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ARTICLE INFO ABSTRACT

Editor: M Elliot Sedimentation in most glacial lakes and wetlands in the Sierra Nevada (southern Iberian Peninsula) began after

the last deglaciation and since the Younger Dryas (YD)-Early Holocene (EH) transition. Therefore, until now,

Keywords: studies on older sedimentary records were lacking in this alpine area, which limits the paleoenvironmental and
Vegetation paleoclimatic information to the Holocene. In this study, we studied palynomorphs from the alpine record from
Ié?;‘::teevel Laguna Seca (LS), the longest and oldest (~18,000 cal yr BP = 18 kyr) sedimentary record in the Sierra Nevada to
Late Pleistocene investigate the response of forests and lake environments in the western Mediterranean area to climate changes
Holocene and human impact during the latest Pleistocene and Holocene. The deepest lake conditions occurred during the

last deglaciation, indicated by the occurrence of Pediastrum algae, which showed highest abundances during the
Heinrich Stadial 1 (HS1) and Bglling-Allerpd (B-A) transition. Xerophyte herbs such as Artemisia, Ephedra, and
Amaranthaceae were highest during the late B-A and YD indicating regional aridity. Poaceae (grasses) were
maxima in the B-A and EH, probably indicating expansion in the barren areas after deglaciation. Maximum in
temperature and humidity during the EH and cooling and aridification in the Middle (MH) and Late Holocene
(LH) are indicated by the changes in the abundance of deciduous Quercus and Pinus forest species. Botryococcus
algae increased during the Early Holocene, while the rest of the algae almost vanished, which could indicate that
the lake became very productive but shallower until 8.2 kyr. The lake level lowered and became seasonal in the
Middle-Late Holocene transition, coinciding with the regional climate aridification. Microcharcoal analysis done
on the palynological preparations agrees with the vegetation changes, showing maxima in the EH and MH,
related with the maximum in regional forest occurrence, and a decrease in the LH when the Mediterranean
vegetation, and thus fuel availability, diminished. This record shows evidence of anthropogenic impact in the last
centuries by cultivation, reforestation, cattle grazing, enhanced erosion and eutrophication.

Western Mediterranean

warming and increase in drought conditions (Pascoa et al., 2017), which
is causing altitudinal displacements of plant and animal species, and loss

1. Introduction

The Sierra Nevada is one of the highest elevation and southernmost-
located mountain range in southern Europe (Fig. 1). It lies within a
particular biogeographic region (Zamora and Oliva, 2022), renowned as
a biodiversity super hotspot (Arroyo et al., 2022). High-elevation
mountain environments can be particularly sensitive to recent climate
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of biodiversity in the Sierra Nevada (Lorite et al., 2022). With pro-
jections of annual mean warming on land of 0.9-5.6 °C at the end of the
century in the Mediterranean area (Ali et al., 2022), what will be the
environmental consequences of such a rapid climate change in moun-
tains such as the Sierra Nevada?
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Fig. 1. (A) Location of Sierra Nevada (rectangle) within the Iberian Peninsula, western Mediterranean region. The MD95-2043 and ALB-2 marine sites discussed in
the text are also shown. Satellite photo from Google Earth. (B) Location of Laguna Seca (LS) within the Sierra Nevada. The Padul and Sierra Nevada sites discussed in
the text are also shown (1: Borreguil de la Virgen; 2: Laguna de Rio Seco; 3: Laguna de la Mosca; 4: Laguna Hondera). Satellite photo from Google Earth. (C) Wind
direction in percentage from January 2000 to December 2019 for Granada, Spain (data obtained from https://www.woeurope.eu) (D) LS area and topography. Note
the treeline immediately south of the lake at ~2300 m. Satellite photo from Google Earth. (E) LS during the coring of LS-01 in September 2014. (F) LS containing
water in early June 2018. (G) Map of the vegetation belts in the Sierra Nevada (Modified from REDIAM. Map of the vegetation series of Andalucia: http://laboratori
orediam.cica.es/VisorGenerico/?tipo=WMS). Figure modified from Ramos-Roman et al. (2018a) and Lopez-Avilés et al. (2022).
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Paleoecological and paleoclimatic studies are necessary to predict
the future, improving our understanding of the relationship between
climate and mountain ecosystems in the past, especially during warmer
and drier periods than at present and during significant climatic fluc-
tuations such as the glacial-interglacial transitions. In this respect, there
are more than 50 small glacial-origin alpine lakes and bogs in the Sierra
Nevada that accumulated sediments preserving a high-quality signal of
past natural and anthropogenic environmental and climate 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,
2018b, 2019; Mesa-Fernandez et al., 2018; Manzano et al., 2019; Toney
et al., 2020; Lopez-Avilés et al., 2021; Alba-Sanchez et al., 2021). Pre-
vious studies show that in the glacial lakes and wetlands from the Sierra
Nevada sedimentation started after deglaciation and thereafter since the
Early Holocene (see synthesis in Jiménez-Moreno et al., 2022). There-
fore, older sedimentary records were yet to be found in this alpine area
to widen our knowledge about environmental change further in time
and since the last deglaciation.

In 2014 three sedimentary cores, LS-01, LS-02 and LS-03, were ob-
tained from LS (Lopez-Avilés et al., 2022; Fig. 1), still in the alpine area
but at lower elevation than the previous studies. The age model for the
14 m-long sedimentary sequence, based on nine Accelerator Mass
Spectometry (AMS) radiocarbon and four optically stimulated lumi-
nescence (OSL) dates, shows a continuous record of the last ~18 kyr and
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since the Last Glacial Maximum (LGM) (Lopez-Avilés et al., 2022;
Fig. 2). In this study, we analyzed palynomorphs and charcoal abun-
dance from the LS-01 alpine record, which represents so far, the longest
and oldest sedimentary record in Sierra Nevada, southern Spain. Our
goal is to document vegetational developments through palynological
and charcoal data and join those to previously reported chronological,
sedimentological and geochemical information by Lopez-Avilés et al.
(2022). Furthermore, the comparison of the LS-01 record with detailed
paleoenvironmental and paleoclimatic records from the western Medi-
terranean allows us to obtain information on potential climatic and
anthropogenic triggers for past environmental change in the study area.

2. Study site

LS (37° 05' 53”N, 2° 58 05”"W, 2259 m above sea level) is a small
endorheic alpine lake basin located in the eastern sector of the Sierra
Nevada facing south right below the ridge line (Fig. 1). LS formed from
the combination of tectonics, including a rotational fault, and subse-
quent glacial and periglacial erosion, indicated by the occurrence of
moraines in the LS valley (Simon et al.,, 2000). At present, LS gets
covered with ice and snow in winter and becomes inundated in spring
and early summer, when the lake level can be as high as 50 cm (personal
observations between 2014 and 2023). LS is seasonally dry during
summer and early fall (Fig. 1). The lake water supply comes from
snowmelt from the drainage area around the lake, and occasional runoff
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Fig. 2. LS-01 core lithology, magnetic susceptibility (MS in SI units x 10~*) and bayesian age model (with estimated sedimentary rates in mm/yr). The section of the
core studied here of the topmost 4.7 m is shown in red in the lithological plot. On the right is a plot with down-core uncertainty ranges plotted on age. For more
details about the lithology and age model see Lopez-Avilés et al. (2022). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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events. The LS basin bedrock is composed of low-degree metamorphic
mica schists of the Nevado Filabride complex (Martin Martin et al.,
2010).

The climate in the study area is typically Mediterranean, with mild
winters and hot and dry summers. Climatic data for LS are not directly
available, but a weather station located ~3.5 km from the study site at
2200 m elevation shows a mean annual precipitation of 581 mm and a
mean annual temperature of 6.3 + 0.5 °C. The driest month is July with
2 mm and the most humid month is March with 114 mm of rainfall.
February is the coldest month (—1.2 + 1.7 °C) and July the warmest one
(16.8 + 1.2 °C) (Organismo Auténomo Parques Nacionales, 2021).

The present-day vegetation in the Sierra Nevada is largely controlled
by temperature and precipitation/humidity gradients and thus depends
on the elevation (Valle, 2003; Fig. 1G). Above ~2800 m asl, climate is
characterized by very cold winters, short growing season, high solar
radiation and snowfall, and strong winds. In this context, soils are
meager and a tundra-like shrubby grassland develops. This cryor-
omediterranean vegetation belt is characterized by species of Poaceae,
Asteraceae, Brassicaceae and Plantaginaceae between other herbs,
including several endemic plants (Erigeron frigidus, Saxifraga nevadensis
and Viola crassiuscula) (Valle, 2003). The underlying oromediterranean
vegetation belt is located between ~1900-2800 m asl, and is mostly
characterized by conifers, such as Pinus sylvestris, P. nigra, Juniperus
hemisphaerica, J. sabina and J. communis subsp. nana, as well as woody
species of Fabaceae, Cistaceae and Brassicaceae. The supra-
mediterranean belt, between ~1400-1900 m asl, is characterized by
Quercus pyrenaica, Q. faginea, Q. rotundifolia, Acer opalus subsp.

Table 1
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granatense and Fraxinus angustifolia among other trees/shrubs and some
herbs such as Artemisia glutinosa. The mesomediterranean vegetation
belt, between ~600-1400 m asl, is mainly dominated by Quercus
rotundifolia with a characteristic Retama sphaerocarpa understorey
(Valle, 2003). Quercus coccifera and Pistacia lenticus are the main taxa in
the lowest elevation thermomediterranean vegetation belt (~0-600 m
asl). LS is located at the upper elevational limit of the oromediterranean
vegetation belt and treeline in the study area, located at ~2300 m asl,
mostly composed of P. sylvestris (Fig. 1D). However, the study area has
been modified by high anthropogenic activity and was reforested with
P. sylvestris in the mid-20th century (Arias Abellan, 1981). Therefore, it
is difficult to place the natural elevation of treeline in Sierra Nevada,
which seems to have been artificially lowered down several hundred
meters (Lorite et al., 2022).

3. Materials and methods

The 14.1 m-long LS-01 sedimentary record was recovered from the
depocenter of the LS basin in September 2014 using a Rolatec RL-48-L
coring machine from the Scientific Instrumentation Center of the Uni-
versity of Granada (CIC-UGR) (Fig. 1). The cores were transported to the
UGR, stored in a refrigerated room at 4 °C and eventually were split and
imaged in the laboratory at UGR and CIC, respectively. Lithologic
description and sedimentological analysis were previously carried out
by Lopez-Avilés et al. (2022) (Fig. 2). To develop an age model for the
LS-01 sediment core, we used radiocarbon analyses from the topmost
organic-rich part of the record and OSL analyses for the detrital-rich

Age data for LS-01. Radiometric ages were calibrated using IntCal20.14c curve (Reimer et al., 2020) with
Calib 8.2 (http://calib.org/calib/). OSL dates are marked with asterisk. In red colour are the radiocarbon
dates not used in the age model. Acronyms: TBS; pre-treated bulk sediment with HCl and HF, BS; bulk

sediment.
Material Age Calibrated
: 14, +
epthay | e NI
OSL* 26 range
Reference Age 0 Present -65
Beta-544146 TBS 0.37 14C 11070 £30 | 12910 - 13088
Beta-452041 TBS 0.60 l4C 1690 + 30 1528 - 1695
Beta-544147 TBS 0.83 14C 15960 +40 | 19129 - 19425
Beta-452042 TBS 1.20 4C 3880 £ 30 4160 - 4414
Beta-452043 TBS 1.80 l4C 5050 + 30 5720 - 5903
Beta-458581 TBS 2.26 14C 6620 + 40 7431 - 7570
Beta-458581 TBS 2.72 l4c 7200 £ 30 7939 - 8158
Beta-458583 TBS 2.94 14C 7380 + 30 8037 - 8324
P0z-72963 Algae 3.00 c 8920 + 50 9821 - 10219
P0z-72964 TBS 3.00 l4c 11580 + 60 13317 - 13580
Beta-458584 TBS 3.21 l4c 9370 +30 10505 - 10686
Poz-72965 BS 3.60 4C 30900 + 400 | 34541 - 36090
Beta-544148 TBS 3.81 l4c 23860 + 100 | 27748 - 28288
Beta-544149 TBS 438 l4C 13050 +40 | 15474 - 15795
OSL-LS-Dr.09 4.83-502 | OSL | 11400 + 800"
P0z-72966 BS 5.40 l4c 37200 + 800 | 40679 - 42578
OSL-LS-Dr.14 8.03-8.17 | OSL | 13400+ 1300
Poz-72967 BS 9.00 14C 33800 + 600 | 36956 - 40089
OSL-LS-Dr.21 1122"2399' OSL | 12600 + 1000"
OSL-LS-Dr.24 113 48091' OSL | 13600 + 1400"
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bottom (Lopez-Avilés et al., 2022; Fig. 2). Previous analyses on the LS-01
core included magnetic susceptibility (MS), total organic carbon and C/
N (Lopez-Avilés et al., 2022; Fig. 2).

The topmost ~4.7 m part of the LS-01 sedimentary record, charac-
terized by fine-grained sediments, was sampled for palynological anal-
ysis every 5 cm. This section of the core contains a sedimentary record of
the last ~15.8 kyr based on the age model described in Lopez-Avilés
et al. (2022) (Table 1; Fig. 2). A total of 94 samples of two cubic cen-
timeters were collected. The pollen extraction method followed a
modified Faegri and Iversen (1989) method. One tablet with a known
number of Lycopodium spores for calculation of pollen concentration was
added to the samples. Sediment samples were processed with HCI (35%)
and HF (45%) to remove the carbonates and silicates, respectively, from
the sediment and concentrate the organic matter. The samples were
sieved at 10 pm to remove particles smaller than the pollen grains. The
residual material, together with glycerin, was mounted on microscope
slides. Counting, and identification, of palynomorphs was carried out
with a Leica DM1000 LED transmitted light microscope at 400x mag-
nifications. Pollen atlases, such as Beug (1961) and pollen reference
material of plants that occur in southern Spain were used for certain
identifications. Pinus pollen was divided into two categories: Pinus
indeterminate and P. sylvestris type (most-likely including P. sylvestris
and/or P. nigra). P. sylvestris type pollen was differentiated from the rest
of Pinus indeterminate pollen by its small size (generally with a total
grain size smaller than 85 pm) (Desprat et al., 2015). Pollen percentages
in each analyzed sample have been calculated with respect to the total
sum of terrestrial pollen. The most representative pollen types with
occurrences higher than 1% are shown in Fig. 3. The percentages of
non-pollen palynomorphs (NPP), including algae such as Botryococcus,
Pediastrum, Debarya, Spirogyra and Zygnema, dinoflagellate cysts (dino-
cysts), Isoetes microspores, oocytes of the aquatic flatworm Neo-
rhabdocoela, mycorrhizal chlamydospores of Glomus and spores of the
liverwort Riccia have been calculated with respect to the total sum of
terrestrial pollen plus NPP and are shown in Fig. 4. The pollen climate
index (PCI), used in previous studies to discriminate between cold/arid
and warm/humid climates (e.g., Joannin et al., 2011; Camuera et al.,
2019, 2021), and calculated with the ratio of mesothermic (Quercus,
Olea, Betula and Corylus) / steppic taxa (Artemisia, Lygeum, Ephedra and
Amaranthaceae), was also calculated here (Fig. 5). Cluster analyses of
the pollen and NPP data were performed using the program CONISS
(Grimm, 1987), with the aim of grouping samples with similar pollen
assemblages into pollen zones (Figs. 3 and 4).

Charcoal particles bigger than 30 pm were counted in the palyno-
logical slides. Charcoal concentration (charcoal particles/cme') was
calculated using the Lycopodium tracer concentration (Figs. 3 and 5) in
this way: #charcoal particles/#Lycopodium tracers *9666 (being 9666
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the number of Lycopodium tracers in 1 tablet).
4. Results

The LS-01 pollen record is made up of 42 samples that provided
sufficient pollen for statistical analyses. Fifty-two samples were barren
in pollen. The pollen record is generally characterized by the relevance
of the forest component, which is dominated by Pinus species, most
likely including P. sylvestris (that grows in the area at present) or P. nigra.
To a lesser extent, the pollen spectra show evergreen and deciduous
Quercus, Juniperus, Olea, Betula and Corylus. Regarding the herbaceous
and shrubby taxa, pollen assemblages are dominated by Poaceae, Arte-
misia, Asteraceae Asteroideae, Asteraceae Cichorioideae, Amar-
anthaceae, Caryophyllaceae, Plantago, and in smaller proportions,
Ericaceae, Ephedra, Lygeum, Rosaceae, Onagraceae, Geraniaceae and
Cistaceae. Cyperaceae and Ranunculaceae are also relatively abundant
and represent the aquatic plants (Fig. 3). With respect to the NPP,
Pediastrum, Botryococcus, Spirogyra, Zygnema and Debarya, are abundant.
Isoetes, Riccia, Glomus, Neorhabdocoela and dinocysts also occur (Fig. 4).
Charcoal concentration varies considerably through time (Fig. 3).

The pollen and NPP frequencies fluctuate considerably through time
and can be subdivided into several environmental and climatically
distinct periods (zones) that roughly agree with the subdivision of the
latest Pleistocene (HS1, B-A and YD; Rasmussen et al., 2006) and Ho-
locene Series/Epoch (Early, Middle and Late Holocene; Walker et al.,
2018; Figs. 3 and 4). Below, we describe the LS pollen and NPP data for
each of the identified zones.

4.1. Pollen and NPP zone 1 (between ~ 15.8-14.2 kyr; 470-405 cm
depth)

This palynological zone might roughly corresponds in timing with
the HS1 and B-A transition. P. sylvestris / nigra, shows maxima during
this zone with percentages averaging ~95%. Asteraceae Asteroideae,
Artemisia and Amaranthaceae increased slightly at the end of this zone
(Fig. 3). Charcoal shows relatively low concentrations. The aquatic alga
Pediastrum is most abundant in this zone presenting two peaks. The alga
Botryococcus peaks during the Pediastrum minimum. Zygnemataceae
zygospores (Debarya, Spirogyra and Zygnema) are abundant. Neo-
rhabdocoela occurs with maximum frequencies in this zone (Fig. 4).

4.2. Pollen and NPP zone 2 (between ~ 14.2-12.7 kyr; 405-370 cm
depth)

This palynological zone approximately corresponds to the B-A
(Figs. 3 and 4). Pinus decreases considerably, initially reaching ~40%.

CONISS Zones

Age (cal kyr BP)

20 40

) 2000 4000 10 20
Charcoal particles (# counted) Total sum ofsquares
Charcoal particles (#/cm® *100)

Fig. 3. Detailed pollen and charcoal diagram from the LS-01 core showing percentages of selected taxa (higher than 1%). In green, yellow and blue are the trees,
herbs and wetland angiosperm taxa, respectively. The pollen zonation on the right was made using cluster analysis provided by CONISS (Grimm, 1987). Light
shadings indicate a 5x exaggeration scale. HS1, B-A, YD, EH, MH and LH stand for Heinrich Stadial-1, Bolling-Allerod, Younger Dryas, Early Holocene, Middle
Holocene and Late Holocene. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Detailed non-pollen palynomorph (NPP) diagram from the LS-01 core. The NPP zonation on the right was made using cluster analysis provided by CONISS
(Grimm, 1987). Light shadings indicate a 5x exaggeration scale. HS1, B-A, YD, EH, MH and LH stand for Heinrich Stadial-1, Bolling-Allerod, Younger Dryas, Early

Holocene, Middle Holocene and Late Holocene.

Subsequently, it shows two oscillations, with peaks ~90% and a mini-
mum of ~40%. Juniperus increased at the beginning of this zone. Her-
baceous taxa such as Poaceae, Artemisia, Ephedra and Amaranthaceae
increase. Artemisia shows maximum values at the end of this zone.
Charcoal shows higher abundance. Pediastrum and Botryococcus,
together with the Zygnemataceae and Neorhabdocoela, decrease
considerably, whereas dinocysts show maximum values.

4.3. Pollen and NPP zone 3 (between ~ 12.7-11.8 kyr; 370-350 cm
depth)

This zone is correlated with the YD (Figs. 3 and 4). Pinus shows
marked variability, with two maxima and two minima with values be-
tween 95 and 20%. Herbs such as Artemisia, Plantago and Amar-
anthaceae peak in this zone, with the latest showing maximum values.
The aquatic Ranunculaceae increase, showing a peak at this time.
Charcoal particles decrease and show minimum values. With respect to
the NPP, the microalgae Botryococcus and Zygnemataceae (including
Debarya, Spirogyra and Zygnema), increase. Neorhabdocoela is absent
while the dinocysts decline.

4.4. Pollen and NPP zone 4 (between ~ 11.8-8.4 kyr; 350-290 cm
depth)

This zone approximately corresponds to the EH (Figs. 3 and 4). Pinus
is fluctuating with a decreasing trend, reaching two minima of ~5% at
10.5 and 8.4 kyr. Juniperus and both evergreen and deciduous Quercus
increase in this zone. Deciduous Quercus shows the record’s maximum at
~10.6 kyr. Ericaceae, Betula and Corylus also increase, with the latter
showing an increasing trend and maximum values at the end of the EH.
Herbs such as Poaceae, Caryophyllaceae, Onagraceae and Geraniaceae
increase, whereas Artemisia decrease, showing minimum values of the
record between ~10.5-8.4 kyr. The aquatic Cyperaceae show maximum
occurrences during the EH, peaking together with Ranunculaceae at
~11 kyr. Charcoal concentration increase considerably, showing max-
ima between 11 and 10.2 and 9.4-8.4 kyr. Botryococcus increase
significantly during the EH whereas other algae such as Zygnemataceae
(including Debarya, Spirogyra and Zygnema) decrease. Neorhabdocoela
only occur at the beginning of this zone and Isoetes occurs with a peak at
the end of the EH.

4.5. Pollen and NPP zone 5 (between ~ 8.4-5.6 kyr; 290-170 cm depth)

This zone corresponds to most of the MH (Figs. 3 and 4) and is
characterized by the minimum values of Pinus, averaging 20%. Other
forest species such as evergreen and deciduous Quercus, Juniperus and
Olea are relatively abundant during this period. With respect to the
herbs, Artemisia and Caryophyllaceae increase in this zone. The aquatic
Ranunculaceae shows maximum values of the record whereas Cyper-
aceae decrease. Charcoal concentration is characterized by a peak at the
beginning of the MH at ~8.0 kyr but declines during the rest of the MH.
The NPP are mostly represented by Botryococcus, which shows
maximum occurrences between 8.4 and 7.8 kyr, decreasing considerably
during the rest of the MH.

4.6. Pollen and NPP zone 6 (between ~ 5.6 kyr-present; 170-0 cm
depth)

This palynological zone corresponds to the latest MH and Late Ho-
locene (LH; Figs. 3 and 4). It is characterized by the increase in Pinus,
depicting a peak at ~5 kyr, and a subsequent decrease until present. In
general, other forest species show very low occurrences during this zone,
except for the last centuries, when several increases in Pinus, Olea and
Quercus are observed. The herbaceous component including Artemisia,
Asteraceae Cichorioideae, Poaceae, Plantago, Caryophyllaceae and Cis-
taceae, show increases during this period. The aquatics and charcoal
concentration decrease considerably during the LH. With respect to the
algae, Botryococcus decrease significantly. Other NPP such as Neo-
rhabdocoela or Glomus increase in the last centuries.

5. Discussion

Pollen analyses from the Sierra Nevada have been previously re-
ported as proxies for regional vegetation and climate changes (Anderson
et al., 2011; Jiménez-Moreno and Anderson, 2012; Ramos-Roman et al.,
2016, 2018a, 2018b; Mesa-Fernandez et al., 2018; Camuera et al., 2019,
2021). Increases in subalpine and temperate Mediterranean forest spe-
cies in the alpine records, summarized here by the PCI (Figs. 5 and 6),
point to increases in humidity and temperature. Trees need relatively
high soil water supply, while mountain forest taxa move to higher
elevation during climate warmings (Lenoir et al., 2008; Gottfried et al.,
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Fig. 5. Comparison of paleoenvironmental and paleoclimatic proxies from the LS-01 core. (A) P. sylvestris type pollen abundance. (B) Quercus total pollen in per-
centages. (C) Pollen Climate Index (PCI; see text for explanation). (D) Microcharcoal concentration. (E) C/N ratios from Lopez-Avilés et al. (2022). (F) Total Organic
Carbon (TOC) from Lépez-Avilés et al. (2022). (G) Magnetic susceptibility (MS; SI x 10~%) from Lopez-Avilés et al. (2022). Note the scale is inverted. (H) Summer
insolation for 37°N (Laskar et al., 2004). Pollen zones are shown at the top (see Fig. 3). HS1, B-A, YD, EH, MH and LH stand for Heinrich Stadial-1, Bglling-Allergd,
Younger Dryas, Early Holocene, Middle Holocene and Late Holocene.
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Fig. 6. Comparison of paleoenvironmental and paleoclimatic proxies from the LS-01 core with other paleoclimatic records from the southern Iberian Peninsula and
summer insolation for the last 16 kyr. (A) Pollen Climate Index (PCI; see text for explanation) from the LS-01 core. (B) Pediastrum and Botryococcus algae abundances
from LS-01 core and indications about lake level and productivity. (C) Mean Annual Precipitation (MAP) estimated from the Padul-15-05 pollen record (Camuera
et al., 2022). (D) Pollen Climate Index (PCI) from the Padul-15-05 pollen record (Camuera et al., 2019). (E-G) Sea Surface Temperature (SST) reconstructed from
G. bulloides Mg/Ca ratios from marine core ALB-2 (Alboran Sea; Catala et al., 2019), SST (°C) reconstructed from G. bulloides Mg/Ca ratios from marine core
MD95-2043 (Catala et al., 2019) and SST (°C) reconstructed from alkenones from marine sediment core 293G (Rodrigo-Gamiz et al., 2014). (H) Summer (August)
insolation values at 37°N (Laskar et al., 2004). Pollen zones are shown at the top (see Fig. 3). HS1, B-A, YD, EH, MH and LH stand for Heinrich Stadial-1, Bglling-
éllerwd, Younger Dryas, Early Holocene, Middle Holocene and Late Holocene.
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Fig. 7. Comparison of Pinus pollen records from the Sierra Nevada with Cedrus synthetic record from Morocco for the last 16 kyr. (A) Pinus total pollen from Padul-
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2012; Jiménez-Moreno et al., 2022). In Sierra Nevada, the most frequent
high-altitude forest species are pines such as P. sylvestris and P. nigra. (i.
e., the oromediterranean vegetation belt, between ~1900-2800 m).
Fluctuations in their frequencies during the latest Pleistocene and Ho-
locene sediments might reflect displacements in elevation due to shifts
in climate (see for example Anderson et al., 2011; Jiménez-Moreno and
Anderson, 2012; Fig. 7).

Lake levels from Sierra Nevada also responded to past climate
changes, predominantly conditioned by variations in the precipitation-
evaporation balance, with higher lake levels during cold and/or
humid periods and lower lake levels during warm and/or arid periods
(Anderson et al., 2011; Camuera et al., 2018, 2019; Lopez-Avilés et al.,
2022). Planctonic microalgae (Pediastrum, Botryococcus, Debarya,
Spirogyra, Zygnema), wetland angiosperms (Cyperaceae, Ranuncula-
ceae), and other organisms (such as the aquatic flatworm Neo-
rhabdocoela), are conditioned by lake levels and shore surface area. The
relative abundance of these taxa changed through the different climat-
ically distinct periods (zones), providing us with information about lake
depth, nutrients and productivity. Here below we show that the sur-
rounding vegetation and organisms inhabiting the LS environment
responded very sensitively to climate changes that occurred in the last
~16 kyr in the western Mediterranean area.

5.1. Late Pleistocene and Holocene vegetation and climate reconstruction

5.1.1. HSI1 and B-A transition (~15.8-14.2 kyr)

The low PCI values of the LS pollen record show cold and dry con-
ditions during the end of HS1 and early B-A (Figs. 5 and 6). This is
conditioned by the highest percentage of cryophilous Pinus in the LS
pollen record, which is most-likely explained because this alpine area
was barren of vegetation during deglaciation and the Pinus pollen
depositing in LS originates from long-distance transport from lower el-
evations (see section below). It is well-known that Pinus pollen is usually
overrepresented in pollen records because pine trees produce large
quantities of pollen and bisaccate pollen (i.e., pollen with air sacs) gets
transported very well and for long distances by wind (Heusser, 1988).
Cold climate conditions in LS agree with previous regional studies
showing that HS1 was one of the coldest and driest periods of the last
glaciation, indicated by the lowest PCI values from Padul (Camuera
et al., 2019, 2021) and sea surface temperature (SST) records from
Alboran Sea (Rodrigo-Gamiz et al., 2014; Catala et al., 2019) (Fig. 6).

The LS NPP record shows that the deepest lake conditions of the last
~16 kyr occurred during the HS1-B-A transition between ~15.5-14.2
kyr (Fig. 3). This is supported by Pediastrum maxima (Fig. 6), which is a
colonial alga previously interpreted as an indicator of oligotrophic to
mesotrophic deepwater lake conditions (Nielsen and Sgrensen, 1992;
Kaufman et al., 2010; Anderson et al., 2020). The abundance of other
algae such as Botryococcus, Debarya, Spirogyra and Zygnema also peaked
at that climate transition, further supporting deep lake conditions.
Increasing but still low summer insolation probably enhanced ice
melting and the glacier retreat in the Sierra Nevada, generating runoff
and the formation of a deep lake in LS. Cold conditions also favored little
evaporation in the LS area during summer, which further controlled the
precipitation/evaporation balance increasing lake levels in the area,
such as observed in Padul (Camuera et al., 2018, 2019). The deepest lake
conditions in LS starting at ~15.7 kyr were also previously interpreted
by the sedimentological analysis of the LS sedimentary sequence char-
acterized by organic-rich clays (i.e., grey mudstone; Fig. 2; Lopez-Avilés
et al., 2022). Variability in the algal abundance is observed at the
HS1-B-A transition with Botryococcus peaking during a minimum of
Pediastrum at ~14.8 kyr. This could represent a lowering of the lake level
and increase in productivity at this time, as Botryoccocus, also a colonial
green microalga, has previously been suggested as indicator of shallow
and eutrophic waters (Batten and Grenfell, 1996; Guy-Ohlson, 1992;
Jiménez-Moreno et al., 2007). The occurrence of Neorhabdocoela flat-
worm eggs during this period indicates that the maximum LS lake levels
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must have been established within the photic zone (commonly in lakes,
the first 10 m; Haas, 1996). This is inferred from Neorhabdocoela, which
feeds on rotifers and diatoms and produces oocytes - thick-walled rest-
ing-eggs - for propagation and for survival under drought-induced stress
(Haas, 1996).

Minima in charcoal concentration during HS1 (Figs. 3 and 5) in-
dicates very low fire activity at this time probably related to pine forest
openness and cold climate conditions. Low forest fuel due to cold-dry
climate conditions would have occurred at that time (Camuera et al.,
2019). Present-day natural fires are infrequent above the treeline and
they were possibly quite rare in the past. Therefore, we postulate that
charcoal particles originated from lower altitudes, where pines were
most abundant during the last glacial (Camuera et al., 2019), and were
transported by wind to higher elevations in the Sierra Nevada.

5.1.2. Bylling-Allergd (B-A; ~14.2-12.7 kyr)

Climate warming occurred in southern Spain, including the Sierra
Nevada, and the western Mediterranean area during the B-A (Gar-
cia-Alix et al., 2014; Rodrigo-Gamiz et al., 2014; Catala et al., 2019;
Camuera et al., 2019, 2021; Fig. 6) and glaciers receded and most-likely
disappeared from the alpine area (Palacios et al., 2016). Xerophytic
herbs such as Artemisia, Ephedra, and several species of Amaranthaceae,
Poaceae, together with Juniperus, colonized the area and reached max-
ima during the late B-A, probably indicating their expansion in the
barren areas left by glaciers after deglaciation and Pinus pollen
decreased (Fig. 3). Mesic forest expansion due to warmer and more
humid conditions occurred at lower elevations in the Sierra Nevada
(Camuera et al., 2019, 2021; Fig. 6) but its pollen signal does not seem to
reach the studied alpine environment. Unlike the widely distributed
Pinus, pollen of these mesic elements is not widely dispersed.

Lake levels most-likely decreased during the B-A due to increasing
summer insolation, generating warming and more evaporative condi-
tions. This is indicated by the decrease in Pediastrum and Botryococcus,
together with the Zygnemataceae and Neorhabdocoela. On the other
hand, dinocysts show maximum values during this period, perhaps
indicating specific lake water conditions that are unknown.

Charcoal increased timidly during B-A (Figs. 3 and 5), probably
indicating long-distance transport from the increase in fire activity at
lower elevation due to the enhanced forest (fuel) caused by warmer
conditions (Camuera et al., 2019; Daniau et al., 2007).

5.1.3. Younger Dryas (YD; ~12.7-11.8 kyr)

Colder and drier conditions with respect to the B-A occurred in the
western Mediterranean area during the YD (Rodrigo-Gamiz et al., 2014;
Catala et al., 2019; Camuera et al., 2019; Fig. 6). This is indicated in the
LS record by maxima of xerophytes such as Amaranthaceae, Plantago
(most-likely the cold-adapted P. nivalis) and Artemisia, together with an
increase in cryophilous Pinus pollen, coming from lower elevations.
Colder climate conditions agree with a previous interpretation of the
sedimentary record from LS that shows frost-shattered breccias depos-
ited within the lacustrine facies in another core close to the eastern shore
(LS-03), and a decrease in TOC and an increase in MS in LS-01 (Fig. 5)
linked to enhanced periglacial activity (Lopez-Avilés et al., 2022).

LS lake levels increased during the Younger Dryas, probably due to a
decrease in evaporation. This is shown in the LS record by the overall
increase in algae such as Botryococcus and Zygnemataceae (including
Debarya, Spirogyra and Zygnema), which in turn indicate very productive
conditions (indicated by the increase in Botryococcus). However, lake
levels never reached the maximum levels of HS1, as Pediastrum is absent.
The aquatic Ranunculaceae must have been benefited from this rise in
lake level, perhaps due to the increase in the shore surface area where
they occur.

Charcoal particles decreased and show minimum values at this time,
pointing to a decrease in fire activity in the Sierra Nevada lowlands
caused by the decrease in temperature and increase in openness of the
forest (Camuera et al., 2019).
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5.1.4. Early Holocene (EH) warm and humid period (~11.8-8.4 kyr)

The LS pollen record shows that maxima in temperature and hu-
midity of the last ~16 kyr occurred during the EH. This is shown by the
abundance of temperate and mesophytes such as deciduous Quercus,
Betula, Corylus and Ericaceae and maxima in aquatic plants such as
Cyperaceae. Xerophytes show minima of the record at this time. These
vegetation dynamics are reflected in the PCI pollen ratio, depicting
maximum values between 10.6 and 10.0 kyr (Figs. 5 and 6). The in-
crease in temperate and mesophilous forest species is interpreted as a
response to warmer and more humid climate, producing a displacement
of tree species towards higher altitudes and more dense forests. A
sedimentological study from LS also interpreted warmest and wettest
conditions of the Holocene occurring at ~10.6 kyr, shown by the highest
values of organic matter (TOC), with a contributed mixture of terrestrial
vascular plants and aquatic algae (C/N), and the lowest detrital content
of the sedimentary record (MS) (Lopez-Avilés et al., 2022; Fig. 5). This
study agrees with other palynological records from the alpine Sierra
Nevada area that indicate maxima in temperature and humidity condi-
tions between ~10.5 and 7.0 kyr, indicated by the highest abundance of
forest species, indicating the highest elevation of treeline, and the
abundance of algae (Botryococcus and Pediastrum) (Anderson et al.,
2011; Jiménez-Moreno and Anderson, 2012; Ramos-Roman et al.,
2018a, 2018b; Mesa-Fernandez et al., 2018; Camuera et al., 2019;
Fig. 6). In the lower elevation Padul-15-05 record, the highest values of
Mediterranean forest also occurred at that time, showing an expansion
in mesic forest species (Ramos-Roman et al., 2018b). Organic
geochemistry paleoclimatic proxy records from the Sierra Nevada area
agree with this and other previous works also depicting warmest
(Rodrigo-Gamiz et al., 2022) and wettest (Toney et al., 2020; Garcia-Alix
et al., 2021) conditions during the EH. Other western Mediterranean
regional studies show warmest conditions during the EH and earliest MH
(Fletcher and Sanchez-Goni, 2008; Rodrigo-Gamiz et al., 2014; Catala
et al., 2019; Gomes et al., 2020; Fig. 6). Warmest conditions during the
EH can be explained by orbitally-forced summer insolation maxima
(Laskar et al., 2004; Figs. 5 and 6). The maximum humidity between
~10.5 and 7.0 kyr could be explained by an increase in the land/sea
temperature contrast in the Mediterranean region during the fall season,
which would have favored an increase in rainfall during fall and winter
seasons (Meijer and Tuenter, 2007).

The NPP record from LS shows that Botryococcus increased during
the EH, while the rest of the algae almost vanished, which could indicate
that the lake became progressively shallower and became more and
more productive during the EH until 8.2 kyr, when a peak in Botryo-
coccus occurred (Fig. 6).

Fire activity shows a similar pattern to the temperate and meso-
philous forest represented by the PCI, showing maxima between 11.0
and 10.2 and 9.4-8.4 kyr, during the warmest and most humid period
detected in the area (Fig. 5). This fire pattern might be related to the
close relationship between fire activity and fuel loads on the landscape
in this Mediterranean area, as previously observed in other paleoeco-
logical records (Daniau et al., 2007; Linstadter and Zielhofer, 2010;
Jiménez-Moreno et al., 2013; Ramos-Roman et al., 2016).

5.1.5. Middle Holocene (MH) transitional climate (~8.4-5.6 kyr)

The Early and Middle Holocene transition occurred here at ~8.4 kyr
is characterized by an environmental and climate change towards
somewhat drier and colder climate conditions. This is indicated in the LS
record by the decrease in temperate and mesophilous forest pollen taxa
including Betula or Corylus and the increase in xerophytes such as
Artemisia and Caryophyllaceae, which is reflected in PCI values lower
than during the EH. The LS record agrees with other pollen records from.

Sierra Nevada and the southern Iberian Peninsula that show a pro-
gressive forest decrease and an increase in xerophytes, pointing to a
climate aridification and cooling that began around 7.0 kyr and inten-
sified after ~6.0-5.0 kyr (Carrion, 2002; Fletcher et al., 2010;
Jiménez-Moreno et al., 2015; Ramos-Roman et al., 2018a;
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Mesa-Fernandez et al., 2018; Gomes et al., 2020; Jiménez-Moreno et al.,
2022). Cooling in the MH is also shown by SST records from the Alboran
Sea (Rodrigo-Gamiz et al., 2014; Catala et al., 2019) and can be
explained by the decline in summer insolation (Cacho et al., 2002;
Renssen et al., 2003) (Fig. 6).

The NPP record from LS shows that the lake level lowered during the
MH. This is pointed out by the algal record from LS, mostly represented
by Botryococcus, which exhibits a decreasing trend after depicting
maximum values at the EH-MH transition at ~8.2 kyr between 8.4 and
7.8 kyr (Figs. 4 and 6). A lowering of the LS lake levels was previously
interpreted with the sedimentological properties of the LS sediments,
with a lowering of the organic matter (productivity) and increase in
detritic content (Lopez-Avilés et al., 2022; Fig. 5). A considerable
decline in aquatic algae species indicating decreasing lake levels due to
aridification during the MH and LH has also been observed in other
records from the alpine Sierra Nevada (Anderson et al., 2011; Jiménez-
Moreno and Anderson, 2012).

Charcoal concentration is characterized by a peak at the beginning of
the MH at ~8.0 kyr but decreases during the rest of the MH (Figs. 3 and
5). The charcoal peak at ~8.0 kyr coincides with a maximum in Quercus
total (and PCI) that could further support the fuel-fire relationship
previously observed (Fig. 5). Decreasing forest species in the MH due to
the climate aridification trend most-likely translated into fewer forest
fires in the Sierra Nevada area.

5.1.6. Late Holocene (LH; ~5.6 kyr-present)

With the limitations of the low resolution of the pollen record for this
period, the LS record shows that the aridification and cooling process
enhanced during the last 5.6 kyr. This is indicated by the decrease in
Quercus species, Juniperus, and aquatics such as Ranunculaceae, and the
increase in xerophytes such as Artemisia and Asteraceae Cichorioideae,
which are reflected in the PCI decrease (Figs. 5 and 6). The long-term
aridification trend observed in the western Mediterranean region from
the Middle Holocene to the present (Jiménez-Moreno and Anderson,
2012; Jiménez-Espejo et al., 2014; Ramos-Roman et al., 2016, 2018a;
Mesa-Fernandez et al., 2018; Garcia-Alix et al., 2021, 2022) triggered
the evolution from permanent to ephemeral lacustrine conditions with
an increase in aquatic productivity in the LS basin that ended up in the
LH with the current summer desiccation of the lake. The NPP record
from LS shows minima in the abundance of algae (mostly Botryococcus)
during the LH, probably indicating seasonal lake conditions during the
LH until present (Fig. 6). A seasonal lake most likely triggered the
oxidation and decomposition of pollen in many intervals of the LH,
which explains the low pollen resolution for that time period.

Olea, Pinus and Quercus (and thus PCI) increased in the last centuries
(Figs. 3 and 5) indicating anthropogenic activities such as olive culti-
vation at lower altitudes, especially intensive in the last millennium
(Ramos-Roman et al., 2019), and reforestation with pines and oaks in
the last century (see synthesis in Jiménez-Moreno et al., 2022). A greater
soil erosion and contribution of allochthonous detrital materials is
observed in the last centuries, interpreted from the increase in Glomus
endomycorrhizal fungus in the LS sediment samples (Fig. 4). The
abundance of Glomus in paleoecological records has been related to
enhanced rates of soil erosion and other mechanical soil disturbances
(Anderson et al., 1984; Van Geel et al., 1989), which could also be
related to recent human impact in the LS area. The previous sedimen-
tological study of the LS sedimentary sequence shows a significant in-
crease in organic content and a change in the C/N in the last ~500 years
that was interpreted as an anthropically-forced seasonal lake eutrophi-
cation and/or soil erosion in the catchment area (Lopez-Avilés et al.,
2022). The peak in Riccia during the last centuries (Fig. 4) may well
indicate enhanced grazing pressure in the Sierra Nevada, as this liver-
wort presently grows associated with grazing areas in emergent surfaces
of mountain water bodies (Carrion, 2002).

Microcharcoal analysis from the LS record shows very little fire ac-
tivity in the LH, agreeing with the diminishing trend in vegetation and
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fuel (Fig. 5). However, previous studies in the Sierra Nevada show
enhanced forest fires in the last ~3.0 kyr, especially during the Iberian
Roman Humid Period and between 3.1 and 1.6 kyr, coinciding in time
with relatively wet period of the LH (Jiménez-Moreno et al., 2013;
Ramos-Roman et al., 2016). Besides a climate control, anthropogenic-
ally enhanced fire activity in the last 3.0 kyr should also be considered.
In this sense it seems that human influence in LH fire regimes in the
Iberian Peninsula may have been complex, with agricultural expansion
both promoting and suppressing fire occurrence (Shen et al., 2022).

5.2. Pine forest dynamics since deglaciation in mountain areas of the
southern Iberian Peninsula

The LS and other pollen records show that pine forests were an
important component of the last glacial vegetation in the southern
Iberian Peninsula (this study; Fernandez et al., 2007; Carrion et al.,
2010, 2019; Desprat et al., 2015; Camuera et al., 2019; Ochando et al.,
2020). Pines were the most predominant trees in an open woodland
landscape located at low elevations in the southern Iberian Peninsula
(Gonzalez-Sampériz et al., 2010; Rubiales et al., 2010; Camuera et al.,
2019), as during the Last Glaciation, alpine, subalpine and oromedi-
terranean pine species (mostly P. nigra and P. sylvestris) were displaced
to the meso and thermomediterranean vegetation belts (Badal et al.,
2008; Carrion et al., 2010; Camuera et al., 2019). Small occurrences of
Quercus, and the sporadic presence of other thermophilous species such
as Olea or Pinus pinaster, indicate that glacial refugia for temperate taxa
may have existed in protected coastal shelves and valleys located at low
elevation in the area (Carrion, 2002; Gonzalez-Sampériz et al., 2010;
Camuera et al., 2019).

The Pinus pollen species identifications in the LS, Laguna de la
Mosca, Padul and other pollen records from southern Iberian Peninsula
such as Siles Lake or the marine site MD95-2042, show that the most
occurring pine species were high-elevation cryophilous pines such as
P. nigra and P. sylvestris (this study; Carrion, 2002; Desprat et al., 2015;
Manzano et al., 2019; Camuera et al., 2019). This is confirmed by
macrofossil findings of P. nigra in last glacial sediments from southern
Spain (Postigo-Mijarra et al., 2010).

Previously published pollen studies from sites located at different
elevations in the Sierra Nevada range show significant differences in the
dynamics of the Pinus pollen abundance during the Holocene (Fig. 7).
These are mostly explained by the different site elevation and their
relative distance to the supramediterranean cryophilous Pinus forest
vegetation belt that moved upslope or downslope through time, mostly
depending on the temperature evolution since deglaciation (e.g.,
Camuera et al., 2019). For example, the Laguna de Rio Seco, Laguna de
la Mosca and Borreguiles de la Virgen alpine pollen records, located
above treeline at ~2900-3000 m and about 30 km west of LS (see
location in Fig. 1), show a pattern very similar to the summer insolation,
showing that treeline and Pinus forest displaced towards higher eleva-
tions (closer to the studied sites) during the EH, stabilized during the
early MH and displaced towards lower elevations (farther away from the
alpine study sites) during the late MH and LH (Anderson et al., 2011;
Jiménez-Moreno and Anderson, 2012; Manzano et al., 2019). The lower
elevation Padul-15-05 pollen record at ~700 m shows the opposite Pinus
pollen percentage evolution, showing an overall decreasing trend during
the EH, stabilization during the late EH and early MH and an increase-
decrease pattern in the late MH and LH. The Pinus pollen record from
LS, despite its relatively high elevation at 2259 m and the generally
higher relative abundances, depicts a pattern more similar to the lower
elevation Padul site than the other Sierra Nevada alpine lakes (Fig. 7). In
fact, similar percentages of Pinus are reached during HS1 in the LS and
Padul records, which can be explained because the LS area was barren of
vegetation during deglaciation and the Pinus pollen reaching LS origi-
nates from long-distance transport from lower elevations. Cryophilous
Pinus and lower vegetation belts (with for example Quercus species)
started moving to higher elevations during the B-A, and Pinus shows a
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decrease in the Padul record but also in the LS record, probably indi-
cating that long-distance Pinus pollen transport was still important at
that time. An interruption of the climate warming occurred during the
YD, producing a relative increase in the Pinus pollen in the Padul and the
airborne Pinus pollen-influenced LS record. Pinus continued moving to-
wards higher elevations due to climate warming during the EH, which is
reflected in the Pinus peak in the earliest Holocene from LS and the
increasing values in the alpine pollen records (Fig. 7). Pinus forest
reached the highest treeline in the Sierra Nevada in the EH and early MH
between ~9.5 and 7.0 kyr (Fig. 7). It seems like the supramediterranean
vegetation belt with Pinus occurred above LS, as Pinus decreased in LS
but showed maxima in the higher elevation sites. The late MH and LH in
the high-elevation records from Sierra Nevada are characterized by a
general decreasing trend in Pinus due to the displacement of supra-
mediterranean vegetation belt towards lower elevations mostly caused
by the decrease in summer insolation lowering temperatures and pre-
cipitation. However, an increasing and decreasing trends in Pinus are
observed in the LS and lower elevation sites during the late MH and LH.
The increasing trend could be explained by the lowering of the Pinus
vegetation belt towards lower elevations closer to LS and Padul due to
climate cooling (Fig. 7). In addition, the decrease in summer insolation
would trigger lower summer evaporation in the study area, benefiting
the growth of cool-adapted montane tree species such as Pinus in
southern Spain or Cedrus in northern Africa (equivalent in ecological
requirements to the cryophilous pines in the Sierra Nevada; Fig. 7;
Jiménez-Moreno et al., 2020). The decrease in precipitation and the
enhanced aridification process previously described in many paleocli-
matic records from Sierra Nevada and the southern Iberian Peninsula
during the Late Holocene most-likely forced the decrease in Pinus and in
general of forest species on the mountain areas (see the decrease in Pinus
in both high and low elevations in Fig. 7) until Pinus reforestation in the
last ~100 years (see section above).

6. Conclusions

The palynological analysis, together with a multiproxy analysis, of a
sedimentary record from Laguna Seca, permitted us to reconstruct the
vegetation and the environmental change mostly due to climate varia-
tions during the last ~16 kyr in the Sierra Nevada, southern Spain.
Vegetation and lake environments in Sierra Nevada were very sensitive
to climate change related with orbital-scale insolation dynamics but also
to millennial-scale climate variability since the last deglaciation. The
comparison of the paleoenvironmental and paleoclimate results from
this study with other records from the Sierra Nevada and the southern
Iberian Peninsula allowed us to conclude:

1. This palynological record shows cold and dry climatic conditions and
the deepest lake levels in LS during the HS1-B-A transition.

2. Climate warming occurred in southern Spain, including the Sierra
Nevada, and the western Mediterranean area during the B-A due to
increasing summer insolation, diminishing the LS lake levels.

3. Colder and drier conditions occurred in the western Mediterranean
area during the YD. LS lake levels increased, probably due to a
decrease in evaporation.

4. The LS pollen record shows that maxima in temperature and hu-
midity of the last ~16 kyr occurred during the EH. The LS lake
became progressively shallower and became progressively more
productive during the EH until 8.2 kyr.

5. A climate shift towards drier and colder climate conditions occurred
at the Early and Middle Holocene transition, provoking vegetation
changes and lowering of lake levels during the MH.

6. An aridification and cooling process enhanced during the last 5.6
kyr, which triggered the evolution from permanent to ephemeral
lacustrine conditions in LS.
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7. The study shows that fire activity in the LS area during the last ~16
kyr was mostly related with the abundance of forest fuel on the
landscape in this Mediterranean area.

8. Anthropogenic impact through cultivation, reforestation, cattle
grazing, enhanced erosion and eutrophication, is evident in the last
centuries.

9. This study highlights the importance of cryophilous pines such as
P. nigra and P. sylvestris in the vegetation evolution of mountain areas
in the southern Iberian Peninsula related with climate change.
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