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Abstract

The continuity of occupation at the settlement of Prague, Czech Republic, from the ninth to fourteenth centuries makes it a good
case study for investigating the evolution of animal husbandry practices during the Early and High Middle Ages. Previous
archaeozoological work shows that people’s dietary behaviour in Prague underwent a transformation at the beginning of the High
Middle Ages (thirteenth century). This change has been attributed to large-scale socioeconomic transformations, which may have
affected animal management practices. Stable carbon (5'>C) and nitrogen (5'°N) isotope analysis of the tooth dentine collagen of
livestock (cattle, domestic pigs, sheep and goats) from three different areas in Prague (the Lesser Town, Prague Castle and the Old
Town) presented in this study provides support for this hypothesis. The range of stable isotope values increased over time, which
may, in addition to a farm-household model, indicate a more advanced system of livestock supply—for example, through urban
markets—and may also be explained by more diversified breeding conditions in the town and its surroundings. The results show
an increase in the 8'°N values in pig diet over time and suggest that their management changed. This difference may have been
caused by increased animal protein intake or higher 5'°N value of the dietary sources. It has also been corroborated that the root
dentine collagen of High Medieval cattle has slightly higher average 5'°N values when compared to cattle from the earlier period,
which could be related to gradual changes in landscape utilization and soil processing, such as fertilization.
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Introduction continuous role as a central meeting place—the Early

Medieval seat of the Bohemian dukes and later Kings

Prague, Czech Republic, is among the most important archae-
ological sites in East-Central Europe. Its position has been
brought about not only by a continuity of settlement that has
lasted for more than a thousand years but mainly by its
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(Frolik and Smetanka 1997). Ever-increasing archaeological
and historical research has gradually revealed how Prague
started as an early urban settlement that grew into a High
Medieval town characterized by new legal and territorial prin-
ciples (Klapste 2016).

At the end of the Early Middle Ages in Bohemia (end of the
twelfth century), the original system of country administration
collapsed, changes took place in society and new rules for the
promotion of power were established. Subsequently, during
the High Middle Ages, there was more intense density of
settlement, related to the founding of towns and villages as
well as the restructuring of older settlement units. The origi-
nal, traditional relations to allotments, which were now
delimited, and which gave their owners discretions and duties,
fundamentally changed. In this way, at the beginning of the
High Middle Ages, in the thirteenth century, Bohemia
underwent a significant transformation, the so-called
Medieval transformation, consisting of gradual changes in
cultural, political and economic aspects of society (Klapsté
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2012). The Medieval transformation took place in different
parts of Bohemia asynchronously and with varying degrees
of intensity and is very poorly documented by written sources
(for details, see Zemlicka 1997, 2002). In Prague, however,
this transformation is well documented. As a result of multiple
written and archaeological sources, it is possible to investigate
the changes to everyday life, craft production and presence of
‘ethnic group’ settlements in Prague on both a chronological
and a spatial scale.

The manifestations of the Medieval transformation includ-
ed changes such as tool improvement, varied crop production
methods (the three-field system), the adoption of soil manage-
ment strategies (e.g. soil fertilization/manuring) and defores-
tation (Petran and Buchvaldek 1985; Sadlo et al. 2008;
Klapsté 2012; Kunes§ and Abraham 2017). Archaeological
analyses suggest the use of stables and cowsheds at farmsteads
from the High Middle Ages. Greater use of long, two-handed
scythes as well as meadows is evidenced by historical, archae-
ological and pollen analyses (Klapste 2012).

The Medieval transformation in Central Europe, and in
particular its impact on the natural environment, can be
studied not only through archaeological and historical
lenses but also using archaeobotanical techniques (macro-
and microscopic). For example, results of these studies
indicate the increasing eutrophication of the environment
in High Medieval Prague, as well as a decline in plant
species variability (Kozakova 2008). Some results docu-
ment the change in the consumption of animal products
that occurred at the beginning of the thirteenth century as
well (Kovacikova et al. 2019).

Faunal material provides an opportunity to assess the
change in the economic development of Medieval Prague.
These investigations have shown that livestock breeding
formed one of the essential components of the Medieval econ-
omy of Bohemia (Peske 1985). Most archaeozoological re-
search into assemblages from Medieval Prague has focused
on the basic characteristics of the osteological material obtain-
ed from particular sites. Studies that evaluate the system of
livestock management are rarer; so too are studies that apply a
diachronic approach that would allow the determination of
long-term trends in breeding strategies (Kysely 2015;
Stvova et al. 2018).

This study aims to investigate the variability of breeding
strategies and animal husbandry management employed in
Medieval Prague by combining the results of stable isotope
analyses and the results of archacozoological studies.

Appropriate consideration shall, therefore, be given to the
following objectives:

(1) Reconstruction of the dietary and feeding regimes of
livestock in Early and High Medieval Prague, based on
the stable carbon and nitrogen isotope values preserved
in samples from selected sites
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(2) Identification of changes in livestock breeding strategies
in relation to broader changes in the landscape associated
with the Medieval transformation

The archaeological context of Medieval Prague

In the late eighth/early ninth century, a fortified settlement was
built on the left bank of the Vltava River in the area of today’s
Lesser Town (Fig. 1). The fortification enclosed a small area
(of about seven hectares) along the riverbank, which probably
controlled local fords (Cihdkova 2018).

By the mid-ninth century, the settlement structure had
changed significantly, and the Hrad¢any (Hradschin) promon-
tory came to the fore when the ruling family of the Pfemyslids
chose it as their principal residence. The first fortification was
situated at the location where the Prague Castle (Fig. 1) was
later built and dates to the second half of the ninth century.
The ducal residence was first fortified with an earth and wood
rampart, probably at the end of the reign of Duke Spytihnev I
(915 AD), while the original fortified area in the Lesser
Town was significantly enlarged around 900 AD. The new
precinct, together with the fortified Prague Castle, formed the
seat of the Pfemyslid dynasty. In the tenth century, the Early
Medieval town of Prague became an important crossroads of
European trade, and between 1135 and 1185 AD, the original
stronghold was transformed into a Romanesque castle with
stone walls (Bohacova and Herichova 2009).

After the eleventh century, a permanent settlement began to
grow on the Old Town riverbank, with a predominance of
craft and business activities. Expansion of the Old Town res-
idential complex (Fig. 1) began once the central marketplace
shifted to the area of today’s Old Town Square, probably at
the beginning of the twelfth century (Hrdlicka 2000). The
absence of Romanesque churches and the preliminary results
of archaeological research in the northern part of the Old
Town suggest that the local Jewish community inhabited this
area (where the High Medieval Jewish Quarter was located),
probably from as early as the beginning of the twelfth century.
The sprawling development of the Old Town settlement ag-
glomeration culminated in the emergence of the High
Medieval town in the mid-thirteenth century during the reign
of Wenceslas I (1230-1253 AD).

The archaeozoological background of Medieval
Prague

The taxonomic data and mortality profiles for the osteological
assemblages used in this study have already been published
(Kovacikova et al. 2019). The earlier phase of the Medieval
settlement of Prague represented by the Lesser Town (ninth to
eleventh centuries) and Prague Castle (twelfth to thirteenth
centuries) is characterized by a high proportion of finds
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Fig. 1 Location of Medieval sites from the Czech Republic mentioned in
the study—(1) Malostranské Square No. 2/I1I (Lesser Town, ninth to elev-
enth centuries); (2) Prague Castle, Northern Promontory (Prague Castle,

(NISP, Number of Identified Specimens) of domestic pig (Sus
domesticus; Lesser Town: 63.7% of total NISP, Prague
Castle: 49.0%; Fig. 2). The slaughter patterns for this species
derived from both sites corroborate different trends in the meat
production. While most animals in the earlier Lesser Town
were slaughtered before the age of 18 months (53.6% of teeth;

Fig.2 Faunal spectra for different
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twelfth to thirteenth centuries); (3) K#izovnicka St. No. 71/1 (Old Town,
thirteenth to fourteenth centuries): (4) Pafizska ul. No. 205/V (Old Town,
thirteenth century)

Fig. 3a), up in the later Prague Castle, the slaughter age varied
between 18 and 24 months (52.6%; Fig. 3a). The representa-
tion of individuals in different age categories (suckling/
weaning pigs, market pigs providing fresh/high yield meat
and older animals culled from the breeding stock; Fig. 3a)
seems to indicate that some animals were raised within the
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stronghold and were slaughtered for local consumption. At the
same time, the marked predominance of male individuals at-
tests to a consumer economy. Based on the character of both
sites, it may be assumed that the strategies were combined.
The second most abundant species in both assemblages is
cattle (Bos taurus; Lesser Town: 14.4% NISP, Prague Castle:
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20.0%; Fig. 2). The kill-off pattern of cattle in the Lesser
Town is indicative of secondary production, as more than half
of the individuals lived for more than 6 years (70.0% of total
teeth; Fig. 3b). The number of bones from sheep/goats (Ovis/
Capra; Lesser Town: 9.8% of NISP, Prague Castle: 9.7%) is
low in both assemblages (Fig. 2).
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Assemblages from the Old Town (thirteenth century) are of
a different character from the assemblages from the Lesser
Town and Prague Castle, probably due to the greater wealth
of the inhabitants of the High Medieval town (Klapste 2016).
The Old Town assemblages have in common a higher propor-
tion of bones from cattle (Kf#izovnicka St.: 39.0% of NISP;
Parizska St.: 49.4% Fig. 2), which were slaughtered predom-
inantly after 3 years of age at the latest (K#izovnicka ul.:
56.2% of NISP, Pafizska St.: 69.2%; Fig. 3b). Pigs were
slaughtered between 1.5 and 2 years of age (Kfizovnicka St.:
60.0% of teeth; similar results were obtained for the latter
group originating from Prague Castle; Fig. 3a). In some as-
semblages, pig bones are less numerous (Kfizovnicka ul.:
27.1% of NISP, Patizska St.: 4.2%; Fig. 2), and caprine finds
are more common (Kftizovnicka St.: 23% of NISP, Patizska
St.: 4.2%; Fig. 2). The slaughter age of sheep and goats in the
Old Town (Kiizovnicka St.; Fig. 3c) indicates that they were
used in several ways, with a stronger emphasis on secondary
production. These caprines were slaughtered at between 6
months and 2 years (30.2%) and over 4 years of age (41.5%).

Principles of stable isotope analysis

The stable carbon and nitrogen isotope composition of the
bone and tooth dentine collagen provides information about
past animal diets and landscape use (Fisher and Thomas 2012;
Hamilton and Thomas 2012; Hammond and O’Connor 2013;
Millard et al. 2013; Alexander et al. 2019). §'3C values are
primarily determined by the photosynthetic pathway that
plants—which were consumed by the animals—use to fix CO,
(DeNiro and Epstein 1981; Tieszen et al. 1983). 5'°N values
are indicative of the trophic level of individuals on the food
chain (Schoeninger and DeNiro 1984). The mean value for C;
plants is — 27%o (Smith and Epstein 1971), with a range from
— 20 in dry and open habitats to — 37%¢ in shaded forest
habitats affected by the canopy effect (Drucker et al. 2008;
Kohn 2010). Bone collagen §'C values of herbivores grazing
C; plants in north-western Europe are around — 21.5%0
(Millard et al. 2013). The non-indigenous crops and weeds
that employ the C, photosynthetic mechanism, such as com-
mon millet (Panicum miliaceum), foxtail millet (Setaria

italica) and barnyard grass (Echinochloa crus-galli), represent
a smaller part of the Medieval archacobotanical material in the
Czech Republic (e.g. < 10% in Zatec; Ko&ar et al. 2010). The
remains of common millet as a staple are an integral part of
Medieval crop plant assemblages from Prague, while foxtail
millet is less common (Opravil 1994; Culikova 2010). The
average &' °C values for C, plants may reach — 12.5%0 and
range from — 15 to — 9% (O'Leary 1988). The 5'*C values in
plants can also be affected by temperature, humidity and irra-
diance (Tieszen 1991; Heaton 1999).

Animals cannot synthesize all the amino acids they need to
build proteins and so must obtain essential amino acids from
external plant-based sources (Galili et al. 2016). While herbi-
vores include them mainly by the transamination of keto acids
derived from carbohydrates in their diet, omnivores include
proteins in their diet and eventually involve carbohydrates in
their protein synthesis. Thus, 5'>C values of the collagen of
omnivores may not reflect their total diet but only the animal
protein portion there (Krueger and Sullivan 1984). The §'°C
value increases by up to 2%o with each trophic level
(Bocherens and Drucker 2003) and the 5'°N value by up to
+ 3—6%0 (DeNiro and Epstein 1981; O'Connell et al. 2012).
The §'°N values in plants are closely linked to the amount of
mineralizable N in soils and are influenced by environmental
factors such as soil type, age and depth, moisture or climatic
conditions (Ambrose 1991; Pardo and Nadelhoffer 2010;
Szpak 2014). The nitrogen-15 abundance in large herbivore
collagen increases with rising temperatures, which lead to
higher soil activity (Drucker et al. 2003). The 5'°N values of
adult animal tissues can be affected by seasonal changes in
dietary composition and its quality (Sponheimer et al. 2003).
Some agroecological measures may also be reflected in the
isotopic record, such as the fertilization of agricultural crops,
which increases the 5'°N values in plants (Bogaard et al.
2007, Fraser et al. 2011).

Materials and methods

Teeth extracted from the mandibular and maxillary bones of
cattle (Bos taurus), domestic pigs (Sus domesticus), sheep

Table 1  Overview of assemblages and samples selected for stable isotope analyses from three archaeological sites in Medieval Prague
No.in Fig. 1~ Area of Prague  Site Dating No. of samples
Lesser Town Malostranské Square No. 2/111 Ninth to eleventh centuries 44 (cattle, 20; pig, 24)
2 Prague Castle Prague Castle, the North Promontory ~ Twelfth to thirteenth centuries 19 (pig, 19)
3 Old Town Kiizovnicka Street No. 71/1 Thirteenth to fourteenth centuries 45 (cattle ,12; pig, 23; sheep, 3; goat,
3; caprines, 4)
4 Old Town Parizska Street No. 205/V Thirteenth century 12 (cattle, 7; sheep, 1; goat,

2; caprines, 2)
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Table 2 Stable carbon and nitrogen isotope data for the tooth dentine collagen of animals from all sites

Sample Site Species 83Cy.ppp %)  8°Nagr (%) C% N% C:N  Element Age (months)
PAR1 Old Town (Pafizska St.) Cattle -21.1 9.3 421 159 3.1 P3 26-36
PAR2 Old Town (Pafizska St.) Cattle -20.5 7.5 436 163 3.1 P4 72-96
*PAR3 Old Town (Pafizska St.) Cattle - 18.6 7.9 417 158 3.1 P3 3648
PAR4 Old Town (Pafizska St.) Cattle -19.9 8.7 41.1 155 3.1 P2 26-36
PARS5 Old Town (Pafizska St.) Cattle -203 8.7 429 162 3.1 P4 72-96
PAR6 Old Town (Pafizska St.) Cattle -19.7 6.4 406 153 3.1 M3 36-72
PAR7 Old Town (Pafizska St.) Cattle -209 45 428 161 3.1 P4 72-96
PARS Old Town (Pafizska St.) Sheep -204 8.6 420 158 3.1 P4 24-36
PAR9 Old Town (Pafizska St.) Goat -20.5 8.1 420 158 3.1 P4 >24
PAR10 Old Town (Patizska St.) Goat -20.9 9.2 41.0 154 3.1 P4 48-72
PARI1 Old Town (Pafizska St.) Sheep/goat  —20.9 8.4 431 161 3.1 M3 >72
PARI12 Old Town (Patizska St.) Sheep/goat  —20.6 9.6 424 160 3.1 M3 48-72
SV1 Prague Castle Pig -21.0 7.3 425 160 3.1 M2 16-22
SV2 Prague Castle Pig -20.5 7.1 413 156 3.1 M3 30-60
SV3,14 Prague Castle Pig -215 5.7 416 155 3.1 P4.M3 30-36
SV4,5 Prague Castle Pig —20.6 9.5 434 162 3.1 M2,M3 84-120
SV7.8 Prague Castle Pig -214 8.3 415 155 3.1 M2.M3 22-24
SVi1 Prague Castle Pig —20.1 9.2 371 133 32 M3 30-36
SV13 Prague Castle Pig -203 7.5 353 128 32 M2 18-22
SV18 Prague Castle Pig -21.0 8.7 372 136 32 M3 22-24
*SV19 Prague Castle Pig -19.0 9.5 428 160 3.1 M2 18-24
SV20 Prague Castle Pig -21.1 7.5 422 158 3.1 M2 20-22
SV21 Prague Castle Pig -213 7.7 432 162 3.1 M2 16-20
Sv22 Prague Castle Pig -21.5 9.3 424 159 3.1 M2 16-22
Sv23 Prague Castle Pig -21.9 45 330 120 32 M2 16-22
Sv24 Prague Castle Pig -214 7.8 451 17.0 3.1 M2 16-18
SV25 Prague Castle Pig -213 8.7 405 153 3.1 M2 14-16
SV26 Prague Castle Pig -214 7.6 427 160 3.1 P4 18-24
SV27 Prague Castle Pig -219 6.1 427 158 3.1 P4 >12
SV28 Prague Castle Pig -202 9.1 429 161 3.1 M2 1620
SV29,30,31  Prague Castle Pig -215 8.2 36.6 136 3.1 PAM2M3 2022
KR24 Old Town (Kiizovnicka St.)  Cattle -209 6.5 452 172 3.1 M3 72-96
KR25 Old Town (Kiizovnicka St.)  Cattle -209 8.6 43.0 163 3.1 I1 18-24
KR26 Old Town (Kiizovnicka St.)  Cattle -20.3 7.6 453 172 3.1 P4 96-120
KR27 Old Town (Kftizovnicka St.)  Cattle -21.4 8.7 331 127 3.0 P2 36-72
KR28 Old Town (Kftizovnicka St.)  Cattle -20.5 8.6 448 169 3.1 I1 18-24
KR29 Old Town (Ktizovnicka St.)  Cattle -21.4 5.1 431 164 3.0 P3 36-72
KR30 Old Town (Kiizovnicka St.) ~ Cattle -209 8.7 451 172 30 M2 36-72
KR31 Old Town (Kftizovnicka St.)  Cattle -21.2 7.0 40.5 140 33 M3 >96
KR32 Old Town (Kftizovnicka St.) ~ Cattle —20.0 7.1 454 172 31 M2 24-30
KR33 Old Town (Kfizovnicka St.)  Cattle -19.9 7.3 436 165 3.1 M2 >96
KR34 Old Town (Kfizovnicka St.)  Cattle -21.8 7.0 37.1 140 3.1 P4 72-96
KR35 Old Town (Kfizovnicka St.)  Cattle -212 6.6 428 162 3.1 M2 26-36
KR1 Old Town (Kfizovnicka St.)  Pig -21.1 74 431 161 3.1 M2 20-24
KR2 Old Town (Kfizovnicka St.)  Pig -214 8.5 414 153 3.1 M2 18-22
KR3 Old Town (Kiizovnicka St.)  Pig -212 7.1 441 166 3.1 M2 18-22
KR4 Old Town (Kiizovnicka St.)  Pig -215 6.8 459 173 3.1 P4 14-18
KRS Old Town (Kiizovnicka St.)  Pig -20.8 84 472 176 3.1 P4 24-30
KR6 Old Town (Kfizovnicka St.)  Pig -21.1 74 435 164 3.1 P4 24-30
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Table 2 (continued)

Sample Site Species 53Cyppg %a)  8PNagr (%) C% N% C:N  Element Age (months)
KR7 Old Town (Kfizovnicka St.)  Pig -215 7.7 354 125 33 P4 24-36
KRS8 Old Town (Kfizovnicka St.)  Pig -20.5 8.2 435 164 3.1 M2 30-36
KR9 Old Town (Kfizovnicka St.)  Pig -19.9 9.2 433 165 30 P3 12-16
KR10 Old Town (Kfizovnicka St.)  Pig -21.0 8.3 442 166 3.1 P4 22-24
KRI11 Old Town (Kfizovnicka St.)  Pig -20.9 7.8 433 162 3.1 P4 30-36
KR12 Old Town (Kfizovnicka St.)  Pig —20.7 6.3 450 169 3.1 M2 20-22
KR13 Old Town (Kfizovnicka St.)  Pig -21.2 6.3 428 165 3.0 M2 1620
KR14 Old Town (Kfizovnicka St.)  Pig -204 9.5 44.1 168 3.0 M2 12-14
KR15 Old Town (Kfizovnicka St.)  Pig - 193 9.5 39.5 149 3.1 P4 14-16
KR16 Old Town (Kfizovnicka St.)  Pig -22.0 5.8 423 159 3.1 M2 22-30
KR17 Old Town (Kfizovnicka St.)  Pig -21.0 6.8 359 136 3.1 M2 18-22
KR18 Old Town (Kfizovnicka St.)  Pig -21.0 9.5 437 164 3.1 M2 22-24
KR19 Old Town (Kfizovnicka St.)  Pig -21.0 8.0 44.1 166 3.1 M2 18-22
*KR20 Old Town (Kfizovnicka St.)  Pig —20.6 11.2 41.1 154 3.1 M3 18-22
KR21 Old Town (Kfizovnicka St.)  Pig -214 59 434 162 3.1 P4 16-18
KR22 Old Town (Kfizovnicka St.)  Pig -21.1 8.6 429 161 3.1 M2 36-60
KR23 Old Town (Kfizovnicka St.)  Pig -20.8 8.9 395 146 3.1 M2 22-36
KR40 Old Town (Kftizovnicka St.) ~ Sheep -21.1 7.9 420 153 32 M2 12-24
KR41 Old Town (Kfizovnicka St.) ~ Sheep —-222 8.4 39.6 13.6 34 M3 2448
KR43 Old Town (Kfizovnicka St.) ~ Sheep -214 92 382 124 36 M3 3648
KR36 Old Town (Kfizovnicka St.)  Goat -212 6.8 422 160 3.1 P4 48-72
KR37 Old Town (Kfizovnicka St.) ~ Goat -21.0 7.5 336 128 3.1 P4 >72
KR45 Old Town (Kfizovnicka St.)  Goat -21.1 9.8 425 161 3.1 P4 36-72
KR38 Old Town (Kftizovnicka St.) ~ Sheep/goat —21.4 7.8 428 154 32 M3 >72
KR39 Old Town (Kfizovnicka St.) ~ Sheep/goat  —20.8 59 444 168 3.1 M3 48-96
KR42 Old Town (Kfizovnicka St.) ~ Sheep/goat —21.2 6.6 44.1 167 3.1 M3 >72
KR44 Old Town (Kfizovnicka St.) ~ Sheep/goat —20.6 8.8 43.0 163 3.1 M3 >72
MS13 Lesser Town Cattle -203 8.6 453 169 3.1 M3 >108
MS21 Lesser Town Cattle -20.9 44 434 162 3.1 P4 78-108
MS22 Lesser Town Cattle -20.0 6.4 438 163 3.1 M3 78-108
MS34 Lesser Town Cattle -19.9 7.6 423 159 3.1 P4 36-96
MS35 Lesser Town Cattle -203 6.5 435 164 3.1 P4 >96
MS36 Lesser Town Cattle —20.7 6.4 433 162 3.1 M3 48-78
MS38 Lesser Town Cattle -203 59 419 159 3.1 M3 78-108
MS40 Lesser Town Cattle —20.6 6.7 41.8 157 3.1 M3 48-78
MS41 Lesser Town Cattle -212 74 419 158 3.1 12 36-72
MS42 Lesser Town Cattle -21.1 6.8 43.6 164 3.1 13 >96
MS43 Lesser Town Cattle -213 7.6 444 167 3.1 I >96
MS44 Lesser Town Cattle —20.7 6.6 440 165 3.1 1 >96
MS45 Lesser Town Cattle -20.5 59 427 161 3.1 12 >96
MS47 Lesser Town Cattle -21.2 72 435 164 3.1 12 >96
MS48 Lesser Town Cattle -214 7.1 439 166 3.1 12 >96
MS49 Lesser Town Cattle -20.0 6.9 437 165 3.1 12 >96
MS50 Lesser Town Cattle -204 7.3 443 167 3.1 12 42-78
MS51 Lesser Town Cattle —20.6 6.2 44.1 166 3.1 M2 48-78
MS52 Lesser Town Cattle -21.2 72 439 165 3.1 M3 >132
MSS53 Lesser Town Cattle —20.9 45 425 160 3.1 M3 78-108
MS2 Lesser Town Pig —20.1 7.0 412 154 3.1 M2 18-20
MS4 Lesser Town Pig -20.2 6.7 427 160 3.1 M2 18-22
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Table 2 (continued)

Sample Site Species 53Cyppg %a)  8PNagr (%) C% N% C:N  Element Age (months)
MS5 Lesser Town Pig -20.8 7.8 427 159 3.1 M3 30-36
MS7,54 Lesser Town Pig -21.7 6.8 413 154 3.1 M2,M3 22-24
MS9 Lesser Town Pig -213 4.8 417 154 32 M2 18-20
MSI11 Lesser Town Pig —20.6 5.5 408 153 3.1 M3 30-36
MS12 Lesser Town Pig -212 8.0 40.5 152 3.1 M2 18-20
MS14 Lesser Town Pig -19.9 7.0 422 158 3.1 M2 14-16
MS15,56,57  Lesser Town Pig -215 6.6 387 145 3.1 PAM2M3  30-36
MS16,59,60  Lesser Town Pig -21.1 8.8 413 155 3.1 PAM2M3  22-24
MS17 Lesser Town Pig - 215 5.8 389 143 32 M2 14-16
MS19 Lesser Town Pig -20.7 6.7 428 159 3.1 M2 14-16
MS20 Lesser Town Pig -20.5 7.0 416 157 3.1 M3 22-24
MS23 Lesser Town Pig -224 6.9 393 147 3.1 M2 18-24
MS24 Lesser Town Pig -220 54 383 143 3.1 M3 18-22
MS25 Lesser Town Pig -21.7 6.5 403 151 3.1 M2 36-60
MS29 Lesser Town Pig -212 8.2 41.0 154 3.1 M3 84-120
MS30 Lesser Town Pig -21.6 8.1 434 163 3.1 M2 16-18
MS31 Lesser Town Pig -213 7.8 40.7 153 3.1 M3 24-30
MS32 Lesser Town Pig -21.7 7.0 38.6 144 3.1 M2 22-30
MS33 Lesser Town Pig -203 8.5 440 16.6 3.1 M2 1624
MS62,63,64  Lesser Town Pig -20.3 9.1 387 146 3.1 P4AM2M3 1824
MS66,67,68  Lesser Town Pig -21.1 7.5 36.4 134 32 P4AM2M3 2436
MS70,71 Lesser Town Pig -214 5.0 42,0 149 33 M2M3 18-24

Stable carbon and nitrogen isotope composition of the tooth dentine collagen of the domestic animals from Prague

*Qutlying samples

The &-values of multiple teeth from one individual are averaged. / incisor, P premolar, M molar

(Ovis aries) and goats (Capra hircus) were individually se-
lected from excavation contexts originally belonging to four
Medieval assemblages from the historical centre of Prague
(Table 1, Fig. 1): the Lesser Town, (1) Malostranské Square
No. 2/11I; Prague Castle, (2) Prague Castle, Northern
Promontory; the Old Town, (3) Kfizovnicka Street No. 71/I;
and (4) Pafizska Street No. 205/V. The Lesser Town is repre-
sented by the settlement on Malostranské Square No. 2/111,
which in the Early Middle Ages (ninth to eleventh centuries)
was within the southern fortified outer bailey of Prague Castle
(Cihdkova 2009, 2018). The site of Prague Castle, Northern
Promontory (Frolik 1997; Huraj¢ikova 2014) formed part of
the fortified western bailey of Prague Castle in the twelfth to
thirteenth centuries. The area of the Old Town is represented
in this study by an assemblage originating from Kfizovnicka
St. No. 71/1. During the High Middle Ages (thirteenth to four-
teenth centuries), this lay outside the fortified area of the
Medieval town and close to the Old Town walls (Starec
2017a). The assemblage from Pafizska St. No. 205/V, dating
to the thirteenth century (Starec 2017b), represents the area of
the former Jewish Quarter in the Old Town. The dates are

@ Springer

based on the chronology established through Medieval
Prague ceramics sherds.

Teeth were selected for analysis based on age assignments,
and only adult individuals were included in the study.

The estimation of age at death for all individuals listed
in Table 2 was based on the stages of tooth eruption, re-
placement and wear. For cattle, dental wear stage ages for
the incisors (I1-12), premolars (P2—-P4) and molars (M2—
M3) were estimated according to the stages of tooth
eruption and replacement provided by Higham (1967)
and observation of the occlusal surface (Legge 1992;
Komarek 1993). The age at death assessments for pigs
are based on the recording of eruption and wear stages on
the premolar (P4) and molars (M2-M3; Grant 1982;
Horard-Herbin 1997). For the premolar (P4) and molars
(M2-M3) of sheep and goats, the age estimation methods
follow Helmer (1995), see Helmer and Vigne 2004) and
Payne (1973). The teeth of sheep were distinguished from
those of goats, and the teeth of domestic pigs from those of
wild boar, on the basis of tooth morphology or dimensions
(Helmer 2000; Zeder and Pilaar 2010; Evin et al. 2014).
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The selection of animal teeth (N = 120; Tables 1 and 2) for
the purpose of stable isotope analysis (each sample corre-
sponding to one individual) was limited by the size of archae-
ological contexts. The Prague Castle assemblage did not con-
tain enough teeth of cattle, sheep and goats; the material orig-
inating from the Lesser Town lacks the teeth of sheep and
goats; and the Pafizska St. assemblage lacks the teeth of pigs
(cf. Table 1). No traces of diagenetic or pathological changes
were observed on the teeth, and the state of preservation of all
finds is comparable. Stable carbon and nitrogen isotope values
measured in the samples of the root dentine collagen retain the
stable isotope composition from the period of the root forma-
tion (Hillson 2005). Root dentine can give insights into the
animal diet over the time span of root growth, and it is not
remodelled, unlike bone collagen (Drucker et al. 2001). When
root formation is completed and the tooth is abraded, dentine
formation continues slowly in the root canal (Hillson 2005).
The continuously deposited secondary dentine may develop
until the root canal is nearly filled in (Gustafson 1950; Brown
et al. 1960). Most of the roots of younger individuals develop
over a time span of 6—7 months (Fig. 4); they can form at
different times in their lives, and the stable isotope values
can reflect seasonal variation in birth and sources of food.
On the other hand, the isotope measurements obtained for
older individuals represent a longer time span because of the

Root formation completed:

[ cattle (Bos taurus)

:l Dometic pig (Sus domesticus)
[ 1 Ccaprines (Ovis/Capra)

Crown formation completed:

deposition of secondary dentine in the roots (Gustafson 1950;
Hillson 2005). The modalities of dentine formation can have
an influence on the increase of interindividual variability. The
time span of the root formation of the incisors (I11-12), premo-
lars (P2—-P4) and molars (M2-M3) of cattle (Brown et al.
1960), domestic pigs (Tonge and McCance 1973) and cap-
rines (Hillson 2005) included in this study are summarized in
Fig. 4. M1 teeth were not sampled due to potential '>N en-
richment from breast milk.

Laboratory sample preparation for the stable isotope
analysis

One root was extracted from each tooth, and its cementum
layer was mechanically cleaned using a drill bit. The root
was then cleaned in an ultrasonic bath, dried and crushed.
The weight of the samples ranged from 100 to 300 mg de-
pending on the size and preservation of the dental root. Tooth
dentine collagen was extracted using the standard procedures
of Longin (1971), modified by Bocherens (1992) at the
Anthropological Department of the National Museum in
Prague. Each sample was demineralized in 1 M HCI for
20 min to remove exchangeable carbonates. Subsequently,
the samples were purified in 0.125 M NaOH for 20 h to re-
move soil humic substances, followed by a plunge of the

e e First incisor
e _L_Second incisor_|
_________________ | Second premolar |
_________________ | Third premolar |
| Third premolar —>48m
[ Fourth premolar ]
. Fourth premolar —>48m
________________________ _ Second molar |
_ Second molar — > 60-72m
e | Thirdmolar |
N Third molar —>60-72m
MFrT T T T T T T T T T T T T T T T 17 T 011 T T T T T T T T T T T T T T T T 1T T 11
0 1 6 12 18 24 30 36 40 42

Root formation (months)

Fig. 4 Chronology of the root formation in cattle (in dark grey; after Brown et al. 1960, Table 5), domestic pigs (in white; Tonge and McCance 1973,

Table 3) and caprines (in light grey; after Hillson 2005)
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Summary of §'*C and 5"°N data for primary domestic animals for each area of Medieval Prague

Table 3

@ Springer
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15.0
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8.6
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4.4
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22
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-19.9
-19.9
-19.0
-19.9

-214
-224
-21.9
-21.8

—20.7£0.5

20

Cattle
Pig

Lesser Town

16.3

43

3.0
3.4

2.8

-21.1£0.6
-21.0£0.7
-20.9+0.6

24
19
12

17.3

5.0
3.6

9.5

4.5

2.8

Pig

Prague Castle

14.9

5.1 8.7

74+ 1.1

1.9

Cattle

0Old Town (KftiZzovnicka

St.)

16.8

54
3.8
4.8

11.2
9.8

5.8

2.7
2.0
42

-19.3 2.7
—20.6

- 18.5
-204

=220
—-222
-21.1

—-20.9+0.6

23

Pig

80+13

15.3

5.9
4.5

1.6
2.5

-212+04
-20.1£0.8
-20.7£0.2

10
7
5

Caprines
Cattle

21.8
7.0

93

Old Town (Patizska St.)

1.5

9.6

1.1 8.1

0.5

-20.9

Caprines

residue into 0.01 M HCI for 17 h, to gelatinize the collagen.
Subsequently, the samples were filtered and lyophilized in a
freeze dryer. Stable carbon and nitrogen isotope compositions
were determined using a Sercon 20-20 CF-IRMS coupled to
an elemental analyser at the Iso-Analytical Ltd. laboratory in
Crewe, UK.

Stable carbon and nitrogen isotope measurements were
calibrated relative to the V-PDB and AIR scales using TA-
R068 (soy protein). Measurement uncertainty was monitored
using collagen standards with well-characterized isotopic
compositions: IA-R038 (L-alanine), IA-R069 (tuna protein)
and a mixture of TAEA-C7 (oxalic acid) and IA-R046 (ammo-
nium sulphate). Following Szpak et al. (2017, Appendix F-G),
repeated measurements of the calibration standard, check
standards and sample replicates were used to determine a ran-
dom error (precision) of £ 0.07%o for 5'3C and + 0.06%o for
5'°N. Systematic measurement error (accuracy) was deter-
mined to be = 0.11%0 for '"°C and + 0.16%o for 5"°N, and
the total analytical uncertainty was estimated to be £ 0.13%o
for 5'°C and +0.17%o for 5'°N. Additional details (calibration
and check standards and sample replicates) are provided in
Supplementary Material 1.

Statistical differences between groups of data were tested
in the Statistica 12 program using ¢ test when the condition of
normality data was met (Lilliefors test), the Mann-Whitney
test when the condition of normality data was not met, histo-
grams and interpolation of distribution functions. Significance
was tested at o = 0.05 level and also at o = 0.017 level when
the Bonferroni correction was used. The aim of this approach
is to reduce the chances of false-positive results when multiple
pairwise tests are performed on a single set of data.

Results

The 5"3C and "N results are summarized in Tables 2 and 3.
The carbon content in the animal dentine collagen was between
33.0 and 47.2%, and the nitrogen content was between 12.0 and
17.6%. The C/N ratios of the faunal samples fit into the accept-
able range of 3.0 and 3.6, and all samples are deemed of accept-
able quality (Ambrose 1990; van Klinken 1999). The results
contain no extreme values, and only 5"°C values in samples
SV19 (domestic pig; — 19.0%0) and PAR3 (cattle; — 18.6%0)
and 5"N in sample KR20 (domestic pig; + 11.2%0) may be
considered outliers (all three samples are marked with an * in
Table 2). All samples were processed in large batches and fol-
lowing a same protocol. The deviation of samples is not due to a
processing error but may reflect particular life stories.

The §'°C values of cattle from Medieval Prague range from
—21.8to — 18.5%0 (Lesser Town: — 20.7 + 0.5%0, Kfizovnicka
St.: — 20.9 + 0.6%o, Paiizska St.: — 20.1 + 0.8%o), and 5'°N
values vary from + 4.4 to + 9.3%o (Lesser Town: + 6.7 +
1.0%0, Kfizovnicka St.: + 7.4 + 1.1%o, Patizska St.: + 7.6 +
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1.6%o). The §'C values of pigs range from — 22.4 to — 19.0%o
(Lesser Town: — 21.1 £ 0.6%o, Prague Castle: —21.0 £ 0.7%o,
Kfizovnicka St.: — 20.9 + 0.6%c) and 5'°N values from + 4.5
to + 11.2%o (Lesser Town: + 7.0 + 1.1%o, Prague Castle: + 7.8
+ 1.4%0, Kiizovnicka St.: + 8.0 £ 1.3%o). The stable isotope
values for sheep and goats were grouped due to the small
sample size. Their 5'°C values vary from — 22.2 to — 20.4%c
(K#izovnicka St.: —21.2 +0.4%o, Patizska St.: — 20.7 + 0.2%0)
and 5'°N values between + 5.9 and + 9.8%o (Kfizovnicka St.:
+ 7.9 £ 1.2%o, Patizska St.: + 8.8 £ 0.6%o).

Statistical comparison of the two High Medieval sites in the
Old Town (Patizska St. and Kfizovnicka St.), taking into account
Bonferroni correction, shows a significant difference in neither the
5'3C values of cattle (t-value = 2.238, df = 17, p = 0.039) nor the
5N values (-value = 0.257, df = 17, p = 0.800). By contrast, the
results for 5'>C obtained for sheep and goats were close to the
level of significance (5'°C: #value = 2.749, df = 13, p = 0.017;
8'°N: t-value = 1.580, p = 0.138). There was no statistically sig-
nificant difference between the mean 5"°C and 5'°N values of
cattle and caprines from the Old Town for each site separately
(Pafizska St.: 6"°C: t-value = 1361, df=10, p=0203, 5"°N:
t-value = — 1.566, p = 0.149; Kiizovnicka St.: 813C: t-value =
1.639, df =20, p = 0.117, §"°N: t-value = — 0.956, p = 0.350).

Cattle and pig dentine collagen from the earlier period is
characterized by consistently low §'°N values and higher 5N
values in the later period (Fig. 5). The results of the stable isotope
measurements of all farm animals clearly show that their diet was
5N enriched in the High Middle Ages (Fig. 5), and the values are
statistically conclusive (-value = —4.292, df = 118, p <0.0001).
There was no similar shift for §'>C values (-value = — 0.134, df
=118, p = 0.893). In addition to the increase in 5'°N in the tooth
dentine collagen of cattle and domestic pigs, its variability was
also increasing.

Cattle

The measured samples of cattle come from the Early Medieval
Lesser Town and the High Medieval Old Town (KtiZzovnicka
and Patizska St.; Table 1). The 5'3C values of pairs of sites—
Lesser Town and KiiZovnicka St. (z-value = — 0.967, df = 30,
513C: p =0.341) and Lesser Town and Parizska St. (+~value =
2.177, df = 25, 513C: p = 0.039)-were compared. The differ-
ence in the 5'>C mean values among sites taking into account
Bonferroni correction is not statistically significant. The §'°N
mean values of cattle from the Lesser and Old Towns in-
creased over time from + 6.7 to + 7.5%o, but this cannot be
conclusively corroborated by the data including Bonferroni
correction (¢t-value = 2.165, df = 37, p = 0.037). The coeffi-
cient of variation of 5'°N values for the Early Medieval site is
lower (15.0) than for the High Medieval Old Town (17.2).

Comparison of the §'°C and §'°N values in cattle
from the Lesser Town (N = 20) slaughtered at the ages
of up to and above 6.5 years (Table 4) indicates no
statistically significant differences between the age
groups (3'3C: t-value = — 0.671, df = 18, p = 0.510;
§'°N: r-values = — 0.761, df = 18, p = 0.456). Analysis
of samples of the same age groups of cattle from
Ktizovnicka St. (N = 12; Table 4) yielded similar re-
sults (5'3C: t-value = 0.228, df = 10, p = 0.824; &'
N: t-value = — 0.896, df = 10, p = 0.391). The stable
isotope values of cattle from Pafizskd St. were not sta-
tistically tested because of the small sample size.

The distributions of 5'C values of cattle in the Early and
High Middle Ages are close to the normal (Gaussian) distri-
butions (Fig. 6a). In contrast to the Early Middle Ages, the
distribution curve of the 5'°N values for samples from the
High Middle Ages shifts towards higher values, and the

Fig. 5 Mean 5"°C and §'°N 10
values measured in the tooth
dentine collagen of animals for
the different areas of Prague. o
Error bars represent + 1 0. %1 i A Cattle (Lesser Town, n = 20)
: { )
! @ Pig (Lesser Town, n = 24)
1
! ] O Pig (Prague Castle, n = 19)
1
— 87 =& A Cattle (Old Town - Kfizovnicka St., n = 12)
AN 1 m— i o
ZE ! A yAy O Pig (Old Town - KfiZovnickd St., n = 23)
1
© ! & B Caprines (Old Town - KfiZzovnickd St., n = 10)
7 @
; A A Cattle (Old Town - Pafizska St., n = 7)
: O Caprines (Old Town - Pafizska St., n = 5)
6 o
5 T T
-22 -21 20 19

613CV—PDB(°/°°)
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Variance
(6"N)

Range
(3"N)

Max
(65N) (5'5N)

Min

Mean + SD
(5'5N)

Variance
(3N

Range
60)

"0

Max

(60

Min

Mean + SD
6"C)

samples

Table 4 Mean, SD, range and variance of 5'>C and 6'°N values for the different age groups of cattle and domestic pigs from the Lesser Town and Old Town (KfiZovnické St.) in Medieval Prague
Species Age group Number of

Area of Prague
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6.1 7.6
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-22.0
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months

platykurtic shape of the distribution curve in its higher value
section also seems to corroborate to varying degrees a relative
5N enrichment of the diet (F ig. 6b).

Domestic pigs

Samples of domestic pig were obtained from the Lesser
and the Old Towns (only from Kftizovnicka St.) and from
Prague Castle (Table 2). The coefficient of variation of
8'3C for the Old Town assemblage (2.7) is lower than
that of the Lesser Town (3.0) and Prague Castle (3.4;
Table 3) assemblages. As the §6'°C values do not show a
normal distribution (Lilliefors test, p < 0.01), the Mann-
Whitney test was used to compare them. The results ob-
tained indicate that 5'°C values do not differ in any of
the pairs of sites—the Lesser Town and Prague Castle (Z =
- 0.257, p = 0.797), the Lesser Town and the Old Town
(Z =—1.032, p = 0.302) or the Old Town and Prague
Castle (Z = 0.783, p = 0.433). The coefficient of variation
of 8'°N reaches the lowest values in the earliest set from
the Lesser Town (16.3) and increases in the later periods
from the Old Town (16.8) and Prague Castle (17.3;
Table 3). In the case of 5'°N, no difference from a normal
distribution can be attested. The differences resulting from
the comparison of '°N in the tooth dentine collagen of
pigs in the assemblages from Prague Castle and the Lesser
Town, taking into account Bonferroni correction, are not
statistically significant (#-value = 2.163, df = 41, p =
0.036). The same is true of the mean §'°N values for
Prague Castle and the Old Town (¢-value = — 0.273, df
= 40, p = 0.786). The mean &'°N values of pigs signifi-
cantly differs between Lesser Town and the Old Town (z-
value = — 2.584, df = 45, p = 0.013).

The analysed data regarding domestic pigs from the
Lesser Town (N = 24) and the Old Town (N = 23) can
be divided into two age groups based on the slaughter
age: up to 2 years and over 2 years (Table 4). The
sample ratios of younger and older pigs are 2:1
(Lesser Town) and 1.9:1 (Old Town). Comparison of
the 6'°C and §6'°N mean values (Mann-Whitney test)
in both age groups has not shown statistically signifi-
cant differences between the Early Medieval Lesser
Town (5'°C: Z = 0.827, p = 0.408, 3'°N: Z = —
0.214, p = 0.830) and the High Medieval Old Town
(6"3C: Z = 0355, p = 0.723, 6"°N: Z = 0.097, p =
0.923). The data for domestic pigs from Prague Castle
are missing because of the significant imbalance in sam-
ples from both age groups (younger, N = 14; older, N =
4; Table 2).

The 5'>C distribution curve for the Lesser Town shows a
bimodal distribution, while the curve for the High Medieval
Old Town is unimodal and symmetrical (Fig. 7a). The distri-
bution curve of 5'°N values for the High Middle Ages covers
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Fig. 6 Distribution of stable isotope values of cattle (Bos faurus) from Prague over time. 5'3C values (a) and 8"°N values (b)

a broader range of values compared to the Early Medieval
Lesser Town (Fig. 7b), which corresponds to the comparison
of coefficients of variation (Table 3).

Sheep and goats

The 5'3C and §'°N values from caprines which were kept for
more than 2 years (Table 2) were collected only for High
Medieval assemblages from the Old Town—Parizska St. and
Kfizovnicka St. (Table 1). The sample ratio of sheep and goats
was 1:2 (Parizska St.) and 1:1 (Kfizovnicka St.). Because of
the limited number of specimens identified as either sheep or
goat (Table 2), the data for these ruminants were grouped. The
coefficient of variation of 5'C values is higher in caprines
from Kfizovnicka St. (2.0) than from Pafizska St. (1.1;
Table 3). The coefficient of variation of 5'°N values is also

14 9

more pronounced in Ktizovnicka St. (15.3) than in Pafizska
St. (7.0; Table 3). The 5'°N values of the tooth dentine colla-
gen of caprines do not show statistically significant differ-
ences depending on the area of the Old Town, unlike 8'3¢C
values (see above).

Discussion

The 5'C values of cattle from the Lesser Town (ninth to
eleventh centuries) point to grazing in an open habitat and
not in a closed canopy environment (Drucker et al. 2008;
Kohn 2010). The obtained 8'*C values (Table 3) are compa-
rable to the §'>C values measured in Neolithic cattle at Cerny
Vil (Prague-West district) preferentially grazing on patches of
steppe grasslands and open-canopy forests or forest

A

Number of observations
Number of observations

2236 -21.80 -21.24  -20. -
8"3C,, ppg (%0)

Domestic pig
(Sus domesticus)

Ny Lesser Town (n = 24)
(9M-11" century
| Prague Castle (n = 19)
T (1213 century)
EA401d Town (n = 23)
(13"-14% century)

.99 .83 .67 952 10.36 1.20
55N, (%0)

Fig. 7 Distribution of stable isotope values of domestic pig (Sus domesticus) from Prague over time. 5'3C values (a) and 6'°N values (b)
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Table 5 Mean and SD of §'°C and '°N values for pigs from the Lesser Town and Early Medieval sites (ninth to eleventh centuries) in the
Czech Republic

Site Species Mean + SD é3C) Mean + SD (3"°N) Reference

Lesser Town Domestic pig —21.1 £0.6%0 +7.0 £ 1.1%o0 This study

Mikulcice (acropolis) Domestic pig —20.8 + 0.5%0 + 7.2+ 1.1%0 Kovacikova et al. (2020)
Mikul¢ice (bailey) Domestic pig —20.9 + 0.7%o + 8.0 + 1.7%0 Kovacikova et al. (2020)
MikulCice Wild boar —20.8 £ 0.9%o0 + 7.6 = 1.0%0 Kovacikova et al. (2020)
Prague Castle, Levy Hradec Domestic pig —20.7 £ 0.7%0 +7.2 £ 1.7%0 Kaupova et al. (2019)

boundaries (— 20.6 + 0.4%o0; Berthon et al. 2018). As evi-
denced by pollen and plant macro-remains analyses, the
Lesser Town’s surroundings likely provided enough grazing
opportunities for livestock (Kozakova et al. 2009; Culikova
2010). The archaeozoological results do not support self-
sufficiency in cattle breeding, but it is presumed that some
animals were kept on site (more than half of the cattle in the
Lesser Town were older than 6 years of age; Fig. 3b) to pro-
vide secondary products, such as traction or milk, and these
animals needed grazing space.

The 5"°C values of domestic pigs (Table 3) indicate prima-
ry consumption of Cj plants (Tieszen 1991; Millard et al.
2013) in an open grazing environment (Drucker et al. 2008;
Kohn 2010). Results of isotopic measurements for the Lesser
Town indicate that the dietary behaviour of domestic pigs was
similar to that of the Early Medieval wild boars and domestic
pigs from the Great Moravian centre at MikulCice, situated in
the valley floodplain of the Morava River (eighth to ninth
centuries; Kovacikova et al. 2020), as well as domestic pigs
from Prague Castle (2™ courtyard) and the Levy Hradec
stronghold, dating to the ninth to eleventh centuries
(Kaupova et al. 2019). For further details, see Table 5. The
diet of extensively herded pigs, like that of wild boar, com-
prises primarily plant matter (80-90% of total food mass) and
small vertebrates and invertebrates (Hola et al. 2015). A suit-
able precondition for extensively managed pigs is the exis-
tence of forest areas rich in acorns, roots and other food com-
ponents (Albarella et al. 2007). The pollen spectra from the
Lesser Town show a relatively low abundance of oaks in the
tenth century (Kozakova and Pokorny 2007). By contrast,
archaeobotanical data from Nebovidy, which is close to the
Lesser Town (eleventh to twelfth/thirteenth centuries), gives
evidence of a higher diversity of habitats, including forest
vegetation with dominant oak, subdominant pine and other
broadleaved species (Kocar and Kocarova 2013). Mixed oak
forests can provide good foraging for pigs, but more open
stands are generally better, as they produce larger quantities
of seeds every year (Leuschner and Ellenberg 2017).
Distortion of the distribution curve (the local extreme) plotted
for the Lesser Town pigs (Fig. 7a) in the section of lower & B¢
values could indicate that these pigs consumed plants from
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more shaded or wetter habitats (Tieszen 1991; Hamilton and
Thomas 2012). In the ninth century, the western boundary of
the fortified Lesser Town was formed by the old river channel
of the Vltava River (Cihakova 1999), running past the
marshes and floodplain vegetation under the slope of Prague
Castle (Culikova 2010). Plant taxa that benefit from flood
sediments and higher nutrient concentrations have been iden-
tified in the pollen spectra from Valdstejnska St. in the Lesser
Town (Kozakova 2008).

A small number of pigs and cattle from the Lesser Town
with higher §'°N values can be considered to have been fat-
tened by different methods, based on the partial intake of
animal proteins (pigs, range 4.3%oc; Frémondeau et al. 2017)
or "N-enriched plants (cattle, range 4.2%o0; Commiso and
Nelson 2006, 2007; Bogaard et al. 2007). A greater variability
in 5'°N values may provide evidence of grazing on vegetation
in different microclimates or microhabitats (Stevens et al.
2006; Madgwick et al. 2012) or of grazing close to settlements
where human and animals waste had accumulated (Alexander
etal. 2019). Swine herding associated with woodland pasture,
grazing on grass, roots and crop stubble or consuming such
leftovers as household food waste (Albarella 2006; Jorgensen
2013) with variable animal control (Price 2016) was the tra-
ditional extensive method typical of less urbanized areas
(Price 2016; Leuschner and Ellenberg 2017).

The results of the stable isotope analysis and the
archaeozoology suggest that the inhabitants of the Lesser
Town used several breeding strategies within the same area
or that this particular part of the town was partially supplied by
animals from another environment. Different strategies seem
to be corroborated by the bimodal distribution of the 5'*C
curve plotted for pigs (Fig. 7ab). The household-based agri-
cultural system in the Early Middle Ages, where household
was a basic unit of residence, production and consumption
(Halstead 1989), still followed the farming practices used ear-
lier (Kune$ and Abraham 2017). The household herd of live-
stock produced milk, meat and wool, supplied manure for the
fields and sometimes provided a saleable surplus above do-
mestic requirements (Halstead 1996). Such herd management
is well documented throughout Europe in written sources
from as early as the beginning of the Middle Ages
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(Petranova and Petran 2000). In the Early Middle Ages, the
Lesser Town formed part of the fortified Pfemyslid’s seat of
power and was located on the southern outskirts of the area.
This was described by the Arabic intellectual of Jewish origin,
Ibrahim Ibn-Yakub, who visited Prague in the tenth century,
as a town and a centre of long-distance trade (Cihdkové 2018).
The archaeozoological data and the results of stable isotope
analyses do not exclude the possibility that from the ninth to
eleventh centuries, household farming could have been com-
bined with a specific dependence on the hinterland’s produc-
tion and market.

The 5'*C values of domestic pigs from Prague Castle
(twelfth/thirteenth centuries) indicate consumption of C; plants
(Tieszen 1991) and grazing in predominantly open areas
(Drucker et al. 2008; Kohn 2010). This conclusion is in line
with the pollen diagrams from Prague Castle during the Early
Middle Ages (ninth to tenth centuries), which show low num-
bers of pollen grains from tree species such as oak and shrub
communities and high ratios of pollen from xerophytes, indi-
cating a pasture that probably grew on the southern slope be-
low Prague Castle (Kozakova 2008; Kozakova and Bohacova
2008). Although the mean 5'°C values of pigs from Prague
Castle revealed no statistically significant differences from the
Lesser Town, their range is wider (Table 3). A similar infer-
ence can be made from the §'°N values. The animals likely
came from comparable pasture habitats, as seen on the 5'°C
value distribution curves for both sites (Fig. 7a); the 5'°N value
distribution curves, however, changed over time (Fig. 7b).

The pigs from Prague Castle show both an increasing var-
iability in their 8'°N values and a higher §'°N mean value
when compared to the pigs from the Lesser Town (range of
5'5N values of 5%o and 4.3%o, respectively; Table 3). The
proportion of pigs with a '*N-enriched diet (5'°N > 8%o),
whether indicative of a higher intake of animal protein or
>N-enriched plant fodder, is higher at Prague Castle, totalling
nine specimens (43% of the assemblage).

The increasing range of stable isotope values (both 5'°C
and 6'°N; Table 3) can be interpreted not only as a reflection
of landscape changes (e.g. declining woodland coverage, eu-
trophication) or another foddering regime but also as a mani-
festation of the social transformation concerning the High
Medieval castle. Prague Castle served as an administrative
and economic centre, the seat of the monarchs, and fulfilled
representative functions. Moreover, it was gradually rebuilt
into a Romanesque and later Early Medieval castle during
the twelfth century (Frolik and Smetanka 1997). Although
the results of analyses of the archacozoological data from
the later period corroborate the hypothesis of partial self-
sufficiency in pig production, it can be assumed that the castle
was supplied from more varied sources, either through the
market or from animals supplied to the royal court, as indicat-
ed by, for example, the predominance of male pigs in the
assemblage. Compared to the Early Medieval Lesser Town,

the higher isotopic variation of samples from Prague Castle in
terms of nitrogen (on average 0.8%o; Table 3) might also be
interpreted as a shift from local pork to pork from elsewhere
(Millard et al. 2013).

Due to human impact and land use, the high level of diver-
sity of the Early Medieval landscape around Prague decreased
after the end of twelfth century (Kozékova et al. 2009;
Pokoma et al. 2014). Increasing ruderalisation and the inten-
sification of human impact were manifested by indicators of
trampled vegetation and nitrophilous plant species (Pokorna
etal. 2014).

Climate data support the prevalence of warm conditions
across the greater part of Europe at the end of the twelfth
and the beginning of the thirteenth centuries (Brazdil et al.
2005; Poschlod 2015). Such favourable climate significantly
affected the availability of biomass, supporting population
growth and the expansion of human settlement into former
pastures (Brazdil et al. 2005). The development and economy
of newly founded Medieval towns depended on their connec-
tion with their agriculture environs and the production of the
countryside (Klapsté 2012). Therefore, a presence of non-
local animals in Medieval towns is likely.

Although the 5"°C values in samples of the tooth dentine
collagen of the majority of cattle from Kftizovnicka and
Parizska St. in the Old Town (thirteenth to fourteenth centuries)
indicate the consumption of C; plants (Tieszen 1991) and open
grazing habitats (Drucker et al. 2008; Kohn 2010), the dataset
from Pafizska St. (Table 3) is significantly influenced by one
sample (PAR3). As bone collagen stable isotope composition
primarily reflects the protein component of diet (Jim et al.
2004), this sample, which has higher 5"3C values (= 18.6%o),
may point to individuals with a different dietary history. The
presence of C, plants such as common millet or foxtail millet
in the cattle diet may explain such an occurrence (Fuller et al.
2012). Both C,4 grains were present in the archaeobotanical evi-
dence from Medieval Prague, although always in relatively mi-
nor quantities when compared to other cereals (Opravil 1994;
Culikova 2010). Additionally, the influence of environmental
factors, such as increasing light intensity, declining water avail-
ability and higher nutrient content in the natural areas (Tieszen
1991), suggests that a different origin for this individual cannot
be excluded.

The urbanization process in the thirteenth century was re-
lated to the development of numerous crafts, the butchery
profession included. The number of butchers increased in
Prague in the second half of the thirteenth century (Tomas
1983). There were 241 butcher stalls in Prague before the
beginning of the fifteenth century (an estimated one butcher
stall per 187 inhabitants; Hoffmann 2010). The proportion of
animal bones with recorded cut marks found in Prague in-
creases from the thirteenth century (Stivova et al. 2018), prob-
ably as a result of changes in cutting techniques and the dis-
tribution of carcass portions suitable for cuisine. The butchers
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bought livestock in the countryside near Prague or in the live-
stock market directly in the town. Moreover, inhabitants of the
town also acquired their own animals (Pokorna et al. 2019).
The archaeobotanical data supports the use of meadow plants
like hay, straw as litter for animals and manure in household
stables and provides evidence of the agricultural character of
the Old Town (Havrda et al. 2017).

Written texts from the fifteenth century reveal that urban
livestock grazed on defined lands outside the walls and ex-
plicitly mention stubble, meadows and forest (CIM IV/2, n.
389; Sedivy 2015). As suggested by isotopic analyses, cattle
was put out to municipal pastures near the town, and hay or
kernel fodder could be obtained at the municipal market
(Pokorna et al. 2019). The latter types of feed, however, are
not directly reflected in the isotope record unless the fodder
contained a mixture of plants with C; and C, photosynthesis
cycles (Fuller et al. 2012). The archaeozoological data indi-
cate that nearly 60% of the cattle were slaughtered before they
reached 3 years of age. Isotopic data of individuals
slaughtered at younger and older ages show no significant
differences, and it can therefore be concluded that their future
use (for meat or dairy production or as draught animals) did
not influence the fattening method during the period when
their teeth roots were formed.

With the development of the beef market, the territory from
which cattle were delivered to Prague expanded. The higher
variability and distribution of the cattle 5'°N values (range
4.8%0; Table 3, Fig. 6b) may reflect the varying pastures grazed
by these animals. Although cattle from the Old Town stayed in a
similar pasture habitat as cattle from the Lesser Town, the mean
of nitrogen isotopic values of the Old Town cattle is slightly
raised by 0.7-0.9%o (Table 3). This increase can be considered
a consequence of the intake of fodder containing '*N-enriched
components or of higher nitrogen supply to the biosphere, e.g. by
fertilization (Bogaard et al. 2007; Fraser et al. 2011). Stable ni-
trogen isotope analysis of soil samples from the Medieval village
of Roudnicka (40 km south-west of Prague), for example, sug-
gests the application of organic fertilizers in Bohemia in the
thirteenth century (Souckova et al. 2013). Moreover, archaeolog-
ical research into a loose distribution of ceramic sherds has indi-
cated the beginnings of widespread fertilization during the High
Middle Ages (Klapste 2012).

Establishing the precise dietary preferences of caprines is dif-
ficult because of the distinction between species. According to
the slaughter age data, there was a higher proportion of adult
sheep and goats (above 4 years of age) of breeding age at the
Old Town sites (Kiizovnicka and Pafizska St.; Fig. 3c). Even
though their 513C values (on average — 21.0%o) corroborate con-
sumption of C; plants and the open grazing environments
(Tieszen 1991; Drucker et al. 2008; Kohn 2010), they do differ.
The §'3C values from Paifrska St. are higher, as are those of
cattle from this site. It could be that the inhabitants of this part
oftown acquired livestock with a different dietary history or from
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different environments. The Jewish society from the Old Town
was supplied by its own butchers, who offered the meat exclu-
sively inside this community (Valaskova 2014). The isotopic
data could indicate that these butchers obtained the animals by
different supply chain. Compared to cattle, the mean 6'°N values
of caprines shifted by 0.5-1.2%¢ (although not statistically
significant; Table 3), which could indicate that these ungulates,
unlike cattle, were raised on plots adjacent to houses, which were
more likely to be fertilized with animal dung than more distant
fields that were fertilized less often (Jones et al. 1999), or that
they stayed in a relatively small space where animal dung was
concentrated (Makarewicz 2014).

The relative proportion of determined pig bone remains
decreased in the High Medieval Old Town (Fig. 2). Most of
the animals were slaughtered before 2 years of age (Fig. 3a),
and the carbon and nitrogen isotopic composition of their
samples does not suggest a foddering strategy that differed
from that for the less numerous pigs slaughtered at a later
age (> 2 years). The absence of pig finds in Patizska St. could
be explained by the fact that this part of the Old Town was
inhabited by a Jewish community, which forbade the con-
sumption of pork (Valenzuela-Lamas et al. 2014). The mean
§'3C values of pig samples from Kizovnicka St. and the other
sites did not show statistical differences; the course of the 5'>C
distribution curve (Fig. 7a), however, indicates a higher uni-
formity of the plant component in the diet of pigs at the Old
Town. Moreover, there is a broader range of 5'°N values
(Table 3) and an increase in the proportion of individuals with
5'5N values above 8%o (52%); five of these even exceed 9%,
which is probably related to more significant variability of
feed intake. The continuously increasing range of §'°N values
can be explained as a result of differing pig husbandry strate-
gies (Buonincontri et al. 2017). Such a trend can be explained
by pigs being more frequently fed by household, agricultural
and street leftovers containing more 5'°N. In this context, the
written sources attest the presence of pigs in towns and state
that pigs were allowed to move freely but not to damage the
property of other citizens (CIM 1V/2 — Codex iuris
municipalis Regni Bohemiae 1V/2 (1453-1500) 1960, n. 38).
Although backyard pigs in the urban space are well known
from historical sources (Sedivy 2015), it must be emphasized
that non-local animals can be presumed to have been present
in High Medieval towns (Alexander et al. 2019). These pigs
could have been kept in villages or courts under various hus-
bandry regimes.

Conclusion

The stable isotope data (8"3C and §'°N values) obtained
from three areas within Medieval Prague show that dif-
ferent animal husbandry strategies were applied and
point to a more complex acquisition of resources by
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the inhabitants of the High Medieval town. Compared
to the previous period (ninth to eleventh centuries), the
range of §'°C and §'°N values in dental collagen sam-
ples of the livestock from the thirteenth and fourteenth
centuries may indicate that the farm-household model
was used by the inhabitants of Prague but that they also
obtained meat more often from elsewhere, e.g. through
the market.

Agreement between the archaeozoological and isotope data
seems to corroborate increased diversity in pig feeding, al-
though mainly under extensive conditions, in the Early
Medieval site of the Lesser Town (ninth to eleventh centuries),
where pig bones predominated in the local osteological as-
semblage. The diet of pigs consists mainly of plants from open
habitats, and more than half of them were slaughtered before
the age of 18 months. The grazing environment, which had to
be sufficiently nutritious due to the shorter pig fattening peri-
od, must have included several types of habitats, including
areas close to human settlements. The majority of pigs from
later assemblages, which were obtained from Prague Castle
(twelfth to thirteenth centuries) and the Old Town (thirteenth
to fourteenth centuries), were slaughtered at 18-24 months;
their population was characterized by increasing variability in
nitrogen isotope values and a higher intake of animal protein-
rich diet. Long-term pig breeding, probably influenced by a
demand for more meat and fat, led to a broader range of
fattening methods.

The slaughter age of Early Medieval cattle at the Lesser
Town seems to corroborate their use for both meat and milk;
any long-term sustainability of farming such animals would
have relied on sufficient grazing opportunities nearby. In con-
trast, the development of the High Medieval Old Town sig-
nificantly increased the demand for beef from younger ani-
mals, and it is evident that the cattle samples originating from
this part of Prague are more heterogeneous in §'*C values than
the assemblage from the Lesser Town, which may imply a
mixing of animals coming from several types of environment.

In the High Middle Ages, most of the sheep and
goats clearly lived for more than 4 years, as the inhab-
itants preferred to use them in various ways rather than
simply consume them.

The values of §'°C in sheep and goat samples differ in two
sites within the High Medieval Old Town (the samples from
Paiizska St. are significantly enriched in '*C compared to
Kiizovnicka St.). Likewise, the higher mean 8'3C values in
cattle from Patizska St. support the dissimilarity between set-
tlements. This can be explained by the fact that different fac-
tors, such as social milieu or ethnic background, could have
affected the feeding regime of the livestock in a single area of
Prague. At the same time, it is clear that expanding the existing
database of isotope measurements by representative sets from
other sites in Prague would allow a better assessment and
understanding of these influences in the future.
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