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Abstract 

This paper presents the environmental, climate and vegetation changes reconstructed for the last 14.6 

kyr cal 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 ice-cover 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 (12.6- 

10.2 kyr cal BP), suggesting that the lake-surface remained ice-covered for most of the year during 

these periods. Warmer conditions are not evident until 10.2 kyr cal 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 9.3 kyr cal BP till Mid-Holocene (5.2 kyr cal BP). A downwards shift in the deciduous forest 

occurred after 5.2 kyr cal BP, in agreement with the aridity trend observed at a regional and 

Mediterranean context. The increase of herbaceous taxa during the Late Holocene (3.5 kyr cal BP-

present) reflects a general trend to reduced montane forest, as anthropogenic disturbances were not 

evident until 1.3 kyr cal BP when Olea proportions 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. 

 

Key words: Lake ice-cover, moss pollster, vegetation dynamics, Central Pyrenees, Last deglaciation, 

Holocene 
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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; González-Sampériz 

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 

14.6 cal kyr 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 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. 

2. Study area 

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. 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 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 
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m a.s.l.) and Cilindro de Marboré (3328 m.a.s.l.) to the south (Fig.1 d). The cirque opens towards the 

east and ends at the Balcón de Pineta, as a hanged valley to the Pineta glacier Valley (Fig. 1d). 

 

Fig.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 Marboé Lake and its nearby area (September 2013). f) 
Bathymetry of the Marboré Lake with the coring sites for this study.  
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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.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. 1e) (Garcia-Ruiz et al., 2014). 

Most Pyrenean glaciers have been affected by a significant retreat since the Little Ice Age and many 

of them have even disappeared from 1850 to 2005 (López-Moreno et al., 2016). The Monte Perdido 

glacier (Fig. 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 5.1 kyr BP, 

probably associated with the Neoglacial period (Davis et al., 2009), followed by a later retreat at 3.4 

and 2.5 kyr BP, synchronous with the Bronze/Iron Ages, another glacial advance phase during the 

Dark Ages (1.4-1.2 kyr BP) and finally, two pulses during the Little Ice Age (LIA), the early 18th century 

and between 1790-1830 AD. The current 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).   

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 ±0.5ºC. January is the coldest month 

with mean temperature of -0.7ºC and July is the warmest with 13ºC. Regarding precipitation, the mean 

annual value for Marboré Lake is ca. 2000 mm (Fig. 1c). Current ice-cover lasts on average 9-10 

months, from November-December to mid-July-August.  
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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. 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 subalpine belt, below 2000 m a.s.l., is dominated by  Pinus 

uncinata 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.2. Simplified vegetation transect from the Pineta valley (1200m a.s.l.) to the Marboré Lake (2612m 

a.s.l.) with main vegetation communities and the vegetation belts defined. Red stars correspond to 

moss pollster sampling sites. 

 

3. Material and Methods 
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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., submitted).  The composite sequence includes the long core 

(MAR11-1U-1A-1) and two short cores (MAR11-1G-1A-4 and MAR11-1A-1) correlated by the Pb 

content measured by ICP-OES at the Ionomic Laboratory of CEBAS-CSIC in Murcia.  The short core 

MAR11-1U-1A-4 was dated by 210Pb 137Cs techniques for the upper 17.5cm  (Oliva-Urcia et al., 

submitted). 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 

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 14C and 210Pb dates allows calculating a 

reservoir effect of 2230 14C years which has been considered in the chronological model. Marboré's 

age-depth model was made with Clam 2.2 software (Blaauw, 2010), using 14C AMS dates and 2 tie 

points inferred from the correlation with Pb peaks (Oliva-Urcia et al., submitted and Fig. 5). 

Pollen analysis 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 cm-3) 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 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-1) and 

pollen accumulation rates (PAR, considered as number of pollen grains cm-2 yr-1), always excluding 
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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. Results 

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. 3 shows a comparative stacked bar chart between the vegetation cover 

of a 20 m diameter around the moss pollster (Fig. 3a) and the pollen signal recorded in each of them 

(Fig. 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). The plant cover distribution around each sample site shows a high agreement with the pollen 

abundances found on it (Fig. 3a, b). Both, pollen data and plant cover define a three-zone 

classification corresponding to: 

a) Montane belt (Zone I, up to 1600 m a.s.l.). This zone is a well-developed deciduous forest (~28%) 

(Fig. 3a) (sometimes mixed with conifers) with species like Corylus avellana, Fraxinus excelsior, Acer 

campestre, Betula pendula, Sorbus aria,  Fagus sylvatica and Pinus sylvestris with sparse shrubs  as 

Buxus sempervirens, Juniperus communis, Crataegus monogyna, Taxus baccata, Ilex aquifolium, or 

Rhamnus sp.,. Montane pastures appear within forest clearings (~50%) with, among others, Plantago 

sp., Fragaria vesca, Trifolium sp., Aconitum napellus, Viola sp., Ranunculus sp., Vicia sp., or Knautia 

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. 3b, Zone I), (~50-60%) and it is 

clearly over-represented since no pines are found around the sample sites (Fig. 3a, Fig. 4). On the 

contrary, deciduous forest pollen (~20%) dominated by Corylus, Fraxinus and Betula, among others 
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shows a good correlation with plant cover (Figure 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). 

 

Fig.3. Bar-chart comparison between a) vegetation cover (%) existing around moss pollsters and b) 

pollen rain captured (%) in each moss pollster. 

 

b) Sub-alpine domain (Zone II, 1600-2000 m a.s.l.). Arboreal communities are scarcer in this belt (Fig. 

3a), and Pinus uncinata is the principal species up to the treeline (2000 m a.s.l.). Shrubs such as 

Juniperus communis, Rhamnus alpina and Amelanchier ovalis appear sparsely. Herbs dominate the 

land cover (~80%) within this belt with species such as Potentilla alchemiloides, Galium sp., 

Campanula sp., and several Poaceae, forming extended sub-alpine pastures. However, herbaceous 

pollen group reach only around 25%. Pollen from deciduous taxa, Olea and other shrubs occur in 

lower percentages (~5%). Pollen from moss pollsters (Fig. 3b, Zone II) also show Pinus as the main 

taxon (~70%), clearly over-represented (Fig. 4). It is worth noticing that Pinus pollen could be 

produced by both Pinus sylvestris, occurring in the montane belt and P. uncinata, appearing in the 

subalpine belt and featuring the timberline and treeline.   
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Fig.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. 

 

c) Alpine belt (Zone III, 2000-2600 m a.s.l.). The vegetation at 2288 m a.s.l. (Fig 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, 

Leontopodium alpinum, Globularia sp., Horminum pyrenaicum, Paronychia capella and Poaceae. The 

upper most sample, at 2612 m a.s.l., is located in bare ground but species as Galium pyrenaicum, 

Leucantemopsis alpina, Linaria alpina, Potentilla nivalis, Doronicum grandiflorum, amongst others 

were sparsely frequent. Pollen preserved in alpine moss pollsters (Fig. 3b, Zone III) shows the highest 

herbaceous elements percentages (~30 %) with a good representation of Poaceae (Fig. 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. 
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4.2 Sedimentary sequence 

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 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., submitted). 

The comparison between 210Pb and 14C chronologies for the upper part of the sedimentary sequence 

suggests an important 14C reservoir effect.  In order to estimate it, two cores were correlated using Pb 

(XRF counts) peaks and the 210Pb age markers from the MAR11-1G-1A core were transferred to the 

long core MAR11-1U-1A. The average sedimentation rate according to 210Pb chronology is 0.095 cm 

yr-1, 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 that the age provided by the 210Pb model. The 

14C 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 14C dates (Table 1). Three radiocarbon dates have been excluded from 

the final depth age model as presented reversal ages (Table 1, Figure 5). According to this age model, 

the sequence covers the last 14.6 kyr cal 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 (5.8 cal yr BP) and Tilia (8 ky 
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cal 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). According to 

this model, the mean sedimentation rate is 0.049 cm yr-1, with a sharp change at 10.2 kyr cal BP from 

0.0216 cm yr-1 to 0.061 cm yr-1 (Fig. 5).  

 

 

Fig.5. Depth-age model for the Marboré Lake sequence based on 13 AMS 14C dates and two Pb tie 

points (Oliva-Urcia et al., submitted). The spread of Abies and Tilia reinforces the model. 

4.2.2. Palynological sequence 
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According to the cluster analysis, 5 main vegetation zones (MAR-I to MAR-V) have been defined (Fig. 

6).  

MAR V, Sedimentary Unit 4 (721-582 cm depth; 14.6-9.3 kyr cal 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; 14.6-12.6 kyr cal BP) 

The beginning of this sub-zone (Fig. 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. 7 and 8) the values are quite low with just small peaks at 678 and 667 cm depth (13.1 and 

12.6 kyr cal BP respectively).  

-MAR V-B, Sedimentary Unit 4b (667-622 cm depth; 12.6-10.2 kyr cal BP) 

Pinus and Corylus percentages sharply fluctuate while other taxa like Juniperus and NAP show lower 

values (Fig. 6). The PC and PAR values are the lowest of the whole sequence (Figs. 7 and 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; 10.2-9.3 kyr cal 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 116 103 grains cm-2 yr-1), generally in AP and NAP, and 

specifically in pines and Corylus (Figs.7 and 8). 
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MAR IV, Sedimentary Unit 3d, c, b (582-360 cm depth; 9.3-5.2 kyr cal BP) 

Similarly to previous unit, the fluctuations of Pinus and deciduous taxa group define 2 subzones: 
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MAR IV-B, Sedimentary Unit 3d, c (582-400 cm depth; 9.3-6 kyr cal BP) 

Pinus reaches its maximum abundance (up to 80%) but no major changes occurred in the NAP 

abundance (Fig. 6). Tilia appears continuously at 521 cm depth, 8kyr cal BP (Figs. 5 and 6) 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). After 9.3 kyr cal BP (Figs. 7 

and 8) a correlation among PC, PAR and percentage trends is more consistent till the top of the 

sequence (Fig.7). Abies initially appearance occurs at 432 cm depth (6.4 kyr cal BP). 

MAR IV-A, Sedimentary Unit 3b (400-360 cm depth; 6-5.2 kyr cal BP) 

Arboreal pollen slightly declines in this unit (Fig. 6), due mainly to Pinus reduction (~ 45%), as 

deciduous forest pollen percentages and PAR values increase mostly due to Corylus and Alnus (Fig. 

7). Abies continues expanding from the base of this zone (400 cm depth, 6 kyr cal BP; Figs. 5 and 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; 5.2-3.5 kyr cal BP) 

This vegetation zone is characterized by a Pinus recovery (~60%), and a deciduous forest group 

decrease both in abundances and PAR (Figs. 6 and 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; 3.5-1.3 kyr cal 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. 6). Fagus consistently appears in this zone, 

instead of causally as in previous sections (543 cm depth, 8.5 kyr cal BP). Both hygro-hydrophytes 
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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. 7). 
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