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Abstract

Understanding the effects of climate change and human
activities on fragile mountain ecosystems is necessary to
successfully managing these environments under future
climate scenarios (e.g., global warming, enhanced arid-
ity). This can be done through the study of paleoecolog-
ical records, which can provide long paleoenvironmental
databases containing information on how ecosystems
reacted to climate change and human disturbances before
the historical record. These studies can be particularly
interesting when focusing on especially warm and/or dry
past climatic phases. Biotic (pollen, charcoal) and abiotic
(physical, geochemistry) analyses from wetland sediment
records from the Sierra Nevada, southern Spain record
changes in vegetation, fire history and lake sedimentation
since ~ 11,700 years (cal yr BP). This multiproxy pale-
oecological study indicates that maxima in temperature
and humidity occurred in the area in the Early and Middle
Holocene, with a peak in precipitation between ~ 10,500

and 7000 cal yr BP. This is deduced by maxima in water
runoff, the highest abundance of tree species and algae
and high total organic carbon values recorded in the
alpine wetland’s sedimentary records of the Sierra
Nevada during that time period. In the last 7000 cal yr
BP, and especially after a transition period
between ~7000 and 5000 cal yr BP, a progressive
aridification process took place, indicated by the decrease
in tree species and the increase in xerophytic herbs in this
region and a reduction in water runoff evidenced by the
decrease in detritic input in the wetland sedimentary
records. An increasing trend in Saharan dust deposition in
the Sierra Nevada wetlands is also recorded through
inorganic geochemical proxies, probably due to a coeta-
neous loss of vegetation cover in North Africa. The
process of progressive aridification during the Middle and
Late Holocene was interrupted by millennial-scale cli-
matic oscillations and several periods of relative
humid/droughty conditions and warm/cold periods have
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been identified in different temperature and/or precipita-
tion proxies. Enhanced human impact has been observed
in the Sierra Nevada in the last ~3000 cal yr BP through
the increase in fires, grazing, cultivation, atmospheric
pollution as well as reforestation by Pinus and the
massive cultivation of Olea at lower altitudes.
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1 Introduction

Alpine environments are especially fragile and sensitive to
recent climate change, which is causing altitudinal dis-
placements of plant and animal species, and loss of
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biodiversity (Thuiller et al. 2005; Gehrig-Fasel et al. 2008;
Malanson et al. 2019). The stress on the biotic component of
ecosystems is intensified when adding the effect of recent
and projected drought in the Mediterranean region (P4scoa
et al. 2017; Sousa et al. 2019), which will also cause
enhanced fire activity (Pausas and Fernandez-Mufioz 2012;
IPCC 2013; Sousa et al. 2015).

The study of past environment and climate changes is
necessary to improve our insight on future climate scenarios
by providing information on how mountain ecosystems
responded to long- and short-term variations in climate
during the Holocene (last 11,700 years), particularly during
warmer and drier climates. In this respect, wetlands in the
Sierra Nevada are a model system for such studies, as they
are remote and relatively pristine areas of high biodiversity,
not significantly modified by human activities and preserve a
high-quality signal of past Holocene natural and anthro-
pogenic environmental and climate change (see references
below).

The footprint of climate change and human impact and
the generated response in the environment (e.g., changes in
vegetation, fires, erosion, pollution) is recorded in lake
sediments, for example, through the accumulation of fossil
remains, charcoal fragments, presence of specific biomark-
ers, sediment granulometry and elemental chemical com-
position. In this respect, a significant effort has been made in
the last decade by our research group to further multidisci-
plinary study of sediment records from seven alpine lakes
and bogs in the Sierra Nevada to understand paleoenviron-
mental and paleoclimate change (Anderson et al. 2011;
Jiménez-Moreno and Anderson 2012; Garcia-Alix et al.
2012, 2013, 2017, 2018, 2020; Jiménez-Espejo et al. 2014;
Jiménez-Moreno et al. 2013, 2020; Ramos-Roman et al.
2016, 2018a, b, 2019, 2021; Mesa-Fernandez et al. 2018;
Camuera et al. 2018, 2019; Manzano et al. 2019; Toney
et al. 2020). Here we provide a review of the research in
alpine wetland sedimentary records from the Sierra Nevada
with the main goal of linking biotic changes with climate
and human impacts on these fragile environments.

2 Materials and Methods

2.1 Sierra Nevada Sites

In this study, we used multi-proxy (lithological, sedimen-
tological, palynological, anthracological, geochemical) data
from seven radiometrically well-dated Holocene sedimen-
tary records from wetland sites located at different elevation
and orientations in the Sierra Nevada area (Fig. 1; Table 1).
These sedimentary lake and bog archives were recovered by
the authors between 2006 and 2015 (Table 1). Six of the
studied sites are situated above treeline in the
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cryoromediterranean vegetation belt where typical vegeta-
tion is alpine tundra, while one site occurs in the
mesomediterranean vegetation belt, where natural potential
vegetation is mostly characterized by evergreen sclerophyl-
lous oak forests. Three sites—Laguna de la Mula (LdIM)
(Jiménez-Moreno et al. 2013), Laguna de la Mosca (LdIMo)
(Manzano et al. 2019) and Borreguil de la Virgen (BdIV)
(Garcia-Alix et al. 2012; Jiménez-Moreno and Anderson,
2012)—are situated at the north-facing side of the Sierra
Nevada, while three others—Laguna de Rio Seco (LdRS)
(Anderson et al. 2011; Garcia-Alix et al. 2013, 2018;
Jiménez-Espejo et al. 2014; Toney et al. 2020), Borreguil de
la Caldera (BdIC) (Ramos-Roman et al. 2016; Garcia-Alix
et al. 2017) and Laguna Hondera (LH) (Mesa-Fernandez
et al. 2018)—are located in the south face. The Padul wet-
land site is located at the southwest foothills of the Sierra
Nevada (Camuera et al. 2018, 2019, 2021; Ramos-Roman
et al. 2018a, b; Webster 2018). These sites are thus situated
between ~ 725 m in the mesomediterranean to ~ 3020 m in
the cryoromediterranean vegetation belt (Table 1).

2.2 Sedimentary Records: Sediment Collection,
Chronology, Lithology and Magnetic
Susceptibility

Sediment core collection in the alpine Sierra Nevada sites
was done using a Livingstone square-rod piston corer in the
visual depocenter of the studied wetlands. Coring in lakes
was done from a floating platform anchored to shore and
short cores with the unconsolidated 10-20 cm of the lake
sediment records were retrieved using a universal corer
(Aquatic Research Inc). Padul-15-05 core was collected
using a Rolatec RL-48-L drilling machine equipped with a
hydraulic piston corer from the Scientific Instrumentation
Centre of the University of Granada (CIC-UGR). The
sediment cores were wrapped in plastic wrap and alu
minum foil in the field, put in core boxes, and transported
back to the laboratory where they were stored in a cool room
at 4 °C.

The chronology for the different wetland sedimentary
records was constrained using accelerator mass spectrometry
(AMS) radiocarbon dates from plant remains and organic
bulk samples taken from the cores. ICP-MS Plutonium,
219ph and '*7Cs profiles were also built on the uppermost
part of the lake sedimentary cores (Table 1). Radiocarbon
dates were calibrated with the IntCall3.14C calibration
curve (Reimer et al. 2013), and used together with the Pb, Cs
and Pu dates and the year of core sampling as the top of the
sediment record in order to build accurate and robust
age-depth models (Fig. 2). Age models for the individual
sites were built using different approaches, including linear
interpolation (BIdV, LdIMo) and smooth spline option
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Fig. 1 Sierra Nevada wetland site location and photographs. a Map of
the Sierra Nevada mountain range, southern Iberian Peninsula. The
rectangle shows the magnified area shown in b. b Site location of the
Sierra Nevada mutiproxy records used in this study: Laguna de Rio

(LdRS, BdIC, LH, LdIM, Padul) using the “clam” software
(Blaauw 2010; Fig. 2) or Heegaard et al. (2005) approach to
calculate the age-depth (see original studies for more details
on the age model construction; Table 1).

Seco (LdRS), Borreguil de la Caldera (BdIC), Borreguil de la Virgen
(BdlV); Laguna de la Mosca (LdIMo), Laguna Hondera (LH), Laguna
de la Mula (LdIM), and Padul-15-05 (Padul). See Table 1 and text for
explanation

The lithology of the Sierra Nevada sediment cores
(Fig. 2) was described from split core segments in the lab-
oratory (Table 1). Magnetic susceptibility (MS), a measure
of the tendency of sediment to carry a magnetic charge
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Table 1 Site description of the Sierra Nevada records synthetized in this study. Sites from the Sierra Nevada are: BdIV: Borreguil de la Virgen;
LdIMo: Laguna de la Mosca; LdIM: Laguna de la Mula; LdRS: Laguna de Rio Seco; BdIC: Borreguil de la Caldera; LH: Laguna Hondera; Padul:
Padul peat bog. Asterisks (¥) indicate information for the Holocene part of those sedimentary records

Site
environment

Coordinates
and altitude

Site Vegetation belt

(m asl)
BdIV 37°03'15"N,
3°22'40" W;
2945 m
37°03’
34.88"N, 3°
18'52.98"W;
2889 m

37°3.583'N,
3°25.017'W;
2497 m
37°02.43"N,
3°20.57'W;
3020 m

Cryoromediterranean Peatland

LdiMo Cryoromediterranean Lake

LdIM Cryoromediterranean Lake

LdRS Cryoromediterranean ~ Lake

BdIC 37°03'02"
N, 3°1924"
W; 2992 m
37°02.88'N,
3°17.66'W;
2899 m
37°00
39.77"N, 3°
36'14.06"W;
725 m

Cryoromediterranean Peatland

LH Cryoromediterranean Lake

Padul Mesomediterranean Lake/Peatland

(Snowball and Sandgren 2001), was measured with a Bart-
ington MS2E meter in dimensionless SI units (Fig. 2).
Measurements were taken directly from the core surface
every 0.5 cm for the entire length of the cores.

2.3 Inorganic Geochemistry

Inorganic geochemical analyses in sediment samples from
cores LARS and LH were performed by means of (1) in-
ductively coupled plasma mass spectrometry (ICP-MS for
minor and trace elements in both cores), (2) flame Atomic
Absorption (AAS for major elements in LdRS core) and
(3) inductively coupled plasma—optical emission spectrom-
etry (ICP-OES for major elements in LH core) (Table 1) at
the Centro de Instrumentacion Cientifica of the University of
Granada (CIC-UGR). See details in Jiménez-Espejo et al.
(2014) and Mesa-Fernandez et al. (2018).

Additionally, high-resolution and continuous elemental
geochemical analyses from the BdIC, LH and Padul Sierra
Nevada cores were obtained using an Avaatech X-Ray
fluorescence (XRF) core Scanner at the XRF-Core Scanner

Core Period Dating References
length covered method
(cm) (cal yr
BP)
169 0-8200 9 AMS C  Jiménez-Moreno and
dates Anderson (2012), Garcia-Alix
et al. (2012)
190 0-8300 10 AMS Manzano et al. (2019)
14¢ dates, 1
Pu profile
32.5 0-4100 6 AMS “C | Jiménez-Moreno et al. (2013)
dates
150 0— 9 AMS “C  Anderson et al. (2011),
11,000 dates, 1 Garcia-Alix et al. (2013,
37Cs, 1 2020), Jiménez-Espejo et al.
210py, (2014), Toney et al. (2020)
profiles
56 0-4400 5 AMS “C  Ramos-Romén et al. (2016),
dates Garcia-Alix et al. (2017)
83 0— 7 AMS “C | Mesa-Fernandez et al. (2018)
11,000 dates
327* 0-— 14 AMS Ramos-Roman et al. (2018a,
11,000 14¢ dates* b), Camuera et al. (2018,

2019)

Laboratory (University of Barcelona, Spain). The cores were
scanned two times with a point sensor: one at 10 s count
time (10 kV X-ray voltage and 650 mA X-ray current for
light elements), and another one at 35 s count time (30 kV
X-ray voltage and 1700 mA X-ray current for heavy ele-
ments). See details in Garcia-Alix et al. (2017),
Mesa-Fernandez et al. (2018), Camuera et al. (2019).

2.4 Organic Geochemistry—Bulk Sediments
and Specific Organic Lipids

The elemental composition (C and N) of bulk sediment
samples was measured (after acid digestion to remove
potential carbonates) using a Thermo Scientific Flash 2000
elemental analyzer at CIC-UGR. C isotopes were measured
in an aliquot of the same samples by means of isotope-ratio
mass spectrometry (IRMS) with a coupled elemental ana-
lyzer (EA). We used two different configurations: a Carlo
Erba Ba 1500 series 2 EA attached to a Thermo Finnigan
Delta plus XL IRMS (Instituto Andaluz de Ciencias de la
Tierra CSIC-UGR, Spain) in samples from LdIM, BdIV and
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Fig. 2 Sediment core lithology and age—depth models for the studied
Sierra Nevada records. Red squares are radiocarbon dates that were not
used in the age models. The studied sites are Laguna de Rio Seco
(LdRS-06-01: LdRS), Borreguil de la Caldera (BdIC-01: BdIC),

LdRS, and a Euro EA 300 EA attached to an Isoprime 50 V
IRMS (CIC-UGR) in samples from BdIC. The isotopic
measurements were calibrated using internal and interna-
tional standards, and expressed using the & notation and the
reference V-PDB. See details in Garcia-Alix et al. (2012,
2017), Jiménez Moreno et al. (2013), Jiménez-Espejo et al.
(2014), Camuera et al. (2019).

Lipid extractions were performed by means of silica gel
chromatography using different solvents in order to separate
the organic compounds depending on their polarity. The n-
alkanes were analyzed at the BECS laboratory (University of
Glasgow, UK) by means of a Shimadzu 2010 GC-FID in
order to quantify them. Long chain diols were analyzed after
derivatization by bis- (trimethylsilyl) trifluoroacetamide

. Montane wetland
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Borreguil de la Virgen (BdIV-06-01: BldV); Laguna de la Mosca
(LdIMo-10-02: LdIMo), Laguna Hondera (LH-12-03: LH), Laguna de
la Mula (LdIM-10-02: LdIM), and Padul (Padul-15-05: Padul)

(BSTFA) at the BECS laboratory (University of Glasgow,
UK) in the Shimadzu QP2010 Plus mass spectrometer
interfaced with a Shimadzu 2010 GC using a scan mode.
Afterwards, an ion monitoring mode (SIM) was selected
specifying the characteristic fragment ions of the most
important long-chain diols (C,g, C3q and Cs, diols). See more
details in Garcia-Alix et al. (2020) and Toney et al. (2020).

2,5 Palynological Analysis
Sample processing for pollen analysis in all the alpine Sierra

Nevada records was done following a modified Faegri and
Iversen (1989) methodology, using 1 cm’® of sediment.
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Processing included treatment with sodium hexametaphos-
phate for clay deflocculation, addition of Lycopodium spores
for calculation of pollen concentration, sieving, HCI, HF and
acetolysis solution. Pollen residue was suspended in silicone
oil (for the LdRS record) and glycerol (for the rest of the
studied records), and analyzed at 400 magnifications using a
light microscope with a goal of the identification of 300
terrestrial pollen grains. Pollen identification was done with
the help of modern pollen collections at the University of
Granada, University of Murcia and Northern Arizona
University and modern pollen atlases (for example, Reille
1992; Beug 2004). Raw pollen counts were transformed to
pollen percentages based on the terrestrial pollen sum.
Arboreal pollen (AP) was calculated with the sum of tree
pollen divided by the total terrestrial (tree, herbs and shrubs)
pollen.

2.6 Charcoal

Samples for macroscopic charcoal analysis (1 cm®) were
taken every 0.5 cm throughout selected Sierra Nevada sed-
iment cores (LdRS, LdiMo, LdIM and BdIC). Charcoal
analysis followed the protocol described in Whitlock and
Anderson (2003). Processing included pretreatment with
sodium hexametaphosphate to deflocculate clays and sieving
with mesh sizes of 250 and 125 pm. Counting of charcoal
particles was performed with a stereomicroscope at 10-70
magnifications. Charcoal counts for each sample were con-
verted to charcoal concentrations [CHAC; number of char-
coal particles per cm® or cubic centimeter (cc)].

3 Results

3.1 Age Control of the Sedimentary Sequences
The age-depth models for the studied Sierra Nevada records
are constrained by a total of 60 AMS '*C radiocarbon dates
and 3 ICP-MS Plutonium, 210pp, and ¥7Cs profiles for the
upper part of the LdRS and LdIMo records (Fig. 2; Table 1).
All the absolute age data fall within the Holocene period
(11,700-0 cal yr BP). The age of wetland formation and
beginning of sediment accumulation in the studied basins
shows a three-step chronological pattern at slightly older
than ~ 11,000, ~8200 and ~4200 cal yr BP.

3.2 Lithology and Magnetic Susceptibility (MS)

Sediment coring in all the studied sites from alpine Sierra
Nevada ended when coarse sediments were reached and the
human-powered Livingstone corer was unable to deepen any
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further. Therefore, many of those cores are relatively inor-
ganic in the lowermost portion of the cores, progressively
becoming more organic higher in the sedimentary sequence
(Fig. 2). Overall, the lithology of the lake records is mostly
characterized by clays and silts, whereas lithology in the
locally called “borreguiles” (peat bogs) cores is dominated
by peat. Very organic-rich clay (called gyttja) sediments
characterize most of the LdRS and LdIM sediment cores.
The 190-cm-long LdIMo is the longest of all the alpine
Sierra Nevada sediment records and it is dominated by silty
clays, which vary greatly in grain size and color. A similar
lithological sedimentary sequence is observed in the BdIV
and LH cores, with high sand content at the core bottom,
overlain by clays and transitioning into peats in the Middle
Holocene, which dominate until Present (Jiménez-Moreno
and Anderson 2012; Mesa-Fernandez et al. 2018; Fig. 2).
The Late Holocene BdIC core, also located in a peat bog, is
shorter and shows sand at the bottom and then peat for the
rest of the record. Lithology of the Padul record is charac-
terized by dark organic rich peat sediments from ~ 11,600
to ~7600 cal yr BP. Dark organic-rich peats with interca-
lations of three grey or brown clay layers occurred
between ~7600 and 4700 cal yr BP. The uppermost
4700 cal yr BP of the record are characterized by clays and
clayey-carbonates (Ramos-Roman et al. 2018a, b).

Holocene MS records from the Sierra Nevada show
unique individual patterns but share long- and short-scale
variations (Fig. 3). The Early Holocene in the alpine Sierra
Nevada environments (i.e., LARS and LH records) is char-
acterized by overall high MS values. This contrasts with
very low MS values recorded during the Early Holocene in
the lower elevation sedimentary record from Padul. MS
values decreased during the Middle Holocene reaching
minima in some of the records right at the transition with the
Late Holocene (between ~ 5000 and 4400 cal yr BP). MS
depicts an increasing trend in the Late Holocene (clear in
Padul, LH, LdIMo and LdIM).

3.3 Inorganic Geochemistry

In order to simplify, in this section we show a synthesis of
the most environmentally significant variations in major and
trace element concentrations from the studied Sierra Nevada
sites (Fig. 4; check specific publications for more detailed
information). The Early Holocene and early-Middle Holo-
cene (from ~ 11,000 until ~7000 cal yr BP) in LH is
characterized by maximum values of K/Ti ratios, coinciding
with the lowest values in Ca/Al, Ca/Ti and Zr/Al ratios
(Mesa-Fernandez et al. 2018). On the other hand, an oppo-
site pattern is observed in Zr/Th data from LdRS, LH and
BdIC, which show minima at that time and an increasing
trend in the last ~7000 cal yr BP (Jiménez-Espejo et al.
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2014; Mesa-Fernandez et al. 2018; Garcia-Alix et al. 2017).
Pb/Al data from LdRS and LH show low values during most
of the Holocene and increase in the Late Holocene, peaking
around 3000-2500, 2000 cal yr BP and between 1950-1970
AD (Garcia-Alix et al. 2013; Mesa-Fernandez et al. 2018).

3.4 Organic Geochemistry

C/N values are relatively low in the Early and Middle
Holocene, oscillating around 10 and 16, recorded in LdRS
and BdIV, respectively (Fig. 5). A significant increase
occurred at ~6000 cal yr BP in LdRS and at ~5000 cal yr
BP in BdIV and maxima are reached until 4000 cal yr
BP. A general decreasing trend is observed in all the records
(including the BdIC and LdIM records) during the Late
Holocene. In the last centuries, the BdIC and BdIV records
show a rapid and significant increase. A significant decrease
in C/N in the last decades can be observed in all the studied
records except for BdIV.

TOC content from LdRS shows very low values (2.1%)
between ~ 11,100 and 10,500 cal yr BP. TOC values
increased later on and showed a maximum (11.2%)
between ~ 10,500 and 5700 cal yr BP. TOC values
decreased then until present (down to 4.8%).

Values of ™'?C from BdlV range from —28.1 to —23.1%
with a mean value of —26.4 £ 1.0 %o (V-PDB) (Fig. 5). The
highest values of ™'C occur from 8200 to 5100 cal yr
BP. This record shows a decreasing trend since the
early-Middle Holocene, interrupted by several oscillations,
until the last 300 years when a significant increase is
observed (Fig. 5).

The range of nC,;-,s-alkanes is related to submerged and
floating aquatic plants (P,q). The Paq values from LdRS
range from 0.25 to 0.48 with an average value of 0.37. High
Paq values are registered during the Early Holocene
between ~ 11,800 and 10,500 cal yr BP. An increasing
trend until ~6300 cal yr BP up to 0.47 values is observed,
subsequently to a minimum value of 0.34 around
9300 cal yr BP. Paq decreased linearly after ~6300 cal yr
BP and until ~260 cal yr BP, reaching values of 0.29.
A fast increase in Paq is detected in the last ~160 years of
the record, getting to values of 0.47 (Fig. 5).

The fractional abundance of C,g and C;y 1,13 and
1,15-diols is expressed in the Long chain Diol Index
(LDI) in the LdRS record. LDI values during the Holocene
oscillate between 0.05 to 0.31 with a mean value of
0.18 £ 0.5 (Fig. 5). LDI data are higher from ~5000 to
4200 cal yr BP, ~2540, ~1020, and after —10 cal yr
BP. LDI  values decreased at ~6560, ~6170,
between ~4100 and 3900 cal yr BP and significantly
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between ~450 and 150 cal yr BP and between ~40 and
30 cal yr BP. Highest LDI values are reached at around
4800-4650 cal yr BP and at present.

3.5 Palynological Analysis

Pollen records from the Sierra Nevada show highest AP
abundances during the Early and early-Middle Holocene
between ~ 11,500-7000 cal yr BP (LdRS, BdIV and
LdIMo at high elevations and Padul-15-05 at lower eleva-
tion; Fig. 6). In the alpine environments, the highest abun-
dance of tree species is reached at that time, especially in
Pinus (most likely P. sylvestris or P. nigra) and Quercus
(deciduous), but also in Betula, Alnus and Salix (Anderson
et al. 2011; Jiménez-Moreno and Anderson 2012; Manzano
et al. 2019). On the other hand, Artemisia, Juniperus and
Amaranthaceae show their minima. Pelagic algae, such as
Botryococcus and Pediastrum, reach maxima during this
period (Anderson et al. 2011; Jiménez-Moreno and Ander-
son 2012). At lower elevation, the Padul record shows high
AP (mostly Mediterranean forest with evergreen and
deciduous Quercus) from ~11,600 to 7600 cal yr BP
(Ramos-Roman et al. 2018a, b).

The Sierra Nevada pollen records show that
between ~7000 and 5000 cal yr BP AP (mostly Pinus)
remains abundant, but starts showing a decreasing trend
(Fig. 6), together with other forest species such as deciduous
Quercus and Betula (Anderson et al. 2011; Jiménez-Moreno
and Anderson 2012; Mesa-Fernandez et al. 2018; Manzano
et al. 2019). Aquatic species also declined considerably at
that time (see previous references). A more pronounced
decline in forest species is observed in all the Sierra Nevada
records from 5000 cal yr BP until the last centuries (Fig. 6).
Pinus and other forest species (such as Quercus) decreased
considerably  while  Arfemisia, = Amaranthaceae  or
Caryophyllaceae increased (Anderson et al. 2011; Jimé-
nez-Moreno and Anderson 2012; Ramos-Roman et al. 2016,
2018b; Mesa-Fernandez et al. 2018; Manzano et al. 2019).

The high-elevation (alpine) Sierra Nevada records also
show that Olea expanded rapidly in the last ~950 cal yr BP
(Ramos-Roman et al. 2019) and Pinus increased in the last
centuries (Anderson et al. 2011; Jiménez-Moreno and
Anderson 2012; Mesa-Fernandez et al. 2018; Manzano et al.
2019) and particularly in the last decades (Ramos-Roman
et al. 2016). Sporormiella, a fungus spore type indicating
herbivory, increased considerably in the Late Holocene in
LdRS (last 3000 years) and BdIV and BdIC (last 200 years)
records (Anderson et al. 2011; Jiménez-Moreno and
Anderson 2012; Ramos-Roman et al. 2016). Increases in
Cerealia pollen, together with other nitrophilous and ruderal
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Fig. 4 Inorganic geochemistry Age (Ca| yr BP)
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pollen taxa such as Rumex, Plantago, Urticaceae or Con-
volvulaceae are observed in the last ~3000 cal yr BP and
are particularly abundant in the last ~ 1500 cal yr BP.

In addition to the general decreasing trend in tree species
after ~7000 cal yr BP, important cyclical variations in
pollen abundances are observed, especially in Pinus and
Quercus and thus in AP (Fig. 6). In most of the
Sierra Nevada pollen sequences, the AP minima are
observed at ~7500, 6500, 5000 and 4200, 3000 and
1200 cal yr BP.

Age (cal yr BP)

3.6 Charcoal

The occurrence of charcoal particles in the alpine Sierra
Nevada Holocene sedimentary records is low, with values
ranging between 0 and 20 particles per cubic centimeter
(cc) and a maximum value of 60 particles per cc reached in
LdRS record (Anderson et al. 2011; Fig. 7). Only one
charcoal record, LdRS, is available for the Early Holocene,
which suggests relatively low fire occurrence. The Middle
Holocene is characterized in the LdRS record by an increase
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Fig. 5 Organic geochemistry
data from the studied Sierra
Nevada wetland sediment records
for the last 11,000 cal yr

BP. a C/N from Laguna de Rio
Seco (LdRS) (Jiménez-Espejo

et al. 2014). b C/N ratios from
Borreguil de la Caldera (BdIC;
Ramos-Roman et al. 2016). ¢ C/N
from Laguna de la Mula (LdIM;
Jiménez-Moreno et al. 2013).

d C/N from Borreguil de la
Virgen (BdlV; Jiménez-Moreno
and Anderson, 2012). e Total
organic carbon (TOC) content
from Laguna de Rio Seco (LdRS;
Jiménez-Espejo et al. 2014). f P,q
from Laguna de Rio Seco (LdRS;
Toney et al. 2020). g ™'*C from
Borreguil de la Virgen (BdIV;
Garcia-Alix et al. 2012). h LDI
record and temperature
reconstruction from Laguna de
Rio Seco (LdRS; Garcia-Alix

et al. 2020; Toney et al. 2020).
IRHP, DA, MCA and LIA stand
for Iberian Roman Humid Period,
Dark Ages, Medieval Climate
Anomaly and Little Ice Age,
respectively. In grey shading is
the wettest period deduced by
these and other climatic proxies
discussed in the text
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in charcoal particles, reaching a peak at ~6700 cal yr BP 5500 cal yr BP. The Late Holocene is characterized in LdRS
and a secondary lower peak at ~5500 cal yr BP. High by an increase in fire activity between 3000 cal yr BP and
relative values are reached in the LdlMo record during the present and a significant peak between ~2700 and
Middle Holocene, with peaks around 7500, 6700 and 1600 cal yr BP in LdIM and BdIC records (Fig. 7).
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Fig. 6 Arboreal pollen Age (ka)
(AP) records from the studied D tai® 8,4 g ]
Sierra Nevada wetland sediment Late Holocene
cores and summer insolation for
the last 12,000 cal yr BP. a AP
from Laguna de la Mula (LdIM;
Jiménez-Moreno et al. 2013).

b AP from Borreguil de la
Caldera (BdIC; Ramos-Roman

et al. 2016). ¢ AP from Laguna
Hondera (LH; Mesa-Fernandez
et al. 2018). d AP from Borreguil
de la Virgen (BdlV; 60
Jiménez-Moreno and Anderson,
2012). e AP from Laguna de la
Mosca (Manzano et al. 2019).

f AP from Laguna de Rio Seco
(LdRS; Anderson et al. 2011).

g AP from Padul (Padul-15-05;
Ramos-Roman et al. 2018a, b).
h Summer insolation for 37 °N
(Laskar et al. 2004). IRHP, DA,
MCA and LIA stand for Iberian
Roman Humid Period, Dark
Ages, Medieval Climate Anomaly
and Little Ice Age, respectively.
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Fig. 7 Charcoal records from the
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4 Discussion

4.1 Age of the Sedimentary Sequences

Geomorphologic evidences show that alpine environments
above 2000-2200 m in the north face and 2300-2400 m in
the south face in the Sierra Nevada were glaciated during the
Last Glacial Cycle and valley and cirque glaciers occupied
and eroded the basins where the lakes and bogs occur at
present (Palacios et al. 2016). Radiocarbon datings from the

Age (ka)

studied alpine paleoecological records indicate that wetlands
formed in the area above ~2500 m after deglaciation
(Fig. 2; Table 1). The different absolute ages for the begin-
ning of sedimentation in different basins seems to be related
to climate events and/or orientation of the studied sites
(Manzano et al. 2019). Two south-facing sites, LdRS
(3020 m) and LH (2899 m), accumulated sediments for the
entire (or most of the) Holocene with estimated ages for the
beginning of sedimentation of about 11,000 cal yr BP. Sed-
iments in those two basins started accumulating right after
deglaciation due to climate warming. Sediment



Reconstruction of Past Environment and Climate ...

accumulation began somewhat later, at ~ 8200 cal yr BP, at
two other sites located in the north face, BdIV (2945 m) and
LdiIMo (2889 m). Two alternative hypotheses should be
considered to explain this. Firstly, it is possible that any
sediments that accumulated during the Early Holocene in
those basins were eroded by a short glaciation during the
well-known 8.2 ka cold-arid event. However, there is no
direct evidence of glaciation at that time in the Sierra Nevada
(See Palacios et al. 2016). Secondly, coarse sands-
conglomerates could have been deposited in the studied
basins due to enhanced erosion caused by especially
cold-dry conditions by the ~8200 cal yr BP event, and
sediments below that coarse layer could not be retrieved by
our coring methods. Two additional sediment records from
LdIM (2497 m) and BdIC (2992 m), located in the north and
south face, respectively, have basal sediment accumulation
ages between ~4400 and 4100 cal yr BP. Interestingly, this
coincides in time with the well-known 4.2 ka arid climatic
event and the Middle-Late Holocene transition (Zielhofer
et al. 2019). Perhaps, as mentioned above, older sediments
were eroded from the basins due to particularly arid condi-
tions at that time (see next section below) and/or our coring
technique precluded us from recovering the older part of the
sedimentary sequence from those two basins. The studied
records show that sediment accumulation seems to be con-
tinuous after the formation of the wetlands in the alpine
sedimentary basins (Fig. 2).

4.2 Changes in Lithology and MS in Relation
with Climate and Human Impact

MS, a measure of the tendency of sediment to carry a
magnetic charge (Snowball and Sandgren 2001), is in alpine
lakes mostly related to the relative abundance of detritics
(thus magnetic minerals) and organic matter in the sedi-
ments. MS is relatively lower when organic matter is
abundant, as it is a diamagnetic material (Dearing 1999).

MS maxima during the Early Holocene could be related
with maxima in winter precipitation and thus maxima in
snowpack and highest summer insolation, melting the snow
and producing a large amount runoff, fluvial erosion and
sedimentation of detritics into the alpine sedimentary basins.
Highest summer insolation at this time generated highest
evaporation in summer at lower elevations and low lake
level in Padul, with the development of marshy vegetation
and sedimentation of peat, depicting low MS in this record
(Ramos-Roman et al. 2018b; Camuera et al. 2018),

Middle Holocene is characterized by minima in MS in the
alpine sedimentary basins, warm but decreasing summer
insolation and still quite humid conditions most likely ben-
efited vegetation and algae to flourish in the Sierra Nevada
environments, generating a major content in organics in the
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sediments deposited in the basins with respect to detritics.
Decreasing precipitation, particularly in winter snowpack, at
this time (Ramos-Roman et al. 2018b) might have also
produced a reduction in erosion and sedimentation in the
studied Sierra Nevada basins. Perhaps both factors were in
play at that time.

MS shows an overall increasing trend in the Late Holo-
cene. This increase in MS has previously been interpreted as
produced by enhanced erosion and increase in siliciclastic
sediments due to a decrease in winter precipitation,
enhanced aridification and decrease in forested vegetation in
the area related to a decrease in summer insolation (Jimé-
nez-Moreno and Anderson 2012; Fletcher et al. 2013). The
occurrence of small glaciers in the highest catchment areas
during several phases of the Late Holocene at ~2800-2700,
1400-1200 cal yr BP and during the Little Ice Age (1300-
1850 CE) could have also generated enhanced erosion in the
study area (Oliva et al. 2020). Finally, a clear increase in
land use is also observed during the last ~ 1550 cal yr BP in
Padul (Ramos-Roman et al. 2018a), suggesting that humans
could have been partially responsible for this sedimentary
change.

4.3 Inorganic Geochemistry—Holocene
Evolution of Lake-Level Changes, Runoff
and Dust Deposition in Relation

with Climate Change and Human Impact

Inorganic geochemistry data from the Sierra Nevada wetland
sedimentary records inform us about variations in the
lithology related to changes in the local depositional envi-
ronment as well as with allochthonous sediment inputs into
the basins (e.g., aeolian dust deposition) (Jiménez-Espejo
et al. 2014; Garcia-Alix et al. 2018). The rocks that occur in
the Sierra Nevada alpine wetland drainage basins are meta-
morphic mica schists (rich in mica and feldspars with
abundant Si, K, Al) (Camuera et al. 2018). Therefore, the
K/Al and K/Ti ratios can be interpreted as detrital inputs, and
thus a proxy of surface runoff. In this respect, the highest
K/Ti ratio reached from ~ 11,000 until ~7000 cal yr BP in
LH points to the wettest climate conditions recorded in the
Sierra Nevada during the Early and Middle Holocene
(Fig. 3). This, together with lowest values in Ca/Al, Ca/Ti
and Zr/Al ratios also recorded in LH, suggests that runoff
dominated over eolian inputs at that time (Mesa-Fernandez
et al. 2018; see explanation about eolian proxies below).
The inorganic geochemistry data show a trend toward more
arid conditions in the Middle and Late Holocene in the Sierra
Nevada. This is deduced by decreasing K/Tiratios in LH in the
last ~7000 cal yr BP (Mesa-Fernandez et al. 2018; Fig. 3).
Further support of enhanced aridity comes from the patterns
observed in typical Saharan eolian dust input proxies, such as



108

the Zr/Th (Zr/Al, Ca/Ti, or Ca/Al) data from LdRS, LH and
BdIC, which show minima in the Early and early-Middle
Holocene and an increasing trend in the last ~7000 cal yr BP
(Jiménez-Espejo et al. 2014; Mesa-Fernandez et al. 2018;
Garcia-Alix et al. 2017). Zr/Th (Zr/Al) and Ca/Al (Ca/Ti)
ratios have been used as eolian input proxies because Saharan
dust is enriched in heavy minerals such as zircons, rutiles, as
well as carbonates, which are absent in the alpine Sierra
Nevada drainage basins (Mesa-Fernandez et al. 2018). These
ratios have been extensively used as a proxy of aeolian input in
the Mediterranean or Atlantic regions (e.g., Rodrigo-Gamiz
et al. 2011; Martinez-Ruiz et al. 2015). Enhanced eolian dust
emissions from the Sahara were probably due to a coetaneous
loss of vegetation cover in North Africa (Jiménez-Espejo et al.
2014).

Anthropogenic heavy metal atmospheric pollution at these
high elevation Sierra Nevada wetlands was tracked using the
Pb and Pb/Al data from selected sedimentary records (Gar-
cia-Alix et al. 2013; Mesa-Fernandez et al. 2018). Pb/Al data
from LdRS and LH show low values during most of the
Holocene but increased in the Late Holocene, with peaks
around 3000-2500, 2000 cal yr BP and between 1950-1970
AD (Garcia-Alix et al. 2013; Mesa-Fernandez et al. 2018).
Lead was intensively extracted during the Late Bronze and
Early Iron ages (~3500-2500 cal yr BP/~1550-550 cal
BC) for metallurgical activities. It was used for ternary alloys
(lead, tin and copper) and in cupellation processes. The
development of cupellation processes in the southwestern
Iberia pyritic belt for silver extraction led to an intensive
exploitation of southeastern Iberia lead outcrops. High lead
pollution is observed during the Roman Empire (be-
tween ~2100 and ~ 1700 cal yr BP), which is coherent
with other regional records and data from historical sources
(Garcia-Alix et al. 2013). Maximum values of lead pollution
in the Sierra Nevada are recorded in the last decades, between
the 1950-1970 AD, related to the use of leaded-fuel in
vehicles (Garcia-Alix et al. 2013). Subsequently, the increase
in unleaded-fuels, and the environmental alertness about lead
emissions generated a decrease in lead pollution, which is
clearly documented with a reduction in Pb/Al in the Sierra
Nevada records (Garcia-Alix et al. 2013; Mesa-Fernandez
et al. 2018; Fig. 3).

4.4 Organic Geochemistry—Total Organic
Carbon Content and C/N Ratio in Relation
with Climate, Temperature Estimations
and Precipitation Patterns Derived
by Specific Organic Lipids

Organic geochemistry data from bulk sediments such as total
organic carbon (TOC) content, carbon to nitrogen atomic
ratio (C/N), and stable carbon isotopes (813C), together with
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specific lipid biomarkers (n-alkanes: P,q, long chain diols:
LDI), give us insight about the biological sources of the
organic matter and past biogeochemical cycles in the Sierra
Nevada wetlands.

The C/N ratio can be used as a proxy for organic matter
source in lacustrine sediments (Meyers 1994; Meyers and
Teranes 2001). Protein-rich and cellulose-poor organic
matter from lake algae is generally characterized by C/N
values around 10, whereas values for protein-poor and
cellulose-rich vascular land plants regularly exceed 20.
A mix of algal and vascular plant organic matter is thus
depicted by intermediate values (Meyers 1994; Meyers and
Teranes 2001). 3'3C data from bulk sediments can be used
to identify sources of organic matter and productivity levels
(Talbot 2001). C3 vascular plants and lake algae are char-
acterized by a similar 8'°C under normal conditions (Meyers
1994; Meyers and Teranes 2001). However, 8'>C increase in
vascular plants during dry conditions and thus can be read in
terms of water use efficiency (Farquhar et al. 1982). Algae
preferentially incorporate the lighter C isotopes from the
water's dissolved inorganic carbon pool. As a consequence,
an algae productivity bloom enriches the carbon isotopic
composition of the water, leading to the same isotopic
enrichment in the algae from water mass (O’Leary 1988;
Wolfe et al. 2001). Low C/N values in the Sierra Nevada
records during the Early and Early-Middle Holocene sug-
gested that the source of organic matter was mixed aquatic
(algal)/terrestrial and very influenced by algae (Jiménez-E-
spejo et al. 2014; Garcia-Alix et al. 2017). This points to
relatively high lake levels in the LdRS and BdlV wetlands,
which agrees with high humid climate conditions interpreted
for this time period (Jiménez-Espejo et al. 2014; Garcia-Alix
et al. 2017). The highest 8'°C reached during this time
interval in BdIV also implies significant algal productivity
(Garcia-Alix et al. 2012; Fig. 5). A major shift in the envi-
ronment between 6000 and 5000 cal yr BP is observed
through the significant increase in the C/N records from the
Sierra Nevada. In LdRS this increase was interpreted as
enhanced sedimentation of terrestrial vegetation with respect
to algae related to a lowering of lake level and decrease in
lake productivity. In BdIV, this increasing pattern was
interpreted as a transition from a lake to a bog in the Middle
Holocene, which also agrees with the 8'°C data and pollen
and algae records (Garcia-Alix et al. 2017; Fig. 5). Less
precipitation and high evaporation rates may have caused the
transition from a small lake to a bog in BdIV. Other alpine
bogs such as BdIC also developed in the Sierra Nevada
during the Middle Holocene at ~4400 cal yr BP. This
agrees with the decrease in precipitation deduced by the
decrease in arboreal pollen at this time (Fig. 6). C/N > 20
and 8'°C data from BdIV indicate that biomass production
was dominated mainly by vascular terrestrial plants between
~ 5000 and ~ 4000 cal yr BP. From 4000 cal yr BP on,
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C/N values decreased in all the studied records from the
Sierra Nevada indicating more aquatic primary production in
lakes and the development of occasional aquatic environ-
ments in peatlands. In the last 300 cal yr BP, the BdIC and
BdIV records show a rapid and significant increase. C/N
records in BdIC, LdM and LdRS registered a significant
decrease in C/N in the last decades; however, the BdIV
record did not register a substantial drop, suggesting that
wetlands can display different responses to climate within
the same Sierra Nevada region, depending on the landscape
and the environmental evolution of the area. In any case, the
abrupt environmental responses shown by the C/N records
pointed to an amplification of natural trends caused by
human pressure (Garcia-Alix et al. 2017; see chapter
“Paleolimnological Indicators of Global Change”).

TOC content in the bulk sediment records gives insight
about how much organic material occurs in the sediments
with respect to the detrital fraction, and thus wetland pro-
ductivity. In addition, the n-alkane abundance and distribu-
tion has been used as indicators of biological sources of
organic matter accumulated in sediment records (e.g., Ficken
et al. 2000; Eglinton and Eglinton 2008). N-alkanes derived
from leaf plant waxes are proven to be extremely resistant to
degradation during the transport and to the diagenesis,
allowing its study lake records and providing information
about vegetation and hydrological changes (e.g., Eglinton
and Eglinton 2008). In general, n-alkanes with 21, 23 and 25
carbon atoms are associated with submerged and floating
aquatic plants, expressed as P,q (Cranwell 1984; Ficken et al.
2000). TOC and P,q (deduced from leaf waxes, n-alkanes)
values in LdRS are consistent with precipitation changes
inferred from the local Sierra Nevada pollen and inorganic
geochemistry records throughout the Holocene (Figs. 4, 5
and 6). Maxima in TOC and P,q were reached during the
Early and early-Middle Holocene, indicating maxima in
algal productivity and deepest lake levels, and since
~ 6000 cal yr BP values have decreased until present. This
was interpreted as related to the climate aridification process
previously described in the Middle and Late Holocene
(Jiménez-Espejo et al. 2014; Toney et al. 2020).

The fractional abundance of some long chain diols (C,g_3
1,13- and 1,15-diols) expressed in the Long chain diol Index
(LDI) is proven to be related to the superficial temperature of
the water in which the algal sources grew (Rampen et al.
2014). The LDI has been successfully applied in the LdRS in
the Sierra Nevada (Fig. 5) (Garcia-Alix et al. 2020; Toney
et al. 2020). The very good correlation between mean annual
air temperature (MAAT) data of the last ~ 100 years and the
LdRS LDI record permitted the utilization of this index as
paleotemperature proxy for the Sierra Nevada (Garcia-Alix
et al. 2020). The LDI-inferred temperatures show that
MAAT fluctuated around ~2.4 °C during the Holocene.
MAAT changed around this mean value during the
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Early-Middle Holocene but changes occurred during the
Middle to Late Holocene transition. Reconstructed temper-
atures reached a peak between ~ 5000 and 4200 cal yr BP,
recording positive MAAT Anomalies (MAATAs). The
especially warm period of the Middle Holocene ended
abruptly at around 4150-4100 cal yr BP, reaching a mini-
mum MAAT of —1.5 °C at ~4000 cal yr BP. Recon-
structed Late Holocene temperatures oscillated around the
average MAATA until ~1020 cal yr BP, when MAATA
increased significantly to —0.5 °C during the well-known
warm period of the Medieval Climate Anomaly (MCA;
Moreno et al. 2012). Later on, temperatures decreased dur-
ing the Little Ice Age (LIA), reaching the lowest value of the
record at ~260 cal yr BP (—2.2 °C MAATA). Estimated
temperatures increased later on until present, except for a
sharp and short decline at the beginning of the twentieth
century (—1.7 °C MAATA). Increasing temperature trends
during the twentieth century match the temperature changes
measured during the current global warming (Garcia-Alix
et al. 2020; IPCC 2013).

4.5 Palynological Analysis—Holocene Forest,
Landscape and Lake Level Variations Due
to Climate Change and Human Impact

Variations in the abundance of arboreal pollen (AP,
including Mediterranean tree species) have previously been
used in the Sierra Nevada records as a proxy for regional
climate changes (Jiménez-Moreno and Anderson 2012;
Ramos-Roman et al. 2016, 2018a, b; Camuera et al. 2019).
Increases in AP in the alpine records indicate enhanced
humidity (overall, trees require more soil humidity than most
herbs/shrubs) and proximity of forest (i.e., treeline) to the
alpine wetlands, thus indicating increases in temperature as
treeline moves to higher elevation during climate warming
(Camuera et al. 2019).

A transition period from glacial to interglacial climate
conditions occurred in the Sierra Nevada area during the
earliest Holocene (~ 11,700 to 10,000 cal yr BP). This is
shown in the oldest part of the sedimentary record of LdRS,
which indicates steppe-like vegetation (Artemisia, Amaran-
thaceae, Ephedra), pointing to very arid and cold conditions.
Regionally, similar pollen data have been recorded in Cari-
huela Cave (Fernandez et al. 2007; Carrion et al. 2019), as
well as in marine records from the Alboran Sea (Dormoy
et al. 2009; Fletcher et al. 2010). In the lower-elevation
Padul area, this transition seems to have occurred faster
(from 11,700 to 11,000 cal yr BP) and was characterized by
pollen assemblages dominated by evergreen Quercus and to
a lesser extent deciduous Quercus. The
Mediterranean forest species recorded in the Sierra Nevada
pollen records could be interpreted as a regional vegetation

increase in
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response to warmer and more humid climate conditions,
generating a displacement of forest species toward higher
elevations and more heavily tree-populated forest.

Palynological records indicate that a maximum in tem-
perature and humidity occurred in the Sierra Nevada area
between ~ 10,500 and 7000 cal yr BP (Fig. 6). This is
indicated by the highest abundance of tree species and the
abundance of algae (Botryococcus and Pediastrum) in the
studied records. The abundance of high-elevation Pinus
species indicates that the highest elevation of treeline was
reached in the Sierra Nevada subalpine area at this time. In
the Padul-15-05 record the highest values of Mediterranean
forest also occurred at that time, showing an expansion in
mesic forest species (e.g., deciduous Quercus). Both regio-
nal (Burjachs et al. 1997; Fletcher and Sanchez Goii 2008)
and global studies show a humid and warm Early Holocene
(Jalut et al. 2009; Brayshaw et al. 2011). A very warm Early
Holocene could be explained by maximum summer insola-
tion at this time that would have produced climate warming.
The maximum humidity between ~ 10,500 and 7000 cal yr
BP could be explained by an increase in the land/sea tem-
perature contrast in the Mediterranean region during autumn,
which would favor an increase in rainfall during
autumn/winter seasons (Tuenter et al. 2003; Meijer and
Tuenter 2007).

The Sierra Nevada pollen records show a progressive
process of forest reduction, increase in xerophytes (i.e.,
Artemisia, Amaranthaceae or Caryophyllaceae), and decrease
in aquatic species in the wetlands in the Middle and Late
Holocene (Fig. 6). This trend, which begins after ~ 7000
cal yr BP and intensifies after ~6000-5000 cal yr BP, could
be explained by a progressive climatic cooling and, mostly,
by an increase in aridity. This aridification process has been
observed in other pollen records in this region (e.g., Sierra de
Cazorla: Carridon 2002; Alboran Sea: Fletcher et al. 2010; SW
Iberian Peninsula: Jiménez-Moreno et al. 2015) and from
many other paleoclimatic indicators for the entire Mediter-
ranean region (speleothems, lake levels, river and wind
inputs; Jalut et al. 2009). This climate change, decrease in
temperature and increase in aridity, is explained by the
decrease in summer insolation (Cacho et al. 2002; Renssen
et al. 2003). Another evidence of aridification in the Sierra
Nevada during the Middle and Late Holocene is the inter-
pretation of decreasing lake levels in some of the longest
studied alpine records (Anderson et al. 2011; Jiménez-Mor-
eno and Anderson 2012). This was interpreted after noticing
a considerable decline in aquatic algae species.

4.5.1 Millennial-Scale Climate Variability

Sierra Nevada pollen records show shorter-scale cyclical
changes superimposed on the main climate trend toward
increased aridity. Significant forest declines occurred around
7500, 6500, 5000 and 4200, 3000 and 1200 cal yr BP
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(Fig. 6). Some of these forest declines can be interpreted as
generated by severe and persistent drought conditions, which
have been recognized regionally and globally at those times
(see summary in Jiménez-Moreno and Anderson, 2012;
Ramos-Romén et al. 2018b). For example, the drought that
characterized the MCA (Moreno et al. 2012) is very well
documented in the LdIM record (Jiménez-Moreno et al.
2013). Among arid periods there were others that were rel-
atively more humid, translated into enhanced forest devel-
opment such as that observed in LdIM, BdIC, LH or Padul,
coinciding with the maximum humidity of the Iberian
Roman Humid Period (IRHP) or the LIA (Jiménez-Moreno
et al. 2013; Ramos-Roman et al. 2016, 2018a;
Mesa-Fernandez et al. 2018). These climatic variations were
probably related with large-scale cyclical changes in the
frequency of the North Atlantic Oscillation (NAO) atmo-
spheric phenomenon and arid periods were due to persistent
phases of NAO+ and more humid periods to persistent
phases of NAO-. For example, wetter climatic conditions
during the LIA period were probably related to persistent
NAO- conditions, which at present-day produces a general
increase in winter precipitation in the area (Trouet et al.
2009; Mesa-Fernandez et al. 2018; Ramos-Roman et al.
2016, 2018a; Jiménez-Moreno et al. 2020).

4.5.2 Human Impact on Vegetation, Grazing
and Cultivation

In the last millennia human impact on the Sierra Nevada
vegetation has increased and changes in the vegetation are
more difficult to interpret. Climate has been a major driver of
vegetation change in this area but human impact cannot be
neglected (Anderson et al. 2011; Jiménez-Moreno and
Anderson 2012, 2018a; Manzano et al. 2019). Pollen data
show that since 3000 cal yr BP humans had an impact in
Sierra Nevada with evidence of grazing and cultivation
(Anderson et al. 2011; Jiménez-Moreno and Anderson,
2012). However, the anthropogenic impact was relatively
small until ~1500 cal yr BP and intensified in the
last ~500 years with large-scale olive cultivation at lower
altitudes and pine reforestation in the last century
(Ramos-Roman et al. 2019).

Early evidences of grazing in alpine Sierra Nevada come
from the Sporormiella spore records. Sporormiella is a
genus of coprophilous fungi that requires herbivore diges-
tion to complete its life cycle, producing spores in the
excrements (Anderson et al. 2011). Their increasing abun-
dance in the last 2700 cal yr BP, becoming very abundant in
the last millennium (Anderson et al. 2011; Jiménez-Moreno
and Anderson 2012; Ramos-Roman et al. 2018a; Manzano
et al. 2019) probably indicates intensified grazing in the
higher elevations of the Sierra Nevada at this time related
with the introduction of livestock on the landscape.
Enhanced grazing roughly concurs with the first signs of
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cultivation with occurrences of Cerealia (cereal grass) pol-
len, most likely planted at lower elevations (Jiménez-Mor-
eno and Anderson 2012; Manzano et al. 2019), and land-use
indicators such as Rumex, Plantago, Urtica, Convolvulaceae
or Asteraceae, which are consistent in the pollen records
since the last 3000-2000 cal yr BP, and enhanced in the
last ~ 1500 cal yr BP (Ramos-Romaén et al. 2018a).

Olea cultivation boosted in the last 1000 years in the
Sierra Nevada area (Ramos-Roman et al. 2019). A further
increasing trend in Olea cultivation happened in the last
150 cal yr BP, during the industrial revolution, which was
probably triggered by improvements in agricultural practices.
A more recent widespread cultivation and olive oil production
increase occurred in Spain in the mid-twentieth century
(Ramos-Roman et al. 2019). Finally, the twentieth century
Pinus pollen increase (reflected in the AP; Fig. 6) reproduces
the extensive human-induced reforestation with pines, done
for forest restoration and to prevent soil erosion previously
generated by natural and anthropogenic deforestation.

In summary, pollen data from the Sierra Nevada show
that human impact on the Sierra Nevada environments was
insignificant until the last ~ 1500 cal yr BP and was less
pronounced than in other lower elevation regions of southern
Iberia (Anderson et al. 2011).

4.6 Charcoal Analysis—Fire Activity Related
to Climate and Fuel Variability

Charcoal analysis is based on the accumulation of charcoal
particles in sedimentary records during and after a fire event.
Sedimentary layers with abundant charcoal are inferred to
result from past fire activity (Whitlock and Anderson 2003).
Macroscopic charcoal particles (>100 pm) indicate occur-
rence of nearby fires, because particles of this size do not
travel far from their source (Whitlock and Anderson 2003).
The charcoal analysis on the Sierra Nevada sedimentary
records, combined with palynological and geochemical
proxies, permit us to study how fire regimes were affected by
periods of major climate change and vegetation reorganiza-
tion in the past.

Charcoal particles were generally not abundant in the
alpine Sierra Nevada records (Fig. 7). This can be explained
by a faraway origin of charcoal particles, probably from fires
that occurred at lower elevations in this mountain range, as
natural fires are extremely rare above treeline in the Sierra
Nevada at present and were probably very rare in the past.
Considering this relationship, these charcoal records show
that fire activity was relatively high during the Middle
Holocene between ~ 7500 and 6700 cal yr BP, decreasing
later on. The decrease in fire activity at ~7000 cal yr BP
could have been conditioned by a decrease in forest fuel due
to the progressive loss in Mediterranean forest previously
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discussed and due to enhanced aridification (Fig. 6). How-
ever, enhanced fire activity in this region is observed
since ~3000 cal yr BP (Fig. 7; Anderson et al. 2011;
Jiménez-Moreno et al. 2013; Ramos-Roman et al. 2016) and
maxima in charcoal concentration occurred between ~ 2700
to 1600 cal yr BP in LdIM, BdIC and LdRS records, coin-
ciding with the time of the IRHP (2600-1600 cal yr BP,
Martin-Puertas et al. 2009), the most humid period detected
in the area during the Late Holocene in the Sierra Nevada.
Many charcoal records from the western Mediterranean
region show maxima in fire activity around that time. For
example, the nearby Sierra de Baza record depicts remark-
able similarities to the Sierra Nevada records with charcoal
maxima at ~2000 cal yr BP (Carrién et al. 2007), but also
charcoal maxima around that time was observed in the Sierra
de Gador (Carrién et al. 2003), Alboran Sea (Combourieu
Nebout et al. 2009) and Djamila, in northern Morocco
(Linstadter and Zielhofer 2010). This regional agreement
about enhanced fire activity between 3000 and 2000 cal yr
BP may have been related to increased forest, and therefore
fuel loads on the landscape due to enhanced humidity. This
supports the hypothesis of Mediterranean fire regimes today
being controlled by fuel load variations (Daniau et al. 2007,
Linstddter and Zielhofer 2010). Charcoal decreased consid-
erably after this IRHP peak, during the Dark Ages (DA) and
MCA, when warmer and drier conditions occurred (Moreno
et al. 2012; Garcia-Alix et al. 2020; Fig. 7). This was
probably due to the decrease in forest fuel, which agrees
with the decline in forest species recorded in the Sierra
Nevada at that time (Fig. 6; Jiménez-Moreno et al. 2013;
Ramos-Roman et al. 2016, 2018a; Mesa-Fernandez et al.
2018).

Even though we believe that patterns recorded in the
charcoal records from the Sierra Nevada mostly responded
to natural climate variability, the increase in charcoal in the
last millennia could have also been due to increased human
activity (i.e., forest burning) due to accelerated mining,
cultivation and grazing activities (Anderson et al. 2011;
Garcia-Alix et al. 2013; see also discussion above).

5 Conclusions

Multi-proxy sedimentary records from the Sierra Nevada
wetlands show the warmest and wettest climate conditions
during the Early and early-Middle Holocene (from ~ 11,000
to 7000 cal yr BP), related to Holocene summer insolation
maxima. Such optimum climate conditions translated into
high detrital sedimentation, maximum Mediterranean forest
expansion in density and elevation in the Sierra Nevada, and
the highest lake levels in the alpine area.

Multiple evidences show a long-term aridification of the
Sierra Nevada environment since ca. 7000 cal yr BP until
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today, probably related to a decrease in precipitation gen-
erated by a decrease in summer insolation during the Middle
and Late Holocene. This is mostly deduced by a decrease in
runoff, a decrease in forest species, particularly in Pinus and
Quercus and other mesophyte species and lower lake levels
in alpine environments. This agrees with enhanced Saharan
eolian dust input in the alpine records.

This long-term aridification trend was interrupted by
short time-scale millennial-scale variability evident in our
records by decreases in forest that could be related to arid
and/or cold events at ~7500, 6500, 5200, 4200, 3000 and
1200 cal yr BP. Some of these events, such as the one that
affected the area during the MCA, coincide in the timing
with droughts that affected the wider Mediterranean area and
other distant regions, and could be related to persistent
NAO + conditions in the study area.

In addition, humans also influenced environments in the
Sierra Nevada in the last millennia. Charcoal increase, lead
pollution and cultivar proxies indicate anthropogenic impact
since 3000 cal yr BP. Human impact is particularly impor-
tant in the last 1500 cal yr BP, with a strong increase in the
palynological record of cultivars and grazing, significantly
stronger in the last millennium with records of massive
cultivation of Olea at lower elevations and Pinus reforesta-
tion. Estimated temperatures using the algal-derived lipids in
the Sierra Nevada show a very high rate of warming in the
last century and that human-derived greenhouse gases seem
to be the major temperature driver in these high-elevation
sites at present.

Sedimentary archives from the Sierra Nevada wetlands
show a fast and very sensitive response of mountain
ecosystems to climate change and human impact throughout
the Holocene, reflecting climate events on a regional and
global scale. Sierra Nevada is, therefore, especially sensitive
to global change and important changes will occur in these
alpine ecosystems (e.g., eutrophication, aridification,
increase in fires) if the current temperature increase is not
slowed or reversed. This study shows the importance of past
and present monitoring of wetlands in mountain areas for a
better understanding of climate variability and future rapid
environmental responses.
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