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Abstract The isotope composition of fruits and seeds
of Hordeum vulgare L. (barley), Triticum aestivum/durum
(wheat) and Vicia faba var. minor (faba bean) from three
chronological phases between 2200 and 1321 cal Bc of
the settlement Cerro del Castillo de Alange (SW Iberian
Peninsula) have been studied. The §'3C values for cere-
als were between —24.40 and —20.39%0 (V-PDB), with a
mean of —22.01%o, the discrimination (A) being 15.96%o.
The legumes registered similar values, between —26.25 and
—20.49%0 (mean = —22.59%0), with a differential for the
period of 16.51%o. In both cases, a change was noted from
the first phase, where water availability is clearly a limit-
ing factor for plant development. In subsequent phases the
growing conditions appear be wetter. By comparison, we
measured samples of Quercus ilex-coccifera (oak) charcoal,
which shows similar values throughout the series. This sug-
gests that there was no significant climate shift to moister
conditions that could explain the above results, but rather
they were the consequence of a change in crop management.
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In addition, we measured samples of a current rainfed Triti-
cum sp. (year 2014), which averaged A'*C 15.56%0. The
changes between the three phases could indicate the devel-
opment of mixed models of exploitation that combine strat-
egies based on the use of rainfed and potentially irrigated
areas during the 2nd millennium Bc. The implementation
of such a cropping technique, taking advantage of the river
banks, could be a response to the processes of climatic deg-
radation that begin in the Middle Holocene. The situation
of the Cerro del Castillo reservoir between the rivers of the
Guadiana and Matachel rivers is consistent with the develop-
ment of this type of practice indicated by the isotopic and
archaeobotanical data.

Keywords Agriculture - Archaeobotany - Bronze Age -
Stable isotopes - 8'3C - Irrigation

Introduction

Human societies affect the natural environment, transform-
ing it beyond the limits of nature through the development
of technological innovations and changes in environmental
exploitation. The literature has emphasized the relation-
ships between changes in climate, technical developments,
and expansion of agriculture (Woodbury 1961; Richer-
son et al. 2001; Munro 2003; Gupta 2004; Weninger et al.
2006; Turney and Brown 2007; Berger and Guilaine 2009).
The development of irrigation methods is one example
of how human societies intervene in a changing environ-
ment to ensure crops in an environment, which is more
arid or has irregular rainfall. In this way, the impact of
irrigation, the use of more suitable land for cultivation,
and the division of space for a differential use of resources
are issues that in the Mediterranean basin have received
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special interest in archaeological research (Wittfogel
1957; Adams 1974; Jacobsen 1982; Hunt 1988; Chapman
1990; Price 1994; Purdue and Berger 2015). This interest,
especially regarding the development of irrigation, arises
for two reasons: first, because the first states developed
in environments characterized today by arid or semi-arid
climates and, second, because the complexity inherent in
organizing irrigation systems helps explain the origin of
social hierarchy (Wittfogel 1957; Gilman and Thornes
1985; Chapman 1990).

However, a link between social complexity and the devel-
opment of irrigation should not be mechanically established.
Irrigation as a technique is no more than a manner of control-
ling nature that does not differ essentially from agriculture
as a way of life and relationship with the environment. This,
as a substantial change in the relationship between human
societies and the environment, evolved with social, political,
economic, and cultural transformations (Cohen 1977; Hub-
bard 1980; Jarman et al. 1982; Rindos 1984; Gebauer and
Price 1992; Smith 1994; Price 1995; Harris 1996). On the
other hand, irrigation does not involve a substantial change
either in the relations of production or in the conception of
nature, being a result of the development of agriculture. Irri-
gation is not only a means of adaptation to the environment,
but is a mechanism to encourage crop survival, to increase
the amount of food, and to reach a surplus. Although it may
appear in a context of adaptation to a changing environment,
it can also be developed in a complementary way to rainfed
agriculture.

The use of irrigation systems is known from the Prehis-
tory of the Mediterranean. To verify this, different indicators
of the archaeological record have been used: hydraulic struc-
tures (Shiile 1967; Helms 1981; Bienert and Hisser 2004;
Kuijt et al. 2007), phytolithic aspects (Rosen and Weiner
1994; Jenkins et al. 2011, 2016), characteristics of plant
remains (Helbaek 1960; Jones et al. 1995; Jones 2005) or
the study of the isotope composition of carbon (8"C) (Araus
and Bux6 1993; Araus et al. 1997, 2014; Ferrio Diaz et al.
2005; Wallace et al. 2013; Riehl et al. 2014; Mora-Gonzalez
et al. 2016). Studies have correlated isotopic composition
of carbon (ratio between '3C:'?C) and water conditions of
plants in their development (Farquhar et al. 1982, 1988,
1989; Farquhar and Richards 1984; Diefendorf et al. 2010;
Kohn 2010). During photosynthesis, two fractionation pro-
cesses occur in the plants of the C3 cycle: one is due to the
diffusion of CO, through the stomatal ducts, and another to
the activity of RuBisCO. The first one is a variable param-
eter, used by the plant to defend itself against water loss by
transpiration. That is, under stress, plants close their stomata,
decreasing the amount of CO, in the intercellular space and
thus 8'3C values increase. Water conditions correlate with
the isotope composition, this being determined by factors
such as the 8'C from the atmosphere and the concentration
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of atmospheric CO, (Farquhar et al. 1982, 1989; Farquhar
and Lloyd 1993; Cernusak et al. 2013).

These types of studies have been applied to the NE, E
and SE of the Iberian Peninsula (Araus et al. 1997; Fer-
rio Diaz et al. 2005; Aguilera et al. 2008; Mora-Gonzalez
et al. 2016). However, agricultural practices and irrigation
development have attracted less attention in areas having
higher precipitation and where rainfed agriculture is pre-
sumed to be sufficient, as is the case of Northern and Cen-
tral Europe (Bogaard et al. 2013). This could also be true
of the SW Iberian Peninsula, where research is needed on
this subject. In this context, charcoal (Grau Almero et al.
1998; Duque Espino 2004) and pollen (Hernandez Car-
retero et al. 2003) has been studied in the middle basin of
the Guadiana river, revealing three anthracological phases
related to environmental shifts from 7,500 to 2,000 Bp due
to climate change and anthropic pressure (Duque Espino
2004). Anthracological Phase I, roughly between 7,500 and
4,500 Bp (5500-2500 BC), correlates with a wetter environ-
ment and lower temperatures, related to the Atlantic Phase
of the Holocene of the SW Iberian Peninsula (Duque Espino
2004). Around 4,500 Bp (Anthracological Phase II) the tree
cover sharply declined, with a predominance of evergreen
Quercus, a prevalence of thermophilic taxa such as Olea
europaea, and a reduced amount of riparian woodland spe-
cies. Regionally, this has been related to the sub-boreal
phase of the Holocene of the SW, characterized by a drier
climate and higher temperatures, which in turn matches
the data for the SE Iberia Peninsula and the Mediterranean
basin (Jalut et al. 2000, 2009; Pérez-Obiol et al. 2011). Also,
open spaces developed in relation to intensified agriculture
and grazing (Duque Espino 2004). Finally, Anthracological
Phase III (2,800-2,000 BP, 800—1 BC) had a wetter climate,
reflected in recession of Olea europaea and an expansion
in riparian woodland species, especially in environmentally
demanding species such as the walnut. This has been related
to the Holocene Sub-Atlantic Phase in the SW, where the
changes recorded prove consistent with the anthracological
record. This dates to around the 5th century Bc, when rainfall
appears to have increased (Duque Espino 2004).

Accompanying this natural process human influence
gradually grew in relation to the development of cultivation
and livestock, activities that later intensified in the Roman
era (Castafios Ugarte 1998a; Grau Almero et al. 1998). In
this context, there was a tendency towards a greater pres-
sure on cultivation. This implies taking advantage of fluvial
soils in the plains of the Guadiana and Matachel rivers. In
the Cerro del Castillo de Alange settlement, this process
would be dominated by species such as Triticum aestivum /
durum and legumes, with the possibility of even developing
irrigation systems (Grau Almero et al. 1998). In turn, this
would result in more vigorous clearing of the climax forest,
to establish more abundant pastures for the livestock (Grau
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Almero et al. 1998; Duque Espino 2004; Pavén Soldevila
and Duque Espino 2014).

The goal of this study is to verify whether the seed
remains found at the site were originally cultivated under
irrigation. For this, we use the isotope composition of the
carbon (8'3C) from remains of Triticum aestivum | durum
(wheat) (Mora-Gonzalez et al. 2015), Hordeum vulgare L.
(barley), Vicia faba var. minor (faba bean) and Quercus ilex-
coccifera (0ak) at the second millennium Bc settlement of
the Cerro del Castillo de Alange (SW Iberian Peninsula).

Archaeological and geographical background

The settlement Cerro del Castillo de Alange is located
between the high and low vega (cultivated plains) of the
Guadiana River. Overall, the environment has a flattish pro-
file with a gradual slope, giving rise to two well-differenti-
ated areas: one above 400 m a.s.l., where the Sierra de Pefias
Blancas (655 m a.s.1) is located; and the other at 485 m a.s.1.,
the site of Castillo de Alange (485 m a.s.l.), with gentle
slopes and small open rivers used for cultivation.

Geologically, the territory is composed of basic sedi-
ments, with Miocene and carboniferous limestones and cal-
careous Miocene sediments, in contrast to a general lithol-
ogy of more acidic soils, in a granite environment. The
settlement is located in a contact zone between three meta-
morphic areas: Tierra de Barros, with loamy-clayey soils,
suitable for rainfed agriculture; Guadiana, with loamy soils,
well suited to cultivation with irrigation; and the Emeritense
Granite Group, with loamy sandy soils, suitable for pastures
(Pavén Soldevila 1998).

The area is located in the mesomediterranean biocli-
matic belt, where annual temperatures range between 13
and 17 °C, with a minimum of between —1 and —4 °C, and
a maximum between 9 and 14 °C. Frost can occur between
the months of October and April, with a rainfall typical of
an ombroclimate, with average annual precipitation between
350 and 600 mm (Grau Almero et al. 1998). During the year
2014 the rainfall was 452 mm in the weather stations closest
to the sampling points (Alange 5 km), with 45.6 mm in April
and 14.1 mm in May (the data provided by Agencia Estatal
de Meteorologia, Ministerio de Agricultura, Alimentacién y
Medio Ambiente, Spanish Government, http://www.aemet.
es/es/portada).

The settlement lies in the Marian-Manchiquese biogeo-
graphic sector, in the subsector of Tierra de Barros. The
vegetation is characterized by Quercus ilex ssp. rotundifolia,
being close to the silica subsector of the Serena-Pedroches
(Rivas Martinez 1987; Grau Almero et al. 1998).

Archaeologically, the settlement has three well-differ-
entiated levels of occupation, defined from the excavations
in different areas of the site: Section 5 of Solana and in

Sections 2 and 3 of Umbria: the epi-Chalcolithic Horizon,
the Middle Bronze Horizon, and the Late Bronze Horizon I
(Pavon Soldevila 1998; Pavon Soldevila and Duque Espino
2014).

The epi-Chalcolithic Horizon corresponds to the Solana
Phase I and the transition between Solana Phase I and 1I,
towards the Middle Bronze Age. The Middle Bronze Hori-
zon is defined by the Solana Phases IIA and IIB. The latter
corresponds to the Umbria Phases IA and IB, coinciding
with the so-called Bronze Age of the Southwest II. Finally,
the Late-End Bronze I Horizon is characterized by the
Umbria Phase II (Pavon Soldevila 1998; Pavon Soldevila
and Duque Espino 2014).

The archaeobotanical studies show a palaeolandscape
with a flora that can be divided into three groups: forest
species, riparian woodland species, and wild species related
to meadows and crops (Grau Almero et al. 1998). This flora
reflects the presence of an oak woodland, already degraded,
that has been replaced by scrub from the epi-Chalcolithic
onwards. This process appears to be a consequence of
increased grazing, which would favour the formation of
dehesa-type pastures (Grau Almero et al. 1998).

In terms of agricultural production, cereals predominate,
with some legumes. Naked wheat predominates over naked
and hulled barley in a proportion of 62 to 38% in the epi-
Chalcolithic levels. Chronologically, wheat continues to
appear, with a remarkable finding of a structure containing
large quantities of clean and stored wheat, identified as a
barn and dating to 1650 cal Bc (Pavén Soldevila et al. 2010;
Pavon Soldevila and Duque Espino 2014). Wheat is the only
cereal preserved in the Late Bronze Age levels (Grau Alm-
ero et al. 1998). The plough, although no direct evidence
of its use has been found, could have facilitated extensive
cereal agriculture to complement crops that thrive on the
wetter land nearby, where irrigation systems could even have
been implemented (Grau Almero et al. 1998).

Materials and methods

The material used in this study (n=202) was recovered from
levels III, V,VI and VII of Trench 5 at la Solana (Solana
I and Solana I-II phases, 2200-2000 Bc, without e
dates); levels II (Umbria II phase, 1381-1321 cal Bc, Beta-
68667—3,080 + 90 Bp), III, IV and IVb (Umbria IB phase,
1875-1785 cal Bc, Beta-68668—3,520 + 70 BP), and V and
VI (Umbria IA phase, 1936 cal Bc, Beta-68669—3,600 + 80
BP) of Trench 3 at la Umbria (Pavén Soldevila 1995; Pavon
Soldevila and Duque Espino 2014); and from Trench 9,
where a structure has been identified as a granary that was
abandoned around 1650 cal Bc (Beta-228897—3,360 + 50
BP) (Pavon Soldevila et al. 2010) (Table 1). In addition, Triti-
cum sp. cultivated in the year 2014 was sampled from two
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Table 1 Mean values for the archaeological samples analysed in this study

Species (n)

Chronology (8c) 8'*CY%o (SD) [range]

A3C (SD) [range] WUE (SD) [range] CO, (8*C,,%0)

Triticum aestivum/durum 2200-2000 —21.58 (0.43) [-23.02 to
(25) —20.84]
Hordeum vulgare L. (24) 2200-2000 -21.35(0.27) [-21.89 to
—20.60]
Triticum aestivum/durum 1650 (cal) —22.93 (0.96) [—24.40 to
(25) —20.53]
Triticum aestivum/durum 1381-1321 (cal) —22.15(1.11) [-24.06 to
(25) —20.39]

Vicia faba var. minor (6) 2200-2000 —21.36 (0.54) [-22.17 to
—20.70]

Vicia faba var. minor (25)  1381-1321 (cal) —22.89 (1.66) [—26.25 to
—20.49]

Quercus ilex-coccifera (20) 2200-2000 —24.54 (0.58) [-25.72 to
—23.49]

Quercus ilex-coccifera (20) 1936 (cal) —25.14 (1.15) [-27.18 to

—23.17]

Quercus ilex-coccifera (17) 1875-1785 (cal)

—23.73]
Quercus ilex-coccifera (15) 1381-1321 (cal)

—24.04]

—24.67 (0.70) [-26.21 to

—25.32 (0.59) [-26.01 to

15.57 (0.44) [14.79-17.06] 88 (3) [76-94] —6.35
15.33 (0.28) [14.55-15.89] 90 (2) [85-96] —6.35
16.88 (0.99) [14.40-18.42] 78 (8) [66-97] —6.43
16.02 (1.16) [14.20-18.02] 84 (9) [69-98] —6.48
15.34 (0.56) [14.65-16.18] 90 (4) [83-95] —6.35
16.80 (1.73) [14.30-20.30] 78 (13) [51-98] —6.48
18.65 (0.60) [17.55-19.88] 64 (5) [55-73] —6.35
19.24 (1.21) [17.19-21.38] 60 (9) [43-75] —6.38
18.73 (0.73) [17.75-20.34] 64 (6) [51-71] —6.40
19.33 (0.62) [17.99-20.05] 59 (5) [53-69] —6.48

According to the species (with number of samples), chronology, carbon isotope composition value (§'*C), carbon isotope discrimination (A'*C),
WUEiI (intrinsic water-use efficiency) and isotopic composition of CO,; for all samples, the CO, concentration (ppm) was 278

Fig. 1 Map with the location of the settlement Cerro del Castillo de
Alange (triangle) and of the sampling of current plants (circles); the
circular area delineates an extension of 5 km around the settlement

rainfed plots (N=230) located less than 10 km from the set-
tlement (Fig. 1). These plots are in an area characterized
by soils with a sandy-clayey matrix and quartzite pebbles,
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situated a few 100 m before the clayey Tertiary soils, and
which show no major problems of water retention.

All the archaeological samples were in a carbonized state.
Different studies have shown that the isotopic carbon signal
is not affected by fire in the case of cereal and legume seeds
(Marino and DeNiro 1987; Araus et al. 1997; Caracuta et al.
2015; Nitsch et al. 2015). In the case of charcoal remains,
it has been pointed out that there may be biases for some
species such as pine (Ferrio Diaz et al. 2006) or even for the
oak (Turney et al. 2006). However, a more recent study in
the eastern Iberian Peninsula has indicated that for this latter
species the anthracological remains would not be signifi-
cantly affected (Aguilera et al. 2009, 2011). Consequently, it
is not necessary in the case of the present study to introduce
correction factors for the results found.

The modern samples were dried at 65 °C for 48 h and
then homogenized with a tungsten ball mill. The archaeo-
logical samples, after being homogenized, were treated with
37% hydrochloric acid (HCI) vapours for 12-14 h to dissolve
any carbonates that could distort the results (Hedges and
Stern 1984).

Although we have analysed a set of seeds for each of the
contexts, each of the seeds was analysed individually twice,
and were found to weigh an average of 0.5 mg.

Isotope measurements were made at the Stable Isotope
Laboratory of the Andalusian Institute of Earth Sciences
(CSIC-University of Granada, Granada). Samples were
analysed for the carbon isotope composition by means of
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a Carlo Elba NA1500 (Milan, Italy) elemental analyser in-
line with a Delta Plus XL (Thermoquest, Bremen, Germany)
mass spectrometer (EA-IRMS). The stable composition is
reported as & values per thousand:

6= (Rsample/Rstandard - 1) X 17 000

where R='3C /'2C for 8'3C.

For this study, two internal standards of —30.63 and
—11.65%0 (V-PDB), respectively, were used. Calculated pre-
cision, after correction of the mass spectrometer daily drift,
with the systematic interspersing of standards in each analyt-
ical batch, was better than +0.1%o for 8'°C. The standard for
reporting carbon measurements is V-PDB (Vienna-PDB).

To compare current and preindustrial conditions (Keel-
ing et al. 1979; Tans and Mook 1980; McCarrol and Loader
2004), we calculated values of the carbon isotope discrimi-
nation (A'*C) using the following equation (Farquhar et al.
1982; Farquhar and Richards 1984):

(6"3Cy — 8C

(1+613C

sample)
/1,000)

13C_

sample

where 8'°C,, is the carbon isotope composition of atmos-
pheric CO, and E‘SBCSﬁmple is the carbon isotope composi-
tion of sample. For the archaeological period, '°C,,,, was
determined from AIRCO2_LOESS system (http://web.udl.
es/usuaris/x3845331/AIRCO2_LOESS .xls) (Leuenberger
et al. 1992; Indermuhle et al. 1999; Ferrio Diaz et al. 2005).

Higher CO, concentrations are ultimately beneficial for
the plant, allowing similar stomatal conductance, more car-
bon fixation, and greater carbon isotope fractionation (more
negative values in the 8'*C tissue) under the same water con-
ditions. At the same time, the increase in CO, is associated
with higher ambient temperatures, which encourage stomatal
closure. Therefore, some increasingly negative atmospheric
values and a higher concentration of CO, results in a trend
towards more negative values in plant 8'>C. The second
trend has the opposite effect, since stomatal closure due
to drought and rising temperatures promotes less negative

Table 2 Mean values for the samples analysed in this study (archae-
ological and modern—according to the field identification): carbon
isotope composition value (8'°C), carbon isotope discrimination

values. To take into account changes in CO, concentrations,
we calculated the intrinsic water-use efficiency (WUEi) (Far-
quhar et al. 1982, 1989):
WUE; = A _ Ca (b— ABC)

w 1.6 (b-a)
where A is the net carbon assimilation, g,, is the stomatal
conductance to water vapour, a is the fractionation during
CO, diffusion through the stomata (4.4%o), b is the frac-
tionation associated with reactions by RuBisCO enzyme
(27%o), ABC is the isotope composition of carbon, and C,
is the atmospheric CO, concentration (=278 ppm in the past
vs. 397 ppm at present; Dlugokencky and Tans, NOAA/
ESRL, http://www.esrl.noaa.gov/gmd/ccgg/trends/).

Results

The results (mean values) of the analyses of carbon isotope
composition (8'*C), carbon isotope discrimination (A'3C)
and water-use efficiency (WUEi, umol CO, mol™! H,0)
for the archaeological samples from the Cerro del Castillo
de Alange settlement and modern samples are shown in
Tables 1 and 2 and Fig. 2 (8'3C), Figs. 3 and 5 (A'*C) and
Fig. 4 (WUEI). For measurements in modern Triticum speci-
mens see ESM.

Discussion

The values found for the cereal samples studied in the
archaeological settlement of Cerro del Castillo de Alange
indicate a trend from a higher WUE:i at the end of the third
millennium Bc (89) to moister conditions in the middle and
late second millennium Bc (78 and 84). This is also con-
firmed in the case of legumes (90 vs. 78). The maintenance
and even improvement of the water conditions of the cereals
could be due to an improved climatic situation, to changes

(A3C), WUEi (intrinsic water-use efficiency); CO, concentration
(ppm) was 298 (archaeological) and 397 (modern), the isotopic com-
position of CO, (813Catm%o) was —8.6

Samples (n) 83C%o (SD) [range]

A3C (SD) [range] WUEi (SD) [range]

Cereals (99)

Vicia faba var. minor (31)
Quercus ilex-coccifera (72)
Triticum sp. (2014, field 1) (15)
Triticum sp. (2014, field 2) (15)
Total Triticum sp. (2014) (30)

—22.01 (0.98) [—24.40 to —20.39]
—22.59 (1.62) [-26.25 to —20.49]
—24.90 (0.85) [-27.18 to —23.17]
—24.21 (0.50) [—24.86 to —23.16]
—23.37 (0.56) [-24.41 to —22.52]
—23.79 (0.68) [—24.86 to —22.52]

15.96 (1.00) [14.20-18.42]
16.51 (1.67) [14.30-20.30]
18.97 (0.88) [17.19-21.38]
15.99 (0.52) [14.91-16.67]
15.12 (0.59) [14.24-16.21]
15.56 (0.70) [14.24-16.67]

85 (8) [66-98]

81 (13) [51-98]
62 (7) [43-75]
121 (6) [113-133]
130 (6) [119-140]
126 (8) [113-140]
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Fig. 5 Boxplot diagram with minimum, maximum, and median
values for the different species studied in the Cerro del Castillo de
Alange, according to the chronological period: Hordeum vulgare L.
(vellow), Triticum aestivum/durum (orange), Vicia faba var. minor
(green) and Quercus ilex-coccifera (white)

in the production methods in the zone (including possible
irrigation) or to a combination of the two factors.

The marked trend of improvement in cultivation con-
ditions during the second millennium BC contrasts with
existing palaeoclimatic and archaeological data, suggest-
ing a degradation of climatic conditions from 4,500 Bp
(2500 BC) in the Mediterranean as a whole, as confirmed
by the studies made in the settlement (Duque Espino 2004;
Pérez-Obiol et al. 2011). This degradation process appears
to be verified in the ranges found for the oak samples,
the lowest values of which exceed the aridity limit pro-
posed by Drake et al. (2012) in a study of archaeological
settlements of the SW Iberian Peninsula: A'*C 18.5%o.
However, the mean values registered for oak remain above
this level and relatively constant throughout the series
studied. This indicates that this degradation process was
possibly accompanied by a change in the pattern of rains
throughout the year, which would benefit plants such as
oak or simply the deeper roots of this species, which can
reach the water table and thus enable better adaptation to
the changes that occurred. The relationship between wild
plants has been explored in other studies (Ferrio Diaz et al.
2005; Aguilera et al. 2011; Mora-Gonzélez et al. 2016).
In our case, although in the older phase, the differences
proved greater. That is, in later times the ranges of the
cultivated plants overlap in part with the results found for
the charcoal remains of Quercus ilex-coccifera. Therefore,
the values of cultivated plants, despite their meagre root
system, tended towards a lower WUEi, while Quercus
remained relatively constant. Consequently, these results
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cannot be explained by greater precipitation but rather by
the development of production strategies to ensure bounti-
ful harvests.

The results of the cereals of the first phase studied are
characterized by a lower A'*C (15.33 for Hordeum and
15.57 for Triticum), by a lower standard deviation (0.28 and
0.44), and by a lower range (~1.5 and =2.5). The same was
true for Vicia faba. In both cases, the results show condi-
tions of greater water stress than at later time periods of the
settlement (Fig. 5). In addition, these averages are lower
than the values published for contemporary settlements in
areas with similar or lower rainfall ranges: e.g. in the case
of Terlinques average A'*C values were 16.88 and 17.16%o
(Mora-Gonzalez et al. 2016) and in Castellén Alto 16.40 and
16.67%o0 (Araus et al. 1997) for Triticum and Hordeum; in
Levant, Riehl et al. (2008) reported results for Mozan (16.3
and 17.6%o, Triticum and Hordeum) and Qatna (16.7%o,
Hordeum); Riehl et al. (2014) describe Hordeum remains
for Emar (16.15%0), Dilkaya Hoyiik (16.29%0), Kinet
Hoyiik (17.98%o), Tell Teweini (16.91%0) and Tell Mozan
(16.84%o).

Finally, although the use of current plants can be medi-
ated by genetic variations and new varieties, all these find-
ings indicate that, for a rainfed crop, precipitation would
act as a limiting factor, in agreement with the literature.
Araus et al. (1997) proposed limits of 17.5-18%c for Triti-
cum and Hordeum. Wallace et al. (2013) suggested values of
between 15.5 and 17%o for low and medium watering levels
in the case of Triticum, and 17-18.5%o0 for Hordeum. Con-
sequently, our values are at the limits of water deficiency,
with all samples (except one) being below 17%o. Moreover,
if we compare the archaeological results with the values
found in the current plants grown in the same area, under
rainfed conditions (15.56%o), we find similar values both in
Triticum and Hordeum in this archaeological period (15.33
vs. 15.57%o, respectively).

For later periods, in addition to higher averages, a greater
dispersion appears in cereal samples for both 1650 cal Bc
(0.99) and for 13811321 cal Bc (1.16), as also verified
for Vicia faba (0.56 vs. 1.73). This greater dispersion also
exceeds that found in the samples from the year 2014 (0.70).
Furthermore, an analysis of the ranges found for the phases
Solana IIb (1650 cal Bc) and Umbria II (1381-1321 cal BC)
(~4), both in comparison with the modern and phase sam-
ples Solana I and Solana I-II (2200-2000 Bc), could indicate
harvests of different annual cycles, cultivation in different
areas, and a differential use of water resources, as suggested
in the literature (Bogaard et al. 2007; Heaton et al. 2009;
Flohr et al. 2011; Stokes et al. 2011; Riehl et al. 2014). Even
when the possibility of finding surpluses from previous har-
vests is taken into account (Heaton et al. 2009), the values
would be consistent with the implementation of exploitation
strategies that use the territorial framework.

The case of Vicia faba reinforces the idea of a change
in agricultural practices throughout the second millennium
BC. When comparing our data with those of the literature,
we see that the published data for the SE Iberian Peninsula
are within the proposed range (4.38—18.92%0) (Araus et al.
1997). In this case, the values of Vicia faba were interpreted
as a result of the possible use of irrigation, due to its relation
to the cereals and the water requirements of these species, in
an exploitation model based on garden-vegetable strategies.
In our study, the results set a similar pattern for cereals and
Vicia faba: in the first phase studied, both crops were grown
in a rainfed and water-limiting environment or, in the case
of Vicia faba, under less water availability, even in the case
of irrigation practices for this species (Araus et al. 1997,
Wallace et al. 2013), while in the last phase rainfed and irri-
gated samples were taken together, values being higher for
Vicia faba than for cereals (Figs. 2, 3, 4). On this basis, we
deduce once again that the crop strategies used combined
the different species, taking into account the physiological
characteristics of each of these plants.

The values found and the possibilities offered by the soils
etc. (areas of the river very close to the settlement) suggest
the development of a mixed model throughout the second
millennium Bc, where the cultivation of the dry land and irri-
gated land (or at least the exploitation of wetter soils) would
coexist, as has been suggested for other settlements (Riehl
et al. 2014; Wallace et al. 2015; Mora-Gonzalez et al. 2016).
Also, the cultivation could have taken place in the nearest
areas instead of being based on long-distance exchange,
given good conditions in the surrounding areas. This type
of exploitation of the territory could be based on the use
of the riverbanks, compatible with a possible use of floods
or water diversion through more or less simple structures.
Such a choice would be consistent with the lower presence
of riparian woodland in the area and with the correspond-
ing documented clearing of vegetation, a finding that also
recurs in the archaeological record for these periods (Grau
Almero et al. 1998; Duque Espino 2004). In addition, this
is consistent with the increase in Quercus ilex-cocciferalQ.
ilex throughout the three occupation phases, with the rest
of taxa declining and appearing correspondingly towards
the end of the second millennium Bc (Duque Espino 2004).
Similarly, the pollen (Hernandez Carretero 1999), seeds
(Grau Almero et al. 1998; Pavon Soldevila et al. 2010), and
faunal studies (Castafios Ugarte 1994, 1998a, b) reflect this
tendency towards a greater human pressure on the environ-
ment. In addition, the livestock herd was growing, poten-
tially draft animals for agricultural work (Castafios Ugarte
1998a; Duque Espino 2004). Thus, there could have been
exploitation of different areas within a broad and diverse
territorial framework, as indicated above (Lightfoot and Ste-
vens 2012). This would be characteristic of a political, social
and economic model based on the control of a territory and
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the centralization of agricultural production, as the existence
of the barn seems to indicate (Pavon Soldevila et al. 2010;
Fiorentino et al. 2012; Lightfoot and Stevens 2012; Pavon
Soldevila and Duque Espino 2014).

Finally, a comparison of the WUEi results for current and
archaeological plants verifies higher stress today, with gener-
ally better water conditions in the past, although the botani-
cal remains indicate a climate that tended towards degrada-
tion at the end of the third millennium Bc. Faced with this
trend, human communities would have responded by devel-
oping production strategies that would exert pressure on the
cultivation areas, and an environment that would continue
to be transformed over time, in line with the approaches
proposed above.

Conclusions

The carbon isotope ratios (3C:'2C) found and the calcu-
lations derived from A'3C and WUEi imply an evolution
towards lower intrinsic water-use efficiency in the archaeo-
logical samples towards the middle of the second millennium
BC, in agreement with wetter conditions for the development
of plants. This, in the context of a gradual degradation of the
environment for climatic and anthropogenic reasons and a
similar rainfall regime throughout the sequence (according
to Quercus remains), offers evidence of the implementa-
tion of territorial management strategies that would com-
bine possible irrigation practices or the use of wetter land
with rainfed crops, and possibly with a mixture of different
harvests. This is consistent with the opening of the Mediter-
ranean forest recorded by botanical studies, as well as with
the results found for modern rainfed plants, showing ranges
and results similar to those of the third millennium Bc.

Methodologically, the results show the need to develop
analytical techniques combining archaeological samples
(wild and cultivated plants) and current crops grown in the
study areas, in order to know the relationships between the
isotope signals, the climatic conditions and the effects of
human influence.
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