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A multi-proxy characterization of the uppermost sedimentary infill of an Iberian alpine lake (Cimera,
2140 m a.s.l.) was performed to establish the climatic and environmental conditions for the Iberian
Central Range (ICR) over the last two millennia. This multi-proxy characterization was used to recon-
struct the intense runoff events, lake productivity and soil erosion in the lake catchment and interpret
these factors in terms of temperature and precipitation variability. The Roman Period (RP; 200 BCE — 500
CE) beginning was characterized by an alternation between cold and warm periods as indicated by short-
lived oscillations of intense runoff conditions and soil erosion, although warm conditions dominated the
end of the period and the Early Middle Age (EMA; 500—900 CE) onset in the ICR. A noticeable decrease in
intense runoff events and a progressive decrease in soil erosion during the late EMA indicated a shift to
colder temperatures. In terms of precipitation, both the RP and EMA climate periods displayed a tran-
sition from dry to wet conditions that led to a decrease in lake productivity. The Medieval Climate
Anomaly (MCA; 900—1300 CE) was characterized by warm and dry conditions with frequent intense
runoff episodes and increases in lake productivity and soil erosion, whereas the Little Ice Age (LIA; 1300
—1850 CE) showed the opposite characteristics. The Industrial Era (1850—2012 CE) presented an increase
in lake productivity that likely demonstrates the influence of global warming.

The spatio-temporal integration of the Cimera record with other Iberian reconstructions has been used
to identify the main climate drivers over this region. During the RP and EMA, N—S and E—W humidity
gradients were dominant, whereas during the MCA and LIA, these gradients were not evident. These
differences could be ascribed to interactions between the North Atlantic Oscillation (NAO) and East
Atlantic (EA) phases. During the RP, the general warm conditions and the E—W humidity gradient
indicate a dominant interplay between a negative NAO phase and a positive EA phase (NAO —EA™),
whereas the opposite conditions during the EMA indicate a NAOT—EA™ interaction. The dominant warm
and arid conditions during the MCA and the cold and wet conditions during the LIA indicate the interplay
of the NAO"—EA™ and NAO~—EA™, respectively. Furthermore, the higher solar irradiance during the RP
and MCA may support the predominance of the EA™ phase, whereas the opposite scenario during the
EMA and LIA may support the predominance of the EA~ phase, which would favour the occurrence of
frequent and persistent blocking events in the Atlantic region during these periods.
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1. Introduction

The climate of the Iberian Peninsula presents large interannual
and interdecadal variability in addition to markedly strong seasonal
cycles (Lionello, 2012). The intense interannual variability is
responsible for the frequent occurrence of both wet and dry years
and associated with the latitudinal displacement of storm tracks
that is partially controlled by the jet stream positioning (Barry and
Chorley, 2009). Over the last two decades, studies have shown with
increasing accuracy that the location and magnitude of these
weather systems is controlled by a small number of large-scale
patterns or modes (e.g., Hurrell, 1995; Trigo et al., 2002, 2008).
Among these modes, the North Atlantic Oscillation (NAO) is the
most prominent and recurrent pattern of atmospheric variability
over the middle and high latitudes of the Northern Hemisphere
(Hurrell et al., 2003). The effects of the winter NAO on the Iberian
Peninsula (IP) climate are more evident in the precipitation records
than in the air temperature measurements (Castro-Diez et al,,
2002; Trigo et al, 2002). In addition to the NAO, other North
Atlantic-European modes of climate variability, such as the East
Atlantic (EA) and Scandinavian (SCAND) patterns, are also known to
play a significant role in modulating climate variables in the IP
(Comas-Bru and McDermott, 2014; Jerez and Trigo, 2013; Trigo
et al., 2008).

Lacustrine sedimentary records have been widely used to
determine the environmental and climatic history of the IP at
several time scales (e.g., Jambrina-Enriquez et al., 2014; Roberts
et al.,, 2008, 2012). The most frequently studied lacustrine records
are from low- and mid-lying altitude areas, such as the sedimentary
records from Sanabria Lake (1000 m a.s.l.; Jambrina-Enriquez et al.,
2014) and Enol Lake (1075 m a.s.l; Moreno et al., 2011) in the
northern IP; Arreo Lake (655 m a.s.l.; Corella et al., 2013), Estanya
(670 m a.s.l;; Morelléon et al., 2009, 2011; Riera et al., 2004) and
Montcortes Lake (1027 m a.s.l; Corella et al,, 2011) in the Pre-
Pyrenees; the Tablas de Daimiel wetland (616 m a.s.l.; Gil Garcia
et al,, 2007) and Taravilla Lake (1100 m a.s.l.; Moreno et al., 2008)
in the Central IP; and Zonar Lake (300 m a.s.l.; Martin-Puertas et al.,
2008, 2010; Valero-Garcés et al.,, 2006) in the southern IP. Re-
constructions based on lacustrine sequences from low-altitude
lakes usually face the additional challenge of distinguishing be-
tween climatic and anthropic signals (Barreiro-Lostres et al., 2015;
Morellon et al., 2011; Valero-Garcés et al., 2006), whereas high-
mountain lakes often present negligible anthropic influence
because of the limited human activities in these remote areas; thus,
their sedimentary records often contain more pristine climatic
signals compared with the low-mountain records.

Therefore, climate reconstructions from the main Iberian
mountain ranges have increased over the last decade, including
reconstructions of the Pyrenees from Redon Lake (2240 m a.s.l.; Pla
and Catalan, 2005; Pla-Rabes and Catalan, 2011), Marboré Lake
(2500 m a.s.l.; Salabarnada, 2011) and Basa de la Mora Lake (1914 m
a.s.l.; Morelldn et al,, 2012; Moreno et al., 2012; Pérez-Sanz et al.,
2013) and the southern Spain ranges (Sierra Nevada) from Laguna
de Rio Seco (3020 m a.s.l.; Jiménez-Espejo et al., 2014). In addition,
several environmental reconstructions of the Iberian Central Range
(ICR) are based on palynological records from different peatlands
(>1700 m a.s.l.; Lopez-Saez et al., 2014). However, to the best of our
knowledge, only two climate reconstructions have been conducted
from an alpine lake (Cimera Lake, 2140 m a.s.l.) located in the ICR,
and they cover the last several centuries (Agusti-Panareda and
Thompson, 2002; Granados and Toro, 2000).

Most of these climate reconstructions, as well as other in
Europe, distinguish five main climatic periods for the last two
millennia: the Roman Period (RP; 650 BCE — 500 CE), the Early
Middle Ages (EMA; 500—900 CE), the Medieval Climate Anomaly

(MCA; 900—1300 CE), the Little Ice Age (LIA; 1300—1850 CE); and
the so-called Industrial Era (1850—2012 CE). The studied records
provide detailed information on the climatic evolution for specific
time windows (e.g., MCA and LIA, Morellon et al., 2012; Moreno
et al, 2012), whereas other periods (e.g, EMA and RP,
Luterbacher et al., 2016) remain less studied. Furthermore, when
comparing the environmental and climate information between
the lowlands and highlands, it is clear that the spatial coverage of
the latter must be improved.

The influence of the NAO on the lacustrine ecosystems of the IP
has also been determined for these historical periods (e.g.,
Morellén et al., 2012; Moreno et al., 2012; Nieto-Moreno et al.,
2011). These climate reconstructions commonly ascribe the warm
and arid climate conditions of the MCA to the dominance of the
positive phases of the NAO and the humid and cold conditions of
the LIA to the dominance of the negative phases of this climate
mode (Ortega et al., 2015; Trouet et al., 2009). Nevertheless and to
the best of our knowledge, with the exception of Roberts et al.
(2012) for the last millennium, the role of the other climate
modes in the climatic evolution as well as their interactions with
the NAO beyond the last few millennia have not been well
addressed yet. Within this scope, recent works based on limno-
logical measurements from Iberian lakes (Herndndez et al., 2015)
and isotopic data for European precipitation (Comas-Bru et al.,
2016) have gone a step further and assessed the sensitivity of
these records to variations in these climate modes (e.g., NAO, EA
and SCAND), although only for recent decades.

The objective of this study was to address the lack of climate
data for the last two millennia in the ICR, a key region of the IP, by
identifying and characterizing the main climate changes and their
forcing mechanisms. For this purpose, we have applied a high-
resolution multiproxy approach to sediments of an alpine lake
(Cimera Lake). A comparison of the obtained palaeoclimate record
with other Iberian climate reconstructions was performed to
determine the spatial and temporal climate variability over time
and demonstrate that climatic reconstructions of the last two
millennia of the IP should simultaneously consider the influence of
the NAO as well as other climate forcings (e.g., the EA pattern).

2. Study site
2.1. Regional setting

Cimera Lake is located in the southern branch of the ICR (Fig. 1a).
This mountainous region is located left of the centre of the IP, ex-
tends approximately 700 km from NE to SW and presents eleva-
tions of up to ~2600 m a.s.l. The pre-Quaternary lithology of the
region is primarily composed of late Palaeozoic igneous rocks
(granite and gneiss), although slates are also present (De Vicente
et al., 1994; Pedraza, 1994).

The climate of the ICR is an alpine type immersed in a Medi-
terranean climate with a strong continental influence (Duran et al.,
2013). The arrival of Atlantic depressions from the SW frequently
occur in fall, winter and spring; however, in summer, the Azores
anticyclone is persistent and does not favour moisture transport
from the west. As a consequence, this regional climate is charac-
terized by a significant amount of solid precipitation and low
temperatures in winter and warm and dry conditions in summer
(Sanchez-Lopez et al, 2015). The mean annual temperatures
oscillate between 0 and 2 °C during the coldest month and between
20 and 22 °C during the hottest month. The total annual rainfall is
ca. 1400 mm and occurs in the humid ombrotype region (Ninyerola
et al., 2005; Palacios et al., 2012).
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2.2. Limnological setting

Cimera Lake (40°15’'N - 5°18’W) is the highest (2140 m a.s.l.) of a
series of 5 alpine lakes located in a glacial cirque of the Massif
Central of Sierra de Gredos (Fig. 1b; Palacios et al., 2011). Cimera is a
shallow and small lake (9.4 m maximum depth, 5 ha, 384 m long,
177 m wide). The catchment area (75.6 ha) is primarily composed of
exposed plutonic rock (granites) and poorly developed soils, with
small grasslands and psychroxerophytic meadows (Nardus sp.)
(Granados and Toro, 2000) (Fig. 1c). The southern sector of the
Cimera Lake has a mean water depth of 5.5 m, and its sedimenta-
tion is dominated by coarse gravel scree deposits (Fig. 1c). There are
two temporary stream inlets in the southern littoral of the lake and
one outlet on the northern side that becomes dry in late summer
(Fig. 1c¢; Granados and Toro, 2000). Flood currents from these
streams are the origin of the major volume of fine sediment inputs
accumulated in the offshore zone of the northern part of the lake.
Cimera Lake is a discontinuous cold polymictic lake (Toro et al.,
2006) that wusually starts freezing between November and
December, and it becomes completely ice-free in May-June
(Sanchez-Lopez et al., 2015). Cimera can also be classified as an
oligotrophic lake because of the total mean phosphorus values
(7 pg P-PO4 I71), maximum and mean annual chlorophyll values
(11.5 pg Chl-a1~' and 2.1 pg Chl-a I~ respectively) and mean Secchi

disk depth (5 m) (Catalan et al., 2002; Granados and Toro, 2000).
The dissolved oxygen concentration in the water column has an
annual periodic fluctuation (0—12 mg/l) and usually presents
80—120% oxygen saturation values during the open water period
and intense bottom depletion in winter because of the thick ice
cover. The lake water is slightly acidic (mean pH of 6.8) and exhibits
low conductivity (<10 uS/cm at 25 °C) and nutrient contents (N and
P) (Catalan et al., 2002; Granados and Toro, 2000).

3. Materials and methods

In winter 2012, ten sediment cores from Cimera Lake were
retrieved using the UWITEC® gravity recovering system (Fig. 1d). All
of the cores were sealed, transported to the laboratory, and then
stored in a dark cool room at +4 °C until sampling.

3.1. Sedimentary facies, geochemical and mineralogical analyses

The sediment cores were split longitudinally into two halves,
and after a visual lithological description, core CIM12-04A
(124.8 cm long) was selected for this study as representative of
the main offshore facies (Fig. 1c¢). Microscopic observations of smear
slides were conducted every 5 cm and in the most relevant sedi-
mentary layers to characterize these sedimentary facies.

Penido Vellg— Enol . v ate
o ‘“\{“'.‘\ A
' Cave of Arreo
. Sanabria: Cobre | A
Ria de &" Ccave'Mayor
Vigo g
Almenara
de Adaja* .‘/«*s" otinos
p; imera” . Tars #\
l#!v"
‘\ 3
Tagus Tablas Raimiel 3
Prodelta
; Z
% Laguna = LEGEND
s R&u ot Yk lacustrine record
Wy e,
Altitud W Alg-Bal ﬁ speleothem
ltude (m tree rings
Alboran
500 [ 1500 A.Ib boranmyy, Alg-Bal o0 4 @ peat bog record
== oran \ i
el — /-’J\ N B marine record
IE ! 4 o} 3 /’ / Palaeozoic plutonic rocks ".'
o o
bt s g i [ (grantes)
e r /S,
N, Y E ‘ / A Recent rock avalanche
N, IS 2 -\2247 o8 _y deposits (screes)
A 2342 © S V4 g
\\\\ \/ \/ -
e/ 2079 Igzs 4
) ST
23964, i
LEE e o W il
. I 2175 2, 7
/ Las Borzas ——4 ./2429 P
= \ Cirque 7 A
= \ i _ E /A
ks - s (oo 7
— ,.)n\. g ” LA Slmera’!.aks A l)
— 2414/\ /C_=L\ ‘2473 ,/ d
5 inco Lagunas
P i WS
/ ] / 2529 '\, 1 P
[l L ) o M2572_~ 4
O ST T s
I' | |I e | I — N,
I | | ~W7E 500 m;
N ~ N

Fig. 1. (a) Topographical map of the Iberian Peninsula showing the locations of different records involved in this study. (b) Topographic and (c) bathymetric map of Cimera Lake in
meters according to Granados and Toro (2000); the red point indicates the location of the Cimera record used in this study (i.e., CIM12-04A). (d) UWITEC® gravity recovering system.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The better preserved half of the CIM12-04A core was imaged
with a colour line scan camera mounted in an X-Ray fluorescence
(XRF) Avaatech core scanner® at the University of Barcelona (Spain).
This XRF core scanner was also employed to determine the chem-
ical composition of the sediments under the following settings:
2 mm spatial resolution; 2 mA; 15 s count time and 10 kV for lighter
elements; and 55 s count time and 30 kV for heavier elements.
Thirty chemical elements were measured, although only ten lighter
(Al, Si, K, Ca, Ti, V, Cr, Mn, Fe and Zn) and three heavier (Rb, Sr and
Zr) elements had sufficient counts to be considered statistically
consistent. Pearson's correlation analyses at two significance levels
(1% and 5%) were conducted for the thirteen chemical elements to
simplify the results by eliminating redundant information
(Table S1). From the elements with highly significant correlations
(r > 0.8, p-value<0.01; Table S1), those with the largest number of
counts and involved in the fewest sedimentary processes (i.e., Si, Ti,
V, Cr, Mn, Zn, Rb and Zr) were selected.

The core was subsampled for the other proxies every 2 mm
between depths of 0 and 36 cm and every 5 mm between depths of
36 and 124.8 cm. The different sampling resolutions were deter-
mined based on a previous chronological model (Granados and
Toro, 2000) which showed a linear sedimentation rate of ca.
0.8 mmy/yr in the uppermost 17 cm of the Cimera sedimentary infill.
All of the samples were dried at 60 °C for 48 h and manually ground
using an agate mortar.

Mineralogical analyses were conducted by X-ray diffraction
(XRD) using a SIEMENS-D500 automatic X-ray diffractometer (Cu-
Ko, 40 kV, 30 mA and graphite monochromator) at the Institute of
Earth Sciences Jaume Almera (ICTJA-CSIC, Barcelona). The identi-
fication and quantification of the relative abundances of the
different mineralogical species were conducted following the
standard procedure (Chung, 1974a, 1974b).

The same samples employed for the XRD analysis were also
used for the total carbon (TC), total nitrogen (TN) (relative standard
deviation, 5% of the measurements), '>C and 3!°N analyses (0.2%o
analytical precision). These analyses were conducted using a Fin-
nigan DELTAplus TC/EA-CF-IRMS spectrometer at the Centres
Cientifics i Tecnologics of the Universitat de Barcelona (Barcelona).
The carbonate content of the samples was below the detection limit
(<1%) of the XRD analysis; thus, the total carbon (TC) was consid-
ered equivalent to the total organic carbon (TOC).

3.2. Age-depth model

The chronological framework of CIM12-04A was derived using
the 219Pb activity-depth profile together with AMS '“C dating pollen
concentrates.

The concentration profile of 21°Pb in the uppermost 20 cm of the
core was determined by quantifying its decay product 21°Po by
alpha-spectroscopy following Sanchez-Cabeza et al. (1998). The
supported 2'°Pb concentration was estimated by averaging the
concentration of 21°Pb below 9 cm, where it remained constant
because there was not enough material available to
conduct measurements by gamma spectrometry. 21°Pbey-derived
sediment accumulation rates were calculated by applying the
constant  flux: constant sedimentation model (CF:CS,
Krishnaswamy et al., 1971). The pollen concentrates were obtained
following Rull et al. (2010). Radiocarbon ages were calibrated to
calendar years (BP and CE/BCE) using the online CALIB 7.1 software
(Stuiver and Reimer, 1993) and INTCAL13 curve (Reimer et al., 2013)
by selecting the median of the 95.4% distribution (2o probability
interval) (Table 1). Finally, the age-depth relationship for the
CIM12-04A model was established using the R-code package 'clam’
and a smooth spline (type 4) with a 0.3 smoothing value and 1000
iterations (Blaauw, 2010).

3.3. Statistical analysis

The statistical treatment of the data was performed with R
software (R Core Team, 2015) with the packages 'simecol’ (Petzoldt
and Rinke, 2007) and 'vegan' (Oksanen et al.,, 2013). As stated
before, and since the XRF data was originally at 2 mm resolution,
they were calculated with a regular spacing of 5 mm from 36 to
124.8 cm using the R function 'approxTime' to obtain the same
spatial resolution to conduct the statistical analyses for all proxies.

A principal component analysis (PCA) was applied to the
normalized geochemical datasets (i.e., XRF, TOC, TN, 3'3C and 8'°N
data) to determine the main environmental processes that control
the input, distribution and deposition of the sediments in the lake.
A redundancy data analysis (RDA) was conducted between the
geochemical (response) and mineralogical (explicative) datasets.
The mineralogical composition of the sediment was used as a
constraining matrix because each mineralogical species represents
a 'compendium’ of geochemical elements (Giralt et al., 2008). The
RDA was used to establish the origin of the geochemical parameters
and their relationships with the associated mineral phases.

4. Results
4.1. Sedimentary facies, geochemistry and mineralogy

Three sedimentary facies were identified in the CIM12-04A core
(Fig. 2). Facies M1 is composed of massive brown silty mud with
disperse grains of fine sand. Organic matter is present as predom-
inant amorphous aggregates and a low content of altered terrestrial
plant remains (i.e., phytoclasts). Facies M2 is characterized by
poorly defined layers of brown silty mud and fine to medium sand,
the sand grain shape appears to be more angular than in facies M1,
and there are amorphous aggregates of organic material, although
in a lower proportion than in facies M1. Facies S is composed of
white to ochre coarse sand with granules forming well-defined
tabular layers, some of which include pebble clasts. Most of the
grains show a more angular shape than those in facies M2, and the
terrigenous fraction in facies S is significantly higher than the
organic matter content. Facies M2 and S are characterized by
maximum values of Rb (Fig. 2).

The TOC and TN contents display average values of approxi-
mately 3.5 and 0.35% wt., respectively. From the bottom to a depth
of 6 cm, both parameters positively covary around their respective
mean values (Fig. 2). Above this interval, the TOC and TN percent-
ages largely increase until the top of the core. From the core bottom
to a depth of 14.5 cm, the TOC/TN ratio remains constant at
approximately 12. Subsequently, the TOC/TN ratio increases to
approximately 14 in the 14.5—6.5 cm depth interval (Fig. 2). Above
6.5 cm, the ratio decreases to approximately 11, and a final sudden
increase occurs at the top of the core (Fig. 2). The isotopic
composition of this core shows 3'C values between —25.5
and —24%o and 8'°N values between 0 and 3% (Fig. 2). The 3'3C
content displays an enrichment trend above 35 cm and a sudden
depletion at the top of the core, whereas the 3°N shows a
noticeable depletion trend from 14.5 cm to the top of the core
(Fig. 2). Si and Ti display the most remarkable oscillations, whereas
V, Cr and Mn are the noisiest. The Mn decreases upwards, whereas
Zr displays the opposite pattern. All of the inorganic elements show
fewer counts in the uppermost centimetres (Fig. 2). The mineral
species exhibit a roughly constant percentage from the core bottom
to a depth of 35 cm. Above this interval, kaolinite and clinochlore
increase, whereas quartz and microcline display the opposite trend
(Fig. 2). Between 35 and 10 cm, muscovite diminishes from 29% to
24% wt, whereas albite remains constant. The uppermost 10 cm is
characterized by an increase of muscovite and major oscillations of



Table 1

G. Sanchez-Lopez et al. / Quaternary Science Reviews 149 (2016) 135—150

139

Radiocarbon dates and calibrated ages for the CIM12-04A core. Results are reported with 2¢ uncertainty. The sample in grey (shaded) and italics was discarded (for further

details see Section 4.2).

Depth (cm) Lab code Material 14C years BP Cal. years BP (20) Cal. years CE/BCE (20)
29.5 Poz-61896 Pollen concentrate 1140 + 30 1032 + 63 918 + 63 CE
49 Beta - 333753 Pollen concentrate 1170 + 30 1113 + 66 837 + 66 CE
67.5 Poz-61897 Pollen concentrate 1425 + 30 1332 + 40 618 + 40 CE
86 Beta - 333754 Pollen concentrate 1940 + 30 1885 + 64.5 64.5 + 64.5 CE
105.5 Poz-61898 Pollen concentrate 1875 + 30 1803.5 + 76.5 146.5 + 76.5 CE
1245 Beta - 333755 Pollen concentrate 2160 + 30 21225 £ 65.5 172.5 + 65.5 BCE
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Fig. 2. Selected XRF profiles (expressed in counts per second and indicated by orange lines), elemental and isotopic compositions (TOC, TN, TOC/TN ratio are indicated by light-blue
lines; 8'3C and 3'°N are indicated dark-blue lines), mineralogy (expressed as percentages of the total dry weight; Ms = muscovite, KIn = kaolinite, Clc = clinochlore, Qtz = quartz,
Mc = microcline, Alb = albite; light-green lines correspond to the original data and dark-green lines correspond to the smoothed data calculated with the Loess function and a span
degree = 0.10), the first, second and third eigenvector (PC1jm, PC2¢m and PC3m, respectively) scores (black lines) and sedimentary facies of the CIM12-04A core. The main five
climate periods are showed in the grey band (RP = Roman Period, EMA = Early Middle Ages, MCA = Medieval Climate Anomaly, LIA = Little Ice Age and Ind. Era = Industrial Era).

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

albite (Fig. 2).

4.2. Age-depth model

The concentration profile of the excess 2!°Pb can be divided into
three intervals according to its slopes: 0—4 cm, 4—6.5 cm and
6.5—9 cm. The supported 21°Pb horizon is attained at 9.2 cm.
Relatively lower concentrations of 21°Pbe, were measured in the
sandy layers and excluded for the estimation of the sedimentation
rates for each zone (Fig. 3).

The sedimentation rates (SRs) were obtained by applying the
CF:CS model. The concentration of 2!%Pb., was constant in the
6.5—8.7 cm interval; thus, a chronology could not be derived.

Seven AMS 'C dates were determined between 10 and 124.5 cm
(Table 1). The date at 10 cm was too old for its stratigraphic location,
which was most likely a result of the reworking of the older sedi-
ment. Therefore, this sample was not used in the construction of
the age-depth model (Fig. 4).

Four distinct SR intervals can be differentiated according to the
age depth model: a) 4.1 mm/yr for 0—4 cm, b) 0.65 mm/yr for
4—6.5 cm, ¢) 0.2 mm/yr for 6.5—29.5 cm and d) 0.9 mm/yr for
29.5—124.5 cm. The SRs from the two first intervals were calculated
by applying the CF:CS model, whereas the third and fourth intervals
were obtained by linear interpolations between dates. The result-
ing age-depth model shows that the uppermost 124.5 cm of sedi-
mentary infill spans from ca. 200 BCE to 2012 CE (Fig. 4).

4.3. Statistical analyses

4.3.1. Redundancy data analysis (RDA)

The RDA biplot allowed us to define three main groups (Fig. 5):
group A includes Ti, Rb and 3"°N and is associated with quartz,
albite and microcline; group B is associated with muscovite and the
TOC and TN proportions; and group C includes Zn and 8'3C and is
associated with kaolinite and clinochlore. Zr is located between
group A and B, although most of the geochemical elements (i.e., Si,
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Ti, V, Cr and Mn) are generally located in the centre of the biplot
(Fig. 5).

4.3.2. Principal component analysis (PCA)

The PCA of the geochemical dataset shows that the first three
eigenvectors account for 67% of the total variance (Table 2a). The
first eigenvector (PC1.m) explains 34% of the total variance and is
primarily controlled by Ti and the remaining geochemical elements
(to a lesser extent) at the negative end and by the TOC and TN
percentages at the positive end (Table 2 and Fig. 5a and b). The
second eigenvector (PC2:my) represents 18.5% of the total variance
and is mainly controlled by the presence of TOC, TN and most of the
geochemical elements at the negative end and by Rb and 3'3C at the
positive end (Table 2 and Fig. 5b and d). The third eigenvector
(PC3¢im) accounts for 14.31% of the total variance and is mostly
controlled by 3'3C at the positive end and by 3"°N at the negative
end (Table 2 and Fig. 5¢ and d). The other eigenvectors defined by
the PCA analysis were not considered because they explain

considerably lower percentages of the total variance (Table 2).

5. Discussion

5.1. Sedimentology and interpretation of statistical analyses (RDA
and PCA)

The RDA analysis shows that elements such as Ti, Zr and Rb can
be used as indicators of physico-chemical processes (Fig. 5a). The
association of these elements with coarse material from the gran-
ites (i.e., quartz, albite and microcline) and their lack of association
with fine material (i.e., muscovite) related to the organic content
suggests that the first RDA eigenvector can be interpreted in terms
of the hydrological sorting of siliciclastic inputs (Fig. 5a).

The PC1jm is associated with most of the chemical elements and
Ti in particular (x-axes of Fig. 5b and c and Table 2), and it is derived
from detrital minerals that are not affected by diagenetic processes.
Therefore, the lack of association between these detrital elements
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Fig. 4. Age-depth model based on the AMS 'C dates and 2'°Pb activity-depth profile. Error bars for the red points represent the +2 sigma calibrated age range for AMS '“C dates.
The black continuous line represents the age-depth function framed by the grey area, which corresponds to the error model. The blue dashed line represents the zone of 2'°Pb dates.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Principal component analysis (PCA). (a) Eigenvalues for the twelve obtained components. The percentage of the variance explained and the cumulative percentage for every
axis are also shown. (b) Factor loads for every variable in the three main axes from PCA. The hyphens correspond to loadings <0.1.

(a) (b)
Component Initial eigenvalues Component

Total % of variance % Cumulative 1 2 3
1 2.01 33.81 33.81 TOC 0.29 -0.49 —
2 1.49 18.51 52.32 TN 0.30 -0.50 —
3 1.31 1431 66.63 d3c -0.14 0.24 0.59
4 0.98 7.97 74.6 315N - - -0.66
5 0.93 7.24 81.84 Si -0.29 -0.39 —
6 0.75 4.72 86.56 Ti -0.44 -0.19 —
7 0.67 3.7 90.26 \% -0.32 —0.11 —
8 0.63 3.27 93.53 Cr -0.30 —0.31 0.13
9 0.61 3.07 96.6 Mn -0.19 —0.28 -
10 0.53 2.32 98.92 Zn -0.33 — 0.26
11 0.32 0.86 99.78 Rb -0.29 0.26 -0.33
12 0.17 0.23 100 Zr —-0.34 - -

and the organic matter content suggests that the PClqy, reflects
changes in the inputs of siliciclastic material from the catchment.
Negative (positive) values of the first eigenvector indicate higher
(lower) siliciclastic inputs with a major (minor) presence of coarse
material (Fig. 5). Hence, higher siliciclastic inputs imply lower hy-
drological sorting because of fine and coarse detrital material
entering the lake and vice versa. These coarser siliciclastic inputs
lead to the dilution of the in-lake organic matter production,
thereby reducing its percentages in the deposited lake sediments,
whereas fine siliciclastic material inputs (i.e., muscovite) cause the

opposite conditions. In alpine lakes, one of the main transport
processes governing siliciclastic inputs is runoff derived from
snowmelt. The intensity of the runoff is controlled by the occur-
rence of a well-defined melt season in terms of temperature and
rainfall variations (Pelto, 2008). Hence, during periods character-
ized by warmer springs caused by an earlier increase of tempera-
ture, the snowmelt coincides with the arrival of spring rainfalls,
thereby leading to rain-on-snow events, which are responsible for
intense runoff episodes (Asikainen et al., 2006; Nesje et al., 2001;
Parris et al., 2010, Fig. 6). These higher runoff energy currents
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reduce the hydrological sorting and increase the proportion of
coarse-grained material from less weathered parent rock (i.e.,
quartz, albite and microcline) in the sediments. However, during
periods characterized by later increases of temperature, a portion of
the spring precipitation occurs in the form of snow, which reduces
the rain-on-snow events and diminishes the possibility of extreme
runoff events (Fig. 6). The gradual snow melt with a lower runoff
energy transport then enhances the hydrological sorting and in-
creases the proportion of fine material (i.e., muscovite mud grains)
in the sediments.

Although rain-on-snow events are among the main processes
governing the inputs of coarse material to Cimera Lake, summer
and autumn storms may also represent an important factor that
controls the inputs of siliciclastic material. Hence, it can be hy-
pothesized that certain sandy M2 and S facies layers might corre-
spond to high-energy flood events derived from these storms
(Fig. 2).

The second eigenvector of the RDA analysis opposes Rb, asso-
ciated with unaltered siliciclastic material (i.e., quartz, albite and
microcline), to Zn, related with weathered minerals (i.e., kaolinite
and clinochlore) that are partially associated with the organic
fraction (Fig. 5a). This analysis also shows that $'C enrichments are
linked to increases in the proportion of chemically weathered
material and 3°N depletions are associated with decreases of
coarse-grained unaltered material (Figs. 2 and 5). Hence, this
eigenvector can be interpreted in terms of the chemical weathering
of the granites present in the soil catchment.

The PC2in, is mostly related to the TOC, TN and Rb values (y-axis
of Fig. 5b and x-axis of Fig. 5d, and Table 2). The TOC concentration
is a bulk value that represents the fraction of organic matter that
escaped remineralization during sedimentation, and it is
commonly considered a good indicator of the organic productivity
of a lake (Meyers and Teranes, 2001). The burial of organic matter is
frequently followed by the rapid loss of N (Cohen, 2003), and the
positive covariance of the two proxies indicate negligible organic
matter degradation. In addition, the TOC/TN ratio, which presented
values of approximately 13 (Fig. 2), suggests that the accumulated

Winter

s Y

Spring

Fig. 6. Diagram explaining the meteorological winter-spring conditions that deter-
mine the occurrence or not of rain-on-snow events. The black dashed lines correspond
to a temperature of 0 °C, and red lines represent the temperature evolution. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

organic matter has a mainly algal origin (Meyers and Lallier-Verges,
1999). Therefore, the PC2, is associated with variations in the lake
organic productivity. Positive (negative) values of the second
eigenvector represent a decrease (increase) in lake productivity
associated with both the internal recycling of nutrients and inputs
of weathered material from the catchment (to a lesser extent). The
weathered material is produced by a series of chemical reactions
that occur in soils (Catalan et al., 2014) and generate a pool of
micronutrients that when released by soil erosion, might enhance
lake productivity. In alpine lakes, the ice-cover duration modulates
in-lake productivity through its influence on the growing season
length and summer stratification as well as the lake overturning
strength and timing, which determines the internal lake nutrient
cycle (Catalan and Fee, 1994; Catalan et al., 2002; Pla-Rabes and
Catalan, 2011). The ice cover of Iberian alpine lakes depends on
both the winter-spring temperature and accumulated precipitation
in the form of snow on the ice cover. Cold (warm) and wet (dry)
conditions will lead to longer (shorter) ice-cover durations, which
is partly a result of the enhanced (reduced) insulating effect of the
snow deposited on the ice cover (Sanchez-Lopez et al., 2015).
Therefore, during periods characterized by colder spring tempera-
tures and a prolonged snow season, the ice cover will last longer
(Fig. 6), which will lead to a shorter growing season and a shorter
spring overturn period and thus, a reduction of the lake produc-
tivity (Pla-Rabes and Catalan, 2011). However, the opposite situa-
tion occurs during periods characterized by shorter ice-cover
durations as a result of warmer spring temperatures and a shorter
snow season (Fig. 6).

The interpretation of the PC3y, is related to variations in the
isotopic composition (i.e., 5C and 3'°N) of the organic matter (y-
axes of Fig. 5c and d). Because the RDA eigenvector has been pre-
viously interpreted in terms of the inputs of weathered material
produced in soils, the PC3.y could be a rough indicator of soil
erosion. Neither of the isotopic signatures shows a trend from the
bottom to a depth of 35 cm in the studied core. Above this interval,
there is a 3!3C enrichment and a 3'°N depletion, with the latter
change more prominent in the uppermost 7.5 cm of the sequence
(Fig. 2). These variations coincide with remarkable increases in the
contents of clay minerals (Fig. 2). The TOC/TN ratio increases be-
tween 22.5 cm and 7.5 cm, and together with the 3'3C fluctuations
located between 35 and 7.5 cm, it may be related to inputs of
organic matter from the erosion of the catchment soil (Meyers and
Lallier-Verges, 1999; Meyers and Teranes, 2001). The soil organic
matter is usually 33C enriched because of remineralization and
3PN depleted because of its atmospheric origin (Meyers and
Teranes, 2001). Therefore, the supply of this organic matter to the
lake might explain the variations of the isotope records. The posi-
tive covariance between the PC3.jy, and the increased clay mineral
proportions would also support the soil erosion hypothesis (Fig. 2).

However, in the uppermost 7.5 cm, the TOC and TN percentages
increase significantly and the 8'°N depletion is more prominent
(Fig. 2), and these changes could be related to current global climate
change (Catalan et al., 2013). The lake productivity could have been
enhanced because of temperature increases and large inputs of
atmospheric nitrogen (3'°N depleted) resulting from increments of
the global pool of reactive nitrogen (Bergstrom and Jansson, 2006).
Fossil fuel combustion and the Haber-Bosch process have altered
the global nitrogen cycle (Galloway and Cowling, 2002). A large
number of sediment records from remote lakes in the Northern
Hemisphere also show this 3'°N depletion during the Industrial Era
(Hastings et al., 2009; Holtgrieve et al., 2011). The enhancement of
the chemical weathering over a short time scale because of the
present global warming trend (Catalan et al., 2014) might also
intensify the biogeochemical reactions within the lake, thereby
contributing to the observed increases in TOC and TN and decreases
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in the TOC/TN ratio during the Industrial Era. Hence, the PC3, in
this last interval could provide an indicator of the effects of global
warming and/or human pollution, which could have similar effects
on 3N because of the organic matter inputs derived from soil
erosion.

In summary, from the bottom to a depth of 7.5 cm in the Cimera
sequence, positive values of the PC3jy, reflect an enhancement of
soil erosion episodes, whereas in the uppermost 7.5 cm, this
eigenvector might also reflect the influence of global warming and/
or human pollution on lake productivity.

5.2. Climatic and environmental changes in the Iberian Central
Range and the Iberian Peninsula over the last two millennia

The multivariate analyses of the geochemical and mineralogical
datasets from the Cimera record (Fig. 7) and comparisons with the
main IP sedimentary records (Fig. 8) were used to establish the
contextual climatic and environmental conditions over the last two
millennia in the IP. This reconstruction includes five main climate
chronozones.

5.2.1. Roman Period (~250 BCE — 500 CE)

In terms of thermal conditions, the sedimentary records from
the NW of the IP indicate predominantly warm conditions during
this period (Alvarez et al., 2005; Desprat et al., 2003; Martin-
Chivelet et al., 2011; Martinez-Cortizas et al., 1999). In the Pyr-
enees, Redon Lake displayed low winter-spring temperatures (~200
BCE — 400 CE) and a warming trend at the end (Pla and Catalan,
2005, 2011), whereas the summer-autumn temperatures showed
a transition from cold to warm conditions (Catalan et al., 2009). In
the centre of the IP, Almenara de Adaja (Lopez-Merino et al., 2009)
and Tablas de Daimiel (Gil Garcia et al, 2007) registered a
centennial scale alternation of cold and warm periods, whereas the
Cimera Lake sequence exhibited decadal short-lived periods of
rain-on-snow events, which suggest cold and warm oscillations
(Figs. 7 and 8). These differences in the frequency of climatic os-
cillations can be partially ascribed to the lower temporal resolution
of the first Iberian records. Finally, the Tagus Prodelta recorded a
warm period (Abrantes et al., 2005; Rodrigues et al., 2009). To our
knowledge records from the southern IP have not been employed in
temperature reconstructions.

In terms of humidity, the northwestern IP presented an arid
phase that was observed in the marine and lacustrine records
(Bernardez et al., 2008; Jambrina-Enriquez et al., 2014), although
towards the east, Enol Lake showed the opposite conditions
(Moreno et al., 2011). In the Pyrenees, Estanya Lake displayed a dry
climate scenario (Morellén et al., 2009), whereas the remaining
records (Arreo, Montcortes and Basa de la Mora Lakes) displayed
large increases in water availability (Corella et al., 2011, 2013; Pérez-
Sanz et al,, 2013). In the Central IP, all of the records showed an
alternation between arid and humid phases (Currdas et al., 2012; Gil
Garcia et al., 2007; Lopez-Merino et al., 2009). Cimera Lake showed
multidecadal alternations of long and short ice-cover durations
derived from variations of lake productivity (Figs. 7 and 8) resulting
from fluctuations between periods of longer winter snow seasons
during colder and/or wetter conditions and opposite conditions.
These multidecadal alternations led to periodic oscillations in soil
erosion (Fig. 7). In addition, the presence of S and M2 facies (Fig. 2)
might be associated with frequent autumn/summer storms in this
region. In the southern IP and western Mediterranean region, the
marine (Alboran Sea and west Algerian-Balearic Basin) and
terrestrial records (Zonar Lake) displayed prevalent wet conditions
(Martin-Puertas et al., 2008, 2010; Nieto-Moreno et al., 2011).

Therefore, during the RP, the northern IP was characterized by a
E—W longitudinal gradient in terms of humidity (Fig. 8), with

humid conditions prevailing at higher altitudes towards the eastern
areas and dry conditions prevailing at lower altitudes towards the
western areas. A broad N—S humidity gradient also occurred, with
humid conditions generally occurring in the southern part of the IP,
diminishing towards the north where arid conditions were also
present (Fig. 8). These E-W and N—S humidity gradients highlight
the complex interplay between geography, topography and climate.

5.2.2. Early Middle Ages (500—900 CE)

General humid and cold conditions were registered by the
marine and lacustrine records in the NW IP (Alvarez et al., 2005;
Desprat et al.,, 2003; Jambrina-Enriquez et al., 2014). However,
spatial heterogeneity was also observed as indicated by the pre-
dominantly warm temperatures of the Penido Vello peat bog
(Martinez-Cortizas et al., 1999) and speleothem records from the
Cobre, Mayor and Kaite caves (Martin-Chivelet et al., 2011) (Fig. 8).
In the Pyrenees, the records showed a strong disparity in humidity,
with Arreo Lake displaying wet conditions caused by less saline
conditions and high lake levels (Corella et al., 2013; Moreno et al.,
2011) and Estanya Lake presenting a dominant dry scenario be-
tween 500 and 750 CE (Morelldn et al., 2009). Montcortés and Basa
de la Mora lakes displayed a shift from humid to arid conditions
(Corella et al., 2011; Pérez-Sanz et al., 2013). In terms of the thermal
conditions in the Pyrenees, the summer-autumn temperatures in
Redon Lake exhibited a transition from cold to warm temperatures
(Catalan et al., 2009), whereas the winter-spring temperatures
remained cold (Pla and Catalan, 2005, 2011). In the central IP, the
Almenara de Adaja (Lopez-Merino et al., 2009) and Tablas de Dai-
miel (Gil Garcia et al., 2007) records registered a cold and arid EMA,
although the first record indicated the opposite conditions at the
end of this period. Between 500 and 630 CE, Cimera Lake was
characterized by more rain-on-snow events and shorter ice covers
as reflected in enhanced lake productivity, which suggested warm
temperatures and arid conditions and shorter snow seasons,
whereas from 630 to 900 CE, the Cimera Lake record presented the
opposite conditions (Figs. 7 and 8). These long-term climate con-
ditions may also indicate a progressive inhibition of soil erosion in
Cimera Lake. The low frequency of S facies (Fig. 2) is consistent with
the low floods observed in the Tagus River basin during this climate
period (Benito et al., 2003a, 2003b). In the southern IP and western
Mediterranean region, the marine and terrestrial records displayed
a trend towards drier conditions (Martin-Puertas et al., 2008, 2010;
Nieto-Moreno et al., 2011).

Therefore, the E-W humidity gradient only occurred in the
northern IP, and progressively more arid conditions occurred
westward. Nevertheless, the N—S humidity gradient affected the
entire IP and produced generally humid conditions in the northern
area, a transition from arid to humid conditions in the ICR, and a dry
scenario in the southern area (Fig. 8).

5.2.3. Medieval Climate Anomaly (900—1300 CE)

Moreno et al. (2012) conducted a comprehensive characteriza-
tion of the MCA climate evolution for the IP and showed that the
selected continental records from the Mediterranean IP generally
registered drier conditions as indicated by lower water levels and
higher chemical concentrations. Marine cores also indicated a
decrease in the fluvial supply and an increase in Saharan dust
particles. Records from the NW IP indicated an increase in humidity
during the MCA, which reflects the opposite behaviour to that of
the Mediterranean IP. Thus, Morellén et al. (2012) focused on the
available climatic evidence from the Pyrenees and concluded that
warmer and more arid conditions prevailed during the MCA in this
region as evidenced by lower lake levels, decreased runoff and a
significant development of xerophytes and Mediterranean vegeta-
tion. The only climate reconstruction that presented an opposite
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behaviour was that for Redon Lake, and the opposite behaviour
might have been related to the combination of multiple local fac-
tors, such as the geographical location and orientation (Morellon
et al,, 2012).

Climate records that were not included in the previous reviews
suggest that high temperatures occurred in the northern IP
(Martin-Chivelet et al., 2011) and arid conditions occurred in the
south IP (Martin-Puertas et al., 2010) (Fig. 8). In the ICR, the Cimera
Lake record displayed a predominant warm and arid scenario as
indicated by the prevalent rain-on-snow events and an increasing
trend of lake productivity caused by short ice covers related to the
shorter snow season (Fig. 7). Furthermore, the development and
weathering of soils in the Cimera Lake catchment caused by these
optimal climatic conditions favoured soil erosion, which is indi-
cated by a marked increasing trend in erosion (Fig. 7). The scarce
presence of M2 facies (Fig. 2) might be associated with a minor
frequency of autumn/summer storms in the ICR. Benito et al.
(2003a) found that large flood events decreased in the Tagus
River basin during the period 1205—1450 CE, which might partially
support our hypothesis.

The integration of the previous works with these new climate
records (Fig. 8) indicates that although wet conditions were
recorded in the marine records from the northwest end of the IP,
arid and dry conditions were mostly predominant throughout the
entire IP (Moreno et al., 2012). Thus, compared with the conditions
during the RP and EMA, an evident N—S or E—W humid gradient
did not occur during the MCA.

5.24. Little Ice Age (1300—1850 CE)

Morellon et al. (2012) also included a detailed reconstruction of
the main climate changes during the LIA in the Pyrenees, and to the
best of our knowledge, additional comprehensive reconstructions

of LIA evolution for the entire IP are not available.

Northern Iberian records consistently show that the onset of the
LIA registered cold and humid climate conditions that progressively
became warmer. Only the Ria de Vigo record displays arid condi-
tions (Alvarez et al., 2005; Desprat et al., 2003). In the Pyrenees,
Morellon et al. (2012) demonstrated that cold and humid condi-
tions with higher lake levels and increased runoff prevailed during
this period. All of the records in the mid-latitudes of the IP recorded
cold conditions, although they displayed differences in terms of
humidity, with Taravilla Lake (Moreno et al., 2008) and Tagus
Prodelta (Abrantes et al., 2005; Rodrigues et al., 2009) showing
predominantly wet conditions and Almenara de Adaja (Lopez-
Merino et al., 2009) and Tablas de Daimiel (Gil Garcia et al., 2007)
displaying predominantly arid conditions (Fig. 8). The Cimera Lake
record was characterized by a decreasing trend of intense runoff
events and prevalent low lake productivity with decadal oscilla-
tions, which indicated predominant long ice-cover durations
caused by prolonged snow seasons (Fig. 7). These conditions on the
ICR were likely provoked by a colder period with dry-wet-dry
decadal oscillations within the framework of a general humid
scenario (Fig. 8). This climatic scenario was broadly reflected in the
Cimera Lake soil erosion, which was generally constant and likely
caused by cold conditions disfavouring the development and
disintegration of soils (Fig. 7). The high frequency of M2 facies
(Fig. 2) might also indicate the major presence of autumn/summer
storms in the ICR, which was also observed for the Tagus River
(Benito et al., 2003a, 2003b). Finally, in the southern IP and western
Mediterranean, humid conditions with a decadal oscillating pattern
were observed (Martin-Puertas et al., 2010; Nieto-Moreno et al.,
2011). The generalized low lake productivity shown in the central
and southern Iberian records (Jiménez-Espejo et al., 2014; Martin-
Puertas et al., 2008) may be explained by the dominant humid
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conditions that prevailed during the LIA and likely inhibited the

deposition of nutrient inputs from northern African dust.
Therefore, despite minor discrepancies, prevalent wet and cold

climatic conditions were recorded throughout the entire IP (Fig. 8).

5.2.5. Industrial Era (1850—2012 CE)

The records included in this study show that over the last 150
years, the IP has been characterized by predominant warm and arid
conditions (Fig. 8), which are most likely associated with the cur-
rent global warming trend. Nevertheless, the intensification of
human activities during the Industrial Era and their impact on
natural ecosystems have increased the difficulty of discerning and
evaluating climate signals (Fig. 8).

The Cimera Lake sequence showed an increasing trend of lake
productivity that was partially triggered by progressively shorter
ice-cover durations, which were likely caused by less prolonged
snow seasons and suggest prevalent arid conditions in the ICR
(Fig. 7). However, between 1850 and 1950 CE, the Cimera sequence
presented a shift from a minor to major frequency of intense runoff
episodes, whereas over the last 50 years, the sequence displayed a
marked decrease in these episodes. These environmental condi-
tions suggest an earlier warming and a rapid shift to cold conditions
over the last decades. These colder conditions for the last 50 years
clearly contradict the current global warming scenario. Granados
and Toro (2000) indicated that the Cimera Lake summer water
has warmed by more than 1.5 °C since the 1980s, which is consis-
tent with the rise of temperatures caused by global warming. The
PC3im might also reflect the influence of global warming in Cimera
Lake. An explanation for this apparent contradiction may be found
in the rapid increase of organic matter (i.e., TOC and TN) in the
sediments. This increase in the proportion of organic matter most
likely has diluted the inorganic fraction of the sediments, thereby
lowering the signal of almost all XRF geochemical elements (Fig. 2).

5.3. Climate-forcing mechanisms driving climate variability in the
Iberian Peninsula over the last two millennia

The climate evolution of the IP over the last 2000 years indicates
that two spatio-temporal climate patterns have occurred. During
the RP and EMA periods, E-W and N—S humidity gradients co-
occurred, whereas during the MCA and LIA, these climate gradi-
ents were not observed (Fig. 8).

The NAO has been shown to represent the climate mode
responsible for the largest share of the climate variability in the
North Atlantic and European regions in recent decades (Hurrell
et al,, 2003). Thus, the majority of Iberian climate reconstructions
over the last 1000 years have attributed most of the observed
climate variability to variations in the NAO (e.g., Morellon et al,,
2012; Moreno et al., 2012; Nieto-Moreno et al., 2011). These
climate reconstructions commonly ascribe the warm and arid
climate conditions of the MCA to the dominant positive phases of
the NAO and the humid and cold conditions of the LIA to the pre-
dominance of negative phases of the NAO (Ortega et al., 2015;
Trouet et al., 2009).

Nevertheless, as initially stated, several recent works suggest
that other North Atlantic climate modes, such as the East Atlantic
(EA) and Scandinavian (SCAND) patterns, significantly influence
most climate variables in Europe (Comas-Bru and McDermott,
2014; Jerez and Trigo, 2013). Furthermore, the influence of the
combined influence of the NAO and EA over Europe has been
extended to vegetation dynamics and carbon uptake (Bastos et al.,
2016) and to precipitation dynamics and the 3'®*0—NAO relation-
ship (Comas-Bru et al., 2016).

EA and SCAND modulate variations in the strength and location
of the NAO dipoles at annual and multidecadal scales (Comas-Bru

and McDermott, 2014). The combined influence of the NAO—EA
and NAO—SCAND leads to shifts in the winter temperature and
precipitation spatial patterns in Western Europe (Comas-Bru and
McDermott, 2014). When the NAO and EA modes have the same
sign, there are homogeneous spatial correlations between the
NAO—EA interaction and both the precipitation and the tempera-
ture, whereas when these modes have the opposite sign, these
correlations present a heterogeneous spatial distribution (Bastos
et al.,, 2016; Comas-Bru and McDermott, 2014) (Fig. 9). In the IP,
Herndndez et al. (2015) showed that the NAO mainly governs
winter precipitation and the EA governs winter and summer tem-
peratures. Hence, a NAO™ phase is related to a decrease of winter
precipitation whereas an EA" phase is associated with both higher
winter and summer temperatures. The negative phases of these
climate modes are associated with the opposite conditions
(Hernandez et al., 2015). These authors also showed that the Iberian
lake dynamics are sensitive to the seasonal effects of interannual
variations in these three patterns.

The role of these other climate modes and their interactions
could explain the spatio-temporal climate variability observed in
the IP over the last millennia. The N—S and the weaker E-W hu-
midity gradients identified during the RP and EMA periods in the IP
might have been caused by a predominant coincidence of the NAO
and EA in opposite phases (NAO"—EA— or NAO“—EA™) (Fig. 9). The
thermal conditions and the humidity gradients, with a humid
scenario towards southern IP, present during the RP suggest that
the prevalent climate was dominated by the phase combination
NAO —EA™, which Hernandez et al. (2015) indicated led to wet and
warm winters and warm summers (Fig. 8). Conversely, the EMA
presented an arid gradient towards western and southern IP with
generally cold conditions, which suggests that the NAOT—EA~
combination dominated the main climate variability and led to dry
and cold winters and cold summers (Fig. 8).

However, the homogeneous climate spatial conditions that
dominated the MCA and LIA might have also been caused by a
predominance of both climate modes acting in the same phase
(Fig. 9). Thus, the MCA would be marked by a predominance of the
positive phases of the NAO and EA (NAO*—EA™), which would lead
to dry and warm winters and warm summers, whereas the LIA
would be dominated by the opposite phases (NAO™—EA™) of these
climate modes, which would lead to cold and wet winters and cold
summers (Fig. 8).

The relationship between climate (e.g., NAO) and external cli-
matic forcings, such as the solar forcing (e.g., in the frequency
domain), is a controversial theme because of their complex re-
lationships (Mann, 2007; Stoffel et al., 2015). Despite this complex
relationship, predominant NAO and EA phases during the RP, EMA,
MCA and LIA appear to be associated with a large-scale dynamic
response of the climate system to the solar forcing. Therefore,
during the RP and MCA, the solar irradiance was relatively high,
whereas during the EMA and LIA, the solar irradiance was char-
acterized by several periods of solar minima (Table 3; Steinhilber
et al., 2009). This forcing might have modulated the NAO and EA
phases over the last two millennia (Table 3). Most of the climate
reconstructions for the last millennium have assumed a linear
relationship between the solar activity and the NAO because other
climate modes have not been considered (Morellon et al., 2012).
However, our results suggest that at the multidecadal scale, the
solar activity fluctuations would be reflected in the EA.

Another consequence of the relationship between solar activity
and climate modes is the development of atmospheric blocking
events, which consist of a quasi-stationary high-pressure system in
the eastern North Atlantic region that modifies the flow of the
westerly winds (Barriopedro et al., 2008; Trigo et al., 2004).
Furthermore, for long lasting blocking episodes that occur further
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Fig. 9. Spearman correlation coefficients showing the spatial coherence of the
NAO—climate relationship (i.e., wPre and wTmp) and the authors' EOF-based indices
(i.e., NAO and EA) for different combinations of signs: (a) and (b) modes in the same
phase (NAO—EA)s; n = 57; (c) and (d) modes in opposite phases (NAO—EA)o; n = 51.
Precipitation and temperature (wPre and wTmp) datasets for boreal winters
(December—February) between 1902 and 2009 were calculated using the CRU-TS3.1
global climate dataset. Reprinted from Comas-Bru and McDermott (2014) with
permission from Wiley.

east, closer to the British isles, these events correspond to the EA
mode at the monthly scale. Low solar irradiance promotes the
development of frequent and persistent atmospheric blocking
events (Moffa-Sanchez et al., 2014). These blocking events usually
last a sufficiently long time (i.e., between 1 and 3 weeks) to induce
significant climate anomalies over a wide area of Europe (Trigo
et al., 2004), although the occurrence of these anomalies is
dependent on the location (Sousa et al.,, 2015). The position, fre-
quency and persistence of these blocking events on the central
North Atlantic Ocean are mainly conditioned by the phase of the
NAO (Shabbar et al., 2001). The NAO™ leads to a ‘cold ocean/warm
land’ pattern, which is unfavourable for the development and
persistence of blocking events, whereas the NAO™ phase leads to a
‘warm ocean/cold land’ pattern, which promotes the formation and

Table 3

persistence of blocks (Shabbar et al., 2001). Recently, the location
and persistence of these blocking events over the eastern North
Atlantic has also been associated with the phase of the EA pattern
(Moffa-Sanchez et al., 2014).

During the EMA and LIA (Moffa-Sanchez et al., 2014), low solar
irradiance promoted the development of frequent and persistent
atmospheric blocking events. The dominance of EA™ climate phase
conditions during these two climate periods suggests that blocking
events developed on the North Atlantic Ocean (Table 3). However,
the NAO phase of these climate periods determined the main hu-
midity and thermal dominance conditions. The NAO" phase
dominated the EMA and led to a 'cold ocean/warm land' pattern
(Shabbar et al., 2001), which inhibited ocean water evaporation.
This pattern together with the low-frequency and less persistent
blocking events generally led to arid and relatively cold conditions
in the IP (Table 3). Conversely, the LIA was governed by a NAO~
phase that led to a 'warm ocean/cold land' pattern (Shabbar et al.,
2001), which enhanced the ocean water evaporation. This second
pattern together with high-frequency and persistent blocks pro-
moted a general humid and cold scenario during this period
(Table 3).

6. Conclusions

The Cimera Lake sequence has provided valuable insights into
the climatic and environmental conditions of the ICR for the last
two millennia. Geochemical and mineralogical datasets revealed
that climatic conditions were transmitted to the sediments via the
frequency of intense runoff episodes caused by rain-on-snow
events as well as the lake productivity, which was primarily gov-
erned by the ice-cover duration. The soil erosion within the
catchment also broadly supported these climatic variations. The
onset of the RP (200 BCE — 350 CE) exhibited multidecadal oscil-
lations in the frequency of intense runoff events resulting from the
alternation between cold and warm intervals. From the second half
of the RP (350—500 CE) to the onset of the EMA (500—650 CE), an
increase in the frequency of these unusually intense runoff epi-
sodes indicated the dominance of warm conditions, whereas a
pronounced decrease during the rest of the EMA (650—900 CE)
suggested a shift to a cold scenario. These long-term climate con-
ditions were also reflected in a progressive reduction in soil erosion.
Both the RP and EMA climate periods displayed a long-term
decrease in lake productivity as demonstrated by a transition
from arid to humid conditions. The MCA (900—1300 CE) was
characterized by a predominant warm and dry scenario as indi-
cated by an increase in exceptionally intense runoff episodes, high
lake productivity and soil erosion, whereas the LIA (1300—1850 CE)
presented the opposite climate conditions. The Industrial Era
(1850—2012 CE) showed a noticeable increase of lake productivity
because of short ice-cover durations, which were likely a conse-
quence of global warming.

Intensity of solar irradiance forcing obtained from Steinhilber et al. (2009), and presence of blocking events and ocean and continent conditions ascribed to the forcings, NAO
and EA phases and general climate conditions over the Iberian Peninsula during the RP, EMA, MCA and LIA climate periods.

Climate period RP EMA MCA LIA
Solar irradiance forcing high low high low
Blocking events frequency low high low high

Ocean and continent conditions during —
blocking events

EA phase +
NAO phase -
General climate conditions over Iberian ~ Wet and warm winters and

Peninsula warm summers

Cold ocean Warm continent -

Dry and cold winters and cold
summers

Warm ocean Cold continent

_ + _

+ + -

Dry and warm winters and Wet and cold winters and
warm summers cold summers
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By compiling the main Iberian climate reconstructions and
integrating new data from the Cimera Lake, we were able to
perform a detailed spatio-temporal climatic reconstruction for the
last two millennia. The discrepancies found during the RP (200 BCE
— 500 CE) and EMA (500—900 CE) periods indicated the occurrence
of humidity gradients. The RP in the northern IP exhibited a E-W
gradient, with prevailing humid conditions at higher altitudes
eastwards and drier conditions at lower altitudes westwards. The
predominant arid conditions in the northern IP and generally hu-
mid conditions in the southern IP also indicated a broad N—S
gradient during this period. The EMA also displayed an E—W hu-
midity gradient in the northern IP, with progressively arid condi-
tions occurring westward. Furthermore, a N—S humidity gradient
affected the entire IP during this period and caused generally hu-
mid conditions in the northern area, a transition from arid to humid
conditions in the ICR, and a dry scenario in the southern area.
However, homogeneous spatial climate conditions dominated the
MCA (900—1300 CE) and LIA (900—1300 CE), with a prevalent
warm and arid scenario characterizing the MCA and a cold and wet
scenario characterizing the LIA.

Different interplays between the NAO and East Atlantic EA
phases explain the climatic conditions and their spatial differences
during each period. The general warm conditions and humidity
gradients during the RP suggest a predominance of the NAO™—EA™
interplay, whereas the opposite climatic conditions during the EMA
suggest NAOT—EA™ interactions. The dominant warm and arid
conditions during the MCA and the cold and humid conditions
during the LIA indicate NAOT™—EA* and NAO —EA™ interactions,
respectively. Additionally, the high solar irradiance during the RP
and MCA might reinforce the hypothesis of a predominant EA™
phase during these periods. The opposite scenario during the EMA
and LIA (i.e., low solar irradiance) might indicate a predominance of
the EA™ phase, which would promote the formation of frequent and
persistent atmospheric blocking events in the Atlantic region dur-
ing these periods.
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