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Abstract Reconstructing past water availability, both as rainfall and irrigation, is
important to answer questions about the way society reacts to climate and its changes and
the role of irrigation in the development of social complexity. Carbon stable isotope
analysis of archaeobotanical remains is a potentially valuable method for reconstructing
water availability. To further define the relationship between water availability and plant
carbon isotope composition and to set up baseline values for the Southern Levant, grains of
experimentally grown barley and sorghum were studied. The cereal crops were grown at
three stations under five different irrigation regimes in Jordan. Results indicate that a
positive but weak relationship exists between irrigation regime and total water input of
barley grains, but no relationship was found for sorghum. The relationship for barley is
site-specific and inter-annual variation was present at Deir ‘Alla, but not at Ramtha and
Khirbet as-Samra.

Keywords Carbon stable isotope analyses - Archaeobotanical remains -
Water availability - Irrigation - Experimental crop growing - Jordan

Introduction

Regular access to water is essential for the existence of any human settlement. Besides
drinking water, enough water to sustain vegetation or grow crops is vital, and water
shortage is the most pressing problem for many developing countries today. Understanding
water availability and management in the past is also an important research theme in
archaeology, and it is often believed that water shortages led to the abandonment of some
well-established and large-scale settlements. For example, an arid event in the seventh
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millennium BC (around 8,200 years ago and therefore termed the ‘8.2 ka event’) is
sometimes linked with the abandonment of early (Pre-Pottery Neolithic) farming settle-
ments in the Southern Levant (Migowski et al. 2006; Staubwasser and Weiss 2006), while
a possible short arid period that occurred sometime around the end of the fourth millen-
nium BC has been connected with the end of the Uruk culture and the Late Chalcolithic—
Early Bronze Age transition (Roberts et al. 2011). In addition, a dry period, which is
detectable in several climate proxies around 2200 BC (ca. 4.2 ka BP and termed the 4.2 ka
event) and is thought to have lasted for about 300 years, has often been related to cultural
collapse, for example the collapse of the Akkadian empire (Weiss et al. 1993; Migowski
et al. 2006; deMenocal 2001; Staubwasser and Weiss 2006). It is however difficult to be
certain about the synchronicity of climatic and socio-economic changes (Roberts et al.
2011), and it is even harder to attest causality between the two (Akkermans et al. 2010).
When investigating past human responses to environmental change, archaeologists are
therefore always seeking to find new ways to identify past water availability and irrigation.
This paper presents some preliminary results from ongoing research that aims to test the
validity of using plant isotope ratios to determine past water availability. To achieve this
end, we carried out isotope analysis of modern crops that were experimentally grown at
three different crop growing stations where the environmental variables were closely
monitored. This allows us to determine whether the same crop grown under similar con-
ditions in different locations reacts to changes in the level of irrigation in a uniform manner
or whether other environmental variables, which affect the isotopic composition of the
crops, introduce too much additional variation for this method to be really useful for
reconstructing water availability from plant remains retrieved from archaeological sites
in the Near East.

Water management in the Near East

As 200 mm of annual rainfall is perceived as the absolute minimum requirement for dry-
farming, and at least 300 mm is needed for stable harvests (Charles et al. 2003), many
areas in the Near East are marginal areas for rain-fed cultivation. Furthermore, rainfall can
fluctuate annually and even within a single year. Rainfall in the Near East tends to fall
between November and April only and generally falls in heavy outbursts. In addition, often
no perennial water sources are present and in the Southern Levant for example, many
places rely on seasonal streams (wadis). To secure stable harvests or even to gain food
surplus, irrigation systems can be used (Ertsen 2010). Canal irrigation systems have been
linked to developing social complexity in certain areas of the world, such as Mesopotamia
and Egypt (Scarborough 2003), although the exact nature of this is still very much debated
(see for example Ertsen 2010; Price 1994; Hunt 1994; Butzer 1996; Davies 2009; Harrower
2009).

Much of the debate revolves around the earliest use of irrigation. Currently, sound
evidence for extensive canal systems in Mesopotamia only exists from the third millen-
nium onwards, whereas numerous indications of increasing social complexity already
appear before, for example, with fourth millennium monumental buildings and depictions
of a leader-like figure at the southern Mesopotamian site of Uruk (Matthews 2009; Davies
2009; Wenke 1990; Postgate 1994). It is possible that forms of artificial irrigation which
are archaeologically less visible were in use at this earlier time already; however,
archaeologists are currently lacking the methodological tools to detect these with sufficient
certainty. Understanding the nature of the early settlements in arid regions of the Near East
poses a similar problem: Although numerous examples of elaborate water management
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systems and written sources are present for later periods (Oleson 2001; Bienert and Haser
2004; Bellwald and al-Huneidi 2003), much less evidence is available for earlier, pre-
historic times, although it is probably then that the use of irrigation first evolved. Devel-
oping new methods to detect irrigation in the archaeological record is therefore of vital
importance for understanding the beginnings of human water management.

In general, gathering evidence for early crop water management is difficult. As already
discussed, direct archaeological evidence, in the form of structural evidence, is scarce in
the Near East, especially for the earlier periods. This may be because water management
systems were simply rare, although it is just as likely that traces of them have been
destroyed by later over-lying constructions, agricultural activities such as ploughing, as
well as geomorphological processes, for example the down-cutting of wadis and the
deposition of colluvium (Philip 2008). In addition, structures are often hard to date, as they
are frequently found off-site and thus outside well-stratified excavations and without
associated finds. Even when they are excavated, no finds might be associated with the
structures, as was found for a terrace wall in the Wadi Qattar area in Jordan (Bastert and
Lamprichs 2004). Moreover, it is often hard to distinguish between structures used for
capturing and storing drinking water and those used for irrigation of crops.

Nevertheless, structural evidence for some form of water management is present in the
Near East from the Neolithic period onwards. Initially, these (probably) took the form of
lined springs and wells (Oleson 2001). Wells, dug out in bedrock or soil, are found at Pre-
Pottery Neolithic B Cyprus (Peltenburg et al. 2000), later Pre-Pottery Neolithic C ‘Atlit
Yam, off the coast of Israel (Galili and Nir 1993), and the Pottery Neolithic site Sha’ar
Hagolan in the Jordan Valley (Garfinkel et al. 2006)." While these earliest structures were
probably mainly intended to secure drinking water supplies, terrace walls are more likely
to be linked to cultivation practices, as they could have been used to avoid soil erosion and
to capture water for field systems (Kuijt et al. 2007). The possibly earliest finds of terrace
walls in the Southern Levant date to around 6000 BC (Pottery Neolithic) and were found at
Dhra’, near the Dead Sea, on the Southern Jordan Valley slopes (Kuijt et al. 2007),
although it could be suggested that these served solely as protection against flash floods,
rather than for crop water management. Barrages in wadis can be used to capture water,
which can then be used either as drinking water or to irrigate crops. Barrages were found at
Wadi Abu Tulayha and Wadi ar-Rumwayshi ash-Sharqi in the Jafr Basin in Jordan (Fujii
2007, 2008). Two of these were interpreted as having been used for crop water supply,
while others seem to have functioned to supply drinking water (Fujii 2007). The barrages
were dated to the PPNB (Fujii 2007, 2008), but this date is not entirely certain (see
discussion in Finlayson et al. 2011). At Wadi Abu Tulayha, a possible cistern has been
found as well (Fujii 2008), although the interpretation of this structure as such might not be
completely secure (Finlayson et al. 2011).

No further evidence for Neolithic water management concerning cultivation of crops in
the Southern Levant has, so far, been found. Evidence from further afield shows that
artificial channels were present possibly as early as 6000 BC at Choga Mami in Iraq and
Tepe Pardis in Iran (Gillmore et al. 2009; Oates and Oates 1976 cited in Gillmore et al.
2009). The evidence for the channel at Tepe Pardis being man-made seems especially

! The Cyprian wells date to around 8000 BC (Peltenburg et al. 2000). The PPNB period in the Near East can
be dated to 11000-8900 BP, or roughly to around ca. 8700-6800 cal BC, and the PPNC to 8900-8300 BP,
around the beginning of the seventh millennium BC. The Pottery Neolithic, or Late Neolithic period dates to
ca. 8300-6800 BP, and falls within the seventh and sixth millennia BC (dates after Akkermans and Schwartz
2003; Rollefson 2008).
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convincing, as does the dating of the structure (Gillmore et al. 2009). Nevertheless, as with
many structural remains and despite the fact that it resembles modern irrigation channels
(Gillmore et al. 2009), it is difficult to be sure that it was indeed used for crop irrigation. It
is equally possible that it was used for some other purpose, for example to transport water
to a reservoir.

More substantial structures for water management in the Southern Levant can be found
from the Early Bronze Age” onwards. At Jawa in northern Jordan, elaborate water systems
dated to the late fourth millennium BC were found with dams catching runoff rainwater
into channels, which led via sluice-gates to cisterns and pools (Betts 1991; Helms 1981,
1989). However, whereas these systems were associated with fields, no direct evidence for
the water being used for irrigation was present (Betts 1991). Moreover, it has been cal-
culated that at least under current climate conditions, irrigating just 7 ha of fields would
take up about 40% of the captured water (Whitehead et al. 2008). As wadis with possi-
bilities for terraced farming are just 5 km away and dry-farming is possible at less than
10 km distance (Helms 1981), it is possible that the water system was used for drinking
water only, whereas the majority of crops were grown elsewhere.

Many other examples for water management appear in the Southern Levant from the
Early Bronze Age onwards, such as cisterns and reservoirs at Early and Middle Bronze Age
sites and many sites from the Iron Age (Oleson 2001; Mabry 1995; Philip 2008).> A 1.5 ha
large reservoir was found at Early Bronze Age Tell el-Handaquq in the Jordan Valley (Mabry
1995, 1989). Possible Early Bronze Age dams are found for example in the Hawran area
(Braemer et al. 2009), and also nearby Tell el-Handaquq two dams were found probably
originally spanning the wadi there and are thought to be contemporary with the Early Bronze
Age settlement (Mabry 1989, 1995). Again, it is not possible to be sure whether or not part of
the function of these structures would have been to supply crops with water.

Another line of evidence for water management can be formed by settlement patterns,
often in combination with the presence of certain plant species in dry areas. However, this
is not direct evidence, and except for possible climate differences from today, crops might
have been brought in from further away. For the Southern Levant, it has been proposed that
irrigation, probably in the form of floodwater irrigation, started in the Chalcolithic period
(fifth to early fourth millennium BC). This has been argued on the basis of settlement
patterns in combination with archaeological remains: because sites are present in now
marginal zones, but archaeobotanical remains were found needing a substantial amount of
water, it has been argued that if the climate was not wetter, some form of water man-
agement was used to grow the crops (Bourke 2008). Legumes, fruits and olives were found
for example at Tulaylat Ghassul in the Jordan Valley (Bourke et al. 2000; Meadows 2001,
2005 cited in Bourke 2008). In the same way, it is thought that floodwater management
was used in the northern Negev around the same time, in order to support the settlements
found there (Levy 1995). A similar argument has been made for the Early Bronze Age in
the Southern Levant, where the locations of settlements (Prag 2007; Mabry 1995) and the
presence of certain crops such as flax, figs, grapes, emmer and bread wheat at sites in
relative dry areas, such as Bab edh—Dhra and Tell Handaquq in the Jordan Valley and Arad
in the Negev, are seen as indicating floodwater irrigation (Mabry 1995; McCreery 2003;
Grigson 1995). The presence of canal irrigation has been convincingly argued for the Iron

2 The Early Bronze Age in the Southern Levant is generally dated from the early fourth millennium (3400/
3300BC) to ca. 2000 BC (Philip 2008; Palumbo 2008).

3 The Middle Bronze Age can be dated from ca. 2000-1600 BC, and the Iron Age in the Southern Levant
starts around 1050 BC.
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Age period in the Zerqa triangle in the Jordan Valley, based on a relative dense occupation
of the area together with the locations of the sites at some distance of water sources and the
nature of the topography of the area (Kaptijn 2010).

While there are therefore indications that floodwater irrigation started in the Southern
Levant at least in the fourth or third millennium BC (with canal irrigation here probably
not starting till later (Ertsen 2010; Kaptijn 2010)), there is no direct evidence for this and
additional confirmation by independent methods is needed. Archaeobotanical proxies such
as the presence of certain species and seed size have been used for this purpose (Helbaek
1960; McCreery 2003); however, these are also not without their problems. Although there
is a documented correlation between well-watered crops and grain weight and thus size of
seeds (Ferrio et al. 2006b), many other factors including environmental variables like
temperature, or genotype, charring and the context in which the samples are found, can
affect seed size as well (Rosen and Weiner 1994; Ferrio et al. 2004; Wright 2003; Ferrio
et al. 2006b).

Another approach involves the use of characteristics of the weed flora found at a site
(functional attributes, such as canopy height and flowering time), which have been shown
to differ between irrigated and non-irrigated fields (Jones et al. 2005; Charles et al. 2003).
However, scarcity of suitable number of archaeobotanical remains and difficulties asso-
ciating the right weeds to the right crops in mixed archaeological contexts (see Cappers
2006) might complicate the application of this method.

A relatively new method involves the analysis of phytoliths (plant silicon bodies) as
indicators of irrigation. Rosen and Weiner (1994) established a relationship between
irrigation and multi-cellular phytoliths in emmer wheat, while Madella et al. (2009) and
Jenkins et al. (2011) suggested that there is a relationship between water availability and
the ratio of different single celled phytolith types (long cells to short cells) in various
species of wheat and barley. While there might be problems with using multi-cellular
phytoliths as an irrigation indicator due to the possibility of taphonomic breakdown
(Jenkins et al. 2011), the use of single cell phytolith ratios seems more promising. How-
ever, the research is still ongoing, and it is yet to be demonstrated that the change in
fluctuations is applicable to all species of wheat and barley. If this is not the case, then this
method is limited because it is not usually possible to accurately identify single celled
phytoliths from wheat and barley to species level.

Another promising new approach to discern past water management practices is the use
of carbon stable isotope analysis of botanical remains, which is the focus of this paper.
Carbon stable isotope ratios in plants are affected by water availability and are hence used
to infer climatic changes (Ferrio et al. 2003). Araus et al. (1997b) and Ferrio et al. (2005)
proposed that the same principle can be taken a step further to reconstruct irrigation: when
isotopic signals in the archaeological crops indicate wetter conditions than expected from
other climate proxies, or when ‘wetter signals’ are measured only in cultivated crops but
not in the wild plants, these data are used to argue for water management, such as irrigation
or planting in naturally wetter areas such as alluvial fans (Ferrio et al. 2005; Araus et al.
1997b).

Carbon stable isotope analysis of plant remains for environmental reconstruction
The two stable isotopes (atoms of the same element with a different mass) of carbon are

12C and "*C (Hoefs 1997). These occur in different abundances in nature, but generally
with much more of the lighter '2C than '*C. The ratio of '*C to '>C (**C/"*C or 6'%C) is
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denoted in parts per mille %o because of the relatively very small amount of '*C in
comparison to '*C. Because these isotopes are stable—in contrast to '*C which decays over
time and can therefore be used for dating—, their ratio theoretically stays the same, from
when an organism dies to when a sample reaches the laboratory, possibly several thousand
years later (Boutton 1991a; Dawson and Brooks 2001; Hoefs 1997).

Plants absorb all their carbon as CO, from the air. For reasons of energy conservation,
they preferentially take up the lighter isotope '*C and discriminate against the heavier '*C
(Farquhar et al. 1982; O’Leary 1981). This results in plant §'°C ratios that are more
negative than those of air. The actual discrimination is denoted as A3C, and for plants, this
is their carbon isotope ratio relative to the ratio of CO, in the air (Ehleringer 1991; O’Leary
1981).

The size of A or the magnitude of discrimination depends for a large part on the
photosynthetic pathway of a plant. The main photosynthetic pathways are C; and C4
(Salisbury and Ross 1992), named after the number of carbon atoms in their first molecular
product after carbon fixation. Most plants indigenous in temperate climates are C; plants,
which comprise almost all trees, and crops like wheat, barley, rice and many of the fruits
and vegetables commonly eaten (Boutton 1991b; Sealy 2001). C4 plants are adapted to
warm and (semi-)arid environments. Maize has a C4 photosynthetic pathway, as do millet,
sugarcane and sorghum (Sealy 2001; Boutton 1991b; Hubick et al. 1990). C; plants dis-
criminate more against '*C than C, plants do, resulting in lower §'°C ratios and larger
differences between plant tissues and atmospheric CO, (larger A'*C) (Farquhar et al. 1982,
1989; Farquhar 1983; Ehleringer 1991).

In addition to the photosynthetic pathway, the amount of discrimination, especially in
C; plants, can also be affected by environmental factors, for a large part because these
might affect photosynthesis (Heaton 1999; Tieszen 1991). Examples are nutrient avail-
ability (Heaton 1999; O’Leary 1981; Cabrera-Bosquet et al. 2007), light (Farquhar et al.
1989; Heaton 1999), salinity (Shaheen and Hood-Nowotny 2005), temperature (Tieszen
1991) and water availability (Farquhar and Richards 1984; Farquhar et al. 1989). Genetic
differences in carbon isotope discrimination occur between species or groups of species,
partly because genetic differences determine how a plant reacts to environmental variation
(Tieszen 1991; Heaton 1999).

Because water availability is most limiting to plant growth (Salisbury and Ross 1992), it
is thought to be the most important of the environmental factors. The effect on carbon
isotope ratios takes place because when soil moisture decreases, plants will (partly) close
their stomata, to avoid dehydration. As a result of this, less discrimination of '*C takes
place (lower A'*C) (Farquhar et al. 1989). A positive relationship between increasing
aridity and A"3C values of modern plants has been established in several studies. Examples
are cereal crops like durum wheat and hulled barley grown in greenhouses and fields
(Araus et al. 1997a, 1999; Monneveux et al. 2006), trees such as Aleppo pine (Ferrio et al.
2006a), other species such as wheatgrass and sagebrush (Laundré 1999), and leaves of
different plant communities over rainfall gradients (Stewart et al. 1995).

Increased evaporation also affects A'3C (Ferrio et al. 2006a), because plants will lose
more water and so do all other factors that affect soil moisture, such as precipitation and
irrigation, but also humidity and soil texture (see Farquhar et al. 1989). In addition, nutrient
availability is another major factor in plant growth (Cabrera-Bosquet et al. 2007), and
therefore, might be important in determining the amount of carbon isotope discrimination.
One of the aims of the research presented here is to establish the relative effects of
environmental factors other than water input on carbon isotope discrimination.
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Archaeological applications

Based on the relationship of water availability and plant carbon isotope ratios, carbon
stable isotope ratios of ancient plant remains have been used to reconstruct past water
availability. A pioneering study by Araus and Buxé (1993) measured A'>C of archaeo-
logical six-row barley and durum wheat kernels from Spain. Apart from changes in
atmospheric CO,, one of the possible explanations they gave for the observed change in A
over time was a change in aridity (Araus and Buxd 1993). This was further explored by
Araus et al. (1997a) and was also used to indicate irrigation practices (Araus et al. 1997b):
Carbon isotope discrimination ratios of archaeological grains were compared to modern
examples from the same region that received known amounts of water. Differences
between ancient and modern assemblages were subsequently ascribed to either changes in
climate and/or changes in water management practices. If a ratio is measured that indicates
higher water availability than expected from present-day rainfall, it is possible that past
climate was wetter. If results suggest higher water availability than is expected from other
climate proxies, or as expected from carbon isotope ratios of other (wild) plant species
from the same site, a case can be made that artificial irrigation was used on these crops
(Araus et al. 1997b; Ferrio et al. 2005).

The method has been applied to several Mediterranean assemblages, mainly in Spain
and Syria, but also in Italy, Jordan and Turkey (Riehl et al. 2008a; Fiorentino et al. 2008,
2010; Ferrio et al. 2005, 2006a; Aguilera et al. 2008; Araus et al. 1997b, 1999, 2007; Araus
and Buxd 1993; Roberts et al. 2011). In the Near East, several sites were studied. Carbon
isotope ratios of assemblages of two Neolithic sites, Tell Halula and Akarcay Tepe, along
the Middle Euphrates in Syria and Turkey, respectively, suggested higher water status for
the crops than would be expected from present-day rainfall in the region (Araus et al. 1999,
2007). This is in agreement with other climate proxies for the early Holocene (see for
example Roberts et al. 2011).

Most other studies in the Near East focused on the Bronze Age. Results from the sites
Ebla and Qatna in Syria show several wetter and more arid phases from the fourth to
second millennium BC. One of the arid phases was dated between 2200 and 2040 BC,
so simultaneous with the 4.2 ka event (Roberts et al. 2011; Fiorentino et al. 2008). This
therefore supports the ability of the method to measure environmental signals. Riehl et al.
(2008a) compared crops of eight sites in Syria and northern Jordan and found carbon
isotope ratios indicating increased aridity from the Early Bronze Age to the Middle Bronze
Age. This is again supported by other climate proxies (Riehl et al. 2008b; Riehl 2008).

A possible advantage of using carbon stable isotope analyses of archaeobotanical
remains instead of—or preferably together with—other climate proxies is that the method
can potentially show site-specific environmental changes. For example, for the different
sites in Syria, some, such as Tell Mozan and Emar, show increased water stress from the
Early to Middle Bronze Age, whereas this was much less the case for Qatna (Riehl et al.
2008a). Climate proxies of off-site records might not have this site-specific resolution.

The use of the method for reconstruction of irrigation practices has mainly been applied
to archaeological sites in Spain, first by Araus et al. (1997b) to assemblages from Southeast
Spain. They first established reference values for completely rain-fed and irrigated durum
wheat and barley grains from the analysis of modern crops grown under known watering
regimes and used these data also to develop a regression equation for the estimation of
absolute water input during grain filling from the carbon isotope composition of plant
remains. These reference values were then compared to those of archaeological samples.
Because barley and wheat grains from the archaeological (Neolithic to Iron Age) sites were
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generally most consistent with the reference values for the rain-fed samples, it was con-
cluded that no irrigation of cereals had taken place, although a few examples with higher
ratios were taken to possibly indicate cultivation in naturally wetter areas (Araus et al.
1997b).*

While Araus et al. (1997b) did not distinguish between water input by rainfall or
irrigation, Ferrio et al. (2005) proposed to compare the isotopic composition of wild plants
(which would in all likelihood not have been irrigated) with those of cultivated crops for
this purpose. They tested their hypothesis by comparing barley and wheat carbon isotope
ratios of archaeological grains from Northeast Spain with published values for wood
charcoals from Southeast France. As they found the isotope values of both groups rela-
tively similar, they concluded that no irrigation had taken place (Ferrio et al. 2005).

Exploring the influence of water input and other environmental factors on carbon
stable isotope composition

The application of carbon stable isotope analysis of cereal remains in archaeology is
relatively new, and while the general principles are well established, there are still a
number of issues to be addressed in order to refine the method and to better interpret
variations in the data. One problem is, for example, the question of how wide a variation of
carbon isotope values we might expect from a sample of cereals grown with roughly the
same water input over consecutive years at the same site or between different sites. In
addition, in order to confidently apply the method to archaeological samples, we must also
explore possible effects on isotopic values of taphonomic processes and charring, although
this falls outside the scope of this paper (but see Marino and DeNiro 1987; Araus et al.
1997b). The research presented here is part of an ongoing project specifically designed to
address these problems in the environmental context of the Southern Levant, mainly
through analyses of modern cereals specifically grown for the purpose of testing meth-
odological approaches to the reconstruction of water management in archaeology (Mithen
et al. 2008; Jenkins et al. 2011). As the results of a pilot study involving the experimentally
grown wheat have been published already by Stokes et al. (2011), this paper will discuss
preliminary results of barley and sorghum samples from these experiments.

Crop growing experiments

In order to test the relationship between water availability and both phytoliths and plant
stable isotope ratios in modern cereals, crops were experimentally grown as part of the
University of Reading’s Water, Life, and Civilisation project in cooperation with NCARE
(National Centre for Agricultural Research and Extension, based in Jordan) (Mithen et al.
2008; Jenkins et al. 2011). Native landraces of durum wheat (Triticum turgidum ssp.
durum, ACSAD 65) and six-row barley (Hordeum vulgare, ACSAD 176) were raised over
three consecutive years at three different crop growing stations in Jordan: Deir ‘Alla,
Ramtha and Khirbet as-Samra (Fig. 1). In addition, sorghum (Sorghum bicolor) was grown
at Deir ‘Alla, Ramtha and at the farm of Sameeh Nuimat near Salt.

Although all of these sites are in northern Jordan, they nonetheless differ significantly in
their micro-environments (Table 1). Deir ‘Alla is located in the Jordan Valley, at around

4 It was also found that based on carbon isotope discrimination, faba beans, in contrast to cereals, might
have been irrigated (Araus et al. 1997b).
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Fig. 1 Map showing the
location of the crop growing sites
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200 m below sea level, whereas Ramtha and Khirbet as-Samra are situated on the Jordan
Plateau at ca. 510 and 560 m above sea level, respectively (Carr 2009; Stokes 2008). Ramtha
usually receives most rainfall and Khirbet as-Samra the least, although in two of the years in
which the experiments took place (2005-2006 and 2006-2007 growing seasons), rainfall at
Deir ‘Alla was highest. Except for the sorghum growing experiments at the farm near Salt,
environmental conditions such as rainfall, evaporation, temperature, and relative humidity
were closely monitored, so that their effects on the crops’ carbon isotope ratios can be
established.

Wheat and barley were grown for three consecutive seasons, from 2005 to 2008, each
year planted in November/December and harvested in May. The crops were grown in
5 x 5 m plots, with 1.5 m in between each plot. They received different amounts of water.
In the first growing season, four different irrigation regimes were used: O (rainfall only),
80, 100, and 120% of the crops’ optimum water requirements (Fig. 2). The latter were
based on FAO standards using the Pan Evaporation method and were calculated on a
weekly basis, taking into account rainfall, evaporation, and estimated relative humidity,
temperature and wind speed (Allen et al. 1998, Khalil Jamjoum personal communication).’

5 The amount of irrigation was based on rainfall and the crops’ ET,, which is ‘crop evapotranspiration under
standard conditions’ (Allen et al. 1998), which was calculated as follows: ET. = K. x K, x K/irrigation
effect, in which K. is the ‘crop coefficient’, differing for different growing stages; K, is the ‘pan coefficient’,
which depends on wind speed, temperature and humidity, here 0.7; and K, the ‘soil evaporation reduction
coefficient’, here 1.0. The irrigation effect, for which 90% (0.9) was used, was only taken into account in the
2006-2007 and 2007-2008 growing seasons (NCARE Khalil Jamjoum personal communication, based on
Allen et al. 1998, definitions from Allen et al. 1998).
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Table 1 Location and environmental characteristics of the three crop growing stations (Carr 2009; Jenkins
et al. 2011; Stokes et al. 2011)

Deir ‘Alla Khirbet as-Samra Ramtha
Coordinates N32°11' N32°09 N32°29
E35°37 E36°09 E36°01’
Altitude (m) ca. —200 m below sea 567 m above sea ca. 510 m above sea
level level level
Average annual precipitation 250 150 300-350

(mm)

Per growing season (for barley, in mm)

2005-2006 298 92 171

2006-2007 221 85 159

2007-2008 103 75 174
Average temperature (°C) for each growing season of barley

2005-2006 19.5 12.7 12.8

2006-2007 18.5 12.9 12.7

2007-2008 19.5 10.4* 12.7
Average RH% for each growing seasons of barley

2005-2006 54 59 54

2006-2007 52 61 55

2007-2008 46 56° 52

Rainfall, temperature and relative humidity (RH%) data from Khalil Jamjoum and the National Centre for
Agricultural Research and Extension, as measured on the crop growing stations and calculated for the
growing seasons (planting in November/December—harvest in May)

* Temperature data from 21/12/2007 to 31/12/2007 are missing for Khirbet as-Samra

® RH% data from 21/12/2007 to 31/12/2007 and from 21/01/2008 to 31/01/2008 are missing for Khirbet as-
Samra

In the second and third growing seasons, 40% plots were added for both crops. In all cases,
a drip irrigation system was used. Plots received an additional initial water supply of
25 mm directly after planting to encourage germination. No fertilizer or pesticides were
used, and no weeding was conducted. Sorghum was grown in a similar way (under the five
different irrigation regimes) in 2009 and 2010, but was sown in April and harvested in
September/October.

For a more detailed description of irrigation and harvesting strategies, see Mithen et al.
(2008) and Jenkins et al. (2011).

Isotopic analyses

For this study, samples were taken from each irrigation regime for every year at every site.
For every plot, three samples of ten grains each were analysed for their stable carbon
isotope composition. Samples of 10 grains each were analysed, as it had been previously
established that at least 7 grains are needed to average out any intra-plant and intra-plot
variation (Stokes 2008), as also confirmed by another study, which cites using six mea-
surements of the same species within one sample (Riehl et al. 2008a). For every barley and
every sorghum plot, three samples were analysed, for which grains spread over the plots
were used. Because of the possibility of an edge effect in small plots (Austin and Blackwell
1980), no samples from the outer 50 cm were used. The edge effect relates to experiments
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water source
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Fig. 2 Schematic representation of the lay-out of the crop growing experiments, based on the lay-out of
Khirbet as-Samra, but similar for all stations (after data from Khalil Jamjoum and personal observation). In
the first growing season, no 40% regime was present, but this was added for the second and third season of
growing wheat and barley and was present in both growing seasons of sorghum

with small plot cereal yield trials in which it was found that the yields of outer rows of a
plot were higher than in the middle of a plot, which for small plots might thus distort the
results (Austin and Blackwell 1980). To rule out any intra-plot variation, grains were
chosen from different parts of each plot, which was harvested in a 50-cm grid (Jenkins
et al. 2011).

Samples were washed in de-ionised water, freeze-dried, and homogenised and ground
with a mortar and pestle. Subsequently, ~1 mg of each sample was weighed into tin
capsules and analysed in duplicates in a Europa 20-20 isotope ratio mass spectrometer
coupled to a Sercon elemental analyser at the Department of Archaeology, University of
Reading. The analytical error was 0.1%o or smaller (10).

A3C was calculated using the formula A"*C = (6"3C,;, — 513C53mple)/(1 + 5]3Csamp1e/
1000), as A is the actual discrimination of the plant (the sample) relative to the air.
—8.00%0 was taken for 613C;,.

Statistical analyses

For statistical #-tests, regression analysis, and ANOVA, the Genstat 12th edition software
was used.

Results and discussion

AC of barley grains and water availability

The results indicate that, as expected, a positive logarithmic relationship exists between

water input and carbon isotope discrimination A'’C in barley grains, although the coef-
ficient of determination is only moderately high (+* = 0.53) (Fig. 3). Even though
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Fig. 3 Relationship between irrigation regime and A'*C values of barley grains (+ is 0.53). Average A'>C
values with standard deviation (1o) for all three sites together are given

differences in the average values of cereals from the 0% irrigation regime on the one hand
and the 80, 100, and 120% irrigation regimes on the other hand are statistically significant
(Genstat ANOVA using contrasts, p < 0.001), there is also significant overlap in the values
obtained for individual samples from the rain-fed only samples with those of the others.
This pattern is the same when absolute water input (rainfall 4+ irrigation) during the total
growing season instead of irrigation regime is plotted (Fig. 4). When one or two possible
outliers with respectively unexpectedly low and unexpectedly high A'*C are removed, the
relationship does become stronger (* = 0.68 when both ‘outliers’ are not taken into
account), but variation remains very high. This suggests that it might be difficult to con-
fidently distinguish between crops that received no additional water and those that were
irrigated, when sample sizes are small.

The logarithmic nature of the relationship is in agreement with results found by Araus
et al. (1997b) for modern barley grains in Spain. It implies that grains grown under very
different amounts of water might have only a slight difference in their A'*C (Araus et al.
1997b), especially for the higher amounts of water. For irrigation regime, it can be noted
that only slight (insignificant) differences are present between the 80, 100, and 120%
regimes. For Deir ‘Alla, and to a lesser extent Ramtha, differences between the 40%
regime and the 80, 100, and 120% regimes are not large either. The evening out of data
points at higher amounts of water is probably caused by water availability being less
limiting in carbon isotope discrimination. Around 250-300 mm is generally the accepted
minimum amount of annual rainfall required for stable dry-farming of crops (Charles et al.
2003), and it is therefore not unexpected that from around these amounts of water input,
more carbon isotope discrimination takes place: the plant now can open its stomata fully
again and will have the opportunity to discriminate more against 13C than when less water
was present (Farquhar et al. 1989).° The fact that in some cases water is already no longer
limiting at 40% is probably caused by high amounts of rainfall during some parts of the

© Plots receiving much more than 250-300 mm generally are the 100 and 120% plots. In addition, at Deir
‘Alla almost 100 mm of rain fell at the end of the 2005-2006 growing season, leading to a high overall
water input for that season there.
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Fig. 4 Relationship between total water input (rainfall and applied irrigation in mm for the total growing
season) and A'>C values of barley grains for all three sites. Average values of three samples of ten grains per
plot per year are used (standard deviation 14). The plotted graph is a logarithmic function with an r* of 0.53.
When the outlier with a low A'>C of 15.41%o at around 300 mm of water input (representing the 0% plot at
Deir ‘Alla in 2005-2006) is taken out, the r* improves to 0.63. The relationship would be further
strengthened when the outlier would be removed from the plot which received about 100 mm of water, but
which has an unexpectedly high A'*C of over 17%o (representing the Deir ‘Alla 0% plot in 2007-2008; r*
would then be 0.68)

growing season. Because the experiments took place outside, in a natural field setting, it
was not possible to water the plants with less than the amount of rainfall, and plants would
still need to receive irrigation in later, drier parts of the season in order for them to survive.

Because grains only form and ripen during the latter part of the growing season (the
grain filling period), other studies have used water input during this period to establish a
relationship with AC (as in Araus et al. 1997a; b). Indeed, carbon in grains is said to
derive mainly from photosynthesis occurring during grain filling (Fageria et al. 2006). If
for our data from Jordan instead of the water input during the total growing season, only
the water input during the grain filling period is taken, again no strong relationship is
present (Fig. 5).” Surprisingly, the relationship is even less strong than for water input
during the total growing season. It is possible that water is brought over from earlier in the
season and that this does affect grain isotopic ratios. Alternatively, carbon isotopes that
were fixed by the plant in an earlier part of the growing season might be used for the grains,
perhaps especially when plants are under stress.

Inter-site variation

While the relationship between water availability and carbon isotope discrimination for all
three sites together was only moderate, with a wide spread of individual data points, a
much stronger relationship exists between irrigation regime and A'*C for individual sites
on their own (r2 = 0.74 for Deir ‘Alla, 0.83 for Ramtha and 0.84 for Khirbet as-Samra,
Fig. 6). As in the combined data-set, the nature of the relationship is a logarithmic one and

7 The grain filling period was determined as matching the harvest stage, which was established according to
FAO guidelines (Doorenbos and Pruitt 1977; Allen et al. 1998) and observations in the field. This stage
corresponds to the last part of the growing season and generally consists of the month April and part of May.
In addition, a relationship was established for water input for the period of 40 days before irrigation was
stopped, which is when most carbon will have been deposited in the grains.
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Fig. 5 Relationship between water input during grain filling and A'*C values of barley grains for all three
sites, compared to earlier published data concerning barley grown in Spain (Araus et al. 1997b). The grain
filling period was taken to be the ‘harvest stage’, as observed in the field and according to FAO guidelines
(Doorenbos and Pruitt 1977). In addition, the relationship between A'*C values of barley grains and water
input during 40 days before irrigation was stopped is shown. Error bars are left out for sake of clarity;
standard deviation (1o) varies between 0.02 and 0.65, with an average of 0.22
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Fig. 6 Relationship between irrigation regime and A'>C values of barley grains per site. For sake of clarity,
averages are given representing 3 years and three samples per irrigation regime for every year (standard
deviation 10¢). Black lozenges indicate Deir ‘Alla, grey boxes Ramtha, and open triangles Khirbet as-Samra

as in the combined data-set no significant differences are present between the 80, 100, and
120% regimes. However, differences between the sites exist, such as the relative higher
values for the 40% regimes at Deir ‘Alla and Ramtha (as discussed above).

In terms of water input, the relationship is stronger within each site for Ramtha and
Khirbet as-Samra than it is in general, although this is not the case for Deir ‘Alla (Fig. 7).
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Fig. 7 Relationship between water input (rainfall and applied irrigation in mm for the total growing season)
and A'3C values of barley grains per site. Standard deviations are as in Fig. 4, but not shown here. Lozenges
indicate Deir ‘Alla, boxes Ramtha and open triangles Khirbet as-Samra

The extremely weak relationship between water input and ABC of barley grains at Deir
‘Alla is probably caused by inter-annual variation of A'3C at this site (as discussed into
more detail below). In any case, it is partly caused by the ‘outliers’ also discussed above. It
is not completely clear what causes these A"3C values to be so different, but interestingly
they do both represent values from the rainfall-only (0%) irrigation regime. In addition, if
the Deir ‘Alla data would be completely taken out, and thus only values from the Jordanian
plateau sites would be used, a much stronger relationship would be present than with the
Deir ‘Alla data included (#* = 0.70). In any case, the relationship for every site separate is
stronger than the overall relationship, which is true for water input in both the total
growing season and the grain filling period only. It can thus be concluded that there is
significant inter-site variation in the A"3C of the analysed barley grains. This would make a
direct comparison between absolute A"3C values of different sites complicated.

The clear differences between the sites were not necessarily anticipated, given that they
are all situated relatively close together (at most 57 km apart as the crow flies) in the north
of Jordan. The sites do have different micro-climates, and indeed, different environmental
factors can affect carbon isotope composition. As discussed above, differences in light or
irradiance, nutrient availability, temperature, salinity or altitude are all known to have at
least small effects on the ability of C; plants to discriminate effectively against 3¢ during
photosynthesis (Farquhar et al. 1989; Heaton 1999; O’Leary 1981; Shaheen and Hood-
Nowotny 2005; Tieszen 1991; Korner et al. 1988, 1991). Nevertheless, during preliminary
analysis, altitude, temperature, relative humidity, number of rain days and salinity could
not conclusively explain the magnitude of inter-site variation observed here (neither on
their own, nor in combination with water input, nor in combination with other factors).
Specifically, it is curious that, although the environments at Khirbet as-Samra and Ramtha
are much more similar to each other than to Deir ‘Alla, which is situated at significantly
lower altitude and with higher annual temperatures and lower humidity than the other two
(Table 1), the isotope data from crops grown at these sites are actually most similar
between Ramtha and Deir ‘Alla, while the A values observed at Khirbet as Samra are
notably smaller than at the other two sites. Temperature for example is markedly higher at
Deir ‘Alla, but does not differ much between the two other sites—if temperature would
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affect A'>C values in a systematic way, it would be expected that A'>C would be different
at Deir ‘Alla but similar at Ramtha and Khirbet as-Samra.

The only environmental factor that is consistently different between all three sites is
rainfall. It is probably no coincidence that grains from the site with the lowest rainfall over
the study period, Khirbet as-Samra, return the smallest A3C, while those from Deir ‘Alla,
the site with most rainfall, at least in the two seasons 2005-2007, have generally the
highest A'>C. It seems therefore that rainfall, on top of the effect of irrigation regime, has
an additional effect on A'*C, as confirmed by statistical analysis (ANOVA, fitted together
with irrigation regime rainfall has p = 0.009). The effect of rainfall is probably caused by
the fact that in contradiction to irrigation, which can be controlled, rain will fall unpre-
dictably and might fall suddenly in heavy outbursts, causing a temporary overwatering of
the crops. If this would happen more often at one site than another (as was the case here),
this might cause differences in isotopic composition of the crops.

However, water input (irrigation regime and rainfall) does not explain all variation. It is
probable that a complex interplay of different factors determining how much water actually
reaches the plant plays a role as well. These partly are the factors that were taken into
account when calculating the crops’ water requirements, which are water input, evapora-
tion (and thus indirectly temperature and humidity), and estimated mean humidity, tem-
perature and wind speed; but also the nature of the rainfall—whether it fell in heavy
outbursts in large quantities at once, or in smaller amounts spread over a longer period.
Rainfall also means that clouds are present, which causes a decrease in light intensity, so
different rainfall patterns at different sites might in this way cause an additional discrep-
ancy. In addition, soil characteristics such as soil texture and soil depth can affect the
amount of water actually available to plants. These factors almost certainly have an effect,
although we are not at the moment able to explain the exact way in which this takes place.

These results are supported by a recent study of durum wheat in Greece, in which
Heaton et al. (2009) attributed differences between A'*C between different sites to dif-
ferences in variables affecting water availability (Heaton et al. 2009). They measured
differences of around 2%o for sites 35 km apart and of up to 3.2%o for sites ‘several
hundred kilometres apart’. This is in agreement with this study, where differences between
barley grain A'">C were often up to 2-3%o between different sites. In addition, when
comparing our data to those of earlier published results of barley grown in Spain (Araus
et al. 1997b) (Fig. 5), it appears that plants receiving similar amounts of water during grain
filling have generally higher A"3C values in Jordan than in Spain. It seems likely that these
differences are also at least partly caused by differences in environmental factors other than
water input.

Inter-annual variation

Although the results for the 2005-2006 growing season are generally slightly lower, there
is overall no significant difference between the different years when looking at data for
irrigation regime. However, for the 0% regime especially there is significant variation for
Deir ‘Alla, with almost 2% difference on average between the first and the last growing
season. It is also these values—the 0% value of the 2005-2006 and the 0% value of the
2007-2008 season of Deir ‘Alla—that are the obvious outliers of the regression line of
A'3C as a result of water input (as discussed above, see Figs 4 and 6). These deviating
values are possibly caused by differences in rainfall between the different years, as in the
first growing season Deir ‘Alla received in total almost 300 mm, in the second this was
reduced till ca. 220 mm and in the last growing season only just over 100 mm fell. Rainfall
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during grain filling varied between the years at Deir ‘Alla in a similar way. The other
two sites had a more consistent rainfall pattern over the three growing seasons of barley
(at Ramtha this was between 159 and 175 mm over the 3 years and at Khirbet as-Samra
between 75 and 92 mm, see Table 1). Seasonal distribution of rainfall was different
between the different years as well: In the last 2 years, most rain fell in the winter months,
as expected, but in the first year, rainfall was highest towards the end of the season. This
was the case at all three sites, but was especially pronounced at Deir ‘Alla. Interestingly
though, when most rain fell, the A'*C values at Deir ‘Alla were lowest, whereas this would
be expected to be the other way around. Therefore, rainfall differences alone do not explain
the inter-annual variation. Again, it is likely that it is caused by several different factors
affecting water availability. Heaton et al. (2009) also found inter-annual differences in their
study of durum wheat grains in Greece: between some years, they found variation as large
as 2.7%o, while between other years, there were no differences. This is in agreement with
the results presented here, although we have only found small differences.

Wheat and barley

Interestingly, the relationship between A"C and irrigation regime for wheat from the same
experiment, described by Stokes et al. (2011), similarly shows only a moderate general
relationship but strong site-specific relationships. For wheat, the differences between the
sites are even more pronounced (Stokes et al. 2011). Whereas for barley the values for Deir
‘Alla and Ramtha are not very far apart, for wheat there is a pronounced difference
between all the sites. Furthermore, the nature of the relationship seems different between
barley and wheat, especially at Ramtha, but also at Khirbet as-Samra, as the values for the
barley tend to even out earlier than those for the wheat. These differences between wheat
and barley are probably caused by a difference in growing cycle between the two crops. In
the Mediterranean and Near East, the wet season is mainly in winter, and the dry season
starts in April/May. As barley has a shorter growing cycle, it will often have ripened before
the dry season starts, whereas wheat, when planted at the same date as the barley (as was
the case in our crop growing experiments), might still be ripening and thus experience
more drought stress than barley (Riehl et al. 2008a), leading to different A'*C.

A3C of sorghum grains and water availability

The results for the 2009 growing season for all three sites indicate that for sorghum no
relationship between water availability and carbon isotope discrimination of the grains is
present, although it must be noted that no rainfed-only (0%) samples could be analysed
from any of the sites, since no grains developed in these plots. Although small in absolute
terms, significant differences between the different sites were present again (Fig. 8) (one-
sided t-test p < 0.001). In addition to grain, chaff was also analysed for one of the sites,
Deir ‘Alla; however, again no relationship between A3C and 40-120% irrigation regime
was observed.

It therefore seems that there is no relationship between water availability and carbon
isotope composition of different anatomical parts of sorghum plants. This is not completely
unexpected, because as a crop with a C4 photosynthetic pathway, sorghum discriminates
less against '°C during photosynthesis (Farquhar et al. 1982; Farquhar 1983; Ehleringer
1991) and is better adapted to arid environments. Moreover, in the C, pathway, changes in
stomatal conductance are not directly reflected in the amount of discrimination taking
place (Farquhar 1983; Farquhar et al. 1989), so that when a plant partly closes its stomata
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Fig. 8 Relationship between irrigation regime and A'>C of sorghum grains for the 2009 growing season.
Averages per plot are shown. Black lozenges indicate Deir ‘Alla, grey boxes Ramtha, and open circles farm
of Sameeh Nuimat

as a reaction to increasing aridity, this will not directly affect A'>C. Therefore, only a
small, if any, reaction to increasing aridity would be expected (Codron et al. 2005; Hat-
tersley 1982). A study of African savannah plants for example did find small differences of
about 1% for C,4 plants receiving lower and higher rainfall (compared to differences of 2%o
for C; plants) (Codron et al. 2005).

Conclusion
Implications for archaeological application of the method

The results presented here suggest that it is possible to use carbon stable isotope analyses
of archaeological cereal remains for the reconstruction of past water availability, although
with some limitations. First, it appears that this method can only be used for C; species of
plants as evidenced by our results that demonstrate that the C4 plant sorghum, at least, does
not respond. Nevertheless, it would be desirable to confirm these results with samples
grown without irrigation, and possibly with other C4 species. Second, although a general
relationship does exist between water availability and A'>C of barley (and wheat) grains,
this relationship seems to be site-specific and at least has a large variability, and therefore,
extreme caution should be applied when directly comparing A"*C of grains from different
sites, as has sometimes been done in the literature. Caution should especially be exercised
in areas, such as the Southern Levant, where sites might have very different micro-cli-
mates, even though they may only be small distances apart. In addition, within a site, the
values might differ between years. When archaeological sites are studied, a large enough
sample size should therefore be taken to rule out as much as possible inter-site and inter-
annual variation.

Because the relationship between A'’C and water availability for the pooled samples is
not particularly strong, using the values obtained here as a baseline for archaeological
samples from all of the north of Jordan would be problematic. It might be more feasible to
create a baseline for samples of sites with similar environmental settings—if for example
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only the data from the Jordanian plateau, so of sites Ramtha and Khirbet as-Samra, would
be used, a relatively strong relationship between water input and A'*C would be present,
although still with a large variation. Also, because of the relatively wide spread of data,
both when calculated for the total growing season and for the grain filling stage, it does not
seem useful in this case to use the data as basis for a regression analysis to calculate total
water input from the observed A"3C values (as suggested by Araus et al. 1997b)—the error
associated with such determinations would simply be too large. Although the large error is
for a part caused by certain outliers, it would be difficult to establish for archaeological
samples whether or not these would represent such outliers, especially not as we have not
yet been able to specify the causes for the occurrence of these unexpectedly low or high
values.

It seems that it may be possible to use the method for a relative measure of wetter and
drier periods within a site, although a sufficiently large number of samples needs to be
studied to overcome the problem of possible inter-annual variation. Still, even though the
inter-site and inter-annual variation may distort the environmental signal, the results pre-
sented here demonstrate that they do not obscure it completely. Also, geographic and
yearly differences can be used for other purposes: Heaton et al. (2009) even use the
measured geographic and inter-annual differences to determine whether archaeological
grains from the Greek site Assiros Toumba derived from single harvests or not and whether
or not these were local. Furthermore, it is possible that when these issues are studied in
more detail and are better understood, it might be possible to account for them, and the
method could then more easily be used to compare different sites.

Further research

The results presented here are part of an ongoing study. Sorghum has been grown in 2010
as well, and more data from this C4 crop will thus follow. Other current and future work
consists of nitrogen stable isotope analyses, which have been shown to possibly correlate to
water availability and which moreover might give insights into nutrient status of the plants
(Aguilera et al. 2008). In addition, charring and burial experiments are being conducted, to
assess possible effects of charring and soil processes on the isotopic composition of the
cereals.
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