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Abstract

In the late medieval period, Holland experienced substantial socio-economic change.
While the region was largely undeveloped prior to 1200 CE, the period after was
characterised by extensive urbanisation and flourishing international trade, changes
that would have impacted many aspects of life. This paper investigates the effect of
these changes on diet by comparing skeletal collections from the early/central medie-
val rural village of Blokhuizen (800-1200 CE) to the late medieval urban town of Alk-
maar (1448-1572 CE) using a combination of the prevalence and location of carious
lesions (Nieeth = 3475) and stable carbon and nitrogen isotope data (n = 50). Results
show that the urban Alkmaar population had a significantly higher caries frequency
(7.4% vs. 16.1%), starting at a younger age. Moreover, Alkmaar had significantly more
approximal caries. These results point to increased consumption of cariogenic prod-
ucts, such as sugars and starches, by the urban citizens. Dietary differences are also
demonstrated by the stable isotope data. Alkmaar individuals have significantly
enriched §'°N ratios and more variable 5*3C ratios compared with rural Blokhuizen.
The elevated 5°N values may be due to increased consumption of fish or animals
such as omnivorous pigs and chickens. The combination of caries and isotopic data
points to clear changes in diet suggesting that urban individuals in the late medieval
period had a substantially different diet compared with early rural inhabitants from
the same area. Specifically, an increase in market dependence, availability of interna-
tional trade products, and the growth of commercial fishing in the late medieval
period may have contributed to this dietary shift. Future research should include a
late medieval rural population to better understand the effects of late medieval
socio-economic developments outside of the urban environment. This study demon-
strates that the integration of palaeopathology and stable isotopic research provides

a more complete understanding of dietary changes in medieval Holland.

KEYWORDS
dental disease, foodways, market economy, rural-urban divide, stable carbon and nitrogen
isotopes, The Netherlands, trade intensification
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1 | INTRODUCTION

Europe became highly urbanised in the medieval period (500-
1550 CE), resulting in many changes to living conditions, occupations,
and food production. Compared with other areas in Europe, urban
development began relatively late in medieval Holland (Figure 1). In
the 8th century CE, the region was sparsely populated. In the central
medieval period (800-1200 CE), individuals lived predominately in
rural communities and were mainly self-sufficient, consuming locally
produced agricultural products, including dairy foodstuffs and live-
stock. By the 14th century, Holland had developed into an area
characterised by many urban centres and flourishing trade systems
(Van Zanden & Van Bavel, 2004). Towns and their populations grew
rapidly; historic data show that 44% of the population was living in
the newly formed towns in 1514 CE (Blockmans, 1993). This process
of urbanisation went hand-in-hand with commercialisation and inter-
nationalisation of production and trade, which most heavily influenced
the inhabitants of the towns, altering ways of living and socio-
economic activities (Hoppenbrouwers, 2002).

As a result, the production of and access to food also changed,
potentially influencing dietary patterns. The rural peasant diet would
likely have included staples such as wheat, rye, barley, and oats; sea-
sonal vegetables such as cabbage, carrot, and legumes; fowl and
chicken eggs; and potentially some fish and meat when available (Van
Winter, 2002). Butter and cheese were fairly common, especially in
dairy farming regions (Van Winter, 2002). In the later medieval period
(1200-1550 CE), new and exotic food items were introduced and

* Alkmaar

B Blokhuizen

became widely available, such as new types of fruit, sugars, and spices
(Burema, 1953). The increase in commercial fishing activities in this
period may have also contributed to an expansion of the available
protein sources in the medieval towns in Holland (Unger, 1978; van
Steensel, 2012).

Although historic data suggest that the availability, types, and
access to food were influenced by urbanisation and associated devel-
opments such as internationalisation (i.e., the increase of internation-
commercialisation

ally sourced food and commodities) and

(i.e., production for and dependence on the market)
(Hoppenbrouwers, 2002), little is known about the impact these
changes had on the food consumed by the general population. Prelim-
inary research into caries prevalence in medieval Holland suggested a
change in dietary patterns, particularly for urban but not for contem-
poraneous rural individuals (Schats, 2016), even though only caries
prevalence rates were calculated here. Adding data on caries location
and affected tooth types will provide a more nuanced and complete
image of the carbohydrate component of the diet (Mant &
Roberts, 2015; Moore & Corbett, 1975). Stable isotope analysis of the
skeletal remains will add further information about dietary practices.
Therefore, this research presents the first integrated paleopathology-
stable isotope study on the diets of rural and urban medieval
populations. Two markedly different archaeological skeletal collec-
tions, with variation in time and living environment, are analysed: an
early/central medieval rural population from Blokhuizen (800-
1200 CE) and a late medieval urban population from Alkmaar (1448-

1572 CE). Although future research should include a late medieval

FIGURE 1 The current
Netherlands in Europe and a
separate map of the Netherlands
with the area of Holland in dark

sokm L] grey and studied sites indicated
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rural population, the aim of this initial study is to assess palaeodietary
patterns in these two contrasting skeletal collections in light of medie-
val urbanisation and socio-economic processes by comparing the fre-

quency of carious lesions and stable carbon and nitrogen isotope

ratios.

2 | ARCHAEOLOGICAL INDICATORS OF
DIET

2.1 | Dental caries

Tooth decay, or dental caries, is the destruction of dental enamel, den-
tine, and/or cementum by the acids produced by bacteria present in
dental plaque. Carious lesions can form on all surfaces of the tooth
including the roots, although grooves and pits in the enamel where
food can get trapped are common locations (Hillson, 1996). Diet and
the manner in which food is prepared have often been related to the
prevalence of carious lesions in archaeology and are used to study
shifts in subsistence strategies. In many areas of the world, an
increase in caries prevalence was noted when the diet became more
carbohydrate-rich (Cohen et al., 1984). This is related to the fact that
oral bacteria responsible for the dental caries flourish in the presence
of carbohydrates (Hillson, 1996). In European populations from the
Middle Ages, the frequency of caries has been linked to a relatively
uniform dependence on agricultural foods (Lanfranco & Eggers, 2014).
However, during the late medieval and early modern period, an
increase in carious lesions has been observed, likely related to the
availability and consumption of refined food products (Lanfranco &
Eggers, 2014; Moore & Corbett, 1975; Witwer-Backofen &
Engel, 2019). Additionally, other factors have been linked to the
development of caries, such as genetics, oral hygiene, and salivary
flow and composition (Selwitz et al., 2007). Research by Lukacs and
Thompson (2008) showed that the hormonal changes associated with
pregnancy, puberty, and menstruation result in modifications in saliva
composition making the oral environment more cariogenic in women
than in men, which could result in higher caries frequencies for
women, even when the diet is similar (also see Lukacs &
Largaespada, 2006).

2.2 | Stable isotopes

The carbon (5*3C) and nitrogen (5!°N) isotope values of human bone
collagen can provide insights into the types of foods consumed by
past individuals. Bone collagen isotope values mostly reflect the pro-
tein component of the diet (Ambrose & Norr, 1993; Fernandes
et al., 2012; Krueger & Sullivan, 1984; Tieszen & Fagre, 1993). By
comparing the isotope values of humans and, ideally, local and con-
temporaneous archaeological faunal remains representative of com-
mon food sources (e.g., terrestrial mammals and marine/freshwater
fish), it is possible to assess their relative importance in the diet. Dif-

ferent ecosystems (marine and terrestrial) and plants with varying

photosynthetic pathways have distinctive stable carbon isotope ratios
(DeNiro & Epstein, 1978; Schoeninger & DeNiro, 1984). Nitrogen iso-
tope ratios increase by approximately three per mil with increasing
trophic levels, that is, a step up the food chain (DeNiro &
Epstein, 1978; Jagrkov et al., 2007). However, other factors such as
manuring practices, and illness and malnutrition, can potentially also
contribute to an increase in §*°N values (Bogaard et al., 2007; Fuller
et al., 2005). Stable isotope analysis of bone collagen has been widely
used to study dietary patterns, subsistence practices, social differenti-
ation, and socio-economic changes in medieval European populations
(e.g., Kjellstrom et al., 2009; Mildner & Richards, 2005; Polet &
Katzenberg, 2003; Reitsema & Vercellotti, 2012). Yet, comparable
large-scale studies have not been executed on skeletal populations
from medieval Holland.

3 | MATERIALS
Two archaeological skeletal collections composed of the general pop-
ulation from different living environments and time periods, but from
the same region, were chosen for this research. Both sites are located
in the north of Holland, approximately 20 km apart, near large bodies
of fresh and salt water (Figure 1). The first collection was excavated
from the church cemetery in the rural village of Blokhuizen and dates
to the Early/Central Middle Ages (~800 to 1197 CE). As this was very
likely the only cemetery in the village, it is expected the majority of
citizens were buried there and the collection is therefore composed of
the general population. The inhabitants of the village were likely agri-
culturalists based on excavations and zoological and botanical material
found at comparable locations in the area (Schats, 2016). Although
smaller proto-urban settlements existed in this period, there was little
large-scale urbanisation or international trade in Holland. Therefore,
this skeletal collection allows for research into the preurbanisation/
preinternationalisation rural diet in this area (Schats, 2016). The sec-
ond skeletal collection was excavated from the cemetery at the Fran-
ciscan Friary in the town of Alkmaar (Schats, 2016). Even though this
was a cemetery associated with a Franciscan friary, it was used by
general citizens as is shown by a short record of names and occupa-
tions of some of the individuals interred here. It is clear that a mix of
people, lower and middle class, were buried here (see Schats, 2016).
The individuals with higher social status would have been interred
inside of the church. The skeletal collection dates to the Late Middle
Ages/Early Modern period (1448 to 1572 CE) when urbanisation was
at its peak in Holland. At the end of the 16th century, Alkmaar was an
average-sized town with approximately 8000 inhabitants and a
flourishing trade system (Kaptein, 2007). Alkmaar was of great impor-
tance for international trade as it represented the only way of passage
to the north of Holland (Kaptein, 2007). Therefore, these remains give
insight into the urban diet at the height of medieval urbanisation and
internationalisation.

A total of 119 individuals from Blokhuizen and 189 from Alkmaar
were subjected to dental analysis. Although Blokhuizen has more

non-adult individuals in the sample, the adult sex and age distribution
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are similar between the sites (see Table 1 for the demographic compo-
sition). Both erupted deciduous and permanent teeth are included in
this study. For stable isotope analysis, 50 individuals were selected
from the two sites: 26 from Alkmaar and 24 from Blokhuizen. The
human samples were taken from the ribs of adults only, both males
and females. Additionally, to assess the local faunal stable isotope
values, 17 archaeological animal samples were selected from Alkmaar
(medieval) and supplemented with seven aquatic faunal samples from
Oldenzaal (medieval and post-medieval) (Williams, 2016) located in
the east of the Netherlands. The faunal samples represent 10 different
species (see Table 6). In addition to faunal remains analysed in this
study, the published isotope data for terrestrial and marine animals
from two other Dutch medieval sites dating from 400 to 1250 CE
(Esser et al., 2014; McManus et al., 2013) are used to aid in the inter-

pretation of human results.

4 | METHODS

4.1 | Estimation of sex and age-at-death

Sex was estimated using morphological features of the cranium, man-
dible, and pelvis (Buikstra & Ubelaker, 1994; Ferembach et al., 1980;
Phenice, 1969) and was only done for adult individuals (>18 years).
Individuals were estimated to be male, female, or indeterminate. Non-
adult age-at-death was estimated based on the dental eruption
(Ubelaker, 1979), permanent tooth formation (Moorrees et al., 1963),
epiphyseal fusion (Schaefer et al., 2009), and long bone length
(Maresh, 1970). Adult age-at-death was primarily estimated based on
the development and morphology of the pubic symphysis (Brooks &
Suchey, 1990), auricular surface of the os coxa (Buckberry &
Chamberlain, 2002; Lovejoy et al., 1985), and the sternal rib ends
(Iscan et al., 1984, 1985). The degree of ectocranial suture closure
(Meindl & Lovejoy, 1985) and dental wear (Maat, 2001) were used as
supporting age estimation methods; no individuals were aged using

only these methods. For the purpose of this research, the adult

individuals are placed in one of two age groups: younger adults: 19-
35 years and older adults: 36-46+ years. While these are not the tra-
ditional demographic groups typically used by bioarchaeologists
(i.e., young adult, middle adult, and old adult), these two age groups

were created to increase the sample size in each category.

4.2 | Carious lesions

Carious lesions were studied macroscopically, occasionally with the
aid of a 10x magnifying glass. A lesion was considered caries when
clear cavitation in the tooth was observed. The total number of cari-
ous lesions overall and per tooth type (incisor, canine, premolar, molar)
were recorded, as well as location of the lesion on the tooth. To do
this,
approximal, or buccal/lingual, and root surface/cemento-enamel junc-
tion (CEJ) caries (Hillson, 2001). When the location of a lesion could
not be distinguished due to its advanced state, it was recorded as
“gross” caries (Mant & Roberts, 2015).

a distinction is made between coronal caries: occlusal,

4.3 | Stable isotope analysis

After sampling and cleaning at Leiden University, the human bone
samples were processed at the Vrije Universiteit Amsterdam following
the demineralisation method of Sealy (1986) using dilute hydrochloric
acid (HCI) with the addition of a 20-h soak in 0.125-M sodium hydrox-
ide (NaOH) to remove humic contaminants. All faunal bone samples
were processed using the method as described by Mbeki et al. (2017)
at the Vrije Universiteit Amsterdam. The §'°N and 5!3C ratios were
measured using an elemental analyser (NCAS500; ThermoQuest)
coupled with an isotope ratio mass spectrometer (Delta Plus; Thermo-
Quest Finnigan) at the Earth Sciences Stable Isotope Laboratory, Vrije
Universiteit Amsterdam. Instrument precision was better than 0.15%.0
(10) for C and N based on replicate analysis of standard reference
materials. The stable isotopes results are expressed as & (delta) values

TABLE 1 Demographic composition of the Blokhuizen and Alkmaar populations
Males Females Indeterminate sex Total

Site Age n % n % n % n %

Blokhuizen Nonadults (<19 years) - - - - 35 29.4 35 29.4
Younger adults (19-35) 11 440 11 440 12.0 25 21.0
Older adults (35-+) 18 54.5 12 36.4 3 9.1 33 27.7
Indeterminate (18+) 6 231 10 38.5 10 38.5 26 21.8
Subtotal 35 294 33 27.7 51 42.9 119 100.0

Alkmaar Nonadults (<19 years) - - - - 24 12.7 24 12.7
Younger adults (19-35) 24 38.1 37 58.7 2 3.2 63 333
Older adults (35-+) 30 44.8 34 50.7 3 4.5 67 354
Indeterminate (18+) 12 34.3 12 34.3 11 314 35 18.5
Subtotal 66 34.9 83 43.9 40 212 189 100.0
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in per mil (%o) relative to Vienna Peedee Belemnite (VPDB) for §'°C
(Craig, 1957) and atmospheric nitrogen (AIR) for §*°N. The integrity of
the collagen samples was assessed based on the atomic C:N ratio
(Brock et al., 2012; DeNiro, 1985), the percentage N and C abun-
by weight (Van Klinken, 1999),
(Ambrose, 1990; Van Klinken, 1999). All statistical tests were run
using IBM SPSS Statistics Software 24. Statistical significance was set
atp < 0.05.

dances and collagen vyield

5 | RESULTS

5.1 | Carious lesions
In total, 3475 teeth were inspected for dental caries. Table 2 shows

results for the two sites. A statistically significantly higher caries fre-

quency is seen in urban Alkmaar (16.1%) compared with rural

TABLE 2 Total number of caries and

Blokhuizen (7.4%). This is the case for almost all compared age and
sex groups. Only the caries frequency of females is not statistically
significantly different. Striking are the differences between the sites in
caries frequency for the nonadults and young adults, which suggests
Alkmaar had a markedly earlier onset of caries. For intrasite compari-
sons, Blokhuizen females (13.2%) have statistically significantly more
carious lesions than males (7.7%) ()(2(1) = 6.669, p =0.01, n=817),
no such differences exist for the Alkmaar collection.

When we look at the different tooth types (Table 3), it is clear
that molars are most commonly affected by caries in both skeletal
populations with frequencies greater than 50%. The Alkmaar individ-
uals have a higher caries frequency for all tooth types, which is to be
expected considering the overall higher caries rates. This difference is
statistically significant for all tooth types except the incisors; both col-
lections have very few caries in these teeth. Table 4 presents the loca-
tion of caries per tooth type. It is clear that CEJ/root caries is found in

all tooth types and is the most common location for both sites.

statistical comparison of the two skeletal Comparison Collection n teeth n caries % x i P
collections Total Blokhuizen 1192 88 7.4 52.004 1 <0.001
Alkmaar 2283 367 16.1
Adults Blokhuizen 893 83 9.3 27.643 1 <0.001
Alkmaar 1958 328 16.8
Non-adults Blokhuizen 299 5 1.7 25.344 1 <0.001
Alkmaar 325 39 120
Male Blokhuizen 507 39 7.7 23.763 1 <0.001
Alkmaar 761 131 17.2
Female Blokhuizen 310 41 13.2 2.169 1 0.141
Alkmaar 1133 189 16.7
Young adults Blokhuizen 455 24 5.3 21.134 1 <0.001
Alkmaar 1044 139 13.3
Old adults Blokhuizen 356 53 14.9 5727 1 0.017
Alkmaar 880 183 20.8
Note: Statistically significant results indicated in bold.
TABLE 3 Numt?ers of cari.es per Tooth type Collection n teeth n caries % tooth type 72 df p
tooth type (all locations combined)
Incisors Blokhuizen 250 11 4.4 2.720 1 0.099
Alkmaar 602 45 7.5
Canines Blokhuizen 162 7 4.3 7.110 1 0.008
Alkmaar 332 39 11.7
Premolars Blokhuizen 263 12 4.6 10.265 1 0.001
Alkmaar 602 69 115
Molars Blokhuizen 517 58 11.2 54.959 1 <0.001
Alkmaar 747 214 28.6
Total Blokhuizen 1192 88 7.4 - - -
Alkmaar 2283 367 16.1

Note: Statistically significant results indicated in bold.
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TABLE 4 Numbers of caries per location and tooth type

Tooth type

Occlusal

Incisors

Canines

Premolars

Molars

Total

Approximal

Incisors

Canines

Premolars

Molars

Total

Buccal/lingual

Incisors

Canines

Premolars

Molars

Total

CEJ/root

Incisors

Canines

Premolars

Molars

Total

Gross

Incisors

Collection

Blokhuizen
Alkmaar
Blokhuizen
Alkmaar
Blokhuizen
Alkmaar
Blokhuizen
Alkmaar
Blokhuizen

Alkmaar

Blokhuizen
Alkmaar
Blokhuizen
Alkmaar
Blokhuizen
Alkmaar
Blokhuizen
Alkmaar
Blokhuizen

Alkmaar

Blokhuizen
Alkmaar
Blokhuizen
Alkmaar
Blokhuizen
Alkmaar
Blokhuizen
Alkmaar
Blokhuizen

Alkmaar

Blokhuizen
Alkmaar
Blokhuizen
Alkmaar
Blokhuizen
Alkmaar
Blokhuizen
Alkmaar
Blokhuizen

Alkmaar

Blokhuizen

Alkmaar

n teeth

250
602
162
332
263
602
517
747
1192
2283

250
602
162
332
263
602
517
747
1192
2283

250
602
162
332
263
602
517
747
1192
2283

250
602
162
332
263
602
517
747
1192
2283

250
602

n caries

» O » O O O

11
36

23
11
46
30
104

209

%

0.0
0.0
0.0
0.3
0.0
0.2
4.1
6.4
1.8
22

0.0
1.3
0.0
21
0.0
20
0.4
3.1
0.2
22

0.0
0.2
0.6
0.0
0.4
0.0
0.2
17
0.2
0.6

44
6.0
43
6.9
42
7.6
5.8
13.9
49
9.2

0.0
0.2

3.308

0.718

0.846

1.297

3.557

21.254

19.455

df

1.000

1.000

0.069

0.397

0.113

0.102

0.022

<0.001

<0.001

1.000

0.328

0.304

0.011

0.070

0.358

0.255

0.059

<0.001

<0.001

852

494

865

1264

3475

852

494

865

1264

3475

852

494

865

1264

3475

852

494

865

1264

3475

852
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TABLE 4 (Continued)
Tooth type Collection n teeth n caries

Canines Blokhuizen 162 0
Alkmaar 332 7

Premolars Blokhuizen 263 0
Alkmaar 602 10

Molars Blokhuizen 517 4
Alkmaar 747 26

Total Blokhuizen 1192 4
Alkmaar 2283 44

Note: Statistically significant results indicated in bold.

Approximal caries is statistically significantly more common in the
urban individuals from Alkmaar, especially in the premolars and
molars. The smooth buccal and lingual areas of the molar crowns are
also more frequently affected in the urban Alkmaar population.

52 | C &N isotope values

The 6*°N and §'°C results for the human samples are reported in
Table 5 and displayed in Figure 2. Collagen of sufficient quantity and
quality was successfully extracted from 18 Blokhuizen individuals
(75%) and 25 Alkmaar individuals (96%). Collagen extraction was suc-
cessful for all faunal samples (n = 24) (Table 6).

The results of independent t-tests for intersite and intrasite com-
parisons are presented in Table 7. The intersite comparison of all indi-
viduals shows that there is no statistically significant difference in the
mean 513C values between the two sites. Yet, there is greater variabil-
ity in Alkmaar (5'°C range = —21.6 to —18.5%0) compared with
Blokhuizen (5*3C range = —21.1 to —19.7) indicated by the Levene's
test for equality of variance (F = 9.243, p = 0.04). The mean §*°N
value of Alkmaar is significantly higher than that of Blokhuizen. No
statistically significant differences between the 53C values of rural
and urban males and females are observed. In contrast, §3°N values of
both males and females from Alkmaar are significantly higher com-
pared with those from Blokhuizen. For intrasite comparisons, in
Blokhuizen males and females have similar §*3C and §*°N values. Yet,
in Alkmaar, while the §3C values are similar between the sexes, the
5N values of males are significantly higher than those of the

females.
6 | DISCUSSION
6.1 | Carious lesions

Compared with rural Blokhuizen, there is a clear increase in carious
lesions in the urban individuals, especially for the males. As both the
rural and urban individuals are considered to have been members of

the general population, it is unlikely that the marked difference is

% 72 df p n

0.0 - 1 0.102 494
2.1

0.0 - 1 0.037 866
1.7

0.8 - 1 0.002 1264
3.5

0.3 - 1 <0.001 3475
1.9

linked to differences in socio-economic status. Additionally, the sex
and adult age distributions of the sites are similar. Thus, the clear dif-
ference between the sites likely suggests a marked increase in or con-
sumption of different types of carbohydrates. This apparent dietary
shift is further corroborated by the early onset of caries in Alkmaar.
The nonadults and younger adults in the urban collection have signifi-
cantly more teeth affected by caries than those from Blokhuizen,
pointing to a clear increase in cariogenic food consumption. More-
over, the Alkmaar individuals show more lesions on the approximal
surfaces, particularly of the molars and premolars, and on the buccal
and lingual surfaces of the molars. The posterior location of these
tooth types usually promotes the development of carious lesions as
oral hygiene is reduced (Hillson, 1996; Mant & Roberts, 2015). The
fact that the approximal and buccal and lingual surfaces are more
affected in the urban Alkmaar population may suggest that these late
medieval individuals were more dependent on processed agricultural
foods than the earlier rural individuals in Blokhuizen as these foods
are more likely to stick to the smooth surfaces of the teeth
(Hillson, 1996; 2004).

Corbett (1973, 1975) observed a similar change in the location of cari-

Schollmeyer & Turner, Moore and
ous lesions in their large study of caries frequency in medieval
England, which they link to a dietary shift as well. Within the sites, it
is clear that in Blokhuizen, females have a much higher caries fre-
quency than the males. As discussed earlier, this commonly observed
pattern has been linked to hormonal differences (Lukacs &
Largaespada, 2006; Lukacs & Thompson 2008), but as it is not known
how much variation can be explained by the physiological differences
between males and females, differences in diet between the
Blokhuizen males and females cannot be ruled out on the basis of
these results. No significant differences in caries frequency between
males and females are found in Alkmaar. As a difference between the
sexes is a regular occurrence in archaeological collections, the lack of
variation here may actually point to a difference in diet between
males and females in Alkmaar.

While it is expected that carbohydrate-rich foods were at the
core of the diet of both populations, it is evident that the urban
individuals in the later medieval period consumed more cariogenic
foods. In the large study by Witwer-Backofen and Engel (2019), a

clear increase in caries frequencies was also noted when settlement
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TABLE 5 Human stable carbon and nitrogen values from Alkmaar and Blokhuizen

Location Sex Collagen yield (%) C/N ratio %N by weight %C by weight 5N (%) 53C (%o)
Alkmaar Male 4.6 31 15.6 41.4 13.3 -215
Alkmaar Male 52 31 15.9 41.5 13.8 -211
Alkmaar Male n/a 3.0 15.9 413 14.7 -21.0
Alkmaar Male 7.7 2.9 16.4 40.6 13.3 -214
Alkmaar Male 10.6 2.9 16.3 40.2 14.1 -19.9
Alkmaar Male 7.3 33 16.5 45.9 12.6 -20.1
Alkmaar Male 4.8 3.2 16.5 46.0 125 -19.6
Alkmaar Male 4.6 33 16.1 45.6 15.0 —18.5
Alkmaar Male 34 34 151 43.7 13.9 -19.6
Alkmaar Male 4.8 3.3 16.3 46.2 135 -19.6
Alkmaar Male 5.2 3.3 15.9 45.2 13.4 —-20.0
Alkmaar Male 6.6 3.2 16.5 45.9 14.3 —18.8
Alkmaar Male 1.7 3.3 16.6 46.9 12.6 -19.8
Alkmaar Female 6.9 3.0 15.9 404 12.8 —21.6
Alkmaar Female 111 29 16.6 418 131 -214
Alkmaar Female n/a 3.3 15.7 441 13.0 -19.9
Alkmaar Female 1.6 29 15.9 39.4 12.8 —21.2
Alkmaar Female 34 3.0 16.0 40.7 13.7 —20.5
Alkmaar Female 6.7 3.3 16.2 455 11.7 -20.2
Alkmaar Female 9.2 3.3 16.6 46.6 13.6 -19.9
Alkmaar Female 3.7 33 16.1 45.5 124 —204
Alkmaar Female 2.8 33 16.0 45.2 11.0 -19.8
Alkmaar Female 4.4 3.3 16.0 44.9 13.1 —-204
Alkmaar Female 7.7 3.3 15.6 442 12.2 —20.3
Alkmaar Female 10.6 3.3 171 47.9 135 -19.7
Blokhuizen Female 20 3.3 16.1 45.1 11.2 —20.9
Blokhuizen Female 1.8 3.2 16.1 44.9 11.2 —20.8
Blokhuizen Female 29 83 15.9 44.4 120 -20.7
Blokhuizen Female 34 3.3 16.5 46.1 114 —20.5
Blokhuizen Female 3.2 3.3 15.7 443 12.3 —20.6
Blokhuizen Female 14 3.3 16.1 45.4 10.5 -20.5
Blokhuizen Female 3.2 3.3 16.3 46.0 12.8 —20.7
Blokhuizen Female 7.7 33 16.3 45.8 134 —20.2
Blokhuizen Female 22 3.3 158 45.2 114 -20.7
Blokhuizen Male 6.5 33 16.8 47.3 10.1 -21.0
Blokhuizen Male 7.5 3.3 15.8 44.7 12.2 —-204
Blokhuizen Male 6.8 3.3 16.0 44.6 11.6 -20.9
Blokhuizen Male 3.8 3.3 16.5 46.8 12.0 —20.6
Blokhuizen Male 5.6 33 16.0 45.0 12.2 -19.9
Blokhuizen Male 34 33 16.5 46.0 131 -19.7
Blokhuizen Male 6.2 3.3 15.7 44.3 12.7 —20.6
Blokhuizen Male 7.7 33 15.5 44.0 11.0 —20.7
Blokhuizen Male 3.8 3.3 16.0 45.4 11.3 -211

Note: n/a = lab error prevented the calculation of collagen yield; samples are retained for analysis because of acceptable C/N and %C and %N by weight
values.
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et al., 2014); dashed square: site of Oosterbeintum (McManus et al., 2013) [Colour figure can be viewed at wileyonlinelibrary.com]

size became larger. Variations in and diversification of agricultural
practices as well as intensification of international trade in the late
medieval period could have expanded and diversified diet and
potentially made it more cariogenic (Woolgar et al., 2006).
Archaeobotanical and archaeozoological research shows a greater
diversity of fruits and vegetables in the late medieval period,
whereas fruits are an uncommon find in sites dating to an earlier
period (van Haaster et al., 2012). Additionally, an increase in the
intake of sugar and honey may have been responsible for the higher
prevalence of caries observed for the urban individuals (Moore &
Corbett, 1975). Burema (1953) states that sweets and cakes were
consumed in late medieval society but that it is unlikely everyone
could afford them. Yet, Burema also indicates that sugar became
more widely available from the 15th century onwards, when it was
shipped on a regular basis from Italy and Portugal (Burema, 1953,
p. 23). Another explanation for the higher caries prevalence in the
late medieval individuals may be an increase in alcohol, particularly
beer, consumption. Studies performed on animals in a laboratory
setting show that a higher intake of alcoholic drinks promotes bac-
terial growth in the oral cavity (Kantorski et al., 2007). Touger-
Decker and van Loveren (2003) demonstrate that beer in particular
has a high caries-promoting potential. During the central medieval
period in Holland, beer production on a commercial scale was still in
its infancy (Unger, 2004). Although small quantities may have been
produced at home, commercial beer production only became impor-
tant after 1300 CE (Unger, 2004), and it is therefore likely that this

was a much more common beverage for the Alkmaar population.

6.2 | Stable carbon and nitrogen isotopes

The stable carbon and nitrogen isotope data suggest there was also a
change in the protein component of the diet. The mean difference in
isotope values between sites is fairly small (§*°N = 1.4 %o; 5*°C = 0.3
%o), suggesting temporal continuity of many dietary habits, but it is
large enough, especially the SN results, to reveal that there must
have been at least a minor change in the types or relative amounts of
proteinaceous foods that were consumed. The faunal isotope data
suggest the diet of the Blokhuizen individuals was generally com-
posed of terrestrial food products, mainly protein from herbivores and
omnivores such as cow, pig, and sheep/goat, likely in the form of meat
and dairy products, with minimal contribution of fish. The average 5%°
N value of the population of Blokhuizen is 11.8%o. A diet of roughly
equal amounts of cow, sheep/goat, pig, and sheep would result in a
weighted average 5'°N of approximately 11.5%o (mean 5*°N of ter-
restrial herbivores and omnivores: 8.5%. + 3% offset). Considering
the location of Blokhuizen, near large bodies of salt and fresh water,
fish consumption may have been expected. Similar results were
obtained from an early medieval population, Oosterbeintum, located
in Frisia, where the stable isotope results also suggest a lack of
(marine) fish consumption (McManus et al., 2013).

When the Blokhuizen and Alkmaar isotope data are compared, it
is clear that the urban citizens consumed more protein from higher
trophic levels. More fish in the diet could be an explanation for this. A
similar hypothesis was posed for the higher §'°N values in late medie-

val York in comparison with earlier time periods, where it was linked
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TABLE 6 Faunal stable carbon and nitrogen values from this study
Collagen yield
Location Species (%)
Alkmaar Bos taurus Cow 13.4
Alkmaar Bos taurus Cow 8.3
Alkmaar Bos taurus Cow 15.6
Alkmaar Bos taurus Cow 13.9
Alkmaar Canis lupus familiaris Dog 8.1
Alkmaar Gallus gallus domesticus Chicken 3.3
Alkmaar Gallus gallus domesticus Chicken 7.4
Alkmaar Gallus gallus domesticus Chicken 6.2
Alkmaar Gallus gallus domesticus Chicken 3.5
Alkmaar Ovis aries/Capra hircus Sheep/ 8.3
goat
Alkmaar Ovis aries/Capra hircus Sheep/ 13.1
goat
Alkmaar Ovis aries/Capra hircus Sheep/ 15.8
goat
Alkmaar Ovis aries/Capra hircus Sheep/ 7.0
goat
Alkmaar Sus domesticus Pig 13.3
Alkmaar Sus domesticus Pig 11.0
Alkmaar Sus domesticus Pig 13.8
Alkmaar Sus domesticus Pig 8.5
Oldenzaal  Anas platyrhyncha Duck 9.6
Oldenzaal  Anas platyrhyncha Duck 6.6
Oldenzaal  Anguilla anguilla Eel 13.5
Oldenzaal  Gadus morhua Cod 11.5
Oldenzaal  Melanogrammus Haddock 4.8
aeglefinus
Oldenzaal  Melanogrammus Haddock 7.6
aeglefinus
Oldenzaal  Pleuronectiformes Flatfish 9.6

to more stringent adherence to fasting regulations in the later medie-
val period, which prohibited meat on Fridays and Saturdays
(Mldner & Richards, 2005, 2007). This may have also contributed to
the increase in fish consumption for the Alkmaar population. Interest-
ingly, this rise in the consumption of fish is not noted in isotopic data
of human skeletal remains from medieval Belgium (Ervynck
et al, 2014), even though it experienced similar socio-economic
developments. For Holland, this potential increase in the consumption
of fish fits with the intensification of commercial fishing activities dur-
ing the late medieval period. Herring fishing, a saltwater fish, became
an especially important industry. Especially the new preservation
technique of curing herring on board of the ship (kaken) allowed for
export and import over large distances. While being an important
export product, herring also made it to the markets in Holland and
was relatively cheap to buy (Unger, 1978). Based on the isotopic
results, freshwater fish may also have been consumed on a regular

basis (Fuller et al., 2012). Although eel is the only freshwater fish from

C/N %N by %C by 6N 83

ratio weight weight (%o0) (%o0)

3.3 16.3 45.8 9.0 -224
3.3 15.5 441 5.7 —21.2
3.3 16.1 45.1 6.0 -214
3.3 16.1 45.2 6.3 -21.6
3.3 16.0 45.2 12.3 -18.6
3.3 18.0 50.5 6.4 —21.6
3.3 16.2 45.8 6.9 -21.6
3.3 15.9 44.7 11.7 —20.5
3.3 15.6 444 11.6 —20.8
3.3 17.4 48.8 5.7 -21.0
3.3 15.4 43.3 9.0 -223
3.3 16.1 45.3 9.5 -21.9
3.3 16.2 46.2 7.9 -22.1
3.3 14.5 41.4 10.8 —21.1
34 14.3 41.2 12.6 —21.2
3.2 22.2 61.2 8.7 -21.2
3.3 16.1 45.7 8.5 —-215
3.1 16.4 44.2 13.0 -194
3.2 14.2 38.9 11.2 -19.4
3.2 15.3 41.8 8.8 —24.6
3.1 16.2 42.7 17.2 —-12.0
3.1 14.5 38.7 14.6 —13.5
3.2 16.1 43.6 14.8 -13.2
3.1 16.4 43.7 14.4 —125

Alkmaar with a relatively low §'°C, the eel from the Sint-Oedenrode
has much higher values which can be explained by the migratory
nature of this fish (Esser et al., 2014; Fuller et al., 2012).
Archaeozoological research suggests that other species such as bream
and carp would probably have been available in Alkmaar as well (van
Haaster et al., 2012).

An alternative explanation is that Alkmaar individuals consumed
terrestrial animals, like pigs and chickens including their eggs, that had
higher 5*°N values because of a change in what or where the animals
were fed. For example, pig isotopic data suggest both landscape
(e.g., degree of salinity and manured soils) and household manage-
ment (e.g., permanently penned, partial natural foraging) resulted in
diets ranging from purely herbivorous to omnivorous (Esser
et al., 2014). Plants grown on soils that are fertilised with manure have
higher §'°N values, which is then transferred along the food chain
(Bogaard et al., 2007), but taking into account the considerable enrich-

ment in the Alkmaar population, it is unlikely that this practice is solely



SCHATS ET AL 11
TABLE 7 Intrasite and intersite comparison of stable isotope ratios
Comparison n Mean 63C (%o) SD t df
Intrasite Sex Alkmaar Males 13 -20.1 0.92 1.090 23
Females 12 —-204 0.64
Sex Blokhuizen Males 9 —20.5 0.48 0.449 16
Females 9 -20.6 0.20
Intersite All individuals Blokhuizen 18 —20.6 0.36 1.813 35.318
Alkmaar 25 —20.3 0.80
Males Blokhuizen 9 -20.5 0.48 1.360 20
Alkmaar 13 —-20.1 0.92
Females Blokhuizen 9 —20.6 0.20 0.948 13.866
Alkmaar 12 -20.4 0.64

Note: All data are normally distributed (p > 0.05, Shapiro-Wilk test). Underlined p values violated Levene's test for homogeneity of variance; therefore, the

results from the Welch t-test are reported.

TABLE 7 (Continued)

p Mean 6*°N (%o)

Intrasite 0.287 13.6

12.8

0.659 11.8

11.8

Intersite 0.078 11.8

13.2

0.189 11.8

13.6

0.359 118

12.8

SD t df p

0.79 2.692 23 0.013
0.81

0.91 —-0.010 16 0.992
0.91

0.88 5.113 41 <0.001
0.90

0.91 4.989 20 <0.001
0.79

0.91 2.559 19 0.019
0.81

Note: All data are normally distributed (p > 0.05, Shapiro-Wilk test). Underlined p values violated Levene's test for homogeneity of variance; therefore, the

results from the Welch t-test are reported.

responsible for the high §'°N values. Chickens were dubbed the
“farmyard scavengers” because they can subsist off a wide range of
food scraps, and in the post-Medieval period coastal populations used
dried shrimp and ground fish by-products
(Elson, 2011; Wolff, 2005). If this practice started in the late Medieval

period, a likely possibility with the advent of industrialised marine fish-

in chicken feed

ing, then chicken meat and eggs would have higher §'°N values that
could have caused the shift in human §*°N values. Two of the
chickens in this dataset have relatively high 5°N values supporting
this hypothesis. Either way, the change in isotope values between the
Blokhuizen and Alkmaar populations could suggest increased con-
sumption of marine foods, whether directly via fish consumption or
indirectly through domesticated animals that were fed more marine
leftovers and by-products.

The isotope data also suggest that the individuals from Alkmaar
had a more heterogeneous diet compared with the inhabitants of
Blokhuizen. This supports the hypothesis that the expansion of the
market and available products resulted in dietary diversification in late
medieval urban centres. Although a much larger city, similar results
were found in medieval London, which the authors link to the large

variety of available foods there (Walter et al., 2020). Moreover, differ-
ences in isotope ratios between males and females are noted in
Alkmaar, but not Blokhuizen. As the Alkmaar male 5'°N ratios are the
highest and most distinctive, it suggests they were the most affected
by changes in the relative amount or type of protein consumption,
perhaps because of market-related occupations that had a greater
range of foods, such as marine fish or imported meats, that were occa-

sionally eaten while away from home.

6.3 | Dietary change and urbanisation

The dental and isotope analysis suggest that the diet changed for the
late medieval urban individuals in Holland. The diet appears to have
been more cariogenic, more heterogenous, and included more high
trophic level foods, such as marine fish. However, in both time-
periods and settlement types, terrestrial herbivores/omnivores and
foul, and possibly freshwater fish, were the staple sources of protein.
Moreover, the isotopic results and tentatively also the caries data indi-

cate that there was a difference between male and female diets in the
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urban environment, which suggests that sex-based differences
became more pronounced in late medieval towns. The urban context,
which was characterised by market dependence, as well as the
broader socio-economic developments in the late medieval period
such as an increase in international trade but also adherence to fasting
regulations are most likely responsible for the observed shift. It is clear
that the urban individuals had access to different types of foods,
which impacted both their carbohydrate and protein intake. The data
presented here suggest late medieval urbanisation not only impacted
the landscape and living conditions, it also directly influenced the food
eaten by regular townspeople. The late medieval rural inhabitants
were also likely impacted by the socio-economic developments of the
time (Hoppenbrouwers, 2002; Schats, 2016), but future research is
needed to determine if this changed their diet. Unfortunately, little
information on rural populations from this time period is available for
Holland. Preliminary research on a late medieval rural skeletal collec-
tion from the province of Zeeland shows that the Alkmaar population
had a markedly higher caries frequency suggesting dietary changes
were tied to urban living and not just broader late medieval socio-

economic developments (Schats, 2016).

7 | CONCLUSIONS

This integrated paleopathology-stable isotope approach revealed die-
tary changes in the carbohydrate and protein components of the
medieval diet in Holland. It is clear that the urban diet was more cario-
genic, potentially as a result of an increase in the consumption of car-
bohydrates, which may have been actual sugar or sugar in the form of
fruit, honey, or alcohol. The isotopic results indicate an increased con-
sumption of higher trophic level foods and greater diversification of
the diet both within the population as a whole and between men and
women. The results of this study clearly show that late medieval
urban living and associated socio-economic changes in Holland had an
impact on the dietary patterns of the inhabitants of the newly formed

towns.
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