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Abstract

Increasing urbanization seen during the medieval period (7th to 16th centuries) is

associated with adverse living conditions that may have negatively impacted child-

hood growth via the influence of infectious diseases and nutritional deficiencies due

to increasing population density and periodic food shortages. This study aims to com-

pare the growth of non-adults (less than 12 years of age) from urban, proto-urban,

and rural environments from medieval England to determine whether settlement

type influenced child health, and by proxy overall population health, during this

period. Tibial and femoral maximum diaphyseal lengths and dental age of non-adults

(0–12 years) from urban St. Gregory's Priory (n = 60), urban York Barbican (n = 16),

proto-urban Black Gate (n = 38), and rural Raunds (n = 30) were examined using

z-scores. The results reveal that non-adults < 2 years from St. Gregory's Priory had

the lowest growth values followed by Raunds, Black Gate, and York Barbican with

the highest growth values. Further, non-adults 2–12 years from York Barbican had

the lowest growth values followed by Raunds, Black Gate, and St. Gregory's Priory

with the higher growth values. The femoral and tibial diaphyseal growth values are

explored within the context of breastfeeding and weaning practices, stability of econ-

omies, and environmental conditions.

K E YWORD S

bioarchaeology, child health, femora diaphyseal length, growth, tibial diaphyseal length,
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1 | INTRODUCTION

Growth and development are influenced by the relationships between

genetics, hormones, nutrition, pathogenic mechanisms, socioeconomic

factors, physical activity, environmental settings, and psychosocial

conditions (Gosman, 2012; Matkovic et al., 2004; Mays, 2018). Longi-

tudinal bone growth (the process of endochondral ossification) is

regulated by various hormones such as, but not limited to, growth

hormone (GH), insulin-like growth factors (IGFs), thyroid hormones,

sex hormones (estrogen and androgens), glucocorticoids, vitamin D,

and leptin (Hartmann & Yang, 2020; Ohlsson et al., 1993). Adequate

nutrition (i.e., sufficient proportions of lipids, proteins, and essential

minerals and vitamins) stimulates hormones that regulate longitudinal

bone growth (Gosman, 2012), and influential factors such as diet and

nutritional status, disease load, physical activity, and exposure to

toxins can alter the genetic potential of long bone maximum growth

(Cameron, 2012; Matkovic et al., 2004). Disturbances to long bone

growth can cause the growth rate to decrease (Cameron, 2012;
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Gosman, 2012), and the main factors known to disrupt bone growth

are inadequate nutrition and pathological conditions (Forbes, 1987;

Gosman, 2012; Pinhasi et al., 2006).

The imbalances of nutrients such as protein, calcium, iron, zinc,

folic acid, vitamin D, vitamin A, and vitamin B12 can cause skeletal

growth disturbances (Forbes, 1987; Hans & Jana, 2018; Lejarraga,

2012; Wu et al., 2012). Imbalances of nutrients can promote

susceptibility to pathological conditions, whether through the impair-

ment of the immune response causing infections or nutritional

deficiencies or via motivation of non-communicable diseases such as

diabetes and cardiovascular diseases (Barker, 1999; Bhatia et al.,

2012; Scrimshaw, 2003; Scrimshaw & SanGiovanni, 1997). In turn,

pathological conditions, such as parasitic infections and respiratory

disorders, can cause individuals to become malnourished (Collins &

Weeks, 2019; Scrimshaw, 2003; Scrimshaw & SanGiovanni, 1997;

Zuzarte-Luís & Mota, 2018). Thus, through these complex interactions

and influences, adverse environments can lead to periods of growth

faltering of children (Ulijaszek & Strickland, 1993).

Modern urban environments are commonly recognized as

affecting the quality of individuals' health (Ettman et al., 2019;

Wuerzer, 2014). Various services and factors, such as easy access to

health care services and educational and economic opportunities, can

positively influence health in urban areas (DeWitte & Betsinger,

2020). Numerous conditions associated with the physical environ-

ment within urban areas can negatively affect human health

(DeWitte & Betsinger, 2020). The physical environment, such as

industrial and construction waste and emissions, poorly ventilated

houses, and water resources polluted by toxic chemicals, sewage spill-

ages, and municipal waste, influence cardiovascular disorders and

respiratory diseases (Devien et al., 2018; DeWitte & Betsinger, 2020;

Ettman et al., 2019; Holguin, 2008; Ségala et al., 2008; Spengler &

Chen, 2000) and viral, bacterial, and parasitic infections (DeWitte &

Betsinger, 2020; Halder & Islam, 2015; Haseena et al., 2017).

Similarly, bioarchaeological research on medieval English urban envi-

ronments found that overcrowding, air pollution, water pollution,

dense housing and structural communities, and inequities in access to

social and economic resources have influenced respiratory conditions

and the spread of viral and parasitic infections (DeWitte &

Betsinger, 2020; Godde et al., 2020; Godde & Hens, 2021;

Lewis, 2016; Mitchell, 2015; Shapland et al., 2015; Sullivan, 2004;

Walter & Dewitte, 2017; Wang et al., 2022). Thus, urban settlements

in medieval England may have negatively impacted childhood growth.

1.1 | Medieval English settlement types

The types of settlements in medieval England consisted of urban

(town), proto-urban (small town), and rural (village).

Urban centers were built surrounding large cathedrals and/or

castles, had population sizes from 5000 to 80,000, and had compact

housing and structural communities (Backman, 2003; Dyer, 1989,

2002; Roberts & Cox, 2003). Urban-terraced houses were common,

but small areas were also delegated to one-story small homes

(Dyer, 1989). Urban-terraced houses were typically two to four stories

with an open hall, separate rooms for the kitchen and storage, and

upper rooms (Dyer, 1989; Pantin, 1962; Pearson, 2009; Roberts &

Cox, 2003). The open hall had a fireplace with a chimney or a hearth

(open fireplace) with a suspended smoke hood and a small hole in the

roof for smoke to escape, which provided ventilation (Dyer, 1989;

Johnson, 2010; Pantin, 1962). The roofs were tiled, regulated by the

town's landlord, to limit the spread of fires (Dyer, 1989;

Johnson, 2010). Additionally, household and occupational waste were

discarded into nearby bodies of water and onto streets in urban areas

(Miller & Hatcher, 1995; Roberts & Cox, 2003). Private cesspits in

gardens and latrines on the upper floor within homes and placed on

bridges over bodies of water were common in urban areas for excre-

tion refuse disposal (Dyer, 1989; Miller & Hatcher, 1995; Rawcliffe,

2013; Roberts & Cox, 2003). Also, people who lived in urban centers

would have grown fruit and vegetables on a small plot of private or

shared land behind their houses for their personal consumption

(Roberts & Cox, 2003). Most would have obtained meat from

butchers, and very few would have had livestock in their gardens or

yards (Dyer, 2002). Weekly markets would have also allowed urban

people to acquire food especially exotic fruits and vegetables

(Dyer, 2000; Miller & Hatcher, 1995).

Proto-urban areas were constructed around castles, monasteries,

or fortification centers, and contained around 50 to 400 houses,

which were widely spaced relative to one another (Backman, 2003;

Dyer, 2003). In proto-urban, one-story homes with a sleeping and

storage room and an open hall were standard (Dyer, 1989;

Johnson, 2010). The open hall had a hearth for heat and small win-

dows and holes in the roof for smoke to escape (Dyer, 1989;

Johnson, 2010; Steane, 1985). However, the small windows and holes

in the roofs would not have provided much ventilation and caused

interior air pollution (Dyer, 1989; Miller & Hatcher, 1978;

Rawcliffe, 2013). A separate room or building would have been

created for the kitchen (Dyer, 1989; Johnson, 2010). The roofs were

thatched, thus influencing the spread of fires (Dyer, 1989). Addition-

ally, in proto-urban areas, latrines were placed over bodies of water,

private cesspits were in gardens, and waste was disposed of into

nearby bodies of water or unoccupied plots (Dyer, 2003;

Rawcliffe, 2013). Those who lived in proto-urban areas had personal

gardens and easy access to rural areas' agricultural surplus for food

consumption (Dyer, 2003).

Rural settlements were established nearby manor houses, small

administrative centers, or small market centers (Miller & Hatcher,

1978). They typically had less than 40 landholders (Ackerman, 1976),

and each house occupied a plot of 15 or 30 acres that was the same

size and shape as its neighbors (Dyer, 2002). The houses were orga-

nized along a street or beside vegetation (Hamerow, 2012; Miller &

Hatcher, 1978). Similar to proto-urban areas, one-story homes with a

thatched roof were common in rural settlements (Johnson, 2010).

Additionally, in rural areas, private cesspits were in gardens, and waste

was disposed of into nearby bodies of water or used for crop yields

(Dyer, 1989; Jones, 2012; Magnusson, 2013; Miller & Hatcher, 1978).

Individuals who lived in rural settlements relied on agriculture in order
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to provide food for themselves and the community (Dyer, 2002;

Miller & Hatcher, 1978). They would have had large quantities of

grains for bread and vegetables and few pieces of meat for pottage

(Dyer, 2002; Miller & Hatcher, 1978).

The different settlement environments suggest parasitic infec-

tions from unhygienic waste management, and respiratory disorders

from interior air pollution were similarly obtainable. However, due to

the differences in access to food and housing conditions concerning

the vicinity, it is possible to assume that non-adults from rural and

proto-urban areas likely experienced a “healthier” lifestyle than those

from urban centers.

1.2 | Bioarchaeology of medieval English

urbanization

Many bioarchaeological studies on the influence of medieval English

urbanization on health compare urban and rural areas. Unfortunately,

there is a lack of studies on health comparisons between urban

and proto-urban areas. This may be due to the lack of a clear defini-

tion of proto-urban settlements, which leads to them being catego-

rized as rural areas. For example, medieval Barton-upon-Humber,

Lincolnshire, has been categorized as proto-urban (Power &

Schutkowski, 2010) and rural (Walter & Dewitte, 2017) in bioarch-

aeological studies. Differences between rural and proto-urban areas

can be identified based on population sizes and economic or social

purpose. Distinguishing proto-urban areas and comparing them to

urban areas will contribute to how settlement types developed and

influenced health.

Bioarchaeological studies have identified that medieval English

urban centers were more likely to cause people to have poorer health

than those who lived in rural areas (Roberts & Manchester, 2005).

Urban areas are recognized to have had higher mortality risk, low

survivorship patterns (Walter & Dewitte, 2017), and higher prevalence

of pathological conditions (Lewis, 2002, 2016; Lewis et al., 1995).

Childhood growth is often used as a proxy for health in bioarchaeolo-

gical studies in relation to urbanization (Gowland et al., 2018; Ives &

Humphrey, 2017; Lewis, 2002; Mays et al., 2009; Newman

et al., 2019; Newman & Gowland, 2017; Pinhasi et al., 2006). How-

ever, few bioarchaeological studies on childhood growth compare

medieval English settlement types (Lewis, 2002; Pinhasi et al., 2006).

Lewis (2002) found that the femur lengths of individuals from 18th to

19th century Spitalfields (urban) were significantly shorter than those

from medieval St. Helen-on-the-Walls (urban) and suggested this was

the consequence of detrimental conditions associated with industriali-

zation. Pinhasi et al. (2006) identified deficiencies in growth values in

industrial Broadgate (urban) compared to medieval Raunds Furnells

(rural) and industrial Spitalfields (urban), with medieval St. Helen-on-

the-Walls (urban) having higher growth values than all three compara-

tive groups. They suggested that socioeconomic status had a major

impact on growth due to the availability of food resources, infant

feeding practices, and health practices (Pinhasi et al., 2006). However,

these studies focus on comparing sites from medieval and post-

medieval England to provide insight into changes in growth patterns

over time. Thus, the current study aims to explore childhood growth

during the medieval period and its relationship with environmental

influences.

2 | MATERIALS

Figure 1 displays the sites used in this study, representing individuals

from the following medieval English cities: Newcastle, York, Raunds,

and Canterbury. The skeletal assemblages of St. Gregory's Priory from

Canterbury and All Saint's Church (York Barbican) from York are

representative of urban populations. Black Gate skeletal assemblage

from Newcastle represents a proto-urban population. Raunds Furnells

skeletal assemble from Raunds represents a rural population. Table 1

describes each site.

2.1 | St. Gregory's Priory

The skeletal assemblage from St. Gregory's Priory comprises a total of

1342 individuals, excavated by Canterbury Archaeological Trust from

1988 to 1991 (Anderson & Andrews, 2001). Based on the inclusion

criteria (see Section 3) and preservation of the skeletal remains, a total

of 60 non-adults were analyzed for this study The Priory was founded

in c. 1084 by Archbishop Lanfranc for a community of 6 priests and

12 clerks and was built as a sister establishment to the hospital

St. John (Hicks & Hicks, 2001). The clergy of St. Gregory's were

responsible for providing pastoral care for the people at St. John's

F IGURE 1 Map of United Kingdom showing the locations of the
sites used in this study.
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Hospital and free burial services for the poor of Canterbury (Hicks &

Hicks, 2001; Tatton-Brown, 1995). The burial grounds were in use

from c.1084 to 1537 (Hicks & Hicks, 2001).

The pilgrimage culture dominated medieval Canterbury. It con-

sisted of pilgrims receiving miracles and indulgences by visiting shrines

of saints who were canonized by the Roman Catholic Church

(Clegg, 2003; Ekelund et al., 1996; Hopper, 2002; Sorabella, 2011). In

addition to Canterbury Cathedral, people who lived there saw the

pilgrimage culture as an opportunity to gain a stable income. Accom-

modation, food, beverages, and souvenirs were marketed to pilgrims

(Lewis, 2014; Lincoln, 1955; Miller & Hatcher, 1995; Page, 1926), and

beggars and hospitals would have persuaded them to donate financial

goods (Hopper, 2002; Lyle, 2002; Webb, 2000).

2.2 | York Barbican

All Saint's Church, also known as York Barbican, was excavated by On

Site Archaeology from 2007 to 2008 (McIntyre & Graham, 2010).

These excavations revealed that the site potentially belonged to the

church of All Saint's in Fishergate, York (McIntyre & Graham, 2010). It

is thought that the church was given to Whitby Abby monastery

between 1091 and 1095, and it did not survive much after the disso-

lution of monasteries in 1539 by King Henry VIII (McIntyre &

Graham, 2010). A total of 547 individuals were excavated from this

site (McIntyre & Graham, 2010), and 16 non-adults met the criteria

for inclusion in this study.

The clothing and trading industry dominated medieval York,

which made the city very prosperous (Palliser, 2014). Regulations for

crafts were established from the 1370s onwards to control the

quality of crafts, tools used to make crafts, and working practices

(Palliser, 2014). Cloth making in York was considered high quality, and

grains and wine were traded across the British Isles and to mainland

Europe (Palliser, 2014). The job market was reasonably open; thus,

people migrated from other towns and villages in England, France,

and Belgium, and the population size was perhaps around 20–30,000

(Palliser, 2014).

2.3 | Black Gate

Excavations of Black Gate were carried out by Newcastle City Council

between 1973 and 1992 (Boulter & Rega, 1993; Nolan, 2010). A total

of 679 individuals were excavated (Nolan, 2010), and 38 non-adults

met the criteria for inclusion in this study. Based on the coin evidence

and radiocarbon dating of shroud pin types found at the site, the earli-

est burials are thought to have dated to the 8th century (Boulter &

Rega, 1993). The burials may be linked to the 7th century monastic

settlement and the 8th to 9th century castle excavated (Nolan, 2010).

By the 10th century, the cemetery appears to have been well estab-

lished with burials of individuals potentially from local agricultural and

proto-urban communities (Boulter & Rega, 1993; Nolan, 2010). A

Norman castle was constructed in 1080, and it is possible that some

of the burials at Black Gate were from the castle garrison

(Nolan, 2010). It is suggested that burial usage ended in c. 1168

(Nolan, 2010).

There is little to no documentary evidence for this settlement,

monastic center, or castle during this period (Nolan, 2010). During the

6th and early 7th centuries, this settlement was a part of the kingdom

of Bernicia, which was united with the kingdom of Deira

(Nolan, 2010). Both kingdoms created the Anglian kingdom of North-

umbria (Nolan, 2010). After the death of King Edwin of Northumbria,

the kingdom was unstable due to frequent invasions by neighboring

kingdoms (Nolan, 2010). The sustainability of Northumbria declined in

the mid-9th century with the Viking invasions along the northeast

coast (Nolan, 2010). The first documentary reference to this settle-

ment is in early 12th century chronicles that mentioned William I's

army camped in Newcastle after returning from a campaign in Scot-

land (Raine, 1838; Simeon, 2000).

2.4 | Raunds Furnells

Trial excavations between 1977 and 1984 of the site Raunds Furnells

led to the establishment of the Raunds Areas Project in 1985

(Boddington, 1996a). The Raunds Area Project was jointly managed

TABLE 1 Sample summary of non-adults from each site.

Site St. Gregory's Priory York Barbican Black Gate Raunds Furnells

Location Canterbury York Newcastle Raunds

Settlement Urban Urban Proto-urban Rural

Period AD c. 1084–1537 AD 1091–1539 AD c. 700–1168 AD 900–1040

Total no. of individualsa 1342 547 679 376

Total no. of non-adultsb 60 16 38 30

No. of individuals with femora present <2 years 4 5 13 5

No. of individuals with femora present 2–12 years 45 10 20 22

No. of individuals with tibiae present <2 years 2 2 4 4

No. of individuals with tibiae present 2–12 years 47 4 15 16

aTotal number of individuals from the site.
bTotal number of individuals under 12 years.
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by the Northamptonshire County Council and the Historic Building

Monuments Commission (English Heritage) (Boddington, 1987). A

church was discovered outside and adjacent to the manor house com-

plex (Furnells manor) and estimated to have been constructed during

the late 9th to early 10th century (Boddington, 1996c). It has been

identified that extensions to the church and a graveyard were con-

structed in the mid-10th century (Boddington, 1996c). Ditches were

cut to define a graveyard in the early 10th century (Boddington,

1987). Radiocarbon dates of charcoal and human bones suggest the

graveyard was in use from 978 to 1040 (Boddington, 1996b). A

total number of 376 individuals were excavated from this site

(Powell, 1996), and 30 non-adults met criteria for inclusion in this

study.

Raunds was perhaps an open-field agriculture and little woodland

settlement. The farming system consisted of the relationship between

livestock and arable farming (Banham & Faith, 2014). Arable crops,

such as wild oats, relied on the manure and labor of animals for devel-

opment (Banham & Faith, 2014). The Domesday Book indicates that

in the late 11th century Raunds was held by two chief holdings identi-

fied with Furnells and Burystead manors (Courtney, 2009a). Burystead

estate was a subordinate element of Higham and perhaps regarded as

a distant manor (Courtney, 2009a). Furnells manor was held by a

King's thegn (a nobleman or lord), known as Burgred, in 1066

(Courtney, 2009b).

3 | METHODS

Age-at-death estimates were based on dental development and erup-

tion stages developed from modern and historical English children

(AlQahtani et al., 2010). Teeth were examined macroscopically or

radiographically when radiographs were available. Those older than

12 years, based on dental age, were also excluded from this study,

due to the timing of fusion of the epiphyses and apophyses, and the

influence of the pubertal growth spurt, in concordance with the

analytical method (Spake & Cardoso, 2021). Thus, non-adults 0 to

12 years of age were included in this research.

The femora and tibiae were chosen as proxies for growth status

as they directly contribute to stature and are potentially more sensi-

tive than other long bones to periods of growth faltering (Bogin &

Varela-Silva, 2010). An osteometric board was used to measure the

maximum diaphyseal lengths in millimeters (mm). Individuals with evi-

dence of fractures or bowing impacting the long bone were not

included due to the potential influence on diaphyseal measurements.

Following the methodology by Spake and Cardoso (2021),

z-scores were calculated for left tibiae and femora while substituting

with the right when absent. Z-scores below �2 standard deviation

(SD) in clinical settings are classified as low height-for-age (i.e., “failing

to grow” or “stunting”) (de Onis & Blössner, 1997; WHO Expert

Committee, 1995). Z-scores were analyzed by site and split into two

age categories: <2 years and 2–12 years. From birth to 2 years of age

is a period of rapid growth (Humphrey, 2003; Larsen, 2015;

Lejarraga, 2012; Lewis, 2007). After 2 years of age, growth velocity

slows down and becomes stable (Lejarraga, 2012), thus reflecting

the development transition period from infancy to childhood

(Bogin, 2021). The Spake and Cardoso (2021) interpolated Maresh

data set has been used as a reference sample against the archaeologi-

cal sites for the z-scores. The Maresh data set consists of children of

the upper middle class who participated in a longitudinal growth

study, the Denver Growth Study, that included radiographs of long

bones in 1935 and onwards (Maresh & Beal, n.d.; Maresh, 1970). Box

plots were used to show the z-score distribution of the diaphyseal

lengths between the sites. Kruskal-Wallis tests, using a Dunn's post

hoc test if the output was significant, were used to compare total

z-scores by site. Mann–Whitney U tests were used to compare

z-scores of those <2 years and 2 to 12 years within each site. Statisti-

cal tests were not applied when one or more of the groups being com-

pared had a sample size of less than 5. Confidence intervals were set

to 95%, and the alpha level was set to 0.05. SPSS version 29 was used

to conduct the statistical analysis.

4 | RESULTS

Figures 2 and 3 display the femoral and tibial z-score distributions for

each site. For all three sites, the mean femoral and tibial z-scores were

all less than �2, indicative of significantly lower femoral and tibial

lengths for age compared to the reference sample (Tables 2 and 3).

For St Gregory's Priory (urban), 51.0% (25/49) had femoral

z-scores indicative of growth stunting, and 61.2% (30/49) had tibial

z-scores indicative of growth stunting. For those <2 years of age, 50%

(2/4) and 50% (1/2) had z-scores of less than �2 for the femur and

tibia, respectively. For those 2–12 years of age, 51.1% (23/45)

and 61.7% (29/47) had z-scores of less than �2 for the femur and

tibia, respectively. Due to the small sample size of individuals in the

<2 years category, statistical comparison of the z-scores between the

age groups was not undertaken. However, those <2 years on average

had lower z-scores for both the femur and tibia compared to those 2–

12 years (Tables 2 and 3). In addition, a wide distribution of z-scores

was seen for this site in comparison to the other sites, with many indi-

viduals demonstrating expected femoral and tibial lengths for age

(Figures 2 and 3).

Of the individuals from York Barbican (urban), 53.3% (8/15) had

femoral z-scores indicative of growth stunting, and 66.7% (4/6)

had tibial z-scores indicative of growth stunting. For those <2 years,

none had z-scores of less than �2 for the femur and tibia. For those

2–12 years of age, 80.0% (8/10) and 100% (4/4) had z-scores of less

than �2 for the femur and tibia, respectively. For the femur, z-scores

for those aged <2 years were significantly higher compared to those

2–12 years of age (U = 2.000, p = 0.003). However, due to small

sample size, statistical comparison was not undertaken for the tibial

values.

Within Black Gate (proto-urban), 54.5% (18/33) had femoral

z-scores indicative of growth stunting, and 47.4% (9/19) had tibial

z-scores indicative of growth stunting. For those <2 years, 30.8%

(4/13) and 0% (0/4) had z-scores of less than �2 for the femur and
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tibia, respectively. For those 2–12 years of age, 70.0% (14/20)

and 60.0% (9/15) had z-scores of less than �2 for the femur and tibia,

respectively. For the femur, z-scores for those aged <2 years were sig-

nificantly higher compared to those 2–12 years of age (U = 57.000,

p = 0.006). Again, due to small sample size, this was not undertaken

for the tibial values.

Lastly, for Raunds (rural), 74.1% (20/27) had femoral z-scores

indicative of growth stunting, and 80.0% (16/20) had tibial

z-scores indicative of growth stunting. For those <2 years, 40.0%

(2/5) and 50.0% (2/4) had z-scores of less than �2 for the femur and

tibia, respectively. For those 2–12 years, 81.8% (18/22) and 87.5%

(14/16) had z-scores of less than �2 for the femur and tibia, respec-

tively. There were no significant differences in femoral z-score values

for those <2 years and 2–12 years of age (U = 44.000, p = 0.524),

and statistical comparison of the tibial values was not undertaken due

to small sample size. A large range of femoral z-scores was noted for

those <2 years (Figure 2; Table 2).

Overall, there does not appear to be much difference between

the sites, but that Raunds has the lowest mean and median z-score

values (see Tables 2 and 3). Indeed, there were no significant

differences between the total samples for each site for the femoral

z-scores (H = 4.373, p = 0.224) and the tibial z-scores (H = 1.936,

p = 0.586).

When split by age, St Gregory's Priory (urban) has the lowest fem-

oral and tibial z-scores for those <2 years of age, followed by Raunds

(rural), Black gate (proto-urban), and York Barbican (urban) (Tables 2

and 3). However, the very small sample size for this age category must

be acknowledged, and statistical tests were not applied.

F IGURE 2 Box plots of femoral z-score distribution.

F IGURE 3 Box plots of tibial z-score distribution.
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For those 2–12 years of age, York Barbican (urban) had the

lowest femoral and tibial z-scores, followed by Raunds (rural), Black

Gate (proto-urban), and St Gregory's Priory (urban). The differences

seen between the femoral z-scores for this age category was statisti-

cally significant (H = 9.747, p = 0.021), due to individuals from St

Gregory's Priory having significantly higher femoral z-scores

(median = �2.03) compared to York Barbican (median = �3.22,

p = 0.042), Black Gate (median = �2.92, p = 0.035) and Raunds

(median = �2.80, p = 0.012). Due to the small sample size of tibial

z-scores for those aged 2–12 years of age in the York Barbican

assemblage, differences in tibial z-scores for this age category could

not be statistically assessed.

5 | DISCUSSION

Overall, there is evidence for growth disruption compared to modern

reference values for all sites. All generally demonstrate a greater level

of discrepancy between age-at-death estimates and expected growth

attainment in those 2–12 years of age. However, there appears to be

TABLE 2 Descriptive statistics for femoral z-scores (SD = standard deviation). Values in bold associated with growth stunting (<�2; de Onis
& Blössner, 1997).

Site Age group

Femur

N Median Mean SD Min Max

St. Gregory's Priory (U) 0–2 years 4 �4.98 �4.90 5.16 �10.18 0.54

2–12 years 45 �2.03 �1.82 2.05 �6.55 3.57

Total 49 �2.03 �2.07 2.50 �10.18 3.57

York Barbican (U) 0–2 years 5 �0.03 �0.12 1.61 �1.99 2.36

2–12 years 10 �3.22 �3.11 1.31 �5.17 �1.11

Total 15 �2.06 �2.12 1.99 �5.17 2.36

Black Gate (P-U) 0–2 years 13 �1.83 �1.39 1.21 �3.16 0.54

2–12 years 20 �2.92 �2.93 1.42 �5.24 �0.06

Total 33 �2.25 �2.32 1.53 �5.24 0.54

Raunds (R) 0–2 years 5 �1.98 �1.85 3.41 �5.50 1.59

2–12 years 22 �2.8 �3.07 1.57 �6.49 0.76

Total 27 �2.75 �2.84 2.00 �6.49 1.59

Abbreviations: U, urban; P-U, proto-urban; R, rural.

TABLE 3 Descriptive statistics for tibial z-scores (SD = standard deviation). Values in bold associated with growth stunting (<�2; de Onis &
Blössner, 1997).

Site Age group

Tibia

N Median Mean SD Min Max

St. Gregory's Priory (U) 0–2 years 2 �3.34 �3.34 5.42 �7.17 0.49

2–12 years 47 �2.38 �2.10 1.88 �6.05 3.70

Total 49 �2.38 �2.15 2.02 �7.17 3.70

York Barbican (U) 0–2 years 2 0.89 �0.41 1.84 �1.71 0.89

2–12 years 4 �3.75 �3.56 0.91 �4.39 �2.34

Total 6 �2.87 �2.51 1.95 �4.39 0.89

Black Gate (P-U) 0–2 years 4 �1.22 �1.01 1.00 �1.90 0.28

2–12 years 15 �2.85 �2.78 1.30 �4.62 �0.64

Total 19 �1.97 �2.40 1.42 �4.62 0.28

Raunds (R) 0–2 years 4 �2.44 �1.47 2.56 �3.26 2.28

2–12 years 16 �3.05 �3.16 1.40 �6.11 �1.02

Total 20 �2.9 �2.82 1.75 �6.11 2.28

Abbreviations: U, urban; P-U, proto-urban; R, rural.
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much more variability in growth values for <2 years of age from

St. Gregory's Priory (urban), with some individuals exhibiting severe

growth delays. In addition, for those 2–12 years of age from

St. Gregory's Priory (urban), there appears to be significantly higher

z-scores overall, compared to the other sites. Also, Raunds (rural)

demonstrated some of the lowest growth values for the femora and

tibiae in total.

Nutrition is crucial during the rapid growth period during infancy

(birth to 2 years) (Lejarraga, 2012). The brain requires a substantial

amount of essential nutrients and energy (kilocalories) to allow its

structures to engage in rapid growth, including the endocrine system

(Bogin, 2021). The endocrine system releases and controls the secre-

tion of hormones such as the growth hormone and thyroid hormone

(Hiller-Sturmhöfel & Bartke, 1998; Saper & Lowell, 2014). Adequate

nutrition plays an essential role in regulating hormones that engage in

skeletal growth (Bonjour et al., 2004; Leathem, 1966). Poor nutrition

influences the secretion of hormones that promote bone growth to

decrease while those that inhibit growth increase (Campisi

et al., 2018). Breastfeeding provides infants with essential nutrients to

support not only rapid growth, but also their immune system, provid-

ing protection against infectious diseases during infancy and chronic

diseases in childhood and later life (Allen & Hector, 2005).

During infancy, growth patterns are also reflective of maternal

nutritional status, and perhaps of the general population; breastfeed-

ing women who lack essential nutrients in their diet will result in

infants not receiving nutrients that are vital for fueling their early

physical development and bolstering their immune system (Christian

et al., 2015; Gosman, 2012; Hanson et al., 2003). Historical and

bioarchaeological evidence show that infants, during the medieval

period, were breastfed and consumed other foods (weaning) between

1 and 3 years of age (Adamson, 2004; Haydock et al., 2013; Mahoney

et al., 2016). Their small digestive tracts and deciduous teeth make it

difficult for them to process coarse foods (Bogin, 2021); therefore,

foods must be prepared in a specific manner for them to obtain

nutrients. Medieval physicians recommended that during weaning,

children were fed easily digestible foods such as food soaked in water

or chewed first by the mother (Adamson, 2004). Growth deficit

patterns between 1 and 2 years of age have been viewed as the

impact of onset weaning and cessation of weaning during this period

(Lewis, 2002; Newman et al., 2019). Isotopic analysis of non-adults

from York (urban) suggests that infants were breastfed from birth to

1.5 years and fully weaned around 2 years (Burt, 2013, 2015). Isotopic

analysis of non-adults from Raunds (rural) suggests that infants were

exclusively breastfed until about 1 year and mixed fed from 2 to

3 years (Beaumont et al., 2018; Haydock et al., 2013). Microwear

texture analysis of non-adults from St. Gregory's Priory (urban)

suggests that mixed feeding could have started during or after the

first year and cessation of weaning started around 2 years (Mahoney

et al., 2016). Hence, non-adults from York, Raunds, and Canterbury

had similar weaning practices. In contrast, isotopic analysis suggests

that non-adults from Black Gate (proto-urban) were weaned approxi-

mately after 9 months until 1 year (Macpherson, 2005). Thus, perhaps

growth deficit patterns between 1 and 2 years for the current study

reflect the nutritional status of mothers and wet nurses from breast-

feeding rather than onset weaning and cessation of weaning consider-

ing non-adults less than 2 years from St. Gregory's potentially had

greater growth disruption compared to the other sites.

The clinical literature suggests that the composition of breast milk

reflects the dietary intakes of fatty acids and fat- and water-soluble

vitamins such as vitamins A, C, B6, and B12 in the maternal diet (Bravi

et al., 2016; Innis, 2014; Lönnerdal, 1986). Thus, perhaps the dietary

intake of mothers or wet nurses from Canterbury, who were breast-

feeding, was impacted by food and beverages primarily advocated

towards pilgrims (Lincoln, 1955; Lyle, 2002) and rationing out their

food to provide more to husbands and older children (Bardsley, 2014)

that influenced greater growth disruption of non-adults less than

2 years from St. Gregory's Priory compared to the other sites. It is

possible that this made non-adults < 2 years of age from St. Gregory's

Priory (urban) more susceptible to nutritional and infectious diseases

compared to those from the other sites.

After weaning, the developing immune system no longer relies on

the nutrition obtained from breastfeeding and requires a substantial

amount of energy that is acquired from adequate nutrition (Childs

et al., 2019; Nobs et al., 2020; Ygberg & Nilsson, 2012). In addition,

an adequate diet is essential for a robust immune system that

provides protection against nutritional and infectious diseases.

Infectious diseases such as smallpox, plague, tuberculosis, leprosy, and

respiratory diseases were common during the medieval period

(Barnes, 2005; Rawcliffe, 2013; Robb et al., 2021; Roberts &

Cox, 2003; Roberts & Manchester, 2005). Infectious diseases and

chronic conditions that compromise the immune system cause the

body to require twice as much of essential nutrients (Barnes, 2005;

Law, 2005; Patel, 2008). Therefore, infections cause individuals to lack

adequate nutritional intake (Lejarraga, 2012), which in turn slow the

process of normal long bone growth.

Thus, non-adults 2–12 years from York Barbican (urban) were

perhaps susceptible to nutritional deficiencies and infectious diseases

due to dense populations, disposal of household and industrial waste

into water resources, famines, insufficient ventilation for controlled

fires within homes and businesses, and superfluous usage of toxic

chemicals for businesses (Palliser, 2014; Rawcliffe, 2013; Roberts &

Cox, 2003; Roberts & Manchester, 2005). Additionally, York Barbican

(urban) having the lower z-scores on average, compared to Raunds

(rural), Black Gate (proto-urban), and St. Gregory's Priory (urban), may

be a result of the city of York being one of England's highest-taxed

cities besides London during medieval England (Palliser, 2014), which

would have led York to have had a limited economy, which perhaps

caused individuals to have restricted diet. In the case of Raunds (rural),

the higher z-scores on average compared to York Barbican (urban) are

potentially due to the agricultural nature of rural settlements such as

easier and quicker access to nutritious foods. Lipid residue analysis

suggests that people who lived in Raunds consumed dairy products

(butter and cheese) and leafy vegetables (such as cabbage and leek)

cooked with carcass fats (Dunne et al., 2019). Additionally, the dis-

tance between households and businesses within Raunds would have

exposed people less to contagious diseases.
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The lower z-scores of non-adults 2–12 years from Raunds (rural),

compared to Black Gate (proto-urban), are perhaps due to proto-

urban areas having personal gardens and access to rural communities'

agricultural production, whereas rural areas relied on agricultural

production within the community. Rural agricultural production would

have sold their surplus to other areas, especially during famines, to

gain financial stability (Dyer, 2002), thus, perhaps led people to ration

out their food. Additionally, agricultural areas used animal and

human excretion waste as fertilizer for crop yields (Jones, 2012;

Magnusson, 2013), which influenced the quick spread of parasitic

infections. Parasites deprive the host of their nutrients (Mahmud

et al., 2018), which would have slowed down the process of normal

growth. As regards to non-adults aged 2–12 years from Black Gate

(proto-urban) with lower z-scores compared to St. Gregory's Priory

(urban), Newcastle was frequently invaded by Scottish and English

kingdoms and Vikings (Dyer, 2002), which would have left them with

little to no resources and consistently caused them to rebuild their

economy, while those from St. Gregory's Priory (urban) were influ-

enced by the affluent atmosphere of the pilgrimage culture in Canter-

bury that allowed a more stable income.

Thus, the medieval English urban environment had the potential

for a greater complexity of factors that may have positively or nega-

tively impacted long bone growth compared to rural and proto-urban

environments. It has been recognized in bioarchaeological studies that

urban environments in the past had a complex influence on the health

and mortality of people (Betsinger & DeWitte, 2021; DeWitte &

Betsinger, 2020). A stable income would have been gained to obtain

nutritious foods in Canterbury through providing pilgrims with essen-

tial needs (Lincoln, 1955) and in York through the cloth and trade

industry (Palliser, 2014), which caused a positive impact on long bone

growth. Children would have migrated to urban areas to work as

servants or apprentices (Dyer, 2002; Miller & Hatcher, 1995). These

jobs consisted of carrying out domestic tasks or working in a specific

trade or craft, which usually meant living where they worked, such as

servant's quarters (Dyer, 2002; Ryan, 2013). Employers provided food,

accommodation, and clothes for their servants and apprentices

(Dyer, 2002). Bioarchaeological studies suggest that children were

more vulnerable to infections and respiratory conditions in the urban

environment (Lewis, 2016; Yaussy & DeWitte, 2018). The negative

impact on long bone growth was perhaps influenced by compact living

quarters and unhygienic waste disposal that caused infections and

small windows and holes in rooves that did not provide much

ventilation that caused interior air pollution (Dyer, 1989; Miller &

Hatcher, 1978, 1995; Rawcliffe, 2013; Roberts & Cox, 2003).

6 | LIMITATIONS

The growth patterns seen in this study may not be reflective of those

who survived to adulthood in medieval England, due to biological

mortality bias (Wood et al., 1992). However, mortality bias may not

have been a particularly important determinant in the data presented

here because accidental deaths and short stature do not directly

correlate with high mortality (Saunders & Hoppa, 1993). Also, Spake

et al. (2022) suggest that the impact of biological mortality bias

depends on the type of societies being analyzed for comparison. This

study focused on growth patterns across medieval England, but Black

Gate (AD c. 700–1168) and Raunds Furnells (AD 900–1040)

represent early medieval populations compared to the other sites;

thus, the potential difference in biological mortality bias between the

early medieval period and later medieval period must be considered. A

factor to consider is socioeconomic status. Growth patterns could be

influenced by different socioeconomic status groups based on income

and ideologies of diet. Thus, considering the unknown socioeconomic

status groups for non-adults from Black Gate, Raunds Furnells, and

York Barbican may misrepresent growth patterns. Other factors such

as the small sample size of the sites should also be considered

(Saunders & Hoppa, 1993). The small sample size of those aged <

2 years from each site may misrepresent growth disruption patterns.

However, the data presented here still provides valuable insight into

environmental influences on child health in medieval England.

7 | CONCLUSION

This research suggests that the medieval English urban environment

had a complex influence on childhood growth patterns. Non-adults

< 2 years from St. Gregory's Priory had the lowest growth values

while those from York Barbican had the highest growth values com-

pared to the rural and proto-urban areas. Also, non-adults 2–12 years

from York Barbican had the lowest growth values, while those

from St. Gregory's Priory had the highest growth values compared to

the proto-urban and rural areas. The urban environment could have

been detrimental to childhood growth as a result of inadequate nutri-

tion intake during breastfeeding and weaning, and environmental con-

ditions such as insalubrious waste disposal and insufficient ventilation

for controlled fires within businesses and homes. However, the urban

environment also offered opportunities for greater income stability

through various occupations to obtain access to a variety of food.

Additionally, this research suggests that the medieval English rural

environment was associated with greater growth deficits compared to

the proto-urban area. Non-adults < 2 years and 2–12 years from

Raunds Furnells had lower growth values compared to those

from Black Gate. Potentially, agricultural production practices within

rural communities would have influenced food rations, while accessi-

bility to both personal gardens and rural production within proto-

urban areas allowed for access to a variety of food.
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