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Abstract

New speleothem records from northeastern Iberian caves provide data to explore the climatic patterns during the
Holocene. We present 8'>C and Mg/Ca from three speleothems from two different caves located in the Iberian Range
allowing replication of the climatic signal for several millennia. Through the integration of those stalagmites covering
since the Holocene onset to 2 ka, the early Holocene (11.7-8.5 ka) appears as the wettest interval. A marked change
towards aridity is observed during the middle Holocene (8.5—4.8 ka) and an increase of humidity afterwards (4.8-2 ka).
This three-part pattern, contrasting with other Iberian sequences, seems to be associated with the different role that
seasonality has played in the response of different proxies (or records) to changes in water availability. Interpreting our
speleothem records as changes in winter-spring precipitation along the Holocene allows reconciling previous data on
hydrological variability from the western Mediterranean borderlands.
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INTRODUCTION Cerin lakes) versus south (e.g., Preola and Pergusa lakes) of
40°N latitude. This complexity, together with the different role
that seasonality has played in the response of different proxies
(or records) to changes in water availability (e.g., lake levels,
vegetation cover, or isotopic records) have led to apparent
contradictions in temperature and precipitation reconstructions
that still need to be understood on a regional scale.

The northeastern Iberian Peninsula is a particularly inter-
esting region to explore these contradictions during the
Holocene, since two contrasting climatic regimes coexist: the
Atlantic or Oceanic climate and the Mediterranean realm.
Thus, for example, lake records from the Pyrenees progress
from a dominantly Atlantic pattern in the western sector
(Gonzalez-Sampériz et al., 2006) to a stronger Mediterranean
imprint in the central region (Pérez-Sanz et al., 2013).
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records closely follow the typical Mediterranean Holocene
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(A. Moreno). succession, with a delayed onset of humid conditions

In Mediterranean regions, the Holocene has traditionally been
divided based more on humidity variations than on tempera-
ture changes, with the first part of the Holocene characterized
by humid conditions correlating with the North African
Humid Period (Jalut et al., 2000) followed by a transition to
drier conditions at about 64 ka in response to insolation
decline (Roberts et al., 2011). This pattern was recently
questioned by Magny et al. (2013), who showed a strong
regional heterogeneity in environmental responses to climate
changes in the Central Mediterranean region by considering
separately records located north (e.g., Accesa, Ledro, and
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(ca. 9.5 cal ka BP) and a decrease in humidity after 5-4.5 cal ka
BP (Morellén et al., 2009), a pattern that is supported by
terrestrial proxies obtained from western Mediterranean marine
records (e.g., pollen in the Alboran Sea [Fletcher et al., 2013]
and fluvial input in the Balearic Sea [Frigola et al., 2007]). Most
of these archives are known to mainly record annual conditions
or summer climate (in the case of some biological proxies). In
contrast, speleothems provide the opportunity to reconstruct
climate conditions during the rainfall season (Wackerbarth
et al., 2010; Fohlmeister et al., 2012).

Unfortunately, studied speleothem records are scarce in the
Iberian Peninsula, excluding those under the direct influence
of Atlantic climate and westerly winds. Thus, Holocene
speleothem records have been obtained on Northern Spain,
e.g., Serra do Courel (Railsback et al., 2011) and the southern
(Dominguez-Villar et al., 2008, 2009, 2017; Martin-Chivelet
et al., 2011) and northern (Stoll et al., 2013; Smith et al.,
2016) Cantabrian mountains. Only one Holocene published
speleothem record comes from an area under the typical
Mediterranean climate (Sierra de Mijas, Southern Spain),
characterized today by a strongly seasonal climate, with
hot-dry summers and cool-wet winters (October—April)
(Walczak et al., 2015). That record, using stalagmite density
as a water-excess proxy, indicates a decrease in humidity
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from a wet early Holocene to a dry mid-Holocene at around
5 ka. Our study presents the first climate reconstruction based
on speleothems from two caves (Molinos and Ejulve) from
the Iberian Range in northeastern Iberia (Fig. 1) covering the
Holocene period that can be interpreted in terms of changes in
water availability under a continental Mediterranean climate
(Fig. 2). This work provides a conciliatory picture of
Holocene water availability across Mediterranean Iberia.

REGIONAL SETTING AND CAVE
CHARACTERISTICS

This study includes the analyses of three speleothems obtained
from two caves located in the central sector of the
Iberian Range, an alpine intraplate orogen in northeastern
Iberia. Regional geological bedrock is made of Upper Triassic-
Jurassic limestones, Lower Cretaceous detrital rocks, and
Upper Cretaceous limestones and dolostones that are
affected by northwest-southeast- and northeast-southwest-
trending folds, thrusts, and faults (Fig. 2B). The Grutas de
Cristal or Graderas Cave (Molinos, Teruel), hereafter
Molinos cave (40°47'33"N; 0°26'57"W; 1050m asl), is a
small touristic cavity that developed in limestones of
Cenomanian-Turonian age, whereas El Recuenco Cave

Figure 1. (A) Location of the records discussed in the text. (1) Molinos and Ejulve caves (this study). (2) Poleva Cave (Constantin et al.,
2007). (3) Cobre and Kaite caves (Dominguez-Villar et al., 2008, 2009, 2017; Martin-Chivelet et al., 2011). (4) Cueva Mayor (Martin-
Chivelet et al., 2011). (5) Bunker Cave (Fohlmeister et al., 2012). (6) El Refugio Cave (Walczak et al., 2015). (7) Estanya Lake (Morellén
et al., 2008, 2009). (8) Basa de la Mora lake (Pérez-Sanz et al., 2013). (9) Siles lake (Carrién, 2002). (10) Borreguiles de la Virgen
(Garcia-Alix et al., 2012). (11) Ojos del Tremedal (Stevenson, 2000). (12) Villarquemado paleolake (Aranbarri et al., 2014). (13) El
Maillo sequence (Morales-Molino et al., 2013). (14) Accesa Lake (Magny et al., 2003). (15) Ledro Lake (Magny et al., 2003). 16. Cerin
lake (Magny et al., 2003). (17) MD99-2343 (Frigola et al., 2007). (18) Las Pardillas (Sdnchez-Goiii and Hannon, 1999). (19) El Carrizal
(Franco-Mugica et al., 2005). (20) Hoya del Castillo (Davis and Stevenson, 2008). (21) Cafiada de la Cruz (Carrién et al., 2001).
(22) Villaverde (Carrién et al., 2001b). (23) Navarrés (Carrién and van Geel, 1999). Blue squares include lakes, peat bogs, and paleolakes.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 2. (color online) (A) Mean monthly rainfall (mm) and maximum and minimum temperature (°C) at the closest meteorological
station (Gallipuén reservoir), averaged for the last five years. (B) Geological map where Molinos and Ejulve villages and both studied
caves are indicated. Gallipuén reservoir is also shown. Legend with lithological formations is included.

(Ejulve, Teruel), hereafter Ejulve cave (40°45'31"N; 0°35'8"W;
1240 m asl), located 12 km west, developed in Upper Cretaceous
(Cenomanian) dolomitic limestones and dolostones (Fig. 2B).

The regional landscape is dominated by high-altitude
remnants of planation surfaces. The final stage of planation,
during Pliocene times, is accompanied by intensive karst
processes, leading to development of large fields of dolines
and poljes. However, endokarstic systems are poorly devel-
oped. Molinos and Ejulve Caves are made of a maze of single
rectilinear conduits guided by host rock fractures. In addition,
individual rooms, narrow passages, cupolas, and cups are
frequent. Molinos Cave is made of two sectors (upper and
lower) with a total length of 620 m of galleries, including
several rooms and halls. Ejulve Cave is developed along
794 m of galleries, reaching 55 m depth. After cave devel-
opment, spectacular vadose speleothems decorates have been
found in both caves, particularly in Molinos Cave.

The study area is characterized today by a continental
Mediterranean climate, with high seasonal contrast between
very hot summers (maximum mean temperature in August,
the warmest month, is 32°C) and very cold winters (mini-
mum mean temperature in January, the coldest month, is 0°C)
and 500 mm of mean annual precipitation, occurring fall
through spring, with a maxima in May (Fig. 2A). Thus, the
rainiest season in this particular area in the northwestern
Mediterranean Basin is divided into a primary maximum
during the spring and a secondary in fall, making for a shorter

dry season than in the classic Mediterranean climate (Peel
et al., 2007). At present-day, the soil preserved is scarce and
the limestone thickness above both caves is less than 20 m,
thus leading to a rapid hydrological response to rainfall
(Moreno et al., 2014). As a consequence of the poor soil
development, the high erosion rates, and centuries of
intense human impact (mainly grazing activities), the
vegetation cover appears degraded. The result is a patchy
landscape dominated by diverse heliophytic shrubs (e.g.,
Quercus coccifera, Thymus vulgaris, Rosmarinus officinalis,
Lavandula spp., Salvia spp., and Genista scorpius), holm
oaks (Quercus ilex subsp. ballota), as well as the scarce
presence of semi-deciduous oaks (Quercus faginea), the
latter confined to humid gorges and shaded exposures.
A local wildfire in the surroundings of Ejulve Cave in
summer of 2009 reduced the vegetation cover.

METHODOLOGY

A monitoring survey was carried out in both caves including
continuous logging of environmental variables and, on a
monthly basis, dripwater and in-farmed carbonate sampling
(two sites in Molinos Cave and nine sites in Ejulve Cave),
later analyzed for stable isotopes and chemical composition
to help with interpreting proxy data (see Supplementary
material and Supplementary Fig. 1). Additionally, a previous
study based on 2.5 yr of rainfall monitoring was used to
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understand present-day controlling factors on the isotopic
composition of precipitation events (Moreno et al., 2014).

Two stalagmites from Molinos cave (MO-1 and MO-7)
and one from Ejulve cave (HOR) were collected in situ, cut
parallel to the growth axis, and the central segment was
sampled for U-Th dating, stable isotopes, and major and trace
elements, except for high porosity sections where sampling
was shifted to more well-defined layers to extract the most
pristine isotope signal (Supplementary Fig. 2). Samples for
isotopes (8'°C and 8'®0) and Mg/Ca were drilled along the
central axis of the stalagmite using a 0.5-mm drill bit (1-mm
intervals in MO-7; 5-mm intervals in MO-1 and HOR).

Stable isotope analyses (speleothems and glass slides)
were performed at the University of Barcelona (Scientific-
Technical Services), Spain, using a Finnigan-MAT 252 mass
spectrometer, fitted with a Kiel Carbonate Device 1.
Standards were run every 6 samples with a reproducibility
better than 0.03%¢ and 0.06%o for 8'>C and 5'%0, respec-
tively. Sample duplicates, run every 10 to 20 samples to
check for homogeneity, replicated within 0.1%o. Isotope
values are reported %o with respect to the Vienna Pee Dee
Belemnite (VPDB) standard.

Elemental chemical composition was analyzed using
matrix-matched standards on a simultaneous dual inductively
coupled plasma-atomic emission spectrometer (Thermo
ICAP DUO 6300 at the University of Oviedo for MO-1 and
HOR and at the Pyrenean Institute of Ecology for MO-7)
following the procedure described in Moreno et al. (2010).
Reported ratios are from measurement of Ca (315.8 nm) and
Mg (279.5 nm), all in radial mode.

Dates from U-Th decay were obtained at the University
of Minnesota (20 samples for MO-1 and 23 samples for
HOR) and at the University of Melbourne (7 samples
for MO-7) using a multiple collector mass spectrometer with
a plasma source (Thermo-Finnigan Neptune) and following
the methodology described previously (Supplementary
Table 1; Cheng et al., 2013; Hellstrom, 2006). Once
again, sample portions characterized by high porosity and
frequent voids were avoided to minimize the effect of
open system behavior and consequent age inversions.
During several intervals, two or three stalagmites grew
contemporaneously, making it possible to test whether the
proxy signals recorded in individual stalagmites are
reproducible. We a priori assume that the 8'%0 records of the
three stalagmites represent one common signal. Then, the
records are combined with iscam (intra-site correlation age
modeling; Fohlmeister, 2012), a method that correlates
dated proxy signals from several stalagmites, determines the
most probable age-depth model (Fig. 3), and calculates the
age uncertainty for the combined record (see Supplementary
Fig. 3-4). The lack of correlation among the 8'®*0 and
8'°C records in the three speleothems, together with the
different factors influencing isotopic composition of
rainfall in the area (Moreno et al., 2014), including the
variation in the moisture source, makes the interpretation
of Holocene 8'®0 records unrealistic in terms of only one
climate variable. Thus, this proxy is used in the chronology
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Figure 3. (color online) Th/U ages (solid squares) and associated
2-cigma uncertainties, as well as the age-depth models (solid line)
for the three stalagmites calculated using Iscam (Fohlmeister,
2012). The shaded areas define the 2-cigma uncertainty range. The
thin dotted lines denote periods that are contained in two or more
stalagmites (i.e., overlapping sections).

construction by iscam but not to discuss paleoenvironmental
implications.

HYDROLOGICAL FLUCTUATIONS ACROSS
MEDITERRANEAN IBERIA DURING THE
HOLOCENE

Winter-spring signal in the Iberian range
speleothems

A previous study on the origin of rainfall based on the
isotopic composition of rainfall events during three years in
the Iberian range demonstrated that precipitation comes both
from Atlantic and Mediterranean sources (Moreno et al.,
2014). At the cave locations, leeward of the Atlantic influ-
ence, spring is the rainiest season (Fig. 2A), whereas winter is
relatively dry and winter precipitation is not related to the
North Atlantic Oscillation (NAO) pattern (Martin-Vide and
Lopez-Bustins, 2006; Lopez-Bustins et al., 2008). On
the contrary, a moderate negative correlation, statistically
significant between &'®0 rainfall values and western
Mediterranean Oscillation index (WeMOi), is described
previously for this area, with a Spearman’s rank annual
correlation coefficient of -0.25 and a P value of 0.046 in
spring (Moreno et al., 2014). The WeMOi has its greatest
influence in the eastern fringe of the Iberian Peninsula,
being especially well correlated to rainfall amount in winter-
spring. This correlation suggests that regional atmospheric
teleconnections, linked to the western Mediterranean
pressure system’s patterns of variability, control the
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incidence of storms associated with northeastern cyclogen-
esis (Lopez-Bustins, J.-A., 2008). Importantly, this synoptic
pattern (“back-door fronts” in Supplementary material,
Supplementary Fig.1) is dominant during the end of
the winter through the beginning of spring, indicating the
influence of a Mediterranean origin in that part of the year
when the amount of precipitation is higher (Fig. 2A).
Coherently, calcite precipitates on glass slides occur during
seasons of positive water balance, autumn through spring,
suggesting a seasonal bias in the obtained speleothem records
(see Supplementary Fig. 1). Thus, elevated deposition rates
may bias the isotopic signature of stalagmites fed by sea-
sonally responsive drips toward the rainy season values in
both caves.

Absolute values of 8'°C are slightly different in HOR,
MO-1, and MO-7, varying between -7.6%o and -10.12%o in
Ejulve cave and between -6.06%¢ and -11.24%o¢ in Molinos
cave (Fig. 4). This different amplitude in the range of
variation may be explained by the host rock composition,
considering that both caves are below similar rock thickness
(less than 20 m) and similar soil and vegetation cover devel-
opment (today and very likely during the Holocene). Thus,
Ejulve cave originated on Cenomanian dolostones, while the
host rock of Molinos cave is formed by crystalline marine
limestones of Cenomanien-Turonian age. As dolostones are
less prone to dissolution than limestones, a lower range of
variation should be expected in the &'C profile from HOR

sample compared to Molinos stalagmites, indicating less
influence of the interaction with host rock in Ejulve cave. In
addition, the HOR sample is characterized by higher growth
rates than Molinos samples, pointing to faster dripwater flow
and thus, less time for rock-water exchange. In coherence
with these growth rate differences, Mg/Ca values are lower
and less variable in the HOR stalagmite from Ejulve cave
than in the Molinos MO-1 sample (see different y-axis in
Fig. 4). We hypothesize that the higher growth rates in HOR
compared to Molinos samples point to faster carbonate
precipitation and, consequently, less time for Ca** to
precipitate.

In addition, the dominance of a columnar fabric (see Sup-
plementary material) helps to interpret that these speleothems
precipitated close to isotopic equilibrium (Belli et al., 2013).
This assumption is corroborated by the large diameter of the
stalagmite, which is considered typical for stalagmites that
reflect the original composition of drip water (Dreybrodt
and Scholz, 2011). Consequently, 8'3C values should reflect
processes external to the two studied caves, such as soil
dissolved inorganic carbon (DIC). Thus, in spite of the
different range of variation, 8'°C profiles from the three
stalagmites are similar in their general trends (Fig. 4, plotted
at the same scale), this correlation suggesting a common
mechanism controlling the §'°C records despite the notable
differences in the host rock composition and the different
features of the stalagmites (e.g., growth rates).

Figure 4. Carbon (5'°C) isotope values vs. time from HOR (green line), MO-7 (blue line), and MO-1 (red line), compared with Mg/ Ca
from the same stalagmites. Three phases are indicated. (For interpretations of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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The trends in the §'*C variation over the whole Holocene
can be described in terms of three intervals (Phases in Fig. 4).
First, the lightest values (-12%o to -8%o) are observed in the
early Holocene (11.7-9.4 ka) represented in MO-1. Second, a
tendency towards higher values is observed after a hiatus
(9.4-8.5 ka) and later maintained during the middle Holocene
(-8%0 to -6%0), recorded by MO-1, MO-7 and HOR
speleothems from 8.5 to 4.8 ka. Finally, after 4.8 ka, lower
values (-9%o to -10%o) are observed again. Although these
three phases are not so evident in Mg/Ca profiles from HOR
and MO-1, still the correlation between Mg/Ca and 8'3C is
high, with Spearman’s correlation coefficients of 0.52
(P value < 0.0001) for HOR and 0.28 (P value < 0.0001) for
MO-1. In contrast, the MO-7 sample, with lower resolution,
displays a Mg/Ca record not similar in trends or values to the
other two speleothems (Fig. 4). Therefore, the Mg/Ca profile
from MO-7 is not used for further interpretations.

Interpretation of 8'*C variation must consider that carbon
in speleothem calcite has two main sources: (1) soil CO,,
which is controlled by atmospheric CO,, plant respiration,
and aged organic matter degradation; and (2) bedrock
carbonate (CaCO3;) that is dissolved during seepage. In this
way, in a dry period, soil activity and vegetation above the
cave decrease and cause higher 5'*C values of soil CO, and,
later on, enriched isotope values of speleothem carbonate
(Genty et al., 2006; Moreno et al., 2010). In this cave setting,
the influence of age of respired soil gas CO, due to ancient
organic matter degradation (important in tropical climates,
Noronha et al., 2014) is considered negligible due to the
dryness of this Mediterranean area, with expected low soil
development and scarce organic matter. It is important to note
that, for the studied time interval, there was no human
transformation of the landscape in this region until the Iron
Age (ca. 2800-2500 yr), when there was an expansion of
human occupation and an increase in settlements (Ibafiez and
Burillo, 1995). Possibly, as a consequence of this increase in
population, soil degradation may have happened (Ibafiez and
Burillo, 1995 and references therein). From that time on, only
limited calcite precipitation was observed in both studied
caves, suggesting a change in the cave hydrology.

Regarding the influence of vegetation cover in the §'°C
records, we need to take into account that the hydrological
balance in this region is negative, making moisture
availability the more critical factor for forest development. In
fact, recent studies have demonstrated that the variability in
the amount of rain during spring season is the main cause for
regional forest expansion or decline (Camarero et al., 2015).

An additional factor, proven to be of influence in 8'3C
records from other caves in northern Iberia (Moreno et al.,
2010) and southern France (Genty et al., 2006), is the extent of
CO, degassing prior to calcite precipitation on top of the sta-
lagmite. Higher degrees of degassing accompany the slower
drip rates and percolation through unsaturated epikarst con-
duits during periods of lower rainfall and result in differential
12C release and more positive 6'°C values in precipitated
calcite. However, in these speleothems, the lack of correlation
among 8'°C and 8'®0 and the dominant fabrics (compact
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columnar, see Supplementary material) indicate precipitation
close to equilibrium (Frisia et al., 2000). Therefore, in this
case, 8'°C is reflecting the soil-carbon pool, which is mostly
derived from the extent of soil microbial respiration (Fairchild
and Baker, 2012), which in this regional climate is limited by
the amount and timing of soil moisture. Under these premises,
the 6'°C values depend on the combination of soil- and
limestone-derived carbon, from which the DIC in groundwater
derives (e.g., Rudzka et al., 2011).

Thus, interpreting the 8'°C profiles in these terms, the
three-part Holocene can be described in terms of water
availability during the rainy season (Fig. 4), with a wetter
period from the Holocene onset to ca. 9.4 ka (Phase I, char-
acterized by lower 8'3C values); drier from 8.5 to 4.8 ka
(Phase II, with higher 8'3C values); and wet again afterwards
(Phase III, with generally lower &'>C values again). The
hiatus from 9.4 to 8.5 ka may be associated to the onset of
Phase II (dry) but the lack of records prevents a strong
interpretation here. Differences between Phase II and Phase
[T are not so visually evident in HOR sample, but the average
values differ by 1.3%o, with lower 8'3C values in Phase III.

Despite some of the potential complexities of using spe-
leothem Mg as a paleohydrological proxy, many studies have
demonstrated a convincing relationship between dripwater
and/or speleothem Mg and recorded rainfall (e.g., McMillan
et al., 2005; Fairchild and Treble, 2009). Significant correla-
tion observed in MO-1 and HOR speleothems among &'°C
and Mg/Ca suggests either that periods of reduced soil
microbial activity (heavier soil CO, 813 C) were also drier
(high Mg/Ca), and/or that a small portion of the 8'°C variation
arises from degassing and prior calcite precipitation effects
caused by humidity variations (Moreno et al., 2010). Although
the second case is less acceptable here as explained above, in
both cases, dry periods would most plausibly lead to higher
'*C and Mg/Ca ratios. Beyond the observed correlation, the
abruptness of the Mg/Ca variation is markedly different from
that of the isotopes, suggesting different thresholds of sensi-
tivity (e.g., growth rate, different host rock).

Seasonality as the key for reconciling records on
hydrological variability during the Holocene

The three stages defined in terms of hydrological variability
appear synchronous with the signal observed in lake level
records north of ca. 40°N in the central Mediterranean (see
location in Fig. 1: Accesa, Cerin, and Ledro lakes; e.g.,
Magny et al., 2013), that is, two humid periods (before ca.
9 ka and after 4.5 ka) separated by a drier phase (see Accesa
lake level in Fig. 5c). Interestingly, in spite of the different
timing of transitions, the same three-part pattern is repro-
duced in Bunker cave stalagmites (Germany; see location in
Fig. 1), where a winter signal is demonstrated as the result of
enhanced evapotranspiration during summer months leading
to reduced infiltration into the karst aquifer (Fig. 5d; Fohl-
meister et al., 2012). One could argue that this three-part
pattern represents the more Mediterranean characteristics
recorded in our studied caves compared to other Iberian
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Figure 5. Comparison of Holocene paleo humidity records. (A) Percentage of terrigenous (aeolian flux) from ODP Site 658 (northwest
African margin) indicating (arrow) the end of the African Humid Period (deMenocal et al., 2000). (B) K/Al ratio from MD99-2343
(Minorca island, northwest Mediterranean) marking the decrease in fluvial input throughout the Holocene (two steps indicated by arrows;
Frigola et al., 2007). (C) Lake level oscillations in Accesa Lake (North Italy; Magny et al., 2003). (D) Bunker cave (W Germany;
Fohlmeister et al., 2012). (E) 8'3C values from HOR (green line), MO-7 (blue line), and MO-1 (red line). Note that the axis-y orientation
is inverted to mark drier conditions towards the top of the page. Gray bars indicate the two transitional periods: first, from the early to
middle Holocene and, second, from the middle to late Holocene. (For interpretations of the references to color in this figure legend, the

reader is referred to the web version of this article.)

records regulated by Atlantic conditions, such as Pyrenean
lake records (Gonzélez-Sampériz et al., 2006; Gil-Romera
et al., 2014), northwest Iberian lakes (Santos et al., 2000;
Lépez-Merino et al., 2012), or speleothem records from
northern Iberian coast (e.g., Stoll et al., 2013; see location
of all cited records in Fig. 1). Thus, the comparison
among speleothem 8'°C profiles and other records of water
availability is attempted (Fig. 5).

Regarding the hydrological signal recorded from sequen-
ces under typical Mediterranean climate, fluvial supply to
marine sediments from offshore Minorca island (marine core
MD99-2343; Frigola et al., 2007) are compared to our

speleothem records (Fig. 5). The K/Al ratio is considered a
good indicator for clay inputs (mainly illite) from river run-
off. Thus, its variation (Fig. 5b) is interpreted to indicate
higher humidity during the early Holocene that gradually
decreases in concert with the end of the African Humid Per-
iod, that is, associated with the decrease in orbitally-driven
summer insolation and thus marked by an increase in aeolian-
transported particles (Fig. 5a; Harrison and Digerfeldt, 1993;
deMenocal et al., 2000). The decrease in humidity in Minorca
core is in two phases, one ca. 9.5 ka and the second one, more
intense, at ca. 5 ka (arrows in Fig. 5b). A recent study on one
stalagmite from southern Iberia (36°N) based on calcite
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density variations was interpreted to reflect a decrease of
humidity after 5.3 ka (Walczak et al., 2015) once the
speleothem becomes more porous. Other records under
Mediterranean climate are similar to this pattern (e.g., El
Maillo record from Iberian Central Range; Morales-Molino
et al., 2013), although the early Holocene is not always a
period with high water availability but, in contrast,
characterized by long dry summers that would be probably
determinant in the hydric balance recorded by lake
sediments.

Other examples of the Iberian “typical Mediterranean”
pattern  (dry-wet-dry) are Villarquemado paleolake
(Aranbarri et al., 2014) and Ojos del Tremedal sequences
(Stevenson, 2000) both located in the Iberian Range, or
Estanya lake in the Pre-Pyrenees (Morell6n et al., 2008),
where the early Holocene is still cold and relatively dry and
the most humid interval covers from 9 to 5 ka, generally
related to the “Holocene Climate Optimum” concept in terms
of forest expansion (Gonzalez-Sampériz et al., 2017). In the
same way, Sancho et al., (2015) identified a maximum of tufa
deposition at 7 ka in northeastern Iberia under wet conditions.
This pattern is also coherent with other records located at
higher altitude but still under Mediterranean influence, for
example Basa de la Mora lake record (Pérez-Sanz et al.,
2013) in the Pyrenees, Siles lake in the Segura mountains of
southern Spain (Carrién, 2002), or Borreguiles de la Virgen
in the Sierra Nevada (Fig. 1; Garcia-Alix et al., 2012).

Comparing Molinos and Ejulve records with sequences
under the direct influence of Atlantic climate is the second
step. In general, Holocene climate reconstructions from sites
located in northern Iberia indicate the control of orbitally-
driven insolation, with an inflection at ca. 6-5 ka (e.g.,
Muiioz Sobrino et al., 2005). Most pollen-based climate
reconstructions from Atlantic Iberia show an early Holocene
rapid transition to vegetation dominated by temperate
deciduous woodland, a maximum forest development up to
about 8 ka, and a transition during the late Holocene to the
current disturbance-adapted vegetation (see a review in
Carrién et al., 2010). Similarly, the compilation of growth
rates from up to 15 stalagmites in northern Spain indicates a
change from wet early Holocene to drier conditions after 6 ka
and the cessation of most growth by 4.1 ka (Stoll et al., 2013).

Clearly, the opposite pattern (wet-dry-wet) found in our
Iberian Range speleothems compared to most Mediterranean
sequences (dry-wet-dry) indicates that interpretation of the
8'°C record as changes in Mediterranean-related humidity
requires an additional explanation (e.g., different season of
humidity). Additionally, the lack of correlation with most
Atlantic sequences leads us to confirm that our 8'*C profiles
are not directly representing the humidity variability derived
from the entrance of westerly-driven Atlantic fronts. We
propose that Molinos and Ejulve records are shaped mainly
by Mediterranean-sourced precipitation but during the
end-of-winter/beginning-of-spring, a season not generally
represented by other sequences.

Additionally, information about fire frequency recon-
structed from charcoal records in western Mediterranean
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lacustrine sites reflects a different variation in records from
northern and southern Mediterranean Iberia. Thus, higher
values of fire frequency were observed during the “Holocene
Climate Optimum” around 8-5 ka in records from north-
eastern Iberia (Las Pardillas, El Carrizal, Ojos del Tremedal,
and Hoya del Castillo) while records from the southern
Mediterranean Iberia (including Siles Lake, Cafiada de la
Cruz, Villaverde, and Navarrés) indicate a decrease asso-
ciated with wetter-than-present summers (Vanniere et al.,
2011). This pattern is very similar to our record in north-
eastern Iberia with the drier period during 8-5 ka. Particularly
coherent is the fact that, after 5 ka, records from northern
Mediterranean Iberia indicate an absence of fire activity,
whereas a significant increase in fire activity was recorded in
the south. This coherence likely highlights that Mediterra-
nean precipitation in winter-spring season has been neglected
in previous studies of hydrological variability along the
Holocene.

Variations in both the synoptic-scale climate patterns and
large-scale atmospheric circulation indexes (e.g., NAO and
WeMOi) are invoked to explain the observed variability and,
particularly, the lack of correlation among north and south
Mediterranean records already proposed by Magny et al.
(2013). In Molinos cave, precipitation of carbonate in artifi-
cial supports occurs from late fall to early spring (Moreno
et al., 2014), the season with higher present-day correlation
between amount of rainfall and WeMOi in this area (October
to March in Martin-Vide and Lopez-Bustins, 2006). This
index explains the pluviometric variability in the eastern
fringe of the Iberian Peninsula, particularly in the Gulf of
Valencia, since it allows the detection of the variability rele-
vant to the cyclogenesis next to the western Mediterranean
(Martin-Vide and Lopez-Bustins, 2006). Negative values of
the WeMOi are correlated to higher precipitation in relation
to the entrance of northeasterly flows over eastern Iberia
(Lopez-Bustins et al., 2008). Therefore, at present-day, years
with negative value of the WeMOi result in wetter winter-
spring seasons in the Iberian Range (leeward of the Atlantic
influence) and, coherently, would produce more negative
8'3C values in the precipitated calcite (e.g., early Holocene).
This mechanism is possibly not true for southern Mediterra-
nean Iberian records (e.g., El Refugio cave; Walczak et al.,
2015), where winters are wet but related to the southern
position of the North Atlantic Subtropical High and the
associated westerlies; this area is under the influence of
the NAO mechanism today (Trigo et al., 2004) and also for
the late Holocene (Ramos-Romadn et al., 2016). Therefore,
the operation of a mechanism similar to the present-day
WeMOi with different intensity during the Holocene is
considered the main force shaping Molinos and Ejulve
speleothem records.

CONCLUSIONS

The three stalagmites presented here document significant
climate changes in the Iberian Range mountains, northeastern
Iberia, during the Holocene. From the combination of carbon
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isotope variations and Mg/Ca ratio, the hydrological balance
during the Holocene is reconstructed as a signal of winter-
spring Mediterranean-sourced precipitation, associated with
the WeMOi pattern, and probably not related to westerly
influences driven with NAO dynamics. Thus, we observed
three phases in the water availability: (1) the early Holocene
(11.7-9.4 ka), with lower 8'°C values, low Mg/Ca, and high
growth rates, appears as the wettest interval; (2) the middle
Holocene (8.5-4.8 ka), characterized by a marked change
towards aridity; and, (3) the late Holocene, with an increase of
humidity afterwards (4.8-2 ka). This three-part pattern is in
striking coherence with lake levels and fire frequency from
northwestern and central Mediterranean sites (e.g., Accesa
lake) and opposite that of southern Mediterranean sites.
Differences may be explained by the spatial patterns of influ-
ence of the Mediterranean- and Atlantic-sourced precipitation
associated at present with the WeMOi and NAO climate
modes, respectively. Therefore, the past expression of those
climate mechanisms allowed describing a simplified picture of
hydrological changes across Iberia, integrating these new
records in the previous knowledge of Holocene variability.
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