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A B S T R A C T

Last deglaciation was a complex period in southern European mountains with several glacier advances associated
to rapid climate changes which dier in terms o timing and intensity. The 46.7 ka BP lacustrine sequence o
Pllan d’Están paleolake (1840 m a.s.l.) located in the Central Southern Pyrenees (northern Spain) provides new
inormation about that deglaciation period or the rst time in the Ésera valley. We present a multiproxy analysis
including sedimentological, geochemical and biological (pollen and diatoms) indicators that, together with a
chronological rame constrained by 14C and OSL dates, enabled the longest reconstruction o the glacier evo-
lution, climate and environmental change made in the Pyrenees to date. This lacustrine sedimentary sequence
(4.9 m) is composed o banded to nely laminated silts with ew intercalations o massive sections where car-
bonatic, siliciclastic and organic acies appear rom the bottom to the top, characterizing environmental changes
rom a subglacial/proglacial lake to the current peatbog. A cold and glacier dominated period rom 46.7 to 15.9
ka BP was interrupted by a warmer period spanning rom 38.2 to 34.8 ka BP. The vegetation succession
determined by the palynological analyses is similar to other Pyrenean valleys but dates the onset o mesophytes
expansion at 13.8 ka BP during the Allerød, pointing to a dierence with other European sequences where
temperate orest development took place earlier, associated to the Bølling period. The colder conditions o the
Younger Dryas (13–11.7 ka BP) have been detected rom cold tolerant diatom taxa that preceded a peatbog
development during the Holocene (11.7 ka BP – present-day). These results, together with previously studied
Pyrenean sequences, allow characterizing past environmental changes during last deglaciation phases in
southern Europe.

1. Introduction

Changes in surace area and volume o glaciers are sensitive in-
dicators o climate variability in mountain regions, both during Qua-
ternary times and the current global warming (eg. Beniston et al., 2018;
Braithwaite & Hughes, 2020). Nowadays, the southernmost remaining
glaciers in Europe are ound in the Central Pyrenees (Grunewald and
Scheithauer, 2010). Currently, these glaciers are very small (<0.5 km2;
Huss and Fischer, 2016) and, due to the global warming, they are in risk
o disappearing in the coming decades (López-Moreno et al., 2016;
Vidaller et al., 2023, 2021). However, the glaciers in the central

Pyrenees occupied much o the area above 1500 m a.s.l. during the last
glacial cycle (ca. 60–11.7 ka BP) (e.g. Oliva et al., 2019), their ronts
reached an approximate altitude o 800 m during the maximum extent
(Pyrenean Last Glacial Maximum, PLGM, ca. 60 ka BP; Lewis et al.,
2009). Three main phases o glacier advance during the Last Glacial
Cycle (LGC) have been established or Central Pyrenees: the local
maximum extent (PLGM) at ca. 60 ka BP (MIS 4), the 36 ka BP stage
(MIS 3) and the last one at 22–17 ka BP partially overlapping the global
LGM (MIS 2, LGM) (Bartolomé et al., 2021; Crest et al., 2017; García-
Ruiz et al., 2012; Gellatly et al., 1992; González-Sampériz et al., 2017,
2006; Jiménez-Sánchez et al., 2013; Jomelli et al., 2020; Lewis et al.,
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2009; Martí-Bono and García-Ruíz, 1994; Morellón et al., 2008; Pallàs
et al., 2006; Sancho et al., 2018). Along the Holocene, Pyrenean glaciers
have been retreating to the highest cirques, although several advances
were recorded (e.g. Neoglacial, cold Iron Age or Little Ice Age) (García-
Ruiz et al., 2016; Hughes, 2018; Oliva-Urcía et al., 2018). Recently,
Moreno et al., (2021) demonstrated the presence o ice during the
Roman and Medieval Climatic Anomaly (MCA) in the Monte Perdido
glacier, pointing to a complex history o Pyrenean glaciers including
preservation in, at least, some warm periods o the past millennia.

Timing o Pyrenean glacier evolution ollows in general terms
northern hemisphere climate oscillations, and thus it is in synchrony
with other glaciers in Europe. However, some dierences have been
highlighted in the last decades regarding the timing omaximum glacier
extension and the deglaciation process (e.g. Hughes and Woodward,
2008). During the global Last Glacial Maximum (LGM) (23–19 ka BP)
there was a general increase in mountain glacier extension (Hughes
et al., 2013), however, in the Pyrenees and other Mediterranean regions,
the extension reached by the glacial tongues during this period is not
well constrained, as moraine deposits are not well identied neither
dated (Delmas, 2015; González-Sampériz et al., 2006; Jomelli et al.,
2020; Pallàs et al., 2006). Many studies based on dating moraines and
associated lake deposits in the Pyrenees indicated that the maximum
extent o glaciers during the last glacial cycle occurred earlier than the
global LGM, so deglaciation started much earlier than ater the global
LGM (García-Ruiz et al., 2013; García-Ruiz et al., 2012; Lewis et al.,
2009; Oliva et al., 2019). The identied deglaciation history o Pyrenean
glaciers ater the global LGM shows several events o glacial stabilization
synchronous with cold periods as Oldest, Older and Younger Dryas
(Bartolomé et al., 2021; Crest et al., 2017; García-Ruiz et al., 2016;
Palacios et al., 2017). Unortunately, the relatively limited number o
moraines and polished suraces that have been dated hinders the
compilation o continuous series o glacier evolution (Leonard and
Reasoner, 1999) thus eluding a ull understanding o last deglaciation
complex dynamics in the region.

Lacustrine sediments rom Pyrenean lakes have provided a more
continuous and detailed record o climate and environmental conditions
during the last glacial cycle (e.g. González-Sampériz et al., 2020, 2017,
2006; Leunda et al., 2017; Morellón et al., 2012, 2008; Moreno et al.,
2012, 2010; Oliva-Urcía et al., 2018; Pérez-Sanz et al., 2013). In the
Central Southern Pyrenees, the Tramacastilla record (García-Ruiz et al.,
2003; Jalut et al., 1982; Montserrat Marti, 1992) provided evidence or
an early deglaciation in the southern Pyrenees. The Portalet peatbog in
the headwaters o the Gállego river (1802 m a.s.l.) represents, until this
study, the oldest available high-altitude lacustrine record o glacier
evolution with an early deglaciation phase (starting at 36 ka BP) and
minor glacier advances during the global LGM and the Younger Dryas
(González-Sampériz et al., 2006). Other lake sequences, as Marboré lake
sequence (2612 m a.s.l.), in the Cinca valley (Leunda et al., 2017; Oliva-
Urcía et al., 2018), Basa de la Mora lake (Pérez-Sanz et al., 2013) and
Redon lake (Catalan et al., 2014; Pla and Catalan, 2005), provided a
detailed Holocene paleoclimate and vegetation record with some evi-
dences o glacial advance during the Neoglacial.

Unortunately, there is not much inormation rom the Ésera valley,
in the east sector o the Central Pyrenees (Spain) where the largest
glaciers occurred during the last glacial cycle. The Ésera valley is
currently the most glaciated valley in the Pyrenees (Vidaller et al., 2021)
and it developed some o the largest and thickest glaciers during the last
Glacial Maximum (García-Ruiz and Serrano, 2022). There are numerous
studies about the recent evolution o the Ésera glaciers (Aneto, Malad-
eta, Tempestades, Barrancs and Coronas glaciers) since the Little Ice Age
(LIA), mostly based on current measurements o glacier extension
(López-Moreno et al., 2016; Rico et al., 2017; Vidaller et al., 2023).
Additionally, the Ésera valley was the subject o several geomorpho-
logical studies where Upper Pleistocene moraines and related lake de-
posits were identied and associated to the main glacial phases
(Bordonau, 1993, 1992; Martínez de Pisón, 1990). Later,

geomorphological cartographies such as those rom Chueca-Cía and
Julián-Andrés (2008) and García-Ruiz et al. (1992) completed the
identication o glacial orms and deposits, particularly or the late
Holocene moraine complexes. More recently, a cosmogenic dating study
in the moraines and tills o the Maladeta massi (Crest et al., 2017;
Reixach, 2022), provided the timing o the main glacier advances o the
Ésera glaciers since their maximum extension. The available lake re-
cords as the glaciolacustrine rhythmite sequence o Barrancs lake (2360
m a.s.l.) only span the last 3 ka BP (Copons et al., 1997; Copons and
Bordonau, 1997). Thereore, long, continuous and multiproxy lacustrine
records to reconstruct the paleoclimate and landscape evolution rom
the Ésera valley and the Maladeta massi are not yet available.

Here we present a multiproxy study o Pllan d’Están paleolake
sedimentary sequence, spanning the last 46.7 ka BP, the longest high-
altitude lacustrine record in the Central Pyrenees. The study aims clar-
iying the climate evolution since the Pyrenean Last Maximum Extent ,
integrating the Ésera glacier evolution in the well-known regional
context. This study reconstructs the paleolimnological history o the
Pllan d’Están basin throughout the analyses o sedimentological,
geochemical and biological (pollen and diatom) proxies constrained by a
robust chronological ramework based on the combination o 14C and
OSL dates. This study also supports the dierences in the timing o the
last deglaciation previously observed in other Pyrenean records with the
general trend observed in Central and Northern Europe. The Pllan
d’Están record provides urther evidence o an early, but complex,
deglaciation in the Pyrenees, outlines some climatic patterns aecting
Mediterranean mountain region o southern Europe and highlights
regional deglaciation dynamics that dier rom the evolution o north-
ern European regions.

2. Study area and geomorphological regional context

2.1. Geological setting

The Ésera valley is located in the Central Pyrenees (North-East Spain)
(Fig. 1a). At the headwaters, the southernmost slope o the valley cor-
responds with the northern slope oMaladeta massi, which is one o the
ew areas with the presence o active glaciers and permarost in the
Pyrenees (Serrano et al., 2019), both processes are aected by current
global warming. The upper valley is a narrow glacial, U-shaped trough
surrounded by some o the highest peaks o the Pyrenees, such as the
summits o Aneto (3404 m a.s.l.) and Maladeta (3312 m a.s.l.).

Geologically, the Ésera valley belongs to the Axial Zone o the Pyr-
enees and represents the contact zone between granites originated
during the Variscan orogeny, that crop out in the uppermost sector o the
valley and the Devonian and Carbonierous limestone, shale and
quartzite, strongly aected by both the Variscan and Alpine orogeny and
located at the bottom o the valley (García-Sansegundo et al., 2013;
Ríos-Aragüés et al., 2002). The Pllan d’Están paleolake basin sits on
Carbonierous limestones and shales (Fig. 1b) and the watershed in-
cludes both granite and sedimentary ormation.

Current landscape has been mostly modelled by the action o glaciers
during the last Pleistocene glacial cycle (Copons and Bordonau, 1997;
García-Ruiz et al., 1992; Martínez de Pisón, 1990,1989). Due to the
dierent lithology (granite and limestone) till and moraines o granite
composition are easily identied and mapped on limestone and shale
bedrock. The upper part o the valley is characterized by sharp ridge-
tops, shallow and big cirques and lakes. There are still very small glaciers
up to 3000 m in the north slope o the Ésera valley, as the Aneto Glacier
(41.2 ha in 2022) or the Maladeta Glacier (17.4 ha in 2022), two o the
largest glaciers in the Pyrenees (Rico et al., 2017; Vidaller et al., 2023,
2021). The bottom o the Ésera valley presents glacial deposits and
erosion orms (as glacial striation and troughs). There are extensive
areas aected by karstic processes as lapiaz, sinkholes and polje-like
landorms. Waters rom the upper part o the Ésera valley are trans-
erred to the Garone watershed through numerous sinkholes and ponors
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(Aigualluts) (Chueca-Cía and Julián-Andrés, 2008; García-Ruiz et al.,
1992).

Pllan d’Están is a peatbog located at 1840 m a.s.l. within the fooding
area o the Ésera river (Fig. 1c), it is in a karstic depression that was
reshaped by the passage o the glacier and probably over-excavated. The
peatbog area sits on limestone (dominant), quartzite and shales, but
granite rocks dominate most o the higher altitude and southern slopes
o the watershed. During deglaciation, the glacier supplied water and
sediments to the basin, and currently the Ésera river is the main surace
inlet and a channel runs through the peatbog. The main outlet is through
several ponors at the western end o the basin. Pllan d’Están basin is
fooded ater heavy rain periods (usually rom April to June) and dry
during the rest o the year. In winter, rom approximately December to
April, it is covered by snow (in snowy years the snowpack is more than 2
m thick).

2.2. Climate and vegetation

The Central Pyrenees is a transition region between Mediterranean
and Atlantic climate regimes. In this area, the mean annual temperature
during 2008–2021 period rom the nearest meteorological station (La
Renclusa hut, 2140 m a.s.l.) was 4.5 ◦C. The mean annual precipitation
is ~1353 mm/year, mostly occurring in November-December as snow,
and in April–May with alternating snow and rainall events. September/
November is a secondary wet period, mainly with rain, although snow
events also occur (data rom AEMET database).

Pllan d’Están paleolake is located in the subalpine bioclimatic belt, in
the Eurosiberian region. Vegetation composition in this area is mainly
determined by poor sandy acid soils and dominated by open ormations
o Pinus uncinata with Rhododendron errugineum, Juniperus communis
subsp. alpine, Vaccinium myrtillus and Calluna vulgaris along with isolated
Sorbus chamaemespilus, Sorbus aucuparia, Salix caprea, Salix bicolor and

Betula pubescens as principal trees and shrubs, as well as some patches o
Abies alba in shady humid locations and Gymnocarpium dryopteris as
main ern. The vegetation landscape is completed with herbaceous
species among which Deschampia fexuosa prevail, next to the orchid
Listera cordata and exceptional endemics such as Agrostis agrostifora,
Campanula latiolia, Dianthus barbatus, Draba fadnizensis, Oxytropis hal-
leri, Allium ericetorum, Androsace helvetica, Saxiraga androsacea or Vicia
argentea, between others (Villar et al., 2001).

The traditional livestock activity has led to the deorestation o large
areas o the subalpine belt in and around the Ésera valley or their
dedication to pastures ormed by, depending on the edaphic substrate,
Nardus stricta, Triolium alpinun,Meum athamanticun, Selinum pyrenaeum,
Euphorbia cyparissias, Gentiana verna, Gentiana acaulis, Dianthus deltoids,
Potentilla erecta, Nigritella nigra, Plantago alpine, Festuca rubra, Festuca
eskia, Thymus serpyllum, Achillea milleolium, Galium caespitosum,
Campanula carioides, etc. Finally, in streams and wetlands, the
hydroseral community is determined by long periods o snow and/or
rost conditions and dominant species are Asplenium septentrionale,
Cardamine raphaniolia, Pinguicula grandifora, Saxiraga aquatica, Saxi-
raga stellaris, Carex sp., Veratrum álbum, Eriophorum latiolium, Juncus
sp., Viola palustris, Ranunculus fuviatis, Sparganium ane, Equisetum sp.
and, sometimes, Drosera rotundiolia (Villar et al., 2001).

3. Material and methods

3.1. Field work

Field work to carry out this study comprised geomorphological and
geological mapping and sediment coring. The available geomorpho-
logical and geological inormation (Bordonau, 1992; Chueca-Cía and
Julián-Andrés, 2008; García-Ruiz et al., 1992; Martínez de Pisón, 1990,
1989; Ollero Ojeda et al., 2001) was compiled and new maps were

Fig. 1. Location map o Pllan d’Están cores. (a) Location o Pllan d’Están in the south o Europe (Google Earth) Yellow start indicates the location. (b) Simplied
geological map o the Maladeta Massi, with the area enlarged in C marked by a black square. (c) Simplied geomorphological map o the surrounding relieves o
Pllan d’Están site. (For interpretation o the reerences to colour in this gure legend, the reader is reerred to the web version o this article.)
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developed using aerial photographs and eld surveys.
Two parallel cores (PDE20-1A-1V and PDE20-1B-1V: Fig. 1c) were

retrieved rom the western part o Pllan d’Están basin. The site was
selected to minimize the impact o the erosion and sedimentation o the
river channel in the sediment sequence. Fieldwork was carried out in
July 2020 using a Van Walt/Eijkelkamp mechanic percussion portable
vibracorer. Six drive sections between 70 and 100 cm each, were
recovered in each core. The two cores were intercalated (PDE20-1A-1V
started at the surace and PDE20-1B-1V started 50 cm under sediment
surace) to obtain a complete sequence o 4.9 m.

3.2. Chronology

A total o 30 samples (bulk samples and organic remains) rom the
master sequence were dated with AMS 14C (see Table 1 in the Section 4.4
Chronological model), and 4 OSL (3 IRSL and 1 OSL) dates were obtained
rom the bottom o core PDE20-1B-1V (Section 6). AMS samples were
dated in the Direct AMS laboratory in Seattle (WA, USA). Eleven AMS
dates were not included in the nal age model as they showed reversals
or too young ages (see discussion). Most o these reversals were in the
top o the sections where, due to the coring procedure, sediments were
mixed and disturbed. Accordingly, we have discarded those intervals.

In order to build the Pllan d’Están depth-age model we used the
package ‘rbacon’ v.3.2.0 (https://cran.r-project.org/web/packages/r
bacon/rbacon.pd) implemented in R (CRAN, Blaauw and Christen
(2011). ‘rbacon’ simultaneously calibrates the input dates (Table) using
IntCal20 (Reimer et al., 2020) and builds a Bayesian depth-age model.
rbacon employs a gamma autoregressive semi-parametric model to
regulate core accumulation rates, accommodating an arbitrary number
o subdivisions across the sediment. As in any Bayesian inerence, there

is a number o prior parameters that in the case o sediment cores are the
evolution and shape (α) o accumulation rates, which acts as a actor or
the smoothness o the age series. Subsequently, a sel-adjusting process
is initiated to construct a robust age model resilient to outliers. This
involves an adaptive algorithm, in this case Markov Chain Monte Carlo
(MCMC), to estimate posterior distributions. Consequently, the model
inherently acknowledges the variability in accumulation rates across
dierent sections o a sequence. This implies that minimal variation in
accumulation rates within the deposit indicates a heightened “memory” 
or internal dependence among sequence sections. Hence, this procedure
requires speciying the anticipated mean accumulation rate (β) and the
prior or the accumulation rate’s variability or “memory.” Additionally,
determining the number o core sections or which the MCMC process
will be reiterated is essential. Our prior values or each parameter can be
ound in the open workfow (https://doi.
org/10.5281/zenodo.10839531). We have chosen a Bayesian
approach because it provides the most fexible age-depth modelling
strategy in archives where sedimentation rates requently change,
several dating methods are used or both. In addition, in the context o
lake or paleolake sequences, the deposition rate can be expressed at each
depth as a weighted average o preceding depths (Blaauw and Christen,
2011).

The OSL procedures were carried out at the CENIEH in Burgos
(Spain). Quartz grains o sizes 90–180 μm were only ound in sample
LM2021042-01 (the deepest sample). Polymineral ne grains, 4–11 μm,
were extracted rom each o the three samples and treated with HCl and
H2O2 to remove carbonate and organic matter, respectively. The poly-
mineral raction includes both quartz and eldspar grains, with the later
dominating the luminescence signal and preventing the detection o the
quartz emission. Thereore, the accumulated dose o the ne grain

Table 1
List o the AMS 14C and OSL dates obtained in PDE lake. Dates with ID numbers are the dates used to generate the master sequence. The other dates are discarded since
they represent sediment that is not in place or has been mixed/disrupted due to coring procedures.
Lab ID ID Sample Type o material 14C age Calendar age (cal) BP Composite depth (cm)

D-AMS 041082 1 PDE20-1A-1V-1 10 cm Sediment (bulk) 172 ± 29 182 ± 46 10
D-AMS 041083 2 PDE20-1A-1V-1 48 cm Sediment (bulk) 5781 ± 26 6576.5 ± 78.5 48
D-AMS 040204 — PDE20-1A-1V-1 55–57 cm Plants remains —— —— —
D-AMS 040205 3 PDE20-1A-1V-1 76 cm Wood 7152 ± 31 7975.5 ± 43.5 76
D-AMS 042372 — PDE20-1A-1V-2 8–9 cm Sediment (bulk) 7775 ± 42 8565.5 ± 29.5 —
D-AMS 040206 — PDE20-1A-1V-2 25–27 cm Plants remains 7319 ± 34 8105 ± 77 —
D-AMS 040203 5 PDE20-1A-1V-2 32–33 cm Plants remains 10008 ± 45 11463 ± 189 111
D-AMS 040209 7 PDE20-1A-1V-2 82–84 cm Sediment (bulk) 11922 ± 50 13799.5 ± 72.5 162
D-AMS 040210 — PDE20-1A-1V-3 18–19 cm Sediment (bulk) 9539 ± 37 10794 ± 97 —
D-AMS 041724 — PDE20-1A-1V-3–93-94 cm Sediment (bulk) 14646 ± 50 17980 ± 190 —
D-AMS 040211 — PDE20-1A-1V-4 9 cm Sediment (bulk) 9300 ± 36 10477.5 ± 106.5 —
D-AMS 042373 10 PDE20-1A-1V-4 42–43 cm Sediment (bulk) 14194 ± 46 17236 ± 150 242
D-AMS 042374 12 PDE20-1A-1V-5 41 cm Sediment (bulk) 17990 ± 75 21902 ± 227 303
D-AMS 040212 14 PDE20-1A-1V-5 76–77 cm Sediment (bulk) 19555 ± 70 23556.5 ± 234.5 338
D-AMS 042375 16 PDE20-1A-1V-5 94 cm Sediment (bulk) 25631 ± 137 29841.5 ± 339.5 356
D-AMS 041725 17 PDE20-1A-1V-6–9-10 cm Sediment (bulk) 29646 ± 129 34191 ± 274 370
D-AMS 041091 19 PDE20-1A-1V-6 70 cm Sediment (bulk) 33344 ± 189 38232 ± 825 430
D-AMS 041084 — PDE20-1B-1V-1 8 cm Sediment (bulk) 5926 ± 35 6732.5 ± 68.5 —
D-AMS 040207 4 PDE20-1B-1V-1 38–40 cm Plants remains 9086 ± 35 10240.5 ± 53.5 77
D-AMS 040208 6 PDE20-1B-1V-1 75–77 cm Plants remains 10100 ± 37 11711.5 ± 115.5 115
D-AMS 041085 — PDE20-1B-1V-1 77 cm Sediment (bulk) 9696 ± 35 11144 ± 72 —
D-AMS 041086 — PDE20-1B-1V-2 10 cm Sediment (bulk) 9326 ± 33 10540.5 ± 59.5 —
D-AMS 041087 8 PDE20-1B-1V-2 77 cm Sediment (bulk) 12621 ± 43 15039.5 ± 163.5 193
D-AMS 040213 — PDE20-1B-1V-3 5 cm Sediment (bulk) 9565 ± 37 10911.5 ± 185.5 —
D-AMS 041088 9 PDE20-1B-1V-3 47 cm Sediment (bulk) 13227 ± 41 15877 ± 151 207
D-AMS 040214 11 PDE20-1B-1V-4 49 cm Sediment (bulk) 15989 ± 57 19304.5 ± 170.5 276
D-AMS 041089 13 PDE20-1B-1V-4 77 cm Sediment (bulk) 18592 ± 73 22568.5 ± 228.5 304
D-AMS 041726 15 PDE20-1B-1V-5–34 cm Sediment (bulk) 22018 ± 86 26201 ± 227 350
D-AMS 042376 — PDE20-1B-1V-5 52–53 cm Sediment (bulk) 24364 ± 130 28529 ± 405 —
D-AMS 041090 18 PDE20-1B-1V-5 76 cm Sediment (bulk) 30341 ± 126 34803.5 ± 362.5 393
Lab ID ID Sample Type o material Type o date Age (ka BP) Depth

LM2021042-01 — PDE20-1B-1V-6 40–60 cm 4–11 μm Polymineral ne grain IRSL 108.7±7.3 488
LM2021042-01 22 PDE20-1B-1V-6 40–60 cm 90–180 μm Quartz grains OSL 74.9±7.3 488
LM2021042-02 21 PDE20-1B-1V-6 20–40 cm 4–11 μm Polymineral ne grain IRSL 46.7±2.9 455
LM2021042-03 20 PDE20-1B-1V-6 0–20 cm 4–11 μm Polymineral ne grain IRSL 34.7±2.2 389
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raction has been estimated through the inrared stimulated lumines-
cence (IRSL) signal o eldspar. In addition, the optically stimulated
luminescence (OSL) signal o quartz grains o sample LM2021042-01
was also analysed (more inormation in Supplementary Material).

3.3. Sedimentological and geochemical analysis

The cores were opened, photographed, and sampled at the Pyrenean
Institute o Ecology (IPE-CSIC). Photos o each section were taken with a
GEOTEK Digital Core Imaging system. Also, magnetic susceptibility
(MS) was measured every centimetre with a high-resolution point sensor
o a standard GEOTEK multisensory core logger (MSCL-S). Results were
reported as instrumental units. For sedimentological analysis and acies
description more than 100 smear slides were prepared and observed in
an optical microscope, ollowing the method proposed by Schnurren-
berger et al. (2003).

X-ray fuorescence (XRF) analyses were perormed with an AVAA-
TECH XRF II core scanner at the CORELAB laboratory in the University
o Barcelona, with a resolution o 0.5 cm. The analyses were done at 10
kV, 600 micro amperes, 10 s-time span and no lter or Al, Si, P, S, Cl, K,
Ca, Ti, V, Cr, Mn, Fe, Rh and Ba; and at 30 kV, 1100 micro amperes, 40 s
time span and no lter or Ni, Cu, Zn, Ga, Br, Rb, Sr, Y, Zr, Nb, Mo, Ag,
Au, Hg and Pb. Element concentrations are not directly available by the
XRF measurements; data were expressed in counts per second (cps).
Only elements with higher cps were included in the study: Al, Si, K, Ca,
Ti, Fe, Zn, Rb, Sr, Y and Zr. Also, there were obtained the ratio o the
intensities o incoherent and coherent scattering (Incoh/Coh).

Total carbon (TC), total nitrogen (TN) and total sulphur (TS) per-
centages were calculated in the IPE-CSIC laboratory by inrared ab-
sorption o CO2 liberated by combustion in a LECO SC144DR analyser.
Total organic carbon (TOC) was calculated considering total inorganic
carbon (TIC) and TC (TOC= TC-TIC). Carbonates were only abundant at
the bottom section, so TIC was only analysed in the last section o both
cores.

A 4.9 m long master composite sequence was obtained combining
both cores. The correlation between the two cores (PDE20-1A-1V and

PDE20-1B-1V) was made considering the acies description, the pres-
ence o characteristic lamination, 14C AMS and OSL dates and
geochemical analysis (K and Ca, as representative elements o main
compositional variations, Fig. 2).

The statistical analysis o this dataset was made with the sotware
PAST (v 3.17; Hammer et al., 2001). This evaluation was made with
principal component analyses (PCA) with the obtained data (XRF ele-
ments, TIC, TOC, TS and TN), a total o 221 cases and 17 variables. All
the variables were linearly interpolated with a regular spacing o 0.5 cm
in order to retain the maximum inormation rom the XRF and were
normalised to avoid problems arising rom their dierent orders o
magnitude.

3.4. Paleobiological analyses

A total o 21 palynological samples were taken along the master
sequence, prioritizing the intervals where a valid 14C AMS date was
available. Preparation o pollen samples was made at the IPE-CSIC in
Zaragoza, ollowing the classic chemical method (Moore et al., 1991),
modied and using Thoulet (Goeury and De Beaulieu, 1979) and Lyco-
podium clavatum tablets (Stockmarr, 1971) to test possible sterility o the
sediment not associated to the chemical treatment. Pollen sum media
was higher than 300 terrestrial grains by sample and the taxa number
reached a variety o 90, including hygro-hydrophytes and erns, despite
they were excluded or the total pollen sum and then, or percentages
calculation. The pollen diagrams have been drawn using PSIMPOLL
(Bennett, 2002) while zonation results ollowing main vegetation
changes. Note that this zonation mostly ts with sedimentary units.

Diatoms were only present in the upper 2 m o the master sequence.
A total o 24 samples, at 10 cm intervals were selected, treated with 33%
hydrogen peroxide (H2O2) and mounted in Naphrax (R.I. = 1.7)
ollowing the method described in (Battarbee et al., 2001). At least 300
diatoms valves were counted per sample (mean = 354 valves per sam-
ple) under oil immersion at 1000× magnication using dierential
intererence contrast (DIC). Diatom identication was based mainly on
Krammer and Lange-Bertalot (1991a,1988,1991b,1986), and Rivera

Fig. 2. Correlation between two cores. From let to right: pictures o the two sediment cores, correlation between Ca and K values in both cores and nal Ca and K
record in the master sequence. Green colour corresponds to PDE20-1A-1V and pink to PDE20-1B-1V. Numbers between sediments cores indicate obtained age results,
purple dates corresponds to OSL dates and black dates to AMS 14C. Note that last section o core PDE20-1B-1V is not photographed or scanned or XRF analyses since
it was used or OSL dates and it appears in black. See Table 1 in the Section 4.4 Chronological model. (For interpretation o the reerences to colour in this gure
legend, the reader is reerred to the web version o this article.)
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Rondón and Catalan (2017), but basionyms were updated to accepted
names ollowing current nomenclature in algae base (https://www.alga
ebase.org). A PCA using the Hellinger transormation was used to reveal
changes in the diatom assemblages’ structure through time (Legendre
and Gallagher, 2001). Diatoms zones were assessed using time con-
strained hierarchical clustering CONISS implemented in the R library
“Rioja 1.0–5” (Juggins, 2017).

4. Results

4.1. Chronological model

To construct a robust chronological ramework o Pllan d’Están
paleolake sequence a number o 14C AMS dates were rejected as they not
meet stratigraphic, depositional or chronological criteria. Six samples
were rejected (Table) since they gave reversal ages once constructed the
composite sequence. In addition, our samples provided incoherent ages
– too young or too old - and were also discarded to construct the chro-
nology o the master sequence. One submitted sample (D-AMS041083)
did not have enough carbon to date it. In the case o the OSL dates, the
age derived rom IRSL measurements or LM2023042-01 sample, was
discarder because o potentially aected by incomplete bleaching. The
OSL derived age (see Supplementary Material) was used instead.

Finally, the age model was constructed using 19 14C AMS dates and 3
OSL dates (Fig. 3). Lower sediments, composed by granite till were dated
at 74.9 ka BP and were overlain by lacustrine sediments. A possible
hiatus separated till sediments rom lacustrine deposit, being the rst
date that indicate lacustrine sedimentation at 46.7 ka BP. The sedi-
mentation rate (SR) o these rst lacustrine sediments was generally low
(Fig. 3), with an interval o even lower SR between 35 and 23 ka BP (2.5
cm/ka). These two phases with very low SR (450–340 cm depth) are
separated by an interval with higher SR, (14.8 cm/ka) that approxi-
mately corresponds with the global LGM period. The highest SR o the
sequence occurred during last deglaciation (21–12 ka BP) (18.4 cm/ka),
until the onset o the Holocene (115 cm depth). During the Holocene, SR
slightly decreased to 13.7 cm/ka. There was a hiatus at the top o the
sequence between 48 cm (6576 cal BP) and 20 cm (182 cal BP).

4.2. Magnetic susceptibility

The Pllan d’Están sedimentary sequence is composed by ne till at
the base (490–450 cm), overlain by banded to nely laminated silici-
clastic silt with ew intercalations o massive sections (450–150 cm
depth) and topped by more organic-rich silts (upper 150 cm). The MS
prole show generally low values (8-28x10-5SI), higher in the till and
siliciclastic silts and lower in the organic-rich sediments. The upper 70
cm show relatively higher values (Fig. 4).

4.3. Organic and inorganic carbon, total nitrogen and total sulphur
content

Total Organic Content (TOC), Total Nitrogen (TN) and Total Sulphur
(TS) show similar proles: low (close to zero) values in the lower sec-
tions (450–160 cm), increasing values up to 120 cm with the highest
values in the interval 120–60 cm, ollowed by decreasing and lower
values between 60 and 20 cm and relatively higher in the upper 20 cm
(Fig. 4). In the lower sections, there were a ew intervals with TOC, TN
and TS small peaks at 375 and 220–300 cm indicative o some organic
matter accumulation. Due to the low TOC values in the lower sections,
the TOC/TN ratios are not reliable, except on the sections with some
organic matter (375, 220–300 cm depth) where TOC/TN values below
10 appear suggestive o dominant algal contribution. The upper section
has three intervals with higher TOC/N values at 175, 100 and 70 cm,
suggestive o higher terrestrial organic matter input. The interval with
the lowest TOC/N values in the upper 150 cm occurs with the highest
TOC values (80–100 cm) pointing to the highest algal organic matter
contribution (Meyers, 1997).

Carbonates (indicated by TIC percentages) are absent in the sequence
except the lower 360–450 cm interval. Maximum values occur at the
base (420–450 cm depth) and decrease upwards. Detrital calcite parti-
cles transported by runo are thus preserved in the oldest sediments
associated to the erosion o limestone in the surroundings o the lake
(Fig. 1).

4.4. X-ray scanner fuorescence

XRF elements o Pllan d’Están sediments can be divided in three

Fig. 3. Chronological model o Pllan d’Están sedimentary sequence based on 19 AMS dates with their uncertainty (dark blue) and 3 OSL (blue stars) dates. Sedi-
mentation rates are indicated as cm per ka. Coloured bar indicates the Sedimentary Units, and the horizontal black lines its limits. Question marks indicate possible
hiatus in the sequence. Black dots indicated the discarded dates. (For interpretation o the reerences to colour in this gure legend, the reader is reerred to the web
version o this article.)
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groups, according to their association to main mineral phases along the
master sequence (Fig. 4) and the correlation analyses (Table S1 in Sup-
plementary Material): (1) siliciclastic (Al, Si, Mn, K, Ti and Fe); (2) car-
bonatic (Ca, Sr, well correlated with TIC values); (3) Pb and Zn, with no
correlation with any other variable, and likely related to atmospheric
deposition. The siliciclastic-related elements have higher values in the
lower section (450–170) with several peaks and a general increasing
trend upwards. The Rb/Zr ratio is considered an indicator o grain size in
marine and lacustrine silty sediments (Wu et al., 2020) since Rb is likely
more abundant in clay minerals (ner raction) and Zr in heavy minerals
(coarser raction). The Rb/Sr has low values in the carbonate/bearing
basal section, and progressively increased in the siliciclastic sediments
(up to 170 cm) with our large fuctuations marking alternating intervals
o dominant coarser and ner sedimentation. The organic rich sediments
o the upper 170 cm have lower Rb/Zr ratios suggestive o less clay
content associated to dominant runo instead o ner glacial sediments.
MS proles are generally inverse to Rb/Zr as most magnetic particles are
in the coarser ractions. Higher siliciclastic content is associated to
higher clays and quartz percentage as observed in the smear slides. Ca
and Sr values are low in most o the sequence and only reach higher

values at the base and some peaks around 250–300 cm. TIC and Ca
values are highly correlated, so Ca can be used as an indicator o calcite
content (Moreno et al., 2011). Finally, Incoh/Coh ratio, according to its
association to the presence o organic matter, reaches the maximum
values at the top o the sequence. Incoh/coh ratio varies parallel to TOC
content, thus could be used an excellent high-resolution indicator o
organic matter accumulation (Chawchai et al., 2016). The Fe/Mn ratio
has been used as a redox condition indicator (Kwiecien et al., 2014). The
prole has low values (more oxidizing conditions) in the lower sections
(450–160 cm) and higher but variable in the upper 160 cm.

In order to objectively describe the variance o these large dataset, a
PCA (Fig. 5) was carried out using 17 variables (TIC, TOC, TN, TS, Zn,
Pb, Y, Al, Ti, Si, Pb, Fe, K, Mn, Zr, Sr, Ca) and 221 cases. The rst two
eigenvectors comprise the 73.42 % o the total variance (51.23 %
correspond to eigenvector 1). Eigenvector 1 is controlled by TOC, TN
and TS, at the negative end while all the other elements associated to
siliciclastic input appear at the positive end. Thus, this eigenvector
represents the variation among the organic and the siliciclastic content.
The second eigenvector (22.20 % o variability) is controlled by TIC, Ca
and Sr at the negative end and Pb and Zn at the positive end, thus

Fig. 4. Sedimentary acies and units. Magnetic susceptibility (MS), Incoh/Coh ratio, percentage o total organic carbon (TOC), total nitrogen (TN), total sulphur (TS),
C/N and Rb/Zr ratios, the main XRF data associated with siliciclastic inputs (Ti, Al), total inorganic carbon (TIC), other XRF data (Sr and Ca) and Fe/Mn ratio. XRF o
all the elements analysed area shown at the repository data. Black horizontal lines correspond to units’ limits. The number o the dates are reerred to the ID eld o
Table 1 and correspond with: 1: 0.18 cal ka BP; 2: 6.6 cal ka BP; 3: 8.0 cal ka BP; 4: 10.2 cal ka BP; 5: 11.4 cal ka BP; 6:11.7 cal ka BP; 7: 13.8 cal ka BP; 8: 15.0 cal ka
BP; 9: 15.9 cal ka BP; 10: 17.2 cal ka BP; 11: 19.3 cal ka BP; 12: 21.9 cal ka BP; 13: 22.6 cal ka BP; 14: 23.6 cal ka BP; 15: 26.2 cal ka BP; 16: 29.8 cal ka BP; 17: 34.2
cal ka BP; 18: 34.8 cal ka BP; 19: 38.2 cal ka BP; 20: 34.7 cal ka; 21: 46.7 ka; 22: 74.9 ka.

Fig. 5. Principal component analyses carried out with X-ray fuorescence data, and percentages o TOC, TIC, TN and TS rom Pllan d’Están paleolake sequence.
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representing the presence o carbonates in the sediment and the heavy
metals associated to atmospheric deposition.

4.5. Sedimentary acies

Nine acies were identied considering visual description, micro-
scopic observation o smear slides and geochemical composition. Sedi-
mentary acies are classied into organic, siliciclastic and carbonate-
bearing (Table S2, Supplementary Material).

(A) Organic facies (>3.5 % TOC). Five organic acies occur in the
upper 160 cm o the composite sequence. They all have high TOC
(mean > 3.5 %), TOC/TN values (10–20, Fig. 5), and high Fe/Mn
and low Rb/Zr values. Facies A, B and F have a higher siliciclastic
content while Facies D and E have the highest TOC content o the
sequence. Organic matter is composed o plant remains o vari-
able size and amorphous organic matter. They are interpreted as
deposition in a peatbog-shallow lake environment with variable
detrital input. More detrital acies represent periods with higher
sediment input. Facies A are brownish, cm-thick banded, with
abundant plants remains. Facies B is a grey, laminate, hetero-
metric siliciclastic silt with diatoms and abundant amorphous
organic matter. Facies F is composed o banded, organic-rich, silt
and represent the transition rom a lacustrine environment to a
wetland-peatbog. Facies D (laminated) and E (banded) have the
highest TOC values they represent deposition in a wetland – 
peatbog with restricted clastic input.

(B) Siliciclastic facies. Three siliciclastic acies have been identied
(Fig. 5). They are characterised by almost no organic matter
content, higher values o siliciclastic minerals and elements.
Facies C occurs as intercalated mm-thick laminae in upper 35 to
172 cm. They are composed by brownish grey, ne sand, with
some plant remains. They interpreted as deposition during
intense food events. Facies G occurs as light grey, mm-thick
laminated, Q-Ft-rich silt. The darker laminae are coarser and
contains more opaque minerals while light coloured laminae
contain higher clay mineral content. Facies H are yellowish grey
and brownish black, cm to mm-thick laminated, and composed o
an alternation o (1) dark laminae with larger grains and plant
remains (<10 %), (2) sandy mm-thick laminas with carbonates
(<20 %), and (3) ner light laminae with more clay minerals
(>10 %). Facies G and H represent deposition in a shallow lake
ed by meltwaters o the nearby glacier.

(C) Carbonate-bearing facies. Facies I, the only carbonate-rich
acies, is made o light grey and brownish black mm-thick,
laminated siliciclastic silt with carbonates (TIC = 2 %). Light
grey laminae are composed o ner, angular carbonate, quartz,
eldspar and ew biotite, clay minerals and opaque minerals while
brownish black mm-thick laminae contain rounded larger size
grains and more carbonates (Fig. 5).

4.6. Sedimentary units

According to sedimentary acies and geochemical data, 5 sedimen-
tary units (hereater Units) have been identied in the composite master
sequence (Fig. 5):

Basal Unit 5 (490 to 480 cm). It is composed o coarse sand sedi-
ments with abundant granite clasts, likely corresponding to the basal till.

Unit 4 (480–400 cm), composed o Facies I and characterized by the
occurrence o carbonate with the highest TIC (0.5–3 %), Sr
(5000–25,000 cps) and Ca (30,000–170,000 cps) values o the sequence
and the lowest organic content, Fe/Mn and Incoh/coh ratios. TIC and
MS values decrease towards the top o this unit. Low Rb/Zr values are
indicative o relatively coarse grain size o this Unit.

Unit 3 (400–160 cm) is composed by laminated siliciclastic Facies H
and G. TOC values are near zero. Fe/Mn and Incoh/Coh ratios remain

stable with a slight increasing trend to the top. Rb/Zr, Ti and Al present
large ranges (0.4–2, 2000–20,000 cps and 500–10,000 cps, respectively)
but with an increase trend towards the top. There are three main
subunits:

– Subunit 3.3 (400–361 cm) is characterised by decreasing MS values
(28–8 × 105SI), presence o carbonates (TIC, 0.2–0.5 %) and
decreasing values o Sr (5000–10,000 cps) and Ca (10,000–40,000
cps).

– Subunit 3.2 (361–208 cm) has oscillating MS values (lower in the
laminated zones and higher in the more massive sections) and low Ca
and Sr values (10,000 and 5000 cps, respectively). Rb/Zr prole
shows three main peaks associated to ner grain in the laminated
acies. The better laminated section (300–208 cm) present some C/N
and TN and TS peaks suggestive o higher organic matter
accumulation.

– Subunit 3.1 (208–160 cm) is composed o banded to laminated acies
G, with the highest values o Rb/Zr (1–1.6) but lower values o other
silicate/related elements (Al, Ti). A slight increase in organic matter
is observed at the top o this subunit.

Unit 2 (160–70 cm) groups the most organic interval o the
sequence.

– Subunit 2.2 (160–110 cm) groups Facies C, F and G, and it is char-
acterized by increasing Incoh/Coh, TOC and TN values, decreasing
MS, Ti and Al and lower Rb/Zr. The base o the unit is marked by a
sharp decrease in Rb/Zr (~0.5) and a progressive increase o Fe/Mn
(60–160).

– Subunit 2.1 (110–70 cm) has the sediment acies with the minimum
values o MS (5-10x10-5SI), and the highest organic matter content.
The siliciclastic elements increase towards the top, Rb/Zr slightly
increased and Fe/Mn decrease. TOC/N is above 12, but with one
interval o lower values indicative o higher lacustrine organic
matter input.

Unit 1 (70–4 cm) group organic acies A and B.

– Subunit 1.2 (70–20 cm) is characterised by lower Incoh/Coh, TN,
TOC values and an increase in siliciclastic component while Fe/Mn
ratio reaches the maximum values at the base and the top o the unit.

– -Subunit 1.1 (20–4 cm) is characterized by an increase o Incoh/Coh,
TOC, TN, TOC/N and lower content o the siliciclastic elements, Fe/
Mn, and higher Rb/Zr.

4.7. Palynology

The bottom sample o the master sequence was sterile, so the pollen
stratigraphy started at the bottom o Unit 3, at 370 cm depth (Fig. 6),
and dened 6 Pollen Zones (P.Z.1-P.Z.6).

• P.Z.6 (370–268 cm): This zone is characterized by the lowest values
o arboreal pollen (AP) o the whole sequence. Trees and shrubs are
dominated by Pinus and Juniperus including the maximum percent-
ages o both Ephedra and Ericaceae and the presence o Betula. The
highest values o Artemisia in Pllan d’Están occurred at the base o
this zone (Fig. 6), as well as the maximum o the general herbaceous
component (NAP). The percentages o aquatics (HH) increased, with
the appearance and rst development o Ranunculus at the top o this
zone.

• P.Z.5 (268–208 cm): Pollen spectra was characterized by low taxa
variety and poor pollen preservation. Pine dominated, coherent with
its well-known over-representation in open vegetation areas. Isolated
presence o similar taxa than in the previous zone (Juniperus, Betula,
Ericaceae, Ephedra) and lower values o both NAP and HH groups
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completed the typical spectra corresponding to intensively glaciated
areas.

• P.Z.4 (208–160 cm): This zone is characterized by the development
o pioneer Juniperus and the decreasing values o Pinus (Fig. 6).
Artemisia dominated among the herbs but ater this zone, its values
decreased progressively until almost disappearing in the upper part
o the sequence as well as other typical taxa o Glacial/Lateglacial
spectra such as Ephedra, Chenopodiaceae, Cichorioideae, Plantago,
Lamiaceae or Rumex, among others (Supplementary Material Fig. S2).
Cyperaceae started its development and a higher variety o hydro-
phyte taxa was recorded with fuctuating values.

• P.Z.3 (160–110 cm): During this zone, a clear change occurred both
in percentages and taxa composition o arboreal pollen taxa. The
rapid and large peak o Betula marked this zone, ollowed by the
development o Corylus and deciduous Quercus. Pinus fuctuated and
Juniperusmaintained similar values than in P.Z. 6. Fagus appeared or
the rst time and it was present, although reduced, till the top o the
sequence. Poaceae and Artemisia co-leaded the herbaceous orma-
tions, and Myriophyllum, typical aquatic taxa, reached its maximum
percentages o the sequence (Fig. 6).

• P.Z.2 (110–70 cm): This zone contained some Pinus fuctuations
while Juniperus and Betula decreased. The NAP component maintains
similar values despite an important decrease o Artemisia. Aquatics,
increased again with fuctuations, led by Cyperaceae and
Myriophyllum.

• P.Z.1 (70–30 cm): The upper palynological zone is noticeable by the
presence o both Abies and Tilia (Fig. 6). The AP percentages were
still high, with Pinus and Juniperus showing a co-leading role with
opposite trends. So, coniers dominated but the main taxa fuctuated.
The herbaceous component was varied and not too relevant while a
signicant increase o HH occurred at the top o this zone, due to a
peak in both Cyperaceae in the hygrophytes group and Ranunculus as
hydrophytes, pointing fuctuating water levels.

4.8. Diatoms stratigraphy

Diatoms were absent in the lower sections o the sequence. A total o
24 samples o diatoms have been analysed covering the uppermost 225
cm to assess changes in lake environmental conditions. The results
showed our main diatoms zones (Fig. 7). However, due to the low
resolution, the boundaries o each zone are approximate.

In the lower zone (D.Z.4; 225–190 cm), a unique diatom assemblage
o benthic diatom species had the highest abundance (relative) across
the entire record: Amphora c. eximia (50 %), Gyrosigma acuminatum (48
%), Caloneis ontinalis (10 %) and Nupela gracillima (10 %). These di-
atoms have lower abundance than the more recent diatoms assemblages
analysed. PCA component 2, which explains the 19.6 % o diatom
variability, summarised the diatom changes in this zone.

In the next zone (D.Z.3; 190–150 cm) a new assemblage appeared,
where Achnanthidium minutissimum sl. (60 %) and Gomphonema c.
minusculum (22 %), Gomphonema lateripunctatum (18 %), were the
dominant diatom species. These diatoms are also abundant in the most
recent Pllan d’Están diatom sample analysed.

The next zone (D.Z.2; 150–35 cm), was the longest zone in record. It
was characterised by a dominance o small ragilaroids taxa such as
Stuarosira venter (25–35 %), Staurosira spp. (10–25 %) and Pseudos-
taurosira spp. (10–40 %) and G. lateripunctatum (22 %). This zone could
be divided into two subzones. In addition, this subzone was charac-
terised by the occurrence o the planktonic diatoms Pantocsekiella spp. In
the lower subzone (D.Z.2B 150–105 cm) a large increase (>25 %) in
Amphora pediculus was observed. PCA component 1, which explains the
34 % o diatom variability, summarised the changes in species assem-
blages o this zone..An increase in A.minutissimum sl., G. lateripunctatum,
Denticula tenuis and Nitzschia denticulata parallels a decrease on Pseu-
dostaurosira spp., characterised the upper subzone (D.Z.2A 105–35 cm).

Finally, the upper zone (D.Z.1; 4–35 cm) showed a signicant change
in species abundance. A. minutissimum sl. increased considerably became
the dominant species in the diatom assemblage. This increase paralleled

Fig. 6. Pollen diagram o Pllan d’Están lacustrine record with selected taxa. Mesophytes group is composed by Betula, Corylus, Alnus, Fagus, Tilia, Ulmus, Juglans,
Salix and deciduous Quercus; and Pteridophyta by Monolete and Trilete indetermina spores as well as Asplenium, Selaginella, Pteris, Anthyrium, Dryopteris and
Cryptogramma crispa. AP curve includes all the trees, shrubs and liana, NAP records the herbaceous component while HH is the result o the whole hygro- and
hydrophytes (thus, aquatics including surrounding fooded lacustrine areas). Note that besides pollen zones rom P.Z.6 at the base and P.Z.1 at the top, sedimentary
units and sub-units are also indicated on the let, as well as radiocarbon dates located in depth. Main climatic periods boundaries are also included on the right part o
the gure. Complete pollen diagram o Pllan d’Están lacustrine record are shown in the Fig. S2 o the Supplementary Material and at the repository data. The numbers
o the dates are reerred to the ID eld o Table 1 and correspond with: 1:0.18 cal ka BP; 2: 6.6 cal ka BP; 3: 8.0 cal ka BP; 4: 10.2 cal ka BP; 5: 11.4 cal ka BP; 6:11.7
cal ka BP; 7: 13.8 cal ka BP; 8: 15.0 cal ka BP; 9: 15.9 cal ka BP; 10: 17.2 cal ka BP; 11: 19.3 cal ka BP; 12: 21.9 cal ka BP; 13: 22.6 cal ka BP; 14: 23.6 cal ka BP; 15:
26.2 cal ka BP; 16: 29.8 cal ka BP; 17: 34.2 cal ka BP; 18: 34.8 cal ka BP.
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a large decrease in small ragilaroid taxa (Pseudostaurosira spp., Staur-
osira venter and Staurosirella spp.). However, the occurrence o Pinnularia
spp. such as Pinnularia subcapitata, Pinnularia c. tirolensis, Pinnularia
subrupestris, Pinnularia krammeri and the arophilic Pinnularia borealis
were a unique eature o this zone in the entire diatom record. A large
change excursion in PCA axis 3, which explains the 10.6 % o diatoms
variability characterised this zone.

5. Climate variability and landscape evolution in the Ésera
valley based on Pllan d’Están paleolake sequence

This multiproxy study o Pllan d’Están paleolake sediments allows
reconstructing glacial evolution phases in the Ésera valley during the
last glacial cycle, in combination with past climate evolution and
vegetation history at a local and regional scale. We have identied six
main phases since the maximum glacier extent.

5.1. Maximum glacier extent (prior to 74.9 ka BP; 490–480 cm depth).
Unit 5

The glacial till with sandy matrix and granite and limestone pebbles
at the base o the sequence was dated by OSL at 74.9 ka BP. The
occurrence o this till suggests the presence o basal moraine at the Pllan
d’Están basin deposited by the Ésera glacier during its maximum
advance (PLGM ca. 60 ka BP; Lewis et al., 2009). The thickness o till
deposits in the basin is unknown and it could span several glacial cycles.
It is also likely that some till was eroded by the retreating glacier, so the
sequence is not complete and its sedimentary continuity cannot be
guaranteed at the top o Unit 5 (Fig. 5). The glacier during extreme cold
conditions would have been characterized by very cold ice and a low
amount o subglacial fux thus leading to a minor supply o sediments by

the expected reduced water discharges (Greenwood and Hughes, 2022;
Patton et al., 2022).

5.2. The onset o the lacustrine sedimentation (ca. 46.7–34.8 ka BP;
480–395 cm depth). Unit 4

This period represents the development o a lake in the over-
excavated and till-covered Pllan d’Están basin. During this stage,
rhythmic, laminated, carbonate-rich lacustrine deposits started to ll
the basin. The presence o carbonate sediments in the sequence (Figs. 5
and 8) is associated with runo rom the catchment area since the
observed calcite particles (irregular, heterometric, without euhedral
aces) do not have the eatures o authigenic carbonates resulting rom
changes in lake water chemistry. The occurrence o carbonate-bearing
grains in the subglacial-proglacial sediments indicates that a source
area with ice-ree carbonate ormations was exposed when the glacier
retreated up to the Pllan d’Están basin. Most likely, the source area was
the lake basin itsel, mostly dominated by limestone (Fig. 1), specially
around the lake and up to 2 km upstream o the Ésera valley. Other
examples o lacustrine rhythmites with carbonate content in silicate
areas have been described in Tramacastilla Lake (western central Pyr-
enees, García-Ruiz et al., 2003) and Sant Maurici Lake (eastern Pyr-
enees; Calero et al., 2016). In Tramascastilla, changes in the surace
drainage during deglaciation caused by a landslide blocked the lake
basin rom upstream carbonate-rich ormation. In Sant Maurici, the
retreat o the glacier, exposed carbonate rock ormations that were the
main supply o sediments to the lake or a short period; as glacier
retreated urther the contribution o the granite watershed was domi-
nant. However, the occurrence o carbonate ormations in the watershed
is not enough to secure carbonate deposition in lakes during glacial
times. Several examples show that temperature may be a determinant

Fig. 7. Diatoms diagram o Pllan d’Están lacustrine record with selected taxa. Plots reerred as “Dim.” show the variation o the three main components o the PCA
through depth. Note that besides diatoms zones rom D.Z.4 at the base and D.Z.1 at the top, sedimentary units and sub-units are also indicated on the let, as well as
radiocarbon dates located in depth. Red plots corresponds to benthonic diatoms, blue to tychoplanktonic diatoms and green to planktonic diatoms.The number o the
dates are reerred to the ID eld o Table 1 and correspond with: 1:0.18 cal ka BP; 2: 6.6 cal ka BP; 3: 8.0 cal ka BP; 4: 10.2 cal ka BP; 5: 11.4 cal ka BP; 6:11.7 cal ka
BP; 7: 13.8 cal ka BP; 8: 15.0 cal ka BP; 9: 15.9 cal ka BP; 10: 17.2 cal ka BP. The code o diatoms are reerred to: AHminus.sl: Achnathidium minutissimum sl.;
AMinarie: Amphora c. Inariensis; AMeximia: Amphora eximia; AMpedcls: Amphora pediculus; CAontin: Caloneis onticola; DEtenuis: Denticula tenuis; GOlateri: Gom-
phonema lateripunctatum; GOminusc: Gomphonema minusculum; GOpalius.c: Gomphonema parvulius; GYacumin: Gyrosigma accuminatum; HIcostu: Hippodonta costu-
lata; NIdentic: Nitzschia denticulata; NIperm: Nitzschia perminuta; NUgracil: Nupela gracillima; POdelicat: Pantocsekiella delicatula; PIsubcap: PInnularia subcapitata;
PItirolen: Pinnularia tirolensis; PDmicros: Psedostaurosira microestriata; PDrobusta: Psedostaurosira robusta; PDparasds.mB: Pseudoestaurosira c. Parasitoides; PDbrevis:
Pseudosstaurosira brevistriata; PDmicros.mB: Pseudosstaurosira microestriata m B; PDparasds: Pseudostaurosira parasitoides; SFutermoe: Sellaphora utermoehlii;
SRconstr: Staurosira construens; SRventer: Staurosira venter; SAdubia: Staurosirella dubia; SAdubia.long: Staurosirella dubia m A; SApinnat: Staurosirella pinnata; (For
interpretation o the reerences to colour in this gure legend, the reader is reerred to the web version o this article.)
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actor, as carbonatic particles dissolved more rapidly in cold waters. In
Enol Lake, a lake located in a carbonate-dominated area o the Canta-
brian Mountains, the presence o carbonates in the sediment during
glacial times was associated to warmer climates when not so cold waters
were unable to totally dissolve the carbonates arriving by runo to the
lake (eg. ca. 37 ka BP and during the Holocene; Moreno et al., 2010). A
similar situation is observed in Marboré Lake sediments (Cinca valley,
Central Pyrenees; Oliva-Urcía et al., 2018), where in spite the lake is
surrounded by limestones, carbonates are rarely ound in the sediments
o the last 14 ka BP except during slightly warmer periods.

In Pllan d’Están, the glacier was likely very close to the lake basin
during this period and thus the higher areas o the valley that are
dominated by granites were still ully covered by ice. In such a situation,
the erosion o limestones in the surroundings o the lake (see Fig. 1c) by
melting waters and small creeks would preerentially supply carbonates
by runo to the lake compared to less siliciclastic material arriving rom
the erosion o granites and shales totally covered by the glacier. Prob-
ably, the presence o carbonates in Pllan d’Están requires also higher
temperatures to ensure carbonates would not be completely dissolved.
Higher sedimentation rates during this period, particularly rom 38.4 to
34.8 cal ka BP, is also coherent with relatively warmer climates asso-
ciated to some intervals within the MIS 3 compared to the colder LGM
(González-Sampériz et al., 2020). Once the glacier retreated urther up
in the valley, the area available to be eroded was much larger than
during this short period and siliciclastic sources predominated over the
local limestone (Fig. 1b), thus progressively minimizing the presence o
carbonate in the sediments during the remaining sequence.

During this stage covering rom 46.7 ka BP to 34.8 ka BP, the sedi-
ments were barren o diatoms or pollen grains (Fig. 8) indicative o very
limited biological productivity in the lake and a regional landscape
devoid o vegetation. The relatively low Rb/Zr ratio is coherent with
relatively coarser grain size o this acies, and the low Fe/Mn values,
with deposition in a shallow lake with high oxidation rates. These cold,

arid conditions are in coherence with other regional records spanning
the MIS 3, as La Larri (Central Pyrenees; Salazar-Rincón et al., 2013), or
El Cañizar de Villarquemado (Iberian Range; González-Sampériz et al.,
2020).

5.3. Cold and arid conditions in a glaciated landscape (34.8–23 ka BP;
393–338 cm depth). Unit 3, P.Z.6

The carbonate content decreased rapidly, although still the silt at the
base o Unit 3.3 had some carbonate grains (TIC < 0.5 %). The rst
lacustrine sediments with no carbonate grains could have been depos-
ited in a subglacial lake, as the ice tongue still covered the basin and
sediment input was through the base o the glacier, with sources in the
granite watershed. Subglacial and proglacial sediments are not easily
dierentiated in the sedimentary sequences (Livingstone et al.,
2022,2015,2012). Rhythmites (Facies H, Fig. 5) were made o silici-
clastic banded to laminated silts (high values o Ti, Al, positive values in
geochemical PCA-1 component in Fig. 3) indicating that siliciclastic
rocks (shales, granite, etc.,) were dominant (over limestones) in sup-
plying sediment to the lake. The rhythmic nature o lamination is
marked by dierent grain-size o the particles indicating a glacier
environment marked by strong seasonality and extremes o tempera-
tures (Leonard and Reasoner, 1999; Ohlendor et al., 2003): the coarse,
angular silt laminae deposit corresponding to the melting season and the
ne silt laminae to the ice-covered season when ne particles settled by
suspension. The rhythmic nature o the lamination points to changes in
the sediment and water input caused by seasonal melt waters dynamics.

The very low sedimentation rate at this period indicates a low supply
o sediments by runo and likely cold and arid conditions in a catchment
area that was mostly ice-covered during this period. Palynological re-
sults support cold and arid conditions, consistent with the scenario
described by other global and regional sequences such as El Portalet
(González-Sampériz et al., 2006) or El Cañizar de Villarquemado

Fig. 8. Main geochemical, palynological and diatoms characteristics o Pllan d’Están sequence. Purple graphs correspond to the geochemical PCA, component 1
distinguished between organic and siliciclastic content, and component 2 between Ca and the combination o Pb and Zn content. The three groups o pollen taxa
(green, blue and orange graphs) are: Mesophytes (Betula, Corylus, Alnus, Fagus, Tilia, Ulmus, Juglans, Salix, decidous Quercus), Aquatics (Cyperaceae, Juncus, Typha-
Sparganium, Ranunculus, Myriophyllum) and Steppe (Myrica, Ephedra ragilis type, Ephedra dystachia type, Cichorioideae, Asteroideae, Carduae, Centaurea, Artemisia,
Chenopodiaceae, Caryophyllaceae, Plantago, Brassicaceae, Rumex, Helianthemum). Three blue graphs are diatom variability’s three main components (PCA). Envi-
ronmental interpretation and chronological phases are also indicated. (For interpretation o the reerences to colour in this gure legend, the reader is reerred to the
web version o this article).
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(González-Sampériz et al., 2020) or this time period. At the beginning
o P.Z.6 the herbaceous component dominated with the highest NAP
values o the whole sequence, being Artemisia the predominant taxa next
to Poaceae and other steppe taxa such as Chenopodiaceae, Asteraceae or
both Ephedra dystachia and E. ragilis types (Figs. 6 and 8, Fig. S2 in the
Supplementary material and repository data). The tree component
included relatively low percentages o coniers (Pinus and Juniperus) and
the isolated presence o Betula, Salix and Myrica (see complete diagram
Fig. S2 in the Supplementary material and repository data), as well as
Ericaceae. This same distribution pattern is recognized in the previously
mentioned El Portalet palynological sequence, located in a similar alti-
tude also in the Central Pyrenees, but in a western location (González-
Sampériz et al., 2006).

5.4. The global last glacial maximum and last phase o the glacial period
(23–15.9 ka BP; 338–207 cm depth). Unit 3, P.Z.6 and P.Z.5

In Pllan d’Están sequence, the global LGM is identied by an increase
in the sedimentation rate, higher values o MS and a sharp decrease in
Rb/Zr and geochemical PC1 all indicative o coarser sedimentation, but
there was no signicant identication in pollen assemblages. In act,
pollen spectra are characterized by low taxa variety and poor pollen
preservation. Dominance o pollen pines is relevant but coherent with its
well-known over-representation in open vegetation areas. Isolated pol-
len grains o similar taxa than in the previous phase (Juniperus, Betula,
Ericaceae, Ephedra) and lower values o both NAP and HH groups
complete the typical pollen spectra corresponding to intensively glaci-
ated areas. The recorded sedimentological eatures are not coherent
with a glacier readvance during this period. We cannot rule out that
erosion in the glacier bed increased during the LGM, due to an increase
in the ice thickness and in the velocity o ice displacement, although
there is no evidence. However, in El Portalet, a clear sedimentological
and palynological hiatus was identied and interpreted as a glacier re-
advance between 22.5 and 18 cal ka BP. In act, cold but arid condi-
tions attributed to this period in the Pyrenees, as well as in northeastern
Iberia, prevented a regional maximum glacier advance (Bartolomé et al.,
2021; González-Sampériz et al., 2020, 2017; Sancho et al., 2018).

Deposition ater the global LGM was marked by a decrease in MS
values and small changes in the sediment composition: siliciclastic silts
were still mostly barren o organic matter, but TN increased and TOC/
TN (<12) during a short interval ca. 19–17 ka BP pointed to some algal
production in the lake.

Ater the LGM, in Pllan d’Están still poor variety and poor preser-
vation o palynological taxa support the colder and more arid conditions
previously shown in other marine and terrestrial records during Hein-
rich event 1 (Cacho et al., 1999; González-Sampériz et al., 2017, 2006;
Jalut et al., 1992; Morellón et al., 2008; Reille and Lowe, 1993), as well
as in nearby regional sequences such as Estanya lake by a decrease in the
diatom productivity (Morellon et al., 2009), high values o Artemisia and
steppe herbs, and fuctuating pollen sterility levels because o aerial
exposure episodes (González-Sampériz et al., 2017). The development o
Ranunculus started at the top o P.Z.6 agrees with other regional Pyr-
enean sequences o high altitude, both in the northern and southern
slopes (González-Sampériz et al., 2006; Jalut et al., 1992, 1982).

5.5. The Bølling-Allerød and the Youger Dryas: Climate dierences with
northern Europe (15.9–11.7 ka BP; 207–115 cm depth). Unit 3 and Unit
2, P.Z.4 and P.Z.3, D.Z.4, D.Z.3 and D.Z.2

The onset o the Bølling interval was characterized by deposition o
acies G (Unit 3.1) with a slight increase in organic matter while silici-
clastic component was reduced (lower Al, Ti, more negative values in
the geochemical PCA Component 1, Fig. 8) and ner grain size (the
highest Rb/Zr ratio). Fe/Mn ratio continued the increasing trend rom
previous stage suggesting an increase in the depth o the water column
and more anoxic conditions. The pollen taxa (P.Z.4), suggest a slight

increase o temperatures, despite still prevailing arid conditions. Juni-
perus peaked during this period, as it happened at a regional scale during
the Lateglacial because o its pioneer character (González-Sampériz
et al., 2017), while NAP dominated led by Artemisia together with steppe
herbs and shrubs and indicators o open vegetation ormations (Che-
nopodiaceae, Plantago, again Ephedra, Fabaceae, Lamiaceae, etc.) (see
complete diagram Fig. S2 in the Supplementary data and in the repository
data). The same Artemisia expansion shown in Pllan d’Están during this
interval is recorded regionally on Spanish and French palynological
sequences o the Pyrenees, peaking around 14 ka cal BP too (González-
Sampériz et al., 2017, 2006; Jalut et al., 1992; Montserrat Marti, 1992;
Reille and Lowe, 1993). Ater the Artemisia peak, a rapid decreasing
trend till the end o the Lateglacial paralleled a general humidity and
temperature increase.

The Bølling period corresponds roughly to D.Z.3 and D.Z.4. The
presence o Stephanodiscus (planktonic diatom) reinorces the scenario
o higher lake level. The dominance o Gyrosigma accuminatum and
Amphora eximia indicates higher trophic conditions consistent with
anoxic conditions. The dominance o the pioneering and cosmopolite
diatoms A. minutissimum sl., the abundance o Gomphonema spp. and
decrease o the diatoms that characterized the previous lake state (D.
Z.4) indicates a richer lake environment, in terms o nutrient availability
and diatom biodiversity.

The Allerød interval (GI-1a; 13.8–11.7 ka cal BP), was characterized
by warmer and moister climate conditions clearly marked by the tran-
sition to Unit 2 with increasing organic matter deposition and a signi-
icant increase o both AP general values and taxonomic diversity in P.
Z.3, probably associated to an enhancement o local pollen productivity.
A signicant decrease in Pinus percentages is recorded in relation to the
nearby development o, rst Betula and then Corylus and deciduous
Quercus, showing the usual pattern and succession omesophytes during
this period both in the Pyrenees and main European sequences (Fletcher
et al., 2010; González-Sampériz et al., 2017). Moister conditions can also
be deduced by low values or even disappearance o steppe taxa as well as
the development o aquatic taxa associated to changing environments,
and also, by the presence o planktonic diatoms (Fig. 7). Particularly
noticeable are the values o Myriophyllum in the upper part o P.Z.3,
which continued during the beginning o the Holocene pointing to
higher water levels.

Interestingly, the pattern o improved climate conditions with
warmer temperatures and more humidity developed along the GI-1
(Greenland Interstadial 1) or Bølling-Allerød period diers rom the
typical last deglaciation trend in other European records where the
transition at the GI-1 onset is abrupt and the warmest climates were
ound at GI-1e (Bølling) with a decreasing temperature trend along GI-1.
The same warming trend during GI-1 observed in our Pyrenean record
was previously described in sea surace temperature reconstructions
rom Western Mediterranean marine sediment records (Cacho et al.,
2001) and rom western Mediterranean temperate orest development
(Combourieu Nebout et al., 2009). Despite the compelling evidence,
there is still no clear explanation or the causes o these dierent lat-
itudinal patterns (Moreno et al., 2014).

The Younger Dryas is the last cold stadial phase beore the beginning
o the current interglacial (Rasmussen et al., 2014). This interval cor-
responds to the upper part o Unit 2.1 with deposition o acies F but it
was characterized by the occurrence o numerous acies C associated to
more requent extreme fooding episodes in the basin. In other high-
altitude Pyrenean lakes such as El Portalet or Marboré (González-
Sampériz et al., 2006; Leunda et al., 2017), this cold, short period is not
easily characterized. Due to the low time resolution o the sampling no
palynologic response was identied even in Pllan d’Están. This period
corresponds to the onset o the diatom assemblage D.Z.2B (ca, 13–11.7
ka BP) and points to a large change in environmental conditions around
13 ka BP. This zone is characterised by a large increase in small thyco-
planktonic cold-tolerant ragilaroid and post-glacial pioneering taxa
(Smol, 2011). These taxa are abundant in high-altitude alpine lakes
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(Lotter et al., 1997) and polar lakes. The dominance o these taxa
characterizes the late-glacial history o many lakes in Europe and North
America (Lotter et al., 1995 and reerences therein). In Pllan d’Están
sequence, the dominance o ragilaroid taxa could be related to an in-
crease in cold-meltwater runo rom the glacier.

5.6. A peatbog development during the Holocene (11.7 ka BP – Present-
day; 115–4 cm depth). Unit 2 and Unit 1, P.Z.2, D.Z.1

The onset o the Holocene is marked by deposition o organic rich
acies E in a wetland environment, progressively more extensive than
the shallow lake areas. Although most organic matter accumulated was
likely o terrestrial and aquatic plants, the lower TOC/TN ratio during
11.7–11.4 cal ka BP point to dominance o the lacustrine productivity.
The basin was mostly occupied by wetland environments and the fuvial
infuence was greatly diminished. The Ésera Glacier would have been
retreated urther up closer to the cirques.

The vegetation composition o Pllan d’Están area during the Early
Holocene (P.Z.2) was a mixed orest characterized by fuctuating but
relatively high percentages o Pinus and secondarily Betula, and similar
proportions o both Corylus and Quercus compared to the Allerød. The
orest would have contributed to the reduced sediment input to the
basin. These spectra are relatively similar to those ound in Basa de la
Mora, Marboré, Portalet, Tramacastilla or Estanya Pyrenean lakes, as
well as in other northeastern sequences such as Villarquemado in the
Iberian Range (González-Sampériz et al., 2020, 2017; Leunda et al.,
2017; Pérez-Sanz et al., 2013). NAP values were low and steppe taxa
mostly anecdotic. The rst occurrence o Tilia at around 6.5 ka BP and
the continuous development o Abies were coherent with its regional
appearance, expansion and chronology (González-Sampériz et al., 2006;
Leunda et al., 2017; Miras et al., 2007; Pérez-Sanz et al., 2013). Hygro-
hydrophytes, however, maintained an increasing trend with a rst large
expansion o Cyperaceae during the early development o peatbog areas:
the occurrence o adjacent lacustrine environments in the same basin is
indicated byhigh percentages o Myriophyllum.

Diatoms assemblages during the early Holocene (D.Z.2A) where
richer and showed a general tendency to a decrease in Pseudostaurisira
spp. and an increase in A. minutisima sl., a dominant species in today’s
Pyrenean lakes diatoms assemblages. The Holocene associations are
characterized by higher abundance o Gomphonema spp., Denticula tenuis
and Nitzschia denticulata and lower occurrence o planktonic diatoms.
The absence o mid to late Holocene sediments in the Pllan d’Están
sequence suggests the erosion o the most recent sediment likely due to
the distortion caused by the actual cattle grazing in this fat area. A
similar pattern occurred in Sant Maurici lake (Easter Pyrenees), with a
hiatus between ca. 8 and 4 cal ka BP (Calero et al., 2016). The Pllan
d’Están wetland would have dried out during warmer and more arid
phases in the Late Holocene (i.e., Holocene Thermal Optimum, 4 ka BP,
Roman Period, Medieval Climatic Anomaly-MCA) and the upper sedi-
ment would have eroded. Sedimentation in the basin (Unit 1.1) re-
started a ew centuries ago, during the colder and relatively wetter
phases o the Little Ice Age-LIA. At the top o the sequence (P.Z.1) co-
niers increased, mainly led by a large peak o Juniperus, suggesting drier
conditions also shown by the sharp decrease o mesophytes and some
peaks o shrubs, NAP, Salix or Helianthemum, probably related to open
landscape expansion. Coherently, D.Z.1 was characterised by the
abundance o Pinnularia spp. and some acidophilus and aerophilic taxa,
indicating an established peatbog with lower water inputs rom an inlet
stream.

6. Conclusions

Pllan d’Están sedimentary sequence provided the longest lacustrine
record o glacier, climate and environmental change in the Pyrenees
with a robust chronology or the last 46.7 ka BP. Landscape evolution,
limnological changes and vegetation history in the Ésera valley were

reconstructed through a detailed multiproxy study that included sedi-
mentological, geochemical and biological (pollen and diatoms) in-
dicators, ramed in a chronological ramework based on 14C and OSL
dates. The basal till observed at the base o the Pllan d’Están record, and
dated by OSL at 74.9 ka BP, represents the maximum extent o the Ésera
glacier in the basin. At around 46.7 ka BP, lacustrine sedimentation
starts in an environment where subglacial and proglacial phases prob-
ably alternate. First sediments recorded are composed by rhythmite
carbonate-rich acies likely representing sedimentation during a warm
stage in within MIS3 when carbonate grains supplied rom nearby
limestones was not totally dissolved. Ater this warmer period, cold and
arid conditions dominated in a glaciated landscape (23–21 cal ka BP), as
changes in acies composition, geochemical data and pollen taxa indi-
cate. However, high sedimentation rates during this period, corre-
sponding to the global LGM contradicts a hypothetical minor advance o
the Ésera Glacier, as described in other Central Pyrenean valleys. The
dominance o the herbaceous component despite pine’s values (over-
represented in an open landscape) and general poor pollen diversity and
preservation implied that most o the catchment area was ice-covered
until 15.9 cal ka BP.

The deglaciation o the valley started at 15.9 cal ka BP allowing to
iner a dierent pattern rom other European records. Thus, in the Ésera
valley, as well as in other records o the Pyrenees, a trend to warmer and
moister climate conditions dene the Bølling-Allerød stage. Contrarily,
most European paleoclimate records mark an abrupt transition at the
onset o the Bølling period. The negligible glacial infuence in the lake
sediments, the increased bioproductivity and large changes in vegeta-
tion cover in the watershed, particularly the increase in mesophytes
trees, characterize this period. The Younger Dryas (12.9–11.7 cal ka BP)
was identied in the sequence by the dominance o cold-tolerant di-
atoms and the higher requency o extreme fooding events in the basin.
The onset o the Holocene is marked by the development o a peatbog
environment, with regional vegetation characterized by a mixed orest
including both coniers and mesophytes and an absence o steppe pollen
taxa. Diatom assemblages at this time were very similar to today’s
Pyrenean lakes.

Pllan d’Están lacustrine sequence supports that maximum extent o
Pyrenean glaciers occurred during MIS 4 instead o during the global
LGM. Besides, a complex climatic period during last deglaciation with
minor glacier advances and retreats has been described. This study
stresses the asynchrony and dierences o some climate changes with
other regions o Europe at the end o last glacial period.

CRediT authorship contribution statement

Ixeia Vidaller: Conceptualization, Methodology, Formal Analysis,
Investigation, Writing-Original Drat, Writing-Review & Editing, Visu-
alization. Ana Moreno: Conceptualization, Methodology, Formal
Analysis, Investigation, Writing-Original Drat, Writing-Review & Edit-
ing, Supervision, Project administration, Funding acquisition. Penélope
González-Sampériz: Methodology, Formal Analysis, Investigation,
Writing-Review & Editing. Sergi Pla-Rabes: Methodology, Formal
Analysis, Investigation, Writing-Review & Editing. Alicia Medialdea:
Methodology, Formal Analysis, Investigation, Writing-Review & Edit-
ing. Miren del Val: Methodology, Formal Analysis, Investigation,
Writing-Review & Editing. Juan Ignacio López-Moreno: Conceptuali-
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González-Sampériz, P., Gil-Romera, G., García-Prieto, E., Aranbarri, J., Moreno, A.,
Morellón, M., Sevilla-Callejo, M., Leunda, M., Santos, L., Franco-Múgica, F.,
Andrade, A., Carrión, J.S., Valero-Garcés, B.L., 2020. Strong continentality and
eective moisture drove unoreseen vegetation dynamics since the last interglacial at
inland Mediterranean areas: the Villarquemado sequence in NE Iberia. Quat Sci Rev
242, 106425. https://doi.org/10.1016/j.quascirev.2020.106425.

Greenwood, S.L., Hughes, A.L.C., 2022. Chapter 5 - Glacial landscapes o Fennoscandia.
In: Palacios, D., Hughes, P.D., García-Ruiz, J.M., Andrés, N. (Eds.), European Glacial
Landscapes. Elsevier, pp. 37–43. doi: doi: 10.1016/B978-0-12-823498-3.00051-0.

Grunewald, K., Scheithauer, J., 2010. Europe’s southernmost glaciers: response and
adaptation to climate change. J. Glaciol. 56, 129–142. https://doi.org/10.3189/
002214310791190947.

Hammer, D.A.T., Ryan, P.D., Hammer, Ø., Harper, D.A.T., 2001. Past: paleontological
statistics sotware package or education and data analysis. Palaeontol. Electron.

Hughes, P.D., 2018. Little ice age glaciers and climate in the mediterranean mountains: a
new analysis. Geogr. Res. Lett. 44, 15–45. https://doi.org/10.18172/cig.3362.

Hughes, P.D., Woodward, J.C., 2008. Timing o glaciation in the Mediterranean
mountains during the last cold stage. J. Quat. Sci. 23, 575–588. https://doi.org/
10.1002/jqs.1212.

Hughes, P.D., Gibbard, P.L., Ehlers, J., 2013. Timing o glaciation during the last glacial
cycle: evaluating the concept o a global ‘Last Glacial Maximum’ (LGM). Earth Sci.
Rev. 125, 171–198. https://doi.org/10.1016/j.earscirev.2013.07.003.

Huss, M., Fischer, M., 2016. Sensitivity o Very Small Glaciers in the Swiss Alps to Future
Climate Change. Front Earth Sci (Lausanne).

I. Vidaller et al.



Catena 241 (2024) 108059

15

Jalut, G., Delibrias, G., Dagnac, J., Mardones, M., Bouhours, M., 1982.
A palaeoecological approach to the last 21 000 years in the pyrenees: the peat bog o
Freychinede (alt. 1350 m, Ariege, South France). Palaeogeogr. Palaeoclimatol.
Palaeoecol. 40, 321–359. https://doi.org/10.1016/0031-0182(82)90033-5.

Jalut, G., Marti, J.M., Fontugne, M., Delibrias, G., Vilaplana, J.M., Julia, R., 1992. Glacial
to interglacial vegetation changes in the northern and southern Pyrénées:
deglaciation, vegetation cover and chronology. Quat. Sci. Rev. 11, 449–480. https://
doi.org/10.1016/0277-3791(92)90027-6.
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Larrasoaña, J.C., Parés, J.M., Pérez, A., Rico, M., Salabarnada, A., Salazar, Á.,
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