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1 | INTRODUCTION

Mountain species and habitats are expected to be particularly
sensitive to ongoing global change (IPPC, 2013; Krajick, 2004;
Steinbauer et al., 2018). Tree line ecotones, that are, the transition
zones between the upper limit of closed forest (timberline) and the
treeless alpine grasslands (Kérner, 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 tree line ecotone position, it is mostly con-
trolled by climate (Holtmeier & Broll, 2005; Kérner, 2012). Hence,
tree line ecotones are considered to be sensitive sentinels of recent
climate warming (Camarero & Gutiérrez, 2004). Palaeoecological
time series may contribute to a better understanding of long-term
community dynamics under global change conditions in order to de-
velop sustainable plans for maintaining diversity and ecosystem ser-
vices 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 (Eide, Birks,
Bigelow, Peglar, & Birks, 2006; Feurdean et al., 2016; Tinner &
Theurillat, 2003), little is known about the long-term tree line and
timberline shifts in the Pyrenees (Cunill, Soriano, Bal, Pélachs, &
Pérez-Obiol, 2012), a prominent Southern European mountain
range. Specifically, mountain vegetation responses to major cli-
matic shifts such as the mid-Holocene Thermal Maximum (HTM, c.
11,000-5,000 cal year Bp, (Fischer et al., 2018) and the subsequent
Neoglacial cooling (NGC, c. 5,000 cal year sp -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 pa-
laeoecological studies have so far focused on pollen analysis, thus
providing relevant information on past forest range fluctuations
through time (e.g., Garcés-Pastor et al., 2017; Leunda et al., 2017;
Pérez-Obiol, Bal, Pélachs, Cunill, & Soriano, 2012; Pérez-Sanz et al.,
2013) but not on processes where spatially precise information is
needed such as timberline/tree line dynamics. Plant macrofossils
are usually regarded as the most suitable proxy for reconstructing
past tree range shifts (e.g., the altitudinal position of the tree line
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 have

shown that the main changes in Holocene tree line and timberline

rapid melting of the cave ice; rescue investigations would be urgently needed to

exploit its unique ecological information.

climate impact, Dryas octopetala, ice deposit, Pinus uncinata, plant macrofossils, pollen,

positions followed major climatic trends. However, land-use inten-
sification has been invoked as the primary cause of late Holocene
downward shifts of timberline, with climate playing a primary
role for tree line position (Feurdean et al., 2016; Pini et al., 2017,
Schwaorer, Colombaroli, Kaltenrieder, Rey, & Tinner, 2015; Tinner &
Theurillat, 2003). In any case, it remains unclear if this also applies to
the Pyrenees, because disentangling the role of climate and human
impact is challenging, sometimes provoking controversies, specifi-
cally in the Mediterranean realm (e.g., Carrién et al., 2010; Gonzalez-
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., Gonzalez-Sampériz et al., 2017;
Heiri et al., 2014). However, other continental palaeoenvironmen-
tal 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 infiltrat-
ing water reaching the cave (Persoiu & Lauritzen, 2018). Particular
cave morphology and climatic conditions allowing ice formation
and persistence are needed for these unique archives to develop
(Luetscher & Jeannin, 2004). As a consequence, their location at
mid-latitudes is generally restricted to high mountain environments,
often at or above the tree line ecotone, thus representing an ideal
location to study the 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 knowl-
edge 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 world-
wide and, to our knowledge, only one palaeobotanical study is avail-
able from this kind of natural archive (Scarisoara cave, Carpathian
Mountains in Romania; Feurdean, Persoiu, Pazdur, & Onac, 2011).

Here, we present novel palaeoecological data from the Armena-
A294 Ice Cave, a unique site located in the Central Pyrenees, well
above the current tree line ecotone (Sancho et al., 2018). We use
exceptionally well-preserved pollen and plant macrofossil assem-
blages as well as a robust chronology to address the following goals:
(a) reconstructing mid-to-late Holocene altitudinal tree range shifts
for the first time in the Pyrenees, (b) identifying if and how climate
dynamics, including the NGC, affected Pyrenean forest and alpine
vegetation, and (c) assessing if prehistoric human activities deci-
sively contributed to the long-term Pyrenean mountain vegetation

changes.
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FIGURE 1 (a)Location of the main mountain ranges referred in the text (one Pyrenees, two Alps, three Carpathians) with a zoom into

the Pyrenees, where the Armefa-A294 Ice Cave is located. Other Pyrenean records discussed in the text are also shown. (b) Schematic
vertical cross section of the Armefa-A294 Ice Cave showing the position of the ice deposit (modified from (Belmonte-Ribas et al., 2014)).
(c) Orthophotograph of the Armena-A294 Ice Cave location and the nearby area. (d) Simplified vegetation transect from Barbaruens village
(1,100 m a.s.l.) to the Cotiella Peak (2,912 m a.s.l.). (e) Photograph showing the Armefia-A294 Ice Cave entrance and the surrounding
landscape. Current position of the tree line, the tree line ecotone, and the timberline is also indicated

2 | STUDY AREA

2.1 | Cave setting

The Armefia-A294 Ice Cave (42°30'52"N; 0°20'10"E, 2,238 m a.s.l.)
is located in the southern central Pyrenees, Spain, on the eastern
slope of the Cotiella Peak (2,912 m a.s.l.), the highest summit of
the Cotiella Massif, within the Armefa glacial cirque (Figure 1a,c).
The massif is mainly formed by highly folded and thrusted Upper
Cretaceous and Eocene carbonate rocks.

Armefa-A294 is a small sag-type cave with a main circular en-
trance 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 de-
posit is hosted (Figure 1b). This particular morphology allows snow, as
well as plant remains, to enter the cave and be incorporated into firn
ice (Belmonte-Ribas, Sancho, Moreno, Lopez-Martinez, & Bartolomé,
2014; Sancho et al., 2018).

2.2 | Climate and vegetation

The study site experiences a typical subalpine 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: 1,700 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 de-
velopment, microclimate, and past human activities (Montserrat-
Marti, 1989). An altitudinal vegetation transect from the foothills of
the massif (Barbaruens, 1,100 m a.s.l.) to the Cotiella Peak (2,912 m
a.s.l.) including the Armena cirque shows the typical zonation of the
Central Pyrenees (Figure 1c,d). The montane belt (below 1,600 m
a.s.l.) is characterized by mixed forests with Pinus sylvestris L.,
Quercus cerrioides Willk. & Costa, Fraxinus excelsior L., Corylus avel-
lana L., Sorbus aria (L.) Crantz, Sorbus aucuparia L., Fagus sylvatica L.,
and Buxus sempervirens L. The subalpine belt (up to 2,000 m a.s.l.)
comprises closed Pinus uncinata Ramond ex DC forests (below tim-
berline) and open P. uncinata communities where the shrub Juniperus
communis L. ssp. alpina (Suter) Celak is particularly relevant (tree
line ecotone). Today's timberline lies at an elevation of ¢. 1,800 m
a.s.l., with the tree line ecotone reaching up to c. 2,000 m a.s.l., that
is, roughly 400 and 200 m below the altitude of the Armena-A294
Ice Cave, respectively (Figure 1e). Finally, the alpine belt extends
from c. 2,000 m a.s.l. upwards and is characterized by treeless land-
scapes 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; Figure 1d,e). The
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FIGURE 2 Left. Evolution of the ice deposit inside the Armefa-A294 Ice Cave (2,238 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 4C and for pollen and macrofossil analyses is also indicated

past intense grazing activities are thought to have profoundly mod-
ified the natural boundaries between the forested environments of
the subalpine belt, that is, timberline and tree line ecotone, and the

alpine meadows in this area (Montserrat-Marti, 1989).

3 | MATERIALS AND METHODS

3.1 | Sampling and radiocarbon dating

Samples for radiocarbon dating, pollen, and macrofossil analyses
were collected in July 2015 from the exposed wall outcrop accord-
ing to stratigraphic criteria along the 790 cm thickness of the ice
deposit (Figure 2). We selected 27 plant macrofossil samples for ac-
celerator mass spectroscopy (AMS) 4C dating (Table 1); four of them
from a single layer (165 cm depth) to test reproducibility and ap-
proximate time period embraced by these layers. Radiocarbon dates
were calibrated using CALIB Rev 7.0.4 (Stuiver & 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).

3.2 | Pollen and macrofossil analyses

The 42 samples for pollen analysis were recovered from the richer or-
ganic layers in the ice deposit at varying intervals (Figure 2). Ice was col-
lected 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, Webb, and Collison
(1991) including HCI, HF, and KOH digestions and dense-media separa-
tion with Thoulet solution (2.0 g/cm®). 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 photo-
graphic atlases (Moore et al., 1991; Reille, 1992). The pollen sum, which
excludes fern spores and nonpollen palynomorphs (NPPs), was usually
over 300 (M = SD = 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 signifi-
cant zones obtained by comparison with a broken stick model (Bennett,
1996), using PSIMPOLL (Bennett, 2009). Conifer stomata and dung fun-
gal 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 coprophil-
ous 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 pm and the plant macrofossils were identified under a binocular
with the reference material at the Pyrenean Institute of Ecology and
the Institute of Plant Sciences of the University of Bern. Woody re-
mains 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 cm® of
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ice. The percentage macrofossil diagram was subdivided into seven
c. 500 year-bins, by pooling several adjacent samples to reach a min-
imum of 50 macrofossils per bin and therefore reliable percentages
(Heiri & Lotter, 2001; Tinner & Kaltenrieder, 2005). Macrofossils (e.g.,
needles, 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).

3.3 | Numerical analysis

We identified the underlying gradients in regional vegetation com-
position over time applying ordination analyses to the pollen per-
centage dataset. First, a detrended 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 & Smilauer, 2002).

4 | RESULTS

4.1 | Ice deposit chronostratigraphy and depth-age
model

The ice sequence was 9.25 m thick in July 2015 and the stratig-

raphy is characterized by cross-stratified ice beds resulting from

FIGURE 3 Depth-age model of the ice deposit in the Armefia-A294 Ice Cave in July 2015 based on 21 AMS *C dates
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accumulation of snow entering the cave and its subsequent trans-
formation (Figure 2). The ice profile includes detrital and organic-rich
layers comprising cryoclastic rock fragments and fine detrital sedi-
ments. 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 (Figure 2, for details see Sancho et
al., 2018).

The chronology of the Armefna-A294 ice deposit ranges from
5,680 to 2,230 cal year Br. 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 four of
these dates (at 25, 416, 570, and 752 cm depth) are within the error
of the depth-age model (Figure 3). The four samples dated from
the same layer at 165 cm show very similar ages, ~3,100 cal year sp
(Table 1), suggesting that the sampled detrital layers represent very
short ablation periods (decadal time-scale at a maximum). We even-
tually built a depth-age model based on lineal interpolation using 21
dates (Figure 3).

4.2 | Pollen and plant macrofossils

Pollen and plant macrofossils are sourced from different spa-
tial scales at the study site: while pollen may mostly reflect re-
gional vegetation (up to 20-50 km) (Canellas-Bolta, Rull, Vigo, &
Mercade, 2009) at exposed high elevation sites like the Armena-
A294 Ice Cave, plant macrofossils primarily represent local vegeta-
tion composition (c. 1-100 m around the site; Birks, 2003; Tinner,
2007). The Armena-A294 plant macrofossil record is remarkably
diverse because of the extraordinary preservation of the plant re-
mains that, in turn, allowed the precise identification of a number
of subalpine and alpine taxa (Figure 4). The record of P. uncinata
remains is particularly diverse, including branches, entire dwarf
shoots (brachyblasts), needles, fragments of male cones (with pol-
len inside), seeds, seed-wings and periderm. Some of these macro-
fossils 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 vary-
ing amounts, throughout the sequence, indicating that mountain
pines were locally abundant at ~2,250 m a.s.l. between c. 5,700
and 2,200 cal year spr. The interpretation of Betula macrofossils,
the other relevant tree species at the Armena-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 &
Theurillat, 2003).

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 (Figure 5).

FIGURE 4 Pictures of different plant macrofossils found in the
ice deposit of the Armefia-A294 Ice Cave (2,238 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) D.
octopetala leaf

4.21 | A294-P6;790-462.5 cm depth; 5,700-
4,650 cal year Bp

The base of the pollen sequence is dominated by temperate trees and
shrubs such as Corylus, Betula, Alnus, and Quercus (Figure 5). Both Betula
seeds and seed scales are present during this period, although their num-
ber is not very high (Figure 5). Pinus pollen is not particularly abundant
(25%-30%), but several P. uncinata needles occur. Abies pollen percent-
ages gradually increase towards the top of the zone (up to 5%), with a
single Abies alba Mill seed also present (Figure 5). Juniperus pollen values
reach 20% at the base of the zone and then decrease to 5%. Herb pollen
represents c. 15% of the total pollen sum mainly dominated by Poaceae,
Fabaceae, and Rosaceae (Figure 5). Dwarf shrub and herb macrofossils
such as Poaceae stems, D. octopetala leaves, Asteraceae inflorescences,

and Caryophyllaceae seeds occur only sporadically in this zone (Figure 5).

4.2.2 | A294-P5;462.5-322 cm depth; 4,650-
4,200 cal year Bp

Pinus dominates during this period as shown by the pollen (c. 45%),
stomata, and macrofossil records (Figure 5). Corylus, Betula, and Alnus
pollen abundances decline while Abies pollen percentage increases to a
maximum (15%; Figure 5). Other remarkable features of the macrofossil
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FIGURE 5 Combined diagram of pollen percentage (curves) (>1%), stomata (curve), and plant macrofossil concentration (bars) showing
main taxa of the Armefna-A294 Ice Cave (2,238 m a.s.l.). PCA axis 1 and 2 sample scores of the pollen record are also shown. Plant
macrofossil 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, 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,

| = 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

record are the presence of Vaccinium and other Ericaceae remains and

an increase in D. octopetala leaves and Poaceae fragments (Figure 5).

4.2.3 | A294-P4; 322-223 cm depth; 4,200-
3,450 cal year Bp

Pinus pollen percentages decrease again (to c. 20%) (Figure 5) as well
as Pinus macrofossil concentrations (Figure 5), whereas an increase in
Betula, Corylus, and Alnus pollen percentages is observed. Abies pollen

curve experiences an important decrease (c. 3%). Herb pollen abun-
dances slightly increase reaching 20%-25% (Figure 5). D. octopetala
leaves maintain relatively abundant throughout this zone (Figure 5).

4.2.4 | A294-P3; 223-187 cm depth; 3,450-
3,250 cal year Bp

A sharp increase in herb pollen percentages (c. 65%) led

by Cichorioideae, Poaceae, Plantago, Chenopodiaceae, and
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Caryophyllaceae occurs, and consequently, the tree pollen sig-
nificantly decreases (Figure 5). We observe a slight increase
in the fungal spores Sporormiella and Sordaria. The macrofossil
record shows a conspicuous absence of any arboreal remains

(Figure 5).

4.2.5 | A294-P2; 187-42.5 cm depth; 3,250-
2,450 cal year Bp

Tree pollen recovers, especially Pinus (c. 50%), while herbs decrease
although are still abundant (25%-30%) (Figure 5). Increases in Pinus,
Vaccinium, Arctostaphylos uva-ursi (L.) Spreng., Salix (cf. retusa L./her-
bacea L.), and particularly in D. octopetala leaves are the major fea-
tures of the macrofossil record in this zone (Figure 5). Other herbs
such as Poaceae, Medicago, Fabaceae, Oxytropis, Caryophyllaceae,
Saxifraga, and Iris are also represented in the macrofossil record for
this period (Figure 5).

4.2.6 | A294-P1;42.5-14 cm depth; 2,450-
2,300 cal year Bp

Corylus, Betula, and Alnus pollen slightly increase, while Pinus pol-
len and macrofossils slightly decrease except for Pinus periderm
(Figure 5). D. octopetala as well as herbaceous macrofossils generally

increase, with Fabaceae, Poaceae, and Saxifraga as the main taxa.

4.3 | Ordination analysis

The first and the second axes of the PCA explain 58.02% and 21.63%
of the total variation in the pollen dataset respectively (Figure 6).
The first axis is mainly driven by Pinus abundance, as evidenced by
the PCA biplot (Figure 6) and the sample’s factor scores (Figure 8).
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 tol-
erant and/or subalpine taxa Abies and Pinus reaching high scores
(Figure 6). PCA axis 2 accounts for vegetation openness, with herbs
showing positive values and forest taxa, negative scores (Figures 5
and 6).

5 | DISCUSSION

5.1 | Altitudinal tree range fluctuations at the end of
the HTM

Our Armena-A294 Ice Cave record suggests that the tree line eco-
tone with sparse P. uncinata trees (relatively low Pinus pollen percent-
ages and limited amounts of P. uncinata macrofossils, Figures 5-8)
was present at ~2,250 m a.s.l. during the interval 5,700-4,650 cal
year Bp, at the end of the HTM. We cannot assess the maximum al-
titude reached by the tree line in the region, as the current study is
the only macrofossil sequence available so far, but we can confirm
that P. uncinata was located at least 200 m above its present range

FIGURE 6 Principal component analysis (PCA) scatterplot of
pollen taxa. The first axis explains 58.02% of the variance of the
dataset and the second axis 21.63%

FIGURE 7 Macrofossil percentage diagrams of the Armena-A294
Ice Cave (2,238 m a.s.l.) compared to the Gouillé Rion Lake record

in the Swiss Alps (Tinner & Kaltenrieder, 2005; Tinner & Theurillat,
2003; Tinner, Ammann, & Germann, 1996). The diagrams were
subdivided into ca. 500-year-bins. Note the decreasing trend in

tree macrofossils from c. 4,200 cal year sp towards present in both
records
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FIGURE 8 (a) Potential high-altitude tree range shifts in the Armefa cirque from 5,700 cal year sp to present based on the
palaeobotanical data from the Armena-A294 Ice Cave. Note that the height difference between the tree line and the timberline from 5,700
to 2,200 cal year Bp does not reflect the real distance between both limits. To the right, current altitudes of the tree line and timberline are
represented (2,000 and 1,800 m a.s.l. respectively). (b) Tentative reconstruction of the vegetation changes between 5,700 and 2,200 cal
year Bp in the Armena Valley for different time windows, based on the palaeobotanical data from the Armefna-A294 Ice Cave

(Figure 8). Cunill et al. (2012) also inferred a higher than today tree Betula might also have been growing not far from the ice cave and
line using soil charcoal analysis in the Eastern Pyrenees. The finding therefore within the tree line ecotone from 5,700 to 4,900 cal year

of seeds, fruit scales, and moderate pollen percentages suggest that p (Figures 5, 7 and 8).
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In the nearby Basa de la Mora Lake (BSM) sequence (1,914 m
a.s.l; Figure 1a,c), no Betula macrofossils were found, but the maxi-
mum pollen values of Betula (up to 26%) occurred at 8,100-5,700 cal
year Bp (Pérez-Sanz et al., 2013), suggesting that Betula could have
reached the subalpine belt during this period. The Marboré Lake
(MAR) sequence (2,612 m a.s.l.; Figure 1a) also records high decid-
uous forest pollen percentages until 5,200 cal year sp (Leunda et
al., 2017), coinciding with HTM (Renssen et al., 2009). The chiron-
omid-based summer temperature reconstruction from BSM shows
consistently high July air temperatures in the Cotiella Massif from c.
9,000 to 6,200 cal year 8p (Tarrats et al., 2018), concurring with the
maximum expansion of pioneer, moisture-demanding trees, particu-
larly Betula (Pérez-Sanz et al., 2013).

Betula is a heliophilous pioneer tree that was likely colonizing
subalpine habitats such as open slopes, avalanche chutes, and cliffs
(Costa, Morla, & Sainz, 1997) during the HTM. Betula macrofossils
found in the ice cave (Figures 5 and 7) 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. unci-
nata and Betula coexisted in the tree line ecotone until ¢. 4,900 cal
year Bp at ~2,250 m a.s.l. (Figure 8). This contrasts with the current
tree line composition in the south central Pyrenees, always formed
by P. uncinata communities irrespective of the soil conditions (Ninot
et al., 2007) generally at c. 2,000-2,200 m a.s.l., while Betula pen-
dula Roth grows up to 1,850 m a.s.l., only occasionally reaching
2,200 m a.s.l. (Villar, Sesé, & Ferrandez, 1997). Currently, conifers
are the most successful taxa forming the tree line in temperate
mountain ranges (Korner, 2012; Schworer et al., 2015), including the
Pyrenees, and Betula only co-occurs. At higher latitudes, though,
Betula is the main taxon in boreal tree line communities, increasingly
admixed with P. sylvestris at lower latitudes (Bjune, 2005; Kérner,
2012; Lang, 1994).

After c. 4,900 cal year Bp, the range of Betula shifted downwards
(declining pollen and macrofossil values, Figures 5, 7, and 8). Similarly,
other deciduous taxa such as Corylus and Alnus (Figure 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 Armefna-A294 Ice Cave (Figure 5). Betula might
have moved downwards in response to changed environmental con-
ditions (e.g., less summer insolation, cooler summers at the end of
the HTM) that increased competition with more shade tolerant P.
uncinata (Beck, Caudullo, de Rigo, & Tinner, 2016; Costa et al., 1997).

Higher abundances of P. uncinata macrofossils and Pinus pollen at
c. 4,650-4,200 cal year Bp indicate that mountain pine expanded lo-
cally, forming relatively closed stands, locating timberline at ~2250 m
a.s.l, c. 400 m higher than nowadays (Figure 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 sug-
gested by high Abies pollen percentages (Figures 5 and 6). However,
given the lack of significant amounts of macrofossils (a single A. alba

seed found; Figure 5), we hypothesize that silver fir was not abundant
at this altitude. In the Eastern Pyrenees of Andorra, the occurrence
of pine stomata in both Riu del Orris (RDO; 2,390 m a.s.l.) and Bosc
dels Estanyons (BDE; 2,180 m a.s.l.; Figure 1a) also points to the ex-
istence of local forested landscapes at high altitudes from c. 6,000
to 4,300 cal year sp (Ejarque, Miras, Riera, Palet, & Orengo, 2010).
Wetter winters have been inferred from ice accumulation rates in the
Armefa-A294 Ice Cave during 4,900-4,200 cal year sp (Sancho et al.,
2018), which implies increased snowfall at the onset of the NGC, while
the low chironomid content in BSM for the period c. 5,700-4,200 cal
year 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 favoured
pine forest expansion as summer drought may have also been a limit-
ing factor for P. uncinata (Galvan et al., 2015) during the HTM, when
Betula was dominant.

Higher-than-present tree lines and timberlines have also been re-
corded in most Eurasian and North American mountain ranges during
the HTM (Fischer et al., 2018; Tinner, 2007). Regarding site-specific vari-
ations, both tree line and timberline in the Alps show highest positions
at ¢. 10,000-4,500 cal year gp (Heiri et al., 2014; Tinner & Theurillat,
2003). For instance, at Gouillé Rion (2,343 m a.s.l.), located in the Upper
Rhone Valley (Swiss Alps), timberline persisted until the onset of the
NGC at c. 4,500 cal year sp (Figure 7). Both timberline and tree line were
also higher in the Carpathians and the Scandes during the HTM until
c. 5,000-4,500 cal year ep (e.g., Badino et al., 2018; Barnekow, 1999;
Bergman, Hammarlund, Hannon, Barnekow, & Wohlfarth, 2005; Eide
etal., 2006; Feurdean et al., 2016; Orban et al., 2017).

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 Armefa cirque after c. 4,200 cal year
BP, most probably associated to a marked downward shift of forest
communities (Figures 5-8). D. octopetala-dominated communities
were likely located above ~2,250 m a.s.l. until c. 4,200 cal year sp,
when they expanded downwards to establish in the vicinity of the
ice cave (Figures 5, 7 and 8). D. 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 c. 4,200 cal year Bp onwards.

After the HTM northern hemisphere summer temperatures
declined during the NGC (Davis, Menounos, & Osborn, 2009;
Kumar, 2011). In the Central Pyrenees, glaciers began to expand at
c. 5,100 + 100 cal year sp, in both the southern (Garcia-Ruiz et al.,
2014) and the northern (Gellatly, Grove, & Switsur, 1992) slopes.
This is quite consistent with the chironomid-based temperature re-
construction from BSM that shows lowest summer temperatures of
the Holocene at 4,200-2,000 cal year sp (Tarrats et al., 2018).
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The increase in Corylus, Betula, Alnus, Fagus, Tilia, and Quercus
ilex L. at c. 4,200-3,450 cal year sp (Figure 5) 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
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
c.4,200-3,450 was mostly controlled by climate as discussed above,
the increase in herbs together with a slight increase in coprophilous
Sporormiella at 3,450 cal year Bp suggests pastoral activities during
this period that may have affected the range, structure, and com-
position of forests. Other coprophilous fungi as Sordaria, do not
show marked changes (Figure 5) though, indicating that some fungal
spores might also have been contributed by wild ungulates (Baker,
Cornelissen, Bhagwat, Vera, & Willis, 2016).

The pollen record including PCA axis 2 (Figure 6) also evidences a
marked forest opening at 3,450-3,250 cal year sr. However, macro-
fossils 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 (Figures 5 and 7). Studies on the effect of grazing ac-
tivities on D. octopetala populations show that Dryas heaths might be
quickly eliminated by intense grazing, giving rise to herb-rich grass-
lands (McVean & 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
(2,612 m a.s.l.) or in other lacustrine sequences of Central Pyrenees
(Gonzalez-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 distribu-
tion in mountain environments. In the Pyrenees, for instance, some
sites record a rather early human impact, since the onset of the
Neolithic (c. 7,000 cal year 8p) 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 (c. 4,000 cal year
Bp; Bal, Rendu, Ruas, & Campmajo, 2010; Galop & Jalut, 1994) or
were even not noticeable at high altitudes until the last c. 1,000 years
(Gonzalez-Sampériz et al., 2017; Leunda et al., 2017; Pérez-Sanz et
al., 2013).

At the European scale, notable depressions of timberline (more
than tree line) occurred after c. 5,000-4,000 cal year sp. In the Alps,
the forest downward shift (Figure 7, c. -300 to 400 m) has been
primarily attributed to anthropogenic impact, with climate playing
a subordinate role, while the tree line position (c. =100 to 200 m)
was mainly controlled by climate (e.g., Heiri et al., 2014; Tinner &

Theurillat, 2003). 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 im-
pact already amplified the effects of the regional cooling since c.
4,200 cal year spr in the Retezat Mountains (Southern Carpathians;
Orban et al., 2017) whereas in the Rodna Mountains, the lowering
of the timberline and tree line ecotone was not strongly impacted by
humans until c. 3,500 cal year sp (Feurdean et al., 2016).

In the Armefa cirque surrounding the ice cave, the tree line
ecotone reestablished after c. 3,250 cal year Bp at ~2,250 m a.s.l.
(Figures 5, 7 and 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 oc-
curred (Figures 5, 7 and 8). Both J. communis ssp. alpina and D. oc-
topetala 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, that is, sparse pines, dwarf shrubs, and herbaceous spe-
cies (Figure 8). A similar situation was also found far below tree line
Tramacastilla Lake (1,380 m a.s.l.), where forest quickly recovered
after the first human-induced deforestation dated at c. 4,000 cal
year Bp (Montserrat-Marti, 1992).

The tree line ecotone persisted until c. 2,200 cal year sp, when the
ice sequence preserved in the Armefa-A294 cave ends (Figure 3).
As mentioned above, trees are absent nowadays at the study site
(Figures 1 and 8), which indicates that after 2,200 cal year sp large
disturbances, either climatic or human, might have led to a depres-
sion of both tree line and timberline until their current position, at c.
2,000 and 1,800 m a.s.l., respectively. Other Central Pyrenean se-
quences such as Basa de la Mora and Marboré (Figure 1a) also show
landscape opening during the last millennia under increased human
pressure (Leunda et al., 2017; Pérez-Sanz et al., 2013). As a future
forecasting, we expect that both tree line and timberline will react to
the projected climate warming and land-use abandonment, by shift-
ing upwards to higher elevations, as recorded during the late HTM.

6 | CONCLUSIONS

Here, we produced the first long-term reconstruction of tree line
dynamics in the Pyrenees proving that subalpine 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 c. 3,600 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 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 devel-
opment might markedly reduce the spread of tree species towards
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higher altitudes (Henne, Elkin, Reineking, Bugmann, & Tinner, 2011),
exceeding HTM temperature conditions may result in an unprece-
dented pressure on arctic alpine species, potentially affecting biodi-
versity. 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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