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With the aims of investigating the causes of environmental changes in highmountain ecosystems during the Ho-
locene in relation to climate forcings and identifying thresholds for vegetation community shifts, we performed a
multi-proxy palaeoecological reconstruction based on two sediment cores fromBassaNera, a lentic system locat-
ed close to the montane–subalpine ecotone in the Central Pyrenees. Using pollen, plant macroremains, charcoal,
chemical elements and loss-on-ignition at centennial to decadal resolution, we reconstructed the vegetation and
lacustrine dynamics during the last 10,000 years. Amontane pollen ratiowas used as a palaeoecological indicator
to track altitudinal shifts in high mountain vegetation, which was compared to the ice-rafted debris index (IRD)
as a proxy for summarizing the climatic influence of the North Atlantic Circulation. Our results show upward
shifts of deciduous forest and its presence in Bassa Nera from the onset of the Holocene until 4200 cal yr BP,
when itwas replaced by coniferous taxa. Themontane ratio showed a link between vegetation andNorth Atlantic
influence, while changes in Sphagnum macroremains and aquatic taxa allowed description of local ontogenic
changes from the initial pond to the present peatland. The loss-on-ignition record showed some flood events
at Bassa Nera between 4500 and 3900 cal yr BP. The studied proxies allowed inferences concerning anthropic
pressure in the catchment through grazing activities by 7300 cal yr BP and the appearance of cereal agriculture
around 5190 cal yr BP. The highest human pressure occurred in the late Bronze Age, Roman Period and Middle
Ages.
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1. Introduction

The development of environmental assessment tools to predict
how current climate change will affect natural ecosystems is essen-
tial to apply proper management measures. Palaeoenvironmental
reconstructions are crucial to understand ecosystem sensitivity and
past environmental shifts, as they help to distinguish between the ef-
fects of climatic and anthropogenic forcings (Last and Smol, 2001;
Willis and Birks, 2006; Catalan et al., 2013). Mountain ecosystems
és-Pastor),
uab.cat (J.-M. Soriano),
u (A. Pérez-Haase),
are well-suited to study such changes, since their hard environmen-
tal conditions make them less prone to intensive human influence.

The onset of the Holocene, characterised by relatively warmer tem-
peratures and an increase in humidity in Europe (Walker, 1995),
prompted a rapid expansion of deciduous forests in southwest Europe-
an mountains (Jalut et al., 2009; Pérez-Obiol et al., 2011), including the
Pyrenees (Benito et al., 2008; Montserrat-Martí, 1992). By the Middle-
Holocene, a southward shift of the North Atlantic westerly jet (Bond
et al., 2001) led to a change in precipitation seasonality (Pla and
Catalan, 2005), a drastic decline in deciduous taxa and a progressive
consolidation of conifers in the Pyrenees (González-Sampériz et al.,
2006; Pèlachs et al., 2011). Such changes in plant community composi-
tion suggest that the North Atlantic climatic variability had sufficient
magnitude and duration to affect the Pyrenean ecosystems and force
them to cross a threshold into a different state. However, the precise
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features in the response of deciduous and conifer species to climatic
shift are not yet fully understood, and their study becomes even more
complicated when anthropogenic influence is taken into account.

With the aim of investigating how the high mountain ecosystems
of the Central Pyrenees responded to the Holocene climate and an-
thropogenic forcings, we performed a multi-proxy palaeoecological
reconstruction of Bassa Nera (BSN), a pond with a ring of Sphagnum
moss close to the montane-subalpine boundary of the Aiguamòg val-
ley (Aran valley). There are several palaeoecological studies in the
Central Pyrenees covering the Holocene that record a marked cli-
mate variability with well-defined arid and cold events (Pla and
Catalan, 2005; González-Sampériz et al., 2006; Pérez-Sanz et al.,
2013), vegetation responses through treeline shifts and biomass-
fire interactions (Cunill et al., 2013; Gil-Romera et al., 2014).

Regarding human influence, the Central Pyrenees have been occu-
pied and exploited by prehistoric societies since at least the Neolithic
(Ejarque et al., 2010; Gassiot et al., 2014) through fire and complex
land usemanagement (Bal et al., 2010; Pérez-Obiol et al., 2012). Phases
of higher anthropogenic pressure in high mountain areas are known
since the Early and Middle Neolithic, with an important threshold in
the Early Bronze Age (Gassiot and Jiménez, 2006; Miras et al., 2007).
Since then, it has been widely assumed that the configuration of high
mountain landscapes has been influenced by humans (Ejarque et al.,
2010; Bal et al., 2011; Cunill et al., 2013), or at least that humans have
accentuated the effects of climatic constraints on vegetation during
the late Holocene (Jalut et al., 2009) through mining activities, farming
or cattle raising (Pèlachs et al., 2009a; Cunill et al., 2013; Garcés-Pastor
et al., 2016). In this study, we perform a high-resolution reconstruction
of vegetation in order to detect the onset of the anthropic pressure in
Bassa Nera caused by grazing and agriculture farming.

Pèlachs et al. (2011) found a close coupling between regional climatic
patterns using the ice-rafted debris index (IRD; Bond et al., 2001) from
theNorth Atlantic and the accumulation of organicmatter in amountain
wetland system in the Central Pyrenees (Pèlachs et al., 2011). However,
it is advisable to checkwhether this coupling between climatic influence
and organic matter deposition may be generalized to other lentic sys-
tems in order to test the applicability of the IRD to palaeoecological re-
constructions. Hence, this paper studies the response of organic matter
accumulation in Bassa Nera to North Atlantic regional climatic patterns
and compares it with similar regional essays. In a previous study,
Garcés-Pastor et al. (2016) introduced a montane pollen ratio that was
useful formonitoring local upwardmigrations of themontane-subalpine
boundary. The present work uses this montane ratio to track the re-
sponse of high mountain vegetation to the Holocene climate variability
and North Atlantic influence (IRD) and, if possible, to identify possible
thresholds in vegetation communities. In this paper, we combine diverse
proxies (pollen, charcoal, macroremains, organic matter, chemical ele-
ments and sedimentology) from two independent records of Bassa
Nera spanning the Holocenewith the following objectives: (1) To recon-
struct the local vegetation dynamics of BSN; (2) to evaluate the ecosys-
tem response of the area to climate forcings and North Atlantic
influence, describing the main arboreal dynamics at the local level as
well as identifying thresholds in vegetation communities and their pos-
sible causes; (3) to test the response of organic matter indicators such
as LOI in front of North-Atlantic regional climatic patterns (IRD), compar-
ing the results fromBSN to those obtained fromother Pyrenean systems;
and (4) to assess the human influence on the BSN region, determining
the point at which this influence became strong enough to be detectable
and how it was affected by the climatic patterns.

2. Study area

2.1. Environmental and geographical settings

The Bassa Nera (42° 38′ 18.5″ N, 0° 55′ 27.6″ E, 1891 m a.s.l.) is a
small lentic system from glacial origin located in the peripheral zone
of “Aigüestortes i Estany de Sant Maurici” National Park (PNAESM)
(Fig. 1). Its surface area is 2.01 ha, with a maximum depth of 5 m, and
it drains by a small outlet into the Aiguamòg River. This pond is
surrounded by mixed peat bogs and it is currently in the final stages
of infilling (Pérez-Haase and Ninot Sugrañes, 2006, 2017). The climate
is subalpinewith Atlantic influence and precipitation is well distributed
along the seasons (annual average=1152mm) (Ninyerola et al., 2003).
Mean annual temperature is 4.25 °C, being January the coldest month
(−3 °C in average) and July the warmest (14 °C in average). The BSN
basin lies on a granodiorite bedrock from the Maladeta batholith,
which dates from the Carboniferous-Permic age (Roca i Adrover et al.,
2010). The main peat communities are geogenous fens (Scheuchzerio-
Caricetea fuscae) and ombrogenous bogs (Oxycocco-Sphagnetea)
(Pérez-Haase et al., 2012). The BSN is surrounded by a mixed conifer
forest of Pinus mugo subsp. uncinata (Ramond) Domin. and Abies alba
Mill., with Rhododendron ferrugineum L. in the understory and Poaceae
meadows. Cañellas-Boltà et al. (2009) described the montane and sub-
alpine vegetation altitudinal belts where the catchment area lies. The
montane belt (b1600 m) is composed by deciduous oak forests of
Quercus petraea (Mattuschka) Liebl. with Betula pendula Roth.; riverine
forests (dominated by Alnus glutinosa L., Fraxinus excelsior L., and Salix
spp.); forests with Tilia platyphyllos Scop., Prunus avium L., and Corylus
avellana L.; andmixed forests of Betula pendula Roth. and Pinus sylvestris
L. The subalpine belt (1600–2250m) is dominated by coniferous forests
of Abies alba and Rhododendron ferrugineum at the lowest parts and
Pinus mugo subsp. uncinata with R. ferrugineum at the upper stages.
Wetlands are mainly occupied by Trichophorum cespitosum subsp.
cespitosum (L.) Hartm. communities, assemblages of Juncus balticus
Willd, subsp. pyrenaeus, Carex rostrata Stokes beds., Caltha palustris L.
flushes and Sphagnum peat bogs (carpets and hummocks) (Pérez-
Haase and Ninot Sugrañes, 2006). This part of the valley has experi-
enced low human pressure through pasturing and farming during the
last millennium (Garcés-Pastor et al., 2016). Since the rural exodus of
mid-20th century to the creation of the PNAESM in 1955, grazing, forest
exploitation and hydroelectric electricity generation were the only ac-
tivities. Afterwards, tourismhas become an important activity in the na-
tional park.

3. Material and methods

3.1. Coring, sampling, dating and sedimentology

Two cores (PATAM-12 and BSN-6), separated by 47 m, were re-
trieved from the Sphagnum mire surrounding Bassa Nera (Fig. 1).
Core PATAM-12 provides a detailed record of the last seven
millennia, but lacks the beginning of the Holocene. For this reason,
we also studied core BSN-6, which covers the last ten thousand
years and provides a wider environmental framework. The core
BSN-6 (core A, 270 cm long) was collected in 2011 through the per-
cussion and recover in one step of a 3 m PVC tube on a hummock
composed by Sphagnum magellanicum and S. capillifolium (Fig. 1).
The core PATAM-12 (core B, 706 cm long) was obtained in 2007
with a “Russian” corer (Jowsey, 1966) on the Sphagnum quaking carpets
(Caricion lasiocarpae) that surround the pond. Core A was sliced every
1 cm and core B every 3 to 5 cm. The chronological framework was
based on AMS radiocarbon dates from peat andmacroremains obtained
at Beta Analytic Radiocarbon Dating laboratory (Miami, USA) and Keck
Carbon Cycle (Irvine, USA), published in Pèlachs et al. (2016) and
Garcés-Pastor et al. (2016). The radionuclide analysis (210Pb) for dating
purposes of the uppermost 40 cm of core A was carried out at the Lab-
oratory of Environmental Radioactivity of the Universitat Autònoma
de Barcelona (UAB, Spain). The supported 210Pb was found at 30 cm
depth and 210Pb activitieswere determined byα-spectrometry through
210Po in equilibrium(Sanchez-Cabeza et al., 1998). Ageswere calibrated
with IntCal13.14C curve (Reimer et al., 2013) and the age–depth
models (Fig. 2) were performed with Clam 2.2. software using Smooth



Fig. 1. Location of the study area (A)Map indicating the relative location of BassaNera Pond in the Iberian Peninsula. (B) Topographicmapof the terrain surroundingBassa Nera. (C) Coring
sites where the cores A and B were retrieved.
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Spline function (Blaauw, 2010). The sedimentary facies of the cores
were described following Schnurrenberger et al. (2003) (Fig. 2).

3.2. Pollen, charcoal and macroremains

Pollen analyses were carried out in two different laboratories. A
total of 62 samples along 270 cm (core A) and 114 samples in
706 cm (core B) were processed according to standard chemical
methods (Moore et al., 1991) with KOH, HCl, HF digestions and min-
eral separation in heavy liquid (Thoulet solution; density 2.0 g/cm3)
at the Universitat Autònoma de Barcelona and the Catalan Institute
of Human Paleoecology and Social Evolution. The pollen record
from the first 330 cm from core B (51 samples) has been already
studied in Garcés-Pastor et al. (2016). Pollen grains were identified
according to Faegri and Iversen (1989) and Reille (1992), and counted
until diversity saturation (Rull, 1987). Becausemost slides had Pinus su-
perabundance that could hide vegetation dynamics, counts were in-
creased in order to get a representative sample (minimum 200 pollen
grains without Pinus). Stomata, non-pollen palynomorphs and algal re-
mains were also counted. The palynological results are presented as
percentage of the pollen sum excluding Pinus, spores and wetland
plant pollen. Diagrams were plotted using Psimpoll 4.27 software
(Bennett, 2002) and statistical significant pollen zones were calculated
using themethod of Optimal Splitting by Information Content (Bennet,
1996) on taxa showing abundances N1% (Figs. 3 and 4). Some pollen
taxa which appear in Fig. 4 have been excluded from Fig. 3 since they
were less represented due to localisms. The montane pollen ratio
used by Garcés-Pastor et al. (2016), based upon the modern pollen
indicators of montane and subalpine/alpine stages identified by
Cañellas-Boltà et al. (2009), was calculated to estimate altitudinal
variations of the montane belt. This ratio was calculated using taxa
that have a significant correlation between the abundance of pollen
and local occurrence of parent taxa in montane and subalpine-alpine
belts in this valley. Montane pollen types included Alnus, Betula,
Buxus, Corylus, Fraxinus, deciduous Quercus, Tilia and Salix, while
subalpine-alpine indicators included Asteraceae, Calluna, Campanu-
la, Ericaceae, Plantago and Poaceae. The percentages of the montane
pollen were summed and divided by the sum of the percentages of
subalpine-alpine pollen (see more information in Garcés-Pastor et
al., 2016). Values of 2.5 indicate the close presence of montane belt,
while higher values imply the upward montane migration of the lat-
ter within Bassa Nera basin. It is important to highlight that this ratio
has been inferred from only one altitudinal transect and has been
useful for the palaeoenvironmental interpretation of BSN catchment
(Garcés-Pastor et al., 2016), but it should be interpreted with caution
if used in other areas or landscape mosaics.

Image of Fig. 1


Fig. 2. Age-depthmodels of Bassa Nera cores based on radiocarbon dating, performedwith Clam 2.2 software using Smooth Spline function (Blaauw, 2010) and correlation between their
sedimentary facies. Core A presents the 210Pb dates (marked in blue). In cores A and B, one radiocarbon date was rejected as stratigraphically incongruent, likely because rootsmight have
dragged down the wood macroremain.
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To study the sedimentary charcoal, the Carcaillet protocol for la-
custrine sediments was adjusted to peat bog (Carcaillet et al.,
2001). Consequently, wet weight was used instead of volume in
order to minimize the differences of density inside the peat bog. A
total of 295 samples from core A were digested according to
Carcaillet et al. (2001) and counted with a stereomicroscope at
40× magnification. Charcoal counts were combined and divided by
sample weight to calculate charcoal concentration (mm2/g) and di-
vided by sedimentation rate to calculate the charcoal accumulation
rate (CHAR, mm2/g/yr). (Fig. 3).

Plant macroremains at 64 depths from core A were analysed. Sam-
ples were processed according to Mauquoy et al. (2010) with KOH
and sieved with a mesh of 150 μm (Birks and Birks, 1980). Taxonomic
identification was done according to Brugués et al. (2007), Smith and
Smith (2004) and Daniels et al. (1990) using a stereomicroscope and
an episcopic microscope. Some Sphagnum macroremains were identi-
fied at species level while others could only be identified to their taxo-
nomic section. In those cases, we could refine the identification within
each section to a couple of taxa (S. papillosum or palustre and S.
denticulatum or subsecundum). Results are expressed as presence/ab-
sence and Sphagnum percentage in Fig. 3.

3.3. Loss-on-ignition and chemical elements

To estimate the organic matter content, 295 samples of core A were
dried at 60 °C to determine theweight loss and burned at 550 °C for 4 h
to oxidize organic matter, after absence of carbonates had been verified
(Heiri et al., 2001; Luque, 2003). The loss-on-ignition results (LOI) are
expressed as percentage of dry weight (Fig. 3). In this work only Titani-
um (Ti) andManganese (Mn)were considered as proxies of soil erosion
and water oxygenation (Davies et al., 2015). For this purpose, 98 sam-
ples from core A were moulded and digested in a microwave oven
(CEM,Marsmodel) using a solution of HNO3, HCl and HFwith a parallel
blank digestion. The extracted solutions were analysed with an induc-
tively coupled plasma mass spectrometer (ICP-MS, Argilent model
7500 ce) at the Chemical Analytic Service of the UAB.
4. Results

4.1. Chronology and sedimentology

Fig. 2 shows the age-depth models, the lithology and the correla-
tion of the two cores. Seven radiocarbon dates and 31 210Pb dates
were used to construct the core A age-depth model. It covers the
last 10,211 cal yr BP in 270 cm with an average confidence interval
error of ca. 220 yr and a sedimentation rate of 0.07 ± 0.21 cm yr−1,
ranging from 0.016 to 0.86 cm yr−1. Date 104.1 +/− 0.4 pMC was
rejected because lack of consistency with the 210Pb dating at the
same depth (30.2 cm). Core A shows four sedimentary units: Unit
I-A (0–17 cm) is composed of living Sphagnum peat with abundant
roots. Unit II-A (17–185 cm) is the largest of the record and is com-
posed of a peat bog texture with light to dark-brown clayey silt and
abundant organic matter. Two intercalated layers can be distin-
guished: one characterised by dark-brown fine silt with abundant
organic matter (60–64 cm) and another with low organic sandy silt
(115–117 cm). Unit III-A (185–263 cm) is composed of brown-
black clay with imbedded pennate diatoms and organic matter and
shows an intercalated layer of black fine silt with coarse-quartz
sands and pennate diatoms (243–244 cm). Unit IV-A (264–270 cm)
presents a transition from quartz pebble to coarse sands (till) and
broken diatoms.

The age-depth model of core B was built with ten radiocarbon
dates. One date (250 ± 40 AMS 14C yr BP), obtained from a woody
macroremain, was rejected as stratigraphically incongruent (see de-
tailed information in Garcés-Pastor et al., 2016). The model spans ca.
7490 cal yr BP to the present, with an average confidence interval
error of ca 150 yr and an average sedimentation rate of 0.2 ±
0.18 cm·yr−1, ranging from 0.04 to 0.78 cm·yr−1. It presents 3 sed-
imentary units: Unit I-B (0–50 cm) consists of massive brown sandy
silt with scarce vegetal matter. Unit II-B (50–553 cm) is formed by
brown-red clay with abundant vegetal matter and few pennate dia-
toms (50–195 cm), and dark brown massive clays with abundant or-
ganic matter (195–553 cm)with an intercalated layer of very fine silt

Image of Fig. 2


Fig. 3. Percentage diagramof sporomorphs of core A including: the total pollen (relative abundance ≥1%),montane ratio, aquatic elements and plantmacroremains, charcoal concentration (mm2/g) and charcoal accumulation rate (CHAR,mm2/g/yr),
chemical elements and Loss on Ignition. Pinus pollen, wetland plants and fern spores were excluded from the pollen sum (ΣP). Pinus percentage was calculated with the pollen sum plus Pinus pollen. Sphagnum palustre or papilosum and Sphagnum
denticulatum or subsecundummeans that the two species could not be distinguished. The dotted line in montane ratio corresponds to the threshold value of 2.5, which indicates the close presence of montane-subalpine ecotone. Higher values imply
the occurrence of upward montane vegetation in Bassa Nera. Vegetal associations: Lowland (L), Montane deciduous forest (MDF), Subalpine deciduous forest (SDF), Alpine meadows (AM), Human related taxa (H). The continuous horizontal lines
correspond to statistically significant zones (Bennett, 1996).
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Image of Fig. 3


Fig. 4. Percentage diagram of sporomorphs of core B including: the total pollen (relative abundance ≥1%), montane ratio and aquatic elements. Pinus pollen, wetland plants and fern spores were excluded from the pollen sum (ΣP) Pinus percentage
was calculatedwith the pollen sum plus Pinus pollen. Due to the low values of Cerealia-t, its presence has been represented by a cross in the Poaceae plot. The dotted line inmontane ratio corresponds to the threshold value of 2.5, which indicates the
close presence of montane-subalpine ecotone. Higher values imply the occurrence of upward montane vegetation in Bassa Nera.
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with some broken diatoms and low organic matter (536–539 cm).
Unit III-B (553–706 cm) is composed of clays with colours varying
from grey to brown. This unit has little organic matter and scarce di-
atoms (553–586 cm) and brown-black clay with pennate diatoms
and organic matter (586–706 cm), with an intercalated section of
brown-red clay with abundant vegetal matter and few diatoms
(603–677 cm).

The two cores were correlated according to their sedimentological
features (Fig. 2). One stratigraphic correlation was carried out between
the sandy silt layer of Unit II-A and the very fine silt layer of Unit II-B.
The second correlation was made between the base of Unit II-A and
the brown-red clay and dark-brown clay layers located at 677 cm in
Unit III-B. The lithological differences between the studied cores are
likely due to the concave shape of the basin and the relative position
of the sampling points. In summary, core A contains 10,211 years in
270 cm and core B 7490 years in 706 cm. Given the different temporal
resolutions between the two records, core A will show the main
palaeoenvironmental features of the Holocene, and core B the last
7000 years at a higher resolution.

4.2. Loss-on-ignition and metals

The LOI values come from three different sedimentary environments
(Fig. 3): (I) peat bog (0–184 cm),withN70% of organicmaterial, showing
an abrupt drop to 14% at 105–120 cm; (II) clays (185–263 cm), with an
organic content between 30 and 94% and a sharp decrease below
194 cm; and (III) sands with b19% organic matter content (264–
270 cm). Ti shows an increasing trend with an important drop at 60–
64 cm (Fig. 3). Since then, it displays relatively stable values except for
a prominent peak at 112–116 cm and a smaller peak at 215 cm. On the
other side, Mn shows low variability (3–46 μg/g), with two small peaks
at 10 cm and 215 cm and one large peak at 112–116 cm (311–346 μg/g).

4.3. Palynological interpretation

The diverse sedimentation rates of the cores and their different
locations within the lake basin make them suitable to reconstruct
the palaeoenvironmental conditions in different ways. The informa-
tion provided by the pollen, charcoal and macroremains of core A is
used to show the main palaeoenvironmental events and vegetal dy-
namics that occurred in the BSN catchment during the Holocene,
while the pollen from core B details the most relevant landscape dy-
namics (Figs. 3 and 4). The entire record is mainly dominated by ar-
boreal pollen, where the deciduous species that abound at the base
are replaced by coniferous taxa at around 4000 cal yr BP. Shrubs
and herbs increase along the record. Mediterranean taxa are present
during the entire sequence, while anthropogenic indicators and
charcoal rise by the middle of the sequence. Seven phases are de-
scribed and summarized according to statistically significant pollen
zones.

4.3.1. Phase I
This phase is dominated by herbs, mainly Poaceae and Artemisia,

suggesting that the pond was surrounded by steppe-like grasslands
(10211–10,070 cal yr BP, core A: 270–264 cm, 2 samples). The lowest
montane ratio values and high proportions of Betula point to a nearby
birch forest. This agrees with studies that indicate an early phase of
birch colonization in the Pyrenees during the Late Glacial-Holocene
transitional period (Reille and Lowe, 1993; Cunill et al., 2013;
Gil-Romera et al., 2014). Therefore, this phase could be a transition
from the steppe taxa that abounded during the colder and more-
arid Younger Dryas to a deciduous forest, characteristic of the start
of the Holocene (González-Sampériz et al., 2006; Reille and Lowe,
1993; Jalut et al., 1992).

The maximum values of planktonic algae (Pediastrum, Botryococcus)
might indicate an increase of primary production (Jankovská and
Komárek, 2000) as a result of the relative increase of temperatures in
a cold freshwater environment. The presence of Sphagnumdenticulatum
or Sphagnum subsecundum macroremains is characteristic of semi-sub-
merged or flooded areas. The occurrence of S. palustre or S. papillosum
also points to the early presence of Sphagnum lawns or low hummocks.
The sediment granulometry and the lowest LOI values also suggest an
open water phase with scarce vegetation. The presence of Ranunculus
and ferns implies highmoisture and an increase in the lake primary pro-
duction, while the sands with broken pennate diatoms (sedimentary
unit IV-A) suggest intense hydrodynamic material input events.

4.3.2. Phase II
A drop in herbaceous taxa together with the highest frequencies of

deciduous taxa characterise this phase (10070–7343 cal yr BP, core A:
264–199 cm, 14 samples). Even though that there is no noticeable in-
crease ofmontane taxa, the decrease in subalpine-alpine taxa prompted
by a drop in Poaceae and Asteraceae led to an increase in the resulting
montane ratio. According to modern analogues, the high montane
ratio values correspond to the presence of the lower montane altitudi-
nal belt (Garcés-Pastor et al., 2016). In this period, the forest shifted
from a Betulawoodland to amixed Corylus and Betula forestwith decid-
uous Quercus, Ulmus and some Pinus (Fig. 3). Meadows became scarce.
The replacement of the sun-tolerant Betula by Corylusmatches the nat-
ural succession of secondary species. The higher frequencies of Corylus
compared to deciduous Quercus during the entire phase emphasize
the colonizing capacity of the former and suggest stronger oceanic influ-
ence (González-Sampériz et al., 2006;Montserrat-Martí, 1992). This co-
incides with studies that reported the warmest summer temperatures
during the early Holocene in the Northern Hemisphere due to maxi-
mum summer radiation and minimum winter radiation (Heiri et al.,
2003; Anderson et al., 1988; Cacho et al., 2010).

In the aquatic system, the decrease in freshwater algae
(Botryococcus, Pediastrum) could indicate shallower ormore-turbid wa-
ters (Jankovská and Komárek, 2000), which is consistent with the pres-
ence of pennate diatoms in sedimentary unit III-A. On the other hand,
the co-occurrence of species with affinity for moist (Sphagnum
denticulatum or subsecundum) and dry conditions (Sphagnum palustre
or papillosum, Polytrichum, Ericaceae) evidences a complex Sphagnum
landscape. The decrease in Ti and Mn, with a change from sands to
clays, suggests decreased sedimentary input (Nesje and Dahl, 2001).
This coincides with the establishment of forests surrounding BSN,
whichwould have promoted the rise of LOI, stabilized the soils and lim-
ited the erosion input into the lake (Fig. 3). The intercalated layer of fine
silt between 9397 and 9358 cal yr BP coincides with an importantmon-
tane ratio peak (243 cm), suggesting a punctual event of higher mois-
ture that might have favoured the growth of deciduous forest. This
could be related to the meltwater events of 9300 cal yr BP described
in the Pyrenees andMediterranean regions, when increased snow accu-
mulation in winter and large snowpack melt during warmer summers
led to higher run-off (Pérez-Sanz et al., 2013). Shortly later, between
9195 and 8789 cal yr BP, the drastic decrease in montane values with
the rise of meadows (Apiaceae, Artemisia and Asteraceae) would point
to colder and drier conditions. This period coincides with an episode
of forest decline at around 9200 cal yr BP in the western Mediterranean
(Fletcher et al., 2013) and a cold and arid event registered at
8800 cal yr BP in Basa de la Mora Lake and the rest of the Iberian Penin-
sula (Pérez-Sanz et al., 2013).

By 8164 cal yr BP, the occurrence of Ti andMnpeak and a drop in LOI
shortly followed by the presence of chlamydospores of the mycorrhizic
fungus Glomus suggest punctual runoff events (López-Vila et al., 2014).
The posterior decline of the montane ratio reflects a downward shift of
montane forest led by a Betula decrease which can be also found in
Bassa de la Mora lake and the Portalet peat bog, which could point to
drier summer conditions (Pérez-Sanz et al., 2013; González-Sampériz
et al., 2006). The shallower waters, inferred by decrease of algae and
rise of Cyperaceae and Typha-t pollen, could have prompted the
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increase of emerged littoral areas. The drier conditions, the peaks of Ti
and Mn and the drop in LOI could be related to the 8200 cal yr BP cold
event that brought generally cold and dry conditions to the Northern
Hemisphere (Alley and Ágústsdóttir, 2005; Rohling and Pälike, 2005)
and the Central Pyrenees (González-Sampériz et al., 2006).

4.3.3. Phase III
This phase is characterised by a sharp decrease in Corylus and

Betula, as the forest succession evolves (7343–5832 cal yr BP, 11
samples core A: 199–150 cm; 13 samples core B: 706–632 cm). The
montane ratio decreases and fluctuates around a value of 20, which
suggests punctual episodes of montane forest downward migration.
Even so, the lower montane belt was still present at the site, com-
posed of a mixed Corylus and deciduous Quercus woodland with
some Betula, Tilia and Ulmus. Meadows increase, indicated by the
rise of Poaceae and Artemisia. Salix slightly drops and Ulmus shows
a decreasing trend, while Alnus rises around the end of the phase.
Abies appears in the beginning of this phase and rises by
6356 cal yr BP This is in line with the east-to-west colonization of
the Central Pyrenees by firs (Pèlachs et al., 2009b; Matías et al.,
2016). The marked reduction in Pinus around 7000 cal yr BP
observed in core B could point to an increase in temperature and pre-
cipitation, as reported across the Iberian Peninsula (Pérez-Díaz et al.,
2016) (Fig. 4). On the other hand, a higher fire frequency is inferred
from the noteworthy increment of charcoal by 6200 cal yr BP
(150 cm). The rise of Cyperaceae points to shallower waters and
higher extent of littoral areas and, which is corroborated by the dif-
ferences between both records due to small-scale spatial variability.

Among the aquatic and littoral elements, the spatial differences illus-
trate two scenarios. Core A shows the peatland development at the
shore of the lacustrine system by 6866 cal yr BP, likely forming lawns.
This is inferred from the increase in Sphagnum percentages dominated
by S. palustre or S. papillosum with the occurrence of the cercozoan
Assulina (185–150 cm), characteristic of non-water-saturated topsoils
(Charman et al., 2000). The rise in LOI and Cyperaceae together with a
decrease in planktonic algae and the change from clay with abundant
diatoms to peat also supports this interpretation. In core B, the domi-
nance of Botryococcus, fewer sedimentary diatoms (unit III-B) around
6822 cal yr BP and low Cyperaceae frequencies points to some water
level. The change frombrown-dark to brown-red claywith organicmat-
ter suggests periods of subaerial exposure or hydricfluctuations (Fig. 2).
These changes in lake level might have increased water turbidity in
shore environments, perhaps affecting algae development and
favouring the disappearance of Pediastrum in core A (Jankovská and
Komárek, 2000), while Botryoccoccus andMougeotia rise in the shallow
waters of core B. Nearby localities such as Portalet and Estanilles peat
bogs and Burg Lake also recorded a transition from a lake to a peat sys-
tem at similar times (González-Sampériz et al., 2006; Pérez-Obiol et al.,
2012; Pèlachs et al., 2011).

4.3.4. Phase IV
A transition from deciduous to coniferous taxa marks this phase.

The decrease in deciduous Quercus and the drop in Betula and Corylus
indicate a downward shift of deciduous forest (5832–3912 cal yr BP,
10 samples core A: 150–112 cm; 19 samples core B: 632–525 cm).
However, montane ratio values around 5 indicate the occurrence of
upper montane forest on the site. On the other hand, Abies expanded
and Fagus appeared by 4492 cal yr BP. This vegetation shift could
point to rainy and warm summers, where Abies rose in altitude to
avoid the warming, and a change to greater precipitation might
have promoted a downward displacement of optimal deciduous
habitats (Alba-Sánchez et al., 2010; Pèlachs et al., 2011). The replace-
ment of Ulmus by Alnus in 5286–4054 cal yr BP is coherent with the
decline of elm in the rest of the Pyrenees (Montserrat-Martí, 1992;
Reille and Lowe, 1993). The establishment of emerged lands and
lakeshore environments might have favoured colonization by Alnus
(Pérez-Obiol et al., 2016; Revelles et al., 2015). The alpine meadows
continued their rising trend, dominated by Poaceae, Artemisia and
some Apiaceae. This coincides with an intensification of anthropic
pressure, as inferred by the increase in fires and agropastoral pollen
indicators (Centaurea, Cerealia-t, Potentilla).

In the wetland plant communities, littoral site A has a peaty marsh
environment, as inferred by the occurrence of aquatic plants (Ranuncu-
lus-t and Typha-t) and Selaginella-t since 5526 cal yr BP and a drastic de-
crease in Sphagnum percentages. Around 5043 cal yr BP, both S. palustre
or papillosum and S. denticulatum or subsecundum disappeared in con-
junction with a rise in Ericaceae and some S. magellanicum. The
ombrotrophic affinity of these taxa points to drier peaty habitats. On
the other hand, the water level increased at site B, as indicated by the
occurrence of Myriophyllum and planktonic algae (Botryococcus and
Mougeotia) (Grosjean et al., 2001; Van Geel, 2001). Subsequently
(590 cm), the watershed shrank, giving rise to marshy conditions with
the increase of Potamogeton and Cyperaceae and the reduction of dia-
toms in clay sediments, leading to peat formation by 4359 cal yr BP
with a change to dark-brown clay.

A remarkable increase in erosion, likely due to a rise in the recur-
rence of flood events, occurred around 4049 cal yr BP, as evidenced
by a sharp decrease in LOI, peaks in Ti andMn and the presence of an
inorganic silt layer in both cores. This event might have damaged
the forest that surrounded the pond, with a decrease in deciduous
Quercus, Abies and Pinus and may have prompted the rise of the
montane ratio, possibly explained by the colonization of the de-
graded terrain by Betula. The presence of Equisetum and the absence
of Ericaceae at site A, characteristic of pond margins, also suggest an
increase in moisture around 3992 cal yr BP (Pérez-Haase and Ninot
Sugrañes, 2006). These flood events that appear locally exaggerated
in BSN are in accordance with a period of wetter conditions regis-
tered between 4500 and 3900 cal yr BP at nearby study sites such
as Basa de la Mora Lake and the rest of the Iberian Peninsula, such as
Sanabria and Enol Lakes (Pérez-Sanz et al., 2013; Jambrina-Enríquez
et al., 2014; Moreno et al., 2011). Indeed, lakes from France and Italy
have also registered phases with increasing humidity in this period
(Magny et al., 2013; Simonneau et al., 2013), a dynamics attributed to
positive synergies between cold climatic oscillations and human-in-
duced soil destabilization and erosion.
4.3.5. Phase V
The highest abundances of coniferous taxa suggest that the vegeta-

tion surrounding the pond was dominated by Abies and Pinus with
some mixed montane forest (deciduous Quercus, Betula and Fagus)
(3912–792 cal yr BP, 14 samples core A: 112–50 cm; 45 samples core
B: 525–290 cm). Although the montane ratio continued to decline, the
values around 2.75 indicate the proximity of the montane upper limit
to BSN; Alnus still dominated the riverine forest. On the other hand, a
higher anthropic pressure (3000 cal yr BP) through forest clearance is
evidenced by the intensification of fires, the noteworthy rise of shrubs
(Ericaceae) and the increase of agropastoral indicators (Cerealia-t,
Potentilla).

Regarding the aquatic system, site A continues showing a pond
margin scenario at 4049–1455 cal yr BP with the continuity of Equi-
setum and the absence of Ericaceae, while site B still has some
water level, as inferred by the rise ofMyriophyllum and the presence
of diatoms in the sediment (Grosjean et al., 2001). However, their
decrease at 3169–2303 cal yr BP points to shallower waters and
matches a period of intensified aridity in the Pyrenees and across
the Mediterranean (Pérez-Sanz et al., 2013; Jalut et al., 2000). The
chemical elements remain stable along the phase until 1369–
1231 cal yr BP, when an important drop in Ti coincides with an inter-
calated layer of fine silt (unit II-A) and Ericaceae macroremains at
site A, pointing to a period of dried substrate and lower sedimentary
input.
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4.3.6. Phase VI
This phase is marked by the highest values of Prunus-t and a notable

rise in herbs (Poaceae, Artemisia, Chenopodiaceae/Amaranthaceae)
(792–386 cal yr BP, 3 samples core A: 50–38 cm; 21 samples core B:
290–200 cm). Abies and Pinus forest remained in detriment of decidu-
ous vegetation (deciduous Quercus, Fagus and Betula), which experi-
enced a downward shift, supported by montane values below 2.75.
The increase ofmeadows and the co-occurrence of charcoal and anthro-
pogenic pollen indicators (Secale cereale, Cerealia-t) indicate the conti-
nuity of forest clearances for agropastoral purposes.

In the wetland community, Sphagnum values N40% in site A show
thedevelopment of drier S.magellanicum and S. capillifoliumhummocks,
with Ericaceae and Polytrichum (Pérez-Haase and Ninot Sugrañes,
2006) between 499 and 465 cal yr BP. At site B, the transition from
Myriophyllum to Potamogeton by 544 cal yr BP points to a lower lake
level. Moreover, a paleoecological study of the last 1000 years in BSN
(Garcés-Pastor et al., 2016) reported extreme fluctuations of diatom
concentrations and a decrease of planktonic frequencies, which were
interpreted as responses to periods of strong seasonality and hydric
fluctuations (Fig. 4).

4.3.7. Phase VII
The highest values of Poaceae and lowland pollen (evergreen

Quercus, Olea) characterise this phase (386 cal yr BP–present, 8 sam-
ples core A: 38–0 cm; 16 samples core B: 200–0 cm). A conifer forest
(Abies, Pinus) surrounded BSN, while the low montane ratio values
show the continuity of the montane boundary at lower altitudes.
The understorey (Ericaceae) and alpine meadows grew. The de-
crease in fires and agropastoral indicators (Prunus-t, Cerealia-t),
with the highest values of Potentilla between 160 and 110 cm, sug-
gest a complex agroforestal system with a dominance of pastoral ac-
tivities (Garcés-Pastor et al., 2016).

On the aquatic system, the dominance of Cyperaceae points to the
continuity of a thin water layer. The establishment of the peat bog at
site B at around 370 cal yr BP was marked by a change from dark-
brown to red-brownish fibrous peat moss. At the littoral site A, the
disappearance of Equisetum by 171 cal yr BP suggests less moisture.
Finally, the higher percentages of Sphagnum (S. capillifolium and S.
magellanicum) and Ericaceae point to the establishment of an
ombrotrophic hummock in recent times.

5. Discussion

5.1. Vegetation response to the North Atlantic influence: montane ratio and
IRD

The ice rafted debris (IRD) index from the North Atlantic (Bond et
al., 2001) has been used as an indicator of general climatic patterns
during the Holocene in regions influenced by North Atlantic Ocean
circulation (Battarbee et al., 2004). High IRD values have been corre-
lated with southward displacements of the Atlantic westerly jet,
prompting increased precipitation and higher water levels in mid-
European lakes (Magny et al., 2001; Magny, 2004). Likewise, in the
Pyrenees, González-Sampériz et al. (2006) reported a translation of
climate variability from the North Atlantic to the mid-latitudes, and
Pèlachs et al. (2011) found a correlation between IRD and deciduous
tree pollen percentages in Burg Lake, where high IRD corresponded
to wetter and occasionally colder conditions.

With the aim of evaluating the North Atlantic influence in BSN
vegetation shifts, we compared the montane ratio with the IRD
index (Fig. 5). Cores A and B present different behaviour because of
their varying sedimentation rates. Core A shows a smoothed curve
along the record since it has a lower sedimentation rate. On the
other hand, core B offers a greater detail of the altitudinal shifts
due to its higher sedimentation rate and resolution. Similar montane
ratio and IRD trends are apparent during the first half of our records
(between 10,200 and 5300 cal yr BP), when high IRD values (the main
Bond events 6, 5 and 4 and other secondary peaks) coincide with in-
creases in the montane ratio (10,000; 9400; 8100; 7300; 6800; 5750;
5500; 5300 cal yr BP). The remarkable montane peak at around
9400 cal yr BP (core A), which could be related to a punctual highmois-
ture event, has also been registered in Burg and Redon Lakes as a phase
of low LOI and colder winter/spring temperatures (Pla and Catalan,
2005; Pèlachs et al., 2011). However, by the end of Bond event 4, the
montane ratio starts to decouple from IRD, and fully decoupled trends
can be seen henceforth during the most recent half of our records,
when themontane ratiomaintains stably low values, despite the occur-
rence of several Bond events with high IRD values (Fig. 5). Therefore,
montane ratio peaks during the first half (10200–5300 cal yr BP) may
be related to the growth of deciduous taxa in response to a regional
rise of moisture in the Northern Hemisphere, in agreement with
Pèlachs et al. (2011). However, the increasing mismatch between
both trends suggests that other pressures besides the North Atlantic cli-
mate (probably at a more local level) have ultimately influenced BSN
vegetation. Regarding those pressures, charcoal notably increased
around 6700 cal yr BP, indicating thatfires in the areamight have affect-
ed themontane forest and prompted the early decrease of themontane
ratio by 6650 cal yr BP. Shortly later, in 6400–6100 cal yr BP, charcoal
becomes recurrently abundant, coinciding with a notable decrease of
Betula and the montane ratio. Indeed, Betula and the montane ratio
fall to even lower values around 6140 cal yr BP, when a notable charcoal
peak occurs (Fig. 5). During that period, frequent firesmight have inter-
feredwith the response of montane vegetation to the regional moisture
increase inferred from higher IRD. By 5700 cal yr BP, charcoal notably
increased, suggesting higher fire frequency. This coincides with a drop
of Corylus, suggesting that fires may have burnt the montane forest
and favoured resprouting species such as Ericaceae. Even though the
fire frequency was reduced around 5400 cal yr BP, the montane ratio
did not respond to the rise of IRD by 5250 cal yr BP. However, a period
with less fires could have prompted the recovery of the montane ratio
by 5100 cal yr BP, which responded to IRD with a slight delay until
4750 cal yr BP.

Thus, the montane vegetation responded to climatic forcing from
10,200 to 6700 cal yr BP, followed by a transition period (5700–
5250 cal yr BP) when fires could have affected the resilience of decidu-
ous vegetation, hampering its response to climate. These results agree
with those found in the nearby Basa de la Mora Lake, which also pre-
sented a retreat in deciduous taxa from 5700 cal yr BP, when frequent
fires and climatic forcings overcame the regeneration capacity of the
vegetation (Lasheras-Álvarez et al., 2013). Although Portalet peat bog
shows a hiatus by this transition period, it also recorded a contraction
of deciduous forest from 7700 cal yr BP, attributed to a threshold re-
sponse of the ecosystem to high fire frequencies (Gil-Romera et al.,
2014). Burjachs and Expósito (2015) also noted that vegetation in the
Mediterranean area of the Iberian Peninsula was more resilient during
the first half of the Holocene than in the recent Holocene. By
5250 cal yr BP, climate and fires could have weakened the resilience of
deciduous vegetation beyond a threshold that prompted the progres-
sive downward shift of montane vegetation between 5300 and
4200 cal yr BP in BSN. Indeed, Pla and Catalan (2005) showed that the
climate was more continental before 4000 cal yr BP, whereas Jalut et
al. (2000) and Pérez-Sanz et al. (2013) reported a change in precipita-
tion seasonality towards more frequent summer droughts, namely, a
transition from a significant Atlantic influence to a typical Mediterra-
nean climate that affected the deciduous forest composition and resil-
ience while promoting fires.

5.2. Local differences in the response of organic matter accumulation to the
North Atlantic influence: LOI and IRD

The close correlation found between Bond IRD oscillations and the
accumulation of organic matter reported in Burg Lake (1821 m a.s.l.)



Fig. 5. Summary diagram grouping IRD (Bond et al., 2001), Bond events, montane ratio of cores A and B, Charcoal concentration (mm2/g), LOI and relevant selected pollen taxa of core B.
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by Pèlachs et al. (2011) suggests a direct North Atlantic influence on cli-
mate fluctuations in the Central Pyrenees. Of the Pyrenean studies that
have used loss on ignition as an organic matter indicator (Pla and
Catalan, 2005; González-Sampériz et al., 2006; Pèlachs et al., 2011),
Burg is the only lentic systemwith a continuous record that can be com-
pared to our results. The proximity between BSN and Burg (34.5 km)
makes them suitable places to study the response of subalpine ecosys-
tems at the regional level. However, the LOI trend at BSN differs from
the oscillating record at Burg. In BSN, the LOI values approach 90% by
6900 cal yr BP (Figs. 3 and 5) and stay rather constant except for a re-
markable decrease around 4049 cal yr BP. Conversely, Burg has stronger
LOI oscillations, reaching 90% values by 5100 cal yr BP and fluctuating
thereafter following the IRD trend (Pèlachs et al., 2011). Although
both records have a different response amplitude, they present some
similarities in 5500–3800 cal yr BP, and we hypothesise that this corre-
sponds to awetland phase, according to a sediment change from organ-
ic silt to peat and higher LOI values at both sites. In this general trend,
several aridity phases have been identified at different moments on
the Iberian Peninsula during the Middle Holocene, for example, be-
tween 6200 and 5600 and 4600–4300 cal yr BP (Pérez-Sanz et al.,
2013; Pèlachs et al., 2007; Azuara et al., 2015). The LOI at BSN is less
sensitive to global climate changes than at Burg and thus shows a high
influence of local factors, which might have hidden any direct relation-
ship between IRD oscillations and BSN peat bog development
(Mäukiläu, 1997). The accumulation of organic matter in a wetland is
promoted by temperature and/or water inundation (Crawford et al.,
2003), the latter being mainly controlled by precipitation (Charman et
al., 2009). Therefore, we can attribute differences in the LOI trends be-
tween both sites to contrasting water inundation patterns. The higher
and more constant values of LOI in BSN suggest less water table varia-
tions than Burg. These differences could have been influenced by the
orographic conditions of both sites, which would have determined the
precipitation regime. Although significant environmental changes
occurred in BSN during the entire record, these shifts do not seem to
have influenced the LOI values, highlighting that the local influence is
too important to allow climatic inferences from this variable. On the
other side, Burg could have been more dependent on precipitation
that would have prompted an increase of paludification and LOI fluctu-
ations. On the other hand, the Portalet peat bog (1802 m a.s.l.) was
established after 6400 cal yr BP, reached LOI values around 40% andfluc-
tuated thereafter due to alternate periods of peat and shallow clastic
lake deposition, until a hiatus in 5300 cal yr BP (González-Sampériz et
al., 2006). Finally, the Molina peat bog, located in north-west Spain
(Cantabrian region) was established around 6000 cal yr BP and reached
LOI values close to 90% and then remained stable until the last millenni-
um (Pérez-Obiol et al., 2016). These different scenarios show how local
influence could limit the suitability of LOI as a paleoclimate indicator in
the case of peat bog systems. However, it may be more useful in envi-
ronments with higher Mediterranean influence where climatic oscilla-
tions are more pronounced (Azuara et al., 2015).

5.3. Anthropic influence: fire and crops

The low fire frequency and the absence of anthropic indicators be-
tween 9968 and 8548 cal yr BP in Bassa Nera could be attributed to nat-
ural fires prompted by the large amounts of deciduous biomass, as
occurred in the nearby Portalet peat bog and Basa de la Mora Lake in
the same period (Gil-Romera et al., 2014; Lasheras-Álvarez et al., 2013).

The BSN catchment is surrounded by many archaeological sites that
evidence human occupation and exploitation of the high mountains of
the Pyrenees since the Neolithic (from 9000 to 8571 cal BP) (Gassiot
et al., 2014). The first anthropic evidence in the PNAESM area is some
hunting artefacts from7650 to 7325 cal yr BP found in Sardo cave, locat-
ed 9 km from BSN (Gassiot et al., 2012). Shortly after, the rise in
agropastoral indicators in BSN (Artemisia, Asteraceae, Potentilla, Galium,
Centaurea, Rumex) and charcoal particles indicate grazing activities

Image of Fig. 5
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between 7343 and 5832 cal yr BP. This is coherentwith agropastoral ac-
tivities recorded in the nearby records of Sardo cave (Gassiot et al.,
2012), Bosc dels Estanyons (Miras et al., 2007) and the Estanilles peat
bogs (Cunill et al., 2013). The intermittent presence of Cerealia-t pollen
in our records between 5190 cal yr BP and 2000 cal yr BP, together with
agropastoral indicators and charcoal, might be evidence of some cereal-
based agriculture near BSN. Although the first record is a punctual event
(5190 cal yr BP), it fits with the development of cereal-based subsis-
tence in the area, coinciding with cereal seeds found in Sardo cave
and Cerealia-t pollen recorded in the Burg lake and Madriu valley re-
cords (Pèlachs et al., 2007; Miras et al., 2007; Gassiot et al., 2014). A
higher fire frequency in 5190–4300 cal yr BP and the rise in pastoral in-
dicators (Potentilla, Rumex) suggest an increase in grazing activities in
BSN, coinciding with an intensification of archaeological settlements
found in PNAESM (Sardo cave, Estany de la Coveta I, Obagues de Ratera
and Saboredo). These lines of evidence of highmountain exploitation in
the Central Pyrenees (Gassiot et al., 2014; Pèlachs et al., 2007; Jalut et al.,
2000) were probably prompted by the increased frequency of dry sum-
mers around 4600–4300 cal yr BP in theMediterranean area (Jalut et al.,
2000; Azuara et al., 2015). The rise of fires during the Bronze Age and
the scattered presence of Cerealia-t (4230–3500 cal yr BP) point to for-
est clearance and occasional crops. The spread of Fagus, which occurred
in the same period (Fig. 4), could have been favoured by the resulting
open spaces from anthropogenic disturbance followed by a change to
higher precipitation (Miras et al., 2007; Pèlachs et al., 2009b). The rise
of Fagus in BSN fits with its expansion in the Pyrenees and Cantabrian
mountains (Pérez-Sanz et al., 2013; Montserrat-Martí, 1992; Magri,
2008). During the Late Bronze Age (3150–2650 cal yr BP), agricultural
landscapes were established in BSN with the rise of Cerealia-t and
agropastoral indicators (Centaurea, Potentilla, Artemisia, Asphodelus).
This agrees with the record of higher anthropic pressure through farm-
ing and pasturing activities found in the nearby Burg, Estanilles and
Bosc dels Estanyons peat bogs (Bal et al., 2011; Pérez-Obiol et al.,
2012; Miras et al., 2007). Fires increased by 2800 cal yr BP, and
Cerealia-t reappeared with the Roman Period (2000 cal yr BP). By the
Middle Ages (1100 cal yr BP), an intensification of agriculture and live-
stock is indicated by the rise of Cerealia-t, grazing indicators (Galium,
Potentilla) and fires, coinciding with an increase of human settlements
in PNAESM and the Central Pyrenees (Catalan et al., 2013). At
800 cal yr BP, the appearance of Secale cereale together with the rise
of Poaceae, agropastoral and arboriculture indicators (Rumex, Artemisia,
Castanea, Juglans) point to crop diversification and an increase of pas-
tures (Garcés-Pastor et al., 2016). The rise of Prunus-t in this period
could be related to cultivated species such as P. domestica or P. avium.
From 450 cal yr BP, the scattered cereal presence and the higher
amounts of Poaceae and pastoral pollen (Potentilla, Urtica) suggest the
abandonment of farming, the spread of meadows and the highest graz-
ing exploitation period of the sequence. The resulting opening of the
landscape would have led to the higher upward flow of Olea and ever-
green Quercus from an increase of agricultural practices in the lowlands
(Cañellas-Boltà et al., 2009). Since 120 cal yr BP, the forest clearance and
a peak in Poaceae might be the result of an increased need for supplies
and rawmaterials during the Industrial Revolution (Garcés-Pastor et al.,
2016). Later, the disappearance of cereals and the reduction of
agropastoral pollen indicate crop abandonment. However, the presence
of Potentilla suggests some grazing activity until the establishment of
the PNAESM in 1955 cal AD and the protection of its surroundings in
1990 cal AD.

Agriculture in BSN has passed through short exploitation phases in-
terspersed with periods of land abandonment and grazing. Some au-
thors suggest that these human occupation phases could be a result of
the synergic effects between climate changes and human activity
(Gassiot et al., 2012; Jalut et al., 2009). To checkwhether the occupation
phases in BSN could have been prompted by climate, we compared IRD
with the Cerealia-t pollen frequencies (Fig. 5). Our results suggest that
cereals rise when IRD presents low values (c. 5200, 4250, 3600, 3180,
1950, 1300 cal yr BP), in agreement with Pèlachs et al. (2011) in Burg
lake. The only occurrence of cereals with high IRD values occurs with
Secale cereale in 750–500 cal yr BP, known for its resistance to cold en-
vironments and which is also cultivated in the Estanilles peat bog
(Cunill et al., 2013; Pérez-Obiol et al., 2012). In agreement with the ap-
pearance of cereals in other studies of the Central Pyrenees and coincid-
ing with Magny (2004) the development of cereal-based subsistence in
BSN could have been prompted by the rise of the regional population
and by dry conditions. The farming activities in BSN and their influence
in the environment became evident during the Bronze Age and intensi-
fied in the Roman period and Middle Ages.

6. Conclusions

In this multi-proxy studywe reconstructed the palaeoecological and
ontogenic events recorded in BassaNera during the last 10,200 cal yr BP.
Changes in aquatic taxa, macroremains and sedimentary units show a
non-linear development of the peat bog over the larger previous lake.
The study of two separated cores allowed us to compare some remark-
able spatial differences that took place within the same catchment. The
pollen and the montane ratio were useful to infer structural and altitu-
dinal changes in montane forest through the last 10,200 cal yr BP. Veg-
etation strongly responded to climate during the first half of the
Holocene (10200–6700 cal yr BP) with punctual episodes of downward
shift in the montane forest. Abies appeared by 6356 cal yr BP and ex-
panded. Then, a transition period took place (5700–5250 cal yr BP)
when climate andfires prompted a progressive downward shift ofmon-
tane vegetation and its replacement by coniferous taxa, which has dom-
inated the catchment with some mixed montane forest since
3912 cal yr BP. The montane ratio was a useful tool for summarizing
palaeopalinological data, enabling the assessment of the potential corre-
lations between changes in vegetal communities and the climatic forc-
ing indicated by the IRD, and highlighting the different responses of
the vegetation to the North Atlantic influence in Bassa Nera during the
Holocene. The study of LOI and sedimentary units allowed us to infer
important flood events between 4500 and 3900 cal yr BP. From
7300 cal yr BP onwards, charcoal and pollen indicators evidence
human disturbance through grazing, pointing to the use of fire as a
tool for forest clearance or maintaining open spaces. The first cereal
crops in Bassa Nera occurred around 5190 cal yr BP and coincided
with dry climate conditions until the cultivation of cold resistant species
like Secale cereale. The second half of the Holocene features phases with
increased occurrence of agricultural practices alternating with land
abandonment and grazing. Notable periods of anthropic pressure in-
clude the Late Bronze Age, with the establishment of agricultural land-
scapes, followed by the Roman Period and Middle Ages. The results
from this study highlight the sensitivity of the high-mountain vegeta-
tion of the Central Pyrenees to climate changes and anthropic pressures.
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