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Abstract: In this article we present an isotopic analysis of human bone collagen (δ13Ccol, and δ15Ncol)
and bone apatite (δ13C) for diet reconstruction, as well as δ18Oap of human bone apatite for climate
reconstruction, using samples from Northern Greece. Radiocarbon dating analysis was conducted
on three of the Agras samples and the results (from 1000 to 800 BC) correspond to the Early Iron
Age. Isotopic values for δ13Ccol range from −20.5‰ to −16‰ and for δ15Ncol from 6‰ to 11.1‰—a
strong indication of a C3-based diet, with contributions by C4 and freshwater fish elements. The
results were compared to the ones from Roman Edessa, and Alexandreia (a contemporary city near
Edessa), as well as to other Early Iron sites in Greece and wider Europe. In general, the results
from Agras are in good agreement with the results from Northern Greece, with the exception of the
Makriyalos site, and are quite close to those of Croatia’s and Hungary’s sites. Additionally, from
the δ18Oap results we calculated the oxygen isotopic composition of consumed water for Agras
(from −9.6‰ to −10.9‰) and for Roman Edessa (from −9.6‰ to −11.2‰) for the palaeoclimate and
palaeomobility reconstruction.

Keywords: stable isotopes; bone collagen; bone apatite; palaeodiet; palaeoclimate; 13C; 15N; 18O; mobility

1. Introduction

Stable isotope methodology has been proven to be a valuable tool for archaeology
as it can provide information about the dietary habits of past populations [1–11], as well
as climatic conditions [12–17] and population mobility [18–24], and consequently sheds
light on history [25]. Specifically, the results of a δ13C isotopic analysis of bone collagen
can determine the photosynthetic pathway of plants (C3, C4 or CAM) [26–28] that were
consumed and their proportion in the diet [8,29], which can be used as an indicator
of terrestrial or marine diet [27,30], especially in the absence of C4 plant consumption.
C3 plants, such as rice, wheat, barley, trees and fruit, have δ13C values that range between
−35‰ and −20‰ [28]. The corresponding values of consumers are about 5‰ higher
than in their diet [9]—hence, herbivores that consume only C3 plants have δ13C isotopic
values of about −21‰ [31]. C4 plants, such as maize, millet, sugarcane and tropical grasses,
have δ13C isotopic values that range from −14‰ to −9‰ [28], while C4 consumers have
carbon isotopic values of about −10‰ [32]. Furthermore, the difference between the carbon
isotopic values of bone apatite and bone collagen is an indicator of the trophic level [33], and
can differentiate the C3 and C4 diets as well as detect contributions of marine input [34].
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The δ15N isotopic values relate to the kind of protein that was consumed and, by
extension, to the trophic level of one’s diet [35,36], i.e., the δ15N isotopic values of herbivores
are ~3‰ higher than that of the plants they consume, and carnivores present ~3‰ higher
values than herbivores [9,37]. Furthermore, individuals for whom the majority of dietary
protein is of marine origin present nitrogen isotopic values between 12‰ and 22‰, whereas,
for individuals primarily consuming terrestrial protein, their nitrogen isotopic values range
between 5‰ and 12‰ [38,39]. Thus, the combination of carbon and nitrogen isotopes is a
valuable tool for diet identification [7,40,41].

Oxygen isotope analysis in apatite, either from carbonates or phosphates of herbivores
and mammals, is used for palaeoclimate reconstruction [42–45]. The apatite precipitates
with body water near equilibrium, so the δ18O isotopic value of apatite is directly related
to the isotopic composition of oxygen sources [46], mainly from ingested water (both
liquid form and through food consumption [12]), and secondly from atmospheric O2.
As water is absorbed by an organism, its oxygen isotope sustains fractionations through
metabolism and its isotopic signature relates to the isotopic values of local water and,
often, precipitation. The correlation between ingested water and precipitation is that the
former is quite similar to the water that is available in an area [46]. Longinelli [12] and
Luz et al. [47] were the first to find a linear relationship between human bone apatite and
precipitation, while later articles demonstrated a linear relationship between the oxygen
isotope of ingested water and apatite/enamel [19,48,49].

The oxygen isotopic values of ingested water are similar to those of the source (such
as springs, lakes, rivers, meteoric water [19,50]), the values of which depend on climatic
conditions such as temperature and humidity as well as geographical characteristics (such
as distance from the sea, latitude and altitude [51–54]). Oxygen isotopic values of water are
more negative in colder climates and higher altitudes and less negative in warmer climates
and lower altitudes [51,52,55]. These differences in the oxygen isotopic values of water
in different geographical regions enable the reconstruction of past climatic conditions via
their identification in human bone apatite.

In this article we performed δ13C and δ15N isotopic analyses of human bone collagen
on samples from the Early Iron Age (EIA) (10th−8th century BCE) cemetery of Agras
(a town 4 km west of Edessa, Northern Greece) for diet reconstruction and compared
the results to isotopic values from Roman Edessa (2nd–4th century CE) [3] and modern
Alexandreia (Hmatheia) [2] as well as to other regions of Greece and Europe.

We analyzed the δ18Ow of spring water samples of North Greece in order to identify
the relationship with altitude. Furthermore, we conducted a δ18O isotopic analysis of
human bone apatite in order to examine the population mobility and identify the climate
conditions and their evolution in the EIA in Agras and Roman Edessa. Finally, for three of
the samples we performed Radiocarbon dating.

Historical Background

The EIA in Greece is known as the Geometric period and constitutes the ancient “Dark
Ages” due to a lack of archaeological evidence [56]. This period followed the collapse
of the Mycenaean civilization, in the Late Bronze Age (LBA), when populations were
more scattered, less cultural consolidated and more mobile. Concurrently, it signalled the
beginning of the development of the alphabet, colonies and a new social structure [57], all
of which laid the foundation for later Greek civilization. In Central Macedonia, during
the EIA, there was an increase in settlement sites, which were small and, in many cases,
in the same areas as previous LBA sites [58]. They continued to cultivate plants such as
wheat, barley, millet, beans and fruits and had livestock farming such as pigs and sheep.
Additionally, the Macedonian style of pottery was widespread throughout the region; there
was also a link with the Balkans and Central Europe, as suggested by metal ornaments and
weapons found in EIA graves [58].

An ancient cemetery with 50 cist graves (Figure 1) from the Early Iron Age has been
excavated in Agras, 4 km west of Edessa in Macedonia, northwest of the Edessaios River, a
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place where habitation traces from as far back as the Neolithic Age have been found [59].
The graves were in groups, without any other elements that could allow their identification,
like a family tumulus, whereas their existence is not excluded. Some of them were empty
due to the intensive arboriculture of the area since the 1950s, while others were small, as an
indicator of the individual’s age. The tombs present the well-known image of the Iron Age
cist graves, in which the slabs of the long sides protruded in order to securely hold in place
the narrow ones. Many of the tombs included primary and secondary burials as well as
older ones; usually the skulls were gathered at the same narrow side. Inside, iron weapons,
bronze jewels and clay pots were also recovered.
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2. Material and Methods
2.1. Materials

We present the results of an isotopic analysis of δ13Ccol and δ15Ncol in human bone
collagen on 10 samples from the archaeological site of Agras (longitude 22.003 and latitude
40.806) (4 km west of Edessa) from the EIA, in comparison with samples from Roman
Edessa [3] and modern Alexandreia [2]. We present δ13Cap and δ18Oap isotopic values for
four samples from Agras and δ18Oap isotopic values for 16 samples from Edessa. Three
samples from Agras were selected for radiocarbon dating. Finally, the δ18Ow isotopic
values of eight spring waters from the wider area of Edessa are presented.

Bone collagen stable isotope data (δ13C and δ15N) were obtained from the literature
[5,56,58,60–66] for seven archaeological sites across Greece and five from the rest of Europe.

2.2. Methods

The isotopic analysis was conducted at the Stable Isotope and Radiocarbon Unit of the
Institute of Nanoscience and Nanotechnology, of N.C.S.R. Demokritos, in Athens, Greece.
Collagen was extracted from the bone samples following the experimental process in [67,68].
About 250 mg of bone sample was crushed into small chunks after being treated with an
ultrasound. These small pieces were immersed in 0.5 M hydrochloric acid (HCI) until the
minerals were broken down. The remaining pieces were rinsed with distilled water and
then immersed in 0.5 M sodium hydroxide (NaOH) for 20 h in order to remove the humic
contaminants. The chunks were again rinsed with distilled water and then immersed in
an aqueous solution that reached 100 ◦C, until the isolation of collagen was feasible. The
collagen was treated by a lyophilization process (freeze-dried). The good preservation of
collagen was verified by the atomic C:N ratio, which should be between 2.9 and 3.6 [10],
and by collagen yields, which should be over 1 wt % [69].

For the apatite extraction, we followed the protocol of Bocherens et al. (1996) [70]
with a modification by Dotsika et al. (2011) [71]. The bones were powdered and treated
in NaOCl (2–3%) for 24 h on a rotator at room temperature in order to oxidize the organic
residues. Afterwards, they were rinsed with distilled water and soaked in an acetic acid–
Ca acetate buffer (1M) for 24 h on a rotator at room temperature in order to remove the
exogenous carbonate.
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The isotopic ratios are expressed for carbon as δ13C versus marine carbonate (PDB), for
nitrogen as δ15N versus atmospheric N2 (AIR), and for δ18O of apatite versus PDB. The δ18O
of water samples was measured versus the Vienna Standard Mean Ocean Water (VSMOW).

We use the δ notation:

δ = (Rsample − Rstandard)/Rstandard] × 1000,

with R either 13C/12C or 15N/14N or 18O/16O. The measurement precision was 0.1‰ for
measured isotopes.

The values of δ13C and δ15N for contemporary hair samples collected in Alexandreia
were corrected by 1.41‰ and 0.86‰, respectively, in order to correspond to the bone colla-
gen values [72]. The corresponding bone collagen values δ13C values for Alexandreia [2]
were corrected by the Suess Effect [73] (we added 1.5‰ to the δ13C values of the contempo-
rary samples) in order to compare them with the archaeological results. Finally, for three of
our samples we performed Accelerator Mass Spectrometry/Radiocarbon dating. Calibra-
tion was performed with the most recent curve data for the northern hemisphere [74].

Radiocarbon aging determinations were performed using the Liquid Scintillation
Counting method (LSC) [75].

In order to determine the contribution percentages of each source in the diet, a set
of mass balance equations using the stable isotope values was solved with the Bayesian
statistical packages IsoSource [76] and FRUITS [77].

3. Results and Discussion
3.1. Diet Reconstruction

Table 1 presents the δ13Ccol and δ15Ncol isotopic values of human bone collagen and
δ13Cap isotopic values of human bone apatite of Agras. The results of radiocarbon dating
for the three selected samples are also presented in the same table. These samples dated
from 1000 to 800 BC, which corresponds to the Early Iron Age. For all of our samples,
the atomic C:N ratio was between 2.9 and 3.5 (Table 1), while the collagen yield was over
1 wt %; thus, the collagen was well preserved [10,69].

Table 1. δ13Ccol, δ15Ncol, and δ13Cap isotopic values and radiocarbon dating from skeletal remains of
Agras in the Early Iron Age period.

Sample’s
Code Sex Age

δ13Ccol
(‰)

(v-PDB)

δ13Cap
(‰)

(v-PDB)

δ15Ncol
(‰)

(v-AIR)
C:N ∆13Cap-col Date (BC) Date Error

(Years)

T4b female 36–50 −17.8 −13.2 8 3.2 4.3 -

T6b male 25–35 −20.5 −14.9 8.3 3.3 5.6 942–899 50

T7 unknown subadult −15.6 - 8.9 3.5 - -

T12b unknown subadult −16.6 - 11.1 2.9 - -

T13 unknown subadult −18 - 9.4 3.1 - 881–844 50

T14 indeterminate subadult −16 - 10 3 - -

T24 KT female 17–25 −16 - 6 3.1 - -

T24 BN female 36–50 −16.5 - 7.8 3.2 - -

T33Ba unknown adult −17.4 −12.3 8.1 3 5.1 -

T50b female 36–50 −16 −12.2 10.9 3.2 3.8 980–924 50

From Table 1 we observe that the δ13Ccol isotopic values ranged between −20.5‰ and
−15.6‰, with a mean value of −17‰ (s.d. 1‰), while δ15Ncol isotopic values ranged from
6‰ to 11.1‰, with a mean value of 8.8‰ (s.d. 1‰). In Figure 2 we present our results
compared with the ones from Edessa [3] and Alexandreia [2]. Additionally, we present
some isotopic results of recent C3 and C4 plants (after the application of the Suess effect [2]),
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ancient terrestrial animals [58]), and freshwater and marine fish [11] of the Macedonia
region in North Greece.
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Figure 2. δ13Ccol (v-PDB) and δ15Ncol (v-AIR) of human bone collagen of Agras, Edessa [3] and
Alexandreia [2] in comparison with domesticated animals [2,11,58] (C3 plants, terrestrial animals)
and freshwater and marines fish.

The isotopic values of δ13C for C3 plants ranged from −26.1‰ to −23.4‰, with a
mean value of −24.9‰ (s.d. 0.9‰), for terrestrial animals from −21.6‰ to −17.9‰ with
a mean value of −20‰ (s.d. 1‰), for freshwater fish from −20.8‰ to −18.4‰ with a
mean value of −20‰ (s.d. 1‰), for C4 plants −10.6‰ to −9.2‰ with a mean value of
−9.9‰ (s.d. 0.5‰), and for marine fish from −14.8‰ to 10.1‰ with a mean value of
−12‰ (s.d. 2‰). The isotopic values of δ15N for C3 plants from ranged –1.1‰ to 3.9‰
with a mean value of 2‰ (s.d. 1‰), for terrestrial animals from 0.8‰ to 10.3‰ with a
mean value of 5‰ (s.d. 3‰), for freshwater fishes from 7.7‰ to 10.9‰ with a mean value
of 9‰ (s.d. 2‰), for C4 plants from 4‰ to 6‰ with a mean value of 5.2‰ (s.d. 0.7‰) and
for marine fish from 7.1‰ to 12.9‰ with a mean value of 10‰ (s.d. 2‰). These values
must be adjusted by one trophic level, 1‰ for δ13C [34,78] and 3‰ for δ15N [39], in order
to represent the diet. We observed that human collagen samples are enriched in both δ13C
and δ15N isotopic values in comparison to herbivores. The mean bone collagen human
δ13C value is 3‰ higher than the mean faunal value, while the mean bone collagen human
δ15N value is 3–4‰ higher than the mean faunal one. Thus, Figure 1 clearly shows that
the vast majority of humans have bone collagen δ15N values 1–5‰ higher than those of
terrestrial herbivores (3–6‰), exhibiting the trophic level effect and demonstrating the
importance of terrestrial C3 sources in the diet.

In addition, we observed that the results from Agras (EIA) were in good agreement
with the ones of Edessa (Roman) (t-test for δ13C: t = 0.94, p = 0.36 and for δ15N: t = 1.92,
p = 0.08), as well as the ones of Alexandreia (recent) (t-test for δ13C: t = 1.62, p = 0.13 and for
δ15N: t = 0.08, p = 0.93). The much enriched δ13C isotopic values, together with the enriched
δ15N values, indicate a combined terrestrial diet of mainly C3 and secondary C4 diet, like
millet, in combination with freshwater fish consumption. Probably, the C4 diet was mainly
introduced by the consumption of animals fed with millet and secondary as a direct food
source. The elevated nitrogen value, 8.8‰, indicates that legumes were not a significant
part of the diet as their δ15N values range between 0‰ and 2‰ [79]. Additionally, their
isotopic values do not reflect a marine diet, a result consistent with the site location, i.e.,
far from the sea. Moreover, the sample T24-KT, which exhibits the lowest δ15N value,
6‰, reflects a diet of C3 and C4 with a minimal animal protein contribution. On the
contrary, sample T6b has a very negative δ13C isotopic value, −20.5‰, which indicates no
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C4 contribution to the diet. Both of these individuals were buried with their arms bent at
the elbow and raised to the shoulder, which is an uncommon posture and may have had
some ritual significance [59].

Taking into consideration the geographical location (close to Vegoritida Lake and
Edessaios River), it is possible that the population under study consumed significant
quantities of freshwater fish. In order to validate this assumption, we analyzed the δ13Cap
isotope from bone apatite, which reflects the total diet [33], while the difference between
δ13Ccol and δ13Cap is an indicator of the protein source [34]. In our results (Table 1),
these differences ranged from 4.3‰ to 5.6‰ with a mean value of 4.9‰, which is greater
than 4.4‰, the threshold above which the protein consumption is mainly derived from
terrestrial sources [80,81]. The individuals T4b and T50b had ∆Cap-col values of 4.5‰ and
3.8‰ (Table 1), respectively, so it seems that there was freshwater fish protein in their diet.
On the contrary, individuals T6b and T33b had greater differences in ∆Cap-col, 5.6‰ and
5.1‰ (Table 1), which indicates terrestrial food sources.

In Table 2 we present the results from the statistical packages IsoSource and Fruits. We
considered five possible source contributions to the diet after adjusting their mean isotopic
values by one trophic level, namely C3 plants (δ13C = −23.9‰, δ15N = 5‰), terrestrial
animals (δ13C = −19‰, δ15N = 8‰), freshwater fish (δ13C = −18‰, δ15N = 12‰), marine
fish (δ13C = −11‰, δ15N = 13‰) and C4 plants (δ13C = −8.9‰, δ15N = 8.2‰). In the first
column, we present the results of the samples, excluding the outliers (T6 and T24KT), while
in columns two and three we present the results for the outliers T6 and T24KT, respectively.

Table 2. IsoSource and Fruit results.

Samples Excluding
Outliers T6 Outlier T24KT Outlier

Source IsoSource
‰ Fruits ‰ IsoSource

‰ Fruits ‰ IsoSource
‰ Fruits ‰

C3 19.6 20.8 59.4 59.4 - 28.6

Terrestrial
Animals 15.1 24.6 4.3 3.6 - 27.8

Freshwater 43.2 22.8 30.8 32 - 3.7

Marine 18.6 17.9 4.9 3.7 - 4

C4 3.6 13.7 0.7 0.9 - 35

Errors

Samples Excluding the
Outliers T6 Outlier T24KT Outlier

Source IsoSource
‰ Fruits ‰ IsoSource

‰ Fruits ‰ IsoSource
‰ Fruits ‰

C3 9 12 3 2 - 13

Terrestrial
Animals 10 17 3 3 - 19

Freshwater 14 16 5 3 - 2

Marine 13 12 4 0.1 - 2

C4 2 9 0.8 0.7 - 4

We observed that both package results are in good agreement on the T6 outlier’s
diet source contribution, reinforcing the previous assumption that this individual had
no C4 contribution. For the T24KT outlier, IsoSource did not succeed in evaluating the
percentages and the results from FRUITS show a greater contribution of plants, both C3 and
C4, in the diet, than of animals. For the rest of our samples, the two packages do not agree
on the contribution percentages of terrestrial animals, freshwater and C4 plants. IsoSource
suggested a diet based mostly on freshwater fish, with an insignificant contribution of C4,
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but returned almost the same probability for marine and terrestrial animal consumption.
On the other hand, FRUITS suggests a more balanced diet combining all the sources.

3.2. Comparison with Other Regions

In Table 3 we present the carbon and nitrogen isotopic values of bone human samples
from sites in Greece and wider Europe from the same period, and in Figure 3 we compare
them with the results from Agras. In Figure 3a we present the mean δ13C and δ15N isotopic
values of the Greek sites, while Figure 3b gives the ones from European sites.

Table 3. The δ13C and δ15N isotopic values of various sites in Greece and Europe compared with Agras.

Site Reference n Type of Value
δ13Ccol

(‰)
(v-PDB)

δ15Ncol
(‰)

(v-AIR)

Treis Elies [58] 6
mean −16.9 8.3
s.d. 1.6 0.7

Karitsa [58] 2
mean −16.7 9.6
s.d. 0.3 0.5

Kladeri [58]
5

mean −17.1 9.3
s.d. 0.6 0.7

Makriyalos [5] 14
mean −18.9 7.1
s.d. 0.5 0.6

Ayios
Dimitrios

[82] 36
mean −19.7 8.3
s.d. 1.2 1.9

Athens [83] 12
mean −19.2 10.6
s.d. 0.2 0.8

Halos, Greece [61] 20
mean −19.2 8.2
s.d. 0.7 0.7

Spain [62] 19
mean −18.7 10.2
s.d. 0.4 0.9

Croatia [63] 36
mean −17.0 9.3
s.d. 1.1 1.0

Slovenia [65] 3
mean −14.8 8.8
s.d. 0.4 0.2

Poland [64] 26
mean −20.1 9.2
s.d. 0.8 0.6

Hungary [66] 52
mean −16.6 10.7
s.d. 2.0 0.3

We performed a t-test in order to compare our results with the ones from other sites in
Northern Greece (Treis Elies, Karitsa and Kladeri) and observed that the Agras samples
can be separated into two groups, S1 and S2. The t-test showed that the S2 group had
no significant difference from the Treis Elies, Karitsa and Kladeri sites (for δ13C: t = 0.27,
p = 0.78 and for δ15N: t = 0.29, p = 0.77), while for the S1 group the difference was
insignificant for δ13C (t = 2.24, p = 0.11) and significant for δ15N (t = 3.97, p = 0.02).
The S2 group’s isotopic values (especially the subdivision of it, i.e., S2a) like at the sites
Treis Elies, Karitsa and Kladeri, indicates a mainly terrestrial C3 and C4 diet [84] with a
freshwater protein contribution, which is indicated by the elevated nitrogen values. The
S2b group had lower nitrogen values, indicating a C3 and C4 diet with a lower freshwater
fish contribution. Notably, the enriched carbon isotopic values in the North Greece sites
reinforced the assumption that millet was introduced to North Greece from Europe [85]
and afterwards to the rest of Greece. Additionally, S1 samples had enriched nitrogen values,
indicating a larger freshwater fish consumption than at the other sites. For the Makriyalos
site, a C3 diet was assumed, with low animal protein consumption, as indicated by the
depleted δ13C and δ15N isotopic values [84] compared to Agras and other Macedonian
sites. Additionally, S1 samples have enriched nitrogen values, indicating a larger freshwater
fish consumption than the other sites.
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Figure 3. The mean δ13Ccol (v-PDB) and δ15Ncol (v-AIR) isotopic results of Agras compared with (a)
Greek sites and (b) European sites.

The sites of Athens, Ayios Dimitrios and Halos were δ13C depleted. Specifically, the
carbon and nitrogen isotopic values in Ayios Dimitrios and Halos indicate a mainly C3 diet
with no C4 contribution, with a significant portion of animal protein [61,82], which is in
agreement with the results of sample T6b. Finally, Athens had more negative δ13C isotopic
values, while its nitrogen was more positive than Agras, indicating a C3 diet with higher
animal protein consumption [83] compared to Agras.

To compare with the other European sites, we performed a t-test and our samples were
separated into two groups (Figure 3b): the first was group S1, which had no significant
difference for δ13C (t = 0.50 p = 0.64) and for δ15N (t = 0.07, p = 0.95), with the site in Croatia
having isotopic values that indicated a mixed C3 and C4 diet [63] and the one in Hungary
showing elevated nitrogen values that might be due to the incorporation of freshwater fish
or to differences in agricultural techniques [66]. The second group is S2, which differed
insignificantly in Croatia and Hungary for δ13C (t = 0.85 p = 0.46), but for δ15N the difference
was significant (t = 3.84, p = 0.03). However, the results of both groups did not agree with
the ones of Slovenia, where the C4 contribution was greater than that of C3 [65] and Poland,
where, unlike in Agras, there was no evidence of C4 diet [64]. Moreover, in Spain, C3 in the
diet outweighed C4, which is more significant to infants’ diet [62]; this was in contrast to
Agras, where the C4 contribution was quite evident. The rest of our samples, i.e., T6b and
T24-KT, had carbon and nitrogen isotopic values different from the other European sites.

3.3. Climatic Conditions and Mobility

Considering the inhomogeneous environment of the Greek territory, we examined
whether the geographical location, and consequently the climatic conditions, of the burial
sites had an influence on the isotopic signatures of human bone collagen. Specifically, the
18O content in human tissues, which is much more prominent than that of 13C, could be
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related to environmental factors such as temperature and precipitation. The δ18O isotopic
values of human samples can be determined by measuring the δ18O of either structural
carbonate (CO3

2−) or phosphate (PO4
3−) in the bioapatite [Ca10(PO4,CO3)6(OH,CO3)2].

The phosphate oxygen ion is more resistant to the alterations than the structural carbonate
but Chenery et al. and Dotsika et al. [71,86] demonstrated that the δ18OC isotopic values
of structural carbonate in human tooth enamel and bone bioapatite can be considered
accurate. Considering that the major factor that affects the oxygen isotopic composition of
human tissues is related to the body’s water content and, thus, to the water consumed, any
apparent variation in the isotopic composition of bones apatite samples is modulated by
the local climatic conditions of each human’s place of residence.

Therefore, in order to investigate the climatic conditions in Agras from the Early Iron
Age and Roman Age (Edessa) and to relate oxygen isotopes to the palaeomobility studies,
we present in Table 4 the δ18Oap isotopic values of human bone apatite samples from EIA
Agras and Roman Edessa. In the same table we present the δ18Oen of structural carbonate
of human tooth enamel [19] from Roman Edessa, as well as the calculated δ18Ow, using
the equation δ18Ow = 1.020δ18Oen − 32.941, which relates spring water in Greece to the
δ18Oen(C) (v-SMOW) of tooth enamel apatite of recent humans [19].

Table 4. Isotopic values of δ18Oap, the calculated ingested δ18Ow(ap) of apatite data from the archaeo-
logical sites of Agras and Edessa, the published results of δ18Ow(en) of enamel for Edessa, and the
difference between enamel’s δ18Ow and apatite’s δ18Ow.

Sample’s
Code Sex

δ18Oap (‰)
(v-PDB)

Measured

δ18Oap (‰)
(v-SMOW)

Calculated 1

δ18Ow(ap) (‰)
(v-SMOW)

Calculated 2

δ18Ow(en) (‰)
(v-SMOW) 3 abs(∆en-ap) (‰)

EIA Agras

T4b female −9 21.6 −10.9 -

T6b male −8.5 22.1 −10.4 -

T33Ba unknown −7.8 22.9 −9.6 -

T50b female −8.1 22.6 −9.9 -

Roman Edessa

E/T23 male −5.8 24.9 −7.5 −9.5 2.0

E/T9 male −7.7 23.0 −9.5 −9.1 0.4

E/T27B male −9.8 20.8 −11.7 −7.6 4.1

E/T16 male −8.5 22.1 −10.4 - -

E/T4B female −9.9 20.7 −11.8 −10.5 1.3

E/T29 female −10.2 20.4 −12.1 −10.6 1.5

E/T20BN female −9.5 21.1 −11.4 −9.8 1.6

E/T40B female −7.5 23.2 −9.3 −11.0 1.7

E/T35 female −8.1 22.6 −9.9 −10.7 0.8

E/T25 female −10 20.6 −11.9 −8.8 3.1

E/T36BN female −7.9 22.8 −9.7 −8.7 1.0

E/T32 female −6.5 24.2 −8.2 −10.5 2.3

E/T24 female −10.1 20.5 −12.0 - -

E/T10 female −7.4 23.3 −9.2 - -

E/T17BNA female −9.5 21.1 −11.4 - -

E/T4A female −10 20.6 −11.9 - -

1 Equation (δ18Oap_VSMOW = 1.03091 δ18Oap_PDB + 30.91) from [71]. 2 Equation (1) (δ18Ow(ap or en) = 1.020δ18O(ap or en) − 32.941)
from [19]. 3 Published in [19].

The measured δ18Oap (v-PDB) isotopic values (Table 4) of Agras range from −9.0‰ to
−7.8‰ and for Roman Edessa from −10.2‰ to −5.8‰. The mean oxygen isotopic value of
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Agras individuals is −8.4‰ (s.d. 0.5‰), while the maximum difference between Agras human
samples is 1.2δ‰. This value range (1–2‰) is what would be expected for a population living
in the same region (Agras) and consuming similar foods and drinking water [87,88].

Eight samples from Roman Edessa were identified as outliers. Specifically, individuals
E/T23 and E/T32 had enriched oxygen isotope ratios (−6.5‰ to −5.8‰), while individuals
E/T4B, E/T4A, E/T24, E/T25, E/T27B and E/T29 had depleted oxygen isotopic values
(−10.2‰ to −9.8‰) in comparison to the other individuals. When these individuals were
excluded, the majority of the samples from Edessa and Agras area had δ18Oap isotopic
values between −7.4‰ and −9.5‰.

The maximum difference between Edessa’s samples (excluding E/T23, E/T27b E/T32,
E/T4b, E/T14A, E/T24, E/T25 and E/T29) was 2.1δ‰ for both males and females, suggest-
ing no significant sex differences for Edessa’s individuals. Two (E/T23 and E/T32) and six
(E/T4B, E/T4A, E/T24, E/T25, E/T27B and E/T29) individuals presented oxygen isotopic
differences of 0.7δ‰ and 0.4δ‰, respectively, suggesting that, due to the similarity of
values, they either originated from the same geographic region or from different locations
with similar climatic conditions. Furthermore, these two (from −5.8‰ to −6.5‰) and six
(from −9.8‰ to −10.2‰) individuals, which presented oxygen isotopic values outside of
Edessa’s range (−7.4‰ to −9.5‰) probably consumed drinking water from other sources
and lived in other places. One possible explanation for the high δ18Oap values (−6.5‰ to
−5.8‰) is that these two individuals originated from an area characterized by a warmer
climate or lived closer to the sea. The low δ18Oap values (−10.2‰ to 9.8‰) of the six
individuals from Edessa probably indicate that they lived at higher altitudes or latitudes.
However, the δ18Oap value of consumed water is related not only to the region where they
lived, but also to the region’s altitude, which is a factor that has to be examined before
concluding about the climatic conditions of the studied periods and differentiating local
and nonlocal individuals.

Additionally, the population of an ancient city could get water from sources of different
altitudes; therefore, the δ18Ow of water springs were correlated to the climate data and the
geographic spread of ancient cities in order to define the isotopic fingerprint of the areas.
The annual precipitation rate for the area of Edessa (Agras and the city of Edessa) is 500 mm,
with a mean annual temperature of 12 ◦C; however, it exceeds 750 mm in regions of higher
altitude (mountainous areas: Vermio and Voras-Kaimaktsalan Massif reach 2000 m and
2500 m, respectively). In order to take into consideration the relationship between δ18Ow
and altitude, an oxygen isotopic analysis was conducted for water sources (eight springs in
the area near Agras and Edessa) at different altitudes of the regions (δ18Ow) (Figure 4) and
the results were combined with those presented in Dotsika [19]. The local/specific gradient
of oxygen isotope value versus altitude (δ18Ow = a × Altitude + b) is:

δ18Ow = − 0.0030 × Altitude − 6.3. (1)
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Figure 4. The δ18Ow (v-SMOW) isotopic values of spring waters from the area near Agras and Edessa
versus altitude. The open circles are from [19] and the filled ones from this work. The linear regression line
has a slope equal to –0.0030 and r2 = 0.83.
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This correlation can, potentially, provide a valuable explanation for the measured
δ18Oap range of unknown samples both contemporary and archaeological.

Hence, if we apply the isotopic gradient (Equation (1), 0.3‰/100 m) and attribute
the maximum isotopic δ18Oap difference between the samples to the different altitude
of the drinking water, the difference of 1.2‰ for Agras corresponds to a hypsometrical
difference of ~400 m, while for Edessa the difference is 4δ‰ and 3.7δ‰ for males and
females, respectively, and the corresponding hypsometrical difference is ~1000 m. If we
exclude the more positive and negative samples (E/T23, E/T27B, E/T32, E/T4B, E/T4A,
E/T24, E/T25, and E/T29), the difference is 2.1δ‰ and corresponds to a hypsometrical
difference of ~700 m. Considering the mountainous topography of the area, the consumed
water could have originated from springs with a different recharge altitude, but this altitude
difference is too high to correspond to different sources of drinking water originating from
reservoirs of the local groundwater for Edessa. However, if we assume that the altitudinal
distribution of population could be ±100 m, that is to say a total of 200 m, which means
480 ± 100 m for Agras city and 350 ± 100 m for Edessa city, the accepted oxygen isotopic
difference between the populations of the same region is 0.6δ‰. Taking into consideration
the consumption of liquids other than water could cause a variation of ~1δ‰ in oxygen
isotopic values [19]; compared to the maximum variation of δ18Oap, for a population that
lived in the same region it could be ~1.6δ‰ [19]. Therefore, this maximum value of 1.6δ‰
cannot fully explain the oxygen isotopic range for Edessa individuals (with oxygen apatite
values ranging from −7.4‰ to 9.5‰), and and so it seems that in the same group there
are individuals that seem to be foreign to each other. When the δ18Oap values are plotted
(Figure 5), 50‰ of individuals fell within the range of −7.4‰ to −9.5‰, with mean values
of −8.3‰ (s.d. 1.1‰).
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Figure 5. The differences in δ18Oap isotopic values of bone apatite between individuals in (a) Agras
and (b) Edessa. In (b) the blue circles indicate men and the red triangles indicate women.

Taking into consideration the maximum variation of oxygen isotopic values of 1.6δ‰
(due to different diet between humans and to different recharge altitudes), we can assume
that the individuals whose δ18Oap values fall in this range (−7.4‰ to −9.5‰) consumed
water from local sources, while individuals with values outside this range consumed water
from nonlocal areas. Dotsika [19] showed that δ18Oen is highly correlated with the local
δ18Ow of drinking water in Greece. Using this equation, δ18Ow = 1.020*δ18Oen − 32.941,
which relates spring water in Greece with the δ18Oen (Carbonate) (v-SMOW) of tooth
enamel apatite of recent humans, the isotopic values of consumed water for Agras and
Edessa individuals were calculated (Table 3).

In Figure 6 we present the differences in calculated δ18Ow(ap) for each site, where
the horizontal lines indicate the 1.6δ‰ acceptable deviation between individuals, whose
median distance is the mean oxygen isotopic value for each site. In the same figure, the
range of local water is indicated. The calculated δ18Ow(ap) (v-SMOW) isotopic values of
consumed water for Agras humans ranged from −10.9‰ to −9.6‰, with a mean value
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of –10.2‰ (s.d = 0.6‰); for Roman Edessa, they ranged between −11.4‰ and −9.2‰
(excluding samples E/T23, E/T27B E/T32, E/T4B, E/T14A, E/T24, E/T25 and E/T29) with
a mean value of −10.1‰ (s.d = 0.9‰‰), while Modern Edessa’s spring water (shaded
area in Figure 6) oxygen isotope values varied from −9.5‰ to −7.0‰ [19].
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Figure 6. The differences in δ18Ow isotopic values of ingested water between individuals in (a) Agras
and (b) Edessa. The red dashed lines indicate the isotopic range of the waters of the area. In (b) the
filled blue circles indicate men and the open triangles indicate women.

Assuming that minimum and maximum δ18Ow(ap) isotopic values can differ by 1.6δ‰
(due to differences in diet and different recharge altitudes), the acceptable range of δ18Ow
in ingested water is between −9.6‰ and −11.2‰. The majority of individuals in Edessa
had values outside the contemporary spring waters of the area, both men and women.

These values are affected by the climatic conditions of the different areas and time
periods that the individuals lived. However, the variability in δ18Ow values is too great
to be attributed only to climatic fluctuations. Taking into consideration the fact that the
oxygen isotopic composition of waters from lower altitudes is enriched in δ18O compared
to the waters of higher origin in a drainage basin, two individuals dwelling at different
altitudes within that drainage basin present differences in δ18Oap. This could be the case
for the seven women of Edessa who could have consumed water from higher (300–400 m)
altitudes than the men or lived in areas with a colder climate. However, it is unlikely
that every individual in Edessa was drinking water from different reservoirs within the
city and that the majority of the individuals drank water from very high altitudes, i.e.,
1000 m (only the springs of 1100 m had oxygen isotope values of −9.5‰), given that a
spring existed (at 400–500 m altitude, with an oxygen isotope value of −8‰) near the city.
Probably, this observed variability in consumed water could be attributed to the existence
of nonlocal individuals.

Hence, these out-of-range individuals from Edessa must be examined separately. The
isotopic signature recorded in the permanent teeth reflects the water consumed early in life,
while that recorded in the bones reflects the water consumed during the last 10–20 years of
life. Therefore, the oxygen values of enamel show the climate in the region they were born,
while the oxygen values of apatite show the climate in the region where the individual
lived before his/her death. In Figure 7 we present the results of oxygen apatite and enamel
for each sample.
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Two of the individuals (E/T23 and E/T9) were identified as nonlocals based on both
their teeth enamel and apatite values. These two individuals appear to have been born or
lived in a lower-altitude region with low δ18Ow values, at least during their early childhood,
after which T23 migrated from this area to an even lower-altitude and warmer area at
Edessa, while T9 remained in the same place. Two individuals (E/T40b and E/T32) were
identified as nonlocal based on their bone oxygen values, while their isotopic values fell
within the local range based on their teeth oxygen values, indicating that they migrated
from Edessa to a warmer climate as adults (Figure 6). Three individuals appear to have had
different histories: E/T29, E/T4B and E/T20BN were identified as nonlocal based on their
δ18Oap values, suggesting that they could have been born in Edessa, but they migrated
and lived in a place with lower δ18O, colder than Edessa, and then moved to Edessa before
their death. Two individuals, one male, E/T27B, and one female, E/T25, appear to have
been born in warmer places than Edessa, migrated to a colder place and then returned to
Edessa before their death. Finally, E/T35 appeared to be local to Edessa as both teeth and
bone oxygen fell within the expected range.

Furthermore, regardless of the studied period, we observed that Agras oxygen isotopic
values were similar to the values of Edessa, thus we do not expect climatic differences
between these two periods. In contrast, the δ18Ow isotopic values were more negative
compared with the ones measured at modern Edessa springs [19], which range between
−9.5‰ and −7‰. As more negative oxygen isotope values are present in colder climates,
we assume that Agras and Edessa were colder and drier in ancient years than today. We
noticed that these more negative oxygen values were not seasonal as people were drinking
water from local springs. Springs have a low seasonal effect on their oxygen isotope values,
since mechanisms like water–rock and water–soil interactions, water flow, mixing and
evaporation dominate for δ18O‰ values. Thus, the spring water consumed by individuals
is different from the local meteoric water, which is highly affected by seasonality. Indeed, the
oxygen isotopic values of the ingested water is in accordance with palaeoclimatic data [15]
that indicate a much colder period of drier conditions. The pronounced drier and colder
conditions of the region also coincide with other records from the Mediterranean that were
reported by Finne [89,90] and Theothorakopoulou [91]. Our radiocarbon dating for Agras
samples set them at 3000 years BP, a period that in palaeoclimatic studies belongs to marine
isotope stage 1 (MIS 1 (1–11 ky BP). Edessa’s population was aged to the 2nd–4th century
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CE, i.e., 2000 BP, when drier and colder conditions also prevailed [15]. The studied samples
belonged to 3000 to 1800 years BP, when many studies note that a neoglacial period was
established [92–96]. Consequently, the glacier extent caused cooler conditions worldwide,
as shown by the glacier retreat that coincided with warmer conditions [93]. Finally, the
colder and drier climate could have affected the human diet, making agriculture difficult
and therefore forcing people to pursue alternative food sources such as freshwater fish.

4. Conclusions

In this work we present a δ13C and δ15N isotopic analysis of human bone from Agras
in North Greece for the period 10th–8th century BCE, which constitutes the Early Iron Age
in Greece. The scope of this analysis is the identification of dietary habits for the site during
this period. The isotopic values for δ13Ccol varied between −20.5‰ and −16‰ and for
δ15Ncol from 6‰ to 11.1‰. The difference between δ13Ccol and δ13Cap is greater than 4.4‰.
These values indicate a diet based mainly on C3 plants combined with C4 plants, with a
small contribution from freshwater fish. Of the samples, there were two outliers, one with
no significant C4 contribution and the other with a minimal animal protein contribution.
These results were compared with some from Roman Edessa (2nd–4th century CE [3] and
modern Alexandreia [2] and we observed that they were in good agreement. Additionally,
they were compared with the results of other sites in Greece and wider Europe. We
observed that the isotopic values were close to those from North Greece, with the exception
of Makriyalos, and quite close to Croatia’s and Hungary’s isotopic values.

Furthermore, we presented a δ18O isotopic analysis of human bone apatite from Agras
and Edessa and calculated the isotopic composition of ingested water [19]. The δ18Ow
isotopic values for Agras ranged from −9.6‰ to −10.9‰ and for Edessa from −9.6‰ to
−11.2‰. No significant differences were observed between the two sites; on the contrary,
both Agras and Edessa were characterized by more negative δ18O values compared to
modern Edessa spring water, which has values between −9.5‰ and −7‰, suggesting
that the climate was colder in both EIA and the Roman Age. Additionally, in Edessa’s
samples we studied the population mobility using the differences between the enamel’s
and apatite’s oxygen isotopic values. Finally, three Agras samples were radiocarbon dated
to 980−844 ± 50 BCE.
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