 10 14 13
Adult Males 11 8 7

Fig. 3. Bilateral cribra orbitalia, Poznań- Śródka
burial no. 100.
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belong to the genus Treponema, with the three affecting the skeleton
caused by subspecies within Treponema pallidum (Mandell et al., 1990;
Powell and Cook, 2005). Initially a skin infection, the tertiary stage can
result in pathognomonic cranial lesions of caries sicca (Hackett, 1976;
Ortner, 2003; Powell and Cook, 2005). Treponemal disease can also
result in changes to the nasopalatal region (i.e., goundou/gangosa).
Additionally, characteristic changes to the tibia can result in “saber
shin” deformity in which new bone formation occurs on the anterior
crest of the tibial diaphysis, giving it a curved or bowed appearance
(Hackett, 1976; Ortner, 2003; Powell and Cook, 2005). However, saber
shins are not considered pathognomonic of treponemal disease
(Hackett, 1976). In this study, treponemal disease was assessed based
on the presence or absence of stellate cranial lesions when at least 50
percent of the cranial vault was observable. Additionally, the presence
of nasopalatal changes and/or saber shins was considered.

2.3. Statistical methods

Statistical comparisons of each stress indicator were conducted
among the three temporal periods for the combined adults, for adult
males, for adult females, and for subadults. Additionally, subadult age
categories of birth-4 years, 5–9 years, 10–14 years, and 15–18 years
were utilized in comparing the prevalence of each stress indicator.
Fisher’s Exact tests were utilized, and confidence level was set at 95
percent (p < 0.05) for all analyses. Additionally, a Kolmogorov-
Smirnov test was employed to assess whether there were significant
differences among the age-at-death distributions of the three temporal
samples.

The effect of urbanization on survival was assessed using Kaplan-
Meier survival analysis with a log rank test and using pooled data on
age from the three temporal samples. These analyses only included
those individuals for whom it was possible to estimate an age range (i.e.
we excluded those categorized simply as “adult” or “subadult”), and the
midpoint of each individuals estimated age-range was used as a point
estimate of age. Survivorship was compared across all three temporal
samples: initial urbanization (c. 950–1025, n = 17), early urbanization
(c. 1025–1100, n = 41), and later urbanization (c. 1100–1250,
n = 27). Survivorship was also compared between the initial urbani-
zation and pooled early/later urbanization samples, and between the
early and later urbanization samples.

The effect of urbanization on risk of death was assessed using the
Cox proportional hazards model, a semi-parametric model that does not
require the specification of a parametric baseline hazard function. As
with the Kaplan-Meier analyses, the Cox proportional hazards model
was used to compare the risk of dying across all three temporal samples
(initial urbanization, early urbanization, and later urbanization), be-
tween the initial urbanization and pooled early/later urbanization
samples, and between the early urbanization and later urbanization
samples.

Kaplan-Meier and Cox proportional hazards analyses were per-
formed using SPSS version 24, and p-values less than 0.05 are con-
sidered to indicate significant trends.

As is true of all bioarchaeological studies, we must consider the
possibility that our results are influenced by demographic non-statio-
narity. For example, changes in fertility (one form of demographic non-
stationarity) have been shown to alter age-at-death distributions irre-
spective of trends in age-specific mortality (Milner et al., 1989; Paine,
1989; Sattenspiel and Harpending, 1983). If, for example, an increase in
fertility occurs, there will be an increase in the numbers of children
born into a population each year. This, in turn, will increase the number
of children who die each year, even if age-specific mortality rates do not
change. Under these conditions, the cemetery for the population will
ultimately contain an excess of young individuals relative to older in-
dividuals. Conversly, a decline in fertility will eventually produce a
cemetery with an excess of older individuals relative to subadults. This
phenomenon makes it difficult to infer mortality patterns directly from

age-at-death data from cemetery samples (Milner et al., 2008) and
complicates the comparison of diachronic assemblages in a population
that experienced changes in fertility.

To address this possibility, in the case of an observed difference in
mortality or survivorship in our samples, we control for fertility by
examining the number of individuals 30 years of age and above divided
by the number of individuals 5 years of age and above (i.e., D30+/D5+).
There is a strong negative relationship between D30+/D5+ and birth
rate (Buikstra et al., 1986), and the corresponding 95% comparison
intervals can be informative about whether birth rates differ sig-
nificantly across samples.

Though our use of the fertility proxy allows us to infer whether
differences in estimated survivability and mortality are artifacts of
differences in fertility between the time periods in our study, it does not
resolve the potential influence of migration. As is often the case with
bioarchaeological research, we assume that our samples are derived
from stable populations (closed to migration and with constant age-
specific fertility and mortality rates), as most populations appear to
have stable age structures (Gage et al., 2012). Though modeling has
shown that demographic perturbations (resulting, for example, from
crisis mortality associated with famine or plague) can have affects on
age-at-death distributions that last for several decades (Paine, 2000;
Weiss, 1975), substantial effects are relatively short-lived. Given the
relatively long period of time across which our samples are drawn, such
potential effects of temporary perturbations in demographic patterns
are likely not strong enough to affect our conclusions. It is possible,
however, that migration during this period might affect our results. We
describe the possible influence of migration on our findings in the
Discussion.

3. Results

The Kolmogorov-Smirnov test of the age distributions of the three
temporal samples indicate no significant differences (D = 0.11–0.16).
In comparing the temporal trends in prevalence of cribra orbitalia, no
significant results were found for adults (5.5–15.8 percent), adult fe-
males (12.5–25.0 percent), adult males (0–12.5 percent), and subadults
(16.7–36.3 percent; Table 3). When the initial and early urbanization
samples were combined and compared to the later urbanization sample
for each demographic subsample, no significant results were found
(Table 4). Likewise, when the early and later urbanization samples were
combined and compared to the initial urbanization sample, no sig-
nificant results emerged (Table 4). Analysis of temporal prevalence of
porotic hyperostosis also yielded no significant results for adults
(15.0–23.8 percent), adult females (0–16.7 percent), adult males
(37.5–42.9 percent), and subadults (0–18.2 percent; Table 3). If initial
and early urbanization is combined, there are no significant results
(Table 4), and if early and later urbanization is combined, no significant
results are found (Table 4).

All cases of porotic hyperostosis were determined to be mild, while
19 of 23 cases of cribra orbitalia (82.6 percent) were mild. Four cases
(17.4 percent) of cribra orbitalia involved the more severe expression,
all of which occurred in skeletal remains from the early urbanization
sample, including two adult females, one adult male, and one subadult.
For this temporal sample, this means that all adults who had cribra
orbitalia expressed the severe form. Statistical comparison of the early
urbanization sample to the initial urbanization and the later urbani-
zation samples for the presence of the more severe form of cribra or-
bitalia revealed no significant differences for all adults (p = 0.2500,
p = 0.1000, respectively), for adult females (p = 0.3333, p = 0.10000,
respectively), for adult males (p = 1.0000, p = 1.0000, respectively),
and for subadults (p = 1.0000, p = 1.0000, respectively).

When comparing the temporal prevalence of LEH, no significant
results were found for adults (40.0–73.7 percent), adult females
(33.3–70.0 percent), adult males (50.0–75.0 percent), and subadults
(50.0–100 percent; Table 3). When initial and early urbanization
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Table 3
Temporal Comparisons of Stress Indicator Prevalence for Age and Sex Groups.

Sample/Time Period Cribra Orbitalia (affected/observed, %) Porotic Hyperostosis (A/O, %) LEH (A/O, %) Tibial Periosteal Reaction (A/O, %)

Adults
Initial urb. 1/18, 5.5% 4/18, 22.2% 9/20, 45.0% 10/10, 100%
Early urb. 3/22, 13.6% 5/21, 23.8% 14/19, 73.7% 12/13, 92.3%
Later urb. 3/19, 15.8% 3/20, 15.0% 6/15, 40.0% 11/11, 100%
p-val. 1 v. 2a 0.6133 1.0000 0.1053 1.0000
p-val. 1 v. 3b 0.6039 0.6867 1.0000 1.0000
p-val. 2 v. 3c 1.0000 0.6965 0.0800 1.0000

Adult Females
Initial urb. 1/8, 12.5% 1/9, 11.1% 4/9, 44.4% 4/4, 100%
Early urb. 2/12, 16.7% 2/12, 16.7% 7/10, 70.0% 6/6, 100%
Later urb. 3/12, 25.0% 0/12, 0% 3/9, 33.3% 5/5, 100%
p-val. 1 v. 2 1.0000 1.0000 0.3698 1.0000
p-val. 1 v. 3 0.6186 0.4286 1.0000 1.0000
p-val. 2 v. 3 1.0000 0.4783 0.1789 1.0000

Adult Males
Initial urb. 0/7, 0% 3/7, 42.9% 4/8, 50.0% 2/2, 100%
Early urb. 1/8, 12.5% 3/8, 37.5% 6/8, 75.0% 2/3, 66.7%
Later urb. 0/4, 0% 2/5, 40.0% 3/5, 60.0% 3/3, 100%
p-val. 1 v. 2 1.0000 1.0000 0.6084 1.0000
p-val. 1 v. 3 n/a 1.0000 1.0000 1.0000
p-val. 2 v. 3 1.0000 1.0000 1.0000 1.0000

Subadults
Initial urb. 1/6, 16.7% 0/7, 0% 2/4, 50.0% n/a
Early urb. 8/17, 47.1% 1/19, 5.3% 4/8, 50.0% 6/6, 100%
Later urb. 4/11, 36.3% 2/11, 18.2% 5/5, 100% 2/2, 100%
p-val. 1 v. 2 0.3401 1.0000 1.0000 n/a
p-val. 1 v. 3 0.6000 0.4967 0.1667 n/a
p-val. 2 v. 3 0.7047 0.5367 0.1049 1.0000

a Initial urbanization vs. early urbanization.
b Initial urbanization vs. later urbanization.
c Early urbanization vs. later urbanization.

Table 4
Comparison of Stress Indicator Prevalence with Combined Temporal Sample.

Sample/Time Period Cribra Orbitalia (affected/observed, %) Porotic Hyperostosis (A/O, %) LEH (A/O, %) Tibial Periosteal Reaction (A/O, %)

Adults
Initial urb. 1/18, 5.5% 4/18, 22.2% 9/20, 45.0% 10/10, 100%
Early/Later 6/41, 14.6% 8/41, 19.5% 20/34, 58.8% 23/24, 95.8%
p-value 0.4217 1.0000 0.4017 1.0000

Initial/Early 4/40, 10.0% 9/39, 23.1% 23/39, 59.0% 22/23, 95.2%
Later urb. 3/19, 15.8% 3/20, 15.0% 6/15, 40.0% 11/11, 100%
p-value 0.6702 0.7337 0.2386 1.0000

Adult Females
Initial urb. 1/8, 12.5% 1/9, 11.1% 4/9, 44.4% 4/4, 100%
Early/Later 5/24, 20.8% 2/24, 16.7% 10/19, 52.6% 11/11, 100%
p-value 1.0000 1.0000 1.0000 1.0000

Initial/Early 3/20, 15.0% 3/21, 14.3% 11/19, 57.9% 10/10, 100%
Later urb. 3/12, 25.0% 0/12, 0% 3/9, 33.3% 5/5, 100%
p-value 0.6471 0.2841 0.4197 1.0000

Adult Males
Initial urb. 0/7, 0% 3/7, 42.9% 4/8, 50.0% 2/2, 100%
Early/Later 1/12, 8.3% 5/13, 38.5% 9/13, 69.2% 5/6, 83.3%
p-value 1.0000 1.0000 0.6458 1.0000

Initial/Early 1/15, 6.7% 6/15, 40.0% 10/16, 62.5% 4/5, 80.0%
Later urb. 0/4, 0% 2/5, 40.0% 3/5, 60.0% 3/3, 100%
p-value 1.0000 1.0000 1.0000 1.0000

Subadults
Initial urb. 1/6, 16.7% 0/7, 0% 2/4, 50.0% n/a
Early/Later 12/28, 42.9% 3/30, 10.0% 9/13, 69.2% 8/8, 100%
p-value 0.3701 1.0000 0.5840 n/a

Initial/Early 9/23, 39.1% 1/26, 3.8% 6/12, 50.0% 6/6, 100%
Later urb. 4/11, 36.3% 2/11, 18.2% 5/5, 100% 2/2, 100%
p-value 1.0000 0.2053 0.1023 1.0000
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samples were combined and compared to the later urbanization sample
for each demographic subsample, no significant results were found
(Table 4). Similarly, when early and later urbanization samp,les were
combined and compared to the initial urbanization sample, all results
were not significant (Table 4).

Temporal comparison of the presence of periosteal reaction, re-
gardless of severity, yielded no significant results for adults (92.3–100
percent), adult females (all 100 percent), adult males (66.7–100 per-
cent) and subadults (100 percent for early and later urbanization
samples; Table 3). Like the other stress indicators, these results did not
change when the initial and early urbanization samples were combined
nor when the early and later urbanization samples were combined
(Table 4). When severity was taken into account, the majority of peri-
osteal reactions were classified as mild or moderate. In all cases of
subadult periosteal reaction (n = 7, five early urbanization, two late
urbanization), all subadults displayed a moderate expression. Of the ten
initial urbanization cases (regardless of age category), five were mild,
four were moderate, and one was severe. Among the 18 early urbani-
zation cases, seven were mild, ten were moderate, and one was severe.
For the 13 later urbanization cases, four were mild and nine were
moderate; there were no severe periosteal reactions. In comparing the
temporal samples for the prevalence of the mild form, no significant
results emerged for adults (p = 0.4136–0.68510), adult females
(p = 0.2424–1.0000), adult males (all p = 1.0000), and subadults
(p = 1.0000 for early vs. later urbanization). Likewise, when the tem-
poral samples were compared for the prevalence of the moderate form,
no significant results were found for adults (p = 0.2215–1.0000), adult
females (p = 0.2424–1.0000), adult males (all p = 1.0000), and sub-
adults (p = 1.0000 for early vs. later urbanization).

No evidence 2of treponemal disease was found in any temporal
sample. Evidence suggestive of tuberculosis (i.e., lesions on pleural
surface of rib) was found in a single individual (early urbanization adult
male); however, no individuals had vertebral lesions associated with
tuberculosis, which makes the possibility of tuberculosis for the single
individual with rib lesions even less likely. Nasopharyngeal lesions
suggestive of leprosy were found in one individual (early urbanization
adult female) and several individuals (n = 5, all temporal periods,
adults only) had resorptive changes suggestive of leprosy to the bones
of the hands or feet. However, there were no significant differences
among the temporal periods (p-values: 0.4419–1.0000) (Table 5).

The Kaplan-Meier survival curves are shown in Fig. 4 and the mean
survival times and corresponding 95 percent confidence intervals are
shown in Table 6. The results of Cox proportional hazards analyses are
shown in Table 7. When all three temporal samples are compared, the
survival functions reveal a substantial drop in mean survival time from
the initial urbanization to the early urbanization periods, but minimal
declines in survivorship between the early and later urbanization per-
iods. These trends, however, are not statistically significant (Mantel-
Cox p = 0.113). The results of Cox proportional hazards analysis sug-
gest an increase in risk of death over time accompanying urbanization
(p = 0.058), though we note the 95 percent confidence interval for the
odds ratio does include zero. When the initial urbanization sample is
compared to the pooled early/later urbanization sample, survival ana-
lysis reveals significantly reduced survivorship in the early/later ur-
banization sample (Mantel-Cox p = 0.037). Cox proportional hazards
analysis reveals significantly higher odds of dying for the early/later
urbanization sample compared to the initial urbanization sample
(p = 0.046). Comparison of the early and later urbanization samples
does not reveal substantial differences in survivorship or risks of dying
(p = 0.773).

Given the estimated significant demographic differences between
the initial urbanization sample and the pooled early/later urbanization
sample, we compared their fertility proxies, i.e. the D30+/D5+ values
and their 95 percent comparison intervals, as shown in Table 8. The the
D30+/D5+ value for the early/later urbanization sample (0.5) is lower
than that of the initial urbanization sample (0.77). This might indicate

that birth rates increased in the early/later urbanization period com-
pared to the earlier period. However, as seen in Table 8, the comparison
intervals for the two periods overlap (0.45–1.08 and 0.29–0.71), which
indicates a lack of a significant difference in birth rates between them
(Buikstra et al., 1986). This suggests that the estimated changes in
survivorship and risk of mortality from the intial urbanization to the
early/later urbanization periods were not artifacts of changes in birth
rates over this same time period.

4. Discussion

The lack of significant results for the stress indicators among the
temporal periods does not support the hypothesis that urbanization led
to elevated biological stress, and by inference poorer overall health in
this setting. However, the results of the Cox proportional hazards and
Kaplan Meier analyses reveal a significant trend of increased risk of
death and decreased survivorship over time, and these results are ap-
parently not an artifact of changes in fertility. If we view demographic
trends as indicative of underlying changes in biological stress (DeWitte,
2014b; Gage, 2005), the demographic trends suggest that biological
stress increased with the transition to urbanization, but that it did not
substantially change between the early urbanization and later urbani-
zation periods. These results support the hypothesis that urbanization

Table 5
Temporal Comparison of Stress Indicator Prevalence for Subadults.

Sample/
Time Period

Cribra Orbitalia
(affected/
observed, %)

Porotic
Hyperostosis (A/
O, %)

LEH (A/
O, %)

Tibial Periosteal
Reaction (A/O,
%)

Birth-4 years
Initial urb. 0/2, 0% 0/1, 0% n/a n/a
Early urb. 4/10, 40.0% 0/11, 0% n/a 3/3, 100%
Later urb. 1/7, 14.3% 0/6, 0% n/a n/a
p-val. 1 v.

2a
0.5152 1.0000 n/a n/a

p-val. 1 v.
3b

1.0000 1.0000 n/a n/a

p-val. 2 v.
3c

0.3382 1.0000 n/a n/a

5–9 years
Initial urb. 1/4, 25.0% 0/6, 0% 2/4,

50.0%
n/a

Early urb. 4/5, 80.0% 0/5, 0% 1/4,
25.0%

n/a

Later urb. 1/2, 50.0% 0/3, 0% 2/2,
100%

n/a

p-val. 1 v. 2 0.2063 1.0000 1.0000 n/a
p-val. 1 v. 3 1.0000 1.0000 0.4667 n/a
p-val. 2 v. 3 1.0000 1.0000 0.4000 n/a

10–14 years
Initial urb. n/a n/a n/a n/a
Early urb. 0/1, 0% 0/1, 0% 1/2,

50.0%
n/a

Later urb. 1/2, 50.0% 1/2, 50.0% 2/2,
100%

1/1, 100%

p-val. 1 v. 2 n/a n/a n/a n/a
p-val. 1 v. 3 n/a n/a n/a n/a
p-val. 2 v. 3 1.0000 1.0000 1.0000 n/a

15–18 years
Initial urb. n/a n/a n/a n/a
Early urb. 0/1, 0% 1/2, 50.0% 2/2,

100%
n/a

Later urb. 1/1, 100% 1/1, 100% 1/1,
100%

1/1, 100%

p-val. 1 v. 2 n/a n/a n/a n/a
p-val. 1 v. 3 n/a n/a n/a n/a
p-val. 2 v. 3 1.0000 1.0000 1.0000 n/a

a Initial urbanization vs. early urbanization.
b Initial urbanization vs. later urbanization.
c Early urbanization vs. later urbanization.
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led to an increase in biological stress.
The seemingly contradictory nature of these results underscores the

importance of utilizing multiple lines of evidence to address bioarch-
aeological questions. In this case, the pathological data did not detect a
shift in biological stress while the demographic analyses did. That is,
the stress makers used in this study and the demographic variables are
perhaps measures of different kinds of biological stress, one category of
which does not appear to have changed over time in this population,
and one that did. It is important to note that while stress markers and
survivorship/risk of death measure related features, they are reflecting
different aspects of the “health” of a population. Stress indicators are
morbidity markers that reflect patterns of chronic stress, which can
certainly impact mortality rates (Goodman and Martin, 2002). There is
uncertainly in how directly such evidence of stress affects mortality
(DeWitte and Stojanowski, 2015) and, certainly, the accumulation of
such stress markers reflects survival of the associated pathological
conditions (Wood et al., 1992). Combining stress marker and mortality
data, then, complement each other providing better insight into what
constitutes population health.

The lack of significant results from the pathological data may be due
in part to the sample size for each temporal group, which was relatively
small, especially when further divided age or sex subgroups. Likewise,
while preservation of the skeletal remains was generally good, missing
or unobservable elements further reduced the sample size. The lack of
significant results with respect to the stress marker data may also be
due to the overall high rate of certain conditions throughout the tem-
poral samples. For example, tibial periosteal reaction was found on
most adult individuals. In the initial and later urbanization samples,
every individual with a tibia had periosteal reaction (8/8, 11/11, re-
spectively), while the early urbanization had nearly every individual
affected (12/13). This result suggests there was a relatively high rate of
periosteal reaction overall in the Poznań population, and changes as-
sociated with urbanization could not increase it any further. If the mild
cases are not considered, the frequency of moderate-severe periosteal
reaction is still quite high, with 50 percent in initial urbanization, 58
percent in early urbanization, and 69 percent in later urbanization.

Fig. 4. Kaplan-Meier survival curves for all three temporal samples.

Table 6
Kaplan-Meier Survival Analysis Results.

Sample/Time Period Mean Survival Time 95% CI Mantel-Cox χ2 p-value

Adults
Initial urb. 28.91 18.54–39.28 4.36 0.113
Early urb. 20.92 15.40–26.43
Later urb. 19.52 12.61–26.44

Initial urb. 28.91 18.54–39.28 4.35 0.037
Early/Later 20.36 16.08–24.65

Early urb. 20.92 15.40–26.43 0.09 0.764
Later urb. 19.52 12.61–26.44

Table 7
Cox Proportional Hazards Analysis Results: Relative Risks of Mortality with
Corresponding 95% Confidence Intervals.

Comparison Exp (β) p-value 95% CI

Initial urb. (1) 1.22 0.058 0.993–1.488
x
Early urb. (2)
x
Later urb. (3)

Initial urb. (1) 1.76 0.046 1.009–3.076
x
Early/Later (2)

Early urb. (1) 1.08 0.773 0.656 − 1.762
x
Later urb. (2)

Table 8
D30+/D5+ Values and their 95% Confidence Intervals.

Sample/Time Period D30+/D5+ 95% CI

Initial urb. 0.77 0.45–1.08
Early/Later 0.50 0.30–0.71
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One potential source of these high rates of periosteal reaction may
be related to the environment in which the population lived. Krenz-
Niedbała and Łukasik (2016) explored chronic sinusitis in rural and
urban populations from 10th-17th century AD Poland as a reflection of
upper respiratory tract infections. While they did not find a difference
between urban and rural samples, they argued that the cases of sinusitis
they did find were related to air pollution from wood smoke, water
pollution, poor housing quality with insufficient ventilation, and poor
public hygiene. Many of these same factors may also account for peri-
osteal reactions observed in the samples studied here. While sinusitis
was not examined in our samples, the environmental factors Krenz-
Niedbała and Łukasik describe may also explain why so many in-
dividuals had, at the very least, mild periosteal reactions. They describe
the effects of various workshops, such as tanneries, laundries, malt
houses, and others as leading to high levels of smoke and dust in the air
in urban environments. In many homes, the hearth occupied the center
of the house and while smoke could leave through the door, windows,
or other small openings, the overall ventilation of most houses was
poor, resulting in high levels of indoor smoke (Krenz-Niedbała and
Łukasik, 2016). Of course, the causes of periosteal reaction are many
and varied (Ortner, 2003), so attributing them directly to sinusitis is
problematic. However, the environmental conditions described by
Krenz-Niedbała and Łukasik may result in systemic inflammation. Ad-
ditionally, the presence of rats and mice would facilitate potential
vectorborne diseases, and waterborne illnesses could also result from
their waste contaminating water supplies (Krenz-Niedbała and Łukasik,
2016). Despite this potential for exposure to various air pollutants,
there is minimal evidence of chronic lung infections in the Poznań
samples examined here. Future studies of chronic sinusitis in these
samples are necessary to more directly investigate whether air pollution
was a significant issue.

In terms of specific infectious diseases, there is evidence of leprosy
in the samples, although no significant differences among the temporal
groups. The presence of possible leprosy is not surprising, as leprosy
was at its highest intensity in Europe in the 11th-15th centuries (Ortner,
2003.) While there are no reports of leprosy rates in Poland during the
10th-13th centuries, leprosy is reported for Central Europe. For ex-
ample, in Hungary, written evidence of leprosy dates to the end of the
11th century, and the earliest skeletal evidence is from 10th century
(Pálfi et al., 2002). For Hungary, there was an increase in prevalence of
the disease between the 12th and 14th centuries before it declined in
the 16th century. In the Czech Republic, the first leprosy hospital dates
to the 12th-13th centuries (Dokládal, 2002). In addition, a male skull
from the 13th century with rhinomaxillary syndrome was confirmed to
have Mycobacterium leprae through ancient DNA analysis (Strouhal
et al., 2002).

It is possible that Poznań was already experiencing an increase in
population size and density when it became a gród. Indeed, Poznań was
a fortified settlement and ‘proto-town,’ at the turn of the 8th/9th cen-
turies (Buko, 2008; Jackowiak, 2010). Additionally, Poznań was the
only apostolic bishopric for the first few years following the adoption of
Christianity by Poland (Davies, 1982), reflecting its status as a bur-
geoning city. Poznań was likely selected as a bishopric and a gród be-
cause it already had started to become urban. The negative con-
sequences of higher population size and density, then, may have begun
considerably earlier than what is represented by these samples. As a
result, the shifts in biological stress reflected by pathological changes to
bone may likely have increased earlier and did not change significantly
later.

Although the stress indicators did not increase, the proportional
hazards and survival analyses were able to detect that risk of death did
increase and survivorship decreased, reflecting the negative impact
urbanization had on biological stress. Unfortunately, due to the lack of
historical and archaeological data, it is unclear how much population
growth occurred during this period, or whether garbage and waste
became a substantial problem for the population. While we cannot

parse the exact aspects of urbanization that led to this increased risk of
death, it is clear that urbanization had a negative impact on overall
biological stress of the population residing in Poznań.

As mentioned above, our demographic results might reflect changes
in migration over time. The estimated reductions in survivorship in the
early/late urbanization sample compared to the initial urbanization
sample might reflect the influx of younger adults into Poznań during
the period under consideration. In the Wielkopolska region, there is
some potential evidence for migration from Scandinavia based on
burials from several sites in the region (Buko, 2008). While none of the
burials with Scandinavian features have been recovered from Poznań,
some burials were found in the nearby village of Luboń. The determi-
nation that the remains were Scandinavian migrants was principally
based on the burial items interred with the individuals and the treat-
ment of the bodies (Buko, 2008; Kara, 1992). However, more recent
reanalysis of the available data has revealed that some of the objects
identified as Scandinavian are not (Gardeła, 2014). Additionally, for
some of these sites, there are no site maps or burial maps from which
body position, orientation, and other mortuary features can be ex-
amined, drawing into question the original conclusions about these
features (Gardeła, 2014). No results of isotopic analysis have been re-
ported to confirm or refute the claims that these are Scandinavian mi-
grants. Even if the burials do represent migrants, and there is evidence
to suggest trade relationships between the regions (Gardeła, 2014),
some argue that there is minimal evidence to indicate that Scandina-
vian migrants were a major part of the local populace (Buko, 2008).
Moreover, the arguable evidence for Scandinavian migration is found
throughout the temporal period explored here (Buko, 2008), and there
is no suggestion that migration either increased or decreased during this
time. Based on the available information, and noting the lack of sub-
stantial research into Scandinavian-Slavic relations (Gardeła, 2014),
migration does not appear to be a major contributor to the populations
living in Poznań. For the cemetery samples addressed here, future
isotopic analyses would certainly provide more direct evidence re-
garding migration in the region.

Kwiatkowska and Gronkiewicz (2003) examined 12th century ske-
letal remains from the city of Wrocław, the site of a bishopric as early as
CE 1000, located in the southwestern region of Poland. In comparing
their results with the later urbanization sample of this study, lower
rates of LEH were found in adult males (8/27, 29.6 percent) and fe-
males (4/18, 22.2 percent) from Wrocław. Rates of cribra orbitalia, on
the other hand, are comparable between Poznań and Wrocław
(Wrocław: 5/27, 18.5 percent–males; 3/16, 18.8 percent–females).
However, no adult males in the later urbanization sample of this study
have cribra orbitalia, a finding which may be a function of small sample
size (n = 4). Although inter-observer error may account for the dif-
ferences in LEH rates, and, indeed, the methods employed for identi-
fying LEH is unknown, it is also likely that the Poznań population ex-
perienced more childhood stress, perhaps due to increased infectious
disease rates. While there is minimal evidence for leprosy and tu-
berculosis in the Poznań sample, the rates of periosteal reaction are
high, suggesting an elevated pathogen load.

Similar results were found in comparison of the later urbanization
Poznań sample to the 14th-18th century population from Kołobrzeg,
located on the Baltic Sea, north of Poznań (Kozak and Krenz-Niedbała,
2002). Although the Kołobrzeg sample is later than the samples used in
this study, it too was the site of an early bishopric following the
adoption of Christianity and experienced an urbanization trend
throughout the medieval period. Like Wrocław, Kołobrzeg has lower
rates of LEH for adult males (22.6 percent) and females (22.2 percent)
than at Poznań; however, only the canines were assessed and no raw
data were available to indicate sample sizes. Kołobrzeg also has com-
parable rates of cribra orbitalia with both Poznań and Wrocław (Ko-
łobrzeg: 22/91, 24.2 percent–males; 28/90, 31.1 percent–females),
despite having larger sample sizes. Poznań’s status as the earliest
bishopric likely resulted in earlier population increase than what was
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experienced at either Wrocław or Kołobrzeg, leading to an earlier in-
creased population size resulting in higher rates of infectious disease
transmission and the observed LEH rates. Because there were no sig-
nificant differences in LEH among any of the temporal samples in this
study, the elevated LEH prevalence at Poznań compared to Wrocław
and Kołobrzeg may hint that the ill effects of urbanization occurred
earlier than the time periods represented in this study. To assess whe-
ther this is indeed the case, a comparison with a contemporary local
rural population is needed. However, until such data or skeletal remains
become available, it is not possible to make a definitive conclusion.

A study (Kaupová et al., 2014) examining urban-rural differences in
neighboring 9th–10th century Czech Republic reveals somewhat higher
rates of cribra orbitalia for subadults to age 6 (45/83, 54.2 percent), but
comparable rates of porotic hyperostosis (10/54, 18.5 percent) to the
subadults in this study. Kaupová and colleagues found no difference
between their urban and rural samples in the frequency of these stress
indicators; however, no analysis was conducted on risk of death, which
may have yielded different results as it did here.

5. Conclusions

The analysis of stress indicators in three temporal samples reflecting
initial urbanization, early urbanization, and later urbanization did not
yield any significant temporal trends. However, Cox proportional ha-
zards analyses and Kaplan Meier survival analysies did reveal an in-
creased risk of death and decreased survivorship, respectively, over
time, thus supporting the hypothesis that urbanization negatively im-
pacted general patterns of biological stress in the population. The lack
of agreement between the results strongly argues for the necessity of
multiple lines of inquiry when conducting bioarchaeological analyses,
as the degree of sensitivity of different methods likely varies. Moreover,
the question of how the conditions that produce morbidity markers
contribute to mortality needs to be further investigated, as there is not
necessarily a direct connection between the two as demonstrated here.

The lack of negative impacts based on pathological changes to the
skeleton may be the result of the urbanization trend initiating earlier
than the 10th century. If Poznań was already becoming urban at the
time of the earliest date of these samples, then the consequences with
respect to biological stress may have already been impacting the po-
pulation. Additionally, small sample sizes and incomplete remains may
have affected some of the results by reducing the number of observable
elements. Future research will explore chronic sinusitis in order to gain
more insight into potential environmental pollutants to which the po-
pulation was exposed. Additionally, we plan to explore any possible
correlation between sinusitis and periosteal reactions in order to assess
whether the two conditions reflect separate or related environmental
stressors. Finally, isotopic analysis would enable us to investigate the
issue of migration to Poznań and its possible impact on our analysis of
survivorship and the risk of death.

This study demonstrates that the association between urbanization
and biological stress is not straightforward, and many other factors may
play a role in determining whether increasing population size and
density have negative consequences. As shown in various other studies
from European contexts of urbanization or similar circumstances in-
volving population agglomeration (e.g., Budnik and Liczbińska, 2006;
Gamble, 2014; Kaupová et al., 2014; Larsen et al., 2015; Lewis, 2002;
Perrone, 2014; Redfern et al., 2015; Sundman and Kjellströmm, 2013),
results of such analyses are not consistent and are largely dependent on
the population, time, and circumstances. Collectively, these results
have implications for studies of the impacts of urbanization on modern
populations, especially for those in developing nations. By assuming
urbanization has and will have negative consequences for human po-
pulations, a more nuanced understanding of the relationship between
them and of the populations who are at the greatest and least risk for
such impacts will be lacking.
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