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Abstract

M

ountain environments are considered as one of the most sensitive
regions

to

global

change,

where

important

landscape

transformations have occurred during the last decades. However,

landscapes are dynamic entities which have been shaped by long-term climatic,
environmental and cultural processes. Hence, a long-term perspective of the
environmental changes is essential to understand better how ecosystems responded
to past climate and human perturbations at different time-scales and thus adopt
suitable management strategies for the future. In this regard, palaeoenvironmental
archives such as lake sediments or ice deposits located within caves contain valuable
information about past environmental changes.
The present Thesis compiles the study of long-term vegetation and fire
dynamics from high altitude environments during the Late-Glacial and Holocene
periods (last 14600 years) and its relation with climate and human activities in the
Central Pyrenees. In order to understand the ecosystem responses to past
environmental and climate changes a multiproxy strategy was applied using pollen,
microcharcoal and plant macrofossils.
Regional vegetation and fire dynamics have been studied from two high
mountain lacustrine sequences: Marboré (2612 m a.s.l.) and Basa de la Mora (1914 m
a.s.l.) using pollen and microcharcoal as environmental proxies. We have focused on
the response of alpine vegetation and treeline dynamics to past climate changes from
an ice deposit located within the Armeña-A294 Ice Cave (2238 m a.s.l.), archiving
pollen and plant macrofossils. Both Marboré Lake and Armeña-A294 Ice Cave are
located well above the current treeline in the Central Pyrenees (ca. 2000 m a.s.l.)
whereas Basa the la Mora lies at the treeline ecotone.
As pollen-vegetation relationships are not linear, and do not directly reflect the
surrounding vegetation especially at high altitudes, we also characterized the current
pollen rain. We collected samples following an altitudinal transect in the Marboré area
in order to have a better control on the pollen representation and thus, to facilitate
palaeoenvironmental interpretations monitoring the present. The results of the
current pollen-vegetation relationships reveal that vegetation and pollen abundances
change concurrently despite discrepancies are present as pollen shows less defined
altitudinal boundaries, likely because of the homogenizing effect of upwards wind
transport. The sub-alpine-alpine boundary and thus the treeline, is not clearly
distinguished in terms of pollen proportions. However, the deciduous community
palynological assemblages are good altitudinal indicators, with decreasing proportions

of Corylus and Betula pollen reinforces the possibility of recognizing more easily past
range shifts fluctuations of the montane belt in palynological sequences. Several
pollen taxa such as Quercus and Olea, show very good dispersal abilities at high
altitude sites, thus evidencing the dangers of making too precise interpretations in
terms of local presence of these taxa.
The Marboré Lake sequence (2612 m a.s.l.) covers the last 14600 years of
environmental history, indicating that the Marboré cirque was at least deglaciated
since 14600 cal yr BP. The input of sediments at lakes at such altitudes is strongly
controlled by ice phenology (ice-free summer months). Low sedimentation rates and
low Pollen Accumulation Rates (PAR) and Pollen Concentrations (PC) occurred during
the Late-Glacial and Holocene onset, suggesting that the lake remained ice-covered
for most of the year during this period. Warmer conditions are not evident until 10200
cal yr BP, when an abrupt increase in sedimentation rate, PC and PAR occur, pointing
to a delayed onset of the Holocene temperature increase at high altitudes.
Well-developed deciduous forests and pinewoods are inferred at the early and
mid-Holocene (9300-5200 cal yr BP), when pollen proportions indicate that they could
have colonized the sub-alpine belt. The high biomass availability together with the
reconstructed summer maximum temperatures during the Holocene Thermal
Maximum (HTM) favored the increase of fire occurrence during 7000-6000 cal yr BP.
The lack of arboreal tree macrofossils found in the Marboré Lake suggests that the
treeline did not reached 2600 m a.s.l. for the last 14600 years. The chronology of the
ice deposit located within the Armeña-A294 Ice Cave, ranges from 5700-2200 cal yr BP
and the high amounts of tree macrofossils found evidence that the treeline ecotone
was located at ca. 2250 m a.s.l. in the Armeña cirque at the end of the HTM (57004650 cal yr BP) and consisted of open Pinus uncinata and Betula communities.
Timberline reached the ice cave altitude, exceeding its today’s uppermost limit by ca.
300-400 m during 4600-4200 cal yr BP. After 4200 cal yr BP, both treeline and
timberline descended and alpine tundra communities dominated by Dryas octopetala
expanded likely as a consequence of the Neoglacial cooling. At Marboré and Basa de
la Mora sequences, a contraction of the deciduous forest is inferred from ca. 5200 cal
yr BP onwards and low fire activity is detected from ca. 5500-3700 cal yr BP which
could also be related to these cooler conditions. Hence, evidencing that climate
exerted a stronger influence on fire activity during the early and mid-Holocene.
Treeline ecotone persisted at ca. 2250 m a.s.l. in the Armeña cirque but it was
replaced by alpine communities during the past 2200 years related to large
disturbance, either climatic or anthropogenic. Around 3700-3000 cal yr BP, fire activity
increased, coevally to the beginning of landscape opening, inferred by increasing herb
pollen. A general increase of fire activity and human impact is detected regionally at
this time suggesting that human activities may have strengthened the role of climate.

An intensification of human pressure is not clearly detected until the last
millennia, when a noticeable expansion of alpine meadows occurs in our study sites
as well as at a regional scale.

Resumen

L

os ecosistemas de montaña son uno de los ambientes más sensibles al
actual cambio global, y durante las últimas décadas, han sufrido cambios
paisajísticos importantes. Sin embargo, los paisajes son entidades

dinámicas que han ido transformándose a lo largo del tiempo por procesos naturales
y culturales. De este modo, resulta esencial abordar los cambios ambientales
ocurridos desde una perspectiva a larga escala (milenaria) de cara a entender mejor
cómo respondieron los ecosistemas a cambios climáticos y perturbaciones pasadas
en diferentes escalas de tiempo, y de este modo adoptar estrategias apropiadas para
una correcta gestión ambiental. En este sentido, los archivos paleoambientales como
los sedimentos lacustres o los depósitos de hielo localizados dentro de cuevas
contienen valiosa información sobre los cambios ambientales pasados.
La presente Tesis, compila el estudio de la dinámica de la vegetación y el fuego
a escala milenaria a partir de ambientes de montaña durante el Tardiglaciar y el
Holoceno (últimos 14600 años) y su relación con el clima y las actividades humanas
en el Pirineo Central. De cara a entender las respuesta de los ecosistemas a cambios
ambientales y climáticos pasados se ha empleado una estrategia multi-proxy
utilizando polen fósil, microcarbones y macro-fósiles vegetales como indicadores
paleoambientales.
La dinámica regional de la vegetación y el fuego ha sido abordada a través del
estudio de dos secuencias lacustres localizadas a gran altitud: Marboré (2612 m
s.n.m.) y Basa de la Mora (1914 m s.n.m.) utilizando polen y microcarbones como
indicadores ambientales. La respuesta de la vegetación alpina y la dinámica del límite
del bosque a cambios climáticos pasados se ha llevado a cabo a través del estudio de
un depósito de hielo localizado en el interior de la Cueva Helada Armeña-A294 (2238
m s.n.m.), el cual contenía abundantes macro-fósiles vegetales y polen. Tanto el Ibón
de Marboré como la Cueva Helada Armeña-A294 están situados por encima del
actual límite arbóreo (ca. 2000 m s.n.m.) mientras que la Basa de la Mora se localiza
en el ecotono de límite arbóreo.
Debido a que las relaciones polen-vegetación no son lineales, y que el polen
no refleja directamente la vegetación del entorno cercano, especialmente en
ambientes a altitudes elevadas, se ha caracterizado la lluvia polínica actual. Se han
recolectado muestras siguiendo un transecto altitudinal en el entorno de Marboré
logrando un mejor control sobre la representación del polen para poder así facilitar
las interpretaciones paleoambientales a través de la monitorización.

Los resultados a cerca de la relaciones actuales entre el polen y la vegetación,
revelan que tanto la vegetación como las abundancias de polen cambian
concurrentemente, aunque existen ciertas discrepancias ya que el polen muestra
límites altitudinales peor definidos, debido principalmente al efecto homogeneizador
del transporte a través del viento. El límite sub-alpino–alpino, y por lo tanto el límite
arbóreo, no se puede distinguir con claridad mediante las proporciones polínicas. Sin
embargo, la asociación palinológica de los caducifolios es un mejor indicador
altitudinal, por el descenso de las proporciones de polen de Corylus y Betula
principalmente. Este hecho refuerza la posibilidad de poder reconocer con mayor
fiabilidad fluctuaciones ocurridas entre el piso montano y sub-alpino a través de
secuencias palinológicas. Varios taxa polínicos como Olea o Quercus, muestran una
muy buena dispersión en altitudes elevadas, evidenciando que se debe tener
precaución a la hora de interpretar estos taxa en términos de vegetación local.
La secuencia de Marboré (2612 m s.n.m.) cubre los últimos 14600 años de
historia ambiental, indicando que el circo de Marboré se encontraba deglaciado al
menos desde hace 14600 años cal BP. La deposición de sedimentos en lagos a estas
altitudes está fuertemente controlada por la fenología del hielo (meses estivales libre
de hielo). Durante el Tardiglaciar y comienzo del Holoceno se observan bajas tasas de
sedimentación junto a bajos valores en el ratio de acumulación del polen (PAR) y
concentración de polen (PC) sugiriendo que el lago permaneció cubierto de hielo
durante prácticamente todo el año durante este periodo. No se evidencian
condiciones más cálidas hasta 10200 años cal BP, cuando se aprecia un brusco
aumento en la tasa de sedimentación, PC y PAR, apuntando a un retardo en el
aumento de temperaturas a altas altitudes para el comienzo del Holoceno.
Bosques caducifolios y pinares bien desarrollados son inferidos durante el
Holoceno temprano y medio (9300-5200 años cal BP), y las proporciones de polen
sugieren que pudieron haber colonizado el piso sub-alpino. Esta gran disponibilidad
de biomasa junto con la máxima temperatura estival reconstruida para el Máximo
Térmico Holoceno (HTM) favoreció la ocurrencia de incendios durante 7000-6000
años cal BP. La ausencia de macro-fósiles arbóreos en la secuencia de Marboré
sugiere que el límite arbóreo no alcanzó los 2600 m s.n.m. durante los últimos 14600
años. La cronología del depósito de hielo localizado dentro de la Cueva Helada
Armeña-A294, comprende el periodo entre 5700-2200 años cal BP y la gran cantidad
de macro-fósiles arbóreos encontrados, evidencian que el ecotono del límite arbóreo
se localizaba a ca. 2250 m s.n.m. en el circo de Armeña a finales del HTM (5700-4650
años cal BP) y consistía en comunidades abiertas de Betula y Pinus uncinata. El límite
del bosque alcanzó la altitud de la cueva de hielo, excediendo su límite superior actual
unos 300-400 m hace 4600-4200 años cal BP. Después de 4200 años cal BP, tanto el
límite arbóreo como el límite del bosque descienden y comunidades alpinas

dominadas por Dryas octopetala se expandieron probablemente como respuesta al
periodo frío del Neoglacial. En las secuencias de Marboré y Basa de la Mora, se
observa una contracción del bosque deciduo a partir de 5200 años cal BP y una baja
actividad de incendios durante ca. 5500-3700 años cal BP, que podría estar
relacionado con esas condiciones más frías. De este modo, se evidencia que el clima
parece haber tenido una mayor influencia en la actividad del fuego durante el
Holoceno temprano y medio.
El ecotono del límite arbóreo se mantuvo a 2250 m s.n.m. en el circo de
Armeña pero fue reemplazado por comunidades alpinas durante los últimos 2200
años en relación a fuertes perturbaciones tanto climáticas como antropogénicas. En
torno a 3700-3000 años cal BP, la actividad del fuego incrementa, al mismo tiempo
que el paisaje comienza a abrirse, tal y como muestra incremento del polen herbáceo.
A nivel regional, se detecta un aumento generalizado del fuego y del impacto humano,
sugiriendo que las actividades antrogénicas pudieron haber reforzado el rol del clima.
La intensificación de la presión antrópica no se observa con claridad hasta el
último milenio, cuando se detecta un marcado aumento de los pastos alpinos tanto
en las zonas de estudio como a escala regional.
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Presentation
Motivation

T

he group of Quaternary Palaeoenvironments from the Pyrenean
Institute of Ecology (IPE-CSIC) has long been working with different
terrestrial records, especially lake and peat sediments but also with

archaeological sites, stalagmites and tufa deposits from different parts of the word,
with a particular focus on the Iberian Peninsula. The aim of these investigations is to
reconstruct past climate and environments at different time-scales. We analyze the
response of biotic elements, such as vegetation, to different natural or human
perturbations, and this is evidenced by the great amount of investigations, as well as
PhD Theses, led, and developed in this group (e.g. Pérez-Sanz, 2014; García-Prieto,
2015; Aranbarri, 2016).
Vegetation and fire dynamics during the Late-Glacial and Holocene was not yet
addressed from high altitude sites. This PhD Thesis aims thus to study the Marboré
Lake sequence (2612 m a.s.l.), the highest altitude record investigated up to date in
the Pyrenees, together with Basa de la Mora Lake sequence (1914 m a.s.l.), where
different studies were already carried out (Pérez-Sanz et al., 2011, 2013; Tarrats et al.,
2018), and thus, investigate long-term vegetation and fire dynamics from high
elevations. Additionally, we complement this work with a novel investigation on an ice
deposit located within the Armeña-A294 Ice Cave (2238 m a.s.l.) from a
palaeoecological perspective. This pioneer work enabled us to produce for the first
time in the Central Pyrenees, a long-term reconstruction of the treeline dynamics
evidencing the high palaeoecological and environmental significance of perennial ice
deposits.

Thesis structure
This PhD dissertation is divided in different chapters. Chapter 1 starts with an
Introduction about the importance of mountain environments in the context of
current global change and the need to understand better the long-term processes
that have shaped these ecosystems for an appropriate management and future
predictions. We shed light on how to study past environmental changes using
palaeoenvironmental archives and we briefly present the state of art of climate and
environmental changes since the Late-Glacial in the Central Pyrenees together with
the research goals of this study.

i

Chapter 2 is focused on characterizing the Study area where we explain
general features about the geology, geomorphology, climate and vegetation that
characterize the Central Pyrenees. In Chapter 3, we address the Methodological
approach applied in this work, including field work, laboratory analyses and desktop
work.
Chapter 4 is dedicated to Results and Discussion, which is divided in different
sub-chapters according to the different aspects addressed in this PhD Thesis. Chapter
4.1 focusses on monitoring current pollen-vegetation relationships, and the three
next chapters are dedicated to the palaeoenvironmental reconstruction, including
Chapter 4.2 focused on vegetation changes at a regional scale from the high-altitude
Marboré Lake (published in Leunda et al. (2017)); Chapter 4.3 focused on the mid-tolate Holocene tree range shifts and alpine vegetation responses to past climate
changes from an ice deposit (published in Leunda et al. (2019)) and finally, Chapter 4.4
focused on fire as a disturbance agent modifying landscapes where we relate
previously observed vegetation changes with fire activity (Leunda et al., submitted).
This work ends with Chapter 5, where we summarized the main Conclusions
out of this work.
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1. Introduction
Mountains are widely distributed across the Earth and are dynamic systems
that contribute to important ecosystem services. Mountain ecosystems are amongst
the most sensitive environments to global change, where important transformations
have already been detected, for instance in terms of vegetation. The understanding of
long-term (both centennial and millennial-scale) vegetation and environmental
changes is essential in order to contextualize and evaluate these changes in an
appropriate spatio-temporal scale and adopt suitable strategies for a correct
ecosystem management. In this regard, palaeoenvironmental studies play an
important role, as natural archives register past environmental changes that occurred
over thousands of years.
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1.1 Global interest of mountains: why do they matter?

M

ountain systems are widely distributed across all continents (Fig. 1.1)
and thus support vastly differing biota, livelihoods and human
population densities (Egan and Price, 2017). They cover around a

quarter of the world´s surface (Fig. 1.1) and contribute to numerous essential
ecological services not only for the 13% of the global population living in mountains
but also contribute indirectly to the wellbeing of at least half of the planet human
population (Foggin, 2016).

Fig. 1.1 Global distribution of mountains highlighted in black (central map; Körner et al. (2016))
and pictures related to different mountain environments.

Mountains provide key provisioning services such as freshwater, food and
fibre, medicinal plant, fodder, timber (as a source of fuel/energy), habitat, and genetic
resources (Egan and Price, 2017). Mountains have also been recognized as hosters of
exceptional geo-biodiversity (Körner et al., 2016; Brilha et al., 2018). They do not only
provide ecosystem goods and services, but critically regulate a wide number of
processes related to climate, air quality, water flow, erosion and natural hazards (Egan
and Price, 2017). A remarkably high proportion of the world cultural ethno-linguistic
diversity is found in mountain areas (Stepp et al., 2005), representing the legacy of
human habitation in these challenging environments. The immense significance of
mountain areas as cultural heritage is widely acknowledged (García-Ruiz et al., 2015).
Most mountain areas also provide ample and diverse recreational and leisure
opportunities, especially for hiking, climbing and winter sports (Debarbieux et al.,
2014).
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Thus, mountain environments support numerous ecological, hydrological,
climatic, social and economic functions and due to the steep, small-scale
environmental and climatic gradients characterizing them (Körner, 2000), they provide
exciting research opportunities in a changing world and require special attention for
conservation and management.

1.2 Mountains in a changing world
Global change refers to the combination of environmental changes affected by
human activities, particularly referring to changes in processes that determine the
functioning of Earth system (Duarte et al., 2016). Some authors, highlight that several
processes associated with global change have already exceeded their point of return
for the wellbeing of the planet and future generations (Rockström et al., 2009); Fig.
1.2).
Mountain environments are amongst the most sensitive regions to global
change (Krajick, 2004). The strong altitudinal gradient that characterizes mountain
areas results in steep ecological gradients with several ecotones occurring in small
areas. This fact results in an amplification of global climate signal (Beniston et al.,
1997) and provide some of the clearest indicators of global warming (Nogués-Bravo et
al., 2007). Although mountain regions may respond variably at regional to local scales
to these changes, there is a consensus that mean and maximum temperatures will
increase, as will the frequency of extreme events. Besides, increasing temperatures
will mean that the proportion of precipitation falling as snow will probably decrease
(IPCC, 2013). Mountain regions at high and medium latitudes are expected to see the
greatest changes (Egan and Price, 2017).
Glacier retreat is perhaps the most apparent sign of climate warming, with the
vast majority of glaciers worldwide shrinking and thinning, a trend which has been
either continuing, or accelerating over the last century (Vaughan et al., 2013). The
hydrological regulating function provided by glaciers may thus be drastically altered in
river basins where glacier melt provides a significant proportion of runoff in big
mountain ranges. Mountain livelihoods and infrastructure will be at increased risk
from natural hazards and extreme events such as floods (Oppenheimer et al., 2014).
Following glacier retreat, vegetation succession simultaneously acts on this new
terrain without an ice surface (Matthews, 1992; Ballantyne, 2002). Changes in plant
communities across altitudinal gradients have also been detected, related to the
ongoing climate warming. A decline in cold-adapted species and an increase in the
more warm-adapted species has been observed under the process known as
thermophilization (Gottfried et al., 2012), which could cost local extinctions of those
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plants that already live near the upper margins (Theurillat and Guisan, 2001) and thus,
affecting biodiversity (Pauli et al., 2012; Steinbauer et al., 2018).

Fig. 1.2. Different processes affecting global change. The inner green shading represents the
proposed safe operating space for different planetary systems. The red wedges represent an
estimate of the current position for each variable. The boundaries in three systems (rate of
biodiversity loss, climate change and human interference with nitrogen cycle), have already
been exceeded (Rockström et al., 2009).

The way in which humans have been occupying and using mountains has been
changing through time and location (Walsh, 2014), and in many of the mountain
systems large areas have been modified for pasture and forestry purpose (Miehe et
al., 2014). But these traditional land uses have not been sustained through centuries
everywhere as influenced by both societal and climatic factors (Bocquet, 1997). During
the last decades, high mountains are experiencing a large cultural and socioeconomical shift in many regions (Ooi et al., 2015). On the one hand, transport
facilities have increased tourism in mountain areas and activities for leisure are
exponentially increasing with significant socio-economic changes (Øian, 2013; Catalan
et al., 2017). In parallel, most traditional land uses are vanishing since the onset of the
industrialization in the mid-19th century, and many European landscapes increasingly
reflect the abandonment of agriculture and other high-intensity land-uses which have
led to shrub and secondary woodlands encroachment (MacDonald et al., 2000;
Lasanta-Martínez et al., 2005). The thickening of the treeline-ecotone together with an
upward shift of the treeline is currently happening due to both land abandonment
and climate change (Motta and Nola, 2001; Gehrig‐ Fasel et al., 2007; Batllori and
Gutiérrez, 2008). This expansion of trees will have different consequences at
community and ecosystem levels: decreasing alpine biodiversity, which will depend on
the competitive ability of the trees against herbs in the recipient community (Dullinger
5
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et al., 2003; Palombo et al., 2013), hydrological changes (Viviroli et al., 2011), a general
decrease in soil erosion (García-Ruiz, 2010), and modifications of biogeochemical
cycles (Neff, 2009) amongst others.
All these environmental changes that are happening in mountain ecosystems
form complex multiple relationships that occur at different spatio-temporal scales.
Thus, unnoticed processes in a large-scale could be key for others in a higher
resolution and the other way around. For instance, the diversity loss due to
population extinctions can be produced at a local scale within a few years, whereas
the substitution and transformation of several habitats could last several hundreds or
thousands of years and affect relatively large areas (García et al., 2016).
Monitoring programs are making big efforts, gathering multiple-year highquality ecological data to assess the impacts of global change on ecological processes
for

instance

with

the

LTER

Network

(Long-Term

Ecosystem

Research)

(https://lternet.edu/). These datasets allow evaluating the slow ecological changes
indirectly caused by human action and the natural response of habitats and species
with a high spatio—temporal resolution (e.g. Magurran and Henderson, 2010).
However, understanding the environmental and cultural processes that have
led to the current landscapes require a longer spatial-temporal scale, and a
perspective of a century is short for describing a natural range of variability.

1.3 Understanding the past to better prepare for the
future
We live in a constantly changing environment. Some changes are due to
natural processes, but anthropogenic activities are responsible for many other
environmental problems we are currently facing (Smol, 2008). Predicting and
anticipating the effects of global change on the environment requires a wide
perspective of past climate changes (IPCC, 2013). Thus, understanding natural system
dynamics is a key prerequisite of ecosystem management, and it cannot be
understood without a millennial perspective (Kulakowski et al., 2017). This historical
perspective often provides vital information for environmental assessments (NoguésBravo et al., 2016).
In this regard, a better understanding of past environmental dynamics would
be very valuable in determining to what extent the current rates of climate change are
unusual, as well as to improve the reliability of climate prediction models in order to
progress in our understanding of the planet system and its present, past and future
climate and environment (Fig. 1.3).
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We do not have a crystal ball to see where these
environmental changes will take us, but we can learn
many lessons from the past (Smol, 2008). As the Chinese
philosopher Confucious observed over two millennia
ago, “Study the past to divine the future”, the study of
past climate changes over Earth history can help to
better understand present and future changes that will
affect future generations.
However, there are still huge knowledge gaps
about the climatic and ecological processes that occur
over multi-decadal and longer timescales, partly due to
the short length of instrumental records and biotic
indicators.

Fig. 1.3. The past is the key
for the future.

1.4 Palaeoenvironmental
environmental changes

archives

as

sentinels

of

The knowledge of past climates and environments results from the study of
different indicators or proxies in natural archives, which record environmental
conditions (e.g. temperature, precipitation, vegetation) under which they developed
(Bradley, 2015). These past environmental conditions will be reflected in natural
archives by means of sedimentological, mineralogical, geochemical or biological
changes. These fluctuations might be inferred from the proxies based on the principle
of uniformitarianism, which means that the physical, chemical and biological
processes that link the present environment with present proxy variations are the
same processes that operated in the past (Simpson, 1970). Environmental
reconstructions resulting from the study of such proxies offer the opportunity for
placing the current environmental changes in the perspective of long-term variability
(Smol et al., 2001).
There is a wide variety of palaeoenvironmental archives such as marine
sediments (e.g. Cacho et al., 2001), glacier ice (e.g. Rasmussen et al., 2008), tree-rings
(e.g. Camarero et al., 2018), speleothems (e.g. Moreno et al., 2010), lake sediments
(e.g. González-Sampériz et al., 2017) or cave ice (e.g. Sancho et al., 2018) amongst
others. Each type of archive contains different potentials and limitations, mostly
concerning the possibility of obtaining a robust chronological framework, the time
scales they can record, their spatio-temporal resolution and the variety of proxies they
can contain.
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1.4.1 Lake sediments as palaeoenvironmental archives
Lakes are distributed worldwide and, as such can act as archives of
surrounding environment conditions in many different geographical locations and
climatic regions, capturing different aspects of climate change (Bradley, 2015).
Scientific community have paid attention to study them and demonstrate that lakes
are good sentinels of global climate change because they are sensitive to both
landscape and atmosphere changes (Fig. 1.4; Table 1.1) (e.g. Smol et al., 2001; Adrian
et al., 2009; Arnaud et al., 2016). Lake sediments register environmental and
ecological dynamics far beyond the lake itself (Catalan et al., 2013) and are made up of
two basic components: allochthonous material, originated from outside the lake basin,
and autochthonous material, produced within the lake itself, thus, comprising both
local and regional environmental signals (Fig. 1.4) (Williamson et al., 2009; Bradley,
2015). Sediment cores (Fig. 1.5) recovered from lakes provides unique opportunities
to obtain continuous records of environmental changes in terrestrial areas (Bradley,
2015). In this regard, lake sediments have been widely used for palaeoclimatic and
palaeoenvironmental reconstructions (e.g. Birks and Ammann, 2000; Magny et al.,
2013; González-Sampériz et al., 2017).
Allochthonous material is transported to lakes by rivers and streams, overland
flow, aeolian activity and, in some cases, subsurface drainage (Fig. 1.4). This material is
composed of varying amounts of fluvial and aeolian clastic sediment, dissolved salts,
terrestrial macrofossils, pollen, charcoal fragments, etc. Autochthonous material
either is biogenic in origin or may result from inorganic precipitation within the water
column (Bradley, 2015).
A great deal of information about changes in climatic and environmental
conditions can be derived from the study of different proxies such as sedimentary
facies, geochemistry and mineralogy as indicators of past hydrological and climatic
conditions (e.g. Nesje et al., 2001; Morellón et al., 2009; Arnaud et al., 2016); magnetic
susceptibility as indicator of redox conditions and runoff intensities (e.g. Roberts,
2015; Borruel et al., 2015); chironomids, diatoms, ostracods and crysophytes as past
water temperature and ecology indicators (e.g. Battarbee, 1986; Walker, 1987; Pla and
Catalan, 2005; Samartin et al., 2017); pollen and plant macrofossils as past vegetation
proxies (e.g. Faegri and Iversen, 1975; Moore et al., 1991; Birks and Birks, 2000; Birks,
2001; González-Sampériz et al., 2017) and micro and macro charcoal as past fire
activity indicators (e.g. Tolonen, 1986; Power et al., 2008; Colombaroli et al., 2010; GilRomera et al., 2014). Much more robust reconstructions are obtained through
multiproxy analysis which strengthens the interpretation provided by a single proxy
(e.g. Pérez-Sanz et al., 2013; Cartier et al., 2018).
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Fig. 1.4. Sources of chemical and biological elements in lakes and ice caves. Adapted from Last
and Smol (2001).

Amongst lakes, those located in mountain areas at high altitudes are
particularly sensitive to any change in its surrounding area. Their intrinsic
characteristics, high altitude, high UV radiation and low nutrients, as well as their
fragile surrounding environment, due to steep ecological gradients, make them very
sensitive ecosystems to external forces. If we combine this sensitivity with their
remoteness from areas of high human activity, it turns out that high mountain lakes
are excellent sentinels and recorders of past and present environmental changes
(Catalan et al., 2006). However, despite their remoteness, high mountain lakes can
also be affected by some direct and indirect anthropogenic alterations such as
atmospheric fertilization (Camarero and Catalan, 2012); atmospheric pollutants
(Grimalt et al., 2004); grazing activities (Galop et al., 2011) and tourism (Catalan et al.,
2017). In fact, some studies have shown that only a few, if any, mountain lakes can be
considered to be pristine (Battarbee, 2005).
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Fig. 1.5. Mountain lakes in the Pyrenees a) Respumoso (2238 m a.s.l.). b) Ordicuso (2120 m
a.s.l.). c) Example of lake sediments.

Interpreting high-altitude lacustrine sequences can be challenging and present
several limitations. The formation of the ice-cover of alpine lakes can last for several
months as this strongly depends on climate variability. Changes in ice-cover timing will
directly affect both sedimentary dynamics and all environmental proxies (Catalan et
al., 2002; Thompson et al., 2005). On the other hand, many of the aeolian proxies will
have a strong regional signal in high altitude lakes, which has to be taken into account
when interpreting the results (e.g. Ortu et al., 2006).
One of the biggest limitations working with high altitude sequences is often
related to obtaining robust chronologies. Radiocarbon (14C) is the most common
technique for obtaining the chronological framework in lake sediments covering last
50000 years. However, at high alpine lakes it is not always easy to find appropriate
material for

14

C dating which is allochthonous terrestrial organic matter (i.e. plant

macrofossils, macrocharcoal) due to the scarcity of terrestrial organic remains at high
altitude sites. This material avoids the reservoir effect (Geyh et al., 1998) dating
autochthonous material (i.e. bulk sediment, aquatic plants etc.) that may contain
carbon derived from old inert sources which gives much older ages and thus,
complicating the chronological modelling (Zhang et al., 2016; Oliva-Urcia et al., 2018).

1.4.2. Ice caves as palaeoenvironmental archives
Caves are natural traps for sediments and unique repositories for various
forms of palaeoclimatic and palaeoenvironmental information, as their deposits are
protected from destructive processes acting on the surface (Ford and Williams, 2007).
They provide information from a wide variety of archives such as archaeological
remains (e.g. Meyer et al., 2016), speleothems (e.g. Cheng et al., 2009), alluvial
deposits (e.g. Quinif and Maire, 1998), guano accumulations (e.g. Carrión et al., 2006),

10

Introduction

Palaeoenvironmental archives

ice formations (e.g. Sancho et al., 2018) etc. The latter are rock cavities that host
perennial ice resulting from the diagenesis of snow and/or freezing of infiltrating water
reaching a cave (Perşoiu and Onac, 2012) (Fig. 1.6) and are the worst understood
components of the global cryosphere (Perşoiu and Lauritzen, 2018). The presence of
ice caves is a widespread global phenomenon although restricted to high altitude and
latitude locations. They occur in places where peculiar cave morphology and climatic
conditions combine allowing ice to form and persist (Luetscher and Jeannin, 2004;
Mavlyudov, 2018). By their nature, ice caves are both sensitive indicators of presentday climatic conditions, as well as archives of past climates and environments (Perşoiu
and Lauritzen, 2018).

Fig. 1.6. Pictures of ice caves. On the left, Sarrios 1 Ice Cave, on the right A294 Ice Cave, both
located in the Pyrenees.

Ice caves became an increasingly important target for the scientific community
in the past decade, demonstrating their high palaeoclimatic and palaeoenvironmental
potential (Perşoiu, 2018) (Table 1.1), although they were the subjects of scientific
studies for more than a century (Perşoiu and Lauritzen, 2018). The knowledge about
ice caves has developed very slowly probably related to the remote location and
sometimes difficult access to them (Perşoiu, 2018).
Many investigations on ice caves have been focused on the study of
geochemical proxies on the ice itself such as stable isotopes and trace elements in
order to infer past climate and hydrological conditions (e.g. Kern et al., 2011; Perșoiu
et al., 2017; Sancho et al., 2018). Ice can also contain different mineral formations
such as cryogenic cave carbonates (CCCs) formed by segregation of solutes during the
freezing of the water (Žák et al., 2018) and their mineralogical and isotopic
composition are indicators of past climatic conditions (Žák et al., 2008; Luetscher et
al., 2013; Spötl and Cheng, 2014). Ice can also preserve different organic material such
as pollen and plant macrofossils coming from the surrounding of the cave (Feurdean
et al., 2011; Leunda et al., 2019) (Fig. 1.4), and given that frozen environments are one
of the best ambiances for the good preservation of biological remains, ice deposits
can contain important information not easily preserved in other type of
palaeoenvironmental archives. However, ice caves have still been poorly exploited as
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palaeoclimatic records because of the lack of robust chronologies and difficulties in
proxy interpretation (Perşoiu, 2018).
Ice caves are suffering significant mass losses worldwide (Kern and Perşoiu,
2013 and references therein), as most of the cryosphere components, due to the
current global warming. Thus, ice caves, are not only interesting archives for
palaeoenvironmental studies but also sensitive indicators of present-day climatic
conditions. Investigations on these unique archives are urgently needed before losing
the deposits and all the information retained about past environmental conditions.
Table 1.1. Summary of potentials and limitations of lake sediments vs. ice deposits in caves.

LAKE SEDIMENTS

ICE DEPOSITS IN CAVES

POTENTIALS

High sensitivity to environmental changes

High sensitivity to environmental changes

Continuous terrestrial records
Good preservation of biological remains
Allochthonous & autochthonous signal

Allochthonous & autochthonous signal

Multi-proxy analysis

Multi-proxy analysis

High abundance, worldwide distributed

LIMITATIONS

Chronology

Chronology

Difficulties in determining source area
Taphonomy of environmental proxies
Remoteness: difficult access, poorly known
Disappearing archives

1.5 Environmental proxies
As explained previously, palaeoenvironmental reconstruction is based on
diverse proxy indicators to reconstruct climate and how organisms and communities
responded to past environmental changes (Mann, 2002). There are a wide range of
proxies containing information about past environmental conditions. Below we
introduce some of the proxies used in the present study.

1.5.1 Pollen as proxy of local and regional vegetation
Every year, millions of tons of pollen grains are dispersed into the atmosphere
by plants in an effort to reproduce. Reproductive success is assured only if this
material reaches female receptacle of the same plant species (Bradley, 2015). Since
pollen is an aeolian entity, pollen falling on sites where organic or inorganic sediments
12
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are accumulating (lakes, bogs, caves etc.) will become part of the stratigraphic record
providing archives of past vegetation changes (Bradley, 2015) (Fig. 1.4). The study of
pollen grains is called palynology and it might be used as a palaeoenvironmental
indicator based on the following principles:
· Extremely resistant to decay in certain sedimentary environments: pollen grains
range in size from 10 to 150 μm and are easily preserved thanks to their resistant
outer layer, the exine (Moore and Webb, 1978). The exine is made of sporopollenin, a
complex polymer resistant to most erosive conditions but the most extreme oxidizing
or reducing agents (Brooks and Shaw, 1978; Halbritter et al., 2018).
· Morphological characteristics specific with taxonomic value: the exine adopts
different characteristics (shape, sculpture, number of apertures, etc.) which allow
distinguishing different pollen types (Fig. 1.7) (Moore and Webb, 1978; Halbritter et al.,
2018). Generally, identification of pollen grains is only to the genus or family level
(Faegri and Iversen, 1975; Moore and Webb, 1978) as specific level structures can
rarely be seen with an optical microscope.
· High abundance: pollen generally appear in large amounts in certain archives
which allows quantitative analyses (Birks and Birks, 2000; Bradley, 2015).

Fig. 1.7. Microphotographs of different pollen grains. a) Pinus. b) Alnus. c) Plantago. d)
Cichorioideae.

However, several limitations exist when interpreting pollen assemblages as
they do not directly reflect vegetation cover (Sugita, 1993; Bunting et al., 2004;
Broström et al., 2008; Gaillard et al., 2008). Pollen productivity is a taxa-dependent
variable, which is largely linked to the pollen-dispersal mechanisms used by plants.
Plants using insects or animals as a dispersal agent – also known as entomophilous or
zoophilous species- produce orders of magnitude less pollen than those dispersing
pollen by wind -anemophilous species. Comparably to the latter, those self-fertilizing
plants that are -autogamous or cleistogamous species- produce only minute
quantities of pollen (Bradley, 2015). Thus, anemophilous species tend to be over
represented in pollen spectra (Birks and Birks, 2000).
Wind is another factor causing differences between real vegetation cover and
pollen deposited in a basin, as pollen grains dispersed by wind can be transported
long distances and sedimented far away from their source, whereas other locally-
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growing species could be under-represented (Birks and Birks, 2000). This is
particularly important for instance in high altitude sequences, where arboreal
vegetation is very scarce and local pollen productivity is so low that pollen rain
reaching lake sediments is dominated by long-distance transported anemophilous
pollen (Birks and Birks, 2000; Ortu et al., 2006). Moreover, the sedimentary archives
could be affected by different diagenetic and taphonomic processes and could
produce differential conservation between different taxa (Prentice, 1985).
In order to have a better understanding and control of all these factors
affecting vegetation reconstruction, different pollen-vegetation calibration studies
have been set up over the last decade (Bunting and Middleton, 2005; Sugita, 2007;
Gaillard et al., 2008; Cañellas-Boltà et al., 2009; García-Prieto, 2015).
Bearing in mind these interpretative factors, pollen is a powerful tool for
reconstructing past vegetation dynamics at a regional scale and therefore to infer past
environmental conditions.

1.5.2 Terrestrial plant macrofossils as proxy of local vegetation
Plant macrofossils are considered as plant fossils large enough to be seen by
the naked eye and include: seeds, fruits, leafs, buds, bud scales, flowers, roots, tissue
and wood fragments, etc. (Birks and Birks, 2000) (Fig. 1.8).

Fig. 1.8. Pictures of different plant macrofossils. a) Pinus uncinata needle fascicle. b) Betula
seeds. c) Vaccinium myrtillus branch. d) Dryas octopetala leaf. e) Rosaceae inflorescense.

Unlike fossil pollen, plant macrofossils can be identified to a high taxonomic
level, even to species and they tend to be much more locally distributed from their
source compared to pollen, reflecting a meter to decameter spatial resolution (Birks
and Birks, 2000; Tinner and Theurillat, 2003). Indeed, the interpretation of macrofossil
records is based on the assumption that single findings already indicate the past local
presence of a taxon (Tinner and Theurillat, 2003). Thus, macrofossil analysis is thought
to be the most reliable tool for reconstructing local vegetation history at and above
the timberline aiding to determine the movements of treelines (Birks and Birks, 2000;
Tinner and Theurillat, 2003; Eide et al., 2006; Heiri et al., 2014). Plant macrofossil
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analyses can help to the interpretation of pollen sequences especially in
environments where local pollen production is overwhelmed by long-distance
dispersed pollen, such as alpine environments (Birks and Birks, 2000). If a macrofossil
is found of a species with abundant wind-dispersed pollen it may be concluded that
the species (e.g. Betula, Pinus) was growing in the vicinity and that the pollen was not
only derived by long-distance transport (Birks, 2001).
In addition, terrestrial plant material is ideal for AMS

14

C dating, overcoming

problems with bulk sediment dating such as imprecision because of the amount of
sediment needed from a core, old carbon effects, contamination by roots, etc. (Birks
and Birks, 2000).
However, macrofossils are not usually produced in such abundance as pollen,
and larger volumes of sediment are required for their study. Because of their variable
local production and dispersal, their representation is also very difficult to quantify in
terms of vegetation cover (Birks and Birks, 2000).
Ideally, a combination of both pollen and macrofossil analyses is the best tool
for inferring past vegetation dynamics, as they complement each other with local
(plant macrofossil) and more regional (pollen) signals, thus, obtaining more precise
plant landscapes and hence climatic reconstructions (e.g. Tinner and Theurillat, 2003;
Eide et al., 2006; Feurdean et al., 2016).

1.5.3 Microcharcoal as proxy of regional fire activity
Vegetation fires produce different sizes of carbonized particles of which the
small ones are classified as microcharcoal (Jones et al., 1997; Adolf et al., 2018).
Charcoal particles result from incomplete combustion of woody debris during fires
and are defined as an intermediate stage between vegetation debris and soot (total
combustion) (Clark, 1984). Microcharcoal comprises charred particles being angular,
opaque and uniformly back (Clark, 1988) with a size between 10-150 μm (Fig. 1.9).
Aeolian and fluvial processes are the main agent responsible for the transport of
microcharcoal from the combustion site to different natural archives such as lakes,
peatbogs, caves, etc. where they are preserved (Bradley, 2015) (Fig. 1.4). They are
relatively resistant to chemical and microbial decomposition (Habib et al., 1994;
Verardo, 1997; Hockaday et al., 2006).
Generally, it is assumed that microcharcoal particles may be windborne over
long distances from the deposition site and therefore mostly reflect regional fire
history (Clark, 1988; Tinner et al., 1998; Blackford, 2000).
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Fig. 1.9. Microphotographs of microcharcoal particles in lake sediments.

Since the pioneering work of (Iversen, 1941), analyses of fossil microscopic
charcoal from terrestrial and lacustrine sediments have been widely used and
represent a very powerful approach for the reconstruction of fire histories over time
spans helping to explain the long-term role of fire as a key ecological factor (Whitlock
and Larsen, 2001; Power et al., 2008; Colombaroli et al., 2010; Gil-Romera et al., 2010;
Feurdean et al., 2012; Schwörer et al., 2015; Morales-Molino et al., 2017).
One of the main limitations working with microcharcoal particles is the
uncertainty of spatial resolution defining the source area of these particles. To tackle
this problem different calibration studies are carried out comparing charcoal data
with unambiguously documented fires or satellite information (Clark, 1990;
MacDonald et al., 1991; Tinner et al., 1998; Adolf et al., 2018).

1.5.4 Pollen, plant macrofossil and microcharcoal taphonomy in
lakes and ice caves
Pollen grains, plant macrofossils and microcharcoal particles are affected by a
wide variety of processes from their production until they are deposited (Prentice,
1985; Scott and Damblon, 2010). As mentioned before, differences in pollen
productivity and dispersal abilities between taxa are the major influences in most
cases. A lack of understanding and consensus persists about charcoal source areas,
adding difficulties to the interpretation of charcoal records (Whitlock and Larsen,
2001; Adolf et al., 2018). At high altitude sites a predominant regional signal will be
recorded in terms of vegetation composition and fire activity since, scarce vegetation
is locally present. Plant macrofossils, are produced in much lower amounts, but when
present, they will likely be representative of the local vegetation.
Lakes and bogs are normally the preferred environments for pollen,
microcharcoal and plant macrofossil studies as its taphonomic processes are better
understood compared to cave environments (Hunt and Fiacconi, 2018) however, cave
deposits can complement information obtained from lake sediments.
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Pollen and microcharcoal will mostly be transported by air to mountain lakes.
The first condition for proxy deposition will be to have an ice-free surface on the lake.
During ice-cover periods, pollen, microcharcoal and other particles will be deposited
on top of the ice and when melted the material will be deposited in the bottom of the
lake following the Brownian motion which is the constant but irregular zigzag motion
of small colloidal particles as a result of friction between those particles and the
moving water or air molecules surrounding them. Thus, pollen deposition in lake
sediments is not homogeneous (Davis, 1968) and is influenced by different aspects.
Differences in pollen deposition in water has been observed in a series of
experiments by Hopkins (1950), showing for instance that Quercus pollen sinks much
more rapidly than Pinus pollen, and in pine pollen grain size partially determines rate
of settling. Other studies show that highest concentrations of pollen grains are
normally found in the deepest part of the lakes, close to the center of the basin,
whereas a lower concentration of pollen grains is normally obtained near shores
(Davis, 1968). However, regarding plant macrofossils, because plant remains do not
readily reach the centers of large, deep lakes, suitable coring sites are often in the
littoral zone of small and rather shallow lakes (Birks, 2001).
Differential pollen, charcoal and plant macrofossil preservation can also
happen (Birks, 2001), especially in plant macrofossils where important differences are
present between species and organs (Astorga et al., 2016).
Erosion, resuspension and redeposition are sometimes important, although
basin morphometry, surrounding topography, and the presence or absence of forest
cover may affect its intensity. No lake is likely to be completely free from the potential
sediment mixing. The mixing of sediment in lake basins has both vertical and
horizontal components. Bioturbation is primarily the cause of in situ vertical mixing,
while resuspension and transport of material by gravity, waves and currents causes
both vertical and horizontal sediment mixing (Larsen and MacDonald, 1993).
Nevertheless, taphonomic processes operating on biological microfossil
assemblage accumulation in lake sediments are fairly constant through time, and are
part of the complex factors governing the relationship between proxy abundance and
landscape reconstruction in a particular site (Campbell, 1999).
Concerning ice deposits, as mentioned above, the formation of ice deposits is
restricted to precise environmental and site-specific conditions resulting in complex
depositional settings, which will affect the proxy deposition. However, there is still a
lack of knowledge of taphonomic processes in these complex archives, as to our
knowledge, the only palaeobotanical studies carried out in ice caves are Feurdean et
al. (2011) and Leunda et al. (2019) (part of this PhD Thesis).
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Pollen can be dispersed into caves by the same pollinating vectors thus, wind,
insects, bats and birds (Hunt and Fiacconi, 2018). The airfall component of cave pollen
assemblages is often closely comparable with airfall spectra in the landscape outside
the cave, although it depends of cave topography (e.g. Feurdean et al., 2011). Pollen
and microcharcoal can also be incorporated by drip water (e.g. Genty et al., 2001).
Animals, such as packarts, birds and bats, which roost within caves, can also
incorporate pollen and plant macrofossils to cave deposits (Hunt and Fiacconi, 2018).
Bees nesting in caves are known to accumulate pollen, particularly entomophilous
taxa such as Asteraceae and Lactucaceae (Bottema, 1975). At high altitude caves,
snow can enter to the cave through the entrance together with pollen, microcharcoal
and plant macrorremains of the surrounding of the cave (Feurdean et al., 2011;
Leunda et al., 2019).
Issues related to pollen deterioration on caves are discussed by (Bryant and
Hall, 1993; Navarro-Camacho et al., 2000). However, in ice deposits the preservation
of biological remains has shown to be very good (Feurdean et al., 2011; Leunda et al.,
2019), although differential pollen and plant macrofossil preservation amongst taxa
can also exist (Astorga et al., 2016).
Ice accumulation rate is normally not uniform along ice sequences, showing
several alternating periods of higher and lower ice formation related to climatic
conditions, (Stoffel et al., 2009; Feurdean et al., 2011; Perșoiu et al., 2017; Sancho et
al., 2018). Generally periods of high ice accumulation rate coincide with lower pollen
and plant macroremain concentration. Deposition of organic -rich layers are normally
related to the repeated melting events that may have concentrated a higher amount
of organic material (Stoffel et al., 2009; Feurdean et al., 2011; Leunda et al., 2019).
Thus, fluctuations in pollen or microcharcoal concentrations are not necessarily
related to changes in vegetation density or burning events but instead it could be
related to deposition processes (i.e. number of years included in each layer and the
intensity of surface sediment wash-in). In this regard, post-deposition effects such as
meltwater percolation can also happen in ice deposits (Festi et al., 2016). This
taphonomic bias can be identified with high resolution dating and replicating
macrofossil dates within the same layer in order to know approximate time period
embraced by these layers (Leunda et al., 2019).
Reliability is perhaps difficult to quantify with certainty but in spite of this
potential taphonomic problems, ice caves have shown a high potential as
palaeoenvironmental archives and can provide important evidences for palaeoecology
in karstic regions where other types of archives may be sparse. Moreover,
comparisons of cave ice records with nearby lake and peatbog records concur in
terms of vegetation dynamics (Feurdean et al., 2011; Leunda et al., 2019).
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1.6 Studying a sensitive mountain range: the Pyrenees
The Pyrenees are a southern European mountain range with a unique
geographic location; situated between the Atlantic Ocean and the Mediterranean Sea.
This mountain range presents steep environmental gradients, with contrasting climate
and rich ecosystems as a consequence of merging communities from both
Eurosiberian and the Mediterranean biogeographic realms in very short distances (for
more information see Chapter 2: Study area).
The Pyrenees are currently facing important ecological and landscape changes
(some of them exposed in section 1.2. Mountains in a changing world) both related to
human action and climate change. In addition to this, the Mediterranean area is one
of the most vulnerable regions on Earth to the climate global warming (IPCC, 2013).
Future scenarios predict a 5°C increase in temperature by 2100 (IPCC, 2007), while
precipitation will decrease and extreme hydric events will be more frequent (Brunet et
al., 2009; López-Moreno and Beniston, 2009; Barrera-Escoda and Cunillera, 2011). In
this context, there is a need to better understand past landscape evolution of this
particular mountain range in order to contribute to better assessments of future
ecosystem dynamics. Moreover, a wide variety of palaeoenvironmental archives such
as lakes and ice caves are within the Pyrenees, being sentinels of past environmental
changes.

1.7 Climate and environmental variability since the last
glacial period in the Pyrenees: state of art
After the Last Glacial Maximum (LGM), a period spanning between 2300019000 cal yr BP (Mix et al., 2001) a great change globally started that implied
modifications in both atmospheric and oceanic circulation with a generalized increase
in temperatures. This trend towards a warmer climate corresponds to the BøllingAllerød (GI-1, Greenland Interstadial; Rasmussen et al. (2014)) but was interrupted by a
sudden cooling period between 12900-11700 cal yr BP known as Younger Dryas (YD)
(GS-1, Greenland Stadial; Rasmussen et al. (2014)). The most accepted hypothesis
about the origin of this cooling indicates an interruption of the thermohaline
circulation due to the turn off of melting waters from the Laurentide Ice Sheet
towards the North Atlantic Ocean (Broecker et al., 1988). This cooling episode has
been well characterized in isotope or chironomid-based temperature reconstructions
in the Pyrenees (Bartolomé et al., 2015; Millet et al., 2012, respectively),
geomorphological processes (Lewis et al., 2009; García-Ruiz et al., 2016; Palacios et al.,
2017) as well as in ecosystem responses (González-Sampériz et al., 2006; VegasVilarrúbia et al., 2013).
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The end on the YD occurred within a short period (Steffensen et al., 2008) with
a generalized warming that corresponds to the beginning of the current interglacial,
the Holocene, that started 11700 cal yr BP ago.
The Holocene has been traditionally believed to be fairly stable in terms of
climate, compared to the previous glacial era. Over the last decades this assumption
has been proved to be wrong as marked climate shifts have occurred, some of which
particularly fast and abrupt (Bond et al., 1997; Mayewski et al., 2004). The first
millennia of the early Holocene (ca. 11700-8000 cal yr BP) were generally
characterized by a rapid global temperature increase with punctuated cooling phases,
and a generalized increase in humidity, although differences are evident when
comparing different records (Morellón et al., 2018). In terms of vegetation, different
patterns are also observed (González-Sampériz et al., 2017) with deciduous (e.g.
González-Sampériz et al., 2006; Gil-Romera et al., 2014) vs. coniferous (e.g. PérezObiol et al., 2012; Pérez-Sanz et al., 2013) dominated landscapes.
Amongst the abrupt climate changes occurred during the early-mid-Holocene
boundary, the 8.2 event (identified at 8200 cal yr BP) was one of the most
characteristic with a short cold and arid pulse that has been globally identified (Alley
and Ágústsdóttir, 2005; Rohling and Pälike, 2005) also detected in some Pyrenean
sequences (Pla and Catalan, 2005; González-Sampériz et al., 2006; Pérez-Sanz et al.,
2013).
Fire has been an important factor affecting the landscape during the early
Holocene, thus, Gil-Romera et al. (2014) and Rius et al. (2014) showed that fires were
prompted by the interaction of climate and deciduous biomass availability, similarly
than during the Late-Glacial period. We still lack though a comprehensive model of the
vegetation-fire interaction at the regional mountain scale, not only at the beginning
but over the whole Holocene.
During the mid-Holocene, maximum Holocene summer temperatures have
been inferred in Europe (Samartin et al., 2017) as well as in the Pyrenees (Tarrats et
al., 2018) with a climatic phase known as the Holocene Thermal Maximum (HTM)
(Renssen et al., 2009) that caused a general expansion of mesophytes (Miras et al.,
2007; Pérez-Obiol et al., 2012; Pérez-Sanz et al., 2013; Garcés-Pastor et al., 2017) and
higher than today treelines (Cunill et al., 2012). However, little is known about the
long-term treeline shifts in the Pyrenees in response to these major climatic shifts.
Around 5000-4000 years ago, environmental conditions changed as a
consequence of the Neoglacial cooling (Kumar, 2011) with a decrease in summer
temperatures (Tarrats et al., 2018) and a general decline is deciduous taxa (Pèlachs et
al., 2011; Pérez-Sanz et al., 2013; Garcés-Pastor et al., 2017). Nevertheless, the effects
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of the Neoglacial in the vegetation are still poorly understood and become even more
complicated when the potential anthropogenic influence is coupled to it.
Over the last 3000 years, different human activity or climate periods have been
identified such as the Iron Age, the Roman Period, the Medieval Climate Anomaly
(MCA), the cold Little Ice Age (LIA) and the Current Global Warming (CGW) with an
increase in temperatures caused by human activities (IPCC, 2007). During these
periods, phases of higher anthropogenic pressure have been detected (Pèlachs et al.,
2009; Ejarque et al., 2010; Bal et al., 2011; Garcés-Pastor et al., 2016, 2017) but
discerning climatic vs. human impacts becomes challenging where important sitespecific differences are present in the Pyrenees (González-Sampériz et al., 2017, in
press).

1.8 Research goals
The main goal of this PhD Thesis is to investigate long-term vegetation changes
during the Late-Glacial and Holocene from high altitude environments in the Central
Pyrenees and their relationship with climate variations, fire and human action. In
order to achieve this general objective, a multiproxy strategy was applied (pollen,
microcharcoal and plant macrofossil analyses) in two high mountain lake sequences
(Marboré and Basa de la Mora) and in an ice deposit located within a cave (ArmeñaA294). In this line, several specific goals were proposed:
1. The lack of pollen-vegetation linearity lead us to characterize current pollenrain captured in surface samples in relation to the existing vegetation
nowadays to:
· Investigate if altitude is a controlling factor in pollen dispersion and
deposition.
· Identify key pollen taxa which could be used as good indicators for past
vegetation reconstructions, especially in terms of altitudinal shifts of forest
communities and their potential over- or sub- representation compared to
herbaceous communities.
2. Analyze the potential of high altitude lake sequences and cave ice deposits in
the Central Pyrenees as palaeoenvironmental archives to:
· Study the regional response of vegetation and lacustrine environments to
different climate fluctuations during the Late-Glacial and Holocene periods
(thus, the last ca. 14600 years).
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· Explore how alpine vegetation responded locally to different climate phases
such as the beginning of the current interglacial, the Holocene Thermal
Maximum, the Neoglacial period, the Medieval Climate Anomaly or the Little
Ice Age.
· Study treeline and timberline dynamics during the mid-to-late Holocene.
· Discuss the role of climate vs. human forcing shaping high altitude Pyrenean
landscapes.
· Reconstruct the long-term fire history and its role as a disturbance agent for
vegetation.
· Discuss and add evidences to the debate on fire origin during the Holocene,
whether it was naturally or anthropogenically produced, comparing fire series
with local or regional evidences.
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Central Pyrenees from Tendeñera (September, 2014).

2. Study area
The Pyrenees are an alpine range stretching from the Atlantic Ocean to the
Mediterranean Sea. The central part of the Pyrenees is a particularly sensitive
transition area between the Mediterranean and the Atlantic domain and is
characterized by important topographic, climatic and vegetation gradients. In this
chapter, we summarize different features that define nowadays the Central Pyrenees
regarding geology, geomorphology, climate and vegetation in order to contextualize
its current environment.
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2.1 Location and general setting of the Central Pyrenees

T

he Pyrenees are an alpine range with a WNW-ESE orientation lying in
northeastern Iberian Peninsula and south of France, in southwest
Europe, centered at 0º 27´E longitude and 42º 34´N latitude (Fig. 2.1.a).

The range extends for about 450 km length from the Cantabrian to the Mediterranean
Sea with an approximate area of 45000 km2 and characterized by a heterogeneous
orography rising from sea level to a maximum altitude of 3404 m a.s.l. at the Aneto
Peak. This mountain range is flanked by the Ebro basin to the South and the Aquitaine
basin to the North (Fig. 2.1a).
The present work focuses on the central part of the Pyrenees: Monte Perdido
and Cotiella Massifs (Fig. 2.1b).

Fig. 2.1. a) Location map of the Pyrenees in northeastern Iberian Peninsula where the study
sites are indicated. b) Detailed topographic map of the study area. (MAR: Marboré Lake; BSM:
Basa de la Mora Lake).
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2.1.1 Geology and geomorphology
The genesis of the Pyrenees occurred during the Alpine Cycle, when due to the
distensive dynamics during the Upper-Permic Low-Triassic (Puigdefábregas and
Souquet, 1986), extensive basins formed on the previous flatten Hercynian orogene,
and sediments were accumulated in a discontinuous and irregular way. Distension
persisted until a tectonic inversion occurred due to the collision between the Iberian
and European plates, from the Late-Cretaceous to the Middle-Miocene (Muñoz, 1992).
The compressive deformation implied an East to West dynamics (Puigdefábregas and
Souquet, 1986).
The result is a geologically asymmetric range, with a higher displacement of the
materials to the South (Belmonte-Ribas, 2014). Thus, the southern and northern
Pyrenean domains exhibit a contrasting topographic pattern with a steeper mean
slope with highly incised valleys in the North, opposite to the South flank with a more
gentle mean slope (Huyghe et al., 2018). This topographical asymmetry affects
generally to all range features, especially climate and vegetation.
According to the lithology of the Pyrenees, three main zones are distinguished:
i) the Axial Pyrenees, with igneous and metamorphic rocks of Paleozoic age (Teixell,
1992); ii) the Internal Sierras, mainly composed of limestones from the Cretaceous,
Paleocene and Eocene age (Muñoz, 1992); and iii) the External Sierras with Triassic
limestones, marls and evaporites and Upper-Cretaceous to Eocene carbonatic rocks
(Rosell, 1994). The study sites are located within the Internal Sierras (Fig. 2.2).

Fig. 2.2. General structure of the Pyrenees according to the lithology. (Modified from BelmonteRibas (2003) by Miguel Bartolomé).
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The Pyrenean landscape has a strong structural character, but past climate
changes led to different landscape modelling agents, such as water, or glaciers, to
shape the Pyrenees over millions of years until current times (Fig. 2.3).
During the Upper Pleistocene, important thermic and pluviometric anomalies
occurred and within a context of low temperatures, the Last Glacial Maximum (LGM)
expansion occurred (Rasmussen et al., 2014). In the Pyrenees, some glaciers reached
their maximum extension with more than 30 km long and 400 m thick (García-Ruiz
and Martí-Bono, 2011; García-Ruiz et al., 2013), shaping the impressive glacial valleys
in the Pyrenees, such as the Pineta valley (Fig. 2.3). However, the maximum expansion
of Pyrenean glaciers show a notably asynchrony in relation to other European glaciers.
In fact, several studies proved the maximum extent of glaciers in the Pyrenees to have
occurred at about 64000 yr BP, not concurring with the timing for the global LGM,
(23000-19000 yr BP; (e.g. Mix et al., 2001; Clark et al., 2009). During the LGM,
Pyrenean glaciers also advanced but to a lesser extent probably due to drier
conditions in the Pyrenees (García-Ruiz et al., 2015).
The deglaciation started at the LGM with short-term scattered re-advances and
stabilization periods as the Oldest Dryas (ca. 17000 yr BP), Younger Dryas (1290011700 yr BP), Neoglacial (ca. 5000 yr BP) or Little Ice Age (end of 17 th centurybeginning of 18th century) (Serrano-Cañadas, 1991; García-Ruiz et al., 2011, 2014;
Palacios et al., 2015) but generally receding until current times. With the retreat of the
glaciers, Pyrenean mountain lakes were formed and rivers stared eroding the glacial
valleys.

Fig. 2.3. Geomorphological scheme of the study area within the Central Pyrenees. Study sites
are indicated with red dots (Modified from Peña-Monné et al. (2002)).
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2.1.2 Climate
The elevation of mountain ranges exerts a direct control on atmospheric
circulation and thus on precipitation and climate, with strong implications on
geodynamics and vegetation. The spatial distribution of precipitation in the Pyrenees
is complex due to the existence of orographic barriers (García-Ruiz et al., 2015). The
main source of moisture over the Pyrenees is the North Atlantic, related to the North
Atlantic Oscillations (Araguas-Araguas and Díaz Teijeiro, 2005; Lambs et al., 2013).
However, moisture can also be sourced from the western Mediterranean Sea and
northern Europe (Araguas-Araguas and Díaz Teijeiro, 2005; Lambs et al., 2013).
Generally, three main bioclimatic regions can be distinguished along the
Pyrenees: the Western Pyrenees have an Atlantic influence (with a humid climate), the
Eastern Pyrenees have a Mediterranean influence (with a drier and warmer summer
season), whereas the Central Pyrenees presents characteristics of both climates,
denoting a more continental character with contrasting temperatures and being drier
than the western region (Batalla et al., 2018).
Beyond these general features, there is also a high-climatic variability
controlled by the topography, with highest mean annual precipitation (MAP) values
observed at the highest elevations (2000-2500 mm/yr) (Fig 2.4a). For the lower
elevation areas, the highest MAP is observed in the western part (Fig. 2.4a) reaching
2000-2500 mm/yr. Precipitation strongly decreases towards the east to the
Mediterranean coast (ca. 700 mm/yr) (Fig. 2.4a).
Mean annual temperature (MAT) is correlated with elevation (Fig. 2.4b), with a
temperature gradient of ca. 0,6 ºC/ 100 m (García-Ruiz et al., 2015). MAT in the valleys
is around 5-10 ºC whereas MAT below 0 ºC is present in the high massifs (Fig. 2.4b).
The 0 ºC isotherm is located at ca. 2726 m a.s.l. according to Del Barrio et al. (1990).
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Fig. 2.4. a) Mean annual precipitation (MAP) map of the Pyrenees and b) mean annual
temperature (MAT) map of the Pyrenees based on the 1950-2012 period with the study sites
indicated. (Modified from Batalla et al. (2018)).

2.1.3 Vegetation
The most evident consequence of the existence of such topographic and
climatic gradients is the great biogeographic richness of the Pyrenees, estimated to
have more than 3500 plant species (Dupias, 1985). Three main contrasting vegetation
elements are present in the Pyrenees: Mediterranean species, in the lower belts,
Atlantic species at mid-altitudes, and boreo-alpine species at high altitudes (Ninot et
al., 2007).
The natural distribution of the vegetation has been profoundly modified by
human activities, provoking a general decrease of the forest limit, which lead to the
transformation of past forest environments to subalpine pastures. Currently, trees are
colonizing higher altitudes probably related to both decreasing livestock pressure and
the increasing temperatures of the last decades (García-Ruiz et al., 2015). Estimations
carried out by Lasanta (1989) concluded that during the XIX century, most Pyrenean
valleys below 1600 m a.s.l. were cultivated in ca. 25-30% of its total surface. Over the

45

Study area

Vegetation

20th century, land uses drastically changed and thus, most cultivated areas in the
Pyrenean valleys were abandoned (García Ruiz and Lasanta, 2018).
Currently, different vegetation communities occur in the Central Pyrenees (Fig.
2.5). The altitudinal limits for the different vegetation belts depend on slope, aspect,
substrata, orography, soil development, microclimate and past human activities
(Montserrat, 1987; Villar et al., 1997; Ninot et al., 2007). Thus, vegetation can vary
significantly between valleys. A simplified vegetation transect for the Central Pyrenees
is shown in Fig. 2.6 showing main vegetation changes from the basal belt to the nival
belt.

Fig. 2.5. Vegetation map of surrounding area for the studied sites in the Central Pyrenees.

The basal belt (below ca. 800 m a.s.l.) is characterized by mosaics of croplands
and mixed Mediterranean forests with Quercus ilex L., Quercus coccifera L., Pinus nigra
Arnold, Pinus halepensis Mill., and a wide variety of Mediterranean shrubs such as
Buxus sempervirens L., Juniperus thurifera L., Juniperus phoenicea L., Juniperus oxycedrus
L., Rosmarinus officinalis L., and Genista scorpius (L.) DC., among others (Figs. 2.5 and
2.6).
The transition to the lower montane belt (ca. 800-1300 m a.s.l.) presents mixed
oak communities of Quercus cerrioides Willk. & Costa and pinewoods (P. nigra and
Pinus sylvestris L.) together with mesophytes such as Corylus avellana L., Tilia
platyphyllos Scop., and Fraxinus excelsior L. (Figs. 2.5 and 2.6).
The upper montane belt (ca. 1300-1700 m a.s.l.), features well-developed
deciduous-mixed forests with species like C. avellana, Betula pendula Roth, Sorbus aria
(L.) Crantz, Sorbus aucuparia L., Fagus sylvatica L., P. sylvestris, Abies alba Mill, Juniperus
communis L., and montane pastures within forest clearings with species such as
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Aquilegia vulgaris L., Knautia arvensis (L.) Coulter, Fragaria vesca L. and different
Poaceae species (Figs. 2.5 and 2.6).
The sub-alpine belt (up to ca. 2000 m a.s.l.), comprises closed Pinus uncinata
Ramond ex DC forests (below timberline, i.e. upper limit of closed forest) and open P.
uncinata communities where J. communis, Rhododendron ferrugineum L., or Vaccinium
myrtillus L., are also present. The timberline lies at an elevation of ca. 1800 m a.s.l.,
although it slightly varies among valleys, and treeline (i.e. upper limit of trees) lies at ca.
2000 m a.s.l. formed by P. uncinata, however this species can reach up to 2100-2200
m a.s.l. in some locations (Villar et al., 1997). Sub-alpine meadows are also very
common with different Poaceae species, Sideritis hyssopifolia L., and Potentilla
alchemilloides Lapeyr. among others (Figs. 2.5 and 2.6).

Fig. 2.6. Simplified vegetation transect for the Central Pyrenees from the a) basal belt to the g)
nival belt with main vegetation formations and corresponding pictures in the lower part. Study
sites have been placed at the corresponding altitude. MAR: Marboré Lake; BSM: Basa de la
Mora Lake.

The alpine belt (ca. 2000-2800 m a.s.l.) is characterized by treeless landscapes
where a diverse array of alpine herbs such as Silene acaulis (L.) Jacq., Festuca eskia
Ramond, Erigeron uniflorus L., Saxifraga aizoides L., Globularia nudicaulis L., and dwarf
shrubs like Dryas octopetala L., and Salix herbacea L., thrive (Figs. 2.5 and 2.6).
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The sub-nival belt, above 2800 m a.s.l. is dominated by rocks, scree and the
scarcity of surfaces bearing soil. The alpine pastures become scarce and irregular,
settling on small shelves or concavities and in rock discontinuities due to the short
vegetative period. Species like Androsace ciliata DC., or Potentilla nivalis Lapeyr., can
thrive in these harsh environmental conditions (Figs. 2.5 and 2.6).
The last vanishing Pyrenean glaciers may be taken as a tiny expression of the
nival belt (Fig. 2.6). They are located in the Aneto-Maladeta and Monte Perdido
Massifs, where the vegetation is reduced to a few vascular plants and bryophytes
dispersed among the rocks and ice, together with rupicolous lichens (Ninot et al.,
2007).
Following a noticeable altitude rule general in the alpine belt (Körner, 2003),
vascular Pyrenean flora is reduced to 153 taxa above 3000 m a.s.l. and to 24 above
3300 m a.s.l. (Sesé et al., 1999).

2.2 Study sites
2.2.1 Marboré Lake and surroundings
Marboré Lake (MAR) (42º41’44.27’’N, 0º2’24.07’’E) is an alpine glacial lake
located at 2612 m a.s.l. in a glacial cirque within the Monte Perdido Massif (Fig. 2.7), in
the central part of the Pyrenean Internal Sierras (Figs. 2.1b, 2.2). The Monte Perdido
Massif is the highest limestone massif in Europe and is protected in the Ordesa and
Monte Perdido National Park.
Glacier activity and karstic processes have determined the unique relief of this
area, the largest high-altitude carbonate massif in Europe. This lake is part of a large
karstic system developed in carbonate formations characterized by well-developed
external features (sinkholes, karstic surfaces) and an extensive network of caves. The
lake is located in a syncline within the Upper-Cretaceous (Campanian-Maastrichtian)
Marboré sandstone formation (Fig. 2.8) composed of sandy limestones and fine-grain
sandstones cemented by a carbonatic matrix (Souquet, 1967). Both the morphology
of the Marboré cirque and its karstic features reveal a structural control of the lakebasin origin and evolution since the deglaciation (Oliva-Urcia et al., 2018).
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Fig. 2.7. Lake Marboré with the Monte Perdido Glacier at the back together with several
moraines from the glacier in September 2014.

Fig. 2.8. Geologic map where Marboré Lake is indicated. (Extracted from: Oliva-Urcia et al,
(2018)).

49

Study area

Marboré Lake

Small receding glaciers occur on the southern side of the watershed, on the
North face of Monte Perdido (López-Moreno et al., 2015), although there is no surface
drainage connection between the lake and the Monte Perdido glaciers. Two types of
moraines have been mapped in the Marboré cirque: (1) mid-Holocene moraines with
large grey boulders, and (2) younger moraines with smaller Maastrichtian and
Paleocene brown boulders (García-Ruiz et al., 2014) (Fig. 2.9). Both moraine types
appear on the southern side of the Marboré cirque, whereas no morainic deposits
occur in the northern part, where Marboré Lake is located. The absence of moraine
deposits suggests that the Monte Perdido glacier never extended over the lake basin,
once deglaciation started. The cosmogenic dates obtained in the morainic deposits
revealed a glacier expansion at about 5100 cal yr BP, during the Neoglacial period, a
later retreat at 3400 and 2500 cal yr BP, synchronous with the Bronze/Iron Ages, and
new glacial re-advances during the Dark Ages (1400–1200 cal yr BP) and the Little Ice
Age (LIA) (García-Ruiz et al., 2014) (Fig. 2.9). The current shrinkage of the Monte
Perdido Glacier began at the end of the LIA and has clearly accelerated after 2000 CE
(López-Moreno et al., 2015, 2016) (Fig. 2.7).

Fig. 2.9. Map of the moraines and other deposits in the Marboré cirque (Extracted from GarcíaRuiz et al. (2014)).
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MAP and MAT around the Marboré Lake are 2000 mm/yr and 0 ºC respectively
(Fig. 2.4). Vegetation in the surroundings is very scarce where only some patches of
annual and perennial herbs such as S. acaulis, Leucanthemopsis alpina (L.) Heywood,
Linaria alpina (L.) Mill., and Galium pyrenaicum Gouan are present (Fig. 2.10a).
Currently the treeline in the valley is located at ca. 2000 m a.s.l., formed by P. uncinata
and consequently no woody vegetation is present in the cirque or nearby the area
(Figs. 2.5, 2.6 and 2.10). Downwards the valleys the vegetation is organized following
the vegetation belts described in the previous section (Figs. 2.6 and 2.10b).

Fig. 2.10. a) Surroundings of the Marboré Lake with scarce vegetation. b) Panoramic view of the
Pineta valley and different vegetation belts down from the Marboré Lake.

The lake measures ca. 500 m along the WNW-ESE syncline axis and ca. 200 m
across, with a maximum water depth of 30 m. The outflow of the lake is the
headwaters

of

the

Cinca

River.

The

lake

level

is

mostly

controlled

by

precipitation/evaporation balance with an inlet and an outlet located in the western
and southern area of the lake respectively (Nicolás-Martínez, 2013). A dam was built in
1938, but it was never functional and was decommissioned.
From November/December to mid-July/August, ice and snow up to several
meters thick cover Marboré Lake, so the surface of the lake can last ice covered for ca.
9-10 months (Fig. 2.11).
Water-column temperatures range from 0 to 3 ºC. Thermal stratification occurs
from the end of July- to mid-September, with a thermocline at 7 m depth; the rest of
the year the water column is entirely mixed. The lake is classified as a cold dimictic
and ultra-oligotrophic with alkaline waters (Sánchez-España et al., 2018).
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Fig. 2.11. Photographs of the Marboré Lake at different months showing different stages of the
ice cover. (Photo of December 2018: Orlando Fandiño).

2.2.2 Basa de la Mora Lake and surroundings
Lake Basa de la Mora (BSM) (42º 32´N, 0º19´E) is located at 1914 m a.s.l. on
the North facing slope of the Cotiella Massif in the central southern Pyrenees (Figs.
2.1b). This lake belongs to the Sobrarbe-Pirineos UNESCO Global Geopark
(https://www.geoparquepirineos.com/).
The landscape surrounding the lake results from intense karstic and glacial
activity. BSM is a small shallow glacial lake placed in a glacial over-deepened basin
enclosed by a frontal moraine (Belmonte-Ribas, 2014) and surrounded by steep
limestone walls (Fig. 2.12). The catchment consists of Mesozoic limestones and sandy
limestones affected by several thrust sheets (reverse faults). Triassic marl and
evaporite formations crop out at the base of the thrust sheets, providing a
hydrological seal for the lake and favoring localized surface drainage into the lake
along some creeks (Belmonte-Ribas, 2014) (Fig. 2.13).
Basa de la Mora belongs to the watershed of the Cinca River, one of the main
tributaries of the Ebro River. The lake has smooth margins, a relatively small
watershed (209 ha) and a total surface of 3 ha. It is characterized by large seasonal
water-level fluctuations: the maximum depth varies from ca. 2.5 to 4.5 m seasonally,
being a holomictic lake (Tarrats, 2018). The lake is fed by precipitation, surface runoff,
ephemeral creeks and several small springs located on the southern margin. Water
losses take place through a surface outlet to the North and evaporation. The
substrate, made up of non-permeable Triassic material, greatly restricts groundwater
losses (Belmonte-Ribas, 2014) (Fig. 2.13).
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Fig. 2.12. Photograph of Lake Basa de la Mora in July 2015.

In regard to climatic characteristics, the Cotiella Massif is hanged Eastsouthwards from Pyrenean high central massifs (Fig. 2.1) which has important climatic
implications. On the one hand, the successive ranges located more westwards exert a
barrier effect on the influence of Atlantic fronts that arrive weakened to the Cotiella
Massif. This translates in less precipitation and more irregularly distributed along the
year, following a more Mediterranean character with continental features (García-Ruiz
et al., 1985). MAP in BSM is ca. 1400 mm, with peaks following the Mediterranean
patterns (i.e. during spring and autumn) (García-Ruiz et al., 1985) and MAT ca. 5 ºC
(Fig. 2.4).
Lake Basa de la Mora is located in the sub-alpine belt at the treeline ecotone
(transition zone between the upper limit of closed forest and the treeless alpine
grasslands; Körner, 2012). Thus, the vegetation surrounding the lake is mainly
composed of P. uncinata together with J. communis, R. ferrugineum shrublands and
alpine grasslands (Figs. 2.6, 2.12).
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Fig. 2.13. Geological map of the Cotiella Massif where Basa de la Mora Lake (BSM) and the
Armeña-A294 Ice Cave are located (Modified from: Belmonte-Ribas (2014).

2.2.3 Armeña-A294 Ice Cave and surroundings
Armeña-A294 Ice Cave (42º30’52’’N; 0º20’10’’E) is placed at 2238 m a.s.l., also in
the Cotiella calcareous Massif (Fig. 2.1b). The ice cave lies at the eastern slope of the
Cotiella Peak (2912 m a.sl.), the highest summit of the Cotiella Massif, within the
Armeña cirque (Fig. 2.14).
The area is mainly composed of Upper Cretaceous and Eocene carbonate
rocks arranged in a thrust system (Fig. 2.13). The ice cave is part of a large cave system
encompassing more than 8 km of cave passages and up to 600 m deep (Sancho et al.,
2018).
Ice cave A294 opens at the bottom of a large glacial cirque (Fig. 2.14) and is
positioned between a set of Last Glacial Maximum moraines (about 1920 m a.s.l.
elevation) and a huge moraine complex of Younger Dryas age (2400 m a.s.l.). Above
the moraine there is an active rock glacier that originated during the LIA. Periglacial
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activity is limited to ice-thaw processes, with remarkably little evidence of solifluction
and associated morphologies (Belmonte-Ribas, 2014).
The study site experiences a typical sub-alpine to alpine mountain climate with
MAT of 1.5 ºC, MAP of 1700 mm (Fig. 2.4) and a long snow season spanning from
October to May (Belmonte-Ribas, 2014). The ice cave is located within the alpine belt
(Fig. 2.6) and thus, there are no trees around and just several dwarf shrubs and herbs
are present such as D. octopetala, S. herbacea and S. acaulis (Fig. 2.14). The treeline in
the valley is located at 2000 m a.s.l.
Armeña-A294 Ice Cave is a small sag-type cave with a circular entrance of ca.
2

30 m (Fig. 2.14) and another smaller entrance. The chamber is ca. 40 m wide and 22
m high, and hosts an ice deposit with a volume of ca. 250 m3. Currently a snow ramp
connects the main entrance with the top of the ice deposit, indicating that snow in
blown directly into the cave. An ice wall front (ca. 8 m high) provides excellent
exposures of ice stratigraphy (Fig. 2.15).

Fig. 2.14. Location of the Armeña-A294 Ice Cave within the Armeña cirque (left side) with a
zoom into the surroundings of the entrance to the cave (right side).

The temperature inside the Armeña-A294 Ice Cave was recorded during the
year 2011-2012 (Belmonte-Ribas, 2014). Different environmental phases in terms of
the relationship between climatic conditions inside and outside the cave were
recorded. During the winter phase (November-May), MAT is -0,77 ºC inside the cave.
Ventilation takes place through the entrances but the connection is reversed during
the summer phase (June-October), and the cave acts as a thermal trap reaching above
0 ºC temperatures (MAT=0.26 ºC). Transitional cooling and warming periods are
recognized within the winter and summer phases. These temperatures are favorable
for the melting of the ice, and thus, the cave is currently experiencing an annual ice
loss of ca. 12 m3, based on estimations carried out during 2008-2012 (Belmonte-
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Ribas, 2014) as it can be observed in Fig. 2.15. The ice deposit is in danger of being
lost in ca. 20 years (Sancho et al., 2018).

Fig. 2.15. Evolution of the ice deposit inside the Armeña-A294 Ice Cave from July 2009 to
September 2018. (Photo of July 2009: Ánchel Belmonte-Ribas; photo of August 2011: Carlos
Sancho).

In summary, three Central Pyrenean study sites are considered in this Thesis,
each of the sites with different environmental characteristics (Table 2.1).
Table 2.1. Summary of the main characteristics for each study sites.

Basa de la Mora

Armeña-A294 Ice

Marboré Lake

Altitude (m a.s.l.)

Lake
1914

Cave
2238

2600

Location

Cotiella Massif

Cotiella Massif

Monte Perdido

MAT (ºC)

5

1.5

Massif
0

MAP (mm)

1400

1700

2000

Lithology

Triassic marl and

Upper Cretaceous

Upper Cretaceous

Vegetation belt

evaporites
Subalpine belt,

carbonates
Alpine belt, ca. 200 m

sandy limestones
Alpine belt, ca. 600m

treeline ecotone

above treeline

above treeline
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Saxifraga longifolia, Ordesa and Monte Perdido National Park (July, 2015).

3. Methodological
approach
A multi-proxy approach has been applied to reach the objectives proposed for
this PhD dissertation. Thus, in order to study the long-term vegetation and fire
dynamics during the Holocene, pollen, plant macrofossils and microcharcoal particle
analyses have been performed in lake sediments and an ice cave from high altitude
sites in the Central Pyrenees. This chapter summarizes the methods used during field
work, laboratory processes and desktop interpretation and discussion.
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General diagram

A multidisciplinary approach has been applied in order to address the research questions and objectives of this PhD thesis detailed in
Chapter 1. The methodological framework is divided in three main lines, as follows: field work, laboratory work and desktop work (Fig. 3.1).

Fig. 3.1 Diagram of the methodology applied in this study
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3. 1 Field work
3.1.1 Modern pollen rain study: vegetation surveys and moss
pollster sampling

O

ne of the biggest challenges of pollen based palaeoenvironmental
studies is to reconstruct vegetation communities spatially or landcover abundances, as pollen-vegetation relationships are not linear

due to differences in pollen production and dispersal among different species (Birks
and Birks, 1980; Prentice, 1985; Faegri et al., 1989; Sugita, 1993; Gaillard et al., 1998;
Bunting et al., 2004; Broström et al., 2008). Studying relationships between modern
vegetation composition and pollen assemblages in surface moss samples provide a
valuable guide for a better interpretation of fossil pollen assemblages specially in high
altitude sites (e.g. Birks and Gordon, 1985; Ortu et al., 2006).
Thus, for a better interpretation of high altitude palynological sequences, and
in particular Marboré sequence addressed in this Thesis, we designed a survey that
included 25 moss pollsters and vegetation surveys around each modern pollen
sample following an altitudinal transect from Pineta to Gavarnie ranging from 1200 m
a.s.l. to 2612 m a.s.l.) (Fig. 3.2).

Fig. 3.2 Images of several moss pollster sites in both southern (Pineta-Marboré) and northern
(Garvarnie-Marboré) transects.
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In each site we took and mixed two moss pollsters as a single sample. The
vegetation surrounding the moss pollsters was surveyed at 10 m North and South
from the modern pollen sample. Along the 10 m all present taxa were recorded at 15
points (0, 1, 2, 3, 4, 6, 8 and 10 m; North and South from the moss pollster).

3.1.2 Recovery of palaeoenvironmental material
The study of past environmental changes was addressed from 2 different
palaeoenvironmental archives: lake sediments and an ice deposit located within a
cave.

3.1.2.1 Basa de la Mora and Marboré Lake sediments
In summer 2008, in the context of PIRINEOS ABRUPTO DGA REF. PM073/2007
research project, two parallel long-cores were retrieved from the deepest part of the
BSM Lake with the Uwitec piston corer floating-raft from the Pyrenean Institute of
Ecology (IPE-CSIC). Two gravity cores were also taken to recover the uppermost part of
the sequence and the sediment/water interface. One of the short cores (BSM08-1A1G) was subsampled every 1 cm in the field for

210

Pb

137

Cs analyses (Fig. 3.3; Pérez-

Sanz et al., 2013).

Fig. 3.3. IPE-CSIC group members coring BSM Lake in 2008. (Photo: IPE-CSIC).

In August 2011, in the framework of HORDA (83/2008) and DINAMO 2
(CGL2012-33063), a field expedition was organized in order to extract sediment cores
from Marboré Lake. All the material, including the Uwitec platform, was transported by
helicopter until the Lake (Fig. 3.4). In this expedition, three parallel long piston cores
(ca. 7 m each; split in different sections) were retrieved also with an Uwitec platform
from the deepest part of the Marboré Lake as well as 16 short gravity cores (ca. 1m
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each). The short core MAR11-1G-1A-4 was subsampled every 1 cm in the field for
210

Pb 137Cs analyses (Oliva-Urcia et al., 2018).

Fig. 3.4. Uwitec-platform transport in the helicopter to the Marboré Lake (left). Coring team
from the IPE-CSIC with the sediments retrieved from the Marboré Lake (right). (Photos: IPECSIC).

3.1.2.2 Armeña-A294 Ice Cave
Armeña-A294 Ice Cave was discovered by the Asociación Científico Espeleológica
Cotiella (ACEC) and the first scientific works monitoring the cavity as well as studying
the ice deposit started in 2008 (Belmonte-Ribas, 2014; Belmonte-Ribas et al., 2014). In
August 2011, the ice deposit was sampled for both radiocarbon dating and isotopic
analyses (δ18O and δ2H) to study isotopic variations of ice in relation to past
temperature and precipitation changes (Sancho et al., 2018).
In order to complete the palaeoenvironmental study of the ice cave by means
of past vegetation changes, in July 2015 a field expedition campaign was organized, to
extract ice samples for pollen and plant macrofossil analyses. This expedition was
carried out with mules to transport all the material until the entrance of the cave (Fig.
3.5). The recognition of current vegetation characteristics was done, taking into
account main vegetation formations by altitudes, treeline and timberline positions etc.
Once in the cave, a detailed description of the internal stratigraphic features
and unconformities was carried out. Before starting taking samples from the ice
deposit the ice wall was cleaned with an axe, where the samples were going to be
taken, to remove the seasonal ice that was covering the fossil ice deposit. We
collected ice samples in 1L plastic bottles from the outcrop according to stratigraphic
criteria along the 790 cm thickness as follows: 27 plant macrofossil samples for
accelerator mass spectroscopy (AMS)

14

C dating (four of them from a single layer (165

cm depth) to test reproducibility and approximate time period embraced by the
layers), 42 samples for pollen analysis and 50 samples for the identification of plant
macrofossils at different levels (Fig. 3.5).
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Fig. 3.5. Field expedition campaign on the way to the Armeña-A294 Ice Cave (left) and sampling
in the Armeña-A294 Ice Cave (Photo: Miguel Bartolomé).

3.2 Laboratory work
3.2.1 Sample management
This work compiles a study based on 3 different types of samples: mosses, lake
sediments, and ice.
Moss samples
Moss samples were stored at 4ºC until they were processed for pollen analysis.
Lake sediments
Sediment cores recovered in Basa de la Mora and Marboré lakes were
transported to the IPE-CSIC cold room facilities. Cores were longitudinally opened,
split in two halves (working half and archive half) and photographed with a DMT Core
Scanner Core Logger (MSCL). Sedimentary facies were defined by macroscopic
characteristics including color, grain size, sedimentary structure and microscopic
smear slide observations (Schnurrenberger et al., 2003). X-ray Fluorescence (XRF)
analyses were performed in the cores and the working halves were sampled for
multiproxy analyses including: radiocarbon dating, Total organic (TOC) and inorganic
(TIC) carbon analysis, quantitative values of elemental composition (ICP-OES),
environmental magnetism measurements (u-channels), chironomids, pollen and
microcharcoal analysis (Fig. 3.6).
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Fig. 3.6. Lake sediment sampling at the IPE-CSIC laboratory.

The results of all these analyses have been part of different PhD Theses and
summarized in different works: geochemical, palaeomagnetic and pollen analysis of
BSM Lake are compiled in Pérez-Sanz et al. (2013); chironomid analyses of BSM are
published in Tarrats et al. (2018) and geochemical and palaeomagnetic results of
Marboré Lake are summarized in Oliva-Urcia et al. (2018). Pollen analyses of Marboré
Lake as well as microcharcoal analyses of both Marboré and Basa de la Mora Lakes
are part of this PhD Thesis which will be explained in the following sections.
Composite sequence of Marboré includes the long core MAR11-1U-1A and two
short cores MAR11-1G-1A-4 and MAR11-1G-1A-1 (Oliva-Urcia et al., 2018), whereas
the composite sequence of Basa de la Mora includes BSM08-1A-1U and BSM08-1A1G and BSM08-1B-1G (Pérez-Sanz et al., 2013).
Ice samples
Ice samples were melted and the resulting water was preserved in the plastic
bottles stored in cold until the analyses were carried out.

3.2.2 Analyses
3.2.2.1 Radiocarbon analysis and depth age models
The composite cores of the two studied lakes and the ice deposit were dated
using two main methods:
records and

173

Cs and

210

Pb essays for the topmost recent parts of the

14

C for longer timescales. This approach has allowed the construction of

robust age-models for the two lake sequences as well as the ice deposit.
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Basa de la Mora Lake
The chronology of the lacustrine composite sequence of Basa de la Mora, is
based on 15 calibrated AMS radiocarbon dates from the long core BSM08-1A-1U and
137

210

Cs and

Pb dating from the short core BSM08-1B-1G. Most of the radiocarbon

dates are based on terrestrial macrofossils and charcoal. Dates have been calibrated
using CALIB 6.0 software and the INTCAL09 curve (Reimer et al., 2009). The age model
was constructed by linear interpolation between the median ages of the probability
distribution of adjacent calibrated dates. The

210

Pbex and

137

Cs activity in the upper

samples was measured by gamma ray spectrometry, using a high-resolution lowenergy coaxial HPGe detector coupled to an amplifier. The chronology based on
210

Pbex was estimated by applying the constant rate of supply (CRS) model by Appley

(2001) and it is explained in Pérez-Sanz et al. (2013).
Marboré Lake
The depth-age model for Marboré Lake was achieved by combining AMS
dates from long core MAR11-1U-1A and the

210

Pb and

14

C

137

Cs profiles from short core

MAR11-1G-1A-4. Due to the absence of large charcoal particles and terrestrial organic
remains, 16 bulk sediment samples were used for

14

C AMS dating, dated in the Direct

AMS laboratory in Seattle (WA, USA). Radiocarbon dates were calibrated using CALIB
Rev 7.0.4 (Stuiver and Reimer, 1993) and the IntCal13

14

C curve (Reimer et al., 2013).

The chronology for the upper section was constrained using

210

Pb and

137

Cs in the

upper 17.5 cm of short core MAR11-1G-1A-4, measured at the St. Croix Watershed
Research Station, Science Museum of Minnesota (USA), with

210

Pb dates determined

by applying the constant rate of supply model, which assumes constant input of
excess

210

Pb to the core site, but allows sediment flux to vary. The

supported by the presence of a

210

Pb age model is

137

Cs peak at 6 cm (1963 AD). The correlation between

the upper section of the long core (MAR11-1U-1A) and short cores (MAR11-1G-1A-4
and MAR11-1G-1A-1) is based on the Pb counts measured by X-ray fluorescence (XRF)
analyses and Pb concentrations measured by ICP-OES for the MAR11-1U-1A core
(Oliva-Urcia et al., 2018).
Comparison between the
sediments indicated a large

210

Pb and the

14

C chronologies for the upper

14

C reservoir effect (RE) in the lake. Using the

sedimentation rate provided by the

210

Pb chronology (ca. 0.095 cm/yr), we

extrapolated an age of 340 cal yr BP at 40 cm, the depth of the topmost

14

C date. The

14

C age at that depth gave a calibrated age of 2570 yr BP, much older than the age

provided by the

210

Pb model. The

14

C reservoir effect was calculated as 2230 years by

subtracting one age from the other (Oliva-Urcia et al., 2018).
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The Marboré depth-age model was based on linear interpolation between
dated levels with Clam 2.2 package (Blaauw, 2010) running in R (R Development Core
Team, 2016).
Armeña- A294 Ice Cave
The construction of the age-model for the ice deposit within the Armeña-A294
Ice Cave, is based on 27 plant macrofossil samples for

14

C dating in Direct AMS

laboratory in Seattle (WA, USA). Four of the selected plant macrofossils corresponded
to a single layer (165 cm) to test reproducibility and constraining the time period
reflected by the layers. Radiocarbon dates were calibrated using CALIB Rev 7.0.4
(Stuiver and Reimer, 1993) and the INTCAL 13 calibration curve (Reimer et al., 2013).
To model the depth-age relationships, we used linear interpolation between the dated
levels with the Clam 2.2 package (Blaauw, 2010) running in R (R Development Core
Team, 2016).
As mentioned before, in August 2011, ice samples for AMS

14

C dating were

undertaken and a depth-age model was built by linear interpolation between dated
levels for the isotopic study (Sancho et al., 2018). The ice deposit substantially
changed and reduced from 2011 to 2015. In 2011 the ice deposit was 9.25 m depth
and reduced to 7.90 m depth in 2015 (an ice-mass loss of 1.35 m height within 4
years) (Leunda et al., 2019). For this reason, in 2015 samples for 14C dating were again
taken in order to build a new depth-age model. The identification of the same detrital
layer (165 cm depth in the 2015 deposit and 240 cm depth in the 2011 ice deposit)
allowed comparing both depth age models which were very similar (See
Supplementary Information, SI, in Chapter 4.3). The spatio-temporal reproducibility of
the depth-age model (SI. Fig. 4.3.9) and the good correspondence between the two
independently dated macrofossil records reveals that although decadal-short-melting
processes may have occurred during several periods, the material preserved in the
detrital layers did not suffered significant movements along the ice deposit.

3.2.2.2 Pollen analysis
Pollen analysis was carried out in 3 different types of samples: mosses, lake
sediments and cave ice samples (Fig. 3.1).
Pollen extraction and sample preparation
· Moss samples: about 10 g of moss material was taken from 25 moss pollster sample
for pollen extraction.
· Marboré Lake sediments: a total of 90 sediment samples were taken from MAR111U-1A composite sequence, each sample consisted in ca. 3 g of sediment.
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· Armeña-A294 Cave ice samples: 42 ice samples were melted and the resulting water
of the ice samples (750 cm3) was repeatedly centrifuged and decanted until getting
the solid fraction. The remaining material was used for pollen extraction.
Once the material was selected, pollen extraction was carried out at the
Quaternary Palaeoindicators laboratory of the IPE-CSIC using the standard chemical
procedure described in Moore et al. (1991) which includes (Fig. 3.7):
· Addition of Lycopodium clavatum spores in a known concentration in order to
calculate pollen concentration (pollen grains/g) and pollen accumulation rates
(PAR, considered as number of pollen grains/cm2yr) and to test the laboratory
procedures (Stockmarr, 1971).
· Hydrochloric acid (HCl, 37%) and Hydrofluoric acid (HF, 40%) attack for ca. 48
h in order to digest carbonates and silicates respectively. Consecutive cleaning
steps with ethanol (EtOH) and distillate water (H2Odist) were carried out to
remove HCl and HF.
· HCl (37%) attack at 90 ºC during ca. 15 min in order to remove still present
carbonates. Consecutive cleaning steps with EtOH and H2Odist were carried out.
· KOH (10%) at 80 ºC during 10 min in order to disaggregate organic matter
and consecutive cleaning steps with H2Odist.
· Density-separation phase with Thoulet solution (d=2.0 g/cm3) in order to
separate pollen from remaining material. Consecutive cleaning steps with
H2Odist and EtOH were carried out.
· Sample preparation onto a slide with glycerin.
This procedure was applied to all samples but including acetololysis in moss
samples, which consisted in several steps with acetic and sulfuric acid (Erdtman,
1960).

Fig. 3.7. a), b) Pollen extraction at the IPE-CSIC laboratory. c) Pollen sample mounting.
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Pollen identification and counting
Pollen, fern spores, non-pollen palynomorphs (NPPs) and conifer stomata have
been identified under a light microscope using the reference collection from the IPECSIC, determination keys and photo atlases (Moore et al., 1991; Reille, 1992; van Geel
and Aptroot, 2006). High-resolution pollen images were taken with Leica DFC295
camera using Leica Application Suite software in selected pollen samples (Fig. 3.8).
The pollen sum, which excludes fern spores (Pterydophyta), NPPs, and conifer
stomata, was usually over 300 pollen grains per sample and taxa number not less
than 20. Palynological results were expressed as percentages (%), concentration
(pollen grains/g) and pollen accumulation rates (PAR, pollen grains/cm2yr). Pollen
diagrams were plotted using Psimpoll (Bennett, 2009) and TILIAgraph (Grimm, 2011).
Local pollen assemblage (LPAZ) zones were delimited using both Constrained
Incremental Sum of Squares (CONNIS) (Grimm, 1987) and Optimal Partitioning by
Sums of Squares (Birks and Gordon, 1985).
Detrended Correspondence Analysis (DCA) and Principal Component Analysis
(PCA) were applied to pollen percentage results in order to identify underlying
gradients in regional vegetation composition over time. Multivariate analyses were
carried out with CANOCO 4.5 (Ter Braak and Šmilauer, 2002).

Fig. 3.8. a) Pollen identification and counting at the microscope. b) Microphotograph of
Ericaceae pollen grain.

3.2.2.3. Plant macrofossil analysis
Plant macrofossil analysis was carried out in 50 ice samples from the ArmeñaA294 Ice Cave (Fig. 3.1). Ice samples were stored in 1L plastic bottles and when
melted, they were sieved with a mesh size of 200 μm. Plant macrofossils were
identified under a binocular with reference material of the IPE-CSIC and Institute of
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Plant Sciences of the University of Bern. Woody remains were identified using incident
light

and

compared

with

wood

reference

collections

and

wood

atlases

(Schweingruber, 1990) at the Universidad Politécnica Superior de Madrid.
Plant macrofossil results were expressed as number of macrofossils (e.g.
needles, seeds, fruits) and pine periderm areas per 750 cm3 of ice. Macrofossil
percentages were also calculated by pooling several adjacent samples to reach a
minimum of 50 macrofossils per bin and therefore reliable percentages (Heiri and
Lotter, 2001; Tinner and Kaltenrieder, 2005). Results were plotted using TILIAgraph
(Grimm, 2011).

3.2.2.4 Microcharcoal analysis
Microcharcoal extraction
Microcharcoal analyses were carried out in Marboré and Basa de la Mora lake
sediments. 1 cm3 of sediment was sampled with a syringe and weighted (g) in order to
calculate sediment density (g/cm3) in a total of 108 samples for MAR and 130 samples
for BSM, following the same pollen resolution (except for the upper part of the MAR
sequence, where sampling resolution was 2 cm). For microcharcoal extraction 0.3 g of
sediment per sample was used.
The chemical procedure was applied following Daniau et al. (2009, 2013) at the
UMR-EPOC laboratory (CNRS-Université de Bordeaux). Microcharcoal extraction
technique consisted on the following chemical treatment (Fig. 3.9):
· Attack with HCl (37%) and nitric acid (HNO3, 65%) during 2 h in water bath at
60 ºC in order to eliminate carbonates, pyrites and organic matter.
· Attack with hydrogen peroxide (H2O2, 35%) in hot during ca. 24 h in order to
remove organic matter.
· Cleaning steps with H2Odist.
· Attack with HF (40%) during 2 h. Consecutive cleaning steps with HCl and
H2Odist.
· Dilution of 0.1 to the residue and filtering onto a cellulose acetate membrane
containing nitrocellulose of 0.45 μm porosity and 47 mm in diameter.
· Mounting of a portion of the acetate membrane onto a slide with ethyl
acetate and polished afterwards.
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Fig. 3.9. Different steps during microcharcoal extraction: a) HCl, HNO 3 and H2O2 hot-attack. b)
HF attack. c) Filtering of the samples. d) Slide mounting. e) Slide polishing.

Microcharcoal identification and counting
The identification and quantification of microcharcoal was performed using
image analysis with an automated Leica DM6000M microscope at x500 magnification
in transmitted light with LAS-CORE v 4.5 software (Fig. 3.10) and following the criteria
proposed by Boulter (1994), identifying charcoal as being black, opaque and angular
with sharp edges. Microcharcoal particles below 10 µm were not considered as
theoretical considerations showed that particles smaller than 5-10 µm in diameter are
transported through the air for hundreds to thousands of km and their identification
is difficult (Clark, 1988).
Identification of unburned particles, characterized by the absence of plant
structures and distinct level of reflectance, was used to set the best-fit threshold level
to secure identification of microcharcoal by image analysis. Critical particles were
distinguished from dark minerals by reflected light (Clark, 1984) and in order to have a
good statistical representation of each sample, 200 view fields (200 images) of 0.0614
mm2 were taken in color with a 1044 x 772 pixels digitizing camera (1 pixel = 0.276
µm). The surface scanned by the microscope represents a surface area of 12.279
mm2.
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Fig. 3.10. Identification of microcharcoal particles with image analysis: a) Microscope and
software. b) LAS-CORE v 4.5 sofware. c) Microcharcoal particle.

From the microcharcoal measurements three parameters were calculated for
each sample: (i) the concentration of microcharcoal (CCnb: #/g); (ii) the concentration
of microcharcoal surface (CCs), which is the sum of all surfaces of microcharcoal in
one sample per gram (μm2/g) and (iii) microcharcoal accumulation rate (CHAR: #/cm2
yr), in order to have a time-fitted value of charcoal.

3.3 Desktop work
All the results were analyzed and compared with other studies in order to
obtain a robust interpretation about past environmental conditions in mountain
areas.
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Pulsatilla alpina, Ordesa and Monte Perdido National Park (May, 2015).

4. Results and
discussion
This chapter compiles the results obtained in this PhD dissertation, which has
been focused on different sequences/sites from the Central Pyrenees, in terms of:
current pollen-vegetation relationships, regional Holocene vegetation dynamics, longterm treeline and timberline fluctuations, and the role of fire as a disturbance agent in
past vegetation dynamics. We discuss all results compared with other local and
regional evidences.
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Pineta valley, Ordesa and Monte Perdido National Park (August, 2013).
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4.1 Modern pollen rain monitoring
along an altitudinal transect in the
Central

Pyrenees:

from

Gavarnie

(France) to Pineta (Spain)
Abstract
The current study builds up on the urgent need to understand the
relationships between the vegetation and the modern pollen rain in the Central
Pyrenees. Pollen analysis on surface moss pollsters and floristic records have been
undertaken from 25 sampling points along a southeastern/northwestern altitudinal
transect ranging from Pineta valley (1289 m a.s.l.) up to Marboré Lake (2612 m a.s.l.)
and down to Gavarnie valley (1403 m a.s.l.). Pollen and vegetation data are compared
in order to calibrate plant communities and pollen assemblages following the
altitudinal gradient. The results evidence that vegetation and pollen abundances
change concurrently despite discrepancies are present as pollen shows less defined
altitudinal boundaries, likely because of the homogenizing effect of upwards wind
transport. The sub-alpine-alpine boundary, and thus the treeline, is not clearly
distinguished in terms of pollen proportions, but for a slight increase in herb pollen
indicative of a landscape opening, and need complementary proxies. However,
palynological differentiation from the montane to the sub-alpine belts is easier to infer
by the deciduous community palynological assemblages.

Keywords: Altitude, moss pollsters, mountains, pollen, vegetation, vegetation belts
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4.1.1 Introduction
Mountain environments are amongst the most sensitive regions to global
change (Krajick, 2004). A wide variety of changes are already occurring concerning
vegetation, such as forest expansions, secondary woodland encroachments or
upward migration of warm-adapted species (e.g. Lasanta-Martínez et al., 2005; Batllori
and Gutiérrez, 2008; Gottfried et al., 2012). In order to evaluate these new scenarios, a
long-term perspective is essential to better understand how vegetation responded to
past climate and human perturbations at different time-scales.
In this regard, pollen grains preserved in palaeoenvironmental archives such as
lakes, peats and mires provide records of past vegetation changes, which have been
widely used for reconstructing past vegetation, becoming the most widely used
method for palaeoenvironmental reconstruction (e.g. Faegri and Iversen, 1975; Moore
and Webb, 1978; Moore et al., 1991). An essential principle of fossil pollen analysis is
that pollen found at any level of a sedimentary sequence relates to the abundance of
parent plants existing around at the time of deposition (Davis and Goodlett, 1960).
However, it is well known that these relationships are rarely linear, as pollen
production and dispersal are taxa-dependent features and play an important role on
the pollen that is eventually deposited. Moreover, the probability of a pollen grain to
be deposited and preserved in lake sediments depends on factors such as the
distance from the lake, lake size and local characteristics of the catchment area and a
range of taphonomic processes (Birks and Birks, 1980; Prentice, 1985; Faegri et al.,
1989; Sugita, 1993; Gaillard et al., 1998; Bunting et al., 2004). Thus, the interpretation
of past pollen records cannot be directly linked to vegetation cover changes in terms
of spatial distribution.
In general, plants with wind-dispersed and high pollen productivity are overrepresented, especially in lakes, while the opposite holds true for insect-pollinated,
low productivity taxa (Bradley, 2015). It has been widely discussed that small basins or
sedimentary hollows (10 to 20 m radius) receive pollen from local stand-scale
vegetation (Janssen, 1973), whereas medium-sized lakes (200 to 300 m radius) derive
pollen from larger regional-scale vegetation area (Janssen, 1973; Calcote, 1995; Davis,
2000). Therefore, an extrinsic bias to palynological interpretations arrives when
addressing pollen assemblages from big lacustrine basins and/or located in open,
treeless vegetation areas, as they may contain more regional pollen from plants that
are not locally present in the area (Birks and Birks, 2000).
In this regard, one of the most challenging environments for vegetation
reconstructions based on pollen analysis are high altitude treeless areas, as these
environments are dominated by entomophilous herbs, with low pollen productivity.
Thus, local vegetation signal gets obscured where local pollen production is low, as

88

Results and discussion

Modern pollen rain

tree-pollen produced in lowlands can be easily lifted by vertical air-mass movements
and deposited at sub-alpine and alpine zones (Barthelemy and Jolly, 1989; David,
1993; Birks and Birks, 2000; Tinner and Theurillat, 2003; Ortu et al., 2006; Seppä and
Hicks, 2006). Local physiographic conditions (slopes, exposure to dominant winds,
aspect) also affect pollen depositions in high altitude sites, complicating the vegetation
history reconstruction (Ortu et al., 2006). However, it is very important to study these
challenging locations, as their remoteness from highly humanized areas makes them
excellent sentinels of past and present climate changes (Catalan et al., 2006; Badino et
al., 2018; Li et al., 2019). For this reason instead of avoiding them, it is necessary to
improve the knowledge for a better evaluation of these environments (Barthelemy
and Jolly, 1989; Ortu et al., 2006).
Thus, it is essential to solve the problems that limit our understanding of the
alpine vegetation response to past and therefore future climate change, improving
our knowledge and, therefore, addressing the best possible conservation strategies in
these particularly sensitive environments to climate changes (Birks and Ammann,
2000).
In this regard, studying relationships between modern vegetation composition
and pollen assemblages in surface samples provide a valuable guide to the correct
interpretation for fossil pollen assemblages (e.g. Birks and Gordon, 1985). Altitudinal
gradients are well suited places for modern-analog studies as they encompass
significant ecological and environmental variations in a relatively small study area (Rull,
2006).
Studies on modern pollen rain have been developed in many parts of the
world, with different approaches that varies from detecting how well modern pollen
composition reflects contemporary vegetation types at a range of spatial scales (Birks,
1973; Hicks, 2001; Court-Picon et al., 2005; Fletcher and Thomas, 2007; Cañellas-Boltà
et al., 2009; de Nascimento et al., 2015), calibration of modern pollen assemblages in
terms of climatic and other environmental parameters to obtain transfer functions for
quantitative reconstructions (Prentice et al., 1998; Davis, 2000; Fall, 2012; Finsinger et
al., 2007; Montade et al., 2019), examining pollen-plant richness relationships (e.g.
Meltsov et al., 2011; Felde et al., 2016) or estimating pollen productivity (e.g. Sugita,
1993; Bunting et al., 2005; Broström et al., 2008). Such studies are valuable in helping
to reduce some of the inherent biases in pollen representation and in the
reconstruction of past vegetation (Davis, 2000; Sugita, 2007). However, there is a lack
of studies on the relationships between current vegetation and pollen assemblages in
mountain areas, as well as a lack of modern pollen samples from high elevation sites
in the modern pollen databases (Ortu et al., 2006). Amongst these areas, just a few
studies are present at the Pyrenees (Mazier et al., 2006; Cañellas-Boltà et al., 2009)
compared to the wide variety of fossil pollen-based environmental reconstructions
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(e.g. González-Sampériz et al., 2006, 2017; Ejarque et al., 2009, 2010; Pèlachs et al.,
2011; Pérez-Obiol et al., 2012; Pérez-Sanz et al., 2013; Garcés-Pastor et al., 2016,
2017; Leunda et al., 2017, 2019). Thus, moss samples can aid determining pollenvegetation relationships because of their known suitability as pollen traps and their
frequent occurrence in the area. Furthermore, their pollen content is an average
pollen assemblage of several years and provide a good record of local vegetation
(Räsänen et al., 2004, 2007; Wilmshurst and McGlone, 2005; Mazier et al., 2006;
Lisitsyna and Hicks, 2014).
In this study we analyze the pollen rain captured in surface samples (moss
pollsters), in relation to the current vegetation from montane to alpine vegetation
belts around the Marboré Lake, both in its northwestern and southeastern slope
gradients. This site was chosen as sediment cores were already retrieved for a
paleoenvironmental reconstruction (Leunda et al., 2017; Oliva-Urcia et al., 2018). The
general aim of this study is to analyze the overall relationships between pollen
assemblages

and

vegetation

to

eventually

improve

palaeopalynological

interpretations. We thus, (1) investigate if altitude is a controlling factor in pollen
dispersion and deposition, (2) comparing the relationships between pollen and
current vegetation in locations with different arboreal cover surroundings and
different slope orientations and (3) examine which pollen taxa reflect better the actual
vegetation cover.

4.1.2 Regional setting
The Pyrenees are an alpine range lying in northeastern Iberia for about 450 km
length from the Cantabrian to the Mediterranean Sea. This study was carried out in
the Central Pyrenees, at the southeastern (SE) and northwestern (NW) sides of the
Marboré Lake (Pineta and Gavarnie valleys respectively) between 42º 40´N-42º 43´N
and 0º 5´ E-0º 23´W (Fig. 4.1.1). This area belongs to two different National Parks, the
Spanish part (from Pineta to Marboré) belongs to the Ordesa and Monte Perdido
National Park whereas the French part (from Gavarnie to Marboré) to the Parc
National des Pyrénées. Biogeographically the study area is mainly of Boreoalpine and
Eurosiberian character, with a strong altitudinal gradient between the valley bottoms
(ca. 1200 m a.s.l.) and the high summits (3350 m a.s.l.), which is reflected both in
climate and vegetation.
The climate is influenced mainly by the Atlantic regimen with high precipitation
and no water deficit through the year. Mean annual temperature (MAT) ranges from
ca. 6-8 ºC in Gavarnie (1200 m a.s.l.; northern side) and Pineta (1200 m a.s.l.; southern
side) to ca. 0 ºC in the Marboré Lake (2612 m a.s.l.). The precipitation pattern around
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the Pyrenees is primarily controlled by the distribution of the topography, with the
highest mean annual precipitation (MAP) observed at the highest areas, ranging from
ca. 1000 mm in Gavarnie and Pineta to close to 2000 mm in the Marboré Lake (Batalla
et al., 2018).

Fig. 4.1.1. a) Location map of the Pyrenees and the study area. b) Ortophoto of the GavarnieMarboré-Pineta area with the location of the moss-pollsters.

Regarding vegetation, the altitudinal gradient between valley bottoms and the
Marboré Lake (2612 m a.s.l.) shows three main vegetation belts (montane, sub-alpine
and alpine; Fig. 4.1.2), the boundaries of which vary with local topographic, climatic
and human disturbances. The montane belt, below ca. 1600 m a.s.l., is characterized
by mixed deciduous and conifer forests; the sub-alpine belt (below ca. 2000 m a.s.l.) is
dominated by sub-alpine pastures and Pinus uncinata as main tree species at the
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treeline at ca. 2000 m a.s.l.; above this altitude, only some patches of annual and
perennial herbs are present (Villar et al., 1997; Ninot et al., 2007).

4.1.3 Materials and Methods
4.1.3.1 Moss sampling and vegetation surveys
Our survey implied pollen rain collection from moss pollsters (MP), which are
abundant in the area, and vegetation surveys around each modern pollen sample. We
randomly chose survey points along an altitudinal gradient from 1282 (SE)-1403 (NW)
m a.s.l. up to 2612 m a.s.l. in Marboré Lake (Figs. 4.1.1 and 4.1.2). We collected 25
moss pollsters (MP-1 to MP-25) with different arboreal cover to ensure that
pollen:vegetation relationships (PVR) were not biased to particular land cover types
(Supplementary Information, SI).

Fig. 4.1.2. Simplified vegetation transect from both Pineta and Gavarnie valleys up to Marboré
Lake with main vegetation communities and the vegetation belts defined. Yellow dots
correspond to moss pollster sampling sites.

In each site we took and mixed two moss pollsters as a single sample. Current
vegetation around the moss pollsters MP-1 to MP-11 and MP-15 to MP-25 was
surveyed at 10 m North and South from the modern pollen sample (2 x 10 m). Along
the 10 m all present taxa were recorded at 8 points (0, 1, 2, 3, 4, 6, 8 and 10 m, North
and South from the moss pollster). We estimated species abundance as the ratio of
presences over the 15 recorded points and a semi-quantitative abundance index was
used to estimate the plant dominance according to the following scale: 5 (>75%), 4
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(50-75%); 3 (25-50%); 2 (5-25%) and 1 (<7%). The area surrounding the Marboré Lake,
corresponding to MP 12, 13 and 14, is mainly bare rock so, transects were not carried
out although the few existing species were recorded (SI).

4.1.3.2 Vegetation cover estimation
The 20 m vegetation surveys made around the moss pollsters reflect the
nearest, most local vegetation. However, taxa with high pollen productivity, as most
trees compared to herbs, need to be assessed from a more regional perspective.
Thus, in order to obtain a more representative arboreal cover estimation for moss
pollsters, we retrieved cover data from the National Forestry Inventory (Inventario
Forestal Nacional; IFN3) (MAPA, 2007) applying buffers of 200 m radius for each moss
pollster (MP1 to MP-14) using QGIS (QGIS Development Team, 2018) (Fig. 4.1.3). Each
buffer recorded the proportion (%) of the 3 main arboreal taxa, together with the total
arboreal cover. Unfortunately, forestry inventories were just available for the Spanish
side and it was not possible to get similar data from the French side. Thus this
estimation was just carried out for the Pineta valley (Fig. 4.1.3).

Fig. 4.1.3. a) 200 m vegetation buffers around the moss samples based on the IFN3. b) Zoom
into the moss pollster´s buffers.

In connection with pollen productivity and dispersal of anthropogenic
indicators we estimated the distance from Marboré Lake to the nearest olive groves,
and defined a source area of Olea pollen. The estimation was based on 5 buffers of
100 km and 5 buffers of 25 km from the Marboré Lake and overlaid to olive groves
inventory based on CORINE land-cover (CLC, 2018) (Fig. 4.1.4).
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Fig. 4.1.4. A) 100 km buffers from the Marboré Lake on the olive groves inventory B) 25 km
buffers from the Marboré Lake on the olive groves inventory.

4.1.3.3 Chemical treatment of moss samples
Moss samples were processed following the standard chemical procedure
described in Moore et al. (1991) including HCl, HF and KOH digestions, dense-media
separation with Thoulet solution (2.0 g/cm3) and acetolysis. Lycopodium spores in a
known number were added in order to calculate pollen concentrations and to test
laboratory procedures (Stockmarr, 1971). Pollen was identified under a light
microscope, using reference collection at the IPE-CSIC, determination keys and
photographic atlases (Moore et al., 1991; Reille, 1992). The mean pollen grains
counted was 416 per sample (SD = 73) and 93 different pollen and spore types were
identified. Results are expressed in percentages, excluding hygrophytes, hydrophytes,
Pterydophyta spores and non pollen palynomorphs (NPP) from the pollen sum. Pollen
diagrams and cluster analyses were used to establish pollen zones with Psimpoll 4.27
software (Bennett, 2009).

4.1.4 Results
4.1.4.1 Vegetation
Current vegetation from both Pineta and Gavarnie valleys up to the Marboré
Lake shows a strong altitudinal gradient which is clearly reflected in different
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vegetation belts (Fig. 4.1.2): montane belt (below ca. 1600 m a.s.l.), sub-alpine belt (ca.
1600-2000 m a.s.l.) and alpine belt (above 2000 m a.s.l.).

4.1.4.1.1 Pineta-Marboré vegetation survey transect (SE)
Montane belt
The montane zone can be subdivided in two parts; the lower and the upper
part (Fig. 4.1.2). The lower montane zone (up to 1400 m a.s.l.) is characterized by
different communities (MP-1 to MP-4) of well-developed deciduous mixed forests with
Fraxinus excelsior L., Acer campestre L., Corylus avellana L. and Fagus sylvatica L. as main
tree species together with sparse Pinus sylvestris L., and shrubs like Buxus sempervirens
L., Crataegus monogyna Jacq. or Juniperus communis L. and, Fragaria vesca L., Aconitum
napellus L., Campanula ssp., Helleborus foetidus L. and different Poaceae species in the
herbaceous layer (Fig. 4.1.2 and SI). The estimated arboreal cover according to the
IFN3 is about 75% in MP-1 and MP-2; Fig. 4.1.5). Betula pendula Roth and Salix spp. are
the dominant tree species close to streams together with C. avellana, P. sylvestris,
Amelanchier ovalis Medicus and different herbs (MP-3) (Fig. 4.1.2 and SI) with an
arboreal cover in MP-3 and MP-4 of 40% according to the IFN3 (Fig. 4.1.5).
In the upper montane zone (1400-1600 m a.s.l.) beech forests with F. sylvatica
and B. sempervirens (MP-5) (Fig. 4.1.2 and SI) appear at the base of this zone (65%
arboreal cover by IFN3; Fig. 4.1.5). Prunus avium L. and C. avellana are still abundant
until ca. 1600 m a.s.l. forming more opened communities together with montane
pastures with species like Knautia arvensis (L.) Coulter, Iris latifolia (Mill.) Voss,
Asphodelus albus (Mill.), Malva moschata L., Vicia spp., F. vesca and Poaceae species
amongst others (Fig. 4.1.2 and SI) (MP-6 and MP-7; ca. 40-50% arboreal cover by IFN3).
Sub-alpine belt
More open communities of Pinus uncinata Ramond ex DC. with A. ovalis and J.
communis are present in the sub-alpine belt (1600-2000 m a.s.l.) together with subalpine meadows (Fig. 4.1.2) with species like Echium vulgare L., Sideritis hyssopifolia L.
and Poaceae species. Scree vegetation such as Globularia repens Lam., Saxifraga
longifolia Lapeyr., Potentilla alchemilloides Lapeyr., also appear in Iimestones (MP-8,
MP-9 and MP-10; 10% of arboreal cover according to the IFN3) (Fig. 4.1.5 and SI).
Alpine belt
The absence of trees is the main feature of the alpine belt (2000-2600 m a.s.l.),
where alpine herbs and scree slopes dominate (Fig. 4.1.2) with species like Erigeron
uniflorus L., Saxifraga aizoides L., Leontopodium alpinum Cass., Globularia nudicaulis L.
or Paronychia kapela (Hacq.) A. Kerner (MP-11) (SI). Around the Marboré Lake only
some patches of alpine herbs like Galium pyrenaicum Gouan, Leucanthemopsis alpina
(L.) Heywood, Linaria alpina (L.) Mill., Potentilla nivalis Lapeyr., Crepis pygmaea L., or
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Silene acaulis (L.) Jacq. are present coping with harsh environmental conditions (MP-12,
MP-13, MP-14) (Figs. 4.1.2, 4.1.5 and SI).

Fig. 4.1.5. Vegetation cover estimation according to the IFN3 for each MP in the SE Pineta
valley.

4.1.4.1.2 Gavarnie-Marboré vegetation survey transect (NW)
Montane belt
The lower montane zone (up to ca. 1400 m a.s.l.) is also characterized by welldeveloped deciduous-mixed and riparian forest communities with species like C.
avellana, F. excelsior, B. pendula and A. campestre as main tree species and a wide
variety of herbs such as K. arvensis, Rhinanthus minor L., Achillea millefolium L. and
different Poaceae species (MP-15). Conifers like P. sylvestris and Abies alba Mill.
together with mesophytes, J. communis and herbs also form mixed forests (MP-16)
(Fig. 4.1.2, and SI).
Well-developed mixed beech-fir forest communities appear in the upper
montane belt. These are communities composed of F. sylvatica, A. alba and P. sylvestris
as main tree species with Rhododendron ferrugineum L. and Vaccinium myrtillus L. in
the understory together with different herbs like Hepatica nobilis Schreb. and Oxalis
spp. (MP-17) (Fig. 4.1.2 and SI).
Sub-alpine belt
At the base of the sub-alpine belt (1600-2000 m a.s.l.) an open conifer-mixed
forest composed of A. alba, P. uncinata, Sorbus aucuparia L. and Sorbus aria (L.) Crantz
is present with R. ferrugineum, Rosa spp. and V. myrtillus within the shrub layer and
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species like Geranium spp., A. napellus, H. foetidus and Poaceae species within herbs
(MP-18) (Fig. 4.1.2 and SI).
Well-developed fir forests with A. alba and sparse V. myrtillus and herbs like
Prenanthes purpurea L., F. vesca, and Scilla lilio-hyacinthus L. are also present in the subalpine belt (MP-19) (Fig. 4.1.2 and SI).
More open communities dominate the transition from the sub-alpine to the
alpine zone with Poaceae, Plantago spp., Phyteuma spp., Galium spp.and Trifolium spp.
among other herbs forming sub-alpine meadows where scatter J. communis also
appear (MP-20) (Fig. 4.4.2 and SI).
Alpine belt
Alpine pastures on scree and rocky vegetation dominate the alpine belt (20002600 m a.s.l.). Poaceae is the main taxon together with Leontodon spp., Trifolium
alpinum L., Plantago spp., Potentilla spp. and E. uniflorus amongst other herbs and still
some J. communis at the base of the zone (MP-21). Species like P. kapela, Arenaria spp.,
or S. acaulis are present where the limestone appears (MP-21 and MP-22) (Fig. 4.1.2
and SI).
At higher altitudes, with the lack of well-developed soils, alpine vegetation
dominate in limestones with species like Armeria alpina Willd., P. alchemilloides,
Saxifraga moschata Wulfen, S. aizoides, Sempervivum montanum L., Sedum spp., and L.
alpina (MP-23, MP-24, MP-25) (Fig. 4.1.2 and SI).

4.1.4.2 Pollen
Pineta-Marboré transect
Tree pollen types are clearly the dominant along the whole transect, while
herbaceous taxa are more poorly represented. The most abundant pollen type is
Pinus, which reaches up to 80% of total sum and rarely is less than 50% (Fig. 4.1.6). At
high altitudes, herbaceous pollen becomes more abundant (especially above 2200 m
a.s.l.), while trees experience a small decrease. Three main zones are defined (Fig.
4.1.6). Zone I (from the base to 1585 m a.s.l.) is characterized by the dominance of
Pinus and relatively high abundance of mesophytes (ca. 25%) with Betula and Corylus
as main taxa together with Fagus and Fraxinus. Juniperus pollen proportions are also
important (5%) in some samples, and among herbaceous pollen (ca. 20%) Poaceae
together with Rosaceae are the most abundant although in low proportions (Fig.
4.1.6). Pollen from Olea is present also in all samples. Zone II embraces samples
between 1673-1850 m a.s.l. where a slight increase in Pinus pollen is observed
together with a significant decrease of mesophyte pollen (ca. 5%). Although Pinus
pollen is still dominant in Zone III (above 1850 m a.s.l.), herb pollen increases (30-35%)
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with Poaceae as main taxon together with Plantago and Chenopodiaceae in some
samples (Fig. 4.1.6). Olea pollen increases in samples around the lake (Fig. 4.1.6).

Fig. 4.1.6. Pollen histogram of moss pollsters MP-1 to MP-14 showing taxa >3%. Other
mesophytes include: Castanea, Alnus, Tilia, Juglans, Ulmus and Salix. Other shrubs include:
Ericaceae, Rhamnus, Buxus, Ephedra distachya, E. fragilis, Lonicera, Myrtus, Prunus and Daphne.
Asteraceae includes: Cichorioideae, Asteroideae and Carduae. Fabaceae includes: Fabaceae
indet., Lotus-type and Trifolium-type. Other herbs include: Asphodelus, Brassicaceae, Gentiana,
Cistaceae, Rumex, Geraniaceae, Iridaceae, Colchicaceae, Apiaceae, Boraginaceae, Primulaceae,
Helianthemum, Malvaceae, Dipsacaceae, Androsace and Epilobium. AP: Arboreal Pollen. NAP:
Non Arboreal Pollen.

Gavarnie-Marboré transect
Pinus is also the dominant pollen type in almost all samples except for some
high altitude samples where the importance of herb pollen is clear (Fig. 4.1.7). Three
main zones have been defined. Zone I (from base to 1710 m a.s.l.) shows important
Pinus pollen proportions, although with fluctuations (30-60%), as well as important
mesophyte pollen proportions (30-35%) being Betula and Corylus pollen the most
abundant together with Fraxinus, Fagus and Quercus in samples MP-17 and MP-18 (Fig.
4.1.7). Abies pollen is also present with abundances between 5-10%. Zone II (17102045 m a.s.l.) presents an important decrease of mesophyte pollen together with an
increase in conifer pollen, especially Pinus but also Abies in sample MP-19 (Fig. 4.1.7).
Herb pollen slightly increases, being Poaceae the main taxa. Zone III (2224-2438 m
a.s.l.) shows a decrease in Pinus pollen, although in sample MP-24 it remains high.
Amongst herbs, Poaceae dominates with Asteraceae, Chenopodiaceae, Plantago and
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Lamiaceae in lower proportions (Fig. 4.1.7). Crassulaceae pollen type reaches
important proportions in sample MP-25. Although in low proportions, Olea pollen is
also present in all moss samples (Fig. 4.1.7).

Fig. 4.1.7. Pollen histogram of moss pollsters MP-15 to MP-25 showing taxa >3%. Other
mesophytes include: Carpinus, Castanea, Acer, Salix, Alnus, Tilia, Juglans and Ulmus. Other shrubs
include: Ericaceae, Ephedra fragilis, Lonicera, Cistaceae, Celtis and Humulus. Asteraceae include:
Cichorioideae, Centaurea and Asteroideae. Plantago includes: Plantago major-type and P.
lanceolata-type. Lamiaceae includes: Mentha-type and other Lamiaceae. Rosaceae includes:
Potentilla-type and other Rosaceae. Other herbs include: Brassicaceae, Gentiana, Cistaceae,
Rumex, Galium, Geraniaceae, Campanulaceae, Saxifragaceae, Sanguisorba, Ranunculaceae,
Apiaceae, Boraginaceae, Rubiaceae, Urtica, Primulaceae, Helianthemum, Dipsacaceae, Epilobium
and Thymelaceae. AP: Arboreal Pollen. NAP: Non Arboreal Pollen.

4.1.5 Discussion
4.1.5.1 Pollen-vegetation relationships
The vegetation composition shows important changes following the strong
altitudinal gradient in both northern and southern transects. However, the pollen
spectra do not reflect these variations supporting that vegetation and pollen do not
present a linear relationship for different altitudes (Figs. 4.1.8 and 4.1.9). The most
remarkable case is that of trees that are sometimes absent or rarely found in the
direct vicinity of the sampling area but still present in the surface pollen samples.
Arboreal taxa produce high pollen amounts with good dispersal capacities (Sugita et
al., 1999; Hicks, 2001; Court-Picon et al., 2005; Broström et al., 2008). Thus, pollen
tend to have less defined altitudinal boundaries due to the homogenizing effect of
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wind dispersal, especially from lower to upper altitudinal levels (Cañellas-Boltà et al.,
2009).
One of the most significant characteristics of mountain landscapes is that as
altitude increases trees become less common as environmental conditions are
harder. Altitude-adapted species can persist to certain thresholds where alpine
grasslands take over (Körner, 2012). In the Pyrenees, and in particular in the study
area, P. uncinata is the species that reaches highest positions forming both
timberlines (upper limit of closed forests) and treelines (upper limit of trees) and are
widespread in both valleys (Villar et al., 1997). Pines were not very abundant close to
the moss pollsters though (Fig. 4.1.8 and SI), with Pinus cover of ca. 5% at different
altitudes according to the IFN3 (Fig. 4.1.5). However, and as it is widely known in the
palynological community, the most striking feature in the moss pollsters is the strong
pollen signal of Pinus over the whole study area (Figs. 4.1.6, 4.1.7 and 4.1.8), especially
for places where no other efficient wind-pollinated species are locally common.
Pinus pollen shows slight fluctuations along the transect but not following a
clear altitudinal trend in any of the sides (Fig. 4.1.8). Regarding the mean Pinus pollen
percentage for each vegetation belt (Figs. 4.1.8 and 4.1.10), the highest proportion
appears at the sub-alpine belt in both Pineta and Gavarnie transects. Despite this
percentage does not differ much from other altitudes, the slightly higher proportion
could be related to the notorious arboreal decrease at the sub-alpine belt (Figs. 4.1.2,
4.1.5 and SI) where conifers are the dominant amongst trees. Thus, the high pollen
production of Pinus, together with its high dispersal ability could be favored in these
more-opened environments where other arboreal taxa are locally absent (Court-Picon
et al., 2006). A similar situation is present in the alpine belt, where the arboreal cover
is completely absent but Pinus pollen becomes also the dominant taxa (Figs. 4.1.8 and
4.1.10) although showing a higher variability between samples but with generally
slightly lower proportions. This agrees with what is generally observed in studies of
modern pollen deposition, which shows a background pollen component especially at
high altitude sites (Hicks, 2001; Court-Picon et al., 2006; Mazier et al., 2006; Broström
et al., 2008; Cañellas-Boltà et al., 2009).
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Fig. 4.1.8. Comparison of plant abundance (dark green) and corresponding pollen percentages
(light green) for a) Pinus, b) Abies, c) Betula and d) Corylus in Pineta and Gavarnie transects.

Pinus pollen in the montane belt does not correspond either to pine cover,
evidencing that high Pinus pollen proportions are not only restricted to open sites
(Figs. 4.1.8 and 4.1.10) (Court-Picon et al., 2006; Rieradevall et al., 2018).
The presence of fir is especially remarkable in the Gavarnie valley, at the upper
montane and sub-alpine belts, where it forms well-developed woodlands and Abies
pollen is also present although not in very high proportions (<10%), even when Abies is
the dominant taxa (Fig. 4.1.8 and SI). Abies pollen also spreads to upper belts, even at
the Marboré Lake (Fig. 4.1.6) where its parent plant (A. alba) is absent. The Pineta
valley presents a much reduced fir cover, ca. 5% of Abies cover is registered by the
IFN3 in the lower montane belt (Fig. 4.1.5). Abies was indeed not locally present in the
vicinity of the MPs (Fig. 4.1.8) but fir pollen appears in low proportions on Pineta’s
MPs. While Abies presents good pollen dispersal abilities, at least in theory, it is worth
mentioning that its proportions are not comparable to those obtained for Pinus.
Amongst deciduous taxa, the local occurrence and abundance of both pollen
and parent taxa show quite similar altitudinal patterns, reflecting important
differences between vegetation belts (Fig. 4.1.10). The best examples are Betula and
Corylus, whose pollen reflects the species presence (B. pendula and C. avellana) in the
montane belt (Fig. 4.1.8). In both cases, the parent plant is absent from higher
elevations, but their pollen is still present in low proportions (Fig. 4.1.8) likely due to
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wind dispersal and because these taxa have relatively high pollen productivity values
(Broström et al., 2008). Other pollen type of the deciduous taxa group for instance is
Fagus, which pollen is generally also present when F. sylvatica appears locally, although
in very low proportions (Fig. 4.1.9), and has not been considered a good pollen
indicator (Cañellas-Boltà et al., 2009) for local presence. The Gavarnie side, shows
higher Corylus, Betula and Fagus pollen proportions at higher altitudes, especially at
the sub-alpine belt, which could be related to the scatter presence of some deciduous
taxa at higher altitudes in North facing exposures (Ninot et al., 2007).

Fig. 4.1.9. Comparison of plant abundance (dark green) and corresponding pollen percentages
(light green) for a) Fagus, b) Evergreen Quercus, c) Poaceae and d) Plantago in Pineta and
Gavarnie transects.

Quercus pollen types (especially Evergreen Quercus) and Olea pollen are
noticeably quite abundant in the alpine belt (Figs. 4.1.6, 4.1.7 and 4.1.9) sometimes
reaching their maximum proportions even if their parent plants have not been found
in any of the sites analyzed. Thus, we can consider them as being allochthonous
pollen types, suggesting an efficient wind dispersal capacity to high altitudes (CañellasBoltà et al., 2009). The case of Olea deserves special attention as the source plant for
Olea pollen is mainly Olea europaea L., a tree commonly cultivated in the
Mediterranean lowlands, whose pollen grain has been considered as indicator of low
altitude environments, warm climates (Osborne et al., 2000), and most important,
human activity evidence. The nearest olive groves from the Marboré Lake are located
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at 50 km South in lowlands, which suggest that source of Olea pollen found in the NW
side, may also come from the South, as it is not locally present in the lowlands of the
northern side according to CORINE land cover (Fig. 4.1.4). This is supported by the fact
that Olea pollen is a usual component of the airborne pollen flora in the
Mediterranean region (Linares et al., 2007).

Fig. 4.1.10. Mean Pinus, deciduous forest taxa and Herb pollen proportions for the montane,
sub-alpine and alpine belt for Pineta (PIN) and Gavarnie (GAV) valleys.

Herb pollen proportion varies across altitudes in both transects with
percentages close to 20% in the montane belt (Fig. 4.1.10). Herbaceous pollen
appears generally sub-represented at all altitudes as it has already been reported in
other studies (Court-Picon et al., 2005; Cañellas-Boltà et al., 2009) due to their
generally low pollen production and dispersal strategies compared to some tree
species. Taxa like Poaceae or Plantago are palynologically represented when they are
locally present although in low proportions (Fig. 4.1.9). A slight increase towards the
sub-alpine belt is observed coinciding with the increase of sub-alpine herbs and
decreasing tree presence, thus reflecting the opening of the landscape. The increase
in herb pollen is more pronounced in the alpine belt samples where the proportions
reach 30-45% (Fig. 4.1.10).
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Considerations for palaeoenvironmental studies
The general objective of these type of studies is to help interpreting pollenbased palaeoenvironmental sequences, especially those located at high altitudes, by
means of key taxa or group of taxa which are indicative of certain environments and
show landscape changes e.g. forested to non-forested areas.
Characterizing tree cover by means of pollen analysis has always been
challenging (Ortu et al., 2006). The over-representation and long-distance pollen
transport of Pinus is a well-known feature which is accentuated in mountain
environments due to air turbulences and ascending thermal currents (e.g. Ruffaldi,
1994; Mazier et al., 2006; Cañellas-Boltà et al., 2009; Rieradevall et al., 2018). Indeed,
even though trees are not presently growing in the vicinity of the sites sampled above
1800-2000 m a.s.l. all surface samples contain AP pollen, and particularly those of
Pinus. These results highlight the dangers of making too precise interpretations about
location and extension of forested vs. open landscapes locally based on AP and NAP
proportions in palaeoenvironmental sequences when pines are dominant taxa.
Thus, we evidence that timberline and treeline thresholds are very difficult to
detect, from a palynological point of view (Hicks, 2001; Ortu et al., 2006; Cañellas-Boltà
et al., 2009), where in our study case a slight increase of herbs is observed towards
the opening of the landscape and absence of trees. Thus, the use of other types of
evidence such as plant macrofossils and conifer stomata remains, is needed to record
past treeline displacements (Hansen, 1995; Tinner et al., 1996; Hicks, 2001; Seppä and
Hicks, 2006; Leunda et al., 2019).
The most significant change occurs between the montane-sub-alpine
boundary, with the decrease of mesophytes, especially Corylus and Betula which
reinforces the possibility of recognizing more easily range shift fluctuations of the
montane belt in palynological sequences. From a palaeoecological point of view, this
can be useful to differentiate between these two altitudinal limits in a pollen record,
and to reconstruct their potential vertical displacements. In this sense, Garcés-Pastor
et al. (2016) developed a montane pollen ratio for the eastern Pyrenees based on the
modern pollen rain study in the same area carried out by Cañellas-Boltà et al. (2009)
in order to infer past altitudinal variations in the montane-sub-alpine belt. The
development of this ratio was possible due to the good representation in terms of
pollen abundance and its parent plants of some deciduous taxa (e.g. Betula, Corylus,
Fraxinus) in the montane belt as well as in selected herb taxa in the sub-alpine belt
(e.g. Poaceae, Asteraceae, Plantago) (Garcés-Pastor et al., 2016). Thus, we confirm the
generally good representation of taxa such as Betula, Corylus, Poaceae or Plantago.
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The interpretation of Olea and Quercus pollen in terms of paleoclimate/
palaeoenvironmental contexts should be made carefully, especially when aiming to
test their local presence in a particular site, as it has been demonstrated that their
dispersal reaches very long distances, being not good local pollen indicators.

4.1.6. Conclusions
This study adds to the modern pollen-vegetation relationship studies within
mountain environments. The pollen and vegetation datasets show that several
differences exist between vegetation and its pollen representation.
Pinus pollen does not show clear differences amongst different altitudes, being
evenly distributed along the transect even if none of the Pinus species penetrate the
alpine belt. The tree limit has no particular palynological signal that allows its
identification. Thus, evidencing the dangers of interpreting past timberline and
treeline variations by means of Pinus pollen proportions, at least in those places
where Pinus is the taxa forming these vegetation boundaries. Instead, a change
between the montane and the sub-alpine belt is clearer characterized by the decrease
in mesophyte pollen group especially Betula and Corylus, suggesting that the montanesub-alpine boundary in terms of deciduous pollen taxa may be easier to infer in
palynological sequences. Quercus and Olea pollen show very good dispersal capacities
at high altitude sequences thus, caution should be taken when interpreting these taxa
in terms of local presence, as their pollen can be dispersed very long distances.
The results presented here will aid to better interpret fossil pollen records at
high altitudes, in particular in the Central Pyrenees.
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4.1.9 Supplementary Information
Supplementary Information: Field vegetation surveys
Vegetation abundance estimation: 5 (>75%); 4 (50-75%); 3 (25-50%); 2 (5-25%); 1(<7%)

MP-1: MOSS-MAR15-1
Altitude: 1298 m a.s.l.
Coordinates: 42º 40,572´ N 0º 05,015´E
Description: Mixed forest with Fraxinus excelsior and Acer campestre as main species with Buxus
sempervirens and Crataegus monogyna in the understory
Freq.
Abund.
Freq.
Abund.
Fraxinus excelsior
86,7
5
Bare ground
66,7
4
Acer campestre
33,3
3
Viola spp.
13,3
2
Crataegus monogyna
46,7
3
Aconitum napellus
6,7
1
Buxus sempervirens
46,7
3
Poaceae
20
2
Fragaria vesca
40
3
Asteraceae
6,7
1
Ranunculaceae
60
4
Fagus sylvatica
20
2
Lamiaceae
40
3
Hepatica nobilis
6,7
1
Trifolium spp.
6,7
1

MP-2: MOSS-MAR15-2
Altitude: 1282 m a.s.l.
Coordinates: 42º 40,646´ N 0º 05,01´ E
Description: Mixed forest with Corylus avellana, Fraxinus excelsior, Salix spp. and Fagus sylvatica as
main tree species
Freq.
Abund.
Freq.
Abund.
Corylus avellana
40
3
Carduus spp.
13,3
2
Fraxinus excelsior
80
5
Trifolium spp.
33,3
3
Buxus sempervirens
13,3
2
Crataegus monogyna
13,3
2
Salix spp.
53,3
4
Taxus baccata
6,7
1
Fagus sylvatica
40
3
Prunus avium
6,7
1
Poaceae
66,7
4
Rosa spp.
13,3
2
Bare ground
80
5
Lamiaceae
6,7
1
Plantago spp.
60
4
Campanula spp.
6,7
1
Asteraceae
80
5
Mentha spp.
6,7
1
Fragaria vesca
60
4
Ranunculaceae
26,7
3
Apiaceae
26,7
3
Fabaceae
13,3
2
Euphorbiaceae
13,3
2
Ilex aquifolium
6,7
1
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MP-3: MOSS-MAR15-3
Altitude: 1325 m a.s.l.
Coordinates: 42º 40,651´ N 0º 04,567´E
Description: Riparian mixed forest, close to a torrent with Betula pendula and Salix spp. as main
species
Freq.
Abund.
Freq.
Abund.
Betula pendula
93,3
5
Amelanchier ovalis
33,3
3
Salix spp.
86,7
5
Helleborus foetidus
20
2
Pinus sylvestris
6,7
1
Sorbus aria
6,7
1
Pterydophyta
6,7
1
Hepatica nobilis
13,3
2
Corylus avellana
40
3
Carduus spp.
20
2
Bare ground
100
5
Buxus sempervirens
6,7
1
Asteraceae
46,7
3
Galium spp.
6,7
1
Euphorbiaceae
13,3
2
Orchidaceae
6,7
1
Fabaceae
53,3
4
Fagus sylvatica
13,3
2
Poaceae
53,3
4
Juniperus communis
6,7
1

MP-4: MOSS-MAR15-4
Altitude: 1386 m a.s.l.
Coordinates: 42º 40,823´ N 0º 04,314´ E
Description: Mixed forest of Betula pendula, Pinus sylvestris, Sorbus aria and Sorbus aucuparia as
main tree species
Freq.
Abund.
Freq.
Abund.
Betula pendula
40
3
Hepatica nobilis
26,7
3
Pinus sylvestris
6,7
1
Trifolium spp.
60
4
Buxus sempervirens
73,3
4
Asteraceae
53,3
4
Juniperus communis
40
3
Bare ground
26,7
3
Amelanchier ovalis
6,7
1
Ranunculaceae
20
2
Rosa spp.
6,7
1
Daphne spp.
6,7
1
Ilex aquifolium
26,7
3
Carduus spp.
6,7
1
Fragaria vesca
33,3
3
Erythronium dens-canis
13,3
2
Lonicera spp.
13,3
2
Corylus avellana
6,7
1
Plantago spp.
33,3
3
Mentha spp.
6,7
1
Poaceae
66,7
4
Crataegus monogyna
20
2
Ranunculaceae
20
2
Rhamnus spp.
20
2
Fagus sylvatica
20
2
Lamiaceae
6,7
1
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MP-5: MOSS-MAR15-5
Altitude: 1462 m a.s.l.
Coordinates: 42º 41,007´N 0º 04,291´ E
Description: Beech forest with Buxus sempervirens in the understory
Freq.
Abund.
Freq.
Abund.
Fagus sylvatica
100
5
Bare ground
100
5
Buxus sempervirens
80
5
Pterydophyta
20
2
Corylus avellana
6,7
1
Viola spp.
6,7
1
Hepatica nobilis
20
2

MP-6: MOSS-MAR15-6
Altitude: 1493 m a.s.l.
Coordinates: 42º 41,046´N 0º 04,224´E
Description: Mixed forest with Prunus avium, Acer campestre, Sorbus aria, Buxus sempervirens, and
Pterydophyta
Freq.
Abund.
Freq.
Abund.
Prunus avium
40
3
Lamiaceae
20
2
Buxus sempervirens
60
4
Caryophyllaceae
40
3
Rosa spp.
26,7
3
Iris latifolia
40
3
Acer campestre
13,3
2
Bare ground
33,3
3
Pterydophyta
60
4
Viola spp.
20
2
Asphodelus albus
26,7
3
Apiaceae
20
2
Poaceae
80
5
Trifolium spp.
33,3
3
Fragaria vesca
26,7
3
Hypericum spp.
20
2
Euphorbiaceae
6,7
1
Vicia pyrenaica
13,3
2
Ranunculus spp.
20
2
Malva moschata
6,7
1
Knautia arvensis
46,7
3
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MP-7: MOSS-MAR15-7
Altitude: 1585 m a.s.l.
Coordinates: 42º 41,161´N 0º 03,990´E
Description: Mixed forest with Corylus avellana and Prunus avium as main tree species with many
Pterydophytes
Freq.
Abund.
Freq.
Abund.
Corylus avellana
60
4
Iris latifolia
20
2
Buxus sempervirens
26,7
3
Campanula spp.
6,7
1
Pterydophyta
73,3
4
Rosa spp.
33,3
3
Prunus avium
26,7
3
Rhinanthus minor
20
2
Bare ground
20
2
Aconitum napellus
13,3
2
Poaceae
73,3
4
Vicia pyrenaica
13,3
2
Fragaria vesca
53,3
4
Euphorbiaceae
6,7
1
Knautia arvensis
20
2
Achillea millefolium
6,7
1
Lamiaceae
26,7
3
Viola spp.
20
2
Astrantia major
40
3
Rhamnus spp.
13,3
2
Ranunculaceae
33,3
3
Carduus spp.
13,3
2
Caryophyllaceae
46,7
3
Fabaceae
6,7
1
Asphodelus albus
40
3
Asteraceae
6,7
1
Trifolium spp.
46,7
3
Apiaceae
6,7
1
Hypericum spp.
6,7
1
Amelanchier ovalis
6,7
1

MP-8: MOSS-MAR15-8
Altitude: 1673 m a.s.l.
Coordinates: 42º 41,237´N 0º 03,706´ E
Description: Open community of Rhamnus spp. and scree vegetation
Freq.
Abund.
Freq.
Abund.
Apiaceae
73,3
4
Helleborus foetidus
26,7
3
Geranium spp.
6,7
1
Rumex spp.
20
2
Carduus spp.
33,3
3
Caryophyllaceae
26,7
3
Echium vulgare
13,3
2
Vicia pyrenaica
6,7
1
Bare ground
100
5
Rhamnus spp.
13,3
2
Sedum spp.
66,7
4
Thymus praecox
13,3
2
Poaceae
53,3
4
Rosa spp.
6,7
1
Asteraceae
33,3
3
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MP-9: MOSS-MAR15-9
Altitude: 1752 m a.s.l.
Coordinates: 42º 41,247´N 0º 03,605´E
Description: Pinus uncinata, Amelanchier ovalis with scree vegetation
Freq.
Abund.
Freq.
Abund.
Bare ground
100
5
Sideritis hyssopifolia
40
3
Amelanchier ovalis
46,7
3
Saxifraga longifolia
6,7
1
Thymus praecox
26,7
3
Knautia arvensis
26,7
3
Poaceae
80
5
Potentilla alchemilloides
13,3
2
Asteraceae
20
2
Juniperus communis
13,3
2
Pinus uncinata
6,7
1
Rhamnus spp.
13,3
2
Vicia pyrenaica
6,7
1
Campanula spp.
6,7
1
Carduus spp.
6,7
1
Carduus spp.
13,3
2
Globularia menor
26,7
3

MP-10: MOSS-MAR15-10
Altitude: 1850 m a.s.l.
Coordinates: 42º 41,341´ N 0º 03,597´E
Description: Sub-alpine pastures and scree vegetation (timberline is located at this altitude)
Freq.
Abund.
Freq.
Abund.
Sedum spp.
6,7
1
Rosa spp.
20
2
Teucrium pyrenaicum
6,7
1
Carduus spp.
13,3
2
Asteraceae
13,3
2
Lamiaceae
20
2
Poaceae
93,3
5
Vicia pyrenaica
6,7
1
Knautia arvensis
6,7
1
Echium vulgare
13,3
2
Bare ground
86,7
5
Asphodelus albus
6,7
1
Rhamnus spp.
26,7
3
Calluna vulgaris
6,7
1
Arenaria grandiflora
60
4
Iris latifolia
6,7
1
Juniperus communis
13,3
2
Globularia nudicaulis
26,7
3
Potentilla alchemilloides
26,7
3
Hypericum spp.
6,7
1
Horminum pyrenaicum
26,7
3
Amelanchier ovalis
6,7
1
Scabiosa cinerea
13,3
2
Sideritis hyssopifolia
6,7
1
Thymelaea spp.
6,7
1
Apiaceae
6,7
1
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MP-11: MOSS-MAR15-11
Altitude: 2288 m a.s.l.
Coordinates: 42º 41,418´ N 0º 03,120´E
Description: Alpine pastures and scree vegetation
Freq.
Abund.
Freq.
Abund.
Erigeron uniflorus
6,7
1
Silene acaulis
6,7
1
Saxifraga aizoides
33,3
3
Asteraceae
53,3
4
Poaceae
73,3
4
Rhamnus spp.
26,7
3
Carduus spp.
53,3
4
Plantago spp.
20
2
Potentilla alchemilloides
26,7
3
Ranunculus spp.
13,3
2
Trifolium alpinum
46,7
3
Thymus praecox
20
2
Bare ground
46,7
3
Gentiana spp.
6,7
1
Leontopodium alpinum
13,3
2
Campanula spp.
6,7
1
Globularia nudicaulis
20
2
Galium spp.
6,7
1
Paronychia kapela
6,7
1
Pinguicola spp.
13,3
2
Cyperaceae
86,7
5
Veronica spp.
13,3
2
Horminum pyrenaicum
6,7
1

MP-12, MP-13, MP-14: MOSS-MAR15-12, 13 and 14
Altitude: 2612 m a.s.l.
Description: Scree vegetation
Galium pyrenaicum
Leucanthemopsis alpina
Linaria alpina
Potentilla nivalis
Doronicum grandiflorum
Crepis pigmaea

Coordinates: 42º 41,418´ N 0º 03,120´E
Silene acaulis
Polygonum viviparum
Campanula cochleariifolia
Artemisia umbelliformis
Oxytropis foucaudii
Armeria alpina

116

Results and discussion

Modern pollen rain

MP-15: MOSS-GAV15-1
Altitude: 1403 m a.s.l.
Coordinates: 42º 43,409´N 0º 00,387´ W
Description: Riparian forest composed of Corylus avellana, Fraxinus excelsior, Betula pendula, Acer
campestre, as main species
Freq.
Abund.
Freq.
Abund.
Rhamnus spp.
33,3
3
Carlina spp.
6,7
1
Fraxinus excelsior
33,3
3
Phyteuma spp.
6,7
1
Betula pendula
26,7
3
Rhinanthus minor
6,7
1
Poaceae
80
5
Salix spp.
20
2
Apiaceae
60
4
Fragaria vesca
33,3
3
Trifolium spp.
66,7
4
Sedum spp.
13,3
2
Knautia arvensis
40
3
Helleborus foetidus
26,7
3
Galium spp.
60
4
Achillea millefolium
13,3
2
Potentilla spp.
6,7
1
Pterydophyta
6,7
1
Ranunculaceae
33,3
3
Corylus avellana
6,7
1
Plantago spp.
46,7
3
Acer campestre
20
2
Asteraceae
66,7
4
Vicia pyrenaica
13,3
2
Bare ground
13,3
2
Juniperus communis
20
2
Fabaceae
20
2
Lamiaceae
6,7
1

MP-16: MOSS-GAV15-2
Altitude: 1472 m a.s.l.
Coordinates: 42º 43,435´ N 0º 00,247´W
Description: Open mixed forest composed of Pinus sylvestris, Abies alba, Corylus avellana,
Juniperus communis and Betula pendula
Freq.
Abund.
Freq.
Abund.
Pinus sylvestris
53,3
4
Campanula spp.
13,3
2
Carduus spp.
40
3
Corylus avellana
26,7
3
Poaceae
93,3
5
Fagus sylvatica
53,3
4
Apiaceae
26,7
3
Juniperus communis
26,7
3
Asteraceae
66,7
4
Vicia pyrenaica
13,3
2
Trifolium spp.
73,3
4
Abies alba
13,3
2
Orchidaceae
26,7
3
Rhinanthus minor
6,7
1
Knautia arvensis
46,7
3
Plantago spp.
26,7
3
Galium spp.
46,7
3
Iris latifolia
13,3
2
Campanula spp.
26,7
4
Ranunculaceae
13,3
2
Bare ground
26,7
3
Viola spp.
13,3
2
Fragaria vesca
6,7
1
Betula pendula
6,7
1
Potentilla spp.
6,7
1
Helleborus foetidus
6,7
1
Rhamnus spp.
33,3
3
Aconitum napellus
6,7
1
Fabaceae
20
2
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MP-17: MOSS-GAV15-3
Altitude: 1580 m a.s.l.
Coordinates: 42º 43,438´N 0º 00,120´W
Description: Beech forest with Abies alba, Pinus sylvestris and Rhododendron ferrugineum in the
understory
Freq.
Abund.
Freq.
Abund.
Fagus sylvatica
100
5
Rhododendron ferrugineum
33,3
3
Abies alba
86,7
5
Oxalis spp.
6,7
1
Hepatica nobilis
86,7
5
Vaccinium myrtillus
33,3
3
Pinus sylvestris
33,3
3
Corylus avellana
26,7
3
Poaceae
46,7
3
Ranunculaceae
6,7
1
Apiaceae
46,7
3
Asteraceae
6,7
1
Rubus ideaeus
33,3
3
Knautia arvensis
6,7
1
Bare ground
100
5
Juniperus communis
6,7
1

MP-18: MOSS-GAV15-4
Altitude: 1710 m a.s.l.
Coordinates: 42º 43,435´ N 0º 00,247´W
Description: Open forest of Pinus uncinata and Abies alba, with Sorbus aucuparia and Sorbus aria
with Rhododendron ferrugineum and Rosa spp. in the understory
Freq.
Abund.
Freq.
Abund.
Abies alba
60
4
Lamiaceae
6,7
1
Pinus uncinata
40
3
Carduus spp.
20
2
Rhododendron ferrugineum
73,3
4
Iris latifolia
20
2
Sorbus aria
6,7
1
Vicia pyrenaica
6,7
1
Poaceae
93,3
5
Asteraceae
20
2
Ranunculaceae
53,3
4
Cyperaceae
6,7
1
Rosa spp.
20
2
Fabaceae
6,7
1
Rubus ideaeus
26,7
3
Helleborus foetidus
6,7
1
Vaccinium myrtillus
53,3
4
Polygonum viviparum
13,3
2
Geranium spp.
20
2
Trifolium spp.
6,7
1
Knautia arvensis
26,7
3
Hepatica nobilis
40
3
Bare ground
26,7
3
Rosaceae
20
2
Apiaceae
33,3
3
Viola spp.
26,7
3
Hypericum spp.
6,7
1
Veronica spp.
6,7
1
Aconitum napellus
6,7
1
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MP-19: MOSS-GAV15-11
Altitude: 1755 m a.s.l.
Description: Abies alba forest
Abies alba
Hepatica nobilis
Vaccinium myrtillus
Bare ground
Prenanthes purpurea
Fragaria vesca
Poaceae
Fagus sylvatica

Coordinates:
Freq.
100
40
20
60
40
6,7
6,7
6,7

Abund.
5
3
2
4
3
1
1
1

42º 43,175´ N 0º 0,006´ E

Rubus ideaeus
Ranunculaceae
Rhododendron ferrugineum
Oxalis spp.
Scilla lilionyacinthus
Sorbus aucuparia
Helleborus foetidus

Freq.
20
40
6,7
20
13,3
6,7
20

Abund.
2
3
1
2
2
1
2

MP-20: MOSS-GAV15-5
Altitude: 1861 m a.s.l.
Coordinates: 42º 43,279´ N 0º 00,381´ E
Description: Sub-alpine pastures with scattered Juniperus communis
Freq.
Abund.
Freq.
Abund.
Merendera montana
73,3
4
Trifolium spp.
73,3
4
Asteraceae
46,7
3
Carduus spp.
33,3
3
Rosaceae
20
2
Bare ground
6,7
1
Plantago spp.
86,7
5
Ranunculaceae
60
4
Poaceae
100
5
Potentilla spp.
6,7
1
Phyteuma spp.
40
3
Fabaceae
6,7
1
Galium spp.
26,7
3
Urtica dioica
6,7
1
Juniperus communis
6,7
1
Caryophyllaceae
13,3
2
Thymus praecox
13,3
2
Cyperaceae
6,7
1
Campanula spp.
6,7
1
Vicia pyrenaica
13,3
2
Scrophulariaceae
6,7
1
Iris latifolia
6,7
1

MP-21: MOSS-GAV15-6
Altitude: 2045 m a.s.l.
Coordinates: 42º 43,271´ N 0º 00,870´ E
Description: Alpine pastures with scattered Juniperus communis
Freq.
Abund.
Freq.
Abund.
Poaceae
93,3
5
Plantago spp.
13,3
2
Sedum spp.
73,3
4
Trifolium spp.
13,3
2
Cyperaceae
26,7
3
Potentilla spp.
6,7
1
Caryophyllaceae
20
2
Merendera montana
13,3
2
Leontodon spp.
20
2
Bare ground
46,7
3
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MP-22: MOSS-GAV15-7
Altitude: 2224 m a.s.l.
Coordinates: 42º 43,292´ N 0º 01,396´ E
Description: Patches of alpine pastures with scree vegetation
Freq.
Abund.
Freq.
Abund.
Poaceae
100
5
Arenaria spp.
33,3
3
Asteraceae
60
4
Fabaceae
26,7
3
Potentilla spp.
60
4
Carduus spp.
33,3
3
Thymus praecox
33,3
3
Bare ground
6,7
1
Plantago spp.
66,7
4
Urtica dioica
6,7
1
Trifolium spp.
86,7
5
Paronychia kapela
6,7
1
Erigeron uniflorus
60
4
Silene acaulis
6,7
1
Caryophyllaceae
6,7
1
Campanula spp.
6,7
1
Cyperaceae
20
2

MP-23: MOSS-GAV15-10
Altitude: 2318 m a.s.l.
Description: Alpine pastures
Bare ground
Poaceae
Trifolium alpinum
Sedum spp.
Galium spp.
Asteraceae

Coordinates:
Freq.
40
100
86,7
20
6,7
13,3

Abund.
3
5
5
2
1
2

42º 42,943´ N 0º 01,857´ E

Phyteuma spp.
Cyperaceae
Campanula spp.
Pterydophyta
Sempervivum montanum
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6,7
13,3
6,7
6,7
6,7

Abund.
1
2
1
1
1
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MP-24: MOSS-GAV15-8
Altitude: 2432 m a.s.l.
Description: Scree vegetation
Poaceae
Bare ground
Asteraceae
Armeria alpina
Saxifraga spp.
Potentila spp.
Bare ground
Leucanthemopsis alpina
Carduus spp.
Trifolium spp.
Potentilla alchemilloides
Campanula spp.

Coordinates:
Freq.
100
86,7
26,7
13,3
26,7
13,3
6,7
13,3
20
20
6,7
26,7

Abund.
5
5
3
2
3
2
1
2
2
2
1
3

42º 42,927´N 0º 01,676´ E

Lotus spp.
Sedum spp.
Sempervivum montanum
Scrophulariaceae
Linaria alpina
Thymus praecox
Silene acaulis
Erigeron uniflorus
Galium spp.
Saxifraga moschata
Geranium spp.
Saxifraga aizoides

Freq.
13,3
20
26,7
6,7
6,7
26,7
6,7
6,7
6,7
53,3
6,7
6,7

Abund.
2
2
3
1
1
3
1
1
1
4
1
1

MP-25: MOSS-GAV15-9
Altitude: 2438 m a.s.l.
Coordinates: 42º 42,942´ N 0º 01,702´ E
Description: Scree vegetation and patches of alpine pastures
Freq.
Abund.
Freq.
Abund.
Bare ground
86,7
5
Poaceae
93,3
5
Sempervivum montanum
53,3
4
Scrophulariaceae
20
2
Thymus praecox
40
3
Campanula spp.
33,3
3
Pterydophyta
20
2
Leucanthemopsis alpina
20
2
Sedum spp.
73,3
4
Arnica montana
20
2
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4.2 The Late-Glacial and Holocene
Marboré Lake sequence (2612 m a.s.l.,
Central Pyrenees, Spain): Testing high
altitude sites sensitivity to millennial
scale vegetation and climate variability
Abstract
This paper presents the environmental, climate and vegetation changes
reconstructed for the last 14600 cal yr BP from the Marboré Lake sedimentary
sequence, the highest altitude record (2612 m a.s.l.) in the Pyrenees studied up to
date. We investigate the sensitivity of this high altitude site to vegetational and climate
dynamics and altitudinal shifts during the Holocene by comparing palynological
spectra of the fossil sequence and pollen rain content from current moss pollsters.
We hypothesize that the input of sediments in lakes at such altitude is strongly
controlled by ice phenology (ice-free summer months) and that during cold periods
Pollen Accumulation Rate (PAR) and Pollen Concentration (PC) reflect changes in icecover and thus is linked to temperature changes. Low sedimentation rates and low PC
and PAR occurred during colder periods as the Younger Dryas (GS-1) and the
Holocene onset (12600-10200 cal yr BP), suggesting that the lake-surface remained
ice-covered for most of the year during these periods. Warmer conditions are not
evident until 10200 cal yr BP, when an abrupt increase in sedimentation rate, PC and
PAR occur, pointing to a delayed onset of the Holocene temperature increase at high
altitude. Well-developed pinewoods and deciduous forest dominated the mid
montane belt since 9300 cal yr BP until mid-Holocene (5200 cal yr BP). A downwards
shift in the deciduous forest occurred after 5200 cal yr BP, in agreement with the
aridity trend observed at a regional and Mediterranean context. The increase of
herbaceous taxa during the late-Holocene (3500 cal yr BP-present) reflects a general
trend to reduced montane forest, as anthropogenic disturbances were not evident
until 1300 cal yr BP when Olea proportions from lowland areas and other
anthropogenic indicators clearly expand. Our study demonstrates the need to
perform local experimental approaches to check the effect of ice phenology on high
altitude lakes sensitivity to vegetation changes to obtain more realistic reconstructions
of mountain vegetation belts dynamics.
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Key words: Lake ice-cover, moss pollster, vegetation dynamics, Central Pyrenees, Last
deglaciation, Holocene
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4.2.1 Introduction

C

urrent

landscapes

have

been

shaped

by

long-term

climatic,

environmental and cultural processes. Particularly, alpine ecosystems
are among the most sensitive and fragile to global change (Krajick,

2004) and their geological archives offer a great opportunity to understand recent
changes in mountain ecosystems in the context of past environmental and climate
dynamics. Recent studies have detected a gradual transformation of mid-latitude high
mountain plant communities due to the ongoing climate change in several mountain
ranges, including the Pyrenees (Gottfried et al., 2012; García et al., 2016). This gradual
transformation encompasses both substitutions of cold-adapted plant communities
by more thermophilous ones (Gottfried et al., 2012) and treeline altitudinal shifts
(Camarero and Gutiérrez, 2004; García-Ruiz et al., 2015; García et al., 2016). Alpine
ecosystems show an intense and fast response to recent global warming (Camarero
et al., 2015) and land-use changes (Battarbee et al., 2002; Cunill et al., 2012; Geantă et
al., 2014; García-Ruiz et al., 2015).
Addressing the response of these ecosystems to changing environmental and
climate conditions in the past helps to better constrain the role of different forcings
controlling the current climate change processes and impacts. Mountain vegetation
has been shown to be particularly sensitive to climate variability (Birks and Ammann,
2000; González-Sampériz et al., 2006; Magny et al., 2013; Pérez-Sanz et al., 2013;
Thöle et al., 2016) and particularly at higher altitudes (Birks and Ammann, 2000). In
this sense, remote mountain lakes have high potential as past climate and
vegetational change archives (Battarbee et al., 2002; Catalan et al., 2002; Ilyashuk et
al., 2011). However, interpreting pollen sequences from high altitude sites has some
specific challenges, as pollen percentages do not reflect vegetation cover, some taxa
are over-represented (pines) and values are highly influenced by sedimentation rates
which are likewise influenced by ice-cover season. Alpine lakes can be ice-covered for
about 10 months or more, strongly dependent on climate variability (Brown and
Duguay, 2010; Sánchez-López, 2016) and since changes in ice-cover timing directly
affect sedimentation dynamics, all fluxes associated to environmental proxies are
affected too (Catalan et al., 2002; Thompson et al., 2005; Ojala et al., 2008; Tomkins et
al., 2009). In order to have a better control on pollen representation in fossil
sequences we use the absolute amount of pollen deposition per unit area and time
(Pollen Accumulation Rate, PAR). This is frequently a more precise index than the
more commonly used pollen percentages, particularly when addressing vegetation
changes in high altitude lakes to minimize the effect of variable sedimentation rate in
a frequent ice-covered lake (van der Knaap et al., 2001; Tinner and Theurillat, 2003;
Seppä and Hicks, 2006; Matthias and Giesecke, 2014).
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The other limiting factor in high altitude pollen–based reconstruction is related
to the variable intensity and source of the pollen rain. Thus, as pollen produced in
lowlands is easily lifted by vertical air-mass movements and deposited at sub-alpine
and alpine zones, it may obscure the local vegetation signal, especially in treeless sites
where local pollen production is low, complicating the vegetation history
reconstruction (Barthelemy and Jolly, 1989; David, 1993; Birks and Birks, 2000; Tinner
and Theurillat, 2003; Ortu et al., 2006; Seppä and Hicks, 2006). To tackle this problem,
modern pollen rain is usually characterized along an elevation gradient and it is used
as a tool to refine past vertical shifts and changes in vegetation composition (Ortu et
al., 2006; Cañellas-Boltà et al., 2009; Birks and Bjune, 2010; de Nascimento et al.,
2015; Garcés-Pastor et al., 2016, 2017). Comparisons between fossil and current
palynological content, using pollen percentages, PC and PAR values is needed to
obtain more accurate interpretations in high altitude settings (Seppä and Hicks, 2006).
Finally, factors determining the vegetation response to past environmental
change are also obscured at times by the interaction of climate and human activities.
While lowlands have often been disturbed by human activities, the high elevation sites
have been less affected until recent times (Catalan et al., 2013; González-Sampériz et
al., 2017). Alpine pollen sequences, usually less affected by human activities, represent
therefore good archives for the study of past climate changes (Ortu et al., 2006; PérezSanz et al., 2013) with lower human interaction.
Many studies have been carried out in lakes at different mountain ranges in
the Iberian Peninsula (e.g. Moreno et al., 2011; Jiménez-Moreno and Anderson, 2012;
Morales-Molino et al., 2013; Muñoz Sobrino et al., 2013). Unfortunately, most of the
studied Pyrenean sequences cover only part of the Holocene (e.g. Pla and Catalan,
2005; Miras et al., 2007; Pèlachs et al., 2011; Pérez-Obiol et al., 2012; Pérez-Sanz et al.,
2013; Pérez-Díaz et al., 2015; Garcés-Pastor et al., 2016, 2017) and few of them
include the Late-Glacial-Holocene transition (LGH) (Montserrat-Martí, 1992; GonzálezSampériz et al., 2006, 2017; Gil-Romera et al., 2014; Rius et al., 2014) a key interval to
provide contrasting boundary conditions for terrestrial ecosystems, particularly at
high altitudes (Brisset et al., 2015). After alpine glacier retreat, new environmental
conditions developed on freshly ice-free valleys, profoundly modifying mountain
landscapes (e.g. Tinner et al., 1996; Heiri et al., 2003; Lotter and Birks, 2003). Defining
the timing and dynamics of these changes is crucial for a better understanding of
thresholds in the Earth's climatic system (Brisset et al., 2015) particularly in regions
(the Pyrenees and the Mediterranean Mountains) were records are relatively scarce.
We present here a reconstruction of the palaeoenvironmental and
vegetational dynamics of the last 14600 cal yr BP at Marboré Lake (2612 m a.s.l.)
located at the Central southern Pyrenees. To ensure a robust interpretation of past
vegetation changes at these high altitude environments we use pollen accumulation
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rates (PAR), pollen concentration (PC), pollen percentages and data from current
pollen rain along an altitudinal gradient. We particularly focus on 1) the timing and
dynamics of vegetational shifts in the Pyrenees and their relationship with climate
variability, 2) the role of ice-cover on PAR and PC changes and how it compares with
pollen percentages and sediment deposition rates; 3) testing how well current
vegetation is represented in pollen spectra at an altitudinal gradient, and 4) discussing
the role of human activities shaping the mountain landscapes.

4.2.2 Study area
4.2.2.1 Geographical settings
The Pyrenees are an alpine range lying in northeastern Iberia for about 450 km
length from the Cantabrian to the Mediterranean Sea (Fig. 4.2.1a). Marboré Lake
(42°41'44.27"N, 0° 2'24.07"E) is and alpine glacial lake located at 2612 m a.s.l. (Fig
4.2.1b, e) in the central part of the Pyrenees within a glacial cirque limited by the
Tucarroya Peak (2818 m a.s.l.) to the North and the Monte Perdido (3355 m a.s.l.) and
Cilindro de Marboré (3328 m.a.s.l.) to the South (Fig. 4.2.1d). The cirque opens
towards the East and ends at the Balcón de Pineta, as a hanged valley to the Pineta
glacier Valley (Fig. 4.2.1d).
Marboré Lake is located in a syncline within the Upper-Cretaceous
(Campanian-Maastritchian) Marboré sandstone formation composed of sandy
limestones and fine-grain sandstones cemented by a carbonatic matrix (Souquet,
1967). The lake measures ~500 m along the WNW-ESE syncline axis and ~200 m
across, with a maximum water depth of 30 m (Fig. 4.2.1e, f). The outflow of the lake is
the headwaters of the Cinca River. The southern limit of the basin includes the
remnants of the Monte Perdido and Marboré glaciers, but there are no direct surface
connections between the glaciers and the lake basin as they are separated by a
topographic high (Fig. 4.2.1e) (Garcia-Ruiz et al., 2014).
Most Pyrenean glaciers have been affected by a significant retreat since the
Little Ice Age (LIA) and many of them have even disappeared from 1850 to 2005
(López-Moreno et al., 2016). The Monte Perdido Glacier (Fig. 4.2.1d) is the third largest
glacier still remaining in this mountain range. Recently, Garcia-Ruiz et al. (2014) have
reconstructed the late-Holocene evolution with a glacier expansion at ca. 5100 yr BP,
probably associated with the Neoglacial period (Davis et al., 2009), followed by a later
retreat at 3400 and 2500 yr BP, synchronous with the Bronze/Iron Ages, another
glacial advance phase during the Dark Ages (1400-1200 yr BP) and finally, two pulses
during the LIA, the early 18th century and between 1790-1830 AD. The current
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shrinkage of the Monte Perdido Glacier began at the end of the LIA and has clearly
accelerated after 2000 AD (López-Moreno et al., 2015, 2016).

Fig. 4.2.1. a) Location map of Marboré Lake in the Pyrenees together with nearby Pyrenean
records discussed in the study. b) Detailed topographic map of the area where the lake is
located. c) Temperature and precipitation maps of the Pyrenees. d) Ortophoto of the Marboré
Lake and surrounding area. e) Photography of the Marboré Lake and its nearby area
(September 2013). f) Bathymetry of the Marboré Lake with the coring sites for this study.

4.2.2.2 Climate and vegetation
The Central Pyrenees encompasses, in a relatively small area, the transition
between Mediterranean and Atlantic climate regimes which are mainly different in
terms of precipitation amount and seasonality. These mountains are thus affected by
both rainfall regimes and they present vegetation communities from both domains.
The mean annual

temperature during 1982-2011

for

Góriz -the nearest

meteorological station located at 2220 m a.s.l. - is 4.9 ± 0.5 ºC. January is the coldest
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month with mean temperature of -0.7 ºC and July is the warmest with 13 ºC. Regarding
precipitation, the mean annual value for Marboré Lake is ca. 2000 mm (Fig. 4.2.1c).
Current ice-cover lasts on average 9-10 months, from November-December to midJuly-August.
Locally, the altitudinal gradient from the valley bottoms to the Monte Perdido
Massif (3355 m a.s.l.) shows a typical vegetation zonation in alpine mountain
environments (Fig. 4.2.2), where three main vegetation belts have been described: (1)
the montane belt, below 1600 m a.s.l., is characterized by a mixed temperate and pine
forest; (2) the sub-alpine belt, below 2000 m a.s.l., is dominated by Pinus uncinata
Ramond ex DC communities and shrub patches and indeed nowadays the valley
treeline is at 2000 m a.s.l. where P. uncinata is the main tree species; and (3) the alpine
belt, above 2000 m a.s.l, where only some patches of annual and perennial alpine
herbs, coping with harsh environmental conditions , are present.

Fig. 4.2.2. Simplified vegetation transect from the Pineta valley (1200 m a.s.l.) to the Marboré
Lake (2612 m a.s.l.) with main vegetation communities and the vegetation belts defined. Red
stars correspond to moss pollster sampling sites.
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4.2.3 Materials and Methods
In August 2011, 3 piston cores (~7 m long each) and 16 short gravity cores
(<1m each) were retrieved using an Uwitec platform and coring equipment of the
Pyrenean Institute of Ecology (IPE-CSIC). All the cores were opened, photographed
and sampled for biotic and abiotic analyses: radiocarbon dating, X-ray diffraction
(XRD), X-ray fluorescence, Total organic (TOC) and inorganic (TIC) carbon analysis,
quantitative values of elemental composition (ICP-OES), environmental magnetism
measurements (u-channels), pollen and microcharcoal analysis. Sedimentological,
geochemical and palaeomagnetism results, as well as details of the chronological
model, have already been summarized in (Oliva-Urcia et al., 2018). The composite
sequence includes the long core (MAR11-1U-1A) and two short cores (MAR11-1G-1A-4
and MAR11-1G-1A-1) correlated by the Pb content measured by ICP-OES at the
Ionomic Laboratory of CEBAS-CSIC in Murcia. The short core MAR11-1G-1A-4 was
dated by 210Pb 137Cs techniques for the upper 17.5 cm (Oliva-Urcia et al., 2018). Due to
the absence of large charcoal particles and terrestrial organic matter remains, 16 bulk
sediment samples were dated by 14C in the Direct AMS laboratory in Seattle (WA, USA)
(Table 4.2.1). Radiocarbon ages were calibrated using CALIB Rev 7.0.4 (Stuiver and
Reimer, 1993) and the INTCAL13 curve (Reimer et al., 2013). The comparison of the
14

C and

210

Pb dates allows calculating a reservoir effect of 2230

14

C years which has

been considered in the chronological model. Marboré's age-depth model was made
with Clam 2.2 software (Blaauw, 2010), using

14

C AMS dates and 2 tie points inferred

from the correlation with Pb peaks (Oliva-Urcia et al., 2018 and Fig. 4.2.5).
Pollen analyses were carried out in 90 samples from core MAR11-1U-1A
prepared using the standard chemical procedure following (Moore et al., 1991) but
including Thoulet solution (2.0 g/cm3) for separation and Lycopodium clavatum spores
to calculate concentrations (Stockmarr, 1971). Pollen has been identified under a light
microscope, and using the reference collection from the IPE-CSIC, determination keys
and photo atlases (Moore et al., 1991; Reille, 1992). The mean of pollen grains
counted was 353 per sample (Standard deviation (SD) of 35.2), and 69 different pollen
and spore types were identified. Results are expressed in percentages, concentration
(pollen grains/g) and pollen accumulation rates (PAR, considered as number of pollen
grains/cm2yr), always excluding hygrophytes, hydrophytes, Pteridophyta spores and
non pollen palynomorphs (NPP) from the pollen sum. PAR values were calculated as a
product of pollen concentration, sediment density (g/cm3) – measured as mass
(g):volume (cm3) ratio - and sedimentation rate (cm/yr) in each sample. Pollen
diagrams and cluster analyses were used to establish pollen zones and were
performed with Psimpoll 4.27 software (Bennett, 2009).
In order to study pollen-vegetation relationships along the altitudinal gradient
which influences Marboré's palynological content, a total of 12 vegetation surveys
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(MP-1 to MP-12) were performed, covering different vegetation communities from the
Pineta's valley bottom (1282 m a.s.l., montane belt) to the Marboré Lake (2612 m a.s.l.,
alpine belt) (Fig. 4.2.2). Moss samples were used because of their known suitability as
pollen traps and their frequent occurrence in the area. Furthermore, their pollen
content is an average pollen assemblage of several years, as it occurs in sediments,
and provide a good record of local vegetation (Räsänen et al., 2004, 2007; Wilmshurst
and McGlone, 2005; Mazier et al., 2006; Lisitsyna and Hicks, 2014). In each site, two
moss pollsters were taken and mixed into a single sample. The vegetation
surrounding the moss pollsters MP-1 to MP-11 was surveyed at North and South
transects in intervals of 1, 2, 3, 4, 6, 8 and 10 m from the moss pollster. For each moss
pollster a semi-quantitative vegetation survey was made based on cover estimation
within 20 m-diameter around each sample. The area surrounding the lake,
corresponding to moss pollster MP-12, is mainly bare rock so, transects were not
carried out although the few species that were present were described qualitatively.
Results have been plotted in a stacked bar chart and classification was conducted with
a cluster analysis.
Moss samples were chemically processed including the standard procedure
explained above (Moore et al., 1991) but including acetolysis. Pollen identification and
results analyses were performed applying the same procedure than for the fossil
samples. Pollen accumulation rates have not been calculated for moss pollster pollen
samples as it has been demonstrated that these units may not be very reliable when
working with moss samples

(Lisitsyna and

Hicks, 2014).

However,

pollen

concentrations for several pollen groups have been used in order to complement
pollen percentages and to get more precise information for current pollen samples.

4.2.4 Results
4.2.4.1 Current vegetation and moss pollsters
Current vegetation from Pineta valley (1282 m a.s.l.) up to Marboré Lake (2612
m a.s.l.) presents a strong altitudinal gradient. Fig. 4.2.3 shows a comparative stacked
bar chart between the vegetation cover of a 20 m diameter around the moss pollster
(Fig. 4.2.3a) and the pollen signal recorded in each of them (Fig. 4.2.3b). Plant cover for
taxa such as Pinus (the most abundant arboreal taxon), Corylus (the principal taxon
within the deciduous forest group) and Poaceae (an important component within the
herbaceous group) has been compared with its representation in pollen percentages
for each moss pollster (Fig. 4.2.4). The plant cover distribution around each sample
site shows a high agreement with the pollen abundances found on it (Fig. 4.2.3a, b).
Both, pollen data and plant cover define a three-zone classification corresponding to:
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a) Montane belt (Zone I, up to 1600 m a.s.l.). This zone is a well-developed
deciduous forest (~28%) (Fig. 4.2.3a) (sometimes mixed with conifers) with species like
Corylus avellana L., Fraxinus excelsior L., Acer campestre L., Betula pendula Roth, Sorbus
aria L., Fagus sylvatica L. and Pinus sylvestris L. with sparse shrubs as Buxus
sempervirens L., Juniperus communis L., Crataegus monogyna Jacq., Taxus baccata L., Ilex
aquifolium L., or Rhamnus spp. Montane pastures appear within forest clearings
(~50%) with, among other herbs, Plantago spp., Fragaria vesca L., Trifolium spp.,
Aconitum napellus L., Viola spp., Ranunculus spp., Vicia spp., or Knautia spp. and several
Poaceae species. The lower part of the montane belt (Zone I-A, below 1400 m a.s.l)
shows a better developed and denser deciduous forest (~30%), while in the upper
part (Zone I-B, 1400-1600 m a.s.l.) this proportion is lower (<10%), and montane
pastures acquire more relevance. Pinus is the most frequent pollen type for the
montane belt sites (Fig. 4.2.3b, Zone I), (~50-60%) and it is clearly over-represented
since no pines are found around the sample sites (Fig. 4.2.3a, Fig. 4.2.4). On the
contrary, deciduous forest pollen (~20%) dominated by Corylus, Fraxinus and Betula,
among others shows a good correlation with plant cover (Fig. 4.2.4). Olea is also an
over-represented taxon since it does not grow in this belt and always appears on the
samples. Herbs are under-represented in pollen content (~15%) as it can be seen for
example with Poaceae (Fig. 4.2.4).
b) Sub-alpine domain (Zone II, 1600-2000 m a.s.l.). Arboreal communities are
scarcer in this belt (Fig. 4.2.3a), and P. uncinata is the principal species up to the
treeline (2000 m a.s.l.). Shrubs such as J. communis, Rhamnus alpina L. and Amelanchier
ovalis Medicua appear sparsely. Herbs dominate the land cover (~80%) within this belt
with species such as Potentilla alchemiloides Lapeyr, Galium spp., Campanula spp., and
several Poaceae, forming extended sub-alpine pastures. However, herbaceous pollen
group reach only around 25% (Fig. 4.2.3b, Zone II). Pollen from deciduous taxa, Olea
and other shrubs occur in lower percentages (~5%). Pollen from moss pollsters also
show Pinus as the main taxon (~70%), clearly over-represented (Fig. 4.2.4). It is worth
noticing that Pinus pollen could be produced by both P. sylvestris, occurring in the
montane belt and P. uncinata, appearing in the sub-alpine belt and featuring the
timberline and treeline.
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Fig. 4.2.3. Bar-chart comparison between a) vegetation cover (%) existing around moss pollsters and b) pollen rain captured (%) in each moss pollster.
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c) Alpine belt (Zone III, 2000-2600 m a.s.l.). The vegetation at 2288 m a.s.l. (Fig
4.2.3a) represents the transition between the sub-alpine and the alpine belts but it
already shows alpine characteristics as it is dominated by taxa from alpine meadows
and rocky-environments as Saxifraga aizoides L., Leontopodium alpinum Cass,
Globularia spp., Horminum pyrenaicum L., Paronychia kapella (Hacq.) A. Kerner and
Poaceae. The uppermost sample, at 2612 m a.s.l., is located in bare ground but
species as Galium pyrenaicum Gouam, Leucantemopsis alpina (L.) Heywood, Linaria
alpina (L.) Mill., Potentilla nivalis Lapeyr., Doronicum grandiflorum Lam., amongst others
were sparsely frequent. Pollen preserved in alpine moss pollsters (Fig. 4.2.3b, Zone III)
shows the highest herbaceous element percentages (~30 %) with a good
representation of Poaceae (Fig. 4.2.4). Pinus pollen is still the principal taxon (~55%)
despite does not grow at this altitude. Deciduous forest components are also present,
but in low proportions.

Fig. 4.2.4. Comparison between plant cover (%) of selected taxa (Pinus, Corylus and Poaceae)
and its representation in pollen (%) for each moss pollster. Note the different x-axis scales, in
the case of Pinus marked with red.

4.2.4.2 Sedimentary sequence
4.2.4.2.1 Sedimentology and Chronological model
The Marboré Lake sedimentary sequence comprises laminated fine silts and
silty clays with very low organic matter content (TOC values < 1%). The sequence has
been divided into 4 main units: Unit 4 (721-582 cm depth) is characterized by the
lowest TOC values of the whole sequence and the presence of several TIC and Ca
peaks. Relatively higher TOC, less defined lamination and the occurrence of associated
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Ca-Mn peaks defines Unit 3 (582-270 cm depth). Unit 2 (270-220 cm depth) is
characterized by a decrease in TOC values and the increase in the magnetic
properties of the sediments. Well defined laminations, relatively higher TOC and the
occurrence of two Pb peaks characterized Unit 1 (220-0 cm depth) (Oliva-Urcia et al.,
2018).
The comparison between

210

Pb and

14

C chronologies for the upper part of the

sedimentary sequence suggests an important

14

C reservoir effect.

In order to

estimate it, two cores were correlated using Pb (XRF counts) peaks and the

210

Pb age

markers from the MAR11-1G-1A-1 core were transferred to the long core MAR11-1U1A. The average sedimentation rate according to

210

Pb chronology is 0.095 cm/yr,

providing an age of 340 cal yr BP for the base of the short core (32.5 cm depth). A 14C
sample at that depth gave an age of 2570 cal yr BP, much older than the age provided
by the

210

Pb model. The

14

C reservoir effect was then calculated as 2230 years by

subtracting both ages. Since we could not calculate reservoir effect for other periods,
we had to assume a constant reservoir effect during the Holocene, and applied to all
14

C dates (Table 4.2.1). Three radiocarbon dates have been excluded from the final

depth age model as presented reversal ages (Table 4.2.1, Fig. 4.2.5). According to this
age model, the sequence covers the last 14600 cal yr BP.
Although the assumption of a constant reservoir effect for the whole sequence
is not supported by other absolute dating methods, several lines of evidence give
credibility to this age model. The occurrence of Pb peaks is in agreement with regional
mining and metallurgic activities in Roman, Medieval and contemporaneous times.
The age of the spread of Abies (5800 cal yr BP) and Tilia (8000 cal yr BP) in the Marboré
sequence are consistent with their timing for expansions in other Pyrenean records
(González-Sampériz et al., 2006; Miras et al., 2007; Pérez-Sanz et al., 2013).
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Table 4.2.1. AMS radiocarbon dates from core MAR11-1U-1A and two tie points corresponding to the two Pb peaks. Note that rejected dates are indicated in
italics.

Direct AMS code

-

D-AMS 1217-203
D-AMS 001189
D-AMS 1217-204
D-AMS 001190
D-AMS 1217-205
D-AMS 1217 206
D-AMS 001191
D-AMS 1217-207

Name
MAR11-1G-1A-4
cm 6 First Pb
peak
MAR11-1G-1A-4
cm 14 Second Pb
peak
MAR11-1A-1U-1
cm 8-10
MAR11-1A-1U-1
cm 39-41
MAR11-1A-1U-2
cm 53-56
MAR11-1A-1U-2
cm 142-144
MAR11-1A-1U-3
cm 27-30
MAR11-1A-1U-3
cm 71-74
MAR11-1A-1U-3
cm 102-104
MAR11-1A-1U-4
cm 17-21

Composite
Depth (cm)

Radiocarbon
date
14
( C AMS yr)

Age error
(yr BP)

Reservoir effect
(substracted
before cal)

Calibrated age (2σ)
(cal yr BP)

4

-16

2.76

0

-

14

89

7.62

0

-

89

3

5771

46

2230

-

-

37.2

2514

25

2230

353-435

383

91.4

3611

28

2230

1275-1340

1300

195.4

4820

28

2230

2707-2765

2742

231.44

5853

30

2230

-

-

286.1

5675

31

2230

3632-3828

3704

325.5

6294

39

2230

4429-4646

4554

402.2

7464

55

2230

5909-6129

6000
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D-AMS 001192
D-AMS 1217-208
D-AMS 001193
D-AMS 001194
D-AMS 010873
D-AMS 010100
D-AMS 1217-209
D-AMS 010101

MAR11-1A-1U-4
cm 88-90
MAR11-1A-1U-4
cm 139-141
MAR11-1A-1U-5
cm 27-29
MAR11-1A-1U-5
cm 53-55
MAR11-1A-1U-5
cm 82-86
MAR11-1A-1U-5
89-93 cm
MAR11-1A-1U-5
cm 113-116
MAR11-1A-1U-5
cm 124-128
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480.1

8447

39

2230

7006-7133

7111

537

9787

43

2230

8305-8427

8376

596.1

10852

47

2230

9525-9689

9583

628.2

11434

47

2230

10248-10496

10363

665.3

12945

56

2230

12573-12727

12668

674

13269

46

2230

12769-13045

12904

703.6

11521

47

2230

-

-

717.3

14656

50

2230

14192-14893

14528
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According to this model, the mean sedimentation rate is 0.049 cm/yr, with a
sharp change at 10200 cal yr BP from 0.0216 cm/yr to 0.061 cm/yr (Fig. 4.2.5).

Fig. 4.2.5 Depth-age model for the Marboré Lake sequence based on 13 AMS

14

C dates and

two Pb tie points (Oliva-Urcia et al., 2018). The spread of Abies and Tilia reinforces the model.

4.2.4.2.2 Palynological sequence
According to the cluster analysis, 5 main vegetation zones (MAR-I to MAR-V)
have been defined (Fig. 4.2.6).
MAR V, Sedimentary Unit 4 (721-582 cm depth; 14600-9300 cal yr BP)
Based on the fluctuations of Pinus and the deciduous forest pollen-group, 3
subzones have been defined:
-MAR V-C, Sedimentary Units 4d, c (721-667 cm depth; 14600-12600 cal yr BP)
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The beginning of this sub-zone (Fig. 4.2.6) is characterized by the highest
proportions of NAP, mainly dominated by Artemisia, Poaceae, Chenopodiaceae and
Lamiaceae; after 710 cm depth NAP sharply decreases and AP expands (~80%)
through the rest of the sub-zone. Pinus is the principal taxon, although the deciduous
forest is also well represented (20-30%), mainly by Corylus and in lower proportions by
Betula, Ulmus, Alnus and Quercus. Juniperus is also present with percentages around
5%. These percentages might suggest a forested landscape, but if we consider PC and
PAR for all taxa (Figs. 4.2.7 and 4.2.8) the values are quite low with just small peaks at
678 and 667 cm depth (13100 and 12600 cal yr BP respectively).
-MAR V-B, Sedimentary Unit 4b (667-622 cm depth; 12600-10200 cal yr BP)
Pinus and Corylus percentages sharply fluctuate while other taxa like Juniperus
and NAP show lower values (Fig. 4.2.6). The PC and PAR values are the lowest of the
whole sequence (Figs. 4.2.7 and 4.2.8) regardless of taxa. Some AP components such
as Carpinus and Juglans are present, although anecdotally.
-MAR V-A, Sedimentary Unit 4a (622-582 cm depth; 10200-9300 cal yr BP)
A slight decline in pine and a coeval increase in Corylus abundances occur
while Artemisia, Chenopodiaceae and Lamiaceae decrease. Peaks with the highest PC
and PAR values of the whole record occur at the top of the subzone (up to 116 10 3
grains/cm2yr), generally in AP and NAP, and specifically in pines and Corylus (Figs. 4.2.7
and 4.2.8).
MAR IV, Sedimentary Unit 3d, c, b (582-360 cm depth; 9300-5200 cal yr BP)
Similarly to previous unit, the fluctuations of Pinus and deciduous taxa group
define 2 subzones:
-MAR IV-B, Sedimentary Unit 3d, c (582-400 cm depth; 9300-6000 cal yr BP)
Pinus reaches its maximum abundance (up to 80%) but no major changes
occurred in the NAP abundance (Fig. 4.2.6). Tilia appears continuously at 521 cm
depth, 8000 cal yr BP (Figs. 4.2.5 and 4.2.6) (Montserrat-Martí, 1992; GonzálezSampériz et al., 2006; Miras et al., 2007; Pèlachs et al., 2007; Pérez-Sanz et al., 2013)
consistent with the other records in the Central Pyrenees (Montserrat-Martí, 1992;
González-Sampériz et al., 2006; Miras et al., 2007; Pèlachs et al., 2007; Pérez-Sanz et
al., 2013).
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Fig. 4.2.6. Pollen diagram of selected taxa from Marboré sequence, plotted in depth. Deciduous forest group is composed of: Betula, Corylus, Carpinus, Castanea, Acer, Salix, Alnus, Fraxinus, Fagus, Tilia,
Populus, Juglans, deciduous Quercus, Ulmus and Sorbus. Other shrubs are: Rhamnus, Buxus, Tamarix, Phyllirea, Myrtus, Pistacea, Prunus and Genista. Hygrophytes curve content: Ranunculus, Cyperaceae,
Thalictrum and Typha. Hydrophytes group is formed by: Myriophyllum and Potamogeton. As usually AP includes all the arboreal taxa (trees and shrubs) and NAP the herbaceous component (all taxa
plotted in the diagram and also Caryophyllaceae, Brassicaceae, Gentiana, Cistaceae, Saxifragaceae, Ranunculaceae, Poligonaceae, Apiaceae, Boraginaceae, Sedum, Urtica, Campanula, Asphodelus)
210
excluding aquatics and ferns. Sedimentary units and pollen zones, as well as both radiocarbon dates (red stars) and Pb dates (blue stars), are also indicated in the figure.
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After 9300 cal yr BP (Figs. 4.2.7 and 4.2.8) a correlation among PC, PAR and
percentage trends is more consistent until the top of the sequence (Fig. 4.2.7). Abies
initially appearance occurs at 432 cm depth (6400 cal yr BP).
-MAR IV-A, Sedimentary Unit 3b (400-360 cm depth; 6000-5200 cal yr BP)
Arboreal pollen slightly declines in this unit (Fig. 4.2.6), mainly due to Pinus
reduction (~45%), as deciduous forest pollen percentages and PAR values increase
mostly due to Corylus and Alnus (Fig. 4.2.7). Abies continues expanding from the base
of this zone (400 cm depth, 6000 cal yr BP; Figs. 4.2.5 and 4.2.6) also coherent with its
expansion inferred from other records from the region (Montserrat-Martí, 1992;
González-Sampériz et al., 2006; Miras et al., 2007; Pèlachs et al., 2007; Pérez-Sanz et
al., 2013).
MAR III, Sedimentary Unit 3a (360-270 cm depth; 5200-3500 cal yr BP)
This vegetation zone is characterized by a Pinus recovery (~60%), and a
deciduous forest group decrease both in abundances and PAR (Figs. 4.2.6 and 4.2.7).
Abies continues expanding reaching its maximum abundance (18%) at the top of this
zone. A rise in hygrophytes is mostly due to the increase of Myriophyllum.
MAR II, Sedimentary Units 2, 1b (270-90 cm depth; 3500-1300 cal yr BP)
During this zone, the herbaceous taxa abundance expands progressively,
dominated by Artemisia, Chenopodiaceae and Fabaceae, whereas AP experiments a
continuous decrease due to the decline in Abies, Corylus, Tilia and Alnus. Among the
shrubs, Ericaceae abundance increases towards the top of the sequence but the
values never exceed 4% (Fig. 4.2.6). Fagus consistently appears in this zone, instead of
causally as in previous sections (543 cm depth, 8500 cal yr BP). Both hygrohydrophytes groups also appear continuously with minor fluctuations and PAR values
increase and reach their maximum for the sequence (except for unit MAR V-A) and
coupled to percentage fluctuations (Fig. 4.2.7).
MAR I, Sedimentary Unit 1a (90-0 cm depth; 1300-0 cal yr BP)
This zone is characterized by increasing Olea abundances and the significant
and sharp decrease of Abies towards the top while Pinus declines, with some
fluctuations. NAP abundance rises steeply (up to 30-35%) led by Artemisia, Poaceae,
Chenopodiaceae and Fabaceae (Fig. 4.2.6). PAR for all these taxa present similar
trends (Fig. 4.2.7).
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Fig. 4.2.7. Comparisons of usual percentages and PAR values from selected pollen taxa and AP-NAP pollen groups. Note the different x-axis scales.
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4.2.5 Discussion
4.2.5.1 Keys to interpret the pollen sequence of Marboré Lake
Two issues must be considered when interpreting a pollen sequence from a
high altitude lake. First, the record might be more influenced by regional vegetation
rather than local one, which is usually very scarce. Second, long periods of ice-cover in
the lake may produce different responses of the sedimentation dynamics (e.g. distinct
sedimentation rate). Marboré record shows a complex pattern of pollen assemblage
changes during the Late-Glacial and Holocene (Figs. 4.2.6 and 4.2.7). The
reconstruction of vegetation dynamics from pollen data obtained in high altitude sites
needs to understand the source, transport and deposition of pollen grains in such
settings. As during present times, it seems clear that the source area of arboreal
pollen in Marboré Lake has always been regional and that the treeline did not reached
the Marboré cirque during the last 14600 yrs. The watershed has an abrupt
orography, no well-developed soils and it is mainly dominated by bare rocks (Fig.
4.2.1). The lack of woody plant macrofossils representing local forest vegetation along
the sedimentary sequence also favors this interpretation. Arboreal pollen in Marboré
is a regional signal and interpreting the regional pollen signal implies understanding
pollen-vegetation altitudinal correlations (Fig. 4.2.3) as well as depositional processes
in the lake (sedimentation rates) and limnological features (ice-cover) that could
influence pollen fluxes.
Our pollster transect shows an, unsurprisingly, relevant Pinus overrepresentation (Figs. 4.2.3 and 4.2.4). Pinus pollen in high altitude environments has
been shown to have a large source area (Sugita et al., 1999; Tonkov et al., 2001; van
der Knaap et al., 2001; Jensen et al., 2007; Cañellas-Boltà et al., 2009; Birks and Bjune,
2010). On the other hand, we found a high correlation between the deciduous forest
pollen group and its actual presence at the montane belt, where deciduous
communities are abundant (Fig. 4.2.3). Deciduous pollen types are also frequent, but
to a lesser extent, in moss pollsters at high altitude sites (~5%), where this vegetation
is no longer present, proving some wind pollen drift uphill transport. As expected for
anemophilous (wind pollinated) taxa as e.g. Corylus, Betula, Tilia pollen are long
transported upwards in mountain regions (Cañellas-Boltà et al., 2009). On the other
hand, herb pollen types are under-represented (Fig. 4.2.3), as it has been documented
in several studies and in agreement with data recorded in similar moss pollster
transects in the Pyrenees (Cañellas-Boltà et al., 2009; Rieradevall et al., 2018).
In addition to pollen productivity, sources and transport processes, some
physical features of water bodies located at high altitudes make the pollen-vegetation
comparison

even

more

challenging.

Excepting

subglacial

lakes,

lacustrine

sedimentation requires ice-free conditions at least during some part of the year (Heiri
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et al., 2014). The catchment area of the lake needs to be also ice-free, as without
water availability, there is no sediment input into the lake (including pollen
transported within sediments). Lake-ice is sensitive to climate variability (Brown and
Duguay, 2010; Sánchez-López, 2016), as ice phenology has typically been associated
with variation in air temperatures while ice thickness tends to be more associated to
changes in snow cover (Brown and Duguay, 2010). The ice-covered period has
important implications in biological processes (e.g., diatom productivity) and also in
sedimentation rate and all geochemical fluxes (Catalan et al., 2002). Diatom records
and sediment pellets have been used as indicators of changes in ice-cover duration
(Lotter and Bigler, 2000; Smol et al., 2005; Ojala et al., 2008; Tomkins et al., 2009).
The lower part of the Marboré palynological record shows abrupt changes in
PC and PAR values that unlikely reflect rapid changes in regional pollen rain. We
propose during colder periods with a frozen catchment area and no thawing of the
lake ice-cover during several consecutive summers, pollen grains would have
remained trapped on the lake ice-cover and catchment area. Pollen deposition would
have not occurred until complete thawing occurred, causing a higher pollen
deposition in the lake and abrupt changes of PC and PAR. Abundances are affected by
changes in differential pollen deposition and sedimentation rates that cannot be
clearly traced with percentages as there is no absolute value of pollen production. PC
and PAR are standardized measures by volume of sample and unit of time and thus
sedimentation rate variations caused by ice-cover fluctuations during glacial or stadial
periods can be identified. Therefore, we propose the existence of long-lasting icecovered periods when low PC and PAR values occurred while high PC and PAR would
indicate abrupt thawing and a subsequent sudden deposition of pollen accumulated
during the ice-cover period.

4.2.5.2 The deglaciation and the beginning of the Holocene (146009300 cal yr BP)
Several studies (e.g. Sancho et al., 2003; Lewis et al., 2009; García-Ruiz et al.,
2013) proved the maximum extent of glaciers in the Pyrenees to have occurred during
the Late-Pleistocene, at about 64000 ± 11000 yr BP, not concurring with the timing for
the global Last Glacial Maximum (LGM), 23000-19000 cal yr BP (e.g. Mix et al., 2001;
Clark et al., 2009). Sedimentation in the Marboré Lake started at least 14600 yrs ago,
indicating that the Marboré cirque was at least partially deglaciated by that time
(Salazar-Rincón et al., 2013; Oliva-Urcia et al., 2018). Some studies carried out in the
Mediterranean Alps, also attest that glacial cirques above 2000 m a.s.l. were
deglaciated since the Bølling/Allerød (Brisset et al., 2015).
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Thus, during Greenland Interstadial (GI-1) (14600-12900 cal yr BP) (Rasmussen
et al., 2014), proglacial sedimentation characterized Marboré Lake deposition.
Sedimentation rate is generally low during GI1, Greenland Stadial 1 (GS-1 or Younger
Dryas; 12900-11700 cal yr BP) (Rasmussen et al., 2014) and the Holocene onset (HO).
Both PC and PAR values also remain low during GI1 and even lower in the subsequent
GS-1 and HO (Figs. 4.2.7 and 4.2.8).

Fig. 4.2.8. Inferences of the Marboré Lake ice-cover duration. a) Total pollen PAR values. b)
Total pollen concentration (PC). c) Sedimentation rate. d) Temperature changes reconstructed
18

from  O content in Greenland NGRIP core (Rasmussen et al., 2014). e) Summer insolation
42ºN curve calculated by means of PAST software (Hammer et al., 2001).

The Thompson et al. (2005) ice-cover model indicates that under current
temperatures the ice-cover duration for a lake located at 2600 m a.s.l. would be ~225
days. Current observations carried out in the Marboré Lake confirm this figure and
suggest that some years ice-cover can last even for ~245 days. According to this
calibration model, an estimated Tª decrease of ~2ºC at ~2600 m a.s.l. during the GS-1
(Millet et al., 2012; Muñoz Sobrino et al., 2013; Bartolomé et al., 2015) would increase
the ice-cover duration of the lake in ~30 more days compared to current times. Thus,
during the GS-1 and HO complete ice-cover length could easily correspond to 10-11
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months, or even the whole year during some particularly cold years as well as a frozen
catchment area. Sedimentological data from this time interval show the absence of
the brown laminae which has been linked to the summer season, suggesting that the
lake would have been frozen most of the year and deposition dominated by fine
clastic sedimentation (Oliva-Urcia et al., 2018).
A sharp increase of sedimentation rate occurs from 10200 cal yr BP onwards
parallel to an increase in organic productivity in the lake and a change in lamination
features (Oliva-Urcia et al., 2018). These limnological changes are concurrent with
several abrupt PC and PAR peaks (Figs. 4.2.7 and 4.2.8) ca. 9800 and 9500 cal yr BP,
possibly linked to increasing productivity values as temperature rises. A chironomidbased July air-temperature reconstruction from a mountain lake in the Alps (2796 m
a.s.l.) reveals the highest temperatures for the early-Holocene during this time-interval
(10000-8600 cal yr BP) (Ilyashuk et al., 2011). The increase in sedimentation rate, PC
and PAR values could be coupled to longer ice-free seasons with higher glacier
meltwater, sediment availability and strengthen runoff processes. In agreement with
these new data from Marboré record, a similar delayed response of Pyrenean and
Mediterranean communities to the early-Holocene warmer and moister conditions
has previously identified in several regional sequences (Morellón et al., 2009; PérezSanz et al., 2013; Aranbarri et al., 2014; González-Sampériz et al., 2017).
Maximum summer insolation during this period (Fig. 4.2.8) would have
increased the number of years with a complete melt of the catchment area and the
lake ice-cover during summer months, causing a sudden bottom lake deposition of
the accumulated pollen on the lake surface during the previous years with limited ice
cover thaw.
This complex pollen deposition pattern during the proglacial phase of the lake
adds potential artifacts to the interpretations of vegetation dynamics, especially if we
only consider percentages from pollen content, which do not reflect reliable
vegetation cover at a local or regional scale. To tackle this problem, common in high
altitude records, we propose to use PAR and PC for periods with potential longer icecover seasons, which indicate a widely open landscape at high altitudes. Similar
artifacts may have occurred in Marboré afterwards at centennial or decadal scales
during Holocene cold periods (e.g., during the Neoglacial or the Little Ice Age-LIA) but
our time resolution does not allow to detect them.

4.2.5.3 An overview of Holocene vegetation dynamics in the Central
Pyrenees
From 9300 cal yr BP onwards sedimentation rate, PC and PAR experienced
fluctuations but no abrupt shifts have been detected, suggesting that there were
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multi-annual periods with ice-free summers. Most likely during the Holocene, the lake
was free of ice lake for several months per year (probably 3-4 months, similar to
nowadays). Thus, during this period pollen percentages as well as PC and PAR can be
used to interpret regional and local Holocene vegetation patterns (Fig. 4.2.7).

4.2.5.3.1 Vegetation responses during the early-mid Holocene (9300-5200 cal yr BP)
Marboré Lake is strategically located in the Central Pyrenees to investigate
changes in the extent of Atlantic versus Mediterranean influences during the
Holocene along a West–East gradient. Many studies have demonstrated that
vegetation responded differently during the beginning of the Holocene through the
Iberian Peninsula, depending on their location relative to the Atlantic – Mediterranean
gradient. More temperate and moister conditions were inferred from the Atlanticinfluenced pollen sites (Muñoz Sobrino et al., 2005, 2007; Moreno et al., 2011; IriarteChiapusso et al., 2016) where a rapid spread of deciduous forest occurred, while
continental and Mediterranean sequences show high proportions of pines and/or
junipers (Carrión et al., 2010; Rubiales et al., 2010; Morales-Molino et al., 2013;
Aranbarri et al., 2014, 2015), indicating still intense hydrological stress due to
maximum seasonality during the early-Holocene.
Pyrenean records show examples of both hydrological situations. In the
easternmost sites (e.g. Miras et al., 2007; Pérez-Obiol et al., 2012) marked
Mediterranean, more continental conditions with dominant coniferous communities
prevailed, while westwards locations with a more Atlantic climate regime such as El
Portalet (González-Sampériz et al., 2006; Gil-Romera et al., 2014) show a great and
rapid expansion of mesophytes since the Bølling/Allerød transition and throughout
the Holocene (Fig. 4.2.9f). The Central Pyrenees contains the boundary between both
climate regimes and so, pollen sites could help to identify the history of the shifting
boundary during the Holocene (Fig. 4.2.1). In La Basa de la Mora sequence (PérezSanz et al., 2013), in a southeastern location of the Central Pyrenees area, the high
abundance of pines and junipers reflects a more Mediterranean-influence during the
early-Holocene, and progressive changes into a more deciduous dominated
landscape during the early-mid-Holocene transition, suggesting more humid
conditions (Fig. 4.2.9e). Interestingly, the Marboré sequence, located between El
Portalet and Basa de la Mora and at a higher altitude (Fig. 4.2.1), also presents a pinedominated community, but the importance of the deciduous taxa (Fig. 4.2.9b)
suggests humid conditions, similar to Atlantic influenced sites like El Portalet (Fig.
4.2.9f) during the early-Holocene. Atlantic influence would have been stronger in
higher and northern areas in the Central Pyrenees during the early-Holocene, while
lower elevations and more southeastern areas would already have been more
affected by Mediterranean dynamics since the early-Holocene.
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Reconstructing both treeline and timberline shifts is hindered by the absence
of macrofossils originating from trees and shrubs representing forest vegetation in
the records (e.g. Tinner and Theurillat, 2003; Birks and Bjune, 2010). In the Pyrenees, a
montane ratio based on pollen-vegetation relationships has recently been applied by
Garcés-Pastor et al. (2016, 2017) to detect vegetation altitudinal shifts during the
Holocene. In Marboré, we establish a consistent pollen-vegetation relationship finding
that changes in the deciduous montane belt position may be easier to infer as there is
a good correspondence between deciduous taxa in current vegetation and pollen rain
from moss pollsters (Figs. 4.2.3 and 4.2.4). Treeline is mainly influenced by summer
temperatures (Körner, 2012) but, studies on the timberline and treeline response to
climate and human impact in the Alps suggest a stronger sensitivity of the timberline
than the treeline (Tinner, 2013), therefore supporting the relevance of high altitude
sites as better sensors of montane than alpine communities, that are generally less
productive in terms of both biomass and pollen.
Pollen assemblages from 9300-5200 cal yr BP period show an average of
23.55% (6.95 SD) of deciduous forest pollen group (Supplementary Information, SI,
Table 4.2.2). These pollen values would correspond to the modern montane belt at
1300 m a.s.l. where a 22% (3.05 SD) of deciduous forest pollen is represented in
pollster sites (Figs. 4.2.3a and 4.2.3b). Nowadays the deciduous forest upper limit is
ca. 1500 m a.s.l. thus, considering both current and fossil data, we suggest that
between 9300-5200 cal yr BP the deciduous forest shifted to higher altitudes, even
reaching the sub-alpine belt. Basa de la Mora (Pérez-Sanz et al., 2013) also reveals the
highest abundance of deciduous forest between 8100 and 5700 cal yr BP (Fig. 4.2.9e).
In the Alps, in a lake situated at a similar altitude (Schwarzsee ob Sölden Lake, 2796 m
a.s.l., Austrian Alps) show similar deciduous forest dynamics (Ilyashuk et al., 2011).
Although no tree macrofossils were preserved, pine communities could have
shifted a bit higher than nowadays. In any case, the Central Pyrenean treeline would
have always been below 2600 m a.s.l.

150

Results and discussion

Regional vegetation dynamics

Fig. 4.2.9. Comparison of the Marboré Lake sequence (pollen-based ecological groups, PAR
values and sedimentation rate) with selected records from the Pyrenees for the Holocene. a)
AP PAR values for Marboré. b) Selected taxa for Marboré Lake (Deciduous forest pollen group
includes: Betula, Corylus, Carpinus, Castanea, Acer, Salix, Alnus, Fraxinus, Fagus, Tilia, Populus,
Juglans, deciduous Quercus, Ulmus and Sorbus). c) Marboré Lake sedimentation rate evolution.
d) Monte Perdido Glacier fluctuations (Garcia-Ruiz et al., 2014). e) Selected pollen taxa for Basa
de la Mora (Deciduous forest pollen group includes: Betula, Corylus, Fagus, Tilia, deciduous
Quercus, Alnus, Salix, Ulmus, Populus and Juglans (Pérez-Sanz et al., 2013). f) Selected pollen taxa
for Portalet peatbog (Deciduous forest pollen group includes: Betula, Corylus, deciduous
Quercus, Alnus, Ulmus, Acer, Salix, Tilia, Fraxinus, Populus, Fagus, Juglans and Castanea) (GonzálezSampériz et al., 2006; Gil-Romera et al., 2014). g) Simplified reconstruction of the variations in
the Central Pyrenean deciduous montane forest altitudinal shifts. h) Simplified reconstruction
of Alpine treeline variations in altitude (Tinner and Theurillat, 2003; Heiri et al., 2014). i)
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Simplified reconstruction of the altitudinal variations in the Carpathian treeline (Magyari et al.,
2012; Geantă et al., 2014; Feurdean et al., 2016). j, k) Summer and winter insolation 42ºN curve
calculated by means of PAST software (Hammer et al., 2001).

Macrofossil-based estimation of treeline changes in the Swiss Alps show the
highest treeline position during ~10000-5000 cal yr BP, rising over 2100 m a.s.l. (Heiri
et al., 2014) and reaching up to ~2500 m a.s.l. (Tinner and Theurillat, 2003) (Fig.
4.2.9h). Studies carried out in the Carpathian Mountains also show that both
timberline and treeline were higher during warm early and mid-Holocene, being
higher than today after 8500 cal yr BP (1900 m a.s.l.) (Magyari et al., 2012; Geantă et
al., 2014; Feurdean et al., 2016) (Fig. 4.2.9 i).
These data from Iberian, central and southern European mountain sites
reflecting montane belt evolution suggest that the early-Holocene increasing summer
temperature would have favored fast-growing, pioneering, thermophilous deciduous
forest (Lotter et al., 2006; Wehrli et al., 2007) and both treeline and timberline
expansion.

4.2.5.3.2 Changing environments after 5200 cal yr BP
Large landscape changes have been reported since ~6000-5000 cal yr BP
onwards in European mountains both related to climate and human action (Ilyashuk
et al., 2011; Pérez-Obiol et al., 2012; Pérez-Sanz et al., 2013; Heiri et al., 2014;
Feurdean et al., 2016; Thöle et al., 2016; González-Sampériz et al., 2017; Oliva-Urcia et
al., 2018). However, discerning climatic and human impact in these sites has always
been a matter of discussion (Carrión et al., 2010; González-Sampériz et al., 2017). In
the Alps, after 6000 cal yr BP treeline and timberline shifted downhill, particularly after
4500 cal yr BP (down to ~2000 m a.s.l.), and it has been primarily attributed to
anthropogenic impact, with cooler climates playing a subordinate role (Tinner and
Theurillat, 2003; Tinner, 2013; Heiri et al., 2014) (Fig. 4.2.9h). In the Carpathians, a
thinning of the timberline found from ~4900 cal yr BP (Fig. 4.2.9j) has been interpreted
as responding to cooler summers in the Northern Hemisphere (Berger and Loutre,
1991; Feurdean et al., 2016). In this area, clear evidences for the contribution of
human activities to the decline of the treeline and timberline are not found until 3500
cal yr BP (Feurdean et al., 2016).
Our study documents a large qualitative vegetation change from 5200-3500 cal
yr BP, marked by an important decrease of deciduous forest (Fig. 4.2.9b), reaching
modern analogue values in the montane and sub-alpine transition belts (SI, Table
4.2.2). During this period, deciduous forest belt shifted progressively to lower
altitudes, although it would still be located at higher altitudes than nowadays. Basa de
la Mora (Fig. 4.2.9e) also presents this pattern. This change characterizes the midHolocene in Mediterranean regions (e.g. Jalut et al., 2010; Roberts et al., 2011) and it
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has been interpreted as colder and/or drier conditions, although most authors do not
discard a regional human impact intensification as indicated by the increasing
openness of forest environments and the increase of pasturelands (Galop and Catto,
2014; González-Sampériz et al., 2017).
Geomorphological and climatic aspects could help to identify the human or
climate origin of mid-to-late-Holocene deciduous forest shifting in the Central
Pyrenees (Fig. 4.2.9g). A glacial expansion occurred during the Neoglacial (5100 yr ±
100 yr) as a large push moraine has been identified and dated at the Monte Perdido
(Figs. 4.2.1 and 4.2.9d) (Garcia-Ruiz et al., 2014). Radiocarbon ages from the
Troumouse Cirque, located 9 km to the North on the French side of the Pyrenees, also
revealed an intensification of glacial activity between 5190 ± 90 and 4654 ±60 yr BP
(Gellatly et al., 1992), with glaciers larger than those developed during the LIA (13001850 AD). During this mid-Holocene glacial reactivation worldwide, new glaciers
formed and/or advanced (Davis et al., 2009). In general terms, this cold period in the
mountains coincided with an arid phase in the western Mediterranean (Jalut et al.,
2000, 2009). Changes in the magnetic properties of the sediments, the lamination
patterns and a decrease in sedimentation rate in Marboré Lake (Oliva-Urcia et al.,
2018) occurred during this period (Fig. 4.2.9c). PAR (Fig. 4.2.9a), decreased to the
lowest Holocene values. A coeval decrease, although shorter in time, is noticed in both
PAR and sedimentation rate at around ca. 1200-1500 cal yr BP during the early
Medieval times when, another stage of glacier expansion occurred in Marboré cirque
(Garcia-Ruiz et al., 2014) (Fig. 4.2.9d) in response to relatively colder and more humid
conditions of the Dark Ages (Moreno et al., 2012; Morellón et al., 2011, 2012). No
similar changes have been detected during the LIA. No clear evidences of increasing
duration of the lake ice-cover have been detected for these cold pulses in comparison
to the YD and HO, possibly because the shorter duration of these events and the
resolution of our proxies.
A clear human imprint is not recorded in the Marboré sequence between
5200-3500 cal yr BP, although evidences of cultural landscape transformations have
been detected in the lowlands since 4000 cal yr BP (i.e., Galop and Jalut, 1994; Bal et
al., 2010, 2011; Rius et al., 2012). The first human-induced deforestations were
detected at around 4000 cal yr BP in the Tramacastilla sequence (1380 m a.s.l.) by
Montserrat-Martí (1992), although the forest recovered afterwards. The decreasing
trend observed in the PAR values of Marboré during ~5000-4000 cal yr BP (Fig. 4.2.9a)
could however be responding to first regional deforestations, similar to those
recorded by Montserrat-Martí (1992). In agreement with Montserrat's hypothesis,
Marboré forest recovered in following centuries, as shown by the maximum values
reached by PAR at around 2500-2000 cal yr BP (Fig. 4.2.9a). However no other
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anthropogenic indicators are found during this period so, as previously mentioned,
this decrease could also be associated with colder climatic conditions.
Over the last 3500 cal yr BP, herbs (mainly Artemisia, Chenopodiaceae,
Fabaceae and Poaceae) progressively expanded indicating a more consistently
opened, landscape. In the literature, herbaceous pollen percentages greater than 30%
have been interpreted as a treeless alpine environment (Tinner and Theurillat, 2003;
Berthel et al., 2012; Geantă et al., 2014). AP tends to descend progressively (Fig.
4.2.9b) primarily because of the decline in the deciduous forest which is also visible in
the PAR values (Fig. 4.2.9a), interpreted as a deciduous-montane belt shift downwards,
or a greater reduction of this community in general terms (Fig. 4.2.9g). A similar trend
has also been identified in many other Pyrenean sequences located at both high (e.g.
Tramacastilla, Montserrat-Martí (1992); Redón, Pla and Catalan (2005); Burg, Pèlachs
et al. (2011); Estanilles, Pérez-Obiol et al. (2012); Basa de la Mora, Pérez-Sanz et al.
(2013)), and low altitudes (González-Sampériz et al., 2017) and linked to the
continuous spread of human impact. However, increasing heliophytes may point to
climatic drivers leading the landscape change (Pérez-Sanz et al., 2013).
For instance, the rise of Artemisia in Basa de La Mora after 3000 cal yr BP
(Pérez-Sanz et al., 2013) fits well with the results obtained in Marboré sequence,
without any clear evidences of human perturbations in the nearby forests. The coeval
decrease in humid-demanding taxa like Corylus and Abies, coupled with the rise in
evergreen Quercus, indicate a drier climate background. Coherently, the geochemical
data from Marboré sequence (Oliva-Urcia et al., 2018) show another major change
characterized by an increase in most magnetic parameters and in Mn oxides which
also indicates a generally drier period with a lower lake level.
It is not until the last 1300 yrs, when Marboré records the spread of human
activities at a regional-scale with, the noticeable rise of the NAP component in
percentages and PAR (Fig. 4.2.9b). Artemisia continues as the main herb taxa, but
followed by Cichorioideae, Chenopodiaceae, Ericaceae and Fabaceae which suggest
an intensification of landscape management. The rise in Poaceae points to the
expansion of alpine meadows at high altitudes as also shown in Basa de la Mora
(Pérez-Sanz et al., 2013) (Fig. 4.2.9e). As a consequence AP from both Marboré (Fig.
4.2.9c) and Basa de la Mora (Fig. 4.2.9e) experienced an important reduction, more
intense in the deciduous forest. As shown in SI, Table 4.2.2, deciduous pollen
percentages reached the lowest values during this period, suggesting that the
deciduous forest boundary would have stabilized at an altitude similar to the current
one (~1500 m a.s.l.). The vegetation replacement during the last millennium seems
linked to anthropogenic activities rather than climate drivers since the expansion of
Olea cannot be explained exclusively by natural causes. In fact, the spread of olive
cultivars in the lowlands has been widely documented in many pollen sequences
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(Morellón et al., 2011; Rull et al., 2011; Pérez-Obiol et al., 2012; Pérez-Sanz et al., 2013;
González-Sampériz et al., 2017) and archaeobotanical studies at regional-scale
(Alonso et al., 2014).
In sum, high altitude pollen sequences in the Central Pyrenees are good
archives for understanding the regional vegetation variability and the montane
vegetation altitudinal shifts without any significant human imprint, at least until the last
millennium. Due to the high sensitivity of these high altitude lakes to environmental
change, and how strongly they affect sedimentological and biological processes and
pollen transport and deposition in the lake, caution should be taken when interpreting
pollen percentages where ice-cover may preclude pollen deposition over long periods
of time during colder periods.

4.2.6 Conclusions
1. The Marboré sequence offers the opportunity to investigate the sensitivity of high
altitude systems as archives of climate and environmental changes during the LateGlacial and Holocene in southern European mountains (last 14600 cal yr BP).
2. The unique setting (high altitude, prolonged snow and ice–covered periods, varied
pollen sources) possess some challenges to reconstruct past vegetation dynamics
based on pollen records. A modern altitudinal transect of pollster pollen rain sites and
the use of PC and PAR instead of pollen percentages has helped to better constrain
the vegetational history of the Central Pyrenees and the altitudinal shifts of the
montane forest during the Holocene.
3. Lower sedimentation rate, PC and PAR occurred in Marboré during colder periods
of GS-1 and HO (~12600-10200 cal yr BP) indicating longer ice-cover periods.
Increasing sedimentation rate and the occurrence of several abrupt PAR peaks during
early-Holocene (10200-9300 cal yr BP) were caused by longer ice-free seasons due to
higher temperatures.
4. Pollen percentages for cold periods as ~12600-9300 cal yr BP are not reliable as
indicators of vegetation composition because of differential pollen deposition
depending on the ice-cover duration.
5. The comparison between current vegetation cover and modern pollen spectra
shows a good correlation between deciduous pollen assemblage and actual plant
cover. This fact enables us to infer altitudinal shifts of the deciduous forest timberline.
Pinus pollen type is always the dominant taxa in moss pollster and it is always overrepresented in all samples. On the contrary, herbaceous taxa are generally underrepresented.
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6. The lack of arboreal plant macrofossils along the whole sequence, suggest that the
treeline never reached Marboré site (2600 m a.s.l.) for the last 14600 cal yr BP.
However, the comparisons carried out with fossil pollen abundances and modern
spectra from moss pollsters, suggest that the maximum altitude reached by
deciduous-montane forest was quite higher (1600-1900 m a.s.l.) than nowadays (1500
m a.s.l.), reaching the sub-alpine belt between 9300-5200 cal yr BP time period.
7. A progressive decrease in deciduous forest, sedimentation rate and PAR values
occurred around 5200 cal yr BP, primarily attributed to the colder climatic conditions
of the Neoglacial. Similarly, both sedimentation rate and PAR slightly decrease during
the colder Dark Ages. No evidences of longer ice-cover duration changes have been
identified for either period, probably as a consequence of their short duration and the
low resolution sampling.
8. The expansion of herbs started around 3500 cal yr BP and intensified after 1300 cal
yr BP. Coevally, an important reduction of AP occurred (especially in deciduous forest),
which could be related to the intensification of human activities at lower altitudes as it
has been documented regionally. A clear anthropogenic signal is not found until
recent times ~700 cal yr BP, with the expansion of Olea pollen content, suggesting the
regional intensification of olive groves in the lowlands.
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4.2.9 Supplementary Information

SI. Table 4.2.2. Comparison between % and PC for Pinus, deciduous forest and AP values between the moss pollsters located at different vegetation
belts and the different chronological periods of the sedimentary sequence. % and PC show mean values and its Standard Deviation for the stablished
chronological periods (9.3-5.2, 5.2-3.5, 3.5-1.3 and 1.3-0 cal kyr BP) and moss pollsters located around 1300, 1400, 1500, 1650, 1750, 1850, 2300 and
2600 m a.s.l

Sub-alpine
Montane
(kyr cal BP)

Altitude (m a.s.l.)
sequence

Sedimentary

Moss Pollsters

Alpine

Pinus
%

SD

2600

55.63

12.01

2300

Deciduous forest
PC

%

SD

18.24

6.25

3.21

56.46

20.94

1850

60.80

1750

PC

SD

2.06

71.87

8.27

1.80

0.66

65.46

24.95

354.72

5.6

32.67

76.53

479.19

79.52

545.05

1.99

13.62

85.69

600.91

1650

72.33

445.55

95.45

2.53

15.33

82.23

512.00

1500

50.65

11.96

291.27

108.66

15.58

2.52

89.16

16.87

77.31

9.90

530.42

145.48

1400

58.93

11.05

312.38

124.39

20.86

9.20

103.15

24.09

86.97

1.33

555.63

81.64

1300

51.57

5.59

213.47

56.39

22.00

3.05

96.18

42.01

83.04

2.19

447.76

160.17

1.3-0

45.66

6.20

30.63

12.11

9.04

3.29

5.63

2.22

70.11

3.45

46.14

15.52

3.5-1.3

50.92

6.72

35.21

14.53

14.43

4.12

9.82

4.05

79.00

4.67

54.82

21.75

5.2-3.5

58.37
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36.81

14.87

15.15

3.89

10.60

4.65

87.99

2.77

56.87

24.07

9.3-5.2

59.57

9.71

35.03

11.46

23.55

6.95

14.35

7.49

87.69

3.92

52.11

16.97

(grains/g 10 )

167

3

(grains/g 10 )

SD

PC

%

3

SD

AP
(grains/g 103)

SD

25.65

Armeña-A294 Ice Cave, Cotiella Massif (July, 2015).
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4.3 Ice cave reveals environmental
forcing of long-term Pyrenean treeline
dynamics
Abstract
Treelines are supposed to react sensitively to the current global change.
However, the lack of a long-term (millennial) perspective on treeline shifts in the
Pyrenees prevents understanding the underlying ecosystem dynamics and processes.
We combine multi-proxy palaeoecological analyses (fossil pollen, spores, conifer
stomata, plant macrofossils and ordination) from an outstanding ice cave deposit
located in the alpine belt ca. 200 m above current treeline (Armeña-A294 Ice Cave,
2238 m a.s.l.), to assess for the first time in the Pyrenees, treeline dynamics and
ecosystem resilience to climate changes 5700-2200 cal years ago. The treeline
ecotone was located at the cave altitude from 5700 to 4650 cal yr BP, when vegetation
consisted of open Pinus uncinata Ramond ex DC and Betula spp. Woodlands and
timberline were very close to the site. Subsequently, treeline slightly raised and
timberline reached the ice cave altitude, exceeding its today’s uppermost limit by ca.
300-400 m during more than four centuries (4650 and 4200 cal yr BP) at the end of
the Holocene Thermal Maximum. After 4200 cal yr BP, alpine tundra communities
dominated by Dryas octopetala L. expanded while treeline descended, most likely as a
consequence of the Neoglacial cooling. Prehistoric livestock raising likely reinforced
climate cooling impacts at 3450-3250 cal yr BP. Finally, a treeline ecotone developed
around the cave that was on its turn replaced by alpine communities during the past
2000 years.
The long-term Pyrenean treeline ecotone sensitivity suggests that rising
temperatures will trigger future Pinus uncinata and Betula expansions to higher
elevations, replacing arctic-alpine plant species. Climate change is causing the rapid
melting of the cave ice; rescue investigations would be urgently needed to exploit its
unique ecological information.
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4.3.1 Introduction

M

ountain species and habitats are expected to be particularly
sensitive to ongoing global change (Krajick, 2004; IPCC, 2013;
Steinbauer et al., 2018). Treeline ecotones, that are the transition

zones between the upper limit of closed forest (timberline) and the treeless alpine
grasslands (Körner, 2012), are particularly diverse and dynamic habitats (e.g.
Camarero et al., 2015). Although other ecological factors such as topography, soil
development and human activities may affect the treeline ecotone position, it is
mostly controlled by climate (Holtmeier and Broll, 2005; Körner, 2012). Hence, treeline
ecotones are considered to be sensitive sentinels of recent climate warming
(Camarero and Gutiérrez, 2004). Palaeoecological time series may contribute to a
better understanding of long-term community dynamics under global change
conditions in order to develop sustainable plans for maintaining diversity and
ecosystem services of alpine landscapes, by for example providing guidelines for
appropriate forest, alpine herb communities, livestock grazing and environmental
management (Kulakowski et al., 2017).
In contrast to other mountain ranges of Europe (Tinner and Theurillat, 2003;
Eide et al., 2006; Feurdean et al., 2016) little is known about the long-term treeline and
timberline shifts in the Pyrenees (Cunill et al., 2012), a prominent southern European
mountain range. Specifically, mountain vegetation responses to major climatic shifts
such as the mid Holocene Thermal Maximum (HTM, ca. 11000-5000 cal yr BP, (Fischer
et al., 2018) and the subsequent Neoglacial Cooling (NGC, ca. 5000 cal yr BP -1850 AD;
Kumar, 2011) remain unexplored. This scientific gap is crucial, given that periods such
as the HTM can be used to assess how future ecosystems may respond to ongoing
global warming. Most Pyrenean Holocene palaeoecological studies have so far
focused on pollen analysis, thus providing relevant information on past forest range
fluctuations through time (e.g. Pérez-Obiol et al., 2012; Pérez-Sanz et al., 2013;
Garcés-Pastor et al., 2017; Leunda et al., 2017) but not on processes where spatiallyprecise information is needed such as timberline/treeline dynamics. Plant
macrofossils are usually regarded as the most suitable proxy for reconstructing past
tree range shifts (e.g. the altitudinal position of the treeline ecotone), as they can often
be identified with greater taxonomic precision than pollen and have a mostly local
source area (Birks & Birks, 2000; Tinner & Theurillat, 2003). Combined pollen and
macrofossil evidence from other European mountain ranges has shown that the main
changes in Holocene treeline and timberline positions followed major climatic trends.
However, land-use intensification has been invoked as the primary cause of late
Holocene downward shifts of timberline, with climate playing a primary role for
treeline position (Tinner and Theurillat, 2003; Schwörer et al., 2015; Feurdean et al.,
2016; Pini et al., 2017). In any case, it remains unclear if this also applies to the
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Pyrenees, because disentangling the role of climate and human impact is challenging,
sometimes provoking controversies, specifically in the Mediterranean realm (e.g.
Carrión et al., 2010; González-Sampériz et al., 2017; Samartin et al., 2017).
Lakes and mires are by far the most widely used natural archives for
palaeoecological research (e.g. Heiri et al., 2014; González-Sampériz et al., 2017).
However, other continental palaeoenvironmental archives such as ice caves also
contain information relevant to alpine environment reconstruction. In fact, ice
deposits can provide outstanding palaeoenvironmental and palaeobotanical results
(e.g. Eichler et al., 2011). Ice caves are rock cavities that host perennial ice resulting
from the diagenesis of snow and/or the freezing of infiltrating water reaching the cave
(Perşoiu and Lauritzen, 2018). Particular cave morphology and climatic conditions
allowing ice formation and persistence are needed for these unique archives to
develop (Luetscher and Jeannin, 2004). As a consequence, their location at midlatitudes is generally restricted to high mountain environments, often at or above the
treeline ecotone, thus representing an ideal location to study past altitudinal tree
range shifts. Although the occurrence of ice caves in the Iberian Peninsula is known
since long (Casteret, 1946), growing evidence contributes to improve our knowledge
about these unique natural archives (Serrano et al., 2018 and references therein). In
general, little attention has so far been paid to the palaeoecological information
preserved in ice caves worldwide and, to our knowledge, only one palaeobotanical
study is available from this kind of natural archive (Scărișoara cave, Carpathian
Mountains in Romania; Feurdean et al., 2011).
Here we present novel palaeoecological data from the Armeña-A294 Ice Cave,
a unique site located in the Central Pyrenees, well above the current treeline ecotone
(Sancho et al., 2018). We use exceptionally well-preserved pollen and plant
macrofossil assemblages as well as a robust chronology to address the following
goals: 1) reconstructing mid–to-late Holocene altitudinal tree range shifts for the first
time in the Pyrenees; 2) identifying if and how climate dynamics, including the NGC,
affected Pyrenean forest and alpine vegetation; and 3) assessing if prehistoric human
activities decisively contributed to the long-term Pyrenean mountain vegetation
changes.

4.3.2. Study area
4.3.2.1 Cave setting
The Armeña-A294 Ice Cave (42°30’52’’N; 0°20’10’’E, 2238 m a.s.l.) is located in
the southern Central Pyrenees, Spain, on the eastern slope of the Cotiella Peak (2912
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m a.s.l.), the highest summit of the Cotiella Massif, within the Armeña glacial cirque
(Fig. 4.3.1.a,c). The massif is mainly formed by highly folded and thrusted Upper
Cretaceous and Eocene carbonate rocks.
Armeña-A294 is a small sag-type cave with a main circular entrance 6-m wide
where a shaft with a snow ramp about 10-m deep continues to a cavity of 40-m wide
and 22-m high, where the ice deposit is hosted (Fig. 4.3.1b). This particular
morphology allows snow, as well as plant remains, to enter the cave and be
incorporated into firn ice (Belmonte-Ribas et al., 2014; Sancho et al., 2018).

4.3.2.2 Climate and vegetation
The study site experiences a typical sub-alpine to alpine mountain climate, with
overall cold temperatures (mean annual temperature: 1.5 °C), distinct seasonality
(mean winter temperature: -5 °C; mean summer temperature: 9.5 °C), abundant
precipitation (mean annual precipitation: 1700 mm) evenly distributed throughout the
year, and a long snow season spanning from October to May (Belmonte-Ribas et al.,
2014).
Nowadays, the altitudinal limits of the different vegetation belts in the Cotiella
Massif depend on slope, aspect, orography, soil development, microclimate and past
human activities (Montserrat-Martí, 1989). An altitudinal vegetation transect from the
foothills of the massif (Barbaruens, 1100 m a.s.l.) to the Cotiella Peak (2912 m a.s.l.)
including the Armeña cirque shows the typical zonation of the Central Pyrenees (Fig.
4.3.1c,d). The montane belt (below 1600 m a.s.l.) is characterized by mixed forests
with Pinus sylvestris L., Quercus cerrioides Willk. & Costa, Fraxinus excelsior L., Corylus
avellana L., Sorbus aria (L.) Crantz, Sorbus aucuparia L., Fagus sylvatica L. and Buxus
sempervirens L. The sub-alpine belt (up to 2000 m a.s.l.) comprises closed Pinus
uncinata Ramond ex DC forests (below timberline) and open P. uncinata communities
where the shrub Juniperus communis L. ssp. alpina (Suter) Celak is particularly relevant
(treeline ecotone). Today’s timberline lies at an elevation of ca. 1800 m a.s.l., with the
treeline ecotone reaching up to ca. 2000 m a.s.l., i.e. roughly 400 and 200 m below the
altitude of the Armeña-A294 Ice Cave, respectively (Fig. 4.3.1e). Finally, the alpine belt
extends from ca. 2000 m a.s.l. upwards and is characterized by treeless landscapes
where a diverse array of alpine herbs and dwarf shrubs thrive (e.g. Dryas octopetala L.,
Silene acaulis (L.) Jacq, and several grasses, sedges and legumes among more than 300
species; Fig. 4.3.1d,e). The past intense grazing activities are thought to have
profoundly modified the natural boundaries between the forested environments of
the sub-alpine belt, i.e. timberline and treeline ecotone, and the alpine meadows in
this area (Montserrat-Martí, 1989).
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Fig. 4.3.1. a) Location of the main mountain ranges referred in the text (1 Pyrenees, 2 Alps, 3
Carpathians) with a zoom into the Pyrenees, where the Armeña-A294 Ice Cave is located. Other
Pyrenean records discussed in the text are also shown. b) Schematic vertical cross-section of
the Armeña-A294 Ice Cave showing the position of the ice deposit (modified from BelmonteRibas et al. (2014)). c) Orthophotograph of the Armeña-A294 Ice Cave location and the nearby
area. d) Simplified vegetation transect from Barbaruens village (1100 m a.s.l.) to the Cotiella
Peak (2912 m a.s.l.). e) Photograph showing the Armeña-A294 Ice Cave entrance and the
surrounding landscape. Current position of the treeline, the treeline ecotone and the timberline
are also indicated.

4.3.3 Materials and Methods
4.3.3.1 Sampling and radiocarbon dating
Samples for radiocarbon dating, pollen and macrofossil analyses were
collected in July 2015 from the exposed wall-outcrop according to stratigraphic criteria
along the 790 cm thickness of the ice deposit (Fig. 4.3.2). We selected 27 plant
macrofossil samples for accelerator-mass-spectroscopy (AMS)

14

C dating (Table 4.3.1),

four of them from a single layer (165 cm depth) to test reproducibility and
approximate time period embraced by these layers. Radiocarbon dates were
calibrated using CALIB Rev 7.0.4 (Stuiver and Reimer, 1993) and the INTCAL 13
calibration curve (Reimer et al., 2013). To model the depth-age relationship we used a
linear interpolation between the dated levels with the Clam 2.2 package (Blaauw,
2010) running in R (R Development Core Team, 2016).
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4.3.3.2 Pollen and macrofossil analyses
The 42 samples for pollen analysis were recovered from the richer organic
layers in the ice deposit at varying intervals (Fig 4.3.2). Ice was collected in plastic
bottles and, when melted, the resulting water (750 cm3) was repeatedly centrifuged
and decanted until getting the solid fraction. The remaining material was used for
pollen extraction following the standard chemical procedure described in Moore et al.
(1991) including HCl, HF and KOH digestions and dense-media separation with
Thoulet solution (2.0 g/cm3). Lycopodium spores in a known number were added in
order to calculate pollen concentrations in the firn ice samples and test laboratory
procedures (Stockmarr, 1971). Pollen was identified under a light microscope using
the reference collection at the Pyrenean Institute of Ecology, determination keys and
photographic atlases (Moore et al., 1991; Reille, 1992). The pollen sum, which excludes
fern spores and non pollen palynomorphs (NPPs), was usually over 300 (mean ±
standard deviation = 334.9 ± 36.6 pollen grains) per sample. Local pollen assemblage
zones (LPAZs) were delimited using optimal partitioning by sums-of-squares (Birks &
Gordon, 1985) with the statistically significant zones obtained by comparison with a
broken stick model (Bennett, 1996), using PSIMPOLL (Bennett, 2009). Conifer stomata
and dung fungal spores were also identified following Trautmann (1953) and van Geel
and Aptroot (2006), respectively. Conifer stomata are a good proxy for the local
presence of conifer trees (Ammann et al., 2014) while coprophilous fungal spores are
related to local grazing activities (Gill et al., 2013).
Samples for the identification of plant macrofossils were retrieved in 50
different levels. The samples were sieved with a mesh size of 200 µm and the plant
macrofossils were identified under a binocular with the reference material at the
Pyrenenan Institute of Ecology and the Institute of Plant Sciences of the University of
Bern. Woody remains were identified using incident light, and compared with wood
reference collections and wood anatomy atlases (e.g. Schweingruber, 1990). The
macrofossil diagrams show the number of macrofossils (e.g. needles, seeds, fruits)
and pine periderm areas per 750 cm3 of ice. The percentage macrofossil diagram was
subdivided in seven ca. 500 year-bins, by pooling several adjacent samples to reach a
minimum of 50 macrofossils per bin and therefore reliable percentages (Heiri and
Lotter, 2001; Tinner and Kaltenrieder, 2005). Macrofossils (e.g. needle, leaves, fruits) of
trees, shrubs or herbs were considered for the percentage calculation but fragments
of wood and periderm were not included in the sum (following Tinner, 2007).
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Fig. 4.3.2. Left. Evolution of the ice deposit inside the Armeña-A294 Ice Cave (2238 m a.s.l.) from
July 2009 to September 2017. Centre. Detailed picture of the ice deposit in July, 2015 when
samples were taken for this study. Right. Stratigraphy of the ice deposit. The position of the
samples for

14

C and for pollen and macrofossil analyses is also indicated.

4.3.3.3 Numerical analysis
We identified the underlying gradients in regional vegetation composition over
time applying ordination analyses to the pollen percentage dataset. First, a de-trended
correspondence analysis (DCA; Birks and Gordon (1985)) by segments without downweighting of rare species was applied to determine the appropriate response model
(unimodal vs linear). Given the rather short length of the DCA first axis gradient (1.479
SD) we eventually used ordination techniques that assume a linear response model, in
particular principal component analysis (PCA). Multivariate analyses were carried out
with CANOCO 4.5 (Ter Braak and Šmilauer, 2002).
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4.3.4 Results
4.3.4.1 Ice deposit chronostratigraphy and depth-age model
The ice sequence was 7.90 m thick in July 2015 and the stratigraphy is
characterized by cross-stratified ice beds resulting from accumulation of snow
entering the cave and its subsequent transformation (Fig. 4.3.2). The ice profile
includes detrital and organic-rich layers comprising cryoclastic rock fragments and fine
detrital sediments. Organic layers rich in plant macrofossils (e.g. leaves, needles,
seeds, fruits) are also common. The volume of the ice deposit is being reduced
substantially with time (Fig. 4.3.2, for details see Sancho et al., 2018).
The chronology of the Armeña-A294 ice deposit ranges from 5680 to 2230 cal
yr BP. Among the 27 radiocarbon dates, six of them were not considered for the
depth-age model as their mean calibrated ages were not in stratigraphic order,
although 4 of these dates (at 25, 416, 570 and 752 cm depth) are within the error of
the depth-age model (Fig. 4.3.3). The four samples dated from the same layer at 165
cm show very similar ages, ~3100 cal yr BP (Table 4.3.1), suggesting that the sampled
detrital layers represent very short ablation periods (decadal time scale at a
maximum). We eventually built a depth-age model based on lineal interpolation using
21 dates (Fig. 4.3.3).
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Table 4.3.1 AMS radiocarbon dates from terrestrial plant macrofossils of the Armeña-A294 Ice Cave profile sampled in July 2015. Note that the rejected dates
for the depth-age model are indicated in italics.

Radiocarbon Age

Calibrated age (2σ)

Age shown in the

(14C yr BP)

(cal yr BP)

diagram (cal yr BP)

Terrestrial plant macrofossil

2229 ± 27

2153-2276

2226

25

Terrestrial plant macrofossil

2193 ± 30

2130-2311

2236

A294-730

60

Terrestrial plant macrofossil

2471 ± 28

2426-2717

2582

D-AMS 013238

A294-700

90

Terrestrial plant macrofossil

2529 ± 24

2613-2636

2623

D-AMS 013237

A294-660

130

Terrestrial plant macrofossil

2999 ± 23

2957-3080

3032

D-AMS 013236

A294-625D

165

Terrestrial plant macrofossil

2922 ± 24

2985-3159

3067

D-AMS 013235

A294-625C

165

Terrestrial plant macrofossil

2945 ± 24

3004-3171

3106

D-AMS 013234

A294-625B

165

Terrestrial plant macrofossil

2946 ± 28

3000-3180

3106

D-AMS 013233

A294-625A

165

Terrestrial plant macrofossil

2987 ± 23

3076-3228

3167

D-AMS 013232

A294-596

194

Terrestrial plant macrofossil

3331 ± 28

3541-3636

3568

D-AMS 013231

A294-571

219

Terrestrial plant macrofossil

3241 ± 23

3395-3510

3459

D-AMS 013230

A294-540

250

Terrestrial plant macrofossil

3286 ± 24

3456-3567

3515

D-AMS 013229

A294-500

290

Terrestrial plant macrofossil

3458 ± 23

3680-3735

3721

D-AMS 013228

A294-460

330

Terrestrial plant macrofossil

3878 ± 29

4234-4415

4323

D-AMS 013227

A294-392

398

Terrestrial plant macrofossil

3956 ± 28

4377-4449

4425

Laboratory code

Sample

Depth (cm)

Material

D-AMS 013241

A294-790

0

D-AMS 013240

A294-765

D-AMS 013239
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D-AMS 013226

A294-374

416

Terrestrial plant macrofossil

4150 ± 28

4579-4771

4695

D-AMS 013225

A294-345

445

Terrestrial plant macrofossil

4097 ± 28

4520-4652

4605

D-AMS 013224

A294-310

480

Terrestrial plant macrofossil

4120 ± 25

4529-4709

4647

D-AMS 013223

A294-285

505

Terrestrial plant macrofossil

4222 ± 26

4807-4851

4810

D-AMS 013222

A294-220

570

Terrestrial plant macrofossil

4310 ± 34

4835-4962

4867

D-AMS 013221

A294-180

610

Terrestrial plant macrofossil

4228 ± 27

4808-4853

4823

D-AMS 013220

A294-175

615

Terrestrial plant macrofossil

4318 ± 25

4839-4892

4866

D-AMS 013219

A294-130

687

Terrestrial plant macrofossil

4691 ± 30

5320-5423

5396

D-AMS 013218

A294-88

702

Terrestrial plant macrofossil

4810 ± 29

5474-5548

5516

D-AMS 013217

A294-60

730

Terrestrial plant macrofossil

4670 ± 32

5316-5470

5400

D-AMS 013216

A294-38

752

Terrestrial plant macrofossil

4777 ± 30

5467-5590

5519

D-AMS 013215

A294-0

790

Terrestrial plant macrofossil

4959 ± 28

5610-5738

5684
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Fig. 4.3.3. Depth-age model of the ice deposit in the Armeña-A294 Ice Cave in July 2015 based
on 21 AMS

14

C dates.

4.3.4.2 Pollen and plant macrofossils
Pollen and plant macrofossils are sourced from different spatial scales at the
study site: while pollen may mostly reflect regional vegetation (up to 20-50 km)
(Cañellas-Boltà et al., 2009) at exposed high elevation sites like the Armeña-A294 Ice
Cave, plant macrofossils primarily represent local vegetation composition (ca. 1-100 m
around the site; Birks, 2003; Tinner, 2007). The Armeña-A294 plant macrofossil record
is remarkably diverse because of the extraordinary preservation of the plant remains
that, in turn, allowed the precise identification of a number of sub-alpine and alpine
taxa (Fig. 4.3.4). The record of P. uncinata remains is particularly diverse, including
branches, entire dwarf shoots (brachyblasts), needles, fragments of male cones (with
pollen inside), seeds, seed-wings and periderm. Some of these macrofossils are
relatively heavy (e.g. branches) and therefore not easily transported far from their
source, thus reinforcing their value as indicators of the local presence of P. uncinata.
Additionally, P. uncinata macrofossils are almost continuously present, in varying
amounts, throughout the sequence, indicating that mountain pines were locally
abundant at ~2250 m a.s.l. between ca. 5700 and 2200 cal yr BP. The interpretation of
Betula macrofossils, the other relevant tree species at the Armeña-A294 sequence, is
not so straightforward. In contrast to most macrofossils, where single findings indicate
local presence, the winged seeds of Betula may be easily transported by wind. The
common occurrence of fruit scales might be a better indicator of local presence
(Tinner and Theurillat, 2003).
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Fig. 4.3.4. Pictures of different plant macrofossils found in the ice deposit of the Armeña-A294
Ice Cave (2238 m a.s.l.). a) Pinus uncinata needle fascicle. b) P. uncinata seed wing. c) P. uncinata
branch. d) Abies alba seed. e) Betula seeds. f) Arctostaphylos uva-ursi leaf. g) Vaccinium myrtillus
branch. h) Salix herbacea leaf. i) Dryas octopetala leaf.

The pollen record consists of six statistically significant LPAZs (named, from
base to top, A294-P6 to A294-P1), which were used to describe the pollen -and
macrofossil- inferred vegetation history around the study site as both proxies present
very similar trends and representing macrofossil zones may not reflect a real
ecological meaning (Fig. 4.3.5).
-A294-P6; 790-462.5 cm depth; 5700-4650 cal yr BP
The base of the pollen sequence is dominated by temperate trees and shrubs
such as Corylus, Betula, Alnus and Quercus (Fig. 4.3.5). Both Betula seeds and seed
scales are present during this period, although their number is not very high (Fig.
4.3.5). Pinus pollen is not particularly abundant (25-30%) but several P. uncinata
needles occur. Abies pollen percentages gradually increase towards the top of the
zone (up to 5%), with a single Abies alba Mill seed also present (Fig. 4.3.5). Juniperus
pollen values reach 20% at the base of the zone and then decrease to 5%. Herb
pollen represents ca. 15% of the total pollen sum mainly dominated by Poaceae,
Fabaceae and Rosaceae (Fig. 4.3.5). Dwarf shrub and herb macrofossils such as
Poaceae stems, D. octopetala leaves, Asteraceae inflorescences and Caryophyllaceae
seeds occur only sporadically in this zone (Fig. 4.3.5).
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-A294-P5; 462.5-322 cm depth; 4650-4200 cal yr BP
Pinus dominates during this period as shown by the pollen (ca. 45%), stomata
and macrofossil records (Fig. 4.3.5). Corylus, Betula and Alnus pollen abundances
decline, while Abies pollen percentage increases to a maximum (15%; Fig. 4.3.5). Other
remarkable features of the macrofossil record are the presence of Vaccinium and
other Ericaceae remains, and an increase in D. octopetala leaves and Poaceae
fragments (Fig. 4.3.5).
-A294-P4; 322-223cm depth; 4200-3450 cal yr BP
Pinus pollen percentages decrease again (to ca. 20%) (Fig. 4.3.5) as well as Pinus
macrofossil concentrations (Fig. 4.3.5), whereas an increase in Betula, Corylus and
Alnus pollen percentages is observed. Abies pollen curve experiences an important
decrease (ca. 3%). Herb pollen abundances slightly increase reaching 20-25% (Fig.
4.3.5). Dryas octopetala leaves maintain relatively abundant throughout this zone (Fig.
4.3.5).
-A294-P3; 223-187 cm depth; 3450-3250 cal yr BP
A sharp increase in herb pollen percentages (ca. 65%) led by Cichorioideae,
Poaceae, Plantago, Chenopodiaceae and Caryophyllaceae occur and consequently the
tree pollen significantly decreases (Fig. 4.3.5). We observe a slight increase in the
fungal spores Sporormiella and Sordaria. The macrofossil record shows a conspicuous
absence of any arboreal remains (Fig. 4.3.5).
-A294-P2; 187-42.5 cm depth; 3250-2450 cal yr BP
Tree pollen recovers, especially Pinus (ca. 50%) while herbs decrease although
are still abundant (25-30%) (Fig. 4.3.5). Increases in Pinus, Vaccinium, Arctostaphylos
uva-ursi (L.) Spreng., Salix (cf. retusa L./herbacea L.), and particularly in D. octopetala
leaves are the major features of the macrofossil record in this zone (Fig. 4.3.5). Other
herbs such as Poaceae, Medicago, Fabaceae, Oxytropis, Caryophyllaceae, Saxifraga and
Iris are also represented in the macrofossil record for this period (Fig. 4.3.5).
-A294-P1; 42.5-14 cm depth; 2450-2300 cal yr BP
Corylus, Betula and Alnus pollen slightly increase, while Pinus pollen and
macrofossils slightly decrease except for Pinus periderm (Fig. 4.3.5). Dryas octopetala
as well as herbaceous macrofossils generally increase, with Fabaceae, Poaceae, and
Saxifraga as the main taxa.
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Fig. 4.3.5. Combined diagram of pollen percentage (curves) (>1%), stomata (curve) and plantmacrofossil concentration (bars) showing main taxa of the Armeña-A294 Ice Cave (2238 m
a.s.l.). PCA axis 1 and 2 sample scores of the pollen record are also shown. Plant macrofossil
3

concentrations are expressed as total number per 750 cm sample. Several taxa have been
included within plant macrofossil groups/families: other Ericaceae: cf. Calluna vulgaris (L.) Hull;
Rosaceae: Alchemilla, Potentilla crantzii (Crantz) G. Beck ex Fritsch; Other Fabaceae: Vicia,
Medicago suffruticosa Ramond ex DC; Caryophyllaceae: cf. Sagina saginoides (L.) Karsten
/Minuartia, Scleranthus, Silene; Cyperaceae: Kobresia myosuroides (Vill.) Fiori; Other herb remains:
Androsace ciliata DC., Pilosella, Corydalis, Chaerophyllum, Hellianthemum, Sideritis hyssopifolia L.,
Meum athamanticum Jacq. Empty bars represent 10x exaggerations. F=fruit, N=needle,
2

NF=needle fascicle, S=seed, SW=seed wing, P=periderm (expressed as mm ), MC=male cone,
BR=branch, L=leaf, B=bud, FL=flower, ST=stem, I=inflorescence, LF=leaflet, C=calyx, SP=seed
pod, A=achene, RE=receptacle, BU=burl, M=mericarp, RH=rhizome, FC=fruit scale, R=root,
WF=wood fragment; T=twig.
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4.3.4.3 Ordination analysis
The first and the second axis of the PCA explain 58.02% and 21.63% of the
total variation in the pollen dataset, respectively (Fig. 4.3.6). The first axis is mainly
driven by Pinus abundance, as evidenced by the PCA biplot (Fig. 4.3.6) and the
sample´s factor scores (Fig. 4.3.5). The underlying ecological gradient associated to
PCA axis 1 reflects forest composition, with light-demanding montane taxa (Corylus,
Betula, Alnus, Quercus) having low PCA axis 1 scores and shade tolerant and/or subalpine taxa Abies and Pinus reaching high scores (Fig. 4.3.6). PCA axis 2 accounts for
vegetation openness, with herbs showing positive values and forest taxa, negative
scores (Figs. 4.3.5 and 4.3.6).

Fig. 4.3.6. PCA scatterplot of pollen taxa. The first axis explains 58.02% of the variance of the
data set and the second axis 21.63%.

4.3.5 Discussion
4.3.5.1 Altitudinal tree range fluctuations at the end of the HTM
Our Armeña-A294 Ice Cave record suggests that the treeline ecotone with
sparse P. uncinata trees (relatively low Pinus pollen percentages and limited amounts
of P. uncinata macrofossils, Figs. 4.3.5-4.3.8) was present at ~2250 m a.s.l. during the
interval 5700-4650 cal yr BP, at the end of the HTM. We cannot assess the maximum
altitude reached by the treeline in the region, as the current study is the only
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macrofossil sequence available so far, but we can confirm that P. uncinata was located
at least 200 m above its present range (Fig. 4.3.8). Cunill et al. (2012) also inferred a
higher than today treeline using soil charcoal analysis in the Eastern Pyrenees. The
finding of seeds, fruit scales and moderate pollen percentages suggest that Betula
might also have been growing not far from the ice cave and therefore within the
treeline ecotone from 5700 to 4900 cal yr BP (Figs. 4.3.5, 4.3.7 and 4.3.8).
In the nearby Basa de la Mora Lake (BSM) sequence (1914 m a.s.l.; Fig. 4.3.1a,
c), no Betula macrofossils were found, but the maximum pollen values of Betula (up to
26%) occurred at 8100-5700 cal yr BP (Pérez-Sanz et al., 2013), suggesting that Betula
could have reached the sub-alpine belt during this period. The Marboré Lake (MAR)
sequence (2612 m a.s.l.; Fig. 4.3.1a) also records high deciduous forest pollen
percentages until 5200 cal yr BP (Leunda et al., 2017), coinciding with HTM (Renssen
et al., 2009). The chironomid-based summer temperature reconstruction from BSM
shows consistently high July air temperatures in the Cotiella Massif from ca. 9000 to
6200 cal yr BP (Tarrats et al., 2018), concurring with the maximum expansion of
pioneer, moisture-demanding trees, particularly Betula (Pérez-Sanz et al., 2013).
Betula is a heliophilous pioneer tree that was likely colonizing sub-alpine
habitats such as open slopes, avalanche chutes and cliffs (Costa et al., 1997) during
the HTM. Betula macrofossils found in the ice cave (Figs. 4.3.5 and 4.3.8) might
represent the final stage of the trees’ highest altitudinal position. It is thus likely that
under warmer-than-present HTM conditions (Fischer et al., 2018), P. uncinata and
Betula coexisted in the treeline ecotone until ca. 4900 cal yr BP at ~2250 m a.s.l. (Fig.
4.3.8). This contrasts with the current treeline composition in the South-Central
Pyrenees, always formed by P. uncinata communities irrespective of the soil conditions
(Ninot et al., 2007) generally at ca. 2000-2200 m a.s.l., while Betula pendula Roth grows
up to 1850 m a.s.l., only ocasionally reaching 2200 m a.s.l. (Villar et al., 1997).
Currently, conifers are the most successful taxa forming the treeline in temperate
mountain ranges (Körner, 2012; Schwörer et al., 2015), including the Pyrenees, and
Betula only co-occurs. At higher latitudes, though, Betula is the main taxon in boreal
treeline communities, increasingly admixed with Pinus sylvestris at lower latitudes
(Lang, 1994; Bjune, 2005; Körner, 2012).
After ca. 4900 cal yr BP, the range of Betula shifted downwards (declining
pollen and macrofossil values, Figs. 4.3.5, 4.3.7 and 4.3.8). Similarly, other deciduous
taxa such as Corylus and Alnus (Fig. 4.3.5) declined. Meanwhile, P. uncinata persisted
locally and alpine dwarf shrubs like S. retusa, S. herbacea, J. communis ssp. alpina,
Vaccinium and Calluna established near the Armeña-A294 Ice Cave (Fig. 4.3.5). Betula
might have moved downwards in response to changed environmental conditions (e.g.
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less summer insolation, cooler summers at the end of the HTM) that increased
competition with more shade tolerant P. uncinata (Costa et al., 1997; Beck et al., 2016).

Fig. 4.3.7. Macrofossil percentage diagrams of the Armeña-A294 Ice Cave (2238 m a.s.l.)
compared to the Gouillé Rion Lake record in the Swiss Alps (Tinner et al., 1996; Tinner and
Theurillat, 2003; Tinner and Kaltenrieder, 2005). The diagrams were subdivided in ca. 500-yearbins. Note the decreasing trend in tree macrofossils from ca. 4200 cal yr BP towards present in
both records.

Higher abundances of P. uncinata macrofossils and Pinus pollen at ca. 46504200 cal yr BP indicate that mountain pine expanded locally, forming relatively closed
stands, locating timberline at ~2250 m a.s.l., ca. 400 m higher than nowadays (Fig.
4.3.8). However, while a stronger pollen and macrofossil in-wash related to a wetter
climate would have also fostered larger remains abundance, in our study case this
increase is not general for all taxa and mainly happens to pines and D. octopetala. We,
thus, infer these taxa locally spread. Scattered A. alba were likely growing together
with mountain pines, as suggested by high Abies pollen percentages (Figs. 4.3.5 and
4.3.6). However, given the lack of significant amounts of macrofossils (a single A. alba
seed found; Fig. 4.3.5), we hypothesize that silver fir was not abundant at this altitude.
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In the Eastern Pyrenees of Andorra, the occurrence of pine stomata in both Riu del
Orris (RDO; 2390 m a.s.l.) and Bosc dels Estanyons (BDE; 2180 m a.s.l.; Fig. 4.3.1a) also
points to the existence of local forested landscapes at high altitudes from ca. 6000 to
4300 cal yr BP (Ejarque et al., 2010). Wetter winters have been inferred from ice
accumulation rates in the Armeña-A294 Ice Cave during 4900-4200 cal yr BP (Sancho
et al., 2018), which implies increased snowfall at the onset of the NGC, while the low
chironomid content in BSM for the period ca. 5700-4200 cal yr BP prevented
quantitative summer temperature reconstructions (Tarrats et al., 2018). Wetter
winters likely caused increased meltwater during late-spring/early summer, which in
turn might have favored pine forest expansion as summer drought may have also
been a limiting factor for P. uncinata (Galván et al., 2015) during the HTM, when Betula
was dominant.
Higher-than-present treelines and timberlines have also been recorded in
most Eurasian and North American mountain ranges during the HTM (Tinner, 2007;
Fischer et al., 2018). Regarding site-specific variations, both treeline and timberline in
the Alps show highest positions at ca. 10000-4500 cal yr BP (Tinner and Theurillat,
2003; Heiri et al., 2014). For instance, at Gouillé Rion (2343 m a.s.l.), located in the
Upper Rhone Valley (Swiss Alps), timberline persisted until the onset of the NGC at ca.
4500 cal yr BP (Fig. 4.3.7). Both timberline and treeline were also higher in the
Carpathians and the Scandes during the HTM until ca. 5000-4500 cal yr BP (e.g.
Barnekow, 1999; Bergman et al., 2005; Eide et al., 2006; Magyari et al., 2012; Feurdean
et al., 2016; Badino et al., 2018).

4.3.5.2 Vegetation responses to the NGC
The marked decreases in macrofossil concentrations and pollen percentages
of P. uncinata and Abies indicate that their abundance significantly decreased in the
Armeña cirque after ca. 4200 cal yr BP, most probably associated to a marked
downward shift of forest communities (Figs. 4.3.5-4.3.8). D. octopetala-dominated
communities were likely located above ~2250 m a.s.l. until ca. 4200 cal yr BP, when
they expanded downwards to establish in the vicinity of the ice cave (Figs. 4.3.5, 4.3.7
and 4.3.8). Dryas octopetala is a pioneer arctic-alpine species that usually colonizes
open, dry and sunny calcareous sites (Elkington, 1971). Other alpine grassland and
scree species like Potentilla crantzii, Globularia repens Lam. or Saxifraga aizoides L. also
established around the cave during this period, hence we conclude that alpine tundra
grasslands expanded to lower elevations in the Cotiella Massif from ca. 4200 cal yr BP
onwards.
After the HTM northern-hemisphere summer temperatures declined during
the NGC (Davis et al., 2009; Kumar, 2011). In the Central Pyrenees, glacier began to
expand at ca. 5100 ± 100 cal yr BP, in both the southern (Garcia-Ruiz et al., 2014) and
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the northern (Gellatly et al., 1992) slopes. This is quite consistent with the chironomidbased

temperature

reconstruction

from

BSM

that

shows

lowest

summer

temperatures of the Holocene at 4200-2000 cal yr BP (Tarrats et al., 2018).

Fig. 4.3.8. a) Potential high-altitude tree range shifts in the Armeña cirque from 5700 cal yr BP
to present based on the palaeobotanical data from the Armeña-A294 Ice Cave. Note that the
height difference between the treeline and the timberline from 5700 to 2200 cal yr BP does
not reflect the real distance between both limits. To the right, current altitudes of the treeline
and timberline are represented (2000 and 1800 m a.s.l. respectively). b) Tentative
reconstruction of the vegetation changes between 5700 to 2200 cal yr BP in the Armeña Valley
for different time windows, based on the palaeobotanical data from the Armeña-A294 Ice
Cave.

The increase of Corylus, Betula, Alnus, Fagus, Tilia and Quercus ilex L. at ca. 42003450 cal yr BP (Figs. 4.3.5 and 4.3.6) may reflect pollen catchment changes that may
have controlled the pollen signal. Specifically, the opening of the forest and therefore
of the canopy may have permitted long-distance pollen to become relatively more
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abundant (less pollen produced locally by trees) or alternatively to be deposited at the
study site (lost pollen-filtering function of forests).
Our ice cave record thus evidences a strong sensitivity of Pyrenean ecosystems
and vegetation to climatic changes such as the HTM and NGC. Although tree lowering
in the Cotiella Massif during ca. 4200-3450 was mostly controlled by climate as
discussed above, the increase of herbs together with a slight increase of coprophilous
Sporormiella at 3450 cal yr BP suggests pastoral activities during this period that may
have affected the range, structure, and composition of forests. Other coprophilous
fungi as Sordaria, do not show marked changes (Fig. 4.3.5) though, indicating that
some fungal spores might also have been contributed by wild ungulates (Baker et al.,
2016).
The pollen record including PCA axis 2 (Fig. 4.3.6) also evidence a marked
forest opening at 3450-3250 cal yr BP. However, macrofossils do not show any abrupt
change during this period but confirm the lack of forest around the study site, with D.
octopetala present in high numbers (Figs. 4.3.5 and 4.3.7). Studies on the effect of
grazing activities on D. octopetala populations show that Dryas heaths might be quickly
eliminated by intense grazing, giving rise to herb-rich grasslands (McVean and
Ratcliffe, 1962). As D. octopetala does not show any response to this perturbation on
the local scale, we assume that the forest clearing and subsequent pastoral activities
occurred at lower altitudes. However, regional, large-scale forest clearings would have
been also recorded in the nearby BSM lake sequence (Pérez-Sanz et al., 2013), which
is not the case. Likewise no abrupt vegetation changes are recorded at the nearby
Marboré sequence (2612 m a.s.l.) or in other lacustrine sequences of Central
Pyrenees (González-Sampériz et al., 2017; Leunda et al., 2017). This suggests that
human activities were confined to the eastern slope of the Cotiella Massif during this
time period, indicating a rather localized use of prehistoric forest resources.
Human impact on the vegetation has an uneven spatial distribution in
mountain environments. In the Pyrenees, for instance, some sites record a rather
early human impact, since the onset of the Neolithic (ca. 7000 cal yr BP) or even
earlier (Ejarque et al., 2010; Pérez-Obiol et al., 2012), while at other sites, human
activities were persistent and intense only since the Bronze Age (ca. 4000 cal yr BP;
Galop and Jalut, 1994; Bal et al., 2010) or were even not noticeable at high altitudes
until the last ca. 1000 years (Pérez-Sanz et al., 2013; González-Sampériz et al., 2017;
Leunda et al., 2017).
At the European scale, notable depressions of timberline (more than treeline)
occurred after ca. 5000-4000 cal yr BP. In the Alps, the forest downward shift (Fig.
4.3.7, ca. -300 to 400 m) has been primarily attributed to anthropogenic impact, with
climate playing a subordinate role, while the treeline position (ca. -100 to 200 m) was
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mainly controlled by climate (Tinner and Theurillat, 2003; Heiri et al., 2014). However,
climate has been interpreted as the main driver modifying vegetation dynamics in the
La Thuile Valley (Northern Italian Alps; Badino et al., 2018). Likewise, human impact
already amplified the effects of the regional cooling since ca. 4200 cal yr BP in the
Retezat Mountains (southern Carpathians; Orbán et al., 2017) whereas in the Rodna
Mountains the lowering of the timberline and treeline ecotone was not strongly
impacted by humans until ca. 3500 cal yr BP (Feurdean et al., 2016).
In the Armeña cirque surrounding the ice cave, the treeline ecotone
reestablished after ca. 3250 cal yr BP at ~2250 m a.s.l. (Figs. 4.3.5, 4.3.7 and 4.3.8).
Locally, scattered P. uncinata together with well-developed alpine grasslands and
scrub tundra composed of mainly D. octopetala, Salix herbacea, S. retusa, Juniperus and
Vaccinium occurred (Figs. 4.3.5, 4.3.7 and 4.3.8). Both J. communis ssp. alpina and D.
octopetala are shade-intolerant species (Ellenberg et al., 1992), so it is highly unlikely
that the shrub communities were growing in a closed forest, but in open communities
with a wide variety of microhabitats coexisting, i.e. sparse pines, dwarf shrubs and
herbaceous species (Fig. 4.3.8). A similar situation was also found far below treeline
Tramacastilla Lake (1380 m a.s.l.), where forest quickly recovered after the first
human-induced deforestation dated at ca. 4000 cal yr BP (Montserrat-Martí, 1992).
The treeline ecotone persisted until ca. 2200 cal yr BP, when the ice sequence
preserved in the Armeña-A294 cave ends (Fig. 4.3.3). As mentioned above, trees are
absent nowadays at the study site (Figs. 4.3.1 and 4.3.8), which indicates that after
2200 cal yr BP large disturbances, either climatic or human, might have led to a
depression of both treeline and timberline until their current position, at ca. 2000 and
1800 m a.s.l. respectively. Other Central Pyrenean sequences such as Basa de la Mora
and Marboré (Fig. 4.3.1a) also show landscape opening during the last millennia under
increased human pressure (Pérez-Sanz et al., 2013; Leunda et al., 2017). As a future
forecasting, we expect that both treeline and timberline will react to the projected
climate warming and land-use abandonment, by shifting upwards to higher elevations,
as recorded during the late HTM.

4.3.6 Conclusions
Here we produced the first long-term reconstruction of treeline dynamics in
the Pyrenees proving that sub-alpine forests dominated by Betula and by P. uncinata
were growing at altitudes 200-400 m higher than today during the HTM, when
summer conditions were warmer. After the onset of pastoral activities ca. 3600 years
ago it is difficult to disentangle climatic and human impacts. However it is clear that
the NGC promoted the expansion of arctic-alpine species such as D. octopetala and
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that this process was likely exacerbated by prehistoric land use. Given the decline in
grazing activities during the past decades in the Pyrenean alpine meadows and the
rise in average temperature, both as a consequence of global change, trees may
rapidly move upslope during the next decades to reach HTM positions. Even if other
important controls such as poor soil development, might markedly reduce the spread
of tree species towards higher altitudes (Henne et al., 2011), exceeding HTM
temperature conditions may result in an unprecedented pressure on artic-alpine
species,

potentially

affecting

biodiversity.

Our

study

emphasizes

the

high

palaeoecological, ecological and environmental significance of perennial ice deposits
within caves. These archives, however, are severely endangered by rising
temperatures. More scientific attention is needed in order to rescue their untapped
scientific information that may contribute to better assessments of future ecosystem
dynamics under global change conditions.
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4.3.9 Supplementary Information
The comparison of the ice deposit´s depth-age model between radiocarbon
dates in 2011 (Sancho et al., 2018) and radiocarbon dates in 2015 (Leunda et al.,
2018) evidence that both depth-age models are very similar.

SI. Fig. 4.3.9. Comparison of the depth-age models between the 2011 (Sancho et al., 2018) and
2015 (Leunda et al., 2018).
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4.4 Holocene fire-vegetation dynamics
in the Central Pyrenees (Spain)
Abstract
Fire-vegetation relationships are critical to understand transforming mountain
ecosystems and thus, the long-term landscape dynamics which is essential for current
conservation of forests in alpine areas. In this paper we aim to reconstruct the
Holocene fire history at high altitude of the southern Central Pyrenees focusing on the
role of fire as a disturbance agent for vegetation in geoeocological approximations.
We analyze microcharcoal particles, and compare with pollen data, from two
lacustrine sedimentary sequences in the Central Pyrenees: Basa de la Mora (BSM),
located in the sub-alpine belt, within the treeline ecotone at 1914 m a.s.l., and
Marboré (MAR) Lake, located in the alpine belt, above the treeline at 2612 m a.s.l.
Results show that at spatial scales, fire signal might be site-dependent while
the temporal scale indicates that climate exerted a stronger influence on fire activity
during the early-to-mid Holocene, showing more fires during the Holocene Thermal
Maximum whereas fire activity decreased with the cold Neoglacial period. At ca. 3700
cal yr BP fire activity increases, coinciding with the start of the landscape opening,
suggesting that human activities may have strengthen the role of climate regionally.
Fire activity remains low but a remarkable Holocene maximum for the last centuries in
both sequences is observed, likely related to increasing human pressure.

Key words: Microcharcoal, pollen, lake sediments, climate impact, human impact, firehistory
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4.4.1 Introduction

F

ire is and has been an important environmental disturbance of the Earth
system driving significant changes in ecosystem structure and function,
species evolution, biomass dynamics or global carbon cycling (Bond and

Midgley, 1995; Carcaillet et al., 2002; Pausas and Schwilk, 2012; Gil-Romera et al.,
2014). Fire regimes have been driven by several factors as climate (e.g. Daniau et al.,
2012), vegetation through fuel load, connectivity and flammability, soil types, ignition
sources (natural or anthropogenic) and topographical features (slope angle, exposure,
and elevation) (Whitlock et al., 2010; Krawchuk and Moritz, 2011). In addition, human
activities have been modifying natural fire regimes, through changing land cover and
use (Pausas and Keeley, 2014), since centuries or even millennia (Carracedo et al.,
2017; Morales-Molino et al., 2017). Current global change adds to the predictions on
future fire activity higher frequencies in the coming decades (IPCC, 2013) in alpine
ranges for instance in the Alps (Wastl et al., 2012) that in turn, may reduce forest
resilience to wildfires (Stevens‐Rumann et al., 2018) or under some circumstances,
can also provide an opportunity for ecosystem restoration (Leverkus et al., 2019).
Understanding the long-term processes that have contributed to landscape
change is paramount for designing sustainability policies for socio-ecological systems.
Fire activity has dynamically changed over time (Jiménez-Ruano et al., in press) and, in
this context, palaeoenvironmental investigations based on lacustrine sedimentary
sequences are very valuable. Sedimentary microcharcoal analysis has been proved as
a useful proxy helping to explain the long-term role of fire as a key ecological factor
(Whitlock and Larsen, 2001; Power et al., 2008; Colombaroli et al., 2010; Feurdean et
al., 2012), whereas pollen analysis in sediments has been widely used for the study of
vegetation changes (Carrión et al., 2010; Birks and Björn, 2018). Both proxies have
facilitated and strengthened our understanding of past disturbances in the landscape.
The comparison of different charcoal records at global scale has revealed
significant regional differences in fire activity during the Holocene, probably caused by
the complex interplay between climate, vegetation and human impact (Vannière et al.,
2011, 2016; Power et al., 2008; Marlon et al., 2013). Thus, despite climate seems to be
the main fire driving force at large spatial scales in fire-prone areas, regional studies
evidence that several synergistic factors are determining the high temporal variability
in biomass burning (e.g. Gavin et al., 2006; Feurdean et al., 2012; Leys and Carcaillet,
2016; Feurdean et al., 2017). Given this spatial and temporal heterogeneity in
variables controlling fire, site-specific histories are needed to show how fire activity
has been modulated by microclimate, vegetation, topography and land-use (Gavin et
al., 2006; Whitlock et al., 2010; Rius et al., 2011). This is particularly necessary for
alpine and montane areas, where the high landscape heterogeneity would imply
different fire behavior (Leys and Carcaillet, 2016; Fréjaville et al., 2018) and where
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higher fire frequency is predicted in the coming decades (Wastl et al., 2012). Mountain
environments are in addition very sensitive to climate, fire and land use changes
because of their narrow tolerance capabilities, habitat fragmentation and habitat
restriction (Theurillat and Guisan, 2001; Pauli et al., 2012).
Contrary to other European mountain ranges, where long-term fire activity has
been widely studied in mountain sites (e.g. Tinner et al., 1998, 2005; Blarquez and
Carcaillet, 2010; Colombaroli et al., 2010; Feurdean et al., 2012; Leys et al., 2014;
Florescu et al., 2018), we know little about the long-term fire history of the Spanish
mountain ranges (Pérez-Obiol et al., 2016; Carracedo et al., 2017; Morales-Molino et
al., 2017) and, in particular, of the Pyrenean mountains. While most studies focus in
the eastern part (Ejarque et al., 2010; Bal et al., 2011; Pérez-Obiol et al., 2012; Cunill et
al., 2013; Garcés-Pastor et al., 2017) having a more Mediterranean character, a few
have been developed at the central part (Gil-Romera et al., 2014), being a very
sensitive transition zone between the Mediterranean and the Atlantic climate domain.
Current fire dynamics in the Pyrenees is mostly naturally produced, with
lightning as the main ignition source in high altitude locations (Amatulli et al., 2007;
Cubo et al., 2012; Vázquez de la Cueva, 2016), during summer storms (Font, 1983;
Vázquez de la Cueva, 2016), although human-caused fires also happen in more
fragmented areas (Amatulli et al., 2007). The abandonment of agricultural lands has
caused bush encroachment (Lasanta-Martínez et al., 2005) increasing the landscape
flammability that combined with the presence of dry storms, and lightning, favor
wildfires (Moreno et al., 1998). However, unlike Mediterranean biomes, where more
active fire regimes are an intrinsic characteristic of the ecosystem, in the southern
Pyrenees wildfires are infrequent and, when present, they are almost invariably not
human-made (Cubo et al., 2012).
In the current research we aim to 1) reconstruct the long-term fire history in
the southern Central Pyrenees focusing on the role of fire as an ecosystem
disturbance agent 2) to add evidences to the debate on fire origin, naturally or
anthropogenically produced, comparing our Holocene fire series with other local and
regional evidences. We present an encompassing comparison of well-dated Holocene
sedimentary charcoal records and their fossil pollen assemblages from the sub-alpine,
Basa de la Mora (at the treeline) and alpine, Marboré Lake (above the treeline).
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4.4.2 Regional setting
The Pyrenees are an alpine range located in North eastern Iberian Peninsula
(Fig. 4.4.1a) between the Atlantic Ocean and the Mediterranean Sea. The central part
of the Pyrenees is a transitional zone between both climate regimes. The altitudinal
climate gradient typical of a mountain range adds to the latitudinal rainfall gradient,
determined by the proximity to the Atlantic or the Mediterranean Sea. Mean annual
precipitation (MAP) ranges between 1000 and 2000 mm from East to West and mean
annual temperature (MAT) varies from -5ºC in high altitudes to 10ºC in the lowlands
(Ninyerola et al., 2005) (Fig. 4.4.1b).

Fig. 4.4.1. a) Location map of Marboré (MAR) and Basa da la Mora (BSM) Lakes in the Pyrenees.
b) Topographic (1), Temperature (2) and Precipitation (3) maps of the study areas. c) Ortophoto
and photography of the MAR Lake and surrounding area. d) Ortophoto and photography of
BSM and surrounding area.
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The altitudinal gradient defines the main vegetation belts in the Pyrenees (Fig.
4.4.2). The low montane community (ca. 300-1000 m a.s.l.) is characterized by mosaics
of croplands and open mixed areas of Quercus ilex L., Quercus faginea Lam. /cerrioides
Willk. & Costa, Pinus sylvestris L. with a dense shrub land of different juniper species,
Buxus sempervirens L. and Genista scorpius (L.) DC. amongst others. The upper
montane community (ca. 1000-1600 m a.s.l.) features well-developed broadleaf
forests mainly composed of Corylus avellana L., Betula pendula Roth, Fraxinus excelsior
L., Acer campestre L., Sorbus aria (L.) Crantz, Sorbus aucuparia L. mixed with P. sylvestris,
Pinus uncinata Ramond ex DC. or Abies alba Mill. The sub-alpine belt (ca. 1600-2000 m
a.s.l.) is dominated by a coniferous forest of P. uncinata with sparse shrubs like
Juniperus communis L. or Rhododendron ferrugineum L. Although slope orientation, soil
formation, microclimate and past human activities interact to determine the upper
limit of the closed forest, the timberline is located at ca. 1800-1900 m a.s.l. Both
timberline and treeline (up to ca. 2000-2200 m a.s.l.) are communities where the
dominant tree is P. uncinata (Fig. 4.4.2). Alpine and sub-nival communities (higher than
ca. 2000 m a.s.l.) are formed by alpine herbs and dwarf shrubs.
Fires in the Pyrenees occur mostly in forested areas, being less affected the
non-forested zones (Cubo et al., 2012; Vázquez de la Cueva, 2016).

4.4.2.1 Study sites
Marboré Lake (MAR) is an alpine glacial lake located at 2612 m a.s.l. at the base
of the Monte Perdido Glacier (Fig. 4.4.1c). Basa de la Mora (BSM) (1914 m a.s.l.) is a
shallow glacial lake located on the North-facing slope of the Cotiella Peak (Fig. 4.4.1d).
Although both lakes in this study lie at the Central Pyrenees and are ca. 30 km from
each other, each lake presents quite different geographical and ecological
characteristics summarized in Table 4.4.1.

Fig. 4.4.2. Simplified vegetation transects for Basa de la Mora (left) and Marboré (right) sites.
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Table 4.4.1. Summary of main features of Marboré and Basa de la Mora Lakes. MAP: Mean
Annual Precipitation; MAT: Mean Annual Temperature.

Basa de la Mora (BSM)

Marboré (MAR)

Coordinates

42° 32´N, 0° 19´E

42°41´N, 0° 2´E

Altitude
(m a. s. l.)

1914

2612

· Holomictic lake

· Cold Dimictic lake

Lake type and
dimensions

· ~300 m length

· ~500 m length

· ~100 m across

· ~200 m across

· Maximum water depth of 4.5 m

· Maximum water depth of 30 m

· Shallow glacial lake

· Alpine glacial lake

· Glacial over-deepened basin
enclosed by a frontal moraine,
surrounded by steep limestone
walls

· Glacial over-deepened basin
within a glacial cirque at the
border of the northern and the
southern slopes of the Pyrenees

· Catchment consists of Mesozoic
limestones and sandy limestones

· Sandy limestones and fine-grain
sandstones cemented by a
carbonatic matrix

MAP

1500 mm

2000 mm

MAT

5ºC

0ºC

Vegetation
belt
Treeline
altitude in the
valley (m a.s.l.)
Timberline
altitude in the
valley (m a.s.l.)

Sub-alpine

Alpine

2000-2200

2000-2100

1800-1900

1800-1900

Treeline ecotone: P. uncinata
together with J. communis, R.
ferrugineum and sub-alpine
pastures

Patches of annual and perennial
herbs such as Silene acaulis,
Linaria alpina and Crepis pygmaea

Lake basin
characteristics

Local
vegetation
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4.4.3 Materials and Methods
4.4.3.1 Lake-coring, chronology and pollen analysis
Previous multiproxy analyses of both sedimentary records have already been
published, Pérez-Sanz et al. (2013) for BSM Lake and Leunda et al. (2017) and OlivaUrcia et al. (2018) for MAR Lake. In the present study we focus on the Holocene
section of both sequences. BSM depth-age model is based on 13

14

C terrestrial plant

macrofossil ages along 11 m depth (mean sedimentation rate: 0.149 cm/yr), and MAR
depth-age model is based on 9

14

C bulk sediment dates along 6 m depth (mean

sedimentation rate: 0.061 cm/yr). In both cases, the most recent part has been dated
with
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Pb/137Cs. Depth-age models were carried out with Clam 2.2 software (Blaauw,

2010) using linear interpolation between dated levels (Fig. 4.4.3). Pollen analysis for
both sequences was conducted in Pérez-Sanz et al. (2013) and Leunda et al. (2017)
following the standard chemical procedure (Moore et al., 1991) but including Thoulet
solution (2.0 g/cm3) for separation and Lycopodium clavatum spores to calculate
concentration (Stockmarr, 1971). Pollen has been identified under a light microscope,
and using the reference collection from the Pyrenean Institute of Ecology (IPE-CSIC),
determination keys and photo atlases (Moore et al., 1991; Reille, 1992). More details
about the chronological framework and pollen analysis are provided in Pérez-Sanz et
al. (2013), Leunda et al. (2017) and Oliva-Urcia et al. (2018).

Fig. 4.4.3. Holocene depth-age models for both sequences (Pérez-Sanz et al., 2013; Leunda et
al., 2017; Oliva-Urcia et al., 2018).
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4.4.3.2 Microcharcoal analysis
We present here microcharcoal series for BSM and MAR as fire proxy, aiming
to reconstruct the long-term regional fire activity. The term microcharcoal refers to
small carbonized particles (Fig. 4.4.4) produced during vegetation fires (Jones et al.,
1997) and transported by aeolian and fluvial agents from the combustion site to the
sedimentation basin. In lakes and peat bogs charcoal preserves well due to its
relatively high resistance to chemical and microbial decomposition (Habib et al., 1994;
Hart et al., 1994; Verardo, 1997; Hockaday et al., 2006; Quénéa et al., 2006).
Microcharcoal analyses were carried out in a total of 108 samples for MAR and
130 samples for BSM, at the same depths where pollen had been previously analyzed
(except for the upper part of the MAR sequence, where sampling resolution was 2
cm), using the chemical procedure following Daniau et al. (2009, 2013) at the UMREPOC laboratory (CNRS-Université de Bordeaux). The microcharcoal extraction
technique consisted of a chemical treatment of 37% HCl, 68% HNO3 and 33% H2O2
performed over 24 h on 0.3 g of dried sediment, followed by a dilution of 0.1 applied
to the residue. The suspension was then filtered onto a cellulose acetate membrane
containing nitrocellulose of 0.45 µm porosity and 47 mm in diameter. A portion of this
membrane was mounted onto a slide.

Fig. 4.4.4. Microphotographies of microcharcoal particles of the BSM sedimentary
sequence (a, b) and MAR sedimentary sequence (c, d) where several plant structures are
visible.
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The identification and quantification of microcharcoal was performed using
automated image analysis with an automated Leica DM6000M microscope at x500
magnification in transmitted light and following the criteria proposed by Boulter
(1994), identifying charcoal as being black, opaque and angular with sharp edges.
Identification of unburned particles, characterized by the absence of plant structures
and distinct level of reflectance, was used to set the best-fit threshold level to secure
identification of microcharcoal by image analysis. Critical particles were distinguished
from dark minerals by reflected light (Clark, 1984) and in order to have a good
statistical representation of each sample, 200 view fields (200 images) of 0.0614 mm2
were taken in color with a 1044 x 772 pixels digitizing camera (1 pixel = 0.276 µm). The
surface scanned by the microscope represented a surface area of 12.279 mm2.
Microcharcoal particles below 10 µm have not been considered, as theoretical
considerations showed that particles smaller than 5-10 µm in diameter are
transported through the air for hundreds to thousands of km and their identification
is difficult (Clark, 1988).
From the microcharcoal measurements, three parameters were calculated for
each sample: (i) the concentration of microcharcoal (CCnb: #/g); (ii) the concentration
of microcharcoal surface (CCs), which is the sum of all surfaces of microcharcoal in
one sample per gram (μm2/g) and (iii) microcharcoal accumulation rate (CHAR:
#/cm2yr), in order to have a time-fitted value of charcoal. 1 cm3 of sediment was
sampled with a syringe and weighted (g) in order to calculate sediment density (g/cm 3)
and multiply it with charcoal concentration (#/g) and sedimentation rate (cm/yr) to
obtain microcharcoal accumulation rate (#/cm2yr).
Several replicate analyses were done (7 for MAR and 10 for BSM) randomly
analyzing 10 times each. The mean value and standard deviation for each sample was
calculated and the confidence interval at 95%.

4.4.3.3 Numerical analysis
Z-scores
Palaeoenvironmental time series, expressed as anomalies, or deviations from
some long-term average, often provide a meaningful context for interpreting past
environmental changes. The conventional approach to create such anomalies is to
standardize the data, expressing the values as Z-scores (Glantz et al., 2016). Thus,
microcharcoal influxes were converted into Z-scores by subtracting the mean values
and dividing by the standard deviation of the whole record at each site.
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4.4.4 Results
4.4.4.1 Temporal trends in microcharcoal records
Variations in microcharcoal concentrations (CCnb and CCs) in each lake show
very similar fluctuations (Fig. 4.4.5). This confirms that both CCnb and CCs record the
same pattern of microcharcoal concentration variability, suggesting that there is no
microcharcoal overrepresentation as the result of potential fragmentation during
particle production or transport and thus, both units could be used to interpret the
fire record (Daniau et al., 2012). CHAR values (microcharcoal influx) also follow similar
concentration variability in both sequences (Fig. 4.4.5).

Fig. 4.4.5. Comparison of microcharcoal concentration expressed in number of particles per
2

gram (CCnb; orange line), surface area per gram (CCs; brown line), number of particles per cm

and yr (CHAR; red line) and Z-scores (black line partly filled in red) for both Marboré and Basa
de la Mora Lakes. Black dots represent the confidence interval at 95% for replicate analysis in
randomly selected samples.

4.4.4.2 Marboré microcharcoal sequence
The beginning of the sequence shows a low microcharcoal signal
between ca. 9500-7000 cal yr BP. Microcharcoal increases from 7000-6500
and 6200-5700 cal yr BP. A significant decrease is appreciated from 5700-3600
cal yr BP. Fluctuating CHAR values are found between 3600 and 1600 with
several local maxima. The signal becomes weak between 1600-1000 cal yr BP
but an abrupt and consistent charcoal increase is observed afterwards until
present day, reaching maximum values (Fig. 4.4.5).
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4.4.4.3 Basa de la Mora microcharcoal sequence
Microcharcoal holds low but fluctuating values are present during 9500-6600
cal yr BP with a significant microcharcoal peak at ca. 6700 cal yr BP. Subsequently, the
signal is weakened with sustained low microcharcoal values until ca. 3700 cal yr BP,
where it increases showing a marked isolated maximum. Microcharcoal signal
maintains low afterwards, until almost recent times with the exception of a minor fire
peak ca. 1200 cal yr BP. The maximum microcharcoal signal is found for the last
decades (Fig. 4.4.5).

4.4.5 Discussion
4.4.5.1 Pollen and microcharcoal source: considerations for the
studied sequences
Comparing these two sequences brings forward the need to look at sitespecific settings as these might be determining different fire behavior and, what it is
most important, source area for biological proxies. MAR (2612 m a.s.l.) is placed ca.
600 m higher than the current treeline (Figs. 4.4.1c and 4.4.2), and we infer that due to
the absence of tree macrofossils along the sedimentary sequence (Leunda et al.,
2017) the treeline would have not reached the Marboré cirque during the Holocene.
Moreover, MAR lies in an open cirque wind-exposed supporting that the source area
of both arboreal pollen and microcharcoal particles would come from large areas
both from northern and southern slopes of the Pyrenees, having a wide catchment
region and thus registering fires (and forests) from far. BSM, which has a smaller
catchment area, is currently located in the sub-alpine belt (1914 m a.s.l.) at the
treeline ecotone (Figs. 4.4.1d and 4.4.2), and during the Holocene the lake would have
been likely colonized by different forest communities (Pérez-Sanz et al., 2013),
enabling fires to occur locally, so the source area of both tree pollen and
microcharcoal particles could have been more local than that of MAR.
Not only microcharcoal but also pollen dispersal in each site may be influenced
by site-specific features. For instance, Betula proportion at BSM is significantly higher
than that of MAR during the, mid-Holocene, probably related to the proximity of this
taxon to the BSM Lake. This concurs with the presence of Betula ssp. seeds found in a
nearby ice cave sequence (2238 m a.s.l.) for the mid-Holocene, suggesting its
proximity to the sub-alpine belt during that period in the nearby area (Leunda et al.,
2019). However, Abies pollen shows higher proportions in MAR, where the pollen
source is wider including both Pyrenees slopes (Ninot et al., 2007).
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4.4.5.2 Early to mid-Holocene fires in a rainfall gradient boundary
Fire activity was relatively low during the early-Holocene as inferred from both
BSM and MAR sequences, although they show differing patterns (Figs. 4.4.5 and 4.4.6).
MAR holds a lower variability compared to BSM which evidences a fluctuating fire
activity (Fig. 4.4.6). We explain this difference as a consequence of the lakes location at
the East to West rainfall gradient that characterize the Pyrenees. This fact has a critical
effect on the landscape flammability as, if biomass is available, dry settings will
increase flammability. This would have been the case in the more eastern located
BSM site, where a more intense, although fluctuating, fire activity during the earlyHolocene was likely fostered by the drier and more continental conditions that this
site had (Pérez-Sanz et al., 2013) compared to MAR. Fires have also been reported in
the eastern Pyrenees at high altitudes after 9500 cal yr BP but not registering a
significant impact on the landscape (Cunill et al., 2013). Given its most western
location, therefore most likely receiving a higher amount of summer rainfall, MAR fire
activity during this period was not characterized by either frequent or virulent fires, as
local wetter conditions reducing the fire risk. In any case the modern fire activity in
both areas is weak, with ca. 1 to 2 fire events occurring every 30 years, invariably set
by natural causes (mostly summer storms) that, however, often create mid-to-large
fires with a burnt surface between 10-100 Ha (Vázquez de la Cueva, 2016).
Supporting the East to West gradient explanation significant changes in terms
of vegetation composition have been recorded along the Pyrenees during the earlyHolocene related to the more Atlantic (González-Sampériz et al., 2006; Gil-Romera et
al., 2014; Leunda et al., 2017) vs. more Mediterranean influence (e.g. Miras et al., 2007;
Pérez-Obiol et al., 2012; Pérez-Sanz et al., 2013). Although pine communities
dominated both lakes at a broad scale (Fig. 4.4.6) the importance of mesophytes
(mainly Corylus and Betula) is patent in the MAR sequence, similar to more Atlantic
sites like El Portalet (González-Sampériz et al., 2006; Gil-Romera et al., 2014), inferring
more humid conditions in the Marboré site.
The expansion of mesophytes (especially Betula, deciduous Quercus and
Corylus) in BSM occurred during the mid-Holocene (8200 to 5500 cal yr BP; Pérez-Sanz
et al., 2013) when they could have reached the sub-alpine belt (Pérez-Sanz et al.,
2013; Leunda et al., 2017, 2019) in agreement with the maximum forest development
recorded generally in the Pyrenees (González-Sampériz et al., 2017) as well as in most
European mountain ranges (Tinner, 2007). In BSM in particular, fire activity significantly
increased at ca. 6700 cal yr BP supported by the constant biomass availability. Fires
were probably neither intense nor virulent and the vegetation was able to recover, as
the general climate setting would have been favorable for the recovery.
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MAR records an increase in fire activity earlier starting at ca. 7000 cal yr BP
and, although fluctuating, lasting until ca. 5500 cal yr BP, simultaneously to a decline in
mesophytes. We argue that this mesophyte forest contraction might be a
consequence of increasing fire activity. Pines, would have been likely located at higher
altitudes (in the alpine-sub-alpine belt), and do not show any changes, reinforcing the
regional signal of the MAR sequence registering fires occurring on a broader spatial
scale. Around 7000-6000 cal yr BP an increase in fire activity has punctually been
reported in other Pyrenean sequences (Rius et al., 2011; Pérez-Obiol et al., 2012;
Cunill et al., 2013).
The driving mechanism for the increase in fire activity at both sites ca. 7000 cal
yr BP might be increasing summer temperatures (Fig. 4.4.6; Tarrats et al., 2018). The
rising fire activity in MAR and the peak observed in BSM coincides with the
chironomid-based maximum summer temperature reconstruction for the Holocene in
BSM, that occurred between 8000-6500 cal yr BP (Tarrats et al., 2018), which is in
agreement with other European summer temperature reconstructions (Renssen et al.,
2009; Samartin et al., 2017) defining the Holocene Thermal Maximum (HTM),
establishing favorable climate conditions for burning.
In regard to human activities during the early-Holocene, the livelihood of
Mesolithic (11700-7800 cal yr BP) people was hunting-gathering in small nomadic
groups (Valdeyron et al., 2008; Ejarque et al., 2010), which implies weak environmental
imprints (Montes et al., 2016; Rojo-Guerra et al., 2018). Moreover, there is no pollen
evidence for agro-pastoral activities in MAR and BSM nor in the nearby
palaeoenvironmental sequences (González-Sampériz et al., 2017). However, human
impact on landscape has an uneven spatial distribution in mountain environments,
including the Pyrenees. Thus, it is not possible to discard local anthropogenic
practices as some sites record a rather early human impact with the punctual
presence of cereal pollen grains since the Neolithic onset (ca. 7000 cal yr BP) or even
earlier (Ejarque et al., 2010; Pérez-Obiol et al., 2012) as well as sparse sub-alpine
Neolithic settlements in the eastern Pyrenees (Gassiot Ballbè et al., 2014; Gassiot
Ballbè, 2016). Sparse fumiers levels (succession of animal manure, soil and plant
remains, which besides being naturally fermented, were sometimes burned to sanitize
the enclosure (Alday et al., 2012; Montes and Alday, 2012) have also been dated at
8000 cal yr BP in different archaeological settlements of the Central Pyrenees such as
in Els Trocs (1564 m a.s.l.; Rojo et al., 2013), Coro Trasito (1548 m a.s.l.; Clemente et al.,
2016) and Puyascada (1350 m a.s.l.; Baldellou, 1987). This type of burning practices
could have been habitual but not as landscape transforming fires, because these
human activities are neither temporally nor regionally spread during this period. So it
is not likely that they would leave a large imprint at high altitude sites as they occur
locally at lower altitudes (González-Sampériz et al., in press). We can thus reasonably
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assume that most fires during the early-to-mid-Holocene period were very likely
naturally produced.

4.4.5.3 Fire decline during the mid-late-Holocene in the Central
Pyrenees
Both in BSM and MAR there’s a general fire activity decline concurrent at
regional (Rius et al., 2011; Garcés-Pastor et al., 2017) and subcontinental scales
(Vannière et al., 2011) at ca. 5700 cal yr BP. Wildfire weakening coincides with the
beginning of the Neoglacial period (Davis et al., 2009; Kumar, 2011) where a glacier
expansion occurred at ca. 5100 ± 100 cal yr BP, in both southern (García-Ruiz et al.,
2014) and the northern (Gellatly et al., 1992) slopes of the Central Pyrenees. We lack
an independent temperature reconstruction for 6000-4200 cal yr BP period due to
low chironomid contents in BSM. However, during the late-Holocene (4200-2000 cal yr
BP) inferred temperatures were the lowest through the Holocene (Fig. 4.4.6; Tarrats et
al., 2018).
Simultaneously Abies spread from ca. 6000 cal yr BP in both BSM and MAR and
in other Pyrenean records (Miras et al., 2007; Pérez-Sanz et al., 2013; Garcés-Pastor et
al., 2017) (Fig. 4.4.6). Abies is a mesophilous, late-successional tree species very shade
tolerant and considered to prefer cool and moist sites (Villar et al., 1997). Different
studies have demonstrated that Abies is a fire sensitive taxon, being negatively
affected by fire activity (Tinner et al., 1999; Schwörer et al., 2015), so we argue that the
fir spread could be favored by a weaker fire activity. These climatic conditions would
have likely favored the decrease in fire activity, affecting fuel moisture levels (Vannière
et al., 2011) which in turn would have favored the expansion of Abies, a shade loving
tree species known to be drought sensitive (Saccone et al., 2009). The temperature
descent would have decreased the evapotranspiration which would have definitely
affected to minimum moisture conditions for Abies and the decrease/reduction of fire
activity until ca. 3500 cal yr BP.
Deciduous trees progressively declined during this period and so it happened
in other studied Pyrenean sequences (González-Sampériz et al., 2006; Miras et al.,
2007; Pèlachs et al., 2007; Pérez-Sanz et al., 2013; Garcés-Pastor et al., 2017; Leunda
et al., 2017) very likely related to the changing environmental conditions.
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Fig. 4.4.6. Comparison of different indicators from both MAR and BSM lake sequences:
Microcharcoal Z-scores from MAR and BSM sequences, selected pollen taxa from MAR: Pinus,
Abies, Betula, Corylus, and Herbs (Leunda et al., 2017), selected pollen taxa from BSM: Pinus,
Abies, Betula, Corylus, Deciduous Quercus and Herbs (Pérez-Sanz et al., 2013) and Chironomidbased Holocene summer temperature reconstruction from BSM (Tarrats et al., 2018).
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Rius et al. (2011) indicated that fewer signs of human activities were detected
in the northern slope of the Pyrenees which suggests that climatic control is still
dominant in promoting fire occurrence during the mid-to-late Holocene transition.
Lower proportion of palaeofire levels is detected in Central Pyrenean archaeological
settlements (González-Sampériz et al., in press) (only in Barranco Pardina; 1725-1820
m a.s.l.; Laborda et al., 2017) as societies may have also been affected by these
wetter/cooler oscillations. However, an increase in human settlements has been
reported in the eastern Pyrenees during the Calcolithic period (Gassiot Ballbè et al.,
2014).

4.4.5.4 Fire activity during the last 3700 years
Following the reduced fire activity, a great microcharcoal increase is
appreciated in both sequences. A first peak at ca. 3700 cal yr BP in BSM followed by
two subsequent ones in MAR between 3500-3000 cal yr BP (Bronze Age) (Fig. 4.4.6). A
significant increase of herbaceous taxa is recorded in both MAR and BSM (reaching up
to 20-30% in the MAR sequence), together with a clear decrease in trees, specially
Abies (Fig. 4.4.6), suggesting again that fir’s populations may have been negatively
affected by fires as shown in other studies in the Alps (Tinner et al., 1999; Schwörer et
al., 2015) which may indicate the higher severity of fires. Other tree species such as
Corylus or Betula also show slight decreases. Fire severity and extent is difficult to infer
from microscopic charcoal data alone but pollen analysis (e.g. an increase in
herbaceous pollen taxa) can be used as indirect evidence for high severity fires
(Minckley and Shriver, 2011). From 3700 cal yr BP high altitude sites like BSM and MAR
start recording a regional opening of the landscape (Fig. 4.4.6) where fire may have
played an important role. The previous fire regimes were probably not as strong as
those occurred over the last four millennia so did not provoke important biomass
losses, leaving a regional imprint, and trees were able to recover afterwards.
In regard to eastern Pyrenean palaeoenvironmental sequences, from ca. 3700
cal yr BP onwards, fire seems to be present in most studied sites, as recorded by both
micro and macrocharcoal analysis, although there is not a continuous neither a
synchronous pattern in its occurrence (Miras et al., 2007; Ejarque et al., 2010; Bal et
al., 2011; Pèlachs et al., 2011; Pérez-Obiol et al., 2012; Cunill et al., 2013; GarcésPastor et al., 2017).
Reconstructed summer temperatures in the area are the lowest for the whole
Holocene (Fig. 4.4.6; Tarrats et al., 2018) which apparently may have not favor fire
activity. However, an aridity trend has also been recognized in southern Europe
(Carrión et al., 2010; Magny et al., 2013; Magri et al., 2015) strengthening fire activity.
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A decoupling of fire and climatic control has been attributed to human impact,
overriding the effect of natural ignition in alpine ecosystems (Colombaroli et al., 2010).
There is a significant gap of archaeological settlements during the Bronze-Iron Age,
from 4000 cal yr BP onwards in the Central Pyrenees (González-Sampériz et al., in
press) as well as in the eastern Pyrenees (Gassiot Ballbè et al., 2014). Although
scattered presence of Cerealia pollen type and the rise in several agropastoral
indicators point to higher anthropogenic pressure in the eastern Pyrenees (Bal et al.,
2011; Pérez-Obiol et al., 2012; Garcés-Pastor et al., 2017). Thus, a human contribution
to fire activity during the Bronze-Iron Age period cannot be excluded, but clear
evidences are presently lacking, although humans may have reinforced punctual
forest openings.
From ca. 3000 cal yr BP onwards microcharcoal in MAR tend to decrease
although with relatively high peaks until ca. 1600 cal yr BP denoting fire presence at a
regional scale. At ca. 2000 cal yr BP, a Pb peak is observed in the MAR record (OlivaUrcia et al., 2018), likely related to mining activity at a broad scale (Oliva-Urcia et al.,
2018) as no Roman exploitation or smelting activities have been clearly documented
in the area. Thus a regional or global origin is invoked for this period (Pèlachs et al.,
2009). The lack of a prominent charcoal peak during this period supports the absence
of local mining from 3000 cal yr BP as no other evidences have been found.
Low fire activity is also recorded in BSM with an exception of a peak during the
Medieval Period. This peak could be related to land-use intensification as a general
increase in human settlements is present in the eastern Pyrenees (Gassiot Ballbè,
2016). Medieval documents also confirm that high mountain pastures were the main
economic resource at this time (Fillat et al., 2008; Pascual-Echegaray, 2012). Drier
conditions during the Medieval Climate Anomaly, a period of aridity recognized in
most of South-western Europe (Seager et al., 2007; Moreno et al., 2012), could have
also favored the occurrence of fires (Fig. 4.4.6).
Regarding the easternmost sequences of the Pyrenees, different patterns are
observed. An alternation of higher and lower periods of fire activity are present,
denoting spatial and temporal disparities in fire activity (Bal et al., 2011; Garcés-Pastor
et al., 2017) while the same happens in the northern Pyrenees slope (Rius et al., 2011).
Local factors (i.e. vegetation and land use, exposure, microclimate) may have been
important drivers when charcoal signal becomes more heterogeneous as suggested
by Florescu et al. (2018). While a general increase in anthropogenic pressure has been
inferred, with an intensification of agriculture and grazing indicators (Miras et al., 2007;
Pèlachs et al., 2007; Bal et al., 2011; Pérez-Obiol et al., 2012; Garcés-Pastor et al.,
2017), our sequences do not record any increase in grazing indicators, probably due
to the high altitude where they are located, especially Marboré. The beginning of a
landscape opening starts instead, with the increase in herbaceous pollen.
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Dated palaeofire levels however, appear more frequently from ca. 3000 cal yr
BP onwards e.g. in Las Blancas, Valle Pardina and Plandaniz (González-Sampériz et al.,
in press) and there is a dated settlement between 2500-2000 cal yr BP in Hospital de
Benasque (1760 m a.s.l.; Ona and Calastrenc, 2009).
A great spatial variability in terms of fire activity has also been observed in
other European mountain ranges such as in the Alps (Tinner and Theurillat, 2003;
Colombaroli et al., 2010) and in the Carpathians (Feurdean et al., 2012; Florescu et al.,
2018) but generally indicating increasing human related landscape transformations
during the last 4000 years.
This heterogeneous pattern in fire activity could be associated with a steady
but non-permanent human impact in mountain areas during the Bronze Age and
onwards in a complex landscape scenario. Local, human-created fires, would have
maintained a more opened landscape (González-Sampériz et al., in press).
The landscape opening was intensified during the last 1000 years, when herbs
(Artemisia, Poaceae, Cichorioideae, Chenopodiaceae; Leunda et al., 2017) (Fig. 4.4.6)
noticeable rise suggesting a more intense management. Moreover, the expansion of
Olea both in MAR and BSM sequences over the last 800 years is linked to the spread
of olive cultivars in the lowlands and has been widely documented in many pollen
sequences (Pèlachs et al., 2007; Morellón et al., 2011; Pérez-Obiol et al., 2012; GarcésPastor et al., 2017).
Historical documentation records that mining activity to exploit iron, silver and
lead was carried out in the Bielsa-Parzán area (in the lowlands of the MAR area) at
least since Medieval times (Bielza de Ory et al., 1986) as well as in other Pyrenean
areas (Pèlachs et al., 2009). Although no signs of atmospheric contamination have
been detected in MAR and BSM lakes at this time (Oliva-Urcia et al., 2018; Corella et
al., 2018), the increase in herbs could be very likely related to the land-use
intensification that could have occurred, as miners were given lands in order to
ensure their permanence in the valley (Bielza de Ory et al., 1986). A relative increase in
fire activity is shown during Medieval times in BSM, but fire stays low in MAR although
showing an increasing tendency over the last 1000 years. High fire activity is inferred
from the MAR Lake for the last 500 years (Fig. 4.4.6). The exploitation of mines in
Bielsa-Parzán was still active producing more than 15000 kg of lead by the end of the
16th century (Nieto-Callén, 1996) as well as in other Pyrenean valleys like in Vallferrera
(Pèlachs et al., 2009). Vegetal charcoal was also exploited for the forges which could
explain the charcoal increase. Mining and smelting activities very likely affected forests
through deforestation and burning due to increasing energy demand (Bielza de Ory et
al., 1986; Jouffroy et al., 2005; Pèlachs et al., 2009).
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A prominent charcoal peak is observed in MAR at the end of the 19th century
which stays relatively high until ca. 1930 AD (Fig. 4.4.7). This tendency concurs with the
Pb enrichment in MAR Lake sediments (Fig. 4.4.7) (Oliva-Urcia et al., 2018; Corella et
al., 2018) which could be related to the onset of large-scale Pb production in the
Parzán area started by the end of the 19th century lasting until 1930 AD, when the
closure of the mines occurred due to the decrease in Pb prices. The historical metal
mining in this area ended at this time (Nieto-Callén, 1996; Fanlo et al., 1998).

Fig. 4.4.7. Microcharcoal influx in MAR sequence for the last 1000 years (left side) with a zoom
over the last 300 years and compared it with Pb element profile in MAR sediments (right side).

For more recent times, the significant increase in fire activity registered in BSM
at ca.1980 AD (being the maximum microcharcoal peak) (Fig. 4.4.8) could be related to
the large fires occurred in summers of 1980 AD, 1981 AD, 1986 AD and 1991 AD in
the Central Pyrenees where 2200 to 6500 Ha of woodlands were burnt in each fire (El
País, 1980; Vázquez de la Cueva, 2016).

Fig. 4.4.8. Microcharcoal influx in BSM sequence for the last 1000 years (left side) with a zoom
over the last 300 years (right side).
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4.4.6 Conclusions
Here we present the comparison of two long-term fire activity records from
different altitudes in the Central Pyrenees providing a better understanding of the
Holocene fire-vegetation dynamics in this mountain range. Our results highlight that
caution should be taken when comparing results of different lacustrine sequences
even if they are in the same mountain range and just few km away, as site-specific
settings may determine different fire behavior and source areas. We argue that fire
activity during the early-Holocene was relatively low and mostly controlled by climate.
High summer temperatures together with high biomass accumulation led to a
prolonged period of high fire activity during ca. 7000-6000 cal yr BP as recorded in
MAR with a coeval increase in fire activity, but shorter in duration, in BSM at ca. 6700
cal yr BP. Burning agency decreased, concurring with the Neoglacial period, which
suggests that climatic control was still dominant in promoting fire occurrence until
3700 cal yr BP, when fire activity increased coevally to the opening of the landscape
and decoupled to main climatic periods as isolated forcing. Increasing human
pressure over the last centuries, lead to a remarkable rise in fire activity.
Given the abandonment of agro-pastoral activities in mountain areas during
the past decades in the Pyrenees, which provokes bush encroachment, and the rise in
average temperatures, fire risk may likely increase during the next decades forced by
the synergistic effect of both climate conditions and human impact.
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Ordesa valley, Ordesa and Monte Perdido National Park (June, 2014).

5. Conclusions
The main conclusions of this research have been summarized in
regard to current pollen-vegetation relationships, Holocene regional
vegetation dynamics, treeline and timberline shifts and fire activity during
the Holocene and its relationship with vegetation
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T

he conclusions of the present dissertation, will be articulated attending
to the two main points established in the objectives, results and
discussion: i) monitoring current pollen-vegetation relationships and ii)

the palaeoenvironmental reconstruction.
i) Monitoring: current pollen-vegetation relationships
●

While current vegetation presents important changes following the strong
altitudinal gradient, pollen analyzed from surface moss samples shows less
defined altitudinal boundaries, due to the homogenizing effect of wind
dispersal.

●

Nowadays both the timberline (ca. 1800 m a.s.l.) and the treeline (ca. 2000 m
a.s.l.) in the Central Pyrenees are composed of Pinus uncinata communities,
however, these boundaries are very difficult to detect palynologically due to the
lack of a particular pollen signal that allows their identification as Pinus pollen is
evenly distributed along the transect. Thus, the use of other types of evidence
such as plant macrofossils would be required to trace past treeline and
timberline displacements.

●

The montane-sub-alpine boundary is better reflected by means of decreasing
mesophyte pollen, especially Corylus and Betula, which reinforces the possibility
of recognizing more easily range shift fluctuations on the montane belt in
palynological sequences.

●

Both Quercus and Olea pollen types show very good dispersal capacities at high
altitude sequences thus, caution should be taken when interpreting these taxa
in terms of local presence, as their pollen can be dispersed very long distances.

●

Herbaceous communities are usually under-represented in terms of pollen
although taxa such as Poaceae or Plantago are indicative of the opening of the
landscape.

ii) Palaeoenvironmental reconstruction
●

Marboré Lake sequence (2612 m a.s.l.) records the last 14600 years of
environmental history, showing high sensitivity to past vegetation and climate
changes during the Late-Glacial and Holocene. Sedimentation rate, Pollen
Accumulation Rate and Pollen Concentration values during the Late-Glacial
and Holocene onset suggest long-ice cover periods in the lake, thus pollen
percentages during this time intervals are not reliable as indicators of
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vegetation composition because of differential pollen position depending on
the ice cover duration.
●

The ice deposit located within the Armeña-A294 Ice Cave (2238 m a.s.l.) ranges
from 5700-2200 cal yr BP and demonstrates the high potential of cave ice
deposits as palaeoenvironmnetal archives offering, for the first time in the
Pyrenees a long-term treeline and timberline reconstruction as well as alpine
vegetation responses to past climate changes.

●

Both Marboré and Basa de la Mora (1914 m a.s.l.) Lakes register fire activity
during the Holocene showing similar fluctuations, although some differing
patterns may be related to the differences in lake settings which may
determine different fire behavior and microcharcoal source areas.

●

Well-developed deciduous forests are inferred at the early and mid-Holocene
(9300-5200 cal yr BP) which could have likely reached the sub-alpine belt. The
high biomass availability together with the high reconstructed summer
temperatures for the Holocene Thermal Maximum (HTM) lead to a prolonged
period of high fire activity as recorded in Marboré during 7000-6000 cal yr BP
and a coeval increase in fire activity, but shorter in duration, in Basa de la Mora
at 6700 cal yr BP.

●

The lack of arboreal plant macrofossils along the whole Marboré sedimentary
sequence (2612 m a.s.l.) suggests that the treeline never reached 2600 m a.s.l.
for the last 14600 years. However, the Armeña–A294 Ice Cave reveals that
subalpine forests dominated by Pinus uncinata and Betula were growing at
altitudes 200-400m higher than today during the HTM.

●

Vegetation responded sensitively to the Neoglacial cooling trend and it has
been detected in different ways. The Marboré Lake shows a deciduous forest
decrease form ca. 5200 cal yr BP onwards, and fire activity remains low in both
Marboré and Basa de la Mora during this period. At ca. 2250 m a.s.l., arcticalpine meadows dominated by Dryas octopetala expanded, and the lowering of
the treeline occurred as inferred from the Armeña-A294 Ice Cave.

●

Treeline ecotone persisted at ca. 2250 m a.s.l., but after 2200 cal yr BP large
disturbances (either climatic or human) led to the depression of both treeline
and timberline until their current positions at 2000 and 1800 m a.s.l.
respectively.

●

Fire activity increases at ca. 3700 cal yr BP coevally to the beginning of the
landscape opening, detected by increasing herb pollen in all the sequences.
From this period onwards, a general increase in fire activity is detected
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regionally as well as an increase in human activities suggesting that
anthropogenic impact may have strengthen the role of climate regionally,
although there is not a continuous neither a synchronous pattern in its
occurrence.
●

The human impact on high mountain areas in not clearly detected until the last
centuries or few millennia, when herb pollen considerably rise suggesting an
intensification of landscape management. Moreover, the expansion of Olea
pollen during the last 700 years is linked to the spread of olive cultivars in the
lowlands. Increasing human pressure over the last 200 years, lead to a
remarkable rise in fire activity.

●

Given the decline in grazing activities during the past decades in the Pyrenean
alpine meadows and the rise in average temperature, both as a consequence
of global change, trees may rapidly move upslope during the next decades to
reach HTM positions. Fire activity may also be enhanced by increasing
temperatures and forest cover, potentially affecting biodiversity.

●

Perennial ice deposits are severely endangered by rising temperatures. Thus,
more scientific attention is needed in order to rescue their untapped
environmental information that may contribute to better assessments of
future ecosystem dynamics under global change conditions.
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Conclusiones

L

as conclusiones de la presente tesis están articuladas atendiendo a los dos
puntos principales establecidos en el apartado de objetivos y resultados y
discusión: i) monitorización de la lluvia polínica actual y ii) reconstrucción

paleoambiental.
i) Monitorización: relaciones pollen-vegetación


La vegetación actual presenta cambios importantes siguiendo el fuerte
gradiente altitudinal, sin embargo, el polen preservado en muestras
superficiales de musgos, muestra límites altitudinales menos definidos, debido
al efecto de la dispersión del viento.



Hoy en día tanto el límite forestal (ca. 1800 m s.n.m.) como el límite arbóreo (ca.
2000 m s.n.m.) en el Pirineo Central están compuestos por comunidades de
Pinus uncinata, sin embargo, estos límites son difíciles de detectar
palinológicamente debido a la ausencia de una señal concreta que permita su
identificación, ya que el polen de Pinus está ampliamente distribuido incluso en
los lugares donde no está localmente presente. De este modo, el uso de otra
serie de evidencias como por ejemplo macrofósiles vegetales son necesarios
para trazar variaciones altitudinales pasadas del límite arbóreo y forestal.



El límite montano-sub-alpino aparece mejor reflejado en términos polínicos
mediante un claro descenso del polen de los mesófitos, en especial Corylus y
Betula, lo cual refuerza la posibilidad de poder reconocer con mayor certeza las
fluctuaciones pasadas ocurridas en el piso montano a través de secuencias
palinológicas.



Taxas polínicos como Olea o Quercus muestran una gran capacidad de
dispersión altitudinal, de este modo, se debe tener cuidado a la hora de
interpretarlos en términos de presencia local, ya que estos tipos polínicos
pueden ser transportados largas distancias.



Las comunidades herbáceas aparecen generalmente palinológicamente subrepresentadas, sin embargo taxa como Poaceae o Plantago son indicativos de
la apertura del paisaje.

ii) Reconstrucción paleoambiental


La secuencia lacustre de Marboré (2612 m s.n.m.) registra los últimos 14600
años de historia ambiental, y muestra una gran sensibilidad a cambios
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vegetales y climáticos durante el Tardiglaciar y el Holoceno. La tasa de
sedimentación, la tasa de acumulación del polen y la concentración polínica
durante el Tardiglaciar y entrada al Holoceno sugieren un aumento en la
duración de la cubierta de hielo sobre el lago, de este modo los porcentajes de
polen para este intervalo no son representativos de la composición de la
vegetación debido a la deposición diferencial del polen dependiendo de la
duración de la cubierta de hielo.


El depósito de hielo localizado en la Cueva Helada Armeña-A294 (2238 m
s.n.m.) cubre el periodo comprendido entre 5700-2200 años cal BP y muestra
el gran potencial de estos depósitos helados como archivos paleoambientales,
ofreciendo por primera vez en el Pirineo variaciones a larga escala de cambios
ocurridos en el límite arbóreo y forestal así como de la respuesta de la
vegetación alpina a cambios climáticos pasados.



Tanto la secuencia lacustre de la Basa de la Mora (1914 m s.n.m.) como la de
Marboré, muestran fluctuaciones similares en cuanto a actividad del fuego, sin
embargo ciertos patrones difieren posiblemente en relación a diferencias
existentes en cuanto a los emplazamientos de ambos lagos, que pueden
determinar diferencias en el comportamiento de los incendios así como en el
área fuente de las partículas de micro-carbón.



Durante el Holoceno temprano y medio (9300-5200 años cal BP) el bosque
caducifolio estaba ampliamente extendido, pudiendo incluso haber llegado a
colonizar el piso sub-alpino. La gran disponibilidad de biomasa junto con las
altas temperaturas estivales reconstruidas durante el Óptimo Térmico
Holoceno (HTM), favorecieron una mayor actividad del fuego que queda
reflejado en el ibón de Marboré durante el periodo 7000-6000 años cal BP
junto con un aumento coetáneo, pero más corto en duración, en torno a 6700
años cal BP en la Basa de la Mora.



La ausencia de macrofósiles vegetales arbóreos a lo largo de la secuencia de
Marboré (2612 m a.s.l.) sugiere que el límite arbóreo nunca alcanzó los 2600
m s.n.m. durante los últimos 14600 años. Sin embargo, la Cueva Helada
Armeña-A294, releva que durante el HTM, el bosque sub-alpino dominado por
Pinus uncinata y Betula estaba desarrollado 200-400 m por encima del límite
actual.



La vegetación respondió sensiblemente al periodo frío del Neoglaciar, y ha
sido detectado de diferentes formas. El lago de Marboré muestra un descenso
del bosque caducifolio a partir de ca. 5200 años cal BP y la actividad del fuego
se mantiene baja tanto en la secuencia de Marboré como en la Basa de la
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Mora, sugiriendo que el factor climático es todavía dominante para el
desencadenamiento de incendios durante esta época. En torno a 2250 m
s.n.m., las praderas ártico-alpinas dominadas por Dryas octopetala se
expanden y el límite del bosque disminuye tal y como lo demuestra el depósito
de hielo de la Cueva A294.


El ecotono del límite arbóreo permaneció a ca. 2250 m s.n.m., pero a partir de
2200 años cal BP grandes perturbaciones (pudiendo ser tanto climáticas como
humanas) ocasionaron un descenso tanto del límite arbóreo como del forestal
hasta su actual límite a 2000 y 1800 m s.n.m. respectivamente.



Los incendios aumentan hace ca. 3700 años cal BP, al mismo tiempo que
comienza a abrirse el paisaje, detectado por el incremento de polen herbáceo
tanto en las secuencias estudiadas como en otras secuencias pirenaicas. Es a
partir de entonces cuando empieza a aumentar la actividad del fuego también
a nivel regional, así como un aumento de la actividad antropogénica,
sugiriendo que las actividades humanas pudieron haber reforzado el papel del
clima a nivel regional aunque no hay una señal clara ni continua en el tiempo.



El impacto antrópico a altas altitudes no se detecta con claridad hasta el
último milenio cuando las proporciones de polen herbáceo aumentan
considerablemente, sugiriendo una intensificación en el manejo del territorio.
Además, la expansión del polen de Olea durante los últimos 700 años está
relacionado con el aumento de cultivos de olivo en el fondo de los valles. El
incremento de la presión humana durante los últimos siglos, provocó un
aumento en la actividad del fuego.



Debido al declive de actividades ganaderas en las últimas décadas en el los
pastos de montaña del Pirineo y al incremento de temperaturas que estamos
viviendo, debido al actual cambio global, las masas forestales pueden migrar
hacia altitudes superiores en las próximas décadas y alcanzar cotas similares a
las registradas durante el HTM. La actividad del fuego puede que también se
vea favorecida por este aumento de temperaturas e incremento de la cubierta
forestal, potencialmente afectando a la biodiversidad.



Los depósitos perennes de hielo están gravemente amenazados por el actual
incremento en las temperaturas. Es por ello que se requiere una atención
investigadora urgente para poder rescatar la valiosa información ambiental
que contienen ya que esa información puede contribuir a mejorar las
evaluaciones sobre el futuro de los ecosistemas en el contexto actual de
cambio global.
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Non gogoa, han zangoa
(Where there is a will, there is a way)
Basque proverbe

