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Abstract
Crop irrigation has long been recognized as having been important for the evolution of social
complexity in several parts of the world. Structural evidence for water management, as in the form of
wells, ditches and dams, is often diﬃcult to interpret and may be a poor indicator of past irrigation
that may have had no need for such constructions. It would be of considerable value, therefore, to be
able to infer past irrigation directly from archaeo-botanical remains, and especially the type of
archaeo-botanical remains that are relatively abundant in the archaeological record, such as
phytoliths. Building on the pioneering work of Rosen and Wiener (1994), this paper describes a cropgrowing experiment designed to explore the impact of irrigation on the formation of phytoliths
within cereals. If it can be shown that a systemic and consistent relationship exists between phytolith
size, structure and the intensity of irrigation, and if various taphonomic and palaeoenvironmental
processes can be controlled for, then the presence of past irrigation can feasibly be inferred from the
phytoliths recovered from the archaeological record.
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Introduction
The experimental cultivation, harvesting and processing of cereals has played a signiﬁcant
role in discussions about the origin of domesticated cereals and their cultivation in later
prehistoric and historic times. Such experiments have been designed to measure yields of
diﬀerent cereal types (e.g. van der Veen 1989; van der Veen and Palmer 1997); to measure
yields when cereals are grown under diﬀerent ecological conditions (e.g. Davies and
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Hillman 1988); to explore the process of domestication (e.g. Oka and Morishima 1971;
Hillman and Davies 1990; Lie-Dan Lu 2002); to test the eﬀectiveness of diﬀerent
harvesting methods (e.g. Anderson 1992); and to identify characteristic wear patterns that
arise on stone artefacts used in harvesting or processing (e.g. Anderson 1992). In this
contribution we describe an on-going experimental crop-growing programme in Jordan
that is primarily designed to develop methodology for the inference of water management
and more speciﬁcally crop irrigation from archaeo-botanical remains. Results concerning
yields arising from diﬀerent growing conditions are also presented.

The challenge of inferring water management from structural remains
The development of water management systems in the Near East has long been recognized
as important for understanding socio-economic change. Although Wittfogel’s (1957)
‘hydraulic hypothesis’ of irrigation management as the prime mover for the emergence of
early states may no longer be tenable, the management requirements of irrigation systems
and the potential increase in surplus that can arise from their use remain as key issues for
understanding the emergence of social complexity (Scarborough 2003).
These issues are of particular interest to the Leverhulme-funded ‘Water, Life &
Civilisation’ (WLC) research programme at the University of Reading (www.waterlife
civilisation.org). The aim of this ﬁve-year programme (2005–10) is to assess changes in the
hydrological climate and its impact on human communities in the Middle East and North
African area between 20,000 years ago and AD 2100 with a case study on the Jordan
Valley. The project seeks to develop inter-disciplinary approaches to the past, present and
future by integrating studies in meteorology, hydrology, human geography, soil science
and archaeology. The development and use of water management methods, and how these
relate to environmental, social and economic change, is one of its central concerns. While
direct structural evidence for prehistoric water management in the Jordan Valley remains
sparse, irrigation has been proposed as having played a key role in the development of the
large and socially complex Chalcolithic and Bronze Age settlements (e.g. Bourke 2001;
Philip 2001).
Direct archaeological evidence for water management in the Jordan Valley takes
numerous forms, including wells, cisterns, ﬁeld systems and irrigation ditches (Oleson
2001). Such evidence is often substantial for proto-historic and historic periods, such as
the sophisticated Nabatean modiﬁcations to the siq at Petra (Bellwald and al-Huneidi
2003) or the Roman/Byzantine reservoir, aqueduct and ﬁeld system in Wadi Faynan
(Barker 2000). Structural evidence for water management is both more elusive and more
diﬃcult to interpret for the prehistoric periods when it is likely that water management,
including the irrigation of cereals, began.
The earliest known evidence of water management in the Jordan Valley is the Pottery
Neolithic well at Sha’ar Hagolan, Israel (Garﬁnkel et al. 2006), dated to 6400–6200 BC,
although pre-Pottery Neolithic B wells dating to c. 8000 BC and to c. 7000 BC are known
from, respectively, Cyprus (Peltenburg et al. 2000) and the coast of Israel at ‘Atlit Yam
(Galili et al. 2002). Garﬁnkel et al. (2006) believe that the Shar’ar Hagolan well had been
used to provide water for human and animal consumption alone, rather than for the
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irrigation of crops. The earliest potential evidence for such water management in the
Jordan Valley is the set of small terrace walls at the Neolithic site of Dhra’, dated to 6000
BC by association with Jericho IX ceramics (Kuijt et al. 2007). These have been interpreted
as functioning to minimize soil erosion, control water runoﬀ during wet periods of the
year, and as ﬁeld systems for growing wild and domesticated plants.
Whether or not the Dhra’ walls were used to provide additional water to crops remains
unclear. Indeed, such uncertainty often exists even when a complex water management
system is evident. At the early Bronze Age site of Jawa, for instance, there appears to have
been a system of channels, dams and pools to collect and store winter ﬂood water from the
adjacent Wadi Rajil (Helms 1981, 1989). Hydrological models have been developed to
estimate the size of the animal and human populations that could be sustained by such
water storage (Whitehead et al. in press). But the estimates are highly dependent upon
whether the stored water had also been used to irrigate surrounding ﬁelds for the growth
of cereals, for which there is no direct evidence.
At other archaeological sites there may be circumstantial evidence for agricultural
intensiﬁcation requiring irrigation, but a complete absence of any structural evidence for
water management. At the Chalcolithic site of Ghassul, for instance, Bourke (2001: 119)
proposes that there had been ‘elite-regulated exploitation of ﬂood-water irrigation systems’,
but has no evidence for ditches, walls or dams. Such structures may not have been necessary
or simply insuﬃciently substantial to have survived in the archaeological record. Indeed, in
some cases, eﬀective water management requires no more than minor and ephemeral
adjustments to water courses, as we have observed among the Bedouin in Wadi Faynan.
They use small walls of pebbles and mud to divert seasonal streams and create substantial
pools of water. These are constructed in a few minutes, frequently modiﬁed and then simply
washed away leaving no archaeological trace. Far more substantial evidence may have been
destroyed: Philip (2001) notes that the down-cutting of wadis and the deposition of
colluvium in the Jordan Valley may have removed or buried structural evidence for water
management of the Early Bronze Age, for which there is direct evidence only from Tall
Handaquq (Mabry et al. 1996) and Jawa (Helms 1981, 1989).
As the structural evidence for water management is diﬃcult to interpret and may simply
not exist, it would be of considerable value to have a methodology for the inference of
crop irrigation directly from archaeobotanical remains, and especially from the types of
remains that are relatively abundant in the archaeological record. Helbaek (1960)
proposed that the size of charred ﬂax seeds could be used to this end, while Mabry et al.
(1996) suggested that the size of wheat grains from Tall Handaquq implied irrigation
agriculture. Such arguments are problematic because of the impact that charring itself may
have on the size of seed grains, and the numerous other factors that may also inﬂuence
grain size. Charles et al. (2003) demonstrated that, when modern-day ﬁelds and crops are
available for study, their weed ﬂoras can be indicative of the use of irrigation. But
suﬃciently well-preserved assemblages of charred plant remains from prehistoric sites for
such studies are rarely – if ever – recovered from the archaeological record. Another
potential indicator is the size and structure of phytoliths, these being proposed by Rosen
and Weiner (1994) to be diﬀerent in irrigated and un-irrigated crops. If this proposal can
be validated, the relative abundance of phytoliths in the archaeological record makes this a
potentially highly valuable indicator of irrigation.
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Multi-celled phytoliths as indicators of ancient irrigation: the pioneering study by
Rosen and Weiner (1994)
Phytoliths are microscopic bodies of opaline silica that form within and around plant cells
and are relatively durable within sediments, corroding and dissolving only when subject to
alkaline conditions. They can develop as either single- or multi-celled forms, this possibly
being dependent upon the amount of silica uptake by the plant which, in turn, reﬂects
water provision (either from irrigation or rainfall), the degree of evapo-transpiration and
soil chemistry. Rosen and Weiner (1994) explored the relationship between the production
of multi-celled phytoliths and the use of irrigation for emmer wheat and bread wheat in
Near Eastern environmental conditions.
They undertook a small-scale experiment, growing one plot of emmer wheat in irrigated
and another in un-irrigated conditions at the Gilat Agricultural Research Station in the
northern Negev. Both plots were subject to the same rainfall (224mm) and were on
identical soils, but the former also received an additional 200mm of water. They found
that plants from the irrigated plot had higher frequencies of multi-celled phytoliths,
especially those in which more than ten cells were joined together. A similar pattern was
evident from bread wheat, although the diﬀerence between irrigated and un-irrigated
specimens was not as marked and failed to be statistically signiﬁcant. Rosen and Weiner
(1994) argued that the same result exists for barley, although they did not undertake
their own experimental work. They proposed that, when dealing with archaeological
samples from arid and semi-arid regions, the presence of at least 10 per cent of phytoliths
having ten or more conjoined cells, or any phytoliths with 100 or more conjoined cells,
provides an indication of past irrigation. They used this to infer that irrigation had been
used for growing emmer wheat at two Chalcolithic sites in the northern Negev, Gilat and
Shiqmim.
If this ﬁnding is correct, it is of considerable archaeological importance: by taking
phytoliths from Near Eastern Neolithic, Chalcolithic and Bronze Age sites one ought to be
able to map the development of irrigation both through time and across space. There are,
however, four problems with the study that need to be addressed before Rosen and
Weiner’s proposed multi-celled phytolith indicator for irrigation can be used with
conﬁdence:
1. First is the issue of enhanced water availability coming from rainfall rather than
irrigation. Rosen and Weiner downplay the signiﬁcance of this by arguing that, on
average, a higher rainfall regime involves less evaporation that will, in turn, reduce
the number of multi-celled phytoliths. However, this is a problematic because the
association between rainfall and evaporation rates is far more complex than they
suggest. Moreover, the relative impacts of rainfall and evaporation on phytolith
formation have not been established and cannot be assumed to balance each other
out. Rosen and Weiner also argue that, unlike irrigation water, rain water is
essentially silica free and hence will have little if any impact on phytolith formation.
Whether or not this is the case, rain water will collect silica from the ground prior to
being taken up by the plant. Unless the source of water that had been used by a
plant can be established, one must rely on an independent measure of rainfall for
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the period and locality under study, such as by the isotopic analysis of lake
sediments or calcite deposits. If this indicates a period of either stable or increasing
aridity that coincides with high frequencies of multi-celled phytoliths in
archaeological samples, one might then reasonably conclude that irrigation had
been employed.
2. A second issue with the Rosen and Weiner’s study concerns the impact of soil
chemistry on phytolith formation. They were unable to explore this because they
used a single locality and growing season for their experimental study. Previous
research has shown, however, that the level of silica present in the soil will aﬀect
phytolith formation (Blackman 1968), while increased salinity levels will impede the
uptake of silica in wheat (Nicolas et al. 1993). Although it will always be diﬃcult to
establish the precise chemistry of the soil within which cereals were grown in
prehistory, an understanding of the relationship between soil chemistry and
phytolith formation is critical if we are going to use phytolith size and structure as
an indicator for irrigation.
3. A third issue with the Rosen and Weiner (1994) study derives from the small-scale
nature of their experiment. They found that an additional 200mm of water to the
224mm of rain water resulted in a signiﬁcant increase in multi-celled phytoliths.
But would an additional 100mm have had the same eﬀect, or 50mm? It is unclear
from their work whether the 200mm had been established as the optimal
additional amount to maximize yield prior to their experiment. Perhaps this was
an excessive amount, unlikely to reﬂect the level of irrigation likely to be found in
either prehistoric or historic times? A pertinent question is whether the size and
number of multi-celled phytoliths increase in a linear fashion with enhanced
irrigation levels or whether there is an exponential or another form of
relationship? So, just as with the need to understand the impact of soil chemistry
on phytolith formation, there is a need to establish the impact of varying levels of
irrigation.
4. A ﬁnal concern with the Rosen and Weiner (1994) study is with the potential impact
of taphonomic processes on the presence and frequency of multi-celled phytoliths in
archaeological samples. Although they noted that mechanical breakdown will select
against the preservation of phytoliths with more than 100 cells, there has been no
research (that we know of) on the breakdown of multi-celled phytoliths by aeolian,
ﬂuvial and other post-formation processes. So, even though single phytoliths are
durable, the relative frequency of even 10-celled phytoliths may be primarily a
reﬂection of taphonomic process rather than of the extent of past irrigation.

The WLC experimental crop-growing programme
The weaknesses we have pointed to in Rosen and Weiner’s (1994) study are largely present
because of the small-scale nature of their experimental work and because it was a truly
pioneering study. Consequently we have devised an experimental crop-growing
programme to build upon their research by exploring the relationship between soil
chemistry, irrigation intensity and phytolith formation, which is then related to a
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programme of experiments concerning the impact of taphonomic processes on multi-celled
phytolith preservation (that will be described elsewhere).
The ‘Water, Life & Civilisation’ project’s crop-growing experiments are conducted in
Jordan in collaboration with NCARE (National Centre for Agricultural Research and
Extension). We are assessing whether the proposed relationship between phytolith size and
water availability holds true for three plant species: durum wheat (T. durum), common
barley (H. vulgare) and sorghum (Sorghum halapense). Initially it was intended to grow
emmer wheat, which was an important early domesticate and would replicate the
experiments of Rosen and Weiner (1994). Unfortunately, seeds of emmer wheat were not
available at the time of planting, leading to the selection of durum wheat as a substitute
(we are planning future experiments with emmer wheat). Barley was chosen because it was
an important staple crop in the Near East and sorghum to explore whether a C4 grass
would respond in the same way to the diﬀerent levels of irrigation as the C3 grasses. At the
time of planting, Sorghum halapense was the only sorghum available in Jordan.
During the ﬁrst growing season (2005–6) these crops were grown under four irrigation
regimes: no irrigation (0 per cent of the crop water requirements), sub-optimal irrigation
(80 per cent of the crop water requirements), optimal irrigation (100 per cent of the crop
water requirements) and over-optimal (120 per cent of the crop water requirements). These
calculations were based on known crop water requirements estimated by using Class APan evaporation readings. A further condition (40 per cent of the crop water
requirements) has been added for the second and on-going growing season (2006–7).

Methodology
The set-up of the experimental plots
Native land races of durum wheat (ACSAD 65) and common barley (ACSAD 176) were
obtained from ACSAD (Arab Centre Studies Arid Zones and Dry Lands) and seeds of
Sorghum halapense were collected from wild plants in Jordan. These are being grown at
three diﬀerent locations: Kherbet al-Samra, located to the northeast of Amman with an
annual rainfall of c. 150mm; Ramtha, to the north of Amman, 5 km from the Syrian
border, with c. 300–350mm rainfall per year; and Deir ‘Alla in the Jordan valley, with c.
250mm of rain per year (Fig. 1). Both Kherbet al-Samra and Ramtha are on the Jordanian
plateau and are subject to greater temperature variation than Deir ‘Alla which is in a more
humid and continuously warm area. The use of three diﬀerent locations is for the same
reasons as in the wheat-growing experiments described by van der Veen (1989) in terms of
establishing the impact of ecology and climate on both yield and phytolith formation.
Four plots are used for each species, one for each irrigation regime. Each plot measures
5m 6 5m, is surrounded by a soil bund and has a 1.5m separation from the adjacent plot.
A drip irrigation system is used which has a 60cm spacing between each line (i.e. water
pipe) and a 40cm spacing between the drippers on each pipe. Each irrigation plot has eight
lines (Plate 1). Reclaimed waste water is used for irrigation at Kherbet al-Samra and
Ramtha while mixed water is used at Deir ‘Alla. The water was chemically, physically and
biologically tested before the experiments began and was found to be within the Jordanian
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Figure 1 Map of the ‘Water, Life & Civilisation’ study region showing location of crop growing
stations.

Plate 1 A: Planting; B: harvesting at Kherbet al Samra.
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standards for water use in crop irrigation. Meteorological data are available for all three
stations which provide daily mean, maximum and minimum temperatures and the daily
rainfall totals. Soil samples were taken from each plot before planting, which was
characterized for a range of routine properties tested at 0–25cm, 25–50cm and 50–75cm at
NCARE. An additional test for silica will be conducted at the University of Reading.
Planting and harvesting
Initial sowing took place in November 2005, with the plots being ploughed prior to
sowing, followed by regular monitoring of the crops on a weekly basis. Seeds were sown at
a rate of 20kg/dunam (1 dunam ¼ 1000m2) for wheat and barley and 10kg/d for sorghum.
The plots were monitored on a weekly basis for irrigation and weed control; no chemical
weed killers, pesticides or fertilisers were employed. The wheat and barley were harvested
when ripe in May 2006 and the sorghum in August 2006; Figure 2 illustrates the planting
and harvesting at Kherbet al-Samra. Approximately twenty to thirty plants were sampled
from each plot, using a diagonal 50cm grid system to get a representative sample of the
whole plot. In addition to the plants taken for phytolith analysis, a 1m 6 1m square was
sampled for total fresh yield, grain yield and straw yield, and one plant was taken from
each plot for chemical analysis. These plants were oven dried and crushed and tested for
total N (nitrogen), P (phosphorus) and K (potassium) at NCARE. A soil sample was also
taken after harvesting. Each plot is fully harvested, weeded and tilled before
re-sowing.

Figure 2 Crop-growing layout for Kherbet al Samra.
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Laboratory work
The ﬁrst crop to be analysed for phytoliths was the wheat from Kherbet al-Samra.
Initially ten plants were taken from the optimal irrigation plot. These were washed in
distilled water and then cut up according to plant part (awn, husk, leaf and stem) and
placed in a weighed crucible. The crucibles were then re-weighed after the plant material
had been added. These were then placed in a muﬄe furnace and burnt for two and a
half hours. The awns and husks were burnt at 5008C, while the leaves and stems had to
be burnt at 6008C to ash them completely. The crucibles were re-weighed after ashing so
that the weight of the phytolith could be determined. Five plants were ashed and the
residues mounted directly onto microscope slides while the other ﬁve were rinsed in 10
per cent hydrochloric acid before mounting. The results showed that the subsequent
rinse in 10 per cent HCL did not increase the quality of the slides produced but did
lower the phytolith yield. Therefore a decision was made to process the samples without
a subsequent rinse in 10 per cent HCL to maximize the samples produced. In total,
twenty plants were sampled from each of the irrigation plots at Kherbet al-Samra and
processed, by plant part, for phytoliths.

Results
Success of crop growth
Diﬀerences in crop growth were seen not only between the diﬀerent irrigation regimes but
also between the same crops at diﬀerent research stations. For wheat and barley Kherbet
al-Samra was the most successful station. The plants in the optimally irrigated plots grew
best, followed by the sub-optimal and over-optimal and lastly the un-irrigated plots.
However, this was not the case for sorghum. While the sorghum was present in the underoptimal, optimal and over-optimal plots it did not grow at all in the un-irrigated plot at
Kherbet al-Samra.
Bird attack was a problem at both Ramtha and Deir ‘Alla and mesh had to be
suspended over the plots, leading to an increase in humidity and weed growth (a
problem also experienced by other experimental crop-growing programmes, e.g. van
der Veen 1989). At Ramtha the un-irrigated plots of wheat and barley matured before
the other plots and suﬀered the worst attack by birds. In addition, the un-irrigated
wheat and barley were aﬀected by rust, especially the plants in the middle of the plots.
This may be because the plants were unaccustomed to the increased humidity caused
by netting, while the irrigated plants were more accustomed to receiving water. Overall
the un-irrigated plots of wheat and barley fared better at Ramtha than at Kherbet alSamra. In addition, the un-irrigated sorghum did grow, albeit poorly, at Ramtha. The
over-optimally irrigated sorghum was the most successful plot, while optimally irrigated
and under-optimally irrigated looked similar in growth.
Deir ‘Alla was the most problematic of the three crop-growing stations. Bird attack
was ferocious and the majority of the plots were infested with weeds. Both the wheat
and barley matured at the same time even though the growing season is usually shorter
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for barley. The over-optimal and optimally irrigated wheat and barley plots were badly
contaminated by weeds; these comprised approximately three-quarters of the plots. In
the under-optimal plots approximately half of the area consisted of weeds.
Interestingly, the un-irrigated plots grew most successfully and were not as badly
contaminated by weeds. Sorghum grew in all of the plots at Deir ‘Alla, even the unirrigated plot. The plants grew most successfully at the plot edges for all of the crops
at Deir ‘Alla.
Crop yield
A 1m 6 1m area was sampled for yield from each of the irrigation plots. This was analysed
at NCARE and expressed as tonnes per hectare. Yield was calculated for total fresh yield
(Total Fresh Yield), which was then broken down into grain yield (GY) and straw yield
(SY). Figure 3 shows the results for the wheat and barley from the 2005 and 2006 growing
seasons.
Barley yield
The greatest total fresh yield for the un-irrigated barley came from Ramtha while
Kherbet al Samra had a low yield from the un-irrigated plot which produced no grains
at all. Grain yield for the un-irrigated plot was also low at Deir’Alla with most of
the total fresh yield consisting of straw. Irrigation resulted in a discernible increase
in crop yield at Kherbet al Samra with optimal irrigation raising total fresh yield ﬁvefold.
Results of rainfall calculations show that there was less rain during the barley-growing
season at Kherbet al Samra than at Ramtha and Deir ‘Alla; while Kherbet al Samra had a
total rainfall of 77.2mm, Ramtha received 119.3mm and Deir ‘Alla 201.2mm of rain
during the growing season which would have greatly aﬀected this result. In addition, the
evapo-transpiration rate was higher at Kherbet al Samra than at Ramtha and Deir ‘Alla.
The amount of rain that fell in the Jordan Valley during the 2005 to 2006 growing season
was greater than in average years, demonstrating the importance of replicating the
experiments. The yield results from Ramtha show that there is a steady increase in total
fresh yield, grain yield and straw yield as the irrigation levels increase, with the greatest
total fresh yield for all sites coming from the over-optimally irrigated plot with 19.4 tons
per hectare. At Deir ‘Alla the optimally and over-optimally irrigated plots performed
similarly for all types of yield.
Wheat yield
Once again the yield for the un-irrigated plot was lowest at Kherbet al Samra with no
grains being collected from this plot. Yield was low at Ramtha, though grains were present
in the un-irrigated plants. However, while the un-irrigated barley yield was greatest at
Ramtha, the un-irrigated wheat yield was highest for Deir ‘Alla with 6.5 tons per hectare.
The greatest overall total fresh yield came from the optimally irrigated plot at Kherbet al
Samra but this plot did not have the highest grain yield, which was found in the optimally
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Figure 3 Total fresh yield, grain yield and straw yield for the wheat and barley for all sites from the
2005–6 growing season.

irrigated plot at Deir ‘Alla. Grain production was similar for all the irrigated plots at
Kherbet al Samra, while the optimally irrigated plot had the most grain at Deir ‘Alla and
the over-optimally irrigated plot the greatest grain yield at Ramtha.
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Phytolith yield
Phytolith yield is the amount of phytoliths produced from a known amount of plant
matter. This is a useful calculation for establishing phytolith production in a modern
growing situation but is, of course, redundant in archaeological contexts when the amount
of original plant matter is unknown. As this work is ongoing the results presented here are
based only on the wheat from Kherbet al Samra and Deir ‘Alla, from the 2005–6 growing
season. Figure 4 shows the weight percentage of the phytoliths from the wheat grown at
Kherbet al Samra. This illustrates that there is a steady increase in the weight percentage
of phytoliths as the level of irrigation increases. However, when this is broken down into
plant part (awn, husk, leaf and stem) the results are less straightforward. While the husks
and the stems show an increase in weight percentage as the irrigation level rises, the awns
and the stems show a less uniform response to the various irrigation regimes. The stems
were diﬃcult to ash completely and so this sporadic result could partly be a reﬂection of
residual charcoal in some of the samples which aﬀected the weight percentage but no such
problem was encountered with the awns. Partly as a response to this result and partly due
to the diﬃculty in counting the conjoined cells from the awns, leaves and stems, a decision
was taken to analyse only the husks for the rest of the modern crops.
Figure 5 shows a comparison of the weight percentage of the phytoliths from the wheat
from Kherbet al Samra and Deir ‘Alla; these results are based on a sample of twenty

Figure 4 Phytolith yield by plant part for the wheat from Kherbet al Samra.
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Figure 5 Comparison of the weight percentages of husk phytoliths from Kherbet al Samra and Deir
‘Alla.

plants. From this it is apparent that the wheat husks from Deir ‘Alla produced a greater
percentage of phytoliths than those from Kherbet al Samra, with the under-optimally
irrigated and optimally irrigated wheat husks from Deir ‘Alla having over twice the weight
percentage of those from Kherbet al Samra. The phytolith weight percentages of husks
from Deir ‘Alla are also greater than those of Rosen and Weiner (1994). The husks from
the irrigated emmer wheat grown in Gilat had a mean weight percentage of 3.86 while the
un-irrigated samples had a weight percentage of 2.09. This is considerably less than was
obtained from the optimally irrigated wheat husks from Deir ‘Alla which had a weight
percentage of 22.2. However, Rosen and Weiner’s (1994) results for the weight percentage
of husks from the durum wheat from irrigated ﬁelds at Beit Qama, Israel, is much higher
at 13.71 percentage. This is interesting as it may suggest that durum wheat is a more
proliﬁc producer of phytoliths than emmer wheat.
Phytolith form
The phytoliths found in the wheat samples from Kherbet al Samra have yet to be
quantiﬁed but some diﬀerences were discernible from initial observations. The un-irrigated
plot (0 per cent irrigation) produced large but poorly siliciﬁed phytoliths, making it
diﬃcult to distinguish and identify the individual phytolith forms in the multi-cells, as
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illustrated in Plate 2. The under-optimal plot (80 per cent irrigation) produced some large
multi-celled phytoliths but these were not as large as those found in the 100 per cent
irrigated plots. The optimally irrigated plot (100 per cent irrigation) produced very large
conjoined multi-celled phytoliths which could be described as ‘phytolith sheets’. These
consisted of many hundreds of cells conjoined to make one enormous multi-celled
phytolith. Finally the over-optimal plot (120 per cent irrigation) produced many multicelled phytoliths which were similar to the ones observed in the under-optimal irrigation
plot but there were also some multi-celled phytoliths that were poorly siliciﬁed and similar
to those found in the un-irrigated samples.

Discussion
The results obtained from the crop yield calculations demonstrate that, as one might
expect, crop yield increases with irrigation. In the majority of plots the greatest crop yield
was obtained from the optimally irrigated plot. However, at both Ramtha and Deir ‘Alla,
which had a total rainfall over the growing season of 119.3mm and 201.2mm respectively,
rainfall alone was suﬃcient to produce grain for both wheat and barley. This is pertinent

Plate 2 Images of the multi-celled phytoliths produced by the wheat plants grown at Kherbet al
Samra. A: no irrigation, B: sub-optimal irrigation, C: optimal irrigation, D: over-optimal irrigation.
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because the recommended level of irrigation for barley is 200–50mm and for wheat is 250–
300mm. The results from the analysis of the phytolith yield are more challenging to
interpret due to the variety of factors that can inﬂuence silica uptake and phytolith
production. Diﬀerences in evapo-transpiration rates could be the main cause of this
variation in phytolith yields. Class A Pan-evaporation readings were taken from all three
sites and were used to calculate crop water requirements. These ﬁgures demonstrate that
the evaporation rate was greatest at Kherbet al Samra during the growing season for both
barley and wheat.
At Deir ‘Alla an interesting phenomenon occurred with the growth period for wheat
being shorter than usual. At this site the wheat matured at the same time as the barley
despite the growing season for barley being shorter than for wheat. This accelerated
growth may be due to the increased heat and humidity caused by covering the plot in mesh
to protect the plants from birds. In total, the evaporation rate was 397.5mm for Kherbet al
Samra for the barley-growing season and 500.6mm for the wheat-growing season, in
contrast to 378.5mm for Deir ‘Alla. This increased level of evaporation, leading to an
increase in evapo-transpiration in the plants, could have resulted in accelerated silica
uptake through the groundwater.
Another critical factor for phytolith production is the amount of available silica (Si) in
the growing medium. It has been demonstrated that phytolith production is proportional
to the amount of Si in the growing medium for oats and rice (Jones and Milne 1963;
Okuda and Takahashi 1964). In addition, aluminium oxides and to a lesser extent iron
oxides can be absorbers of silica, meaning that there is less available in the transpiration
stream (McKeague and Cline 1963). Soils analysis to assess the levels of silica and for
aluminium and iron oxides is currently being undertaken at the Department of Soil
Science, University of Reading, and it will be interesting to observe if diﬀerences in the
levels of these could have attributed to the greater phytoliths yield at Deir ‘Alla compared
to Kherbet al Samra. As noted above, increased salinity levels are known to reduce
transpiration rates in T. aestivum and T. durum, which could in turn aﬀect phytolith
production (Nicolas et al. 1993). Deir ‘Alla has a lower level of soil salinity than Kherbet
al Samra, which may have contributed to the lower weight percentage of phytoliths from
the husks from this site.
The general health of the plant may also be a variable that aﬀects silica uptake. It has
been observed that silica precipitation may be a response to fungal attack in some plant
species. This has been observed for the French bean (Phaseolus vulgaris) where it was
noted that silica deposition occurred in the mesophyll cell walls in the same areas of the
leaf that had been aﬀected by cow pea rust (Uromyces phaseoli/vignae) (Heath 1979). As
noted above, the plants from Deir ‘Alla suﬀered from rust and, if the increase in silica
precipitation in response to rust holds true for all plant species, this may also have
contributed to the higher weight percentage of phytoliths in the plants from Deir ‘Alla.

Conclusions
Phytolith analysis is becoming widespread in archaeology and so it is vital to understand
the factors that inﬂuence the size, shape, structure and preservation of phytoliths in the
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archaeological record. Unravelling the relative inﬂuence of plant species, plant part, plant
health, soil chemistry and evapo-transpiration on the formation of phytoliths is
challenging and will take at least three years of crop-growing experiments to construct
a suﬃciently large body of data. In addition, further experiments are necessary (and are
currently being devised) to address issues of phytolith taphonomy. By undertaking such
programmes of experimentation, it may be possible to provide a new method for the
inference of ancient crop irrigation, one to be used in conjunction with other potential
indicators such as grain size, weed ﬂoras and structural evidence.
The initial results from our experiments are positive: irrigation does appear to have a
signiﬁcant eﬀect on phytolith size and structure, supporting the claims of Rosen and
Weiner (1994). But we have yet to complete the quantitative analysis of the phytoliths
from the ﬁrst year of experimental crop growing and (at date of writing, May 2007) are
just about to harvest the crops from the second year. For this second year of
the experiment we have included a plot with 40 per cent of the optimal irrigation. This
recognizes that the results from the ﬁrst year are insuﬃcient to indicate whether
the increases in, for example, barley yields from Kherbet al Samra and in husk phytoliths
from Deir ‘Alla, from the 0 per cent to 80 per cent irrigation levels should be considered as
a gradual increase or whether there is some other form of relationship.
We are aware that there are potentially numerous additional factors that are likely to
inﬂuence both yields and phytolith formation that we are unable to consider within our
experimental design. As with any research project we are ultimately limited by resource
availability and the crop-growing experiments we have described need constant attention
to ensure irrigation levels are correctly applied, along with substantial laboratory studies
for the phytolithic and chemical analysis. The potential long-term beneﬁts are substantial.
If these experiments can demonstrate a signiﬁcant and consistent relationship between
phytolith formation and irrigation, and if we can develop an understanding of phytolith
taphonomy and control for overall changes in precipitation, then we should be able to
make direct inferences regarding irrigation at Neolithic, Chalcolithic and Bronze Age sites
in the Jordan Valley. By so doing, we hope to make a signiﬁcant contribution to our
understanding of the relationship between water management and the evolution of social
complexity.
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