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a b s t r a c t

This paper presents a high-resolution lake-level record for the Holocene at Lago Preola (Sicily, southern
Italy) based on a specific sedimentological approach, with a chronology derived from AMS radiocarbon
dates. It gives evidence of three major successive palaeohydrological periods, with (1) a pronounced
dryness during the early Holocene until ca 10300 cal BP, (2) a highstand from ca 10300 to 4500 cal BP,
and (3) a marked lowstand from 4500 cal BP to present. Large amplitude lake-level fluctuations char-
acterise two transition phases at ca 10300e9000 and 6400e4500 cal BP. Period 2 was interrupted
between 8300 and 7000 cal BP by a dry phase that was punctuated to ca 7300 cal BP by the deposition of
a tephra from neighbouring Pantelleria Island. Comparisons of the Preola record with other palae-
ohydrological records along northesouth and westeeast transects in the Mediterranean show con-
trasting patterns of hydrological changes: north (south) of around 40�N latitude, the records highlight
a mid-Holocene period characterised by lake-level minima (maxima). Humid mid-Holocene conditions
over the Mediterranean south of 40�N were probably linked to a strong weakening of the Hadley cell
circulation and of monsoon winds. We suggest that the maximum of humidity in the Mediterranean
during the mid-Holocene was characterised by humid winters to the north of 40�N and humid summers
to the south. On a multi-centennial scale, the high-resolution palaeohydrological reconstructions in the
central Mediterranean area reveal a strong climate reversal around 4500e4000 cal BP, with contrasting
changes in the hydrological cycle. In addition to seasonal and inter-hemispherical changes related to
orbital forcing, this major oscillation might be related to non-linear responses of the climatic system to
the gradual decrease in summer insolation at northern latitudes. Another major climate oscillation
around 7500e7000 cal BP may have resulted from the combined effects of (1) a strong rate of change in
insolation, and (2) variations in solar activity. Finally, comparisons of the Preola lake-level record with
Sicilian pollen records suggest a strong influence of moisture availability on vegetation development in
Sicily. Very dry early Holocene conditions probably prevented the expansion of coastal evergreen forests,
while decreasing moisture availability since the onset of the late Holocene may have exacerbated effects
of intensive land-use.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding conditions behind hydrological changes is crucial
for the Mediterranean area, particularly in the face of present-day
global warming. Regional sets of palaeoclimatic and palae-
oenvironmental data may provide key contributions to this
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understanding. As pointed out by Reed et al. (2001), Holocene lake-
level data offer independent palaeohydrological data to help refine
pollen-inferred studies. Detailed, systematic studies aimed specifi-
cally at lake-level reconstructions are still scarce in the Mediterra-
nean area. In addition, they often suffer from insufficient dating and
temporal resolution. In a compilation based on litho- and
biostratigraphic data from literature, Harrison andDigerfeldt (1993)
have outlined Holocene patterns of lake-level changes for the
Mediterranean region. They distinguished awesternMediterranean
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pattern characterised byconditions significantlywetter than today’s
remaining throughout the early to mid-Holocene, with an abrupt
transition to drier conditions after ca 5700 cal BP. Conversely, for the
eastern Mediterranean they suggested relatively arid conditions
during the earlyHolocene,moister conditions for themid-Holocene,
anda gradual transition to drier conditions after ca 5700 cal BP.More
recently, a thorough review by Tzedakis (2007) has pointed out the
increasingly complex climatic scenarios invoked by authors, and
attempted to reconcile conflicting interpretations. He specifically
questioned the notion of an accentuated summer rain regime in the
northern Mediterranean borderlands during the boreal insolation
maximum. On the basis of lake isotope records, Roberts et al. (2008)
suggest a possible NW/SE contrast inMediterranean climate history
during the Holocene. On the other hand, using mainly pollen data,
Jalut et al. (2009) concluded that, in the circum-Mediterranean
region, the Holocene can be divided into three periods: a humid
early Holocene (11500e7000 cal BP), a transition phase
(7000e5500 cal BP), and a dry late Holocene (5500 cal BP-present),
which was characterised by drier conditions.

Recent research including oxygen-isotope analysis and climate
modelling (see synthesis in Roberts et al., 2011a) emphasises the
spatio-temporal complexity ofMediterraneanpaleo-environmental
dynamics (e.g. Bar-Matthews and Ayalon, 2011; Brayshaw et al.,
2011; Giraudi et al., 2011; Kuzucuoglu et al., 2011; Mercuri et al.,
2011; Roberts et al., 2011b; Sadori et al., 2011). Multiproxy
evidence fromseveral sites suggests awet period6000e3000 cal. BP
in the Western Mediterranean, while in the Eastern Mediterranean
precipitation declined already after 6000 cal. BP (Roberts et al.,
2011a). Latitudinal differences contributed to paleo-environmental
complexity, suggesting a northesouth partition around 40�N with
almost inverse Mediterranean fire-activity patterns during the
Holocene (Vannière et al., 2011). Such latitudinal differences seem in
agreement with a spatial tri-partition of western Europe (including
Scandinavia and the Mediterranean) as inferred from a comparison
of palaeohydrological records: during the Holocene, mid-European
latitudes between ca 50� and 43�N were characterised by wetter
conditions,whiledrier climatic conditionsprevailed innorthern and
southern Europe during cold events such as around 8200 cal. BP
(Magny et al., 2003). Moreover, long-term seasonal effects emerged
(e.g. Finsinger et al., 2010; Peyron et al., 2011), which may reconcile
seeming contradictions among the different proxies.

As a contribution to the reconstruction of Holocene hydro-
climatic conditions in the central Mediterranean, we first present
a high-resolution lake-level record established at Lago Preola,
a small lake in southern Sicily, using a specific sedimentological
approach and summary pollen analysis. On the basis of a compar-
ison with other palaeohydrological records recently reconstructed
in the Mediterranean area and in westecentral Europe, we then
examine the palaeoclimatic significance of our results in regard to
regional patterns of hydrological changes, seasonality, forcing
factors and vegetation.

2. Site and methods

2.1. Study area

Lago Preola (37�37 N, 12�38 E, 4 m a.s.l., ca 33 ha) lies in south-
western Sicily (Fig. 1), ca 2 km east of the Mediterranean Sea.
Maximal water depth was 2 m in June 2008 during coring, but
before the lake basinwas transformed into a vegetated swamp after
a sequence of dry years prior to 2004. It is of karstic origin and
topographically closed with no major inlet or outlet, which makes
the lake ideal for Holocene lake-level reconstructions. A calcareous
ridge up to ca 30 m high separates the lake from the Mediterranean
Sea. The catchment area of the lake covers ca 17 km2 (Fig. 1) and is
dominated by limestone and Pleistocene calcarenites. It is charac-
terised bygentle slopes and relativelyflat plateaus culminating at ca
70 m a.s.l. The climate of the area is Mediterranean with marked
seasonal variations in precipitation. Mean annual precipitation
reaches 505 mm at nearby Trapani/Mazara del Vallo, summer
precipitation (JuneeAugust) 26 mm, and winter precipitation
(DecembereJanuary) 177 mm (AD 1961e1990 average; World
Climate, 2008). Mean annual temperature is 17.6 �C, with 25.2 �C
for August, and 11.7 �C for January. Preola is part of a nature reserve
including the swamp Pantano Murana and the three small karstic
depressions of Gorghi Tondi, i.e. the ponds GorgoAlto, GorgoMedio,
and Gorgo Basso. Pollen and charcoal investigations have been
carried out recently at Gorgo Basso to reconstruct Holocene vege-
tation and fire dynamics (Tinner et al., 2009).

2.2. Coring and dating

Two cores were taken in June 2008 with a modified Streif-
Livingstone piston corer 4.8 cm in diameter (Lang, 1994) (Fig. 1).
Core LPA was extracted in the littoral zone and core LPBC in the
deeper part of the lake. The coring was stopped due to high friction
in the sandy and clayey sediment at the base. Similarities observed
in the sediment profiles allow lithostratigraphic correlations
between the cores LPA and LPBC. The chronology is based on AMS
radiocarbon dates (Table 1). Radiocarbon ages were calibrated
using Calib 6 (Stuiver et al., 1998; Reimer et al., 2004). In addition to
radiocarbon ages, pollen analyses carried out on core LPBC offer the
support of correlations with the pollen-stratigraphy of Gorgo Basso,
which was radiocarbon-dated from terrestrial plant macrofossils
only (Tinner et al., 2009). The age-depth models were made using
general addictive models (GAM, Heegaard et al., 2005) that take
into account the 2s errors of the calibrated 14C dates as well as the
sampling depths of the dated material.

2.3. Tephra analyses

Core LPBC includes a mm-thick tephra layer at level 730 cm.
Energy-dispersive spectrometry (EDS) analyses of glass shards and
glasses from micro-pumice fragments were performed at the
Dipartimento di Scienze della Terra (University of Pisa), with an
EDAX-DX micro-analyser mounted on a Philips SEM 515 (operating
conditions: 20 kV acceleration voltage, 100 s live time counting,
200e500 nm beam diameter, 2100e2400 shots per second, ZAF
correction). The ZAF correctionprocedure does not include natural or
synthetic standards for reference, and requires analysis normal-
isation at a given value (which is chosen at 100%). Analytical preci-
sion is 0.5% for abundances higher than 15 wt%, 1% for abundances
around 5 wt%, 5% for abundances of 1 wt% and less than 20% for
abundances close to the detection limit (around 0.5 wt%). Accuracy
and analytical comparison have been extensively discussed else-
where (Caron et al., 2010; Sulpizio et al., 2010; Vogel et al., 2010).

2.4. Sedimentological analyses

The lake-level fluctuations were reconstructed using a specific
technique described in detail and validated elsewhere (Magny,
1992, 1998, 2004, 2006) and based on a sedimentological
approach combining several markers as follows.

- Lithology: fine carbonate lake-marl is deposited in lake water,
whereas peat and anmoor reflect marshland conditions. Sand
accumulation corresponds to runoff (blunt shining quartz
grains) or wind-transport (round-frosted quartz grains).

- Macroscopic components of lake-marl: it has been shown that,
in carbonate lakes, the coarser fractions (larger than 0.2 mm) of



Fig. 1. Upper panel. Geographical location of Lago Preola and reference sites in the Mediterranean. LA: Lake Accesa, LAl: Lake Albano, LBG: Lake Biviere di Gela; LC: Lake Cerin; LG:
Lake Gölhisar; LM: Lake Medina, LMe: Lake Mezzano, LMo: Lago Grande di Monticchio, LP: Lake Pergusa; LSP: Lake Saint Point; LX: Lake Xinias; SC: Soreq cave; MD90-917 and SL
152 are two marine cores. Lower panel. Detailed map of the Nature Reserve “Lago Preola e Gorghi Tondi” with the location of two cores LPA and LPBC in Lake Preola, and Gorgo
Basso pollen record (Tinner et al., 2009).
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lake-marl are mainly composed of (1) carbonate concretions of
biochemical origin, (2) mollusc and ostracod tests, and (3)
plant macro-remains. The concretions can be divided into
several morphotypes. Modern analogues based on surface
samples taken along transects perpendicular to the shore have
revealed that oncolites and cauliflower-like forms correspond
to shallower water than plate-like and tube-like forms. More-
over, grey-coloured concretions including detritic elements
mark occasionally dried littoral areas. The macroscopic
components were identified and counted using a binocular
microscope. Two fractions (i.e. >0.5 mm, and 0.2/0.5 mm) have
been studied. A contiguous dense subsampling of sediment
sequences (generally 2 to 3 cm-thick samples) made recogni-
tion of short-lived palaeohydrological events possible (high
temporal resolution).

- Visible to naked-eye geometric micro-unconformities resulting
from erosion or non-deposition (lake-level lowering), or micro
shrinkage cracks observed along core profiles offer additional
information about conditions of sediment deposition.

In addition to markers mentioned above, the reconstruction of
lake-level fluctuations relies on the comparative sediment analysis
of two distinct cores (the littoral core LPA, and core LPBC from the
lake centre). This strategy provides a more comprehensive view of



Table 1
Radiocarbon dates obtained from cores LPA and LPBC.

Core Depth (cm) Radiocarbon date Calibrated age at 2 sigma range Laboratory reference Material

Core LPA 44e45 1600 � 30 BP 1546e1410 cal BP Poz-27885 peat
Core LPA 157e158 4120 � 35 BP 4821e4527 cal BP Poz-30094 peat
Core LPA 234e235 5140 � 40 BP 5990e5751 cal BP Poz-27886 Carex seeds and wood fragments
Core LPA 310e311 5340 � 40 BP 6271e5998 cal BP Poz-30095 peat
Core LPA 461e462 6220 � 40 BP 7252e7007 cal BP Poz-30096 peat
Core LPA 602e603 7940 � 50 BP 8990e8634 cal BP Poz-32423 peat
Core LPA 673e674 8930 � 50 BP 10227e9906 cal BP Poz-30097 peat
Core LPA 808e809 9360 � 60 BP 11063e10265 cal BP Poz-33875 peat

Core LPBC 131e132 2280 � 40 BP 2353e2158 cal BP Poz-33867 wood fragments
Core LPBC 401e402 4400 � 40 BP 5267e4858 cal BP Poz-33870 peat
Core LPBC 493e494 5160 � 50 BP 6095e5748 cal BP Poz-33871 peat
Core LPBC 735e736 7610 � 50 BP 8538e8345 cal BP Poz-33874 peat
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the sediment sequence and also permits observation of lateral
variations in the sediment facies, informative for the reconstruction
of past deposition environments.

Finally, given the large amount of the stratigraphically ordered
data combining various sedimentological markers from two frac-
tions (more than 0.5 and 0.2/0.5 mm), an approach based on
a correspondence analysis (CA) was used to summarise lake-level
curves from cores LPA and LPBC. As discussed in detail by
Ammann et al. (2000), preliminary Detrented Correspondence
Analysis (DCA) were applied to the percentages matrix of sedi-
mentological markers observed in cores LPA and LPBC in fractions
more than 0.5 and 0.2/0.5 mm to assess the gradient length of the
first axis. If the gradient length is less than two standard deviation
units, the Principal Components Analysis (PCA) is the appropriate
technique, whereas if the gradient length is more than two devia-
tion standard units, CA is the relevant technique (Ter Braak and
Prentice, 1988) to extract the major underlying gradient. For both
records, the first DCA axis length was >2.5 SD units justifying the
further use of a unimodal response model and hence of CA as the
appropriate ordination method for the sedimentological markers
(Birks, 1995). Stratigraphic plots of sample scores along the CA axis
were used as a means to emphasising the main changes in sedi-
mentological features in both cores. For the central core LPBC, the
distribution of samples along axis 1 was governed by the particular
features of basal sediment unit 6 compared to the rest of the core.
To better explore the sedimentological variability from unit 5 to 1,
sample scores were plotted and analysed using axis 2 of the CA.
Axis 1 in the CA of core LPA and axis 2 in the CA of core LPBC explain
24% and 15% of the variance respectively. For each core, the
percentages matrix composed of sedimentological markers
observed in both fractions (more than 0.5 and 0.2/0.5 mm),
excluding the percentages corresponding to columns labelled
Lithoclasts, Concretions, Molluscs þ Ostracods, and Vegetal
remains in the diagrams of Figs. 5 and 6. These columns show totals
of different types of markers.
3. Results and interpretation

3.1. Lithology and chronology

Considered as a whole, the sediment profiles of cores LPA and
LPBC show six similar successive sediment units which allow first
lithostratigraphic correlations between the littoral and the central
cores (Fig. 2). Basal sediment unit 6 is composed of blueegrey abiotic
sand. Sediment unit 5 consists of black humified peat (anmoor).
Sediment units 4 and 2 correspond to silts with an alternation of
peaty dark-coloured organic layers and light-coloured carbonate
layers (sometimes laminated). Organic layers are more frequent in
core LPBC and in the lower part of sediment unit 2 in core LPA. These
two units are also marked by abundant mollusc shells. In both cores,
unit 2 includes a thin layer of lithoclasts dated to 5340 � 40 BP in
core LPA. Sediment unit 3 interbedded between units 4 and 2 is
made up of relatively homogeneous blackegrey organic silts, where
mollusc shells are nearly absent.

In core LPBC, unit 3 also includes one mm-thick tephra layer at
level 730 cmwhich is dated to ca 7444e7136 cal BP (interpolated age
from the age-depth model presented in Fig. 3) and corresponds to
volcanic activity from neighbouring Pantelleria Island. This crypto-
tephra is composed by micropumices (Fig. 3) and aphyric glass
shards with rhyolitic composition (Table 2, Fig. 3). Alkali ratio (K2O/
Na2O) is below 1. In the FeOtot vs. Al2O3 diagram the rhyolite plots
into thefield of pantellerites, which indicates the peralkaline volcano
of Pantelleria as its source. At Pantelleria there is a documentation of
an Early Holocene toMiddleHolocene eruptive activity (Mahood and
Hildreth, 1986; Civetta et al., 1988; Speranza et al., 2009), and our
tephra should be related to the so-called VI cycle (Civetta et al., 1988)
even if at this stage a detailed correlation with a specific eruptive
event is not possible. It is interesting to note that this is the first
identification of Pantelleria Holocene ash layer on land.

Finally, sediment unit 1 consists of organic and carbonate silty
layers (sometimes laminated) with carbonate components domi-
nating. Mollusc shells are scarce.

Fig. 4 presents the ageedepth models of both cores LPA and
LPBC. That of core LPA is based on 8 radiocarbon dates. The chro-
nology of core LPBC relies (1) on 4 radiocarbon dates obtained from
core LPBC, (2) on 3 radiocarbon ages induced by lithostratigraphic
correlations with core LPA as illustrated in Fig. 2, and (3) on 9
radiocarbon ages inferred from correlations with the well-dated
pollen-stratigraphy of the neighbouring Gorgo Basso record
(Figs. 1 and 2; Tinner et al., 2009).

On the basis of these ageedepth models, the mean temporal
resolution of sedimentological analysis is 64 years/sample for core
LPA and 58 years/sample for core LPBC. Moreover, the comparison
of the two ageedepth models gives evidence that the littoral core
LPA offers a better resolution for the early to mid-Holocene than for
the late Holocene. The central core LPBC displays a more regular
temporal resolution.
3.2. Lake-level fluctuations

Figs. 5 and 6 show the sediment diagrams, and Fig. 7 the curves of
relative changes in lake level established from cores LPA and LPBC. As
illustrated by Fig. 7, the two lake-level curves display strong simi-
larities which support the consistence of the reconstruction method
and the robustness of the chronology, even if minor differences
appear in the detail. Taken together, the sediment diagrams (Figs. 5
and 6) and the lake-level curves (Fig. 7) of cores LPA and LPBC
allow three main successive periods to be distinguished as follows.



Fig. 2. Left panel. Sediment profiles of cores LPA and LPBC with lithostratigraphic correlations. Lower panel: Correlations of the pollen-stratigraphy of core LPBC with that of Gorgo
Basso. The chronology of the Gorgo Basso pollen record is based on 10 radiocarbon dates (Tinner et al., 2009). The dotted lines mark (1) the correlations between the pollen
stratigraphies of Gorgo Basso and core LPBC of Lake Preola, and (2) the corresponding ages interpolated from the ageedepth model of Gorgo Basso pollen record (Tinner et al.,
2009). GU þ SC: geometric unconformities and shrinkage cracks. Note that the lithostratigraphic correlations between the littoral core LPA and the central core LPBC suggest
a relatively small depth of the Preola lacustrine basin. The difference in absolute altitude reaches ca 1.3 m for the sediment unit 5, 2.5 for the base of sediment unit 3, 2.2 m for the
lithoclast layer dated to 5340 � 40 BP in sediment unit 2, and 2.1 m for the sediment unit 2/1 transition.
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- The first phase of the early Holocene ca 11500e10600 cal BP is
characterised by very dry conditions, and corresponds to the
deposition of sediment unit 6. The sediment diagrams of core
LPBC show that the sand of basal unit 6 contains a large
proportion of round-frosted quartz grains, which reflect wind-
Fig. 3. (a) Total alkali vs. silica diagram (Le Bas et al., 1986) of glass compositions of the recog
transport (Fig. 6). Dry conditions are also suggested by the
complete absence of aquatic biotic remains such asmollusc and
ostracod tests. This points to the absence of a lake in the Preola
basin. Shortly after 10600 cal BP, the formation of sediment
unit 5 marks a transition towards more humid conditions. Unit
nised tephra layer of level 730 cm in core LPBC. (b): Micropumices of the studied tephra.



Table 2
Analytical data for the Preola tephra layer of level 730 cm in core LPBC.

1 2 3 4 5 6 7 8 9 Mean stdev

SiO2 70.44 70.37 71.74 72.15 71.82 71.12 70.87 70.65 70.64 71.09 0.62
TiO2 0.38 0.4 0.34 0.16 0.29 0.37 0.44 0.41 0.39 0.35 0.08
Al2O3 8.31 7.99 8.23 8.28 8.94 8.59 8.37 8.25 7.84 8.31 0.30
FeOtot 8.36 8.4 7.91 7.8 7.95 7.88 8.48 8.13 8.42 8.15 0.25
MnO 0.4 0.38 0.23 0.15 0.37 0.32 0.51 0.44 0.35 0.35 0.10
MgO 0.09 0.06 0 0 0 0 0 0 0.08 0.03 0.04
CaO 0.39 0.6 0.5 0.62 0.53 0.67 0.39 0.42 0.43 0.51 0.10
Na2O 6.62 6.6 5.84 5.76 5.02 5.98 5.75 6.51 6.62 6.08 0.52
K2O 4.37 4.43 4.28 4.4 4.37 4.37 4.46 4.44 4.46 4.40 0.05
P2O5 0 0 0.09 0 0 0 0 0 0 0.01 0.03
ClO 0.65 0.75 0.85 0.69 0.72 0.7 0.74 0.74 0.78 0.74 0.05
Total 100.01 99.98 100.01 100.01 100.01 100 100.01 99.99 100.01 100.00

Total alkali 10.99 11.03 10.12 10.16 9.39 10.35 10.21 10.95 11.08 10.5
Alkali ratio 0.66 0.67 0.73 0.76 0.87 0.73 0.78 0.68 0.67 0.72
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5 composes of humified peat (anmoor) including remains of
aquatic fauna. This type of deposit indicates moister conditions
which led to the formation of a mire, and/or of a shallow body
of water intermittently drying (unstable water table during
a transitional phase), before the formation of a lake at ca
10300 cal BP (transition between sediment units 5 and 4). A
small peak of anmoor in the sediment diagrams of core LPBC at
ca 9800 cal BP (Fig. 6) probably marks the occurrence of
a pronounced lowering after 10300 cal BP. The relatively abrupt
transition from unit 6 to unit 5 suggests a rapid climate change
provoking a stop in sand accumulation.

- The period 10300e4500 cal BP corresponds to a phase of high
lake-levels (sediment units 4 and 2). The deposition of silty
lake-marl including abundant remains of freshwater molluscs
clearly marks the formation of a permanent lake. Geometric
unconformities, shrinkage cracks and anmoor material (Figs. 2,
5 and 6) are still frequent in core LPA (littoral zone) until ca
10000 cal BP, but they then disappear between 10000 and
6300 cal BP, pointing to increasing water depths also close to
the shore. In the centre of the lake (core LPBC), there is only one
geometric unconformity observed at ca 9300 cal BP, and this
type of feature did not reappear before ca 5500 cal BP (Fig. 6).
Comparison of the sediment diagrams of cores LPA and LPBC
(Figs. 5 and 6) reveals that the littoral zone was characterised
by a stronger development of carbonate concretions than in the
central zone marked by less abundant concretions. In fact,
given the shallow depth of Preola lacustrine basin, aquatic
vegetation developed and survived more particularly in the
zones of permanent water, i.e. in the centre of the basin,
whereas it was less abundant in the littoral zones more
sensitive to seasonal water-level lowering (see lithostrati-
graphic correlations between the sediment profiles of cores
LPA and LPBC in Fig. 2).

This phase of high lake level was interrupted by a temporary
return to dry conditions marked by the deposition of sediment unit
3 between 8300 and 7000 cal BP. Both cores LPA and LPBC show
a maximal dryness around 7400e7300 cal BP. The mollusc shells
nearly disappear whereas the accumulation of fine eolian sand
resumes. The deposition of a tephra layer from Pantelleria at ca
7300 cal BP (7434e7136 cal BP) offers a potential key time-marker
for this dry period. The preservation of this tephra in core LPBC in
contrast to core LPA where it is lacking is an additional indication
that thewater remained in the central part of the Preola basinwhile
the littoral zone probably partly dried up during this phase. Taken
together, the lake-level record (Fig. 7) shows larger fluctuations
from 10300 to 9000 cal BP and from 6400 to 4500 cal BP, i.e. at the
beginning and the end of the period 10300e4500 cal BP. This
suggests transitional phases with more unstable lake-level
(climate) conditions as reflected by occurrences of geometric
unconformities and shrinkage cracks in cores LPA and LPBC (Fig. 2).

- The period from 4500 cal BP to present coincides with
a lowering of the lake-levels. The deposition of sediment unit 1
shows a strong retreat of freshwater molluscs. Only small
aquatic fauna such as ostracods maintained well. Geometric
unconformities and shrinkage cracks affect even the central
zone of the basin, where carbonate concretions and Characae
oogones, rare before ca 5500 cal BP, show a large development
as in the littoral zone. The grey colour of the carbonate
encrustations (concretions, ostracod tests, oogones) reflects
the invasion of terrestrial detritism into the centre of the Preola
basin. The lake-level lowering is also marked by the successive
development of the tube-like, plate-like concretions and
oncolites in core LPA after 4500 cal BP. However, the lake-level
record reconstructed from littoral core LPA suggests a rise for
the last two millennia in contrast to that of central core LPBC
which shows persistent lowstands. This may reflect a bias due
to the marked development of vegetal remains. In fact, sedi-
ment diagrams in Fig. 5 indicate that this development from ca
2000 cal BP onwards is limited to coarse fraction (more than
0.5 mm) and probably results from overgrowing processes
which affect the littoral core LPAmore strongly than the central
core LPBC located in deeper water. This interpretation is sup-
ported by the fact that the development of vegetal remains
since 2000 cal BP in core LPA is not associated with maxima of
mollusc tests, in contrast to the period of high lake-levels
between 10300 and 4500 cal BP (Fig. 5) where maxima of
vegetal remains and mollusc tests are coupled.
4. Discussion

4.1. Lake-level fluctuations and vegetation history of Sicily

The Preola lake-level record offers new insights into the possible
linkages between climate, lake-levels and vegetation history in
Sicily. Water resources (through soil moisture and precipitation)
are a crucial factor for the development of forests in the Mediter-
ranean region. Fig. 8 presents a comparison between the lake-level
record of Preola and three Sicilian pollen records from Gorgo Basso
(Tinner et al., 2009), Biviere di Gela (Noti et al., 2009), and Pergusa
(Sadori and Narcisi, 2001; Sadori et al., 2011). Depending on the
period, it suggests moderate to pronounced correlations between



Fig. 4. Ageedepth models of cores LPA and LPBC based on GAM (Heegaard et al., 2005).
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Fig. 5. Sediment diagrams of core LPA. GU þ SC: geometric unconformities and shrinkage cracks. BSQG: Blue-shining quartz grains; RFQG: round-frosted quartz grains. CF:
cauliflower-like concretions; Oogones A, R, F, N, VN: absent, rare, frequent, numerous, very numerous.

M. Magny et al. / Quaternary Science Reviews 30 (2011) 2459e24752466



Fig. 6. Sediment diagrams of core LPBC. GU þ SC: geometric unconformities and shrinkage cracks. BSQG: Blue-shining quartz grains; RFQG: round-frosted quartz grains. CF:
cauliflower-like concretions; Oogones A, R, F, N, VN: absent, rare, frequent, numerous, very numerous.
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Fig. 7. Relative changes in lake-level reconstructed from cores LPA and LPBC.
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lake-levels and vegetation dynamics during the Holocene. The
presence of amire or of low lake-levels during the early Holocene at
Preola coincides with the persistence of a fire-prone open grassland
until ca 10000 cal BP at Lago Preola and Gorgo Basso (Figs. 2 and 8).
The abrupt rise in lake level around 10300 cal BP preceded the rapid
expansion of oak forests and Fagus in the high-elevation inland site
of Pergusa (667 m a.s.l.), and shrubs in the low-elevation coastal
site of Gorgo Basso, by about 100e300 years. The delayed expan-
sion of evergreen forests on the coast at ca 7000 cal BP, i.e. almost
three millennia later than in the Sicilian uplands, probably resulted
from lower moisture availability at the warmer coastal sites (Tinner
et al., 2009). Percentage distortions (e.g. masking of the woodland
vegetation by local vegetation such as Poaceae growing at the lake
shore) can be excluded since the interpretation of Gorgo Basso is
based on agreeing percentage, concentration and influx changes
(Tinner et al., 2009).

It is intriguing that the lake-level proxies suggest rather high
average lake-levels when drought-adapted shrublands (Pistacia
mainly evergreen P. lentiscus, see Tinner et al., 2009) were abun-
dant, but no moisture-requiring evergreen oak forests existed



Fig. 8. Comparison of the LPBC lake-level record from Lago Preola with pollen records from Gorgo Basso (Tinner et al., 2009), Biviere di Gela (Noti et al., 2009), and Lake Pergusa
(Sadori and Narcisi, 2001). The grey bands mark periods characterised by relatively unstable climatic conditions (large lake-level fluctuations).
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(Fig. 8). The absence of evergreen forests may also have originated
from more pronounced seasonal and interannual variability of
drought between 10300 and 7000 cal BP. This might apply espe-
cially for the dry period between 8300 and 7000 cal BP. Indeed this
latter event coincided with a stop in the expansion of Olea wood-
lands and an increase in fire activity at Gorgo Basso (Tinner et al.,
2009). In the Eastern Mediterranean similar early Holocene
discrepancies exist between oxygen-isotope records suggesting
high precipitation amounts and pollen records reflecting unfor-
ested conditions (Roberts et al., 2011a). This seeming contradiction
is best explained with seasonal effects, since the absence of forests
is mainly controlled by insufficient summer moisture availability,
whereas in the Mediterranean the oxygen-isotope records may
mainly reflect winter precipitation (Zanchetta et al., 2007; Tzedakis
et al., 2009).

At Lago Preola, discrepancies between lake-level reconstruc-
tions and vegetational dynamics are particularly pronounced
during the period 4000e3000 and 2600e2200 cal BP when forests
were dense (inferred from pollen percentages and influx), but lake-
levels very low. Similar discrepancies between lake-level condi-
tions and pollen data have been observed by Eastwood et al. (2007)
at Lake Gölhisar in southwest Turkey and probably point to other
factors than precipitation controlling vegetation during this period
(land-use, human impact, fire). At Preola, the low lake-levels
occurred during a general trend to drier conditions observed at
several sites in the Mediterranean region. On the other hand, the
abrupt fall in lake level registered at Preola at 4500 cal BP coincided
with a marked retreat of Quercus deciduous at Pergusa, which is
synchronous with the onset of tree and shrub decline at Biviere and
with a transient and minor retreat of trees and shrubs at Gorgo
Basso. However, Noti et al. (2009) concluded that the deforestation
trend during the late Holocene at Lago di Biviere (a low-elevation
site on the southeast coast of Sicily, Fig. 8) was not the conse-
quence of increasing drought, but of increasing land-use activities
as unambiguously recorded by pollen of crops and weeds.

Evidence of climatic influence on the vegetation has been
reconstructed in the Segura Mountains of southern Spain, with
a mid-Holocene maximum forest development at the time of
highest lake-levels (Carrion, 2002) which corresponds well with
our coastal Sicilian lake-level and vegetation records. However,
detailed investigations in recent years have revealed that human
impact strongly affected vegetational dynamics and especially
triggered late-Holocene forest declines in Mediterranean Spain
(Carrion et al., 2010), as was the case in Sicily. Indeed the Gorgo
Basso pollen record suggests that the impact of climate on late
Holocene vegetation was relatively limited until strong anthropo-
genic activities such as fire, pasture and crop production suddenly
increased at the beginning of the Greek colonisation and later
Roman occupation. On the basis of the Gorgo Basso and Biviere
pollen evidence, we suggest that drier conditions during the late
Holocene may have exacerbated the effects of human impact,
favouring the forest decline during the late Holocene. However, the
maquis and garrigue vegetation of today, where forest was present
during the mid-Holocene, in Sicily (Noti et al., 2009; Tinner et al.,
2009) and elsewhere in Italy (Colombaroli et al., 2007, 2008),
primarily resulted from intensive land-use and anthropogenic fire
over the last millennia (for further details see Noti et al., 2009;
Tinner et al., 2009).

4.2. Opposite Holocene palaeohydrological patterns in the
Mediterranean area

Lake-level changes are driven by climatic parameters affecting
both evaporation and precipitation, but they can also be induced by



Fig. 9. Comparison of the Preola record (1) with the curve of summer insolation at 65�N (Berger, 1978), and (2) with other lake-level/palaeohydrological records along a north-
esouth transect, i.e. Lake Accesa (Magny et al., 2007), Lake Cerin (Magny et al., 2011) and Lake Saint Point (Leroux et al., 2008). The chronology of Sapropel event 1 is based on
Ariztegui et al. (2000). In panel 5, the curve with dotted line is that of Lake Saint Point (panel 2) inverted for direct comparison with the Preola lake-level record. Inset: Latitudinal
Insolation Gradient (LIG) from Davis and Brewer (2009). Note that the insolation curves at 40�N (Berger and Loutre, 1991) give evidence that the general late-Holocene decline of the
annual insolation also coincided with an important reorganisation in seasonality around 4500e4000 cal BP.
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a variety of local non-climatic factors including geomorphological
phenomena, as well as human impact on the vegetation cover and
the hydrology of the catchment. However, the comparison of lake-
level records may give evidence of synchronous lake-level changes
within an area assumed to be climatically driven (Digerfeldt, 1988;
Harrison and Digerfeldt, 1993; Magny, 1998, 2004). To assess this,
Fig. 9 presents a first comparisonwith other lake-level records along
a northesouth transect, i.e. Lake Accesa in central Italy (Magny et al.,
2007), and Cerin (Magny et al., 2011) in the Jura Mountains (eastern
France, north of the Alps). These three records have been established
using the same sedimentological approach making the comparison
easier. Also in the Jura Mountains, Lake Saint Point offers for
comparison an additional record of palaeohydrological variations
based on the estimation of detrital inputs into the lake using the ratio
authigenic carbonate deposits/silicate input. This ratio, informative
of the hydrological activity of lake inlets (Leroux et al., 2008), reflects
combined effects of both precipitation (silicate inputs) and temper-
ature (authigenic carbonate). It is noteworthy that, in the Mediter-
ranean area, the lake-levelmaximum observed at Lago Preola during
the mid-Holocene shows an opposite palaeohydrological pattern to
the lake-levelminimum reconstructed for this period at Lake Accesa.
Small lakes such as Accesa are good archives of lake-level changes
since they are complementary to large lakes that may be more
affected by tectonic changes (Giraudi et al., 2011). Clearly, the Accesa
record in the northwestern Mediterranean belongs to the same
palaeohydrological pattern as those established at Lakes Cerin and
Saint Point in the Jura Mountains north of the Alps, with a mid-
Holocene characterised by a lake-level minimum (Lakes Accesa and
Cerin), or a minimal hydrological activity (Lake Saint Point). The
direct comparison of Lakes Saint Point and Preola records in panel 5
of Fig. 9 gives a more striking illustration of the opposition between
the Holocene palaeohydrological patterns that characterise two
distinct zones, i.e. the southwest Mediterranean and the northwest
Mediterranean/westecentral Europe. This supports a previous
palaeohydrological pattern outlined for the central Mediterranean
(Magny et al., 2007).

On the other hand, in the southern Mediterranean region, the
Preola record finds equivalents along a westeeast Mediterranean
transect as illustrated by the lake-level records reconstructed at
Laguna deMedina (latitude 36�N in southern Spain; Reed et al., 2001),
at Lake Xinias in Greece (latitude 38�N; Digerfeldt et al., 2007), and at
Lake Gölhisar in southwest Turkey (latitude 37�N; Eastwood et al.,
2007). The Medina record is based on various (biotic and abiotic)
palaeolimonological data (Reed et al., 2001), the Pergusa and Xinias
records onpollen data and lithofacies observation (Sadori andNarcisi,
2001; Digerfeldt et al., 2007; Sadori et al., 2008, 2011), and the Göl-
hisar record on oxygen-isotope data from authigenic calcite
(Eastwood et al., 2007). In addition, the chronology of the Xinias
record is based only on reference to a regional pollen-stratigraphy
established by Bottema in 1979, while, at Lake Gölhisar, the interval
5700e3600 cal BP is dated only by ages interpolated between two
radiocarbon-dated horizons (Eastwood et al., 2007). Keeping inmind
the uncertainties in dating, in the differences in themethods used for
reconstruction and also in the resolution of analyses, all these lakes
along awesteeast transect give evidence of a tri-partite pattern, with
a lake-level maximum during the mid-Holocene period, preceded by
a minimum during the early Holocene, and followed by a trend
towards lower lake-levels during the late Holocene.

The synchronicity between the lake-level/palaeohydrological
changes presented in Fig. 9, even if contrasting, suggests a common
forcing factor, i.e. orbitally-induced changes in summer insolation.
Moreover, the abrupt lake-level lowering observed around 9000 cal
BP at both Lake Accesa in the northwest Mediterranean and Lake
Cerin in westecentral Europe appears to be synchronous with the
disappearance of the Fennoscandian ice sheet. This may reflect
a strong influence of deglaciation in the reorganisation of the general
atmospheric circulation in Europe at that time (Magny et al., 2011;
Shuman and Plank, 2011). Furthermore, the contrasting palae-
ohydrological patterns observed along a northesouth versus
a westeeast transect highlight two distinct zones characterised by
two different climatic evolutions in response to forcing factors. This
observation confirms the importance of the latitude around 40�/
43�N for Holocene palaeoenvironments and climates, as pointed out
by previous studies based on palaeohydrological data (Magny et al.,
2003), or fire history (Vannière et al., 2011). Davis and Brewer
(2009) observed similar features for the mid-Holocene from pollen
data, with negative temperature anomalies (climate cooling) to the
south of 40�N, and positive (or nearly zero) values for temperature
anomalies to the north.

4.3. Contrasting seasonality patterns

In a first approximation, given the warm-season development of
the carbonate concretions used as sedimentological markers to
reconstruct past lake-level changes at Lakes Cerin, Accesa and Preola,
the lake-level records reflect changes in summer moisture avail-
ability. At Lake Accesa, in the northwest Mediterranean area, in
agreement with the lake-level record (Magny et al., 2007), pollen-
based quantitative reconstruction of precipitation suggest that the
mid-Holocene period coincided with minimal summer precipitation
but also maximal winter precipitation (Finsinger et al., 2010; Peyron
et al., 2011). This points to a seasonal contrast stronger than today’s
and which is in agreement with the forcing evolution by the Lat-
itudinal Insolation Gradient (LIG, see inset in Fig. 9; Davis and
Brewer, 2009). This winter precipitation maximum may be related
to the influence of warmer SST in the eastern North Atlantic and the
western Mediterranean during the Holocene climate optimum
(Marchal et al., 2002). Such awinter precipitationmaximumnorth of
ca 40�N is also supported by a pollen-based quantitative recon-
struction of seasonal precipitation from marine core SL 152, which
documents environmental and climatic changes in the northern
borderlands of the Aegean Sea (Kotthoff et al., 2008).

South of 40�N, high Preola lake-level stands suggest a mid-
Holocene precipitation maximum. A similar pattern is also recor-
ded at Monticchio in southern Italy with a moisture maximum
around 8000e3000 cal BP (Allen et al., 2002; De Beaulieu et al.,
2005) and at Fucino east of Rome with high levels between ca
6000 and 2000 cal BP (Giraudi et al., 2011). As pointed out by Tinner
et al. (2009), the mid-Holocene moisture increase observed in
coastal Sicily at ca 7000 cal BP, which allowed evergreen forests to
expand into Mediterranean shrublands, probably relates to
a decrease in the Hadley circulation (trade winds) and monsoonal
activity after the boreal insolation maximum. A similar forcing has
been suggested for other areas of the Mediterranean (Tzedakis
et al., 2009). Gaetani et al. (2006) have shown how an intense
African monsoon reinforces the Hadley circulation, and consecu-
tively strengthens the North Atlantic anticyclone and its blocking
effect for the western moist airflow towards the Mediterranean.
Taken together, this new (palaeo)climatic evidence suggests that
more humid conditions developed in the southern Mediterranean
only when the Hadley circulation maximum started to decline, i.e.
after the early Holocene insolation maximum. Such an evolution of
the orbital forcing may explain the general early Holocene dryness
observed in theMediterranean area south of ca 40�N and illustrated
by the lake-level records in Fig. 10.

4.4. Centennial-scale events

On a multi-centennial scale, one of the most salient features of
the Preola lake-level record is the dry episode registered by
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sediment unit 3 in both the cores LPA and LPBC. In core LPBC, this
dry event spans the period 8300e6900 cal BP with a maximal
lowering at ca 7300 cal BP. For the same time window, littoral core
LPA shows a slightly different pattern with two distinct events, the
first peaking at 8400e8200 cal BP, and the second at 7400 cal BP.
While the first one may be related to the 8.2 ka event (Alley et al.,
1997; Wick and Tinner, 1997; Ariztegui et al., 2000) which has
linked to an arid phase in the southernmost parts of western Europe
(Magny et al., 2003), the second deserves more specific attention.
Stable isotope data from a cave in northern Sicily indicate two
successive cool and dry events which interrupted the wet mid-
Holocene at ca 8200 and 7500 cal BP (Frisia et al., 2006). The arid
episode around 7500 cal BP reconstructed at Preolamayalso find an
equivalent in the well-dated Medina and Gölhisar records and,
taking into account the dating uncertainty, in the Xinias record
(Fig. 10). At Lake Accesa (latitude 42�N), this climatic oscillation
coincided with a marked rise in lake level (Fig. 9; Magny et al.,
2007). Furthermore, in marine core MD90-917 in the Adriatic Sea
(Fig. 1), Siani et al. (2010) have recognised that the Holocene SST
Fig. 10. Comparison of the Preola record with other lake-level records along a westeeast M
Narcisi, 2001), Lake Xinias (Digerfeldt et al., 2007), Lake Gölhisar (Eastwood et al., 2007)
changes in lake-levels and isotopes around 7500e7000 cal BP (see discussion in the text).
record was punctuated by two major negative anomalies at 8200
and 7000 cal BP. This climatic reversal ca 7500e7000 cal BP is well
documented in the westecentral Europe lake-level record (Magny,
2004, 2006) as well as in Alpine and Central European palae-
oclimatic series, e.g. glaciers, treelines, chironomids (Haas et al.,
1998; Heiri et al., 2004). Its range may have exceeded the Euro-
pean continent as suggested by a near cessation of the early to mid-
Holocene sea-level rise (Bird et al., 2010), as well as by a major IRD
peak in the North Atlantic (Bond et al., 2001) and an expansion of
polar water in the Nordic Seas (Rasmussen and Thomsen, 2010). It
coincided with the highest rate of change in annual insolation
during the interval 8000e7000 cal BP (Zhao et al., 2010) and with
a prolonged period of decrease in the residual atmospheric radio-
carbon between 8500 and 7000 cal BP (Stuiver et al., 1998). Thus,
this event may have resulted from the combined effects of both
orbital forcing and variations in solar activity.

Finally, despite contrasting Holocene patterns of palae-
ohydrological changes, the lake-level records established at Lakes
Preola and Accesa in the Mediterranean area and at Lake Cerin in
editerranean transect, i.e. Lake Medina (Reed et al., 2001), Lake Pergusa (Sadori and
and Soreq cave (Bar-Matthews et al., 1998). The rectangle with dotted line points to
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westecentral Europe, and presented in Fig. 9 give evidence of
a strong impact of the climatic oscillation around 4500e4000 cal
BP (Marchant and Hooghiemstra, 2004; Booth et al., 2005). In the
northwestern Mediterranean area as in westecentral Europe, it
coincided with a marked increase in humidity well recorded at
Lake Cerin in the Jura Mountains (Magny et al., 2011), at Lake
Accesa in central Italy (Magny et al., 2007), and at Lake Maliq in
Albania (Magny et al., 2009). This is in agreement with an advance
of the Calderone glacier in the Gran Sasso massif in central Italy
(Giraudi et al., 2011), as well as with an abrupt decline of the
treeline in the Austrian Alps (Nicolussi et al., 2005). In more
southern areas, the period 4500e4000 cal BP corresponds to
a strong aridification well observed by a lake-level fall in the
south-western Mediterranean at Lago Preola (this study) and at
Lake Pergusa (Sadori et al., 2008, 2011), a decrease in precipitation
at Soreq Cave in the eastern Mediterranean (Bar-Matthews et al.,
1998) and an increasing salinity at Lake Yoa, northern Tchad
(Kröpelin et al., 2008). In south-central Italy, at Lakes Mezzano and
Albano, marked environmental changes were also observed
around 4000e3800 cal BP in pollen and diatom assemblages
(Ramrath et al., 2000; Sadori et al., 2004) as well as in sediment
markers (Ramrath et al., 1999; Ariztegui et al., 2001). As discussed
by Zhao et al. (2010) and illustrated by Fig. 9, the climatic oscil-
lation around 4500e4000 cal BP may reflect a non-linear response
of the climate system to the gradual decrease of insolation, in
addition to key seasonal and inter-hemispherical changes in
insolation (Fig. 9, panel 1; see also inset in Fig. 9). This orbital
forcing was associated with a reorganisation of the general
atmospheric circulation with a further southward shift of the ITCZ
in the Tropics (Haug et al., 2001), which may have led to a south-
ward shift of the westerlies bringing more humidity to the mid-
European latitudes and the northwest Mediterranean. By
contrast, an orbitally-driven SST cooling (Marchal et al., 2002) may
have contributed to moderately drier conditions over the south-
western and eastern Mediterranean, south of latitude 40�N
corresponding to today’s climatic conditions.

5. Conclusions

Using a specific sedimentological approach, the reconstruction
of a high-resolution lake-level record for the Holocene at Lago
Preola allows to conclude that:

- The Preola lake-level record gives evidence of three major
successive palaeohydrological periods, with (1) the absence of
a lake or a pronounced lowstand during the early Holocene
until ca 10300 cal BP, (2) a highstand from 10300 to 4500 cal BP,
and (3) a lowstand from 4500 cal BP to present. Period 2 was
interrupted between 8300 and 7000 cal BP by a dry phase
punctuated by the deposition of a tephra layer from Pantelleria
Island around 7300 cal BP.

- The comparison of the Preola lake-level record with Sicilian
pollen records shows a strong influence of the moisture
availability on the vegetation development in Sicily. Very dry to
dry early Holocene conditions may explain the delayed
expansion of the forests, and low moisture availability during
the late Holocenemay have exacerbated the effects of intensive
land-use (e.g. deforestations, fire increase).

- Comparison of the Preola record with other palaeohydrological
records along northesouth and westeeast transects shows
contrasting patterns of hydrological changes: north of latitude
ca 40�N, the records give evidence of a mid-Holocene period
characterised by a lake-level minima; south of it, the same
period corresponded to lake-level maxima. We hypothesise
that maximum humidity during the mid-Holocene may have
concerned the winter season north of 40�N, and the summer
season to the south. In addition, the early Holocene corre-
sponded to very dry conditions south of ca 40�N both in the
western and eastern Mediterranean.

- On a multi-centennial scale, the high-resolution palae-
ohydrological records reconstructed in the central Mediterra-
nean area as well as in westecentral Europe highlight a strong
climate reversal around 4500e4000 cal BP. This major oscil-
lation may be related to a non-linear response of the climatic
system to the gradual decrease in insolation, in addition to
seasonal and inter-hemispherical changes in insolation.
Another major climate oscillation around 7500e7000 cal BP
may have resulted from combined effects of a strong rate of
change in insolation and of variations in solar activity.

- Finally, from a methodological point of view, additional well-
dated high-resolution records are needed to reconstruct both
the timing and the seasonality of the Holocene precipitation
changes in the Mediterranean area. The present study also
suggests the interest of establishing records based on similar
approaches and homogeneous data to facilitate inter-regional
comparisons and to get a more comprehensive view of
regional palaeohydrological trajectories.
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