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Abstract
In this paper, we investigate population dynamics in the Scandinavian Neolithic and Early Bronze Age in southwestern Sweden.
Human mobility patterns in Falbygden were studied by applying strontium isotope analysis combined with archaeological and
bioarchaeological data, including mtDNA and sex assessment on a large dataset encompassing 141 individuals from 21 mega-
lithic graves. In combination with other archaeological and anthropological records, we investigated the temporal and spatial
scale of individual movement, mobility patterns of specific categories of people and possible social drivers behind them. Our
results of strontium and biomolecular analyses suggest that mobility increased in the Late Neolithic and Early Bronze Age
compared to the earlier parts of the Neolithic. The data indicate individuals moving both into and away from Falbygden. Mobility
patterns and contact networks also shift over time.
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Introduction

The Scandinavian Neolithic (4000–1700 cal BC) and Early
Bronze Age (1700–1100 cal BC) were times of important cul-
tural transformations and human migrations. Some of the

drivers behind these changes were agriculture introduced by
Funnelbeaker/Trichterbecher Culture (TRB) groups ca
4000 cal BC and growing long-distance exchange networks
and imports of metal objects in the Late Neolithic (2200–
1700 cal BC). In inland southwestern Sweden, regional net-
works and contacts within southern Scandinavia, and indirectly
with continental Europe, can be attested by building traditions,
burial practices and imported goods (Apel 2001; Sjögren 2003;
Weiler 1994).

According to recent results from ancient DNA (aDNA) re-
search, migration was an important factor for the spread of the
TRB complex and agriculture into Scandinavia (e.g.
Linderholm 2008; Malmström et al. 2015; Mittnik et al.
2018; Skoglund et al. 2012, 2014). Furthermore, results from
several aDNA studies (Allentoft et al. 2015; Haak et al. 2015)
demonstrate that populations from the Pontic-Caspian steppe
expanded and settled in Europe from around 2800 cal BC. A
recent study has confirmed that Nordic Corded Ware (CW)
groups (Battle Axe Culture), which appeared at this time ex-
hibit genetic ancestry from European CW groups that migrated
into Scandinavia but also exhibit admixture from farmers, such
as the TRB (Egfjord et al. 2021; Malmström et al. 2019).

While aDNA data can reveal long time-scale demographic
developments and mobility, strontium isotopes (87Sr/86Sr)
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allow us to trace movement on an individual basis and short
time scale of both humans and animals (Bentley 2006; Ericson
1985; Montgomery 2010). The data enable us to discuss var-
ious kinds of mobility patterns, networks and population dy-
namics (Brusgaard et al. 2019; Frei et al. 2015; Frei et al.
2019a; Gron et al. 2016; Knipper 2011; Montgomery and
Evans 2006; Sjögren et al. 2009). The strontium (Sr) isotope
ratios in humans mirror the isotope composition of bioavail-
able Sr in the area where people resided, assuming that they
consumed locally procured water and food. Strontium iso-
topes can therefore only be used to trace mobility if the Sr
isotope ratios differ between the areas where the movement
took place (Bentley 2006; Montgomery 2010).

In Neolithic and Early Bronze Age Sweden, important so-
cial changes coincide with the two phases of megalithic grave
construction and use, c. 3400–2600 and 2200–1100 cal BC
(Blank et al. 2020). The focus of this study is Falbygden, in
the inland of southwestern Sweden (Fig. 1). Here, one of

northern Europe’s largest concentrations of megalithic graves
occurs. The term Falbygden is here used in an expanded sense
and encompasses the entire Cambro-Silurian sedimentary
zone, which is surrounded by Precambrian crystalline rocks.
Previous research (Blank et al. 2018a; Blank and Knipper in
press; Sjögren et al. 2009; Sjögren and Price 2013a) has dem-
onstrated a clear distinction between the Sr isotope ratios in
the Cambro-Silurian and the Precambrian regions. Thus, the
geological conditions of Falbygden provide an ideal setting
for mobility studies based on Sr isotopes. A recent Sr isotope
baseline (Blank et al. 2018a) of the inland of southwestern
Sweden allows more elaborate discussions of mobility pat-
terns. Furthermore, the calcareous soils are favourable for
bone preservation, and a remarkable assemblage of well-
preserved archaeological animal and human remains has been
recovered from the megalithic graves.

The Middle Neolithic (3350–2200 cal BC) passage graves
in the region, characterized by chambers with perpendicular

Fig. 1 Map with the location of
Falbygden. A Falbygden, B
Kinnekulle, and C Halle and
Hunne mountains
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passages, have been extensively studied. The human and an-
imal remains have been submitted to various scientific analy-
ses, such as osteology, aDNA, 14C dating, carbon (C), nitro-
gen (N), Sr and sulphur (S) isotope analysis (Ahlström 2009;
Hinders 2011; Lidén 1995; Linderholm 2008; Malmström
et al. 2019; Persson and Sjögren 1995, 2001; Sjögren 2003,
2011, 2015a, 2017; Sjögren et al. 2009; Sjögren and Price
2013a, b; Skoglund et al. 2012, 2014; Rascovan et al. 2019).
Most of these studies support a population in Falbygden as
being part of a much larger system of exchange/alliances with
the surrounding Precambrian regions, involving both humans
and cattle.

The skeletal remains from the gallery graves on the other
hand, encompassing a wide range of chamber forms con-
structed by stone slabs, mainly assigned to the Late
Neolithic, have not been investigated to their full potential.
Only a few studies including 14C dates, C, N and Sr isotopes
have been published (Blank 2019; Blank et al. 2018b, 2020;
Blank and Knipper in press). More variable isotope data
(Blank 2019; Blank et al. 2018b; Blank and Knipper in
press) have suggested an increased human mobility during
the Late Neolithic compared to the Middle Neolithic.

In this study, we investigate human mobility patterns in the
Scandinavian Neolithic and Early Bronze Age in a large set of
individuals from numerous megalithic graves in southwestern
Sweden. The aim is to investigate population dynamics of the
Neolithic and Early Bronze Age megalithic population in the
Falbygden area by applying Sr isotope analysis combined
with archaeological and bioarchaeological data, including ge-
netic sex assessment and mitochondrial DNA (mtDNA)
haplogroups.

We present the results of 170 Sr isotope measurements of
169 teeth from 141 individuals recovered in 21 megalithic
graves of different types (Supplementary Material 1 and 2).
In order to cover both main phases (c. 3400–2600 and 2200–
1100 cal BC) of megalithic burial, 94 new samples mainly
from gallery graves were analysed and combined with 77
previously published results (Blank and Knipper in press;
Sjögren et al. 2009). Furthermore, we contrasted mtDNA
haplogroups from 46 (40 not published before) individuals
from ten of the graves to the Sr isotope data to evaluate pos-
sibly related mobility patterns. Strontium isotope composi-
tions of teeth from all sites were compared with various pa-
rameters such as chronology, grave type, location, age at death
and sex.

Some of the key questions addressed are: What kind of
mobility can be presumed? Do mobility patterns vary between
males and females or between individuals belonging to differ-
ent maternal lineages? Are there any shifts in mobility over
time? Can the mobility patterns be connected to general mi-
gration trends and cultural transformations? Furthermore, we
investigate whether there was variation in mobility and dis-
cuss possible social drivers behind these patterns.

Background

Archaeological background

In present-day Sweden, megalithic graves (dolmens and pas-
sage graves) were first constructed around 3400 cal BC, in the
cultural setting of the TRB (Blank et al. 2020; Persson and
Sjögren 1995; Schulz Paulsson 2010, 2017; Sjögren 2011).
The spread of the TRB complex led to extensive cultural
transformations, including new subsistence practices (farming
and animal husbandry), the construction of causewayed and
palisade enclosures, megalithic graves, ritual depositions in
wetland and a new set of artefacts, such as TRB pottery and
polished axes (Sjögren 2003). In the Middle Neolithic A
(3350–2800 cal BC), PittedWare Culture (PWC) groups with
different burial practices, and subsistence strategies more reli-
ant on marine resources occurred mainly in the coastal areas
where they coexisted with TRB groups (Eriksson et al. 2008;
Fraser et al. 2018a; Skoglund et al. 2012, 2014). In the fol-
lowing period, Middle Neolithic B (2800-2200 cal BC), the
PWC continued, and the Battle Axe Culture (BAC) appeared
in Sweden. People of this period buried their dead in single or
double flat graves (Edenmo 2008; Malmer 1962, 2002), and
megalithic graves were not constructed in most parts of
Sweden (Blank et al. 2020). Gallery graves mark a second
phase of megalithic building activities. Theywere mainly con-
structed during the Late Neolithic and used into the Early
Bronze Age (Blank et al. 2020). Gallery graves are distributed
over a larger geographical area than the passage graves; they
are more common in inland areas and are also found in more
northerly regions of Scandinavia.

Gallery graves in southwestern Sweden stand out with their
relatively large size and construction details such as port-holes
and portal stones (Weiler 1994). In the Late Neolithic, new
areas were settled, and increased social complexity, growing
population density, cultural blending and stronger reliance on
agriculture have been suggested (Apel 2001; Artursson 2009;
Iversen 2015; Kristiansen and Larsson 2005; Lekberg 2002;
Prescott 2005; Tornberg 2018; Vandkilde 1996). The period is
also associated with complex bifacial flint-working tech-
niques, the continued development of long-house construc-
tion, intensified import of gold and copper artefacts, and more
extensive exchange networks (Apel 2001; Artursson 2009;
Kristiansen and Larsen 2005; Ling et al. 2014; Prescott
2005; Simonsen 2017; Vandkilde 1996). The long-distance
trading networks and connections to continental Europe in-
creased further in the Early Bronze Age, especially linked to
metal trade (Vandkilde 1996, 2016).

According to recent research, the megalithic graves in
Sweden were predominantly used for successive inhumations
of whole bodies, although cremations sometimes appeared,
and some variation in the treatment of the dead occurred
(Ahlström 2009; Hollund et al. 2018; Sjögren 2015a, b;
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Strömberg 1968; Weiler 1994). Even though up to 100 inhu-
mations have been confirmed both in passage and gallery
graves, these are considered to represent only part of the pop-
ulation (Ahlström 2009; Lennblad 2015; Retzius 1899;
Sjögren 2003). The mix of sexes and wide age range of the
individuals found corresponds to a cross section of a popula-
tion, and it has been argued that these graves have been used
for families and groups from nearby settlements (Ahlström
2009; Sjögren 2003; Weiler 1994).

In the 50 × 30 km region of Falbygden, the concentration of
megalithic graves is particularly high. Of the more than 550
identified dolmens and passage graves in Sweden, 254 pas-
sage graves and at least four dolmens are known in Falbygden.
Of the approximately 2000 gallery graves, 125 have been
found in Falbygden. Furthermore, approximately 80megalith-
ic graves of unknown type have been registered (Blank 2016;
Persson and Sjögren 2001; Sjögren 2003: 81). There are no
confirmed Middle or Late Neolithic flat graves in the area.
However, Sahlström (Sahlström 1932: 32f) documented a
few flat graves, which most likely can be ascribed to the
BAC. Additionally, a couple of Early Neolithic (4000–
3350 cal BC) wetland depositions of human remains have
been recovered from bogs in Falbygden (Sjögren et al.
2017), and a few stray finds of human remains have been
identified at Middle Neolithic settlements (Sjögren et al.
2019). Thus, almost all the Neolithic skeletal remains recov-
ered from this area derive from megalithic graves.

Artefacts of flint and amber in the dolmens and passage
graves support exchange with Scania and maybe even
Denmark in the Early Neolithic/Middle Neolithic
(Anderbjörk 1932; Axelsson et al. 2015; Ebbesen 1996;
Sjögren 2003). Both raw materials are also present in the
Late Neolithic. Flint daggers imported from the Danish isles
and Scania, as well as bronze and gold artefacts dated to the
Late Neolithic/Early Bronze Age with origins in Northern or
Central Europe, appear in the gallery graves (Apel 2001;
Blank 2017; Blank and Knipper in press; Weiler 1994).

Strontium isotopes in archaeology

Biologically available Sr originates mainly from weathering
rock minerals. Strontium has four naturally occurring stable
isotopes, and the ratio between 87Sr and 86Sr is used in prov-
enance research. The isotope ratio of the bioavailable Sr large-
ly reflects the local geology and depends on the type and age
of bedrock (Faure 1986), although, e.g. overlaying soil de-
posits, sea spray, heavy rain and atmospheric dust also con-
tribute (Bentley 2006; Faure 1986; Montgomery 2010). The
Sr passes through soils and water into the biosphere and enters
the food chain and the human skeleton with minimal isotope
fractionation (Bentley 2006). Sr isotope ratios of human and
animal teeth average the bioavailable 87Sr/86Sr ratios of the
home range of the respective individuals in their early life

(Bentley 2006). Using Sr isotopes to identify non-local indi-
viduals assumes that drinking water and food were procured
locally (Montgomery 2010:325). As the Sr concentrations are
higher in plants than in animals, plant-based food is the main
contributor to Sr uptake in humans, while meat contributes
less (Bentley 2006:154).Watts and Howe (2010) reported that
the typical adult human body content of Sr is 0.3–0.4 g, of
which 99% is stored in the skeleton, and the primary sources
are grains, leafy vegetables, drinking water and dairy
products.

Sr isotope analysis has become a standard method for
studying human and animal mobility and has provided new
insights into prehistoric socio-dynamics (Gron et al. 2015,
2016; Fraser et al. 2018b; Frei et al. 2015, 2019b; Knipper
2011; Knipper et al. 2017; Montgomery and Evans 2006;
Oelze et al. 2012; Price et al. 2004; Sealy et al. 1995;
Sjögren and Price 2013a; Snoeck et al. 2020). Strontium iso-
tope analysis can only trace the first generation of settlers, and
the samples only reflect a specific period of the individuals life
span, depending on the type of sample, bone or enamel from
different teeth (Montgomery 2010:326). In cases where con-
siderable proportions of marine food have been consumed, a
shift in the isotopic ratio towards the seawater ratio (0.7092)
can be expected (Bentley 2006). Moreover, it should be kept
in mind that mobility can only be detected if the Sr isotope
ratios differ between the areas were the movement took place.
Thus, residential changes between Falbygden and other areas
with similar Sr isotope ratios cannot be detected. The effec-
tiveness of the method depends on the geological conditions
of the study areas as well as the questions asked. Geological
information and baseline or comparative data are required to
evaluate the results.

Geology and Sr isotope baseline ranges

Most of southwestern Sweden consists of Precambrian crys-
talline bedrock from the Early and Middle Proterozoic eras
(Andersson et al. 1999; Larsson and Tullborg 2015).
However, parts of the landscape are dominated by younger
rocks with different formation histories, including three areas
of Palaeozoic sedimentary rocks (Falbygden, Kinnekulle, and
Hunne and Halle mountains), among which Falbygden is the
largest (Fig. 1). Here, the sedimentary succession includes
limestone, shale and slate of Cambrian, Ordovician and
Silurian ages on top of Lower Cambrian sandstone. These
rocks are partly intruded by horizontal layers of diabase,
which now form the tops of table mountains (Larsson and
Tullborg 2015).

Tectonic and glaciogenic events also shaped the complex
geology of western Sweden. They add to the complexity of
bioavailable Sr and may affect/mask the isotope ratios that are
otherwise characteristic of the local bedrocks. For example,
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most terrains are covered by glacial deposits (moraines) or by
marine and ice lake sediments of variable thickness.

This investigation builds on a recently published Sr isotope
baseline study of inland southwestern Sweden (Blank et al.
2018a). It confirmed that the different proxies for the isotope
composition of the bioavailable Sr in general mirror the base-
ment geology, although some effects of glacial transport,
overlying sediments and local intrusions of younger rocks
were observed. Furthermore, the raw data as well as baseline
models conducted with geographic information systems (GIS)
differentiate among several areas with restricted isotopic
ranges that may, however, partly overlap. The highest Sr iso-
tope values occur in the geologically oldest eastern parts of the
Precambrian area, while the lowest ratios occur in the youn-
gest Palaeozoic sedimentary terrains (Fig. 2). According to the
baseline model proposed by Blank et al. (2018a), the low
87Sr/86Sr ratios of Falbygden extend towards the south-south-
west, which corresponds with the general direction of move-
ment of the glacial ice in this region (Påsse and Pile 2016).

The baseline model was based on water samples from
streams, creeks and springs as well as some teeth of small
animals (Blank et al. 2018a). As the study area has not been
affected by anymajor environmental/geological changes since
prehistory, we assumed that the Sr isotope composition of the
modern samples would provide a valuable proxy for the bio-
available strontium in the past and help investigating prehis-
toric human mobility. However, a recent study has raised
some concerns regarding alteration of the Sr isotope ratios of
surface water due to agricultural lime applied in modern times
(Thomsen and Andreasen 2019). Frei et al. (2019a, b) criti-
cized their conclusions and demonstrated that agricultural
lime is retained in the upper organic-rich layers of respective

soil profiles over decades and does not seem to enter the
ground water.

Falbygden is an area with calcareous bedrock, which
makes liming of fields and lakes unnecessary. However, it
may have been practised in the areas of crystalline bedrock
around Falbygden. Sampling for the baseline study of inland
southwestern Sweden avoided modern agricultural areas
(Blank et al. 2018a). If the Sr isotope ratios of the
Precambrian regions would have been biased by Sr from ag-
ricultural lime, then the differences between the isotope ratios
of the sedimentary area of Falbygden and the surrounding
Precambrian regions would originally have been even greater
than today. For a discussion regarding potential problemswith
modern-day liming, see Supplementary Material 3.

Ancient DNA in archaeology

DNA is a molecule composed of two polynucleotide chains
that spiral around each other to form a double helix carrying
genetic instructions for the development, functioning, growth
and reproduction of all known organisms and many viruses.
Ancient DNA originates from ancient specimens and is more
degraded compared to contemporary genetic material. In the
last 30 years, the development of extracting and amplifying
aDNA has become an important and recognized method of
investigating certain archaeological issues. Ancient DNA
from human remains can provide us with information
concerning biological sex, genetic inheritance, family rela-
tions, population history and diseases. A large body of recent
research based on prehistoric human remains have applied
aDNA analysis to address questions related to biological sex
(e.g. Hedenstierna-Jonson et al. 2017), kinship and social

Fig. 2 Strontium isotope baseline
model of inland southwestern
Sweden, based on Blank et al.
2018a. The model is based on 89
water and non-domestical faunal
samples. 1 Halle and Hunne
mountains, 2 Kinnekulle, and 3
Falbygden
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organization (e.g. Cassidy et al. 2020; Sánchez-Quintoa et al.
2019; Schroeder et al. 2019; Sjögren et al. 2020), diseases
(e.g. Rascovan et al. 2019), mobility and demographic devel-
opments (e.g. Allentoft et al. 2015; Haak et al. 2015;
Malmström et al. 2019; Skoglund et al. 2012, 2014). In this
study we included mtDNA and sex assessment data, while the
nuclear aDNA is presented in a larger ongoing study primarily
focusing on general demographic trends.

There are two kinds of DNA: chromosomal DNA/nuclear
DNA, which is found in the cell nucleus, and mitochondrial
DNA (mtDNA), which is found outside the nucleus in the
mitochondria. Human nuclear DNA consists of 46 chromo-
somes, composed of 22 pairs of autosomal chromosomes and
one pair of sexual chromosomes. The two possible combina-
tions of sexual chromosomes are XX (female) and XY (male).
The Y chromosome can only be inherited from males to sons.
The mtDNA can only be passed on by the mother to an off-
spring and can be used to establish relatedness on the matri-
lineal side. Haplotypes are a combination of sequence variants
derived via mutations from an ancestral sequence. Haplotypes
which have a similar origin can be arranged in haplogroups.
Human Y chromosomal and mtDNA haplogroups can tell us
about inheritance on a personal level, and as these groups are
unequally distributed around the globe, they can also be used
for investigating population dynamics in the past (Bramanti
2013).

Material and method

Sampling strategy and selection criteria

This study is mainly based on molars, and in a few cases on
other teeth. The main selection criterion was preservation, so
that Sr isotope analysis could be conducted on the enamel and
14C dating; carbon and nitrogen stable isotope measurements
as well as aDNA analysis could be done on the dentine from
the same tooth (aDNA is best preserved in teeth and petrous
bone). In addition, the teeth were analysed for oxygen isotopes
which is reported in a separate publication. As these are all
destructive analyses, our intention was to use as little material
as possible. Second molars were prioritized over third molars,
where enamel forms later and over a longer time. Unless no
additional material for nitrogen isotope analysis was available,
first molars were avoided, as the δ15N value may be biased by
breastfeeding (Hillson 1996). Our strategy was to sample as
many unique individuals as possible without sampling the
same individual multiple times. We therefore adjusted the
sampling according to the availability of different parts of
jawbones from the commingled and fragmented skeletal re-
mains in the specific graves. In a few graves, where possible,
we sampled two or three molars from the same individual to
be able to detect possible movements during childhood and

early adolescence. In the comparative Sr isotope analyses
when only one tooth per individual was included, we selected
the measurement from the M2 (if M2 was missing we includ-
ed the M1 or M3 instead).

For Sr isotope analysis, we sampled enamel from human
teeth. Enamel is less susceptible to diagenesis and contamina-
tion than bone and is therefore favoured in human and animal
mobility investigations (Bentley 2006:167). Unlike bone that
continuously undergoes chemical and structural turnover,
enamel remains stable after its formation. In humans, enamel
mineralizes between infancy and early adolescence, and the
time spans vary depending on tooth type (Hillson 1996;
Nelson and Ash 2010: 31). Usually teeth with late crown
formation, including second (2.5–8 years) or third (7–16
years) molars or premolars (1.5–7 years), but also earlier
forming teeth, such as first molars (0–3 years), incisors (3
months–5 years), and canines (4 months–7 years), may be
sampled (Nelson and Ash 2010: 31). Deciduous teeth, which
start to form during the prenatal stage, reflect a combination of
the mothers’ and child’s isotopic uptakes (Nelson and Ash
2010: 31). Enamel mineralization may take several years,
which means that the measured Sr isotope ratios of our bulk
samples represent an average of the Sr which has been incor-
porated during this time (Montgomery 2010:330). In humans,
the formation and mineralization of enamel and fixation of the
87Sr/86Sr are still not completely understood (Montgomery
and Evans 2006). However, the general tooth formation is
known, and by micro-sampling a specific tooth, the obtained
data will follow a timeline which can be assessed in terms of
the specific age of the individual during a limited period
(Goodman et al. 1980). We did not have the possibility of
sampling on a micro-scale, and instead all the enamel samples
were measured in bulk.

Averaging the enamel of complete tooth crowns implies
that if a person moved to a new location with different geo-
logical conditions after or during enamel formation, the Sr
isotope ratios of the enamel will differ from the isotopic ratio
of the new location, assuming local food was consumed.
Mixed isotope ratios of bulk samples that represent strontium
from different sources may differ from the 87Sr/86Sr range of
the bioavailable Sr at each single location. Temporally higher
resolved data regarding prehistoric animal and human mobil-
ity can be obtained by sampling multiple teeth with different
mineralization periods from the same individual, or by serial
sampling of the same tooth crown, mainly conducted for an-
imal teeth (Gerling et al. 2017; Glykou et al. 2018; Lewis et al.
2014).

Local and non-local Sr isotope ranges

In this study, baseline ranges are suggested based on the pre-
vious study (Blank et al. 2018a). The ranges are intended as
guidance. Due to the complexity of the geological history of
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southwestern Sweden, the isotopic ranges are set in a conser-
vative manner.

In some previous publications, local ranges have been
quantified by using the mean value and standard deviation
(1 or 2 sigma) of the Sr isotope ratios of the investigated
material (Evans et al. 2010; Fraser et al. 2018b; Frei and
Frei 2011, 2013; Price et al. 2002). In this case, the datasets
are not always normally distributed, and therefore, mean
values and standard deviations are not necessarily adequate.
Instead, we consider that the whiskers of boxplots are better
estimates of the respective baseline ranges. The whiskers rep-
resent 1.5 quartile ranges from the 25th or 75th percentile,
unless the max/min values are within this range, in which case

these are used. Outliers are defined as values falling outside
the whisker range (Fig. 3). The outliers are considered to rep-
resent either non-local fauna and/or very localized anomalies.
In any case, due to averaging of Sr of different sources within
human food chains, these outliers are probably not very rep-
resentative for estimating the Sr isotope ranges of locally
grown-up humans.

According to Fig. 3, the Precambrian area of southwestern
Sweden shows 87Sr/86Sr values of 0.715 to 0.728. These geo-
logical formations can be subdivided into the Sveconorwegian
west: 87Sr/86Sr = 0.720 to 0.722; the Sveconorwegian east:
87Sr/86Sr = 0.715 to 0.728; and the Transscandinavian
granite-porphyry belt: 87Sr/86Sr = 0.722 to 0.728. Ratios

Fig. 3 Overview of Sr isotopes ratios of water and animal samples from different Palaeozoic and Proterozoic provinces presented by histograms and
boxplots, from Blank et al. 2018a (Fig. 9). SNW, Sveconorwegian West; SNE, Sveconorwegian East; TIB, Transscandinavian granite-porphyry belt
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above 0.726 are rare and more likely to be found in the eastern
part of the studied area. The lower ratios 0.715 to 0.717 are
only found south of Falbygden.

In the Palaeozoic areas, the baselines range from 87Sr/86Sr
= 0.712 to 0.719. These areas can be further divided into
Falbygden 87Sr/86Sr = 0.713 to 0.716; Kinnekulle: 87Sr/86Sr
= 0.714 to 0.719; and Halle and Hunne mountains: only rep-
resented by three reference samples which yielded 87Sr/86Sr
0.712, 0.712 (from diabase) and 0.718 (from sandstone).

To illustrate the variation of the baseline values within
Falbygden, we choose to use the interpolated surface model
(Blank et al. 2018a: Fig. 11). We divided the isotope ratios
into 12 classes in order to get a detailed division of different
isotopic zones (Fig. 4), which should be considered prelimi-
nary. Supplementary and denser sampling of the bioavailable
Sr would be required to facilitate studies of mobility patterns
within Falbygden. Statistical tests revealed no significant dif-
ference between samples from any of the rock types in
Falbygden (Blank et al. 2018a). On the other hand, both sta-
tistical tests of the reference data and the interpolated surface
models demonstrate that higher ratios occur in the northern
area and along the eastern and western borders of Falbygden
(Blank et al. 2018a; Fig. 4).

Local ranges for the studied sites were defined and are
referred to as “site local”. These ranges were supposed to
reflect the ratios in a very limited area surrounding the sites.
Archaeological research in Falbygden has demonstrated that
settlements with associated farmland were located close to the
megalithic graves (100–500 m) in the Middle Neolithic
(Sjögren 2003; Sjögren et al. 2019). In contrast, the loca-
tions of Late Neolithic settlements are less well-known.
However, they seem to be placed close to the graves

although a larger variation of distances is probable
(Axelsson 2010; Sjögren 2003; Weiler 1994). Therefore,
the site local range is defined as the area within a radius
of 1 km from the burial sites (Fig. 4). The site local ranges,
as well as the other ranges, were based on interpolated and
not raw data. In the baseline study (Blank et al. 2018a), two
interpolated surface models were presented. The differ-
ences in the ratios at the burial sites in the two models vary
between 0.0008 and 0.0000. Thus, three decimals seem to
provide a reasonable resolution of the site local baseline
ranges. So, the local ranges of the sites were rounded up
or down to three decimal places.

According to the interpolation (Fig. 4) as well as the statis-
tics presented in Blank et al. 2018a, the local range of
Falbygden is set at 87Sr/86Sr = 0.713 to 0.716. This range is
referred to as “Falbygden local”. As it is not possible to trace
movement between locations with similar Sr isotope baseline
ranges, it would be difficult to identify people moving in from
Kinnekulle, for example, that has a partly overlapping base-
line range with Falbygden. Other sedimentary areas with over-
lapping isotope ranges include terrains east of lake Vättern as
well as the Baltic islands of Gotland and Öland (Eriksson et al.
2016; Fornander et al. 2015; Fraser 2018: 61;Wilhelmson and
Ahlström 2015; Wilhelmson and Price 2017).

Ratios between 0.716 and 0.718 are referred to as “semi-
local” to Falbygden. Such ratios are found in the northeast-
ern, northwestern and northern borders of Falbygden, and
also south of it, and may reflect residence there. Individuals
displaying Sr isotope ratios within this span could also be
people that have moved between Falbygden and the sur-
rounding Precambrian regions during the time of enamel
mineralization. Ratios within this range may also be

Fig. 4 Interpolated surface model
manually classified into 12
groups, based on Blank et al.
2018a. Numbers represent the
studied graves (see
Supplementary Material 1, 2) and
the circles the 1-km radius
defining the “site local” areas.
Black squares, passage graves;
red square, passage grave/gallery
grave; yellow dots, gallery
graves; and purple dot, gallery
grave/dolmen
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achieved by other means, which is further elaborated on in
the discussion.

The Sr isotope ratios expected in the Precambrian re-
gions of inland southwestern Sweden, excluding the area
south of Falbygden, are estimated to fall between 0.718 and
0.726, with the lowest ratios nearest to the sedimentary
areas (Fig. 3). This range is referred to as “non-local
(VG)”, as these ratios are found in the Västergötland (VG)
region of inland southwestern Sweden. Other areas further
away display similar ratios, for example, Norway and the
island of Bornholm, Denmark (Frei and Frei 2013; Price
and Naumann 2015). Furthermore, similar ratios can be
suspected in regions with similar bedrock such as
Småland and parts of Scania in southern Sweden.

Sr isotope ratios above 0.726 and below 0.712 are referred
to as “non-locals (outside VG)”. Higher Sr isotope ratios than
in the southwestern regions of Sweden appear in the eastern
and northeastern areas where the oldest bedrock in Sweden is
present (Lindström et al. 2000; Loberg 1999), and where some
of the highest Sr isotope values ever measured in water occur
(Löfvendahl et al. 1990; Åberg 1995; Åberg and Wickman
1987). Sr isotope ratios lower than 0.712 are found in areas
with younger bedrock and/or effected by sea spray, such as the
west coast, parts of Scania, Öland, Gotland and Denmark
(Arcini et al. 2016; Bergerbrant et al. 2017; Fornander et al.
2015; Fraser 2018:61; Frei and Frei 2011; Frei and Price 2012;
Klassen et al. 2020; Sjögren et al. 2009; Wilhelmson and
Ahlström 2015).

Sample material

In total, we included the results from 170 analyses of teeth
from 141 individuals from 21 megalithic graves of different
types (Table 1). Ninety-four teeth were sampled for this inves-
tigation, while the remaining were previously published
(Blank and Knipper in press; Sjögren et al. 2009). One of
the teeth (MJ20) was sampled twice and analysed for Sr iso-
tope ratios in two separate laboratories (Curt Engelhorn
Center for Archaeometry in Mannheim, Germany and
Danish Center for Isotope Geology, University of
Copenhagen, Denmark). The difference between the results
obtained at the two laboratories is < 0.0001 (Supplementary
Material 1).

Most of the sites are located on the limestone plateau in the
southwestern part of Falbygden (Fig. 5). However, a few sites
are found in terrains where alum shale, slate and sandstone are
prevalent. Borgunda 120 is the only grave from the eastern
part of Falbygden, while Kinneved 73 is positioned south of
Falbygden in the Precambrian area (Fig. 5).

According to the baseline model, eight of the 21 graves are
found in areas with isotope ranges between 0.713 and 0.714,
eleven in zones with ratios between 0.714 and 0.715 and two in
terrains with isotope ratios ranging from 0.715 to 0.716 (Fig. 4).
Considering a 1-km radius from the graves, two sites were lo-
cated in terrains with Sr isotope ratios from 0.713 to 0.714, nine
in zones with ratios ranging from 0.713 to 0.715, six in areas
with ratios between 0.714 and 0.715, and four in zones with
ratios from 0.714 to 0.716 (Fig. 4; Supplementary Material 2).

The samples are concentrated to two phases (Fig. 6). The
first, referred to as the Early Neolithic-Middle Neolithic
phase, covers a time span from 3500 to 2600 cal BC, with
most samples concentrated to 600 years in the Middle
Neolithic A (3400-2800 cal BC). The second phase, defined
as the Late Neolithic-Early Bronze Age, extends from 2200 to
1000 cal BC with the majority of the samples falling within a
400 years span between 2000 and 1600 cal BC. Consequently,
the comparisons conducted in this study between the periods
might be slightly biased by the uneven distribution of samples
between these two main phases and by the different duration.
A higher number of samples from the Late Neolithic-Early
Bronze Age (n: 81) could result in a higher variation of Sr
isotope ratios and mtDNA haplogroups compared to the Early
Neolithic-Middle Neolithic (n: 60). On the other hand, the
longer duration of the Middle Neolithic phase may also have
caused larger variation of Sr isotope ratios and haplogroups
during this period (Fig. 6).

The sampling from megalithic graves shows a chronolog-
ical gap of at least 400 years (2600–2200 cal BC), when no
megalithic graves were constructed or used (Fig. 6, Blank
et al. 2020). The absence of human remains from this time
span, and the few burials representing 2800–2600 cal BC
prevent us from describing a complete picture of the develop-
ment in the area. Instead, data from the human remains from
the two main phases of use are compared.

Tooth roots from 91 individuals (72 of them also sampled
for Sr isotope analysis) were sampled for aDNA analyses.
Results from two of the individuals from Valtorp 2

Table 1 Overview of number of
sites, individuals and samples Passage

graves
Gallery
graves

Gallery/passage
grave

Gallery
grave/Dolmen

Total

No. sites 10 9 1 1 21

No. individuals 63 72 1 5 141

No. teeth 63 99 2 5 169
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(Rössberga) passage grave were published in Malmström
et al. 2019. The data were combined with previously pub-
lished results from four individuals from Gökhem 94
(Frälsegården) passage grave (Skoglund et al. 2014). Of these,
64 persons could be assigned to biological sex and 46 to
specific mtDNA haplogroups (Table 2). The Early and
Middle Neolithic individuals with determined mtDNA
haplogroups originate from four passage graves and the Late
Neolithic and Early Bronze Age individuals from six gallery
graves and one passage grave (Supplementary Material 1).

Further information of the sites and samples is found in
Supplementary Material 1 and 2.

Osteological and biomolecular analysis

Several osteologists (Supplementary Material 1) carried out
analyses of the human remains, and the analytic methods used
are summarized in SupplementaryMaterial 3. DNA extraction
and library preparation were conducted in a clean room labo-
ratory dedicated to ancient DNA work. Illumina shotgun se-
quencing was performed at SciLife SNP&SEQ platform.
Bioinformatics processing, mtDNA analyses and sex assess-
ments were computed using the resources of Uppsala
Multidisciplinary Center for Advanced Computational
Science (UPPMAX). All aDNA analyses were performed at
Uppsala University. The biomolecular methods (sex assess-
ment and mtDNA analyses) are presented in detail in
Supplementary Material 3.

Isotope analysis

Analyses of Sr isotopes were conducted at the Curt Engelhorn
Center Archaeometry, Mannheim, and the Institute of
Geosciences, Applied and Analytical Palaeontology at the
University of Mainz in Germany. The procedures for sample
preparation and analysis are reported in Supplementary
Material 3. Although most radiocarbon dates used in this
study were previously published (Blank 2017; Blank et al.
2018b, 2020; Fibiger et al. 2013; Malmström et al. 2019;

Fig. 6 In total 47 individuals were dated to EN-MN (Early Neolithic-
Middle Neolithic) and 81 individuals to the LN-EBA (Late Neolithic-
Early Bronze Age). Isotope data of additionally thirteen MN individuals
previously published in Sjögren et al. (2009) lacked radiocarbon dates

Fig. 5 Map with geological
classifications and the distribution
of the included sites. Numbers
corresponds to site numbers in
Supplementary Material 1 and 2.
Black squares, passage graves;
red square, passage grave/gallery
grave; yellow dots, gallery
graves; and purple dot, gallery
grave/dolmen
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Sjögren et al. 2009), three samples from Valtorp 2 passage
grave were dated for this study. These 14C analyses are con-
ducted at the Ångström Laboratory, Uppsala University (for
more details see Supplementary Material 3).

Statistical analysis

Statistical analyses were conducted using IBM SPSS version
23 and PAST (PAleontological STatistics) version 3.25. The
data evaluation included descriptive statistics, significance
tests and diversity measures. As a normal distribution
could not be demonstrated in all cases, the non-
parametric Mann-Whitney U test was used to examine
whether the observed differences were statistically signif-
icant at the 5% level.

Diversity encompasses two aspects: richness and evenness.
We used Menhinick D index to investigate the richness of
mtDNA haplogroups. Since the larger the sample, the more
haplogroups are expected to be found, the number of
haplogroups is divided by the square root of the number of

individuals in the sample: D = s (haplogroups)/√N (individ-
uals). Furthermore, evenness (Shannon H index) was also
calculated. This index measures the dominance or evenness
of haplogroups in relation to one another taking the number of
samples into account. The lower the H index, the more uneven
distribution of the haplogroups.

Results

Strontium isotope ratios, an overview

A general overview of the Sr isotope analyses from all sam-
ples is presented in Fig. 7. The Sr isotope ratios range between
0.710 and 0.733.Most Sr isotope ratios fall between 0.714 and
0.718, whereas ratios below 0.713 and over 0.727 are rare
(Fig. 7).

Considering the various local, semi-local and non-local
ranges suggested, 35.5% of the samples fall within the range
local to Falbygden (0.713–0.716), 29% fall within the semi-
local (0.716–0.718), 30.5 % within the non-local (VG) range
(0.718–0.726) and 5% fall in the non-local (outside VG) range
below 0.712 or over 0.726 (Table 3). Hence, 35.5% of the
teeth are suggested to exhibit Falbygden non-local ratios,
while 64.5% display Falbygden local or semi-local ratios. If
only one tooth per individual is counted, similar results are
obtained: 35% non-locals and 65% locals and semi-locals
(Table 3).

In Fig. 8, all results are depicted in a histogram grouped by
tooth type. The tooth types represented by more than three
specimens occur both in the local and non-local ranges.
There are no significant differences between tooth types

Fig. 7 Histogram of 87Sr/86Sr
ratios of all teeth investigated in
this study. A Falbygden local
range, B semi-local range, C non-
local range to Falbygden found
within Västergötland,D non-local
range to Falbygden found outside
of Västergötland

Table 2 Number of aDNA samples and data grouped by radiocarbon
dates

No of individuals EN-
MN

LN-
EBA

Total

Sampled for aDNA 40 + 6* 49 95

Assigned to biological sex 24 + 6* 34 64

Assigned to mtDNA haplogroup 16 + 6* 24 46

*Individuals published in Skoglund et al. 2014 and in Malmström et al.
2019. EN Early Neolithic,MNMiddle Neolithic, LN Late Neolithic, EBA
Early Bronze Age
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(Mann-Whitney U test: permanent-deciduous p = 0.304, M1-
M2 p = 0.506, M1-M3 p = 0.566, M2-M3 p = 0.346).

The results of the Sr isotope analyses are found in
Supplementary Material 1 along with basic information about
the sites and samples and with radiocarbon dates, mtDNA and
osteological data. In Supplementary Material 2, summaries of
the results from each grave are found along with descriptions
of the sites. In this section, the Sr isotopes from all sites are
compared with various parameters such as time, grave type,
location and sex. Furthermore, the mtDNA haplogroups are
presented and contrasted to the Sr isotopes.

Strontium isotope ratios, chronology and grave types

The following evaluations will consider one tooth per individ-
ual in order to achieve comparability between groups. As pre-
viously mentioned, the M2 was preferred if available (se

method section). The possible interpretations are further de-
veloped in the discussion section.

Most of the Early Neolithic II and Middle Neolithic indi-
viduals (28/60, 47%) display Sr isotope ratios that fall within
the Falbygden local range, while 21 (35%) exhibit semi-local
ratios. Eleven of the 60 burials (18%) from the older phase
display 87Sr/86Sr ratios > 0.718, which are non-local to
Falbygden. None of them exhibits Sr isotope ratios higher
than 0.722. OneMiddle Neolithic A individual showed a rath-
er low non-local 87Sr/86Sr of 0.712. Two individuals dated to
the Middle Neolithic B exhibit the lowest ratios found in this
study, 0.710 (Fig. 9).

The Late Neolithic and Late Neolithic/Early Bronze Age
inhumations yielded more variable Sr isotope ratios and com-
prised more individuals with high non-local values compared
to the Early and Middle Neolithic (Fig. 9). The difference
between the Early and Middle Neolithic and the Late

Fig. 8 Histogram of all samples grouped by type of tooth. CA, canine; I, incisor; M, molar; PM, premolar.A Falbygden local range, B semi-local range,
C non-local range to Falbygden found within Västergötland, D non-local range to Falbygden found outside of Västergötland

Table 3 Number of samples and
individuals within the different Sr
isotope ranges

Falbygden local

0.713–0.716

Semi-local

0.716–0.718

Non-local (VG)

0.718–0.726

Non-local (outside VG)

< 0.712, > 0.726

Total

Samples (N) 60 49 52 8 169

Individuals (N) 52 40 42 7 141
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Neolithic and Early Bronze Age is statistically significant
(Mann-Whitney U test, p = 0.000). In the Late Neolithic and
Early Bronze Age, 38 of the 79 individuals (48%) display
ratios that fall within the non-local range, and of these, four
exhibit ratios higher than 0.726. Only 22 burials (28%) dis-
play ratios within the local range of Falbygden, while 19
(24%) exhibit semi-local ratios. The proportion of semi-local
individuals is higher in the Early Neolithic/Middle Neolithic
than in Late Neolithic/Early Bronze Age (35% and 24%).

The three latest burials, two of which can be dated to the
Early Bronze Age, have Sr isotope ratios between 0.713 and
0.714, which agree with the lower range of the local baseline
of Falbygden. These samples actually exhibit lower Sr isotope
ratios than any of the Late Neolithic samples, but similar ratios
occur during the Middle Neolithic (Fig. 9).

Considering the grave types and particularly the reuse of
passage graves in the Late Neolithic, some observations can
be made. In the Late Neolithic and Late Neolithic/Early
Bronze Age, both locals and non-locals seem to have been
deposited in the existing passage graves. The three earliest
Late Neolithic burials in Early Neolithic/Middle Neolithic
passage graves exhibited highly radiogenic, non-local ratios.
During the second part of the Late Neolithic, only individuals
with local Sr isotope ratios are deposited the passage graves

(Fig. 9). The two individuals with the lowest ratios, with a
possible origin in Scania, the Swedish west coast or even
Denmark, were buried in an atypical grave that might be
interpreted as a gallery grave or dolmen (Falköping stad 26).
Furthermore, all individuals displaying Sr isotope ratios be-
tween 0.722 and 0.727 were placed in gallery graves.

The Sr isotope data indicate a remarkable change of mobil-
ity patterns over time with peaking occurrences of non-local
Sr isotope ratios in the second part of Late Neolithic, in which
individuals with high radiogenic values dominate (87Sr/86Sr >
0.722).

Strontium isotopes and placement of the dead

Burials from both main periods occur in several passage
graves. The only sample from the surrounding mound belongs
to a Bronze Age male (Fig. 10). Among the individuals in the
chambers were locals to Falbygden, semi-locals and non-lo-
cals. In contrast, seven of eight individuals recovered either
from the mound, in the entrance area or in the passage, yielded
87Sr/86Sr ratios within the local range of Falbygden (Fig. 10).
Due to poor documentation and later disturbances, the exact
original positions of the skeletons are rarely known.

Fig. 9 Strontium isotope ratios of all 14C dated individuals plotted by radiocarbon date and grouped by grave type. L, local to Falbygden; S-L, semi-
local; N-L VG, non-local to Falbygden found within Västergötland; N-L outside VG, non-local range to Falbygden found outside of Västergötland
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The results indicate a tendency for individuals in the periph-
eral parts of the grave to be local, assuming that the chamber is
the primary place for deposition of dead bodies. Thus, it seems
like locals occurred both in the inner and outer parts of the
constructions, while the non-locals were mainly interred in
the chambers. However, the human remains found in the en-
trances and passages might have been deposited in the chamber
in a primary stage of the mortuary process. The difference in Sr
isotope ratios between individuals deposited in the passage and
the chamber is statistically significant (Mann-Whitney U, p =
0.016). However, the low number of samples from other con-
texts than the chamber makes this suggestion only tentative.
Furthermore, there is a tendency for covariation between Sr
isotopes and location within the passage grave chamber at
Valtorp 2. In this grave, significant differences in Sr isotope
ratios (Mann-Whitney U, p = 0.008) can be observed in the
Middle Neolithic A between the two niches (Be 1 and 11),
where most of the sampled individuals were buried (Fig.
A2:3 and A3:1).The gallery graves show a similar pattern,
but the differences are less certain due to the low number of
samples outside the main chambers (Fig. A3:2).

In addition, we compared the Sr isotope ratios from individ-
uals buried in graves with and without port-holes (Fig. 11). In
southwestern Sweden, gallery graves with port-holes are com-
mon (see archaeological background). The emergence and

spread of these graves have been extensively discussed (Blank
et al. 2020; Ebbesen 2007:62; Janson 1938: 330ff; Kaelas 1967;
Montelius 1905) and is still not resolved.

Most of the individuals buried in gallery graves with port-
holes are dated to the later part of Late Neolithic-Early Bronze
Age, while the earlier phase is dominated by burials in graves
without port-holes (Fig. 11), which agrees with the estimated
chronology of the two grave types (Blank et al. 2020).
Figure 11 shows that no Late Neolithic individuals with Sr
isotope ratios over 0.721 occur in the gallery graves with port-
holes, whereas burials with 87Sr/86Sr ratios of up to 0.733
form a remarkable portion of the inhumations in gallery
graves without a port-hole. During the Late Neolithic/Early
Bronze Age, depositions of individuals with ratios between
0.719 and 0.723 were common in graves with port-holes,
while such ratios were absent among the burials in the graves
without port-holes. In these, the non-local 87Sr/86Sr ratios span
from 0.724 to 0.727. In both periods, the frequency of non-
locals is higher in the graves without port-holes and non-locals
outside VG only appear in the graves without port-holes. The
difference in Sr isotope ratios in teeth recovered from graves
with and without port-holes is significant in the Late
Neolithic, indicating a preference of burying individuals with
non-local ratios in gallery graves without port-holes
(Table A3:1).

Fig. 10 Histogram of Sr isotope ratios from individuals grouped by find location in passage graves.A Falbygden local range,B semi-local range,C non-
local range to Falbygden found within Västergötland, D non-local range to Falbygden found outside of Västergötland
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Fig. 11 Histogram of Sr isotope ratios from individuals recovered in
gallery graves with and without port-holes over time. L, Falbygden
local range; S-L, semi-loca l range; N-L, non-local range to Falbygden;

N-L VG, non-local range to Falbygden found within Västergötland; N-L
outside VG, non-local range to Falbygden found outside of Västergötland

Fig. 12 Boxplot of Sr isotope ratios grouped by site local bioavailable
isotope ranges. Line: median, box: 25–75th percentile, whisker: ca 95%
of the data and circles: outliers. Data in Table A3:2. A Falbygden local

range, B semi-local range, C non-local range to Falbygden found within
Västergötland, D non-local range to Falbygden found outside of
Västergötland
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Strontium isotopes, geology and location

The baseline study (Blank et al. 2018a) concluded that the
isotope ratios of the bioavailable Sr within Falbygden were
independent of the different lithologies, while geography
seemed more relevant, due to glacial mixing and movement
of sediments. Nevertheless, data distributions are evaluated
according to the geological conditions at the respective sites
(Fig. A3:3), which supported the above finding. To investi-
gate the geographical aspect of the sites, we compared the
results from the individuals with the bioavailable Sr isotope
ranges within 1-km radius of the graves where they were
found (Fig. 12). The homogenous baseline data limit the study
of movements, as most of the sites fall within the same Sr
isotope intervals. Nevertheless, this approach might give us
some clues to mobility patterns within Falbygden.

Figure 12 demonstrates that most of the human data are
higher than what is found in the immediate surroundings of
the sites. A tendency for higher Sr isotope ratios among the
buried individuals in areas with higher site local ranges can be
discerned. However, the two groups with highest site local
ranges only include eight individuals, while the group
0.714–0.715 comprises 75 individuals.

The proportion of humans with a site local ratio is low in
both periods (11.7% in Early Neolithic-Middle Neolithic and
11.1% in Late Neolithic-Early Bronze Age, Table A3:2).
Assuming that agricultural fields and water sources providing
most of the biologically available Sr instead were located in a
radius of 5 km around the burial site (1-h walking distance),
the proportion of individuals within these ranges are consid-
erably higher in the Early Neolithic-Middle Neolithic (32%),
while it remains low in the Late Neolithic-Early Bronze Age
(17%, Table A3:3 and A3:4). Tentative explanations are de-
veloped in the discussion section.

In Supplementary Material 2, plots of the Sr isotope results
from each site are presented, and in Supplementary Material 3
(Fig. A3:4), Sr isotope ratios are plotted in smaller geograph-
ical areas within Falbygden, which enable more detailed com-
parisons of variations in mobility patterns.

Sex assessment

Fifty two of the individuals could be assigned to morpholog-
ical sex (Table 4). Of these, 27 were females and 25 males. In
addition, biological sex based on the ratio of X and Y

chromosome and on the ratio of X and automsomal sequence
data could be assigned to 64 individuals (including the six
previously published samples). Of these, 33 are females, 21
males, 3 girls and 7 boys (Table 4). Overlapping morphology
and genetic data were available for 19 individuals, and in 16 of
the cases, morphological and biological sex estimations
agreed, while in three cases they differed (Supplementary
Material 1). In our study, we used the biological sex, and when
missing, we included the morphological sex assessment.

Individuals published in Skoglund et al. 2014 and in
Malmström et al. 2019

Overall, an even distribution of sex among the sampled
individuals occurs (Table 4). In the Early Neolithic-Middle
Neolithic phase, 39 individuals were assigned to sex: 19 fe-
males, 15 males, 1 girl and 4 boys. In the Late Neolithic-Early
Bronze Age, sex estimations of 58 individuals are available:
27 females, 2 girls, 26 males and 3 boys (Supplementary
Material 1). In most sites with several sampled individuals,
the proportions of males and females seem relatively equal,
with the exception of Torbjörntorp 18 gallery grave. Here, 12
of 16 individuals were assigned to female sex (including one
girl). However, Lennblad (2015) suggested an even distribu-
tion of morphological sex in the total human remains of the
grave. Furthermore, four of five sampled Middle Neolithic
children buried in Valtorp 2 passage grave were boys as well
as all sampled children in the Late Neolithic Torbjörntorp 31
gallery grave (Supplementary Material 1).

Strontium isotope ratios, sex and age of death

Males and females in the two main periods of use exhibit
similar proportions of local, semi-local and non-local ratios
(Fig. 13). There is no statistically significant difference in Sr
isotope ratios between sexes in general (Mann-Whitney U
test, p = 0.377) or in the two main phases of use (Mann-
Whitney U test, Early Neolithic-Middle Neolithic p = 0.825,
Late Neolithic-Bronze Age p = 0.524). However, although
few, during both phases, the persons with the highest Sr ratios
were females. Furthermore, ratios between 0.720 and 0.722
are mostly found among females (Fig. 13).

In the last part of Late Neolithic, clusters of males
(87Sr/86Sr = 0.724–0.727) and females (0.720–0.722) occur.
The main part of the sampled teeth in these clusters reflects the
first years of childhood. Thus, the Sr isotope ratios most prob-
ably mirror the origin of people moving in to Falbygden in

Table 4 Sex assessment of
individuals included in the study Female (N) Male (N) Unassigned (N) Girls (N) Boys (N)

Morphological sex 27 25 92 - -

Biological sex 29 + 4* 19 + 2* 33 3 7

Sex (morphological + biological) 42 + 4* 39 + 2* 49 3 7
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their late childhood or adulthood. Nevertheless, there are a
few examples of younger children in these clusters. The dif-
ference in Sr isotope ratios between the sexes in the persons
with non-local ratios dated to the Late Neolithic II and to the
transition between Late Neolithic and Early Bronze Age is
significant (Mann-Whitney U test, p = 0.035).

Both adults and children appear in the Falbygden local,
semi-local and non-local groups, although the proportions of
the different Sr isotope categories are slightly unevenly dis-
tributed in the different age groups (Fig. 14). A similar result
was obtained when the dead were divided into more detailed
age groups (Fig. A3:5). This might reflect variation in mobil-
ity pattern among the age groups. There is a small possibility
that these differences are biased by the method of age deter-
mination, as in most cases, age was partly based on tooth
wear. Possibly, dietary differences might cause different attri-
tion scores between locals and non-locals.

In the Early Neolithic-Middle Neolithic, only local and
semi-local ratios occur among children and juveniles, while
non-local ratios appear among the young adults and adults. In
the Late Neolithic-Early Bronze Age, individuals exhibiting
non-local ratios are common among both children and adults,
while only one of the juveniles displays a local ratio (Fig. 14).
Thus, we discern a different mobility pattern of the age groups
between the two main phases of megalithic use.

Figure 14 also demonstrates that a greater number of fe-
male than male adults occur within the semi-local range dur-
ing the Late Neolithic and Early Bronze Age, while in the
Early andMiddle Neolithic, the semi-locals are evenly distrib-
uted between sexes. The overrepresentation of females in the
semi-local range is due to a cluster of females with ratios
between 0.717 and 0.718. In the Early Neolithic-Middle
Neolithic, more male than female adults exhibit local ratios,
while this group is evenly distributed between sexes in the

Fig. 13 Scatter plot of Sr isotope ratios of buried individuals over time
grouped by biological sex and age. Female child (N = 2), female juvenile/
adult (N = 43), male child (N = 7), male juvenile/adult (N = 38), child of
unknown sex (N = 6), juvenile/adult of unknown sex (N = 27), unknown

sex and age (N = 16). L, Falbygden local range; S-L, semi-local range; N-
L VG, non-local range to Falbygden found within Västergötland; N-L
outside VG, non-local range to Falbygden found outside of Västergötland
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later phase (Fig. 14 and A3:6). Thus, considering the Sr iso-
tope categories rather than the Sr isotope ratios, the mobility
pattern of adult males and females seems to differ between the
Early Neolithic-Middle Neolithic and the Late Neolithic-Early
Bronze Age.

Multi-sampled individuals

Teeth with enamel formed at different ages can give us more
detailed information about individual movements. In 17 cases
from three closely located gallery graves (Torbjörntorp 16, 18,
and 31) and one gallery/ passage grave (Blinningsberg), sev-
eral teeth from the same individual were analysed for their Sr

isotope composition. The two molars from aMiddle Neolithic
male juvenile buried in the Blinningsberg grave both exhibit-
ed ratios within the local range of Falbygden and is further
discussed in Supplementary Material 2.

In the three Late Neolithic gallery graves in Torbjörntorp
parish, Sr isotope ratios of enamel that formed in different
phases of childhood gave evidence of very different individual
mobility patterns. The data indicate residential changes al-
ready during childhood into and out of Falbygden as well as
movements within and outside of Falbygden. Other individ-
uals had similar strontium isotope ratios throughout their
childhood, which either matched the values typical of
Falbygden or differed from them. The first are supposedly

Fig. 14 Histogram of number of individuals grouped by Sr isotope ratios within various ranges, age groups and by biological sex, in the twomain phases
of use. Orange and red represent individuals with ratios not found in Falbygden. VG, Västergötland
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local individuals, whereas the latter pattern indicates move-
ment into the area during adulthood when enamel formation
was complete (Fig. 15).

According to these data, specific mobility patterns do not
seem to be linked to biological sex or to age of death (Fig. 15
and A3:7). A possible exception regards the youngest chil-
dren. Two of the three children, MJ13 and MT31:2, exhibit
very similar ratios in their two deciduous molars, which might
indicate that women in their late pregnancy and children youn-
ger than 10 months were mostly stationary. After the age of
three, movements appear which can be observed by different
ratios between M1 and M2. Ratios differing between the M2
and M3, seen in some individuals, indicate mobility between
c. 8 and 16 years.

In the Torbjörntorp 16 gallery grave, a 40–50-year-old fe-
male, MT16:2, seems to have moved in to Falbygden in late
childhood/early teens, tentatively from the more radiogenic
surroundings of Falbygden (Fig. 2 and 15). A similar pattern
can be observed for a 35–50-year-old female MJ16 buried in
Torbjörntorp 18. However, the first two molars display semi-
local ratios, which might originate from a location in the

outskirts of Falbygden or another place with a similar Sr iso-
tope ratio. It might likewise be a mix of ratios from
Precambrian and Cambrosilurian areas. A mixed ratio could
result from imported foods, regular movements in and out of
the area, or a single movement in or out from Falbygden at the
time of enamel formation. The two first alternatives are more
likely as both M1 and M2 exhibit similar ratios.

Movements outside of Falbygden were detected in all three
graves among onemale (MT16:4), two females (MJ10,MJ12)
and three individuals of unknown sex (MJ19, MT31:3,
MT31:4). It is unlikely that these individuals spent their child-
hood in Falbygden, although the above-mentioned alterna-
tives must be taken into consideration for some of them. In
the male MT16:4 and the female MJ12, the ratios go from
semi-local to non-local. MJ12 might be a returning individual
spending herM3-formation age elsewhere, although the lower
Sr isotope ratio in the M1 rather reflects an origin in the out-
skirts of Falbygden or in another sedimentary area with similar
ratios. Two further individuals, the female MT31:5 and the
child MJ11, display relatively homogeneous non-local ratios
in the different teeth (Fig. 15 and A3:7). Thus, all of these

Fig. 15 Scatterplot of Sr isotope ratios from different stages of childhood/
youth of LN individuals buried in three gallery graves in Torbjörntorp
parish. Squares, male; triangles, female; crosses, unknown sex. DPM,
deciduous premolar; M, molar; PM, premolar. L, Falbygden local
range; S-L, semi-local range; N-L VG, non-local range to Falbygden

found within Västergötland; N-L outside VG, non-local range to
Falbygden found outside of Västergötland. Red lines indicate the site
local range, while the local range refers to the entire range within
Falbygden
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individuals except for the 4–5-year-old M11 probably
moved to Falbygden in their adult lives or were brought to
Falbygden only to be buried.

Another two children, a girl (MJ13) and a boy (MT31:2),
exhibit ratios local to Falbygden, indicating that the mothers
lived somewhere in this area while pregnant. In two adults,
MJ14 and MJ15, variations in the Sr isotope ratios indicate
possible movements within the Falbygden area. In the case
of MJ14, a male, it seems like he moved closer to the burial
site in his late childhood, while MJ15 moved away from the
site during childhood (Fig. 15 and A3:7).

Type or timing of movements was in these cases indepen-
dent of sex. Considering all sampled individuals in these
graves, there are large differences in the Sr isotope ratios of
non-locals. For example, in Torbjörntorp 16, all non-local Sr
isotope ratios are lower than 0.720, while in Torbjörntorp,
they are higher than 0.723. The difference in the non-local
ratios between the graves is statistically significant (TB 16
and TB 31: p = 0.003, TB16 and TB18: p = 0.011, and TB18
and TB31: p = 0.013). More details about the individual
samples and the variations between the sites are discussed
in Supplementary Material 2.

Mitochondrial DNA haplogroups and strontium
isotope ratios

In general, the samples displayed the properties expected for
ancient DNA data. We excluded a few samples with extreme
average read lengths or with extreme mitochondrial contami-
nation estimates (above 15%) (Supplementary Material 1).
Remaining samples had average read length ranging from
50 to 101 base pairs, and ratios of C to T and G to A damages
at the ends of the reads ranging from 0.09 to 0.51.

Mitochondrial DNA haplogroups are determined for 40 in-
dividuals from nine different graves (Table 2). Additionally, we
included four individuals from the Middle Neolithic passage
grave Gökhem 94 with previously determined mtDNA
haplogroups (Skoglund et al. 2012, 2014; Supplementary
Material 2) and haplogroups from two Middle Neolithic indi-
viduals buried in Valtorp 2 passage grave (Malmström et al.
2019). Presented below in Table 5 is the distribution of simpli-
fied mtDNA haplogroups between the two main phases of
megalithic graves. The most common mtDNA haplogroups
in our samples during the Early Neolithic-Middle Neolithic
are H and K1e and in the Late Neolithic-Early Bronze Age
are U5b and T2b (Table 5).

A replacement of haplogroups occurs with the disappear-
ance of some and the appearance of other groups over time.
The X2b, K1b and K1e haplogroups are only present among
Middle Neolithic individuals, while the HV0, T, U4a, U4c
and I4a haplogroups only are identified among Late
Neolithic and Late Neolithic/Early Bronze Age individuals
(Table 5). Furthermore, the T, U4a, U4c and I4a only occur

in the latest part of the second phase, suggesting an introduc-
tion of several new haplogroups in the Late Neolithic II and
transition to Early Bronze Age (Fig. A3:8). A continuation of
the mtDNA haplogroups H, U5b, K1a, J1c, U5a, and T2b was
also observed (Table 5).

Considering the sex assessments of the individuals,
there seems to be a greater variation of haplogroups among
the females dated to the Late Neolithic-Early Bronze Age
(Fig. A3:9). Furthermore, all but one of the new haplogroups
appearing in the Late Neolithic-Early Bronze Age were found
exclusively among females. However, these groups are only
represented by few or single individuals (Fig. A3:9).

There seems to be a greater variation of mtDNA
haplogroups in the Late Neolithic and Early Bronze Age (11
groups) than in the earlier periods (9 groups, Table 5). To
ensure that the uneven number of sampled individuals did
not bias this, we calculated richness and evenness measures
for the two main phases. The Late Neolithic-Early Bronze
Age period demonstrates a slightly greater richness of
haplogroups (Table 6). Furthermore, the results demonstrate
that the haplogroups were more evenly distributed during the
Late Neolithic-Early Bronze Age than in the Early Neolithic-
Middle Neolithic phase (Table 6).

Menhinick’s richness index equals the ratio of the number
of taxa to the square root of sample size. The higher the index
D, the higher the richness. Shannon H index accounts for the
number of individuals as well as number of taxa. It varies from
0 with only a single taxon present to high values for many
taxa, each with few individuals. The higher the index H, the
higher the evenness between the groups

Table 5 Number of individuals assigned to different mtDNA
haplogroups in the two main phases

Simplified mtDNA haplogroup ENII, MN
(N)

LN, EBA
(N)

K1e 5 0

X2b 3 0

K1b 1 0

H 6 2

U5b 3 5

K1a 1 2

J1c 1 2

U5a 1 2

T2b 1 5

T 0 1

HV0 0 1

I4a 0 1

U4c 0 1

U4a 0 2
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Interestingly, the apparent greater variation in mtDNA
haplogroups in Late Neolithic and Early Bronze Age is con-
cordant with the greater variation of Sr ratios and the strong
increase of non-locals compared to the Middle Neolithic peri-
od. It can be noted that U5b only occurs in a Falbygden local
cluster (0.715–0.716) in the Early Neolithic/Middle Neolithic,
while it only appears in a non-local cluster (0.724–0.726) in the
Late Neolithic/Early Bronze Age (Fig. 16). However, these are
not necessarily the same variants of the U5b haplogroup. The
individuals with non-local Sr isotope ratios were assigned to
mtDNA haplogroups K1a (low ratios) and H (high ratios).
Furthermore, the T2b haplogroups have a wider Sr isotope
range than the other groups in the Late Neolithic-Early
Bronze Age (Fig. 16). Other than that, no correlation can be
discerned between mtDNA haplogroups and the Sr isotope
ranges.

To some extent, haplogroups also vary between graves as
some groups are only represented in certain graves. Within

several sites, individuals share haplogroups indicating a pos-
sible maternal affinity (Supplementary Material 2). For exam-
ple, the X2b+226 group only occurs in the Valtorp 2 passage
grave among two boys and a male adult with overlapping
radiocarbon dates suggesting a common origin or kin relation.
However, matching mtDNA haplogroups do not necessarily
denote close genetic affinity. In the Late Neolithic-Early
Bronze Age, the only grave with individuals assigned to the
U5b haplogroup is the Torbjörntorp 31 gallery grave, while
U4 groups only appear in the close by Torbjörntorp 18
(Supplementary Material 2). Furthermore, the richness and
evenness of mtDNA haplogroups differ between the two
closely located Late Neolithic-Early Bronze Age gallery
graves (Table A3:5). However, the richness might be related
to the duration of the use of graves, as the grave with the
greatest richness in this case was used for a longer time than
the other.

In Torbjörntorp 31, five of the individuals with non-local
Sr ratios between 0.723 and 0.727 could be assigned to the
U5b mtDNA haplogroup (Supplementary Material 2; Fig.
A3:8). Four of them were males with similar radiocarbon
dates (the late Late Neolithic II), and the fifth was a female
with a slightly earlier date (Fig. A2:9).

In Valtorp 2, two of the three males with the X2b+226
haplogroup had similar semi-local Sr isotope ratios and radio-
carbon dates, and they were found in the same niche of the
grave chamber. In addition, individuals in Valtorp 2 assigned

Table 6 Diversity measures of simplified mtDNA haplogroups in the
two main phases

EN-MN LN-EBA

Richness/Menhinick D index 2.012 2.245

Evenness/Shannon H index 1.987 2.219

Fig. 16 Histogram of Sr isotope ratios grouped by simplified mtDNA haplogroups in the two main phases of use.A Falbygden local range,B semi-local
range, C non-local range to Falbygden found within Västergötland, D non-local range to Falbygden found outside of Västergötland
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to haplogroup U5b3 (three) and U5a2 (one) display similar
Falbygden local Sr isotope ratios and only appear in niche
Be11. The individuals assigned to U5b3 had similar early
Middle Neolithic A dates, while the female exhibiting an
U5a2 haplogroup had a slightly later date (Fig. A2:3). Thus,
in the case of Valtorp 2, it seems that different kinship groups
may have used different niches of the chamber.

In addition, some individuals with overlapping radiocarbon
dates from different graves displayed the same haplotypes.
The haplogroups K1e and H24 are assigned to individuals
buried in the passage graves Valtorp 2 and Gökhem 94
(Supplementary Material 1 and 2). A Late Neolithic/Early
Bronze Age child from Torbjörntorp 31 shares the same
haplogroup, T2b+16362, with a Late Neolithic/Early Bronze
Age female buried in Borgunda 106.

Discussion

Population dynamics in the Neolithic and Early
Bronze Age

In this paper, we demonstrated an increased human mobility
in the Late Neolithic-Early Bronze Age, supported by a dis-
tinct difference in Sr isotope ratio and mtDNA haplogroup
variation compared to the Early-Middle Neolithic among the
megalithic population of Falbygden. Furthermore, individuals
with new mtDNA haplogroups and Sr isotope ratios previous-
ly not found in the area occur in the Late Neolithic. The fre-
quency of non-local individuals as well as the variation of Sr
isotope ratios and mtDNA haplogroups increases sharply in
the Late Neolithic, peaking in the Late Neolithic II and the
transition between the Late Neolithic and the Early Bronze
Age.

The model of an increased human mobility in the Late
Neolithic of Falbygden is further supported by a greater var-
iation of childhood δ15N values than in the Middle Neolithic,
although this could partly be a result of changed subsistence
strategies (Blank 2019; Blank et al. 2018b).

In this study, there are differences in mtDNA haplogroups
between the two main periods of megalithic grave use, with a
greater variation and partial replacement of haplogroups in the
later phase. The Late Neolithic period was preceded by a
migration of CW people moving into Scandinavia from con-
tinental Europe bringing in new genetic ancestry and mixing
with existing TRB groups (Malmström et al. 2019). The dif-
ferences seen in the mtDNA haplogroups in Late Neolithic
probably already originate in the Middle Neolithic B with
the establishment of BAC groups in the area, although the
variation of haplogroups seems to increase further at the tran-
sition between Late Neolithic and Early Bronze Age.

Most of the mtDNA haplogroups found in this study are
known from other Neolithic contexts in Scandinavia and

northern Europe (Bergerbrant et al. 2017; Fraser et al.
2018a, b; Malmström et al. 2009, 2015, 2019; Skoglund
et al. 2012, 2014). Varieties of U5 and U4 haplogroups are
common in Scandinavia during the Mesolithic (e.g. Günther
et al. 2018). However, the U haplogroups present in, for ex-
ample, the Middle Neolithic passage grave Valtorp 2 have
formerly been linked to PWC individuals and have not previ-
ously been found in Middle Neolithic megalithic graves
(Fraser et al. 2018a, 2018b; Malmström et al. 2009, 2010,
2015; Skoglund et al. 2012, 2014). The X2b and I4a
haplogroups, the latter assigned to a young Late Neolithic
female with a peri-mortem injury to the skull buried in the
Middle Neolithic Luttra 16 passage grave, are less common
and have previously not been observed in Scandinavia during
these or earlier periods. I4a has previously been found in
Bronze Age individuals from Great Britain, Germany,
Czech Republic, Lithuania and Russia, and some of these
were associated with CWC (Allentoft et al. 2015; Juras et al.
2018; Mittnik et al. 2018; Olalde et al. 2018). The X2b group
assigned to two Middle Neolithic A males and a boy in
Valtorp passage grave have in earlier studies been found in,
e.g. Neolithic Great Britain, Copper Age Portugal and Spain,
and in Early Bronze Age Germany (Knipper et al. 2017;
Olalde et al. 2018).

If we compare the mobility pattern in Falbygden with other
regions in south Scandinavia, parallels and dissimilarities can
be observed. Sr isotope data also point to a shift in human
mobility between the Danish Neolithic and Early Bronze
Age. However, it seems to have taken place c. 200 years later
than in Falbygden, i.e. in the Early Bronze Age, and was
interpreted as related to the expansion of the early Nordic
Bronze Age (Frei et al. 2019a). It should be mentioned that
only 10 out of 88 Danish individuals dated to the Middle
Neolithic.

In a study of Late Neolithic and Early Bronze Age burials
in Scania, Sr isotope ratios indicate that the proportion of non-
locals peaked in the Late Neolithic II, 1950–1700 cal BC
(Bergerbrant et al. 2017), although these results must be treat-
ed with caution as they include only few Late Neolithic indi-
viduals and as no detailed baseline has yet been established for
Scania. On the island of Gotland, in the Baltic, an increased
human mobility was also suggested in the Late Neolithic/
Early Bronze Age based on Sr isotope data (Fraser et al.
2018b). According to a study of sulphur isotopes
(Linderholm et al. 2014), an increased number of non-local
individuals occurred at the transition between Late Neolithic
and Early Bronze Age. Thus, the Falbygden results seem to
correlate with several other regions in Sweden, while the
Danish material suggests an increased mobility later on, in
the Early Bronze Age.

The increased human mobility observed in the Late
Neolithic-Early Bronze Age could possibly be connected to
a general population growth in middle and south Sweden,
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which previously has been proposed based on the spread of
artefacts and gallery graves as well as increased farmland
areas in southern Sweden (Apel 2001; Artursson 2009;
Enevold 2019; Lekberg 2002; Weiler 1994). The exploitation
of new locations and an augmented population pressure could
have resulted in migrations and extended networks. Thus, the
increased mobility in the Late Neolithic may be related to an
expansion of exchange networks and to an increased popula-
tion. In sum, these data indicate social transformation taking
place in the onset of Late Neolithic II.

Interpretations of strontium isotope ranges

Local ranges

A local ratio implies that the individual probably resided in the
area, or in a place with a similar range, and consumed local
food and drink. As previously mentioned, the main sources for
Sr in humans are plants and dairy products with some contri-
bution from water. In Falbygden, the calcareous soils are
favourable for agriculture and animal husbandry, and macro-
fossils and pollen analysis confirmed Neolithic cultivation and
husbandry (Sjögren 2003; Sjögren et al. 2019). Furthermore,
there are many natural springs, especially close to the mega-
lithic graves and settlements (Schnell 1966; Sjögren 2003).
Thus, local consumption can be assumed, even though the
intake of some food from outside of this area cannot be ruled
out.

Based on the current knowledge of the isotope ratios of
bioavailable Sr within the sedimentary area of Falbygden,
the local 87Sr/86Sr range has been estimated to between
0.713 and 0.716. During the first phase of megalithic grave
use, Early/Middle and Middle Neolithic, about 47% of the
burials exhibit Falbygden local Sr isotope ratios. However,
only about 12% of the data match the interpolated local ranges
for a 1-km radius of the specific grave site. In the second
phase, the Late Neolithic and Early Bronze Age, only 38%
of the individuals display Falbygden local ratios, and 11% of
them are local to the burial site. Thus, the proportion of site
local ratios is similar, while the number of locals to Falbygden
decreases in the Late Neolithic. The low number of individ-
uals with site local ratios might result from high mobility
within Falbygden and/or from use of much larger economic
areas around the sites. Exogamous marriages along with other
types of movements within Falbygden may explain the low
number of site local individuals in the graves. However, the
observation may also point to weaknesses in the baseline due
to the complex geology or a lack of understanding of Sr up-
take by humans. The (modern) water samples may not be
completely representative for the bioavailable Sr of the soils
on which the staple crops were grown. Springs come from
underground aquifers may be more homogeneous/dominated
by Sr from the calcareous fraction of the rocks, whereas Sr

available from soils may come frommore varied minerals and
may be more variable. However, Blank et al. (2018a) demon-
strated that the Sr isotope ratios of the small terrestrial mam-
mals (prehistoric and modern) were in accordance with the
water samples.

Semi-local ranges

The geographical distribution of gallery graves is greater than
the distribution of Middle Neolithic megalithic graves.
Furthermore, a general expansion of farming (e.g. Berglund
2003) and growing farmland areas within Falbygden (Enevold
2019) is proposed for the Late Neolithic period. A wider use
of the landscape could lead to a greater variation of Sr isotope
ratios, as would an increased consumption of non-local food.
However, during this period, the variation of Sr isotope ratios
only increases in the non-local range. Furthermore, the pro-
portion of semi-local ratios, which might derive from the out-
skirts and the close surroundings of Falbygden, is low among
the Late Neolithic burials.

Instead, the number of individuals with a semi-local ratio
(0.716–0.718) is greater during the Early Neolithic/Middle
Neolithic than in the Late Neolithic/Early Bronze Age (35%
and 15%). As previously proposed, the semi-local range could
result from residing in locations found in the peripheries of the
sedimentary area or south of Falbygden, but it could likewise
represent a mixture of Sr from Falbygden and the surrounding
Precambrian areas. As we worked with bulk samples that
represent the whole preserved crown height, a mixed ratio
could be obtained in a tooth if the person moved in to or out
of Falbygden during the time of tooth formation. Another
possible explanation is seasonal mobility that took place dur-
ing the period of enamel mineralization and during which
food sources were exploited on the way. Furthermore, a mixed
ratio could be acquired if both local and imported food were
consumed. The semi-local ratios measured in this study may
therefore have several different explanations, which also may
have varied over time.

Subsistence during both Middle Neolithic and Late
Neolithic in Falbygden was mainly based on plant cultivation
and animal husbandry of cattle, pigs, sheep and goats (Blank
2019; Sjögren 2017; Sjögren et al. 2019). A study of Middle
Neolithic pottery from Falbygden found evidence of dairy
products (Kaldhussæter Lindboe 2014). Ancient proteins
from dental calculus of Middle Neolithic and Late Neolithic
individuals from megalithic graves in Falbygden also point to
the direct consumption of milk products (Fotakis et al. in
preparation). In a mobility study of domestic animals in
Middle Neolithic Falbygden (Sjögren and Price 2013a), the
cattle displayed more varied and higher Sr isotope ratios than
the humans. Seasonal movement of cattle could have affected
the Sr isotope ratios of the herders if they went along as chil-
dren. Seasonal dietary patterns, such as the consumption of
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leaf fodder or of grass, might also have resulted in variation of
the Sr isotope ratios of animals, as the length of the plant roots
differs significantly among species. Human diet based on dif-
ferent plant foods in different seasons is also possible.
However, there are still factors concerning the Sr uptake in
animals and humans that are not resolved.

The greater proportion of semi-local ratios in the Middle
Neolithic than in the Late Neolithic might be associated to
changed strategies for holding livestock. In one case (MJ19
from Torbjörntorp 18 gallery grave), three teeth display vari-
ations within the semi-local range, which may be explained as
mixed ratios obtained by movements in and out of Falbygden
during the time of teeth formation. Repeated movements in
and out of Falbygden might have been connected to livestock
management but also to movements between settlements be-
longing to networks in a larger region. In the Middle
Neolithic, this implies mobility between megalithic and non-
megalithic areas. To evaluate the differences between the
Early Neolithic-Middle Neolithic and the Late Neolithic-
Early Bronze Age individuals with semi-local ratios, several
teeth from more individuals and sequential sampling of teeth
would be needed.

Nevertheless, in several Late Neolithic individuals where
multiple teeth were sampled, the teeth exhibited very similar
semi-local ratios, which are unlikely to result from mixing,
although it cannot be excluded without micro-sampling.
Similarities in Sr isotope ratios between different teeth are
possible if, for example, a herder follows the same route year
after year. It is likely that at least some of the semi-local ratios
reflect actual locations of residence. Hence, the higher amount
of semi-local ratios in the Middle Neolithic could indicate
more intense migrations from locations in the peripheral parts
and close to the sedimentary area, while the higher amount of
non-locals in Late Neolithic and Early Bronze Agemay reflect
migrations from locations further away from Falbygden. This
is further supported by the considerably higher proportion of
individuals that fall within the 5-km Sr isotope range around
the specific sites than the proportion within the 1-km site local
range in the Early Neolithic-Middle Neolithic, compared to
the insignificant difference that appears in the Late Neolithic-
Early Bronze Age. Thus, the Sr isotope data supports in-
creased movements in the landscape over larger areas during
the Late Neolithic-Early Bronze Age, while the human mobil-
ity in the Early Neolithic-Middle Neolithic was restricted to a
more limited geographical range.

Non-local ranges

Non-local ratios are much more common during the Late
Neolithic-Early Bronze Age than in the Early Neolithic-
Middle Neolithic, 47% versus 18% of the sampled individ-
uals. Furthermore, the non-local ratios of the Early Neolithic-
Middle Neolithic teeth do not measure higher ratios than

0.722, while Late Neolithic-Early Bronze Age individuals ex-
hibit a higher variation including ratios up to 0.734. One in-
dividual dated to Middle Neolithic A and two from Middle
Neolithic B exhibited low non-local ratios between 0.712 and
0.710. Ratios from outside inland southwestern Sweden only
represent a small part of the non-locals and appear in 5% of the
individuals during the Early Neolithic-Middle Neolithic and
Late Neolithic-Early Bronze Age. However, the ratios found
in southwestern Sweden also occur in other regions further
away.

The low non-local (outside VG) ratios found among
Middle Neolithic individuals appear in southern Scania, at
the Swedish west coast, and in Denmark. The high non-local
(outside VG) ratios of the Late Neolithic-Early Bronze Age
burials only occur east or northeast of Falbygden and in east-
ern Sweden. Radiogenic ratios representing eastern and north-
eastern regions also appear on Late Neolithic Gotland (Fraser
2018) and might reflect a general trend of more northern and
eastern influences in southern Sweden during this time. Based
on pottery decorations and temper, intensified connections
between middle Sweden and more eastern regions, such as
Finland, has been proposed already in the last part of Middle
Neolithic (Larsson 2009). In sum, the results indicate an in-
creased migration into Falbygden from new areas and human
movements over larger areas in the Late Neolithic-Early
Bronze Age.

Strontium isotope ratios: age and sex

During the Early Neolithic-Middle Neolithic phase, the lack
of children and juveniles with non-local Sr isotope ratios sug-
gest that most of the non-locals probably moved into
Falbygden in a later stage of their life or were brought there
as dead. In the Late Neolithic-Early Bronze Age, a relatively
high proportion of non-locals occur among both children and
adults.

In the Late Neolithic-Early Bronze Age, Sr isotope ratios of
individuals with multiple sampled teeth indicate movements
both into and out of Falbygden. Furthermore, movements dur-
ing childhood were demonstrated. However, the Late
Neolithic children with several sampled deciduous teeth indi-
cate limited movements during the first year. Different molar
teeth from other Late Neolithic individuals suggest mobility
already from the age of about 3 years. Thus, the children were
probably accompanied by adults and moved with groups/fam-
ilies, although practices such as fostering might also be an
alternative. In addition, some of the movements traced in
childhood and early youth may signify children engaged with
herding or other activities that did not necessarily involve
migration.

Even though mobility was observed in children, many of
the multi-sampled Late Neolithic-Early Bronze Age individ-
uals exhibited non-local or semi-local ratios in all teeth,
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suggesting that these people moved into Falbygden as adults
or were brought there as dead. To investigate when or if the
individuals with non-local ratios moved into Falbygden, more
analyses of series of teeth from the same individual would be
necessary. Furthermore, analyses of bones representing an age
closer to death could be conducted, although the soil contam-
ination must be considered.

Considering the Sr isotope categories, slight differences
were observed in the adult population related to sex between
the two phases. For example, the majority of the Early
Neolithic-Middle Neolithic males (64%) exhibited Falbygden
local and site local ranges. In the Late Neolithic-Early Bronze
Age, on the other hand, most of the males (65%) displayed Sr
isotope ratios that fell in the non-local ranges. This might be
related to different types of mobility in the two phases. During
the Early Neolithic-Middle Neolithic phase and in the first part
of Late Neolithic, there is no significant difference in Sr isotope
ratios between biological sexes, which could have been expect-
ed from exogamous marriages of matri- or patri-local character.
However, in the Late Neolithic II-Early Bronze Age, the dif-
ference in non-local Sr isotope ratios between sexes was statis-
tically significant. This suggests a change in mobility pattern in
the Late Neolithic II, where females and males partly migrated
from different areas or moved in different manners.

The megalithic population of southwestern Sweden

Males and females of all ages were buried in the megalithic
graves, and the mix of ages and sex of the individuals is in line
with a cross section of a population. It has been argued that
these graves have been used for families and groups from
nearby settlements (Ahlström 2009; Sjögren 2003; Weiler
1994). Based on aDNA studies, kin relations within megalith-
ic graves, for example, in the Middle Neolithic Ansarve dol-
men on Gotland, have been suggested (Sánchez-Quintoa et al.
2019).

Our results demonstrate that there are differences in the
occurrence and frequencies of mtDNA haplogroups between
graves. In several of them, both during the Early Neolithic-
Middle Neolithic and the Late Neolithic-Early Bronze Age,
haplogroups indicate that people from the same maternal lin-
eage groups used the megalithic grave. In a few cases, indi-
viduals with similar haplogroups, Sr isotope ratios and radio-
carbon dates appear in the same grave. In the Late Neolithic,
significant differences in the Sr isotope ratios between indi-
viduals buried in gallery graves with and without port-holes
occur. Furthermore, significant variations in the non-local Sr
isotope ratios between gallery graves also occur. This might
indicate differences in origin between the groups using the
graves and/or different contact networks operating even for
nearby graves. In some megalithic graves, there are indica-
tions of spatial patterning in the depositional practices of the
dead. In the Middle Neolithic Valtorp 2 passage grave,

mtDNA haplogroups along with Sr isotope data and radiocar-
bon dates suggest that different family groups used specific
parts of the grave chamber.

A few possible maternally related individuals in different
contemporaneous graves were also observed, which could be
a result of exogamous marriage patterns among different fam-
ily groups. Nevertheless, shared mtDNA haplogroups do not
necessarily imply close kinship but might reflect the popula-
tion in more general terms. Kin relations between different
megalithic graves have been suggested in other northern
European Neolithic contexts based on aDNA analyses
(Cassidy et al. 2020; Sánchez-Quintoa et al. 2019). To deter-
mine whether kinship groups actually used the graves,
genome-wide aDNA analyses are required. An ongoing
aDNA study, including nuclear aDNA data from some of
the sampled individuals, is going to address this question as
well as more general demographic aspects.

The megalithic burials may represent a segment of, or a
certain hierarchical subgroup of society and/or certain families
or groups. The high number of non-locals and semi-locals
observed in the Falbygden graves could result from extended
social groups with common social networks and traditions.
Certain individuals or families from a larger geographical area
(also from outside of Falbygden) might have been burying
their dead in the megalithic graves of Falbygden for specific
reasons. However, as contemporaneous settlements have been
found in proximity to the Middle Neolithic megalithic graves
(Sjögren 2003; Sjögren et al. 2019), it is unlikely that only
people residing outside of Falbygden used the megalithic
graves.

Our data suggest that individuals buried in the more periph-
eral parts of the graves mainly had Falbygden local ratios,
while the main chambers in the megalithic graves were used
to bury both individuals with local and non-local ratios. The
non-locals might represent a population fragment with high
mobility and/or first-generation immigrants, while the individ-
uals with local ratios possibly were less mobile or at least
moved in a geographically more limited area or during shorter
times. Thus, the megalithic population primarily intended for
the grave might have been more mobile than other or later
populations and considered more important and therefore
placed in a central part of the grave. However, more samples
from different parts of the graves would be required to inves-
tigate this further.

Individuals with local as well as non-local Sr isotope ratios
were reusing older megalithic graves in Late Neolithic-Early
Bronze Age. Of these specific burials, the early Late Neolithic
individuals displayed non-local Sr isotope ratios, while most
of the Late Neolithic II depositions in passage graves exhibit-
ed local ratios. A plausible scenario is that people moving into
Falbygden in the first part of Late Neolithic buried some of
their dead in older megalithic graves as a strategy of taking
possession of the location or claiming a connection to former
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groups. In the Late Neolithic II, on the other hand, people/
families that moved in may have continued their own tradi-
tions of constructing gallery graves or used the megalithic
graves they were familiar with, which also could explain the
large variation of gallery graves in Late Neolithic II (Blank
et al. 2020; Weiler 1994).

Our results concern individuals deposited in megalithic
graves. Neolithic flat graves occur in the area, but they are
limited to a few possible cases (Sahlström 1932; Sjögren
2003). The intensive farming and the few and limited archae-
ological excavations are some of the reasons for the scarcity.
The spatial distribution of specific artefacts suggests that
Neolithic flat graves probably occurred in larger numbers
here, like in other regions of south Scandinavia (Blank in
press; Kossian 2005; Lekberg 2002; Malmer 1962; Sjögren
2003). It is thus possible that the individuals buried in mega-
lithic graves were more mobile than other groups, at least
during some periods, but this cannot be determined before
we find skeletal remains from other types of burials to com-
pare with.

Mobility patterns over time

Previous Sr isotope studies suggested that 1/4 of the people
buried in Falbygden passage graves grew up in areas outside
of Falbygden (Sjögren et al. 2009). The proportion of non-
local cattle was even higher, with Sr isotope ratios indicat-
ing more varied and partly different areas of origin from
those of humans (Sjögren and Price 2013a). According to
our study, the proportion of Early Neolithic-Middle
Neolithic humans exhibiting non-local ratios is slightly
lower (18%), which may result from a larger dataset and a
slightly different division between the groups. According to
Blank and Knipper (in press), about 60% of the Late
Neolithic burials yielded non-local and semi-local isotope
ratios, which more or less corresponds to the much larger
dataset presented in this study. Furthermore, a couple of
preliminary Sr isotope studies from gallery graves and dol-
mens (Blank et al. 2018b; Blank and Knipper in press)
suggest that human mobility rates were higher and more
varied during the Late Neolithic than in the previous period,
which agrees with our results.

In Falbygden, at the end of the Early Neolithic (ca 3500 cal
BC) and throughout the first part of the Middle Neolithic
people, mainly adults moved within Falbygden and in the
surroundings of the sedimentary area. The mobility was prob-
ably linked to several different factors, such as animal hus-
bandry and cultivation strategies, social and cultural networks
with neighbouring megalithic settlements and other settle-
ments further away. The networks extending outside of
Falbygden might have been upheld by the exchange of cattle
but also by social networks of other kinds (compare Sjögren
and Price 2013a).

An adult female dated to the Middle Neolithic A exhibited
relatively low 87Sr/86Sr and might originate from Scania or
other regions with similar Sr isotope ranges. In a previous
study (Sjögren et al. 2017), a young female dated to the
Early Neolithic found in a bog in Falbygden has been sug-
gested to have moved in from Scania based on Sr isotope
analysis.

Unfortunately, only three individuals were dated to the
Middle Neolithic B, and two of them exhibited Sr isotope
ratios indicating migrations from more southern regions such
as Scania or Denmark. Then, there is a gap of at least 400
years when the megalithic graves were not used for burials,
and no other skeletal remains are available. This period is
represented by the BAC and overlaps with the above-
mentioned burials. In Falbygden, the presence of the BAC is
mainly recognized by finds of battle axes, flint axes and pot-
tery. Thus, we cannot say anything about the mobility in
Falbygden during this time, but according to aDNA studies
previously mentioned, these people originated from CW
groups that moved to southern Scandinavia from continental
Europe.

In the Late Neolithic, people became more mobile, espe-
cially from the transition between Late Neolithic I and II, and
people seem to have moved in groups to a greater extent
including females, males and children. Humans moved over
larger areas than in the previous period, and individuals from
new locations to the east/northeast migrated into Falbygden.
In the second part of the Late Neolithic, clusters of females
and males with similar Sr isotope ratios were observed. The
growing mobility in the Late Neolithic was mainly connected
to movements between Falbygden and locations outside of the
sedimentary area. Growing long-distance exchange networks
and migrations of families establishing in Falbygden, where
climate changes (see below) and population pressure might
have been possible triggers, could explain these movements.
The exchange networks, from ca 2000 cal BC, may partly
have been maintained by marriage alliances.

Studies based on 18O isotopes in lake sediments and pollen
data from western Sweden suggest a temperature decline
around 2000 cal BC, at the transition between Late Neolithic
I and II (Hammarlund et al. 2003: 267; Seppä et al. 2005).
According to Hammarlund et al. (2003: 267), at this time, a
dramatic shift over a few hundred years took place towards a
more humid, cooler and less stable climate. This event most
probably had implications for how people moved in the land-
scape (as indicated by the Sr isotope data) due to possible
changes of subsistence strategies and land use. Other factors
affecting the mobility patterns and social organization at this
time might have been growing long-distance exchange net-
works and demographic changes.

Considering the amber and flint artefacts recovered in the
megalithic graves, contacts with the coastal areas, Scania and
Denmark, can be assumed (Anderbjörk 1932; Axelsson et al.
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2015; Apel 2001; Sjögren 2003). However, the Sr isotope data
from the Middle Neolithic A and the Late Neolithic-Early
Bronze Age do not indicate permanent mobility between
Falbygden and these areas (with the exception of data from
one Middle Neolithic A and two Middle Neolithic B individ-
uals). Thus, the artefacts might reflect indirect exchange net-
works consisting of several nodes within a larger distribution
system. Nevertheless, direct contacts may also be possible as
short-term movements may be difficult to trace using Sr iso-
tope analysis. Similarities between the pottery found in the
graves and pottery from south Scandinavian and north
European contexts can be observed during both periods, indi-
cating shared traditions over larger areas (Bagge and Kaelas
1950-52; Iversen 2015; Müller and Peterson 2015; Sjögren
2003; Stilborg 2002; Strömberg 1971). More exotic artefacts,
such as the amber pendant in Luttra 16 and the bronze and
gold spirals in Torbjörntorp 18 (Supplementary Material 2),
may indicate expanded exchange networks in the Late
Neolithic. The higher variation of Sr isotope ratios and
mtDNA haplogroups in the Late Neolithic/Early Bronze
Age skeletal remains could be a result of generally increased
population pressure and human migrations taking place in the
Nordic region. Both these hypotheses are in accordance with
the general assumptions about the Scandinavian Late
Neolithic (see above).

Concluding remarks

According to our results, there is a significant increase of
human mobility and a greater variation of mobility patterns
among the Late Neolithic megalithic population of Falbygden
compared to the Early Neolithic-Middle Neolithic phase.
Similar developments in other regions of Sweden indicate that
this is a general trend.

In Falbygden, ratios suggesting a possible origin from
the west coast or Scania only occur in a few individuals
during the latter part of Middle Neolithic, while ratios
found east and northeast of Falbygden only appear in
the Late Neolithic. Thus, partly changed mobility patterns
and contact networks can be assumed. Furthermore, the
greater variation of Sr isotope ratios and mtDNA
haplogroups as well as evidence of movements both in
and out of Falbygden suggest more people moving into
Falbygden from further away, but also a generally in-
creased mobility of the megalithic population in the land-
scape over larger regions in the Late Neolithic-Early
Bronze Age than in the Early Neolithic-Middle Neolithic.

We observed changes in mobility patterns between Early
Neolithic-Middle Neolithic and Late Neolithic-Early Bronze
Age and during the Late Neolithic-Early Bronze Age consid-
ering age of death and biological sex. During the Early
Neolithic-Middle Neolithic, among the individuals displaying

non-local ratios, only adults and young adults could be con-
firmed, indicating that adults migrated into Falbygden or were
brought here to be buried. During the Late Neolithic-Early
Bronze Age, the non-locals mainly represented children and
adults, suggesting that both these categories migrated into
Falbygden, potentially partly consisting of family groups. In
Late Neolithic II-Early Bronze Age, the difference in Sr iso-
tope ratios between sexes was significant, unlike in earlier
periods where this correlation was not present.

Our data indicate that different maternal lineage groups
used specific compartments in passage graves during the
Early Neolithic-Middle Neolithic and specific gallery
graves in the Late Neolithic-Early Bronze Age. We sug-
gest that the megalithic graves in Falbygden were mainly
used by kin groups, although supplementary investigation
is needed.

In Falbygden, the greater variation of 87Sr/86Sr isotope ra-
tios, mtDNA haplogroups, δ15N and the greater variation of
megalithic grave constructions in the Late Neolithic-Early
Bronze Age, compared to the Early Neolithic-Middle
Neolithic, point to a more heterogeneous society that could
be described as a melting pot of different groups from various
locations.

A peak of non-local Sr ratios and of variability in Sr
isotope ratios and mtDNA haplogroups occur in the Late
Neolithic II. At the same time, cooling temperatures and
increasing precipitation occur in western Sweden. Thus,
we propose a distinct change in mobility at the onset of
Late Neolithic II potentially connected to a climate change,
a shift in economic and social structures and an expansion
of exchange networks and to a generally increased
population.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12520-021-01294-4.
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