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ABSTRACT: Precipitation has been of utmost importance in shaping the evolution of landscapes and human settlements in the
Mediterranean. However, information on seasonal precipitation patterns through the Holocene is scarce. This study attempts to
quantify the evolution of seasonal precipitation in the East Iberian Peninsula (5000 BC to AD 600) based on the carbon isotope
composition (d13C) of archaeobotanical remains. Data on Holm oak, Aleppo pine and small-grain cereals were combined, and
precipitationwas inferred frommodels relating present-day records to the d13C ofmodern samples. Subsequently, charred grainswere
used as a proxy for ancient moisture during April–May, whereas oak and pine charcoals provided complementary rainfall estimates
for September–December and January–August, respectively. The results reveal aridity changes throughout the Holocene in the
western Mediterranean. Past spring–summer precipitation was consistently higher than at present. In contrast, autumn and early
winter precipitation showed stronger fluctuations, particularly during the first millennium BC, and often exhibited values below those
of the present. The high contribution of autumn precipitation to the annual water budget, typical of the presentMediterranean climate,
was definitively established at the beginning of the current era. This study shows how a combination of species holding
complementary environmental signals can contribute to a wider knowledge of local precipitation dynamics. Copyright # 2011
John Wiley & Sons, Ltd.
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Introduction

The western Mediterranean is characterized by the interaction
of African subtropical, North Atlantic and Mediterranean
climate systems (Rodó et al., 1997; Dunkeloh and Jacobeit,
2003). These influences control climate variability in the
region, producing singular environmental conditions through-
out the Holocene (Araus et al., 1997; Jalut et al., 1997; Magny
et al., 2002, 2003). Precipitation has been of utmost importance
in shaping the evolution of landscapes and human settlements
in the area (Jalut et al., 1997; Sanchez-Goni et al., 2002;
Barriendos and Llasat, 2003; Valero-Garcés et al., 2004).
Several multidisciplinary studies have addressed the pace of
climate changes in the Mediterranean Basin for the last
millennia, although mid- and late-Holocene proxy records for
Spain are scarce. Lake sediment (Vegas et al., 2001; Moreno
et al., 2005), as well as palynological (Pérez-Obiol and Julià,
1994; Jalut et al., 2000) and hydrological studies (Roberts et al.,
2008) have been successfully used to gain insight into past
climate, but they provide qualitative information that may
warrant further validation. In recent years, stable isotopes have
become widely used in palaeoenvironmental research (McCar-
roll and Loader, 2004); in particular, carbon isotope compo-
sition (d13C) is being routinely used for dry environments (Araus
et al., 1997; Voltas et al., 2008) as d13C values are very sensitive
to drought. Previous work suggests that d13C records of
archaeobotanical remains (either charcoal wood or charred
cereal grains) provide valuable environmental information,
even of a quantitative nature, that is useful for reconstructing
Holocene aridity changes (e.g. Ferrio et al., 2005, 2006).
The imprint of water availability on plant d13C in arid and

semi-arid regions has been reported elsewhere (e.g. Williams
and Ehleringer, 2000; Warren et al., 2001). Under water stress,
stomatal closure reduces intercellular CO2 concentration and

limits CO2 availability for the carboxylating enzyme (Rubisco),
which is forced to fix a greater proportion of the heavier carbon
isotope (13C), thus increasing d13C (Farquhar et al., 1982). In
this regard, wood d13C has been related to climatic variables
that influence plant water status (Dupouey et al., 1993; Korol
et al., 1999; Ferrio et al., 2003; Klein et al., 2005), whereas
kernel d13C of small-grain cereals is closely associated with
water availability from anthesis to maturity (Araus et al., 1997,
2003; Voltas et al., 1999). Interestingly, co-occurring tree
species may show a differential response to seasonal patterns of
water availability (Flanagan et al., 1992; Valentini et al., 1994;
Ferrio et al., 2003), and thus their d13C values can provide
complementary climatic information (Ferrio et al., 2007).
For extracting reliable palaeoclimatic information from

d13C of archaeobotanical material it is compulsory to check
and, eventually, correct for significant shifts in the original
d13C after charring. Contradictory results have been obtained so
far on the effect of carbonization on wood, probably owing to
both its chemical complexity and the associated biogeochem-
ical process occurring during charring. Depending on charring
conditions and species, results have shown enrichment,
depletion or no change in d13C (Jones and Chaloner, 1991;
Czimczik et al., 2002; Turney et al., 2006; Ferrio et al., 2007;
Resco et al., 2011). Fortunately, charcoal d13C is still strongly
related to the original wood d13C in conifers such as Pinus
halepensis, and changes due to carbonization can be corrected
by taking the charcoal %C as an indicator of the degree of
carbonization (Ferrio et al., 2006). This remains to be more
widely tested in hardwoods, which have different chemical and
physical wood properties and have shown contrasting
responses (Czimczik et al., 2002; Turney et al., 2006; Ferrio
et al., 2007). Conversely, several studies have demonstrated
that the original isotopic signal remained unaffected in cereal
grains following experimental charring (e.g. Marino and
DeNiro, 1987; Araus and Buxó, 1993).
The investigations described here were aimed at obtaining

evidence supporting the existence of changes in aridity
throughout the mid- and late-Holocene in the western
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Mediterranean Basin (Valencia Province, eastern Spain). In
particular, we attempted to reconstruct quantitatively the
evolution of seasonal (autumn, spring, winter–summer) and
annual precipitation during the period 5000 BC to AD 600
(fromNeolithic to Visigoth periods) based on d13C evidence. To
this end, data on Holm oak, Aleppo pine and small-grain
cereals were combined. Fossil grains were used as a proxy for
ancient moisture conditions during mid-spring (second half of
April plus May) (Araus et al., 1997; Ferrio et al., 2005), whereas
Holm oak and Aleppo pine charcoals provided complementary
records of changes in seasonal (September–December and
January-August for pines and oaks, respectively) and annual
precipitation. Together, both types of records allow valuable
information on changes in rainfall seasonality dynamics
through time to be retrieved.

Materials and methods

Archaeobotanical material

Charred grains of hulled barley (Hordeum vulgare L.) and
naked wheat (Triticum aestivum/durum, after Van Zeist and
Bakker-Heeres), and charcoal fragments of Holm oak/Kermes
oak (Quercus ilex/coccifera) and Aleppo pine (Pinus halepensis
Mill.) were recovered from 17 archaeological sites in two
nearby zones located north and south of Valencia Province
(eastern Iberian Peninsula) (Fig. 1). One is in the Túria valley
(north of Valencia Province; five sites); the other zone
corresponds to the head of several valleys (Serpis, Canyoles
and Albaida) in the Pre-Betic mountain range (south of Valencia
– north of Alicante; 11 sites), with the exception of Alt de
Benimaquia, located near the Mediterranean coast. These
zones are separated physically by the Caroig Massif, a
calcareous mountain range with its highest point at 1120m
a.s.l. The maximum distance between zones is about 70 km.
Within each zone, the maximum distance between archae-
ological sites is 40 and 70 km for the Túria valley and the Pre-
Betic range, respectively. The sites were selected based on the
availability of archaeobotanical remains for these species,
which cover a temporal range of nearly six millennia, from the
Early Neolithic (5058 cal a BC) to the Visigoth period (AD 600).
Sites of the Pre-Betic range provided remains covering almost
five millennia, from 5058 cal a BC (Early Neolithic; Cova de
l’Or, one of the earliest agricultural settlements of the Iberian
Peninsula) to AD 200 (Roman period), whereas sites in the Túria
valley supplied more recent material, from 1764 cal a BC
(Bronze Age) to AD 600 (Visigoth).
At present, the sites are characterized by a semi-arid

Mediterranean climate, with annual rainfall ranging from
429 to 751mm (Table 1) andmean annual temperature from 14
to 188C. Current meteorological data (meanmonthly maximum
and minimum temperature and monthly precipitation) of each
archaeological site were obtained for the period 1950–1999
from the Digital Climatic Atlas of the Iberian Peninsula
(Ninyerola et al., 2005) implemented in MiraMon-GIS with a
spatial resolution of 200m. Present-day natural vegetation is
typical Mediterranean, with Aleppo pine, Holm oak and shrubs
and herbaceous plants such as Kermes oak, strawberry tree,
juniper, rosemary, common thyme and rockrose.
Charred grains and charcoal remains were found as residues

of domestic fires or preserved as carbonized elements after a
settlement’s destruction by fire. Q. ilex and Q. coccifera are
evergreen Mediterranean oaks, but they are impossible to
differentiate based on the anatomical features of charcoal. This
may introduce uncertainties related to the proper character-
ization of modern material for palaeoclimatic inference, but
Q. ilex (a medium-sized tree that is today more abundant in

eastern Spain than the shrubby Q. coccifera) has a potentially
much wider variety of end-uses by ancient communities
(Cortijo, 2007; Buxó and Piqué, 2008). Presumably, these early
communities gathered P. halepensis andQ. ilex/coccifera close
to their settlements, given the dominance of these species in
arboreal pollen records for the area (Carrión and Van Geel,
1999; Fernández et al., 2007). To recover plant remains, soil
samples were treated using a standard flotation tank with 5-, 2-
and 0.5-mm sieves. The exception was for Cova de l’Or, at
which a dry sieving procedure was followed. The average size
of charcoal fragments for isotope analysis was 6� 4� 3mm
and the estimated mean number of tree rings per fragment was
7.6� 6.5 (SD). Each charcoal or charred grain was soaked
separately with 6 M HCl for 24 h at room temperature to remove
carbonate crusts (DeNiro and Hastorf, 1985), which is a crucial
step to avoid d13C shifts, and then rinsed repeatedly with
distilled water. Finally, charcoals and charred grains were oven
dried and milled separately for isotope analysis.

For the sites from the Early Neolithic and Late Bronze Age
periods, radiocarbon ages were determined at Beta Analytical
Inc. (Miami, FL, USA) or at theOxford Radiocarbon Accelerator
Unit (Oxford, UK), and calibrated dates were obtained by using
the CalPal-2007 software (Weninger et al., 2007). Because
radiocarbon dating of each plant fragment was not realistic, we
assigned instead an average date to each stratigraphic unit. For
dating the more recent sites, a combination of stratigraphic and

Figure 1. Location of the 17 archaeological sites on the Iberian
Peninsula.
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archaeological methods was used (Table 1 and Supporting
information, Table S1).

Reference material

To assess the effect of precipitation on d13C of modern wood
material, we selected sampling sites representative of the
distribution area of P. halepensis and Q. ilex in Spain. The
number of sampling sites was 23 and 31 for P. halepensis and
Q. ilex, respectively, and wood cores were obtained for at least
five dominant trees per site. For d13C analysis, a fragment of the
cores corresponding to the periods 1975–1999 and 1980–2001
was selected for P. halepensis and Q. ilex, respectively.
Extended details on the sampling procedure and sample
preparation can be found in Ferrio et al. (2003) and Aguilera
et al. (2009). In turn, the precipitation signal recorded in wheat
and barley grains was characterized using reference material
taken from rain-fed field trials (12 for wheat, T. aestivum and
T. durum; 20 for barley) as described elsewhere (Araus et al.,
1997, 2003; Voltas et al., 1999; Ferrio et al., 2001).
Interspecific comparisons of d13C records were performed

whenever modern samples of different species (including both
forest trees and cereals) co-occurred in particular geographical
origins. As P. halepensis and Q. ilex did not co-occur in any of
the aforementioned sampling sites, 18 additional sites showing
the coexistence of both species were sampled. They represent
most of the variation range in thermal and precipitation regimes
along which P. halepensis and Q. ilex coexist in Spain. The
cores, originating from five healthy and dominant trees, were
obtained with a Trephor tool (Rossi et al., 2006). They were
2mm in diameter and about 15mm in length, and contained
the most recently formed tree rings. Visual tree-dating of the
most recent tree rings was performed with a binocular
microscope. The number of tree rings included in

P. halepensis and Q. ilex segments averaged 9� 3 and
27� 8 (SD), respectively. In the case of cereals, a subset of
seven rain-fed locations where both wheat and barley were
tested in adjacent field trials was selected for comparison of
d13C patterns. In some instances, crop and forest trees were
subjected to pair-wise d13C comparison. This was done when
the geographical distance between a field trial (for cereals) and
a sampling site (for trees) was less than 10 km, which was
considered as a threshold guaranteeing nearly uniform climatic
conditions. Each modern sample was oven-dried at 658C for
48 h and milled separately to a fine powder prior to isotopic
analysis.

Charring effects on wood d13C

The original wood d13C (d13Cw) for P. halepensiswas estimated
following the model developed by Ferrio et al. (2006) for
correction of the effect of carbonization on the isotopic
signature, which uses charcoal d13C (d13Cch) and charcoal
carbon concentration (%Cch):

d13Cw ¼ 0:706� d13Cch þ 0:031�%Cch�8:07: (1)

The impact of carbonization on wood d13C of hardwoods
seems less clear. Previous results of experimental charring of
several species (including deciduous and evergreen oaks)
collected along geographical gradients have shown non-
significant shifts in d13C (Ferrio et al., 2007), but other studies
have reported consistent d13C changes in response to different
carbonization treatments (Turney et al., 2006). Here we
performed a thorough assessment of the impact of carboniz-
ation on Holm oak d13C. To this end, wood samples were
collected from 12 sites in eastern Spain: two cores of 5mm
diameter were extracted from the south side of three mature,
healthy and dominant trees per site. Visual tree-ring dating was
performed with a binocular microscope, and the last 20 rings
were identified and excised from each core. One segment per
tree was then reduced to fine powder using a ball mill (Retsch
MM301, Haan, Germany) and divided into two subsamples;
the other segment was kept intact. While one powdered
subsample was used as control for isotopic analysis, the other
subsample and its matching intact segment were wrapped
individually in aluminium foil and placed on porcelain
crucibles. This was done to reproduce the anoxic conditions
in which wood becomes charcoal instead of being combusted,
either in the form of wood powder (Turney et al., 2006) or as
intact fragments, to emulate the conditions of a forest or
cooking fire (Ferrio et al., 2006). Wrapped samples were then
subjected to one of three distinct temperatures (300, 400 or
5008C; one temperature for each tree from every sampling site)
in an already heated muffle furnace for 30min. The
temperatures were chosen to provide material that varied in
the degree of carbonization, ranging from slightly charred to
fully carbonized (at the limit of total combustion). After this
period, the charred intact segments were also milled to fine
powder.

Stable isotope analysis

For the determination of d13C, an aliquot of each sample
(including modern, archaeological and experimentally charred
material) was weighed into tin foil capsules and combusted
using an elemental analyser interfaced to an isotope ratio mass
spectrometer at Iso-Analytical (Sandbach, UK). Isotope ratios
were expressed as per mille deviations using the d notation
relative to the VPDB standard. The accuracy of analyses was
0.06%. Carbon isotope discrimination (D13C) was calculated
from d13C values and d13C of atmospheric CO2 (d13Cair), as

Table 1. Site of origin and coding, annual precipitation and chrono-
logical dating of archaeobotanical remains.

Code Site
Precipitation

(mm)
Calendar year

(BC/AD)

1 Cova de l’Or 604 5058�167cal a BC
2 Cova de Sta Maira 751 4472� 68 cal a BC
3 Mas d’Is 522 4400� 50 cal a BC
4 Les Jovades 594 3516� 74 cal a BC
5 Colata (MTV) 611 3249�300cal a BC

3107�190cal a BC
6 Abric de la Falguera 507 2871�164cal a BC

1750�500 BC
7 Arenal de la Costa 555 2097� 57 cal a BC
8 Mola d’Agres 718 2225� 63 cal a BC

1850�350 BC
9 Lloma de Betxı́ 442 1764� 96 cal a BC

1490� 70 cal a BC
10 Arbocer 508 1400�100 BC
11 Alt de Benimaquia 727 623�99 cal a BC
12 Tos Pelat 440 375 BC
13 Bastida 460 325 BC
14 Castellet de Bernabé 429 200 BC
15 Almoina 460 120 BC

AD 40
16 Horta Vella 488 AD 100

AD 450
AD 485
AD 600

17 Faldetes 554 AD 200

See supporting Table S1 for additional details.
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described by Farquhar et al. (1982):

D13C ¼ d13Cair�d13C

1þ d13C
: (2)

To account for changes in air d13C during the Holocene,
d13Cair for archaeological samples was inferred by interpolating
data from Antarctic ice-core records, together with modern
data from two Antarctic stations (Halley Bay and Palmer
Station) of the CU-INSTAAR/NOAA-CMDL network. At
present, Antarctic records provide the most extensive evidence
of long-term global d13Cair changes. A smoothed d13C curve of
atmospheric CO2 from 16100 BC to the present is available at
http://web.udl.es/usuaris/x3845331/AIRCO2_LOESS.xls.
According to this model the estimated d13Cair for archae-
obotanical material ranged from �6.52 to �6.30%.

Estimation of water inputs from D13C of grain
cereals

D13C of cereal grains presents a strong positive relationshipwith
water inputs (WI) (precipitation or precipitation plus irrigation)
during grain filling. Past water inputs (mm) were estimated as
follows (Araus et al., 1997, 1999; Ferrio et al., 2005):

WIwheat ¼ 0:225

� eð0:364�D13CÞ

ðn ¼ 25; r2 ¼ 0:73; P < 0:001Þ
(3)

WIbarley ¼ 0:175

� eð0:376�D13CÞ

ðn ¼ 22; r2 ¼ 0:73; P < 0:001Þ:
(4)

Total precipitation during grain filling was obtained for the
second half of April plus May period (Araus et al., 1997).

Estimation of annual and seasonal precipitation
from charcoal D13C

Linear regression models were developed relating annual and
seasonal precipitation to wood D13C of modern material (either
Q. ilex or P. halepensis) as described previously (Ferrio et al.,
2003; Ferrio and Voltas, 2005; Aguilera et al., 2009). Briefly,
we first selected the best fitting monthly precipitation model
from D13C ofQ. ilex (October) as starting point, with a number
of combinations of consecutive months also tested for further
inferences based on D13C. For selection purposes, a leave-one-
out cross-validation was applied, and September–December
was chosen as the period providing best precipitation estimates
for Q. ilex. Based upon this realization, the complementary
year period (comprising January–August) was proposed as
candidate model for seasonal precipitation inferences in the
case of P. halepensis (decision stemming from earlier evidence
on the sensitivity of P. halepensis to monthly precipitation;
Ferrio et al., 2003; Ferrio and Voltas, 2005). Finally, the
hypothetically complementary seasonal precipitation signal

stored inQ. ilex and P. halepensiswas confirmed by examining
coefficients of determination (R2) of linear regressions for each
year period.

The present coexistence of P. halepensis and Q. ilex occurs
under varying patterns of precipitation seasonality accom-
panied by a regular incidence of summer drought. These
climate conditions define the ecological niches of these widely
distributed Mediterranean trees, which show a long-term
presence and adaptation to the Mediterranean Basin (e.g.
Lumaret et al., 2002; Grivet et al., 2011). For inferences on past
conditions, we presumed that present associations between
seasonal precipitation and D13C of woody species would
essentially hold in the past given the very wide climatic range of
calibration sites, potentially covering most scenarios of past
seasonal precipitation variability.

Statistical analyses

The experimental charring data were subjected to three-way
ANOVA to determine the effect of carbonization at three
different temperatures (300, 400 and 5008C) and in different
sample types (milled or intact wood), as well as to ascertain the
relevance of the geographical origin, on the d13C and %C of
wood. For all pair-wise species combinations, the D13C values
of charred remains originating from common stratigraphic units
were compared using product-moment correlations. In this
way, we could check for the presence of common (i.e. non-
specific) external factors driving d13C changes over time.
Similarly, pair-wise species combinations involving modern
material were also compared by means of product-moment
correlations, although in this case the basis for comparison was
the common geographical origin of samples. Differences
among treatments and their interactions in the ANOVA, and
correlation coefficients were considered statistically significant
at P� 0.05. All analyses were performed using standard SAS-
STAT procedures (SAS Institute Inc., Cary, NC, USA).

Results

D13C response to annual and seasonal
precipitation in Q. ilex and P. halepensis

The linear regression models relating annual precipitation to
wood D13C are shown in Table 2. D13C records from
P. halepensis were better predictors of annual precipitation
than those from Q. ilex. Splitting the total annual period into
two complementary seasons (January–August and September–
December) yielded species-specific differences on the expla-
nation of precipitation from wood D13C (Table 2). In particular,
the regression models indicated a better prediction of January–
August precipitation (PJ-A) from P. halepensis D13C, whereas
September–December precipitation (PS-D) was better inferred
through Q. ilex D13C (coefficients of determination, Table 2).
For both species, the best seasonal models fitted the
precipitation values better than their corresponding annual

Table 2. Linear regressionmodels predicting annual, January–August and September–December precipitation fromD13C ofmodern samples of Pinus
halepensis and Quercus ilex.

P. halepensis Q. ilex

Precipitation n Model R2 n Model R2

Annual 23 145.6�D13C – 1862.4 0.59 31 116.8�D13C – 1505.4 0.47
January–August 23 93.0�D13C – 1216.2 0.63 31 60.8�D13C – 732.3 0.33
September–December 23 52.6�D13C – 646.2 0.39 31 56.0�D13C – 773.1 0.57

n, Number of samples.
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models, suggesting a more precise prediction of this climatic
variable combining bi-specific D13C data.

Interspecific comparison of D13C in modern
samples

To investigate species co-occurrence patterns of D13C, the
subset of modern samples of different species (either forest trees
or cereals) that were found to co-occur in particular
geographical settings were subjected to correlation analysis
involving all pair-wise species combinations. The relationship
between D13C of Q. ilex and P. halepensis was positive and
significant (r¼ 0.59; Fig. 2a). Similarly, the D13C records of
H. vulgare and T. aestivum were positively related (r¼ 0.97;
Fig. 2b). The tighter association between D13C values of cereals
agrees with the highly coincident temporal frames of grain
filling for both species (April–May). When comparing
D13C records of species belonging to the two functional groups

(graminoids and forest trees), the relationships were always
positive and either marginally significant (for P. halepensis vs.
H. vulgare, r¼ 0.56, P< 0.1) or significant (for all other
combinations) (Fig. 3). These associations, however, could be
impaired by the low number of common combinations available
for comparison in most cases, ranging from n¼ 4 (for Q. ilex vs.
T. aestivum) to n¼ 10 (for P. halepensis vs. H. vulgare).

Effect of experimental carbonization on
Q. ilex d13C

For control (untreated) samples, d13C showed considerable
variation, ranging from �27.50 to �23.81% (mean -
¼�25.54� 0.82%; mean� SD), whereas %C showed less
variability (45.4� 0.5%) (Fig. 4a). The ANOVAs for the
experimentally charred wood revealed a lack of significant
differences between intact and powdered segments exposed to
distinct temperatures for both d13C and %C. By contrast, the

Figure 2. Relationship between (a) D13C of
P. halepensis and D13C of Q. ilex; and (b)
D13C of H. vulgare and D13C of T. aestivum-
durum, for archaeological samples (filled sym-
bols) and modern samples (open symbols).
Error bars indicate standard error. Inset:
relationship between the ratio of autumn to
total precipitation and the ratio between
D13C of Q. ilex and D13C of P. halepensis in
modern samples.

Figure 3. Relationship between (a) D13C of
Q. ilex and D13C of cereal grains; and (b)
D13C of P. halepensis and D13C of cereal
grains, for archaeological andmodern samples
of H. vulgare (filled and open circles, respect-
ively) and for archaeological and modern
samples of T. aestivum-durum (filled and open
triangles, respectively). Error bars indicate
standard error.
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effect of charring temperature on these variables was
significant, accounting for about 11 and 83% of the total
variation for d13C and %C, respectively. In this regard, the
geographical origin of samples was the most relevant factor
explaining variation in d13C, being far less important for %C
(about 40 and 7% of the total variation, respectively). A
progressive increase of %C with rising charring temperatures
was observed, ranging from 70.3� 2.0% (3008C) to
82.5� 2.4% (5008C), together with a parallel decrease in
d13C values (Fig. 4a). In particular, ANOVAs for pair-wise
differences between control and treated samples revealed no
significant impact of carbonization at 3008C on d13C (mean
difference¼ 0.19� 0.25%), but a significant effect in samples
charred at both 4008C (0.68� 0.18%) and 5008C
(0.84� 0.28%) (Fig. 4b). In contrast, carbonization signifi-
cantly increased %C of samples as compared with controls,
irrespective of the charring treatment (Fig. 4a).
The mean %C of archaeological charcoal was 62.9� 4.2%.

This value was significantly higher than the carbon concen-
tration of control samples used in the charring experiment
(Student’s t-test; t¼ 31.91, P< 0.001), but lower than results of
the charring treatment at either 3008C (t¼ 8.38, P< 0.001) or
higher temperatures. From these observations and the non-
significant effect of carbonization at 3008C as compared with
control conditions, it was concluded that the impact of
carbonization on d13C had been negligible in this collection
of archaeobotanical Q. ilex specimens.

D13C in archaeobotanical remains

The D13C values of archaeological samples, calculated from
d13Cair and either raw d13C records (forH. vulgare, T. aestivum/
durum and Q. ilex/coccifera) or estimated wood d13C after
correcting for the impact of carbonization (for P. halepensis),
varied considerably across sites, periods and species. Overall,
D13C values of Q. ilex ranged from 17.76 to 19.79%, with a
mean of 19.04� 0.44%, whereas the mean D13C of
P. halepensis was 17.07� 0.54% (range 16.28–17.76%). An
interspecific comparison of charcoal D13C records originating
from common stratigraphic units revealed no clear pattern of
common external factors causing variation in D13C over the last
seven millennia, in contrast to the significant linear relationship
observed for modern samples when comparing tree species
(Fig. 2a). Clearly, most Q. ilex remains had higher than
expected D13C values, taking the present-day association
obtained between both species (Fig. 2a) as a basis for
comparison. As D13C of Q. ilex was found primarily to reflect
changes in autumn precipitation (see above), this observation
could indicate an increased importance of this season’s
contribution to the annual precipitation in the past. To check

this hypothesis further, the ratio of autumn to annual
precipitation was related to the ratio of Q. ilex to
P. halepensis D13C values for the set of modern samples
sharing a common geographical origin (Fig. 2a). A positive
association was found between the two variables (r¼ 0.61,
P< 0.01) (Fig 2a, inset). In addition, the modern material
having D13C records similar to those of ancient charcoals (i.e.
four points falling outside the upper confidence limit of the
relationship between modern D13C records; open triangles in
Fig. 2a, inset) was found to have autumn to annual precipitation
ratios higher than the remaining modern samples (one-tailed
Student’s t-test; t¼ 2.41, P¼ 0.014).

In clear contrast to the lack of an association between
D13C records of forest tree charcoals, contemporary
D13C values of H. vulgare and T. aestivum/durum charred
grains were significantly related (r¼ 0.74, P< 0.05), with a
similar range of variability for both cereal species (mean values,
for H. vulgare¼ 17.27� 1.19%, for T. aestivum/durum¼
16.67� 1.16%) (Fig. 2b). Likewise, the slope and intercept
terms of the linear relationship did not differ statistically
between modern and ancient material according to analysis of
covariance testing for heterogeneity of slopes. Finally, pair-
wise comparisons of D13C records of species belonging to the
two functional groups provided non-significant associations in
all cases (Fig. 3). This outcome differed from the positive (and
significant) relationships involving D13C records of modern
material (Fig. 3). In particular, ancient samples of Q. ilex
exhibited a higher than expected D13C according to the
association found in modern material between this species and
either graminoid species (Fig. 3c,d).

Past trends of water availability from D13C
of archaeobotanical material

Changes in D13C over the period 5000 BC to AD 600 are shown
in Fig. 5 for each functional group. High D13C values ofQ. ilex
charcoal were observed between 600 BC and AD 200 whereas
low D13C values were found around 3000 BC. For
P. halepensis, low D13C values were detected principally
during the second half of the first millennium BC (Fig. 5a).
Overall, the correspondence between D13C trends was good,
with the exception of the period 400 BC to AD 100, in which a
high D13C for Q. ilex was coupled with a low D13C for
P. halepensis (Fig. 5a). As a consequence, the ratio ofQ. ilex to
P. halepensis D13C values was higher than 1.15 for this period,
indicating an enhanced contribution of autumn rainfall to the
annual precipitation budget, as suggested in Fig. 2(a, inset). In
turn, the cereal species presented a much better agreement in
the evolution of their D13C values over time, with low records
detected in three different periods (�5000 BC, �1800 BC and

Figure 4. (a) Mean (and standard errors) for
D13C (shaded bars) and %C (black bars) in
Holm oak wood under control conditions
and after the carbonization treatments at
300, 400 and 5008C, and in archaeological
samples (%C only). (b) Whisker plots showing
the distribution of differences between D13C of
control and charred samples at 300, 400 and
5008C.

Copyright � 2011 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 9999(9999) 1–11 (2011)

JOURNAL OF QUATERNARY SCIENCE



200 BC) alternating with high values achieved mainly in the 5th
and 4th millennia BC and around 350 BC. The tight association
between H. vulgare and T. aestivum/durum detected over time
was only interrupted around the onset of the current era, a time
in which barley showed a much larger D13C (�2%) than wheat
(Fig. 5b).
The best seasonal models from Table 2 were subsequently

applied to D13C values of archaeological charcoal to infer past
trends in both seasonal and annual precipitation. The estimated
PJ-A from P. halepensis ranged from 298 to 435mm (mean
372� 42mm). The estimated values for archaeological
samples were considerably higher than the values recorded
for the present day, averaged across archaeological sites (PJ-
A¼ 290� 44mm). In turn, the estimated PS-D from Q. ilex
ranged from 221 to 335mm (mean¼ 291� 34mm), which
again exceeded the values recorded for the present day
averaged across archaeological sites (PS-D¼ 236� 51mm). To
avoid possible biases in the comparisonwith present conditions
arising from differences in the geographical origin of archae-
ological samples, estimated seasonal values of precipitation
were corrected for current climatic records at each site, thus
providing differences in seasonal precipitation between the

past and present (Fig. 6a). Mean differences in PJ-A and PS-D
were mostly positive, with means of 81� 29 and 55� 56mm,
respectively. Altogether, the summed differences in past to
present seasonal precipitation always gave above-zero annual
estimates, ranging from 11 to 238mm, with a mean of
152� 74mm. Ratios of past to present annual precipitation for
each site–period combination are also represented in Fig. 6(a).
The average ratio was 1.31 (i.e. an average increase of 31% in
past precipitation), with estimates ranging from 1.02 (3249 cal a
BC) to 1.50 (1764 cal a BC).
The models relating grain D13C and WI during grain filling

were also applied to D13C values of charred grains. The
estimated WI from H. vulgare ranged from 84 to 177mm
(mean¼ 135� 34mm); in turn, the estimated WI from
T. aestivum/durum ranged from 71 to 220mm (mean¼ 112�
40mm). Both exceeded the values recorded for present-day
precipitation during grain filling averaged across sites
(WI¼ 70� 22mm). WI estimates were corrected for current
precipitation records at each archaeological site, hence
providing differences in WI between the past and present
(Fig. 6b). Mean differences in WI were also mainly positive,
with a mean of 51� 34mm. Ratios of past to present WI for

Figure 5. Evolution of D13C for (a) charcoal
samples of P. halepensis (filled triangles) and
Q. ilex (open triangles) and (b) cereal remains
of H. vulgare (filled circles) and T. aestivum-
durum (open circles) from the Neolithic to
Visigoth periods in the studied area. The
arrows indicate samples of both cereals and
tree species originating from the same strati-
graphic unit. Plotted values not included in
trend lines correspond to samples without
coeval equivalents of the same functional
group.

Figure 6. Evolution of differences between
(a) estimated past and present precipitation,
for the January–August period, inferred from
D13C values of P. halepensis remains (filled
triangles), and for the September–December
period, inferred from D13C values of Q. ilex
remains (open triangles) and (b) estimated past
and present water inputs during grain filling of
H. vulgare (filled circles) and T. aestivum-
durum (open circles) from the Neolithic to
Visigoth period in the studied area. Water
inputs during grain filling were calculated
according to Ferrio et al. (2005). Plotted values
not included in trend lines correspond to
samples without coeval equivalents of the
same functional group.
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each site–period combination are represented in Fig. 6(b). The
average ratio was 1.80 (i.e. average increase of 80% in pastWI),
with estimates ranging from 1.01 (5058 a.n.e.) to 2.49 (41 n.e.).

Discussion

Interspecific differences in D13C sensitivity to
water availability

Carbon isotope ratios of P.halepensis were better predictors of
annual precipitation than those of Q. ilex, in agreement with
previous results for the region (Ferrio et al., 2003). In general, a
strong precipitation signal in the D13C of structural carbon
compounds (i.e. wood) is expected when water is limiting plant
function (Warren et al., 2001). Interspecific differences in the
seasonal dependence of D13C have also been reported
(Walcroft et al., 1997; Ferrio et al., 2003; Loader et al.,
2003; Helle and Schleser, 2004). Indeed, our results confirm
the existence of a differential sensitivity to water availability in
Aleppo pine and Holm oak. The complementary bi-specific
seasonal models for precipitation (January–August for
P. halepensis, September–December for Q. ilex) provided a
better prediction of total precipitation than each mono-specific
annual model (Table 2).
In concordance with the dependence on rainfall of

Mediterranean conifers (Valentini et al., 1992), P. halepensis
has shown significant associations with monthly precipitation
throughout the year (Ferrio et al., 2003). It is highly responsive
to short-term meteorological fluctuations (Hemming et al.,
2001), and this signal is well preserved in tree rings, as
demonstrated by the close link between average leaf-level CO2

exchange and carbon deposition in the stem over seasonal
scales (Klein et al., 2005). P. halepensis shows two periods with
reduced cambial activity: one is defined by the summer drought
and the other by low winter temperatures (Liphschitz and Lev-
Yadun, 1986). This translates on average into growth rate
maxima occurring from March to June in the Iberian Peninsula
(Pardos et al., 2003). Together, these morphophysiological
features can explain the superior predictive ability of D13C for
inter-site precipitation from January to August as compared
with annual values.
Conversely,Q. ilex is a deep-rooted species that depends on

rainfall supplies but also on very effective water uptake
(Valentini et al., 1992). This performance is supported by the
strong seasonal precipitation signal stored in wood
D13C, corresponding to the two annual peaks of precipitation
of the westernMediterranean (autumn and late winter to spring)
(Aguilera et al., 2009). A recent study involving two
Mediterranean evergreen oaks (Q. ilex and Q. suber) has
demonstrated the importance of autumn rewatering to explain
the fast recovery in photosynthesis following the summer
drought (Vaz et al., 2010). The better fit of the seasonal model
explaining September–December precipitation as compared
with the annual model supports the high sensitivity to autumn
precipitation for this species. When D13C records ofQ. ilex and
P. halepensis in modern samples were compared, the
association was significant but weak, highlighting the differ-
ential water-use strategy embraced by each species. With
regard to these results, the ratio of Q. ilex to P. halepensis
D13C values appears to be a useful indicator of rainfall
seasonality in modern samples, and may be used to aid
interpreting changes in intra-annual dynamics of past precipi-
tation over time.
Regarding cereals, a tight association arises when rain-fed

wheat and barley are compared for grain D13C in modern
samples, corroborating the similar dependence of their carbon
isotope signatures fromWI during grain filling (i.e. early spring,

April–May). This dependence has been used to discriminate
between climate-derived and anthropogenic effects (water
management practices) on ancient crops, assuming that
discrepancies from the general trend between species would
be indicative of differential crop management (Ferrio et al.,
2005; Aguilera et al., 2008; Heaton et al., 2009). In the present
study, however, the close relationship between archaeological
wheat and barley samples, in agreement with modern data on
co-occurring crops, does not provide evidence of selective crop
management.

Impact of charring on Q. ilex d13C

The lack of significant shifts in the original wood d13C for the
lowest temperature (3008C), along with the observation that
charred wood becomes depleted in 13C but progressively
enriched in carbon under higher temperatures, agrees with a
number of studies (Czimczik et al., 2002; Harden et al., 2004;
Turney et al., 2006). Organic %C of wood increases with
increasing temperature due to the variable thermal tolerances
of different wood compounds and the fastest loss of other
elements, such as O or H (Kollmann, 1955). Consequently, the
selective losses of carbon compounds (i.e. resins, lignin,
celluloses and others), with dissimilar d13C (Turekian et al.,
1998; Ferrio and Voltas, 2005), is the most likely explanation
for the observed experimental shifts in d13C. Previous studies on
P. halepensis showed a progressive decrease in d13C with
increasing charring temperature, negatively correlated to the
increase in %C, which allowed development of a correction
equation based on%C changes (Ferrio et al., 2006). In contrast,
for Q. ilex we have found an uncoupling between the strong
initial changes in %C and the weak effect on d13C, the latter
showing significant effects only at temperatures above 4008C.
Remarkably, the average %C of archaeological samples (lower
than the value attained in experimental charring at 3008C)
indicates a lower degree of carbonization than required for
altering the original d13C in Q. ilex. This is consistent with the
relatively low temperatures (<4508C) typically reached in
natural fires (Whelan, 1995). Overall, our results indicate that
d13C of Q. ilex charcoal remained largely unaffected, hence
preserving its original climatic signal.

Precipitation seasonality and D13C in
archaeobotanical remains

The good correspondence between D13C trends of
P. halepensis and Q. ilex for the period 5000 BC to 1500
BC (Fig. 5) points to the absence of relevant changes in
precipitation seasonality over the mid-Holocene (roughly 7000
to 4000 years ago) in the western Mediterranean. Also, the ratio
of Q. ilex to P. halepensis D13C values, varying between 1.05
and 1.1, suggests a similar contribution of autumn rainfall to the
annual precipitation as found at present (cf. Fig. 2a, inset). In
contrast, the contribution of autumn rainfall to the total water
budget appears enhanced for the second half of the first
millennium BC (400 BC to AD 100), in which a high D13C for
Q. ilex was coupled with a low D13C for P. halepensis (ratio of
Q. ilex to P. halepensis D13C exceeding 1.15).

The parallel trends over time in D13C of charred grains
suggest the alternating existence of drier (�5000 BC,�1800 BC
and 200 BC) and wetter springs (�3500 BC, �350 BC). These
contrasting phases are supported by other palaeoenvironmental
proxies. The low pollen ratio of deciduous broadleaved to
evergreen sclerophyllous trees at Salinas, south-eastern Spain
(Jalut et al., 2000), points to an arid phase around 5000 BC,
whereas high lake level records in south-western Spain suggest
a humidity optimum between 4000 and 3800 BC (Magny et al.,
2002). Jalut et al. (2000) also reports on phases of minimum
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pollen ratios at about 1800 BC and for the period 900 BC to AD
220, which are both coincident with the low D13C detected for
cereals. The relative scarcity of strictly contemporary records of
cereals and forest trees (i.e. from the same stratigraphic unit,
arrows in Fig. 5a,b) makes a direct comparison of D13C trends
difficult. For those cases in which such assessment was
possible, there was not a clear consistency in changes of
D13C records. For instance, low values were consistently found
at 5058 BC, and high values at 375 BC and 325 BC (but only for
cereals and Q. ilex). Conversely, high values for Q. ilex and
H. vulgare were detected along with low values for
P. halepensis and T. aestivum at AD 120. These results
probably reveal further complexities in the interpretation of
seasonal precipitation patterns owing to the limited availability
of archaeobotanical remains covering the mid- and late
Holocene. This is particularly evident for cereal grains, which
only track spring climatic conditions during a single year.

Changes in precipitation from the Early
Neolithic to the Roman period

We estimated differences between past and present-day
precipitation from 5000 BC to AD 450 by comparing modelled
precipitation in the past (derived from charcoal d13C) with the
current average rainfall for each archaeological site. Compared
with present conditions, estimated spring–summer precipi-
tation (PJ-A) was consistently higher in the past, whereas
autumn–winter precipitation (PS-D) showed alternatively higher
and lower values. Nevertheless, estimated annual precipitation
was consistently higher than at present throughout the studied
period, in agreement with previous studies on the western
Mediterranean (Terral andMengual, 1999; Carrión et al., 2001;
Ferrio et al., 2007).
Comparing the two seasonal periods predicted by our

models, past minus present precipitation was probably higher
from January to August than from September to December in
the period 5000 BC to 400 BC, but a seasonal precipitation
change occurred afterwards, leading to similar values for both
seasonal precipitation differences from 400 BC to AD 450.
These findings agree with a macrophysical climate model
(Bryson and DeWall, 2007) that estimated monthly precipi-
tation and rain-event intensity for the last 12 000 years for the
city of Alcoi (Miller et al., 2009; McClure et al., 2009), in the
same area as the studied sites. This model estimated a
progressive decrease (but strong instability) in July precipitation
from ca. 3000 BC to ca. 500 BC, whereas both January
precipitation and the intensity of rain-events during September
would have increased during this period. Thus, our estimated
seasonal changes could be explained by the increase in intense
rainfall episodes along the Mediterranean coast during the
Holocene, which can be attributed to an enhancement of the
African monsoon (Stevens et al., 2001).
Although precipitation was generally higher than present

throughout the studied period, two main dry episodes were
observed, around 4000–3000 BC and 1000–500 BC. The first
period coincides with one of the Holocene’s cooling phases,
which resulted in high lake levels in Central Europe (Magny,
1999), but caused an aridification phase in the Mediterranean,
as described by Jalut et al. (2000). Our results partly agree with
those derived from the aforementioned macrophysical model,
which predicted low rainfall in January and September, but
relatively high precipitation in July, which afterwards
decreased from ca. 3000 BC to 2000 BC (Miller et al.,
2009). As our prediction model from P. halepensis combine
winter, spring and most summer months, the decrease in
January precipitation may have exceeded a possible increase in
summer rainfall, leading to an overall reduction in PJ-A.

The second dry episode (ca. 1000–500 BC) showed an
important decrease in PS-D as compared with present
conditions, but not in PJ-A, suggesting a sharp decrease in
autumn precipitation, but little change in spring–summer
rainfall. These results agree with low precipitation values
reported for this period in the Central Ebro Basin (Ferrio et al.,
2006), as well as with the low D13C values in oaks from the
western Mediterranean (Vernet et al., 1996; Ferrio et al., 2005).
This period coincides with the Cold Iron Age Epoch, which
could have been drought-prone in the Iberian Peninsula,
contrasting with the increased rainfall recorded in Central
Europe (Magny, 1999; Jalut et al., 2000; Ferrio et al., 2007;
Aguilera et al., 2009; McClure et al., 2009).
Regarding cereal D13C, maximum difference between past

and present WI during grain filling coincided for wheat and
barley ca. 3500 BC, in agreement with an increase in spring
rains detected by lake-level records during the mid-Holocene
(6500–4500 cal a BP) (Stevens et al., 2001). Observing similar
differences in WI throughout the mid- and late Holocene for
both cereals, strong anthropogenic or agronomic effects on
grain D13C can be ruled out. Thus, the D13C data from trees and
crops can be used together to further investigate changes in
climate seasonality through time. An important proportion of
the differences in PJ-A between past and present conditions may
stem from changes in mid-spring precipitation, which is the
main period determining the D13C of cereal grains, and thusWI
estimates (Araus et al., 1997; Ferrio et al., 2005). However, PJ-A
andWI provided (apparently) contradictory results for 3500 BC,
when the maximum difference in WI between past and present
was detected. This is in agreement with carbonate d18O values
from Lake Medina in the south-western part of the Iberian
Peninsula, in which high spring precipitation may be reflected
in high d18O values (Roberts et al., 2008). These changes in
precipitation seasonality between winter and spring might
hinder the interpretation of isotope records and thus they make
a case for the development of multi-species isotope values and
complementary proxies to infer climatic changes.

Conclusions

The multispecific assessment of D13C changes in the archae-
obotanical record has provided additional insight into the
characterization of Holocene climate. In particular, this study
has shown how a combination of species holding different (and
complementary) environmental signals can contribute to a
wider knowledge of seasonal precipitation dynamics at the
local level. The abundance of charcoal remains in the eastern
Iberian Peninsula from species that exhibit contrasting
strategies to cope with drought, along with the analysis of
charred grains, has facilitated this task. In particular, past
spring–summer precipitationwas always higher than at present,
whereas autumn and early winter precipitation showed
stronger fluctuations, being alternatively much higher or lower
in the past than today. The large contribution of autumn
precipitation to the annual water budget was noteworthy
during the second half of the first millennium BC and at the
beginning of the current era, suggesting an increase in torrential
rainfall events comparable with those mainly occurring at the
present day during autumn in this region. Also, the incidence of
dry episodes (fourth millennium BC and first half of the first
millennium BC) was associated with the scarcity of autumn
precipitation. Alternative species can contribute to widen the
palaeoenvironmental record in the future, although this will be
subject to the abundance of archaeobotanical remains in the
area of interest and the proper ecophysiological understanding
of the recorded isotopic signal.
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