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Introduction
Recent stable isotopic studies of archaeobotanical crop assem-
blages from Bronze Age Western Eurasia (c. 3000–1150 BCE) 
have focussed on the nature of urban agricultural production  
(e.g. Diffey et al., 2020, 2023; Nitsch et al., 2019; Styring et al., 
2017, 2022), examining how growing populations changed their 
farming strategies to produce enough food for daily consumption 
and long-term storage. These studies show that early cities were 
fed through shifts to low-input (‘extensive’) cereal production, 
but these shifts could leave urban communities vulnerable to sub-
sequent climate change and aridification, causing multi-year 
decreases in crop yield or complete harvest failures (e.g. Law-
rence et al., 2021; Manning et al., 2023; Wilkinson et al., 2007). 
Here we build on these studies by presenting new stable carbon 
and nitrogen crop isotopic data from the ridge of Büyükkaya at 
the Hittite capital of Hattuşa, Central Anatolia, to investigate 
farming strategies before and after the Late Bronze Age collapse 
(c. 1650–800 BCE). In particular, we present evidence for the 
effects of the 3.2 ka rapid climate change event on the Hittite 
state-led agro-economy of Hattuşa and consider how an increase 
in regional aridity contributed to the final abandonment of the city 
and wider collapse of the Hittite empire. We also explore farming 
strategies after the collapse of Hattuşa and the Hittite empire and 
consider the degree to which significantly smaller Iron Age 

communities reverted to more labour-intensive farming strategies 
(cf., Bogaard et al., 2017; Styring et al., 2017). Finally, we assess 
how incoming Iron Age communities adapted their farming prac-
tices to cope with fluctuating climatic and social conditions, 
whilst living above the ruins of the Hittite city.

Site background
Climate
The Central Anatolian plateau currently has a continental climate 
with warm, dry summers and cold, wet winters (Dsa – humid  
continental climate, Koppen-Geiger classification). Rainfall aver-
ages c. 451 mm a year, with the majority of precipitation falling 
between March–June and November–January.1 Conditions can vary 
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significantly at the regional level, however, with occasional periods 
of intense drought (e.g. Hütteroth, 1982: 123, Schachner, 2022).

Palaeoclimate reconstructions have indicated that, from 
throughout the Neolithic and Bronze Age, until the end of the 
Late Bronze Age, climatic conditions on the plateau were fairly 
similar to those experienced today (Roberts et al., 2011; Ünal, 
1977; Wick et al., 2003). During the Middle Bronze Age – Late 
Bronze Age the region experienced periods of increased humidity 
that allowed the expansion of cereal agriculture and the horticul-
ture of trees and bushes (Koçaklı et al., 2024; Kuzucuoğlu et al., 
2011; Roberts et al., 2011). During the Hittite period, conditions 
are thought to resemble those seen in modern Türkiye, including 
unpredictable episodes of drought (Dörfler et al., 2011). Never-
theless, the climate would have been allowed for the expansion of 
the large-scale rainfed arable farming systems needed to support 
the growth and maintenance of urban populations (cf. Diffey 
et al., 2020).

The end of this period, however, is marked by the significant 
regional 3.2 ka rapid climate change event, characterised by a 
shift towards more arid conditions. Multi-proxy evidence from 
Soreq cave spelaeothem records (Bar-Matthews and Ayalon, 
2011), lake cores from Eski Acıgöl, Tecer Gölü, Nar Gölü and 
Mogan Lake (Allcock, 2013; Kuzucuoğlu et al., 2011; Roberts 
et al., 2011: 174; Dönmez et al., 2021) and sea cores from the 
Eastern Mediterranean (Schilman et al., 2001, 2002) indicate 
that this event occurred sometime between 1200 and 900 BCE. 
Furthermore, geochemical and pollen records from the Kureşler 
area in Western Türkiye (Ocakoğlu et al., 2019) and the Ankara 
province (Dönmez et al., 2021) show a decrease in conifer for-
ests and an increase in Asteraceae steppic species, indicative of 
cold and arid conditions. Recently, Manning et al. (2023) pin-
pointed a specific climatic episode in Central Anatolia to around 
1198–1196 BCE using high resolution tree-ring records from the 
site of Gordion and δ13C stable isotope values of tree rings. This 
multi-year drought episode plausibly caused a major reduction in 
arable harvest size, intensifying agro-ecological stress on low-
input farming systems that were already vulnerable to climatic 
fluctuations (Diffey et al., 2020). This climatic episode and gen-
eral environmental downturn combined with other economic and 
political pressures (e.g. de Martino, 2022; Schachner, 2011; 
Weeden, 2022) likely contributed to the collapse of the Hittite 
empire and other major Late Bronze Age societies in the Eastern 
Mediterranean (e.g. Drake, 2012; Kaniewski et al., 2013).

Climatic conditions remained unsettled throughout the Iron 
Age (c. 900–350 BCE) with fluctuating wet and dry periods, 
although these changes do not appear to be well correlated 
among sites or regions (cf. Marston, 2017: 56). Lake core evi-
dence from Nar Gölü and Lake Van indicate that the period of 
aridity continued until c. 600 BCE (Allcock, 2013; Roberts et al., 
2011), but contemporary data from Eski Acıgöl points to a fluc-
tuation between wet and dry conditions during the Iron Age 
(Kuzucuoğlu et al., 2011). By contrast, the spelaeothem records 
from Soreq Cave and Eastern Mediterranean Sea floor cores sig-
nal an end to aridification and an increase in humidity c. 900 
BCE (Bar-Matthews and Ayalon, 2011; Schilman et al., 2001, 
2002). Similarly, evidence from planktonic diatoms from Mogan 
Lake suggests that precipitation may have increased slightly and 
this correlates with pollen data pointing to an expansion of pine 
forests with the onset of slightly wetter conditions (Dönmez 
et al., 2021). Generally, however, conditions appear to have been 
drier than the period prior to the 3.2 ka event, but with significant 
regional variation throughout Anatolia.

Büyükkaya – History of occupation
The Hittite capital of Hattuşa is situated on the north-central Ana-
tolian plateau, in Çorum province c. 210 km east of Ankara. It lies 
at an altitude of c. 900–1250 m a.sl. in an area typified by small, 

fertile intermontane plains and river valleys capable of supporting 
dry arable farming (Branting, 1996). The city was first established 
in c. 1650 BCE by Hattusili I and grew to encompass an area of c. 
1.8 km2 (Bryce, 2002: 13, Seeher, 2006). Geographically, Hattuşa 
has two sections, the Lower City in the north dominated by the 
Büyükkale acropolis and the location of the large underground 
grain silo constructed in the early 16th century BCE (Seeher, 
2006: 81; Diffey et al., 2020), and the Upper City in the south, 
populated by temples and possible industrial areas (Schachner, 
2024). Radiocarbon dating has shown that the city did not develop 
homogenously and that not all areas were constructed and occu-
pied contemporaneously throughout the Hittite occupation (e.g. 
Schachner, 2020). The city began to gradually decline during  
the first half of the 13th century BCE and was finally abandoned 
c. 1190 BCE (e.g. Seeher, 2010; Weeden, 2022). This breakdown 
of Hittite centralised control on the Central Anatolian plateau saw 
the fragmentation of the wider empire into smaller polities (de 
Martino, 2022), leading to the eventual disappearance of Hittite 
society, contemporary with the collapse of a number of other Late 
Bronze Age cities in the Eastern Mediterranean. Limited occupa-
tion at Hattuşa did continue, however, on Büyükkaya, the main 
area of focus for this paper, as set out further below (Figure 1).

Büyükkaya is a mountainous ridge located to the northeast of 
the city, with a height of c. 100 m and length of c. 500 m. It is 
divided into three distinct plateaus (Upper, Middle and Lower) 
that are at least partially artificial and were created by earth infill-
ing during the Old Hittite period (Seeher, 2021: 7–8). Büyükkaya 
was first excavated in the 1950s and again in 1993, and then from 
1994 to 1998 by the Deutsches Archäologisches Institut directed 
by Jürgen Seeher. The area was occupied from the Chalcolithic 
period until the Middle Iron Age (Seeher, 2021: 11, 32, 128) and 
this paper will concentrate on results from the Hittite – Iron Age 
levels (Table 1).

Overall, settlement on Büyükkaya went through several very 
different phases, summarised in Table 1. During the Hittite period, 
the ridge was used as a storage area, where crop resources from 
the wider Hattuşa hinterland were likely stored centrally for use 
as food, seed crop and/or animal fodder. Then, close to the end of 
the Hittite period, it was also used as an industrial area for the 
Hittite administration. After the Hittite collapse, a small Early 
Iron Age village was established where newly arrived inhabitants 
engaged in mixed farming within the local environs of the ridge, 
alongside metal-working and ceramic production. Following a 
possible occupation hiatus and the emergence of a new social 
group, the settlement grew and necessarily expanded its cultiva-
tion areas to feed a larger population. By the end of the 9th cen-
tury BCE, however, the settlement of Büyükkaya shrank to its 
smallest size, with settlement restricted to one plateau, before 
eventual abandonment.

Old Hittite (phases 12–10).  During the earliest Hittite occupa-
tion of Büyükkaya, the area seems mainly to have been used for 
religious and administrative activities (Seeher, 2021: 32–62). 
Notable architectural features include a monumental building on 
the Upper Plateau which may have been a temple (Seeher, 2021: 
32–35) and the construction of at least three underground silos on 
the Middle Plateau (Seeher, 2021: 57–62). These silos combined 
could have stored c. 2000–2300 m3 of cereal grain, which is con-
siderably less than capacity of the large underground rectilinear 
silo located in the Lower City2 (Diffey et al., 2020; Seeher, 2006) 
but nevertheless represents substantial crop-storage capacity on 
Büyükkaya. Defencive walls were also constructed to fortify the 
Middle and Lower plateaus as well as the entire Lower City 
(Seeher, 2021: 37–45).

Late Hittite Empire period (phases 9–8).  From the 15th to the 
14th centuries BCE there appears to have been a cessation of 
activity on Büyükkaya and the abandonment of the large silos, but 
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during the late 14th or early 13th centuries BCE occupation 
resumed, and the area was again used for grain storage. The 
remains of six smaller silo pits, with a combined capacity of c. 
800–1000 m3, were located on the Lower Plateau as well as sev-
eral buildings and ovens, which may have been associated with 
pottery production and/or other industrial activities (Seeher, 
2021: 66–81, 85–87). Towards the end of the 13th century BCE 
Büyükkaya was again abandoned at the same time as the city 
itself was also in decline and the silos fell completely out of use 
(Seeher, 2021: 88).

Early Iron Age (phases 7–5).  After the abandonment of Hattuşa 
by the Hittite court and administration, Seeher (2021: 103–106) 
suggests that Büyükkaya was resettled by a new population group 
from the northwest, distinguished by new material culture, econ-
omy and architectural styles. It is unclear, however, to what extent 
this new population overlapped with any remaining Hittites, and 
there is evidence for Early Iron Age occupation in other areas of 
the abandoned city (Seeher, 2010; Seeher and Genz, 2023). This 
phase of occupation on the Middle Plateau of Büyükkaya is char-
acterised by wooden structures and other pit buildings associated 

Figure 1.  Map showing Hattuşa with the ridge of Büyükkaya and the large underground silo marked (from Seeher, 2006, 2021).

Table 1.  Chronological periods and dates for the different occupation phases at Büyükkaya with estimated peak settlement size (from Seeher, 
2021) and general climate classification.

Time period Simplified chronology 
(for use in this paper)

Phase Date 
(centuries 
BC)

Estimated peak 
settlement size 
(hectares)

Climate

Old Hittite Early Hittite (EHIT) 12–10 17th–16th 74 Humid (Koçaklı et al., 2024; Kuzucuoğlu et al., 2011; Roberts et al., 2011)
Great Empire Late Hittite (LHIT)   9–8 15th–13th 180 Humid/Arid (Allcock, 2013; Bar-Matthews and Ayalon, 2011; Dörfler et al., 

2011; Kuzucuoğlu et al., 2011; Roberts et al., 2011: 174; Dönmez et al., 2021; 
Manning et al., 2023)

Early Iron Age Early Iron Age (EIA) 7–6/5 12th–11th 0.6 Arid (Allcock, 2013; Bar-Matthews and Ayalon, 2011; Kuzucuoğlu et al., 2011; 
Roberts et al., 2011: 174; Dönmez et al., 2021; Manning et al., 2023)

Middle Iron Age Early Middle Iron Age 
(E-MIA)

4 10th–9th 2 Arid/Fluctuating (Allcock, 2013; Kuzucuoğlu et al., 2011; Roberts et al., 2011)

Middle Iron Age Late Middle Iron Age 
(L-MIA)

3 End of 9th 0.3 Arid/Fluctuating (Allcock, 2013; Bar-Matthews and Ayalon, 2011; Roberts 
et al., 2011; Schilman et al., 2001, 2002)
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with metal-working, workshops and pig-keeping (Schachner, 
2011: 314, Seeher, 2021: 101–103). It is likely that the Early Iron 
Age population at Büyükkaya was fairly small, covering an area 
of c. 0.6 hectares, with no archaeological evidence for the forma-
tion of social hierarchies (Schachner, 2021). Domestic occupation 
was primarily confined to the Middle Plateau, with only limited 
ceramic finds and various pits uncovered on the Lower Plateau. 
The new community was likely attracted to the area by the abun-
dance of easily accessible construction material as well as the 
existing Hittite fortifications and proximity to fertile land for 
crops and livestock (Seeher, 2021: 105, Schachner, 2021).

Middle Iron Age (phases 4–3).  By the first half of the Middle Iron 
Age the settlement area on Büyükkaya had grown substantially, 
with numerous buildings scattered on all plateaux covering an 
area of c. 2.0 hectares (Seeher, 2021: 107–110). Changes in pot-
tery style and motifs suggest there may have been a hiatus 
between the Early and Middle Iron Age settlements, although 
radiocarbon dating evidence is unclear on whether this was a dis-
tinct break in occupation (Seeher, 2021: 107–110). It is possible 
that the original EIA inhabitants were displaced or assimilated but 
evidence either way is currently lacking. Again, this society 
appears based on arable agriculture and livestock breeding, with 
zooarchaeological evidence indicating a focus on sheep for milk 
and an increase in the use of pigs. There is a lack of evidence, 
however, for specialised craftmanship, and families are thought to 
have lived in one-room buildings with numerous small pits for 
potential hermetic grain storage (Seeher, 2021: 140–141). During 
the second half of the Middle Iron Age (Phase 3), there was a 
distinct decline in population on Büyükkaya. The occupation area 
was limited to the c. 0.3 hectares of the Upper Plateau (Seeher, 
2021: 128–129) and fortified by walls, indicating potential threats 
from outside social groups (Seeher and Genz, 2023). At this time 
Büyükkale in the Lower City of Hattuşa had become more exten-
sively settled by Iron Age groups (Schachner, 2011: 315; Seeher, 
2021: 144) and it is possible that the inhabitants of Büyükkaya 
moved down into the city. Certainly, by the end of the 9th century 
BCE the ridge was completely abandoned and was never perma-
nently resettled (Seeher, 2021: 145).

Hypotheses.  The 3.2 ka rapid climate change event and sustained 
aridity during the Early – Middle Iron Age are likely to have 
impacted crop growing conditions and farming strategies, and we 
aim to assess these impacts through measurements of stable car-
bon and nitrogen isotope values of archaeobotanical crop remains 
recovered from Büyükkaya. If crop conditions were not buffered 
from climate change through farming practices, we would expect 
to see drier growing conditions through lower Δ13C carbon isotope 
values, which reflect stomatal conductance, and possibly also 
higher δ15N nitrogen isotope values, which can be elevated by 
aridity. There are reasons for thinking that this ‘unbuffered’ reflec-
tion of wider climatic conditions is most likely to be observed in 
barley, as within ancient agricultural systems, Riehl et al. (2008), 
Riehl (2009), Riehl et al. (2014) has argued that hulled barley is 
more drought-tolerant due to its rapid growth earlier within the 
agricultural cycle (cf. Hillman, 1985). Within early agricultural 
systems hulled barley is less likely to have been irrigated and its 
cultivation reliant instead on annual rainfall. Riehl et al. (2014) 
have, therefore, been able to use the Δ13C values of hulled barley 
to independently verify aridity events, such as the 4.2 ka event in 
the Middle East. At Büyükkaya we would expect the stable carbon 
isotopic values measured from hulled barley to follow this pattern 
and provide the most representative picture of the local climate at 
Büyükkaya from the Late Hittite Empire – Middle Iron Age. Fur-
thermore, we expect crop stable isotope values from the Hittite – 
Iron Age, to reflect the societal changes present in the archaeology 
of Büyükkaya. During these periods crop production would neces-
sarily have changed from a large-scale, state-run agro-economy 

capable of supporting a capital city, to a subsistence system 
designed to feed a significantly smaller, more rural society. To this 
end, it is possible that crop stable isotope results from the Iron Age 
may indicate more variable growing conditions indicative of 
smaller-scale more intensive regimes, although a reversion to 
practices seen in the Neolithic is unlikely under continued aridity.

Methods
The measurement of carbon and nitrogen stable isotope values 
from archaeobotanical remains has become a valuable means of 
inferring both environmental and anthropogenic influences on 
plant growing conditions (e.g. Styring et al., 2024). Stable carbon 
isotope values have been used to infer water availability, and to 
distinguish seasonal climatic instabilities and periods of drought 
(e.g. Caracuta et al., 2012; Ferrio et al., 2005; Riehl et al., 2008; 
Wallace et al., 2013, 2015). This is due to stomatal conductivity 
during photosynthesis and the ability of plants to prevent water 
loss during periods of water stress by decreasing carbon dioxide 
assimilation rates in photosynthetic leaves (Chaves et al., 2002; 
Lisar et al., 2012). Stable nitrogen isotope values have been mea-
sured to infer potential levels of enrichment within the soil, such 
as the application of manure (e.g. Bogaard et al., 2007; Fraser 
et al., 2011). For a full description of carbon and nitrogen plant 
stable isotope ratios, please see the Supplemental Material 1.

Sample selection
The stable isotope study was focussed on the four most common 
charred cereals recovered from Büyükkaya: Hordeum vulgare 
ssp. distichon L. (2-row hulled barley), Triticum aestivum L./
durum Desf. (free-threshing wheat), Triticum dicoccum Schubl. 
(emmer wheat) and Triticum monococcum L. (einkorn wheat). 
Seeds for single-grain stable isotope analysis were chosen based 
on a series of criteria. Initially, the aim was to select 10 grains per 
cereal species for each chronological period in which the species 
had been identified. Where possible these grains would also be 
chosen from a single context within each period, but much of the 
assemblage was poorly preserved, and so grains were occasion-
ally taken from a number of contexts. Selected grains were first 
weighed, cross-sectioned and photographed to assess for large 
internal voids. Grains judged to have been charred at a tempera-
ture above that determined for the ‘optimal charring window’ 
(230°C – 260°C – Charles et al., 2015; Stroud et al., 2023) were 
removed from further analysis. In total, 110 grains from across 
the five chronological periods were selected to assess both varia-
tion within and between cereal crop species and variation through 
time (Supplemental Table 1).

Pre-treatment
Fourier Transform Infrared Spectroscopy (FTIR) was used to 
detect possible contamination that could potentially distort the 
results of stable isotope analysis (Vaiglova et al., 2014). Charred 
grains from each chronological period were screened and dis-
played peaks characteristic of carbonate contamination (870 and 
720 cm−1) within measured spectra. All samples were pre-treated 
with 10 ml of 0.5 M HCL acid at 70°C for 30 min to remove any 
potential contamination (following protocol outlined in Vaiglova 
et al., 2014). The samples were then rinsed with distilled water 
until a neutral pH was achieved, dried in a freeze-dryer for 24 h, 
re-weighed and finally crushed for analysis.

Stable carbon and nitrogen isotope measurements
All stable isotope values were measured on an isoprime precision 
stable isotope ratio mass spectrometer coupled to a vario PYRO 
cube CNSOH elemental analyser at the Research Laboratory for 
Archaeology and History of Art (RLAHA), University of Oxford, 



Diffey et al.	 357

UK. Plant δ13C and δ15N values were measured separately, but as 
part of the same stable isotopic run, using a carbon dilution of 2%. 
Accuracy or systematic error (u(bias)) was calculated using the 
variability in sample replicates (Supplemental Table 2), in-house 
calibration standards (alanine and seal) and in-house check stan-
dards (cow and leucine Supplemental Table 3). Overall, accuracy 
(u(bias)) was determined to be ±0.15‰ for δ13C and ±0.17 for 
δ15N and precision (u(Rw)) was determined to be ±0.11‰ for 
δ13C and ±0.19‰ for δ15N. Total analytical uncertainty (uc) was 
estimated to be ±0.19‰ for δ13C and ±0.26‰ for δ15N (follow-
ing Szpak et al., 2017). All results (δ13C and δ15N) were corrected 
for the charring effect by subtracting 0.11‰ and 0.31‰ from the 
normalised values respectively (Nitsch et al., 2015). Carbon val-
ues were also converted from δ13C to Δ13C using the AIRCO2_
LOESS system (Cleveland, 1979; Ferrio et al., 2005; Francey 
et al., 1999; Indermühle et al., 1999; Leuenberger et al., 1992) 
and the equation determined by Farquhar et al. (1989). This con-
version allows the archaeological samples from Büyükkaya to be 
compared with the results of modern stable isotope studies. When 
comparing between the species an offset of −1.0‰ has been 
applied to the Δ13C values of the hulled barley grains and the limit 
of the ‘well-watered zone’ has also been adjusted. This is due to 
the physiological differences between hulled barley and wheat, 
specifically the earlier completion of photosynthesis and grain 
ripening in the former (Araus et al., 1997; Wallace et al., 2013).

Data reliability
After data normalisation one sample (BUK125) was removed 
from the rest of the analysis for having a δ15N value of −6.35‰, 
this was likely due to a machine error. Data reliability was 
assessed following Szpak and Chiou (2020), by plotting the C:N 
ratio again the δ15N values. There was no clear correlation 
between the two, indicating that there had been no diagenetic 
alteration (Supplemental Figure 1). Percent carbon (%C) and 
percent nitrogen (%N) were also plotted against values from 
modern charred cereals (Bogaard et al., 2013; Fraser et al., 2013) 

and from this it became apparent that five archaeological sam-
ples had particularly high %N values (Supplemental Figure 2). 
After a re-assessment of the cross-sectioned photographs, these 
seeds (with the exception of BUK 35) were re-classified as  
‘borderline’ and may have been charred at temperatures too high 
for isotopic analysis. For this reason, these samples (BUK35, 
BUK36, BUK58, BUK113, BUK115) were removed from fur-
ther analysis. All other isotope values from Büyükkaya were 
accepted as reliable results.

Results
All carbon and nitrogen stable isotope measurements from the 
Büyükkaya samples are provided in Supplemental Material 2. 
The standard deviation of the Δ13C values for each taxon indicate 
a considerable range within each species (hulled barley: 
16.52 ± 0.98‰, free-threshing wheat: 15.93 ± 1.10‰, emmer: 
16.37 ± 0.78‰, einkorn: 16.04 ± 0.72‰). All standard devia-
tions are above the values reported for experimentally grown, 
averaged single-grain measurements reported for expected cereal 
inter-ear and intra-field variability (Styring et al., 2024). Simi-
larly, the standard deviations of the δ15N values from Büyükkaya 
(hulled barley: 4.98 ± 2.73‰, free-threshing wheat: 2.82 ± 
2.62‰, emmer: 3.87 ± 1.54‰, einkorn: 3.27 ± 1.23‰) were 
also notably higher than those taken from experimental single 
grain measurements. In particular, the standard deviation of δ15N 
values for hulled barley was considerably higher than the aver-
age 1.64‰ recorded from experimentally manured hulled barley 
from the same plot (Larsson et al., 2019). These results indicate 
a high level of variability within each of the cereals measured 
from Büyükkaya.

Chronological variation within species
Figure 2a to d shows the Δ13C values for all four cereal species 
by chronological period. From these figures it is apparent that 
several observations emerge that require consideration. First, in 

Figure 2.  Δ13C values, means and standard deviations through time. (a) Hulled Barley, (b) Free-threshing wheat, (c) Emmer, (d) Einkorn. The 
dotted line indicates the lower limit of the ‘well-watered’ zone.
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Figure 2a the majority of hulled barley Δ13C values, and all mean 
Δ13C values appear below the ‘well-watered’ threshold (cf. Wal-
lace et al., 2013) and there is no significant difference between 
chronological periods (see Supplemental Table 4 for the results of 
statistical tests). There is, however, a notable decrease in values 
from the Late Hittite Empire to the Early Iron Age, with a 1‰  
difference between the means of these samples (Table 2). In  
Figure 2b the results of an ANOVA test showed significant  
differences in Δ13C values of free-threshing wheat between the 
Late Hittite Empire and Late Middle Iron Age (p = 0.0235 
(−2.63 to 0.15)), and between the Early Iron Age and Late Middle 
Iron Age (p = 0.01 (−2.65 to 0.29)). Overall, with regard to free-
threshing wheat, three values from the Late Hittite Empire and 
three values from the Early Iron Age appear above the ‘well-
watered’ threshold, but the majority of Δ13C results are located 
below this line and there appears to be a gradual decrease in Δ13C 
values throughout the IA. Figure 2c and d show the Δ13C values for 
emmer and einkorn wheat, which were only available for the Mid-
dle Iron Age periods. There is a significant difference in the Δ13C 
values of emmer between the Early Middle Iron Age and Late 
Middle Iron Age (p = 0.012 (−1.52 to 0.21)), with values again 
decreasing through time. The Δ13C values recorded for einkorn 
(Figure 2d) were all located below the ‘well-watered’ threshold.

Figure 3a-3d shows the δ15N values for each cereal species by 
chronological period. Again, from Figure 3a there are no signifi-
cant differences between the δ15N values of hulled barley by 
chronological period (Supplemental Table 4 – a Levene Test 
showed that the data groups do not have equal variances, F(3, 
104) = 3.65, p = 0.012). Overall, however, the nitrogen results 
particularly for the Iron Age are very variable with δ15N values 
ranging from 0.33‰ to 10.00‰, (see Table 2 for means and stan-
dard deviations), and there is an increase in the mean δ15N values 
for hulled barley from the Hittite into the Iron Age periods. Free-
threshing wheat (Figure 3b) δ15N values for the Late Hittite 
Empire and Early Iron Age periods are fairly variable with wide 
standard deviations. This changes in the Middle Iron Age peri-
ods, however, with a significant decrease both in terms of δ15N 
values and the range of these values. Figure 3c shows the δ15N 
values for emmer and there is a significant difference between 
the Early Middle Iron Age and the Late Middle Iron Age 
(p = 0.029). Between these two periods is an evident increase 
both in δ15N values and the level of variability indicated by these 
values. Finally, the δ15N values for einkorn from the Late Middle 
Iron Age are all located towards the lower end of the scale but 
again indicate a relatively high level of inter-species variability 
(Figure 3d).

Table 2.  All means and standard deviations for carbon and nitrogen stable isotope values from each cereal species by chronological period.

Stable isotope Cereal species E-HIT L-HIT EIA E-MIA L-MIA

Δ13C Hulled barley 17.07 ± 1.22 16.91 ± 1.02 15.96 ± 0.70 16.41 ± 1.01 16.55 ± 1.02
  Free-threshing wheat 16.38 ± 1.51 16.46 ± 0.90 15.78 ± 0.73 14.96 ± 0.58
  Emmer wheat 16.82 ± 0.92 15.96 ± 0.28
  Einkorn wheat 16.04 ± 0.72
δ15N Hulled barley   3.32 ± 2.67   3.54 ± 1.91   5.91 ± 3.17   6.47 ± 2.70   4.91 ± 2.66
  Free-threshing wheat   4.67 ± 2.55   3.61 ± 3.46   1.40 ± 0.93   1.56 ± 1.07
  Emmer wheat   2.85 ± 0.51   4.78 ± 1.59
  Einkorn wheat   3.27 ± 1.23

Figure 3.  δ15N values, means and standard deviations through time. (a) Hulled Barley, (b) Free-threshing wheat, (c) Emmer, (d) Einkorn.
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Chronological variation among species
Figure 4a-4d show the four chronological periods for which car-
bon isotope values are available for more than one cereal species.3 
During the Late Hittite empire period, hulled barley and free-
threshing wheat have a similar range of fairly low values, possi-
bly indicative of a reliance on rainfall. During the Early Iron Age, 
however, there is a significant difference between the two species 
(see Supplemental Table 5 for all statistical test results) with 
hulled barley values decreasing whilst free-threshing wheat val-
ues remain comparatively similar to those seen in the previous 
period. During the Early Middle Iron Age free-threshing wheat 
Δ13C values also decrease and are similar to the hulled barley val-
ues from this period. Δ13C values for emmer, however, are signifi-
cantly higher, with five values recorded above the ‘well-watered’ 
threshold. Finally, during the Late Middle Iron Age the Δ13C val-
ues for all four cereal species are relatively low and appear below 
the ‘well-watered’ threshold. In particular, the values of free-
threshing wheat decreased again from the E-MIA, and there is a 
significant difference between free-threshing wheat and the 
glume wheats.

The stable nitrogen isotope values (Figure 5a–d) from the Late 
Hittite Empire period of both hulled barley and free-threshing 
wheat cover a similar but variable range from low to high values. 
This pattern continues in the Early Iron Age, with variability 
increasing and some markedly high δ15N values present in both 
species. During the Early Middle Iron Age, hulled barley δ15N 
values remained variable but with a higher overall mean 
(6.44 ± 2.70‰). By contrast, the values of free-threshing wheat 
decreased noticeably, and overall variability was reduced. The 
δ15N values for emmer overlap with the highest δ15N values of 
free-threshing wheat and there are significant differences between 
hulled barley and the wheats (see Supplemental Table 5). Finally, 
in the Late Middle Iron Age the nitrogen results for hulled barley 
and free-threshing wheat remain broadly similar to those of the 
Early Middle Iron Age and there remains a significant difference 

between the two species. The values of emmer, by comparison, 
appear elevated and there is now a significant difference between 
free-threshing wheat and emmer. The δ15N values for einkorn are 
situated between free-threshing wheat and emmer, with a mean 
value of 3.27 ± 1.23‰.

Overall, the carbon and nitrogen stable isotope results from 
Büyükkaya across the five time periods present a complex pic-
ture, particularly with regard to nitrogen values, indicative of the 
use of a range of cultivation conditions and/or locations with dif-
ferent land-use histories. These results also suggest that each 
cereal species may have been grown separately under a variety of 
husbandry practices and that these changed through time depend-
ing on the needs and preferences of each successive community.

Discussion
Climate change and plant watering status
As discussed above the Δ13C values of hulled barley are most 
likely to reflect climate variation and increased aridity within the 
agricultural systems of the Bronze Age Middle East (Riehl, 2009; 
Riehl et al., 2008, 2014). During the Late Hittite Empire – Early 
Iron Age, the decrease in Δ13C values of hulled barley (Figure 2a) 
plausibly reflects the increasingly arid climate and resultant wors-
ening agricultural conditions at Hattuşa, contemporary with the 
independently verified aridification effects of the 3.2 ka rapid 
climate change event in the wider Eastern Mediterranean (e.g. 
Drake, 2012; Kaniewski et al., 2013; Manning et al., 2023).

Further support for the interpretation of hulled barley Δ13C 
values as most reflective of climate change amongst the cereals 
emerges from comparison of the Büyükkaya results with those 
from cereals stored in the large underground silo from the Lower 
City (Diffey et al., 2020), on the one hand, and with those of the 
Early Iron Age, on the other. Archaeobotanical remains recovered 
from the silo have been dated to the 16th century BCE when the 
Hittite empire was still growing and the weather was more 

Figure 4.  Δ13C values, means and standard deviations through time. (a) Late Hittite, (b) Early Iron Age, (c) Early-Middle Iron Age, (d) Late-
Middle Iron Age. The dotted line indicates the lower limit of the ‘well- watered’ zone. An offset of −1.0‰ has been applied to the values of 
the hulled barley grains.
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favourable for arable agriculture. The results from the silo are, 
therefore, contemporary to the Early Hittite period on Büyükkaya 
(Seeher, 2006: 49). Overall, the underground silo results suggest 
that cereal crops from each individual chamber were cultivated 
under distinct growing conditions. In terms of the stable carbon 
results, Chambers 12 and 32 were grown in well-watered condi-
tions, whilst Chambers 29 and 30 were indicative of drier condi-
tions (Diffey et al., 2020 – Figure 6). The climate during the Early 
Hittite period was favourable for rain-fed agriculture and these 
differences are interpreted as the exploitation of different areas  
of the rural hinterland, including land more marginal for arable 
agriculture (Diffey et al., 2020, 2025). Comparison of the silo val-
ues with the Early Iron Age hulled barley Δ13C values from 
Büyükkaya, however, clearly shows that the latter values are 
lower than even the lowest values from the silo with just under a 
1‰ difference between the means of the two datasets (Early Iron 
Age hulled barley: 15.96 ± 0.70‰, Chamber 30 hulled barley: 
16.72 ± 0.34‰ – Figure 6). Furthermore, the Early Iron Age com-
munity on Büyükkaya was significantly smaller than the popula-
tion of Hattuşa (see Table 1), implying that their need to use 
marginal land for farming would have been greatly decreased, 
and rather that the reduction in hulled barley Δ13C values was a 
factor of reduced rainfall rather than variable land exploitation.

The hulled barley Δ13C values from Büyükkaya support the 
suggestion that famine was a contributing factor to the collapse of 
the Hittite empire. Lack of adequate water during barley tillering 
and grain filling can potentially decrease crop yields by 20%–
50% (e.g. Aspinall et al., 1964). This decrease in barley produc-
tivity coupled with an even greater yield reduction of less 
drought-tolerant crops (i.e. wheat, pulses) over the course of mul-
tiple years plausibly contributed greatly to the disintegration of 
the Hittite agro-economic system. Certainly, by the end of the 
Late Hittite Empire period (c. 1215 BCE) there are records of 
grain shipments from the Egyptian Pharoah Meremptah to Hattuşa 
‘to keep alive that land’ (Wainwright, 1960: 24) and there is evi-
dence that King Tudhaliya IV also wrote to Ugarit asking for 

food. These statements suggest that the situation at Hattuşa was 
dire for those inhabitants left living in the city and would most 
likely have accelerated the final abandonment of Hattuşa (e.g. 
Schachner, 2020, 2022; Seeher, 2010).

With regard to the other cereal species, Early Iron Age farmers 
seem to have prioritised free-threshing wheat which is not as 
drought-tolerant as hulled barley, possibly cultivating it in natu-
rally better watered areas in the Hattuşa hinterland (cf. Diffey 
et al., 2023). The carbon results of all four species (Figure 4c  
and d) remain consistently low during the Middle Iron Age,  
with the exception of emmer in the Early Middle Iron Age which, 
like free-threshing wheat in the Early Iron Age, appears to have 
been grown under slightly better watered conditions. By the Late 

Figure 5.  δ15N values, means and standard deviations through time. (a) Late Hittite, (b) Early Iron Age, (c) Early-Middle Iron Age, (d) Late-
Middle Iron Age.

Figure 6.  Δ13C hulled barley values from the Hattusa underground 
silo dated to the 16th century BCE (Diffey et al., 2020) and the 
means and standard deviations of the Early Hittite, Late Hittite and 
Early Iron Age from Büyükkaya. The dotted line indicates the lower 
limit of the ‘well-watered’ zone.
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Middle Iron Age, however, the growing conditions for all four 
cereals appear to be dry, with free-threshing wheat in particular 
grown under the driest conditions observed at Büyükkaya. In gen-
eral, the Δ13C values of each cereal through time are relatively 
low, indicating that none of these crops was consistently grown 
under optimal watering conditions. To date, there is no archaeo-
logical evidence for the construction of large-scale irrigation sys-
tems at Hattuşa and such structures are not mentioned within the 
Hittite texts, so it is likely that cereal cultivation was reliant on 
annual winter-spring rainfall and the exploitation of the natural 
hydrology of the landscape around Hattuşa.

When considered overall, the stable carbon results from 
Büyükkaya point to the worsening aridification of climatic condi-
tions from the Hittite to the Iron Age, as indicated by other inde-
pendent climate proxies. During the Iron Age the Δ13C values 
from all four cereals suggest that climatic conditions remained 
dry, as indicated by lake core evidence (e.g. Roberts et al., 2011), 
and that moisture levels in the Hattuşa region did not return to 
those seen during the Early Hittite period. These conditions would 
have reduced overall cereal yields, potentially encouraging Mid-
dle Iron Age farmers to diversify the range of crops grown and to 
prioritise preferred cereal species.

Preferential species treatment and manure use
Recent studies in both Western Asia and the Aegean (Diffey et al., 
2020, 2023, 2025; Nitsch et al., 2017; Styring et al., 2017) have 
documented the use of manure within Bronze Age agro-econo-
mies as a means of artificially enriching soils. The synthesis of 
these datasets has indicated that in northern Mesopotamia and the 
Aegean there is a negative relationship between manuring inten-
sity, settlement size and urban density (Styring et al., 2022). This 
is because the use of manure is limited by its availability and the 
fact that it is a difficult resource to transport for any great dis-
tance. As the amount of land under cultivation grew to feed 
increasing populations, fields located further and further from the 
main settlement area, saw a decrease in manuring intensity. This 
is particularly clear at sites such as Tell Brak in northern Syria 
where the population was located in one central, densely packed 
urban area, with agricultural fields radiating outwards from the 
tell (Diffey et al., 2023; Styring et al., 2017). During the Hittite 
period when Hattuşa was at its peak it is likely that food resources 
were pooled from a wide agricultural hinterland, including 
smaller rural districts and large estates, through taxation (e.g. 
Yakar, 2000: 267; Bryce, 2002: 77). These resources were then 
stored centrally in the city, for example in the large underground 
silo (Seeher, 2006: 49; Diffey et al., 2020) and/or other silo facili-
ties on Büyükkaya (Seeher, 2021: 57). Manure use during this 
period appears quite variable with a wide range of δ15N values 
from both the silo (Diffey et al., 2020) and Büyükkaya (Figure 
5a), indicating that Hittite farmers used a variety of management 
systems with some fields preferentially manured, whilst others 
that may have been located further away from settlements or 
without access to domesticated animals, received less enrichment 
(cf. Bogaard et al., 2013; Styring et al., 2017).

During the Early Iron Age, the estimated size of the Early 
Iron Age community on Büyükkaya was only c. 0.6 hectares 
(Seeher, 2021: 105). This would suggest that the amount of cul-
tivable land needed to feed this population would have been 
much smaller than the respective Hittite land, even considering 
the fact that Early Iron Age remains found in other parts of the 
city indicate that the population during this period included more 
than just the inhabitants of Büyükkaya. Additionally, the recov-
ery of domesticated animal bones indicate that manure would 
have been available during this period. The range of δ15N values 
measured for hulled barley and free-threshing wheat during the 
EIA, however, remains very variable (Figure 5b), with low and 
high values signifying that crops were still being cultivated under 

a range of management regimes. It is notable that some crop δ15N 
values are considerably elevated. This could be due to the 
increase in aridity during this period (cf. Handley et al., 1999; 
Hartman and Danin, 2010) but it could also indicate that high 
amounts of manure were being applied to these crops (e.g. Fraser 
et al., 2011). Archaeological evidence indicates that pigs may 
have been being kept on the Middle Plateau with Pit 8/12 identi-
fied as a potential pigsty (Seeher, 2021: 93). Szpak (2014), has 
demonstrated that the δ15N values of pig manure are typically 
higher than those of cattle manure and that as the δ15N value of 
the manure increases so to do the relative values for the manured 
crops. It is possible that Early Iron Age farmers on Büyükkaya 
were manuring some of their fields with pig manure and this 
could account for the overall elevation of these δ15N values, from 
those of the Late Hittite Empire period. Currently, it is difficult to 
disentangle the effects of aridity from the use of higher amounts 
or different types of manure on δ15N values. Furthermore, 
increased aridity reduces the efficacy of manuring, as it is only 
advantageous when soil moisture is sufficient. To this end, the 
arid effects of the 3.2 ka event make it more likely that the high 
δ15N values recorded during the Early Iron Age are due to aridity 
rather than manuring, but future work based on the aridity mod-
elling approach presented by Styring et al. (2017), however, 
could be used to provide clarity on this issue.

The Middle Iron Age, however, saw a change in agricultural 
regime choice at Büyükkaya, with different cereal species being 
treated in distinct ways. The change in nitrogen values (Figure 5c 
and d) and potential manure use from the Early Iron Age to the 
Middle Iron Age points to a change in agricultural practice consis-
tent with the establishment of a new community. Seeher (2021: 
107–110) states that from the Early Iron Age – Middle Iron Age 
there may have been a hiatus in occupation but that the evidence 
for this is unclear. Certainly, the nitrogen isotopic evidence indi-
cates that there was a complete shift in agricultural regime choice, 
with hulled barley purposely cultivated in more enriched soils, 
whilst wheat species were grown with little or no manure. These 
differences in enrichment level could also be linked to changes in 
settlement size and the continued arid environmental conditions. 
During the Early Middle Iron Age, all three plateaus were inhab-
ited (Seeher, 2021: 107–110) increasing the need to cultivate more 
land for subsistence. The availability of manure, coupled with the 
effort needed to transport it, may have encouraged Early Middle 
Iron Age farmers to manure the hulled cereals preferentially.

The preferential manuring of Middle Iron Age hulled barley 
and glume wheat over free-threshing wheat may be due to a lack 
of adequate rainfall that may have seriously affected free-thresh-
ing wheat yields to the stage that Middle Iron Age farmers chose 
to use limited manure resources on the more drought-tolerant 
hulled cereals. Linked to this theory are the large number of pits 
excavated from this period both inside and outside buildings, 
which have been proposed as potential hermetic grain storage 
(Seeher, 2021: 140). Evidence from the large underground silo 
indicates that only hulled barley and the glume wheats were kept 
in hermetic long-term storage systems (Diffey et al., 2017, 2020; 
Neef, 2001; Seeher, 2000a, 2000b). This may have been because 
emmer and einkorn when stored in the spikelet survive better 
long-term and/or because the hulled cereals are often used for 
both human and animal consumption depending on need (cf. Dör-
fler et al., 2011; Halstead et al., 2022). Certainly, ethnographic 
evidence has indicated that retention of the spikelet can help to 
preserve glume wheat grain in long-term storage, and that glume 
wheats can also be planted in the spikelet form (Halstead, 2014; 
Neef, 2001: 158). Eventually, however, it is possible that the 
reduction in population seen on Late Middle Iron Age Büyükkaya 
(Seeher, 2021: 128–129; Schachner, 2021) alongside continued 
unfavourable farming conditions and potential threats of vio-
lence, as evidenced by the construction of a fortification wall dur-
ing this period, may have made the society of Büyükkaya 
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unsustainable, leading to the eventual abandonment of the ridge 
and the movement of people to other parts of the site.

Overall, the results of stable isotope analysis from Büyükkaya 
show that the nature of agriculture changed significantly through 
time due to both climatic and societal shifts. During the Hittite period, 
agriculture appears to have been characterised by low-input, exten-
sive cereal crop farming regimes, consistent with the results of previ-
ous stable isotope studies of the large underground silo at Hattuşa 
(Diffey et al., 2020). During the Iron Age, however, as climatic con-
ditions remained challenging for rainfed farming, agricultural vari-
ability increased with the use of mixed-input regimes and the 
preferential treatment of some species. These changes may also be 
linked to the potential arrival of a new cultural group and the growth 
of the settlement in the Early Middle Iron Age, before the severe 
reduction in occupied area and population, leading to the eventual 
abandonment of Büyükkaya in the Late Middle Iron Age.

The wider Late Bronze Age – Iron Age agro-economy 
in the Eastern Mediterranean
The relative lack of stable isotopic studies on plant remains from the 
Late Bronze Age and Iron Age of Central Anatolia render the results 
of this paper contextually significant as they provide the unique 
opportunity to consider Hattuşa both during its ‘heyday’ and in the 
aftermath of the cities’ collapse. The evidence from Büyükkaya indi-
cates that Hittite state agriculture remained focussed around low-input 
(‘extensive’) cultivation regimes throughout the Late Bronze Age, 
reliant on annual rainfall, but with variable inputs of manure, probably 
dependant on availability and distance from housing and/livestock 
penning areas. In this sense, the range of husbandry regimes and prac-
tices correlates mostly with the interpretation of assemblages from 
other urban Bronze Age settlements in the Aegean and Western Asia 
where the agro-economy is thought to have been controlled by a cen-
tralised administration system. At sites such as Liman Tepe in Western 
Anatolia (Maltas et al., 2022), Knossos (Isaakidou et al., 2022 and 
Methone (Diffey et al., 2025) in Greece and Tell Brak (Diffey et al., 
2023; Styring et al., 2017) in northern Syria a form of low-input farm-
ing emerges, tailored to overcome local environmental and social 
challenges faced by the specific population. At Hattuşa in particular, 
arable yields were maximised by increasing the amount of land under 
cultivation and by obliging domestic households to contribute to state 
production by working on crown-lands and taxation of agricultural 
products (e.g. Yakar, 2000:267). This is demonstrated particularly 
clearly by the Hattuşa underground silo where the results from each 
individual chamber indicated the use of slightly different agricultural 
regimes pointing to the existence of a fragmented hinterland.

After the collapse of the Hittite empire, agriculture appears again 
to have remained concentrated around these low-input regimes. Cer-
tainly, during the Iron Age on Büyükkaya the establishment of a new 
significantly smaller social group and the effects of an adverse climate 
forced farmers to modify pre-existing farming practices, but the 
results of this paper do not indicate a reversion to more intensive prac-
tices as seen applied by Neolithic communities (cf. Bogaard et al., 
2017). Instead, it appears that throughout the Early-Middle Iron Age, 
Büyükkaya farmers continued to practice ‘extensive’ farming but with 
the preferential treatment of the glume wheats over free-threshing 
wheat, due to enduring aridity, limited water and manuring resources.

Conclusions
The results of stable carbon and nitrogen isotope analysis of crop 
assemblages from Büyükkaya, Hattuşa represent the first such 
study of Iron Age crops from Türkiye. These results provide new 
insights into the effects of climate change on crop production dur-
ing the Late Bronze Age Hittite collapse and its aftermath during 
the Early – Middle Iron Ages at Hattuşa. Alongside independent 
climate proxies and documentary evidence, this analysis has 
shown that increasing aridity during the Late Hittite Empire period 

probably strained the extensive cereal production system, likely 
causing a period of famine that contributed to the eventual demise 
of the empire. These drier climatic and agricultural conditions 
continued into the Iron Age, causing farmers to adopt an agricul-
tural system that preferentially grew the hulled cereals with higher 
inputs of water and manure, potentially for long-term storage.

Agricultural production regimes appear to remain extensive but 
highly variable at Büyükkaya during the Early and Middle Iron 
Ages, despite smaller settlement size and continued climatic uncer-
tainty and aridification. These results are consistent with a long-
term process of extensification shaped by soil deterioration, 
climatic fluctuation and/or social networks, as observed under very 
different circumstances elsewhere, from the Aegean (Diffey et al., 
2025) to the Rhineland (Hamerow et al., 2022). The isotopic results 
exclude a simple return to small-scale, intensive ‘Neolithic’ mixed 
farming practices for cereal production following urban collapse. 
Overall, the stable isotope results for cereals from Büyükkaya high-
light the complexity of ancient food production systems and of 
farmers’ strategies for coping with fluctuating climatic and social 
conditions.
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Notes
1.	 Modern climate data is taken from https://en.climate-data.org/.
2.	 The capacity of the large underground silo in the Lower City is 

estimated to be between 7000 and 9000 m3 (Seeher, 2006: 81).
3.	 The Early Hittite period has been removed as it only had 

values for hulled barley.

References
Allcock SL (2013) Living with a changing landscape: Holocene 

climate variability and socio-evolutionary trajectories, central 
Turkey. PhD thesis, Plymouth: Plymouth University.

https://orcid.org/0000-0001-7151-3979
https://orcid.org/0000-0002-6716-8890


Diffey et al.	 363

Araus JL, Febrero A, Buxo R et al. (1997) Changes in carbon iso-
tope discrimination in grain cereals from different regions of 
the western Mediterranean Basin during the past seven mil-
lennia. Palaeoenvironmental evidence of a differential change 
in aridity during the Late Holocene. Global Change Biology 
3(2): 107–118.

Aspinall D, Nicholls PB and May LH (1964) The effects of soil 
moisture stress on the growth of barley. I. Vegetative devel-
opment and grain yield. Australian Journal of Agricultural 
Research 15: 729–745.

Bar-Matthews M and Ayalon A (2011) Mid-Holocene climate 
variations revealed by high-resolution speleothem records 
from Soreq Cave, Israel and their correlation with cultural 
changes. Holocene 21(1): 163–171.

Bogaard A, Filipović D, Fairbairn A et al. (2017) Agricultural 
innovation and resilience in a long-lived early farming com-
munity: The 1,500-year sequence at Neolithic to early Chal-
colithic Çatalhöyük, Central Anatolia. Anatolian Studies 67: 
1–28.

Bogaard A, Fraser R, Heaton THE et al. (2013) Crop manuring 
and intensive land management by Europe’s first farmers. 
Proceedings of the National Academy of Sciences 110(31): 
12589–12594.

Bogaard A, Heaton THE, Poulton P et al. (2007) The impact of 
manuring on nitrogen isotope ratios in cereals: Archaeological 
implications for reconstruction of diet and crop management 
practices. Journal of Archaeological Science 34: 335–343.

Branting S (1996) The Alişar regional survey 1993-1994: A pre-
liminary report. Anatolica 22: 145–158.

Bryce T (2002) Life and Society in the Hittite World. Oxford: 
Oxford University Press.

Caracuta V, Fiorentino G and Martinelli MC (2012) Plant remains 
and AMS: Dating climate change in the Aeolian Islands 
(northeastern Sicily) during the 2nd millennium bc. Radio-
carbon 54(3–4): 689–700.

Charles M, Forster E, Wallace M et al. (2015) “Nor ever light-
ning char thy grain”1: Establishing archaeologically relevant 
charring conditions and their effect on glume wheat grain 
morphology. STAR Science & Technology of Archaeological 
Research 1(1): 1–6.

Chaves MM, Pereira JS, Maroco J et al. (2002) How plants cope 
with water stress in the field? Photosynthesis and growth. 
Annals of Botany 89(7): 907–916.

Cleveland WS (1979) Robust locally weighted regression and 
smoothing scatterplots. Journal of the American Statistical 
Association 74: 829–836.

de Martino S (2022) The collapse of the Hittite Kingdom. In: 
Gehler M, Rollinger R and Strobl P (eds) The End of Empires. 
Berlin: Springer, pp.81–96.

Diffey C, Emberling G, Bogaard A et al. (2023) Cropping the 
margins: New evidence for urban agriculture at mid-3rd mil-
lennium B.C.E. Tell Brak, Syria. Iraq 85: 151–178.

Diffey C, Neef R and Bogaard A (2017) The archaeobotany of 
large-scale hermetic cereal storage at the Hittite capital of 
Hattusha. In: Schachner A (ed.) Innovation versus Behar-
rung: Was macht den Unterschied des hethitischen Reichs im 
Anatolien des 2. Jahrtausends v. Chr.? Istanbul: Zertifikat-Nr, 
pp.185–202.

Diffey C, Neef R, Seeher J et al. (2020) The agroecology of an 
early state: new results from Hattusha. Antiquity 94(377): 
1204–1223.

Diffey C, Styring A, Orengo HA et al. (2025) Late Bronze 
– Early Iron Age agro-systems in northern Greece: 
New insights through stable isotope analysis from 
methone, Pieria. Environmental Archaeology. 1–14. DOI: 
10.1080/14614103.2025.2535768

Dönmez EO, Ocakoğlu F, Akbulut A et al. (2021) Vegetation 
record of the last three millennia in central Anatolia: Archae-

ological and palaeoclimatic insights from Mogan Lake 
(Ankara, Turkey). Quaternary Science Reviews 262: 106973.

Dörfler W, Herking C, Neef R et al. (2011) Environment and 
Economy in Hittite Anatolia. In: Genz H and P MD (eds) 
Insights Into Hittite History and Archaeology. Leuven: 
Peeters, pp.99–124.

Drake BL (2012) The influence of climatic change on the Late 
Bronze Age collapse and the Greek Dark Ages. Journal of 
Archaeological Science 39: 1862–1870.

Farquhar GD, Ehleringer JR and Hubick KT (1989) Carbon iso-
tope discrimination and photosynthesis. Annual Review of 
Plant Physiology and Plant Molecular Biology 40: 503–537.

Ferrio JP, Araus JL, Buxó R et al. (2005) Water management 
practices and climate in ancient agriculture: Inferences from 
the stable isotope composition of archaeobotanical remains. 
Vegetation History and Archaeobotany 14(4): 510–517.

Francey RJ, Allison CE, Etheridge DM et al. (1999) A 1000-year 
high precision record of δ13C in atmospheric CO2. Tellus B 
51: 170–193.

Fraser RA, Bogaard A, Heaton T et al. (2011) Manuring and sta-
ble nitrogen isotope ratios in cereals and pulses: Towards a 
new archaeobotanical approach to the inference of land use 
and dietary practices. Journal of Archaeological Science 38: 
2790–2804.

Fraser RA, Bogaard A, Schäfer M et al. (2013) Integrating botan-
ical, faunal and human stable carbon and nitrogen isotope 
values to reconstruct land use and palaeodiet at LBK Vai-
hingen an der Enz, Baden-Württemberg. World Archaeology 
45: 492–517.

Halstead P (2014) Two Oxen Ahead: Pre-Mechanized Farming in 
the Mediterranean. Oxford: Wiley-Blackwell.

Halstead P, Bogaard A and Jones G (2022) Staple grains in the 
later Bronze Age of the (southern) Aegean: Archaeobotanical, 
textual and ethnographic insights. In: Valamoti SM, Dimoula 
A and Ntinou M (eds) Cooking With Plants in Ancient Europe 
and Beyond: Interdisciplinary Approaches to the Archaeology 
of Plant Foods. Leiden: Sidestone Press, pp.93–104.

Hamerow H, Zerl T, Stroud E et al. (2022) The cerealisation of 
the Rhineland: Extensification, crop rotation and the medi-
eval ‘agricultural revolution’ in the longue durée. Germania 
99: 157–184.

Handley LL, Austin AT, Stewart GR et al. (1999) The 15 N natural 
abundance (δ 15 N) of ecosystem samples reflects measures 
of water availability. Functional Plant Biology 26: 185–199.

Hartman G and Danin A (2010) Isotopic values of plants in rela-
tion to water availability in the Eastern Mediterranean region. 
Oecologia 162: 837–852.

Hillman G (1985) Traditional husbandry and processing of 
archaic cereals in recent times: The operations, products and 
equipment that might feature in Sumerian texts. Part II: The 
free-threshing cereals. Bulletin on Sumerian Agriculture 2: 
1–31.

Hütteroth WD (1982) Türkei, Wissenschaftliche Landeskunde 21. 
Darmstadt: Wissenschaftliche Buchgesellschaft.

Indermühle A, Stocker TF, Joos F et al. (1999) Holocene carbon-
cycle dynamics based on CO2 trapped in ice at Taylor Dome, 
Antarctica. Nature 398: 121–126.

Isaakidou V, Halstead P, Stroud E et al. (2022) Changing land 
Use and political economy at Neolithic and Bronze Age 
Knossos, Crete: Stable carbon (δ13C) and nitrogen (δ15N) 
isotope analysis of charred crop grains and faunal bone col-
lagen. Proceedings of the Prehistoric Society 88: 155–191.

Kaniewski D, Van Campo E, Guiot J et al. (2013) Environmental 
roots of the Late Bronze Age crisis. PLoS One 8: e71004.

Koçaklı K, Arıkan B, Dardeniz G et al. (2024) A comprehensive 
assessment of the landscape, environment, natural resources, 
and the changes in social organization between the Chal-
colithic and the Early iron Age (ca. 6000–2600 cal. BP) at 



364	 The Holocene 36(3)

Delice Valley, North-Central Anatolia (Türkiye). Journal of 
Archaeological Science Reports 55: 104491.

Kuzucuoğlu C, Dörfler W, Kunesch S et al. (2011) Mid- to late-
Holocene climate change in Central Turkey: The Tecer Lake 
record. Holocene 21(1): 173–188.

Larsson M, Bergman J and Lagerås P (2019) Manuring prac-
tices in the first millennium AD in southern Sweden 
inferred from isotopic analysis of crop remains. PLoS One 
14: e0215578.

Lawrence D, Palmisano A and de Gruchy MW (2021) Collapse 
and continuity: A multi-proxy reconstruction of settlement 
organization and population trajectories in the northern Fer-
tile Crescent during the 4.2kya rapid climate change event. 
PLoS One 16: e0244871.

Leuenberger M, Siegenthaler U and Langway C (1992) Carbon 
isotope composition of atmospheric CO2 during the last ice 
age from an Antarctic ice core. Nature 357: 488–490.

Lisar SYS, Motafakkerazad R, Hossain MM et al. (2012) Water 
stress in plants: Causes, effects and responses. In: Rahman 
IMM and Hasegawa H (eds) Water Stress. Rijeka, Croatia: 
Intech, pp.1–14.

Maltas T, Şahoğlu V, Erkanal H et al. (2022) From horticulture 
to agriculture: New data on farming practices in Late Chal-
colithic western Anatolia. Journal of Archaeological Science 
Reports 43: 103482.

Manning SW, Kocik C, Lorentzen B et al. (2023) Severe multi-
year drought coincident with Hittite collapse around 1198-
1196 bc. Nature 614: 719–724.

Marston JM (2017) Agricultural Sustainability and Environmen-
tal Change at Ancient Gordion: Gordion Special Studies 8. 
Philadelphia: University of Pennsylvania Museum of Archae-
ology and Anthropology.

Neef R (2001) Getreide im Silokomplex an der Poternenmauer 
(Boğazköy) – erste Aussagen zur Landwirtschaft. In: Seeher J 
(ed.) Die Ausgrabungen in Boğazköy-Ḫattuša 2000. Archäol-
ogischer Anzeiger, 1: 335–341.

Nitsch E, Andreou S, Creuzieux A et al. (2017) A bottom-up 
view of food surplus: using stable carbon and nitrogen iso-
tope analysis to investigate agricultural strategies and diet at 
Bronze Age Archontiko and Thessaloniki Toumba, northern 
Greece. World Archaeology 49(1): 105–137.

Nitsch EK, Charles M and Bogaard A (2015) Calculating a sta-
tistically robust δ13C and δ15N offset for charred cereal and 
pulse seeds. STAR Science & Technology of Archaeological 
Research 1: 1–8.

Nitsch EK, Jones G, Sarpaki A et al. (2019) Farming practice and 
land management at Knossos, Crete: New insights from δ13C 
and δ15N analysis of Neolithic and Bronze Age crop remains. 
In: Garcia D, Orgeolet R, Pomadère M et al. (eds) Country 
in the City: Agricultural Functions of Protohistoric Urban 
Settlements (Aegean and Western Mediterranean). Oxford: 
Archaeopress, pp.152–168.

Ocakoğlu F, Çilingiroğlu Erkara İP et al. (2019) Human-climate 
interactions since the neolithic period in Central Anatolia: 
Novel multi-proxy data from the Kureyşler area, Kütahya, 
Turkey. Quaternary Science Reviews 213: 1–17.

Riehl S (2009) Archaeobotanical evidence for the interrelation-
ship of agricultural decision-making and climate change in 
the ancient near East. Quaternary International 197: 93–114.

Riehl S, Bryson R and Pustovoytov K (2008) Changing grow-
ing conditions for crops during the near Eastern Bronze Age 
(3000–1200 BC): The stable carbon isotope evidence. Jour-
nal of Archaeological Science 35(4): 1011–1022.

Riehl S, Pustovoytov KE, Weippert H et al. (2014) Drought stress 
variability in ancient near Eastern agricultural systems evi-
denced by δ 13 C in barley grain. Proceedings of the Natural 
Academy of Sciences 111: 12348–12353.

Roberts N, Eastwood WJ, Kuzucuoğlu C et al. (2011) Climatic, 
vegetation and cultural change in the eastern Mediterranean 
during the mid-Holocene environmental transition. Holocene 
21(1): 147–162.

Schachner A (2011) Hattuscha. Die Hauptstadt der Hethiter: Auf 
der Suche nach dem sagenhaften Großreich der Hethiter. 
München: C. H. Beck.

Schachner A (2020) The 14th and 13th centuries BC in the Hittite 
capital city of HattuŠa: A (Re-) assessment. In: de Martino S 
and Devecchi E (eds) Anatolia Between the 13th and the 12th 
Centuries BCE. Torino: LoGisma editore, pp.381–410.

Schachner A (2021) A very long 1st Millenium BCE at Boğazköy? 
Longue durée versus changes from the iron Age to the Roman 
Imperial period. In: Sökman E and Schachner A (eds) Under-
standing Transformations: Exploring the Black Sea Region 
and Northern Central Anatolia in Antiquity, Byzas 26. Istan-
bul: Deutsches Archäologisches Institut, pp.1–20.

Schachner A (2022) Geographical prerequisites versus human 
behavior: Settlement geography, rural economy, and ideologi-
cal aspects of anthropogenic relations with the natural envi-
ronment during the second millenium BC. In: de Martino S 
(ed.) Handbook Hittite Empire: Power Structures. München: 
De Gruyter, pp.159–202.

Schachner A (2024) A new look at an ancient city: An outline of 
the chronological and urban development of the Hittite capital 
Ḫattuša. Anatolian Studies 74: 13–46.

Schilman B, Ayalon A, Bar-Matthews M et al. (2002) Sea-land 
paleoclimate correlation in the Eastern Mediterranean region 
during the Late Holocene. Israel Journal of Earth Sciences 
51: 181–190.

Schilman B, Bar-Matthews M, Almogi-Labin A et al. (2001) 
Global climate instability reflected by Eastern Mediterranean 
marine records during the Late Holocene. Palaeogeography 
Palaeoclimatology Palaeoecology 176(1–4): 157–176.

Seeher J (2000a) Die Ausgrabungen in Boğazköy-Ḫattuša 1999. 
Archäologischer Anzeiger 1: 355–376.

Seeher J (2000b) Getreidelagerung in unterirdischen Gross-
peichern: Zur Methode und ihrer Anwendung im 2. 
Jahrtausend v. Chr. am Beispiel der Befunde in Hattusha. 
Studi Micenei ed Egeo-Anatolici 42(2): 261–301.

Seeher J (2006) Ergebnisse der Grabungen an den Ostteichen 
und am mittleren Büyükkale-Nordwesthang in den Jahren 
1996-2000. Mainz: Boğazköy-Berichte 8.

Seeher J (2010) After the empire: Observations on the early iron 
age in Central Anatolia. In: Singer I (ed.) Ipamati Kistamati 
Pari Tumatimis. Luwian and Hittite Studies Presented to J. 
David Hawkins on the Occasion of His 70th Birthday. Tel 
Aviv: Tel Aviv University, pp.220–229.

Seeher J (2021) Büyükkaya II. Bauwerke und Befunde der 
Grabungskampagnen 1952-1955 und 1993-1998. Berlin: 
Deutsches Archäologisches Institut.

Seeher J and Genz H (2023) The late iron age at Boğazköy. In: 
Draycott CM, Branting S, Lehner JW et al. (eds) From Midas 
to Cyrus and Other Stories: Papers on Iron Age Anatolia in 
Honour of Geoffrey and Franҫoise Summers. Ankara: British 
Institute at Ankara Monograph 57, pp.37–54.

Stroud E, Charles M, Bogaard A et al. (2023) Turning up the heat: 
Assessing the impact of charring regime on the morphology 
and stable isotopic values of cereal grains. Journal of Archae-
ological Science 153: 105754.

Styring AK, Carmona CU, Isaakidou V et al. (2022) Urban form 
and scale shaped the agroecology of early ‘cities’ in north-
ern Mesopotamia, the Aegean and Central Europe. Journal of 
Agrarian Change 22(4): 831–854.

Styring AK, Charles M, Fantone F et al. (2017) Isotope evidence 
for agricultural extensification reveals how the world’s first 
cities were fed. Nature Plants 3: 17076.



Diffey et al.	 365

Styring AK, Vaiglova P, Bogaard A et al. (2024) Recommenda-
tions for stable isotope analysis of charred archaeological 
crop remains. Frontiers in Environmental Archaeology 3: 
1470375.

Szpak P (2014) Complexities of nitrogen isotope biogeochemis-
try in plant-soil systems: Implications for the study of ancient 
agricultural and animal management practices. Frontiers in 
Plant Science 5: 288.

Szpak P and Chiou KL (2020) A comparison of nitrogen isotope 
compositions of charred and desiccated botanical remains 
from northern Peru. Vegetation History and Archaeobotany 
29(5): 527–538.

Szpak P, Metcalfe JZ and Macdonald RA (2017) Best practices for 
calibrating and reporting stable isotope measurements in archae-
ology. Journal of Archaeological Science Reports 13: 609–616.

Ünal A (1977) Naturkatastrophen in Anatolien im 2. Jahrtausende 
V. chr. Belleten 41: 447–472.

Vaiglova P, Snoeck C, Nitsch E et al. (2014) Impact of contamina-
tion and pre-treatment on stable carbon and nitrogen isotopic 
composition of charred plant remains. Rapid Communica-
tions in Mass Spectrometry 28(23): 2497–2510.

Wainwright GA (1960) Meneptah’s aid to the Hittites. Journal of 
Egyptian Archaeology 46: 24–28.

Wallace M, Jones G, Charles M et al. (2013) Stable carbon iso-
tope analysis as a direct means of inferring crop water status 
and water management practices. World Archaeology 45: 
388–409.

Wallace MP, Jones G, Charles M et al. (2015) Stable carbon iso-
tope evidence for Neolithic and Bronze Age crop water man-
agement in the eastern Mediterranean and southwest Asia. 
PLoS One 10(6): e0127085.

Weeden M (2022) The Hittite Empire. In: Radner K, Moeller N and 
Potts DT (eds) The Oxford History of the Ancient Near East. 
Oxford: Oxford University Press, pp.529–622.

Wick L, Lemcke G and Sturm M (2003) Evidence of Lateglacial 
and Holocene climatic change and human impact in Eastern 
Anatolia: High-resolution pollen, charcoal, isotopic and geo-
chemical records from the laminated sediments of Lake Van, 
Turkey. Holocene 13: 665–675.

Wilkinson TJ, Christiansen JH, Ur J et al. (2007) Urbanization 
within a dynamic environment: modeling Bronze Age com-
munities in Upper Mesopotamia. American Anthropologist 
109: 52–68.

Yakar J (2000) Ethonoarchaeology of Anatolia: Rural Socio-
Economy in the Bronze and Iron Ages. Sydney: Emery and 
Claire Yass Publications in Archaeology.


