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Thesis outline

This PhD thesis is structured in seven chapters:

Chapter 1 is the introduction, starting with the background information about orbital
and suborbital forcings driving climate change in the western Mediterranean and in
the Iberian Peninsula during the Pleistocene and Holocene. Subsequently,
background information about human impact in southern Iberia and the use of multi-
proxy analysis in lakes and bog/wetlands areas as tools for the reconstruction of past
climate change and human influence in these environments. In this chapter is
described the hypothesis and objectives of the present PhD thesis. Finally, the

regional settings of the studied sites are shown.

The following chapters, 2, 3, 4 and 5, are a compilation of the results of the currently
PhD thesis in form of published or future publications in international scientific
reviews in which the PhD student has been the main author or has made an important

collaboration.

Chapters 6 and 7 correspond to the conclusions and future perspectives.
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Extended Abstract

Sierra Nevada, located in southern Iberian Peninsula, is an interesting area to
study past climate changes due to its situation between subtropical and temperate
latitudes in the western Mediterranean region, being a sensitive area to climate
fluctuations. Currently, one of the main atmospheric mechanisms directing climate in
this area is the North Atlantic Oscillation (NAO) and many recent studies put a
significant effort in trying to relate local and regional environmental variability with
global atmospheric-oceanic dynamics. The Sierra Nevada ecosystems are specially
protected (National Park since 1999) and have been declared an area of interest to
study vegetation variability since its important situation between humid and arid
climates, its location proximal to the last-glacial coastal shelves and its altitudinal

gradient and biodiversity.

The Holocene (i.e., the last 11700 years BP) is an interesting period to study past
climate change in the Mediterranean region, with the main objective of analyzing
climate patterns, estimating future climate scenarios and to constrain future climate
models. Understanding climate change related with orbital variability (i.e., changes
in insolation) and suborbital processes and their links with solar activity and
atmospheric-oceanic circulation and how these different scale climate changes
affected the environments have been the main subject of scientific studies in the
western Mediterranean region during the last decades. However, despite of the
importance to understand climate variability and its environmental effects in this very
sensitive area, a lack of high-resolution multi-proxy analysis exist. In addition, the
study of Late Holocene continental records subjected to important anthropogenic
impact is the key to disentangling natural versus anthropic impact and what is the

main forcing directing the environmental change in the last millennia.

In this framework, multi-proxy analyses at high-resolution (from millennial to
multi-decadal-scale) are necessary in sedimentary sequences of southern Iberia. In
this sense, the present PhD thesis focusses in the study of vegetation,

paleoenvironmental and climate change during the Holocene in the Sierra Nevada
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ecosystems at orbital and suborbital-scale. In order to accomplish this, high-
resolution multi-proxy analyses (lithological and sedimentological and physical
properties, radiocarbon dating, pollen, charcoal, organic and inorganic geochemistry)
were done on two sedimentary sequences from different altitudes and different
environmental settings in Sierra Nevada: Borreguil de la Caldera (BdIC; ~2992 m),
at higher elevation in the crioromediterranean vegetation belt, and Padul (~725 m), at

lower elevation in the mesomediterranean vegetation belt.

The multi-proxy analysis carried out by pollen, non-pollen palynomorphs
(NPPs), lithological, sedimentological, inorganic and organic geochemistry from the
new Padul wetland sedimentary record (Padul-15-05) is based on seventeen
accelerator mass spectrometry (AMS) radiocarbon dates used to build a robust age-
model for the last approximately 11.6 cal ka BP. This study provided a reconstruction
of vegetation, environmental and climate evolution, and human impact in the area
during the Holocene. Results from the analyses show that the Holocene period could
be divided in three different phases following a long-term trend related with orbital-
scale climate variability. (1) The expansion of Mediterranean forest in the region,
maximum regional humidity and a peatland environment in Padul characterized the
record between ~11.6 and 7.6 cal ka BP, and was mostly controlled by a higher
seasonality and greater summer insolation, locally producing higher evaporation rates
and lower water levels. Within this period the maximum in humidity, represented by
maxima in mesic species, was recorded between ~9.5 and 7.6 cal ka BP. (2) A
transitional period, between 7.6 and 4.7 cal ka BP, was characterized by a slight
decrease in deciduous taxa. The local environment during this period was featured by
a higher water level variability related with the decrease in seasonality and millennial-
scale climatic oscillations. (3) An abrupt regional change occurred at around ~4.7 cal
ka BP, featured by a strong decrease in Mediterranean forest, pointing to regional
aridification, and locally by the establishment of a shallow water lake and lacustrine
sedimentation. This natural decrease in forest and the increase in water level could be
explained by the decrease in summer insolation, providing lower winter rainfall and

more aridity, but also lower evaporation rates in summer, triggering an increase in
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the lake level. During the last 1.5 cal ka BP the shallow lake turned into an ephemeral
lake environment and emerged in the last four centuries. This can be related to a
combination of factors, including aridification, increase in soil erosion and draining
of the basin by humans, this later factor supported by higher evidence of human
activities in the area in the last 1.5 cal ka BP.

Rapid climatic events are also detected in this record during the entire Holocene
ataround 9.6, 8.5, 7.5, 6.5, 5.4,4.7-4.2, 2.7 and 1.3 cal ka BP, coinciding with North
Atlantic decreases in temperature and linked to variations in solar irradiance. These
events are characterized in the Padul-15-05 record by decreases in Mediterranean
forest, the increase in erosion and run-off and the increase in lake level and
hygrophytes but decrease in algal productivity in the local environment. Time series
analysis carried out in the regional signal (Mediterranean forest taxa) suggest two
different climatic periodicities, a cyclicity of ~2100 and ~1100 yr period dominating
regional climate between 11.6 and 4.7 cal ka BP and a periodicity of around ~1400
yr since 4.7 cal ka BP to Present. This change in cyclicity could be due to the
establishment of the actual climate dynamic mainly controlled by the NAO. Our
results thus agree with other time series analysis in the northern hemisphere,
suggesting links between atmospheric-oceanic and solar dynamics at hemispheric

scales.

The multi-proxy analysis from BdIC, is based on a chronological age-model build
by five AMS radiocarbon dates recording the last ~4.5 cal ka BP. The multi-proxy
analysis based on pollen, charcoal, magnetic susceptibility, inorganic and organic
geochemistry provide a reconstruction of vegetation, fire, atmospheric dynamics,
climate and human impact at higher elevation than Padul in the Sierra Nevada. An
aridification process during the Late Holocene is also recorded in this record
characterized here by the decrease in arboreal pollen, the expansion of xeric
component and the increase in African dust input. The long-term aridification trend
is also interrupted in the BdIC record by millennial and centennial-scale climatic
variability linked with atmospheric dynamics mainly controlled by the NAO. With

respect to this climatic variability, are detected periods such as the wetter Iberian-
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Roman Humid Period (IRHP) depicted in this record by the increase in Pinus forest
in the area, arid events occurred during the Dark Ages (DA) and Medieval Climate
Anomaly (MCA), which were featured by increases in Artemisia and the Little Ice
Age (LIA) showed higher variability, alternating between arid and humid pulses,
related with NAO atmospheric dynamics and solar activity. Despite this regional
aridification trend, the local environmental response in this record show an increase
in the aquatic component during the Late Holocene in the BdIC, which could be
explained by the geomorphological conditions of the basin and/or the decrease in
summer insolation. During the last centuries higher anthropogenic impact was
recorded, characterized by direct activities in the alpine ecosystem not affecting the
natural vegetation changes. After the Industrial Revolution (IR), indirect anthropic

effects are registered while the last glacier in Sierra Nevada disappeared.
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Resumen extendido

Sierra Nevada esta situada en el Sur de la Peninsula Ibérica y es un érea
interesante para el estudio de cambios climéticos en el pasado debido a su localizacion
entre una latitud subtropical y templada en la zona oeste del Mediterraneo, siendo un
area muy sensible a las variaciones climaticas. Actualmente, uno de los principales
mecanismos que controla el clima en esta zona es la Oscilacion del Atlantico Norte
(NAO, por sus siglas en inglés) y el objetivo principal de un gran niumero de estudios
actuales es intentar relacionar variaciones medioambientales locales y regionales con
dinamicas atmosféricas-oceanicas globales. Los ecosistemas de Sierra Nevada, de
especial proteccion (es Parque Nacional desde 1999), han sido declarados areas de
interés para el estudio de la variabilidad en la vegetacion debido a su importante
situacion entre un clima humedo y arido, su gran diversidad vegetal, la localizacion
cercana a las zonas costeras durante el ultimo periodo glacial y a su gradiente

altitudinal.

El Holoceno (es decir, los ultimos 11700 afios BP) es un periodo muy interesante
para el estudio del cambio climatico en el pasado en la region Mediterranea, con el
objetivo principal de estimar escenarios y modelos climaticos futuros. El intento de
entender la evolucion del clima y su impacto en el medioambiente relacionado con
cambios orbitales (i.e. insolacion) y suborbitales y las relaciones con la actividad solar
y la circulacion atmosférica-oceanica ha sido una de las lineas de trabajo principales
en los estudios de registros sedimentarios de la region oeste del Mediterraneo durante
las ultimas décadas. A pesar de la importancia de este tipo de estudios en esta area
tan sensible al cambio climatico, hay una carencia de analisis multi-proxy a alta
resolucion. En este sentido, el estudio a alta resolucion de registros continentales
depositados durante el Holoceno Tardio podria ser la clave para separar la sefal del
impacto natural del antropico e identificar cual fue el principal factor que controlo el

cambio ambiental durante los ultimos milenios.

Los analisis multi-proxy a alta resolucion (de escala milenaria a escala de

multidécadas) en las secuencias sedimentarias del sur de la Peninsula Ibérica son
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necesarios para poder llevar a cabo estos objetivos. En este sentido, la presente tesis
doctoral se centra en el estudio de la vegetacion, el cambio paleoambiental y climatico
a escala orbital y suborbital durante el Holoceno en los ecosistemas de Sierra Nevada.
Para ello, hemos realizado analisis multi-proxy de alta resolucién (polen, carbones,
geoquimica organica e inorganica, litologia, sedimentologia y propiedades fisicas)
basados en modelos cronoldgicos robustos, a través de dos secuencias sedimentarias
a diferente altitud in Sierra Nevada. Uno de ellos a mayor altitud, Borreguil de la
Cadera (~2992 m) en el piso de vegetacion Crioromediterraneo y el otro, Padul (~725

m) a menor altitud, en el cinturén de vegetacion Mesomediterraneo.

El anélisis multi-proxy realizado mediante polen, palinomorfos no-polinicos
(NPPs), litologia, sedimentologia, geoquimica inorgénica y organica del registro del
humedal de Padul se basa en diecisiete fechas de radiocarbono por espectrometria
acelerada de masas (AMS, en inglés) utilizadas para construir un modelo de edad
robusto para los tultimos 11.6 cal ka BP. Este analisis nos proporciona una
reconstruccion de detalle de la vegetacion, evolucion ambiental, clima e impacto
humano durante el Holoceno. Los resultados de dicho analisis muestran que el
periodo Holoceno se puede dividir en tres fases climaticamente diferentes, siguiendo
una tendencia a largo plazo que esta relacionada con la variabilidad climatica a escala
orbital: (1) desde aproximadamente ~11.6 a 7.6 cal ka BP, caracterizada por la
expansion del bosque Mediterraneo y de especies caducas, indicando maxima
humedad (6ptimo de humedad entre ~9.5 a 7.6 cal ka BP), y localmente por un
ambiente de turbera, debido a una mayor estacionalidad e insolacion de verano que
produciria mayores tasas de evaporacion y niveles de agua mas bajos. (2) Una época
de transicion, entre ~7.6 y 4.7 cal ka BP, caracterizada por una pequefia disminucion
en el bosque mediterraneo, que queda formado principalmente por Quercus perenne.
El ambiente local durante este periodo se caracterizé por una mayor variacion del
nivel de agua relacionado con la disminucion de la estacionalidad. (3) Un cambio
brusco alrededor de ~4.7 cal ka BP mostrado por la acusada disminucion del bosque
mediterraneo y el establecimiento de un lago somero. Esta disminucion natural en el

bosque y el aumento en el nivel del agua podria explicarse debido a la disminucion
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en la insolacion de verano, proporcionando menor precipitacion en invierno en la
region y mas aridez, pero también menores tasas de evaporacidon en verano y, por
tanto, subidas en nivel del lago. Durante los ultimos 1.5 cal ka BP, el lago pasa a ser
un ambiente efimero, incluso llega a emerger en los tltimos cuatro siglos. Esto estaria
relacionado con una mayor aridez, que produciria un aumento en la escorrentia y
erosion del suelo y también estaria conectado con la mayor evidencia de actividades
humanas en la zona desde este periodo hasta la actualidad, incluyendo la desecacion
artificial del humedal.

En este registro también se detectan eventos climaticos rapidos a lo largo de todo
el Holoceno, con eventos especialmente aridos alrededor de 9.6, 8.5, 7.5, 6.5, 5.4,
4.2, 2.7 y 1.3 cal ka BP, que coinciden con caidas en la temperatura del Atlantico
Norte y vinculados con disminuciones en la actividad solar. Estos eventos vienen
representados en el nuevo registro Padul-15-05 por la disminucion del bosque
mediterraneo, el aumento de la escorrentia superficial y el aumento de las condiciones
de humedad en el medioambiente local. Ademas, el analisis espectral de la serie
temporal del bosque mediterraneo, que indica medioambiente y clima regional,
sugiere un cambio significativo en la periodicidad de los ciclos climaticos, detectando
una periodicidad de alrededor de ~2100 y ~1100 afios entre ~11.6 y 4.7 cal ka BP y
una periodicidad de alrededor de ~1400 afios desde ~4.7 cal ka BP hasta el presente.
Este cambio se pudo deber al establecimiento de la dinamica climatica actual
principalmente controlado por la NAO. Nuestros resultados estan de acuerdo con
otros analisis de series temporales del Holoceno en el hemisferio norte, sugiriendo
una fuerte vinculacion entre los sistemas atmosféricos-oceanicos con la dindmica

solar a escala hemisférica.

El analisis multi-proxy de los sedimentos del BdIC se basa en un modelo de edad
construido por cinco fechas de radiocarbono por AMS que muestra un registro
continuo de los ultimos ~4.5 cal ka BP. El analisis multi-proxy basado en polen,
carbon, susceptibilidad magnética, geoquimica inorganica y organica proporciona
una reconstruccion de la vegetacion, incendios, dindmica atmosférica, clima e

impacto humano en la zona durante el Holoceno tardio. Este estudio registra también
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el proceso de aridificacion que tuvo lugar durante los tltimos milenios, caracterizado
en el BdIC por la disminucion del polen arboreo, la expansion de hierbas xerofiticas
y el incremento de la entrada de polvo africano. Esta tendencia a la aridez se
encuentra, al igual que en Padul, intercalado por variabilidad climatica a escala de
milenios y centurias que se relaciona principalmente con la dindmica atmosférica
mayoritariamente controlada por variaciones solares que afectaron a la NAO. Dentro
de esta variabilidad climética, se detectan periodos mas humedos como el periodo
hiimedo Ibero-Romano (IRHP, en inglés) caracterizado por el aumento de Pinus, y
aridos como la Edad Oscura (Dark Ages: DA, en inglés) y la Anomalia Climatica
Medieval (MCA, en inglés) caracterizadas por el aumento en Artemisia y la Pequeia
Edad de Hielo (LIA, en inglés), que se manifiesta por una mayor variabilidad
alternando entre pulsos aridos y humedos. A pesar de esta tendencia a la aridificacion,
la respuesta del medioambiente local en este registro muestra un aumento en el
componente acuatico, que podria explicarse por las condiciones geomorfologicas de
la cuenca y/o el descenso en la insolacion de verano. Durante los ultimos siglos se
registra un mayor impacto humano en la zona, sobretodo por actividades directas en
el ecosistema alpino local no aparentemente afectando a cambios en la vegetacion.
Después de la Revolucion Industrial (IR, en inglés), se registran efectos antropicos

indirectos mientras desaparece el ultimo glaciar in Sierra Nevad









CHAPTER 1






Chapter 1

Chapter 1: Introduction

1. Background

In the last few decades the Earth has been affected by rapid global climate change
with the increase in temperature mostly related with increasing greenhouse gases (e.g.
CO,, CH,). Climate predictions estimate that southern Europe will be subjected to the
increase in temperature, droughts and fires, affecting the landscapes and the
productivity of the cultivated areas and thus societies (IPCC, 2013). Global warming
is affecting the environments dramatically, in particular in fragile environments such
as mountain and alpine wetlands.

Instrumental climate records show significant climate warming in the northern
Hemisphere (Hurrell, 1995) together with an average decreasing trend in precipitation
in southern Europe since 1950 (Haylock et al., 2008). This last three decades’
decrease in precipitation in the Mediterranean area could be explained due to
predominantly positive North Atlantic Oscillation (NAO) modes, being the longest
trend during the last century (Bojariu and Gimeno, 2003). Climate models for Europe
show that future heat waves will be more intense for this area and intensified by
ongoing increase in greenhouse gases (Meehl and Tebaldi, 2004). In addition,
projections of future climate change estimated the decrease in precipitation for the
Mediterranean region suggesting that this area may be a special vulnerable area to
global and climate change “hot-spots” (Giorgi, 2006; Giorgi and Lionello, 2008).

An essential question to answer is how will be the response of vulnerable
ecosystems to future climate change. The absence of long-term monitoring data series
make necessary the study of paleoclimate records for a better understanding of
patterns and future climate response of these ecosystems (Douglas et al., 1994). In
addition, a good understanding of large-scales past climate change help us
disentangling natural vs. human induced changes on the environment during the rapid

climate change events such as the one occurring at Present.
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Chapter 1

1.1. Quaternary orbital and suborbital-scale climate variability

The attempt to understand climatic evolution during the Quaternary has been the
focus of a multitude of paleoclimatic studies in the last decades. Insolation is one of
the principal factor affecting long-term cyclic climate change. Its changes are
associated to the variations in geometry of the Earth’s orbit around the sun (Berger,
1980, 1988). This was first discovered by Milutin Milankovitch, which linked
changes in insolation with glacial-interglacial oscillations in the Northern
Hemisphere, describing three principal elements of the computation of insolation
(Fig. 1): a) eccentricity related with the earth orbit around the sun with a periodicity
of approximately 100000 yr, b) obliquity related with the rotation of the earth axis
(tilt between 21.5° to 24.5°; seasonality) with a periodicity of around 41000 yr and c)
precession of the equinox according to the earth axis of rotation (wobbling motion;
seasonality magnitude) with a periodicity of around 22000 yr ( Milankovitch, 1941;
Berger, 1980; Laskar et al., 2004).
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Figure 1. (Left) Scheme of the different parameters postulated by Milankovitch (modified
from; http://www.detectingdesign.com/milankovitch.html). (Right) Periodicity of the
insolation quantified for the Earth during the last 600 kyr: a) Eccentricity, around 100000 yr
periodicity, b) Obliquity, around 41000 yr periodicity, c¢) Precession, around 23000 yr
periodicity. The periodicity was calculated based in the (Laskar et al., 2004) method using the
Analyseries 2.0 softward (Paillard et al., 1996).
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More recently, the high-resolution analysis of ice and marine records have been
excellent for the study of climate change during the Quaternary. Variations in the
oxygen isotopic composition (5'0) and other proxies of ice cores from Greenland
drilled in the nineties have played an important role in the study of past climate
change during the last four glacial-interglacial cycles (Johnsen et al., 1992;
Dansgaard et al., 1993). Subsequently, the analysis of 8'*0 in the calcite shells of
benthic foraminifera from marine sediment cores was very useful providing
information about ice volume and global temperatures at the time of shell formation.
This analysis increased our knowledge about expansions and reductions of the ice
sheets and sea level fluctuations in different marine sites in the last million years
(Lisiecki and Raymo, 2005) and particularly well-resolved since the last four glacial
cycles (Shackleton, 2000; Waelbroeck et al., 2002; Fig. 2).

The Northern hemisphere was also affected by suborbital climate variability at
millennial-scales, especially studied during the last glacial period (Dansgaard, 1987;
Dansgaard et al., 1993; Cacho et al., 1999; Sanchez Goiii et al., 2002). Although, the
cause of these millennial-scale changes are not really well known, they have been
noticed through the detailed study of ice core records and marine sediment cores and
were named as Dansgaard/Oesgher- (D/O) and Heinrich-like (H) variability
(Broecker, 1992; Bond et al., 1993; Grootes et al., 1993; Alley et al., 2000). These
events have also been described worldwide implying strong connections between
Northern and Southern Hemisphere climates (Ahn and Brook, 2008; Fig.3).

The Mediterranean area have also been shown to be a very sensitive region
recording millennial-scale climate variability during the last glacial cycle (D/O and
H events), and paleoclimatic records show a strong correlations between vegetation
changes, sea surface temperatures and ice sheet fluctuations from Greenland ice cores
(Cacho et al., 1999; Sanchez Goiii et al., 2002; Fletcher and Sanchez-Goiii, 2008).
This is deduced by the comparison of pollen analysis from marine sediments and
SSTs from the western Mediterranean area with terrestrial vegetation records (Padul;
southern Iberian Peninsula) and marine isotope stages, demonstrating a strong
connection between vegetation and millennial-scale climate variability (Fletcher and

Sanchez-Goiii et al., 2008; Fig. 4).
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Figure 2. A) Computed deep water temperatures from North Atlantic, S. Indian and Pacific
Ocean sites, B) Model variation from N. Atlantic bottom water with respect to present N.
Atlantic local bottom water, C) Reconstructed ice volume changes, D) Smoothed 8'*0 benthic
ratios with respect to Present (same legends than in A). From Waelbroeck et al., 2002.
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1.2. Holocene climate change in the western Mediterranean

Climate has gone through different phases since the last glacial period. This is
deduced by many Holocene paleoclimate studies in the northern hemisphere and the
western Mediterranean suggesting that climate changed mostly controled by orbital-
scale variability (i.e., precession/insolation mechanism). Studies focusing in the
analysis of global climate models shown that the Early Holocene was characterized
by wetter conditions around the Mediterranean (Meijer and Tuenter, 2007). Jalut et
al. (2009), in a circum-Mediterranean synthesis study, show three different climatic
phases thorough the Holocene, describing an Early humid Holocene (from 11.5 to 7
cal ka BP), a transition phase (from 7 to 5.5 cal ka BP) and a Late Holocene
characterized by an aridification process (from 5.5 to Present). Recent data support
this hypothesis, showing a Middle Holocene climate transition around 6 ka BP in the
western Mediterranean (Carrion et al., 2010a; Anderson et al., 2011; Roberts et al.,
2011; Fletcher et al., 2013). Identifying and constraining the timing of the Holocene
humidity optimum and the Middle Holocene climate transition have been the focus
of recent studies, however, no consensus has been reached regarding this matter and
different ages are given for these climatic transitions in the Mediterranean. For
example, Magny et al. (2011) show contrasting patterns between paleohydrological
records from north-south and east-western Mediterranean. Roberts et al., (2011) also
observed that precipitation in the eastern Mediterranean started to decline previously
than in the western Mediterranean. Other studies focusing in this latitudinal and
longitudinal climatic differences suggested that contrasting seasonal patterns of
precipitations may be explained by differences between paleoclimatic records
depending on the proxy used to reconstruct climate variabilities (Magny et al., 2012).
A higher consensus exists about the Late Holocene aridification process and the shift
in oceanic and atmospheric dynamics in the western Mediterranean (Fletcher and
Sanchez-Goni, 2008; Combourieu-Nebout et al., 2009; Carrion et al.,, 2010a;
Anderson et al., 2011; Jiménez-Moreno and Anderson, 2012; Pérez-Sanz et al., 2013;
Aranbarri et al., 2014; Jiménez-Espejo et al., 2014; Jiménez-Moreno et al., 2015).

However, the aridification process in the Mediterranean region occurred together
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with the expansion of human activities in this area (Jalut et al., 2000; Roberts et al.,
2011) and separating the main forcing directing environmental change within the Late
Holocene period is still unclear. Some authors suggest that carrying out multi-proxy
analysis in these records, comparing primary climate sources (e.g. lake and cave
isotopes) with pollen or microcharcoal particles, which could be better indicating the
environmental response to human impact, could be a good tool in order to clarify this
matter (Roberts et al., 2011).

Millennial-scale climatic variability are also observed in paleoclimatic records
through shifts between warm-cold and humid-dry periods during the Holocene,
modulating the previously mentioned long-term trends (e.g. Combourieu-Nebout et
al., 2009; Fletcher et al., 2010). These studies show that this short-scale variability is
thus not unique of the last glacial period and also occurred during the currently
interglacial epoch (deMenocal et al., 2000; Bond et al., 2001; Mayewski et al., 2004).
According to (Bond et al., 1997), Holocene millennial-scale climate shifts (with a
cyclicity of ~1470 + 500 yr) observed in the North Atlantic records, would be caused
by the same forcing that produced the abrupt shifts (i.e., D-O variability) detected
during the last glaciation in the ice core records. Posteriorly, other study suggested
that solar forcing (solar irradiance), with a cyclicity of around ~1500 yr period,
controls these fluctuations in climate, at least during the Holocene (Bond et al., 2001).
Other studies related this periodicities with oceanic oscillations (Schulz et al., 2007;
Denton and Broecker, 2008). Mayewski et al. (2004) also related these millennial-
scale climatic changes with solar activity (Stuiver et al., 1998). Furthermore, Fletcher
and Zielhofer (2013) associated some of these millennial-scale climatic oscillations
with solar irradiance, reconstruction based on ice core '’Be (Steinhilber et al., 2009).
In the last few years, a study of non-stationary times series detected a shift in the
periodicity of these cyclical climatic changes around the Middle Holocene, with a
predominant ~1000 yr cycle for the Early Holocene (and ~2500 yr for the entire
Holocene), and a ~1500 yr periodicity for the second part of the Holocene, showing
also a change from mostly insolation (external) forcing to oceanic (internal) forcing
(Debret et al., 2007, 2009). Fletcher et al. (2013) studied a marine record from the

Alboran sea and also detected this climatic shift, with a change in the periodicity

19



Chapter 1

around the Middle Holocene transition at ~6 cal ka BP, suggesting the establishment
of the actual climate system (mainly controled by the NAO) since this time. A more
recent paleoclimatic study in the western Mediterranean show that decreases in
rainfall are associated with cool episodes during the Early Holocene, while during the
end of the African Humid Period (~5 ka) and the establishment of the NAO present-
day system, a change in climatic forcing occurred, relating coolings with winter rain
maxima associated with solar minima. This study also show millennial- to centennial-
scale decrease in western Mediterranean winter rain (Zielhofer et al., 2017). Jalut et
al. (2000) also described millneial-scale aridification phases for the western
Mediterranean region raltes with North Atlantic records. Some arid events around
~9.6-9.5, 8.4-8 and 6-5.5, have also been identified as arid and cool events in a study
from the eastern and western Mediterranean region (Dormoy et al., 2009). These
studies show specially arid events co-occurring in different sites in the Mediterranean
associated with North Atlantic cooling events, which point to a reginal climate
variability response to global-scale climate variability.

Currently, climate in the North Atlantic and in the western Mediterranean region
is strongly influenced by the NAO, which is mostly managed by the difference of
pressures between the Azores (high) and Icelandic (low) controlling the latitudinal
situation of the winter storm track (Visbeck et al., 2001). The NAO is considered as
one of the mechanism that modulate the climate at interannual and decadal-scale and
during positive NAO phases, higher differences in pressures are predominant
between the Azores and Icelandic producing drier and colder conditions over the
Mediterranean region while wetter and warmer conditions occur over northern
Europe (Visbeck et al., 2001), and inversely during negative NAO conditions (Fig.
5). In the last years an effort has been made to reconstruct long sequences of past
NAO conditions (Trouet et al., 2009; Olsen et al., 2012; Baker et al., 2015) and past
NAO variations seem to have a very strong influence on climate in the northern
hemisphere, affecting the oceanic overturning circulation and Artic sea-ice
distribution (Seierstad and Bader, 2009; Strong et al., 2009). In this respect, evidences
of moisture cycles in southern Iberian Peninsula, such as during the Iberian-Roman

Humid Period (IRHP), have been associated with persistent negative NAO conditions
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(Martin-Puertas et al., 2009). Trouet et al. (2009) carried out a multi-decadal NAO
reconstruction for the last ~940 yr, finding centennial-scale climatic variability, such
as a persistent positive NAO phase during the Medieval Climate Anomaly (MCA)
with a change to negative NAO conditions into the Little Ice Age (LIA). This shift
could be associated with a global climate transition probably related with intensified
Atlantic meridional overturning circulation (AMOC) during the MCA. Subsequently,
a longer NAO reconstruction of the last 5200 yr, showed a shift from persistent
positive NAO to intermittent conditions around 4500 and 650 yr ago (Olsen et al.,
2012).

Al AMbida Cotlilin M Nitl Ml Cecdllne

Figure 5. Scheme of the North Atlantic Oscillation (NAO) variability and its influence in the
northern Hemisphere climate. To the left negative NAO conditions. To the right positive NAO
conditions. From: http://www.ldeo.columbia.edu/NAO by Martin Visbeck.

1.3. Climate change in the Iberian Peninsula during the Holocene

The Iberian Peninsula constitute an interesting area for the study of
paleonvironmental, paleoclimatic and human impact due to the complexity in
geological, geographical and historical cultures (Carrion et al., 2010b). A multitude
of Holocene paleoclimate records have been carried out in northern and central Iberia
at millennial and centennial-scale resolution (Gonzalez-Sampériz et al., 2006;
Lebreiro et al., 2006; Gil Garcia et al., 2007; Moreno et al., 2008, 2012, Morellon et
al., 2009, 2011; Corella et al., 2013; Pérez-Sanz et al., 2013; Aranbarri et al., 2014).
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Sediment cores from numerous lakes and bog environments from southern Iberian
Peninsula and adjacent areas, such as marine sites from the Alboran Sea and
continental records from North Africa have been studied with the objective of
characterizing climate variability during the Holocene, showing most of them long-
term trends and millennial-scale climate variability (Florschiitz et al., 1971; Pons and
Reille, 1988; Lamb and van der Kaars, 1995; Reed et al., 2001; Carridon, 2002; Carrién
etal.,2001a, 2010a, 2003, 2007; Ortiz et al., 2004; Martin-Puertas et al., 2008, 2011;
Gil-Romera etal., 2010; Anderson et al., 2011; Jiménez-Moreno and Anderson, 2012;
Garcia-Alix et al., 2012a, 2013; Fletcher et al., 2013; Fletcher and Zielhofer, 2013;
Aranbarri et al., 2014; Jiménez-Espejo et al., 2014; Jiménez-Moreno et al., 2015;
Zielhofer et al., 2017). However, a multidisciplinary and multi-proxy analysis at
centennial-scale resolution for the Holocene of southern Iberia including a time series
analysis has never been performed.

The earliest Holocene in southern Europe and the Mediterranean is described as
a warming period characterized by an open woodland (Fig. 6). However,
paleonvironmental reconstructions show different patterns along the Iberian
Peninsula. In the northeastern part of the Iberian Peninsula, in inner continental
regions, cool and arid conditions occurred, marked by a higher representation of
steppe (Sanchez-Goifii and Hannon, 1999; Aranbarri et al., 2014) and conifer forest
(e.g. Pérez-Sanz et al., 2013; Aranbarri et al., 2014), as well as, lower lake levels that
can be attributed to the increase in summer temperatures and higher evaporation rates
(Morellon et al., 2011; Aranbarri et al., 2014). In the southeastern part of Iberia in
inner continental areas, the earliest Holocene is also described as a relatively dry
period characterized by the occurrence of conifer forests (Carrion and Van Geel,
1999; Carrion et al., 2001a; Carrion, 2002). In the southernmost Iberian Peninsula,
an alpine lake record from Sierra Nevada also show xeric conditions and Pinus forests

occurrence (Anderson et al., 2011).
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Figure 6. Idealized vegetation phases in southern European sites with sufficient moisture
availability. From (Tzedakis, 2007).

Around the second half of the Early Holocene warmer and more humid
conditions and the related mesic forest occurred in the eastern and southern part of
the Iberian Peninsula although conifer forests still prevailed. In the northeast and
mountain areas of the south high values of Pinus are recorded (Carrién et al., 2001a;
Carrion, 2002; Morellon et al., 2009; Pérez-Sanz et al., 2013; Aranbarri et al., 2014),
and higher water levels are depicted in the northeastern region (Morellén et al., 2009;
Aranbarri et al., 2014). In the southernmost areas of Iberia, and the nearly Alboran
sea and northern Africa, higher values of Mediterranean forest occurred mainly
dominated by evergreen Quercus (Pons and Reille, 1988; Lamb and van der Kaars,
1995; Fletcher and Sanchez-Goiii, 2008) and increasing deciduous forest (Pons and
Reille, 1988; Fletcher and Sanchez-Goiii, 2008). Lake levels in southern Iberia
around this period seem to be greater at high altitude (Anderson et al., 2011) and
lower at low altitude (Reed et al., 2001). According to Anderson et al. (2011), during
the Early Holocene larger difference in seasonality and insolation could be reflect in
higher snowpack during winter and snowmelt during summer providing water
availability and high lake levels in alpine environments but not necessarily at lower
altitudes where higher evaporation rates due to insolation maxima occurred. In the
Middle Atlas, (Zielhofer et al., 2017) also indicated higher lake levels at higher

altitude during this time.
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The Middle Holocene, has been generally described as a period of transition from
the humid optimum towards more aridity (Jalut et al., 2009), showing in some areas
of the Iberian Peninsula higher moisture than during the Early Holocene (Sanchez-
Gofii and Hannon, 1999; Carrion, 2002; Gonzalez-Sampériz et al., 2006; Pérez-Sanz
et al., 2013; Aranbarri et al., 2014). Lake level maximum is also recorded in some
sites (Reed et al., 2001; Carrion, 2002; Morellon et al., 2009; Aranbarri et al., 2014),
probably due to local lake responses to decreasing summer insolation and decrease in
seasonality, favoring the increase in effective moisture (Lamb and van der Kaars,
1995). Carridn et al. (2010a) in a study from southeastern Iberia, described the Middle
Holocene as a period of mesic maximum and xeric minimum. In the Sierra Nevada
record and the Alboran Sea, the mesic maximum was recorded during the first half of
the Middle Holocene and a decrease in mesic arboreal component occurred around
~7 cal ka BP (Pons and Reille, 1988; Combourieu-Nebout et al., 2009; Anderson et
al., 2011; Jiménez-Moreno and Anderson, 2012) and alpine lake levels decreased
since this time (Anderson et al., 2011; Garcia-Alix et al., 2012a; Jiménez-Moreno and
Anderson, 2012). According to Zielhofer et al. (2017), the hydro-climatic conditions
differed with the altitude between different vegetation belts in the western
Mediterranean. Carrion et al. (2010a), described the vegetation transition process
since the Middle Holocene in southern Iberian Peninsula, taking into account the

different altitudinal gradient, fire occurrence and human influence (Fig. 7).
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Figure 7. Comparison of Holocene vegetation patterns from four important pollen sequences
from southeastern Spain from high to littoral elevation. Showing the xerophytization process,
modulated by fire occurrence and suggesting human influence. From (Carrion et al., 2010a).

The aridification process recorded in the western Mediterranean between the Middle
Holocene transition and the Late Holocene has been identified at different times
depending on latitude, altitudinal gradient, as well as, the masking effect of human
impact, which increased considerably in the last millennia (Jalut et al., 2000; Carrion
et al., 2007, 2010a; Roberts et al., 2011; Sadori et al., 2011). The Late Holocene
period has been described in southern Europe as characterized by a progressive
cooling after the warm and humid previous phase of the Early and Middle Holocene
(Fig. 6). In inner continental areas of northeastern Iberia it was associated with
regression of mesic component and the increase in Pinus and lower lake levels (Pérez-

Sanz et al., 2013; Aranbarri et al., 2014). On the contrary, expansion of scrubs and
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xeric components occurred in the lowlands and littoral areas in southern Iberia. For
instance, an increase in herbs during the last ~5.5 cal ka BP is described in southern
lowland areas, at the same time that a gradual sediment infilling of the lake (Reed et
al.,2001). Jiménez-Moreno et al. (2015) also described this aridification process with
the expansion of semi-desert vegetation during the Late Holocene, in a study from
the Dofana National Park in southern Spain. A decrease in lake levels, an increase in
xeric vegetation and an increase in Saharan dust is also observed during the Late
Holocene in the alpine areas of Sierra Nevada (Anderson et al., 2011; Jiménez-
Moreno and Anderson, 2012; Jiménez-Moreno et al., 2013a). In the Middle Atlas
region, the Late Holocene was characterized by the replacement of Quercus forest by
Cedrus atlantica, being this interpreted as due to the decrease in summer insolation
and increasing effective moisture during summer. This is supported in the area by
recorded higher lake (Lamb and van der Kaars, 1995). Some authors suggest, that the
link between forest decline and the expansion of scrubs and xeric vegetation in
southern Iberia and the nearly Alboran Sea have been associated with the natural
orbital process of decrease in summer insolation (Jiménez-Moreno and Anderson,
2012; Fletcher et al., 2013; Jiménez-Moreno et al., 2015; Fig. 8), agreeing with the
assumption of climate as the main forcing directing this aridification process in the

western Mediterranean (Magny et al., 2002, 2012).
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Figure 8. Comparison of Pinus and Arboreal pollen percentage from Sierra Nevada records
[Laguna de Rio Seco (LdRS) and Borreguil de la Virgen (BdlV)] and summer insolation at
37° N. Modified from Jiménez-Moreno and Anderson (2012).
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1.4. Human impact in the southern Iberian Peninsula and Sierra Nevada

The Mediterranean area has had a long history of civilization settlements and land
uses during the Holocene being the different civilizations also very dependant of
climatic changes (Mercuri et al., 2011). In southern Iberia and the western
Mediterranean, abrupt climate changes have been identified in continental and marine
paleoclimatic records and have been associated with atmospheric, oceanic and solar
dynamics (see above). It is well-known that these abrupt fluctuations have been the
detonating of the collapse and proliferation of societies in areas sensitives to climatic
change such as arid and semi-arid regions (Carrién et al., 2007; Gonzalez-Sampériz
et al., 2009). Jalut et al. (2009) suggested, societies had to adapt to natural
environment variations, being the climatic change determinant in the semiarid
Mediterranean biome.

Human occupation in the Iberian Peninsula has been relevant since prehistorical
times and the study of societies and anthropogenic impact has been the focus of a
multitude of analyses during the last decade (e.g. Jiménez-Espejo et al., 2007; Carrion
et al., 2007, 2010a; Gonzalez-Sampériz et al., 2009; Cortés Sanchez et al., 2012;
Garcia-Alix et al., 2013; Lopez-Saez et al., 2014; Lillios et al., 2016). Most of these
studies in southern Iberia have focused in the exploration of climatic periods related
with societies since the Middle Holocene, the moment in which is appreciated a
higher evidence of human settlements in the western Mediterranean (Roberts et al.,
2011). According to Carrion et al. (2010a), humans have been shaping the
environment in southern Iberia since the Middle Holocene, with grazing, agricultural
activities, mining, coppicing, slash and burn, concluding that is difficult to unravel
how much humans contributes to this modification in the landscape. A record from
southern Iberia suggests a decrease in arboreal and the infilling of the lake related
with anthropogenic impact since the last ~3.4 cal ka BP (Reed et al., 2001).
Anthropogenic impact related with lead pollution has been described in southern
Spain and the Alboran Sea, finding Pb anomalies since the end of the Bronce Age
(Martin-Puertas et al., 2010). Garcia-Alix et al. (2013) also detected lead pollution in

alpine lake sediments from Sierra Nevada since ~3.9 cal ka BP, probably caused by
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metallurgical activities at lower elevations, being lead pollution especially important
during the Late Bronze Age (from ~3.5 to 2.8 cal ka BP; Fig. 9). Increase in charcoal
since ~4 cal ka BP has also been recorded in southern Spain from Sierra de Baza and
Sierra Nevada archives, related with increase in aridity but could be also due to human
induced burning as the evidences of pasturing or agricultural activities seem to start
to be recorded also during this period (Carrion et al., 2007; Anderson et al., 2011;
Fig. 9). Jiménez-Moreno et al. (2013a), concluded that in the southeastern Iberian
Peninsula the increase in fire frequency in the Late Holocene could be due to both
factors climate and human influence.

Nevertheless, human presence only became more evident in the Sierra Nevada
alpine ecosystems during the last millennia. This is probably due to the remote
location of this area (Anderson et al., 2011; Jiménez-Moreno and Anderson, 2012;
Fig. 10). Other important human-related feature of the Sierra Nevada
paleoenvironmental studies is the record of Olea cultivation, which seems to start
several hundred years earlier (since ~2.7 cal ka BP) than the Roman occupation of
the Iberian Peninsula. However, the strongest increase in this taxon began in the last
centuries, coinciding with the increase in oil production in southern Spain. In
addition, an increase in Pinus is also recorded during the last century, which is most
likely due to reforestation in the last decades to combat erosion (Anderson et al.,
2011).

Finally, it is of important interest to remark that some proxies used to disentangle
natural versus anthropic effects such as the fire frequency, need to be taken carefully
as fires have been recognized as a natural disturbance phenomenon in Mediterranean
ecosystems (Gil-Romera et al., 2010). According to Riera et al. (2004), differentiating
human and natural impact in the environment could be only unraveled by multi-proxy

analysis.
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Figure 9. Pb/Al rate comparison from Riso Seco (Sierra Nevada), Zonar Lake and Alboran
Sea and charcoal comparison between Sierra Nevada, Sierra de Baza, Sierra de Géador,
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Figure 10. Algae, spores and thecamoebians from the Borreguil de la Virgen record (Sierra
Nevada) showing the increase in proxies probably related with the introduction of livestock
in this alpine area in the last centuries. Slightly modified from Jiménez-Moreno and Anderson
(2012).

1.5. The importance of multi-proxy analysis in lakes, peat bogs/wetlands for the
reconstruction of past climate change and human impact

The study of past climate change using paleoclimate archives such as lake
sediments is necessary in the absence of long term climatic and environmental
monitoring data (e.g. Smol et al., 2005). Dating techniques of the sediment strata and
the study of multi-proxy analyses (e.g. pollen, charcoal, geochemistry organic and
inorganic, physical properties, macroscopic biological remains) allow the
paleoenvironmental and climate reconstruction of these systems during the
Quaternary (e.g., Wick et al.,, 2003). In these studies, pollen, non-pollen
palynomorphs (NPP) and charcoal grains can provide with information about the
evolution of the nearby vegetation of lake and wetlands ecosystems and human
impact since thousands of years (Anderson, 1990; Whitlock and Anderson, 2003).
Sedimentary changes through physical and geochemical signals could indicate

hydrological variability in the lake system (e.g. precipitation or evaporation,

30



Chapter 1

elemental geochemical composition, organic composition of the sediments) helping
with the reconstruction of the lake level variability and/or changes in the sedimentary
input (Magny et al., 2003, 2007; Morellon et al., 2011). Another important issue of
many paleolimnological and peat deposit reconstructions is identifying the source of
the organic matter from the catchment area of the study site (Meyers, 1994; Ficken et
al., 2000; Meyers, 2003). All these paleonvironmental variabilities could be affected
by anthropogenic impact during the last several millennia. Recent studies in the
Mediterranean, an area intensively occupied since historical times, demonstrated that
the use of multi-proxy analysis is necessary in order to distinguish between climate

and humans affectting the environments in the past (Roberts et al., 2011).
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2. Hypothesis and objectives

2.1. Hypothesis

Future climate projections for the for southern Iberian Peninsula forecast an
increase in temperature and a decrease in precipitation (specially during the warm
season) (Giorgi and Lionello, 2008). This climatic change will have profound
consequences in the environment (i.e., biodiversity losses) as well as in the economy
(i.e., bad harvest, soil degradation) and society (very dependent on water supply) in
this arid area (Sardans and Pefiuelas, 2004). It is then extremely important to study
past environmental responses to climate change in times when climate was warmer
and drier than at present in order to predict the response of the environments to these
changes.

Sierra Nevada (southern Iberia Peninsula) is a very sensitive area with respect to
climate change, as it is located near the boundary between temperate (humid) and
subtropical (arid) climates in the Mediterranean region (Alpert et al., 2006). It is also
one of the tallest (highest peaks in the Iberian Penisnula) and longest mountain range
in the Iberian Peninsula and the southernmost areas to be glaciated during the Late
Pleistocene in Europe. Therefore, its present-day landscape was intensely influenced
by glacial erosion during the coldest phases of the Pleistocene (Schulte, 2002). In
addition, Sierra Nevada contains one of the highest plant diversity in the western
Mediterranean region (Blanca, 2001). These features make Sierra Nevada very
vulnerable to future climate change and thus very interesting from a
paleoenvironmental point of view. Several studies have previously been performed
in the Sierra Nevada alpine lakes and bogs (Anderson et al., 2011; Jiménez-Moreno
and Anderson, 2012; Garcia-Alix et al., 2012a, 2013; Jiménez-Moreno et al., 2013a;
Jiménez-Espejo et al., 2014), which aroused the interest for the study of longer
records in which it would be possible to analyze past climatic changes during periods
with similar climatic conditions or even warmer than at present. In this regard, the
well-known Padul wetland site, located at the western foot of the Sierra Nevada, bears
one of the longest continental records in southern Europe, with a sedimentary

sequence of ca. 100 m thick that could represent the last 1 Ma. However, the Late
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Holocene was never recorded and never studied in these previous analysis (Florschiitz
et al., 1971; Pons and Reille, 1988; Ortiz et al., 2004), being probably the part of the
sequence most influenced by human activities and that could provide information
about the main forcing driving environmental change in the Sierra Nevada
ecosystems.

Despite being a very interesting study area, Sierra Nevada is one of the regions
of southern Europe with fewer studies dealing with natural and anthropogenic climate
change. Alpine ecosystems located above the treeline are very suitable areas for the
study of global change because they are remote and not so altered by human influence
(Battarbee et al., 2002), making the comparison with lower elevation montane
ecosystem as Padul, possibly involved in a higher human influence since historical
times, very interesting. The consequences of anthropic effects in the natural climate
system are still unknown for this area, so, deeper studies are needed to attempt to
quantify the human impact in the current climate development. It is of great interest
to study past warmer and/or drier periods than present, when humans were not
impacting the ecosystems, to compare with present-day patterns and separate the
effect of the two (natural vs. human) signals on the environments. The comprehension
of these past climate changes is the key to provide information, as far as possible, for
future climate scenarios and climate models in order to analyze the effect of global
change in the Sierra Nevada ecosystems and the western Mediterranean.
Consequently, the study proposed in this PhD thesis, with the study of Holocene
climate change and human influence in Sierra Nevada ecosystems at high and low

elevations, will help increasing the information available so far about these matters.

2.2. Objectives

The main objective of the present thesis is to describe the Holocene
environmental and vegetation history related with climate variability and human
impact in the southern Iberian Peninsula throughout the study of the fossil record and
physical-chemical properties recorded in the sediments of wetlands and lakes in

Sierra Nevada.
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Under this framework, the principal goals for the current PhD thesis were
arranged as follows:

1. To determine the chronology and paleonvironmental variabilities from two
different altitude sedimentary records from Sierra Nevada during the Holocene, with
the support of AMS radiocarbon dates and a multi-proxy analysis of pollen, charcoal,
lithological, sedimentological, physical and geochemical properties.

2. To understand the mechanism of Mediterranean climate and vegetation
development, with the objective of understanding how the Sierra Nevada ecosystems
respond to climate change.

3. To compare the results obtained for the multi-proxy analysis at orbital and
suborbital-scale from Sierra Nevada with other regional and global paleoclimate
records, with the objective of understanding the links between atmospheric, oceanic
and solar dynamics and their influence on the western Mediterranean ecosystems.

4. To disentangle the principal forcing (i.e. natural vs human) driving vegetation
and environmental change during the Late Holocene in Sierra Nevada.

5. To determine human activities and the indirect/direct effects of human impact

during the last centuries in the Sierra Nevada alpine ecosystems.

Learning and performing multidisciplinary laboratory technics, carried out over a
great number of samples, were also supplementary objectives for this PhD study.
Drilling in the Padul wetland (43 m of sedimentary sequence), sampling for diverse
proxies, lithological description, sample preparation for the measurement of the
elemental analysis of carbon/nitrogen/hydrogen/sulfur (CNHS), palynological
treatment and identification, were carried out at the University of Granada. X-ray
fluorescence analysis were measured throughout a stay at the University of
Barcelona. Charcoal treatment and identification were completed during a stay in the
Northern Arizona University. Sample preparation and analysis of biomarker were

realized while a stay in the German Research Center for Geoscience (GFZ).
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3. Regional settings

Sierra Nevada is a W-E aligned mountain range situated in the internal zone of
the Betic Range (southern Iberia; Fig. 11). Sierra Nevada has an elevation range
between approximately ~900 to more than 3400 m, which includes the three highest
peaks in the Iberian Peninsula, Mulhacen (3479 m asl), Veleta (3396 m asl) and
Alcazaba (3366 m asl). Previous studies suggest that this was the southernmost
European area to be glaciated during the last glacial period, however, the Early
Holocene is not well dated and the exact chronology is unknown (Schulte, 2002).
Within the Sierra Nevada mountain range, the Veleta cirque was the southernmost
glaciated area during the LIA, making this area the most interesting place in southern
Spain for the study of glacier shifts (Schulte, 2002). Melting during deglaciation
generated glacier cirque basins that allowed the formation of small lakes and
posteriorly bogs (“borreguiles”) during warmer periods like the Holocene (Castillo
Martin, 2009).

The Sierra Nevada mountain range is formed by three main complexes
characterized by different metamorphic facies: the Malaguide, the Alpujarride and
the Nevado-Filabride. The area of study is located within the influence of the
Alpujarride and the Nevado-Filabride complex. The Nevado-Filabride complex at
higher elevations is characterized by Paleozoic siliceous metamorphic rocks (mostly
mica-schists and quartzites) and the Alpujarride complex, situated at lower
elevations, is mostly featured by Triassic dolomites and limestones (Sanz de
Galdeano et al., 1998).

The regional climate in the Mediterranean region is principally affected by the
NAO (Lionello and Sanna, 2005). Sierra Nevada is influenced by Mediterranean
thermal effect (with cold and humid winters and hot and drier summers) because the
nearby location to the Mediterranean Sea (Gomez-Ortiz et al., 2004). The annual
mean precipitation at 2500 m of elevation is approximately 700 mm and the
temperature ~4.5 °C (Oliva et al., 2009). At lower elevations in the adjacent Granada
basin at ~700 m of elevation, mean annual precipitation and temperature are around

445 mm and 14.4 °C, respectively (www.aemet.es). According to elevation,
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conditioning temperature and precipitation, Sierra Nevada is divided in different
vegetation belts, which are strongly influenced by this large altitudinal gradient
(Table 1).

Sierra Nevada is considered one of the most important biodiversity centers in the
western Mediterranean region and is characterized by a higher number of endemism
(Blanca, 1996). During the Quaternary glacial periods tundra and alpine species
coming from central and northern Europe were refuged in Sierra Nevada, at the end
of the last glacial period and the transition to the Holocene many of this species were
“trapped” on the summits of Sierra Nevada (Hernandez Bermejo and Shinz Ollero,
1984). Sierra Nevada also contain a considerable number of Tertiary relict species,
which got protected in valleys subjected to thermal protection and/or constant water
supply (Blanca, 1996). This highest elevation environments from Sierra Nevada were
declared a part of the UNESCO Biosphere Reserve in 1986, Natural Park in 1989 and
National Park in 1999 (Gémez-Ortiz et al., 2004).

Table 1. Modern vegetation in the different Sierra Nevada vegetation belts. From Jiménez-
Moreno et al. (2013a).

Vegetation belt Elevation Most characteristic taxa
(m)
Crioromediterranean >2800 Festuca clementei, Hormatophylla purpurea ,

Erigeron frigidus , Saxifraga nevadensis ,
Viola crassiuscula , and Linaria glacialis
Oromediterranean 1900 -2800 Pinus sylvestris , P. nigra, Juniperus
hemisphaerica, J. sabina , J. communis subsp.
nana, Genista versicolor , Cytisus
oromediterraneus , Hormatophylla spinosa ,
Prunus prostrata , Deschampsia iberica and
Astragalus sempervirens subsp. nevadensis
Supramediterranean 1400 -1900 Quercus pyrenaica , Q. faginea, Q. rotundifolia ,
Acer opalus subsp. granatense, Fraxinus
angustifolia, Sorbus torminalis , Adenocarpus
decorticans,
Helleborus foetidus, Daphne gnidium, Clematis
flammula, Cistus laurifolius , Berberis hispanicus ,
Festuca scariosa and Artemisia glutinosa
Mesomediterranean 600 -1400 Quercus rotundifolia , Retama sphaerocarpa ,
Paeonia coriacea , Juniperus oxycedrus, Rubia
peregrina, Asparagus acutifolius , D. gnidium,
Ulex parvi florus, Genista umbellata , Cistus
albidus and C. lauri flolius
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Figure 11. (Above) Location of Sierra Nevada (southern Iberia) in the western Mediterranean
region. (Below to the left) Location of Padul wetland area in the mesomediterranean
vegetation belt and Borreguil de la Caldera (BdIC) to the right Sierra Nevada alpine area.
Sierra Nevada maps were performed using the GIS software Global Mapper and modified
with Adobe Illustrator.

The sites studied during this PhD thesis are two sedimentary basins located at

different altitudes in Sierra Nevada:

3.1. Borreguil de la Caldera

Borreguil de la Caldera (BdIC), is located in the Sierra Nevada range at ca. 2992
masl in the Nevado-Filabride complex (Fig. 11). This high-elevation peat bog has an
area of around ~0.17 hectares and the catchment basin is around ~62 hectares, and is
situated in the south facing glacially eroded Poqueira River Valley. This bog is
located just below Laguna de la Caldera, a glacier cirque lake basin enclosed in the
upper drainage part of the Mulhacen river. The studied bog is located within the
crioromediterranean vegetation belt, which is mainly non-vegetated, being the
vegetation limited to the water courses and peat bogs and characterized by tundra-

like vegetation and mainly featured as the most representative species by grasses and
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Cyperaceae (Fig. 12). Around this peat bog other plant species occur, such as Armeria
splendes, Agrostis nevadensis, Ranunculus acetosellifolius, Plantago nivalis and
Lepidium stylatum (Molero-Mesa et al., 1992). The altitudinal gradient, and the
biogeographical location of Sierra Nevada between Europe and Africa make Sierra
Nevada unique with respect to fauna and flora, with a considerate number of endemic
plants (e.g. Erigeron frigidus, Saxifraga nevadensis, Viola crassiuscula, Plantago
nivalis; Artemisia granatensis; Fig. 12). The plant and algae growth in these areas is

limited to the snow-free season that occur normally between July and October.

Figure 12. (Above) Present-day vegetation (mainly Cyperaceae) covering the Borreguil de la
Caldera (BdIC) bog. (Below) Secondary plant species represented in the BdIC and
surroundings. On the left Gentiana sp. and on the right, Erigeron frigidus (endemic plant from
Sierra Nevada).
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3.2. Padul

The Padul wetland, located at ~725 m asl, is a basin area of around 45 kmz, at the
foothill of the southwestern Sierra Nevada (Andalusia, Spain; Fig. 11). It is located
in the northeastern area of the Lecrin Valley, around 20 km south of Granada city.
Padul is a small extensional basin approximately 12 km long, which is bounded by
the Padul normal fault, located in an endorheic and asymmetric basin surrounding by
the Albufiuelas and Manar ranges (Ortiz et al., 2004). This is one of the most
seismically active areas in southern Iberian Peninsula, with numerous faults in NW-
SE direction, with the Padul fault being one of these active normal faults (Alfaro et
al., 2001). The basin fill is asymmetric, with thicker sedimentary and peat infill to the
northeast (~100 m thick; Florschiitz et al., 1971; Domingo-Garcia et al., 1983;
Nestares and Torres, 1997) and progressively becoming thinner to the southwest
(Alfaro et al., 2001). Depending on the distance from the fault, previous cores taken
in the Padul peat bog showed different thickness and sedimentation ranges
(Menéndez Amor and Florschiitz, 1964; Florschiitz et al., 1971; Pons and Reille,
1988; Ortiz et al., 2004). In this sense, the Padul contains one of the best Pleistocene
continental sedimentary records found in southern Europe and we know from
previous studies that it contains a record of the last ~1 Ma (Ortiz et al., 2004). The
sedimentary in-filling of the basin consists of Neogene and Quaternary deposits;
Upper Miocene conglomerates, calcarenites and marls, and Pliocene and Quaternary
alluvial sediments, lacustrine and peat bog deposits (Domingo-Garcia et al., 1983;
Sanz de Galdeano et al., 1998; Delgado et al., 2002).

The Padul area is one of the most important wetlands in the southeast part of
Iberia. This wetland is protected as a reserve area within the Sierra Nevada Natural
Park, included in the Inventory of Natural Parks of Andalucia since 1989, in the
wetland inventory since 2004 and considered in the Ramsar Convention since 2006.
Its protection mostly comes from the fact that a number of birds live and reproduce
in the area, being considered since 1979 as ‘Zona de Proteccion Especial para las
aves’ (ZEPA). As well as, ‘lugar de importancia comunitaria’ (LIC) within Sierra

Nevada according to the normative Habitat 92/43/CEE.
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It is well-known by historical sources that since the late XVIII century this
depression was drained by a multitude of canals, called ‘madres’, with the main goal
of using this area for agricultural purposes (Villegas Molina, 1967). The species
cultivates might have changed in the past but there not historical records available for
a deeper review. At present the areas surrounding the Padul lake are cultivated with
cereals, such as Triticum spp., Prunus dulcis and Olea europea. Peat mining activities
have been carried out in the area since 1943 (Carrasco Duarte, 1999).

Despite of the human impact on the environment since historical times, diversity
of aquatic and wetland plants in the surroundings of the present-day Padul lake is
high, being considered one of the most extensive reed areas of Andalucia (Fig. 13).
The lake environment is dominated by aquatic and wetland communities (Pérez Raya
and Lopez Nieto, 1991). Some sparse riparian trees occur in the northern lake shore.

Besides the present-day natural value of this area, Padul is also significant from
a paleontological and paleoclimatic point of view. This wetland yielded southernmost
European remains of mammoths during the Pleistocene, dating around ~40-30 cal ka
BP (within last glacial period), having important paleobiogeographical and

paleoclimatic implications (Garcia-Alix et al., 2012b).
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Figure 13. (Above) Picture of Padul wetland, peat mine (dark area in the center-right) and
cultivated crops in the Padul basin. Note the alluvial fans and Sierra Nevada mountains in the
background. (Below) Picture of the present-day Padul lake, surrounded by wetland plants
(mainly reeds; Phragmites australis).
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Abstract

A high-resolution pollen, geochemical and sedimentological analysis has been
carried out on the Holocene part of the Padul sedimentary record in southern Iberian
Peninsula reconstructing vegetation, environment and climate oscillations for the last
~11.6 cal ka BP in this part of the western Mediterranean area. The expansion and
highest occurrence of deciduous forest in the Padul area from ~9.5 to 7.6 cal ka BP
represents the Holocene humidity optimum probably due to enhanced winter
precipitation during a phase of highest seasonal anomaly and maximum summer
insolation. Locally, insolation maxima induced high evaporation, counterbalancing
the effect of relatively high precipitation, and triggered very low water table in Padul
and the deposition of peat sediments. A transitional environmental change towards
more regional aridity occurred from ~7.6 to 4.7 cal ka BP and then aridification
enhanced in the Late Holocene most likely related to decreasing summer insolation.
This translated into higher water levels and a sedimentary change at ~ 4.7 cal ka BP
in the Padul wetland, probably related to reduced evaporation during summer due to
lower seasonality. Millennial-scale variability is superimposed on the Holocene long-
term trends. The Mediterranean forest regional climate proxy shows significant cold-
arid events around ~ 9.6, 8.5, 7.5, 6.5 and 5.4 cal ka BP with cyclical periodicities
(~1100 and 2100 yr) during the Early and Middle Holocene. A change is observed in
the periodicity of these cold-arid events towards ~1430 yr in the Late Holocene, with
forest declines around ~4.7-4, 2.7 and 1.3 cal ka BP. The comparison between the
Padul-15-05 data with North Atlantic and Mediterranean paleoclimate records
suggests common triggers for the observed climate variability, being the Early and
Middle Holocene forest declines mostly controlled by external forcing (i.e. solar
activity) and the Late Holocene variability dominated by internal mechanisms

(oceanic-atmospheric).

Keywords: Holocene, Padul, wetland, Sierra Nevada, western Mediterranean Sea,
North Atlantic Oscillation, atmospheric-oceanic dynamics, wavelet analysis, arid

events
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1. Introduction

The western Mediterranean region, located between subtropical and tropical
latitudes (Alpert et al., 2006), is a sensitive area to detect past climate variability and
has been the focus of several previous Holocene studies. Present-day climate in this
area is characterized by a strong seasonality, principally dominated by dry (hot)
summers and wetter (mild) winters (Lionello et al., 2006) and one of the main
mechanisms generating climate variations is the North Atlantic Oscillation (NAO)
(Hurrell, 1995; Moreno et al., 2005).

During the Holocene orbital-scale (i.e. insolation) variations triggered climate
changes that in turn produced significant environmental changes worldwide.
Paleoclimate records show a Holocene climatic optimum between 9.5-7.5 ka BP
(Dormoy et al., 2009), characterized in the western Mediterranean area by high
temperatures and precipitation, which has been related with high summer insolation
(Lamb and van der Kaars, 1995; Fletcher and Sanchez-Goiii, 2008; Anderson et al.,
2011). Regional climate models described that the most important climatic transition
towards cooler and drier conditions during the Holocene occurred around ~6 ka BP
(Huntley and Prentice, 1988; Cheddadi et al., 1997). This shift is also described in the
western Mediterranean, suggesting the establishment of the actual NAO-like system
at ~ca. 6 cal ka BP (Fletcher et al., 2013). However, other studies differ in the timing
of this climate shift indicating a transition phase between 7 and 5.5 cal ka BP (Jalut
et al., 2009). These differences could be related with changes in altitudinal vegetation
gradient, geomorphological changes in the study area and/or human perturbance of
the landscape (Anderson et al., 2011). According to Roberts et al. (2011), combining
different proxies indicative of vegetation and geomorphological changes could be a
useful tool to discern the timing and the main forcing triggering this mid-Holocene
environmental change.

During the last decades, a multitude of continental, marine and ice records
worldwide have shown rapid climate variability at millennial-scales during the
Holocene (Johnsen et al., 1992; Bar-Matthews et al., 2003; Mayewski et al., 2004).

A considerable number of studies have detected this climate variability in the North

47



Chapter 2

Atlantic area (i.e., Bond et al., 2001; Debret et al., 2007, 2009), with a prominent
~1500 yr cycle (Bond et al., 2001). However, others have demonstrated that Holocene
climate variability was not stationary but that the Holocene exhibited variable
periodicity (Debret et al., 2007, 2009). In this respect, high-resolution Mediterranean
records have also shown rapid environmental variability related to millennial-scale
climate change (Cacho et al., 2001; Fletcher and Sadnchez-Goiii, 2008; Peyron et al.,
2013). Previous palynological analyses from the western Mediterranean, showed
vegetation responses at millennial-scales that seem to co-vary with climate variability
from North Atlantic records, demonstrating hemispheric-scale teleconnections during
the Holocene (Combourieu-Nebout et al., 2009; Fletcher et al., 2013). Other marine
and terrestrial studies found centennial and millennial-scale Holocene frequency
climatic patterns (Rodrigo-Gamiz et al., 2014a; Ramos-Romaén et al., 2016; Garcia-
Alix et al., 2017). However, there is a lack of non-stationary time-series analysis at
millennial-scales from terrestrial records in the western Mediterranean area, which is
necessary to understand terrestrial-ocean-atmospheric dynamics and the connections
with high-latitude North Atlantic climate records. This is key for learning about past
environmental change and climate variability in the western Mediterranean region
and more robustly predict change under future climate scenarios.

Multi-proxy studies in continental records in southern Iberia and the western
Mediterranean that could help understanding this environmental variability during
the Holocene are rare. In order to improve our knowledge about this subject, we
present a high-resolution multidisciplinary analysis recording sedimentation,
geochemistry, vegetation, and climate variability during the Holocene (from ~11.6
cal ka BP to Present) from the Padul-15-05 record. Previous sedimentary records and
paleoecological studies have been carried out on the Padul archive, detecting climate
variability from the Pleistocene to the Middle Holocene (Florschiitz et al., 1971; Ortiz
et al., 2004; Pons and Reille, 1988). Nevertheless, a high resolution multi-proxy
analysis on the same sediment samples has never been performed in this site for the
entire Holocene. Recently, a multi-proxy analysis has been done focusing on the Late
Holocene part of Padul-15-05 record (Ramos-Roman et al., in press.) providing

interesting results and renewing the interest to carry out a more complete study for
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the entire Holocene. This time we used high-resolution radiocarbon dating, inorganic
and organic geochemistry, pollen, lithology and macrofossil analysis to determine the
Padul area paleoenvironmental evolution and millennial-scale vegetation and climate
fluctuations in the western Mediterranean region during the Holocene. In this
framework, two main goals direct this work: 1) understanding regional vegetation
changes and local environmental evolution and making climate interpretations during
the Early, Middle and Late Holocene, specifically focusing on the transitions, and 2)
comparing millennial-scale vegetation and water-level oscillations (regional and

local signal) with global climatic events.

1.1. Location and environmental setting

The Padul basin is an endorheic area at around 725 m of elevation at the foothill
of the southwestern Sierra Nevada in Andalusia, southern Spain (Fig. 1). Today’s
climate in the region is characterized by a mean annual temperature of 14.4 °C and a
mean annual precipitation of 445 mm (http://www.aemet.es/). The Sierra Nevada
mountain range shows strong thermal and precipitation differences due to the
altitudinal gradient (from ~700 to more than 3400 m), which control plant taxa
distribution in different bioclimatic vegetation belts due to the variability in
temperature and precipitation (Valle Tendero, 2004). According to this
climatophilous series classification (Table 1), the Padul basin is situated in the
Mesomediterranean vegetation belt (from ~ 600 to 1400 m of elevation), which is
largely defined by the dominance of Quercus rotundifolia and, to a lesser extent, Q.
faginea, which is normally accompanied by Pistacia terebinthus. Q. coccifera also
occur in crests and very sunny rocky outcrops.

Sedimentation in the Padul basin is made up of (1) allochthonous detritic material
coming for the surrounding mountains, principally from Sierra Nevada, which is
characterized at higher elevations by Paleozoic siliceous metamorphic rocks (mostly
mica-schists and quartzites) from the Nevado-Filabride complex and, at lower
elevations and acting as bedrock, by Triassic dolomites, limestones and phyllites from
the Alpujarride Complex (Sanz de Galdeano et al., 1998), (2) autochthonous organic

material coming from plants growing in the wetland area of the basin itself and (3)
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biogenic carbonates from charophytes, ostracods and gastropod shells, prominent
organisms that lived in the lake. The water contribution to the Padul wetland comes
from groundwater input and in less amounts by rainfall. Groundwater comes from
different aquifers: the Triassic carbonate aquifers to the north and south edge of the
basin, the out-flow of the Granada Basin to the west and the conglomerate aquifer to
the east (Castillo Martin et al., 1984; Ortiz et al., 2004). The main water output is
trough evaporation and evapotranspiration and more recently also by water wells and
by canals (locally called “madres”) (Castillo Martin et al., 1984). The canals were
built around the end of the X VIII century with the goal of draining the basin water to
the Durcal river to the southeast for cultivation purposes (Villegas Molina, 1967). In
the early 2000°s the Padul wetland was placed under environmental protection and
the peat mine stopped pumping water out of the basin and the Padul lake increased
its size considerably.

The Padul-15-05 drilling site is located around 50 m south of the present-day
Padul lake shore area. The edge of the lake area is at present principally dominated
by the grass Phragmites australis. The lake environment is also characterized by
emerged and submerged macrophytes communities dominated by Chara vulgaris,
Myriophyllum spicatum, Potamogeton pectinatus, Potamogetum coloratus, Typha
dominguensis, Apium nodiflorum, Juncus subnodulosus, Carex hispida, Juncus
bufonius and Ranunculus muricatus among others (Pérez Raya and Lopez Nieto,
1991). Populus alba, Populus nigra, Ulmus minor and several species of Salix and

Tamarix grow on the northern lake shore.
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() ¢
Padul-15-05

Google Earth

Figure 1. Location and pictures of Padul wetland. (a) Location of Padul wetland in Sierra
Nevada, southern Iberian Peninsula, western Mediterranean region. (b) Padul basin area
shoeing the coring location. (¢) Picture of Padul wetland, peat bog and crops area in the Padul
basin, and the alluvial fans and Sierra Nevada mountains in the background. Software use:
Above, Sierra Nevada map was performed using the GIS software Global Mapper
(http://www.globalmapper.com) and modified with Adobe Illustrator. The inset map (the
western Mediterranean region) was created with Adobe Illustrator (https://www. adobe.com/).
Below, to the left, the is the Google earth image (http://www.google.com/earth/index.html) of
Padul basin showing the coring locations.
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Table 1. Modern vegetation belts from Sierra Nevada (El Aallali et al., 1998; Valle, 2003).

Vegetation belt Elevation (m) Principally characteristic taxa

Tundra vegetation including
members of Poaceae,
Asteraceae, Brassicaceae,
Gentianaceae,
Scrophulariaceae and
Plantaginaceae.

Crioromediterranean > 2800

Pinus sylvestris, P. nigra and
Juniperus spp. and other
Oromediterranean 1900-2800 shrubs such as species of
Fabaceae, Cistaceae and
Brassicaceae.

Quercus pyrenaica, Q.
faginea and Q. rotundifolia
and Acer opalus ssp.
Supramediterranean 1400-1900 granatense and other trees
and shrubs, with some species
of Fabaceae, Thymelaeaceae,
Cistaceae and Artemisia sp.

Quercus rotundifolia, some
shrubs, herbs and plants as
Mesomediterranean 600-1400 Juniperus sp., and some
species of Fabaceae,
Cistaceae and Liliaceae
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2. Methodology

2.1. Padul site core drilling

Two sediment cores Padul-13-01 (37°00°40°°N; 3°36°13’W) and Padul-15-05
(37°00°39.77°°N; 3°36°14.06°° W) with a length of 58.7 cm and 42.64 m, respectively,
were collected between 2013 and 2015 from the Padul lake shore (Fig. 1). The cores
were taken with a Rolatec RL-48-L drilling machine equipped with a hydraulic piston
corer from the Scientific Instrumentation Center of the University of Granada (CIC-
UGR). The sediment cores were wrapped in film, put in core boxes, transported and
stored in a dark cool room at +4 °C at the University of Granada. In this study, we
focus on the uppermost ~ 3.67 m from the 42.6-m-long Padul-15-05 core.

o—

This study
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Figure 2. Picture of the Padul-15-05 sediment core with the age-depth model showing the
part of the record that was studied here (red rectangle) corresponding with the last ~11.6 cal
ka BP. The sediment accumulation rates (SAR) between radiocarbon dates are marked. See
the body of the text for the explanation of the age reconstructions.
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2.2. Chronology and sedimentation rates

The sedimentary record chronology was constrained using seventeen AMS
radiocarbon dates from plant remains and organic bulk samples taken throughout the
cores (Table 2). In addition, four samples were rejected, because one plant sample
was too young and three gastropod shell samples provided old dates due to the
reservoir effect. Sixteen of these samples came from Padul-15-05 and one from the
nearby Padul-13-01 (Table 2). We were able to use the date from Padul-13-01 core
because there is a very significant correlation between the upper part of Padul-15-05
and Padul-13-01 cores, shown by identical lithology and geochemistry changes
(Ramos-Roman et al., in press.). The age model for the upper ~4.24 m until 21 cm
from the surface was built using the R-code package ‘Clam 2.2° employing the
calibration curve IntCal 13 (Reimer et al., 2013), a 95% confident range, a smooth
spline (type 4) with a 0.20 smoothing value and 1000 iterations (Fig. 2). The
chronology of the uppermost 21 cm of the record was built using a lineal interpolation
between the last radiocarbon date and the top of the record, which was assigned the

age when coring (2015 CE).

2.3. Lithology and magnetic susceptibility (MS)

The Padul-15-05 core was split longitudinally and was described in the laboratory
with respect to lithology and color (Fig. 3). High-resolution continue scanning images
were taken with an Avaatech core scanner at the University of Barcelona (UB). MS
was measured with a Bartington MS3 operating with a MS2E sensor. MS

measurements (in SI units) were obtained directly from the core surface every 0.5 cm

(Fig. 3).
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Table 2. Age data for Padul-15-05 record. All ages were calibrated using R-code package ‘clam 2.2° employing the calibration curve IntelCal 13
(Reimer et al., 2013) at 95 % of confident range. * Rejected data. a Sample number assigned at radiocarbon laboratory.

99

Laboratory number® Core Material Depth (cm) Age g:c G;/r BP Cgasl(l)/bo rs;i%aiic(g?nzerrg;) Medlanl;if%;: (calyr
Reference ages 0 2015CE -65 -65
D-AMS 008531 Padul-13-01 Plant remains 21.67 103 £24 23-264 127
Poz-77568 Padul-15-05 Org. bulk sed. 38.46 1205 + 30 1014-1239 1130
BETA-437233 Padul-15-05 Plant remains 46.04 2480 + 30 2385-2722 2577
Poz-77569 Padul-15-05 Org. bulk sed. 48.21 2255+ 30 2158-2344 2251
BETA-415830 Padul-15-05 * Shell 71.36 3910 + 30 4248-4421 4343
BETA- 437234 Padul-15-05 Plant remains 76.34 3550+ 30 3722-3956 3838
BETA-415831 Padul-15-05 Org. bulk sed. 92.94 3960 + 30 4297-4519 4431
Poz-74344 Padul-15-05 Plant remains 122.96 4295+ 35 4827-4959 4871
BETA-415832 Padul-15-05 Plant remains 150.04 5050 £ 30 5728-5900 5814
Poz-77571 Padul-15-05 Plant remains 186.08 5530 £ 40 6281-6402 6341
Poz-74345 Padul-15-05 Plant remains 199.33 6080 + 40 6797-7154 6935
BETA-415833 Padul-15-05 Org. bulk sed. 217.36 6270 + 30 7162-7262 7212
Poz-77572 Padul-15-05 Org. bulk sed. 238.68 7080 + 50 7797-7999 7910
Poz-74347 Padul-15-05 Plant remains 277.24 8290 + 40 9138-9426 9293
BETA-415834 Padul-15-05 Plant remains 327.29 8960 + 30 9932-10221 10107
Poz-77573 Padul-15-05 Plant remains 340.04 9420 + 50 10514-10766 10640
Poz-74348 Padul-15-05 * Plant ramains 375.62 9120 + 50 10199-10412 10305
Poz-79815 Padul-15-05 Org. Bulk sed. 377.83 10310 + 50 11847-12388 12144
Poz-79817 Padul-15-05 * Shell 411.02 13910 + 60 16588-17088 16838
Poz-79818 Padul-15-05 * Shell 414.89 14130 + 50 17001-17419 17210
Poz-77574 Padul-15-05 Org. Bulk sed. 423.65 13580 + 80 16113-16654 16384
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2.4. Inorganic geochemistry

High-resolution X- Ray fluorescence (XRF) was applied continuously
throughout the core surface, taking measurements of elemental geochemical
composition. An Avaatech X-Ray fluorescence (XRF) core scanner® located at the
UB was used. Chemical elements were measured in the XRF core scanner at 10 mm
of spatial resolution, using 10 s count time, 10 kV X-ray voltage and an X-ray current
of 650 pA for lighter elements and 35 s count time, 30 kV X-ray voltage, X-ray
current of 1700 pA for heavier elements. Thirty-three chemical elements were
measured but only the most representative with a significant number of counts were
considered (Si, K, Ca, Ti, Fe, Zr, Br, S and Sr). Results for each element are expressed
as intensities in counts per second (cps) and normalized for the total sum in cps in

every measure (Fig. 4).

2.5. Organic geochemistry

Several organic geochemical proxies have been studied from bulk sediment
samples throughout the record: total organic carbon (TOC), atomic Carbon-Nitrogen
ratio (C/N) and atomic Hydrogen-Carbon ratio (H/C). In addition, several indices of
leaf wax biomarkers (n-alkanes) were calculated: the average chain length (ACL), the
carbon preference index (CPI) and the portion of aquatic (Paq). In addition, three new
indices have been calculated based on the relative abundance of odd carbon number
from nC,7 to nCs; alkanes, except for nC,; alkanes (See Section 3.2.2 for justification
of new indices).

Samples for elemental analyses in bulk sediment were analyzed every 2 or 3 cm
throughout the Padul-15-05 record, with a total of 206 samples analyzed. Samples
were decalcified with 1:1 HCI to eliminate the carbonate fraction. Carbon, nitrogen
and hydrogen content of the decalcified samples were measured in an Elemental
Analyzer Thermo Scientific Flash 2000 model at the CIC-UGR. Percentage of TOC,
total nitrogen (TN) and total hydrogen (TH) per gram of sediment was calculated
from the percentage of organic carbon, nitrogen and hydrogen yielded by the

elemental analyzer, and recalculated by the weight of the sample prior to
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decalcification. The atomic C/N and H/C ratio was calculated from the carbon,
nitrogen and hydrogen measurements (Fig. 4).

Biomarkers from the Padul-15-05 record were extracted every 5 cm from
sedimentary record, with a total of 68 samples analyzed. Furthermore, thirty-one
modern plant leaves/algae and bryophyte samples were taken from the surroundings
of the Padul basin and analyzed for biomarkers. The total lipid extraction (TLE) from
the freeze-dried samples was obtained using an accelerate solvent extractor (ASE)
Thermo DIONEX 350, with a dichloromethane:methanol (9:1). Plant biomarkers
were extracted manually using dichloromethane:methanol (9:1) by means of
sonication and low temperature (38°C). The TLE from plants and sediments was
separated into three different fractions using a silica gel column. Before the separation
three internal standards were added to the TLE (5a-androstane, 5p3-androstan-17-one
and Sa-androstan-3f3-ol) in order to assess the biomarker extraction as well as to
quantify them. Compounds of the aliphatic fraction (n-alkanes) were recovered in the
first fraction eluted with Hexane. The n-alkanes were identified and quantified using
a Gas Chromatography flame detection and mass spectrometry (GC-FID and GC-
MS) by means of an Agilent 5975C MSD by comparison to an external n-alkane

standard mixture from nCg to nCay.

2.6. Pollen

Samples for pollen analysis (1-3 cm’) were taken with a resolution between 1-5
cm throughout the core, with a total of 176 samples. Pollen extraction methods
followed a modified Faegri and Iversen, (1989) methodology. Processing included
the addition of Lycopodium spores for calculation of pollen concentration. Sediment
was treated with NaOH, HCI1, HF and the residue was sieved at 250 mm before an
acetolysis solution. Counting was performed using a transmitted light microscope at
400 magnifications to an average pollen count of around ~250 terrestrial pollen
grains. Fossil pollen was identified using published keys (Beug, 2004) and modern
reference collections at the UGR. Pollen counts were transformed to pollen
percentages based on the terrestrial pollen sum, excluding aquatics. Non-pollen

palynomorphs (NPP) include algal spores. The NPP percentages were also calculated
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and represented with respect to the terrestrial pollen sum (Fig. 5). Several pollen and
NPP taxa were grouped according to present-day ecological data in Mediterranean
forest, xerophytes and algae (Fig. 6). The Mediterranean forest taxa include Quercus
total, Olea, Phillyrea and Pistacia. The Xerophyte group includes Artemisia,
Ephedra, and Amaranthaceae. The Algae group is composed of Botryococcus,

Zygnema type, Mougeotia and Pediastrum.

2.7. Statistical analysis

Statistical treatment was performed using the Past software (http://palaco-

electronica.org/2001 1/past/issuel 01.htm). Principal component analysis (PCA)

was conducted on different geochemical elements (XRF data) to clarify the
lithological elemental composition of the core (Supplementary; Figure S1). Prior to
the PCA analysis we pretreated the data normalizing the element counts by
subtracting the mean and dividing by the standard deviation (Davis and Sampson,
1986). As data spacing was different in all the study proxies the data were also
resampled to the average value of 80-yr (linear interpolation) to obtained equally
spaced time series. Posteriorly, a Pearson correlation was made to different
organic/inorganic geochemistry and pollen proxies to find affinities between the
different proxies.

In this study spectral analysis was accomplished on the Mediterranean forest
pollen taxa time series, to identify regional millennial-scale periodicities in the Padul-
15-05 record (Supplementary Fig. S4). We used REDFIT software (Schulz and
Mudelsee, 2002) on the unevenly spaced pollen time series in order to identify cyclical
changes. In addition, we carried out a Wavelet transform analysis by the Past software
(Torrence and Compo, 1998) with the goal of identifying non-stationary cyclical
variability in the regional vegetation evolution, the pollen was previously detrended
and resampled at 80-yr age increments. In this study, a Morlet wavelet was chosen,
the significant level (plotted as contour) corresponded to a p-value = 0.05, and a

white-noise model was used.
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3. Results and proxy interpretation
3.1. Chronology and sedimentary rates

The age-model of the studied Padul-15-05 core (Fig. 2) is constrained by
seventeen AMS “C radiocarbon dates from the top 4.24 m of the record (Table 2). In
this work, we studied the uppermost ~3.67 m that continuously cover the last ~11.6
cal ka BP. This interval is chronologically constrained by sixteen AMS radiocarbon
dates. Fifteen distinct sediment accumulation rates (SAR) intervals can be
differentiated between 3.67 m and the top of the record between radiocarbon dates
(Fig. 2). The highest SAR occurred above ~0.21 m with an average of 0.17 cm/yr.
The average SAR below 0.21 m varied from around 0.01 to 0.07 cm/yr, showing the
lowest values from 0.21 to 0.58 cm averaging values of approximately 0.01 cm/yr

and showing an increase from 0.58 m to 3.67 m with average values of 0.05 cm/yr.

3.2. Lithology, inorganic and organic geochemistry

3.2.1. Lithology and inorganic geochemistry

Inorganic geochemistry informs us about variations in the lithology and the local
depositional environment. Variations in these proxies could also be useful for
estimating water level fluctuations in the wetland environment. Sediments bearing
aquatic fossil remains (i.e. gastropods and charophytes) and then rich in carbonates
have previously been related to shallow water lakes (Riera et al., 2004). Lower water
levels, more subjected to be occupied by wetland vegetation, and ephemeral lakes are
characterized by the increase in organics and clastic input and more influenced by
terrestrial-fluvial deposition (Martin-Puertas et al., 2008). Magnetic susceptibility
(MS) measure the propensity of the sediments to bring a magnetic charge (Snowball
and Sandgren, 2001).

Framboidal pyrite (FeS,) and barite (BaSO,) with Sr have been found covering
exceptionally preserved mammals remains from 40 to 30 ky at the Padul peat bog
(Garcia-Alix et al., 2012b) pointing towards a peat-bog environment with enhanced

anoxic conditions. The presence of pyrite and organic-sulfur compounds is common
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in peat bogs (Wieder and Lang, 1988; Feijtel et al., 1989; Chapman, 2001) and other
organic rich sediments under anoxic conditions (Lopez-Buendia et al., 2007).
Increasing values of organic carbon, and bromine have been related with higher
organic matter deposition generated in high productivity environments (Kalugin et
al., 2007). In marine records Br XRF scanning counts can be used to estimates

sedimentary total organic carbon (Ziegler et al., 2008).
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Figure 3. Inorganic geochemistry results for the ~3.67 m of the upperpart from Padul 15-05
record. Picture of the Padul-15-05 record, facies interpretations with paleontology, magnetic
susceptibility (MS) and X-ray fluorescence (XRF). XRF elements (Ca, Sr, Br, S, Si, K, Ti, Fe,
Zr) represents as counts per second normalized to the total counts (norm.). (a) MS in SI, (b)
Ca normalized (norm.), (¢) Sr normalized (norm.), (d) Br normalized (norm.), (e) S
normalized (norm.), (f) Si normalized (norm.), (g) K normalized (norm.), (h) Ti normalized
(norm.), (i) Fe normalized (norm.), (j) Zr normalized (norm.), (k) K/Si ratio.

A visual lithological inspection was made for the upper ~3.67 m of the Padul-15-
05 sediment core and was compared with the elemental geochemical composition
(XRF) and the MS data (Fig. 3). For the geochemical elements, we conducted a PCA
analysis to summarize and better understand the correlation between the visual
lithological features and the geochemical signal of the sediments (Supplementary Fig.

S1 and Table S1). The PCA analysis in the study sedimentary sequence help us
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identify three main groups of sediments consisting of clays with variable content in
(1) carbonates of endogenic formation with high values of Ca, related with the
occurrence of shells and charophyte remains, (2) siliciclastics (Si, K, Ti, Fe, Zr) and
(3) vegetal organics probably associated with anoxic/reducing environment with high
values of S, Sr and Br. To differentiated the clays input to the basin the K/Si ratio
have been calculated. The use of K/Si ratio is based in the fact that clay fraction is
enriched in filosilicates (illite, muscovite), compared with the coarser particles that
are mainly quartz, dolomite and schists. This correlation between K and clay content
has been observed in lacustrine systems (e.g. Lake Enol, Iberian Peninsula) and
associate to an increase in detrital input (Moreno et al., 2011).We were able to identify
four different lithological units: Units 1 and 2 are principally made up of peat
sediments and Unit 3 and 4 by clays with variable carbonates (Fig. 3). Unit 1, from
the bottom (3.67 m; ~11.6 cal ka BP) to around 2.31 m (~7.6 cal ka BP), is
characterized by facies 1 - dark organic peat — high S, Sr and Br values. Unit 2, from
2.31to 1.15 m (~7.6 to 4.7 cal ka BP), is also generally characterized by facies 1 but
with the intercalation of three other different facies; facies 2 from 2.31t0 2.21 m (~7.6
to 7.3 cal ka BP) depicted by grey clays with gastropod remains (featured by the
increase in Ca and the increase in K/Si ratio), facies 3 from 1.95 to 1.85 m (~6.6 to
6.4 cal ka BP) made up of brown clays with the occurrence of gastropods and
charophytes (showing a decrease in S, Br and Sr and higher values of Ca) and facies
4 around 1.46 to 1.40 m (~5.7 to 5.4 cal ka BP) characterized by grey clays (related
with the increase in siliciclastic material and clays input). Unit 3, from around 1.15
to 0.28 m (~4.7 to 0.40 cal ka BP), is mostly characterized by high Ca values and the
trend to increase in K/Si ratio, and the decrease in S, Br and Sr. This unit is made up
of three different facies; facies 5 between 1.15-1.10 m depth (~4.7 to 4.65 cal ka BP)
and 0.89-0.80 m depth (~4.3 to 4 cal ka BP), are characterized by dark brown organic
clays that bear charophyte and plant remains, facies 3 between 1.10-0.89 m (~4.65 to
4.3 cal ka BP) and 0.80-0.42 m depth (~4 to 1.6 cal ka BP), are made up of brown
clays, with the occurrence of gastropods and charophytes and facies 6, between 0.42-

0.28 m (~1.6 to 0.4 cal ka BP), which are characterized by grayish brown clays with
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the occurrence of gastropods. Unit 4, between 0.28 and 0 m depth (~0.4 cal ka BP to
Present), is composed of facies 7 and made up of light grayish brown clays depicted

by a decreasing trend in Ca and an increase in K/Si ratio and MS.

3.2.2. Organic geochemistry

Variations in TOC, C/N and H/C ratios reflect changes in paleoenvironmental
dynamics in bogs and lakes (Garcia-Alix et al., 2017; Meyers and Lallier-vergés,
1999; Ortiz et al., 2010). TOC concentration is the principal indicator of organic
matter content in sediments. Typical organic matter contains 50 % of carbon so the
concentration of organic matter in sediments is twice the TOC (Meyers et al., 1999).
C/N ratio helps us learn about the proportion of algal and terrestrial vascular plant
organic matter in the sediments (Meyers, 1994). Fresh organic matter from algae has
usually molar C/N values that are between 4 and 10, whereas cellulose-rich terrestrial
plants are characterized by values of 20 and greater (Meyers et al., 1994). H/C values
are a good proxy for the source of the organic matter in sediments, as
algal/bacterial/amorphous remains are richer in hydrogen than herbaceous and woody
plant material, with values over 1.7 indicative of algal/amorphous organisms. In
addition, lower values of H/C (<0.8) could also be indicative of organic matter
transport or diagenesis after deposition (Talbot, 1988; Talbot and Livingstone, 1989).

N-alkanes biomarkers abundance and distribution can provide information about
different biological sources of organic matter accumulated in bog and lake sediments
(Ficken et al., 2000; Meyers and Lallier-vergés, 1999; Sachse et al., 2006). Several
of'this sources are characterized by distinct predominant n-alkanes chain-lengths have
been identified according to the biological sources to the sediments : (1) In general,
n-alkanes with 17 or 19 carbon atoms (nC;; or nCy9) are found predominantly in algae
(Cranwell, 1984; Gelpi et al., 1970) and with photosynthetic bacteria (Cranwell et al.,
1987), (2) nCy, nCys or nC,s are associated with submerged and floating aquatic
plants (Cranwell, 1984; Ficken et al., 2000), while (3) n-alkane distribution with
predominant > nC,;, nCy, nCs; represent higher terrestrial plant input (Cranwell et

al., 1987) as well as emergent macrophytes (e.g. Juncus sp., Typha sp. or Phragmites
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australis) (Cranwell, 1984; Ficken et al., 2000; Ogura et al., 1990). CPI (illustrating
the relative abundance of odd vs. even carbon chain lengths) is a proxy for
preservation of organic matter in the sediments, with values lower than 2 indicating
diagenetic alteration or algal/bacterial influence and, higher than 2 (see Bush and
Mclnerney, 2013 review) indicating terrestrial influence and thermal immaturity of
the source rock. Ficken et al. (2000) formulated the Paq (proportion of aquatics) to
discern the origin of the organic inputs in the sediments, giving average values for
present-day plants of <0.1 for terrestrial plants, 0.1-0.4 for emerged aquatics and 0.4-
1 for submerged/floating aquatic species. However, Garcia-Alix et al., (2017),
showed that the meaning of the different indices of the distribution of the n-alkane
chain length cannot be generalized, being important to know the present n-alkane
distribution of the vegetation in the study site.

To better constrain the origin of the organic input in the Padul-15-05 record, we
analyzed n-alkanes from present day terrestrial and aquatic plants as well as
algae/bryophyte in the Padul basin area (Supplementary information; Figs. S2 and
S3). Our results show that the predominant n-alkanes in the samples are nC,7, nCy
and nCs;,. There is also a strong odd over even carbon number predominance (CPI
values higher than 2). This basin is currently dominated by wetland plants, such as
Phragmites australis with predominant carbon chain between C,; and Cyy n-alkane,
The Paq for present-day plants average values of 0.16 = 0.16 for terrestrial plants,

0.29 + 0.34 for aquatic plants and 0.32 + 0.21 for algae-bryophyte.
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Table 3. Summary of the n-alkane indices from the studied plant, algae and moss samples from the surroundings of the present-day Padul
peatland (For more information see in the Supplementary Figure S2 and S3).

Samples n-alkane indices
Paq ACL CPI Short-chain (%) Mid-chain (%) Long-chain (%)
Br‘;iagte 0324021  27.97+0.74  9.52+7.69 13.02 +21.07 3526+ 19.82 51.71 +33.84
A}glii‘ftis"s 029+034  2878+186  11.60+7.35 1.33 +4.40 28.36 + 32.44 70.31 + 34.64
Terrestrial ~ 0.16£0.16  28.23+0.74  20.64+10.84 - 17.44 +19.34 82.56 + 19.34
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ACL average values were around 28.23 + 0.74 for emerged-terrestrial plants,
28.78 + 1.86 for aquatic plants and 27.97 = 0.74 for algae-bryophyte (Table 3;
Supplementary Fig. S3). These results led us to the need to create three new n-alkane
indices with the goal of characterizing the source of organic matter in our sediment
samples from the Padul-15-05 record, taking in consideration the relative abundances
of the odd carbon chains except for nC,; (due to higher values in all the plant/algae
samples): (1) Short-chain (%), where higher values are typical from algae or bacterial,
(2) Mid-chain (%), where higher values are typical of aquatic plants, and (3) Long-
chain (%), where higher values are obtained when the source is vascular emerged

aquatic or terrestrial plants (Table 3).

1. Short-chain:

[C17-Ci9] = [(C17+C19)/(C17 +C19HCay+Ca3tCostCrotCs1+Cs3)] X100
2. Middle-chain:

[C1-C13-Cas] = [(Ca1+Ca3+Cas)/(Ci7+C 19+Ca+Ca3F+Cas+Cag+C31+C33)] X100
3. Long-chain:

[C29-C31-Cs3] = [(Cao+C311C33)/(Ci7+C191Ca1tCo31+Cos1CagtCsi+Cs3) ] X100

The results for the organic geochemistry (TOC, C/N ratio, H/C ratio and n-alkane
indices) from the Padul-15-05 record are depicted in Figure 4, showing the following

results:

TOC values range from 0.8 to 61%, with an average value of 27.5 %. Highest TOC
values are registered during the deposition of sedimentary Unit 1 averaging values of
41 %, associated with the peatland environment related with anoxic/reducing
conditions (showing higher correlation with S, Br; Table 4). Higher TOC variability
occurred during Unit 2. The transition between Unit 1 and 2 is marked by a TOC
decrease with values around 14 % at ~7.6 cal ka BP. Other decreases occurred
between 2-1.89 m (~ 6.9 to 6.4 cal ka BP) and between 1.48-1.39 m (~5.7 to 5.4 cal
ka BP), reaching values around 20 and 30 %, respectively. The transition between

Unit 2 and 3 (~4.7 cal ka BP/~1.13 m) is marked by a significant decline to values
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below 15 %. The lowest TOC values are recorded during Units 3 and 4 with average
values around 4.6 %. Atomic C/N ratios were higher during the lithological Units 1
and 2 and ranged between 53 and 11, with an average value of 26. A decrease in C/N
occurred during the transition from Units 2 to 3 down to average values of 17. The
lowest values occurred during Unit 1, recording C/N values in a range between 14
and 10. Atomic H/C ratios ranged between 1.13 and 6.66 with an average value of
1.65. The lowest values were recorded between the bottom of the record and
approximately 0.77 m (~3.9 cal ka BP) with ranging values between 1.13 and 2.26
with an average of 1.39. Highest values are depicted from 0.77 m to the top of the
record averaging values of 2.62.

The n-alkane data obtained from the Padul-15-05 sediments show that shorter
carbon chains were abundant during Unit 1. CPI values were higher than 2, averaging
values of around 7 and representing an odd over even carbon chain and a good
preservation of the organic matter in the sediments, the lowest values, with an average
of 2.6, occurred during the Unit 1 around 3.07-2.31 m depth (~9.7 to 7.6 cal ka BP),
and the highest values averaging 11.8 occurred around 2.31 to 2.15 m depth (from ca.
7.5 to 7.2 cal yr BP). Short-chain shows peaks of higher values at 3.10 m (~9.6 cal ka
BP), 2.55 m (~8.5 cal ka BP), 2.30 m (~7.5 cal ka BP), 1.40 m (~5.4 cal ka BP), from
1.15to 0.8 m (~4.7-4 cal ka BP), 0.52 m (~2.7 cal ka BP) and from 0.4-0.33 m (~1.3-
0.8 cal ka BP). Mid-chain shows the highest values between the bottom and 2.26 m
(between ~11.6 and 7.6 cal ka BP) with an average of around 24 %, depicting a
maximum between 2.90 and 2.31 m (~9.5 to 7.6 cal ka BP) with average values of
around 40 %. The lowest values are recorded during the last 1.15 m (~4.7 cal ka BP).
Long-chain index shows high values averaging ~81 % between 2.26 and 1.40 m (~
7.5 to 5.4 cal ka BP) and reached maximum values around 0.60 m (~3.2 cal ka BP)
and between 0.45 m (~1.9 cal ka BP), and the last 0.22 cm (~0.1 cal ka BP).
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Figure 4. Organic geochemistry results for the ~3.67 m of the upperpart (Holocene part) from
Padul-15-05 record and comparison with inorganic index calculated from the PCA analysis
performed to XRF elements in the same record. (a) K/Si ratio, (b) Ca (norm.), (c) Total organic
carbon percentage (TOC %), (d) Carbon-Nitrogen ratio (C/N), (e) Hydrogen-Carbon ratio
(H/C), (f) Average chain length (ACL), (g) Carbon preference index (CPI), (h) Short-chain
(%), (1) Mid-chain (%), (j) Long-chain (%).

3.3. Pollen and Spores

Pollen grains from terrestrial and aquatic species were identified and the most
representative taxa are plotted in a summary pollen diagram (Fig. 5). In this study,
we used the variations between Mediterranean forest taxa, xerophytes, hygrophytes
and algae for paleoenvironmental and paleoclimatic variability in the study area. The
fluctuations in arboreal pollen (AP, including Mediterranean tree species) have
previously been used in other nearby Sierra Nevada records as a proxy for regional
humidity changes (Jiménez-Moreno and Anderson, 2012; Ramos-Romén et al.,
2016). The abundance of the Mediterranean woods (i.e., evergreen and deciduous
Quercus, Olea, Pistacia) has been used as a proxy for climate change in many other
studies in the western Mediterranean region, with higher forest development
generally meaning higher humidity (Fletcher and Sanchez-Goiii, 2008; Fletcher et al.,

2013). On the other hand, increases in xerophyte pollen taxa (i.e., Artemisia, Ephedra,
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Amaranthaceae), representative of steppe vegetation, have been used as an indication
of aridity in this area (Anderson et al., 2011; Carrién et al., 2007). Variability in
wetland angiosperms and algae could be indicative of local change in the surrounding
vegetation and lake level fluctuations. Singh et al. (1990) suggested that Cyperaceae
and Typha could be taken like swamp-indicative when occuring with freshwater algae
(Cosmarium, Zygnemataceae). Currently, the dominant plant species in the Padul
wetland is the common reed, Phragmites australis, in fact very common in semi-arid
wetlands with shallow water levels (Moro et al., 2004). This species has thrives
whenever a wetlands becomes drier (Hudon, 2004). Van Geel et al., (1983) described
the occurrences of Zygnema and Mougeotia as characteristic of shallow lake water
environments. The chlorophyceae Botryococcus is an indicator of freshwater
environments in relatively productive fens, temporary pools, ponds or lakes (Guy-
Ohlson, 1992). Clausing (1999) point out that Botryococcus abundance is higher in

sediment of shallow water lakes and/or littoral environment in deeper lakes.
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Figure 5. Percentages of selected pollen taxa and non-pollen palynomorphs (NPPs) from the
Holocene part of Padul-15-05 record, represented with respect to terrestrial pollen sum.
Silhouettes show 7-time exaggerations of pollen percentages. Tree and shrubs are showing in
green, herbs and grasses in yellow, aquatics in dark blue, algae in blue and fungi in brown.
The Mediterranean forest taxa is composed of Quercus total, Olea, Phillyrea and Pistacia.
The xerophyte group includes Artemisia, Ephedra, and Amaranthaceae. Hygrophytes group
is composed by Cyperaceae and Typha type. Algae group is formed by Zygema type,
Botryococcus, Mougeotia and Pediastrum.
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The pollen results are described thereafter, distinguishing three different phases

during the Holocene:
3.3.1. From~11.6to 7.6 cal ka BP (from ~3.67 to 2.31 m)

The Early and early Middle Holocene, from ~11.6 to 7.6 cal ka BP, is characterized
by high abundance of Mediterranean forest, averaging relative percentage values of
approximately 58%. The most representative arboreal tree taxon between ~11.6 to
9.7 cal ka BP is evergreen Quercus, reaching maximum values of ca. 50 %. A
decrease in the Mediterranean forest and an increase in hygrophytes and Poaceae
occurred between 10.1 and 9.6 cal ka BP (from 3.28 to 3.01 m). Deciduous Quercus
show increasing trends between 9.5 and 7.6 cal ka BP (~2.91 to 2.31 m), recording
average maxima with values of around 22% at that time. Hygrophytes reach maxima
average values of approximately 17%, from ~9.8 to 8.8 cal ka BP (from 3.16 to 2.63
m). Algae display a decreasing trend from around 9 % (from ~11.6 to 9.9 cal ka
BP/3.67 to 3.20 m) to 2 % (from ~9.9 to 7.6 cal ka BP/3.20 to 2.34 m). This algal
decline between ~11.6 and 9.9 cal ka BP is due to the lowering of Zygnema spores.
An increase in the soil mycorrhizal fungus Glomus type occurs from ~9.6 to 9.3
cal ka BP (from 3.01 to 2.80 m).

This transition between the Early and Middle Holocene is featured by a slight

decrease in deciduous Quercus and in wetland plants such as Cyperaceae and Typha

type.
3.3.2. From ~7.6 to 4.7 cal ka BP (from ~2.34 to 1.13 m)

The Middle Holocene from ~7.6 to 4.7 cal ka BP was still characterized by high
values of Mediterranean forest (averaging values of ca. 58 %) interrupted by several
events of forest decrease. One of the most significant Mediterranean forest declines
(up to 26 %) parallel hygrophyte and Poaceae rise between ~7.5 and 7.3 cal ka BP
(2.28 to 2.21 m). A slight increase in algae also occurred around ~7.6 to 7.1 cal ka
BP (2.31 to 2.11 m). A second decrease in the Mediterranean forest occurred at ~6

cal ka BP (from around 1.65 m), also characterized by the increase in hygrophytes to
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maximum values around 40 %, and the increase in Pinus of around 5 to 12 %. A third
remarkable decrease in Mediterranean forest occurred between ~5.5 to 5.4 cal ka BP
(around 1.43 to 1.39 m), also characterized by the increase of the aquatic component.
These three previous events of decrease in forest decline are accompanied by slight

Glomus type increases.

3.3.3. From ~4.7 to Present (from ~1.13 m to top)

The Middle to Late Holocene transition (from ~ 4.7 cal ka BP/~1.13 m) is
characterized by the decrease in Mediterranean forest, in particular in the deciduous
tree taxa, from average values around 58% during the Middle Holocene to about 25
%. Other significant changes are: the increase in shrubs such as Ericaceae from values
around 1% to ~8% reaching maxima of ~30%, a strong increase of xerophytes and
Asteraceae (mainly Cichorioideae), and a Pinus expansion from 8% to 17%. An
increase in algae between ~4.7 to 1.5 cal ka BP (from ~1.13 to 0.28 m), reaching a
peak at around 2.5 to 1.7 cal ka BP (from around 0.5 to 0.43 m), is also remarkable
within this period.

Even though Mediterranean taxa show an overall decreasing trend during this
phase, they increased relatively between ~ 2.6 and 1.6 cal ka BP to average values
around 31%. This peak in Mediterranean forest was accompanied with an increase in
algae, which as largely dominated by Botryococcus, to average values of 13 %.

The most important pollen changes during the last ~1.5 cal ka BP are the decline
in arboreal pollen and algae and the increase of Cichorioideae, and during the last

~0.4 cal ka BP the significant increase in Poaceae.

3.4. Correlations for the environment reconstruction

A linear r (Pearson) correlation analysis was carried out between the obtained local
proxy dataset (MS, Ca, S, Br, Sr, K/Si ratio, C/N ratio, H/C ratio, TOC, short-chain,
mid-chain and long-chain abundances, Poaceae, Algae and Hygrophytes; Table 4].
This correlation analysis helped us associating all these proxies and understanding

environmental change in the Padul area. This analysis assisted us differentiate proxies
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characteristic of organic-rich sediments, primarily those peatland environment under
very shallow lake conditions (higher TOC, C/N ratio, S, Br, Sr and mid-chain) to
deeper shallow water environments characterized by the increase in endogenic
carbonates and more influenced by terrestrial-clays input (higher Ca, K/Si, MS,

Algae).

3.5. Spectral analysis

Spectral analysis was performed in order to find cyclical periodicities in the
Mediterranean forest from the Padul-15-05 record using REDFIT analysis (Schulz
and Mudelsee, 2002) detecting a periodicity of around ~2067, 1431 and 1095 yr.
Wavelet transform analysis is a useful tool for detection of periodicities in time series
with nonstationary cyclical patterns (Torrence and Compo, 1998). Wavelet analyses
show significant cycles (p = 0.05) in the Mediterranean forest taxa time series with
periodicities around ~2067 and 1095 yr during the Early and Middle Holocene period
and ~1431 yr during the last ~4.7 cal ka BP.

72



€L

Table 4. Linear r (Pearson) correlation between geochemical proxies and pollen data from the Padul-15-05 record. Statistical treatment was

performed using the Past software (http://palaeo-electronica.org/2001 1/past/issuel 01.htm).

C/N ratio H/C ratio TOC MS Poaceae Algae Hygrophyte i:::: Mid-chain Long-chain S Br K/Si Ca Sr

C/N ratio 5.33E-16 6.30E-33 9.48E-13 9.41E-07 7.14E-02 2.11E-10 3.67E-05 0.0093249 9.69E-01 2.15E-30 1.24E-13 4.56E-08 1.05E-24 5.60E-20

H/C ratio -0.60595 4.97E-16 1.25E-54 0.24997 0.83873 0.014101 1.36E-11 0.16571 0.040739 4.80E-11 3.45E-08 1.03E-10 9.55E-09 9.85E-17

TOC 0.79396 -0.60645 1.03E-12 8.08E-08 0.00097023 5.41E-10 1.26E-11 0.00011256 0.80183 2.41E-65 1.04E-36 1.02E-10 2.05E-39 6.36E-49

MS -0.54666 0.90279 -0.54594 0.58699 0.64816 0.018814 2.33E-09 1.03E-01 0.12274 4.44E-09 2.02E-07 2.83E-11 1.60E-06 4.34E-15
Poaceae 0.39277 -0.095815 0.42633 -0.045323 0.00096771 5.25E-07 0.37586 5.61E-01 0.99854 8.46E-08 0.00018098 0.019496 6.83E-06 0.00031762
Algae -0.14967 -0.016988 -0.27025 -0.038078 -0.27031 0.0028618 0.6669 9.08E-05 0.0073904 0.0043751 8.23E-05 0.00030366 0.13141 0.00039267

Hygrophyte 0.49514 -0.20278 0.4852 -0.19424 0.40108 -0.24514 0.29595 1.53E-08 0.00034311 1.54E-12 5.19E-10 0.016645 1.67E-10 1.44E-06

Short-chain -0.33565 0.52387 -0.52465 0.4706 -0.074081 0.036044 -0.087385 0.0010611 5.42E-22 6.36E-08 1.93E-08 4.50E-05 8.70E-08 2.48E-11

Mid-chain 0.21524 -0.11572 0.31522 -0.13612 0.048675 -0.31926 0.44853 0.26917 1.93E-48 5.05E-05 3.19E-03 6.52E-02 0.00011163 3.23E-05

Long-chain 0.0032797 -0.17016 0.021023 -0.12875 -0.00015362 0.2216 -0.29331 -0.6921 -0.88146 0.66657 0.66508 5.68E-01 0.7461 0.99199

S 0.77416 -0.51013 0.93201 -0.46179 0.42573 -0.23457 0.54234 -0.43076 0.32998 -0.036081 9.63E-42 3.78E-12 4.77E-34 5.58E-40

Br 0.56396 -0.43716 0.81996 -0.41423 0.30507 -0.32002 0.48565 -0.44574 0.24327 0.036253 0.84907 2.40E-07 8.36E-27 7.26E-26

K/Si -0.43366 0.50252 -0.50258 0.51532 -0.19316 0.29481 -0.1979 0.33204 -0.15353 -0.047753 -0.53426 -0.41189 0.22728 2.33E-21

Ca -0.72099 0.45282 -0.83631 0.38503 -0.36269 0.12543 -0.49757 0.42671 -0.31537 0.027119 -0.80209 -0.74218 0.10054 5.65E-19

Sr 0.6649 -0.61781 0.88208 -0.59051 0.2939 -0.28956 0.38657 -0.51813 0.33788 0.00084107 0.83951 0.73296 -0.68263 -0.65119
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Figure 6. Padul-15-05 local environment development during the Holocene deduced for a
comparison between different pollen, organic and inorganic geochemistry proxies from the
Holocene part of the Padul-15-05 record and summer and winter insolation for the Sierra
Nevada latitude. A) Regional response determines by Mediterranean forest taxa (%). B) Local
response: (a) Summer and winter insolation calculated for 37° N (Laskar et al., 2004), (b) Ca
(norm.) (c) K/Si ratio (clays input), (d) Total organic carbon percentage (TOC %), (e) Glomus
type (%) (f), Short-chain (%), (g) Algae percentage from the pollen analysis (h) Mid-chain
(%), (i) Hygrophytes percentage. Beige shadings are showing arid and cold event during the
Early and Middle Holocene determine by the decline in Mediterranean forest component and
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showing the response in the local environment. Proxies were resampled at 80 yr (in bold) by
lineal interpolation using Past software (http://palaeo-
electronica.org/2001 1/past/issuel 01.htm).

4. Discussion

4.1. Holocene climate change in Padul and the western Mediterranean region

4.1.1. The earliest Holocene

During the earliest Holocene (~11 to 10 cal ka BP) a transition period from glacial
to interglacial conditions occurred in the Padul area and the pollen assemblages were
dominated by evergreen Quercus and to a lesser extent, mesic forest species such as
deciduous Quercus. Local environment proxies show a development of a peatland
environments in the Padul basin (organic facies featured by higher values of TOC and
C/N and lower values of mid-chain, short-chain and S; Fig. 6), which indicate low
water levels at that time. The increase in Mediterranean forest taxa may be interpreted
as a regional vegetation response to a climate change to warmer and more humid
conditions than earlier on during the cold and dry Younger Dryas, agreeing with the
increasing trend in SSTs reconstructions from the Alboran Sea (Cacho et al., 1999;
Rodrigo-Gamiz et al., 2014b; Fig. 7). The observed peak of evergreen Quercus is
consistent with previously described glacial-interglacial vegetation transition from
Southern Europe indicating that a cold-dry steppe was followed by pre-temperate
open woodland [including Juniperus, Pinus, Betula, Quercus;, Van der Hammen et
al. (1971)]. These results agree with the previous pollen records from Padul, which
also show a widespread evergreen Quercus forest after the postglacial epoch (Pons
and Reille, 1988) and other high-resolution pollen study in the western Mediterranean
region that show a similar forest change with high abundance of Mediterranean taxa
(Fletcher and Sanchez-Goii et al., 2008; Fig. 7). These results are also consistent with
vegetation variability in the Middle Atlas Mountains of Morocco depicting high
values of evergreen Quercus rotundifolia (Lamb and van der Kaars, 1995). A forest
expansion is also observed in the nearby, but higher elevation site, Laguna de Rio
Seco in Sierra Nevada, but in this case it is mostly due to Pinus expansion after a

pollen assemblage dominated by steppe vegetation (Anderson et al., 2011; Fig. 7).
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This dissimilarity is probably explained by the altitudinal difference between the two
sites (Padul=750 vs. Laguna de Rio Seco=3000 m), being influenced by different
vegetation belts (mesomediterranean vs. oromediterranean belt; see Table 1). The
continental pollen record of the cave site Carihuela, inland Granada at the
supramediterranean, also shows a clear oak dominance during this period (Carrion et
al., 1999; Fernandez et al., 2007).

A punctual increase in algae (principally dominated by Zygnema type) also
occurred within this peat-dominated and shallow water period at around ~10.5 cal ka
BP. We suggest that this increase in algae could probably be linked with an increase
in productivity in the wetland due to increased temperatures during a warm pulse

recorded in the North Atlantic ice record (Bond et al., 2001; Fig. 9).
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Figure 7. Comparison for the Holocene between different pollen taxa from the Padul-15-05
record with a previously pollen record in the same area and other pollen and temperature
proxies from nearly areas in the western Mediterranean region. (a) Deciduous Quercus,
Evergreen Quercus and Mediterranean forest percentages in the Padul-15-05 record, (b)
Deciduous Quercus and Evergreen Quercus in a previously record in the Padul peat bog (Pons
and Reille, 1988), (c) Percentage of Pinus and Artemisia in the nearly Laguna de Rio Seco
record, Sierra Nevada (Anderson et al., 2011), (d) Temperate and Mediterranean forest
percentage for the MD95-2043 record, Alboran Sea (Fletcher and Sanchez-Goii, 2008) (e)
Alkenone sea surface temperature (SST) reconstruction from the MD95-2043 record, Alboran
Sea (Cacho et al., 1999) (f) Alkenone sea surface temperature (SST) reconstruction from the
434G record, Alboran Sea (Rodrigo-Gamiz et al., 2014b). Blue shading represents the
humidity optimum during the Holocene in the western Mediterranean region.
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4.1.2. Early and Middle Holocene and Humidity optimum

The Early to Middle Holocene (from ~10 to 4.7 cal ka BP) in the Padul-15-05
record is featured by the highest values of Mediterranean forest showing the
expansion in mesic components (e.g. deciduous Quercus), agreeing with the ideal
temperate phase of vegetation transition during interglacial periods (described by Van
der Hammen et al., 1971 and reviewed by Tzedakis et al., 2007; Fig. 8). The local
Padul wetland environment within this period (~10 to 4.7 cal ka BP) was
characterized by generally low water levels, triggering high occurrence of wetland
plants, which accumulated in great amounts, generating peat sedimentation probably
related with anoxic/reducing conditions and associated geochemical signals (i.e.
higher values of TOC, C/N, S and an increase in mid-chain; Figs. 5 and 6). There is
an apparent contradiction between the regional vegetation signal indicating high
humidity and local sedimentary proxies pointing to low water levels in the area. This
contradiction could be explained due to very strong evapotranspiration during
Holocene summer insolation maxima (Laskar et al., 2004) even if annual (mostly
winter) precipitation was highest (Fig. 6). Low lake levels during the regionally
humid Early Holocene have also been observed in other records from the southern
Mediterranean area, pointing to the same high-evaporative summer insolation
phenomenon (Lamb and van der Kaars, 1995; Reed et al., 2001; Magny et al., 2007).

Despite the overall humid conditions interpreted for the Early and Middle
Holocene, millennial-scale climate variability occurred (see section 4.1.4 below) and
wettest conditions are observed between ~9.5 to 7.6 cal ka BP in the Padul-15-05
record. This humidity optimum is indicated regionally by the maximum expansion of
mesic forest species (deciduous Quercus). Our new results from Padul agree with the
previously described Holocene climate evolution in the western Mediterranean
region, which also show a wet Early and Middle Holocene and a transition to drier
conditions in the Late Holocene (Carrion et al., 2010a; Anderson et al., 2011; Fletcher
et al.,, 2013 among others). The maximum in humidity occurred during summer
insolation maxima and thus during the warmest Holocene conditions shown by

paleoclimate records such as the Greenland ice core record temperature

78



Chapter 2

reconstruction, decrease in the Drift Ice Index in the north Atlantic records, total solar
irradiance (TSI) and regionally the SST reconstructions in the Alboran Sea ( Cacho
et al., 1999; Alley, 2000; Bond et al., 2001; Steinhilber et al., 2009; Rodrigo-Gamiz
etal.,2014b; Figs. 7 and 9). Support for the timing of the Holocene humidity optimum
recorded in Padul-15-05 comes from a number of paleoclimatic studies from nearby
places. For example, previous pollen results from the Padul sedimentary sequence
show a similar increase in deciduous Quercus and maximum humidity at the same
time (Pons and Reille, 1988; Fig. 7). The close by alpine site of Laguna de Rio Seco
in Sierra Nevada indicate that the Early and Middle Holocene is characterized by
more abundant mesic vegetation and the maximum in algae and aquatic plants,
indicating that humid maxima occurred prior to ~7.8 cal ka BP (Anderson et al.,
2011). Jimenez-Espejo et al. (2008) in a study in the Algero-Balearic basin described
that the end of the Holocene humid conditions occurred between ~7.7 and 7.2 cal ka
BP and a synthesis about circum-Mediterranean vegetation change analyses
determined that two principal climatic phases occurred during the Early and Middle
Holocene, with a more humid phase from 11 to 7.5 cal ka BP and a transition phase
from 7 to 5.5 cal ka BP, the later mostly related with the decrease in insolation and
the installation of the present climate dynamic (Jalut et al., 2009). Dormoy et al.
(2009) also described the maximum in humidity in the Mediterranean region during
the Early and Middle Holocene between 9.5 and 7.5 cal ka BP, determined by
maximum seasonal anomaly characterized by greatest winter precipitation and
minima in precipitation during summer. However, some discrepancies exist about the
timing of the mesic maximum within this generally humid period in the
Mediterranean region and continental and marine records from southern Iberia and
north Africa pointed out that the mesic maximum occurred later on during the Middle
Holocene ( Lamb and van der Kaars, 1995; Carrion, 2002; Fletcher and Sanchez-
Goiii, 2008). Supporting our hypothesis, Anderson et al. (2011) suggested that this
difference in timing between montane and subalpine forest development and lower
elevation water lake levels could be associated to the different effect that summer
insolation maxima and higher seasonality during the Early Holocene provoked in

effective precipitation and water levels in the lowland, with higher evaporations rates
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during summer, compared to higher elevation areas and alpine lakes with lower
summer temperatures and higher snowpack during winter and subsequently high lake
level.

The Early Holocene thermal maximum could be explained by maximum orbital-
scale summer insolation (Laskar et al., 2004; Figs. 6 and 9). The Early Holocene
humidity maximum was likely due to enhanced of fall/winter precipitation, consistent
with global climate models predicting that summer insolation maxima favor the
land/sea temperature contrast in the Mediterranean thus enhancing the winter rainfall
(Meijer and Tuenter, 2007). This occurred at the same time that the Intertropical
Convergence Zone was displaced northward (prior to ~6 ka BP) into the Sahara and
Arabian desert (Gasse and Roberts, 2004). Arz et al. (2003) and Tzedakis (2007)
concluded that summer monsoon did not reach further than the Africa subtropical
desert during the Early and Middle Holocene and would not hav a direct influence
over the Mediterranean coast.

Sedimentation at that time in the Padul basin is homogeneous peat but the local

proxies show some oscillations (see in section 4.1.4).
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4.1.3. End of the humid period and significant environmental change around 4.7 cal

ka BP

The Padul-15-05 record shows the most significant climatic change affecting
both regional and local environment at ~4.7 cal yr BP, right at the Middle to Late
Holocene transition. This paleoenvironmental change is regionally depicted by the
beginning of a strong decrease in Mediterranean (especially in the deciduous) forest,
indicating progressive climate drying conditions, a slight increase in Pinus, and an
increase in Ericaceae. Similar vegetation changes, with the decline in mesic forest
species and the increase in shrubs such as Ericaceae, have previously been recorded
in other terrestrial and marine pollen archives from the western Mediterranean region
during the transition to the Late Holocene (e.g., Carrion, 2002; Carridn et al., 2003;
2007; 2010b; Fletcher and Sanchez-Goiii, 2008; Gil-Romera et al., 2010) pointing to
a regional response to climate aridification and reduction in seasonality (i.e. cooler
summers and warmer winters). The timing of this change agrees with Magny et al.
(2002) who described the period at 4.5 cal ka BP, as a crucial transition from wetter
to drier climate in the Mediterranean region. In addition Jalut et al. (2009), described
the aridification process in the Mediterranean region since 5.5 cal ka BP.

This climatic change also locally affected the Padul wetland environment and
sedimentation changed drastically from mostly peat (unit 2) to carbonate-rich clays
(unit 3) rich in aquatic organisms (charophytes and gastropods; between ~4.7 to 1.5
cal ka BP) pointing to an increase in the lake level. This sedimentary change is
principally featured in the geochemistry by a decrease in organic content, a decrease
in the aquatic plants in the lake (lower values of TOC, C/N and generally decrease in
mid-chain index), an increase in Ca and in the palynomorph record by a continuously
increase in algae (principally dominated by Botryococcus). In addition, a higher
terrestrial and detrital input occurred during the aridification trend, observed in the
Padul-15-05 by a slight increasing trend in soil erosion (Glomus) and clastic input
(higher K/Si), most likely due to the decrease in Mediterranean forest in the area.

As discussed above, there seems to be a contradiction between regional proxies,

showing increased aridity, and local proxies showing increasing lake levels. This
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could be explained due to varied effect of the orbital-scale decrease in summer
insolation in both environments. A decrease in summer insolation would trigger a
decrease in the sea surface temperature reducing the wind system and precipitation
from sea to shore during winter (Marchal et al., 2002) and would also shorten the
length of the growing season thus provoking forest depletion. However, decreasing
summer insolation would also reduce the seasonality and would lower
evapotranspiration during summer, affecting the evaporation/precipitation balance.
This along with the continuous groundwater supply in the Padul basin would explain
the increasing lake levels in the Padul wetland during the Late Holocene (Fig. 6).
Some authors also related this aridification trend with the establishment of the actual
atmospheric dynamics with a northward shift of the westerlies -and as consequence a
long-term NAO-like positive mode- affecting the western Mediterranean region
(Magny et al., 2012). In addition, this climatic shift coincides with the end of the
African Humid Period (5.5 ka BP; deMenocal et al., 2000). Shanahan et al. (2015),
suggest that the decrease in rainfall at this time shown in the African paleoclimate
records (tropical and subtropical Africa) is related with declining in summer
insolation and the gradual southward migration of the tropical monsoon.

Within the context of regional progressive aridification, the Late Holocene (sensu
lato) from Padul could mainly be divided into two phases, a first phase from ~4.7 to
3 cal ka BP characterized by the slight increasing trend in Botryococcus and the
declining trend in AgP index, and a second phase from ~3 to 1.5 cal ka BP featured
by maximum values in Botryococcus and a minimum in AP index (Fig. 6). Relative
maxima in Mediterranean forest between ~2.6 and 1.6 cal ka BP, indicating regional
humidity, co-occurred with the maximum in Botryococcus algae also indicating either
high relative lake level and/or more productivity in the lake. High relative humidity
in this region is supported by the fact that this mild climatic event occurred during
the well-known Iberian Roman Humid Period (IRHP; between 2.6 to 1.6 cal ka BP;
(Martin-Puertas et al., 2009).

The aridification trend enhanced around ~1.5 cal ka BP and culminated with a
further environmental change to an ephemeral lake (even emerged during the last

centuries). This is deduced by the remarkable increase in detritic sedimentation (K/Si;

82



Chapter 2

Fig. 6), probably due to higher soil erosion (increase in Glomus type) partially
enhanced by human activities in the surroundings of the lake since this time (Ramos-
Roman et al., in press.), and by a continuous increase in mid-chain, short-chain
abundance and wetland plants while Botryococcus and other aquatic organisms
(especially charophytes) declined. Aquatic plants probably expanded in the Padul
wetland area when the water levels dropped. This increasing trend in mid-chain and
short-chain abundance started to decline during the last centuries when the wetland
became emerged and higher human impact occurred (for more information about
human activities see Ramos-Roman et al., in press.).

The ~4.7 to Present natural aridification process was interrupted by millennial-
scale climate variability with several especially arid events occurring around ~4.7-4,

2.7 and 1.3 cal ka BP (see next section; 4.1.4).
4.1.4. Millennial-scale Holocene climate variability

In addition to the long-term trends observed in the Padul paleoenvironments,
likely driven by insolation-related climate changes during the Holocene, the high-
resolution multi-proxy record from Padul-15-05 shows millennial-scale vegetation,
lake level and sedimentary oscillations that can be related with global climate change
and cooling events detected in North Atlantic archives. In this respect, the Padul-15-
05 sequence shows arid-cooling climatic events around ~9.6, 8.5, 7.5, 6.5, 5.4, 4.7-4,
2.7 and 1.3 cal ka BP, generally identified in both regional (decreases in the
Mediterranean forest suggesting regional cooling and aridity) and local proxies
(increases in clays input, short-chain, mid-chain and hygrophyte) and with
periodicities of about 2100 and 1100 years. These short-scale climatic changes
affected sedimentation and local lake level in the Padul environment, generally with
increases in carbonate (charophytes and gastropods) and clastic sedimentation,
hygrophytes, short-chain and mid-chain abundances pointing to higher lake levels
probably triggered by cooling and less evaporation in the wetland, enhanced erosion
due to deforestation and increase in plants adapted to more aquatic wetland

environments (Fig. 6). Some of these events are manifested in the Padul-15-05 record
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clearly in both regional and local proxies (~9.6, 7.5, 5.4, 4.7-4,2.7, 1.3 cal ka BP) but
some others are more evident in the local signal (for example events at 8.5 and 6.5
cal ka BP), probably indicating that those events were less severe and/or problems
recording them sufficiently well in the pollen. During the last ~4.7 cal ka BP, during
the establishment of the actual climate dynamics and the decrease in summer
insolation, a shallow lake formed and these cold events are also associated with
declines in the lake productivity (for example reductions in algae before and after the
IRHP; Figs. 6 and 9).

Most of these climatic events have been described in other Mediterranean
paleoclimate records, considering the radiocarbon age uncertainties between the
different studies. For example, Jalut et al. (2000) also described aridification phases
for the western Mediterranean region around ~10.9-9.7, 8.4-7.6 and 5.3- 4.2, 4.3-3 4,
2.8-1.7 and 1.3-0.75 cal ka BP, showing that this events were correlated with glacial
advance, '*C anomalies, North Atlantic records and paleohydrological changes in
European mid-latitudes suggesting that they were a regional response to global
climate change. Some arid events around ~9.6-9.5, 8.4-8 and 6-5.5, have been also
identified as arid and cool events in a study from the eastern and western
Mediterranean region (Dormoy et a., 2009). Fletcher and Zielhofer (2013) detected
this rapid climate changes relating these arid periods with high-latitude cooling events
around 6-5 and 3.5-2.5 cal ka BP. Recently, Zielhofer et al. (2017) show decrease in
western Mediterranean winter rain at 11.4, 10.3, 9.2, 8.2, 7.2, 6.6, 6.0, 5.4, 5.0, 4.4,
3.5,29,22,19,1.7,1.5,1.0, 0.7, and 0.2 cal ka BP. They associate these events
during the Early Holocene with Atlantic coolings probably related with meltwater
discharges and weakening of the Atlantic overturning circulation. In contrast, after
~5 cal ka BP relating these Atlantic coolings with humid winters and negative NAO
conditions evidencing a change in the ocean-atmospheric system in response to the
external forcing. In the nearby Sierra Nevada, arid events are detected around 3.8-3.1
and 1.8-0.7 cal ka BP (Laguna de la Mula; Jiménez-Moreno et al., 2013). Cold and
arid events detected in the Padul-15-05 record at ~9.6, 8.5, 7.5, 6.5, 5.4, 4.7-4, 2.7
and 1.3 cal ka BP have been also identified in North Atlantic records (Bond events 6,
5,4,3,2,1;Bond et al., 2001; Fig. 9), which indicate that these events were recorded
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at hemispheric scales. The good correspondence with the timing of these cold events
with decreases in solar activity recorded by the TSI anomaly during the Holocene
could show a link between them (Steinhilber et al., 2009; Fig. 9). This would agree
with previous studies showing a strong sun-climate-environment relationship

(Zielhofer et al., 2017).
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Figure 9. Holocene climate periodicity from the Padul-15-05 record determine by declines in
the Mediterranean forest component and comparison with other North Atlantic records. (a)
Summer and winter insolation for calculated for 37° N (Laskar et al., 2004), (b) Mediterranean
forest taxa (c) Drift Ice Index (reversed) from the North Atlantic (Bond et al., 2001), (d) Total
solar irradiance anomaly reconstruction from cosmogenic radionuclide from a Greenland ice
core (Steinhilber et al., 2009). Beige shadings represent the decrease in Mediterranean forest
component and maximum in cold events related with decrease in total solar irradiance.

&5



Chapter 2

4.1.5. Forcing mechanisms of Holocene millennial-scale climate variability in the

western Mediterranean region

The time series analysis done on the Mediterranean forest (regional proxy) from
the Padul-15-05 record using a wavelet analysis evidence millennial-scale cyclical
periodicities during the Early, Middle and Late Holocene. This analysis helps to
understand the relationship between the regional paleoenvironmental periodicity in
the proxy data from the Padul record and external (i.e. solar activity) and internal
(oceanic-atmospheric dynamics) forcings during the Holocene in the western
Mediterranean. Cyclicities of around ~2100 yr and ~1100 yr are detected in the
Mediterranean forest taxa time series with a statistically strong cyclical pattern during
the Early and Middle Holocene (the ~1100 yr cycle is absent in the Late Holocene),
and a predominant ~1430 yr cycle between the transition of the Middle-Late
Holocene and during the Late Holocene (Supplementary Fig. S4).

Our results are consistent with similar cyclical patterns detected throughout the
North Atlantic records and related with solar activity also describing ~2500 and 1000
yr periodicities during the Early Holocene (Debret et al., 2007; 2009). A similar
periodicity of about 2300 yr is recognized in the A"C residual series from the
Greenland Ice Sheet record (Mayewski et al., 1997). This periodicity has also been
evidenced in sea surface temperatures (SST) reconstructions in the Aegean Sea in the
NE Mediterranean related with glacier advance and suggesting a solar modulation
(Rohling et al., 2002). The ~1000 yr periodicity is also stablished as a signal of solar
activity in many other records in the Mediterranean and the North Atlantic region
(e.g. Debret; 2007; 2009 and references therein). Previous cyclostratigraphic analysis
performed in the nearby Sierra Nevada alpine area also described cyclical climatic
fluctuations with periodicities around 2200 yr (Jiménez-Espejo et al., 2014). In
contrast, other spectral analyses carried out in other records in the North Atlantic and
western Mediterranean region detected a periodicity of around ~1500 yr (e.g. Bond
et al., 2001; Rodrigo-Gamiz et al., 2014a). This ~1500 yr cycle is also common in
other Sierra Nevada records (Jiménez-Espejo et al., 2014; Garcia-Alix et al., 2017)

and was interpreted as a solar and atmospheric-oceanic forcing mechanism. In
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addition, a cycle of ~800-760 yr has also been detected in the detailed studied of the
Late Holocene part of the Padul-15-05 record (Ramos-Roman et al., in press.) and in
other records in the Sierra Nevada (Ramos-Romaén et al., 2016). This cycle could be
related to the second harmonic of the ~1600-1500 yr cycle. These results show very
mixed interpretations with both solar and/or oceanic forcing mechanisms being
described to explain cyclicities in the different proxies. Debret et al. (2009) in a non-
stationary time series analysis tries to differentiate the different forcing mechanisms
for the different cyclicities and also described an intensification of the ~1600 yr
period detected in the North Atlantic area (terrestrial and marine records and
interpreted of both solar and oceanic origin) in the last 5 cal ka BP. Those authors
then interpret this cyclical periodicity change as a shift in dynamics from mostly
external (solar) forcing to mostly internal (oceanic) forcing.

According to this, the Holocene results from the Padul-15-05 record evidence
that the regional climate variability during the Early and Middle Holocene was due
to external forcing (i.e. solar irradiance) and variability during the Late Holocene
(since ~4.7 cal ka BP) was dominated by the effect of internal forcing (atmospheric-
oceanic dynamic) -established since the NAO system influencing the western
Mediterranean region- enhanced since ~5 cal ka BP (Debret et al., 2007; 2009).
Fletcher et al. (2013) described a shift in the millennial-scale periodicity since around
~6 cal ka BP related with the establishment of the actual climate system in the western
Mediterranean region. The similarities between the millennial-scale oscillations
observed in the Padul-15-05 record with the total solar irradiance anomaly (TSI) and
cooling events in the North Atlantic region (e.g. Bond et al., 2001; Steinhilber et al.,
2009; Fig. 10) support the solar-atmospheric-oceanic link in the Atlantic-western

Mediterranean region previously suggested (Debret et al., 2009).

5. Conclusions

Variations in regional and local paleoenvironmental and paleoclimate proxies
from the Padul-15-05 core helped us to interpret climate and paleoenvironmental
change during the last 11.6 cal ka BP in southern Iberia and the western

Mediterranean region. The comparison of our record with other regional and global
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oceanic-atmospheric-terrestrial studies aided to comprehend the origin of these
paleoenvironmental changes.

The Early and Middle Holocene was characterized by overall humid and warm
conditions and a humidity optimum between ~9.5 and 7.6 cal yr BP, humid winters
and very hot and dry summers and a higher seasonality, occurred in this area due to
summer insolation maxima. These interpretations come from the highest occurrence
of deciduous tree species and humid conditions in the local environment (higher mid-
chain abundance) in the Padul-15-05 core. Summer insolation maxima translated into
very high evaporation rates and lowest lake level conditions triggering the abundance
of wetland plants and the deposition of peat related with the higher TOC. A transition
phase towards drier conditions is recorded in the Middle Holocene between ~7.6 and
4.7 cal ka BP through a decrease in deciduous forest and a higher water level
variability mainly associated with variations in Ca, K/Si and TOC content. This
environmental change was mostly due to a reduction in seasonality and decreasing
summer insolation, which also locally triggered less evaporation and the alternation
of water level increase within a peatland environment. This climate transition
culminated in the Padul area with a significant environmental change at ~4.7 cal ka
BP, featured by a regional aridification trend that produced a decreasing trend in the
Mediterranean forest. Precipitation decreased in the Late Holocene but the decrease
in summer insolation locally triggered less evaporation and the development of a
shallow water lake environment and a significant sedimentary change characterized
by higher values of Ca an increasing trend to increase in clays minerals (K/Si ratio),
and the decrease in TOC.

The Padul-15-05 record also shows millennial-scale climate variability with
declines in Mediterranean forest showing cool-arid events and variability in the lake
level around 9.6, 8.5, 7.5, 6.5, 5.4, 4.7-4, 3, 2.7 and 1.3 cal ka BP, associated with
cold events in the North Atlantic records. According to the regional (Mediterranean
forest taxa) paleoclimate results from the non-stationary time-series analyses, climate
during the Early and Middle Holocene was mostly controlled by external solar forcing

with typical periodicities around 1100 and 2100 yrs, and the last ~4.7 cal ka BP were
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dominated by a more internal oceanic/atmospheric control as periodicities changed
towards ~1430 yr in the regional paleoclimate proxy.

We would like to remark the importance of carrying out multi-proxy analyses
containing both regional and local signals and a non-stationary time-series analysis
in order to clarify the links between terrestrial-oceanic-atmospheric connections in

Holocene paleoclimatic studies.
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Supplementary Figure S1. X-ray fluorescence (XRF) PCA results from the Padul-15-05
record. (a) Biplot figure and (b) loadings (correlation) of the most significant components;
PCl(above) and PC2 (below). Statistical analysis was performed using Past software
(http://palaco-electronica.org/2001 1/past/issuel 01.htm).
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Supplementary Figure S2. n-alkane indices [Short-chain, Mid-chain and Long-chain (%)]
from the algae, bryophyte and plant samples studies in the surroundings of the present-day
Padul lake.
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Supplementary Figure S3. n-alkane indices (Paq, ACL and CPI) from the algae, bryophyte
and plant samples studies in the surroundings of the present-day Padul lake.
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Mediterranean forest taxa (%) detrended and lineally interpolated to 80 yr; shading indicate
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yr of periodicity since ca. 4.7 cal ka BP. Statistical analysis was performed using Past software
(http://palaco-electronica.org/2001 1/past/issuel 01.htm).
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Supplementary tables

Supplementary Table S1. X-ray fluorescence (XRF) PCA results from Padul-15-05 record.
Eigenvalue, and percentage of variance explained with the different Principal Components.
Statistical ~ analysis =~ was  performed using Past software  (http://palaco-
electronica.org/2001 1/past/issuel 01.htm).

PC Eigenvalue % variance
1 5.2735 58.594
2 2.31664 25.74
3 0.575871 6.3986
4 0.327842 3.6427
5 0.213153 2.3684
6 0.168962 1.8774
7 0.077899 0.86554
8 0.0461336 0.5126
9 1.82E-17 2.02E-16
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Abstract

Holocene centennial-scale paleoenvironmental variability has been described
in a multiproxy analysis (i.e. lithology, geochemistry, macrofossil and
microfossil analyses) of a paleoecological record from the Padul basin in Sierra
Nevada, southern Iberian Peninsula. This sequence covers a relevant time
interval hitherto unreported in the studies of the Padul sedimentary sequence.
The ~4700 yr-long record has preserved proxies of climate variability, with
vegetation, lake levels and sedimentological change during the Holocene in one
of the most unique and southernmost wetland from Europe. The progressive
Middle and Late Holocene trend toward arid conditions identified by numerous
authors in the western Mediterranean region, mostly related to a decrease in
summer insolation, is also documented in this record, being here also
superimposed by centennial-scale variability in humidity. In turn, this record
shows centennial-scale climate oscillations in temperature that correlate with
well-known climatic events during the Late Holocene in the western
Mediterranean region, synchronous with variability in solar and atmospheric
dynamics. The multiproxy Padul record first shows a transition from a
relatively humid Middle Holocene in the western Mediterranean region to more
aridity from ~4700 to ~2800 cal yr BP. A relatively warm and humid period
occurred between ~2600 to ~1600 cal yr BP, coinciding with persistent negative
NAO conditions and the historic Iberian-Roman Humid Period. Enhanced arid
conditions, co-occurring with overall positive NAO conditions and increasing
solar activity, are observed between ~1550 to ~450 cal yr BP (~400 to ~1400
CE) and colder and warmer conditions happened during the Dark Ages and
Medieval Climate Anomaly, respectively. Slightly wetter conditions took place
during the end of the MCA and the first part of the Little Ice Age, which could
be related to a change towards negative NAO conditions and minima in solar
activity. Time series analysis performed from local (Botryococcus and TOC)

and regional (Mediterranean forest) signals helped us determining the
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relationship between southern Iberian climate evolution, atmospheric, oceanic
dynamics and solar activity. Our multiproxy record shows little evidence of
human impact in the area until ~1550 cal yr BP, when evidence of agriculture
and livestock grazing occurs. Therefore climate is the main forcing mechanism

controlling environmental change in the area until relatively recently.

Keywords: Holocene, Padul, peat bog, North Atlantic Oscillation, atmospheric

dynamics, southern Iberian Peninsula, Sierra Nevada, western Mediterranean.
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1. Introduction

The Mediterranean area is situated in a sensitive region between temperate
and subtropical climates making it an important place to study the connections
between atmospheric and oceanic dynamics and environmental change.
Climate in the western Mediterranean and the southern Iberian Peninsula is
influenced by several atmospheric and oceanic dynamics (Alpert et al., 2006),
including the North Atlantic Oscillation (NAO) one of the principal
atmospheric phenomenon controlling climate in the area (Hurrell, 1995;
Moreno et al., 2005). Recent NAO reconstructions in the western
Mediterranean relate negative and positive NAO conditions with an increase
and decrease, respectively, in winter (effective) precipitation (Trouet et al.,
2009; Olsen et al., 2012). Numerous paleoenvironmental studies in the western
Mediterranean have detected a link at millennial- and centennial-scales
between the oscillations of paleoclimate proxies from sedimentary records with
solar variability and atmospheric (i.e., NAO) and/or ocean dynamics during the
Holocene (Moreno et al., 2012; Fletcher et al., 2013; Rodrigo-Gamiz et al.,
2014a). Very few montane and low altitude lake records in southern Iberia
document centennial-scale climate change [see, for example Zofiar Lake
(Martin-Puertas et al., 2008)], with most terrestrial records in the western
Mediterranean region evidencing only millennial-scale cyclical changes.
Therefore, higher-resolution decadal-scale analyses are necessary to analyze
the link between solar activity, atmospheric and oceanographic systems with
terrestrial environment in this area at shorter (i.e., centennial) time scales.

Sediments from lakes, peat bogs and marine records from the western
Mediterranean have documented an aridification trend during the Late
Holocene (Jalut et al., 2009; Carrion et al., 2010a; Gil-Romera et al., 2010).
This trend, however, was superimposed by shorter-term climate variability, as
shown by several recent studies from the region (Carrion, 2002; Martin-Puertas
etal., 2008; Fletcher et al., 2013; Jiménez-Moreno et al., 2013a; Ramos-Roméan

et al., 2016). This relationship between climate variability, culture evolution
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and human impact during the Late Holocene has also been the subject of recent
paleoenvironmental studies (Magny, 2004; Carrion et al., 2007; Lopez-Saez et
al., 2014; Lillios et al., 2016). However, it is still unclear whether climate or
human activities have been the main forcing driving environmental change (i.e.,
deforestation) in this area during this time.

Within the western Mediterranean, Sierra Nevada is the highest and
southernmost mountain range in the Iberian Peninsula and thus presents a
critical area for paleoenvironmental studies. Most high-resolution studies there
have come from high elevation sites. The well-known Padul wetland site is
located at the western foot of the Sierra Nevada (Fig. 1) and bears one of the
longest continental records in southern Europe, with a sedimentary sequence of
~100 m thick that could represent the last 1 Ma (Ortiz et al., 2004). Several
research studies, including radiocarbon dating, geochemistry and pollen
analyses, have been carried out on previous cores from Padul, and have
documented glacial/interglacial cycles during the Pleistocene and up until the
Middle Holocene. However, the Late Holocene section of the Padul
sedimentary sequence has never been effectively retrieved and studied
(Florschiitz et al., 1971; Pons and Reille, 1988; Ortiz et al., 2004). This was due
to the location of these previous corings within a current peat mine operation,
where the upper (and non- productive) part of the sedimentary sequence was
missing.

Here we present a new record from the Padul basin: Padul-15-05, a 42.64
m-long sediment core that, for the first time, contains a continuous record of
the Late Holocene (Fig. 2). A high-resolution multi-proxy analysis of the upper
1.15 m, the past ~4700 cal yr BP, has allowed us to determine a complete
paleoenvironmental and paleoclimatic record at centennial- and millennial-
scales. To accomplish that, we reconstructed changes in the Padul vegetation,
sedimentation, climate and human impact during the Holocene throughout the
interpretation of the lithology, palynology and geochemistry.

Specifically, the main objective of this paper is to determine environmental

variability and climate evolution in the southern Iberian Peninsula and the
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western Mediterranean region and their linkages to northern hemisphere
climate and solar variability during the latter Holocene. In order to do this, we
compared our results with other paleoclimate records from the region and solar
activity from the northern hemisphere for the past ~4700 cal yr BP (Bond et al.,
2001; Laskar et al., 2004; Steinhilber et al., 2009; Sicre et al., 2016).

2. Regional setting: Padul, climate and vegetation

Padul is located at the foothill of Sierra Nevada, which is a W-E aligned
mountain range located in Andalucia (southern Spain; Fig. 1). Climate in this
area is Mediterranean, with cool and humid winters and hot/warm summer
drought. Sierra Nevada is strongly influenced by thermal and precipitation
variations due to the altitudinal gradient (from ca. 700 to more than 3400 m),
which control plant taxa distribution in different bioclimatic vegetation belts
due to the variability in thermotypes and ombrotypes (Valle Tendero, 2004).
According to the climatophilous series classification, Sierra Nevada is divided
in four different vegetation belts (Fig. 1). The crioromediterranean vegetation
belt, occurring above ~2800 m, is characterized by tundra vegetation and
principally composed by species of Poaceae, Asteraceae, Brassicaceae,
Gentianaceae, Scrophulariaceae and Plantaginaceae between other herbs, with
anumber of endemic plants (e.g. Erigeron frigidus, Saxifraga nevadensis, Viola
crassiuscula, Plantago nivalis). The oromediterranean belt, between ~ 1900 to
~2800 m, is principally made up of Pinus sylvestris, P. nigra and Juniperus
spp. and other shrubs such as species of Fabaceae, Cistaceae and Brassicaceae.
The supramediterranean belt, from ~1400 to 1900 m of elevation, bears
principally Quercus pyrenaica, Q. faginea and Q. rotundifolia and Acer opalus
ssp. granatense with other trees and shrubs, including members of the
Fabaceae, Thymelaeaceae, Cistaceae and Artemisia sp. being the most
important. The mesomediterranean vegetation belt occurs between ~600 and
1400 m of elevation and is principally characterized by Quercus rotundifolia,
some shrubs, herbs and plants as Juniperus sp., and some species of Fabaceae,

Cistaceae and Liliaceae with others (El Aallali et al., 1998; Valle, 2003). The
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human impact over this area, especially important during the last millennium,
affected the natural vegetation distribution through fire, deforestation,
cultivation (i.e., Olea) and subsequent reforestation (mostly Pinus) (Anderson
et al., 2011). The Padul basin is situated in the mesomediterranean vegetation
belt at approximately 725 m elevation in the southeastern part of the Granada
Basin. In this area and besides the characteristic vegetation at this elevation,
nitrophilous communities occur in soils disrupted by livestock, pathways or
open forest, normally related with anthropization (Valle, 2003).

This is one of the most seismically active areas in the southern Iberian Peninsula
with numerous faults in NW-SE direction, with the Padul fault being one of
these active normal faults (Alfaro et al., 2001). It is a small extensional basin
approximately 12 km long and covering an area of approximately 45 km?,
which is bounded by the Padul normal fault. The sedimentary in-filling of the
basin consists of Neogene and Quaternary deposits; Upper Miocene
conglomerates, calcarenites and marls, and Pliocene and Quaternary alluvial
sediments, lacustrine and peat bog deposits (Domingo-Garcia et al., 1983; Sanz
de Galdeano et al., 1998; Delgado et al., 2002).

The Padul wetland is endorheic, with a surface of approximately 4 km’
placed in the Padul basin that contains a sedimentary sequence characterized
mostly by peat accumulation. The basin fill is asymmetric, with thicker
sedimentary and peat infill to the northeast (~100 m thick; Florschiitz et al.,
1971; Domingo-Garcia et al., 1983; Nestares and Torres, 1997) and
progressively becoming thinner to the southwest (Alfaro et al., 2001). The main
source area of allochthonous sediments in the bog is the Sierra Nevada, which
is characterized at higher elevations by Paleozoic siliceous metamorphic rocks
(mostly mica-schists and quartzites) from the Nevado-Filabride complex and,
at lower elevations and acting as bedrock, by Triassic dolomites, limestones
and phyllites from the Alpujarride Complex (Sanz de Galdeano et al. 1998).
Geochemistry in the Padul sediments is influenced by detritic materials also
primarily from from the the Sierra Nevada (Ortiz et al., 2004). Groundwater

inputs into the Padul basin come from the Triasic carbonates aquifers (N and S
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edge to the basin), the out flow of the Granada Basin (W edge to the basin) and
the conglomerate aquifer to the east edge (Castillo Martin et al., 1984; Ortiz et
al., 2004). The main water output is by evaporation and evapotranspiration,
water wells and by canals (“madres”) that drain the water to the Durcal river to
the southeast (Castillo Martin et al., 1984). Climate in the Padul area is
characterized by a mean annual temperature of 14.4 °C and a mean annual

precipitation of 445 mm (http://www.aemet.es/). The Padul-15-05 drilling site

was located ~50 m south of the present-day Padul lake shore area. This basin
area is presently subjected to seasonal water level fluctuations and is principally
dominated by Phragmites australis (Poaceae). The lake environment is
dominated by aquatic and wetland communities with Chara vulgaris,
Myriophyllum spicatum, Potamogeton pectinatus, Potamogetum coloratus,
Phragmites australis, Typha dominguensis, Apium nodiflorum, Juncus
subnodulosus, J. bufonius, Carex hispida and Ranunculus muricatus, among
others (Pérez Raya and Lopez Nieto, 1991). Some sparse riparian trees occur
in the northern lake shore, such as Populus alba, Populus nigra, Salix sp.,
Ulmus minor and Tamarix. At present Phragmites australis is the most
abundant plant bordering the lake. Surrounding this area are cultivated crops

with cereals, such as Triticum spp., as well as Prunus dulcis and Olea europea.
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Figure 1. Location of Padul in Sierra Nevada, southern Iberian Peninsula. Panel on the
left is the map of the vegetation belts in the Sierra Nevada (Modified from REDIAM.
Map of the vegetation series of Andalucia:
http://laboratoriorediam.cica.es/VisorGenerico/?tipo=WMS&url=http://www juntadea
ndalucia.es/medioambiente/mapwms/REDIAM_Series Vegetacion Andalucia?). The
inset map is the Google earth image of the Iberian Peninsula in the Mediterranean
region. Panel on the  right is the Google earth  image
(http://www.google.com/earth/index.html) of Padul peat bog area showing the coring
locations.

3. Material and methods

Two sediment cores, Padul-13-01 (37°00°40°’N; 3°36°13°°W) and Padul-
15-05 (37°00°39.77°°N; 3°36°14.06°W) with a length of 58.7 cm and 42.64 m,
respectively, were collected between 2013 and 2015 from the wetland (Fig. 1).
The cores were taken using a Rolatec RL-48-L drilling machine equipped with
a hydraulic piston corer from the Scientific Instrumentation Centre of the
University of Granada (UGR). The sediment cores were wrapped in film, put

in core boxes, transported to UGR and stored in a dark cool room at 4°C.

3.1. Age-depth model (AMS radiocarbon dating)

The core chronology was constrained using fourteen AMS radiocarbon dates
from plant remains and organic bulk samples taken from the cores (Table 1). In
addition, one sample with gastropods was also submitted for AMS radiocarbon
analysis, although it was rejected due to important reservoir effect, that

provided a very old date. Thirteen of these samples came from Padul-15-05
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with one from the nearby Padul-13-01 (Table 1). We were able to use this date
from Padul-13-01 core as there is a very significant correlation between the
upper part of Padul-15-05 and Padul-13-01 cores, shown by identical
lithological and geochemical changes (Supplementary information 1; Figure
S1). The age model for the upper ~3 m minus the upper 21 cm from the surface
was built using the R-code package ‘Clam 2.2° (Blaauw, 2010) employing the
calibration curve IntCal 13 (Reimer et al., 2013), a 95 % of confidence range,
a smooth spline (type 4) with a 0.20 smoothing value and 1000 iterations (Fig.
2). The chronology of the uppermost 21 cm of the record was built using a linear
interpolation between the last radiocarbon date and the top of the record
(Present; 2015 CE). Even though the length of the Padul-15-05 core is ~43 m,
the studied interval in the work presented here is the uppermost 115 cm of the

record that are constrained by seven AMS radiocarbon dates (Fig. 2).
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Figure 2. Photo of the Padul-15-05 sediment core with the age-depth model showing
the part of the record that was studied here (red rectangle). The sediment accumulation
rates (SAR) between individual segments are marked. See the body of the text for the
explanation of the age reconstructions.
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Table 1. Age data for Padul-15-05 record. All ages were calibrated using R-code package ‘clam 2.2° employing the calibration curve IntelCal 13
(Reimer et al., 2013) at 95 % of confident range. *Sample number assigned at radiocarbon laboratory.

14 . "
Laboratory number Core Material Depth (cm) Age (:i: 1C0_;,r BP nglizrzzi%adiic(zihi:rl:;) Medlanl;llg)e (cal yr
Reference ages 0 2015CE -65 -65
D-AMS 008531 Padul-13-01 Plant remains 21.67 103 +24 23-264 127
Poz-77568 Padul-15-05 Org. bulk sed. 38.46 1205 + 30 1014-1239 1130
BETA-437233 Padul-15-05 Plant remains 46.04 2480 + 30 2385-2722 2577
Poz-77569 Padul-15-05 Org. bulk sed. 48.21 2255+ 30 2158-2344 2251
BETA-415830 Padul-15-05 Shell 71.36 3910+ 30 4248-4421 4343
BETA- 437234 Padul-15-05 Plant remains 76.34 3550+ 30 3722-3956 3838
BETA-415831 Padul-15-05 Org. bulk sed. 92.94 3960 + 30 4297-4519 4431
Poz-74344 Padul-15-05 Plant remains 122.96 4295 £ 35 4827-4959 4871
BETA-415832 Padul-15-05 Plant remains 150.04 5050 + 30 5728-5900 5814
Poz-77571 Padul-15-05 Plant remains 186.08 5530 +40 6281-6402 6341
Poz-74345 Padul-15-05 Plant remains 199.33 6080 + 40 6797-7154 6935
BETA-415833 Padul-15-05 Org. bulk sed. 217.36 6270 £+ 30 7162-7262 7212
Poz-77572 Padul-15-05 Org. bulk sed. 238.68 7080 + 50 7797-7999 7910
Poz-74347 Padul-15-05 Plant remains 277.24 8290 + 40 9138-9426 9293
BETA-415834 Padul-15-05 Plant remains 327.29 8960 + 30 9932-10221 10107
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3.2. Lithology, MS, XRF and TOC

Padul-15-05 core was split longitudinally and was described in the
laboratory with respect to lithology and color (Fig. 3). Magnetic susceptibility
(MS) was measured with a Bartington MS3 operating with a MS2E sensor. MS
measurements (in SI units) were obtained directly from the core surface every
0.5 cm (Fig. 3).

Elemental geochemical composition was measured in an X-Ray
fluorescence (XRF) Avaatech core scanner® at the University of Barcelona
(Spain). A total of thirty-three chemical elements were measured in the XRF
core scanner at 10 mm of spatial resolution, using 10 s count time, 10 kV X-ray
voltage and a X-ray current of 650 pA for lighter elements and 35 s count time,
30 kV X-ray voltage, X-ray current of 1700 pA for heavier elements. Thirty-
three chemical elements were measured but only the most representative with
a major number of counts were considered (Si, K, Ca, Ti, Fe, Zr, Br and Sr).
Results for each element are expressed as intensities in counts per second (cps)
and normalized (norm.) for the total sum in cps in every measure (Fig. 3).

Total organic carbon (TOC) was analyzed every 2 or 3 cm throughout the
core. Samples were previously decalcified with 1:1 HCI in order to eliminate
the carbonate fraction. The percentage of organic Carbon (OC %) was
measured in an Elemental Analyzer Thermo Scientific Flash 2000 model from
the Scientific Instrumentation Centre of the UGR (Spain). Percentage of TOC
per gram of sediment was calculated from the percentage of organic carbon
(OC %) yielded by the elemental analyzer, and recalculated by the weight of
the sample prior to decalcification (Fig. 3).

3.3. Pollen and NPP

Samples for pollen analysis (1-3 cm®) were taken every 1 cm throughout
the core, with a total of 103 samples analyzes. Pollen extraction methods

followed a modified Faegri and Iversen (1989) methodology. Processing
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included the addition of Lycopodium spores for calculation of pollen
concentration. Sediment was treated with NaOH, HCI, HF and the residue was
sieved at 250 um previous to an acetolysis solution. Counting was performed
using a transmitted light microscope at 400 magnifications to an average pollen
count of ca. 260 terrestrial pollen grains. Fossil pollen was identified using
published keys (Beug, 2004) and modern reference collections at University of
Granada (Spain). Pollen counts were transformed to pollen percentages based
on the terrestrial pollen sum, excluding aquatics. The palynological zonation
was executed by cluster analysis using twelve primary pollen taxa- Olea, Pinus,
deciduous Quercus, evergreen Quercus, Pistacia, Ericaceae, Artemisia,
Asteroideae, Cichorioideae, Amaranthaceae and Poaceae (Grimm, 1987) (Fig.
4). Non-pollen palynomorphs (NPP) include fungal and algal spores, and
thecamoebians (testate amoebae). The NPP percentages were calculated and
represented with respect to the terrestrial pollen sum (Fig. 4). Furthermore,
some pollen taxa were grouped, according to present-day ecological bases, into
Mediterranean forest and xerophytes (Fig. 4). The Mediterranean forest taxa is
composed of Quercus total, Olea, Phillyrea and Pistacia. The xerophyte group

includes Artemisia, Ephedra, and Amaranthaceae.

4. Results

4.1. Chronology and sedimentation rates

The age-model of the upper 115 cm of Padul-15-05 core (Fig. 2) shows an
average sedimentation rate (SAR) of 0.058 cm/yr over last ~4700 cal yr BP,
being the age constrained by seven AMS '*C dates (Table 1). However, SARs
of individual core segments vary from 0.01 to 0.16 cm/yr (Fig. 2), showing the
lowest values between ~51 and 40 cm (from ~2600 to 1350 cal yr BP) and the

highest values during the last ~20 cm (last century).
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4.2. Lithology, MS, XRF and TOC

The stratigraphy of the upper ~115 cm of the Padul-15-05 sediment core
was deduced primarily by visual inspection. However, our visual inspections
were support by comparison with the element geochemical composition (XRF),
the MS of the split cores, and TOC (Fig. 3) to determine shifts in sediment
facies. The lithology for this sedimentary sequence consists in clays with
variable carbonates, siliciclastics and organic content (Fig. 3). We also used a
Linear r (Pearson) correlation to calculated relationship for the XRF data. The
correlation for the inorganic geochemical elements determined two different
groups of elements that covary (Table 2): Group 1) Si, K, Ti, Fe and Zr with a
high positive correlation between them; Group 2) Ca, Br and Sr have negative
correlation with Group 1. Based on this, the sequence is subdivided in two
principal sedimentary units. The lower ~87 cm of the record is designated to
Unit 1, characterized principally by relatively low values of MS and higher
values of Ca. The upper ~28 cm of the sequence is designated to Unit 2, in
which the mineralogical composition is lower in Ca with higher values of MS
in correlation with mostly siliciclastics elements (Si, K, Ti, Fe and Zr).

Within these two units, four different facies can be identified by visual
inspection and by the elemental geochemical composition and TOC of the
sediments. Facies 1 (115-110 cm depth, ~4700 to 4650 cal yr BP; and 89-80
cm depth ~4300 to 4000 cal yr BP) are characterized by dark brown organic
clays that bear charophytes and macroscopic plant remains. They also have
depicted relative higher values of TOC values (Fig. 3). Facies 2 (110-89 cm
depth ~4650 to 4300 cal yr BP; and 80-42 cm depth, ~4000 to 1600 cal yr BP)
is compose of brown clays, with the occurrence of gastropods and charophytes.
This facies is also characterized by lower TOC values. Facies 3 (42-28 cm
depth, ~1600 to 400 cal yr BP) is characterized by grayish brown clays with the
occurrence of gastropods, and lower values of TOC, and an increasing trend in

MS and in siliciclastic elements. Facies 4 (28-0 cm, ~400 cal yr BP to Present)
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is made up of light grayish brown clays and features a strong increase in

siliciclastic linked to a strong increase in MS.
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Figure 3. Lithology, facies interpretation with paleontology, magnetic susceptibility
(MS), and geochemical (X-ray fluorescence (XRF) and total organic carbon (TOC) data
from the Padul-15-05 record. XRF elements are represented normalized by the total
counts. (a) Magnetic susceptibility (MS; SI units). (b) Strontium normalized (Sr;
norm.). (¢) Bromine norm. (Br; norm.). (d) Calcium normalized. (Ca; norm.). (e) Silica
normalized (Si; norm.). (f) Potassium normalized (K; norm.). (g) Titanium normalized
(Ti; norm.). (h) Iron normalized (Fe; norm.). (i) Zirconium normalized (Zr; norm.). (j)
Total organic carbon (TOC %). AMS radiocarbon dates (cal yr BP) are shown on the
left.
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Table 2. Linear r (Pearson) correlation between geochemical elements from the Padul-15-05 record. Statistical treatment was performed using the
Past software (http://palaeo-electronica.org/2001 1/past/issuel 01.htm).

Si K Ca Ti Fe Zr Br Sr

Si 8.30E-80 2.87E-34 7.47E-60 3.22E-60 5.29E-44 0.001152 7.79E-09
K 0.98612 7.07E-29 6.05E-60 8.20E-68 1.77E-51 0.00030317 5.38E-12
Ca -0.88096 -0.84453 6.09E-42 5.81E-39 8.10E-34 0.35819 0.26613
Ti 0.96486 0.96501 -0.91794 1.74E-74 1.12E-57 0.074223 8.88E-07
Fe 0.96546 0.97577 -0.90527 0.98224 2.77E-66 0.051072 3.32E-08
Zr 0.92566 0.94789 -0.8783 0.96109 0.97398 0.054274 7.16E-08
Br -0.31739 -0.3506 -0.091917 -0.17755 -0.19372 -0.19116 4.03E-18
Sr -0.53347 -0.61629 0.11113 -0.46426 -0.51386 -0.50295 0.72852
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4.3. Pollen and NPP

Several terrestrial and aquatic pollen taxa were identified but only the most
representative taxa are here plotted in the summary pollen diagram (Fig. 4).
Selected NPP percentages are also displayed in Figure 4. Four pollen zones
(PA) were visually identified with the help of a cluster analysis using the
program CONISS (Grimm, 1987). Pollen concentration was higher during Unit
1 with a decreasing trend in the transition to Unit 2 and a later increase during

the pollen subzone PA-4b (Fig. 4). Pollen zones are described below:

4.3.1 Zone PA-1 [~4720 to 3400 cal yr BP/ ~2800 to 1450 BCE (115-65 cm)]

Zone 1 is characterized by the abundance of Mediterranean forest species
reaching up to ca. 70 %. Another important taxon in this zone is Pinus, with
average values around 18 %. Herbs are largely represented by Poaceae,
averaging around 10 %, and reaching up to ca. 25 %. This pollen zone is
subdivided into PA-1a, PA-1b and PA-1c (Fig. 4). The principal characteristic
that differentiating PA-la from PA-1b (boundary at ~4650 cal yr BP/~2700
BCE) is the decrease in Poaceae, the increase in Pinus, and the appearance of
cf. Vitis. The subsequent decrease in Mediterranean forest pollen to average
values around 40 %, the increase in Pinus to average ~25 % and a progressive
increase in Ericaceae to ~6 to 11 %, distinguishes subzones PA-1b and PA-1c

(boundary at ca. 3950 cal yr BP).

4.3.2. Zone PA-2 [~3400 to 1550 cal yr BP/~1450 BCE to 400 CE (65-41 cm)]

The main features of this zone are the increase in Ericaceae up to ~16 %,
some herbs such as Cichorioideae, became more abundant reaching average
percentages of ~7 %. This pollen zone can be subdivided in subzones PA-2a
and PA-2b with a boundary at ~2850 cal yr BP (~900 BCE). The principal

characteristics that differentiate these subzones is marked by the increasing
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trend in Ericaceae and deciduous Quercus reaching maximum values of ~30 %
and ~20 %, respectively. In addition, the increase in Botryococcus, which
averages from ~4 to 9 %. Also notable is the expansion of Mougeotia and

Zygnema types.

4.3.3 Zone PA-3 [~1550 to 400 cal yr BP/~400 CE to 1550 CE (41-29 cm)]

This zone is distinguished by the continuing decline of Mediterranean
forest elements. Cichorioideae reached average values of about 40 %, and is
paralleled by the decrease in Ericaceae. A decline in Botryococcus and other
algal remains is also observed in this zone, although there is an increase in total
Thecamoebians from average of <1 % to 10 %. This pollen zone is subdivided
in subzones PA-3a and PA-3b at ~1000 cal yr BP (~950 CE). The main features
that differentiate these subzones are the increase in Olea from subzone PA-3a
to PA-3b from average values of ~1 to 5 %. The increasing trend in Poaceae is
also a feature in this subzone, as well as the slight increase in Asteroideae at the
top. Significant changes are documented in NPP percentages in this subzone
with the increase of some fungal remain such as Tilletia and Glomus type.
Furthermore, a decrease in Botrycoccus and the near disappearance of other

algal remains such as Mougetia occurred.

4.3.4 Zone PA-4 [~last 400 cal yr BP/ ~ 1550 CE to Present (29-0 cm)]

The main feature in this zone is the significant increase in Pinus, reaching
maximum values of ~32 %, an increase in Poaceae to ~40 %) and the decrease
in Cichorioideae (~44 to 16 %). Other important changes are the nearly total
disappearance of some shrubs such as Pistacia and a decreasing trend in
Ericaceae, as well as a further decline in Mediterranean forest pollen. An
increase in wetland pollen taxa, mostly Typha, also occurred. A significant
increase in xerophytes, mostly Amaranthaceae to ~14 % is also observed in this
period. Other herbs such as Plantago, Polygonaceae and Convolvulaceae show

moderate increases. PA-4 is subdivided into subzones PA-4a and PA-4b (Fig.
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4). The top of the record (PA-4b), which corresponds with the last ~120 yr, is
differentiated from subzone PA-4a (from ~400 — 120 cal yr BP) by a decline in
some herbs such as Cichorioideae. However, an increase in other herbs such as
Amaranthaceae and Poaceae occurred. The increase in Plantago is also
significant during this period. PA-4b also has a noteworthy increase in Pinus
(from ~14 to 27 %) and a slight increase in Olea and evergreen Quercus are
also characteristic of this subzone. With respect to NPPs, thecamoebians such
as Arcella type and in the largely coprophilous sordariaceous (Sordariales)
spores also increase. This zone also documents the decrease in fresh-water algal

spores, in Botryococcus concomitant with Mougeotia and Zygnema type.

4.4. Estimated lake level reconstruction

Different local proxies from the Padul-15-05 record [Si, Ca, TOC, MS,
hygrophytes  (Cyperaceae = and  Typha), Poaceae  and  algae
(including Botryoccocus, Zygnema types and Mougeotia) groups] have been
depicted in order to understand the relationship between lithological,
geochemical, and palynological variability and the water lake level oscillations.
Sediments with higher values of TOC (more algae and hygrophytes) and rich
in Ca (related with the occurrence of shells and charophytes remains) most
likely characterized a shallow water environment (Unit 1). The continuous
decline in Botryococcus, the disappearance of charophytes and the
progressively increase in detritics (increase in MS and Si values) could be
associated with shallower and even ephemeral lake environment (transition
from Unit 1 to Unit 2; ~41 to 28 cm). The absence of aquatic remains, almost
disappearance of Botryococcus and decreasing Ca and a lower TOC and/or a
higher input of clastic material (higher MS and Si values) into the lake, could
be related with lake level lowering, and even emerged conditions (increase in

Poaceae; Unit 2) (Fig. 5).
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Figure 4. Percentages of selected pollen taxa and non-pollen palynomorphs (NPPs)
from the Padul-15-05 record, calculated with respect to terrestrial pollen sum.
Silhouettes show 7-time exaggerations of pollen percentages. Pollen zonation, pollen
concentration (grains/cc), lithology and AMS radiocarbon dates are shown on the right.
Tree and shrubs are showing in green, herbs and grasses in yellow, aquatics in dark
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blue, algae in blue, fungi in brown and thecamoebians in beige. The Mediterranean
forest taxa category is composed of Quercus total, Olea, Phillyrea and Pistacia. The
xerophyte group includes Artemisia, Ephedra, and Amaranthaceae. PA = Pollen zones.

4.5. Spectral analysis

Spectral analysis was performed on selected pollen and NPP time series
(Mediterranean forest and Botryococcus), as well as TOC in order to identify
millennial- and centennial-scale periodicities. The mean sampling resolution
for pollen and NPP is ~50 yr and for geochemical data is ~80 yr. Statistically
significant cycles, above the 90, 95 and 99 % of confident levels, were found

around 800, 680, 300, 240, 200, 170 (Fig. 7).

5. Discussion

Numerous proxies have been used in this study to interpret the
paleoenvironmental and hydrodynamic changes recorded in the Padul
sedimentary record during the last 4700 cal yr BP. Palynological analysis
(pollen and NPP) is commonly used as a proxy for vegetation and climate
change, and lake level variations, as well as human impact and land uses (e.g.
Van Geel et al., 1983; Faegri and Iversen, 1990). Disentangling natural vs.
anthropogenic effects on the environment in the last millennials is sometimes
challenging but can be persuaded using a multi-proxy approach (Roberts et al.,
2011; Sadori et al., 2011). In this study, we used the variations between
Mediterranean forest taxa, xerophytes and algal communities for paleoclimatic
variability and the occurrence of nitrophilous and ruderal plant communities
and some NPPs for identifying human influence in the study area. Variations in
arboreal pollen (AP, including Mediterranean tree species) have previously
been used in previous Sierra Nevada records as a proxy for humidity changes
(Jiménez-Moreno and Anderson, 2012; Ramos-Roman et al., 2016). The
increase or decrease in Mediterranean forest species has been used as a proxy
for climate change in other studies in the western Mediterranean region, with

greater forest development generally meaning higher humidity (Fletcher et al.,
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2013; Fletcher and Sanchez-Goii, 2008). On the other hand, increases in
xerophyte pollen taxa (i.e., Artemisia, Ephedra, Amaranthaceae) have been
used as an indication of aridity in this area (Carrion et al., 2007; Anderson et
al., 2011).

The chlorophyceae alga Botryococcus sp. has been used as an indicator of
freshwater environments, in relatively productive fens, temporary pools, ponds
or lakes (Guy-Ohlson, 1992). The high visual and statistical correlation
between Botryococcus from Padul-15-05 and North Atlantic temperature
estimations [Bond et al., 2001; r =-0.63; p < 0.0001; between ca. 4700 to 1500
cal yr BP and r=-0.48; p < 0.0001 between 4700 and -65 cal yr BP (the
decreasing and very low Botryococcus occurrence in the last 1500 cal yr BP
makes this correlation moderate)] seems to show that in this case Botryococcus
is driven by temperature change and would reflect variations in lake
productivity (increasing with warmer water temperatures).

Human impact can be investigated using several palynomorphs.
Nitrophilous and ruderal pollen taxa, such as Convolvulus, Plantago lanceolata
type, Urticaceae type and Polygonum avicularis type, are often proxies for
human impact (Riera et al., 2004), and abundant Amaranthaceae has also been
used as well (Sadori et al., 2003). Some species of Cichorioideae have been
described as nitrophilous taxa (Abel-Schaad and Lopez-Saez, 2013) and as
grazing indicators ( Mercuri et al., 2006; Florenzano et al., 2015; Sadori et al.,
2016). At the same time, NPP taxa such as some coprophilous fungi,
Sordariales and thecamoebians are also used as indicators of anthropization and
land use (Van Geel et al., 1989; Riera et al., 2006; Carrion et al., 2007; Ejarque
et al., 2015). Tilletia a grass-parasitizing fungi has been described as an
indicator of grass cultivation in other Iberian records (Carrion et al., 2001a). In
this study we follow the example of others (Van Geel et al., 1989; Morellon et
al., 2016; Sadori et al., 2016) who used the NPP soil mycorrhizal fungus
Glomus sp. as a proxy for erosive activity.

The palynological analysis, variations in the lithology, geochemistry and

macrofossil remains (gastropod shells and charophytes) from the Padul-15-05
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core helped us reconstruct the estimated lake level and the local environment
changes in the Padul area and their relationship with regional climate (Fig. 5).
Several previous studies on Late Holocene lake records from the Iberian
Peninsula show that lithological changes can be used as a proxy for lake level
reconstruction ( Riera et al., 2004; Morellon et al., 2009; Martin-Puertas et al.,
2011). For example, carbonate sediments formed by biogenic remains of
gastropods and charophytes are indicative of shallow lake waters (Riera et al.,
2004). Furthermore, Van Geel et al. (1983), described occurrences of
Mougeotia and Zygnema type (Zygnemataceae) as typical of shallow water
environments. The increase in organic matter accumulation deduced by TOC
(and Br) could be considered as characteristic of high productivity (Kalugin et
al., 2007) in these shallow water environments. On the other hand, increases in
clastic input in lake sediments have been interpreted as due to lowering of lake
level and more influence of terrestrial-fluvial deposition in a very
shallow/ephemeral lake (Martin-Puertas et al., 2008). Carrion (2002) related
the increase in some fungal species and Asteraceae as indicators of seasonal
desiccation stages in lakes. Nevertheless, in natural environments with potential
interactions with human activities the increase in clastic deposition related with
other indications of soil erosion (e.g. Glomus sp.) may be assigned to

intensification in land use (Morellon et al., 2016; Sadori et al., 2016).
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Figure 5. Estimated lake level evolution and regional palynological component from
the last ca. 4700 yr based on the synthesis of determinate proxies from the Padul-15-05
record: (a) Proxies used to estimate the water table evolution from the Padul-15-05
record (proxies were resampled at 50 yr (lineal interpolation) using Past software
http://palaeo- electronica.org/2001_1/past/issuel_01.htm). [(a.1) Magnetic
Susceptibility (MS) in ST; (a.2) Silica normalized (Si; norm.); (a.3) Calcium normalized
(Ca; norm.); (a.4) Bromine normalized (Br; norm.); (a.5) Strontium normalized (Sr;
norm.); (a.6) Hygrophytes (%); (a.7) Poaceae (%); (a.8) Algae (%) (a.9) Total organic
carbon (TOC %)] (b) Mediterranean forest taxa, with a smoothing of three-point in
bold. Pink and blue shading indicates Holocene arid and humid regionally events,
respectively.  See the body of the text for the explanation of the lake level
reconstruction. Mediterranean forest smoothing was made using Analyseries software
(Paillard et al., 1996). PA = Pollen Zones; CA = Copper Age; BA = Bronze Age; IA =
Iron Age; IRHP = Iberian Roman Humid Period; DA = Dark Ages; MCA = Medieval
Climate Anomaly; LIA = Little Ice Age; IE = Industrial Era.

5.1. Late Holocene aridification trend

Our work confirms the progressive aridification trend that occurred during
at least the last ~4700 cal yr BP in the southern Iberian Peninsula, as shown
here by the progressive decrease in Mediterranean forest component and the
increase in herbs (Figs. 4 and 6). Our lake level interpretations agree with the
pollen data, showing an overall decrease during the Late Holocene, from a
shallow water table containing relatively abundant organic matter (high TOC,

indicating higher productivity), gastropods and charophytes (high Ca values) to
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a low-productive ephemeral/emerged environment (high clastic input and MS
and decrease in Ca) (Fig. 5). This natural progressive aridification confirmed
by the decrease in Mediterranean forest taxa and increase in siliciclastics
pointing to a change towards ephemeral (even emerged) environments became
more prominent since about 1550 cal yr BP and then enhanced again since ca.
400 cal yr BP to Present. A clear increase in human land use is also observed
during the last ca. 1550 cal yr BP (see bellow), including abundant Glomus
from erosion, which shows that humans were at least partially responsible for
this sedimentary change.

A suite of proxies previous studies supports our conclusions regarding the
aridification trend since the Middle Holocene (Carrion, 2002; Carrién et al.,
2010; Fletcher and Sanchez-Goiii, 2008; Fletcher et al., 2013; Jiménez-Espejo
et al., 2014; Jiménez-Moreno et al., 2015). In the western Mediterranean region
the decline in forest development during the Middle and Late Holocene is
related with a decrease in summer insolation (Jiménez-Moreno and Anderson,
2012; Fletcher et al., 2013), which may have decreased winter rainfall as a
consequence of a northward shift of the westerlies - a long-term enhanced
positive NAO trend — which induced drier conditions in this area since 6000 cal
yr BP (Magny et al., 2012). Furthermore, the decrease in summer insolation
would produce a progressive cooling, with a reduction in the length of the
growing season as well as a decrease in the sea-surface temperature (Marchal
et al., 2002), generating a decrease in the land-sea contrast that would be
reflected in a reduction of the wind system and a reduced precipitation gradient
from sea to shore during the fall-winter season. The aridification trend can
clearly be seen in the nearby alpine records from the Sierra Nevada, where there
was little influence by human activity (Anderson et al., 2011; Jiménez-Moreno
and Anderson, 2012; Jiménez-Moreno et al., 2013a; Ramos-Roman et al.,

2016).
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Figure 6. Comparison of the last ca. 4700 yr between different pollen taxa from the
Padul-15-05 record, summer insolation for the Sierra Nevada latitude, eastern
Mediterranean humidity and North Atlantic temperature. (a) Botryococcus from the
Padul-15-05 record, with a smoothing of three-point in bold (this study). (b) Drift Ice
Index (reversed) from the North Atlantic (Bond et al., 2001). (¢) Summer insolation
calculated for 37° N (Laskar et al., 2004). (d) Mediterranean forest taxa from the Padul-
15-05 record, with a smoothing of three-point in bold (this study). (¢) Alkenone-SSTs
from the Gulf of Lion (Sicre et al., 2016), with a smoothing of four-point in bold. (f)
North Atlantic Oscillation (NAQO) index from a climate proxy reconstruction from
Morocco and Scotland (Trouet et al., 2009). (g) North Atlantic Oscillation (NAO) index
(reversed) from a climate proxy reconstruction from Greenland (Olsen et al., 2012). (h)
Total solar irradiance reconstruction from cosmogenic radionuclide from a Greenland
ice core (Steinhilber et al., 2009), with a smoothing of twenty-one-point in bold. Note
that the magnitude of the different curves is not in the same scale. Yellow and blue
shading correspond with arid (and cold) and humid (and warm) periods, respectively.
Grey dash lines show a tentative correlation between arid and cold conditions and the
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decrease in the Mediterranean forest and Botryococcus. Mediterranean forest,
Botryococcus and solar irradiance smoothing was made using Analyseries software
(Paillard et al., 1996), Alkenone-SSTs smoothing was made using Past software
(http://palaco- electronica.org/2001_1/past/issuel_O1.htm). A linear r (Pearson)
correlation was calculated between Botryococcus (detrended) and Drift Ice Index (Bond
et al., 2001; r = -0.63; p < 0.0001; between ca. 4700 to 1500 cal ka BP — r=-0.48; p <
0.0001 between 4700 and -65 cal yr BP). Previously, the data were detrended (only in
Botryococcus), resampled at 70-yr (linear interpolation) in order to obtain equally
spaced time series and smoothed to three-point average. CA = Copper Age; BA =
Bronze Age; IA = Iron Age; IRHP = Iberian Roman Humid Period; DA = Dark Ages;
MCA = Medieval Climate Anomaly; LIA = Little Ice Age; IE = Industrial Era.

5.2. Millennial- and centennial-scale climate variability in the Padul area
during the Late Holocene

The multi-proxy paleoclimate record from Padul-15-05 shows an overall
aridification trend. However, this trend seems to be modulated by millennial-

and centennial-scale climatic variability.

5.2.1 Aridity pulses around 4200 (4500, 4300 and 4000 cal yr BP) and around
3000 cal yr BP (3300 and 2800 cal yr BP)

Marked aridity pulses are registered in the Padul-15-05 record around 4200
and 3000 cal yr BP (Unit 1; PA-1 an PA-2a; Figs. 5 and 6). These arid pulses
are mostly evidenced in this record by declines in Mediterranean forest taxa, as
well as lake level drops and/or cooling evidenced by a decrease in organic
component as TOC and the decrease in Botryococcus algae. However, a
discrepancy between the local and regional occurs between 3000-2800 cal yr
BP, with an increase in the estimated lake level and a decrease in the
Mediterranean forest during the late Bronze Age until the early Iron Age (Figs.
5 and 6). The disagreement could be due to deforestation by humans during a
very active period of mining in the area observed as a peak in lead pollution in
the alpine records from Sierra Nevada (Garcia-Alix et al., 2013). The aridity
pulses agree regionally with recent studies carried out at higher in elevation in
the Sierra Nevada, a decrease in AP percentage in Borreguil de la Caldera

record around 4000-3500 cal yr BP (Ramos-Roman et al., 2016), high
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percentage of non-arboreal pollen around 3400 cal ka BP in Zofar lake
[Southern Coérdoba Natural Reserve; (Martin-Puertas et al., 2008)], and lake
desiccation at ca. 4100 and 2900 cal yr BP in Lake Siles (Carrién et al., 2007).
Jalut et al. (2009) compared paleoclimatic records from different lakes in the
western Mediterranean region and also suggested a dry phase between 4300 to
3400 cal yr BP, synchronous with this aridification phase. Furthermore, in the
eastern Mediterranean basin other pollen studies show a decrease in arboreal
pollen concentration toward more open landscapes around 4 cal ka BP (Magri,
1999).

Significant climatic changes also occurred in the Northern Hemisphere at
those times and polar cooling and tropical aridity are observed at ~4200-3800
and 3500-2500 cal yr BP; (Mayewski et al., 2004), cold events in the North
Atlantic [cold event 3 and 2; (Bond et al., 2001)], decrease in solar irradiance
(Steinhilber et al., 2009) and humidity decreases in the eastern Mediterranean
area at 4200 cal yr BP (Bar-Matthews et al., 2003) that could be related with
global scale climate variability (Fig. 6). These generally dry phases between
4.5 and 2.8 in Padul-15-05 are generally in agreement with persistent positive
NAO conditions during this time (Olsen et al., 2012).

The high-resolution Padul-15-05 record shows that climatic crises such as the
essentially global event at~4200 cal yr BP (Booth et al., 2005), are actually
multiple events in climate variability at centennial-scales (i.e., ca. 4500, 4300,

4000 cal yr BP).

5.2.2 Iberian-Roman Humid Period (~2600 to 1600 cal yr BP)

High relative humidity is recorded in the Padul-15-05 record between
~2600 and 1600 cal yr BP, synchronous with the well-known Iberian-Roman
Humid Period (IRHP; between 2600 and 1600 cal yr BP; (Martin-Puertas et al.,
2009). This is interpreted in our record due to an increase in the Mediterranean
forest species at that time (Unit 1; PA-2b; Figs. 6). In addition, there is a
simultaneous increase in Botryococcus algae, which is probably related to

higher productivity during warmer conditions and relatively higher water level.
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A minimum in sedimentary rates at this time is also recorded, probably related
with lower detritic input caused by less erosion due to afforestation and
probably also related to the decrease in TOC due to less organic accumulation
in the sediment. Evidence of a wetter climate around this period has also been
shown in several alpine records from Sierra Nevada. For example, in the
Laguna de la Mula core (Jiménez-Moreno et al. 2013) an increase in deciduous
Quercus is correlated with the maximum in algae between 2500 to 1850 cal yr
BP, also evidencing the most humid period of the Late Holocene. A
geochemical study from the Laguna de Rio Seco (also in Sierra Nevada) also
evidenced humid conditions around 2200 cal yr BP by the decrease in Saharan
dust input and the increase in detritic sedimentation into the lake suggesting
higher rainfall (Jiménez-Espejo et al., 2014). In addition, Ramos-Roman et al.
(2016) showed an increase in AP in the Borreguil de la Caldera record around
2200 cal yr BP, suggesting an increase in humidity at that time.

Other records from the Iberian Peninsula also show this pattern to wetter
conditions during the IRHP. For example, high lake levels are recorded in
Zofiar Lake in southern Spain between 2460 to 1600 cal yr BP, only interrupted
by a relatively arid pulse between 2140 and 1800 cal yr BP (Martin-Puertas et
al., 2009). An increase in rainfall is described in the central region of the Iberian
Peninsula in a study from the Tablas de Daimiel National Park between 2100
and 1680 cal yr BP (Gil Garcia et al., 2007). Deeper lake levels at around 2650
to 1580 cal yr BP, also interrupted by an short arid event at ca. 2125-1790 cal
yr BP, were observed to the north, in the Iberian Range (Curras et al., 2012).
The fact that the Padul-15-05 record also shows a relatively arid-cold event
between 2150-2050 cal yr BP, just in the middle of this relative humid-warm
period, seems to point to a common feature of centennial-scale climatic
variability in many western Mediterranean and North Atlantic records (Fig. 6).
Humid climate conditions at around 2500 cal yr BP are also interpreted in
previous studies from lake level reconstructions from Central Europe (Magny,
2004). Increases in temperate deciduous forest are also observed in marine

records from the Alboran Sea around 2600 to 2300 cal yr BP, also pointing to
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high relative humidity (Combourieu-Nebout et al., 2009). Overall humid
conditions between 2600 and 1600 cal yr BP seem to agree with predominant
negative NAO reconstructions at that time, which would translate into greater
winter (and thus more effective) precipitation in the area triggering greater
development of forest species in the area.

Generally warm conditions are interpreted between 1900 and 1700 cal yr
BP in the Mediterranean Sea, with high sea surface temperatures (SSTs), and
in the North Atlantic area, with the decrease in Drift Ice Index. In addition,
persistent positive solar irradiance occurred at that time. The increase in
Botryococcus algae reaching maxima during the IRHP also seems to point to
very productive and perhaps warmer conditions in the Padul area (Fig. 6). There
seems to be a short lag of about 200 years between maximum in Botryococcus
and maximum in Mediterranean forest. This could be due to different speed of
reaction to climate change, with algae (short life cycle, blooming if conditions
are favorable) responding faster than forest (tree development takes decades).
An alternative explanation could be that they might be responding to different
forcings, with regional signal (forest) mostly conditioned by precipitation and

local (algae) also conditioned by temperature (productivity).

5.2.3 DA and MCA (~1550 cal yr BP to 600 cal yr BP)

Enhanced aridity occurred right after the IRHP in the Padul area. This is
deduced in the Padul-15-05 record by a significant forest decline, with a
prominent decrease in Mediterranean forest elements, an increase in herbs (Unit
1; PA-3; Figs. 4 and 6). In addition, our evidence suggests a transition from a
shallow lake to a more ephemeral wetland. This is suggested by the
disappearance of charophytes, a significant decrease in algae component and
higher Si and MS and lower TOC values (Unit 1; Figs. 5). Humans probably
also contributed to enhancing erosion in the area during this last ~1550 cal yr
BP. The significant change during the transition from Unit 1 to Unit 2 with a
decrease in the pollen concentration and the increase in Cichoroideae could be

due to enhanced pollen degradation as Cichoroideae have been found to be very
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resistant to pollen deterioration (Bottema, 1975). However, the occurrence of
other pollen taxa (e.g. Quercus, Ericaceae, Pinus, Poaceae, Olea) showing
climatic trends and increasing between ca. 1500-400 cal yr BP and a decrease
in Cichoroideae in the last ~400 cal yr BP, when an increase in clastic material
occurred, do not entirely support a preservation issue (see section of Human
activity; 5.4).

This phase could be separated into two different periods. The first period
occurred between ~1550 cal yr BP and 1100 cal yr BP (~400 to 900 CE) and is
characterized by a decreasing trend in Mediterranean forest and Botryococcus
taxa. This period corresponds with the Dark Ages [from ca. 500 to 900 CE;
(Moreno et al., 2012)]. Correlation between the decline in Mediterranean forest,
the increase in the Drift Ice Index in the North Atlantic record (cold event 1;
Bond et al., 2001), the decline in SSTs in the Mediterranean Sea and maxima
in positive NAO reconstructions suggests drier and colder conditions during
this time (Fig. 6). Other Mediterranean and central-European records agree with
our climate interpretations, for example, a decrease in forest pollen types is
shown in a marine record from the Alboran Sea (Fletcher et al., 2013) and a
decrease in lake levels is also observed in Central Europe (Magny et al., 2004)
pointing to aridity during the DA. Evidences of aridity during the DA have been
shown too in the Mediterranean part of the Iberian Peninsula, for instance, cold
and arid conditions were suggested in the northern Betic Range by the increase
in xerophytic herbs around 1450 and 750 cal yr BP (Carrion et al., 2001b) and
in southeastern Spain by a forest decline in lacustrine deposits around 1620 and
1160 cal yr BP (Carrién et al., 2003). Arid and colder conditions during the
Dark Ages (around 1680 to 1000 cal yr BP) are also suggested for the central
part of the Iberian Peninsula using a multiproxy study of a sediment record from
the Tablas de Daimiel Lake (Gil Garcia et al., 2007).

A second period that we could differentiate occurred around 1100 to 600
cal yr BP/900 to 1350 CE, during the well-known MCA (900 to 1300 CE after
Moreno et al., 2012). During this period the Padul-15-05 record shows a slight

increasing trend in the Mediterranean forest taxa with respect to the DA, but
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the decrease in Botryococcus and the increase in herbs still point to overall arid
conditions. This change could be related to an increase in temperature, favoring
the development of temperate forest species, and would agree with inferred
increasing temperatures in the North Atlantic areas, as well as the increase in
solar irradiance and the increase in SSTs in the Mediterranean Sea (Fig. 6). This
hypothesis would agree with the reconstruction of persistent positive NAO and
overall warm conditions during the MCA in the western Mediterranean (see
synthesis in Moreno et al., 2012). A similar pattern of increasing xerophytic
vegetation during the MCA is observed in alpine peat bogs and lakes in the
Sierra Nevada (Anderson et al., 2011; Jiménez-Moreno et al., 2013; Ramos-
Roman et al., 2016) and arid conditions are shown to occur during the MCA in
southern and eastern Iberian Peninsula deduced by increases in salinity and
lower lake levels (Martin-Puertas et al., 2011; Corella et al., 2013). However,
humid conditions have been reconstructed for the northwestern of the Iberian
Peninsula at this time (Lebreiro et al., 2006; Moreno et al., 2012), as well as
northern Europe (Martin-Puertas et al., 2008). The different pattern of
precipitation between northwestern Iberia / northern Europe and the
Mediterranean area is undoubtedly a function of the NAO precipitation dipole

(Trouet et al., 2009).
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5.2.4 The last ~600 cal yr BP: LIA (~600 to 100 cal yr BP/~1350 to1850 CE)
and IE (~100 cal yr BP to Present/~1850 CE-Present)

Two climatically distinct periods can be distinguished during the last ~600
years (end of PA-3b to PA-4; Fig. 4) in the area. However, the climatic signal
is more difficult to interpret due to a higher human impact at that time. The first
phase around 600-500 cal yr BP was characterized as increasing relative
humidity by the decrease in xerophytes and the increase in Mediterranean forest
taxa and Botryococcus after a period of decrease during the DA and MCA,
corresponding to the LIA. The second phase is characterized here by the
decrease in the Mediterranean forest around 300-100 cal yr BP, pointing to a
return to more arid conditions during the last part of the LIA (Figs. 5 and 6).
This climatic pattern agrees with an increase in precipitation by the transition
from positive to negative NAO mode and from warmer to cooler conditions in
the North Atlantic area during the first phase of the LIA and a second phase
characterized by cooler (cold event 0; Bond et al., 2001) and drier conditions
(Fig. 6). A stronger variability in the SSTs is described in the Mediterranean
Sea during the LIA (Fig. 6). Mayewski et al. (2004) described a period of
climate variability during the Holocene at this time (600 to 150 cal yr BP)
suggesting a polar cooling but more humid in some parts of the tropics.
Regionally, Morellon et al., (2011) also described a phase of more humid
conditions between 1530 to 1750 CE (420 to 200 cal yr BP) in a lake sediment
record from NE Spain. An alternation between wetter to drier periods during
the LIA are also shown in the nearby alpine record from Borreguil de la Caldera
in the Sierra Nevada mountain range (Ramos-Roman et al., 2016).

The environmental transition from ephemeral, observed in the last ca. 1550
cal yr BP (Unit 1; Fig. 5), to emerged conditions occur in the last ca. 400 cal yr
BP. This is shown by the highest MS and Si values, enhance sedimentation rates
and the increase in wetland plants and the stronger decrease in Ca and organic
components (TOC) in the sediments in the uppermost part of the Padul-15-05
record (Unit 2; Figs. 3 and 5).
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Figure 7. Spectral analysis of (a) Mediterranean forest taxa and (b) Botryococcus
(mean sampling space = 47 yr) and (c¢) TOC (mean sampling space = 78 yr) from the
Padul-15-05. The significant periodicities above confident level are shown. Confidence
level 90 % (blue line), 95 % (green line), 99 % (green dash line) and AR (1) red noise
(red line). Spectral analysis was made with Past software (http://palaco-
electronica.org/2001_1/past/issuel_01.htm).

5.3. Centennial-scale variability

Time series analysis has become important in determining the recurrent
periodicity of cyclical oscillations in paleoenvironmental sequences (e.g.
Fletcher et al., 2013; Jiménez-Espejo et al., 2014; Rodrigo-Gamiz et al., 2014a;
Ramos-Roman et al., 2016). This analysis also assists in understanding possible
relationships between the paleoenvironmental proxy data and the potential
triggers of the observed cyclical changes: i.e., solar activity, atmospheric,
oceanic dynamics and climate evolution during the Holocene. The
cyclostratigraphic analysis on the pollen (Mediterranean forest; regional
signal), algae (Botryococcus; local signal) and TOC (local signal) times series
from the Padul-15-05 record evidence centennial-scale cyclical patterns with
periodicities around ~800, 680, 300, 240, 200 and 170 years above the 90 %
confidence levels (Fig. 7).

Previous cyclostratigraphic analysis in Holocene western Mediterranean
records suggest cyclical climatic oscillations with periodicities around 1500
and 1750 yr (Fletcher et al., 2013; Jiménez-Espejo et al., 2014; Rodrigo-Gamiz
et al.,, 2014a). Other North Atlantic and Mediterranean records also present
cyclicities in their paleoclimatic proxies of ca. 1600 yr (Bond et al., 2001;
Debret et al., 2007; Rodrigo-Gamiz et al., 2014a). However, this cycle is absent
from the cyclostratigraphic analysis in the Padul-15-05 record (Fig. 7). In

contrast, the spectral analysis performed in the Mediterranean forest time series
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from Padul record, pointing to cyclical hydrological changes, shows a
significant ~800 yr cycle that could be related to solar variability (Damon and
Sonett, 1991) or could be the second harmonic of the ca. ~1600 yr oceanic-
related cycle (Debret et al., 2009). A very similar periodicity of ca. 760 yr is
detected in the Pinus forest taxa, also pointing to humidity variability, from the
alpine Sierra Nevada site of Borreguil de la Caldera and seems to show that this
is a common feature of cyclical paleoclimatic oscillation in the area.

A significant ~680 cycle is shown in the Botryococcus time series most
likely suggesting recurrent centennial-scale changes in temperature
(productivity) and water availability. A similar cycle is shown in the Artemisia
signal in an alpine record from Sierra Nevada (Ramos-Roman et al., 2016). This
cycle around ~650 yr is also observed in a marine record from the Alboran Sea,
and was interpreted as the secondary harmonic of the 1300 yr cycle that those
authors related with cyclic thermohaline circulation and sea surface
temperature changes (Rodrigo-Gamiz et al., 2014a).

A statistically significant ~300 yr cycle is shown in the Mediterranean
forest taxa and TOC from the Padul-15-05 record suggesting shorter-scale
variability in water availability. This cycle is also observed in the cyclical Pinus
pollen data from Borreguil de la Caldera at higher elevations in the Sierra
Nevada (Ramos-Roman et al., 2016). This cycle could be principally related to
NAO variability as observed by Olsen et al. (2012), which follows variations
in humidity observed in the Padul-15-05 record. NAO variability also regulates
modern precipitation in the area.

The Botryococcus and TOC time series shows variability with a periodicity
around ~240, 200 and 164 yrs. Sonett and Suess, (1984) described a significant
cycle in solar activity around ~208 yr (Suess solar cycle), which could have
triggered our ~200 cyclicity. The observed ~240 yr periodicity in the Padul-15-
05 record could be either related to variations in solar activity or due to the
mixed effect of the solar together with the ~300 yr NAO-interpreted cycle and
could point to a solar origin of the centennial-scale NAO variations as

suggested by previously published research (Lukianova and Alekseev, 2004;
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Zanchettin et al., 2008). Finally, a significant ~170 yr cycle has been observed
in both the Mediterranean forest taxa and Botryococcus times series from the
Padul-15-05 record. A similar cycle (between 168-174 yr) was also described
in the alpine pollen record from Borreguil de la Caldera in Sierra Nevada
(Ramos-Romaén et al., 2016), which shows that it is a significant cyclical pattern
in climate, probably precipitation, in the area. This cycle could be related to the
previously described ~170 yr cycle in the NAO index (Olsen et al., 2012),
which would agree with the hypothesis of the NAO controlling millennial- and
centennial-scale environmental variability during the Late Holocene in the area

(Ramos-Roman et al., 2016; Garcia-Alix et al., 2017).

5.4. Human activity

Humans probably had an impact in the area since Prehistoric times,
however, the Padul-15-05 multiproxy record shows a more significant human
impact during the last ca. 1550 cal yr BP, which intensified in the last ~500
years (since 1450 CE to Present). This is deduced by, a significant increase in
nitrophilous plant taxa such as Cichorioideae, Convolvulaceae, Polygonaceae
and Plantago and the increase in some NPP such as Tilletia, coprophilous fungi
and thecamoebians (Unit 2; PA-4; Fig. 4). Most of these pollen taxa and NPPs
are described in other southern Iberian paleoenvironmental records as
indicators of land uses, for instance, Tilletia and covarying nitrophilous plants
have been described as indicators of farming (e.g. Carrion et al., 2001a).
Thecamoebians also show a similar trend and have also been detected in other
areas being related to nutrient enrichment as consequences of livestock (Fig. 8).
The stronger increase in Cichorioideae have also been described as indicators
of animal grazing in areas subjected to intense use of the territory (Mercuri et
al., 2006). Interestingly, these taxa began to decline around ca. 400 cal yr BP
(~1550 CE), coinciding with the higher increase in detritic material into the
basin. We could then interpreted this increase in Cichorioideae as greater in
livestock activity in the surroundings of the lake during this period, which is

supported by the increase in these other proxies related with animal husbandry.
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Climatically, this event coincides with the start of persistent negative NAO
conditions in the area (Trouet et al., 2009), which could have further triggered
more rainfall and more detritic input into the basin. Bellin et al. (2011) in a
study from the Betic Cordillera (southern Iberian Peninsula) demonstrate that
soil erosion increase in years with higher rainfall and this could be intensified
by human impact. Nevertheless, in a study in the southeastern part of the Iberian
Peninsula (Bellin et al., 2013) suggested that major soil erosion could have
occurred by the abandonment of agricultural activities in the mountain areas as
well as the abandonment of irrigated terrace systems during the Christian
Reconquest. Enhanced soil erosion at this time is also supported by the increase
in Glomus type (Figs. 4 and 8).

An important change in the sedimentation in the environment is observed
during the last ca. 400 cal yr BP marked by the stronger increase in MS and Si
values. This higher increase in detritics occurred during an increase in other
plants related with human and land uses such as Polygonaceae, Amaranthaceae,
Convolvulaceae, Plantago, Apiaceae and Cannabaceae-Urticaceae type (Land
Use Plants; Fig. 8). This was probably related to drainage canals in the Padul
wetland in the late XVIII century for cultivation purposes (Villegas Molina,
1967). The increase in wetland vegetation and higher values of Poaceae could
be due to cultivation of cereals or by an increase in the population of
Phragmites australis (also a Poaceae), very abundant in the Padul lake margins
at present due to the increase in drained land surface. The uppermost part (last
ca. 100 cal yr BP) of the pollen record from Padul-15-05 shows an increasing
trend in some arboreal taxa at that time, including Mediterranean forest, Olea
and Pinus (Fig. 4). This change is most likely of human origin and generated
by the increase in Olea cultivation in the last two centuries, also observed in
many records from higher elevation sites from Sierra Nevada, and Pinus and
other Mediterranean species reforestation in the 20" century (Anderson et al.,
2011; Jiménez-Moreno and Anderson, 2012; Jiménez-Moreno et al., 2013;
Ramos-Roman et al., 2016). Preliminary charcoal data show maxima in

charcoal particle sedimentation coinciding with maxima in forest (fuel) during
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the Early and Middle Holocene humid and warmest maxima and do not show
any increase in the last millennia, supporting our conclusions about little human
impact in the area until very recent (Webster, pers. comm.). This agrees with
previous studies on the area showing that Mediterranean fire regimes today are
mostly conditioned by fuel load variations (Jiménez-Moreno et al., 2013;

Ramos-Roman et al., 2016).

6. Conclusions

Our multiproxy analysis from the Padul-15-05 sequence has provided a
detailed climate reconstruction for the last 4700 ca yr BP for the Padul area and
the western Mediterranean. This study, supported by the comparison with other
Mediterranean and North Atlantic records suggests a link between vegetation,
atmospheric dynamics and insolation and solar activity during the Late
Holocene. A climatic aridification trend occurred during the Late Holocene in
the Sierra Nevada and the western Mediterranean, probably linked with an
orbital-scale declining trend in summer insolation. This long-term trend is
modulated by centennial-scale climate variability as shown by the pollen
(Mediterranean forest taxa), algae (Botryococcus) and sedimentary and
geochemical data in the Padul record. These events can be correlated with
regional and global scale climate variability. Cold and arid pulses identified in
this study around the 4200 and 3000 cal yr BP are synchronous with cold events
recorded in the North Atlantic and decreases in precipitation in the
Mediterranean area, probably linked to persistent positive NAO mode.
Moreover, one of the most important humid and warmer periods during the Late
Holocene in the Padul area coincides in time with the well-known IRHP,
characterized by warm and humid conditions in the Mediterranean and North
Atlantic regions and overall negative NAO conditions. A drastic decline in

Mediterranean forest taxa, trending towards an open landscape and pointing to
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Figure 8. Comparison of the last ca. 4700 yr between regional climatic proxies and
local human activity indicators from the Padul-15-05 record. (A) Mediterranean forest
taxa, with a smoothing of three-point in bold. (B) Local human activities indicators
[(b.1) Total organic carbon (TOC %), soil erosion indicator; (b.2) Si normalized (Si,
norm.), soil erosion indicator; (b.3) Poaceae (%), lake drained and/or cultivars
indicator; (b.4) Land Use Plants (%), cultivar indicator; (b.5) Cichorioideae (%),
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livestock occurrence indicator; (b.6) Tilletia (%), farming indicator; (b.7) Sordariales
(%), livestock indicator; (b.8) Glomus type, soil erosion, (b.9) Thecamoebians undiff.
(%), livestock indicator]. Degraded yellow to red shading correspond with the time
when we have evidence of human shaping the environment since ca. 1550 cal yr BP to
Present. Previously to that period there is a lack of clear evidences of human impact in
the area. Land use plants is composed by Polygonaceae, Amaranthaceae,
Convolvulaceae, Plantago, Apiaceae and Cannabaceae-Urticaceae type.

colder conditions with enhanced aridity, occurred in two steps (DA and end of
the LIA) during the last ~1550 cal yr BP. However, this trend was slightly
superimposed by a more arid but warmer event coinciding with the MCA and
a cold but wetter event during the first part of the LIA. Besides natural climatic
and environmental variability, strong evidences exists for intense human
activities in the area during the last ~1550 years. This suggests that the natural
aridification trend during the Late Holocene, which produced a progressive
decrease in the Mediterrancan forest taxa in the Padul area, could have been
intensified by human activities, notably in the last centuries.

Furthermore, time series analyses done in the Padul-15-05 record show
centennial-scale changes in the environment and climate that are coincident
with the periodicities observed in solar, oceanic and NAO reconstructions and

could show a close cause-and-effect linkage between them.
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Abstract

High-resolution pollen analysis, charcoal, non-pollen palynomorphs and
magnetic susceptibility have been analyzed in the sediment record of a peat bog
in Sierra Nevada in southern Iberia. The study of these proxies provided the
reconstruction of vegetation, climate, fire and human activity of the last ~4500
cal yr BP. A progressive trend towards aridification during the late Holocene is
observed in this record. This trend is interrupted by millennial- and centennial-
scale variability of relatively more humid and arid periods. Arid conditions are
recorded between ~4000 to 3100 cal yr BP, being characterized by a decline in
arboreal pollen and with a spike in magnetic susceptibility. This is followed by
a relatively humid period from ~3100 to 1600 cal yr BP, coinciding partially
with the Iberian-Roman Humid Period, and is indicated by the increase of Pinus
and the decrease in xerophytic taxa. The last 1500 cal yr BP are characterized
by several centennial-scale climatic oscillations. Generally arid conditions from
~ 450 to 1300 CE, depicted by a decrease in Pinus and an increase in Artemisia,
comprise the Dark Ages and the Medieval Climate Anomaly. Since ~1300 to
1850 CE pronounced oscillations occur between relatively humid and arid
conditions. Four periods depicted by relatively higher Pinus coinciding with the
beginning and end of the Little Ice Age are interrupted by three arid events
characterized by an increase in Artemisia. These alternating arid and humid
shifts could be explained by centennial-scale changes in the North Atlantic

Oscillation and solar activity.

Keywords: Holocene, Southern Iberia, Pollen analysis, Fire, North Atlantic

Oscillation, Solar activity
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1. Introduction

Recent studies have demonstrated a response of terrestrial vegetation,
atmosphere and ocean environments to changes in solar radiation (Jiménez-
Moreno et al., 2008, 2013b; Fletcher et al., 2013). Occurring at the boundary
between temperate, subtropical and tropical climate regimes the Mediterranean
region is a key area in our attempt to understand the interactions between these
environments (Alpert et al., 2006). Numerous global paleoclimate proxy
records for the Holocene show that weak changes in solar activity triggered
climatic variability not only at millennial-scales (e.g. Bond et al., 1997), but
also at centennial- and decadal-scales (e.g. Bond et al., 2001; Bard et al., 2006).
In addition, one of the main mechanisms influencing present climate in the
Mediterranean region is the North Atlantic Oscillation (NAQO) and many studies
have attempted to relate atmospheric dynamics of the NAO with environmental
change in this area (e.g. Lionello and Sanna, 2005). In the last years a variety
of multiproxy records have been used for the reconstruction of past NAO
conditions (e.g. D’Arrigo et al., 1993; Trouet et al., 2009; Olsen et al., 2012;
Baker et al., 2015). These show that positive NAO conditions triggered a
decrease in precipitation in the western Mediterranean area, while wetter
conditions occurred during negative NAO phases.

Holocene sediment records from lakes, peat bogs and marine environments
from the western Mediterranean have been very informative in relating records
of vegetation, fire activity and human impact to climate change. Several high-
resolution multiproxy lake records from northern and central Iberia have
documented centennial-scale paleoclimate evolution for the last millennia (e.g.
Martin-Puertas et al., 2011; Curras et al., 2012; Moreno et al., 2012; Corella et
al., 2013). Most of the Holocene paleoclimate reconstructions in the southern
Iberian Peninsula come from lake and peat deposits at low and montane
altitudes, as well as from marine cores (Carrion, 2002; Carrion et al., 2001b,
2003, 2007, 2010a, Martin-Puertas et al., 2008, 2010; Nieto-Moreno et al.,
2011; Moreno et al., 2012; Jiménez-Moreno et al., 2015). Studies at higher
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elevations are scarcer and mostly come from lake and peat bog sedimentary
deposits from the Sierra Nevada range (Anderson et al., 2011; Jiménez-Moreno
and Anderson, 2012; Garcia-Alix et al., 2012a, 2013; Jiménez-Moreno et al.,
2013a). These studies have provided a strong record of Holocene vegetation,
fire, human impact and climate evolution at millennial- and centennial-scales.
Currently this region lacks high-resolution records of change that can capture
decadal-scale variations such as the NAO.

Within the region, Sierra Nevada has been a key location for
paleoecological studies, due to its high elevation records for southern Europe
and its sensitive alpine wetland environments (Anderson et al., 2011). Previous
records from the range showed that humans influenced these alpine
environments during the late Holocene, especially in the last millennium, with
increases in pasturing, cultivars and Pinus reforestation. However, human
impact in these alpine environments is minimal compared to other sites at lower
elevations in the area (Anderson et al., 2011; Jiménez-Moreno and Anderson,
2012; Jiménez-Moreno et al., 2013a). Although numerous studies have
suggested that the Mediterranean vegetation evolution during the Holocene was
largely due to human impact (Reille and Pons, 1992; Pons and Quézel, 1998).
Jalut et al., (2009) considered climate change to be a more important
determining factor. Others have suggested that we are still far from
understanding the correlation between vegetation, fire, climate and human
activity, because of the importance of ecological factors in shaping the timing
of vegetation responses to disturbances (Carrion et al., 2007).

In this paper we present a multi-proxy high-resolution study from
Borreguil de la Caldera (BdIC), a peat bog that records the last ~4500 cal yr BP
of vegetation, fire, human impact, and climate history from the Sierra Nevada
in southern Spain. The main focus of this study is to elucidate the relationship
between vegetation and fire activity with solar cyclicity and atmospheric
dynamics. High-resolution studies such as the one here from Borreguil de la

Caldera, with ca. 30-yr resolution for the last 1500 yr BP and ca. 120-yr
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resolution between approximately 4450 to 1600 cal yr BP, allow us to detect
changes in the NAO through time and its impact on the environment. In
addition, we also comment on the record of human impact in the Sierra Nevada

during the late Holocene.
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Figure 1. Location of the Borreguil de la Caldera (BdIC) in Sierra Nevada southern
Iberian Peninsula, Mediterranean region. Panel on below left is the general location of
BdIC, showing the major peaks in the mountain range, and other previously studied
wetlands: BdIV = Borreguil de la Virgen peat bog (Jiménez-Moreno and Anderson
2012); LdRS = Laguna de Rio Seco (Anderson et al., 2011); LdIM = Laguna de la Mula
(Jiménez-Moreno et al., 2013b). Panel on below right shows the location of BdIC
respect to the upper elevation Laguna de la Caldera and the location of the BdIC-01
where the core was taken.

1.1. Sierra Nevada: climate and vegetation

Sierra Nevada is a W-E aligned mountain range located in southern Spain.
The range is one of the southernmost European areas to be glaciated during the
Late Pleistocene (Schulte, 2002). The postglacial melting of cirque glaciers
allowed the formation of lakes and wetlands. These formed on the metamorphic

bedrock located at elevations between 2600 to 3100 m asl. Some of these lakes
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have filled sediments and have transitioned to small peat bogs (Castillo Martin,
2009). Bedrock is Permotriassic and Paleozoic metamorphic rocks mostly
characterized by micashists (Martin Martin et al., 2010).

In the Sierra Nevada Range, the mean annual temperature at 2500 m asl is
4.5 °C, and the mean temperature during the snow free months is 10 + 6 °C, but
could occasionally reach 21 °C. Annual precipitation is 700 mm/yr, seasonally
concentrated between October and April, mostly as snow (Oliva et al., 2009).
Situated between a temperate humid climate to the north and at subtropical, arid
climate to the south, its location proximal to the last-glacial coastal shelves and
its high-altitude make this area a particular vegetation hotspot in southern
Europe ( Carrion et al., 2008; Anderson et al., 2011; Gonzalez-Sampériz et al.,
2010; Jiménez-Moreno and Anderson, 2012; Jiménez-Moreno et al., 2013a).
Sierra Nevada is one of the most important centers of plant diversity in the
western Mediterranean region. With more than 2100 vascular taxa (species and
subspecies) catalogued, it accounts for nearly 30% of the entire vascular flora
of the Iberian Peninsula (Blanca, 1996; 2002). Due to the altitudinal gradient of
Sierra Nevada (from 900 to more than 3400 m) this mountain range is strongly
influenced by thermal and precipitation gradients allowing well-characterized
vegetation belts (Valle et al., 2003). The crioromediterranean vegetation belt
characterized principally by Festuca clementei, Hormatophylla purpurea,
Erigeron frigidus, Saxifraga nevadensis, Viola crassiuscula, and Linaria
glacialis is the highest in the area and occurs above ~2800 m. The
oromediterranean belt, between ~1900 to 2800 m, bears Pinus sylvestris, Pinus
nigra, Juniperus hemisphaerica, Juniperus sabina, Juniperus communis subsp.
nana, Genista versicolor, Cytisus oromediterraneus, Hormatophylla spinosa,
Prunus prostrata, Deschampsia iberica and Astragalus sempervirens subsp.
nevadensis as the most representative species. The supramediterranean belt,
from approximately 1400 to 1900 m of elevation principally includes Quercus
pyrenaica, Quercus faginea, Quercus rotundifolia, Acer opalus subsp.

granatense, Fraxinus angustifolia, Sorbus torminalis, Adenocarpus
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decorticans, Helleborus foetidus, Daphne gnidium, Clematis flammula, Cistus
laurifolius, Berberis hispanicus, Festuca scariosa and Artemisia glutinosa. The
mesomediterranean between ~600 and 1400 m of elevation are characterized
by Quercus rotundifolia, Retama sphaerocarpa, Paeonia coriacea, Juniperus
oxycedrus, Rubia peregrina, Asparagus acutifolius, D. gnidium, Ulex
parviflorus, Genista umbellata, Cistus albidus and Cistus lauriflolius (El
Aallali et al., 1998; Valle, 2003). The human impact over this area affected the
vegetation distribution especially during the last millennium. The most
important examples of human disturbance in the area are the Olea increase for
cultivation at relatively low elevations and Pinus reforestation (Anderson et al.,

2011; Jiménez-Moreno and Anderson 2012; Jiménez-Moreno et al., 2013a).
1.2. Borreguil de la Caldera (BdIC)

This bog presently occurs above treeline, in the crioromediterranean
vegetation belt (Valle, 2003). In Sierra Nevada small bogs such as this one are
locally known as “Borreguiles”, which are installed on cirque basin
environments with constant moisture characterized by tundra-like vegetation
with Cyperaceae as the most representative species. Other secondary species
are represented by Nardus stricta, Festuca iberica, Leontodon microcephalus,
Luzula hispanica, Ranunculus demissus, Sagina saginoides subsp. nevadensis,
Campanula herminii, Saxifraga stellaris subsp. alpigena, Veronica turbicola,
Sedum anglicum subsp. melanantherum, Festuca rivularis and some species of
briophytes. Around this peat bog other plant species occur, such as Armeria
splendes, Agrostis nevadensis, Ranunculus acetosellifolius, Plantago nivalis
and Lepidium stylatum (Molero-Mesa et al., 1992). BdIC formed part of those
high-elevation wetland areas; it is a small peat bog located at 37° 03' 02" N and
3°19' 24" W in the south face of Sierra Nevada at ~2992 m elevation (Fig. 1).
It is situated right below Laguna de la Caldera, another cirque-lake basin
located in the upper drainage part of the Mulhacen River. The peat bog area is
0.17 ha. The surface of the drainage basin is 62 ha and includes the Mulhacen
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(3479 m asl), the highest peak of the Iberian Peninsula. The area is snow-free

approximately between July and October.

2. Methods

Two sediment cores, BAIC-01 and BdIC-02, were recovered in September
2013 from the center of the BdIC basin. Cores were taken with a Livingstone
square-rod piston corer. The length for BdIC-01 and BdIC-02 was 56 and 51
cm, respectively. BdIC-02 was taken ca. 50 cm apart from BdIC-01. BdIC-01
was the longest core and it was used for this study.

The split sediment core BdIC-01 was described in the laboratory with
respect to lithology and color (Fig. 2). Magnetic susceptibility (MS), a measure
of the tendency of sediment to carry a magnetic charge (Snowball and
Sandgren, 2001), was measured with a Bartington MS2E meter in SI units. MS
measurements were obtained directly from the core surface every 0.5 cm for
the entire length of the core (Fig. 2). Five calibrated AMS radiocarbon dates
were used to constrain the core chronology. Material used for the AMS datings
was peat.

Radiocarbon dates were converted to calendar year before present (cal yr
BP) using the IntCall3 curve (Reimer et al., 2013) with Calib 7.1
(http://calib.qub.ac.uk/calib/) (Table 1). The age model for BAIC-01 was built

using a constant variance model following Heegaard et al., (2005). Calculations
of the expected ages and their 95% confidence intervals were made using the
software package R (Development Core Team, 2013) employing the functions
Cagedepth.r Cagenew.r (Heegaard et al., 2005) (Fig. 2). The sedimentary
accumulation rate (SAR) was calculated based on the linear interpolation

between radiocarbon dates (Fig. 2).
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MS (Sl units) Age (cal yr BP)
8 12 16 0 1000 2000 3000 4000 5000

0.03 cm/yr

0.20 cm/yr

0.02 cmlyr

Depth (cm)

0.008 cm/yr

0.005 cmlyr

60

Figure 2. Photo of core BdIC-01, along with the magnetic susceptibility (MS) profile
and age-depth model. Sedimentary rates (SAR) are marked. Thin black lines show the
95% confidence intervals. See body of text for explanation of age model construction.

Samples for pollen analysis (1 cm®) were taken every 0.5 cm throughout
the core (Fig. 3). Pollen extraction methods followed a modified Faegri and
Iversen, (1989) methodology. Processing included the addition of Lycopodium
spores for calculation of pollen concentration. Sediment was treated with
NaOH, HCI, HF and the residue was sieved at 250 pm previous to an acetolysis
solution. Counting was performed using a transmitted light microscope at 400x
magnification to a minimum pollen count of 300 terrestrial pollen grains. Fossil
pollen was identified using published keys (Beug, 1961) and modern reference
collections at University of Granada (Spain). Pollen concentration is a measure
of pollen density [grains per cm® of sample sediment (gr/cm’); Fig. 3]. The raw
counts were transformed to pollen percentages based on the terrestrial sum, not
including Cyperaceae (Fig. 3). The pollen zonation was executed by cluster
analysis using eight different pollen taxa- Pinus, Olea, Artemisia, Poaceae,
Caryophyllaceae, Cichorioideae, Quercus total and Other Asteraceae
(CONISS; Grimm, 1987). Non-pollen palynomorphs (NPP) were found in the
pollen slides including fungal spores, thecamoebians, algal spores and micro-
zoological remains. The NPP percentages were calculated and represented with

respect to the total pollen sum (Fig. 3). Tree pollen taxa were grouped in
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arboreal pollen (AP). In addition, we calculated the Cyperaceae/Poaceae ratio
(C/P ratio) (Fig. 4). This ratio has previously been used as an indicator of wet
and dry conditions in bog areas (e.g., Turney et al., 2004). A cyclostratigraphic
analysis was performed in the BdIC-01 pollen time series. We used the REDFIT
software (Schulz and Mudelsee, 2002) on the unevenly spaced pollen time
series in order to identify cyclical changes in the vegetation through spectral
peaks registered at different frequencies throughout the studied core.

Samples for macrocharcoal analysis (1 cm®) were taken every 0.5 cm
through the core (Fig. 3), following the methodology described in Whitlock and
Anderson, (2003). In order to deflocculate the sediments, the samples were
soaked in a solution of ca. 10% sodium hexametaphosphate and distilled water
for two to five days. Samples were washed and sieved into a set with mesh size
of 125 and 250 pm. Each subsample was counted using a stereomicroscope to

10-70x magnifications.
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Table 1. Age data for BdIC-01. All ages were calibrated using IntCall3 curve (Reimer et al., 2013) with Calib 7.1 (http://calib.qub.ac.uk/calib/).

*Sample number assigned at radiocarbon laboratory; DirectAMS= Accium BioSciencies, Seattle, Washington.

Dating .
Lﬁiﬁ?ﬂy Depth method Age (14C cal (Cczzlllbrraltgeg)azg; Median age
(cm) (AMS) yr BP £ 10) Y (cal yr BP)
range
Reference ages 0 Present AD2013 -63 -63
DirectAMS-004385 13.7 e 388+24 327-507 469
DirectAMS-004386 23.2 e 474426 500-537 517
DirectAMS-004387 36.8 e 1036+31 915-1049 950
DirectAMS-004388 46.4 e 2563+30 2505-2754 2725
DirectAMS-004389 56 e 4066+29 4438-4798 4551

¥ JaydeyD
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3. Results

3.1. Chronology and sedimentary rates

The age-depth model (Fig. 2) shows that the BAIC-01 record covers the last
4500 cal yr BP. SARs between 0.008 and 0.02 cm/yr occurred from ~23 cm to
the core bottom. SAR increased to ~0.03 cm/yr between ~13 cm to the core top.
The highest SAR of 0.20 cm/yr occurred right above ~ 23 to 13 cm [about 550
to 350 cal yr BP].

3.2. Lithology and magnetic susceptibility

The BdIC-01 record mostly consists of peat sediments but thin layers of
clay occur at about 52 to 51 cm, coinciding with a MS spike (Fig. 2). MS data
show minimum values around 20 to 17 cm, corresponding to a more fibrous
peat at that depth. MS spikes again at ~12 cm but visually we could not observe

any significant lithological change.

3.3. Pollen, NPP and charcoal

A total of fifty-four pollen taxa were identified but only the most
representative (taxa higher than 1%) were plotted in the pollen diagram (Fig.
3). NPP and charcoal are also displayed in Figure 3. Four pollen zones (Fig. 3)
were visually identified with the help of cluster analysis using the program
CONISS (Grimm, 1987). Pollen preservation was good and concentration was
high from ~50,000 to 3,500,000 grains/cc. Charcoal concentration varied from
0 to 8 particles/cc.
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Figure 3. Pollen and non-pollen palynomorphs (NPPs) percentage of selected taxa and
charcoal concentration in the BAIC-01 core. Pollen percentage was calculated with

respect to the total pollen sum, excluding Cyperaceae. NPP percentages were calculated
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with respect to the total pollen sum. Tree taxa are shown in green, herbs and grasses in
yellow, aquatic plant in blue and NPPs in orange. Charcoal concentration (number of
particles/cc = #/cc), pollen concentration (grains/cc) and pollen zonation are shown on
the right. Silhouette shows exaggeration of pollen percentage X5.

Pollen zones are described below:

3.3.1. Zone BdIC- 1 [~4500 to 1740 cal yr BP/~2600 to 200 BCE (56-40 cm)]

Zone 1 is principally characterized by the abundance of herbs and grasses
such as Poaceae, with an average occurrence around 37% and Cichorioideae of
ca. 22%. Other herbs such as Amaranthaceae, Caryophyllaceae, Gentianaceae
and Campanulaceae also occur but with lower abundances in this zone. The AP
is mainly composed of Pinus, with average values around 11% but there are
some important peaks around 20%. Although tree pollen is dominated by Pinus
other tree taxa occur in lesser concentrations, with Quercus total (ca. 2%), Olea
(< 1%) and Betula (ca. 1%; not plotted in the diagram due to very low
percentage) as the most representative. This pollen zone is subdivided into
zones subzone-la and subzone-1b (Fig. 3). The main characteristics that
differentiate subzone 1a from 1b (at ca. 3000 cal yr BP/ca. 1050 cal BC) are the
decline in Poaceae from ca. 55 to 25% and the increase in Pinus from ca. 10 to
20%. Other Asteraceae and Caryophyllaceae also slightly increase ca. 3-7% and
ca. 2-5%, respectively. Wetland plants such as Cyperaceae also occur and show
a considerable increase (from ca. 8% to 15%) between subzone 1a/1b. Charcoal

particles are rare, but show a slight increase in subzone 1b (Fig. 3).
3.3.2. Zone BdIC- 2 [~1740 to 500 cal yr BP/ ~200 BCE-1450 CE (40-21 cm)]

The decline in Poaceae to values around 15% and the decrease in Pinus
averaging around 5% are the most important features in this zone. Artemisia,
other Asteraceae and, most notably, Cupressaceae become more abundant in
zone 2, while Caryophyllaceae also increases. Arboreal pollen decreases

remarkably, with a decline in Pinus, however an increase in Quercus total (to
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ca. 5%) occurred. The transition between subzone 2a/b (boundary at ~760 cal
yr BP/1200 CE) is remarkable, with a prominent increase in Artemisia and
Quercus total, but on the other hand, a slight decline in other Asteraceae,
Caryophyllaceae and Cichorioideae. Wetland pollen shows a considerable
increase, with Cyperaceae (averaging ca. 30%) and Ranunculaceae (averaging
ca. 15%). Fungal remains are also present; coprophilous fungi such us
Sordariales and thecamoebians show their first occurrence in this zone. The

number of charcoal particles declines.

3.3.3. Zone BdIC- 3 [~500 cal yr BP to 50 cal yr BP/~1450 to 1900 CE (21-2.5
cm depth)]

The main feature in zone 3 is the major expansion of Artemisia, reaching
maximum values (to ca. 40%), and the decrease in Pinus (to ca. 2%). A
noteworthy drop in Cichorioideae (to ca. 7%) and the slight increase in
evergreen Quercus, Cupressaceae and Castanea also characterize this zone.
The disappearance of Befula and the first occurrence of Juglans, Cerealia, Vitis
(not plotted in the diagram due to very low percentage) and Urticaceae-
Moraceae are also remarkable. The subzone 3a/b (~160 cal yr BP/~1790 CE)
transition is marked by an increase in arboreal pollen mostly produced by a high
increase in Olea, reaching maximum values (ca. 40%) at around 60 cal yr BP
(1890 CE). Wetland pollen remain abundant. This zone documents a prominent
increase in coprophilous fungi (Sporormiella and Sordariales); thecamoebians
are very abundant too, showing maxima. Charcoal particles show a decrease in
zone 3 in relation with the zone 2. This decrease is stronger in the end of the

subzone 3b.
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3.3.4. Zone BdIC- 4 [1900 CE to present (2.5 to 0 cm depth)]

Zone 4 shows the expansion of tree species with respect to zone 3,
especially in Pinus (maximum around 30%) and evergreen Quercus (to ca.
10%). Olea remains very important in the assemblage with a very slight decline
in values than in the previous subzone 3b but with two punctually stronger
decreases around 1900 and 1980 CE. With respect to herbs, Artemisia, other
Asteraceae and Caryophyllaceae show a decrease and Cichorioideae even
disappeared. However slight increases in Amaranthaceae occurred. Castanea,
Juglans and Urticaceae-Moraceae pollen disappeared at the end of the zone.
Maximum values of the wetland plant Cyperaceae (ca. 60%) is observed in this
zone. Thecamoebians show an increase in this zone and dung fungi continue to
increase, with particular incidence for Sporormiella and Sordariales. Charcoal

occurrence is insignificant.

3.4. Spectral Analysis

Spectral analysis was performed on the Pinus and Artemisia time-series in
order to identify the presence of cyclical periodicities in the BAIC-01 record
(Fig. 5). Centennial-scale cycles with periodicities around ca. 750, 650, 300,
200, 170 and 140 yr (above the 80 % confidence level) were obtained.
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Figure 4. Comparison of different pollen taxa from the last 4500 yr from the BdIC and
other pollen records from other Sierra Nevada lakes and peat bogs, North Atlantic
Oscillation (NAO) reconstructions and insolation curve. (a) NAO index from a climate
proxy reconstruction from Morocco and Scotland (Trouet et al., 2009). (b) NAO index
from a climate proxy reconstruction from Greenland (Olsen et al., 2012). (¢) BdIC
charcoal record. (d) BdIC Magnetic Susceptibility (MS) record. (e)
Cyperaceae/Poaceae (C/P) ratio from the BdIC record. (f) Artemisia percentage from
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the BdIC record. (g) Pinus percentage from the BdIC record. (h) Arboreal pollen (AP)
percentage from the BdIC record. (i) AP percentage from LdIM record (Jiménez-
Moreno et al., 2013), Sierra Nevada. (j) Pinus percentage from BdlV record (Jiménez-
Moreno and Anderson, 2012), Sierra Nevada. (k) Pinus percentage from LdRS
(Anderson et al., 2011), Sierra Nevada. (1) Winter [left] and summer [right] insolation
calculated for 37° N (Laskar et al., 2004). IRHP = Iberian-Roman Humid Period, DA =
Dark Ages, MCA = Medieval Climatic Anomaly. Dashed black lines show a tentative
correlation between the Pinus record (g) and the NAO reconstruction (b). Color vertical
bars highlight discussed climate variability. The green bar represents a relative humid
period, the yellow bar an arid period, the blue bar a humid period corresponding with
the IRHP and the gray bar a generally arid period.

4. Discussion

One of the main goals of this study is to analyze the relationship of
vegetation changes from the BdIC bog in the Sierra Nevada with atmospheric
variations in the area and the possible links with solar variability. Integration of
pollen, NPP and charcoal data are important in reconstructing the paleoclimatic
and palaeoenvironmental history in this climatically sensitive region. In this
study we compared our record with other local and more distant paleoclimate
records, NAO reconstructions, insolation and solar output for the past 4500 cal
yr BP (Bard et al., 2000; Laskar et al., 2004; Trouet et al., 2009; Olsen et al.,
2012; Figs. 4 and 6). This allowed us to determine regional- and global-scale
paleoclimate interpretations and inferences about the origin of these cyclic
climate variations. Below we show that the BdIC Sierra Nevada alpine pollen
record supports the hypothesis of a coupling between solar activity, North
Atlantic atmospheric activity and environmental changes in the western

Mediterranean during the Holocene.

160



Chapter 4

25000 Artemisia  90% Cl 80% Cl

—— Pinus 90% CI —==- 80%ClI -

20000 —~

~
756 yr

Power

10000 —

5000 —

0 0.002 0.004 0.006 0.008
Frequency (1/T)

Figure 5. Spectral analysis of Pinus and Artemisia from the BdIC-01 record.
Confidence levels (Cl) are marked (80 and 90 %) and the significant periodicities above
80% of confident level are shown. A number of overlapping (50%) segments (ny,) of
3 and a rectangular window were used. Spectral analysis was made using Past
(http://palaco-electronica.org/2001 1/past/issuel 01.htm).

4.1. Proxy interpretation

Variations in AP have previously been used in the Sierra Nevada as a proxy
for humidity changes (Jiménez-Moreno et al., 2013a; Fig. 4). Pinus dominates
the AP pollen sum throughout much of the Holocene in the Sierra Nevada
region and this is the reason we pay special attention to this pollen taxa. Pinus
nigra and Pinus sylvestris occur at present in the Sierra Nevada
oromediterranean vegetation belt, between 1600-2100 m asl (Carrion et al.,
2002) and 1600-2200 m asl (Castro et al., 2004), respectively. Pollen
sedimentation studies show that in locations where Pinus is present, its
percentage is approximately 50-60% of the total pollen sum (Andrade Olalla et
al., 1994). This is confirmed in the Sierra Nevada by an ongoing moss polster
analysis carried out in an altitudinal transect (Ramos-Roman, in prep.). The
pollen results show that where pine forest occurs the Pinus percentage is around
40-70 % and in places above the treeline it is around 20-30%. In the BdIC-01
record Pinus percentage is between 10-30%, which suggests that Pinus forest

never occurred at such high-elevation in the Sierra Nevada during the late
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Holocene and that these pollen grains come from lower elevations (Anderson
et al., 2011).

On the other hand, increases in xerophyte pollen (e.g., Artemisia) have been
used as an indication of aridity in the Mediterranean region (Carrién et al.,
2001b, 2007, 2010a; Anderson et al., 2011; Jiménez-Moreno and Anderson,
2012; Jiménez-Moreno et al., 2013a). In this study we also used xerophyte
pollen to elucidate climatic shifts. In addition, the widely-used Cyperaceae —
Poaceae pollen ratio (C/P ratio; Cour et al., 1999; Turney et al., 2004; Mensing
et al., 2008) was used as a paleoclimate proxy to record the local vegetation
response to fluctuations between wetter and drier bog conditions. Alternating
high pollen percentages of Cyperaceae and Poaceae suggest that the bog
frequently changed between wetter (high C/P ratio) and drier (low C/P ratio)
states (Jiménez-Moreno et al., 2008).

Charcoal analysis is based on the accumulation of charcoal particles in
sedimentary basins during or following a fire event. Gaussian models suggest
that particles smaller than 100 pm travel well beyond 100 m and only very small
particles can travel long distances (Whitlock and Anderson, 2003). The
charcoal particles that we quantified were >100 um, between 250 and 125 pm,
suggesting a local source of charcoal. However Anderson et al. (2011) suggest
that during the Holocene in this alpine area in the Sierra Nevada, charcoal

particles probably came from fires at lower elevation.

4.2. Aridification trend during the late Holocene

Our data document an increasing trend in dryness in this area during the
past 4500 cal yr BP (Fig. 4) as shown by the progressive decrease in natural
forest species and the increase in xerophytes such as Artemisia. This agrees
with previous paleoclimatic studies in the western Mediterranean, which
document a progressive aridification trend since ~7000 cal yr BP (Carrion,
2002; Fletcher and Sanchez-Goiii, 2008; Jalut et al., 2009; Carrion et al., 2010a;

Anderson et al., 2011; Jiménez-Moreno and Anderson, 2012; Jiménez-Moreno
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et al., 2015). Jiménez-Moreno et al. (2012, 2015) suggested that semi-desert
expansion and Mediterranean forest decline during the late Holocene in this
area could be explained by decreasing summer insolation (Laskar et al., 2004;
Fig. 4). Reduced summer insolation could have produced lower sea-surface
temperatures (Marchal et al., 2002), generating a decrease in the land—sea
contrast that would be reflected in a reduction of the wind system and a reduced
precipitation gradient from sea to shore during the fall-winter season. Also, a
reorganization of the general atmospheric circulation with a northward shift of
the westerlies — a long-term enhanced positive NAO trend — has been
interpreted, inducing drier conditions in this area (Magny et al., 2012).
Declining summer insolation at these latitudes would have negatively affected
the growing season due to cooling, producing further forest decline (Fletcher et
al., 2007).

An interesting feature in the BdIC-01 record is the increasing trend in
wetland plants (Cyperaceae) and the decrease in grasses (Poaceae) during the
late Holocene (see C/P ratio; Fig. 4). Although this contrasts with the
aridification trend discussed above, we suggest that this may be explained by
two local processes. First, the decrease in summer insolation could have caused
wetland and aquatic plants to have greater surface runoff water availability for
longer in the summer, due to greater persistence of snowbanks upstream and a
meltwater more slowly, providing a better local environment for Cyperaceae.
Second, the progressive sediment infilling of the basin could have created a
broader bog surface profile producing a greater surface wetland environment
for Cyperaceae expansion. This increase in wetland plants during the late
Holocene is in agreement with an increase in Cyperaceae pollen in the nearby
record of Borreguil de la Virgen (Jiménez-Moreno and Anderson, 2012).
Garcia-Alix et al. (2012), who studied the geochemistry from this site explained
this change as the transition from a lacustrine to a full bog environment [an

increase in C/N ratios and a decrease in Carbon isotopes (5"°C)].
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4.3. Millennial-scale environment and climate change

Previous paleoecological records are available from other alpine wetlands
from the Sierra Nevada (Anderson et al., 2011; Jiménez-Moreno and Anderson,
2012; Jiménez-Moreno et al., 2013a). The BdIC improves on the late Holocene
record of paleoenvironmental and paleoclimates through high-resolution
analysis of pollen and other proxies. Our high-resolution analysis here shows
that the late Holocene progressive aridification trend is climatically more

complex than originally demonstrated (Fig. 4).
4.3.1. Arid interval between ~4000 and ~3100 cal yr BP

The pollen record from BdIC-01 begins with a relatively small peak in
Pinus between 4500 and 4200 pointing to relatively humid climate but a trend
to arid conditions occurred later on, starting around 4000 cal yr BP. This
relatively dry period comprises part of the pollen subzone-1a and is mainly
distinguished by the lowest percentage in AP, very low abundance of Pinus and
very low occurrence of charcoal particles. The C/P ratio also shows a
decreasing trend, indicating a drier bog environment. A lithological change
towards clay sedimentation and a spike in MS at ~3600 cal yr BP (around 51-
52 cm) is also observed at this time (Fig. 2). Drier conditions could have
triggered less vegetal productivity in the bog and/or more erosion in the
drainage area producing more detritic sedimentation. Our results agree with
previous studies in the area and arid conditions at this time are well documented
in changes in paleoecological and geochemical proxies in the Laguna de la
Mula, Sierra Nevada (Jiménez-Moreno et al., 2013a) and in several other
marine records from Alboran Sea (synthesized in Fletcher et al., 2013; Martin-
Puertas et al., 2010) and terrestrial sites such as Zofar Lake (synthesized in
Martin-Puertas et al., 2010). Oliva et al. (2009) shows the occurrence of
solifluction landforms between 2500 and 3000 m asl in the Sierra Nevada
around 3400 cal yr BP, which they explained as cold and/or wet periods. Cold

and arid conditions are inferred during this period in the western Mediterranean
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Sea (M3; Frigola et al., 2007) and higher Saharan dust input (Z1/Al ratio;

Jimenez-Espejo et al., 2014). Aridity in the western Mediterranean area could

be explained by multi-decadal persistence of positive NAO conditions at this

time (Olsen et al., 2012).
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Figure 6. Comparison of different pollen taxa from the last 700 yr from the BdIC
record, NAO reconstruction and solar irradiance curve. (a) Artemisia percentage from
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climate proxy reconstruction from Morocco and Scotland (Trouet et al., 2009). (e)
North Atlantic Oscillation (NAO) index from a climate proxy reconstruction from
Greenland (Olsen et al., 2012). (f) Reconstruction of the total solar irradiance (Bard et
al., 2000). Dashed black lines are a tentative correlation between Artemisia record (a)
and NAO reconstruction (d, e). Dashed red lines show a tentative correlation between
the Pinus record (b) and solar activity (f).

4.3.2. Humid period between ~3100 and ~1600 cal yr BP

Probably the most humid period during the late Holocene in southern Iberia
occurred during the well-known Iberian-Roman Humid Period (IRHP) (Martin-
Puertas et al., 2009). The BdIC record shows maxima in humid conditions at
this time (zone-1b) through maximum values of AP (mostly Pinus) previously
to recent human reforestation and a decrease in xerophytic plants with a
minimum in Artemisia (BdlC-1b pollen zone; Fig. 4). This is in agreement with
other western Mediterranean paleoclimate records such as Zofiar Lake (Martin-
Puertas et al., 2009), a marine core of Alboran Sea (Martin-Puertas et al., 2010)
and the Laguna de la Mula in the Sierra Nevada (Jiménez-Moreno et al., 2013a).
NAO reconstructions show the most negative phases during this period (Olsen
et al., 2012; Baker et al., 2015; Fig. 4), which could explain high winter
precipitation, the main source of moisture in this area. The smaller-scale
variability observed in the pollen record, with two relative minima in AP during
this generally-humid period, could also be due to oscillations in the NAO,
observed in the Olsen et al. (2012) reconstruction, further supporting the link
between vegetation changes and the NAO cyclical phases. This variability is
shown in AP and C/P ratios from BdIC. A first gradual transition phase from
an arid period between ca. 3100 and 2800 cal yr BP is observed in the increase
in AP and C/P ratio. The most humid period is observed between ca. 2800 to
2400 cal yr BP, with the maximum in AP and a high increase in C/P ratio. A
relative arid period is interpreted between ca. 2400 to 1900 cal yr BP by a
general decrease in AP (even though there is a peak in AP at approximately
2200 cal yr BP) and C/P ratio. A relative humid interval occurred between ca.

1900 and 1600 cal yr BP, depicted by the increase in AP and C/P ratios. Other
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studies in southern Iberia show variability in humidity during the IRHP. The
most humid period from 2500 to 2140 cal yr BP, an arid period between 2140
to 1800 cal yr BP and a relative humid period from 1800 to 1600 cal yr BP are
also observed in the record from Zofiar Lake (Martin-Puertas et al., 2009) and
a very similar variability is showed in the record of Somolinos Lake (Curras et
al., 2012).

The maximum macrocharcoal concentration registered in BdIC-01
coincided in time with the wettest period in the record (Figs. 3 and 4). The
comparison with another records from the Sierra Nevada (Anderson et al.,
2011; Jiménez-Moreno et al., 2013a) and other studies in close mountain ranges
and marine records in the western Mediterranean region (Sierra de Gador
[Carrion et al., 2003], Sierra de Baza [Carrion et al., 2007], Alboran Sea
[Daniau et al., 2007] and Djamila, northern Morocco [Linstadter and Zielhofer,
2010]) also show an increase in fire activity during this period. This suggests
that higher fire activity at this time could have been related to the presence of
abundant fuel load (Daniau et al., 2007; Linstddter and Zielhofer, 2010;
Jiménez-Moreno et al., 2013a). Nevertheless, two different records in Sierra de
Cazorla show a reverse trend in fire activity during this period (Carrion et al.,
2001b; Carrion et al., 2002), which may be due to different characteristics in
fire regimes related with precipitation (Linstddter and Zielhofer, 2010;
Jiménez-Moreno et al., 2013a). For example, in typically arid and semiarid
environments in the Mediterranean area fuel load limits fire regimes. However,
in the less arid Mediterranean environments with a mean annual precipitation
above 500-700 mm the factor for fire recurrence could have been moisture. We
suggest that this could explain the different fire recurrences during this period
in one of the Sierra de Cazorla records (Siles lake; Carrion et al., 2002) with an
annual precipitation average of 800-1000 mm. However in the other record
from the Sierra de Cazorla (Villaverde lake; Carrion et al., 2001a) a lesser
annual precipitation average of around 225 mm is recorded and it is not possible

to apply this hypothesis but another of the many factors controlling fire in the
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area. Gil-Romera et al., (2010) summarized pollen and charcoal records from
southeastern Spain and showed that differences in fire regimes could be

explained by variations in climate, vegetation, altitude and human activity.

4.3.3. Most Recent 1500 cal yr BP: Dark Ages, Medieval Climate Anomaly and
Little Ice Age

The most recent 1500 years in the BdIC record are characterized by several
centennial-scale environmental and climatic oscillations (Fig. 6). First, a
generally arid period (coinciding with the majority of zone-2) occurred between
ca. 1500 to 660 cal yr BP (ca. 450 to 1300 CE), depicted by a progressive
decrease in Pinus (and AP in general) and an increase in Artemisia. This period
comprises the Dark Ages (DA) and the Medieval Climate Anomaly (MCA),
between 500 to 900 CE and 900 to 1300 CE, respectively (Moreno et al., 2012).
Previous studies show overall arid conditions and persistently positive NAO
(low winter precipitation) during this time, supporting our results. For example,
tree-ring and speleothem analyses from Morocco and Scotland (Trouet et al.,
2009; Wassenburg et al.,, 2013; Baker et al.,, 2015) and a multiproxy
geochemical record from a small lake in Greenland (Olsen et al., 2012) all show
a strong correlation among different paleoclimate proxies with positive NAO
during that time. This also agrees with more regional marine and terrestrial
studies from the Iberian Peninsula. Vegetation evolution through the MCA in
central and eastern Iberia shows a general decrease in AP, principally in
mesophytic taxa, and an increase in more xerophytic and heliophytic vegetation
(Moreno et al., 2008; Morellon et al., 2011; Rull et al., 2011; Moreno et al.,
2012; Corella et al., 2013) also suggesting aridity. Further, Moreno et al. (2012)
reviewed paleoclimate proxies for the MCA from the Iberian Peninsula and
showed a general decline in lake levels in northeast and southeast Iberia
(Martin-Puertas et al., 2010; Morelldon et al., 2011) with major Saharan eolian
input in the westernmost part of the Mediterranean Sea (Nieto-Moreno et al.,

2011).
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The last ca. 700 cal yr BP (between 1300 CE and present) are characterized
by rapid and pronounced centennial-scale oscillations (Fig. 6). Four periods
depicted by relatively higher Pinus (and AP) and centered at ca. 1300, 1410,
1550-1620 and 1810 CE occurred, most likely indicating enhanced humid
conditions. The first and last of these humid periods coincided with the
beginning and end of the Little Ice Age (LIA; from ca. 1300 to 1850 CE). It is
worth noting that charcoal peaks occurred immediately after these humid
periods, supporting the hypothesis of the availability of fuel conditioning fire
activity discussed above (Figs. 3 and 4). Continuing with our reasoning above,
wetter climatic conditions during the LIA period are probably related to
negative NAO conditions, which produces a general increase in winter
precipitation in the area (Trouet et al., 2009; Fig. 6). These alternate with three
arid events are also observed during the LIA, perhaps related to cyclical
changes in NAO states as previously observed in Trouet et al. (2009) (Fig. 6).
The strong visual covariation between these humid-to-arid events, NAO states
and solar activity (sunspots) observed in the last few centuries (Bard et al.,
2000) could indicate a strong coupling between changes in solar activity,
atmospheric variations and vegetation changes here. Low solar activity during
the Wolf, Sporer, Maunder and Dalton minima could have triggered persistent
negative NAO conditions, enhancing winter precipitation in the area that would
produce increases in forest species (i.e., Pinus) and decreases in Artemisia (Fig.
8). Morellon et al. (2011) also observed increases in Pinus nigra and P.
sylvestris as well as higher lake levels in a montane lake in the Pre-Pyrenees
(northeastern Spain) coinciding in time with minima in solar activity. The
increase in Pinus during the last century (zone-4) is more difficult to interpret
due to the major influence of human activity in the area that could have

modified the landscape (see section below).

4.4. Centennial-scale vegetation, solar and atmospheric changes

Previous Holocene studies suggest that small variations in solar activity
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could have produced changes in the atmospheric dynamics at millennial-,
centennial- and decadal-scales (e.g., Bard et al., 2000; Bond et al., 2001; Hu et
al., 2003; Martin-Puertas et al., 2012). Times series analysis on the BdIC-01
record reveals centennial-scale periodicities around ca. 750, 650, 300, 200, 170,
140 and 120 years above the 80% confidence level (Fig. 5). Some of these
periodicities are very similar to well-known atmospheric variations (e.g. NAO)
and solar cycles, suggesting a link between changes in the vegetation and thus
climate in this area, mostly conditioned by NAO modes, with solar activity. The
650-yr cycle could be in relation with the 650-yr cycle shown in a record from
the East Alboran Sea basin (Rodrigo-Gamiz et al., 2014a) related with North
Atlantic thermohaline circulation and sea surface temperatures. With respect to
the 300-yr cycle, Bond et al. (2001) found a similar cycle of ca. 300 yr in the
ice rafting debris record, this cycle is also shown in the NAO reconstruction
(Olsen et al., 2012). The 200-yr period could be linked with the 208-yr Suess
cycle (Damon and Sonett, 1991). The 170-yr cycle shows similar periodicities
with the NAO reconstruction (Olsen et al., 2012). Other pollen records also
point to a relationship between vegetation changes and the solar-climate
activity and some similar centennial-scale cycles at 197, 212, 222, 292 and 750
yr are shown in an alpine bog record from New Mexico (Jiménez-Moreno et
al., 2008), coinciding with the BdIC-01 record at ca. 200, 300 and 750 yr
periodicities. Therefore, these studies show similar millennial- and centennial-
scale changes in vegetation related with solar and North Atlantic atmospheric

oscillations that could be of hemispheric-scale.
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4.5. Human impact

Evidences of human impact in the BdIC record began to appear prior to the
Industrial Era, notably since ca. 1500 CE (zones BdIC-3 and BdIC-4).
Coprophilous fungi such as Sordariales are first recovered from sediments
beginning about 1500 years ago, but strongly increase in abundance and
frequency in the last ~400 years contemporaneous with the appearance of
Sporormiella (Fig. 7). This trend correlates with other locations in Sierra
Nevada, specifically with the BdIV and LdRS records, where Sporormiella
consistently occurs during the last 500 yr (Jiménez-Moreno and Anderson,
2012) and 1000 yr (Anderson et al., 2011), respectively. This increase is
probably due to the introduction of livestock and grazing at high elevation in
the Sierra Nevada (Anderson et al., 2011; Jiménez-Moreno and Anderson,
2012). Nearly contemporaneously, an increase in thecamoebians occurred in
the BdIC record (Fig. 7). A similar occurrence in the BdIV record over the last
150 cal yr BP was interpreted by Jiménez-Moreno and Anderson (2012) as
being due to a nutrient enrichment of the wetland by livestock that frequented
the bogs.

The most recent centuries witnessed an increase in AP, principally from
Pinus and Olea pollen (Figs. 4 and 7) in the BdIC-01 record. Anderson et al.
(2011) suggested the increase in Olea paralleled an increase in olive oil
production in the last century. The same pattern identified in the BdIV
(Jiménez-Moreno and Anderson, 2012) and LdIM (Jiménez-Moreno et al.,
2013a) records shows this is a regional event. The increase in Pinus is
associated with Pinus sylvestris plantation (Anderson et al., 2011). This
reforestation commenced in the middle of the 20th century to reverse human

deforestation in the preceding centuries (Valbuena-Carabana et al., 2010).
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Figure 7. Comparison of pollen and non-pollen palynomorphs (NPPs) for the last 4500
cal yr BP from the BdIC-01 core considered to be related to human activities. Note the
exponential increase in the taxa in the last 400 cal yr BP: Olea pollen, Sordariales,
Sporormiella and thecamoebians. The gray vertical bar represents evidences of human
impact in the last 400 cal yr BP.

5. Conclusions

The details recorded in the BdIC cores help to clarify the potential
relationship between environmental changes in the western Mediterranean,
atmospheric dynamics of the NAO and solar activity variations during the late
Holocene. The overall climatic reconstructions using pollen, charcoal and NPP
from the BdIC-01 record confirms previous evidence of an increasingly arid
trend in climate during the late Holocene. However, our high-resolution multi-
proxy analysis of the BdIC record provides a greater understanding of
centennial- to decadal-scale climate change, recording rapid oscillation
between relatively arid and humid intervals in this area during key-periods of
the late Holocene such as the IRHP, MCA and LIA. This strong relationship is

further supported in this record by correlation of these centennial-scale
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humidity shifts at very similar times, and with amplitudes and periodicities
coinciding with previously published Mediterranean regional records, NAO
reconstructions and with evidence of solar activity variations. This study has
then allowed us to associate persistently positive NAO conditions with drier
periods and negative NAO conditions with wetter climate in the Mediterranean
region. Further, our study documents that fire activity during the late Holocene
in our region is probably connected with vegetation fuel load, also in agreement
with other studies in the western Mediterranean, demonstrating that climate is
a crucial factor in fire dynamics. Although anthropogenic impact is evident in
the last centuries in the Sierra Nevada, our work demonstrates that, overall,

climate is the most important trigger for vegetation change.
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Abstract

Recent studies have proved that high elevation environments, especially remote
wetlands, are exceptional ecological sensors of global change. For example,
European glaciers have retreated during the 20™ century while the Sierra Nevada
National Park in southern Spain witnessed the first complete disappearance of
modern glaciers in Europe. Given that the effects of climatic fluctuations on local
ecosystems are complex in these sensitive alpine areas, it is crucial to identify their
long-term natural trends, ecological thresholds, and responses to human impact. In
this study, the geochemical records from two adjacent alpine bogs in the protected
Sierra Nevada National Park reveal different sensitivities and long-term
environmental responses, despite similar natural forcings, such as solar radiation and
the North Atlantic Oscillation, during the late Holocene. After the Industrial
Revolution both bogs registered an independent, abrupt and enhanced response to the
anthropogenic forcing, at the same time that the last glaciers disappeared. The
different response recorded at each site suggests that the National Park and land
managers of similar regions need to consider landscape and environmental evolution
in addition to changing climate to fully understand implications of climate and human

influence.
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1. Introduction

Mountainous areas in the Mediterranean region are among the most vulnerable
in Europe, and have been severely affected by recent climate and human-induced
environmental changes with regard to water resources, temperature gradients,
sensitive species, and soil fertility (Schroter et al., 2005; Regato and Salman, 2008).
Alpine systems here function as ‘sky islands’, because plant communities are often
patchy, occur over narrow elevational bands and are highly susceptible to
environmental and climate stressors. The lack of ecosystem connectivity leaves plant
communities and plant species (many of which are endemic) highly vulnerable to
extinction (Blanca, 2001; Regato and Salman, 2008), because they cannot respond
via latitudinal redistribution, but shift altitudinally (Thomas et al., 2006; Menéndez
et al., 2014).

The long-term natural environmental evolution in the western Mediterranean
region follows an aridification and desertification trend during the late Holocene
(deMenocal et al., 2000; Carrion et al., 2003). This signal has been influenced and
even boosted by human impact, especially in the last centuries (Carrion et al., 2003;
Garcia-Alix et al., 2013). So far, the increased rate and magnitude of recent changes
have had significant economic and social consequences, such as crop destruction,
human migrations, or conflicts between farmers and herders (Kepner et al., 2006).
However, exactly how these recent fluctuations will manifest in additional
environmental changes is still largely unknown, so longer-term records that
demonstrate how current changes fit into the historical context are needed. These
longer-term records will help in understanding future change, where climatic
forecasts for the mountains of the Mediterranean region are not optimistic, and point
toward a marked temperature increase and precipitation decrease (Lopez-Moreno et
al., 2011), which are likely to accelerate environmental degradation.

The highest elevation environments in the Sierra Nevada of southern Iberia
(~3000 masl) have experienced little direct impact from human activities for
centuries. Although these areas are actively protected today due to their

environmental richness, and are part of the Natural Park and Biosphere Reserve of
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Sierra Nevada (Gomez-Ortiz et al., 2010), they have recorded indirect influence of
human activities such as reforestation and atmospheric pollution (Anderson et al.,
2011; Garcia-Alix et al., 2013). Wetlands in this alpine area are mainly oligotrophic,
since their catchment basins consist of bare mica-schist bedrock with sparse soil
development. Consequently, their biogeochemistry is highly influenced by
allocthonous atmospheric inputs that supply important nutrients rather than by local
sources (Morales-Baquero et al., 2006; Pulido-Villena et al., 2006). All of these
features make these remote alpine environments outstanding ecological observatories
of climate change (Catalan et al., 2013) that allow the identification of the signatures
of both natural and human-induced environmental changes (Morales-Baquero et al.,
2006; Anderson et al., 2011; Garcia-Alix et al., 2013; Jiménez-Espejo et al., 2014).
In particular, our previous research from sedimentary archives of these wetlands
shows a possible increase in the rate of environmental change during the last century
(Garcia-Alix et al., 2012a; Jiménez-Espejo et al., 2014), in agreement with the sharp
precipitation decrease and temperature increase, as well as an increase in industrial
activities and changes in land use in the western Mediterranean region (Rogora et al.,
2003; Lopez-Moreno et al., 2011; Oliva and Gomez-Ortiz, 2012). Clear evidence of
these changes include the final melting of the Little Ice Age (LIA) Corral del Veleta
Glacier (the southernmost glacier in Europe) in the 1920s (Grunewald and
Scheithauer, 2010) and the gradual permafrost reduction in recent decades (Gomez-
Ortiz et al., 2014). In this paper we identify the oscillations and trends of natural and
anthropogenically-induced ecosystem changes by comparing two adjacent Holocene
records from high elevation wetlands in the Sierra Nevada: Borreguil de la Virgen
(BdIV: 37° 03’ 15 N; 3° 22’ 40> W) and Borreguil de la Caldera (BdIC: 37° 03’
02’ N; 3° 19’ 24> W) (Fig. 1). The sediments mainly consist of clays and peat in
both sites, but the sedimentary record is longer in BdIV (165cm, ~8.5 cal ky BP)
(Jiménez-Moreno and Anderson, 2012) than in BdIC (56cm, ~4.5 cal ky BP) (Ramos-
Roman et al., 2016). The sedimentary records along with the age models of both sites
are depicted in Supplementary Fig. S1. The Holocene pollen record in both sites

(Jiménez-Moreno and Anderson, 2012; Ramos-Roman et al., 2016), along with the
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organic data from bulk sediment (carbon and nitrogen) in BdlV (Garcia-Alix et al.,
2012a) have provided a strong framework to design the present study. The outcomes
of this work can be used to set up strategies to minimise the impact of present abrupt
climate changes in sensitive areas and to identify other potentially vulnerable high-
elevation sites.

The selected high-elevation peat bogs (called “borreguiles”) have similar areas
(~0.18 hectares in BdlV and ~0.17 hectares in BdIC) and elevation (2945 masl in
BdIV and 2992 masl in BdIC), but the catchment basins and valley orientations are
different (Fig. 1). The catchment basin of BdIV is ~30 hectares, and it is located in
the north-west-facing Dilar River Valley. However, the catchment basin of BdIC,
which is nearly twice the size, ~62 hectares, is located in the south-facing glacially
carved Poqueira River Valley. Most of the alpine catchment basins in the Sierra
Nevada area are small and non-vegetated, with plant growth limited to the bog surface
and immediate surrounding wetland during the ice-free season (from ~April to
~QOctober) (Valle, 2003). The small size of the catchment basins and peatland areas
as well as the effect of the steep topography, imply that our records not only register
the environmental evolution of the peatland areas, but could also be influenced by
their catchment basins.

Vegetation in Sierra Nevada is distributed in elevationally-determined belts,
controlled by the amount of precipitation and seasonal temperature gradients
(Anderson et al., 2011). The present treeline occurs at ~2550 masl and the selected
records are located in the tundra-like vegetation belt with open herbaceous grasslands
(above ~2900 masl) (Valle, 2003; Anderson et al., 2011). Peatland vegetation mainly
consists of Poaceae and Cyperaceae, as well as non-vascular plants (bryophytes),
even though there are also some less abundant plant taxa (Valle, 2003; Pérez-Luque
et al., 2015). The studied sites are mostly ombrotrophic terrestrial peatlands, since the
primary hydrological input to both bogs is from direct precipitation (rain or snow).
However, BdIC has a small spring upstream that is fed through groundwater seepage
from Laguna de la Caldera, located at the head of the catchment basin at ~3030 masl

(Fig. lc).
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Figure 1. Geographical setting. (a) Location of the studied area in the western Mediterranean,
(b) the relief of Sierra Nevada (black line, National Park limit), and (¢) the location of studied
sedimentary records, including the sampling areas for vegetation and soils, Laguna de la Mula
(LdIM), Borreguil de la Virgen (BdlV), Laguna de Rio Seco (LdRS), and Borreguil de la
Caldera site (BdIC), (d) Borreguil de la Virgen area and (e) Borreguil de la Caldera area. Data
source and software: (a) map created by P. Ruano using Adobe Illustrator [5.5]
(https://www.adobe.com/), (b) data from Suttle Radar Tomography Mission (SRTM-90:
http://www2.jpl.nasa.gov/srtm/) (USGS, 2006) plotted by means of ArcMap [10.1]
(http://www.esri.com/software/arcgis/arcgis-for-desktop), (¢) map from Google Earth Pro
[7.1.5.1557] (https://www.google.es/earth/download/gep/agree.html) using the data provided
by Google 2016 and DigitalGlobe 2016, and (d-e) pictures from G. Jiménez-Moreno.

2. Results

Recent plant and soil biomarkers. One way to detect changes in vegetation and

vegetation belts through time is by analysis of n-alkanes from plant leaf waxes.

182



Chapter 5

Investigation of the distribution of different chain lengths in modern plant species
(Ficken et al., 2000; Bush and Mclnerney, 2013) can be applied to interpretations of
past vegetation, environmental and landscape changes (Schefuf et al., 2003). Our
modern plant and soil survey in the extreme Sierra Nevada environments (Fig. 1c)
shows that the distance plants occur from a water source, such as wetlands, controls
the length of n-alkanes carbon chains. In particular, plants that are in or near the water
pools show a stronger predominance of the shorter carbon chains. This relationship
is expressed by different n-alkane indices, such as average chain length (ACL),
carbon preference index (CPI), and proportion of aquatics (P,q) in the studied sites
(Table 1; Supplementary Fig. S2). ACL values and the most abundant n-alkane are
usually lower in areas closer to the water pools. Opposite trends have been found in
the P,q. CPI values are higher than 3, which indicate that diagenesis and thermal
alteration have not occurred (Bush and Mclnerney, 2013). Analysis of modern plant
CPI values show that the lowest values are recorded in algae/moss/peat samples, as

expected (Table 1; Supplementary Fig. S2).

Organic geochemistry in the sedimentary records. Leaf wax biomarkers (n-
alkanes) and organic proxies from bulk sediments, such as carbon to nitrogen atomic
ratio (C/N), hydrogen to carbon atomic ratio (H/C), total organic carbon (TOC), total
nitrogen (TN), as well as carbon and nitrogen isotopes (8"°C and 8'"°N), are useful
tools to understand the origin of the organic matter and the biogeochemical cycles of
past environments (Meyers, 2003). Leaf wax extractions from both sedimentary
records released enough n-alkane concentrations to develop high-quality
paleoenvironmental reconstructions (Supplementary Fig. S3). Bulk sediment organic
variables were also analysed in BdIC. Previously published bulk sediment organic
data from BdIV (Garcia-Alix et al., 2012a) will be also used in the environmental
models in order to compare similar variables in both studied sites (Supplementary
Figs. S4, S5). Principal Components Analyses (PCA) were performed using the same
variables in both cores: ACL, P,,, CPL, C/N, TOC, TN, §"C, and 8"°N, to identify the
different factors (components) that have driven the environmental responses at each

site (Fig. 2; Supplementary Figs. S6-S8; Supplementary Tables S1-S3). A major shift
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in environmental parameters, deduced from pollen, algae, and geochemical records,
occurred in BdIV at around 5500-5000 cal yr BP, during the transition from an early-
middle Holocene lake to a bog(Garcia-Alix et al., 2012a; Jiménez-Moreno and
Anderson, 2012) (Supplementary Fig. S5). So, another PCA was performed for the
BdlV-bog stage (last 5000 yrs) to compare the bog stages in both areas
(Supplementary Fig. S8; Supplementary Table S3). We will focus on the latter in the
discussion, because it is more comparable to BdIC.

The PCA analysis yielded three significant components (Supplementary Fig. S6-
S8; Supplementary Tables S1-S3). The first principal component (PC1) describes
42% of the total variance for BdIC and 56.5% for BdlV-bog. The main positive
loadings for PC1 are ACL-CPI-TOC in BdlV-bog, and ACL-CPI-C/N in BdIC, while
the main negative component is P,q in both sites. C/N also has a large positive loading
in PCI for both sites. As previously described, P,q, ACL, CPI, and C/N are related to
the source of organic matter (aquatic/terrestrial), so PC1 reflects the kind of inputs:
terrestrial vs aquatic, which we interpret as representing the water availability of the
site.

The second principal component (PC2) explains 25% of the total variance for
BdIC and 19% for BdlV-bog. The main loadings (positive) for the PC2 are TOC and
TN. These variables primarily represent the concentration of organic matter in the
sediment (Meyers, 2003), which mostly depends on the terrestrial and aquatic
primary productivity and their accumulation rates in the studied sites.

The third principal component (PC3) only describes 14.4% of the total variance
in BdIC, and 10.6% in BdIV-bog stage. PC3 in BdIC is mainly related to the isotopes
in the bulk sediments and inversely related to wetland plant/algal proxies (low C/N,
high TN) (Cloern et al., 2002; Meyers, 2003), and slightly related to the P,q. These
relationships suggest that PC3 is likely related to the isotopic enrichment that usually
occurs when there is either high aquatic activity/productivity in the water pools and/or
C and N limitation (Meyers, 2003). The main loadings in PC3 BdIV-bog are C/N
(positive) and TN (negative), related to higher presence of terrestrial vascular plant

relative to algal inputs, which mainly depends on the water and nutrient availability.
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Table 1. Summary of the n-alkane indices (CPI, ACL, and P,q) from the studied plant, algae
and peat samples at different distance from the water pools in Sierra Nevada (see more details
in Supplementary Fig. S2).

Distance from the n-alkane indices
main water pool CPI ACL P,
Far 22.0+10.4 30.2+1.0 0.02+0.02
Intermediate 13.6+8.6 29.8+0.4 0.10+0.03
Near/in 6.5+2.5 28.7+0.5 0.32+0.12

Inorganic geochemistry. Concentrations of various metals and elements were
measured in the core. For instance, mercury (Hg) is often input to lakes via eolian
processes and is typically sourced from industrial and urban emissions (Selin, 2009;
Guédron et al., 2016). Hg content of the sedimentary record of BdIC is constant
(~55.9+8.9 ppb) before ~170 cal yr BP, but there is an abrupt increase (to ~99.1 ppb)
since that time, and a generally increasing trend until present, reaching more than 160
ppb (Fig. 3c; Supplementary Fig. S4). In addition, this alpine area is located in the
free troposphere, making this location highly sensitive to Saharan uplifted aerosols
injected in the troposphere (Bozzano et al., 2002; Mladenov et al., 2010). Certain
elemental ratios such as Zr/Th or Zr/Al have been successfully used as a proxy of the
source of the aeolian input in Sierra Nevada (Jiménez-Espejo et al., 2014) and western
Mediterranean (Rodrigo-Gamiz et al., 2015), as Zr is characteristic of North African
rocks, soils, and aerosols (Moreno et al., 2006). This African Zr signal has also been
recorded in summer aerosols at ~3000 masl in Sierra Nevada, where Zr
concentrations of 27.743.8 ppm were registered in 2008 AD (Supplementary Table
S4). BdIC core shows an increasing trend in the Zr/Al record from ~3500 cal yr BP
until the end of the Medieval Climate Anomaly (MCA), ~700 cal yr BP. Since then,
there is a fluctuating decreasing trend until the 20" century (Fig. 2n; Supplementary
Fig. S4).
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Figure 2. Comparison of humidity trends along with different productivity features and
African dust input fluctuations during the middle-to-late Holocene in the studied records,
including: (a) general trends of humidity in the studied region along with Pinus pollen record
of LdRS (Anderson et al., 2011; Garcia-Alix et al., 2012a; Jiménez-Espejo et al., 2014;
Jiménez-Moreno et al., 2013a; Jiménez-Moreno and Anderson, 2012; Ramos-Roman et al.,
2016) (blue colour: humid periods; yellow colours: dry periods), (b) local wetland
development at BdIC deduced from Cyperaceae pollen (Ramos-Roman et al., 2016), (c)
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middle-to-late Holocene NAO index reconstruction: solid line (Olsen et al., 2012) and dotted
line (Trouet et al., 2009), (d-g) water availability evolution in both cores (PCls and Pyy), (h-
k) biomass accumulation/production in both cores (PC2s and %TOC), (1) terrestrial / algal
inputs in the bog (PC3 of BdlV), (m) isotopic fluctuations caused by nutrient availability in
aquatic environments (PC3 of BdIC), and (n) aeolian dust input fluctuations in BdIC (Zr/Al).
Acronyms: LIA: Little Ice Age; MCA; Medieval Climatic Anomaly; DA: Dark Ages; IRHP:
Ibero-Roman Humid Period.

Cyclostratigraphy. Time-series analysis is used to identify important cyclical
changes within sediment records. Spectral analyses performed on the multiple proxies
at our sites indicate several cycles exist at both cores above the 90%, 95% and 99%
confidence threshold (Supplementary Figs. S9, S10; Supplementary Table S5). The
most significant cycles at BdIC are ~1500 years for productivity proxies (TOC, TN
and TOH) and ~250-200 years for water availability/nutrient proxies (5"°C and "N,
CPI, ACL and P,q). The spectral analysis on the BdlV-bog data shows the most
significant cycles are at ~650 and ~520 years for several productivity and
aquatic/terrestrial proxies, and ~400, ~350-300, and ~250-year cycles mainly in
aquatic/terrestrial inputs (CPI and ACL). The 200-250, and 400-year cycles are
typically related to solar-activity (Stuiver et al., 1995), and the others (e.g., 170 or
300-year cycles) have been linked with the North Atlantic Oscillation (NAO) (Olsen
et al., 2012) (Supplementary Table S5). We are aware that the periodicity of the
highest frequency cycles (i.e. 113 -150 years) might be too short for the resolution of
the core data in certain intervals. Although these highest frequency cycles at least
double the mean sample spacing for each proxy (Supplementary Figs. S9-10) and are

over the confidence threshold of 90%, we prefer not to include them in the discussion.
3. Discussion

Bog origin and evolution. Electrical resistivity tomography (ERT) profiles support
different origins for each bog (Supplementary Fig. S11). BdlV initially was a lake in
a glacial depression during the early Holocene, evolving into a wetland/peatland in
the middle-to-late Holocene (Garcia-Alix et al., 2012a), ~5100-5000 cal yr BP
(Supplementary Fig. S5). BdIC probably had no lacustrine phase, because it exists on

a slope. We suggest that this bog stage at both sites resulted from transition to more
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arid conditions (deMenocal et al., 2000; Carrion et al., 2007; Anderson et al., 2011)
generated by the demise of the African Humid Period in the western Mediterranean
(Thomas et al., 2006). For BdIV, higher evaporation rates may have precipitated the
transition from a small lake to a bog, while increased side slope erosion rates at BdIC
valley caused sediment deposition and initial bog substrate formation at this time. At
both sites, developing bogs with important biomass production were dominated
mainly by vascular terrestrial plants until ~3600 cal yr BP. Evidence for this exists in
the high PC1 values: high C/N (>20), ACL, CPI, and low P,q, as well as for the high
TN and specially TOC content, the main components of PC2 related to primary
production (Fig. 2; Supplementary Figs. S4, S5). Thus, predominantly terrestrial
conditions are interpreted, especially at BdIC, probably boosted by the high summer
insolation (Fletcher et al., 2007). The biomass development in the extreme
environments of alpine Sierra Nevada is at present enhanced by warm temperatures
or shorter cold seasons, which provide more ice-free surfaces during longer times and
greater soil development (Oliva and Gomez-Ortiz, 2012). High PC2 and TOC values,
especially at BdIC, were also recorded throughout the MCA, the last pre-industrial
warm era in Europe (Mann et al., 2009) (Fig. 2h-k).

After this primary peatland stage (after ~3600 cal yr BP), the general long-trends
of the PC1s of BdIC and BdlV-bog during the late Holocene up until ~600-500 cal yr
BP tend to be opposite, suggesting different local responses to the same regional
climatic oscillations (Fig. 2a-g). The geochemical record of BdIV-bog suggests a shift
toward increased aridity and/or a terrestrial environment in this bog through time
(Fig. 2d-e; Supplementary Figs. S5), in agreement with the local wetland signal of
Cyperaceae pollen at this site, especially during the last millennium (Jiménez-Moreno
and Anderson, 2012). Similar aridity trends deduced from regional pollen data, such
as Pinus and Artemisia are depicted in Sierra Nevada (Anderson et al., 2011; Jiménez-
Moreno and Anderson, 2012; Ramos-Roman et al., 2016) (Fig. 2a) following the
general climatic evolution of the western Mediterranean region during the late
Holocene (deMenocal et al., 2000; Trouet et al., 2009; Anderson et al., 2011). NAO

cycles have been identified by means of spectral analyses in the main loadings of PC1
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in BdIV (Supplementary Table S5). This fact along with the moderate-to-high
correlation between the NAO index and PC1 in BdIV in different simulations
(ranging from 1=0.45 to 1=0.69 and p<0.01 in 6 out of the 8 developed simulations:
Supplementary Table 6), suggest that the water availability variations in BdIV-bog
record might have been influenced by NAO fluctuations (Trouet et al., 2009; Olsen
et al., 2012) (Fig. 2c-e). However, the geochemical record of BdIC points toward
greater water availability and/or higher development of aquatic environments at this
site during the late Holocene (gradual P,q increase and C/N-ACL-CPI decrease). The
local signal of Cyperaceae pollen in BdIC (Ramos-Roman et al., 2016) also confirms
this gradual development of local aquatic environments (wetland areas) (Fig. 2b,f-g).
The difference in response during this period between both peatlands suggests that,
at least for the BdIC record, local conditions may have overridden the regional
pattern. For BdIC, local response toward more aquatic conditions during the late
Holocene could be related to the increase in the wetland area as a consequence of the
progressive infilling of the basin (Ramos-Roman et al., 2016), and it might be also
boosted by the Caldera Lake output (as groundwater seepage) (Fig. 1c-d), acting as
“water availability buffer” in this site, and preventing or masking the NAO influence
and the effect of the general climate evolution in the western Mediterranean. This
different response between both adjacent sites also points out the potential problems
on single-site studies.

During the last 600 years both PC1s and PC2s (TN and TOC) show fluctuating
conditions (Figs. 2d-k), especially during the LIA. While these oscillations are mostly
abrupt during this last part of the records, we cannot conclude whether this variability
is only caused by the resolution of the records. Although the LIA affected both bogs,
BdlV registered the main oscillations, as expected. More humid environments
occurred during abrupt and extreme negative NAO excursions at around ~340 and
180 cal yr BP (Trouet et al., 2009) (Figs. 2c-¢). This potential NAO effect along with
the drastic fluctuations in the solar irradiance during the LIA (Bard et al., 2000) might
have given rise to the alternation of periods of longer ice-free conditions vs. periods

of longer snow/ice surface cover (changes in the seasonality and precipitation),
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affecting biomass production proxies, mainly TOC and TN in PC2s (Fig. 2h-k) during

this period.
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Figure 3. Environmental evolution in Sierra Nevada during the last ~800 years. (a) Longest
temperature anomaly record in Spain (Madrid, central Spain) (Jiménez et al., 2015), (b)
longest precipitation record in Spain (San Fernando, Cédiz, southern Spain) (Jiménez et al.,
2015), (c, d) indirect human impact in the studied area during the last hundred years: (c) record
of the atmospheric Hg pollution in BdIC (this work), and (d) atmospheric Pb pollution in
LdRS (Garcia-Alix et al., 2013), (e) C/N and (f) Paq and fluctuations at BdIC and BdIV.
Acronyms: LIA: Little Ice Age; IR1: First Industrial Revolution; IR2: Second Industrial
Revolution: GW: Recent Global Warming. P, thresholds: terrestrial plants < 0.23 > emergent
aquatic plant > 0.48 submerged/floating plants (Ficken et al., 2000). C/N thresholds: algae <
10 > terrestrial and aquatic vascular plants+algae < 20 > terrestrial vascular plants (Cloern et
al., 2002; Meyers, 2003).
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Allochthonous inputs in the study area. The NW Sahara region has been a
persistent source of aeolian input during the Holocene (Rodrigo-Gamiz et al., 2015),
but the development of commercial agriculture in the Sahel area (~200 years ago) has
largely influenced the aerosol composition in the western Mediterranean (Mulitza et
al., 2010). The aeolian inputs to our study area can be estimated by measuring the
atmospheric Zr deposition (Jiménez-Espejo et al., 2014; Rodrigo-Gamiz et al., 2015).
Saharan aerosols collected at ~3000 masl in the study area of Sierra Nevada confirms
this hypothesis (Supplementary Table S4). The Zr/Al ratio in BdIC suggests a
continuous increase in the N African dust inputs into the area after ~4000 cal yr BP,
reaching its maximum value around the end of the MCA. After the MCA, these
aeolian inputs have been decreasing (with some oscillations) until present (Fig. 2n).
According to our simulations, the whole trend of this proxy shows moderate
correlations with the NAO index (Supplementary Table S6). However, this
correlation declines during the last ~300 years, pointing to a change in aeolian input
features likely caused by either recent major variations in Saharan dust composition
(Mulitza et al., 2010; Armitage et al., 2015), a higher local dust contribution
(Morales-Baquero and Pérez-Martinez, 2016), or some combination.

Allochthonous inputs of phosphorus, calcium, or nitrogen, which are partially
ruled by seasonal Saharan dust dynamics (Morales-Baquero et al., 2006; Pulido-
Villena et al., 2006), are particularly important at Laguna de la Caldera (upstream of
BdIC), which is strongly limited by phosphorus (Morales-Baquero et al., 2006). In
that way, phosphorus and calcium cycles in Sierra Nevada reached maximum values
during the dry season (Morales-Baquero et al., 2006; Pulido-Villena et al., 2006), and
especially during positive NAO index periods (Moulin et al., 1997), but there is no
important correlation between Saharan dust episodes and nitrogen deposition in this
region (Morales-Baquero and Pérez-Martinez, 2016), as it is mainly controlled by
rainfall (Morales-Baquero et al., 2006; Morales-Baquero and Pérez-Martinez, 2016).
Similar scenarios are expected in the past; however, this nutrient effect on the water
pools cannot be observed during the middle-to-late Holocene transition since

terrestrial vascular plants are the main source of organic matter in both sedimentary
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records (Supplementary Figs. S4, S5). After this stage (after ~3500 cal yr BP), the
main loadings of PC3 (8"C and 8"N) displayed negative correlations against the
aeolian proxy Zr/Al in BdIC (Supplementary Table 6). In these oligotrophic alpine
aquatic environments, 8" °C and 8N values in primary production are mainly
influenced by the dissolved inorganic nitrogen (DIN) and dissolved inorganic carbon
(DIC) in the water pools, which mainly depends on allochtonous inputs (Pulido-
Villena et al., 2005; Morales-Baquero et al., 2006). The inverse correlation between
Zr/Al and 8"C might be interpreted as Saharan acolian influence, as Sahara aerosol
are carbonate-rich (Guieu et al., 2002) and might influence the water DIC. On the
other hand, the inverse correlation between Zr/Al and 8"°N is weaker because the
nitrogen source in atmospheric depositions is more heterogeneous (dry or wet

atmospheric deposition) (Morales-Baquero et al., 2006) (Supplementary Table 6).

Pre-industrial environmental variability: natural cycles and trends.
Environmental changes deduced from marine core pollen data during the middle-to-
late Holocene oscillated with a periodicity of ~1750 yr in the western Mediterranean
(Fletcher et al., 2013). Although the BdIC record is too short, this oscillation has not
been noted in Sierra Nevada from the longer LdRS (Jiménez-Espejo et al., 2014) or
BdIV records either. This may be because biomass/productivity is also affected not
only by precipitation variability, as in low altitude sites (Fletcher et al., 2013), but
also by temperature seasonality (i.e. length of snow-free season) and nutrient input.
Solar cycles and their harmonics are mainly evident in all BdIC geochemical proxies
in this study and the previously published pollen record (Ramos-Roman et al., 2016),
showing that solar forcing probably influenced locally the environments, at least at
centennial scales (Supplementary Table S5). Our data suggest that summer solar
irradiance controls biomass development and water availability by modulation of the
ice melting/ice-free surfaces and warm summer temperatures. Runoff proxies, related
to the dynamic of ice and/or snow melt processes, are also affected by solar cycles
(i.e ~1500-yr cycle) in the nearby record of LdRS (Jiménez-Espejo et al., 2014). In

addition, we identified statistically significant high frequency cycles in the proxies
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from BdIC that could be related to solar cycles such as the Suess cycle (~208 years)
(Supplementary Table S5).

The general trend of the geochemical record of BdIC points towards greater
expansion of wetland environment (more water availability), in agreement with the
general increase in the Cyperaceae pollen record at the site (Ramos-Roman et al.,
2016) (Fig. 2b,f-g). The water availability here is likely influenced by the buffering
effect of Laguna de la Caldera higher up in the catchment basin, which contributes to
a subdued response to the NAO relative to the BdlV site. NAO-like cycles are mainly
found in the carbon and nitrogen isotopic composition, which are primarily related to
the nutrient input/consumption in the BdIC bog (Supplementary Table S5). BdIV
record, however, is bound to be influenced by medium frequency NAO-derived
cycles (i.e. 650, 520, 300-year cycles) due to the general trend toward drier
conditions, agreeing with the regional patterns (Anderson et al., 2011; Garcia-Alix et
al., 2012a; Jiménez-Moreno and Anderson, 2012; Jiménez-Moreno et al., 2013a;
Jiménez-Espejo et al., 2014; Ramos-Roman et al., 2016) (Fig. 2a,d-¢). In addition,
there is an important influence of the solar cycles in BdIV record (i.e. 400 or 250-
year cycle), especially in productivity proxies (i.e. TOC or 8"°N). Therefore,
according to these results, NAO-like cycles seem to control the humidity fluctuation
in the area (largely a winter effect), which is also in agreement with the NAO-PCl1
correlation in BdIV (Supplementary Table 6), and solar cycles could have regulated
the seasonality by modulation of the ice/snow-free surface and temperature during

the vegetation-growing season (largely a summer effect).

Human impact and disruption of natural biogeochemical cycles. Although our
study sites are located at high elevation in the protected Sierra Nevada National Park,
where direct anthropogenic impact has been minimal, the indirect human impact
affecting temperature and precipitation regimes in the region has been significant
during the last century (IPCC, 2013; Oliva and Goémez-Ortiz, 2012). Furthermore,
industrial and mining activities at lower elevations have left their footprint in this
alpine area, especially as heavy metals (Pb and Hg) in sedimentary records from

LdRS (Garcia-Alix et al., 2013) and BdIC, respectively (Fig. 3c,d). These Sierra
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Nevada records show an increase in the Hg concentration at the end of 18" century
(BdIC), following by a rise in the Pb concentration at the beginning of the 20" century
(~1910-1920 AD) (Garcia-Alix et al., 2013) (Fig. 3c,d). Naturally-occurring
concentrations of these metals are extremely low in this alpine region, and their
primary source has been atmospheric pollution, at least for Pb (Garcia-Alix et al.,
2013). Although the main source of the atmospheric Hg pollution is industrial and
urban emissions (Selin, 2009; Guédron et al., 2016), emissions from local cinnabar
(HgS) mining and melting activities at lower elevations in Sierra Nevada appear to
have contributed greatly to the local mercury atmospheric pollution, especially during
the 18"™ and 19" centuries. Local mining started between the 17" and 18" centuries,
reaching a peak from ~1885 to ~1930 AD, ending in 1957 (Sanchez-Hita, 2008) (Fig.
3c). Contrary to the LdRS record, in which the Pb content decreased at around 1970
AD with the use of unleaded fuels (Garcia-Alix et al., 2013), Hg content at BdIC has
only stabilised and does not show any significant decrease despite major legal
regulations on the industrial use and mining of mercury (Selin, 2009) (Fig. 3c,d).
These persistently high Hg values are related to the increase in industrial activities
and fossil fuels, especially coal burning (Selin, 2009). If this situation continues in
the near future, it might be a risk for this protected region, as biological activities can
transform mercury into toxic methylmercury in anaerobic wetlands (Selin, 2009),
which would be the case for saturated peat bogs, such as BdIC.

The timing of the industrial development in the area, evidenced by heavy
metal records, is coincident with the beginning of abrupt fluctuations in the water
resources in both peatland records during the last hundred years. PC1 in BdIC shows
a drastic increase in P,q and a decrease in C/N, which points towards more humid
environments (Fig. 3e,f). This trend is opposite to the general climatic trends in the
western Mediterranean (IPCC, 2013) towards drier conditions (Pérez-Luque et al.,
2015) (Fig. 2a). The general trend of PC1 and PC3 from the BdlV-bog, and more
specifically the P,q decreases and C/N increases, show a abrupt reduction in the humid
environment during the last hundred years until present (Fig. 21, 3e,f). These changes

also agree with a lesser NAO influence in the water availability (PC1) of BdIV
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(Supplementary Table S6) in the last ca. two centuries.

In addition to this amplification of the natural trends during the last ~100-150
years, an important abrupt dry event and development of more terrestrial conditions
occurred in the region at ~1920 AD (Fig. 3b,e-f). This arid event was dramatically
recorded in both areas, and is coeval with prevalent NAO positive conditions (Trouet
et al., 2009). The biomass proxies (PC2s) also show significant changes around this
time (Fig 2h-k): (1) the biomass decrease trend is enhanced in BdIC after ~1920 AD,
agreeing with an abrupt decrease in TOC and C/N, and an increase in the P,y and H/C
(the latter is also related to algal production), and (2) it had an abrupt and occasional
decrease in BdlV, followed by a drastic increase (more terrestrial environments)
(Figs. 2h-k, 3e-f; Supplementary Figs. S4, S5). All those proxies point towards an
important change in the effective precipitation, seasonality, and temperature at the
beginning of the 20" century, in agreement with instrumental meteorological data in
Spain (Jiménez et al., 2015) (Figs. 3a-b,e-f), reducing the amount of ice/snow on the
surface. Coincidentally, this event occurs at the timing of the industrial development
of the region at the end of the Second Industrial Revolution (Technological
Revolution) in Europe (Landes, 1969), pointed out by the beginning of the last sharp
increase in heavy metal atmospheric pollution caused by human activities (Fig. 3).
Similar evolution of the mercury atmospheric pollution during the first part of the 20™
century has been identified in the French Alps (Guédron et al., 2016). This mixture
of both natural and human pressure might have been the trigger of the Veleta Glacier
melting at the beginning of the 20" century, the last glacier in southern Iberia. This
was the first signal of human-induced environmental degradation in Sierra Nevada in
the 20" century, pointing at the fact that the natural tolerance threshold in this climate-
sensitive area was exceeded.

The trend of consumption of C and N in aquatic environments (PC3) during the
last ca. two centuries was also atypical in the BdIC record. Apparently, the important
development of algae (C/N and H/C increases) and aquatic environments (P,q
increase) at the end of this record did not have any explicit response on PC3, and no

enrichment in nitrogen or carbon isotopes was detected (Fig. 2f-g,m; Supplementary
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Fig. S4). This might have been caused by a change in the source/composition of the
nutrient inputs into the area, i.e. increase in local aerosol sources triggered by recent
changes in the land use, which could have contributed to dust atmospheric content
even during the periods of low Saharan dust inputs (Morales-Baquero and Pérez-
Martinez, 2016). The correlation between the aeolian Zr/Al ratio in BdIC and the
NAO index during the last ~300 years seems to be lower (Supplementary Table S6),
suggesting changes in the large-scale atmospheric-controlled dynamics that delivered
nutrients in this area. These recent variations in the acolian source (Mulitza et al.,
2010), along with the major anthropogenic disruption on the nitrogen cycle during
the last century (Galloway et al., 2004), might have influenced the composition of the
nutrient deposition in our sites, comparing with the late Holocene natural trends, as it
has been observed in other mountain wetland areas, such as it is the case of the Alps

(Rogora et al., 2003).
4. Conclusions

Unexpected and almost opposite local environmental responses between two
nearby alpine bogs during the late Holocene show that the ecosystem development
and its response to climate changes is a complex mechanism, even in the same region,
and that these responses are highly influenced by the landscape and the environmental
evolution of the area. In addition, these opposite environmental responses were
amplified during the last centuries. This abrupt amplification at both sites is
coincident with regional industrial development, evidenced by the increased heavy
metal atmospheric deposition in the study area, as well as the melting and eventual
disappearance of the Veleta Glacier at the beginning of the 20" century. Spectral
analyses performed on the multiple proxies indicate several cycles exist at both
locations that can be explained by a different resilience and sensitivity to climate
variations between the peatlands. Anthropogenic influences also appear to moderate
the influence of solar and atmospheric cycles in the environments. The obtained
paleoenvironmental records indicate that present day ecosystems were settled in the

last century after perennial ice disappeared. This means that this former glaciated area
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will suffer drastic changes and higher vulnerability to climate variations and human-
induced environmental pressure if the current climatic trends continue, and can be

used as a mirror for endangered still-glaciated areas in Europe.
5. Methods

Site and sampling description. A 56 cm long core was extracted form Borreguil de
la Caldera (BdIC 13-01) in 2013 with a Livingstone piston corer. Eighty-two samples
for organic analyses in bulk sediment, fifty samples for biomarkers, and eleven
samples for inorganic (mercury) analyses were obtained. The age model is based on
five calibrated AMS ages (Ramos-Roman et al., 2016) (Supplementary Fig. S1). A
165 cm long core was extracted form Borreguil de la Virgen (BdIV 06-01) in 2006.
Ninety-three samples for biomarker analyses were collected. Organic data from bulk
sediment of the same record (TOC, C/N, 8"°C and §"°N) were previously published
(Garcia-Alix et al., 2012a). The age model is based on nine calibrated AMS

radiocarbon dates (Jiménez-Moreno and Anderson, 2012) (Supplementary Fig. S1).

Fifty plant, peat, and soil samples were taken at different distance from the main
water pool(s) in several wetlands of Sierra Nevada for biomarker analyses: LdRS
(Laguna de Rio Seco, south face, 3020 masl), BdIC (Borreguil de la Caldera, south
face 2992 masl), BdIV (Borreguil de la Virgen, north face, 2945 masl), and LdIM
(Laguna de la Mula, north face, 2497 masl).

Three high elevation aerosol samples were collected in 2008 by means of 16
MTX1 ARS 1010 automatic deposition sampler in Sierra Nevada (S Spain) at the
Sierra Nevada Observatory station (osn: 2896 masl) and the Sierra Nevada Veleta

station (vsn: 3000 masl).

Organic Geochemistry. To track the source of the organic matter in the sediments
several proxies have been studied in bulk sediment samples: total organic carbon
(TOC), total nitrogen content (TN), atomic C/N ratio, atomic H/C ratio, and carbon

and nitrogen isotopes. Three indices of leaf wax biomarkers (n-alkanes), assessing
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the length of the carbon chain length, are used to constrain the source of organic
matter and the water availability in the environments: 1) the average chain length
(ACL), which is the measurement of the weighted average of the carbon chain
lengths; 2) the carbon preference index CPI, which shows the relative abundance of
odd vs. even carbon chains, where values lower than 2 point towards even n-alkane
preference (diagenetic alteration or algae/bacteria influence), and higher than 2,
towards odd preference (terrestrial plant source, and thermal immaturity of the source
rock) (Bush and Mclnerney, 2013); and 3) the portion aquatic (P,q), the ratio between
typical aquatic n-alkanes and terrestrial ones, which is an useful index to identify
aquatic or terrestrial plant sources (water availability) in sedimentary records (Ficken
et al., 2000).

Freeze dried samples from BdIC were decalcified with 1:1 HCI in order to
eliminate the carbonate fraction for the organic analyses of bulk sediments. Carbon,
nitrogen, and hydrogen content of the decalcified samples were analysed in an
elemental analyser Thermo Scientific Flash 2000 at the Centro de Instrumentacion
Cientifica (University of Granada). Carbon and nitrogen isotopes (8"°C and 8'°N)
were measured simultaneously by means of a continuous flow Isoprime IRMS with
a coupled Eurovector EA at the Centro de Instrumentacion Cientifica (University of
Granada). Certified Elemental Microanalysis standards were used: Sorgo Flour
Standard (8"°C: -13.68%o and 8'°N: 1.58%o0), Wheat Flour Standard (5"°C: -27.1%
and 8"°N: 2.85%o), and Casein Standard (8'°C: -26.98%o and 8'°N: 5.94%o), calibrated
to the international standards IAEA-CH-6 and IAEA-NI1. Isotopic results are
expressed in 0 notation, using the standard PDB (carbon) and AIR (nitrogen). The
atomic C/N ratio has been used in this paper. The calculated precision was better than
+0.1%o for 5"°C and §"°N.

The total lipid extract from BdIC and BdIV freeze-dried samples was obtained
with a 3:1 DCM:methanol solution. After the separation of the neutral and acid
fractions by means of aminopropyl-silica gel chromatography using 1:1
DCM:isopropanol and ether with 4% acetic acid respectively, the n-alkanes were

recovered in the first neutral fraction eluted with hexane trough a 230-400 mesh/35-
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70 micron silica-gel chromatographic column. The n-alkanes were analysed using a
GC-FID (Shimadzu 2010) and a GC-MS (Shimadzu OP2010-Plus Mass
Spectrometer interfaced with a Shimadzu 2010 GC). To check the reproducibility of
the measurements and to quantify the n-alkane content, a mixture of n-alkanes (Cis,
Cis, Cig, Cyo, Ca3, Cas, Cag; Cag; Cs0, Csa, Cs7) was measured every five samples. The

standard reproducibility was better than 97%.

Inorganic Geochemistry. The potential detrital and aeolian input in the bogs is
studied by means of the Zr content in the samples. It has commonly been used as a
proxy for aeolian input in different regions, including Saharan dust inputs in the
western Mediterranean (Moreno et al., 2006; Jiménez-Espejo et al., 2014; Rodrigo-
Gamiz et al., 2015). Three high elevation aerosol samples were also selected to check
their Zr content. Firstly, they were weighed and digested with HNOs;-HF mixture at
120 °C overnight. After drying down, each sample was treated with HNO; several
times. Samples were re-dissolved in a diluted HNOs;, and trace element compositions
were measured by external calibration method with an ICP. MS NEXION 300D
quadrupole inductive coupled plasma-mass spectrometry (ICP-MS) at the Centro de
Instrumentacion Cientifica (University of Granada, Spain). Procedural blank was
nearly negligible for all elements presented in this study.

An Avaatech X-Ray fluorescence (XRF) core Scanner was used to obtain high-
resolution Zr/Al profiles in the BdIC core at the XRF-Core Scanner Laboratory
(University of Barcelona, Spain). Two runs of analyses were performed: one at 10 s
count times, 10 kV X-ray voltage, and 650 mA X-ray current for lighter elements
(Al), and another one at 35 s count time, 30 kV X-ray voltage, and 1700 mA X-ray
current for heavier elements (Zr). Among all the obtained signals, we have focused
on the Zr/Al ratio, as it is the most relevant one for the purpose of this paper. Results
were expressed in intensities (counts per second, cps) and normalized for the total
sum in cps in every measure.

Total mercury concentrations in 11 samples from the uppermost 26 cm of BdIC

were determined to track the potential heavy metal pollution at high elevation. They
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were analysed by means of an Advanced Mercury Analyser (LECO AMA-254) with
an absolute mass detection limit of 0.01 ng of Hg (Diez et al., 2007). Samples were
combusted in an oxygen-rich atmosphere (99.5%) and the evolved gasses were
transported via an oxygen carrier gas through specific catalytic compounds to a gold-
plated ceramic, which collects the mercury in vapour. The amalgamator was heated
up to approx. 700°C to release mercury to the detection system. The working range
was between 0.05 ng and 500 ng. In this study, samples of peat bog and quality control
materials with masses of 20 mg to 100 mg were inserted into the AMA-254
spectrometer in a nickel boat, dried at 120°C for 50 s, combusted in the oxygen
atmosphere at 700°C for 150 s and after 45 s of waiting (the time needed for cleaning
of the system) the next sample was introduced. The entire analytical procedure was
validated by analysing certified reference material DORM-3 (Fish tissue, NRCC,
Canada) at the beginning and end of each set of samples, ensuring that the instrument

remained calibrated during the analytical routine.

Statistics. Statistical treatment of the data was performed by means of PAST free
software (Hammer et al., 2001). Data were normalised subtracting the mean and
dividing by the standard deviation to conduct the Principal Component Analyses
(PCA). Spectral analyses have also been carried out with PAST and the REDFIT
module. The time series has been fitted to an AR(1) red noise model, and 90%, 95%,
and 99% confidence levels were chosen. The selected cycles range from around 1/3
of the total time interval (~1500 yr), in the case of the lowest frequency cycles, to at
least two times the estimated time represented for the most usual sampling interval
(mean sample spacing), which depends on the site and the studied variables

(supplementary figures S9 and S10) (Jiménez-Espejo et al., 2014).
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Supplementary Figure S1. Biomarker results in recent plants and soils. n-alkane
indices (CPI, ACL, Paq, and the most important n-alkane in each sample) from the
studied plant, algae, and peat samples at different distance from the water pools at
four different sites in Sierra Nevada.
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Supplementary Figure S2. n-alkane concentration in the studied records. n-alkane
concentrations in microgram of sediment per gram of dry sample (ug gds') from (a) BdIV
and (b) BdIC. The highest n-alkane concentration in BdlV occurred from ~7000 to ~6000 cal
yr BP, with values usually higher than 100 pg gds”' (gds = gram of dry sediment).
Subsequently, values generally fluctuated between 25 and 89 pg gds™ until ~2200 cal yr BP.
Similar fluctuations occurred in BdIC from ~4500 to 2200 cal yr BP, but with higher n-alkane
concentrations, ranging from 12 to 137 ug gds™. The concentrations are more constant in BdIC
until the Little Ice Age (LIA). During the Little Ice Age (LIA) higher fluctuations occurred in
both records, which subsequently declined (BdIC: 5-45 pg gds™ and BdIV: 2-24 pg gds™).
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Supplementary Figure S3. Organic proxies studied from the BdIC record during the middle-
to-late Holocene: (a) atomic hydrogen — carbon ratio (H/C), (b) atomic carbon — nitrogen ratio
(C/N), (c) portion aquatic (P,g), (d) carbon preference index (CPI), (e) average chain length
(ACL), (f) total nitrogen content (TN%), (g) total organic carbon (TOC%), (h) carbon isotopic
composition of the bulk organic matter (8'"°C), (i) nitrogen isotopic composition of the bulk
organic matter (5'"°N), (j) La/Lu ratio, and (k) Hg concentration (ppb).
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Supplementary Figure S4. Organic proxies studied from the BdIV record during the
Holocene: (a) portion aquatic (P,q), (b) atomic carbon — nitrogen ratio (C/N) (Garcia-Alix et
al., 2012a), (¢) carbon preference index (CPI), (d) average chain length (ACL), (e) total
nitrogen content (TN%), (f) total organic carbon (TOC%)', (g) nitrogen isotopic composition
of the bulk organic matter (8"°N)', and (h) carbon isotopic composition of the bulk organic
matter (8"°C) (Garcia-Alix et al., 2012a).
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Supplementary Figure S5. Organic PCA results from Borreguil de la Caldera. Used indices
ACL, P,, CPI, C/N, TOC, TN, 813C, and 8"°N. Biplot figure and loadings (correlation) of the
most important PCs: PC1, PC2, and PC3 in BdIC record.
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Supplementary Figure S6. Organic PCA Results from Borreguil de la Virgen (whole record).
Used indices ACL, P,,, CPI, C/N, TOC, TN, §"C, and 8"°N. Biplot figure and loadings
(correlation) of the most important PCs: PC1, PC2, and PC3 in BdlV record.
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Supplementary Figure S7. Organic PCA Results. Borreguil de la Virgen (last 5000 years).
Used indices ACL, P,,, CPI, C/N, TOC, TN, §"C, and 8"°N. Biplot figure and loadings
(correlation) of the most important PCs: PC1, PC2, and PC3 in BdIV-bog record.
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Supplementary Figure S8. Spectral analyses of the organic proxies of BdIC. Red line: AR(1)
red noise, green line: 90 % confidence threshold.
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Supplementary Figure S9. Spectral analyses of the organic proxies of BdlIV-bog stage. Red

line: AR(1) red noise, green line: 90 % confidence threshold.
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BdIC Eigenvalue % Variance Cum}llatlve
PCs variance

1 2.6 419

2 1.5 25.0 66.9

3 0.9 14.4 81.3

4 0.4 7.0 88.3

5 0.4 6.0 94.4

6 0.2 3.5 97.9

7 0.1 1.5 99.4

8 0.0 0.6 100.0

Chapter 5

Supplementary Table S1. Organic PCA Results from Borreguil de la Caldera. Eigenvalue,
and percentage of variance explained with the different Principal Components in BdIC record.

BdlV-w . A Cumulative
Eigenvalue % variance .
PCs variance

1 3.6 523 523
2 1.7 254 71.7
3 0.5 7.5 85.2
4 0.5 6.7 91.9
5 0.3 3.8 95.7
6 0.2 32 98.9
7 0.1 1.0 4.2

8 0.0 0.1 100.0

Supplementary Table S2. Organic PCA Results from Borreguil de la Virgen (whole record).
Eigenvalue, and percentage of variance explained with the different Principal Components in
BdlV whole record.

213



BdIV-b . . Cumulative
Eigenvalue % variance .
PCs variance

1 3.8 56.6

2 1.3 19.0 75.5

3 0.7 10.6 86.2

4 0.4 6.7 92.9

5 0.2 3.6 96.5

6 0.1 1.9 98.4

7 0.1 1.3 33

8 0.0 0.2 100.0

Chapter 5

Supplementary Table S3. Organic PCA Results from Borreguil de la Virgen (last 5000
years). Eigenvalue, and percentage of variance explained with the different Principal

Components in BdlV-bog record.
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. Cycles (years)
Site |Proxy
~1500 | ~650 |~520 |~400|~350 | ~300 (~250 | ~200 (~170|~150~130|~113
TOC X X X
TN X X X X
C/N X X X X
TOH X X X
BdIC [N X | X X
8"C X X X
CPI X
ACL X
Paq X X
TOC X X
TN X X
BdlV CN X
8N X X
bog 5T°C
stage
CPI X X
ACL X X X X X
Paq X X
S/ S/ g/ g/
Forcing A-O/ [NAT/ S NAO| S |S:Suess|NAO | S: Gleissberg band
or |NAO NAO NAO

Supplementary Table S4. Summary of the cycles obtained from the spectral analyses
from BdIC and BdlIV (bog stage) records. Acronyms: S, Solar; A-O; Atmosphere-Ocean
circulation; Orbital forcing; NAT: North Atlantic thermohaline circulation; NAO, North
Atlantic Oscillation. The 150, 130, and 113-year cycles, likely Gleissberg cycles, have been
identified as solar cycles. They have a characteristic frequency between 60 and 150 years
during the middle and late Holocene (Ma, 2009). Nevertheless, Gleissberg cycles are only
clear at BdIC, which also preserved a ~1500-year cycle, not present at BA1V. This ~/500-year
cycle is quite common in marine and terrestrial records in the north hemisphere, and its origin
is quite controverted: solar, atmospheric-ocean circulation, or orbital modulation (Bond et al.,
1993; Jiménez-Espejo et al., 2014), or even a mixture of the 1000- and 2000-year solar cycles
(Obrochta et al., 2012). The Suess (or de Vries) cycle at 208 year (Sonett et al., 1991, Stuiver
and Braziunas, 1993), related to solar fluctuations, is one of the most important cycle
identified in Holocene records (Stuiver and Braziunas, 1993), and can affect lacustrine
paleoproductivity and summer temperatures, such as in some records of Alaska (Hu et al.,
2003b; Wiles et al., 2004). The 170 and 300-year cycles are related to NAO fluctuations
(Olsen et al., 2012). The 250-year cycle has been identified as a solar cycle during the last
2000 years (Vaquero et al., 2002). The 350-year cycle has been recently described as solar
forced (Steinhilber et al., 2012; Summerhayes, 2015), that could also influence the NAO
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cycles (Lamy et al., 2006). Obtained ~400-year cycle can be considered a solar cycle, and has
impact in the late Holocene humidity from north America to China (Wu et al., 2009; Yu and
Ito, 1999). The ~520-year cycle can correspond to the ~500-530-year solar activity cycle
(Stuiver et al., 1995). Those changes in solar irradiance induce NAO anomalies (Lamy et al.,
2006; Xu et al., 2014). It has also been related to warm/cold fluctuations during the middle/late
Holocene in East Asia (Xu et al., 2014), and variations in the North Atlantic circulation
patterns (Chapman and Shackleton, 2000). 650-year cycle has been recognised in the
storminess frequency, seasonal sea-ice development, and cooling trends at high latitudes in
the Northern Hemisphere, in agreement with solar radiation fluctuations (Berner et al., 2011;
SARNTHEIN et al., 2003). Those variations at high latitudes could be linked with NAO
variations (Bader et al., 2011). It has been also proposed as a secondary harmonic of the /300-
vear cycle (Rodrigo-Géamiz et al., 2014a) related to North Atlantic thermohaline circulation
and/or sea surface temperatures (Rodrigo-Gamiz et al., 2014a). This is the first mention of the
650-year cycle in continental records, so a mechanism connecting terrestrial and marine
environments, such as the NAO, should drive this cycle.
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Chapter 6

Chapter 6: Concluding Remarks. Climate evolution and
human impact in Sierra Nevada based on vegetation
reconstruction dynamics

Outline

The objective of this concluding remarks is to summarize, integrating and making
a comparison of the results and the main conclusions obtained in the previous chapters
(that focused specifically on each of the two sites studied) with the purpose of
showing the goals that this doctoral thesis study have achieved, contributing to the
paleoclimate and paleoenvironmental knowledge in Sierra Nevada, the Iberian

Peninsula and the Mediterranean region.

1. Long-term Holocene vegetation dynamics, environmental variability and
climate change during in Sierra Nevada
Anderson et al. (2011) suggest that differences in altitudinal vegetation gradient,
geomorphological changes and human perturbance on the landscape could be
important parameters to considered when making paleoclimatic reconstructions.
Bellow we show a pollen comparison between different vegetation belts from Sierra
Nevada in order to find links between vegetation dynamics, climate, atmospheric-

oceanic and solar dynamics and human impact in this area.

1.1. The warm and dry earliest Holocene (from ~11.6 to 10 cal ka BP)

A transition period from glacial to interglacial conditions occurred from ~11.6 to
10 cal ka BP. Marine records from the Alboran Sea show a trend to increasing sea
surface temperatures (Cacho et al.,, 1999; Rodrigo-Gamiz et al., 2014b). The
sedimentary record from Laguna de Rio Seco [LdRS; 3020 asl; Anderson et al.
(2011)] shows a steppe vegetation depicting higher values of Artemisia ~50% (Fig.
1), indicating arid conditions. At lower altitude in the mesomediterranean vegetation

belt the Padul-15-05 sedimentary sequence shows the expansion of Mediterranean
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forest (reaching average values of around ~55%; Fig. 1), mainly composed of
evergreen Quercus (note the lower values of deciduous Quercus) suggesting warmer
but still dry conditions in Sierra Nevada after the cold and dry Younger Dryas. These
results agree with the increase in Quercus forest in the previously published pollen
record from Padul (Pons and Reille, 1988). This increase in oak forest is also observed
in the cave site of Carihuela in Granada within the supramediterranean vegetation belt
(Carrién et al., 1999; Fernandez et al., 2007) and a clear dominance in the Middle

Atlas mountains (Lamb and van der Kaars,1995).

1.2. The warm and humid Early and Middle Holocene (from ~10 to 4.7 cal ka BP)

The abundance of oak forest at lower altitude and Pinus at higher altitude
(averaging values around 65 % and 45 %, respectively; Fig. 1), suggests wetter
conditions during the Early and Middle Holocene (between ~10 and 4.7 cal ka BP).
The LdRS record also detected an increase in mesic component (i.e., Betula;
Anderson et al., 2011), although in this record the Holocene climatic optimum is
mainly characterized by Pinus maxima, which could be explained by the difference
in altitude with respect to Padul being the subalpine forest (oromediterranean
vegetation belt) mostly characterized by Pinus. Other studies in southern Iberia also
described humid conditions during the Early and Middle Holocene (Carrion, 2002;
Carrion et al.,, 2001b; 2010b). Despite this generally wetter Early and Middle
Holocene, a humidity optimum is observed around ~9.5 to 7.6 cal ka BP, detected by
the higher average values of deciduous Quercus (Fig. 2). Agreeing with our results
other regional studies also described humid conditions during this period (Fletcher
and Sanchez-Goiii et al., 2008; Dormoy et al., 2009; Jalut et al., 2009). This humidity
maximum could be explained due to summer insolation maxima, which favored the
land/sea contrast enhancing winter rainfall in the Mediterranean (Meijer and Tuenter,
2007).

Within this period the local environment of Padul was characterized by a low
water level due to very strong evapotranspiration during the Holocene insolation

maxima (Laskar et al., 2004), lower water levels during the Early Holocene were also
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detected in the Mediterranean area (Lamb and van der Kaars, 1995; Magny et al.,
2007). However, Anderson et al. (2011) interpreted higher water level in the alpine
area of Sierra Nevada, suggesting lake levels there being mostly controlled by lower

summer temperatures and higher snowpack during winter at that time.

Rapid abrupt climatic events occurred during the generally humid Early and
Middle Holocene. This millennial-scale climatic oscillations are discussed later in

section 3.3.

1.3. The Late Holocene abrupt shift toward cooler and more arid conditions (last
~4.7 cal ka BP)

An abrupt climatic shift toward probably cooler and more arid conditions
occurred since ~4.7 cal ka BP, determined by the strong decreasing trend in
Mediterranean forest, mainly in deciduous Quercus, and the increase in scrubs and
the subsequent increase in herbs (Fig. 1). Pinus reduction at higher altitude (LdRS)
occurred at the same time as Pinus increased at lower elevations (Padul), which points
to an altitudinal displacement of this species probably due to climate cooling and/or
drying (Fig. 2). The expansion of Ericaceae at lower elevation could be explained by
the decrease in thermal seasonality during the Late Holocene, as has previously been
interpreted in the Mediterranean region (Fletcher and Sanchez-Goili et al., 2008). In
the alpine environment this aridification process is deduced by the increase in
Artemisia that start to increase at the same time that Cichorioideae at lower altitude
(Fig. 3). However, stronger values of Chiroideae has also been associated with
enhanced human activities in the Padul area since 1.5 cal ka BP (see section 3.4.). A
suite of proxies of previous studies supports our conclusions pointing to aridification
process during the Late Holocene in the Mediterranean (e.g. Carrion, 2002; Carrion
et al., 2003; 2007; Jalut et al., 2009; Gil-Romera et al., 2010). This climatic shift is
related with a reorganization of the general atmospheric circulation reflecting an
orbital climatic shift - enhancing a positive NAO trend- by reduced in summer
insolation (Magny et al., 2002; 2012). In addition, the orbital-scale decrease in

summer insolation would trigger a decrease in sea surface temperature generating a
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decrease in the land-sea contrast (Marchal et al., 2002), reducing precipitation during
winter provoking forest depletion. On the contrary, the local environment in the Padul
area show an increase in water level during this climatic change which is also related
with the decrease in summer insolation affecting the evaporation/precipitation
balance and increasing the lake level (Fig. 2). In the BdIC an increasing trend in
wetland plants also occurred, which could be explained by two local processes: (1)
the decrease in summer insolation (as explained before) and/or (2) geomorphological

conditions of the basin (see in Chapter 4 and 5).

The high-resolution pollen studies for the Late Holocene show that the
progressive aridification trend is climatically more complex, showing arid and humid

periods superimposed on this long-term climate process.
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Figure 1. Vegetation dynamics and water level reconstruction in different altitudinal
vegetation belts in Sierra Nevada. (A) Laguna de Rio Seco (LRS; 3020 m asl) pollen
reconstruction (Anderson et al., 2011), Borreguil de la Caldera (BdIC-01; 2992 m asl) and
Padul-15-05 (725 m asl) pollen reconstructions. (B) Peat bog/wetland development and lake
level reconstruction from Borreguil de la Virgen (BdIV; 2945 m asl; Jiménez-Moreno and
Anderson 2012; Garcia-Alix et al., 2012a), Borreguil de la Caldera (BdIC-01) and Padul-15-
05. Dashed lines show correlations between Padul-15-05 and LdRS pollen records indicating
forest responses to abrupt climatic events. Numbers 1, 2, 3, 4, 5, 5a and 6 corresponds with
cool events in the North Atlantic region (Bond et al., 2001).
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2. Millennial-scale paleoenvironmental and climate variability during the

Holocene in Sierra Nevada

The long-term climate evolution during the Holocene in Sierra Nevada was
interrupted by millennial-scale climate oscillations, mainly determined by abrupt
regional vegetation shifts. In this sense, the Sierra Nevada records show
temperature/aridity pulses related with global climatic change associated with cool
events in the North Atlantic region (Bond et al., 2001). These events are manifested
by decrease in forest occurring suggesting arid conditions ~9.6, 8.5, 7.5, 6.5, 5.4, 4-
3.4,2.7-2.5,1.5-1.3, 0.3-01 cal ka BP (Figs. 1 and 2). Curiously, during this short-
scale climatic events, while Pinus (at higher altitude) and Quercus (at lower altitude)
decreased, an increase in Pinus occurred in the Padul record, suggesting a
displacement of the oromediterranean vegetation belt (where Pinus occur today) to
lower altitudes during colder conditions. These abrupt coolings and arid events also
affected sedimentation and local lake levels in the Padul environment pointing to
higher lake level probably triggered by less evaporation in the wetland during
coolings (Fig. 2). These oscillations could be related with cool events detected in the
North Atlantic region and the decrease in solar irradiance (Bond et al., 2001;
Steinhilber et al., 2009; see Chapter 2). These events are detected in our records with
a periodicity of around ~2100 yr (and probably its second ~1000 yr-harmonic) during
the Early and Middle Holocene and a predominant ~1400-1200 yr between the
transition of the Middle-Late Holocene and during the Late Holocene. These results
suggest that this abrupt climate variability during the Early and Middle Holocene was
due to an external forcing (i.e. solar irradiance) and during the Late Holocene by
internal forcing (i.e. atmospheric-oceanic dynamic) as previously suggested by

Debret et al. (2007; 2009).

2.1. Iberian-Roman Humid period

The most humid period during the Late Holocene in southern Iberia probably
occurred during the Iberian-Roman Humid period (IRHP from 2.6 to 1.6 cal ka BP;
Martin-Puertas et al., 2009). The BdIC and LdIM alpine records show maxima in
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Pinus (previous to human reforestation) and maxima in Quercus, respectively,
between ~3.1 and 1.6 cal ka BP (Fig. 2). This humid period could be divided in two
phases, as was previously indicated by Jiménez-Moreno et al. (2013a). Our results
indicated that between ~3.1 and 2.6 cal ka BP humid but cooler conditions occurred,
related with higher values of evergreen Quercus. (2) Between ~2.6 and 1.6 cal ka BP,
an increase in deciduous Quercus occurred at lower and higher altitude showing
maximum values during the Late Holocene, suggesting us humid but warmer
conditions than in the previous phase (Figs. 2 and 3). Support for our results is the
link between vegetation changes and the NAO reconstructions showing the most
persistent negative phase and thus humidity within this period (Olsen et al., 2012).
The forest variability observed within this humid period would also agree with the
oscillations observed in the NAO reconstruction (see Chapters 3 and 4 related to this
matter). In addition, these cooler and warmer periods could be supported by the
temperature variability recorded in the North Atlantic record (Fig. 2; Bond et al.,
2001; see IRD curve in Chapter 2).

2.2. The last ~1.5 cal ka BP: Dark ages, Medieval Climate Anomaly and the Little
Ice Age

The last ~1.5 cal ka BP in the high-resolution pollen analyses from the
sedimentary sequences studied in this thesis are characterized by several centennial-
scale environmental and climatic oscillations (Fig. 2). Generally arid conditions
occurred after the IRHP, indicated by stronger decrease in forest and the increase in
herbs between 1.5-1.3 cal ka BP (Figs. 1 and 2). This is deduced in the BdIC record
by the increase in Artemisia and in the Padul-15-05 record by the increase in
Cichorioideae (probably enhanced by human perturbance during this period). This
period could be subdivided in three phases corresponding with historical epochs. (1)
A first phase, corresponding with the Dark Ages (DA; from ~1.4 to 1 cal ka BP/~500
to 900 CE; Moreno et al., 2012) is characterized by a progressive decrease in forest
after the IRHP suggesting drier and probably cooler conditions. (2) A second phase,
corresponding with the Medieval Climate Anomaly (MCA; from ~1 to 0.6 cal ka
BP/~900 to 1300 CE; Moreno et al., 2012) was still arid but probably warmer phase
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determined by the slight increase Quercus (mainly composed by evergreen Quercus;
Figs. 1 and 2). Previous studies support our results showing persistent positive NAO
conditions during the MCA (Trouet et al. 2009; Moreno et al., 2012). (3) A third
phase would correspond with the Little Ice Age (LIA; ~0.6 cal ka BP/~1300 CE) in
which could be appreciated a rapid and pronounced centennial-scale oscillation
(partially due to higher-resolution) between warmer and cooler conditions within this
overall arid period, also related with NAO oscillations (Trouet et al., 2009) and solar
activity (Fig. 2; Bard et al., 2000). Wetter climatic conditions within the LIA,
observed by a relative decrease in herbs and increase in trees, are probably related to
negative NAO conditions and could have been triggered by minima in solar activity
(Fig. 2). Some of these arid periods as the DA and the second part of the LIA are

related with global cooling events (see previous section 1.2).
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Figure 2. Summary of vegetation variability in the alpine and montane areas of Sierra Nevada
(crioromediterranean and mesomediterranean vegetation belts). (Below) Quercus and
Cichorioideae pollen data from the Padul-15-05 record (725 m asl). (Middle) Pinus and
Artemisia pollen data from the Borreguil de la Caldera-01 sequence (BdIC-01; 2992 m asl)
and (above) deciduous Quercus from Laguna de la Mula (LdIM; 2497 m asl; Jiménez-Moreno
etal., 2013a). Yellow and blue shadings correspond with arid (cold) events and humid (warm)
periods, respectively. Dash lines show the correlation between Padul-15-05 pollen record and
BdIC-01 and LdIM-10-02 indicating responses in vegetation to abrupt climatic events. D =
Dalton, M = Maunder, S = Spérer, W = Wolf (solar minima; Bard et al., 2000). LIA = Little
Ice Age, MCA = Medieval Climate Anomaly, DA = Dark Ages, IRHP = Iberian-Roman
Humid Period, IA = Iron Ages, BA = Bronze Age, CA = Cooper Age. Numbers 0, 1, 2 and 3
corresponds with cool events in the North Atlantic region (Bond et al., 2001).
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3. Human Impact

Evidence of human impact at lower elevation (Padul, 725 m asl) in Sierra Nevada
began to be significant in the last 1.5 cal ka BP. This is deduced by the increase in
plants related with cultivation (e.g. nitrophilous plants related with land uses) and the
increase in some NPPs as Tilletia, Sordariales and Thecamoebians, probably
associated with farming and/or animal husbandry (Fig. 3). The significant increase in
Cichoriodeae, previously related with the natural climatic trend to aridification, could
have been enhanced by a greater livestock in the area, supported by the link with other
proxies related with animal husbandry (i.e. Thecamoebians, Sordariales). However,
in the high elevation alpine environments, evidences seem to be less clear until very
recent and coprophilous fungi such as Sporormiella and Sordariales began to occur
consistently in the last ~400 yr (Fig. 3), probably related with the introduced of

livestock and grazing at in Sierra Nevada (Anderson et al., 2011).
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Figure 3. Comparison of selected pollen and non-pollen palynomorphs (NPPs) for the last
~4.7 cal ka BP from BdIC-01 (A) and Padul-15-05 (B) records considered to be related to
human activities. Tree taxa are showing in green, herbs and plants in yellow, fungi in brown
and thecamoebians in beig. Reed bars highlight are showing the evidence of human impact in
the BAIC-01 and Padul-15-05 records during the last ca. 4.7 cal ka yr. Proxies interpretation:
Sporormiella, Sordariales and Thecamoebians (livestock indicator), Olea and Tilletia (cultivar
indicator), Land Use Plants (cultivar indicator). Urticaceac-Cannabaceae type (agropastoral
activities). Land Use Plants is composed by Polygonaceae, Amaranthaceae, Convolvulaceae,
Plantago, Apiaceae and Cannabaceae-Urticaceae type.
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A recent increase in Olea began to be noticeable in the last ~250 yr (1750 CE;
Figs. 3 and 4). At the lower elevation Padul sequence Olea has been found in very
small amounts, reaching maximum values of ~10 %, probably only recording the
local cultivation of this tree species at this altitude. Curiously, higher values of Olea
are recorded in the higher elevation sites (reaching maximum values of ~40 %). Moss
polsters analysis done on an altitudinal transect in Sierra Nevada also show high
percentages of Olea at high elevation (reaching values of around ~30 % at 2707 m
asl; Ramos-Roman, in prep.). At present, most of the Olea cultivations are located
under 700 m of elevation as this is a thermophilous species (Galan et al., 2005).
Anderson et al. (2011) suggested that Olea pollen travelled uphill towards higher
elevation sites — probably recording higher concentration of this pollen taxa in the
alpine environments. The significant increase in Olea in the studied records during
the last 100 yr (~1920 CE; Fig. 4) corresponds to the great increase in olive oil
production in southern Spain beginning in the 1920s (Bull, 1936). The significant
increase in Pinus during the last century (Fig. 4) has been associated with
reforestation of P. sylvestris trees that commenced in the Sierra Nevada since the
middle of the 20th century to combat erosion (Anderson et al., 2011). Finally, global
climatic events could have also conditioned changes in the agricultural practices or
affected cultivations, this is suggested here by the decrease in Olea recorded during
the second half of the LIA, when cooler conditions were previously interpreted (see

section 3.3).
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Fig. 4. Olea (left) and Pinus (right) pollen records from BdIC and Padul. Note the increase

and the variability in Olea in the last ~250 yr and the increase in Pinus in the last century.
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Conclusions

The high-resolution multi-proxy analysis (pollen, charcoal, sedimentological and

geochemical analysis) of two sedimentary sequences from the high-elevation

Borreguil de la Cadera and low-elevation Padul sites in the Sierra Nevada mountain

area permitted obtaining the following conclusions:

1.

The multi-proxy analyses show paleoenvironmental variability in Sierra Nevada

related with orbital- and suborbital-scale climate changes.

Warming characterized the earliest part of the Holocene in southern Iberia after
the lateglacial period and the time between ~11.6 to 9.5 cal ka BP was
characterized by the presence of evergreen forest in the mesomediterranean
vegetation belt. This type of Mediterranean-adapted forest would show vegetal
adaptation to the climate conditions at that time, with maxima in summer
insolation and higher seasonality - higher summer temperatures and lower
temperatures in winter. This climatic condition triggered high summer
evaporation and low lake levels, recorded with the establishment of abundant

reed vegetation and peatland environment in the Padul area.

The second part of the Early Holocene (sensu lato), from around 9.5 to 7.6 cal ka
BP, featured the expansion of deciduous Quercus in montane areas reflecting the
Holocene climatic optimum and maxima in moisture availability in the regional
environment. Although persistent high summer insolation and thus evaporation

precluded the rise of local lake levels.

The Middle Holocene between 7.6 and 4.7 cal ka BP was characterized by higher
arboreal component, with Mediterranean forest mainly dominated by evergreen
taxa. A decrease in summer insolation and a reduction in seasonality occurred
during this period, allowing water table to rise periodically and producing the

intercalation between peats and shallow water lake sediments in Padul.
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The Late Holocene is characterized in Sierra Nevada by an aridification trend
observed in the records by the decrease in the Mediterranean (at low elevation)
and pine (at high elevations) forests and the increase in scrubs and herbs. This
was mainly related with the decrease in summer insolation, triggering a decrease
in winter precipitations and the establishment of the actual climate system
dominated by persistent positive NAO. On the other hand, lake levels in Padul
and perhaps in BdIC show a significant increase since 4.7 cal ka BP. This
apparent contradiction could be explained by the decreasing summer insolation,
which would also reduce the seasonality and would lower evapotranspiration
during summer, affecting the evaporation/precipitation balance and increasing

lake levels in the area.

Superimposed on the general climatic and environmental long-term trends during
the Holocene is millennial-scale variability, recorded in the studied records
through several abrupt decreases in forest pointing to arid events at ~9.7, 8.5, 7.5,
6.5, 54, 4.2, 2.7 and 1.3 cal ka BP. These environmental changes occurred at
times coinciding with well-known decreases in temperatures in the north Atlantic
region (Bond events) and with decreases in solar irradiance, which point to the
same hemispheric-scale most likely solar-induced climatic trigger. Relatively wet
periods are also recorded, being also related with this millennial-scale climate
variability and a humid period is recorded between 2.6-1.6 cal ka BP coinciding
with the historical IRHP. The especially high-resolution record from Borreguil
de la Caldera also permitted recording centennial-scale climatic oscillations
during historical periods such as the well-known DA, MCA and LIA, also linked
with atmospheric (NAO) variability.

The evidence of human impact on the environment in the area began to be evident
in the studied records in the Late Holocene and being especially intense in the
last ~1.5 cal ka BP. Direct anthropic evidences in the alpine ecosystems from the
Sierra Nevada are shown during the last centuries by signs of grazing, with little

impact in the environment. In the lower elevation Padul area, a higher signal of
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anthropic influence is detected since the last ~1.5 cal ka BP, enhancing the
aridification trend in the local environment by enhanced soil erosion, agriculture
and animal husbandry. Although anthropogenic impact occurred in the Sierra
Nevada area, our studies demonstrate that climate was the main forcing driving
vegetation change (i.e. deforestation) process in southern Iberia and the western

Mediterranean region at least until the last centuries.
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Conclusiones

El andlisis multi-proxy a alta resolucion (polen, carbdn, analisis sedimentolégico
y geoquimico) de dos secuencias sedimentarias de Sierra Nevada, Borreguil de la
cadera situada a elevada altitud y Padul a baja altitud, permiti6 obtener las siguientes

conclusiones:

1. El andlisis multi-proxy muestra una variabilidad paleoambiental en Sierra

Nevada relacionada con cambios climaticos a escala orbital y suborbital.

2. Una fase de calentamiento defini6 la parte mas temprana del Holoceno en el sur
de Iberia después del periodo tardiglaciar y entre ~11.6 a 9.5 cal ka BP fue
caracteristica la presencia de bosque perenne en el cinturéon de vegetacion
mesomediterranea. Este tipo de bosque adaptado al Mediterraneo, muestra la
adaptacion de la vegetacion a las condiciones climaticas de ese momento,
determinadas por un maximo en la insolaciéon de verano y una mayor
estacionalidad - temperaturas mas altas de verano y temperaturas mas bajas en
invierno. Esta condicion climatica desencadeno6 una alta evaporacion de verano
y bajos niveles de lagos, registrados con el establecimiento de abundante

vegetacion de carrizo y el ambiente de turbera en el area de Padul.

3. Lasegunda parte del Holoceno temprano (sensu lato), desde 9.5 a 7.6 cal ka BP,
fue caracterizada por la expansion del bosque de Quercus caduco en areas
montanas, reflejando el 6ptimo climatico Holoceno y el maximo de humedad en
el ambiente regional. Aunque la persistente insolacion de verano y consecuente

evaporacion impidio el desarrollo de lagos locales.

4. El Holoceno medio entre 7.6 y 4.7 cal ka BP fue caracterizado por un elevado
componente arboreo, con el bosque Mediterraneo principalmente dominado por
bosque perenne. Un descenso en la insolacion y reduccion de la estacionalidad

ocurren durante este periodo, permitiendo periédicos ascensos del nivel del lago
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y produciendo la intercalacion entre sedimentos de turbera y lago somero en

Padul.

El Holoceno tardio es caracterizado en Sierra Nevada por un proceso de
aridificacion, observado en los registros por el descenso del bosque Mediterrdneo
(a baja altitud) y pino (a elevada altitud) asi como el incremento de arbustos y
hierbas. Esto esta principalmente relacionado con el descenso en la insolacion de
verano, desencadenando un descenso en la precipitacion de invierno y el
establecimiento del actual sistema climatico dominado por una persistente NAO
positiva. Por otro lado, los niveles de lagos en Padul y, quizas en Borreguil de la
Caldera, mostraron un significativo incremento durante los tltimos 4.7 cal ka BP.
Esta aparente contradiccion puede ser explicada por el descenso de la insolacion
de verano, lo que también reduciria la estacionalidad y la evaporacion durante el
verano, afectando al balance evaporacion/precipitacion e incrementando el nivel

de los lagos en esta area.

Superpuesto a las tendencias generales climaticas y ambientales a largo plazo
durante el Holoceno, se encuentra la variabilidad a escala milenaria, registrada
en las secuencias estudiadas a través de varias disminuciones abruptas del bosque
apuntando a eventos aridos ~9.7, 8.5, 7.5, 6.5, 5.4, 4.2, 2.7 y 1.3 cal ka BP. Estos
cambios ambientales ocurrieron coincidiendo con descensos en las temperaturas
en la region del Atlantico norte (eventos de Bond) y con disminuciones en la
irradiancia solar, que indican a escala hemisférica un cambio climatico
probablemente desencadenado por induccion solar. También se registran
periodos relativamente himedos, que estan relacionados con esta variabilidad
climatica a escala milenaria, registrandose un periodo humedo entre 2.6-1.6 cal
ka BP coincidiendo con el historico IRHP. La sequencia de alta resolucion del
Borreguil de la Caldera permitié registrar oscilaciones climaticas a escala
centenaria durante periodos historicos como el conocido DA, MCA y LIA,

también relacionados con la variabilidad atmosférica (NAO).
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La evidencia del impacto humano sobre el medio ambiente en el area de estudio
comenzo6 a ser notoria en los registros estudiados durante el Holoceno Tardio, y
fue especialmente intensa en los ultimos ~1.5 cal ka BP. Las evidencias
antropicas directas en los ecosistemas alpinos de Sierra Nevada, se registran
durante los ultimos siglos por signos de pastoreo, con poco impacto en el medio
ambiente. En el area de Padul, a menor altitud, se detecta una mayor seial de
influencia antropica en los ultimos ~1.5 cal ka BP, favoreciendo la tendencia de
aridificacion en el ambiente local mediante el aumento de la erosion del suelo, la
agricultura y la cria de animales. Aunque el impacto antropogénico ocurrio6 en el
area de Sierra Nevada, nuestros estudios demuestran que el clima fue el principal
factor que forzo el proceso de cambio de vegetacion (es decir, la deforestacion)
en el sur de Iberia y la region mediterranea occidental, al menos hasta los tiltimos

siglos.
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Future Perspectives

The study carried out in the present PhD thesis may be contemplated as a first
stage for the knowledge of vegetation, climate variability and human impact in Sierra
Nevada ecosystems and the southern Iberia Peninsula. More questions arise with the
increasing number of paleonvironmental studies in the area, principally related with
the timing and physical forcings of the environmental variability (e.g. precipitation
vs. temperature) and human effects on the ecosystems. This study shows that the
response of the vegetation and environment varies depending on elevation gradients,
geomorphological context and anthropic influence. One way of removing the
interfering human impact from the climate signal conditioning environmental change
is to study older periods previous to human spread, such as the last interglacial period
(Eemian or MIS5e). The last interglacial is also recorded in the Padul-15-05 sediment
core. The high resolution study of the last interglacial period, comparable or even
warmer than today, will allow us to draw conclusions about how ecosystems vary

when temperatures and / or drought increase in this region.

This study also shows a relationship between environmental (i.e., vegetation) change
and NAO variability at millennial- and centennial-scales. One way of improving our
knowledge on how NAO variability affected the Sierra Nevada environments is to
estimate past rainfall in this semi-arid environments, where the forest is mainly
controled by water availability, with the study tree growth (Douglass, 1914). A
drendrochronological study done on native high-elevation tree species (i.e., Pinus
sylvestris, P. nigra) could thus help us understanding the NAO-precipitation (and

effective precipitation) relationship.
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