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A B S T R A C T

87Sr/86Sr isotope analysis was performed on 45 cattle teeth, 5 sheep/goat teeth and 2 pig teeth from two ar-
chaeological sites in the Netherlands, dating to the Iron Age and Roman period. This makes it one of the largest
strontium isotope projects focusing on animals from the Netherlands - to date. An integrated approach was
taken, combining the strontium results with those from archaeology and zooarchaeology. Mobility of cattle in
the Iron Age is demonstrated for ive of the 23 analysed samples from the rural settlement of Houten-Castellum
by strontium isotope analysis. Three animals travelled over considerable distances (over 150 km) to Houten and
oxygen and carbon stable isotope values support a non-local origin for one of these animals. There is little
evidence for incoming animals at this site during the Roman period with only one animal recording a non-local
strontium isotope signature. In contrast, strontium isotopes indicate at least four diferent geographic origins for
livestock in the Roman town of Heerlen, with none of the cattle being local. The results highlight the difering
behaviour in the two sites. Whereas for a rural settlement like Houten, the Iron Age inlux of animals might be
explained by gift exchange, trade or cattle raids, it is likely that the low of traded livestock during the Roman
Period would go from rural settlement to towns and army camps. Heerlen represented the destination of animals
derived from the surrounding areas to supply an active Roman town.

1. Introduction

Iron Age society in the central part of the Netherlands was based on
mixed farming with a strong pastoral component (Brinkkemper & Van
Wijngaarden-Bakker, 2005). This ties in with the river landscape, which
ofered limited space for growing cereals and other crops but plentiful
rich grazing land for livestock (Groot & Kooistra, 2009). Society was
egalitarian and self-suicient in terms of food. Zooarchaeological re-
search has shown the dominance of cattle compared to other farm an-
imals (Van Dijk, 2016; Brinkkemper & Van Wijngaarden-Bakker, 2005;
Roymans, 1999, 292). Cattle always played a crucial role in this region,
in supporting arable farming by traction and manure, in providing food
in the form of meat and dairy products, and in providing raw materials
for clothing and artefacts; they also had an important social and status
signiicance (Van Dijk & Groot, 2013; Roymans, 1999).

Two hypotheses concerning Iron Age cattle are relevant to this
paper. First, based on ethnographic parallels of other cattle-dominated
societies, Roymans (1999) concludes that in the Iron Age Netherlands,
cattle represented wealth and were used as a medium of gift exchange
at social occasions, such as marriage. Second, cattle may have been the
target of raiding (Hiddink, 1999, 174-177). The role of cattle as an

exchange medium, cattle raiding and the movement of ethnic groups –
almost certainly with their livestock (Roymans, 2004) – would all result
in a strong mobility of cattle. The mobility of people and animals in this
region in the Iron Age has recently been demonstrated (Kootker et al.,
2017), but its extent remains unclear.

The incorporation of the southern half of the Netherlands into the
Roman Empire had a major and widespread impact on farming; this
included the introduction of new crops and animal species, a size in-
crease in livestock, intensiication of agriculture, a higher degree of
specialisation and better organisation of storage and transport of sur-
plus goods (e.g. Groot et al., 2009; Groot, 2016; Groot & Kooistra,
2009). The agrarian economy was transformed from mainly self-sui-
cient to surplus-producing. An early monetary economy facilitated
transactions between the agricultural producers and the urban and
military consumers, and a more distinct separation between town and
countryside took place. There is evidence that some food was supplied
from outside the region (Kooistra, 2009, 2018; Pals & Hakbijl, 1992),
but most of the meat is assumed to have come from local supply, with
cattle as the main meat provider in the Roman towns and army camps.
Cattle were also important as transport animals.

Although species proportions, as well as age and biometric data,
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suggest both the local supply of cattle and the import of cattle from
elsewhere (Groot, 2016; Kooistra & Groot, 2015), neither has been
proven beyond doubt. The size increase occurring in cattle in the
Roman period may have been at least partly due to interbreeding with
imported cattle. Movement of ethnic groups also occurred in the Roman
period: in the Early Roman period this has been suggested for sites in
Utrecht-Leidsche Rijn (Langeveld, 2010), while in the Late Roman
period, migrations are documented historically, and house types and
pottery typical for the northern Netherlands have been identiied in
several sites in the central Netherlands (Heeren, 2006, 2009, 72–73;
Van Renswoude, 2009). One way of tracing these movements would be
through an analysis of livestock mobility. This paper will contribute to
answering some of these questions by investigating radiogenic and
stable isotope evidence from cattle from both an Iron Age-Roman rural
settlement and a Roman town.

Strontium isotopes provide a mechanism for relating fauna to its
geographic origin because of the link between soil strontium compo-
sition (transmitted via plants into the food chain) and the geographic
distribution of the underlying, geological source of strontium. A clear
relationship between food ingestion and tooth enamel composition in
animals has been shown in modern experiments (Lewis et al., 2017)
supporting the argument that animals provide a simple and direct link,
via their food, to the areas which they grazed. Studies based on animal
tooth enamel include using them to establish baseline data, on the as-
sumption they are in situ and local (Zhao et al., 2012); using the ani-
mals’ movements to trace/establish hunting routes (Haverkort et al.,
2008; Britton et al., 2011); to provide a proxy for origin for their human
“owners” at feast sites (Evans et al., 2019; Madgwick et al., 2019b;
Vaiglova et al., 2018; Viner et al., 2010); tracing the introduction or
spread of exotic species (Sykes et al., 2006); animal management
strategy (Sharpe et al., 2018) and for assessing trade routes (Madgwick
et al., 2019a; Minniti et al., 2014). The hypsodont structure of the
herbivore tooth provides the opportunity for high resolution analysis of
seasonal behaviour, commonly used in dietary and seasonality studies
(Balasse, 2002; Towers et al., 2011). In this study we have chosen to
maximize the number of animals we can study using strontium by
taking a single sample from each animal (Minniti et al., 2014). Both
strontium and stable isotope analyses in the Netherlands have so far
mostly focused on humans (e.g. Kootker et al., 2019; Plomp et al., 2020;
Schats et al., 2014; Smits & Van der Plicht, 2009; Smits et al., 2010;
Waters-Rist & Palmer, 2016), with a few exceptions (e.g. Kootker et al.,
2017; Kootker, 2019; McManus et al., 2013). Kootker et al. (2016)
mapped the bioavailable strontium for diferent regions in the Neth-
erlands, which provides a valuable tool for interpreting strontium va-
lues.

This paper will investigate mobility of cattle in the Iron Age and
Roman Netherlands through radiogenic and stable isotope analysis
(strontium, oxygen and carbon) of cattle teeth from two archaeological
sites. This will provide insight into mobility of people, exchange and/or
raiding of cattle in the Iron Age and short- and long-distance imports of
cattle in the Roman period, whether as food, transport animals or to
improve local stock.

Our main questions for this paper are:
- is there evidence for cattle mobility in a rural settlement, and are

there changes over time in the extent of cattle mobility?
- is there evidence for cattle and other livestock mobility in a Roman

town? If so, what was the geographic origin of the meat supply of a
Roman vicus in the 1st century CE?

The two sites are located in diferent geological regions. The site of
Houten in the Roman period is expected to have supplied livestock to
towns and military camps within the same geological region, which
means local movement of animals cannot be detected in those towns
and military camps. Heerlen is located in a more geologically diverse
region, so that we have a better chance of detecting movement of an-
imals. Combining the two sites will provide a more comprehensive
picture of animal movement in the Iron Age and Roman Netherlands.

2. Material and methods

Mobility of humans and animals can be investigated through isotope
analysis. The ratio of 87Sr/86Sr varies between diferent rocks and se-
diments (Bentley, 2006). This variation is directly relected in drinking
water and vegetation consumed by livestock. The body tissues of live-
stock will have a similar ratio to the food and water consumed. After
burial, however, bone and dentine will slowly take on the ratio of the
local soil, while tooth enamel is not afected by diagenesis and will
retain the signal of the region where the animal lived during the for-
mation on the tooth enamel (Bentley, 2006). By comparing 87Sr/86Sr
ratios of tooth enamel to known ratios of bioavailable strontium for the
archaeological location where the animal was found, it is possible to
identify non-local animals and establish a range of possible origins (e.g.
Balasse et al., 2002; Bentley & Knipper, 2005; Viner et al., 2010; Minniti
et al., 2014; Sykes et al., 2006; Towers et al., 2010). Recently, a map for
the Netherlands was published that shows the diferent isoscapes with
their bioavailable strontium values (Kootker et al., 2016, Fig. 5). The
values from the samples in this study will be compared with this map to
establish whether animals could be local or not.

The oxygen isotope ratio analysis of the carbonate fraction of tooth
enamel can also provide insight into the origin of animals. δ18 oxygen
values in tooth enamel are determined by the values in drinking water,
which are related to values in precipitation (Longinelli, 1984), which in
turn are linked to temperature (Dansgaard, 1964). Since precipitation
and temperature vary geographically, δ18O values also vary geo-
graphically. Although not exact enough to pinpoint a location
(Lightfoot & O’Connell, 2016), analysis of oxygen isotopes can be useful
in combination with strontium analysis.

2.1. Analytical Method- Sr isotopes

The enamel surface of the tooth was abraded from the surface to a
depth of> 100 µm using a tungsten carbide dental bur and the re-
moved material discarded. An enamel sample was cut from the tooth
using a lexible diamond edged rotary dental saw. All surfaces were
mechanically cleaned with a diamond bur to remove adhering dentine.
The resulting sample was transferred to a clean (class 100, laminar
low) working area for further preparation. In a clean laboratory, the
sample was irst cleaned ultrasonically in high purity water to remove
dust, rinsed twice, and then soaked for an hour at 60° C, rinsed twice,
then dried and weighed into pre-cleaned Telon beakers. The sample
was mixed with 84Sr tracer solution and dissolved in Telon distilled 8M
HNO3 and converted to chloride form using 6M HCl. Strontium was
collected using Eichrom AG50 X8 resin columns. Strontium was loaded
onto a single Re Filament following the method of Birck (1986) and the
isotope composition and strontium concentrations were determined by
Thermal Ionisation Mass spectroscopy (TIMS) using a Thermo Triton
multi-collector mass spectrometer. The international standard for
87Sr/86Sr, NBS987, gave a value of 0.710273± 0.000016 (n=21, 2σ)
during the analysis of these samples and data are corrected to the ac-
cepted value for this standard of 0.710250. Data are presented in Tables
1 and 2.

2.2. The chemical preparation and isotope analysis of carbon and oxygen in
structural carbonate

For the isotope analysis of phosphate carbonate oxygen, approxi-
mately 3mg of prepared enamel was loaded into a glass vial and sealed
with septa. The vials are transferred to a hot block at 90 °C on the GV
Multiprep system. The vials are evacuated and 4 drops of anhydrous
phosphoric acid are added. The resultant CO2 was collected cryogeni-
cally for 14min and transferred to a GV IsoPrime dual inlet mass
spectrometer. The resultant isotope values are treated as a carbonate. δ
18O is reported as per mil (‰) (18O/16O) normalized to the PDB scale
using a within-run calcite laboratory standard (KCM) calibrated against
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SRM19, NIST reference material and were converted to the SMOW scale
using the published conversion equation of (Coplen, 1988): SMOW=
(1.03091× δ 18OVPDB)+ 30.91. Analytical reproducibility for this run
of laboratory standard calcite (KCM) is for δ 18OSMOW=± 0.06‰ (1 σ,
n=40) and δ13VPDB is± 0.03‰ (1 s, n= 40). The reproducibility of the
enamel analysis, based on reproducibility of duplicate pairs of samples,
for δ 18OVSMOW is± 0.04‰ (1SD, n= 4). Data are presented in Table 1.

2.3. Samples and sample preparation

A total of 52 animal teeth are included in this study: 40 from
Houten-Castellum and 12 from Heerlen-Thermenterrein (Fig. 1). The
teeth from Houten are all from cattle, while for Heerlen, teeth from
cattle, sheep or goat and pig were selected. For Houten, samples for
strontium consisted of a small chip of enamel which was taken from the
buccal side of the anterior lobe, near the apex of the tooth. For 10 teeth,
sequential sampling for stable isotope analysis of oxygen and carbon
was carried out by taking transversal slices along the length of the
buccal surface of the anterior lobe, from apex to cervix. These chips of
enamel were then ground into powder.

For Heerlen, after cleaning the surface of the teeth with a dental
drill, samples were taken from the buccal surface of the teeth. Enamel
powder was obtained by drilling along the entire anterior lobe, through
the whole enamel layer. Sampling was slightly diferent for the two
sites for the pragmatic reason that learning skills (including diferent
ways of taking samples from teeth) is an essential part of the type of
project in which this research was undertaken. The diferences between
sampling are not expected to afect the results.

Cattle lower third molars are formed between 9 and 23months
(Brown et al., 1960), with another 6months before mineralisation is
complete (Balasse, 2002). Sheep lower second molar formation starts at
2months and is complete at 12months, but Balasse et al. (2012) has
shown that there is a 5–6-month delay in the completion of miner-
alisation. Sheep third molar crown formation takes place between 1 and

Table 1
Results of strontium, oxygen and carbon isotope analysis for samples from Houten-Castellum. MIA: Middle Iron Age; LIA: Late Iron Age; ER: Early Roman; MR: Middle
Roman.

Type Species Element Period Date Sample Sr ppm 87Sr/86Sr average δ18O (‰)carb VSMOW average δ13C (‰)carb VPDB

Enamel Cattle M3i MIA – A 500–400/375 BCE MG22 224 0.708795
Enamel Cattle M3i MIA – B 400/375–250 BCE MG03 257 0.708779
Enamel Cattle M3i MIA – B 400/375–250 BCE MG06 486 0.708711 24.67 −12.27
Enamel Cattle M3i MIA – B 400/375–250 BCE MG11 233 0.708899
Enamel Cattle M3i MIA – B 400/375–250 BCE MG14 187 0.710996
Enamel Cattle M3i MIA – B 400/375–250 BCE MG15 178 0.712271
Enamel Cattle M3i MIA – B 400/375–250 BCE MG16 210 0.709195
Enamel Cattle M3i MIA – B 400/375–250 BCE MG20 230 0.708739
Enamel Cattle M3i MIA – B 400/375–250 BCE MG21 218 0.708818
Enamel Cattle M3i MIA – B 400/375–250 BCE MG25 181 0.709706
Enamel Cattle M3i MIA – B 400/375–250 BCE MG28 197 0.708944
Enamel Cattle M3i MIA – B 400/375–250 BCE MG31 196 0.712208 25.3 −12.22
Enamel Cattle M3i MIA – B 400/375–250 BCE MG39 232 0.708764
Enamel Cattle M3i MIA – B 400/375–250 BCE MG40 290 0.709145 24.68 −12.62
Enamel Cattle M3i LIA – A 250–120 BCE MG04 178 0.713571 26.54 −13.38
Enamel Cattle M3i LIA – A 250–120 BCE MG10 222 0.708843
Enamel Cattle M3i LIA – A 250–120 BCE MG12 311 0.708954
Enamel Cattle M3i LIA – A 250–120 BCE MG13 215 0.708829 24.54 −11.94
Enamel Cattle M3i LIA – A 250–120 BCE MG17 187 0.709146
Enamel Cattle M3i LIA – A 250–120 BCE MG29 253 0.708706
Enamel Cattle M3i LIA – A 250–120 BCE MG33 203 0.708851 23.69 −11.65
Enamel Cattle M3i LIA – A 250–120 BCE MG37 233 0.708666
Enamel Cattle M3i LIA 250–19 BCE MG01 193 0.708814
Enamel Cattle M3i ER – B CE 40–70 MG32 212 0.709012
Enamel Cattle M3i ER – B CE 40–70 MG38 211 0.708731 24.43 −12.23
Enamel Cattle M3i ER 19 BCE – CE 40 MG05 244 0.708760
Enamel Cattle M3i ER B/MR A CE 40–120 MG19 218 0.709090
Enamel Cattle M3i ER/MR A 19 BCE-CE 120 MG27 332 0.709057
Enamel Cattle M3i MR – A CE 70–120 MG02 208 0.708910
Enamel Cattle M3i MR – A CE 70–120 MG07 159 0.709706
Enamel Cattle M3i MR – A CE 70–120 MG08 258 0.708931 24.99 −11.9
Enamel Cattle M3i MR – A CE 70–120 MG09 284 0.708831
Enamel Cattle M3i MR – A CE 70–120 MG18 270 0.709094
Enamel Cattle M3i MR – A CE 70–120 MG23 237 0.708914
Enamel Cattle M3i MR – A CE 70–120 MG24 232 0.708645 23.39 −12
Enamel Cattle M3i MR – A CE 70–120 MG26 261 0.709093 25.53 −11.99
Enamel Cattle M3i MR – A CE 70–120 MG30 289 0.708918
Enamel Cattle M3i MR – A CE 70–120 MG34 230 0.708831
Enamel Cattle M3i MR – A CE 70–120 MG35 438 0.708762
Enamel Cattle M3i MR – A CE 70–120 MG36 427 0.709081

Table 2
Results of strontium isotope analysis for samples from Heerlen-Thermenterrein.

Type Species Element Date Sample Sr ppm 87Sr/86Sr

Enamel Cattle M3i CE 25–50 MG41 120 0.709401
Enamel Cattle M3i CE 25–50 MG42 161 0.712063
Enamel Cattle M3i CE 25–50 MG43 107 0.712137
Enamel Cattle M3i CE 50–100 MG44 141 0.71265
Enamel Cattle M3i CE 25–75 MG45 152 0.714123
Enamel Pig M2i CE 25–75 MG46 109 0.711491
Enamel Pig M2i CE 25–75 MG47 138 0.710947
Enamel Sheep/goat M3i CE 40–100 MG48 126 0.711251
Enamel Sheep/goat M3i CE 40–100 MG49 150 0.712733
Enamel Sheep/goat M3i CE 40–100 MG50 201 0.712988
Enamel Sheep/goat M3i CE 25–75 MG51 151 0.711214
Enamel Sheep/goat M2i CE 25–75 MG52 144 0.710791
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2 years (Hillson, 2005, 229-231). Pig lower second molar crown for-
mation occurs between 1–2 and 6–8months (Hillson, 2005, 234). This
means that for the cattle from Houten, the strontium signal provides
information about the location in the early second year of life, since
samples were taken from the apex of the tooth, which is formed irst.
For the cattle from Heerlen, samples relate to the entire second year of
life and early third year; for the sheep to about 7–18months (second
molar) and 17–30months (third molar); and for pig to the irst year of
life.

2.4. Strontium isotope and oxygen analysis: Selection of samples from
Houten-Castellum

Only lower third molars were selected and a preference for the right
side was employed to avoid sampling the same individual twice. Where
left molars were used, they were compared to the right ones from the
same period to ensure they were from diferent individuals. The aim in
selecting teeth was an equal spread over the four main time periods, but
the uneven quantities of animal bones per period did not allow this. The
40 teeth are dated as follows: 14 from the Middle Iron Age, 9 from the
Late Iron Age, 3 from the Early Roman period, 2 from the Early/early
Middle Roman period and 12 from the Middle Roman period. The
contexts from which the teeth derive were dated based on stratigraphy,
typochronology for pottery and metal inds and 14C dating on wood
(Van Renswoude, 2017a). The 10 teeth for which samples were taken
for oxygen were selected based on the length of the crown and a
roughly equal distribution over the diferent time periods.

2.5. Strontium isotope analysis: Selection of samples from Heerlen

Twelve teeth were selected for strontium isotope analysis. All these

teeth are from the period between CE 25 and 125. This period was
chosen for several reasons. First, it is more tightly dated than any of the
other phases for which teeth were available, which covered two or
more centuries. Second, the number of available teeth is larger than for
the later phases. Most of the mandibles or loose teeth were not assigned
to a phase at all. Finally, this allows us to see how supply was organised
in the early years of the vicus. The earliest teeth are CE 25–50, one
dates CE 50–100, and the rest all date to wider phases starting CE 25,
but the sample sizes are too small for a comparison between these sub-
phases to be possible. The teeth are from the three main meat providers:
cattle (5 lower third molars), sheep or goat (4 lower third molars and 1
lower second molar) and pig (2 lower second molars). The teeth are still
in their mandibles, which means it was possible to age them (cattle: 1x
30–36months old, 1x adult, 2x old, 1x very old (Grant, 1982; Halstead,
1985); sheep/goat: 1x 1–2 years, 1x 2–3 years, 2x 3–4 years, 1x
4–6 years (Grant, 1982; Payne, 1973); pig: 2x 7–14months (Grant,
1982; Bull & Payne, 1982; Higham, 1968). Although a mixture of left
and right mandibles was used for analysis, they clearly came from
diferent individuals.

3. Archaeological background of the sites and earlier research

3.1. Background Houten-Castellum

The archaeological site of Houten-Castellum was a rural settlement
inhabited in the Iron Age and Roman period (Van Renswoude &
Habermehl, 2017). It is located in the central Dutch river area, within
the border of the Roman Empire. The site consists of a residual channel
containing settlement refuse and intentional deposits, as well as traces
of habitation on the western bank of the channel. It seems to have been
abandoned by the end of the 2nd century CE. The large quantity of inds
includes ca. 86,000 animal bone fragments (excluding small fragments
retrieved by sieving on the smaller mesh sizes) (Groot & Van Haasteren,
2017). Most of the inds come from layers within the residual channel,
which can often be dated fairly accurately. Due to the waterlogged
conditions, the preservation of the animal bones is excellent.

The site of Houten-Castellum is likely to have been a self-suicient
agrarian community, probably producing a surplus of food in the
Roman period. Cattle is the main animal species in all periods, with the
highest proportion occurring in the Middle Iron Age (Groot & Van
Haasteren, 2017; Fig. 2). The presence of bones from foetal, neonatal
and juvenile animals suggests that cattle were bred at this site in all
periods. Slaughter ages of cattle show an increase in the proportion of
adult (>3 years) animals over time, suggesting an increased focus on

Fig. 1. Map of the Netherlands in the Roman period, which provides the best
estimate of the geography of the country at around the time of this study. Sites
mentioned in the text are marked. The dotted line represents the Roman border
(Map: Marjolein Haars, BCL Archaeological Support). The map can be applied
to the Middle and Late Iron Age as well, since not much changed in the outline
of the country.

Fig. 2. Houten-Castellum. Proportions for the four main animal species over
time, based on the total number of bone fragments (NISP).
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secondary products (Fig. 3). Palynological data suggest that the land-
scape around Houten was open with scattered groves of trees in the
early Middle Iron Age (Kooistra, 2017). A decline in tree pollen in-
dicates that the landscape became more open over time and consisted
mostly of grassland and arable ields.

The geology of the Netherlands is dominated by Holocene and
Pleistocene deposits (Zagwijn et al., 1985). The site of Houten-Cas-
tellum, near Utrecht, was founded on Holocene deposits dominated by
sand and clay. This results in biosphere values between 0.7088 and
0.7095 for the Houten area (Kootker et al. 2016).

3.2. Archaeological indicators for trade networks and/or human mobility at
Houten

In the Middle Iron Age, metal inds indicate contacts with the
Middle and Upper Rhine regions (Van Renswoude, 2017b; Van
Renswoude & Habermehl, 2017, 889). In the Late Iron Age, the metal
seems to be more regional. In the 1st century CE, seven types of brooch
are found that originate from Germany, while a so-called dolphin ibula
is from England (Van Renswoude, 2017b). Perhaps these inds are re-
lated to the movements of soldiers or slaves (Van Renswoude, 2017b).

The pottery in the Middle Iron Age shows inluences from France in
the so-called Marne style (450–375 BCE), although no deinite imports
have been found (Van den Broeke et al., 2017). From the 4th century,
inluences from the west and northwest are also found. In the Late Iron
Age, there seems to be little inluence from the northwest. The bri-
quetage pottery comes from the western Netherlands, Zeeland and the
Belgian coastal region. Already in the earliest phase of the Roman
period, the inhabitants of Houten were able to tap into military trade
networks, which mostly brought pottery from the Cologne region. Some
northern inluences are also found and some of the Chaucian/Frisian
pottery may even have been imported in the pre-Flavian period. Mili-
tary networks and trade along the Rhine remained important until the
2nd century. In the later 2nd century, pottery from the western part of
the Netherlands is found at Houten.

Stone comes from the Eifel (e.g. tephrite from Mayen), the Belgian
Ardennes, perhaps the area around Verdun and Norroy and, closer to
home, the Utrechtse Heuvelrug (Boreel, 2017). Roman glass seems to
have been imported from the Rhineland or further (Van Kampen,
2017).

3.3. Background Heerlen-Thermenterrein

The vicus of Heerlen was located on the crossroads of the Via
Belgica, which ran from Boulogne-sur-Mer to Cologne, and the road
from Xanten to Aachen, in the middle of the fertile loess zone. It was
inhabited from the early 1st to the 4th century CE. It is best known for
its bathhouse, which was excavated in the 1940s and opened as a
museum in 1977. The area adjacent to the bathhouse was excavated in
the 1950s. In 2015, a large-scale project started, which involved re-
development of the museum and the area surrounding it, including a
complete restoration of the bathhouse. Part of the project was to inally
analyse the excavated features and material from the 1950s. The 1950s
excavations took part on the northern, eastern and southern sides of the
bathhouse (Vos, 2020). Several stone buildings, with an earlier wooden
phase underneath, represent typical vicus striphouses. On the corner of
two roads, a larger building with a porticus and possibly a courtyard
was found. The earliest wooden phase of the buildings dates from ca CE
25 to ca CE 100, while the stone buildings date to the 2nd and 3rd
centuries CE.

The animal bones from the 1950s excavation are of special interest
because of the urban character of Heerlen (Groot, 2020). Only a few
towns and vici from the Roman Netherlands have been the focus of
zooarchaeological research. The main research aim was to gain insight
into the activities carried out in the immediate surroundings of the
bathhouse, but the zooarchaeological analysis also provided informa-
tion about the consumption of meat in the vicus, the food supply to
Heerlen and the function the vicus had for the surrounding countryside.
The location of Heerlen on a crossroads was optimal for the supply and
further transport of food and other products. While Heerlen is unlikely
to have been one of the destinations of animals from Houten and other
settlements in the River Area, it does allow us to investigate mobility of
animals in Roman towns. Among the 544 identiied animal bone frag-
ments, those from cattle dominate, followed by pig, sheep or goat and
horse (Fig. 4). The ratio between the main meat providers - cattle, pig
and sheep or goat - its with that for other urban centres in the region.
Cattle and sheep or goats were mainly slaughtered as adults. There are
no remains from foetal, neonatal or juvenile animals. It is assumed that
the animals came from the surrounding countryside, but it is unknown
from what distance. Various activities could be identiied through the
animal bones, including antler working, production of marrow, grease
or glue, horn- and/or leatherworking and meat consumption. As ex-
pected for a Roman vicus, Heerlen was a centre of industrial activity.

The site of Heerlen, in the south of the country near Maastricht, was
founded on Cretaceous-Palaeogene rocks of the eponymous
Maastrichtian (Zagwijn et al., 1985). This results in biosphere values

Fig. 3. Houten-Castellum. Slaughter ages of cattle, based on tooth eruption and
wear (percentage out of the total number of aged mandibles and loose teeth).

Fig. 4. Heerlen-Thermenterrein. Proportions for the three main animal species
in the period CE 0–125, based on the total number of fragments (NISP).
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between 0.7104 and 0.7113 for the Heerlen area (Kootker et al., 2016).

3.4. Archaeological indicators for trade networks and/or human mobility in
Heerlen

Most of the stone that was used as construction material was local,
but some of the decorative stone comes from other civitates (civitas
Tungrorum, civitas Treverorum/Lorraine), some from the Eifel and one
fragment of marble probably from the Mediterranean (Dreesen, 2020).

The pottery indicates various trade networks, which change over
time (Van Kerckhove, 2020). In the pre-Claudian phase, the pottery was
imported from diferent regions, such as Campania, Aosta, Lyon, the
Belgian Meuse region, Cologne/Xanten and Mainz. In the period CE
40–70, pottery comes from the Mediterranean and the Cologne region.
The local Heerlen production starts in this period. In the next period, CE
70–175, mainly Heerlen pottery was used, but some produced in Jülich
and Düren is also found.

4. Results

4.1. Houten

Out of the 40 teeth that were sampled, 34 are consistent with the
local signal (local signal suggested by Kootker et al., 2016) or only just
outside the published range for the region (Fig. 5). Two teeth have
higher values (0.70971) that are compatible with the published range
of bioavailable strontium of Kootker et al.’s isoscapes D and E
(0.7095–0.7110; Fig. 6). One tooth with an even higher value (0.71100)
is compatible with isoscapes E and F (0.7095–0.7113). Three teeth,
inally, have very high values which are not included on Kootker et al.’s
map. However, similar values have been found for modern plants from
the boulder clay area in the northeastern part of the Netherlands
(Drenthe; McManus et al., 2013), which is a lacuna on the bioavailable
strontium map due to the bad preservation of animal bones in this
area’s sandy soils. Other possible origins can be found outside the
Netherlands. Of the six non-local teeth, four can be dated to the Middle
Iron Age, one to the Late Iron Age and one to the Middle Roman period.
It is important to realise that a ‘local’ signal for Houten does not ne-
cessarily mean that the animals were actually raised locally. Local in
this case refers to a rather large area, covering most of the coastal and
riverine areas of the Netherlands.

Fig. 7 shows the strontium concentration plotted against the
87Sr/86Sr. It has been observed before that radiogenic Sr ratios are often
linked to low strontium concentrations and this is also the case for the
samples from Houten. In fact, all six non-local animals have low
strontium concentrations (<200 ppm). Fig. 7 is similar in shape to
graphs plotting strontium concentrations and ratios for British humans
(Evans et al., 2012; Montgomery et al., 2019). In the study by Evans

et al. (2012), many of the highest strontium concentrations derive from
coastal Scotland, where seaweed was used as fertilizer, thus increasing
strontium concentrations in people consuming locally grown crops. The
samples with the highest strontium concentrations from Houten are
consistent with the local signal, but this signal is typical for a large part
of the Netherlands, including coastal regions.

The average oxygen and carbon values for 10 cattle teeth are dis-
played in Fig. 8 and listed in table 1. Of the two teeth that have non-
local strontium ratios, MG31 its in with the values for the teeth with
local strontium signals. MG04, on the other hand, stands out in both
oxygen and carbon.

Fig. 5. 87Sr/86Sr for cattle teeth from Houten-Castellum. The local range is marked by the pale pink band. The local range is based on Kootker et al.’s range for
isoscape B, in which Houten is located (2016; see Fig. 6).

Fig. 6. Bioavailable strontium isoscape map of the Netherlands (Kootker et al.
2016, Fig. 5). Reprinted from Journal of Archaeological Science: Reports 6, L.M.
Kootker, R.J. van Lanen, H. Kars & G.R. Davies: Strontium isoscapes in the Neth-
erlands. Spatial variations in 87Sr/86Sr as a proxy for palaeomobility, 1–13, 2016.
Permission under STM permissions guidelines.
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4.2. Heerlen

Out of the 12 samples, four fall within the range published by
Kootker et al. (2016) for this region (isoscape F) (Fig. 9). The local
range for isoscape F is on the higher end of the range for European loess
(Nehlich et al., 2009). Samples for isoscape F derive from Borgharen,
which is located in the Meuse river valley. Because the strontium ratios
were higher than expected for Meuse river sediments and the local soil
consists of gravel in alluvial loess, the values were concluded to relect
that of the loess region (Kootker et al., 2016, 7). One sample from
Heerlen is just outside the range for isoscape F and can perhaps also be
regarded as consistent with the local signal, especially since the dif-
ference between the values for this pig tooth and the other pig tooth
with a local signal is very small. One value is much lower than the local
range but falls within the range for European loess (Nehlich et al.,
2009). The diference with the local range could relect the natural
variability of the landscape around Heerlen, with loess and river val-
leys. Six values are higher than the local range. Of the six higher values,
one is especially high and probably from a diferent region than the
other ive. That would mean that cattle originate from at least three
diferent sources (all non-local), sheep or goats from at least two (in-
cluding Heerlen or surroundings) and the two pigs may both be local.
‘Local’ in this case is not necessarily the vicus itself but could also be the
loess zone surrounding Heerlen (isoscape F).

5. Discussion

Based on the current data set, mobility at Houten seems strongest in
the Middle Iron Age and weakest in the Roman period. However, it is
possible that there was mobility within the isoscape of which Houten is
part. Furthermore, our data only show evidence for mobility towards
Houten and not from Houten to other places. Since Houten was a rural
settlement, it is likely to have produced a surplus of animals in the
Roman period, which ended up on the Roman markets. A problem in
inding out where these animals went is that the assumed potential
markets lie in the same isoscape as Houten.

For Iron Age Houten-Castellum, ive out of 23 cattle have a non-
local strontium ratio. That means they lived elsewhere during the early
second year of life. The current data set shows more mobility in the
Middle than the Late Iron Age (MIA: 4 out of 14 cattle non-local; LIA: 1
out of 9 cattle non-local), but this is something that should be tested in
the future by adding more samples. There are several explanations for
mobility of cattle in the Iron Age. First, farmers depended on their li-
vestock and if they moved to a new location, they would have taken
their animals with them. Second, the movement of individual people,
for instance in the case of marriage, may also have included livestock
(as dowry). Next, livestock may have been exchanged or traded for
other goods, perhaps to introduce new bloodlines into herds to keep
them healthy. Finally, cattle may have been stolen in cattle raids or
brought back as spoils after a conlict. Strontium isotope analysis of
human burials in the Early and Middle Iron Age in the River Area has

Fig. 7. Strontium concentrations for the cattle teeth from Houten-Castellum.

Fig. 8. Average oxygen and carbon values for cattle teeth from Houten-Castellum. MG04 and MG31 have non-local strontium ratios.
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shown a high degree of mobility among people, with 11 out of 23
people samples being of non-local origin (Kootker et al., 2017). Six out
of 11 samples from animals (2 cattle, 3 pigs, 1 dog) were also non-local,
with one cow and one pig showing very high values, consistent with the
boulder clay area in the northeast of the Netherlands.

Oxygen and carbon results show one animal (MG04) deviating from
the others for both isotopes. The higher oxygen value suggests that this
animal came from a region which was wetter and/or warmer, while the
carbon suggests its diet during the second year of life was diferent from
the other cattle from Houten-Castellum, perhaps including grazing in a
more wooded area. MG31 was identiied by its 87Sr/86Sr ratio as non-
local, but the oxygen and carbon values are similar to cattle with local
87Sr/86Sr ratios. Perhaps it came from a region with similar climate and
rainfall as Houten and had a similar diet as the cattle in Houten.

It is impossible to say with certainty where the non-local cattle in
Iron Age Houten came from, but the evidence for trade or exchange
networks from metal, pottery and stone can provide some possibilities.
Iron Age pottery shows inluences from the west and northwest; un-
fortunately, it is unclear whether this includes the boulder clay area of
Drenthe, which could account for the most radiogenic strontium values.
Stone artefacts came from the Eifel, Ardennes and northern France,
areas which could also account for high strontium values (Willmes
et al., 2018).

In the Roman period, most of the samples from cattle in Houten are
consistent with the local signal; there is little evidence for mobility. The
single non-local animal could have come from an area that is not very
far away (ca 15–20 km). Recent research looked into mobility of people
and livestock in the Roman site of Tiel-Medel (Kootker, 2019), which is
about 20 km from Houten-Castellum. Analysis of the pottery from this
site showed strong indications for a non-local origin of the people living
here in the earliest part of the Roman period. Since there are no human
burials dating to this period, animals were sampled instead. Two cattle
(out of 10 animals that were sampled – cattle, sheep/goat and a horse)
showed values that difered from the other eight animals, which had
values consistent with the local signature. Because the other animals’
values were very close to each other, it was argued that the two cattle
with deviating values are either non-local, grazed on diferent pasture
or were fed other food. If they are non-local, then they could have come
with the immigrants.

While the lack of mobility in Houten in the Roman period may seem
puzzling at irst, considering the amount of trade in this period, it is
logical when we consider the type of site. Houten is a rural settlement,
which would have raised livestock both for subsistence and to supply
towns and military sites. Although some imported cattle may have
reached the site to introduce new bloodlines and improve the local
type, these were probably few and there is therefore a small chance of
sampling them isotopically. The low of animals was mainly from

producer to consumer site, so although it is likely that there was mo-
bility at Houten, it is archaeologically invisible, as the animals that
moved did not die on site.

This is conirmed by the results for Heerlen. The strontium isotope
ratios for Heerlen indicate at least four diferent origins of the animals,
including Heerlen (or surroundings) itself. Considering the age of the
cattle, it is likely that they were not prime-meat animals (with one
exception of an animal aged 30–36months) but had been used as
traction animals irst. They may have been used on a farm to draw a
plough for a number of years and then sent to town or they may have
pulled loads of imported goods to Heerlen and been left behind. The
cattle show more variety in their origins than pigs and sheep or goats.
The pigs were probably both raised in the town or its surroundings, the
sheep and goats have two diferent origins (one of which local) and the
cattle come from three diferent regions, none of which are local but
one could be the same as the place of origin for two of the sheep or
goats. This last region – if it is indeed a single region and not diferent
regions with a similar geology – is the source of ive of the 12 sampled
individuals and therefore of considerable economic importance to
Heerlen. Most sheep at Heerlen were slaughtered as adults and may
have been exploited for wool before being sent to the town for meat.
Perhaps we should look to a wool-producing region for the origin of
some of the livestock at Heerlen. Stone artefacts and building stone
found in Heerlen indicates trade networks with the Eifel, Lorraine and
Belgium, while pottery indicates contacts with the Belgian Meuse,
Cologne and Mainz regions. Strontium values of 0.712 and higher can
be found in at least some of those regions (Willmes et al., 2018).

More research into mobility of livestock has been carried out in
Britain. Isotope analysis of 95 cattle teeth from Iron Age and Roman
Owslebury shows an increase in mobility of cattle over time (Minniti
et al., 2014). For the Middle Iron Age, no non-local animals were
identiied, while for the Late Iron Age and even more so for the Roman
period, cattle originated from diferent geographic regions, some at
considerable distance from Owslebury. This its in with a lack of trade
or exchange of material culture in the Middle Iron Age and increasing
trade in the Late Iron Age. Owslebury seems to have been connected
with the market network and shows similarities to urban centres. That
would make it a diferent kind of rural settlement from Houten. The
diference in mobility in the Middle Iron Age between the two sites
seems to relect diferences in exchange networks.

In Roman Worcester, teeth from six cattle were sampled, which
were all non-local (Gan et al., 2018). The animals do not derive from a
single herd and seem to have come from at least two diferent locations,
perhaps Herefordshire and Wales. In Roman Ferry Fryston, West
Yorkshire, at least two out of six cattle were non-local; the other four
could derive from Yorkshire (Jay et al., 2007). In the Roman fortress of
Caerleon, at least seven out of 37 animals originate from outside the

Fig. 9. 87Sr/86Sr for Heerlen. The local range is marked by the pale pink band.
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local region (Madgwick et al., 2019a). Due to the wide range of the
‘local’ signal (due to a complex geology), the number of non-local an-
imals is probably underestimated. Four of the seven non-local animals
(including two cattle) come from a chalk geology, the nearest of which
is a considerable distance from Caerleon. The common presence of non-
local livestock, some from considerable distances away, its into Stal-
librass’s model for long-distance cattle droving (in a parallel to post-
medieval cattle droving from Scotland to London) as a means to pro-
duce and supply livestock to the frontier region of Northern England
(Stallibrass, 2008). The post-medieval cattle that were part of the
droving system were mostly adult animals, supplied in small numbers
by individual farmers but collected in large groups for droving. Wor-
cester, Ferry Fryston and Caerleon are similar to Heerlen in that they
were supplied with food and raw materials from outside the immediate
surroundings of the sites.

The results of the isotope analysis for Houten and Heerlen provide
some new insights into mobility of livestock in the Iron Age and Roman
Netherlands. This research largely breaks new ground for the region,
but future analyses will increase the sample size and lead us to a better
understanding of the extent and nature of livestock and human mobi-
lity. For the Roman period, a comparison of rural data with data from
urban and military sites within the central Netherlands can test the
hypothesis of local supply of meat. These sites mostly lie within the
same isoscape, so any non-local animals in the urban and military sites
would have been supplied from a diferent region. The same applies to
the southeast of the Netherlands. What is needed is a comparison of the
results from Heerlen with rural sites in the vicinity to conirm or ex-
clude the possibility of local supply. This research thus provides the
framework we needed to elaborate more nuanced questions about Iron
Age and Roman life based on isotope evidence. To be efective, this will,
of course, need to be integrated with other lines of archaeological
evidence, as done in this paper.

Declaration of Competing Interest

The authors declare that they have no known competing inancial
interests or personal relationships that could have appeared to inlu-
ence the work reported in this paper.

Acknowledgements

This project has received funding from the European Commission’s
Horizon 2020 research and innovation programme under the Marie
Sklodowska-Curie grant agreement No 740394. The strontium analysis
of the twelve samples from Heerlen-Thermenterrein and the oxygen and
carbon stable isotope analysis of ten samples from Houten-Castellum
was funded by BCL Archaeological Support. We would also like to thank
Mirella de Jong (Provinciaal Depot voor Bodemvondsten Utrecht) and
Karen Jeneson (Thermenmuseum Heerlen) for permission to sample
teeth and Martijn van Haasteren, Edda Wijnans and Jan van Renswoude
(VUhbs) for their help in inding the teeth from Houten-Castellum.
Finally, we want to thank the two anonymous reviewers for their va-
luable suggestions.

References

Balasse, M., Ambrose, S.H., Smith, A.B., Price, T.D., 2002. The seasonal mobility model
for prehistoric herders in the south-western Cape of South Africa assessed by isotopic
analysis of sheep tooth enamel. J. Archaeol. Sci. 29, 917–932.

Balasse, M., 2002. Reconstructing dietary and environmental history from enamel iso-
topic analysis: time resolution of intra-tooth sequential sampling. Int J.
Osteoarchaeol. 12, 155–165.

Balasse, M., Obein, G., Ughetto-Monfrin, J., Mainland, I., 2012. Investigating seasonality
and season of birth in past herds: a reference set of sheep enamel stable oxygen
isotope ratios. Archaeometry 54 (2), 349–368.

Bentley, R.A., 2006. Strontium Isotopes from the Earth to the Archaeological Skeleton: A
review. J. Archaeol. Method Theory 13 (3), 135–187. https://doi.org/10.1007/
s10816-006-9009-x.

Bentley, R.A., Knipper, C., 2005. Transhumance at the early Neolithic settlement at
Vaihingen (Germany), Antiquity 79 (December: “Online Project Gallery”).

Birck, J.L., 1986. Precision K-Rb-Sr Isotopic Analysis - Application to Rb-Sr Chronology.
Chem. Geol. 56 (1–2), 73–83.

Boreel, G., 2017. Natuursteen. In: van Renswoude, J., Habermehl, D.S. (Eds.),
Opgravingen te Houten-Castellum. Bewoning langs een restgeul in de IJzertijd,
Romeinse tijd en Vroege Middeleeuwen, Amsterdam (Zuidnederlandse
Archeologische Rapporten 65), 573-671.

Brinkkemper, O., Van Wijngaarden-Bakker, L., 2005. All-round farming. Food production
in the Bronze Age and the Iron Age. In: Louwe Kooijmans, L.P., van den Broeke, P.W.,
Fokkens, H., van Gijn, A.L. (Eds.), The Prehistory of the Netherlands, Amsterdam,
491-512.

Britton, K., Grimes, V., Niven, L., Steele, T., McPherron, S., Soressi, M., Kelly, T., Jaubert,
J., Hublin, J., Richards, M., 2011. Strontium isotope evidence for migration in late
Pleistocene Rangifer: Implications for Neanderthal hunting strategies at the Middle
Palaeolithic site of Jonzac. France, Journal of Human Evolution 61 (2), 176–185.
https://doi.org/10.1016/j.jhevol.2011.03.004.

Brown, W.A.B., Christoferson, P.V., Massler, M., Weiss, M.B., 1960. Postnatal tooth de-
velopment in cattle. Am. J. Vet. Res. 21 (80), 7–34.

Bull, G., Payne, S., 1982. Tooth eruption and epiphysial fusion in pigs and wild boar. In:
Wilson, B., Grigson, C., Payne, S. (Eds.), Ageing and Sexing Animal Bones from
Archaeological Sites, Oxford (BAR British Series 109), 55-71.

Coplen, T.B., 1988. Normalization of oxygen and hydrogen isotope data. Chem. Geol. 72,
293–297.

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16, 436–468.
Dreesen, R.J.M., 2020. Natural stone. In: Jeneson, K., Vos, W.K. (Eds.), Roman bathing in

Corriovallum. The thermae of Heerlen revisited, Amersfoort (Nederlandse
Archeologische Rapporten 65), 153-156, Appendix XVI.

Evans, J., Chenery, C.A., Montgomery, J., 2012. A summary of strontium and oxygen
isotope variation in archaeological human tooth enamel excavated from Britain. J.
Anal. At. Spectrom. 27, 754–764.

Evans, J., Parker Pearson, M., Madgwick, R., Sloane, H., Albarella, U., 2019. Strontium
and oxygen isotope evidence for the origin and movement of cattle at Late Neolithic
Durrington Walls. UK, Archaeological and Anthropological Science 11, 5181–5197.
https://doi.org/10.1007/s12520-019-00849-w.

Gan, Y.M., Towers, J., Bradley, R.A., Pearson, E., Nowell, G., Peterkind, J., Montgomery,
J., 2018. Multi-isotope evidence for cattle droving at Roman Worcester. J.
Archaeolog. Sci.: Rep. 20, 6–17.

Grant, A., 1982. The use of tooth wear as a guide to the age of domestic ungulates. In:
Wilson, B., Grigson, C., Payne, S. (Eds.), Ageing and Sexing Animal Bones from
Archaeological Sites. BAR, Oxford, pp. 91–108.

Groot, M., 2016. Livestock for sale. Animal Husbandry in a Roman Frontier Zone,
Amsterdam (Amsterdam Archaeological Studies 24).

Groot, M., 2020. Animal bone. In: Jeneson, K., Vos, W.K. (Eds.), Roman Bathing in
Corriovallum. The Thermae of Heerlen revisited, Amersfoort (Nederlandse
Archeologische Rapporten 65), 148-150, Appendix XIV.

Groot, M., Heeren, S., Kooistra, L., Vos, W., 2009. Surplus production for the market? The
agrarian economy in the non-villa landscapes of Germania Inferior, Journal of Roman
Archaeology 22, 231–252.

Groot, M., Kooistra, L.I., 2009. Land use and the agrarian economy in the Roman Dutch
River Area, Internet Archaeology 27.

Groot, M., van Haasteren, M., 2017. Dierlijk bot. In: van Renswoude, J., Habermehl, D.S.
(Eds.), Opgravingen te Houten-Castellum. Bewoning langs een restgeul in de
IJzertijd, Romeinse tijd en Vroege Middeleeuwen, Amsterdam (Zuidnederlandse
Archeologische Rapporten 65), 687-733.

Halstead, P., 1985. A study of mandibular teeth from Romano-British contexts at Maxey.
In: Pryor, F., French, C., Crowther, D., Gurney, D., Simpson, G., Taylor, M. (Eds.),
Archaeology and Environment in the Lower Welland Valley, vol. 1, Cambridge (East
Anglian Archaeology Report 27), 219–224.

Haverkort, C.M., Weber, A., Katzenberg, M.A., Goriunova, O.I., Simonetti, A., Creaser,
R.A., 2008. Hunter-Gatherer Mobility Strategies and Resource Use Based on
Strontium Isotope 87Sr/86Sr) Analysis: A Case Study from Middle Holocene Lake
Baikal. Siberia, Journal of Archaeological Science 35 (5), 1265–1280. https://doi.org/
10.1016/j.jas.2007.09.002.

Heeren, S., 2006. Opgravingen bij Tiel-Passewaaij 1. De nederzetting aan de Passewaaijse
Hogeweg. Amsterdam (ZAR, 29).

Heeren, S., 2009. Romanisering van rurale gemeenschappen in de civitas Batavorum. De
casus Tiel-Passewaaij. Amersfoort (Nederlandse Archeologische Rapporten 36).

Hiddink, H.A., 1999. Germaanse samenlevingen tussen Rijn en Weser. 1ste eeuw voor –
4de eeuw na Chr., Amsterdam (PhD thesis Universiteit van Amsterdam).

Higham, C.F.W., 1967. Stock rearing as a cultural factor in prehistoric Europe,
Proceedings of the Prehistoric Society 33, 84-106.

Hillson, S., 2005. (2nd ed.): Teeth, Cambridge.
Jay, M., Grimes, V., Montgomery, J., Lakin, K., Evans, J. 2007. Multi-isotope analysis of

humans and cattle from Ferry Fryston, West Yorkshire. In: Brown, F., Howard-Davis,
C., Brennand, M., Boyle, A., Evans, T., O’Connor, S., Spence, A., Heawood, R., Lupton,
A. (Eds.), The Archaeology of the A1(M) Darrington to Dishforth DBFORoad Scheme,
Lancaster, 351-354.

Kooistra, L.I., 2009. The provenance of cereals for the Roman army in the Rhine delta,
based on archaeobotanical evidence. Beihefte der Bonner Jahrbücher 58 (1),
219–237.

Kooistra, L.I., 2017. Botanische materialen. In: van Renswoude, J., Habermehl, D.S. (Eds.
), Opgravingen te Houten-Castellum. Bewoning langs een restgeul in de IJzertijd,
Romeinse tijd en Vroege Middeleeuwen, Amsterdam (Zuidnederlandse
Archeologische Rapporten 65), 747-788.

Kooistra, L.I., 2018. Food for soldiers: farm deliveries from Germania Inferior in the

M. Groot, et al. Journal of Archaeological Science: Reports 32 (2020) 102416

9

http://refhub.elsevier.com/S2352-409X(20)30207-8/h0005
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0005
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0005
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0010
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0010
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0010
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0015
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0015
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0015
https://doi.org/10.1007/s10816-006-9009-x
https://doi.org/10.1007/s10816-006-9009-x
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0025
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0025
https://doi.org/10.1016/j.jhevol.2011.03.004
http://refhub.elsevier.com/S2352-409X(20)30207-8/h9010
http://refhub.elsevier.com/S2352-409X(20)30207-8/h9010
http://refhub.elsevier.com/S2352-409X(20)30207-8/h9015
http://refhub.elsevier.com/S2352-409X(20)30207-8/h9015
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0050
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0060
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0060
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0060
https://doi.org/10.1007/s12520-019-00849-w
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0070
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0070
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0070
http://refhub.elsevier.com/S2352-409X(20)30207-8/h9005
http://refhub.elsevier.com/S2352-409X(20)30207-8/h9005
http://refhub.elsevier.com/S2352-409X(20)30207-8/h9005
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0085
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0085
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0085
https://doi.org/10.1016/j.jas.2007.09.002
https://doi.org/10.1016/j.jas.2007.09.002
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0110
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0110
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0115
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0115
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0145
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0145
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0145


second and third centuries AD. In: Ivleva, T., de Bruin, J., Driessen, M. (Eds.),
Embracing the provinces: society and material culture of the Roman frontier regions.
Essays in honour of Dr Carol van Driel-Murray, Oxford, 111-120.

Kooistra, L.I., Groot, M., 2015. The agricultural basis of the Hoogeloon villa and the wider
region. In: Roymans, N., Derks, T., Hiddink, H. (Eds.), The Roman Villa of Hoogeloon
and the Archaeology of the Periphery, Amsterdam (Amsterdam Archaeological
Studies 22), 141-162.

Kootker, L.M., 2019. Isotopenanalyse. Paleomobiliteit en paleodieet. In: Habermehl, D.,
van Kampen, J., van Renswoude, J. (Eds.), Opgravingen te Tiel-Medel-Hazenkamp en
-De Reth. Twee grafvelden uit de Romeinse tijd en nederzettingssporen uit de Late
IJzertijd en vroeg-Romeinse tijd, Amsterdam (Zuidnederlandse Archeologische
Rapporten 80), 608–620.

Kootker, L.M., van Lanen, R.J., Kars, H., Davies, G.R., 2016. Strontium isoscapes in the
Netherlands. Spatial variations in 87Sr/86Sr as a proxy for palaeomobility. J.
Archaeolog. Sci.: Rep. 6, 1–13.

Kootker, L.M., Geerdink, C., van den Broeke, P.W., Kars, H., Davies, G.R., 2017. Breaking
traditions: An isotopic study on the changing funerary practices in the Dutch Iron Age
(800–12 BC). Archaeometry 60 (3), 594–611.

Kootker, L.M., van Lanen, R.J., Groenewoudt, B.J., Altena, E., Panhuysen, R.G.A.M.,
Jansma, E., Kars, H., Davies, G.R., 2019. Beyond isolation: understanding past
human-population variability in the Dutch town of Oldenzaal through the origin of its
inhabitants and its infrastructural connections. Archaeological and Anthropological
Sciences 11, 755–775.

Langeveld, M., 2010. Conclusie. In: Langeveld, M., Luksen-IJtsma, A., Weterings, P. (Eds.
), Een goede buur? LR46 en LR49: deinitief archeologisch onderzoek naar de vicus,
grafvelden, infrastructuur en een inheemse nederzetting in de omgeving van het
Romeinse castellum in De Meern, deelgebied ‘De Woerd’ (Gemeente Utrecht), Utrecht
(BRA 19), 317-328.

Lewis, J., Pike, A.W.G., Coath, C., Evershed, R., 2017. Strontium concentration, radio-
genic (87Sr/86Sr) and stable (δ88Sr) strontium isotope systematics in a controlled
feeding study. Sci. Technol. Archaeolog. Res. 3 (1), 53–65. https://doi.org/10.1080/
20548923.2017.1303124.

Lightfoot, E., O’Connell, T.C., 2016. On the Use of Biomineral Oxygen Isotope Data to
Identify Human Migrants in the Archaeological Record: Intra Sample Variation.
Statistical Methods and Geographical Considerations, PLoSONE 11 (4), e0153850.
https://doi.org/10.1371/journal.pone.0153850.

Longinelli, A., 1984. Oxygen isotopes in mammal bone phosphate: A new tool for pa-
leohydrological and paleoclimatological research? Geochim. Cosmochim. Acta 48
(2), 385–390.

Madgwick, R., Lewis, J., Grimes, V., Guest, P., 2019a. On the hoof: exploring the supply of
animals to the Roman legionary fortress at Caerleon using strontium (87Sr/86Sr)
isotope analysis. Archaeological and Anthropological Sciences 11 (1), 223–235.

Madgwick, R., Lamb, A.L., Sloane, H., Nederbragt, A.J., Albarella, U., Parker Pearson, M.,
Evans, J.A., 2019b. Multi-isotope analysis reveals that feasts in the Stonehenge en-
virons and across Wessex drew people and animals from throughout Britain. Sci. Adv.
5 (3), eaau6078. https://doi.org/10.1126/sciadv.aau6078.

McManus, E., Montgomery, J., Evans, J., Lamb, A., Brettell, R., Jelsma, J., 2013. “To the
land or to the sea”: diet and mobility in Early Medieval Frisia. The Journal of Island
and Coastal Archaeology 8 (2), 255–277.

Minniti, C., Valenzuela-Lamas, S., Evans, J., Albarella, U., 2014. Widening the market.
Strontium isotope analysis on cattle teeth from Owslebury (Hampshire, UK) high-
lights changes in livestock supply between the Iron Age and the Roman period. J.
Archaeol. Sci. 42, 305–314.

Montgomery, J., Evans, J., Towers, J., 2019. Strontium isotopic analysis. In: Parker
Pearson, M., Sheridan, A., Jay, M., Chamberlain, A., Richards, M., Evans, J. (Eds.),
The Beaker People: Isotopes, Mobility and Diet in Prehistoric Britain, Oxford
(Prehistoric Society Research Papers 7), 371–408.

Nehlich, O., Montgomery, J., Evans, J., Schade-Lindig, S., Pichler, S.L., Richards, M.P.,
Alt, K.W., 2009. Mobility or migration: a case study from the Neolithic settlement of
Nieder-Mörlen (Hessen, Germany). J. Archaeol. Sci. 36, 1791–1799.

Pals, J.P., Hakbijl, T., 1992. Weed and insect infestation of grain cargo in a ship at the
Roman fort of Laurium in Woerden (Province of Zuid-Holland). Rev. Palaeobot.
Palynol. 73, 287–300.

Payne, S., 1973. Kill-of patterns in sheep and goats. The mandibles from Aşvan kale,
Anatolian Studies 23, 281–303.

Plomp, E., von Holstein, I.C.C., Kootker, L.M., Verdegaal-Warmerdam, S.J.A.,
Forouzanfar, T., Davies, G.R., 2020. Strontium, oxygen, and carbon isotope variation
in modern human dental enamel. Am. J. Phys. Anthropol. https://doi.org/10.1002/
ajpa.24059.

Roymans, N., 1999. Man, cattle and the supernatural in the Northwest European plain. In:
Fabech, C., Ringtved, J. (Eds.), Settlement and landscape. Proceedings of a con-
ference in Århus, Denmark, May 4-7 1998. Højberg: Jutland Archaeological Society,
291-300.

Roymans, N., 2004. Ethnic identity and imperial power. The Batavians in the Early
Roman Empire, Amsterdam (AAS 10).

Schats, R., Kootker, L.M., Hermsen, R., Davies, G.R., Hoogland, M.L.P., 2014. The
Alkmaar mass graves: a multidisciplinary approach to war victims and gunshot
trauma. In: Knüsel, C., Smith, M. (Eds.), The Routledge Handbook of the
Bioarchaeology of Human Conlict, London, 455–472.

Sharpe, A.E., Emery, K.F., Inomata, T., Triadan, D., Kamenov, G.D., Krigbaum, J., 2018.
Earliest isotopic evidence in the Maya region for animal management and long-dis-
tance trade at the site of Ceibal, Guatemala. PNAS 115 (14), 3605–3610. https://doi.
org/10.1073/pnas.1713880115.

Smits, E., van der Plicht, J., 2009. Mesolithic and Neolithic human remains in the
Netherlands: physical anthropological and stable isotope investigations. Journal of
Archaeology in the Low Countries 1 (1), 55–85.

Smits, E., Millard, A.R., Nowell, G., Pearson, D.G., 2010. Isotopic investigation of diet and
residential mobility in the Neolithic of the Lower Rhine Basin. European Journal of
Archaeology 13 (1), 5–31.

Stallibrass, S., 2009. In: Driessen, M., Heeren, S., Hendriks, J., Kemmers, F., Visser, R.
(Eds.), TRAC 2008. Proceedings of the Eighteenth Annual Theoretical Roman
Archaeology Conference which took place at the University of Amsterdam 4-6 March
2008, Oxford, 101–112.

Sykes, N., White, J., Hayes, T.E., Palmer, M.R., 2006. Tracking animals using strontium
isotopes in teeth: the role of fallow deer (Dama dama) in Roman Britain. Antiquity 80,
948–959.

Towers, J., Montgomery, J., Evans, J., Jay, M., Parker Pearson, M., 2010. An investigation
of the origins of cattle and aurochs deposited in the Early Bronze Age barrows at
Gayhurst and Irthlingborough. J. Archaeol. Sci. 37, 508–515.

Towers, J., Jay, M., Mainland, I., Nehlich, O., Montgomery, J., 2011. A calf for all sea-
sons? The potential of stable isotope analysis to investigate prehistoric husbandry
practices, Journal of Archaeological Science 38 (8), 1858–1868.

Vaiglova, P., Halstead, P., Pappa, M., Triantaphyllou, S., Valamoti, S.M., Evans, J., Fraser,
R., Karkanas, P., Kay, A., Lee-Thorp, J., Bogaard, A., 2018. Of cattle and feasts: Multi-
isotope investigation of animal husbandry and communal feasting at Neolithic
Makriyalos, northern Greece. PLoS ONE 13 (6), e0194474. https://doi.org/10.1371/
journal.pone.0194474.

Van den Broeke, P., Habermehl, D., Van Kerckhove, J., Sinke, A., 2017. Aardewerk. In:
van Renswoude, J., Habermehl, D.S. (Eds.), Opgravingen te Houten-Castellum.
Bewoning langs een restgeul in de IJzertijd, Romeinse tijd en Vroege Middeleeuwen,
Amsterdam (Zuidnederlandse Archeologische Rapporten 65), 143–414.

Van Dijk, J., 2016. Iron Age animal husbandry in the wetlands of the western
Netherlands. Environ. Archaeol. 21 (1), 45–58.

Van Dijk, J., Groot, M., 2013. The Late Iron Age-Roman transformation from subsistence
to surplus production in animal husbandry in the Central and Western parts of the
Netherlands. In: Groot, M., Lentjes, D., Zeiler, J. (Eds.), Barely surviving or more than
enough? The environmental archaeology of subsistence, specialisation and surplus
food production, Leiden, 175–200.

Van Kampen, J., 2017. Glas. In: van Renswoude, J., Habermehl, D.S. (Eds.), Opgravingen
te Houten-Castellum. Bewoning langs een restgeul in de IJzertijd, Romeinse tijd en
Vroege Middeleeuwen, Amsterdam (Zuidnederlandse Archeologische Rapporten 65),
673–686.

Van Kerckhove, J., 2020. Roman pottery. In: Jeneson, K., Vos, W.K. (Eds.), Roman
bathing in Corriovallum. The thermae of Heerlen revisited, Amersfoort (Nederlandse
Archeologische Rapporten 65), 135–139, Appendix VIII.

Van Renswoude, J., 2009. Synthese. In: van Renswoude, J., Van Kerckhove, J. (Eds.),
Opgravingen in Geldermalsen-Hondsgemet. Een inheemse nederzetting uit de Late
IJzertijd en Romeinse tijd, Amsterdam (ZAR 35), 459–475.

Van Renswoude, J., 2017a. Sporen, structuren en fasering. In: van Renswoude, J.,
Habermehl, D.S. (Eds.), Opgravingen te Houten-Castellum. Bewoning langs een
restgeul in de IJzertijd, Romeinse tijd en Vroege Middeleeuwen, Amsterdam
(Zuidnederlandse Archeologische Rapporten 65), 89–141.

Van Renswoude, J., 2017b. Metaal. In: van Renswoude, J., Habermehl, D.S. (Eds.),
Opgravingen te Houten-Castellum. Bewoning langs een restgeul in de IJzertijd,
Romeinse tijd en Vroege Middeleeuwen, Amsterdam (Zuidnederlandse
Archeologische Rapporten 65), 437–556.

Viner, S., Evans, J., Albarella, U., Parker Pearson, M., 2010. Cattle mobility in prehistoric
Britain: strontium isotope analysis of cattle teeth from Durrington Walls (Wiltshire,
Britain). J. Archaeol. Sci. 37, 2812–2820.

Vos, W.K., 2020. The urban setting of the baths. Features and structures from the ROB
excavations 1952–1957. In: Jeneson, K., Vos, W.K. (Eds.), Roman bathing in
Corriovallum. The thermae of Heerlen revisited, Amersfoort (Nederlandse
Archeologische Rapporten 65), 127–135, Appendix VII.

Van Renswoude, J., Habermehl, D.S., 2017. Opgravingen te Houten-Castellum. Bewoning
langs een restgeul in de IJzertijd, Romeinse tijd en Vroege Middeleeuwen.
Amsterdam (Zuidnederlandse Archeologische Rapporten 65).

Waters-Rist, A.L., Palmer, J., 2016. Report of Strontium and Stable Oxygen Isotope
Results of Human Remains from the Roman Fort at Velsen, The Netherlands, Leiden
(Unpublished report Laboratory for Human Osteoarchaeology, Leiden University).

Willmes, M., Bataille, C.P., James, H.F., Mofat, I., McMorrow, L., Kinsley, L., Armstrong,
R.A., Eggins, S., Grün, R., 2018. Mapping of bioavailable strontium isotope ratios in
France for archaeological provenance studies. Appl. Geochem. 90, 75–86.

Zagwijn, W.H., Beets, D.J., van den Berg, M., van Montfrans, H.M., van Rooijen, P., 1985.
Atlas van Nederland, deel 13. Geologie, Den Haag.

Zhao, C., Yang, J., Yuan, J., ZhiPeng, L., Xu, H., Zhao, H., Chen, G., 2012. Strontium
isotope analysis of archaeological fauna at the Erlitou site. Science China Earth
Sciences 55, 1255–1259. https://doi.org/10.1007/s11430-012-4400-9.

M. Groot, et al. Journal of Archaeological Science: Reports 32 (2020) 102416

10

http://refhub.elsevier.com/S2352-409X(20)30207-8/h0170
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0170
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0170
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0175
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0175
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0175
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0180
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0180
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0180
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0180
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0180
https://doi.org/10.1080/20548923.2017.1303124
https://doi.org/10.1080/20548923.2017.1303124
https://doi.org/10.1371/journal.pone.0153850
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0205
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0205
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0205
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0210
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0210
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0210
https://doi.org/10.1126/sciadv.aau6078
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0220
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0220
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0220
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0225
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0225
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0225
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0225
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0235
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0235
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0235
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0240
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0240
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0240
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0245
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0245
https://doi.org/10.1002/ajpa.24059
https://doi.org/10.1002/ajpa.24059
https://doi.org/10.1073/pnas.1713880115
https://doi.org/10.1073/pnas.1713880115
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0275
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0275
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0275
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0280
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0280
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0280
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0290
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0290
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0290
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0295
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0295
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0295
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0300
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0300
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0300
https://doi.org/10.1371/journal.pone.0194474
https://doi.org/10.1371/journal.pone.0194474
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0315
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0315
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0350
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0350
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0350
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0365
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0365
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0365
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0375
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0375
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0375
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0380
http://refhub.elsevier.com/S2352-409X(20)30207-8/h0380
https://doi.org/10.1007/s11430-012-4400-9

	Mobility of cattle in the Iron Age and Roman Netherlands
	Introduction
	Material and methods
	Analytical Method- Sr isotopes
	The chemical preparation and isotope analysis of carbon and oxygen in structural carbonate
	Samples and sample preparation
	Strontium isotope and oxygen analysis: Selection of samples from Houten-Castellum
	Strontium isotope analysis: Selection of samples from Heerlen

	Archaeological background of the sites and earlier research
	Background Houten-Castellum
	Archaeological indicators for trade networks and/or human mobility at Houten
	Background Heerlen-Thermenterrein
	Archaeological indicators for trade networks and/or human mobility in Heerlen

	Results
	Houten
	Heerlen

	Discussion
	Declaration of Competing Interest
	Acknowledgements
	References


