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Abstract

To better comprehend the dietary practices of past populations in the Eastern Baltic region
we have created temporally and geographically restricted baselines for the time period of
200-1800 CE. In this multi-isotopic analysis, we report new 5'°C, 5'°N and 5°*S values for
251 faunal bone collagen samples from various archaeological contexts in Estonia repre-
senting the most comprehensive set of Iron Age, Medieval and Early Modern Period faunal
stable isotope values to date. The results map out the local carbon and nitrogen baselines
and define isotopic ranges of local terrestrial, avian and aquatic fauna. We also demonstrate
the potential application of sulfur stable isotope analysis in archaeological research. The
results demonstrate a clear distinction between 5'3C and 5**S values of marine and terres-
trial species, however, freshwater fish display notable overlaps with both marine and terres-
trial ranges for both 5'3C and 5°*S values. Herbivores show variation in 5*S values when
grouped by region, explained by differences in the local biotopes. This study is the first
attempt to connect the Eastern Baltic isotopic baselines and provides more detailed tempo-
ral and geographical references to study the local ecologies and interpret the human data.

Introduction

The adoption of stable isotope analysis to study archaeological questions has revolutionized
the field by providing new insight into topics as varied as diet, social equality, palacoecology,
and past movements of people and animals. It has become a staple of multidisciplinary investi-
gations, however, some regions such as the eastern part of Europe have been trailing behind in
regards to fully embracing the method, as the arrival of modern scientific methods have
reached the area with a certain delay. During recent years, there has been a sizeable increase in
the number of publications of stable isotope analyses from the Baltic country of Estonia, yet
most data have focused on analyzing human skeletal remains [1-5] with little published evi-
dence of related zooarchaeological material [6].
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Proper baseline information is required to accurately reconstruct the nuances of prehistoric
and historic dietary habits in the region. The authors of this study have highlighted this need
in various papers about the dietary habits of hunter-gatherers [4], Bronze Age individuals [1],
and most recently in a study about the §"°C, §'°N and §**S values from two historic period
burial sites in northern Estonia [5]. The latter case-study is particularly valuable, as it enables
comparison with written sources that have attested to the great importance of fish in the Medi-
eval menu for both the lower and upper classes [7,8]. However, human stable isotope results
have reflected a diet dominated by terrestrial protein with only minor aquatic components [5].

This trend of terrestrial carbon signals coupled with high nitrogen isotope values has also
been observed in other Medieval populations from Northern Europe [9-13] and is typically
explained by the consumption of a mixed diet including freshwater resources. Yet this contra-
dicts with written accounts which describe the great popularity and availability of (marine)
fish, highlighting the need to consider alternative hypotheses. The prevailingly brackish condi-
tions of the Baltic Sea have been shown to obscure the presence of a ‘typical’ marine carbon
isotope signal [14-16]. The issue of the potential inclusion of locally caught fish in the diets of
Medieval individuals needs further investigation as there is no published stable isotope data
for local fish to fully support or reject this hypothesis.

The Medieval case-study from northern Estonia [5] also demonstrated that human 5%S val-
ues from two historic period cemeteries displayed a surprisingly wide variation, indicating
either very diverse food sources or migration between areas with different sulfur isotope base-
line values. While the application of sulfur isotope analysis has shown great potential [14,17-
24], the interpretation of the results is not always straightforward and is dependent on the
existing measurable differences in baseline 8°*S values between different ecosystems (e.g.,
marine, terrestrial, freshwater) and/or regions. Having a good overview of the local faunal
baseline is therefore crucial for the successful utilization of sulfur stable isotope analysis. It is
also necessary to differentiate sulfur isotope variation caused by dietary differences (marine vs
terrestrial vs freshwater) from that caused by differences in origin.

This study incorporates the largest and most comprehensive set of faunal bone collagen sta-
ble isotope data from prehistoric and historic Estonia. The dataset covers the whole geographi-
cal area of present-day Estonia, including 197 faunal skeletal samples (ca. 700-1800 CE)
collected during a multidisciplinary project on the foodways of Medieval Estonia (Estonian
Research Council grant No PRG29), and 54 samples from the Georeferenced dataset of stable
carbon and nitrogen isotope values of prehistoric Estonia and its neighboring areas (ca. 200-
1650 CE). By characterizing temporal and geographical trends in isotopic baselines in the area
of present-day Estonia we aim to provide an interpretative framework for human paleodietary
reconstructions. We will identify the respective local isotope ranges of terrestrial vs aquatic,
and domesticated vs wild species in the later part of Iron Age (200-1225 CE), Medieval (1225-
1560 CE) and Early Modern (1560-1800 CE) periods. While this approach is limited in
directly following temporal continuity, the main goal is to obtain a regional overview, thus
observing temporal or site-specific patterns is of secondary importance. Our research ties into
the wider discussion on the need for isotopic baseline datasets for the eastern Baltic Sea region
[25].

Background
Local environmental and geological conditions

As the northernmost of the three Baltic States, today Estonia enjoys a humid, continental cli-
mate with clearly defined seasons and ample forests, rivers and lakes [26]. Surrounded by the
Baltic Sea from the north and the west, and the large lake Peipus from the east, it is also
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Fig 1. Map of Estonia with bedrock data and location of archaeological sites included in the study. Sites are further
divided into ‘northern coastal’ (no. 1-17), ‘western coastal’ (no. 18-27), ‘central inland’ (no. 28-35) and ‘southern inland’
(no. 36-51). Additional site information available in Table 1 and S1 Appendix. Bedrock data drawn after Suuroja [29].

https://doi.org/10.1371/journal.pone.0279583.9001

characterized by more than 2000 islands (Fig 1). The vegetation is dominated by temperate
plants, with typical tree species being pine, spruce, birch and other trees of mixed forests [27].
Common wild mammals include the lynx, grey wolf, brown bear, red fox, badger, wild boar,
moose, roe deer, beaver, otter and grey seal [28].

The Baltic Sea, one of the largest brackish-water inland seas in the world, has a diverse
hydrological history and has fluctuated between freshwater and marine conditions since the
onset of the glacial retreat at the end of Pleistocene. In its present Limnea Sea stage (from ca.
4500 cal. BP) it is characterized by minor inflow of Atlantic saltwater through the narrow Dan-
ish Straits and abundant freshwater runoff from the large catchment area of the Baltic Sea
[30,31]. The salinity varies widely, both on a horizontal and vertical gradient. It is highest
around the Kattegat (ca. 10%o in surface waters and up to 30%o in deeper basins) where marine
conditions dominate, and reaches its lowest point in the Gulf of Finland and Bothnian Bay
(the furthest points from the Danish Straits) where conditions resemble freshwater environ-
ments (close to 2-4%o) [31,32].

Estonia has a moderately varied topography with the main features being an extensive lime-
stone plateau in the northern part of the country, a relatively flat low-lying area in the west and
islands, and gently sloping hills in the south [33]. The pre-Quaternary bedrock comprises
Ordovician and Silurian limestones and dolomites in the north and Devonian sandstone in
the south, with a narrow band of Cambrian clay and sandstone outcrop on the northern coast-
line (see also Fig 1) [31,34,35]. The landscape has been shaped by glacial processes such as ero-
sion (in the north and west) and accumulation (in the south) of Pleistocene deposits, in
addition to glacio-isostatic land uplift, which has resulted in extensive shore displacement
throughout the Holocene [31,35].
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Stable isotope biogeochemistry

The basic principles of stable isotope analysis and its use in archaeology are well established
[36,37]. It is based on the premise that bone collagen reflects the isotopic composition of foods
(predominantly the protein portion of the diet) consumed over several years before death [38-42].

Carbon isotope ratios (5'°C) are used to distinguish between marine and terrestrial sources
of carbon, but also between diets based on either C; or C, plants [36,43]. There is a trophic
level enrichment in 8"°C of about 5%o between plants and herbivorous animals, and about 1%o
between carnivores and their prey [37,38,44]. Freshwater food webs exhibit widely varying C-
isotope signatures, which are generally more negative than marine species but can range in
their 8'C anywhere between -12%o and -28%o [11,45,46].

Nitrogen isotope ratios (8'°N) broadly reflect the trophic level of the individual, as §'°N val-
ues increase by about 3-6%o with every step up the food chain [36,43,47,48]. Because of the
greater number of steps in the marine food chain, fish and marine mammals typically exhibit
the highest 8'°N values. Several factors can influence the nitrogen isotopic composition of
plants and animals, e.g., climatic conditions such as precipitation and temperature [49,50], the
usage of nitrogen-based fertilizers [51-53] and the ‘nursing effect’ observed in suckling ani-
mals [54-57].

Sulfur isotope ratios (8°*S) in terrestrial plants have been shown to vary significantly due to
different sulfur sources in the local geology, with additional sulfate sources from the hydro-
sphere (e.g., ground and stream water) and atmosphere (e.g., sulfur dioxide SO,) all contribut-
ing to the average 5°*S values of the local biologically available sulfur [21,58-61]. Freshwater
environments can display an equally wide range in their §**S values so that there is a lot of
potential overlap between the terrestrial and freshwater ecosystems [18,20,21,59]. In contrast,
%S values of marine organisms living in the ocean are fairly constant and fall within a rela-
tively narrow range between 17%o and 21%eo [59,62]. Coastal regions can also be affected by the
‘sea-spray effect’, where the presence of marine sulfates increases soil §**S values, resulting in
plants grown on these soils having sulfur isotope values similar to the marine ecosystem
[61,63]. This effect decreases with increasing distance from the coast, extending from a few
kilometers inland to covering whole islands [63,64].

Material and methodology
Overview of sites and samples

A wide selection of sites was included to create a comprehensive isotopic baseline of the whole
study area (Fig 1 and Table 1). All distinct regions of Estonia are represented, divided into four
sub-regions based on geographical and geological features. ‘Northern coastal’ and ‘western
coastal’ include sites situated up to 10 km from the (modern) coastline. ‘Western coastal’ also
encompasses the largest islands of Saaremaa, Hilumaa and Muhu. Inland regions are further
divided into ‘central inland’ and ‘southern inland’ with the latter roughly corresponding to the
geologically distinct area dominated by Devonian sandstone (see Fig 1).

Individual sample selection was based on availability of identified faunal remains in the
chosen zooarchaeological assemblages. Altogether 251 samples representing the main sources
of animal protein available to the local people were collected, including the most common
domestic and wild terrestrial and avian species, and various marine and freshwater fish (Fig 2).
Although geese (Anser sp./Branta sp.) specimens are listed under ‘wild animals’, it is possible
that some of these were likely domestic birds [65].

Temporal parameters of each sample are assigned based on archaeological context and,
where possible, radiocarbon dating (for 67 out of 251 samples, see S1 Appendix for calibrated
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Table 1. List of archaeological sites included in the study along with an overview of sampled faunal material. Site numbers (No) correspond to locations on map in
Fig 1. Periods are defined as Iron Age (here limited to the later part of the period of ca. 200-1225 CE), Medieval Period (ca. 1225-1560 CE), Early Modern Period (ca.
1560-1800 CE).

No | Archaeological site Mammals |Birds | Fish | Location Archaeological Notes on context | Period
context
1 | Tallinn, Sauna St 8 0 0 | Northern Urban Town Medieval
coastal
2 | Tallinn, Vabaduse Square 11 0 0 | Northern Urban Town Medieval/Early Modern
coastal
3 | Tallinn, Jahu St 12 0 0 | Northern Urban Landfill site Medieval
coastal
4 | Tallinn, Town Hall Square 4 0 3 | Northern Urban Town Medieval
coastal
5 | Tallinn, Tartu Rd 0 2 4 | Northern Urban Town Medieval
coastal
6 | Tallinn, Tatari St 0 1 0 | Northern Urban Town Medieval
coastal
7 | Tallinn, Kohtu St 0 1 0 | Northern Urban Upper Town Medieval
coastal (Elite)
8 | Tallinn, Harjapea 2 0 0 | Northern Urban Suburb Medieval
coastal
9 |Iru 0 0 2 | Northern Rural Hill fort Iron Age
coastal
10 | Lehmja 11 0 0 | Northern Rural Settlement site Iron Age/Medieval/Early
coastal Modern
11 | Rebala 6 0 0 | Northern Rural Settlement site Iron Age/Medieval
coastal
12 | Rebala 2 0 0 | Northern Rural Cemetery Iron Age
coastal
13 | Joelahtme 3 0 0 | Northern Rural Cemetery Iron Age
coastal
14 | Muuksi 2 0 0 | Northern Rural Cemetery Iron Age
coastal
15 | Kunda 1 0 0 | Northern Rural Cemetery Iron Age
coastal
16 | Pada 4 0 0 | Northern Rural Settlement site Iron Age
coastal
17 | Kukruse 3 0 1 | Northern Rural Cemetery Iron Age/Medieval
coastal
18 | Valjala 5 0 0 | Western Rural Hill fort Iron Age
coastal
19 | Poide 6 0 0 | Western Rural Hill fort Iron Age
coastal
20 | Tornimde 0 0 5 | Western Rural Harbour site Iron Age
coastal
21 | Asva 2 0 0 | Western Rural Settlement site Iron Age
coastal
22 | Salme 1 0 0 | Western Rural Mixed cultural Early Modern
coastal layer
23 | Viira 2 0 0 | Western Rural Cemetery Early Modern
coastal
24 | Képu XIV 2 0 0 | Western Rural Settlement site Early Modern
coastal
25 | Haapsalu Castle 0 11 5 | Western Urban Castle Early Modern
coastal

(Continued)
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Table 1. (Continued)

No | Archaeological site Mammals |Birds | Fish | Location Archaeological Notes on context | Period
context
26 | Haapsalu, Jaani St 1 0 0 | Western Urban Town Medieval
coastal
27 | Pirnu, Pohja Blvd 11 1 0 | Western Urban Town Medieval/Early Modern
coastal
28 | Rakvere, Pikk St 9 0 0 | Central inland | Urban Town Medieval/Early Modern
29 | Jouga 1 0 0 | Central inland | Rural Cemetery Iron Age
30 | Varbola 2 0 0 | Central inland | Rural Hill fort Iron Age
31 | Soontagana 3 1 0 | Central inland | Rural Hill fort Iron Age
32 | Sargvere 12 0 0 | Centralinland | Rural Settlement site Medieval
33 | Nurmsi 2 0 0 | Central inland | Rural Cemetery Iron Age/Early Modern
34 | Tarbja 1 0 0 | Centralinland | Rural Cemetery Iron Age
35 | Kunila 2 0 0 | Centralinland | Rural Cemetery Early Modern
36 | Otepédd 11 6 4 | Southern Rural Hill fort Iron Age/Medieval
inland
37 | Kuigatsi 1 0 0 | Southern Rural Hill fort Iron Age
inland
38 | Tartu, Jakobi St 5 1 0 | Southern Urban Town Medieval
inland
39 | Tartu, Lutsu St 6 1 0 | Southern Urban Town Medieval
inland
40 | Tartu, Kiiitri St 0 0 4 | Southern Urban Town Medieval
inland
41 | Tartu, Dome Church 1 0 0 | Southern Urban Churchyard Medieval
inland
42 | Tartu, University of Tartu Botanical 1 0 0 | Southern Urban Town Medieval
Garden inland
43 | Tartu, Ulikooli St 1 0 0 | Southern Urban Town Medieval
inland
44 | Viljandi Castle Park 1 0 0 | Southern Rural Settlement site Iron Age
inland
45 | Viljandi, Pikk St 6 2 0 | Southern Urban Town Medieval
inland
46 | Viljandi, Viljandi Museum yard 5 1 0 | Southern Urban Town Medieval
inland
47 | Viljandi, Vaksali St 1 0 0 | Southern Urban Town Medieval
inland
48 | Viljandi Castle 10 4 4 | Southern Urban Castle Medieval
inland
49 | Vastseliina Castle 5 0 0 | Southern Urban Castle Medieval/Early Modern
inland
50 | Hinniala 1 0 0 | Southern Rural Hill fort Iron Age
inland
51 | Laossina 1 0 0 | Southern Rural Cemetery Iron Age
inland
Total: 187 32| 32 251

https://doi.org/10.1371/journal.pone.0279583.t001

dates). To facilitate data analysis, three distinct temporal categories are used (see Table 1),
which reflect potential historical differences in settlement pattern, land management, and
resource use and availability [66,67]. A best-fit policy was adopted to deal with such a diverse
dataset (e.g., when a sample was dated to a transitional period, or the archaeological context
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Fig 2. Distribution of terrestrial, avian and aquatic species sampled for this study. Cattle (Bos taurus), sheep (Ovis
aries), goat (Capra hircus), horse (Equus caballus), pig (Sus domesticus), chicken (Gallus gallus domesticus), dog (Canis
familiaris), goose (Anser sp./Branta sp.), elk (Alces alces), wild boar (Sus scrofa), beaver (Castor fiber), hare (Lepus sp.),
seals (Phocidae), Atlantic cod (Gadus morhua), turbot (Scophthalmus maximus), pike (Esox lucius), bream (Abramis
brama), perch (Perca fluviatilis), ide (Leuciscus idus).

https://doi.org/10.1371/journal.pone.0279583.g002

spanned a wide temporal range). We recognize that this may obscure the detection of actual
temporal patterns, however, this subject can be addressed in future studies.

Based on archaeological context, all sites were further categorized as either ‘rural’ or
‘urban’. ‘Rural’ sites include Medieval and Post-Medieval villages but also all Iron Age sites
(e.g., hill forts, settlement and burial sites). The rural societies from the Iron Age until the
Early Modern Period were small agrarian villages by their structure that formed larger parishes
[67]. In essence, ‘rural’ sites can be tentatively considered to represent locally raised and caught
animals. ‘Urban’ sites are exclusively from the Medieval and Early Modern periods (including
Medieval castles and Hanseatic towns), characterized by higher population density, religious
(i.e. Christian) influences, and-in addition to the resources brought from their hinterlands-
access to more diverse (food) resources, including imported fish.

Methodology and quality indicators

All necessary permits were obtained for the described study, which complied with all relevant
regulations. Sampling permission was granted by the Archaeological Research Collection at
Tallinn University, Estonia (sampling protocols AI PP no. 497, 498, 501, 502, 505, 506, 515,
529-531, 600, 604, 605, 612, 613, 617, 618, 620, 621, 623, 624, 630, 631), Institute of History
and Archaeology at the University of Tartu, Estonia (sampling protocols TU PP no. 102, 120-
130) and Tartu City Museum, Estonia (sampling protocols TM PP no. 2, 4). Sampling
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protocols (with photographs before and after sampling) are stored with the respective collec-
tion holders. Specimen numbers and other contextual information can be found in S1
Appendix.

The stable isotope and radiocarbon data presented in this paper have been assembled from
analytical work conducted in several establishments. Of the total of 251 samples, 197 were pro-
cessed for collagen extraction in the Biochemistry Laboratory of the School of Natural Sciences
and Health at Tallinn University, Estonia. Stable 5'°C, 8'°N and §*S isotope analysis for these
samples was conducted at the Scottish Universities Environmental Research Centre (SUERC)
Radiocarbon Laboratory in East Kilbride, United Kingdom. Radiocarbon ages were obtained
from selected samples (n = 13) at the Poznan Radiocarbon Laboratory in Poland. For the
remaining 54 samples, collagen extraction and radiocarbon dating was performed at the Leib-
niz Laboratory for Radiometric Dating and Stable Isotope Research, at the Christian-
Albrechts-University of Kiel, and stable isotope measurements done at the Isolab GmbH, Ger-
many. Thirteen (n = 13) samples were further analyzed with Zooarchaeology by Mass Spec-
trometry (ZooMS) in the BioArCh lab at the University of York, United Kingdom, to
differentiate between goat and sheep (S2 Appendix). A full methodological description along
with details on the analytical procedure and equipment used is presented in S3 Appendix.

To check sample quality, routinely used criteria were followed [68]. A few samples (n = 8)
did not produce enough collagen for '°C, 8'°N and §**S analysis. Most samples had atomic C:
N ratios within the generally acceptable range of 2.9 to 3.6 [68,69], except for two specimens.
One of them (cattle-GUsi10837) had a C:N ratio of 3.7 but satisfactory elemental concentra-
tions, so was included in the dataset. The other (hare-GUsi10812) had a ratio of 3.8 but since
this sample also had problematic §**S quality indicators, it was discarded from further analysis.
For carbon and nitrogen concentrations, most samples were above 30% for %C and more than
10% for %N, indicative of good quality collagen [68]. Seven samples had both values below
that range but still within the accepted lower limits of 13% for %C and 5% for %N [70].

Quality indicators for sulfur stable isotopes are not as established as for §'°C and §'°N.
Arguably, the research concerning these criteria is still in progress as the number of controlled,
large-scale studies on 8**S isotopes is relatively low. In our study, mammalian and avian sam-
ples have an average C:S atomic ratio of 482 + 96 (1-sigma standard deviation), N:S atomic
ratio of 144 + 29 (1SD), and sulfur concentration (%S) of 0.24% * 0.1% (1SD), consistent with
results reported by other researchers [14,17,23,71]. We have excluded nine samples with C:S/
N:S ratios of <250/75 and %S >0.40% as these values may represent sulfur contamination.
The §'°C and §'°N values for these samples were not excluded as the other collagen quality
indicators were acceptable.

Fish atomic C:S and N:S ratios reported here (on average 254 + 34 and 81 + 12, respectively)
are somewhat higher than those seen in other studies [18,23,71] and the %S lower (0.42% +
0.1%). However, all fish samples have acceptable %C and %N content, C:N ratios and visual
appearance. There has not been enough research done on fish §°*S to argue whether the
reported values may be influenced by contamination. Since it seemed to us that these data
were still meaningful, we chose to include them in our study.

Statistical analysis was applied to determine whether differences between groups of data
were (statistically) significant. A non-parametric Mann-Whitney U test was preferred due to
the presence of outliers and non-normally distributed data (as assessed by the Shapiro-Wilk
test of normality). When more than two groups were compared, the non-parametric Kruskal—
Wallis H test was applied. The rejection of the null hypothesis for the Kruskal-Wallis test was
automatically followed by a post hoc analysis using Dunn’s procedure with a Bonferroni cor-
rection for multiple comparisons. Statistical uncertainty was set at 95%.
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Results and discussion

Results of stable isotope analyses are summarized in Table 2 and plotted in Figs 3-5. A full list
of analytical measurements along with associated radiocarbon ages, contextual and collagen
quality information can be found in S1 Appendix. Additional summary statistics and results of
statistical tests of significance are presented in S4 Appendix.
Due to the diverse dataset, it was not possible to follow a rigid sampling procedure, e.g.,
only sampling specific skeletal element(s) or only adult (mature) animals. We acknowledge
that these factors may result in data that are not entirely comparable due to minor isotopic dif-
ferences caused by intraskeletal and interspecies variation in bone collagen turnover rates [72-
75] and age-specific diets [54-57]. However, the discrepancies in laboratory protocol and ana-
Iytical equipment between the two sets of analyzed data should not hinder their meaningful

comparison as has been demonstrated by various inter-laboratory experiments [76,77]. It is
unlikely that the listed differences are significant enough to obscure any major patterns that
may exist in the local baseline.

Table 2. Summary statistics of stable carbon, nitrogen and sulfur isotope data of analyzed faunal samples by group (number of samples that produced results, aver-
age, 1-sigma standard deviation, minimum and maximum values, range). Goose 8'>C and 5'°N results have been previously published [60].

Group (n) 8"3C (%o) "N (%o) 33*S (%o)
AVG SD Min Max Range | AVG SD Min | Max | Range | AVG SD Min | Max | Range

Cattle (54) -21.8 0.5 -23.0 -20.1 29 5.7 1.1 3.8 10.1 6.3 4.1 3.9 -3.8 10.9 14.7
Caprines total (56) -21.6 0.4 -22.5 -20.4 2.1 6.1 1.4 2.7 9.3 6.6 4.1 4.1 -6.3 9.9 16.2

Goat (17) -21.5 0.3 -22.0 -20.6 1.4 5.0 1.2 2.7 7.6 4.9 5.4 4.0 -2.6 8.7 11.3

Sheep (30) -21.7 0.4 -22.5 -20.9 1.6 6.4 1.3 4.3 9.3 5.0 3.8 4.0 -5.4 9.9 15.3

Goat/Sheep (9) -21.2 0.5 -22.1 -20.4 1.7 6.9 1.2 5.7 8.9 3.2 2.8 4.6 -6.3 9.8 16.1
Horse (8) -22.0 0.6 -23.1 -20.9 2.2 6.2 1.9 4.6 10.3 5.7 4.5 2.4 1.0 7.5 6.5
Domestic herbivores -21.7 0.5 -23.1 -20.1 3.0 5.9 1.3 2.7 10.3 7.6 4.1 3.9 -6.3 10.9 17.2
(118)
Pig (34) -21.8 0.6 -23.0 -20.5 2.5 8.3 1.4 5.3 11.1 5.8 4.9 3.4 -1.9 9.6 11.5
Dog (15) -20.2 1.1 -21.3 -17.9 34 10.2 1.1 8.2 11.7 3.5 6.4 33 -2.2 9.9 12.1
Chicken (7) -21.5 0.5 -22.7 -21.1 1.6 9.1 1.2 7.7 11.1 34 9.1 1.0 7.8 10.7 2.9
Domestic omnivores -21.3 1.0 -23.0 -17.9 5.1 8.9 1.6 5.3 11.7 6.4 5.9 3.4 -2.2 10.7 12.9
(56)
Goose (23) -22.7 0.3 -23.2 -22.2 1.0 9.9 2.1 59 13.3 7.4 4.1 3.8 -5.4 9.5 14.9
Elk (2) -22.6 0.3 -22.8 -22.4 0.4 52 2.1 3.7 6.6 2.9 9.1 3.5 6.6 11.5 4.9
Wild boar (2) -23.0 0.4 -23.2 -22.7 0.5 59 1.0 52 6.6 1.4 7.3 1.1 6.5 8.1 1.6
Beaver (1) -22.5 N/A N/A N/A N/A 53 N/A N/A N/A N/A 3.7 N/A N/A N/A N/A
Hare (7) -22.6 0.8 -23.5 -21.2 2.3 4.9 2.0 2.8 8.5 5.7 7.6 2.0 3.9 9.7 5.8
Wild mammals (12) -22.6 0.6 -23.5 -21.2 2.3 5.1 1.7 2.8 8.5 5.7 7.5 2.3 3.7 11.5 7.8
Seal (4) -16.1 0.5 -16.6 -15.4 1.2 13.6 1.1 12.4 14.9 2.5 16.5 1.2 14.8 17.4 2.6
Cod (9) -14.7 1.3 -16.9 -13.1 3.8 12.7 2.4 10.0 15.5 5.5 15.8 1.7 12.2 17.6 5.4
Turbot (1) -12.6 N/A N/A N/A N/A 10.4 N/A N/A N/A N/A 14.8 N/A N/A N/A N/A
Marine fish (10) -14.5 1.4 -16.9 -12.6 4.3 12.5 2.4 10.0 15.5 5.5 15.7 1.6 12.2 17.6 5.4
Pike (10) -19.6 53 -24.0 -11.3 12.7 11.4 1.6 9.5 14.5 5.0 12.1 2.2 7.8 14.5 6.7
Perch (4) -18.3 5.9 -23.6 -12.7 10.9 10.8 1.7 9.0 12.5 3.5 14.1 1.1 12.7 15.4 2.7
Bream (3) -19.0 5.8 -25.7 -15.3 10.4 8.2 1.4 6.7 9.5 2.8 12.1 2.1 10.1 14.3 4.2
Ide (2) -13.2 1.3 -14.1 -12.3 1.8 8.0 0.3 7.8 8.2 0.4 11.0 1.1 10.2 11.7 1.5
Freshwater fish (19) -18.6 5.2 -25.7 -11.3 14.4 10.4 2.0 6.7 14.5 7.8 12.4 2.0 7.8 15.4 7.6
https://doi.org/10.1371/journal.pone.0279583.t002
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Fig 3. Scatterplot of stable carbon and nitrogen isotope data for faunal specimens.

https://doi.org/10.1371/journal.pone.0279583.9003

Carbon and nitrogen isotopic variation in the terrestrial food web

Domestic herbivores have average values of -21.7 + 0.5%o (1SD) for 8'3C and 5.9 + 1.3%o for
8!°N, domestic omnivores -21.3 + 1.0%o and 8.9 + 1.6%o, wild mammals —22.6 + 0.6%o and
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Fig 4. Scatterplot of stable carbon and nitrogen isotope data for terrestrial species.

https://doi.org/10.1371/journal.pone.0279583.g004
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Fig 5. Scatterplot of stable sulfur and nitrogen isotope data for faunal specimens. Aquatic species included for
reference.

https://doi.org/10.1371/journal.pone.0279583.g005

5.1 £ 1.7%o, and geese —22.7 £ 0.3%o and 9.9 + 2.1%o (Table 2 and Fig 3). These results reflect a
temperate, C;-plant dominated ecosystem, characteristic to local flora. Domestic herbivores
and omnivores have statistically significantly different 8'°C and §'°N values (Mann-Whitney
U test, p<0.03 for both variables) due to the inclusion of animal protein in the diet of omnivo-
rous animals.

Domestic herbivores. Among domestic herbivores, there is a particularly large variation
in both §"°C and 8'°N values. 8'°C values range from —20.1%o to —23.1%o. There are no statisti-
cal differences in §'°C values between domestic herbivores found from urban vs. rural contexts
(84 Appendix). Lower §"°C values (below ~22%o) were likely due to forested environments
[78,79], e.g., animals left to graze freely in the surrounding woodlands, whereas higher §'°C
values can be associated with animals raised in open areas, probably close to human settle-
ments. However, there are no statistically significant differences between domestic herbivore
8"C values by region, nor when only comparing coastal vs. inland samples. Although terres-
trial plants display geographical variation in stable carbon isotope ratios due to climatic condi-
tions such as water availability, temperature, and sunlight exposure [40,80,81], these factors
probably influence herbivore isotope values on a much larger scale than observed here. Herbi-
vore carbon isotopic values also show no statistical differences between periods, suggesting rel-
ative consistency in herding conditions from the later Iron Age to Medieval and Post-
Medieval times.

Domestic herbivore §'°N values range from 2.7%o to 10.3%o. The large variation can be
explained by various scenarios which are not necessarily mutually exclusive. For example,
atypically high 8'°N values in herbivores can be caused by nursing, i.e. suckling animals liter-
ally feeding off their mothers [54-57]. Regrettably, it is not always possible to determine the
exact age of the animal (i.e. whether it was a suckling) based on a single bone or bone frag-
ment. Of the two herbivores that can be considered as outliers based on their high §'°N (and

PLOS ONE | https://doi.org/10.1371/journal.pone.0279583 December 27, 2022 11/29


https://doi.org/10.1371/journal.pone.0279583.g005
https://doi.org/10.1371/journal.pone.0279583

PLOS ONE

Multi-isotopic analysis of zooarchaeological material from Estonia

Table 3. Comparison of mean and standard deviations (1-sigma) of domestic herbivore 3'>C and 3'°N values
based on site, geographical region and temporal group.

Context n 8"3C (%o) 8"°N (%o)
Urban 60 -21.8+0.5 56+1.3
Rural 58 -21.6 £ 0.6 62+13
Northern coastal 48 -21.7+£0.5 59+14
Western coastal 21 -21.6 £ 0.6 59+1.1
Central inland 19 -21.6 £ 0.6 6.1+1.2
Southern inland 30 -21.8+0.6 58+1.4
Iron Age 31 -21.5+0.6 6.2x1.5
Medieval 73 -21.7+04 5712
Early Modern 14 -21.7+0.5 64+1.3
All 118 -21.7+£0.5 59+13

https://doi.org/10.1371/journal.pone.0279583.t003

8'3C) values (8'°N 10.1%o and §'3C -20.1%o—cattle, KIA-55267; and 8"°N 10.3%o and §°C -
20.9%o-horse, KIA-55263; see S1 Fig), the former was an adult individual and the latter a juve-
nile. This implies that while increased 8'°N values may be due to the inclusion of young ani-
mals, it was certainly not the only factor influencing the observed variation.

The usage of traditional fertilizers such as animal manure on plants can also increase their
8'°N values by a full trophic level [51-53]. If this enrichment is carried up the food chain, it
can lead to herbivores having 8'°N values characteristic to omni- or carnivores. Low §"°N val-
ues could thus reflect consumption of wild plants, whereas higher values can be due to animals
grazing on cultivated land or being directly fed manured crops. Statistical analyses demon-
strated that urban domestic herbivore 8'°N values were significantly different from rural her-
bivore 8'°N values (Mann-Whitney U test, U = 1468.5, p = 0.007) with the latter having on
average higher 8'°N values (Table 3). This would imply that rural herbivores were consuming
more intensively manured plants or that they were more often slaughtered at young age com-
pared to urban herbivores. However, the distinction between urban and rural domestic herbi-
vores may be altogether misleading as even in the largest towns, herbivores usually grazed
outside the town limits, and livestock may have been brought to towns for butchering or sell-
ing at the market from the surrounding rural areas.

In our dataset the majority of ‘rural’ samples are from Iron Age contexts. Iron Age domestic
herbivores do have on average higher 8'°N (and §'°C) values compared to Medieval ones,
although the differences between chronological contexts are not statistically significant (Krus-
kal-Wallis H test, H = 4.419, d.f. = 2, p = 0.110 for 8'°N; but H = 3.436, d.f. = 2, p = 0.179
when two outliers with high §'°N values are removed). We are not sure why Medieval herbi-
vores would have had lower 8'°N values compared to Iron Age and Early Modern animals
(Table 3). If agricultural activities and manuring practices intensified through time, we would
have expected Iron Age herbivores to display the lowest 8'°N values, not Medieval. But animal
husbandry practices may have differed between these periods.

A general trend in global soil §'°N values has been recognized, which seems to decrease
with increasing annual precipitation and decreasing mean annual temperature [49]. Similarly,
European terrestrial herbivore §'°N values show a distinct decline during the Last Glacial Max-
imum compared to earlier and later phases when the climate was milder [50]. The only signifi-
cant climatic fluctuation during the study period was the Little Ice Age [82,83], which could
have theoretically resulted in decreased herbivore 8'°N values. However, the LIA peaked in the
Early Modern period (ca. 16-19" centuries), having been preceded by relatively warmer con-
ditions in Northern Europe during the so-called Medieval Warm Period (ca. 9-14"™ centuries)
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[84]. As such, we would expect this to have produced an opposite §'°N trend to what is
observed here. It thus seems unlikely that climate had a significant effect on terrestrial herbi-
vore nitrogen isotopic values in our dataset.

Considering that many of the included sites were in continuous use, non-radiocarbon
dated samples may have been affected by potential mixing of earlier and later material. How-
ever, only comparing radiocarbon dated samples does not significantly change the outcomes
regarding average group values and results of statistical tests of significance, nor are the results
notably affected when removing the two outliers (S4 Appendix). There are also no consistent
differences between Iron Age and Medieval 8'°N values when analyzed by species (see S2 Fig,
S4 Appendix). This taken together implies that there are no systematic differences in domestic
herbivore nitrogen isotope values between Iron Age and Medieval periods, and that the under-
representation of Iron Age (and Early Modern) samples may have skewed the results of statis-
tical comparisons.

Some of the variation in domestic herbivore §'°C and §'°N values is certainly due to inter-
species differences, although statistically only Medieval period goats and sheep had signifi-
cantly different 8'°N values (S4 Appendix; all other comparisons between species, either com-
bined or by period, failed to produce significant differences). Additionally, mean values of
herbivorous species are not that different from each other, and it is evident from Fig 4 that
intra-species isotopic variation is sometimes even greater than inter-species variation, suggest-
ing that species-specific differences were not the main factor behind the observed variation.
The wide variation in domestic herbivore §'°C and §'°N values may have also been due to
sampling different sites across a large area. The notable range of herbivore isotopic variation
seems to indicate that domesticates were handled in varying conditions depending on available
resources and conditions specific to any given site.

Domestic omnivores. For domestic omnivores, all three species-the pig, dog and
chicken-are distinct in their isotopic distribution pattern. The wide range of isotopic variation
for omnivores is to be expected considering they have the option to alternate between herbivo-
rous and carnivorous diets. §'°C values range from —17.9%o to —22.8%o (4.9%o total) and N
values from 5.3%o to 11.7%o (6.4%o total). The range of omnivore 8'°N values is in fact smaller
than was reported for domestic herbivores (7.6%o; although this was due to the inclusion of
two outliers with high §'°N). There are no statistical differences between urban and rural
omnivore §"°C and 8'°N values. Statistical comparisons between omnivores from different
regions and periods were run (S4 Appendix), but due to the limited number of samples in
some of the groups, the results may be skewed and will thus not be discussed further here.

Pigs show the most variation in 8'°N values, and dogs in 8'°C values. Pigs also have the low-
est mean 8'°C and 5"°N values and dogs the highest, whereas chickens (although with a limited
number of samples) tend to plot in-between. There is a positive significant correlation between
pig 8"°C and 8'°N values (Pearson’s R = 0.43, p = 0.011 for all values, but R = 0.77, p<0.001
when removing four outliers: GUsi9209, KIA-55257, GUsi10831, GUsi10844), suggesting that
variation in pig isotope values can be best explained by increased reliance on higher trophic
level protein. Pigs sampled here range from almost fully herbivorous (possibly left to roam
freely in forests) to those similar to chicken and dog. However, most pigs show little overlap
with ruminants when compared with samples from the same site (e.g., urban areas such as Tal-
linn, Tartu, Viljandi and Pdrnu where at least ten domesticated animals were analyzed), sug-
gesting that those on predominantly herbivorous diets were not consuming the same plants as
(most) cattle and caprids were.

Dogs are the most distinct of all omnivores, indicating a unique diet, and are the only ter-
restrial species with 8'°C values above —20%o. Dogs’ isotopic values can sometimes be used as a
proxy for human diet due to their role as companions and pets. Indeed, published human
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isotopic data from two historic period sites in northern Estonia [5] exhibit notable resem-
blance to dogs’ values, especially for urban contexts. Individuals buried at the suburban St Bar-
bara cemetery (15M-18"™ century) have mean values of -20.0%o and 11.2%o for §"°C and §"°N
compared to —20.0%o and 10.7%o for urban dogs in this study. For rural dogs, the mean values
of ~20.5%o0 and 9.6%o for §'°C and §'°N are more distinct from rural humans buried at the
Kaberla village cemetery (12-17" century), who have mean values of ~19.8%o and 10.4%o.
The larger discrepancy between rural dogs and humans may be due to the fact that the ceme-
tery is from northern coastal Estonia whereas the majority of rural dogs sampled for this study
are from inland sites further south. However, the close similarity of urban commoners’ and
dogs’ isotope values from similar contexts supports the assumption that dogs were likely fed
household scraps and leftovers, including some aquatic resources as evidenced by two dogs
(both from the same urban coastal Medieval context) with '*C values of ~17.9%o and -
18.3%o.

Wild mammals. Wild mammals have, in general, lower "°C and 8"°N values compared
to most domesticated animals. Statistical comparisons between wild and domestic herbivores
demonstrate significant differences in their §'°C values (Mann-Whitney U test, U = 149,
p<0.0001), but not for nitrogen (U = 383, p = 0.066). No similar comparisons were run for
omnivores due to their fewer numbers in the dataset. The isotopic range of wild mammals
reported here is characteristic of forested environments and the consumption of wild (i.e.
non-cultivated) plants. There is a noticeable range of isotopic variation observed for hares,
most of which are from similar contexts (Medieval southern inland), probably reflecting differ-
ences in habitat and food availability. One hare is a clear outlier (GUsi10234, see also Fig 4)
that may have been kept in captivity (e.g., as a pet).

Wild boars have isotope values that partly overlap with some of the domestic pigs, which
supports the assumption that pigs were sometimes left to roam freely in forests. While it is
often not possible to distinguish between the wild boar and domestic pig in the zooarchaeolo-
gical material, the animals from the periods under study are quite distinctive in their size, with
Iron Age and Medieval pigs being much smaller than their wild ancestors.

Geese. Geese comprise a separate group as domestic and wild geese are hard to differenti-
ate based on bone morphometrics alone. While at least some of the geese sampled here were
most likely domestic [65], specifically those with high '°N values indicative of fattening, it is
still noteworthy that geese occupy a completely unique niche among other sampled terrestrial
fauna. Their low §'°C values are indicative of influences from freshwater environments and/or
uncultivated landscapes.

Sulfur isotopic variation in the terrestrial food web

Terrestrial animals display a remarkably wide range (17.8%o) in their 8°*S values, from -6.3%o
to 11.5%o (average 4.8 + 3.8%o) (Figs 5 and S3). There is also a great deal of overlap between
different species. Terrestrial animals as a group have statistically significantly different §°*S val-
ues compared to both marine and freshwater species (p<<0.0001).

Animals obtain their sulfur through dietary protein (either plant- or animal-based) with
only a minor (on average +0.5%o) trophic level change between consumer and food source
[44,61,85]. Therefore, animals eating in a specific region should have 5**S values similar to the
surrounding terrestrial vegetation. Because of this and how the local sulfur isotopic baseline
has remained relatively constant in (pre)history, the observed variation in our dataset is
unlikely to have been caused by species- or period-specific differences. For this reason, sulfur
isotopic data should be analyzed by region.
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Table 4. Regional average 3°*S values of terrestrial fauna (with 1SD), compared with only terrestrial herbivores and only terrestrial omnivores.

Region
Northern coastal
Western coastal
Central inland

Southern inland

https://doi.org/10.1371/journal.pone.0279583.t1004

All terrestrial (n = 209) Herbivores (n = 128) Omnivores (n = 81)
1.9%o0 + 3.8%o0 1.7%o0 + 3.6%0 3.4%o £ 3.5%0
3.9%o0 £ 3.0%0 3.5%o0 £ 3.7%0 5.7%o0 £ 2.3%o0
5.0%0 £ 2.8%0 5.1%o0 £ 2.5%0 4.8%o0 £ 3.5%0
7.8%o0 £ 1.7%0 7.8%0 £ 1.7%0 8.3%o0 £ 1.3%0

In Table 4, average terrestrial §**S values from the four regions are compared with each
other, demonstrating noticeable and statistically significant (except for between ‘northern
coastal’—‘western coastal’ and ‘western coastal’—‘central inland’) differences between them (see
S4 Appendix for results of statistical tests). There appears to be a north-west/south-east gradi-
ent with 8°*S values increasing further south, ranging from -6.3%o in ‘northern coastal’ to
11.5%o in ‘southern inland’.

Since the terrestrial fauna also includes omnivorous animals, whose 8°*S values may have
been influenced by direct or indirect consumption of aquatic protein, the regional average val-
ues may not display the true terrestrial sulfur signal obtained through local plants. In Table 4,
%S values of all terrestrial species are further compared with only herbivorous animals (both
wild and domestic) and only omnivorous animals (including geese). While geese are predomi-
nantly herbivorous, their 5%S values cannot be considered a reliable indicator of the local ter-
restrial baseline due to their preference for aquatic plant consumption, in addition to the
possibility that some sampled geese may have been wild (i.e. migratory) birds. However,
removing the geese samples from analysis altogether does not significantly change the out-
come, as most specimens actually plot near the regional mean 5**S value, which may suggest
that they were locally raised.

The differences between regional average §°*S values remain consistent even if only terres-
trial herbivores are included in the analysis (Table 4). While the mean values and 1SD are very
similar between the ‘all terrestrial’ and ‘herbivore’ groups, again, statistically ‘northern coast-
al’'-‘western coastal’ and ‘western coastal’-‘central inland’ are not significantly different.

Omnivore mean 8°*S values display a slightly different pattern with coastal regions demon-
strating distinct (but not statistically significant) differences between omnivore and herbivore
mean §**S values, with the former having on average around 2%o higher values compared to
the latter. This variance is best explained by the consumption of aquatic protein (with higher
8**S values) by omnivorous animals, which has resulted in an increase of local terrestrial §*S
values. Inland regions do not show these differences. It is unlikely that this is due to inland
omnivores not consuming any aquatic protein; the lack of difference is rather caused by the
local terrestrial §**S baseline already being higher there.

The increase in average coastal omnivore §°*S values may also reflect an inclusion of dietary
sources affected by the ‘sea-spray effect’, which results in increased 8**S values due to the
effects of airborne marine sulfates on coastal soils and plants [61,63]. However, no consistent
sea-spray effect was observed among coastal herbivores. Additionally, coastal fauna have on
average the lowest 8*S values in the whole dataset, although some herbivores from coastal
areas do have noticeably high 8**S values. The absence of a consistent sea-spray effect can be
taken to suggest that either its range is relatively limited and/or that most of the sampled ter-
restrial fauna were not feeding close to the shoreline. However, without sampling local geol-
ogy, the true extent of the sea-spray effect is difficult to estimate. The terrestrial baseline may
theoretically be highly negative but dampened by various proportions of marine sulfates.

Looking at individual terrestrial faunal §**S values by region (Fig 6), ‘northern coastal’ dis-
plays the largest range of values (16.5%o), from —6.3%o to 10.2%o. Most herbivores have §**S
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Fig 6. 5>*S values of all terrestrial fauna by region. Color-shaded areas represent the 1SD range of the regional
average calculated based on all terrestrial fauna.

https://doi.org/10.1371/journal.pone.0279583.9006

values within the 1SD range of the regional average, however, many samples fall outside this
range, including an elk (with a §°*S value of 6.6%o) and both herbivorous and omnivorous
domesticates. It is noteworthy that two dogs with clear signals of marine resource consump-
tion (with 8'°N values around 12%o and 8'>C values around —18%o) also have some of the
highest 5**S values in this region. This can be compared to another dog sample from the same
context that displays much more ‘terrestrial” isotopic values (9.2%o and —20.6%o for 5'°N and
8"°C, respectively), coupled with a very low §*S value of ~2.2%o. Based on the size of the sam-
pled bone, this individual may have also been a wolf. It would thus seem that the lower end of
8**S values reported for ‘northern coastal’ may actually represent the local terrestrial baseline,
whereas higher 8 values can be explained by the influences of the sea-spray effect (for herbi-
vores and omnivores) and consumption of aquatic resources (for omnivores).

Terrestrial fauna from the ‘western coastal’ region displays equally marked variation in 8**$
values, albeit with a slightly smaller range compared to the northern coast - 13.8%o, from -
2.9%o to 10.9%o. There are also notably less samples that fall outside the 1SD range for ‘western
coastal’. A few domestic herbivores have §°*S values below 0%o. These animals may have been
herded in areas closer to the northern coastline. On the other hand, herbivores with the highest
8**S values were likely raised on or near coastal soils influenced by the sea-spray effect
(although it is also possible these animals originated from more southern/inland parts of the
land). Interestingly, several geese (sampled from a single context) all have very similar §**S val-
ues (furthermore, their 8'°C and §'°N values are also very much alike). These particular geese
were probably domestic and kept for food since their high §'°N values and large bone size
were indicative of fattening [65]. It seems likely that these birds were kept locally and possibly
on a controlled diet (i.e. not left to graze freely) so that their uniform 8°*S values may be con-
sidered a good representation of the local baseline (possibly with a small enrichment if these
geese were also consuming aquatic plants or fed fish offal).

In ‘central inland’, §**S values again show a rather substantial range (11.4%o, from —1.5%o
t0 9.9%o) but the results are much more concentrated compared to coastal regions. A few ani-
mals with values below 0%o are likely from areas closer to the coast, and likewise samples with
very high §**S values may originate from other areas (either from the coast where they were
affected by sea-spray, or from further south).

For the ‘southern inland’ region, the range of 5>*S values is narrow compared to other areas
(8.6%o, from 2.9%o to 11.5%o). Several wild hares, which likely were local specimens, were sam-
pled here and most fall within the 1SD range of the regional average, including the outlier with
atypical carbon and nitrogen isotope values. A few herbivores have §>*S values around or
above 10%o which may suggest that the local terrestrial baseline might be even more positive
further south/southeast. The highest reported 5**S value (of any terrestrial animal in this
study) is from an elk (11.5%o). On the other hand, a beaver has a rather low 5>*S value of
3.7%o, similar to two geese and a few other samples with §°*S values below 5%o. Fauna with
such low §*S values was probably non-local, brought to the ‘southern inland’ region through
trade or hunting activities.

In Fig 7, 5%S values of herbivores (both wild and domestic) are compared based on site or
local region (if too few samples from one site), with the 1SD range of the herbivore average for
each of the four main regions marked with a rectangle. This graph is supported by Fig 8 which
additionally shows average 8°*S values plotted on the map of Estonia based on sampling area.
Even though bedrock is thought to be only one of many components influencing the §’*S
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baseline of a certain region, it is clear from our data that geology seems to be a major factor
behind the observed sulfur isotopic variation in this region. Further studies on rock, soil and
plant 8°*S values would be beneficial in supporting this hypothesis.

The fact that there exists such a gradient in local terrestrial faunal sulfur isotope ratios from
the north-west to south-east can be extremely useful for studies of human migration and
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Fig 8. Regional sulfur isotope variation of terrestrial herbivore values on the territory of Estonia.
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animal trade. However, this assumes that we understand all the factors influencing terrestrial
faunal sulfur isotope values and can determine the local baseline with as much accuracy as
possible.

The exact range of §°S terrestrial baselines in coastal regions requires additional research,
as the current variation among sampled herbivores is far too great and cannot be reliably used
as an indicator for sulfur isotope values of local plants. However, it is reasonable to assume
that the lowest reported &S values from coastal regions likely reflect the local terrestrial base-
line and the remaining variation can be explained by marine influences (i.e. sea-spray). We do
not know the true extent of the sea-spray effect, but in the ‘northern coastal’ region most ani-
mals with §7*S values below 0%o originate from sites to the south and east of Tallinn which can
be considered to represent the rural hinterland, whereas herbivores from the urban center of
Tallinn have an average value of 3.3%o. In fact, all samples from the ‘northern coastal’ region
with 8**S values above 6%o are from Tallinn, a town situated right on the coastline.

A similar situation can be observed in the ‘western coastal’ region where most fauna with
high (above 6%o) 5°*S values are from another coastal town — Pirnu. It is very likely that live-
stock from Tallinn and Parnu were sometimes herded on coastal meadows (a practice that is
also known from recent historical periods [86,87]) which would have been enriched with
marine sulfates.

In the context of using sulfur isotope analysis to reconstruct diet and origin of humans
from these periods, average 8>*S values specific to towns and smaller regions shown in Fig 8 can
be used as a reference. The local animal range (i.e. the terrestrial baseline) can be defined based
on their average 5°*S values + 1SD. The 1-sigma standard deviation is much higher for coastal
fauna but we do not believe this needs correcting since animals herded on coastal soils (with
enriched 8°*S values) were also routinely consumed and thus the larger variation would also be
reflected in local human 5**S values. This has significant implications for using 5**S for palaeo-
dietary reconstructions in this region, especially in terms of marine resource consumption, as it
would be difficult to fully distinguish whether increased 5>*S values of humans are due to con-
sumption of aquatic resources or terrestrial resources influenced by the sea-spray effect.

For samples from ‘central inland’ region, a distinction should be made between northern
and southern sites (broadly corresponding with the Ordovician/Silurian boundary shown in
Fig 8) when using faunal data for local baseline reference. Northern central sites have lower
87*S values (on average 3.7%o) compared to southern central sites (6.0%o), although the differ-
ence is not statistically significant (Mann-Whitney U test, U = 70.5, p = 0.082).

The fact that terrestrial fauna in the ‘southern inland’ region has high §**S values approach-
ing those seen in freshwater and marine environments, means that this proxy cannot be used
to detect aquatic resource consumption in the region. However, non-local animals and
migrants from northern and western regions are much more likely to be identified here, as
their low 5°*S values will appear as outliers.

Isotopic variation of aquatic species in and around the Baltic Sea

The results of this study display significant variation in §'°C, §'°N and §>*S values of aquatic
species, with seals having average values of —16.1 + 0.5%o, 13.6 + 1.1%o0 and 16.5 + 1.2%o,
marine fish —14.5 + 1.4%o, 12.5 *+ 2.4%o0 and 15.9 + 1.5%o, and freshwater fish —18.6 £ 5.2%o,
10.4 £ 2.0%o, and 12.4 + 2.0%o, respectively (see Table 2 and Figs 3 and 5). Marine and fresh-
water species are statistically significantly different in their mean §'°N and §°*S values
(p<0.004 for both), but not for §"°C (S4 Appendix). Such a wide variation suggests that fish
from a wide range of habitats were exploited for food. These potential habitats are indicated in
Fig 9, where 8'°C and §"°N values of analyzed species group to form distinct niches.
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Five cod samples (all of them from large sized individuals) are clearly separate from the rest
of the fish, displaying a ‘typical’ marine signal with §'°C values around —14%o and §'°N values
around 14%o. The combination of their size and isotope values indicates that these fish were
most likely imported from the North Sea [16]. The remaining cod samples have highly variable
813C values (from —14%o to —17%o) coupled with relatively low 5!°N values (ca. 10%o). We pre-
sume these fish to be caught locally, i.e. to represent the isotopic signal of the Baltic Sea. This
would be in accordance with previously published data [16,88-90] that showed Medieval cod
originating from the eastern Baltic (specifically from sites in Poland and eastern Sweden) have
813C values around —16%o to —18%o, whereas cod from western Baltic and the North Sea have
carbon isotopic values around —13%o to —15%o. Since carbon isotope ratios are directly corre-
lated with water salinity [32], various marine consumers from the brackish Baltic Sea have
been previously shown to have more negative 5'°C values compared to ‘typical’ marine envi-
ronments [14,15,91].

Cod caught from the Baltic Sea vs. from the North Sea are distinguished by both their §"°C
and 8'°N values. While the former variation is due to the brackish conditions (i.e. decreased
salinity) of the Baltic Sea, lower 8'°N values of locally caught cod may be an indication of their
trophic position. North Sea cod have higher 5'°N values because of the increased number of
trophic levels in the oceanic food web. They also have faster growth rate, resulting in oceanic
cod being generally larger in size [92,93]. Since the size of the fish is also closely associated
with trophic levels, it is thus correlated with §'°N values [94]. Among the four cod specimens
from the Baltic Sea, two are identified as medium-sized and two as large (when compared with
local reference individuals), even though they all have relatively uniform §'°N values.

Two marine samples in our study (a cod and a turbot) display a combination of low §'°N
values (resembling cod from the Baltic Sea) and high 8'3C values (similar to cod from the
North Sea). In these instances, the 5'°C values probably do not reflect variations in seawater

PLOS ONE | https://doi.org/10.1371/journal.pone.0279583 December 27, 2022 20/29


https://doi.org/10.1371/journal.pone.0279583.g009
https://doi.org/10.1371/journal.pone.0279583

PLOS ONE

Multi-isotopic analysis of zooarchaeological material from Estonia

salinity, but rather changes in water turbidity. For example, 8'°C of aquatic species varies
based on whether they are from faster moving open water areas (offshore) or from slower
moving waters (nearshore), so that very high §'°C values are often seen in fish living in stale
waters [94]. Turbot, in fact, is a fish that prefers shallow waters near the shore [95], whereas
cod are also known to sometimes favor coastal, benthic habitats [96].

Seals sampled in our study have generally uniform isotope values, suggestive of feeding on
local (i.e. eastern Baltic) marine fish, except for the harp seal from Rebala (KIA-55657) which
has higher 8'>C and 8"°N values (~15.4%o and 14.9%o, respectively) compared to the other
three seals (gray and ringed seals). This range of values is similar to those of imported cod and
is somewhat higher than reported for Bronze and Iron Age harp seals that were feeding and
breeding in the Baltic Sea [97]. However, the differences are not that significant to claim that
our harp seal was necessarily non-local (i.e. migratory).

For freshwater fish, which are characterized by even greater variation in both their §'°C
and 8"°N values as compared to marine species, two distinct niches are clearly visible in Fig 8.
Carbon isotopic variation in freshwater fish is common for species that are flexible in their
occupying niches and that can live in both fast flowing riverine, nearshore, and offshore waters
[94]. Variability in fish §'°N values, however, can be influenced by fish size but also by envi-
ronmental factors such as oxygenation, pH, and nitrogen limitation (e.g., influences of wetland
and upstream environments, human activities, etc.) [94].

One of the two niches (including pike, perch and bream) is characterized by carbon isotopic
values typically associated with freshwater fish, with low §"°C values (from —23%o to —25%o)
and 8"°N values between 10%o and 14%o. These fish probably originated from fast flowing riv-
ers in inland regions. The noticeable variation in 8'°N values even within one species (e.g.,
pike or perch) may reflect individual differences in size. While fish samples that were identified
as having belonged to large individuals had higher than average 8'°N values, high nitrogen iso-
tope values were also seen in those specimens that were identified as medium-sized. Most
freshwater species with low carbon isotope values are from inland sites.

The other group of freshwater fish is set apart by their high §'°C values (up to —~11%o).
These include pike, perch, bream and ide. The carbon and nitrogen isotope values for this
group partially overlap with those from locally caught cod (the two groups are statistically sim-
ilar, p>0.08 for both), suggesting that these samples represent freshwater fish living in the
brackish conditions of the Baltic Sea. The highest 5'°C values are probably influenced by a lit-
toral habitat, i.e. living in shallow waters close to the shore, as also suggested by Eriksson et al.
[15], who reported very high 8"°C (between —13%o and —10%o) values for pike and perch from
the Baltic Sea island of Oland (Sweden). The low 8'°N values of species such as bream and ide
reflect their feeding habits and lower trophic position compared to piscivorous species such as
pike and perch. Most freshwater species with carbon isotope values higher than —20%o are
from coastal sites.

Figs 10 and 11 show &°*S values of aquatic species plotted against their respective 8"°C and
"N values. Marine species in our study are well distinguished by their §**S values, generally
falling between 15%o and 18%o. This range of §°*S values was also measured for modern cod
caught from the Baltic Sea [98]. A cutoff point of 15%o is generally used for 5°*S to distinguish
between fully marine and coastal environments, with another cutoff point of 10%eo to signify
marine environments with substantial riverine freshwater influx such as estuaries [14,98-100].

Interestingly, variation in 8'"°C and 8'°N values between cod from the Baltic Sea and North
Sea is not reflected in their 8>*S values. While this may be an effect of the small sample size, it
seems that marine 8’*S values are not correlated with salinity the same way that §'>C values
are, or that there are other factors behind the observed variability. The latter seems probable as
even among cod thought to be imported from the North Sea or beyond (with relatively
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uniform 8'3C and 8'°N values) there is noticeable variation in 8**S values, from 12.2%o to
17.6%o. The Rebala harp seal with isotope values similar to imported cod also has a §**S value
not reflective of the ‘typical’ marine sulfur isotope range (14.8%o), while the other seals believed
to be local have much higher values (from 16.8%o to 17.4%o).

The apparent overlap in oceanic vs. Baltic Sea §**S values is all the more surprising consid-
ering that local freshwater fish living in brackish conditions have statistically significantly dif-
ferent 5°*S values (but statistically similar 8'*C) compared to purely marine species from the
Baltic. While this may again be affected by the size of our dataset, the majority of brackish
freshwater fish have §°*S values in the range of 10%o to 15%o. This suggests that the freshwater
fish mostly occupied coastal waters whereas cod and seals preferred offshore areas unaffected
by freshwater sulfates. This may also explain why some of the specimens most depleted in **S
are also the most enriched in 8'°C, as both of these instances occur in near-shore waters which
likely experienced significant mixing of marine sulfates with freshwater and terrestrial sulfur
sources.

When Leakey et al. [100] compared §**S values of fish caught from the Thames estuary to
those from adjacent coastal regions in southeast England, they observed a clear gradient of
increasing 8'°C and §°*S values that resulted from the mixing of marine and freshwater, with
8**S values ranging from —5%o to 15%o across the gradient. In our dataset, no similar gradient
is evident when comparing freshwater species from purely freshwater (e.g., riverine) to brack-
ish (coastal) waters. In fact, ‘freshwater’ and ‘brackish’ fish show significant overlap and no sta-
tistical differences in their respective 5>*S values (Figs 10 and 11).

On the other hand, freshwater fish from inland locations have been shown to have highly
variable 84S values from site-to-site, even within one region [18,20,21]. It is possible that the
observed similarity between purely freshwater and brackish fish 8°*S values is coincidental and
that the samples reported here reflect local riverine sulfates of various bodies of water. More
research on fish from well-defined, single contexts in Estonia is necessary to further explore
the variation in the local aquatic baselines, as there is a distinct lack of paired §'°C, §'°N and
8°*S isotope data from the Baltic region.

Conclusions

The large dataset analyzed here has established faunal baseline ranges to better understand the
reasons behind the observed large variation in isotope values and to aid in future (human)
paleodietary research of material from related contexts. Our results demonstrate that domestic
omnivores and herbivores are well distinguished by their §'°C and §'°N values, although there
is a great deal of intraspecies variability. No regional trends in carbon and nitrogen isotope val-
ues are evident, however, the significant variation in domestic herbivore 8'°N values require
further research to determine the exact extent and significance of the observed pattern.

This study has demonstrated the importance of sulfur stable isotope analysis in local
archaeological research by showing clear differences in marine vs. terrestrial §**S values and
the existence of a north-west/south-east gradient in terrestrial §°*S values influenced by local
geology. Low terrestrial §**S values (ca. 0%o) can be interpreted as originating from coastal
regions (especially the northern part of the land), whereas highly positive 8°*S values can be
caused by various factors such as aquatic resource consumption, marine sulfate influence on
coastal soils, or originating from the southern inland regions. These differences can potentially
be exploited to study migration at a local level, e.g., to shed more light on exogamous practices
that were common in (pre)history.

Although some researchers have successfully used sulfur isotope analyses to identify fresh-
water resource consumption, this is problematic in our study area due to 5**S values of

PLOS ONE | https://doi.org/10.1371/journal.pone.0279583 December 27, 2022 23/29


https://doi.org/10.1371/journal.pone.0279583

PLOS ONE

Multi-isotopic analysis of zooarchaeological material from Estonia

freshwater fish partly overlapping with both terrestrial and marine sulfur isotopic ranges.
However, 8'°C values of freshwater species seem to be a good indicator of their habitat, e.g.,
whether they originated from inland (e.g., riverine) or coastal (e.g., estuary) regions. Since
aquatic resources with such diverse isotopic signals were all routinely consumed, identifying
their respective signals in consumer (i.e. human) isotope values is going to be challenging.

Future studies should take advantage of the regional distribution in 5**S values in the terri-
tory of Estonia, supporting this with other isotopic proxies (8'°C and 8'°N from bone and den-
tine collagen but also §'°C, §'®0 and ¥ Sr/**Sr from bone carbonate and tooth enamel) to help
distinguish between sulfur isotopic variation caused by origin and that caused by marine
influence.
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