
Environmental Archaeology
The Journal of Human Palaeoecology

ISSN: 1461-4103 (Print) 1749-6314 (Online) Journal homepage: www.tandfonline.com/journals/yenv20

Late Bronze – Early Iron Age Agro-systems in
Northern Greece: New Insights Through Stable
Isotope Analysis from Methone, Pieria

C. Diffey, A. Styring, H.A. Orengo, A. Athanassiadou, M. Bessios, S. Morris, K.
Noulas, J. Papadopoulos & A. Livarda

To cite this article: C. Diffey, A. Styring, H.A. Orengo, A. Athanassiadou, M. Bessios, S. Morris, K.
Noulas, J. Papadopoulos & A. Livarda (30 Jul 2025): Late Bronze – Early Iron Age Agro-systems
in Northern Greece: New Insights Through Stable Isotope Analysis from Methone, Pieria,
Environmental Archaeology, DOI: 10.1080/14614103.2025.2535768

To link to this article:  https://doi.org/10.1080/14614103.2025.2535768

© 2025 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

View supplementary material 

Published online: 30 Jul 2025.

Submit your article to this journal 

View related articles 

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=yenv20

https://www.tandfonline.com/journals/yenv20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14614103.2025.2535768
https://doi.org/10.1080/14614103.2025.2535768
https://www.tandfonline.com/doi/suppl/10.1080/14614103.2025.2535768
https://www.tandfonline.com/doi/suppl/10.1080/14614103.2025.2535768
https://www.tandfonline.com/action/authorSubmission?journalCode=yenv20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=yenv20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/14614103.2025.2535768?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/14614103.2025.2535768?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/14614103.2025.2535768&domain=pdf&date_stamp=30%20Jul%202025
http://crossmark.crossref.org/dialog/?doi=10.1080/14614103.2025.2535768&domain=pdf&date_stamp=30%20Jul%202025
https://www.tandfonline.com/action/journalInformation?journalCode=yenv20


Late Bronze – Early Iron Age Agro-systems in Northern Greece: New Insights 
Through Stable Isotope Analysis from Methone, Pieria
C. Diffey a,b, A. Styringa, H.A. Orengob,c, A. Athanassiadoud, M. Bessiosd, S. Morrise, K. Noulasd, 
J. Papadopoulose and A. Livardab

aSchool of Archaeology, University of Oxford, Oxford, UK; bLandscape Archaeology Research Group (GIAP), Catalan Institute of Classical 
Archaeology (ICAC), Tarragona, Spain; cDepartment of Computational Social Sciences and Humanities, Barcelona Supercomputing Center 
(BSC), Barcelona, Spain; dEphorate of Antiquities of Pieria, Hellenic Ministry of Culture, Piera, Greece; eDepartment of Classics and Cotsen 
Institute of Archaeology, UCLA, Los Angeles, CA, USA

ABSTRACT  
Throughout the Aegean, the Late Bronze Age (LBA) to the Early Iron Age (EIA) has been 
characterised as a period of societal change. After the collapse of palatial economies in the 
south (c.1200 BC), Greece entered a phase referred to in the past as the ‘Dark Ages’. 
Research into the nature of EIA agriculture has been relatively limited and although this 
situation has improved within the last decade there are still significant knowledge gaps. This 
paper will shed new light on LBA-EIA arable agriculture by presenting crop stable isotope 
analysis from the site of Methone in northern Greece. These data are used to examine site- 
specific agricultural strategies as well as allowing for an evidence-based understanding of 
economic variability in this region. The results reported show that at Methone and likely 
throughout Greece in the Early Iron Age, inhabitants continued to pursue relatively ‘low- 
input’ agricultural systems that were adapted to specific local settings and environmental 
conditions, even in the face of a period of potential aridity. Ultimately, this research 
provides a fresh approach to Iron Age (IA) Aegean agriculture whilst also highlighting the 
need to proceed with further research from other IA Aegean sites.
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Introduction

The period spanning the end of the Late Bronze Age 
and the beginning of the Early Iron Age saw signifi
cant change throughout the Aegean. In the south, 
large palatial economies prevailed during the Late 
Bronze Age (e.g. Halstead 1981; Renfrew 1982; White
law 2012). These societies had long established and 
maintained levels of social inequality, previously not 
seen in the Aegean through the exploitation of 
material and social networks, as well as by creating 
monopolies on prestige goods and having full or par
tial control of agricultural production (e.g. Knodell 
2021, 64). Mycenaean and Minoan palaces acted as 
centralised places where resources, including staple 
and subsistence products, were both administered 
and accumulated (e.g. Halstead 1992; Killen 2008; 
Livarda and Kotzamani 2013; Renfrew 1972). By con
trast, different social and economic forms predomi
nated in the north during this period. Beyond the 
palatial heartland, from Thessaly and farther north 
in Greece, there is very little evidence of centralised 
organisation, and settlement patterns differ consider
ably by region (Knodell 2021, 72). Research into the 

agricultural economy of northern sites, such as Arch
ontiko and Toumba Thessalonikis, has indicated that 
arable land management practices varied due to local 
micro-environmental factors and the intensity of 
crop and livestock husbandry integration (e.g. Nitsch 
et al. 2017; Valamoti 2023; Valamoti and Petridou 
2022). In Pieria, the study area of this paper, since 
the late Neolithic period, but mainly in the Bronze 
Age, a movement of the population towards coastal 
areas is observed, which has been linked with an 
increase in trade in the Aegean, creating a series of 
settlements, amongst them Methone (Bessios 2010; 
and pers. comm.). Around these settlements many 
smaller sites, often temporarily occupied, also were 
established in this period while in the interior new 
small settlements appeared mostly on hilltops (Bessios 
2010).

After the collapse of palatial societies in the south (c. 
1200 BC), often linked potentially to a period of aridity 
known as the ‘3.2ka climate event’ (e.g. Drake 2012; 
Kaniewski et al. 2013; Manning et al. 2023), the area 
of modern Greece entered a period previously referred 
to as the ‘Dark Age’. This was initially seen as a time 
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with significant transformations to settlement patterns, 
with populations abandoning towns and returning to 
rural areas, the diminishing of agricultural activities 
in favour of pastoralism (e.g. Desborough 1972; Snod
grass 1971), as well as widespread changes to social 
structure and administration. More recent examin
ations of this period, however, have suggested that the 
theory of Early Iron Age (EIA) depopulation is largely 
a relic of archaeological research (Morgan 2009; Papa
dopoulos 1996) and that many major settlements, such 
as Tiryns and Mycenae in the south, saw a continuity of 
occupation after the collapse of palace administrative 
structures (Thomas 2009). Moreover, this period saw 
the establishment or growth of other urban settlements 
as well as the proliferation of new art styles and burial 
practices associated with these communities (Lemos 
2002; 2010). By the Early Iron Age in the northern 
Aegean, some settlements were abandoned but other 
new communities were established particularly on 
(semi-)mountainous areas or defensive hills. Other pre
viously existing settlements expanded, and some larger 
population aggregations started being formed 
(Andreou 2019, 916–917, 922–927; Andreou and Kot
sakis 2000; Krahtopoulou 2010, 56; Koukouli-Chry
santhaki 2014, 162–164). Within the Thermaikos 
Gulf, the EIA settlement pattern followed the LBA 
trend with coastal sites, such as Torone, Anchialos/Sin
dos and Toumba Thessalonikis still dominant and 
becoming denser with evidence for aggregation and 
population increase (Veropoulidou and Krahtopoulou 
Forthcoming; Krahtopoulou 2010, 56; Koukouli-Chry
santhaki 2014, 162; Andreou 2019, 916–917, 922–927). 
Intensive anthropogenic landscape management and 

woodland destruction was also observed in Pieria 
during the EIA (Veropoulidou and Krahtopoulou 
Forthcoming.; Krahtopoulou 2010, 239–252).

In terms of the agricultural economy of this period, 
significant gaps in our knowledge exist due to the rela
tively few primary bioarchaeological assemblages 
recovered from this period from across the Aegean. 
Although this situation has improved in the last dec
ade (e.g. Alagich et al. 2021; Dibble and Finné 2021; 
Livarda 2008, 2012, 2014; Livarda et al. 2023; Livarda 
and Bouchard-Perron 2020; Margaritis 2017; Vala
moti et al. 2018), research into the nature of EIA agri
culture has still been fairly limited. It is the aim of this 
paper to shed new light on the nature of agro-systems 
in the north Aegean and contribute to a more in-depth 
understanding of the socio-economic organisation of 
the area through the application of new crop stable 
isotopic data from the site of Methone.

Site Background – Methone

The site of Methone is located in Pieria, northern 
Greece, on the west coast of the Thermaikos Gulf 
(Figure 1). Topographically, southern Pieria is fairly 
mountainous, whereas the northern and central 
regions are flat, including the plain of Katerini, one 
of the largest and most fertile areas in modern Greece 
(Godefroy, Salavert, and Margaritis 2023). The region 
is bounded geographically by the Haliakmon River to 
the north and the Peneios River delta in the south with 
many streams and passes connecting the lowland and 
mountainous areas (Poulaki-Pantermali 2013). The 
archaeological site itself is located c. 36 km from the 

Figure 1. Map showing the location of Methone, and other sites mentioned in this paper in the northern Aegean.
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modern city of Thessaloniki at an altitude of 15 m asl. 
The ancient settlement was situated on two adjacent 
hills and extended onto a flatter area to the north, 
reaching the sea. The site was also one of the safest 
harbours in the region due to the fact that it was not 
affected by the prevailing winds (Bessios, Athanassia
dou, and Noulas 2023). Holocene coastal infilling and 
marine regression, however, have buried parts of the 
site and today the settlement is located some 500 m 
from the sea (Morris et al. 2020). The current climate 
of this area is characterised by mild wet winters and 
hot dry summers (Cfa humid subtropical, Koppen- 
Geiger classification), but average annual tempera
tures are generally lower than the typical Mediterra
nean climate (8–30°C1). Mean annual rainfall is 
around 500–750 mm (cf. Polunin et al. 1987).

The ancient city of Methone was established in 733 
B.C. by Eretrians as a Greek colony on the site of an 
indigenous settlement, and developed into a major 
port due to its location as an entry-point for upland 
products, such as timber, its access to the productive 
arable lands on the plain of Katerini and its strategic 
location linking the south to the north of the Aegean 
and beyond (Bessios, Athanassiadou, and Noulas 
2023; Morris et al. 2020). Recent excavations by the 
Greek Archaeological Service (led by Athena Athanas
siadou, Matthaios Bessios and Konstantinos Noulas) 
and an international research team2 led by Sarah Mor
ris and John Papadopoulos have shown that the site was 
continuously inhabited since the Late Neolithic (c. 5000 
B.C.). The Late Bronze Age period is primarily rep
resented by a series of rectangular rock-cut tombs on 
the West Hill. These contained burial goods including 
local Mycenaean-style vessels and other objects, such as 
beads and bronze pins (Morris et al. 2023). These bur
ials were succeeded by the emergence of an Early Iron 
Age settlement. This involved the construction of apsi
dal structures, storage facilities, such as pits and pithoi 
set into the bedrock, and areas thought to be connected 
to craft production, such as bone-working and metal
lurgy (Papadopoulos 2023). The most interesting and 
spectacular Iron Age feature, however, was the discov
ery of a rectangular subterranean structure at least 
11.8 m deep on the top of the East Hill at the site 
(Figure 2). Named by the excavators the ‘Hypogeion’, 
the construction of this feature was never completed 
and was filled, soon after it was opened, with a variety 
of materials over a short period of time c. 720–690 
B.C. (Bessios 2023). Upon excavation, this very sub
stantial pit contained one of the largest sets of Early 
Iron Age bioarchaeological finds recovered from the 
Aegean to date. These included well-preserved charred 
plant remains, charcoal, animal bones, seashells as well 
as a large quantity of pottery and some metal objects 
(Bessios 2023; Livarda et al. 2023).

Extensive environmental sampling has been carried 
out as part of the most recent excavations. This 

involved the recovery of 423 soil samples, including 
92 samples from the ‘Hypogeion’. Analysis of these 
samples has identified a number of crop taxa, such 
as hulled barley (Hordeum vulgare L.), the glume 
wheats emmer (Triticum dicoccum Schübl.) and ein
korn (Triticum monococcum L.), and millet (Panicum 
miliaceum L.), as well as a number of pulses, such as 
lentil (Lens culinaris Medik.) and bitter vetch (Vicia 
ervilia L.). Fruit remains, such as olive (Olea europea 
L.), fig (Ficus carica L.) and grape (Vitis vinifera L.), 
as well as several wild species have also been recovered 
(Livarda et al. 2023; Livarda and Bouchard-Perron 
2020). Generally, the density of plant remains across 
the settlement is fairly low and preservation was vari
able, particularly in samples from the tombs. By con
trast, material from the ‘Hypogeion’ was much better 
preserved and included a wider range of weed/wild 
taxa. Overall, the results of archaeobotanical analysis 
(Livarda et al. 2023) are consistent with the systematic 
exploitation of the landscape around Methone and the 

Figure 2. Plan of the ‘Hypogeion’ (cred. Ioannis Moshos).
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presence of a mixed agropastoral subsistence econ
omy. The mixture of crop species suggests that they 
were cultivated throughout the agricultural year and 
that the site was permanently settled. Finally, the 
range of crops seems to remain consistent during 
the Late Bronze Age and Early Iron Age periods, 
suggesting that there was some continuity in terms 
of farming practices throughout the period when 
Methone was occupied (Livarda et al. 2023; Livarda 
and Bouchard-Perron 2020).

Methods

The analysis of stable isotope ratios in charred plant 
remains has become a valuable means of inferring 
both anthropogenic and environmental influences 
on plant growing conditions (e.g. Fiorentino et al. 
2015). In particular, the measurement of carbon and 
nitrogen stable isotope values from archaeobotanical 
remains has been used to investigate crop husbandry 
conditions, including water availability and artificial 
soil enrichment levels (e.g. Bogaard et al. 2007; Ferrio 
et al. 2005; Fraser et al. 2011). A full explanation of 
carbon and nitrogen plant stable isotope ratios, 
which form the basis of this research, is provided in 
Supplementary Material 1.

Sample Selection

Charred plant remains included in this study rep
resent the four most common crop species identified 
at Methone; Triticum monococcum (einkorn), Triti
cum dicoccum (emmer), Hordeum vulgare (barley) 
and Lens culinaris (lentil). Plant samples selected for 
single-grain stable isotope analysis were chosen 
based on a series of criteria. Firstly, seeds were only 
taken from samples that contained at least two of 
the species under study, and that contained at least 
three grains of each species. Selected seeds also corre
sponded with the criteria determined for the ‘optimal 
charring window’ of around 230–260°C (Charles et al. 
2015; Nitsch, Charles, and Bogaard 2015; Stroud et al. 
2023). Seeds selected had a completely matte black
ened grain matrix with little external morphological 
distortion (Stroud et al. 2023). All seeds were weighed, 
and a number were also cross-sectioned to assess for 
large internal voids. In total, 85 grains from nine con
texts were selected for stable isotope analysis (see 
Table 1 for list of all samples), to assess variation 
both within crop species and also across different 
chronological periods at Methone. Seeds were selected 
from three broad categories of archaeological contexts: 
Late Bronze Age tombs, Early Iron Age settlement, 
and the Early Iron Age Hypogeion. All four crop 
species were chosen from each context category with 
the exception of lentil from the Hypogeion. This is 
because there were very few lentils recovered from 

within the Hypogeion, and no excavated contexts 
met the criteria set for stable isotope analysis.

Pre-Treatment

The nature of charred archaeobotanical material is 
such that plant remains are susceptible to a variety 
of different kinds of contamination during deposition 
and subsequent long-term burial (Vaiglova et al. 
2014). The most commonly identified source of con
tamination are carbonates present naturally in the 
soil that can potentially distort the results of stable iso
tope analysis. To detect possible contamination, Four
ier Transform Infrared Spectroscopy (FTIR) was used 
to screen three charred seeds taken from different 
samples from the Methone assemblage. The results 
showed peaks characteristic of carbonate contami
nation (870 and 720 cm-1) present in each of the spec
tra (see Supplementary Information Figure 1), so all 
samples were pre-treated with 10 ml of 0.5 M HCL 
acid at 80°C for 30 min to remove this (following Vai
glova et al. 2014). Samples were then rinsed multiple 
times with distilled water to a neutral pH and dried 
in a drying oven for 24 h, before being crushed and 
(re-)weighed for analysis.

Stable Carbon and Nitrogen Isotope 
Measurements

Stable carbon and nitrogen isotope values were 
measured using an isoprime precisION stable isotope 
ratio mass spectrometer coupled to a vario PYRO cube 
CNSOH elemental analyser at the Research Labora
tory for Archaeology and the History of Art 
(RLAHA), University of Oxford, UK. Plant δ13C and 
δ15N values were measured separately, but as part of 
the same stable isotopic run, using a carbon dilution 
of 2%. Resultant carbon and nitrogen values were 
then calibrated relative to the Vienna Peedee Belem
nite scale (VPDB) and AIR respectively. Accuracy or 
systematic error (u(bias)), following the protocol 
established by Szpak, Metcalfe, and Macdonald 
(2017) was calculated using variability in sample 

Table 1. The number of samples selected for crop stable 
isotope analysis, by context and crop species.
Date Context category Species No. of seeds

LBA Tombs Hulled Barley 9
Emmer 9
Einkorn 10
Lentil 15

EIA Settlement Hulled Barley 3
Emmer 3
Einkorn 4
Lentil 2

EIA Hypogeion Hulled Barley 15
Emmer 9
Einkorn 6

Total 85
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replicates, calibration standards and check standards 
(see Supplementary Information Table 1 for analytical 
conditions). Overall, accuracy was determined to be 
0.11 for δ13C and 0.24 δ15N, and total analytical uncer
tainty (uc) was estimated to be 0.14 for δ13C and 0.28 
δ15N. All stable isotope values (δ13C and δ15N) were 
corrected for the effect of charring by subtracting 
0.11‰ and 0.31‰ from the normalised data, respect
ively (Nitsch, Charles, and Bogaard 2015). Finally, all 
δ13C values were converted to Δ13C so that compari
sons could be made between the Methone samples 
and modern stable isotope studies. These calculations 
were made from the determined δ13C (δ13Cplant) and a 
δ13Cair value using the AIRCO2_LOESS system (Cle
veland 1979; Ferrio et al. 2005; Francey et al. 1999; 
Indermühle et al. 1999; Leuenberger, Siegenthaler, 
and Langway 1992) and the equation determined by 
Farquhar, Ehleringer, and Hubick (1989).

Testing Data Reliability

A number of measured δ13C values from both labora
tory reference materials and archaeological samples 
were observed to register c. 1‰ higher than was 
expected. This was due to a machine error after the 
replacement of the carbon dioxide (CO2) reference 
gas source. These δ13C values (samples numbers 33, 
34b, 54, 72 and 75) were removed from the rest of 
the analysis. The corresponding δ15N values, however, 
were judged not to have been affected and were 
accepted after comparisons with values from other 
samples earlier in the machine run. The reliability of 
charred plant isotopic composition was assessed by 
plotting the δ15N values against the C:N atomic 
ratio, following Szpak and Chiou (2020). Figure 3
shows no clear correlation between the two, 
suggesting that the isotopic composition was not sub
ject to diagenetic alteration. Additionally, Figure 4

shows the percent carbon (%C) and the percent nitro
gen (%N) of the cereal species (hulled barley, emmer 
wheat, einkorn wheat) from the Methone samples, 
plotted against modern charred cereal examples (Fra
ser et al. 2013). Although the archaeological samples 
appear more variable, the results of a Kruskal–Wallis 
test and post-hoc analysis (see Table 2) show that 
there is no significant difference between the modern 
and archaeological values. These results indicate then 
that the stable isotope values measured from grains 
from Methone can be accepted as reliable represen
tations of the isotopic ratios of charred plant material 
from the site.

Results

Stable Carbon and Nitrogen Isotope Values of 
Charred Crop Remains

Figure 5 shows a scatterplot of all crop stable carbon 
and nitrogen isotope values, coded by crop taxa. Gen
erally, there appears to be some slight clustering of 

Figure 3. Scatterplot showing the δ15N values against the C:N 
ratio of all species.

Figure 4. Scatterplot showing the %C and %N values of the 
cereal species from Methone and modern samples (from Fra
ser et al. 2013).

Table 2. The results of a Kruskal–Wallis test and post-hoc 
analysis on the %C and %N values of stable isotope values 
from Methone and modern charred material.

Statistical test %C–%N
Species/source 

of material Results

Kruskal–Wallis %C All H(4)= 5.79, p = 0.12
Post-hoc Dunn %C Einkorn–Emmer p = 0.77
Post-hoc Dunn %C Einkorn–Hulled Barley p = 0.81
Post-hoc Dunn %C Emmer–Hulled Barley p = 0.68
Post-hoc Dunn %C Einkorn–Modern p = 0.24
Post-hoc Dunn %C Emmer–Modern p = 0.14
Post-hoc Dunn %C Hulled Barley–Modern p = 0.57
Kruskal–Wallis %N All H(3)= 23.28, p = <0.001
Post-hoc Dunn %N Einkorn–Emmer p = 0.06
Post-hoc Dunn %N Einkorn–Hulled Barley p = <0.001
Post-hoc Dunn %N Emmer–Hulled Barley p = 0.09
Post-hoc Dunn %N Einkorn–Modern p = 0.12
Post-hoc Dunn %N Emmer–Modern p = 0.88
Post-hoc Dunn %N Hulled Barley–Modern p = 0.28

ENVIRONMENTAL ARCHAEOLOGY 5



samples by taxa. This is most obvious with regards to 
values from lentil which are clustered together with 
relatively low δ13C and δ15N values, although this is 
in part due to their ‘nitrogen-fixing’ ability. By con
trast, the einkorn wheat, emmer wheat and hulled bar
ley have similarly variable and broadly comparable 
carbon and nitrogen isotope values. Supplementary 
Information Table 2 provides all stable carbon and 
nitrogen isotope measurements of the Methone 
samples. Figure 6 shows the Δ13C values for each 
taxon. Overall, there appears to be some variability 
within each taxon, as indicated by the means and stan
dard deviations (einkorn wheat – 17.4 ± 0.98‰, 
emmer wheat – 17.43 ± 0.84‰, hulled barley – 
18.43 ± 0.96‰, lentil – 20.14 ± 1.12‰). All standard 
deviations are above the values reported for exper
imentally grown, averaged single-grain measurements 
reported for expected cereal inter-ear and intra-field 
variability (Styring et al. 2024). Due to the 

physiological differences between barley and wheat, 
specifically the earlier completion of photosynthesis 
and grain ripening in the former (Araus et al. 1997; 
Wallace et al. 2013), an offset of −1.0‰ was applied 
to the values of the barley grains. A Kruskal–Wallis 
test was used to compare differences in Δ13C values 
between the crop species (a Shapiro–Wilk test showed 
that the data are not normally distributed, W = 0.948, 
p = 0.001). The results showed that there is a statisti
cally significant difference between the four crops 
(H(3) = 30.94, p = <0.001). An additional post-hoc 
Dunn test indicated that the Δ13C values of lentil, in 
particular, are significantly different from all other 
taxa (see Table 3 for the results of statistical tests).

Stable nitrogen isotope (δ15N) values were also 
measured on grains/seeds of all four taxa (Figure 7). 
Einkorn wheat, emmer wheat and hulled barley again 
show a wide range of δ15N values (means and standard 
deviations: einkorn wheat – 3.58 ± 1.45‰, emmer 
wheat – 3.07 ± 2.02‰, hulled barley – 2.74 ± 2.54‰) 
that were more variable than the average 1.64‰ stan
dard deviation recorded from experimentally manured 
hulled barley from the same plot (Larsson, Bergman, 
and Lagerås 2019). By contrast, lentil exhibited less 
variability with a mean and standard deviation of 
0.22 ± 0.73‰, indicating the use of a more uniform 
management system. A Kruskal–Wallis test was per
formed on all results (Shapiro–Wilk test: W = 0.924, 
p = <0.001) and indicated that there was again a signifi
cant difference between the four crop taxa (H(3) =  
34.784, p = <0.001). The results of the post-hoc analyses 
indicated that these differences are specifically between 
lentil and all other crops (see Table 4 for the results of 
statistical tests). Certainly, the δ15N values for lentil 
are visibly lower than those of the cereals (Figure 7), 
however, this is due to the ability of pulse plants to 
‘nitrogen-fix’ and as a result pulse δ15N values are gen
erally around 0‰ (Raven, Andrews, and Quigg 2005; 
Treasure, Church, and Gröcke 2016).

Chronological and Contextual Variation

Figure 8(a,b) show crop Δ13C and δ15N values coded 
by chronological period (Late Bronze Age – Early 
Iron Age). Overall, there does not appear to be any 
clear patterning in either the carbon or nitrogen 

Figure 6. Δ13C values of the four crop species. The lower 
dashed line indicates the lower limit of the ‘adequate water 
provision’ zone for wheat. The upper dotted line indicates 
the lower limit of the ‘adequate water provision’ zone for 
hulled barley.

Table 3. Results of an Kruskal–Wallis test and post-hoc 
analysis conducted on the Δ13C values from all species with 
a 1‰ offset applied to the hulled barley
Statistical Test Species Results

Kruskal–Wallis All H(3) = 30.94, p =<0.001
Post-hoc Dunn Einkorn–Emmer p = 1
Post-hoc Dunn Einkorn–H. Barley p = 1
Post-hoc Dunn Emmer–H. Barley p = 0.93
Post-hoc Dunn Einkorn–Lentil p = <0.001
Post-hoc Dunn Emmer–Lentil p = <0.001
Post-hoc Dunn H. Barley–Lentil p = <0.001

Figure 5. Scatterplot of all crop stable isotope carbon (δ13C) 
and nitrogen (δ15N) values, coded by crop taxa.
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isotope values by date. Furthermore, Wilcoxon rank 
sum tests were carried out on the Δ13C and δ15N 
values of all crops by chronological period and indi
cated that there is no statistical difference between iso
topic values from the Late Bronze Age or the Early 
Iron Age (see Table 5 for all statistical results). Instead, 
these values show a remarkable homogeneity, with the 
cereal3 samples from each period having very similar 
mean values (LBA – Δ13C: 17.7 ± 1.0‰, δ15N: 3.0 ±  
2.2‰, EIA – Δ13C: 18.0 ± 1.0‰, δ15N: 3.1 ± 2.1‰).

Similarly, Figure 9(a,b) show crop Δ13C and δ15N 
values coded by contextual category (tombs, settle
ment, Hypogeion). Again, there does not appear to 
exist any correlation between context, crop species 
and stable carbon or nitrogen isotope values. The 
only exception to this are the Δ13C einkorn values 
from the settlement and the Hypogeion which do 
show a 1‰ difference between the average means 
(settlement – 16.7 ± 0.4, Hypogeion – 18.3 ± 0.7). 
The results of a factorial 2-way ANOVA test per
formed on all Δ13C values (F(2, 66) = 2.51, p = 0.08) 
and δ15N values (F(2, 69) = 0.85, p = 0.43), however, 
do not indicate any statistical differences between 
excavation contexts by crop species.

Discussion

Crop Management at Methone

The stable Δ13C and δ15N values obtained for the cereal 
grains analysed in this study indicate that cereal crops 
cultivated at the site of Methone were generally grown 
under a range of low intensity management systems, 
similar to those seen at other Late Bronze Age urban 
settlements in the eastern Mediterranean (e.g. Diffey 
et al. 2020; Nitsch et al. 2017). This type of husbandry 

Figure 7. δ15N values of all four crop species.

Table 4. Results of a Kruskal–Wallis test and post-hoc analysis 
conducted on the δ15N values from all species
Statistical Test Species Results

Kruskal–Wallis All H(3) = 34.78, p = <0.001
Post-hoc Dunn Einkorn–Emmer p = 0.51
Post-hoc Dunn Einkorn–H. Barley p = 0.08
Post-hoc Dunn Emmer–H. Barley p = 0.28
Post-hoc Dunn Einkorn–Lentil p = <0.001
Post-hoc Dunn Emmer–Lentil p = <0.001
Post-hoc Dunn H. Barley–Lentil p = <0.001

Figure 8. (a) Δ13C values of the four crop species, coded by chronological period. The lower dashed line indicates the lower limit of 
the ‘adequate water provision’ zone for wheat. The upper dotted line indicates the lower limit of the ‘adequate water provision’ 
zone for hulled barley. (b). δ15N values of the four crop species, coded by chronological period.

Table 5. Results of Wilcoxon Signed-Rank tests between all 
species and chronological period.
Statistical Test Isotopic Analysis Species Results

Wilcoxon Signed-Rank Carbon All W = 1061.5, p = 0.33
Wilcoxon Signed-Rank Carbon H. Barley W = 113.5, p = 0.74
Wilcoxon Signed-Rank Carbon Emmer W = 56, p = 0.82
Wilcoxon Signed-Rank Carbon Einkorn W = 50, p = 0.71
Wilcoxon Signed-Rank Carbon Lentil W = 5, p = 0.23
Wilcoxon Signed-Rank Nitrogen All W = 1346.5, p = 0.02
Wilcoxon Signed-Rank Nitrogen H. Barley W = 131.5, p = 0.27
Wilcoxon Signed-Rank Nitrogen Emmer W = 61, p = 0.63
Wilcoxon Signed-Rank Nitrogen Einkorn W = 58, p = 0.58
Wilcoxon Signed-Rank Nitrogen Lentil W = 25, p = 0.16
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seems to have continued without significant changes, 
based on current isotopic data, between the Late Bronze 
and the Early Iron Age. Variable and relatively high Δ13C 
values of cereals suggest that these systems would have 
relied on the high annual rainfall experienced in this 
region to provide water for cereal cultivation rather 
than using irrigation schemes (cf. Wallace et al. 2013). 
In contrast, the Δ13C values of lentil were markedly 
higher than those of the cereals, indicating that lentil 
was cultivated under different conditions. These con
ditions are likely to have been significantly wetter than 
those experienced by the cereals, possibly due to hand 
watering by local households. Ethnographic evidence 
from various regions in Greece suggests that pulse 
crops are often grown in vegetable gardens near the 
house, whilst cereals are cultivated in outfields farther 
from the settlement (Halstead 2014, 206). The carbon 
isotope results from Methone potentially indicate a simi
lar cropping pattern present in the Late Bronze Age – 
Early Iron Age periods, with lentil possibly grown in 
more ‘garden-like’ infield plots near the main settlement 
so that they could be tended to and watered regularly, 
whilst cereals could have been grown in larger outfields 
farther away from the settlement.

Relatively low nitrogen stable isotope values indicate 
that crops may not have been grown in artificially 
enriched soils and that manure/middening material 
was not applied regularly to the arable fields. Certainly, 
the similarity in nitrogen stable isotope values between 
the three cereal species would suggest that there was no 
significant difference in terms of soil enrichment or 
modification by crop type. Likewise, the intra-species 
variability in terms of nitrogen stable isotope values 
indicates that all cereals were grown in variable con
ditions. Lentil also exhibited low δ15N values contin
gent with a lack of soil enrichment or amendment. 
Soil enrichment through use of animal manure has 

been widely documented from Neolithic and Bronze 
Age communities in southern Europe (e.g. Bogaard 
et al. 2013; Vaiglova et al. 2021) and the Middle East 
(Diffey et al. 2024; Styring et al. 2017). Ethnographic 
studies show that there are several factors influencing 
the decision to use manure or not (and how) in agricul
tural systems, including first of all its availability, and 
secondly its qualities in relation to transport, being a 
heavy and difficult resource to move (e.g. Halstead 
2014). Because of these factors, the use of manure 
tends to be generally more plentiful in the immediate 
environs of a domestic settlement where livestock are 
kept or kitchen midden material is disposed of (Wilk
inson, 1994). At Methone, the interpretation of manur
ing/middening practices is difficult to elucidate directly 
from nitrogen stable isotope values without an unma
nured baseline4. On the basis of the results presented 
above, the stable nitrogen isotope results can be inter
preted as an indication that the cereal crops and lentil 
were not being grown in soils that were consistently 
enriched through the application of manure/midden
ing material. This could be because the cereals were cul
tivated away from the main settlement area or that 
domesticated animals were herded far away from the 
crop fields, making the transport of manure to the 
fields difficult or undesired.

Overall, the variable nature of the results of carbon 
and nitrogen stable isotope analysis from Methone 
indicate that there was a range of low intensity crop 
husbandry systems in use at the site, with some prefer
ential treatment of lentil which appears to have been 
cultivated under significantly wetter conditions to 
those of the cereal crops.

Methone in Context
The relatively few well-preserved bioarchaeological 
assemblages and lack of other stable isotopic studies 

Figure 9. (a) Δ13C values of the four crop species, coded by contextual category. The lower dashed line indicates the lower limit of 
the ‘adequate water provision’ zone for wheat. The upper dotted line indicates the lower limit of ‘adequate water provision’ zone 
for hulled barley. (b) δ15N values of the four crop species, coded by contextual category.
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on crops from northern Greece dated to the Early Iron 
Age render the results of this study particularly impor
tant within their wider geographical and chronological 
context, whilst results from the Late Bronze Age add 
important detail to the mosaic of practices in the 
north Aegean.

For the Late Bronze Age, previous stable isotopic 
work by Nitsch et al. (2017) has suggested that farming 
strategies in northern Greece were fairly variable, with 
some sites adopting intensive arable land management 
systems with the close integration of crops and live
stock, whilst others used more extensive systems 
with herding and crop production kept fairly separate. 
This was likely due to the relative importance of differ
ent resources and their economic significance within 
the wider socio-economy of these settlements, as 
well as the variable landscapes present in northern 
Greece. The Late Bronze Age cereal carbon stable iso
tope results from Methone correlate broadly with the 
corresponding values from nearby Archontiko, central 
Macedonia and Toumba Thessalonikis (Nitsch et al. 
2017), all of which would have had similar climates 
to Methone. When assessed together, these results 
indicate that wheat and barley crops received moder
ate to adequate water (rain-fed) provision throughout 
the region during this period. At both Archontiko and 
Toumba Thessalonikis, however, Nitsch et al. (2017) 
noted that wheat appears to be better watered than 
barley, a pattern that was also recognised at Late 
Bronze Age (LBA) Assiros Toumba (Wallace et al. 
2015). However, this difference between species is 
not observed at Late Bronze Age Methone, suggesting 
that the wheats and barley were grown under similar 
watering conditions. Instead, the Δ13C values of lentil 
at Methone are significantly higher than those 
recorded for the cereals, and importantly, are higher 
than any of the Δ13C values documented at Archon
tiko (no LBA stable isotope data for lentil are available 
from Toumba Thessalonikis; Nitsch et al. 2017), which 
are within the moderate-adequate water provision 
levels. This would suggest that lentil at Methone was 
cultivated under wetter conditions than those indi
cated by the stable carbon isotope results from the 
other Late Bronze Age site with comparable data in 
the northern Aegean and may indicate the use of dis
tinct agricultural management systems by different 
LBA societies.

Similarly, the nitrogen isotope values of cereals 
and pulses at LBA Archontiko are roughly similar 
to those seen for Methone, with most δ15N values 
from Archontiko above 2‰. When compared with 
the unmanured faunal baseline inferred for the 
site, this would indicate that the cereals were 
grown using low-medium levels of artificial soil 
enrichment, but that pulses were unmanured. Com
parisons between the Methone nitrogen stable iso
tope values and the Archontiko faunal baseline, 

although purely exploratory, would suggest the 
same pattern in general soil amendment at both 
sites. At both Archontiko and Toumba Thessaloni
kis, however, hulled barley δ15N values tend to be 
higher than those of the glume wheats. This has 
been interpreted as potentially reflecting the impor
tance of barley within the human diet (Nitsch 
et al. 2017), or as a mechanism to ensure the avail
ability of ‘early bite’ pasture for grazing animals 
(Halstead 2006). Again, however, this is not a pat
tern that is evident from the Methone stable nitro
gen isotope results, where most taxa exhibit a 
comparable range of δ15N values. Furthermore, the 
nitrogen isotope values from LBA Toumba Thessalo
nikis are significantly higher than those at Methone 
and are indicative of a comparatively more intensive 
manuring regime. Nitsch et al. (2017) state that 
these values are representative of a closely integrated 
relationship between crop and livestock production 
at the site linked to the creation of surplus crop 
staples that act as a risk buffering mechanism for 
times of economic hardship or harvest failure. By 
comparison, the scarcity of intensively manured 
crops from LBA (but also EIA) Methone is likely 
representative of a different crop production strategy 
in use at the site. Furthermore, the relative lack of 
available (animal) manure, as indicated by the low 
stable nitrogen isotopic values from Methone, may 
suggest that domestic animals were not being grazed 
near the site, and were instead herded to the 
south on the Katerini plain or further west in upland 
areas.

The stable isotope results for the Early Iron Age at 
Methone point to a continuity of practices with the 
previous period (Figure 8(a)). However, no other 
stable isotope studies are available for this period of 
northern Greece to allow comparisons between the 
agricultural strategies across the region. Traditional 
archaeobotanical analyses from other Early Iron Age 
sites are available and these indicate that domesticated 
crops continued being commonly cultivated across the 
Aegean (e.g. Livarda 2012; Margaritis 2017; Valamoti 
et al. 2018). A variety of cereals and pulses, such as 
hulled barley, glume and free-threshing wheats, 
lentil and bitter vetch, along with a range of other 
food plants, have been identified from various of 
northern Greek sites, such as Karabournaki and 
Toumba Thessalonikis (Valamoti et al. 2018). Simi
larly, zooarchaeological studies from the LBA–EIA 
show a heterogenous animal economy, with a range 
of domestic herbivores, indicating that mixed agropas
toral farming practices were still in use at many sites 
(Dibble and Finné 2021). Finally, stable isotope ana
lyses of human bones from Late Bronze Age and IA 
Geometric sites in the Aegean do not show a signifi
cant change in human consumption practices but 
instead suggest that diets were based mainly on 
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terrestrial plant and animal proteins throughout these 
periods (Dotsika et al. 2022).

The Late Bronze Age – Early Iron Age Agro- 
economy

Recent studies into the nature of Bronze Age agricul
ture in southern Greece and the Middle East (e.g. 
Diffey et al. 2020, 2024; Isaakidou et al. 2022; Styring 
et al. 2017) have indicated that this period was gener
ally characterised by low-input, extensive cereal crop 
farming regimes, alongside large-scale herding. How
ever, studies from the Aegean have showed that these 
patterns were not entirely homogenous, and instead 
there was some species-specific treatment of both 
plants and domesticated animals throughout the pala
tial era (Isaakidou et al. 2019, 2022). It has been 
suggested that the extensive agricultural systems 
were intended to maximise arable yields through the 
cultivation of larger plots of land rather than higher 
labour contributions, thus establishing land as the 
greatest source of wealth (Bogaard et al. 2018, 2019). 
Over time this type of farming may have led to the for
mation of land ‘monopolies’ whereby one family or 
social group controlled large tracts of arable land 
and therefore the agricultural economy (Halstead 
1992). Certainly, during the Late Bronze Age in 
southern Greece large-scale agriculture was controlled 
by an elite bureaucracy with palaces acting as central 
places for administration and resource storage (Hal
stead 1999; Killen 2008). The collapse of these systems 
has led to debate over to what extent the agro-econ
omies they controlled also disintegrated. In the 
north, a different socio-economic trajectory was fol
lowed and the few studies available so far show vari
ation in the regimes, with both extensive and 
intensive systems adopted at sites such as Archontiko 
and Toumba Thessalonikis respectively (Nitsch et al. 
2017). The evidence from Methone points to a con
tinuation of the use of a relatively low-input system 
from the Late Bronze through to the Early Iron Age.

Overall, the archaeobotanical (Livarda et al. 2023; 
Livarda and Bouchard-Perron 2020) and crop stable 
isotopic data from Methone (this paper) do not sup
port the traditional view of Early Iron Age agriculture 
proposed by Snodgrass (1987) that farming had been 
largely abandoned as populations turned to a more 
pastoral-based economy. Similarly, the results do not 
align with Cherry’s (1988) suggestion that agriculture 
returned to more intensive mixed strategies similar to 
those seen during the Neolithic period. Instead, the 
results largely indicate that from the Late Bronze 
Age – Early Iron Age farmers continued to use gener
ally low-input but variable agricultural strategies. 
Within this context, however, there is evidence that 
individual sites in this region, including Methone, 
and likely throughout Greece in the Early Iron Age, 

pursued agricultural systems that were adapted to 
specific local settings and environmental conditions. 
Foxhall (1995) suggests that in southern Greece, the 
collapse of palatial administration structures and of 
the centralised mobilisation of goods allowed smaller 
local communities to focus on their own subsistence 
economies. Due to the lack of those elite bureaucracies 
in the north, it is possible that similar systems of loca
lised low-input agriculture may have been practiced 
throughout the Late Bronze Age and into the Early 
Iron Age. Certainly, the isotope results from Methone 
do not suggest that there was any radical change in 
agricultural practice between these periods and that 
even with a potentially drying climate (e.g. Kaniewski 
et al. 2013; Manning et al. 2023), communities in this 
region continued to rely on rain-fed cereal cultivation 
as a main-stay of their agro-economy, supplemented 
by more intensively managed pulses.

Conclusions

The results of crop stable isotope analysis from Methone 
have provided new insights into a Late Bronze Age – 
Early Iron Age agro-economy in northern Greece. Over
all, the variable nature of the results from the site indi
cates that there was a range of low intensity crop 
husbandry systems in use at Methone, with different, 
preferential management of lentil in comparison to the 
cereals. Well-preserved bioarchaeological material is 
scarce in this region and period, and this paper rep
resents the first crop stable isotope study of Early Iron 
Age material from the area. The results highlight the 
need to proceed with further isotopic analyses to 
increase the number of available samples by archaeolo
gical context and period. Going forward, more studies 
from sites in both northern and southern Greece will 
help to elaborate further the picture of agricultural het
erogeneity during a crucial transition period as popu
lations grappled with, and adapted to, changing local 
and regional, social and environmental conditions.

Notes

1. https://www.weather-atlas.com/en/greece
2. Involving researchers from the Pieria Archaeological 

Service, the Cotsen Institute of Archaeology, UCLA, 
Aristotle University, Thessaloniki, the Catalan Insti
tute of Classical Archaeology (ICAC), University Col
lege Dublin, and the University of the Balearic 
Islands. See Morris et al. 2020 for full list of research
ers and funding sources.

3. Lentil has been removed for this part of the analysis 
due to the lack of samples dated to the Early Iron 
Age and recovered from the Hypogeion.

4. Faunal stable isotope analysis work is ongoing.
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