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Bioarchaeological analyses reveal
long-lasting continuity at the periphery
of the Late Antique Roman Empire

Margaux L.C. Depaermentier,1,8,* Ben Krause-Kyora,2 Irka Hajdas,3 Michael Kempf,4 Thomas Kuhn,5

Norbert Spichtig,6 Peter-Andrew Schwarz,1 and Claudia Gerling1,7

SUMMARY

TheBasel-Waisenhausburial community (Switzerland) has been traditionally inter-
preted as immigrated Alamans because of the location and dating of the burial
ground –despite the typical late Roman funeral practices. To evaluate this hypoth-
esis, multi-isotope and aDNA analyses were conducted on the eleven individuals
buried there. The results show that the burial ground was occupied around AD
400 by people belonging largely to one family, whereas isotope and genetic re-
cordsmost probably point toward a regionally organized and indigenous, instead
of an immigrated, community. This strengthens the recently advancedassumption
that the withdrawal of the Upper Germanic-Rhaetian limes after the ‘‘Crisis of the
Third Century AD’’ was not necessarily related to a replacement of the local pop-
ulation by immigrated Alamannic peoples, suggesting a long-lasting continuity of
occupation at the Roman periphery at the Upper and High Rhine region.

INTRODUCTION

During the third to the fifth centuries AD, the European continent was characterized by rapid social, polit-

ical, economic, and religious changes, both within and without the Roman Empire.1–3 Either interpreted as

cause or consequence of those changes, the so-called barbarian invasions or migrations are usually seen as

one of the key processes of the Late Antique and Early Medieval period, often referred to as the Migration

Period.1,4–6 In this context, the comparison of ‘‘Romans’’ and ‘‘Germans’’ has traditionally played a major

role in archaeological and historical research.7–10

During this period, the area of present-day Basel (CH) was a socio-cultural melting pot because of its

location at the river Rhine (Figure 1), which became the border (limes) of the Roman Empire

after the abandonment of the Upper Germanic-Rhaetian limes around AD 260.11,12 A Roman military pres-

ence is still attested along the Rhine-limes through Valentinian’s fortification campaign around AD 374.13,14

In this context, the areawas, at an administrative level, divided into a ‘‘Roman’’ part on the southern bank and

a ‘‘German’’ or ‘‘Alamannic’’ part on the northern bank of the river Rhine from approximately AD 260 to AD

475.14–16 Both parts have been long considered culturally isolated within scholarly research.17,18

This was also derived from the different Roman historical background on each riverside. During the first

step of Caesar’s conquest of Gaul in the first century BC, the Roman occupation was extended up to the

river Rhine in Northern Switzerland, whereas a military presence on the northern riverbank was not attested

before AD 75.16 Around AD 160, the eastern limit of the Western Roman Empire was extended up to the

Upper Germanic-Rhaetian limes and along the Danube river.19 However, this only lasted until the so-called

‘‘Crisis of the Third Century’’, which led, in the years around AD 260, to the loss of theAgri decumates on the

western side of the Rhine,11,13 includings the part of present-day Basel referred to as Kleinbasel, where the

study site presented here, Basel-Waisenhaus, is located.

Moreover, the traditional narratives of the Migration period derived from written sources still hold sway

over the interpretation of the archaeological records at Basel, where the burial grounds (including the

Basel-Waisenhaus site presented in this study and described in the Data S2) were associated with specific

ethnic groups.20–23 However there has been recent work within Early Medieval archaeological research to

revise the hitherto predominant comparison of ethnicity and material culture.1,7–10
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To question these ethnically derived comparisons, there has been an increase in the use of bio-

archaeological methods in Early Medieval archaeological research.24 Genetic analyses (ancient DNA, here-

after referred to as aDNA) are often used to understand Early Medieval migration patterns,25–29 social

structures,25,30–33 and the impact of Early Medieval migrations on the genetic composition of modern pop-

ulations.34–36 In addition, strontium (Sr) and oxygen (O) isotope analyses have become common tools to

trace potential mobility or migration events25,37–41 and the consequences of these migrations on the local

population.40,42–47 Because theMigration Period is typically associated with the idea of foreign people with

differing cultural and dietary practices deliberately and/or violently intruding on a local society,25,44,47,48

carbon (C) and nitrogen (N) isotope analyses may help to trace changes in dietary habits caused by migra-

tion and acculturation processes.40,43,47,49

In this article, we carried out aDNA, as well as, C, N, O, and Sr isotope analyses on 11 individuals from the

Basel Waisenhaus burial ground (Figure 2) to challenge traditional narratives of several migration waves

from the East. Because most individuals were buried without grave goods, additional radiocarbon dating

was performed to examine the validity of the interpolated archaeological dating of the Basel-Waisenhaus

burial place to the first half of the fifth century AD. Based on the fact that the isotope composition of human

(and animal) skeletal tissues is derived from the individual’s diet and hence from the environmental settings

from which the food50–53 and drinking water54–56 originate, a reconstructed model of potential land-use

was carried out based on environmental explanatory covariates. This combination of methods fosters

the understanding of local to supra-regional mobility patterns and socio-economic organization in a highly

dynamic period of socio-cultural development.

RESULTS

The results of the radiocarbon dating, the aDNA analyses as well as the C, N, O, and Sr isotope analyses are

listed in the Table S1. The calculated mean values and standard deviations are summarized in Table 1.

Land-use model

The environmental settings used as basis for the model are described in the Data S3. The geological and iso-

topic (Sr) settings are depicted in Figure 3. From the environmental and land-use model, the potential land-

use zones are located in close vicinity to the reconstructed settlement and spread toward the north along the

river Wiese (Figure 4). Considering alluvial soils on the lower terraces of the channel floodplains, these fertile

Figure 1. Location of the fourth and early fifth century AD sites, including settlements and burial grounds within

the Canton of Basel-Stadt (CH)

CH = Switzerland, FR = France, DE = Germany.
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soils would promote intensive agricultural exploitation and simultaneously allow for irrigationmeasures during

subsequent drought periods. Most of the highly suitable sites are located within a 1 km distance of the settle-

ment, which aligns with the theory underlying the activity spheres of subsistence farming of this article.59

Following the expectations of the given hypothesis, the land-use suitability decreases toward the other

side of the river Wiese. Crop production on both sides of the river cannot be ruled out. There is an increased

risk of harvest loss on the northern side of the river after heavy rain events, drought periods, or damage caused

by game. Finally, the model, which considered environmental variability at the microlocal level, enables a vali-

dation of the Sr isotope baseline suggested by D. Brönnimann and colleagues for Basel-Gasfabrik.57

Radiocarbon dating

The results of radiocarbon dating performed on the eleven bones that were analyzed in this study are pre-

sented with a 95.4% probability (Table S1) and were calibrated in the OxCal software v4.4.460 using the last

published calibration curve IntCal20: Northern Hemisphere.61 The calibrated dates show individual ranges

fromminimumAD 241 (grave 1) andmaximumAD 403 (grave 9) to minimumAD 404 (grave 4) andmaximum

AD 538 (grave 9), corresponding to a total range of approximately 300 years (Table S1). However, the kernel

density estimation (KDE) model (Figure 5) reveals high-frequency noise from these wide ranges that are

because of a wiggle in the calibration curve for the oldest part and to a plateau in this curve for the

most recent part of this range.62 After the algorithm removed this noise, the single-modelled dates showed

a minimum at AD 337 (grave 1) and a maximum at AD 434 (grave 9), with a most probable total range of 40

years spanning from AD 370 to AD 410 (95.4%, Agreement Indices of the model: 96.4).

The separation of bones of children and adults shows slightly different distribution with a maximum for chil-

dren centered at AD 400, and the maximum for adults shifted toward the older ages by some 20–30 years.

This is in agreementwith the slow turnaround time (20–30 years) of bones63–65 and the fact that teeth register

the 14C signal from the early years. Thus, all the graves might be from the time period centered at AD 400.

Figure 2. Plan of the burial ground with information about sex, age, grave goods, and the material available for

the isotope and aDNA-analyses

Modified by M. Depaermentier after Baumann et al.,20 Figure 7. Images of grave goods by Archäologische

Bodenforschung Basel-Stadt. (See also Data S2 for a description of the burial ground).
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aDNA analyses

Overall, the preservation of the aDNA in the various samples was generally very good, with the exception of

the samples from graves 6, 7, and 8, which were poorly preserved (Table S1). There was no aDNA preser-

vation given in the sample collected from the burial 10. In total, the results of the other seven individuals can

be considered reliable. There was no sign of contamination in any of the samples, and the typical damage

pattern used as an authentication criterion for aDNA was present (see columns ‘‘dmg 5p first pos’’ and

‘‘dmg 3p third pos’’ in Table S1 and Figure S1).

The successful determination of the genetic sex of seven of the eleven individuals suggests that this burial

group consisted of a minimum of three males (burials 0, 3, 9) and four females (burials 1, 2, 4, 5). These re-

sults only match the results of the anthropological analysis for individuals 2, 3, 6, and 9, while they gave con-

tradictory results for individuals 1 and 4. Also, additional information was garnered for the unsexed individ-

uals 0 and 5. Because of the bad preservation of aDNA in the samples from graves 7, 8, and 10, no genetic

sex could be determined.

Table 1. Summary statistics for isotope data

Basel-Waisenhaus 87Sr/86Sr d18OC (& VPDB) d13C (& VPDB) d15N (& AIR)

sample (incl. G0)

n ind. (samples) 6 (9) 6 (9) 11 (11) 11 (11)

mean 0.7093 �4.9 �18.6 9.6

1 s 0.0006 0.5 0.7 1.3

min 0.7088 �5.6 �19.3 8.3

max 0.7102 �4.2 �16.8 12.1

sample (excl. G0)

n ind. (samples) 6 (9) 6 (9) 10 (10) 10 (10)

mean 0.7093 �4.9 �18.8 9.4

1 s 0.0006 0.5 0.4 1.1

min 0.7088 �5.6 �19.3 8.3

max 0.7102 �4.2 �18.2 11.4

adults

n ind. (samples) 3 (6) 3 (6) 6 (6) 6 (6)

mean 0.7095 �5.1 �18.8 9.0

1 s 0.0007 0.4 0.5 0.6

min 0.7088 �5.6 �19.3 8.4

max 0.7102 �4.6 �18.2 10.1

infants (incl. G0)

n ind. (samples) 3 (3) 3 (3) 5 (5) 5 (5)

mean 0.7090 �4.7 �18.3 10.4

1 s 0.0002 0.5 1.0 1.6

min 0.7089 �5.2 �19.2 8.3

max 0.7091 �4.2 �16.8 12.1

infants (excl. G0)

n ind. (samples) 3 (3) 3 (3) 4 (4) 4 (4)

mean 0.7090 �4.7 �18.7 10.0

1 s 0.0002 0.5 0.5 1.4

min 0.7089 �5.2 �19.2 8.3

max 0.7091 �4.2 �18.2 11.4

Mean, 1 s, minimum, andmaximum values of the87Sr/86Sr, d18OC, d
13C, and d15N values for the whole sample, the adults, and

the infants from Basel-Waisenhaus (see Table S1 for detailed raw data).
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The determination of the mt- and y-haplotypes revealed the presence of four different mt-haplotypes:

U2e2a1a (graves 0, 1, 6), H11a (graves 9, 3), H1c5 (grave 5), and I2 (grave 4). At least two different y-haplo-

types could also be attested: I2a2a2a (grave 3) and I2c2 (grave 0 and 9). The complementary results of the

analysis of the genome-wide variants showed second-degree for the individual from grave 9 to the individ-

uals from graves 0, 1, and 3. This means that there is one other family member between grave 9 and graves

0, 1, 3, respectively, i.e., grave 9 shares 25% of the genomes of each of these persons. This represents a

relationship such as a grandparent and grandchild, half-siblings, double-cousins, or aunt/uncle and

niece/nephew. Furthermore, a first-degree relationship exists between graves 0 and 1 (Table S2).

The results of the PCA plot (Figures 6 and S2), f3 statistics (Figure S3), and admixture plots (Data S1) suggest

that the burial community in Basel-Waisenhaus corresponds to a particularly homogeneous group de-

scending from only one population. The individuals from grave 2 and 5 represent the only recurrent out-

liers. The current resolution suggests that the Basel-Waisenhaus individuals are not connected with mod-

ern and past populations from Southern Europe but instead have more connections to Western, Central,

and Northern Europe with respect to both the ancient and modern references. The admixture plots (Data

S1) and the f3 statistics (Figure S3) also support the analogy with the latter group.

Strontium and oxygen isotopes

The 87Sr/86Sr ratios of the human dental enamel sampled from the Basel-Waisenhaus individuals (11 sam-

ples from 6 individuals) range from 0.7088 to 0.7102 (Table S1) with a mean value of 0.7093 G 0.0006 (1 SD)

(Table 1). The two bones exhibited a ratio of 0.7090 and 0.7091 respectively, which is very similar to the

isotope composition of the sampled deciduous teeth as well as the first and third molar of the female

Figure 3. Strontium isotope baseline data and geological background

Geological map of the Upper Rhine Valley with the location of Basel-Gasfabrik (BGF) and Basel-Waisenhaus (BWH) and

the baseline samples collected and analyzed by D. Brönnimann and C. Knipper57,58 for the determination of bioavailable

Sr composition in the region (left).

The black rectangle shows the map section to the right. An interpolated Sr isoscape of the region is available in

Brönnimann et al. (2018, Figure 3).57 Sr isotope data are available from the supplementary tables by D. Brönnimann and C.

Knipper.57,58 The digital elevation model (DEM) is available from swisstopo. The geological map is downloaded from the

INSPIRE under Creative Commons Attribution 4.0 International (CC BY 4.0) license. (See also Data S2 for a description of

the environmental settings).
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from grave 4 and to the third molar of the male from grave 9 (mean value: 0.7090 G 0.0001; see Table 1).

These samples perfectly match the so-called local I baseline range (0.7083–0.7093) estimated by D. Brön-

nimann, C. Knipper, and colleagues57,58 (Figure 7). This range reflects the Sr isotope value of arable land

mainly exploited by the inhabitants of the Late La Tène settlement at Basel-Gasfabrik – and at Basel-

Waisenhaus based on the land-use model. The first molar of the male from grave 9 and both teeth of

the female in grave 5 show 87Sr/86Sr ratios on average 0.001 higher than the mean value of the other indi-

viduals. Nonetheless, these values still fit in the so-called local II Sr isotope baseline range (0.7093–

0.7114).57,58 The range is thought to correspond with the arable land in the surroundings of Basel-

Gasfabrik – including the surroundings of Basel-Waisenhaus. However, this wide range resulting from

the heterogeneous environmental settings in the area (Figure 3) is not just specific for Basel but can be

found in surrounding regions66–71 and other areas across Europe.72–77

The d18O values of the tooth enamel carbonate range from �5.6 to �4.2& with a mean value of �5.0 G

0.5& (1 SD). To compare these results with the O isotope baseline range in tooth enamel phosphate

(15.7–17.2&) estimated by C. Knipper for the Basel-Gasfabrik project,58 we first converted the carbonate

data into d18OSMOW according to the Equation 1 suggested by Coplen and colleagues.78 Second, we con-

verted those results into phosphate values according to the Equation 2 suggested by Iacumin and

colleagues:79

d18OSMOW = 1:030913 d18OC + 30:91 (Equation 1)

d18OP = 0:983 d18OSMOW � 8:5 (Equation 2)

The converted d18OP values range from 16.1 to 17.6& with a mean value of 16.7 G 0.4& (1 SD) and match

overall the local O isotope baseline range (15.7–17.2&) estimated at Basel by C. Knipper and colleagues.58

This local O isotope baseline range is based onmodern precipitation data fromWeil am Rhein and on local

and regional surface water. It is noteworthy that the infants 1 and 6 are slightly above the upper limit of this

range (Figure 7).

Carbon and nitrogen isotopes

All eleven human skeletons provided sufficient bone collagen for C and N stable isotope analyses. The

detailed results of the C and N isotope analyses obtained from bone collagen are listed in Table S1 and

represented in Figure 8. The C/N ratios ranged from 3.1 to 3.2, indicating good collagen preservation of

Figure 4. Predictive land-use and settlement model

Predictive model for potential settlement location (A) and agricultural exploitation (B) in the predicted complementary

region of the graveyard Basel-Waisenhaus. The model is based on soil suitability, potential waterlogging and

groundwater level, geological units, as well as landscape permeability, including the reconstructed pre-modern channels

of the river Wiese. (See also Data S2 for a description of the environmental settings).
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these samples.82,83 However, the percentage of C in the bone collagen from grave 2 is low (26.9%). The d13C

(& PDB) and d15N (& AIR) values of the whole sample range from �19.3 to �16.8& (mean value �18.6 G

0.7&, 1 SD) and from 8.3 to 12.1& (mean value 9.6G 1.3&, 1 SD) (Table 2). The infant from grave 0 exhibits

the highest d13C and d15N and is an obvious outlier in this sample (Figure 8). The lowest d13C and d15N

values correspond to the female from grave 5 and to the infant from grave 3 respectively. The infants

from graves 6 and 10 have d15N values up to 2.4& higher than the mean value of the adults (9.0 G

0.6&, 1 SD).

No Early Medieval baseline sample was available for this study. Hence, we considered the Late Iron Age

faunal and plant samples collected at the Basel-Gasfabrik site80 as well as the medieval faunal data from

the Barfüsserkiche in Basel (11th century)81 as comparative data. The d13C and d15N values of adult individ-

uals from the Basel-Waisenhaus site showed an offset of 2.5 and 2.2& respectively, compared to the Iron

Age herbivores from the Basel-Gasfabrik site (Figure 8, Table S2), and an offset of 2.5 and 3.5& compared

to the medieval domestic herbivores from the Basel-Barfüsserkirche (11th century).81

Additional d13C values were obtained from the same dental enamel sample analyzed for Sr and O isotope

composition (Table S1). The d13C values measured in dental enamel varied from �10.7 (grave 3, tooth 84)

to �13.8& (grave 5, tooth 36). The mean value is �12.0 G 1.1& (1 SD). On average, the tooth d13C value is

6.7G 1.0& (1 SD) more positive than the bone collagen d13C values of the same individual, with a minimum

offset of 5.0& for grave 4 and a maximum offset of 8.0& for grave 1.

DISCUSSION

A homogeneous community

Radiocarbon dating allowed for a precise chronology of this burial place. Instead of being restricted to the

second quarter of the fifth century as assumed from the interpolated dating of the grave goods in burial 1

and 6,20 the calibrated and modeled radiocarbon dates highlight that the use of this burial place may have

already started during the second half of the fourth century AD and lasted approximately 40 years – if the

KDE model is taken into account (Figure 5). Although the focus is clearly around AD 400 when considering

the age difference between adult and infant individuals, the upper limit of the modeled range (AD 410)

should be slightly extended to integrate the siliqua imitation found in grave 6, which gives a terminus

post quem around AD 411–413 at least for this burial. Moreover, the determination of the mt- and y-hap-

lotypes, as well as the analysis of the genome-wide variants (Tables S1 and S2), stress that even though the

limits of the burial ground were probably not reached during the excavation, at least four individuals

(graves 0, 1, 3, and 9) share a second-degree kinship relationship.

The infant in grave 6 has a similar basis for its mt-haplotype (U2e2a1a) to the infants in grave 0 and 1, who

are buried nearby. It also has similar grave goods compared to infant 1. Its aDNA was not well preserved

Figure 5. KDE model of the eleven radiocarbon dates from Basel-Waisenhaus, using OxCal v.4.4.4

The KDE shows a most probable range spanning from approximately AD 370 to AD 410 (95.4%, A_model: 96.4). The

horizontal bars represent the mean G 1 SD. See also Table S1 for detailed raw values.60

ll
OPEN ACCESS

iScience 26, 107034, July 21, 2023 7

iScience
Article



enough to trace any kinship relationship, but a close link may be assumed. There are no data for infant 10

and adults 7 and 8. The only real outliers are females 2 and 5, who show different mt-haplotypes. These

females might belong to another family or come from another community, even though the concept of fam-

ilia also includes individuals beyond the relatives through blood. In this case, the marginal position of both

outlier burials within the burial place is noteworthy and might suggest that they had a specific status in life

or death. The presence of at least one family and the short period of deposition strengthen the idea that

this burial ground was used by a homogeneous community, as also expected from the overall uniformity of

Figure 6. PCA plot

The PCA shows the burial community of Basel-Waisenhaus clustering together with modern central and northern

Europeans (e.g. English, French, Germans), as well as Early Medieval populations that occupied these regions (see also

Figure S2 for a larger comparison sample and Table S1 for detailed raw data).
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the burial practices.20 The PCA plots also emphasise this aspect, in which only the female 2 can be consid-

ered a slight outlier.

The 87Sr/86Sr valuesof theBasel-Waisenhaus individualsmainly fitwithin the local I rangedeterminedbyC.Knip-

per andD.Brönnimann for theBasel-Gasfabrik site.57,58The female5andmale9exhibit slightlydifferent 87Sr/86Sr

ratios in their earlymineralized teeth,whichnevertheless stillmatch theBasel-Gasfabrik’s local II range (Figures 3,

4, and7). Ifweconsider theclosestplacewith similar Sr isotopecompositionas themostprobableplaceoforigin,

thismeans that eitherboth individualswereborn inBasel’sdirect surrounding regionor that their foodcame from

another parcel of land in or around Basel compared to the other members of the group.

Moreover, the d18O values show that except for the infant 6 (G6), all individuals fit into the local O isotope

range determined by C. Knipper for the Basel-Gasfabrik site58 (Figure 7). The infant 6’s deciduous tooth

exhibits an offset of 0.4& compared to the upper limit of the local range and 0.7& compared to the

mean value of the adults, respectively (see Table 1). However, the d18O ratios measured in deciduous teeth

and the first permanent molars might be biased by the breast-feeding effect if the individual consumed

breast milk (which is enriched in 18O) during the first months or years of its life.84 This may lead to an

offset of up to 1.3&,84 whereas a more significant or inverted offset between the first permanent molar

or deciduous teeth and the later mineralized tooth could be considered as an indication of mobility.80

The O isotope composition of this individual’s tooth might instead indicate the potential influence of

breastfeeding than evidence for mobility. It is supported by the d15N values from its femur collagen, which

shows the expected offset related to the trophic level of mother milk consumption. Overall, the results of

the Sr and O isotope analyses point toward a local organization of this burial community.

Regarding the dietary habits of those examined, the d13C and d15N values measured in the femur collagen

of each individual reveal an overall omnivorous diet (Figure 8). The absence of a contemporaneous baseline

and the differences in climatic conditions,85 as well as potential differences regarding agricultural practices

between the Iron Age, the Late Antiquity, and the Middle Ages, does not allow for the use of baseline

values from Basel-Gasfabrik and Basel-Barfüsserkirche for a more precise investigation on dietary habits.

A d13C value of �18.0& is generally acknowledged as a theoretical threshold distinguishing a C3- from a

C4-plants-based diet in human bone collagen.44,47,80,86 Because most individuals exhibit more negative

d13C values, we can assume that the diet was mainly based on C3-plants at Basel-Waisenhaus, without

evident disparities among the group.

The infant 0 represents the only outlier with considerably higher d15N and d13C values compared to the

other individuals. Both the consumption of marine fish or a protein-rich diet based on C4-plants are no

Figure 7. Strontium and oxygen isotope data

Results of the strontium and oxygen isotope analyses compared to the strontium and oxygen isotopes local ranges

determined by C. Knipper, D. Brönnimann and colleagues for the Basel-Gasfabrik project57,58 (see also Table S1 for

detailed raw data).
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reasonable explanations in Basel-Waisenhaus for this child. Also, even though this may not hold true for his

mother not present in the cemetery, because he was breastfed, it might be surprising to see no residue

from this diet in its sibling’s bone (grave 1). Because the child died between the 6th and the 12th month

after birth, the extreme values might have been caused by a severe disease or stress situation. Even though

the impact of malnutrition, diseases, and other stress factors on the isotope composition of human tissues

is still difficult to assess,87–89 it is possible that the extreme C and N isotope ratios measured in the bone

collagen of infant 0 were related to a health issue90–96 or potentially a special diet meant as medicine.

Immigrated Alamans or indigenous Romans?

The revision regarding the chronology of this burial place points out that this community may be related

to the so-called munimentum located about 150 m to the West of Basel-Waisenhaus. This Late

Antique fortress was built in AD 374 during the fortification campaign of the Rhine limes led by

the Roman emperor Valentinian I.13 After having ‘‘devastated some districts of the Alamanni’’ (vastatos

aliquos Alamanniae pagos), he stayed on July 10th at a fortified camp (munimentum) called Robur prope

Basiliam,97 i.e., in Kleinbasel. Even though the toponym Robur probably first designated an imperial set-

tlement (statio, mutatio or mansio), this place still played an important role in Late Antiquity.98,99 In this

context, Ammianus explicitly referred to the civilian population living in the vicinity of the munimentum

as accolae, i.e. as neighbors or residents – and not as inhabitants (incolae). The community buried in the

Waisenhaus area could therefore have been part of the Roman provincial population that remained after

the fall of the limes in the area on the northern riverbank.13

It is, furthermore, assumed that part of the soldiers from the Roman army based in the castrum on the

opposed riverbank were positioned in the munimentum.13,14,100 The severity of (often healed) injuries

and particularly the three fatal blows caused by a sharp weapon, such as an axe or a sword, on the skull

of the robust male in grave 9 (Figure 9)20 may support the interpretation of this burial place as belonging

to a military place, such as the munimentum. Similar cuts are relatively frequent in other burial

places related to Late Roman castra in the region.101–103 This is in contrast to the low proportion of males

(n = 2) compared to females (n = 4) and children (n = 5) and the absence of military features such as weapons

or militaria within the graves being less common. Though this might be related to the small number of in-

dividuals, to the probably yet unknown limits of the burial area, and to the perturbation of the graves from

the modern period onwards.20

Thus, the nature of the connection between Basel-Waisenhaus and the munimentum is difficult to assess.

Moreover, both written sources and archaeological records indicate that not only Romans but also Ger-

mans – including ‘‘Alamans’’ – were involved in the Roman army, especially during the fourth and fifth cen-

turies AD.4,6,104–106 Hence, even if the Basel-Waisenhaus individuals were affiliated with the military

Figure 8. Carbon and nitrogen isotope data

d13C and d15N values of the adult males, adult females, and infants from Basel-Waisenhaus (see Table S1 for detailed raw

data) compared to the mean d13C and d15N values isotope values (G1 SD) from the Late Iron Age site at Basel-Gasfabrik80

and from the Medieval (11th century AD) site at Basel-Barfüsserkirche81 (see Table 1 for mean and SD values).
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munimentum, this would give no information about their belonging to ‘‘Roman’’ or ‘‘German/Alamannic’’

groups. Even though the presence of drinking glasses and a Charon’s obol as sole grave goods rather sug-

gest a relation to the Roman tradition.107–109

In general, this question can be considered inadequate and obsolete because the limits and the lack of

pertinence of the traditional identification of cultural groups, ethnic categories, and identity through the

study of the material culture has been generally disclosed in the last decades.1,7,8,10,110–113 Nevertheless,

the results of the isotope and aDNA analyses provide new insights into the potential origin of the individ-

uals buried in Basel-Waisenhaus. First, the isotope compositions of the dental enamel sampled at Basel-

Waisenhaus match the local I and, to some extent, the local II range at Basel.58 Thus, we can reject the hy-

pothesis that this group was constituted of immigrated people.20

This assumption is also supported by the d13C values from both the bone collagen and the dental enamel,

which point toward a local C3-plant-based diet during all individuals’ childhood and last years of life. Even

though millet is already attested sporadically in this region from Prehistory onwards, its consumption re-

mains limited. In the surrounding regions, including both the Alsace and Southern Germany, the Late

Antique and Early Medieval diet is based chiefly on C3-plants as well,
41,49,67,114–116 whereas C4-plants inputs

are usually either limited to small amounts117 or to a few (possibly foreign) individuals.49,118,119 In those

cases, an origin from southern39,42,44,47 or eastern Europe was assumed,25,40,43,120 where the consumption

of millet is more frequently attested.45,121 The diet at Basel-Waisenhaus, thus, corresponds to the regional

expectations.

Moreover, the results of the ancient DNA analyses indicate that the community was most likely indigenous,

in comparison to modern populations and the extant Early and Late Medieval populations, suggesting a

close relationship to populations from western and northern Europe (see Figures 6, S2, and S3, Data S1).

An exact assignment to a regional group, e.g. origin from the eastern or western bank of the Rhine, is

not possible because of the lack of comparative data. Furthermore, it must be emphasized that the quality

and resolution of the data are partly quite low and that the analyses did not yield any results for four indi-

viduals (i.e., 36%). A significant issue in this context is the particularly highmobility and, thus, admixture rate

within central Europe from the Iron Age onwards, which limits the potential to assess the origin of Early Me-

dieval populations.47,58,122,123 When considering the two drinking glasses found in graves 1 and 6, whose

type is also documented in Northern/Central Gaul,20,124 at least a specific contact between this area and

Basel can be assumed during the Late Antiquity. However, the presence of such objects in burials at Basel

is no evidence of any form of migration from this northwestern region. When combined with the archaeo-

logical records, a genetic and cultural link with places within the northern part of the Western Roman

Figure 9. Three blows on the skull of the robust male buried in grave 9 were caused by a sharp weapon that

instantly led to the death of this individual

ª Photo: Philippe Saurbeck, Archäologische Bodenforschung Basel-Stadt, modified by Margaux Depaermentier.
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Empire is most likely. However, neither the isotope and aDNA analyses nor the archaeological context can

provide any information about the ethnic background and identity of past communities.

It is particularly important to stress that neither the archaeological nor the isotope and genetic background

of the individuals from Basel-Waisenhaus exclude the hypothesis that these could be descendants of

earlier generations of immigrated people. This is an important point because it is traditionally assumed

that people referred to as ‘‘Alamans’’ moved to this area in several waves between the end of the third

and fifth centuries.11,12,15,125 However, recent research suggests that the term ‘‘Alamans’’ was not, in the

first place, the name of a specific barbarian group but rather a new administrative designation for the peo-

ple living in the no-longer-Roman A. decumates.6,15,16,126,127 It is, therefore, no longer considered as his-

torically attested that one can expect newcomers on the northern riverbank from AD 260 onwards.

Long-lasting continuity

To start at the burial-ground-scale, the use of the Basel-Waisenhaus burial place over approximately two

generations, the uniformity of the burial practices, and the kinship relationships shown by archaeological,

genetic, and radiocarbon data first indicate a strong continuity within the burial place. Moreover, the ge-

netic background of this burial community and the isotope composition of their skeletal remains indicate

that the Basel-Waisenhaus individuals represented most probably a local population. Thus, this study pro-

vides the first possible evidence for the presence of indigenous people on the northern (i.e., ‘‘non-Roman’’)

riverbank at Basel, not only after the loss of the A. decumates around AD 260,11,13 but even after the

fortification campaign led by theWestern Roman Emperor Valentinian I in the second half of the fourth cen-

tury AD.13,14

In this context, the above-mentioned potential link between Basel-Waisenhaus and themunimentum could

imply a possible relation to the Roman army. However, as already mentioned, this relationship would not

inform about any (ethnic) affiliation to ‘‘Roman’’ or ‘‘German’’ groups. These burials probably mainly repre-

sent a civil community, including only one evidence of military injury – or interpersonal violence (grave 9).

The results most probably support the hypothesis that this former Roman region and its inhabitants were

not referred to as Alamannia and Alamanni, respectively, from AD 289 onwards because of the invasion or

migration of ‘‘Alamannic people’’ after the shift of the limes to the river Rhine, but rather because of the

change of this area’s administrative meaning from a Roman perspective.6,126,127

Furthermore, the genetic composition of the Basel-Waisenhaus community was not only primarily similar to

present-day communities from Western/Central Europe but also significantly different from the modern

populations of Italy or Spain (Figures 6, S2, and S3, Data S1). This is particularly noteworthy when consid-

ering the Roman history of this research area described in the introduction. Consequently, even though the

presence of the Roman army coming from Northern Italy is assumed on the northern riverbank at least for

the period between the middle of the first and the middle of the third century AD,16 the genetic back-

ground of the Basel-Waisenhaus burial community reveals the probability that the Roman conquest did

not lead to any population change. Certainly, a larger sample would be required to test this hypothesis.

Limitations of the study

Two limitations of this study must be considered. Even if the analyzed individuals represent the total num-

ber of the burial community at Basel-Waisenhaus, the sample size remains small and cannot be considered

fully representative of the Late Antique society at Basel. The aDNA analysis, however, adds an important

new dimension to the understanding of local social interactions. Furthermore, this sample lacks compara-

tive data from the assumed ‘‘Roman’’ side of the limes, whereas the potential link to themunimentummay

represent a biased context on this presumably ‘‘Germanic’’ riverside. A diachronic approach including a

larger sample size (n = 150) and individuals from both sides of the river Rhine is currently underway

(SNSF, project nr. 100011 208060).

The second issue concerns the equifinality of isotope data and the current low resolution of the reference

dataset for genetic analyses. As a consequence, the interpretation represents only one hypothesis among

several other possibilities, a common methodological problem in bioarchaeological research. For

example, the mixed signal measured in the bulk samples of human teeth from Basel-Waisenhaus does

not only fit into the range of bioavailable Sr at Basel and in the direct surroundings but also matches
87Sr/86Sr values measured and modeled over wide areas in Europe.72–77 Hence, it cannot be excluded
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that mobile individuals originating from areas with similar isotope values would not be visible. In this

context, O isotope and aDNA data help reduce the number of possible places of origin: particularly the

URA and other regions of eastern France and Central Europe are among the most plausible possibilities.

Both isotope and aDNA data could thus support various contradictory narratives. However, the compara-

tive data generated in the follow-up project from both sides of the Rhine and from contemporaneous as

well as later phases will allow us to disentangle further and classify the hitherto ambiguous data. When

considered separately, however, this pilot study highlights the limitations of these methods – despite

the combination of proxies – in the current state of research and with respect to certain questions, environ-

mental conditions, and sample sizes.

Conclusion

This study again emphasizes the pertinence of interdisciplinary approaches to study Late Antique and Early

Medieval societies. Thus, the integration of multi-isotope, aDNA, anthropological, and archaeological an-

alyses on the human remains from Basel-Waisenhaus not only allows for revision of the interpretation of the

Basel-Waisenhaus burials but also to gain new insights into the daily organization at the periphery of the

Roman Empire. By providing the first evidence of a local community on the northern side of the river Rhine

after the latter became again the border of the Western Roman Empire around AD 260 – and even after its

fortification led by Valentinian I around AD 374 – this study demonstrates that the loss of the A. decumates

was not necessarily related to the replacement of the local (Roman) population by immigrated (Alamannic)

people. This would support the assumption that during the Late Antiquity and the early fifth century, the

population probably mainly remained the same within this area, and only the administrative organization

and designations changed.

However, it is essential to stress that neither the archaeological nor the isotopic or genetic records inform

about the ethnicity or identity of the buried individuals. This issue has been largely discussed in the last de-

cades, but shifting away from the engrained Roman-German dichotomy is a long ongoing process. Especially

with respect to Basel-Waisenhaus, we can argue that the traditional idea of a strict separation between

‘‘Romans’’ living on the southern and immigrated ‘‘Alamans’’ living on the northern bank of the river Rhine

needs to be revised. Because of the limitations of the methods and the particularly small sample size, it is

not possible to reject the hypothesis that these individuals were descendants from individuals who previously

migrated to this area from other parts of Western, Northern or Central Europe. If this were true, the archae-

ological context would at least suggest a complete integration into the late Roman cultural tradition.

The results of a current project (SNSF project number 100011_208060), including isotope and aDNA data

from individuals buried on both riverbanks between the fourth and the seventh century AD in the region of

the present-day canton Basel-Stadt, will help better assess the origin of the individuals from Basel-

Waisenhaus. It will also enable to update and revise the traditional migration narratives assumed for this

border area during this highly dynamic period. Furthermore, the analysis of the genetic background of

Basel’s Late Antique communities opened new perspectives regarding the impact of the Roman conquest

in the first centuries AD on the local population. This hypothesis will be explored in the aforementioned

follow-up project as well.
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12. Blöck, L. (2019). Die Besiedlung rechts des
Rheins. In Am anderen Flussufer. Die
Spätantike beiderseits des südlichen
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Human mitochondrial DNA diversity in an
archaeological site in al-Andalus: genetic
impact of migrations from North Africa in
medieval Spain. Am. J. Phys. Anthropol.
131, 539–551. https://doi.org/10.1002/ajpa.
20463.

35. Helgason, A., Hickey, E., Goodacre, S.,
Bosnes, V., Stefánsson, K., Ward, R., and
Sykes, B. (2001). mtDna and the islands of
the North Atlantic: estimating the
proportions of Norse and Gaelic ancestry.
Am. J. Hum. Genet. 68, 723–737. https://doi.
org/10.1086/318785.

36. Vai, S., Ghirotto, S., Pilli, E., Tassi, F., Lari, M.,
Rizzi, E., Matas-Lalueza, L., Ramirez, O.,
Lalueza-Fox, C., Achilli, A., et al. (2015).
Genealogical relationships between early
medieval and modern inhabitants of
piedmont. PLoS One 10, e0116801. https://
doi.org/10.1371/journal.pone.0116801.
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Württemberg), pp. 442–451.

126. Margreiter, P. (2019). Bemerkungen zu den
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Jakobsson, M. (2013). Accurate sex
identification of ancient human remains
using DNA shotgun sequencing.
J. Archaeol. Sci. 40, 4477–4482. https://doi.
org/10.1016/j.jas.2013.07.004.

159. Gerling, C. (2015). Prehistoric Mobility and
Diet in Western Eurasia Steppes 3500 to 300
BC: An Isotopic Approach (De Gruyter).

160. Milella, M., Gerling, C., Doppler, T., Kuhn,
T., Cooper, M., Mariotti, V., Belcastro, M.G.,
Ponce de León, M.S., and Zollikofer, C.P.
(2019). Different in death: different in life?
Diet and mobility correlates of irregular
burials in a Roman necropolis from Bologna
(Northern Italy, 1st–4th century CE).
J. Archaeol. Sci.: Reports 27, 101926. https://
doi.org/10.1016/j.jasrep.2019.101926.

161. Longin, R. (1971). New method of collagen
extraction for radiocarbon dating. Nature
230, 241–242. https://doi.org/10.1038/
230241a0.

162. Knipper, C., Reinhold, S., Gresky, J.,
Berezina, N., Gerling, C., Pichler, S.L.,
Buzhilova, A.P., Kantorovich, A.R., Maslov,
V.E., Petrenko, V.G., et al. (2020). Diet and
subsistence in Bronze Age pastoral
communities from the southern Russian
steppes and the North Caucasus. PLoS One
15, e0239861. https://doi.org/10.1371/
journal.pone.0239861.

ll
OPEN ACCESS

iScience 26, 107034, July 21, 2023 19

iScience
Article

https://doi.org/10.1016/j.quaint.2006.10.007
https://doi.org/10.1016/j.quaint.2006.10.007
https://doi.org/10.1016/j.jas.2009.11.015
https://doi.org/10.1016/j.jas.2009.11.015
https://doi.org/10.1017/S0033822200056010
https://doi.org/10.1017/S0033822200056010
https://doi.org/10.1017/RDC.2021.100
https://doi.org/10.1017/RDC.2021.100
https://doi.org/10.1017/S0033822200046440
https://doi.org/10.1017/S0033822200046440
https://doi.org/10.1016/j.nimb.2007.01.138
https://doi.org/10.1016/j.nimb.2007.01.138
https://doi.org/10.1038/s41467-018-03857-x
https://doi.org/10.1038/s41467-018-03857-x
https://doi.org/10.1126/science.289.5482.1139b
https://doi.org/10.1126/science.289.5482.1139b
https://doi.org/10.1098/rstb.2013.0624
https://doi.org/10.1038/s42003-020-01627-4
https://doi.org/10.1038/s42003-020-01627-4
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1186/s13059-016-0918-z
https://doi.org/10.1186/s13059-016-0918-z
https://doi.org/10.1186/s12915-020-00839-8
https://doi.org/10.1186/s12915-020-00839-8
https://doi.org/10.1038/nature14317
https://doi.org/10.1038/nature13673
https://doi.org/10.1038/nature13673
https://doi.org/10.1038/nature16152
https://doi.org/10.1038/nature16152
https://doi.org/10.1016/j.jas.2013.07.004
https://doi.org/10.1016/j.jas.2013.07.004
http://refhub.elsevier.com/S2589-0042(23)01111-2/sref166
http://refhub.elsevier.com/S2589-0042(23)01111-2/sref166
http://refhub.elsevier.com/S2589-0042(23)01111-2/sref166
https://doi.org/10.1016/j.jasrep.2019.101926
https://doi.org/10.1016/j.jasrep.2019.101926
https://doi.org/10.1038/230241a0
https://doi.org/10.1038/230241a0
https://doi.org/10.1371/journal.pone.0239861
https://doi.org/10.1371/journal.pone.0239861


STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Bleach (DanKlorix) Colgate-Palmolive

Nitric acid ROTIPURAN� Supra,69% Roth AG CAS No. 7697-37-2

Hydrochloric acid 0.5mol/l Roth AG CAS No. 7647-01-0

Sodium hydroxide 0.1 mol/l Roth AG CAS No. 1310-73-2

Deposited data

Raw and analysed data This study Table S1

Genetic kinship data This study Table S2

Raw data (aDNA) European Nucleotide

Archive (ENA)

ENA: PRJEB60689

Reference dataset (aDNA) David Reich Lab (see AADR) https://reich.hms.harvard.edu/allen-ancient-

dna-resource-aadr-downloadable-genotypes-

present-day-and-ancient-dna-data

Baseline strontium and oxygen isotope data Brönnimann et al. 2018; Knipper et al.

201857,58
https://doi.org/10.1016/j.jasrep.2017.12.001;

https://doi.org/10.1016/j.jasrep.2017.11.009

Baseline carbon and nitrogen istope data Knipper et al.80,122; Grau-Sologestoa et al.

in review92

https://doi.org/10.1007/s12520-016-0362-8

Archaeological and anthropological

data from Basel-Waisenhaus

Baumann et al.20 (N/A)

Groundwater data at Basel Web Map Service Kanton Basel-Stadt https://wms.geo.bs.ch/

Coring data Basel administrative council https://wms.geo.bs.ch/

Geological map INSPIRE under Creative Commons

Attribution 4.0 International (CC BY 4.0) license

https://download.bgr.de/bgr/Geologie/

GK1000-INSPIRE/gml/GK1000-INSPIRE.zip

Digital Elevation Model swisstopo https://www.swisstopo.admin.ch/de/geodata/

height/alti3d.html

Software and algorithms

BWA v0.7.15 Li and Durbin128 http://bio-bwa.sourceforge.net/

DeDup v0.12.1 github.com https://github.com/apeltzer/DeDup

DamageProfiler v1.1 Neukamm et al.129 https://damageprofiler.readthedocs.io/en/

latest/index.html

Schmutzi v1.5.5.5 Renaud et al.130 https://github.com/grenaud/schmutzi

ANGSD v0.935 Korneliussen et al.131 http://www.popgen.dk/angsd/index.php/

ANGSD

bamUtil v1.0.15 Jun et al.132 https://github.com/statgen/bamUtil

SequenceTools v1.2.2 github.com https://github.com/stschiff/sequenceTools

HaploGrep2 v2.4.0 Weissensteiner et al.133 https://haplogrep.i-med.ac.at/

yHaplo v1.1.2 Poznik et al.134 https://github.com/23andMe/yhaplo

Smartpca Patterson et al.135 https://github.com/chrchang/eigensoft/

qp3Pop v650 Patterson et al.136 https://github.com/DReichLab/AdmixTools/

ADMIXTURE v1.3.0 Alexander et al.137 https://dalexander.github.io/admixture/

READ Monroy Kuhn et al.138 https://bitbucket.org/tguenther/read

OxCal v.4.4.4 Ramsey60 https://c14.arch.ox.ac.uk/oxcal.html

QGIS v3.10.14 QGIS.org https://www.qgis.org/en/site/

GRASS v7.8.5 1998-2022 GRASS Development Team https://grass.osgeo.org
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Margaux L. C. Depaermentier (m.depaermentier@unibas.ch).

Materials availability

All newly created datasets from this study can be found in supplemental information. The Late Antique

skeletal remains from Basel-Waisenhaus are stored at the Archaeological unit of the Canton Basel-Stadt

(ABBS: Archäologische Bodenforschung Basel-Stadt, excavation number: 2010/11).

Data and code availability

d All raw data are available directly from Table S1 of this paper. Genetic kinship data are directly available

from the Table S2 of this paper. aDNA raw data have also been deposited at the European Nucleotide

Archive (ENA: PRJEB60689) and are publicly available as of the date of publication. Accession numbers

are listed in the key resources table. Reference datasets are listed in the key resources table. The refer-

ence dataset for aDNA analyses derived from the David Reich Lab is cited in the key resources table.

Baseline strontium and oxygen data are available from Brönnimann et al. 2018 and Knipper et al.

2018.57,58 Baseline carbon and nitrogen isotope data are available from the Late Iron Age site at

Basel-Gasfabrik80 and from the Medieval (11th century AD) site at Basel-Barfüsserkirche.81 Anthropolog-

ical and archaeological data are provided by Baumann et al. 2018.20 References to the groundwater data,

coring data, geological map and digital elevation model at Basel are provided in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Archaeological human samples

In this study, the eleven Late Antique skeletons discrovered at the Basel-Waisenhaus burial ground were

sampled for genetic, radiocarbon, and stable isotope analyses. Samples for radiocarbon dating, aDNA-an-

alyses and C and N isotope analyses were taken from the eleven individuals, whereas only six individuals

still possessed teeth that could be sampled for Sr and O isotope analyses. According to the morphomet-

rical analyses of the skeletons, the burial group consisted of five infants (among them four possible males),

one mature female, one possible mature female, two adult males, one possible mature male, and a further

mature individual, whose biological sex could not be determined due to toomany traumata on the pelvis.20

The aDNA analysis enabled to precise this picture, providing a determination of the biological sex for most

individuals. In total, the sample comprises therefore most probably two adult males, three mature females,

one female infants and four male infants. Individual anthropological and genetic determination of the sex

and age are reported in Table S1. The sample size was too small, especially with respect to the age cate-

gories, to enable any sex-based analyses. No archaeological or biological information were available from

this Late Antique context regarding each individual’s gender. Hence, no gender-based analyses was con-

ducted either.

Ethical statement

The Late Antique skeletons used for this study were discovered in the framework of rescue excavations car-

ried out by the Archaeological unit of the Canton Basel-Stadt (ABBS, excavation number: 2010/11). Access

to the skeletal material was provided by the ABBS and the sampling strategy was adapated to preserve the

material as much as possible – for example by using samples from the same bones and teeth for various

analyses. No living relatives are known for this community and no ethical issues exist related to excavation,

conservation, analysis, and publication.

METHOD DETAILS

To interpret the results of the isotope and aDNA analyses in their cultural and environmental context, envi-

ronmental analyses were conducted to understand the geographical and climatic settings at Basel for this

period as well as to model potential land-use areas related to the graveyard. The anthropological and

ll
OPEN ACCESS

iScience 26, 107034, July 21, 2023 21

iScience
Article

mailto:m.depaermentier@unibas.ch


archaeological analyses previously performed by M. Baumann and colleagues20 were integrated into the

interpretation of the data.

Environmental suitability analysis

A qualitative environmental analysis of the Waisenhaus graveyard catchment was carried out to predict the

potential location of the corresponding Late Antique settlement, the associated croplands, and pastures.59

The model was used to assess if the Sr isotope baseline suggested by Brönnimann and colleagues for the

Iron Age site Basel-Gasfabrik, located 1.8 km away to the north-west (Figure 3), could equally be used for

this study.57 We used various environmental parameters to identify suitable settlement spots based on

geological and pedological attributes, groundwater level anomalies, landscape accessibility, and perme-

ability, as well as the potential premodern hydrologic system in a 1.5 km distance around the site. This ac-

tivity sphere was thought to predict a self-sufficient crop cultivation strategy best. The strategy was based

on the small population numbers per generation derived from the sample size of the graveyard and the

chronological occupation of the site. However, the model does not depend on radial patterns around

the site but on fuzzy analogies of the landscape represented in cost-distance relationships from a given

location.57,72,139–141

Groundwater at Basel was analysed using data from https://wms.geo.bs.ch/ (last accessed 20th of

November 2021), and a digital elevation model (DEM) was downloaded from swisstopo (https://www.

swisstopo.admin.ch/de/geodata/height/alti3d.html, last accessed 20th of November 2021). Geological in-

formation was derived from 56 coring profiles (available from https://wms.geo.bs.ch/), which were evalu-

ated and classified for surface conditions. The data was analyzed for geological/sedimentological compo-

sition (gravel, sand, silt, and clay deposits), groundwater level and bedrock, surface conditions, and

potential soil development. Due to the extensive surface transformation of the city of Basel, no soil qual-

itative information is available for the urban area itself.

To predict the areas that accumulate the highest potential for settlement locations, groundwater depth,

the interpolated geological suitability, and the distance from the graveyard were integrated into a quali-

tative model. The variables were merged using a focal approach with high values equaling high suitability

and low values representing low suitability.59 An accumulated friction surface was calculated to integrate

the river channels, measuring the permeability of a given area based on topographic roughness. Eventu-

ally, a potential movement expenditure derived from the centre of the site at Basel Waisenhaus. This en-

ables one to estimate landscape accessibility within a given radius around the site based on environmental

permeability.

Radiocarbon dating

Samples for radiocarbon dating were taken from the eleven individuals, of which eight are left and three are

right femora (Table S1). Radiocarbon dating (14C) of bone is predominantly obtained by dating collagen, i.e.

organicCof thebone. Preservation of collagen, dependent on theburial location, is themajor limiting factor

in 14C dating of bones and has influenced the development of themethods to remove contamination.142,143

As shown by Brock et al. (2010), bones with N% lower than 1 have very poor collagen preservation.143 At the

ETH laboratory (Zürich, Switzerland), an ultrafiltration (UF) method, described by I. Hajdas and col-

leagues,144 is applied. A recent study by Pawełczyk and colleagues (2022) has shown that slight modifica-

tions in the UFmethod result in consistent ages.145 In short, the bones were washed and dried. At this point,

a piece of an original bonewasweighed (5–8mg) for elemental analysis. If theN%>1, ca. 400–800mg of the

bone was decalcified in acid,)the organic insoluble was then treated with base to remove humic acid and

gelatinized in acid solution at a higher temperature (60�C). The solution was then subjected to ultrafiltration

to separate molecules of collagen > 40 kDa from humic contaminants, which have smaller molecules. The

collected fraction was freeze-dried, and a portion of ca. 3.5 mg of dry gelatin was weighed for combustion

in EA and subsequent graphitization in AGE system.146 The graphite was pressed for the accelerator mass

spectrometry (AMS) analysis using the MICADAS system at the ETH facility.147

aDNA analyses

From the 11 graves, 14 samples were obtained from teeth or bones. At least one sample per skeleton (pri-

marily the pars petrosal) was collected for aDNA analysis in situ during the excavation. The roots of the

teeth sampled for Sr and O isotope analyses were sampled for further aDNA analyses where it was

required. The surface was decontaminated by applying bleach for 5 minutes. After decontamination, the
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powder was obtained by drilling. The extraction was performed with the method described by Krause-

Kyora et al.148 Established methods were used for sampling, DNA extraction and sequencing. In this study,

only so-called shot-gun data were generated, which means that all the DNA that could be extracted was

also sequenced. The samples sent for DNA analyses were handled in the laboratory following guidelines

of aDNA work.149 The DNA was extracted from the human remains, and partial uracil-DNA-glycosylase-

treated sequencing libraries were prepared from all 14 samples.150,151

Each library carries a combination of two indices as a unique identifier. All steps, including sampling, DNA

extraction, and the preparation of sequencing libraries, were performed in clean-room facilities of the

Ancient DNA Laboratory in Kiel. Negative controls were taken along for the DNA extraction and library

generation steps. The resulting 14 libraries were submitted to shotgun sequencing on the Illumina HiSeq

6000 (2x100) platform. The generated sequencing data were mapped to the human genome build hg19

with BWA v0.7.15,152,128 using a lower mapping stringency (-n 0.01). Duplicated reads were removed

with DeDup v0.12.1.153

To assess the authenticity of the material, terminal deamination of reads was estimated with

DamageProfiler v1.1154,129 (see Figure S1 and Table S1). There was no sign of contamination in any of

the samples, and the typical damage pattern used as an authentication criterion for aDNA was present

(see columns ‘‘dmg 5p 1st pos’’ and ‘‘dmg 3p 3rd pos’’ in Table S1 and Figure S1).

Additionally, Mitochondrial DNA and X chromosome contamination were calculated with Schmutzi

v1.5.5.5130 and ANGSD v0.935,131 respectively. All samples showed a deamination rate > 5 % at the first

terminal positions and < 5 % contamination, patterns compatible with aDNA. The mapped data was

trimmed with bamUtil v1.0.15132 (first and last two bases removed from every read) and pseudo-haploid

genotypes on positions from the 1240 k panel155–157 were generated with SequenceTools v1.2.2 (https://

github.com/stschiff/sequenceTools). Samples with < 20,000 covered SNPs were excluded from the popu-

lation genetic analyses (n=3). Genetic sex assignment was performed by calculating the ratio of reads map-

ped to the sex chromosomes.158 Mitochondrial and Y chromosome haplogroups were established with

HaploGrep2 v2.4.0133 and yHaplo v1.1.2,134 respectively.

The generated pseudo-haploid genotype data were merged to a reference dataset (Allen Ancient

DNA Resource (AADR): https://reich.hms.harvard.edu/allen-ancient-dna-resource-aadr-downloadable-

genotypes-present-day-and-ancient-dna-data). A PCA was performed with smartpca,135 using data of

reference modern Westeurasian populations for the calculation of PCs (see Figures 6 and S2). The remain-

ing populations from the merged dataset were projected on the calculated PCs. Outgroup f3 statistics

were performed with qp3Pop v650,136 usingMbuti as an outgroup (see Figure S3). Unsupervised admixture

analysis using three to six components was performed with ADMIXTURE v1.3.0137 (see Data S1). Kinship

analysis was performed with READ138 (see Table S2).

Strontium and oxygen isotope analyses

Due to considerable post-depositional destructions, only six individuals still possessed teeth that could be

sampled for Sr andO isotope analyses. For the infants, the deciduous tooth 84 was sampled. For the adults,

two teeth (a first molar or a canine and a third molar) were selected in order to gain insights into the

different life stages of the individuals. When possible, a second sample was taken from the roots of the

teeth, which served as reference material. Sampling and sample preparation for Sr and O isotope analyses

took place at the laboratory facilities at Integrative Prehistory and Archaeological Science (IPAS), Depart-

ment of Environmental Sciences, University of Basel, and followed established protocols.159,160 For Sr and

O isotope analyses, ca. 20 mg of enamel, taken from the upper third to the upper half of the growth axis,

and ca. 10 mg of dentine, from each sampled tooth, were mechanically cleaned using a dental burr. Sam-

ples were cleaned in ultrapure water in an ultrasonic bath and ground to powder. For Sr isotope analysis,

samples were dissolved in 1 ml 7 N HNO3, dried down and re-dissolved in 2 ml 3 N HNO3. Aliquots repre-

senting 3 mg of enamel (or dentine) were subject to ion exchange chromatography. After Sr separation us-

ing 70 ml of Eichrom Sr spec resin (50–100 mm) columns, the eluate was dried down and sent to the National

Oceanography Centre, University of Southampton, for mass spectrometry. 87Sr/86Sr was analysed using a

ThermoFisher Scientific Triton Plus Thermal Ionization Mass Spectrometer (TIMS). Two blanks that

had been through the chemical procedure were < 0.1 ng. The long-term average for NIST SRM 987 on

the instrument was 0.710245 G 0.000027 (2 SD) on 214.
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For O isotope analysis, ca. 1.5 mg of the powdered tooth carbonate samples and several replicated of

0.1 mg and 0.2 mg of carbonate isotope standards NBS 18, NBS 19 and USGS44 were weighed into 12 ml

exetainers (Labco Limited, Lampeter, UK) without any pre-treatment and transferred to the mass spec-

trometry facilities at Aquatic and Isotope Biogeochemistry, Department of Environmental Sciences, Uni-

versity of Basel. The exetainers� with the carbonate samples and isotope standards were then purged

with Helium (grade 5.0) for 1 hour, then acidified with phosphoric acid (100%), allowed to react for at

least 90 minutes at 70�C, and analysed with a Gasbench II coupled to a Delta V Advantage mass spec-

trometer (Thermo Fisher Scientific, Bremen, Germany). For each sample and isotope standard six repli-

cate injections out of the headspace in their respective exetainers�, using a 100 ul sample loop, were

performed.

C and O isotopic ratios were calibrated using international carbonate isotope standards NBS 19, USGS44,

and NBS 19 and NBS 18, respectively, and reported in d-notation as d13C and d18O relative to VPDB (Vienna

Pee Dee Belemnite). The analytical reproducibility of d13C and d18O, respectively of the three isotopic stan-

dards, calculated as the standard deviation of d18O of all replicate injections (n=36 per standard) in the

analytical sequence, is% G 0.10 &. The analytical reproducibility of d13C and d18O of each sample, calcu-

lated as the standard deviation of d13C and d18O of six replicate injections per sample, is%G 0.10& in all

but four samples, which show reproducibility between 0.11& and 0.12& for d13C and between 0.11& and

0.14 & for d18O.

D. Brönnimann, C. Knipper, and colleagues have already determined a detailed and reliable map of

bioavailable Sr and O for this region in the framework of the Basel-Gasfabrik project57,58 (Figure 3).

Therefore, no additional baseline samples were analyzed for this study. However, the deciduous teeth

of three infants were sampled from the burial place Basel-Waisenhaus, and because they may have

died too young to have the time to change their place of residence after birth, their dental enamel
87Sr/86Sr values might be representative of the local Sr isotope signal as well. These values were

compared to the existing baseline range of Basel-Gasfabrik. Moreover, a comprehensive environmental

analysis was performed for Basel-Waisenhaus to ensure that the environmental settings within both

catchment areas were similar.

Carbon and nitrogen stable isotope analysis

To preserve skeletal material, additional samples were taken for C and N isotope analysis from the same

femora as for radiocarbon dating. Bone sampling and collagen extraction took place at IPAS. Sample prep-

aration followed R. Longin161 with some modifications as described by C. Knipper, S. Reinhold and col-

leagues.162 Compact bone portions were cut, and the surfaces were removed. Ca. 700 mg of sample

were demineralized in 10 ml of 0.5 M HCl, rinsed to neutrality and reacted with 10 ml of 0.1 M NaOH for

24 h, rinsed to neutrality and gelatinized in 4 ml of acidified H2O at 70�C. Insoluble particles were separated

using EZEE filter separators. The collagen was frozen and lyophilized. Samples were then transferred to

Aquatic and Isotope Biogeochemistry, Department of Environmental Sciences, University of Basel, for

mass spectrometry on an INTEGRA2 EA-IRMS instrument (Sercon Ltd., Crewe, UK). Analysis was conducted

in duplicates.

Raw N and C isotope data were blank-, linearity-, and drift-corrected and then normalized to the Air-N2

and VPDB scales by means of two-point calibrations based on the international standards IAEA-N-2 and

IAEA-CH-6 and an in-house EDTA standard. The resulting N and C isotopic compositions are reported

in d-notation as d15N and d13C in per mil relative to Air-N2 and VPDB, respectively. The reproducibility

(1 SD) of the in-house and international isotope standards (EDTA, IAEA-N-2, IAEA-CH-6) was % 0.18 &
for d15N and % 0.10 & for d13C. The difference between duplicate measurements ranged between

0.08 & and 0.98& for d15N and between 0.02 & and 0.40 & for d13C, probably mostly reflecting various

degrees of sample-related (in)homogeneity between duplicates. The reproducibility (1 SD) of a bone

collagen sample (BAC 111), analysed as a long-term quality control sample once or twice in all sequences

of bone collagen samples since 2016 was 0.26 & for d15N and 0.12 & for d13C.

QUANTIFICATION AND STATISTICAL ANALYSIS

A kernel density estimation model was run in the OxCal software v4.4.460 to improve the readability of

the radiocarbon dates (raw data are available in the Table S1). After the algorithm removed these noises,

the single-modelled dates showed a most probable total range of 40 years spanning from AD 370 to AD
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410 (95.4 %, Agreement Indices of the model: 96.4) as shown in Figure 5, with an error bar representing

the mean value G 1 SE.

To measure allele frequency correlations between populations, f3 statistics as defined by Patterson et al.

(2012)136 were conducted.

Mean and standard deviation values were calculated from Excel for Sr, O, C, and N isotope data (see

Table 1). Human C and N isotope mean values were compared to faunal C and N isotope mean values

from Iron Age and medieval Basel (see the Table S3).
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