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ABSTRACT
Dry and wet periods over the last millennium in central-eastern Spain-a paleolimnological perspective

A compilation of sedimentological, chemical and mainly biological proxies from sedimentary records in three lacustrine
systems (La Cruz, El Lagunillo del Tejo and El Tobar) in the Iberian Range provides a synthetic view of hydroclimatic variabil-
ity in central-eastern Spain during the last millennium. A quantitative rainfall reconstruction from varved sediments in Lake La
Cruz was used to calibrate the sedimentary inputs of five biological proxies (photosynthetic pigments, diatoms, cladoceran
sub-fossils, plant macrofossils and stable isotopes in authigenic carbonates) in the longer sequence of the nearby Lagunillo del
Tejo. In spite of the resolution and the distinct responses of the proxies analysed, the three reconstructions are internally coher-
ent and consistent with available North Atlantic Oscillation reconstructions. The Medieval Climate Anomaly (MCA; AD
900-1300) was marked by changes in humidity but it was generally wet, which contrasts with some reconstructions for Iberia
and offers interesting information about the spatial heterogeneity of this period in the region. A drier period (AD 1300-1400)
occurred at the onset of the Little Ice Age (LIA; AD 1300-1850), which was generally marked by increasing precipitation. The
20th century generally records higher humidity except from the beginning of the century. The recovery of longer and higher
resolution lake sediments in this key region offers exceptional scientific opportunities for climate research.
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RESUMEN
Periodos secos y huumedos durante el ultimo milenio en el centro-este de Espaiia- una perspectiva paleolimnologica

En este estudio se ofrece una recopilacion de indicadores sedimentarios, quimicos y especialmente biologicos de testigos
sedimentarios de tres sistemas lacustres (La Cruz, El Lagunillo del Tejo y El Tobar) en el Sistema Ibérico, que proporciona
una vision sintética de la variabilidad hidroclimdtica en el centro-este de Espaiia durante el ultimo milenio. Se utilizo la
reconstruccion cuantitativa de la lluvia a partir de los sedimentos varvados del lago La Cruz para calibrar la sefial sedimenta-
ria de cinco indicadores biologicos (pigmentos fotosintéticos, diatomeas, sub-fosiles de cladoceros, macrofosiles de plantas e
isotopos estables en carbonatos autigénicos) en una secuencia mds larga procedente del Lagunillo del Tejo. A pesar de las
distintas resoluciones y respuestas de los indicadores analizados, las tres reconstrucciones muestran concordancia entre ellas
y son consistentes con la Oscilacion del Atlantico Norte (NAO). La Anomalia Climatica Medieval (AD 900-1300) estuvo
marcada por cambios en la precipitacion pero fue un periodo generalmente himedo, lo cual contrasta con algunas reconstruc-
ciones en la Peninsula Ibérica y ofrece informacion interesante sobre la heterogeneidad climatica de este periodo en la region.
Entre AD 1300 y 1400 se registraron valores bajos aunque la Pequeiia Edad del Hielo (AD 1300-1850) estuvo marcada por
un progresivo aumento de la precipitacion. El siglo XX registro niveles de precipitacion mayores, excepto a principios de siglo.
Secuencias mas largas y con una resolucion mds alta en esta region ofirecerian excepcionales oportunidades cientificas para
la investigacion climatica.

Palabras clave: Reconstruccion hidroclimatica, sedimento lacustre, indicadores climaticos, Oscilacion Atlantico Norte,
ultimo milenio
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INTRODUCTION

Climate change projections for the Iberian Penin-
sula (IP) suggest both an increase of temperature
(by 1.5°C t0 3.6 °C in the 2050s) and also precipi-
tation decreases in most of the territory, which
may indicate an increased likelihood of droughts
(Iglesias, 2009). According to several studies,
these effects have already started in the IP
(Vicente-Serrano &  Cuadrat-Prats  2006;
Garcia-Herrera et al., 2007; Gonzalez-Hidalgo et
al., 2009). Iglesias et al. (2007) shows that
drought events, defined as a natural episodes that
exists when precipitation is significantly below
normal recorded levels (UN Secretariat General,
1994), have been more frequent since AD 1970 in
Spain. Documented data series on precipitation in
the IP are scarce, and those that exist are relative-
ly short. The longest data series, for San Fernando
(Cadiz), records precipitation only from AD
1854. Natural archives such as tree rings, ice
cores, stalagmites and lake sediments can be used
to extend instrumental data back in time and thus,
to gain a wider perspective on climatic variables.

Many hydroclimatic reconstructions using
lake sediments from IP have been published in the
last decade (e.g. Moreno ef al., 2008-Lake Tara-
villa; Morellon et al., 2011-Lake Estanya; Corella
et al., 2014-Lake Montcortés; Barreiro-Lostres et
al., 2014-Lake La Parra). These studies have
mainly focused on sediments from the last millen-
nium, which include key periods for understand-
ing hydroclimatic variability such as the Medieval
Climatic Anomaly (MCA; ca. AD 900-1300) and
the Little Ice Age (LIA; ca. AD 1300-1850).
Some sedimentary sequences also extend beyond
this period, and even as far as the onset of the
Holocene (e.g. Martin-Puertas et al., 2010; Corel-
la et al., 2011; Morellén et al., 2018; Moreno et
al., 2012; Sanchez-Lopez et al., 2016). Unlike
most of these studies, which have mainly used
sedimentological and geochemical approaches to
infer climate variability, Rosa Miracle’s research
group at the University of Valencia worked with
biological proxies in the Cafiada del Hoyo lakes
(Cuenca Mountains, Iberian Range) and in L’ Al-
bufera, a coastal lagoon in Valencia (eastern
Spain). These systems were very well-known to
the research group, who had started studying their
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limnological features at the beginning of the
1980s (Miracle & Vicente,1983; Garcia et
al.,1984; Serra et al., 1984; Miracle, 1984; Oltra
& Miracle, 1984; Vicente & Miracle, 1984). In
the mid-2000s, the research line in paleolimnolo-
gy lead by Rosa Miracle was one of the most
active research groups in Spain, as shown by the
group’s key publications (i.e. Romero-Viana et
al., 2006; 2008; 2009 a, b; 2010; 2011;
Lopez-Blanco et al., 2011; 2012a, b; 2013a, b;
2016 a, b; Marco-Barba et al., 2013a, b). Rosa
Miracle was an exceptional scientist with a global
ecological perspective. She contributed to build-
ing the bridge between neo- and paleolimnology,
improving lake sediment interpretations and
consequently increasing our knowledge of past
climatic variability (SIL news, 2017).

Fifteen years after the first paleolimnological
studies by Rosa Miracle’s research team, we
publish a review of three lacustrine sedimentary
sequences (La Cruz, El Lagunillo del Tejo and El
Tobar). This is our tribute to our mentor and
thesis director, who was one of the most impor-
tant limnologists of recent years. This paper
offers a synthetic view of hydroclimate in
central-eastern Spain, which will contribute to
gaining a wider overview of the hydroclimatic
situation in this key area.

LACUSTRINE SYSTEMS AND SEDIMEN-
TARY SEQUENCES

The sinkholes

The three lacustrine systems studied, La Cruz, El
Lagunillo del Tejo and El Tobar are dolines locat-
ed in the southern part of Iberian Ranges at an
altitude of ca. 1000 m a.s.l. (Fig. 1). The study
area is characterised by a Mediterranean climate
with a typical seasonal pattern of very dry, hot
summers and cooler, rainier winters (Csa type
according to the climatic characterisation of
Koppen, Atlas climatico de Espafia, 2011) (Fig.
2). The total annual rainfall is 525 £ 123 mm
(mean of instrumental data series 1950-2003
from the nearby town of Cuenca). Regional
winter precipitation, contributing 50 % of the
total amount, is highly correlated with the phase
of the North Atlantic Oscillation (NAO) (Rome-
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Figure 1. Situation of the lakes in the IP and photographs of each system. Note that photographs from Lagunillo del Tejo show lake
level changes in July 2007, March 2008 and April 2010 from top to bottom. In the upper right corner micrography of La Cruz lamina-
ted sediment. Situacion de los lagos lagos en la Pl y fotografias de cada sistema. Las fotografias del Lagunillo del Tejo muestran los
cambios de nivel en julio 2017, marzo 2008 y abril 2010 de arriba a abajo. En la esquina superior derecha micrografia del sedimento

laminado en La Cruz.

ro-Viana et al., 2008; Lopez-Blanco et al., 2016a)
(Fig 2). The selected lakes have two common
features: 1) a karstic origin and 2) a carbonate (or
evaporate) bedrock.

Lake La Cruz and Lagunillo del Tejo are in
close proximity. They belong to the karstic com-
plex of Cafiada del Hoyo, which is composed of
34 sinkholes and the polje crossed by the
Guadazaon river. They were developed in Creta-
ceous dolostones (Cenomanian-Turonian stages)
through dissolution and fracture processes in the
Pliocene (Gutiérrez-Elorza & Pena-Monne,
1998). The lateral expansion of the Valdemoro
fault and the NW-SE anticlinal folding (Eraso,
1979) may favour water capture with seven
sinkholes intercepting the phreatic level (Escude-
ro & Regato, 1992). La Cruz is significantly
bigger than the Lagunillo del Tejo (Fig. 1). The
first has a circular surface with a mean diameter
of 122 m and a maximum depth of 21 m. Water

fills the bottom of a sinkhole of greater dimen-
sions (170 m mean diameter with walls standing
16-25 m above the water level). Lake La Cruz is
currently meromictic with a permanently anoxic
monimolimnion below 18 m. A complete review
of La Cruz features has been published recently in
Camacho et al. (2017). One peculiarity of this
lake is the annual summer whiting through a
short-term massive CaCOj3 precipitation process
(Rodrigo et al., 1993; Miracle et al., 2000). The
water turns suddenly turbid and just few days
after surface becomes clearer, with whiting
ending in one or two weeks. Although tempera-
ture could control the abrupt precipitation, the
high number of picocyanobacterial cells collected
by the sediment traps after whiting (Camacho et
al., 2003) suggest that biogenic processes might
be also involved in the precipitation. Seasonal
pulses of calcite crystal precipitation are respon-
sible for varve sediment formation (Fig. 1).

Limnetica, 38(1): 335-352 (2019)
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Figure 2. Regional climate conditions. A) Monthly precipita-
tion and mean temperature and B) Correlation between winter
rainfall and NAO index (r = -0.66, p < 0.01). Condiciones
climaticas regionales. A) Precipitacion mensual y temperatura
media y B) Correlacion entre la precipitacion de invierno y el
indice NAO (r =-0.66, p < 0.01).

Lagunillo del Tejo is also fed by groundwater
and is subjected to marked water-level fluctua-
tions (Vicente & Miracle, 1984; Romero-Viana et
al.,, 2009b). The lake is monomictic, thermally
stratified from May to early autumn. An anoxic
and deep hypolimnion develops in summer only
during high-water level. Conversely, the whole
water column remains mixed during periods of
low water level (<5 m) (Vicente & Miracle, 1984).
Due to its particular shape, changes in lake level
drastically affect the lake diameter (see Fig.1).

From a limnological and morphological point
of view, Lake El Tobar is quite different from La
Cruz and El Lagunillo. It is also a karstic lake
situated northern of the Canada del Hoyo com-
plex, in Jurassic and Cretaceous dolostones, but it
is much larger, open and it has two different
sub-basins (Fig.1). The holomictic sub-basin is
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larger, elongated and has a maximum depth of
12.8 m. The meromictic sub-basin is smaller but
deeper, circular and has a maximum depth of 19.5
m (Vicente et al., 1993). The lake basin was
formed by solution of carbonated rocks and the
underlying evaporitic Keuper formations. The
latter is evident from the meromictic sinkhole,
which has a saline water layer below 12 m that is
permanently anoxic (Vicente et al., 1993). The
lake is naturally fed mainly by freshwater from
subaquatic springs on the Eastern shore and, to a
much lesser extent, by a surface water brook.
There is also a canal, which was built between AD
1964 and AD 1966 to transfer water from Reser-
voir La Tosca to Lake El Tobar. El Tobar has
functioned as a regulatory water reservoir since
this connection (Lopez-Blanco et al., 2011).

The exceptional varved sediment of La Cruz

The most outstanding feature of the La Cruz
sediment is an excellently preserved laminated
structure in the uppermost 40 cm (Julia et al.,
1998) (Fig. 1). This is formed by couplets of
alternated white and brownish laminations. The
light laminae are composed of calcium carbonate
crystals deposited after the summer whiting event
each year. The dark laminae consists of organic
silts with a minor section of fine mineral clasts
(Romero-Viana et al., 2008). Each couplet, called
a varve, therefore represents an annual cycle of
sedimentation.

A calibration study confirmed the potential
use of laminations as a quantitative climate proxy
(Romero-Viana et al., 2008). In this study, the
rainfall and temperature data series recorded in
the region from AD 1950 onwards were com-
pared with lamination thickness. The results have
shown that accumulated winter rainfall, from
December to March, is the best predictor of
calcite lamina thickness. A monitoring study
carried out in Lake La Cruz over three consecu-
tive years (AD 1996-1998), considering sediment
traps and the water column data available
supported this relationship (Miracle et al., 2000;
Romero et al, 2006). Although high water
temperature and photosynthetic activity (Cama-
cho et al., 2003) are trigger factors of the massive
calcite precipitation during summer, the total
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amount of crystal precipitated in the lake during
summer whiting depends on annual dissolved
calcium renewal, which in turn is dependent on
the aquifer discharge after winter rainfall (Mira-
cle et al., 2000; Romero-Viana et al., 2008).
Given the relationship between rainfall and
calcite lamina thickness, Romero-Viana et al.
(2011) attempted the reconstruction of annual
rainfall from December to March over the last
centuries. Three sediment cores were used to
construct the varve chronology. The sediments
were freeze-dried in the laboratory and hardened
with epoxy resin. Thin sections were obtained and
scanned to obtain high-resolution digital images.
The number and thickness of laminae present in
each thin section were determined between visual-
ly discernible marked horizons using the measure-
ment tools in image analyses software UTHSCSA
(ftp://maxrad6.uthscsa.edu). The three sequences
were cross-matched according to sedimentologi-
cal criteria the occurrence of detrital layers and the

number of varves between detrital events. After
the sequences cross-matching, a total of 423
annual laminations were then identified; confirm-
ing the onset of laminated sediments from AD
1579. Annual laminations provide better chrono-
logical data than radioisotopic methods, however,
lamination chronology has been tested by an inde-
pendent dating method. The chronological model
based on 210Pb activity (Romero-Viana et al.,
2009a) matches the varve dating.

To identify the climate signal, each raw
calcite laminae thickness series was normalised,
resulting in three dimensionless annual index
series. The three index series were averaged year
by year to produce a master series increasing the
climate signal and partially cancelling non-cli-
matic noise. Annual winter (DJFM) rainfall
values were inferred using the calibration func-
tion described in Romero-Viana et al., (2008)
after adding new data corresponding to the series
CV-98 (AD 1950-1988). The accuracy of rainfall

Table 1. Compilation of the sediment cores recovered in Lagunillo del Tejo. The table compiles information about the core names,
year of recovery and place of collection, recovery methods, analysed proxies in each core and the articles published by the group in
this system. Recopilacion de los testigos sedimentarios recuperados en el Lagunillo del Tejo. La tabla muestra informacion sobre los
nombres de los testigos, el aio y lugar de muestreo, el método de recuperacion, los indicadores analizados y los articulos publicados

por el grupo en este sistema.

Corename Year  Location Recovery method Proxy References
CNI1 2003 Center Livingston core Photosynthetic pigments and diatoms Romero-Viana et al. (2009,
2009¢)
CN2 2005 Center Livingston core Dating Romero-Viana et al. (2009b,
2009¢)
CN3a 2008 Center Russian peat corer Cladocerans Romero-Viana ef al. (2009a);
Lopez-Blanco et al. (2012b);
Lopez-Blanco et al. (2013b)
CN3b 2008 Center Russian peat corer Dating Lopez-Blanco et al. (2011,
2012)
CN4 2009 Littoral UWITEC gravity Macrofossils, charcoals and stable Lopez-Blanco et al. (2012a,b);

corer

isotopes Lopez-Blanco et al. (2016a)

Limnetica, 38(1): 335-352 (2019)
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Figure 3. Chronological model in EI Lagunillo del Tejo based on weighted spline regression (Blaauw, 2010) of five AMS 14C dates,
210pb and 137Cs dates. Modelo cronoldgico del Lagunillo del Tejo basado en regresion lineal ponderada (Blaauw, 2010) de cinco
dataciones de AMS 14C dates y dataciones superficiales de 210Pb and 137Cs.

reconstruction was verified by comparing the
reconstructed values for AD 1859 to AD 1949
with the available instrumental data series from
Cuenca and Madrid (Romero-Viana et al., 2011).
The positive value of the reduction error (RE)
measure and the coefficient of efficiency (CE)
confirmed the skill of this reconstruction.

The smallest lake and the longest record: El
Lagunillo del Tejo

From 2003 to 2009, five sediment cores were
recovered from Lagunillo del Tejo in order to
study photosynthetic pigments, diatoms, cladocer-
ans, plant macrofossils, charcoals and stable
isotopes. The presence of conspicuous oxidised
and reduced layers in the lithology together with a
distinctive pattern in physical properties (density,
water content, organic matter and carbonates) in
all the analysed sediment cores, allowed correla-
tions to be identified. Table 1 shows the complete
list of sediment cores, locations, recovery meth-
ods, studied proxies and references.

A preliminary chronological model applying
the constant initial concentration method (CIC)
was established according to the activity of two
different radionuclides (137Cs and 210Pb) (Rome-
ro-Viana et al., 2009a, b). Afterwards, terrestrial
plants and charcoal macroremains from CN-3 and
CN-4 cores were then used for accelerator mass
spectrometry (AMS). An age-depth model was
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established on the basis of the 210Pb and 137Cs
dates and five AMS dates though an interpolation
of the calibrated ages. This chronological model
was published in Lopez-Blanco et al. (2012) and
was remodelled for this paper using the new tools
for Bayesian statistical age-models in the Bacon
package (Blaauw & Christen, 2011) in R
software. This new model includes 137Cs peak,
210Pb model and the five available 14C dates (Fig.
3). The radiocarbon dates were calibrated using
the IntCall3 calibration curve (Reimer et al,
2013) and the 95.4 % distribution (28 probability
interval) was taken into account to build the
age-depth model. The results were very similar to
those obtained in the AD 2012 model but more
accurate since the Bayesian approach considered
the chronological dates in the stratigraphy to build
the model in terms of probability. The chronologi-
cal uncertainties published by Lopez-Blanco et al.
(2012a) in the middle of the sequence were partial-
ly solved by this approach (Fig. 4). New extrapola-
tions beyond dated samples at the bottom of the
core, and taking into account the calibrated ages
and the 26 distribution in the new model, yield an
age of AD 1112 for the bottom of the core (40.5
cm). Lopez-Blanco et al. (2012a) estimated the
age of this core as around AD ca. 1100 with accu-
mulation rates of 0.26 mm/ yr between AD 1100
and AD 1530, 0.44 mm/yr to AD 1850 and 0.87
mm/y in the top layers. This new chronological
model completes and confirms the previous
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age-depth relationship in CN-4. However, there
are still uncertainties when running the chronolog-
ical model in the longest core (CN-3; 72.5 cm)
since the latest dating was done at 47.5 cm from
this sediment core (Lopez-Blanco et al., 2012a).
The extrapolation of dates beyond the last dated
level results in a wider range of possible ages for
certain depths at the bottom of CN-3 sediment
core (from 47.5 to 72.5 cm).

Up to 60 different photosynthetic pigments
were identified in the Lagunillo del Tejo
sediment core (Romero-Viana et al., 2009b). In
addition to chlorophyll derivatives, specific
carotenoids such as zeaxanthin, alloxanthin and
also bacteriochlorophylls a and d were used as
tracers of algal and bacterial populations, respec-
tively. Given the high number of variables, it was
necessary to apply a principal component analy-
sis (PCA). PCA of specific pigment depth
profiles suggested two different ecological com-
munities that have switched in relative impor-
tance during the past centuries in response to
lake-level variability; 1) (positive values PC) a
planktonic group of algal populations comprising
chlorophytes, cryptophytes, cyanobacteria, and
phototrophic bacteria populations associated with
higher lake level and water column temporal
stratification; and 2) (negative values, PC) a
littoral community with benthic and epiphytic
alga and macrophytes, indicators of lower level.

Lopez-Blanco et al. (2013) showed that
sediment from the central part of this small lake
truly represent the whole cladoceran community,
which means that the relative abundance of
cladocerans was a good descriptor of the overall
community in the lake at one determining point of
time. Cladoceran assemblages were composed of
one planktonic (Daphnia longispina group) and
16 littoral species. The crustacean community
was typical from shallow karstic sinkholes in the
Serrania de Cuenca. The whole sedimentary
sequence was characterized by an alternation of
planktonic and littoral cladocerans. Within the
littoral cladocerans, there was also an alternation
between cladocerans highly associated with
macrophytes (i.e. Graptoleberis testudinaria) and
facultative planktonic cladocerans (i.e. Chydorus
sphaericus). The planktonic/benthic ratio (P/B
ratio) was not a good proxy of lake level changes

in this ecosystem due to the shape, littoral config-
uration and distribution of cladoceran popula-
tions according to habitat preferences.
Lopez-Blanco et al. (2012b) showed that the
main factor controlling the cladoceran communi-
ty in this lake was the configuration of the littoral
zone, which depends on the lake water depth. At
higher lake levels, the lake had two rings of
macrophytes and the sedimentary signal was
comprised of a higher relative abundance of
phytopilous cladocerans. When water level
reduced, the outer ring of macrophytes (Chara
spp, Ranunculus subsg Batrachium, and Nitella)
dried out together with all the associated
cladoceran community. The sedimentary signal
in such circumstances was composed of a high
relative abundance of Daphnia longispina group.
This early hypothesis was confirmed by analys-
ing plant macrofossils record in the sediment, as
shown in Lopez-Blanco et al. (2012a) and
Lopez-Blanco et al. (2012b).

Although diatom concentration in Lagunillo
del Tejo was low, 34 diatom taxa (26 genera)
were identified (Romero-Viana et al., 2009c).
Diatom assemblages were mainly dominated by
peri-epiphytic genera, and characterized by
mesotrophic and alkaliphylic taxa. The increase
of tycoplanktonic diatoms was associated to lake
level drops.

Isotopic ratios of C and O from authigenic
carbonates were used in Lagunillo del Tejo to
extract important information about the basin
hydrology, and to confirm all the inferences about
past lake level changes inferred from biological
proxies. Analysis of modern water from the lake
plot below the Global Meteoric Water Line,
indicated that evaporative processes control the
lake’s isotopic composition. Sediment samples
showed a covariant trend between carbonate 6180
and 813C, showing that the precipitation/evapora-
tion ratio largely controlled the isotopic composi-
tion of this lake and was used to reconstruct the
hydrological past of this system. Higher isotopic
ratios were interpreted as arid periods while low
isotopic ratios corresponded to wetter periods.
Evaporation is higher during arid conditions,
and authigenic lake carbonates are enriched in
180. During wetter periods the situation revers-
es, and the 3180 of the lake water reflects the

Limnetica, 38(1): 335-352 (2019)
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Figure 4. Compilation of the results obtained in the three lakes. From upper to bottom panels. 1) PC2 from photosynthetic pigments,
normalized data of planktonic cladocerans (Romero-Viana et al., 2007), and reconstructed levels based on mean values of these
variables; 2) Percentages of plant macrofossils from the outer ring (Lopez-Blanco er al., 2012a), normalized date of 5180
(Lopez-Blanco et al., 2016a) and reconstructed levels based on pigments and cladocerans; 3) Comparison of the Winter Rainfall signal
inferred in La Cruz (Romero-Viana et al., 2011) , the NAO reconstruction (Ortega et al., 2015) and phases of transgression and regres-
sions in the shore line of Lake El Tobar (Lopez-Blanco et al., 2016b); 4) Comparison of the inferred lake level in El Lagunillo with the
NAO reconstruction (Ortega ef al., 2015); 5) Charcoal signal (in charred particles/cm3.yr) in El Lagunillo and El Tobar. Note that all
the normalization was done by using the mean and standard deviation. Recopilacion de los resultados obtenidos en los tres lagos. De
arriba abajo: 1) PC2 de pigmentos fotosintéticos, datos normalizados de cladoceros planctonicos (Romero—Viana et al., 2007), y
reconstruccion de los niveles basado en valores medios de estas variables; 2) Porcentajes de macrofosiles de plantas del anillo
exterior (Lépez —Blanco et al., 2012a), datos normalizados de 5180 (Lépez-Blanco et al., 2016a) y niveles reconstruidos basados en
los pigmentos y cladoceros; 3) Comparacion de la serial de lluvia de invierno inferida en La Cruz (Romero-Viana et al., 2011), la
reconstruccion de la NAO (Ortega et al., 2015) y las fases de trasgresion y regresion del litoral de El Tobar (Lopez-Blanco et al.,
2016b);4) Comparacion de los niveles inferidos en El Lagunillo del Tejo con la reconstruccion de la NAO (Ortega et al., 2015); 5)
Seiial de carbones (en particulas quemadas/cm3.yr) en El Lagunillo y El Tobar. Todas las normalizaciones han sido hechas utilizando
la media y desviacion estandar.
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lighter isotopic composition of the recharge
(Lopez-Blanco et al., 2016a).

Past changes in the El Tobar shore line

Due to the complex morphological characteris-
tics of Lake El Tobar, sediment cores were recov-
ered from both deeper-meromictic and shallow-
er-holomictic sub-basins to better represent the
diverse communities inhabiting the lake (Fig. 1;
Table 2).

The radioisotopic activity of 210Pb and 137Cs
published in Lopez-Blanco et al (2011) and
Lopez-Blanco et al. (2016b) shows very different
sedimentation rate in the central and littoral parts
of lake El Tobar. TOB04-1B and TOB07-4A only
covered the previous 60 years while TOB-10
dated back the last 350 years. Therefore, the
central core recorded the eutrophication process
and species introduction in the lake after canal
construction (Lopez-Blanco ef al., 2011).

The overlapping sedimentary sequence using
the three consecutive littoral cores (TOB10) was
characterised by the presence of three sedimenta-
ry units and five facies; deeper water facies were
located in the uppermost part of the sequence
(59-0 cm) while shallower-water facies were in
the bottom part of the core (120-60 cm) (Fig. 5).
Plant macrofossils from 18 taxa were identified in
the same sedimentary sequence. Based on their
occurrence and ecological characteristics (aquat-
ic, marsh or terrestrial environment), five differ-
ent periods of changes in shore line were found.
The isotopic signal complemented and supported
this information with data about present and past
lake hydrology (Lopez-Blanco et al., 2016).
Modern surface water samples for hydrogen and
oxygen isotope analyses indicated that precipita-
tion was the main factor governing the isotopic
composition of lake water. The 813C profile of
bulk carbonates showed lower values (around 5
%o) at the bottom of the core and less negative

Table 2. Compilation of the sediment cores recovered in El Tobar. The table compiles information about the core names, year and
place of collection, the recovery methods, the analysed proxies in each one and the articles published by the group in this system.
Recopilacion de los testigos sedimentarios recuperados en el El Tobar. La tabla muestra informacion sobre los nombres de los
testigos, el ano 'y lugar de muestreo, el método de recuperacion, los indicadores analizados y los articulos publicados por el grupo en

este sistema.

Core name Year Location Recovery Proxies References
method
TOBO04-1B 2004 Meromictic Livingston Chronology Lopez- Blanco et al. (2011)
sub-basin Lithology
Cladocerans
Pigments and diatoms
TOBO07-4A 2007  Holomictic Livingston Chronology Lopez-Blanco et al. (2011)
sub-basin Lithology
Cladocerans
Pigments and diatoms
TOB10-1 TOB10-2 2010 Holomictic Russian peat  Plant macrofossils Lopez-Blanco et al. (2016b)
TOB10-3 corer Isotopes

(Composite core

TOB10)

Charcoal analysis
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values in the two upper-thirds of the sediment
record (Fig. 5). These changes were also evident
in the 6180 profile, with the lowest values at the
bottom and highest in the middle. Additionally,
several peaks in the 6180 profile were detected in
the middle part of the sediment core. The most
plausible explanation for the 681830 peaks
observed in the El Tobar sequence was a change
in drainage characteristics and residence time in
littoral environments resulting in varying degrees
of evaporative enrichment, with all of these
processes occurring during the LIA due to chang-
es in precipitation.

REGIONAL HYDROCLIMATIC SIGNAL

The sediments from La Cruz, El Lagunillo del Tejo
and Lake El Tobar provide evidence for climatic

. TOB-10
1970
1960
1950
1940
1930
1920 -
1910 -
1900
1890
1880
1870 -
1860 |
1850 I
1840
1830
1820 -
1810
1800 -
1790 -
1780
1770
1760
1750
1740
1730 -
1720
1710
1700 -
1690 -
1680 -
1670 |

1970

1950

1900

INDUSTRIAL ERA

1850

DEEPER-WATER FACIES

Age (years, AD)

1800

Upland plants

1750

LITTLE ICE AGE

1700

1670 -

z &
£ C
[SE-

Age (years, AD)

Lopez-Blanco and Romero-Viana

changes during the last centuries in the Iberian
Range. Unlike La Cruz and El Tobar sequences,
the sediment cores from El Lagunillo del Tejo
fortunately cover the whole last millennium.
Hydroclimatic variability in this lake is recorded as
successive lake level changes, which determine: 1)
the sedimentary inputs of photosynthetic pigments,
i1) diatom, cladoceran subfossils and plant macro-
fossils signal and iii) stable isotope ratios in endog-
enic carbonates (Table 1, Fig. 4).

The Lagunillo del Tejo sedimentary sequence
as a whole shows good agreement between all the
indicators for the major arid and humid phases and
reinforces the robustness of past lake level recon-
struction (Fig. 4). Small differences between the
proxies are partially related to the correlation
methodology used between sediment cores and to
the level of sample resolution. Correlation was

5'°C % VPDB

7 6 5 4 3 2 4 0

1820

1810 Dalton Minimum

1800

ENVIRONMENT

17%0
1780
1770
1760
1750
1740

FLUCTUATIONS

1730
1720
1710
1700

1650

CONDITIONS

1680

MORE TERRESTRIAL

1670

Inferences

Figure 5. Compilation of the results obtained in littoral cores (TOB10-1, TOB10-2 and TOB10-3) from El Tobar. In the figure, only
the composite TOB-10 is represented for sake of simplicity. From left to right: Main climatic periods, sedimentary facies and units,
relative abundance of aquatics, marsh and upland plants and 8180, §13C signals. Pictures in the upper right part show a gyrogonite
and calcifications from Chara sp., which were quite abundant during the aquatic phase. Recopilacion de los resultados obtenidos en
los testigos litorales (TO10-1, TOB10-2 y TOB10-3) de El Tobar. En la figura, solo se representa la secuencia solapada TOB-10 por
simplificacion. De izquierda a derecha: periodos climaticos principales, facies y unidades sedimentarias, abundancias relativas de
plantas acudticas, de marjal y terrestres y sefiales de 5180, 513C. Las fotografias en la parte superior derecha muestran un girogonito
y las calcificaciones de Chara sp., que eran muy abundantes durante la fase acudtica.
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based on physical properties such as density or
organic matter, and although the profiles fitting
was precise, this factor cannot be ruled out as
responsible for small differences. The proxy
signal for photosynthethic pigments (core CN-1,
Table 1) also corresponded to discrete values of
about 10, 5 and 3 years due to the different
sedimentation rate throughout the sediment core
with a temporal resolution of ca. 30 years. The age
resolution in the case of cladocerans (CN-3, Table
1) is about 15 years in the upper part of the
sequence and 35 years at the bottom, and the
resolution of plant macrofossils and isotopes is ca.
10, 25 and 40 years in few samples at the bottom.
Other factors, such as the different climatic sensi-
tivities of the proxies, can also explain the discrep-
ancies found in some specific periods.

According to inferred lake levels in El
Lagunillo del Tejo, the MCA (ca. AD 900-1300)
was a period marked by rainfall oscillations but
generally wet. This agrees with records from
north and/or western IP, which indicate an
increase in humidity during the MCA (references
in Moreno et al., 2012). Despite this, many lacus-
trine records from the Mediterranean IP such as
Basa de la Mora, Estanya and Arreo in the north-
east and Zofiar in the south seem to indicate drier
conditions (Moreno et al, 2012). Notably our
results showed a very good agreement with the
lake level fluctuations inferred in the nearby Lake
La Parra (Barreiro-Lostres et al., 2014) (Fig. 6
confirming relatively wetter conditions during
MCA in the Iberian Ranges. Although the onset
of the LIA was not equally registered by all our
proxies, they all agree with the idea of a progres-
sive increase of level from the onset of the LIA to
ca. AD 1550. Relatively humid conditions during
the fifteenth and sixteenth centuries were directly
related to the onset of the meromixis in La Cruz
(Julia et al., 1996) and coincided with the begin-
ning of calcite lamination deposition in AD 1579
(Romero-Viana et al., 2011). In this period, the El
Lagunillo del Tejo lake level reconstruction over-
laps with the La Cruz signal, which serves as a
chronological and quantitative anchor for hydro-
climate calibration. After the Maunder Minimum
(AD 1645-1715), there may have been an
increase in humidity according to the La Cruz
record, the plant macrofossils record of El

Lagunillo and all the indicators in E1 Tobar. How-
ever, the three sequences also show continuous
changes in hydrovariability through the whole
seventeenth century, with a dry period ca. AD
1690. Barreiro-Lostres ef al. (2014) also inferred
a highly variable but humid period from the
occurrence of sandy layers intercalated within
fine-laminated facies in the nearby Lake La Parra.
The isotopic signal and sedimentology from El
Tobar strongly support the idea of an alternation
of humid and drier periods that could have altered
the lake recharge during the changing precipita-
tion conditions in the late LIA. Benito et al
(2003) described five periods of concentrated
floods events in the Tagus drainage basin in:
AD1200-1230; AD 1560-1620; AD 1700-1720;
AD1740-1810; AD 1860-2000, which agrees
well with the transgression and regressions of the
shore line described in El Tobar, which is located
in Tagus headwaters, but also with the hydrologi-
cal reconstruction in El Lagunillo for the whole
millennium. At a more local scale, inferences
from the nearby Taravilla Lake (Moreno et al.,
2008), together with unpublished results from
Benito about historical floods from the Guadiela
River (Fig. 6) also support the increase in level
inferred from phase 2 to 3 in El Tobar. Higher
sediment delivery (events S2, S3 and S4) (Fig. 6)
inferred from a distal core in El Tobar could be
the results of synergic effects of humid periods
and human impacts during the 19 and 20th centu-
ries (Barreiro-Lostres ef al., 2014). In spite of the
differences in size, hydrology, limnology and
sensibility to rainfall oscillations, the three main
phases of lake level changes reconstructed in El
Tobar agree with the quantitative signal of
rainfall in Lake La Cruz (see Fig. 5), showing
both a trend from drier towards more humid
conditions over this period. Lower lake levels
detected in El Tobar ca. AD 1715 and AD 1772
agreed well with a relatively dry period recorded
in La Cruz ca. (1720-1780 AD) (Fig.4). High
stand lake conditions recorded in El Tobar during
the late LIA- Dalton Minimum ca. AD 1772-1850
are coincident with the two wettest periods in La
Cruz (ca. AD 1770-1800 and 1815-1830). Final-
ly, the 20th century appeared as a relatively wet
period compared with the hydroclimatic condi-
tions in the previous centuries.
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PC2 La Parra Winter rainfall
(Barreiro-Lostres La Cruz
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Figure 6. Compilation of inferences in La Cruz, El Lagunillo del Tejo and El Tobar with other paleoclimatic reconstructions at
regional scale. From left to right: inferred levels in El Lagunillo (this study) and La Parra (Barreiro-Lostres et al., 2014); the NAO
(Ortega et al., 2015) and Winter Rainfall reconstruction in La Cruz; paleofloods frequency in Taravilla Lake (Moreno et al., 2008);
floods in the Tagus basin (Benito ef al., 2003) and historical floods of Guadiela River (unpublished data, Benito); events of sediment
delivery (Barreiro-Lostres et al., 2015) and shore-line transgressions and regressions in El Tobar (Lopez-Blanco et al., 2016); catastro-
phic floods in the Mediterranean (Barriendos et al., 1997). Recopilacion de las inferencias en La Cruz, El Lagunillo del Tejo and El
Tobar con otras reconstrucciones paleoclimaticas a escala regional. De izquierda a derecha: niveles inferidos en el El Lagunillo (este
estudio) y La Parra (Barreiro-Lostres et al., 2014); reconstruccion de la NAO (Ortega et al., 2015) y la precipitacion de invierno en
La Cruz; frecuencia de paleoavenidas en Taravilla (Moreno et al., 2008); avenidas en la cuenca del Tajo (Benito et al., 2003) y
avenidas historicas en el rio Guadiela (datos no publicados, Benito); eventos de aporte sedimentario (Barreiro-Lostres et al., 2015) y
trasgresiones y regresiones de la linea litoral de EIl Tobar (Ldpez-Blanco et al., 2016); avenidas catastroficas en el Mediterraneo

(Barriendos et al., 1997).

The climate signal recorded through calcite
annual lamination in Lake La Cruz was analysed
in detail in Romero-Viana et al. (2011). The
presence of 0.12 and 0.25/year periodicities in
this regional rainfall reconstruction, which are
similar to those observed for NAO index series
(Hurrell, 1995), confirmed a strong correlation
with this large-scale pattern. The current compar-
ison between calcite varves signal and the NAO
index reconstruction from Ortega et al. (2015)
showed higher correlations over the whole
millennium, and a decoupling signal during
shorter time periods (Fig. 4), than previous com-
parisons with three other NAO index reconstruc-
tions (Romero-Viana et al., 2009). Ortega et al.
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(2015) have performed a yearly NAO reconstruc-
tion for the past millennium, based on an initial
selection of 48 annually resolved proxy records
distributed around the Atlantic Ocean, and built it
through an ensemble of multivariate regressions.
Unlike a previous NAO reconstruction by Trouet
et al. (2009), Ortega et al. (2015) showed no
persistent positive NAO during the MCA but
more frequently positive values during AD
1270-1320. Our regional reconstruction from
central-eastern Spain does not support the
positive values of the NAO index during the
MCA either, and showed a highly qualitative
agreement with Ortega et al. (2015). Although
the chronological model from El Lagunillo in the
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bottom of the core CN-4 is well constrained by
four consecutive AMS 14C dates, this chronology
is far from showing annual resolution, and it is
possible that the low lake levels recorded in El
Lagunillo from ca. AD 1280-1400 could corre-
spond to the NAO signal between ca. AD
1270-1320, where more positive values were
recorded (Ortega et al., 2015) (Fig. 4).

Another proxy that supports the existence of
specific drier periods that favoured the occurrence
of natural fires in the last millennium is the macro-
charcoal content. In Lagunillo del Tejo, there was
a continuous occurrence throughout the sedimen-
tary sequence (Fig. 4). However, two main peaks
were observed in ca. AD 1200-1250 and between
AD 1800-1900, and two minor peaks were regis-
tered between ca. AD 1390 and AD 1525 (Fig. 4).
The first two peaks of charcoal were most proba-
bly related to wars between Christians and Mus-
lims, and also to the upsurge in sheep raising
(“Mesta”) based on transhumance (Lozano-Sa-
huquillo, 2002). The other two minor peaks were
synchronous with dry periods in this reconstruc-
tion but also agree well with other local activities
that could have generated human-made fires
(Lopez-Blanco et al., 2012a). In El Tobar, the
charcoal concentration was higher than in El
Lagunillo. However, they were concentrated in a
specific period of time ca. AD 1675 until AD
1820. This period agrees well with lower lake
levels, but also with abundant historical informa-
tion that relates fires to the collapse of the transhu-
mance in the northern part of la Serrania de
Cuenca (Bacaicoa et al., 1993). As Lopez-Blanco
et al. (2012a) have argued previously, there were
obvious socio-economical causes behind the fire
history in this highly anthropogenic landscape,
however, fires were probably favoured by drier
conditions, showing the interplay between climate
and human activity in the area.

When comparing our hydroclimate regional
signal with other Iberian reconstructions, we
found that the MCA is one of the most controver-
sial periods. As mentioned before, arid conditions
are inferred during this period in northeastern and
southern IP, (e.g. Basa de la Mora, Estanya,
Arreo and Zofiar) (see review of Moreno et al.,
2012) but sedimentary sequences situated in the
western and central Iberia like this study indicat-

ed relatively wetter conditions for this key period.
Small discrepancies between these inferences
may be partially due to the influence of different
climatic circulation patterns over a territory as
complex as the IP. Recent studies suggest that
other modes of variability than the NAO, such as
the Eastern Atlantic or the Scandinavian
(SCAND) patterns, significantly affect climate in
the IP (Jerez & Trigo, 2013). Sanchez-Lopez et
al. (2016) published a review where they
discussed the role of the NAO on humidity
patterns in Iberian precipitation, and found homo-
geneous spatial climate conditions dominating
the MCA and LIA in the IP. They discovered N-S
and E-W humidity gradients acting during the
Roman Period or the Early Middle Ages, howev-
er, as a result of the predominant coincidence of
the NAO and East Atlantic index (EA) in oppo-
site phases. On the other hand, Hernandez et al.
(2015) demonstrated that the NAO is responsible
for winter precipitation while the EA governs
winter and summer temperatures, which agree
very well with the hydroclimatic reconstruction
in La Cruz and NAO relationship. It is therefore
possible that the inclusion of more well-dated and
multiproxy sequences in future spatial analysis in
the IP will reveal new gradients or patterns in the
hydroclimatic variability and its relationship with
different modes of variability.

CONCLUSIONS

This study shows that the three karstic lakes
described above preserved a valuable hydrocli-
matic signal in their sediments. The fact that this
climatic signal was inferred not only by a single
proxy, but by a combination of geochemical and
biological indicators in different lacustrine
systems, enhances the reliability of the recon-
struction, shows the complexity of paleolimno-
logical interpretations and highlights the impor-
tance of neolimnological knowledge in under-
standing the sedimentary inputs. Our results offer
interesting and new information about the hydro-
climatic conditions during the MCA in central
eastern Spain. We have inferred relatively humid
and highly variable conditions from ca AD
1000-1300, and this is strongly supported by new
findings on NAO variability during the last
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millennium. Located in a key region under the
influence of the NAO, the climatic reconstruction
of these small sensitive systems could provide
valuable information about this atmospheric
circulation mode. Longer and higher resolution
sediments in these and other permanent sinkholes
in La Serrania de Cuenca could serve to quantita-
tively calibrate the different proxies, extending
and improving this reconstruction back in time
and thus, placing current tendencies into a
longer-term context.

ACKNOWLEDGEMENTS

We greatly appreciate the work developed by all
co-authors in previous publications. We especial-
ly thank Eduardo Vicente, Antonio Camacho and
Ramon Julia. We are also very grateful to Blas
Valero-Garcés, Brendan Keely, Gloria Vilaclara,
Estela Cuna, Martin Schimmel, Marie-José Gail-
lard, Julian Andrews and Paul Dennis and for
their contributions. The authors acknowledges
Ana Moreno, Gerardo Benito, Fernando Barrei-
ro-Lostres and Pablo Ortega, who kindly provid-
ed the data from Taravilla Lake, Guadiela River,
La Parra Lake and the NAO reconstruction.
These studies were possible with the support of
several institutions. At that time, LR held a schol-
arship from Generalitat Valenciana and CLB was
granted an FPU scholarship from the MICINN.
CLB also thanks the Humboldt Foundation,
which supported her while writing this paper.
This study was financed by CICyT grant
REN2002-03272 CLI and CGL2005- 04040 from
the MICINN. Unfortunately, nowadays, decreas-
ing budgets for Spanish science limit the number
and quality of paleolimnology projects, hamper-
ing the continuity of research lines such as that
started by Maria Rosa Miracle, and drastically
reducing the professional opportunities for young
researchers. We hope this will change in the
future. We acknowledge the contributions of two
anonymous reviewers who helped to improve the
quality of this paper.

REFERENCES

ATLAS CLIMATICO DE ESPANA. 2011.
Agencia estatal de meteorologia. Ministerio

Limnetica, 38(1): 335-352 (2019)

de Medio Ambiente y Medio Rural y Marino.
Madrid. Espana ISBN: 978-84-7837-079-5

BACAICOA, 1., JM. ELIAS PASTOR & J.
GRANDE IBARRA.1993. Cuaderno de
Transhumancia n° 8: Albarracin-Cuenca-Mo-
lina. ICONA. Madrid. Espafia. ISBN:
9788480140799.

BARREIRO-LOSTRES, F., A. MORENO, S.
GIRALT, M. CABALLERO & B.VALE-
RO-GARCES. 2014. Climate, palacohydrolo-
gy and land use in the Central Iberian Range
over the last 1.6 kyr: The La Parra Lake
record. The Holocene, 24: 1177-1192. DOI:
10.1177/0959683614540960

BARREIRO-LOSTRES, F., E. BROWN, A.
MORENO, M. MORELLON, M. ABBOTT,
A. HILLMAN, S. GIRALT & B.L. VALE-
RO-GARCES. 2014. Sediment delivery and
lake dynamics in a Mediterranean mountain
watershed: human-climate interactions during
the last millennium (EI Tobar Lake record,
Iberian Range, Spain). Science of the total
Environment, 533: 506-519. DOIL: 10.1016/j.
scitotenv.2015.06.123.

BENITO, G., A. DIEZ-HERRERO & M. FER-
NANDEZ DE VILLALTA. 2003.Magnitude
and frequency of flooding in the Tagus basin
(Central Spain) over the last millennium.
Climatic Change, 58:171-192. DOI: 10.1023/
A:1023417102053

BLAAUW, M. & J.A.CHRISTEN. 2011. Flexible
paleoclimate age-depth models using an
autoregressive gamma process. Bayesian Anal-
ysis, 6: 457-474. DOI: 10.1214/11-BA618

CAMACHO, A., A. PICAZO, M.R. MIRACLE
& E. VICENTE. 2003. Spatial distribution and
temporal dynamics of picocyanobacteria in a
meromictic karstic lake. Archive fiir Hydrobi-
ologie. (Suppl. Algol Stud.), 109: 171-184:
DOI: 10.1127/1864-1318/2003/0109-0171

CAMACHO, A., M.R. MIRACLE, L. ROME-
RO-VIANA, A. PICAZO & E. VICENTE.
2017. Lake La Cruz, an Iron-Rich Karstic
Meromictic Lake in Central Spain. In: Ecology
of Meromictic Lakes. Ecological Studies (Anal-
ysis and Synthesis). R. Gulati, E. Zadereev, A.
Degermendzhi (ed.): 228. Springer, Cham

CORELLA, J.P., BL. VALERO-GARCES, A.
MORENO, M. MORELLON, V. RULL, S.



Dry and wet periods in the Iberian Peninsula during the last millennium

GIRALT, M.T. RICO & A. PEREZ-SANZ.
2011. Sedimentary evolution and palaeohy-
drology of karstic, meromictic Montcortés
Lake (Spanish Pre-Pyrenees) during the last
6,000 years. Journal of Paleolimnology, 46:
351-367. DOI: 10.1007/s10933-010-9492-7.
CORELLA, JP. G. BENITO, X. RODRI-
GUEZ-LLOVERAS, A. BRAUER & B.L.
VALERO-GARCES.2014. Annually resolved
lake record of extreme hydro-meteorological
events since AD 1347 in NE Iberian Peninsu-
la. Quaternary Science Reviews, 93: 77-90.
ERASO, A. 1979: Estudio de las torcas de Palan-
cares y Cafiada del Hoyo en el karst de la
Serrania de Cuenca. Kobie, 9: 7-69.
ESCUDERO, A. & P. REGATO.1992. Orde-
nacién de la vegetacion de las torcas de la
Serrania de Cuenca y sus relaciones con
algunos factores del medio. Orsis, 7:41-55.
GARCIA, M.P., E. VICENTE & M.R. MIRA-
CLE. 1984. Sucesion estacional del fitoplanc-
ton de la Albufera de Valencia. Anales de
Biologia, 2:91-100. ISBN 978-3-319-49143-1
GARCIA-HERRERA, R., E. HERNANDEZ &
D. BARRIOPEDRO. 2007. The outstanding
2004/05 drought in the Iberian Peninsula:
associated atmospheric circulation. Journal of
Hydrometeorology, 8:483-498. DOI: 10.1175/
JHMS578.1
GONZALEZ-HIDALGO, lC., JA.
LOPEZ-BUSTINS, P. STEPANEK, J. MAR-
TINVIDE & M. DE LUIS. 2009. Monthly
precipitation trends on the Mediterranean
fringe of the Iberian Peninsula during the
second-half of the twentieth century (1951—
2000). International Journal of Climatology,
29:1415-1429. DOI: 10.1002/joc.1780
GUTIERREZ-ELORZA, M & JL.
PENA-MONNE. 1998. Geomorphology and
late Holocene climatic change in Northeastern
Spain. Geomorphology, 23:205-217.
HERNANDEZ, A., RM. TRIGO, S. PLA-RA-
BES, B.L. VALERO-GARCES, S. JEREZ,
M. RICO- HERRERO, J.C. VEGA, M. JAM-
BRINA-ENRIQUEZ & S. GIRALT. 2015.
Sensitivity of two Iberian lakes to north Atlan-
tic atmospheric circulation modes. Climate
Dynamics, 45: 3403-3417. DOI: 10.1007/
s00382-015-2547-8

349

HURRELL, J. W. 1995. Decadal trends in the
North Atlantic Oscillation: Regional tempera-
tures and precipitation. Science, 269, 676—679.
DOI: 10.1126/science.269.5224.676

IGLESIAS, A., L. GARROTE, F. FLORES & M.
MONEQO. 2007. Challenges to manage the
risk of water scarcity and climate change in
the Mediterranean. Water Resources Manage-
ment, 21: 227-288. DOI: 10.1007/s11269-
006-9111-6

IGLESIAS, A., A. CANCELLIERE, F. CUBIL-
LO, L. GARROTE & D.A. WILHITE. 2009.
Coping with drought risk in agriculture and
water supply systems: drought management
and policy development in the Mediterranean.
Springer. The Netherlands. ISBN
978-1-4020-9045-5

JEREZ, S. & R.M. TRIGO. 2013. Time-scale and
extent at which large-scale circulation modes
determine the wind and solar potential in the
Iberian Peninsula. Environmental Research
Letters, 8: 044035. DOI: 10.1088/1748-9326/
8/4/044035

JULIA, R., F. BURJACHS, M.J. DASI, F.
MEZQUITA, M.R. MIRACLE, J.R. ROCA,
G. SERET & E. VICENTE. 1998. Meromixis
origin and recent trophic evolution in the Span-
ish mountain lake la Cruz. Aquatic Sciences,
60: 279-299. DOI: 10.1007/s000270050042

LOPEZ-BLANCO, C., M.R. MIRACLE, E.
VICENTE. 2011. Cladoceran assemblages in
a karstic lake as indicators of hydrological
changes. Hydrobiologia, 676: 249-261. DOI:
10.1007/510750-011-0876-0.

LOPEZ-BLANCO, C., M.J. GAILLARD, M.R.
MIRACLE & E. VICENTE. 2012a. Lake-level
changes and fire history at Lagunillo del Tejo
(Spain) during the last millennium: climate or
humans?. The Holocene, 22:551-560. DOI:
10.1177/0959683611427337

LOPEZ-BLANCO, C., M.R. MIRACLE & E.
VICENTE. 2012b. Cladocera sub-fossils and
plant macrofossils as indicators of droughts in
Lagunillo del Tejo (Spain)—implications for
climate studies. Fundamental and Applied
Limnology, 180:207-220. DOI: 10.1127/
1863-9135/2012/0291

LOPEZ-BLANCO, C.2013a. Estudio multi-indica-
dor en dos lagos en el Sistema Ibérico (Espafia):

Limnetica, 38(1): 335-352 (2019)



350

variabilidad climatica y actividades antropicas
durante el ultimo milenio. Ecosistemas, 22:
80-82. DOI: 10.7818/EC0S.2013.22-1.17

LOPEZ-BLANCO, C., M.R. MIRACLE & E.
VICENTE. 2013b. Is there any bias between
contemporary and subfossil cladoceran
assemblages? Limnetica, 32: 201-2014. ISSN:
0213-8409

LOPEZ-BLANCO, C., J. ANDREWS, P.
DENNIS, M.R. MIRACLE & E. VICENTE.
2016a. North Atlantic Oscillation recorded in
carbonate 6180 signature from Lagunillo del
Tejo (Spain). Palaeogeography, Palaeocli-

matology, Palaeoecology, 441: 882-889.
_DOI: 10.1016/j.palaco.2015.10.037
LOPEZ-BLANCO, C., J. ANDREWS, P.

DENNIS, M.R. MIRACLE & E. VICENTE.
2016b.The sedimentary response of lake El
Tobar (Spain) to climate: lake level changes
after the Maunder Minimum. Journal of
Quaternary  Science, 31:905-918. DOI:
10.1002/jgs.2915

LOZANO-SAHUQUILLO, V. 2002. Cafiada del
Hoyo: su personalidad histérica. Cartagena:
Lozano-Sahuquillo (ed.), 224pp.

MARCO-BARBA, J., J.A HOLMES, F. MES-
QUITA-JOANES & M.R. MIRACLE. 2013a.
The influence of climate and sea-level change
on the Holocene evolution of a Mediterranean
coastal lagoon: Evidence from ostracod
paleoecology and geochemistry. Geobios, 46:
409-421. DOI: 10.1016/j.geobios.2013.05.003

MARCO-BARBA, J., F. MESQUITA-JOANES
& M.R. MIRACLE. 2013b. Ostracod palaeo-
limnological analysis reveals drastic historical
changes in salinity, eutrophication and biodi-
versity loss in a coastal Mediterranean lake.
The Holocene, 23: 556-567. DOI: 10.1177/
0959683612466752.

MARTIN-PUERTAS, C., F. IMENEZ-ESPEJO,
F. MARTINEZ-RUIZ, V. NIETO-MORENO,
M. RODRIGO, M.P. MATA & B.L.VALE-
RO-GARCES. 2010. Late Holocene climate
variability in the southwestern Mediterranean
region: an integrated marine and terrestrial
geochemical approach. Climate of the Past, 6:
807-816. DOI: 10.5194/cp-6-807-2010

MIRACLE, M.R. & E. VICENTE. 1983.
Vertical distribution and rotifer concentra-

Limnetica, 38(1): 335-352 (2019)

Lopez-Blanco and Romero-Viana

tions in the chemocline of meromictic
lakes. Hydrobiologia, 104: 259-267. DOI:
10.1007/BF00045976

MIRACLE, M.R., MP GARCIA & E.
VICENTE. 1984. Heterogeneidad espacial de
las comunidades fitoplanctonicas de la
Albufera de Valencia. Limnetica, 1: 20-31.

MIRACLE, M.R., A. CAMACHO, R. JULIA &
E. VICENTE. 2000. Sinking processes and
their effect on the sedimentary record in the
meromictic Lake La Cruz (Spain). Verhand-
lungen des Internationalen Verein Limnolo-
gie, 27:1209-1213. DOI: 10.1080/03680770.
1998.11901428

MORELLON, M., B. L. VALERO-GARCES, P.
GONZALEZ-SAMPERIZ, T. VEGAS-VIL-
LARUBIA, E. RUBIO, M. RIERADEVAL,
A. DELGADO-HUERTAS, P. MATA, O.
ROMERO, D.R. ENGSTROM, M.
LOPEZ-VICENTE, A. NAVAS & J. SOTO.
2011. Climate changes and human activities
recorded in the sediments of Lake Estanya (NE
Spain) during the Medieval Warm Period and
Little Ice Age. Journal of Paleolimnology, 46:
423-452. DOI: 10.1007/s10933-009-9346-3

MORELLON, M. J. ARANBARRI, A.
MORENO, P. GONZALEZ-SAMPERIZ &
B.L. VALERO-GARCES. 2018. Early Holo-
cene humidity patterns in the Iberian Peninsula
reconstructed from lake, pollen and speleothem
records. Quaternary Science Reviews, 181,
1-8. DOI: 10.1016/j.quascirev.2017.11.016

MORENO, A., B.L. VALERO-GARCES, P.
GONZALEZ-SAMPERIZ & M. RICO. 2008.
Flood response to rainfall variability during
the last 2000 years inferred from the Taravilla
Lake record (Central Iberian Range, Spain),
Journal of Paleolimnology, 40: 943-961.
DOI: 10.1007/s10933-008-9209-3

MORENO, A. A. PEREZ, J. FRIGOLA, V.
NIETO-MORENO, M. RODRIGO-GARNIZ,
B. MARTRAT, P. GONZALEZ-SAMPERIZ,
M. MORELLON, C. MARTIN-PUERTAS,
JP. CORELLA, A. BELMONTE, C.
SANCHO, I. CACHO, G. HERRERA, M.
CANALS, J.0. RIMALT, F. JIMENEZ-ESPE-
JO, F. MARTINEZ-RUIZ, T. VEGAS-VIL-
LARRUBIA & B.L. VALERO-GARCES.
2012. The medieval Climate Anomaly in the



Dry and wet periods in the Iberian Peninsula during the last millennium 351

Iberian Peninsula reconstructed from marine
and lake records. Quaternary Science Reviews,
43:16-32. DOI: 10.1016/j.quascirev.2012.04.007

OLTRA, R. & MR. MIRACLE. 1984. Comuni-

dades zooplanctonicas de la Albufera de
Valencia. Limnetica, 1: 51-61.

ORTEGA, P., F. LEHNER, D. SWINGEDOUW,

V. MASSON-DELMONTE, C.C. RAIBLE,
M. CASADO & P. YIOU. 2015. A mod-
el-tested North Atlantic Oscillation recon-

struction for the past millennium. Nature,
523:71-74. DOI: 10.1038/nature14518

REIMER, P.J., E. BARD, A. BAYLISS, J.W.

BECK, P.G. BLACKWELL, C. BRONK
RAMSEY, C.E. BUCK, H. CHENG, R.L.
EDWARDS, M. FRIEDRICH, P.M. GROOT-
ES, T.P. GUILDERSON, H. HAFLIDASON,
1. HAJDAS, C. HATTE, T.J. HEATON, D.L.
HOFFMANN, A.G. HOGG, K.A. HUGHEN,
K.F. KAISER, B. KROMER, S.W. MAN-
NING, M. NIU, R.W. REIMER, D.A. RICH-
ARDS, E.M. SCOTT, J.R. SOUTHON, R.A.
STAFF, C.SM. TURNEY & J. VAN DER
PLICHT. 2013. IntCal13 and Marinel3 radio-
carbon age calibration curves 0-50,000 years
cal BP. Radiocarbon, 55(4):1869-1887. DOL:
10.2458/azu_js rc.55.16947

RODRIGO, M.A., E. VICENTE & M.R. MIRA-

CLE. 1993. Short-term calcite precipitation in
the karstic meromictic Lake La Cruz (Cuenca,
Spain). Verhandlungen des Internationalen
Verain Limnologie, 25: 711-719. DOI:
10.1080/03680770.1992.11900231

ROMERO-VIANA, L., A. CAMACHO, E.

VICENTE & M.R. MIRACLE. 2006. Sedi-
mentation patterns of photosynthetic bacteria
based on pigment markers in meromictic Lake
La Cruz (Spain): paleolimnological implica-
tions. Journal of Paleolimnology, 35:
167-177. DOI: 10.1007/s10933-005-8145-8

ROMERO-VIANA, L., R. JULIA, A. CAMA-

CHO, E. VICENTE & M.R. MIRACLE.
2008. Climate signal in varve thickness: Lake
La Cruz (Spain), a case study. Journal of
Paleolimnology, 40:703-714. DOI: 10.1007/
$10933-008-9194-6

ROMERO-VIANA, L., BJ. KEELY, A. CAMA-

CHO, E. VICENTE & M.R. MIRACLE.
2009a. Photoautotropphic community changes

ROMERO-VIANA, L., B.J.

in Lagunillo del Tejo (Spain) in response to
lake level fluctuation: two centuries of
sedimentary  pigment records. Organic
Geochemistry, 40: 376-386. DOI: 10.1016/].
orggeochem.2008.11.010

ROMERO-VIANA, L., M.R. MIRACLE, C.

LOPEZ-BLANCO, E. CUNA, G.
VILACLARA, J. GARCIA-ORELLANA, B.J.
KEELY, A. CAMACHO & E. VICENTE.
2009b. Sedimentary multiproxy response to
hydroclimatic variability in Lagunillo del Tejo
(Spain). Hydrobiologia, 631:231-245. DOI:
10.1007/s10750-009-9813-x

KEELY, A.
CAMACHO, E. VICENTE & M.R. MIRA-
CLE. 2010. Primary production in Lake La
Cruz (Spain) over the last four centuries based
on sedimentary signal of photosynthetic
pigments. Journal of Paleolimnology, 43:
771-786. DOI: 10.1007/s10933-009-9367-y

ROMERO-VIANA, L., R. JULIA, M. SCHIM-

MEL, A. CAMACHO, E. VICENTE & M.R.
MIRACLE. 2011. Reconstruction of annual
winter rainfall since AD 1579 in central-east-
ern Spain based on calcite laminated sediment
from Lake La Cruz. Climatic Change, 107:
343-361. DOI: 10.1007/s10584-010-9966-7

SANCHEZ-LOPEZ, G., A. HERNANDEZ, S.

PLA-RABES, R.M. TRIGO, M. TORO, L
GRANADOS, A. SAEZ, P. MASQUE, J.J.
PUEYO, M.J. RUBIO-INGLES & S.
GIRALT. 2016. Climate reconstruction for
the last two millennia in central Iberia: The
role of East Atlantic (EA), North Atlantic
Oscillation (NAO) and their interplay over the
Iberian Peninsula. Quaternary  Science
Reviews, 149, 135-150.

SERRA, M., M.R. MIRACLE & E. VICENTE.

1984. Interrelaciones entre los principales
parametros limnologicos de la Albufera de
Valencia. Limnetica, 1: 9-19.

SIL news. 2017. International Society of Limnol-

ogy news 71: 1-19. Retrieved from:
https://limnology.org/publications/sil-news/

TROUET, V., J. ESPER, N.E. GRAHAM, A.

BAKER, J.D. SCOURSE & D.C. FRANK.
2009. Persistent positive North Atlantic
Oscillation mode dominated the medieval
climate anomaly. Science, 324: 78—80. DOI:

Limnetica, 38(1): 335-352 (2019)



352 Lopez-Blanco and Romero-Viana

10.1126/science.1166349

UN Secretariat General. 1994. United Nations
Convention to Combat Drought and Desertifi-
cation in Countries Experiencing Serious
Droughts and/or Desertification, Particularly
in Africa. United Nations. Paris. France

VICENTE, E., A. CAMACHO & M. A. RODRI-
GO. 1993. Morphometry and physico-chem-
istry of the crinogenic meromictic lake El
Tobar (Spain). Verhandlungen International
Verein Limnologie, 25: 698—704

VICENTE, V. & M. R. MIRACLE. 1984. Distri-

Limnetica, 38(1): 335-352 (2019)

bution of photosynthetic organisms in a
temporal stratified karstic pond near Cuenca,
Spain. Verhandlungen International Verein
Limnologie, 22: 1704-1710. DOI: 10.1080/
03680770.1983.11897561

VICENTE-SERRANO, SM. & J.M. CUAD-
RAT-PRATS. 2006. Trends in drought inten-
sity and variability in the middle Ebro valley
(NE Spain) during the second half of the
twentieth century. Theoretical and Applied
Climatology, 88:247-258. DOI: 10.1007/
s00704-006-0236-6.

Con el apoyo de:

GOBIERNO
DE ESPANA

MINISTERIO
PARA LATRANSICION ECOLOGICA

Wz

Fundacion Biodiversidad




