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The Pyrenean Lake Montcort�es sediments hold the longest continuous and absolutely varve-dated record
of the Mediterranean region, encompassing the last three millennia, from the Late Bronze Age to the
present. The reconstruction of vegetation and landscape dynamics during this time period has advanced
gradually, following the progress of absolute dating by varve counting, and has been progressively
published and updated in a number of papers dealing with specific time intervals at different temporal
resolutions. This paper synthesizes all these studies in a single composite paleoecological sequence
constrained by a single age-depth varve model. The final resolution of this reconstruction is bidecadal, on
average, but some periods have been resolved at quasidecadal (Middle Ages) and subdecadal (Modern
Age to present) resolutions. The study is focused on the timing of anthropization and the further
development of vegetation under climatic and anthropogenic drivers until the shaping of present
landscapes. An additional advantage of Montcort�es is that the local history of the Pallars region, where
the lake is located, is well documented and can be easily correlated with the paleoecological record.
Contrary to former interpretations of general landscape anthropization of the Pyrenees during the
Middle Ages, the Montcort�es catchment was irreversibly transformed by anthropic activities at the
beginning of the Iron Age (ca. 750-650 BCE). From this point, the catchment underwent successive
transformations due to varied human uses (fire, grazing, cereal cultivation, weed/ruderal plant expan-
sions, hemp cultivation/retting), which have been related to the different cultural phases and sociopo-
litical changes documented in the local historical records. The regional forests, dominated by Pinus and
Quercus, experienced four main clearance events (RD) during the Iron Age (RD1; ca. 300 BCE), the Roman
Period (RD2; ca. 300 CE), the Middle Ages (RD3; ca. 1000 CE) and the Modern Age (RD4; ca. 1800 CE). The
detailed trends of the last two deforestation events and their causes could be studied at a decadal res-
olution, which significantly improved interpretation quality in ecological terms. The potential effects of
climatic changes and the eventual interactions with human activities on catchment vegetation and
regional forests throughout the record have also been discussed. The Montcort�es record has been
compared with other records at local (Pyrenees), regional (Iberian Peninsula) and biome (Mediterranean)
scales. Locally and regionally, anthropization times and further ecological trends showed significant
heterogeneity according to elevation, biogeographical patterns and cultural trends. The most significant
coincidence is an intensification of human pressure, as noted in forest clearing and extensive land use,
during several phases of the Middle Ages. At the Mediterranean level, the Montcort�es record emerges as
a unique sequence for the western sector of this biome that should be complemented with similar
ier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:vrull@csic.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2021.107128&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2021.107128
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.quascirev.2021.107128


V. Rull, T. Vegas-Vilarrúbia, J.P. Corella et al. Quaternary Science Reviews 268 (2021) 107128
Fig. 1. Worldwide distribution of known varved Pleistoc
(blue dots) and discontinuous/floating varve chronolog
Zolitzschka et al. (2015). (For interpretation of the refer
archives from the central and eastern Mediterranean. The most promising candidates for such sequences
are discussed on the basis of available Mediterranean varved records.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The formation of varved, or annually laminated, sediments re-
quires marked seasonality in climate and sedimentary processes in
lakes, and varve preservation is favored in small and deep lakes
with a permanent or seasonal anoxic/hypoxic hypolimnion. These
conditions are more frequent in northern temperate and boreal
areas (Fig. 1) and have provided numerous high-resolution re-
constructions of a wide range of trends and processes, including
paleomagnetism, solar forcing, volcanic and seismic activity,
climate change, ecological shifts and human activities (O'Sullivan,
1983; Ojala et al., 2000; Zolitschka et al., 2015). At lower lati-
tudes, long and continuous varved records are less frequent. For
example, in the Mediterranean region, Zolitschka et al. (2015)
identified only a tenth of lakes as having varved sediments, four
in the Iberian Peninsula (Fig. 1). The varved records of these lakes
are of variable extension and provide absolute (anchored to the
varve corresponding to the coring date) or floating (not tied to
present day or any other absolute time marker) chronologies. The
lakes with floating chronologies are Arreo (46 yr) and Z�o~nar
(637 yr) (Corella et al., 2011b;Martín-Puertas et al., 2008). The lakes
with absolute chronologies are La Cruz (423 yr) and Moncort�es
(2699 yr) (Romero-Viana et al., 2008; Corella et al., 2016). There-
fore, Lake Montcort�es, situated in the lower montane belt of the
ene and Holocene lake records. Red
ies (black dots). Lake Montcort�es is
ences to color in this figure legend,
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Iberian slopes of the central Pyrenees, may be considered an
exceptional case in the western Mediterranean region because its
sediments contain a continuous varved record, which allows high-
resolution paleoclimatic and paleoecological reconstructions of
roughly the last three millennia.

Lake Montcort�es varves are of two types or microfacies. Facies
M1 includes the classic biogenic varves from lakes on carbonate
bedrock and is formed by a white calcite layer and a brownish
organic layer. FaciesM2 has an additional detrital layer between the
calcite and organic laminae. The total thickness of the varves is
highly variable, ranging from 0.05 to 31.1 mm (Corella et al., 2012).
The white calcite layer formed mostly during summer/fall, and the
brown organic layer was deposited mostly during winter/spring
(Trapote et al., 2018a). Intermediate detrital layers of Facies M2
were deposited occasionally by runoff during intense rainfall epi-
sodes (Corella et al., 2014). Sedimentological studies of Lake Mon-
tcort�es varved sediments have provided high-resolution
paleoclimatic reconstructions for the last three millennia. Espe-
cially noteworthy are studies on heavy rainfall event (HRE) vari-
ability and on sediment yield (SY) trends in the lake in relation to
climate and human activities. Corella et al. (2016, 2019) found that
extreme HREs, as deduced from the irregularly distributed detrital
layers, were correlated with negative phases of the Mediterranean
Oscillation (MO), whereas SY variability was affected by both flood
dots indicate continuous records with >100 years, in comparison with shorter records
highlighted by a green arrow within the Iberian Peninsula (blue box). Modified from
the reader is referred to the Web version of this article.)
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variability and human land use.
Palynological analyses of Lake Montcort�es sediments have been

conducted discontinuously as varve dating has progressed and have
been published in separate papers accounting for different time
intervals at different temporal resolutions. The first palynological
analyses covered roughly the last millennium, fromMedieval times
to theModern Age (830 CE to 1880 CE), at a multidecadal resolution
(Rull et al., 2011). Later, the age-depth model was refined, and the
palynological sequence was updated accordingly (Rull & Vegas-
Vilarrúbia, 2014, 2015, 2015; Montoya et al., 2018). A further
study increased the resolution of the last ca. 500 years (1420 CE to
2013 CE) to the subdecadal scale and added the last century, rep-
resenting the Industrial Revolution and the Global Warming, which
were absent in previous studies (Trapote et al., 2018b). All these
time intervals were characterized by a dominant anthropogenic
forcing, mainly by burning, cultivation and grazing, since 830 CE
(Rull and Vegas-Vilarrúbia, 2015; Montoya et al., 2018). Once the
entire Montcort�es laminated record was dated by varve counting,
the third step consisted of the analysis of the pre-Medieval interval
representing the Late Bronze Age, the Iron Age and the Roman
Period (ca. 1100 BCE to 820 CE). In this case, the most relevant
conclusion was that irreversible landscape anthropization took
place in the Iron Age (ca. 750 BCE), rather than in the Middle Ages,
as previously thought (Rull et al., 2021).

Combining these partial palynological studies, it is possible to
obtain a complete record of vegetation and landscape dynamics
during the last three millennia and to infer the potential climatic
and anthropogenic drivers involved. This paper is a synthesis of the
former palynological studies using a single unified absolute age-
depth model based on the most updated varve counting. The
ecological history of the catchment and the region around Lake
Montcort�es is presented in a single pollen diagram organized by
cultural phases, which is compared with the results of previous
sedimentological studies and the available paleoclimatic, historical
and archaeological information. Emphasis is placed on anthrop-
ization and the potential synergies between climatic and anthro-
pogenic drivers in the shaping of current and historical landscapes.
The information obtained is placed in a Pyrenean context consid-
ering the available paleoecological studies across elevational gra-
dients, from the basimontane to alpine level. Comparisons with the
landscape anthropization timing of other sites fromMediterranean
Iberian ranges situated at elevations similar to that of Lake Mon-
tcort�es are also attempted. Finally, the Montcort�es record is
compared with other varved records across the whole Mediterra-
nean region to pave theway towards an eventual regional picture of
high-resolution paleoecological and anthropization records.

2. Study site

Lake Montcort�es (Fig. 2) is located at 42� 190 5000 N - 0� 59’ 41”
and a 1027 m elevation, in the southern-central Pyrenean flank, in
the historical region of Pallars (Catalonia, NE Spain) (Figs. S1 and S2;
Supplementary Material). Geologically, the lake lies in a karstic
terrain characterized by Triassic limestones, marls, evaporites, and
Oligocene carbonatic conglomerates. Triassic ophytes outcrop
mainly in the south, and Quaternary lacustrine sediments surround
the present-day waterbody (Corella et al., 2011a; Guti�errez et al.,
2012). The climatic data for the 1996e2020 period from the
nearby La Pobla de Segur weather station (Fig. 2), which is situated
approximately 9 km to the south at a 513m elevation, show that the
annual average air temperature of the area is 13.7 �C, ranging from
3.5 �C in January to 24.3 �C in July. The total annual precipitation is
581 mm. February is the driest month (19.4 mm), and May is the
wettestmonth (66.1mm). The predominant direction of thewind is
SW during fall and winter, shifting to SSE during spring and
3

summer.
The lake is kidney-shaped and small, with a diameter of

400e500 m, a total surface area of 0.14 km2, and a maximum depth
of 32 m. The watershed is also small (approximately 1.4 km2), with
a few intermittent small creeks and scattered springs, and the lake
is fed primarily by groundwater. The lake was firstly considered to
be meromictic (Camps et al., 1976), but some mixing events (hol-
omixis) were occasionally observed in further studies (Modamio
et al., 1988). A recent high-resolution study of the Montcort�es
sediments encompassing the last 500 years has shown that the lake
cannot be unequivocally characterized as meromictic, as water
mixing and hypolimnion oxygenation have experienced variations
throughout history (Vegas-Vilarrúbia et al., 2018). At present, the
lake is thermally stratified duringmost of the year, except inwinter,
when mixing events occur (Trapote et al., 2018a).

Lake Montcort�es lies near the altitudinal boundary between
submontane and montane vegetation belts, which in the Pyrenees
is situated at approximately 800e1000 m, depending on local
conditions (Vigo and Ninot, 1987). Around this transitional
boundary, four major forest formations occur representing the
upper Mediterranean, submontane and montane stages: (i) Medi-
terranean sclerophylous forests of Quercus rotundifolia Lam; (ii)
submontane deciduous oak forests of Quercus pubescensWilld. and
Quercus subpyrenaica Villar; (iii) submontane conifer forests of
Pinus nigra J.F. Arnold subsp. salzmanii (Dunal) Franco; and (iv)
montane forests of Pinus sylvestris L. Pastures, meadows and crops
are the main herbaceous vegetation types, whereas scrub, aban-
doned crops and badlands are in the minority. Locally, the lake is
surrounded by an almost continuous belt of aquatic and semi-
aquatic vegetation dominated by Phragmites australis (Cav.) Steud.,
with Typha domingensis Pers. and Cladium mariscus (L.) Pohl. The
local and regional flora and vegetation around Lake Montcort�es
have been described and mapped in detail elsewhere (Rull et al.,
2011; Mercad�e et al., 2013; Trapote et al., 2018b). Forest stands
around the lake are dominated by deciduous Quercus (Fig. 2).

3. Methods

Pollen-analytical methods, diagram zonation and the use of
modern analogs for interpretation in terms of vegetation and
landscape changes are explained in detail in the original papers
that are summarized here (Rull et al., 2011, 2017, 2021, 2017; Rull &
Vegas-Vilarrúbia, 2014, 2015, 2015; Montoya et al., 2018; Trapote
et al., 2018b). In this paper, the methodological emphasis is on
the construction of the composite section and the assembly of the
synthetic pollen diagram, as well as its interpretation. The com-
posite section was obtained by the combination of five cores
retrieved during the coring campaigns of 2004 and 2017. The cri-
terion for combining these cores was chronological, after dating by
varve counting.

Lake Montcort�es age-depth model (Fig. 3) consisted on an in-
dependent absolute varve chronology for the upper 543.5 cm of
sediment, spanning since 763 BCE until the present (Corella et al.,
2016) and an extrapolated chronology for the interval
543.5e573 cm assuming linear accumulation rates similar to the
overlying samples, providing a basal age estimated at 1100 BCE
(Rull et al., 2021). Varve counting was performed with an optical
microscope with a 50X to 100� magnification depending on the
layer thicknesses. For the interval covering the period 118 yrs CE-
Present day varves were very well preserved and only 1.2% of this
interval required interpolation by using the mean varve thickness
of the upper and lower centimeters of the interpolated intervals
(Corella et al., 2016). The interval 117 yrs CE- 763 yrs BCE showed
poorer varve preservation requiring varve interpolation in 37% of
the cases adding more uncertainty to the age-depth model (Corella



Fig. 2. Location and landscape of Lake Montcort�es. A) Location map. The location of the lake is highlighted by a black box. B) General view of the lake facing SW in autumn 2018.
Deciduous trees around the lake correspond to Quercus pubescens/Q. subpyrenaica forest stands, whereas evergreen forests in the background mountains are dominated by
Q. rotundifolia at the base and Pinus spp. in the uplands. C) Surroundings of Lake Montcort�es in autumn 2018, showing the extensive mixed forests dominated by evergreen Pinus
spp. and Quercus rotundifolia (green) and deciduous Q. pubescens/Q. subpyrenaica (brown). Photos: V. Rull. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 3. Chronological model used in this work based on varve counting and supported by radiometric dating (14C and 210Pb). Raw data from Corella et al. (2014, 2016) and Rull et al.
(2021).
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et al., 2016). The varved age-depth model shows very good agree-
ment with two independent dating methods based on radiometric
dating techniques (AMS 14C and 210 Pb) (Corella et al., 2012, 2014,
2016). The good correlation of the varve counting with the
4

radiometric age-depth model verifies the annual nature of the
laminations (Fig. 3). Sedimentation rate (SR) changes mostly
depend on the allocthonous input to the lake during run-off events
displaying periods with enhanced sediment delivery between 1901



Fig. 4. Dolmens (black icons) of the Bronze Age around Lake Montcort�es (red star). Blue lines are rivers, and yellow dots represent towns and villages. Dolmens: 1, Perauba; 2, La
Llosana; 3, Castellars d'en Pey; 4, La Mosquera; 5, Moro de Reguard; 6, Moros de C�ervoles; 7, Pinyana; 8, Mas Pallar�es. After Clop and Faura (1995). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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and 1852 CE and 1362-563 CE (SR of 0.69 and 0.45 cm/yr, respec-
tively). On the other hand, the periods CE 2012e1902 ad CE 1851-
1363 display very similar SRs of 0.12 and 0.11 respectively. The
period 562 CE-BCE 762 showed a very constant sedimentation rate
of 0.6 cm/yr mostly due to the lack of thick turbidites. The latter SR
was used to extrapolate the basal age of the studied sedimentary
sequence since that interval showed relatively similar environ-
mental conditions in terms of sediment delivery to the lake and
vegetation cover (Rull et al., 2021) (Fig. 3).

Due to the objectives of the original studies, the presence of
frequent turbiditic intervals of variable thickness and the occur-
rence of minor gaps between adjacent cores, the sampling resolu-
tion was variable. The average resolution per core ranged from
subdecadal to multidecadal, and the maximum resolution was
attained in the Early Middle Ages (669 CE e 821 CE) (core MON04-
3 A-1K-4) and the last ca. 1400 years (core MON-0713-G05)
Table 1
Cores and drives used to assemble the composite section used in this study, indicating t
difference between samples (yr/s) and the average number of samples per century (s/t).

Core/drive Time interval Years Samples yr/s s/c Resoluti

MON-0713-G05 1423 CE e 2013 CE 590 95 6.21 16.10 Subdeca
MON04-1 A-1K 828 CE e 1881 CE 1053 36 29.25 3.42 Multide
MON04-3 A-1K-4 669 CE e 821 CE 152 20 7.60 13.16 Subdeca
MON04-4 A-1K-4 8 BCE e 659 CE 667 19 35.11 2.85 Multide
MON04-4 A-1K-5 (1100 BCE) e 148 BCE 952 22 43.27 2.31 Multide
Total (1100 BCE e 2013 CE 3113 192 16.21 6.17 Bidecad
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(Table 1). The overall resolution was bidecadal (16.3 years per
sample or 6.1 samples per century). Given the thickness of the
varves, which are millimetric to submillimetric (see above), this is
the maximum sampling resolution that could be attained for pollen
analysis, avoiding turbidites. There is an overlap of almost 460 years
(1423 CE to 1881 CE) between the upper two cores (MON-0713-G05
and MON04-1 A-1K). To assemble the composite section, the upper
part of coreMON04-1 A-1Kwas not considered, as coreMON-0713-
G05 was analyzed at greater resolution (Table 1). However, the
chronological homogeneity of these results with former lower-
resolution analyses of the upper half of core MON04-1 A-1K (Rull
et al., 2011) was carefully checked. Another relevant observation
is the lack of sediments corresponding to the interval 8 BCE to 148
BCE, which coincides with the contact between drives 4 and 5 of
core MON04-4 A-1K.

The synthetic diagram was built using the most abundant and
he time interval covered and the resolution estimated by the average chronological
Extrapolated ages are in brackets.

on References

dal Trapote et al. (2018a, 2018b)
cadal Rull et al. (2011); Rull and Vegas-Vilarrúbia (2015); Montoya et al. (2018)
dal Rull et al. (2021)
cadal Rull et al. (2021)
cadal Rull et al. (2021)
al This paper
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representative pollen types and assemblages to attain a homoge-
neous representation of vegetation succession over time. Pollen
assemblages were defined according to modern vegetation types,
as explained in detail in former papers (Rull et la., 2011; Trapote
et al., 2018a, 2018b). This selection and assembly task was carried
out with the participation of all palynologists involved in the
original papers. Other pollen taxa may occur for several vegetation
types and/or lack sufficient taxonomic resolution. These pollen
types occur only occasionally and in low numbers and have not
been included in the analyses. See Rull et al. (2011) and Trapote
et al. (2018b) for more details. In addition to pollen taxa, other
nonpollen palynomorphs (NPPs) with high indicator power have
also been considered. This is the case for some genera of fungal
spores, such as the coprophilous genera Sporormiella and Sordaria,
which are indicative of grazing, and Glomus, which has been related
to increased erosion rates (Montoya et al., 2018). Microcharcoal
particles are well-known proxies for fire incidence, and some
characteristic algal remains, especially of Pediastrum and Botryo-
coccus, are used as proxies for limnological conditions, mainly lake
levels and trophic state (Smittenberg et al., 2005). The interpreta-
tion of the pollen diagram followed the same criteria as former
studies, which were based on a 2-year modern analog study using
submerged pollen traps (Rull et al., 2017). This study demonstrated
that regional vegetation is mainly represented by Quercus and Pinus
pollen, whereas most of the remaining pollen types represent the
local vegetation of the Montcort�es catchment.

Vegetation change, as deduced by palynological analysis, is
compared with cultural and climatic trends and events to infer the
potential influence of natural and anthropogenic drivers on land-
scape dynamics. The account is disclosed following the cultural
phases of the Pallars region, namely, Bronze Age (2700e800/750
BCE), Iron Age (800/750-450 BCE), Roman epoch (72 BCE-418 CE),
Middle Ages (418e1488 CE), Modern Age (1488e1789 CE) and
contemporary times (1789-present), and the vegetation trends are
compared with the main protohistorical and historical de-
velopments and events that could have been linked to vegetation/
landscape change. All this information has been taken from
Marugan and Rapalino (2005) and is described inmore detail in the
Supplementary Material.

The paleoclimatic context is provided by former sedimento-
logical and geochemical studies of Lake Montcort�es sediments
(Corella et al., 2016, 2019) and the general climatic phases known
for continental Europe: Iron Age Cold Period (IACP; 900-300 BCE),
Roman Warm Period (RWP; 250 BCE-400 CE), Iberian-Roman Hu-
mid Period (IRHP; 650 BCE-350 CE), Dark Ages Cold Period (DACP;
400e850 CE), Late Antique Little Ice Age (LALIA; 540e660 CE),
Medieval Climate Anomaly (MCA) or Medieval Warm Period
(MWP) (950e1250 CE), Little Ice Age (LIA; 1300e1800 CE) and
Global Warming (GW; 1850 onward) (Gribbin and Lamb, 1978;
Mann et al., 2009; Martín-Puertas et al., 2009; Büntgen et al., 2016;
Helama et al., 2017). Unfortunately, no paleotemperature re-
constructions of the last 3000 years are available for Lake Mon-
tcort�es and similar Pyrenean areas. Therefore, a combination of
paleotemperature curves from a nearby high-elevation Pyrenean
locality and others from northern Iberia (Cantabria) and central
Europe (Alps) are used for comparison (Martín-Chivelet et al., 2011;
Catalan et al., 2013; Affolter et al., 2019).

4. Vegetation and landscape dynamics

Before starting with vegetation/landscape reconstruction, a
clarification regarding the difference between human settlement
and landscape anthropization seems opportune. Previous studies
on a variety of Pyrenean valleys situated at different elevations have
shown that initial human settlement and landscape anthropization
6

e i.e., the large-scale irreversible transformation of a landscape
leading to its present-day configuration e may be lagged by cen-
turies or millennia (Rull and Vegas-Vilarrúbia, 2021). Human set-
tlement is usually recorded by archaeological evidence, whereas
anthropization records need palynological evidence to infer sig-
nificant vegetation and landscape transformation.

According to the available archaeological evidence, humans
inhabited the region around Lake Montcort�es at least since the
beginning of the Bronze Age (Fig. S3; SupplementaryMaterial). This
evidence includes numerous megalithic constructions (dolmens)
(Fig. 3), cave dwellings and other archaeological sites with skele-
tons, ceramics, artifacts, charcoal and a diversity of materials and
structures that provide evidence of regular human settlement and
activities such as burial, food storage and salt extraction from
groundwater springs, among others (Panyella, 1944; Clop and
Faura, 1995; Simon and Vicente, 2002; Piera, 2013; Piera et al.,
2013). The earliest radiocarbon age available corresponds to a hu-
man skeleton dated to 3770 cal yr BP (1820 BCE; Middle Bronze
Age), which is consistent with ceramic stylistic features (Piera,
2013; Piera et al., 2013). In summary, humans were already pre-
sent in the region around Montcort�es during the Early/Middle
Bronze Age, but the anthropization of the lake catchment and its
surroundings, as documented by palynological records, did not
occur until >1300 yr later, at the beginning of the Iron Age (Rull
et al., 2021).

The following sections provide a synthetic account of the main
paleoecological, cultural and climatic trends and events of the last
ca. 3000 years in the Lake Montcort�es catchment and the sur-
rounding areas, organized by cultural and historical periods.

4.1. Late Bronze Age (ca. 1100 to 800/750 BCE)

The Late Bronze Age was characterized in Montcort�es by the
most undisturbed vegetation documented along the whole sedi-
mentary record, both in the lake catchment and the surrounding
region. During the Late Bronze Age, regional forests were domi-
nated by deciduous and evergreen Quercus forests (the deciduous
oaks were slightly dominant), and pine forests were less abundant,
except for a peak at ca. 960 BCE (Fig. 5). In the lake catchment, the
dominant vegetation type was the gallery forest composed of Alnus
and Corylus, a common association known as Alnetum catalaunicum
(a type of Alnetum glutinosae) that occurs today along rivers and
around lakes in the central Pyrenees above 600e800 m elevations
(Folch et al., 1984; Loidi, 2017). Interestingly, this association is
absent in the present Montcort�es catchment (Mercad�e et al., 2013).
Shrubby and herbaceous vegetation types were very scarce, which
suggests that the catchment was mostly forested. Indicators of
anthropogenic activities (cereals, coprophilous fungi) are also very
scarce or absent, and the low charcoal values indicate reduced fire
incidence. The whole picture suggests a totally forested landscape
with very little or no human impact.

According to archaeological evidence, megalithism was
declining in the region, and human populations were restricted to
small nomadic pastoralist groups living in caves or in outdoor
settlements depending on the season (Cots, 2005). No evidence of
human settlements has been found in the Montcort�es catchment
for the Late Bronze Age, which is consistent with the occurrence of
mostly undisturbed gallery forests. No studies on heavy rainfall
events (HREs) or sediment yield (SY) in the lake exist for this
period, which lacks varve dating, due to the occurrence of non-
biogenic laminations, whose seasonal nature is not guaranteed.
However, the dominance of organic varves and the scarcity of
detrital layers point to reduced sediment input from thewatershed,
as expected in a forested landscape. The age of this section has been
extrapolated assuming constant sedimentary rates similar to those
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in the upper varve-dated Iron Age interval (Rull et al., 2021). The
Late Bronze Age was characterized by warmer climates (Fig. 6) that
may have favored dominance around the lake catchment of Med-
iterranean Quercus forests, which occur at lower elevations than
montane pine forests (Mercad�e et al., 2013).

Due to the lack of older sediments, it is still premature to assess
whether the fully forested Montcort�es landscape of the Late Bronze
Age was primeval or resulted from the recovery of an eventual
former anthropogenic disturbance. It would be especially inter-
esting to know the potential influence of human groups that built
the Early Bronze megaliths in the landscape around Montcort�es
(Fig. 3). Further coring efforts are needed to test these insights. The
absence of biogenic laminations is also an interesting topic to be
investigated. The nonbiogenic nature of the laminations corre-
sponding to the Late Bronze Age has been deduced from the
absence of the calcite layer characteristic of biogenic laminations. A
possible explanation is that organic matter accumulation would
have lowered the pH of deep anoxic waters, thus preventing the
preservation of the calcite layer by carbonate dissolution (Corella
et al., 2011a). However, more studies are necessary for a sound
assessment.

4.2. Iron Age (800/750 BCE to 72 BCE)

The Iron Age represented the time of full transformation of the
vegetation and landscape in the Montcort�es catchment. Regional
forests also experienced a slight reduction and some changes in
composition. In these forests, the dominance changed from de-
ciduous to evergreen Quercus until ca. 150 BCE, when pine forests
began to dominate at the expense of evergreen Quercus, which
underwent a significant decline (Fig. 5). In the catchment, the
Alnus-Corylus gallery forests disappeared but were not replaced by
herbaceous formations or crops, suggesting degradation of the
watershed vegetation, likely manifested in a significant decline in
plant cover. This thorough landscape transformation coincided
with the first peak of coprophilous fungi and fire (ca. 750-650 BCE),
suggesting that gallery forests around the lake were burned and
transformed into pastures.

This abrupt anthropization of the lake catchment coincidedwith
an increase in HREs that, combined with soil denudation (Rull et al.,
2021), resulted in an increase in SY to the lake. Fire and grazing
continued until the end of the Iron Age, which prevented the re-
covery of watershed vegetation. Grazing activity experienced a
second maximum by ca. 300 BCE, coinciding with a small peak of
cereal cultivation and a small deforestation event in regional forests
(RD1; Fig. 5), coeval with a fire peak. This was the culmination of a
gradual decrease in regional forests that coincided with an
increasing trend in fire and grazing. After this, a change in regional
forest composition was characterized by the decline of Quercus (e)
and the dominance of Pinus (ca. 250-150 BCE). HREs fluctuated
around intermediate values with minima at ca. 600 and 400 BCE
and a maximum at approximately 500 BCE. SY values remained low
throughout the Iron Age. The Montcort�es anthropization event also
coincided with the onset of biogenic varve formation, suggesting a
close relationship between this sedimentary feature and
Fig. 5. Synthetic percentage pollen diagram of the Lake Montcort�es varved record. Charcoa
varves with intercalated detrital layers, 2) alternating turbidites with biogenic varves, 3) biog
5) biogenic varves without turbidites, 6) organic-rich, finely laminated sediments with occas
values analyzed in the same sediments (Corella et al., 2016, 2019) are also included for comp
2018a, 2018b): CF, conifer forests; EOF, evergreen oak forests; DOF, deciduous oak forests;
cultivated herbs; AP, arboreal pollen (cultivated trees not included); NAP, nonarboreal poll
algae. Cultural phases: Re, Republican epoch; Ms, Muslim Empire; Ca, Carolingian Empire; Pc
society. Historical events: PR, Pax Romana; MP, Migration Period; FS, inception of feudal sy
Visigoth migration; PI, Pallars independence; BP, black plague; PW, Pallars war; EA, Europea
succession war; AD, dismantling of the Spanish royal navy; 1C, first demographic crisis; 2C
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anthropogenic pressure. It is possible that higher runoff increased
the carbonate and nutrient inputs, leading to better conditions for
seasonal calcite precipitation, including increased primary pro-
ductivity in the aquatic ecosystem and subsequent varve formation
(Corella et al., 2012). Sedimentary facies also suggest that biogenic
varve formation coincided with a change from a shallower to a
deeper lake with a well-developed anoxic hypolimnion, which fa-
vors the formation of biogenic laminations (Corella et al., 2011a).

Culturally, the Iron Age has been subdivided in the Pallars region
into two phases with the boundary at 450 BCE (Fig. S3; Supple-
mentary Material). The first phase was similar to the Late Bronze
Age in terms of human occupation, whereas the second phase was
characterized by the maximum development of the iron industry,
which implied demographic growth and a certain degree of social
diversification. In the Montcort�es catchment, these two phases did
not have a relevant influence on human practices and land use,
except for a more or less continuous but low-intensity regional
deforestation trend coinciding with a gradual fire increase, prob-
ably as a result of demographic growth and the development of the
iron industry. Climatically, the Iron Age was cooler (IACP) and
wetter (IRHP) than the Late Bronze Age, especially during the first
phase (Fig. 6). These trends would have favored progressive
downward displacement of the forest belts consistent with the
observed increase in montane pine forests around Lake Montcort�es
and the decline in oak forests, both deciduous and evergreen,
which would have moved to lower altitudinal levels.

According to these results, anthropization of the Lake Mon-
tcort�es catchment occurred during the Iron Age, significantly
earlier than previously thought, and was performed by Iberian
people. Former sedimentological studies interpreted the SY record
mainly in terms of human pressure and proposed that the low SY
values before the Middle Ages were indicative of low human ac-
tivity around the lake (Corella et al., 2019). Similarly, archaeological
evidence, notably the lack of settlement remains in the catchment
and its surroundings, suggested that human impact would have
been low until the Roman period (Cots, 2005). At a regional level,
recent reviews for the central Pyrenees concluded that landscape
anthropization occurred mainly in the Middle Ages with little
spatial variability (Gonz�alez-Samp�eriz et al., 2017, 2019). The case of
Montcort�es, however, suggested the potential occurrence of
spatiotemporal gradients in the Pyrenean anthropization (Rull and
Vegas-Vilarrúbia, 2021).

4.3. Roman Period (72 BCE to 418 CE)

From a paleoecological point of view, the Roman period can be
subdivided into two well-differentiated phases, with a transitional
boundary centered at ca. 200 CE (Fig. 5). The first phase represents
the consolidation of the dominance of pine forests over the oak
forests in the regional vegetation. In the lake catchment, the situ-
ation was similar to that in the Iron Age (fire, overgrazing and soil
denudation), except for a small increase in Corylus, which suggests
the reestablishment of stands of this tree, whose fruits (hazelnuts)
were collected in the wild at wet sites (Pe~na-Chocarro et al., 2019).
This phase ended with peaks in fire and grazing that gave way to
l is expressed in influx units (particles cm�2 y�1). Sedimentary units (SUs): 1) biogenic
enic varves with intercalated detrital layers, 4) biogenic varves with frequent turbidites,
ional detrital layers (nonbiogenic). Heavy rainfall events (HRE) and sediment yield (SY)
arison. Vegetation types and palynomorph assemblages (Rull et al., 2011; Trapote et al.,
RF, riverine forests; CT, cultivated trees; SH, shrubs; MP, meadows and pastures; CH,
en; RD1 to RD4, first to fourth regional deforestations; AQ, aquatic plants; F, fungi; A,
, Precapitalist traditional society; Tr, transition to modern society; Ct, modern capitalist
stem; MC, ending Medieval crisis; IR, industrial revolution (Catalonia); VM, southern
n-American contact; CO, opening of the Collegats pass through the Montsec range; SW,
, second demographic crisis (see Supplementary Material for more information).



Fig. 6. Paleotemperature reconstructions used for comparison. Model 1 represents the summer-fall (blue) and winter-spring (red) paleotemperature trends reconstructed from Lake
Redon (2230 m elevation, situated ca. 40 km NW of Lake Montcort�es) sediments using diatoms (blue) and chrysophytes (red) as proxies, calibrated with modern training sets (Pla
and Catalan, 2005; Catalan et al., 2009). The other models are from 230Th/234U-dated speleothems. Model 2 (green) was obtained in the Milandre cave (Switzerland) by hydrogen
(dD) and oxygen (d18O) isotope analysis of fluid inclusions (Affolter et al., 2019). Model 3 (black) represents smoothed average temperature trends estimated after d13C analysis of
three caves (Cobre, Kaite, Mayor) from the Cantabrian range (N Spain) (Martín-Chivelet et al., 2011). The map indicates the location of the three sites. Lake Montcort�es falls within
the white dot of site 1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the second phase, which was characterized by an abrupt decline
(ca. 250 CE) and a subsequent recovery (ca. 400 CE) of Pinus,
coinciding with an increase in shrubs, cereal crops and weeds
(Plantago, Artemisia). This phase has been interpreted as a second
anthropization pulse where intensive pastoralism was replaced by
cereal cultivation inside the catchment, and selective pine exploi-
tation began in the surrounding forests. This led to significant
regional deforestation (RD2; Fig. 5), whose maximumwas situated
at approximately 300 CE. The decline in fire during the pine min-
imum suggests that these trees were probably cut down for wood
instead of burned, a common practice among Romans (Veal, 2017).
The recovery of shrubby vegetation may have been due to the
regrowth of Buxus and Juniperus, which are secondary colonizers of
deforested areas and abandoned terrains (Carreras et al.,
2005e2006). Selective pine exploitation led to the first significant
regional deforestation event recorded in the Montcort�es sequence,
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peaking at ca. 320 CE. HREs and SY underwent a small increase,
likely favored by a decrease in land cover by human pressure (Rull
et al., 2021).

From a historical perspective, the Pallars region seems to have
been considered a marginal region for the Roman culture, probably
due to its physical isolation. Indeed, the Roman Pallars was mainly
occupied by autochthonous Iberian people, and the Roman pres-
ence seems to have been scarce, despite them ruling the region
according to their own laws (Cots, 2005). Notably, the first phase
defined abovewhere land-use practices were similar to those in the
Iron Age roughly coincided with the Pax Romana (27 BCE-180 CE), a
phase following the Republican period, which was characterized by
general stability, order and prosperity that inaugurated the Roman
Empire. There is no evident connection between this historical
event and the paleoecological interpretation advanced here. Future
multidisciplinary studies may be developed to find eventual
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relationships, but in the present state of knowledge, it is possible
that Roman influence was not significant until the second paleo-
ecological phase, when land use diversified. The available historical
documents report subsistence economic practices (farming,
forestry) combined with commerce and mining activities during
the Roman occupation of the Pallars (Fig. S3; Supplementary Ma-
terial). This would be consistent with the shift to cereal cultivation
and selective forest exploitation during our second paleoecological
phase, but more evidence is needed for a sound assessment.

At the regional scale, the climates were warmer (RWP) and
wetter than those of the Iron Age (Fig. 6). However, the Pyrenean
paleotemperature curve (Lake Redon) showed a pronounced
decline between ca. 200 CE and the end of the Roman period not
observed in other curves. This decline coincided with the second
paleoecological phase, when intensive overgrazing was replaced by
cereal cultivation and pine exploitation, which was possibly related
to the increasing presence of Roman people in the Pallars region.
This cooling also appears in Cantabrian cave reconstructions but at
a lower intensity (Fig. 6).

4.4. The migration period

In general, the transition between Roman domination and the
establishment of Middle Age cultures was not sudden but transi-
tional and spanned approximately 200 years (ca. 370e570 CE),
during which former Roman territories were invaded and occupied
by other cultures, often called Barbarian (Halsall, 2008). In the
Pallars region, this phase has not been formally described but
coincided chronologically with the first half of the Visigoth period,
named for the northern culture that crossed the Pyrenees. In this
case, the Migration Period is important to separate from the rest of
the Visigoth period because of the existence of relevant paleoeco-
logical differences. During the Migration Period, pine forests
recovered, which suggests that selective pine exploitation ceased,
but cereal cultivation continued as the main human activity
(grazing intensity was as low as in the second Roman phase, and
fires were clearly declining) (Fig. 5). This apparent continuity of
Roman practices suggests that the Visigoths had not yet occupied
the Pallars region, which is supported by historical evidence, as this
culture began to expand to the south from the French city of Tolosa
by 507 CE, when the Frank Empire conquered this city (Fig. S4;
Supplementary Material). This occurred near the end of the
Migration Period (Fig. 5). The whole picture suggests a relaxation of
human activities, which coincided with a phase of minimum HREs
and, as a consequence, low or null SY to the lake (Corella et al.,
2019). At the end of the period, a short-lived increase in Betula
suggests that this well-known secondary colonizer of forest clear-
ings in mountain and high-latitude biomes (Dubois et al., 2020)
could have colonized the open areas left by former shrublands and
crops/pastures, including lake shores. The Migration Period coin-
cided with the onset of a new cold period, the DACP, which is well
represented in the local and regional paleotemperature curves
(Fig. 6). Therefore, it is possible that lower temperatures were also
linked to low human pressure by downward migration to the
lowlands.

4.5. Middle Ages (418e1488 CE)

In the Middle Ages, two different historical phases can be
distinguished. The first phase extended from the Visigoth period to
the consolidation of the feudal system in the 10th century and will
be called prefeudalism here. The second phase was characterized
by the dominance of the feudal system and roughly coincided with
the political independence of the Pallars as a county (920e1488 CE)
(Fig. S4; Supplementary Material).
10
4.5.1. Prefeudalism (507 CE to 10th century)
After the migration period and the onset of the Visigoth occu-

pation, human activities changed radically in the Pallars country
and its surroundings. Pine forests continued to be the most abun-
dant regional forests, but evergreen oaks expanded and deciduous
oaks disappeared abruptly, possibly because of selective cutting
(fires strongly declined). Cereal cultivation ceased, shrubs and
weeds almost disappeared, and the Montcort�es catchment started
to be colonized by wild grass meadows (Poaceae), which were
intensively grazed again. A new element, Cannabis (hemp),
appeared for the first time in theMontcort�es record. This significant
shift in land usewas themanifestation of a cultural change initiated
with the Visigoth occupation that lasted until ca. 820 CE, including
the ephemeral Muslim period and the first half of the Frank
(Carolingian) domination (Fig. 5). Historically, this phase is poorly
documented and is also known as the dark prefeudal period
(Fig. S4; Supplementary Material). It is believed that this phase
witnessed a reinforcement of pre-Roman (Iberian) local autoch-
thonous cultures (Marugan and Oliver, 2005). According to histor-
ical documents, the disintegration of the Roman world was
followed by deep transformations in land use, such as the expan-
sion of bottom-valley agriculture, a significant increase in local
mining and the development of extensive pastoralism, including
horizontal transhumance. This is consistent with the increase
observed in the grazing indicators (coprophilous fungi), which
significantly increased during this phase until a maximum at ca.
820 CE. The sudden introduction of hemp is not mentioned in
historical documents about LakeMontcort�es, yet it was a significant
and long-lasting feature, except during the Muslim phase, when
the lake catchment was occupied by grass meadows and aquatic
plants (Fig. 5). It is not clear whether hemp, which is characteristic
of warmer lowlands, was cultivated around the lake or was trans-
ported from the surrounding lowlands for retting, or both (Rull
et al., 2021).

Prefeudal times were wetter than the Migration Period, as
suggested by the maintained increase in HREs (Fig. 5). SY also
increased as a consequence of both soil denudation and erosion by
the combination of enhanced grazing and precipitation. The
increasing moisture trend, which would have favored forest
growth, and the decreasing fire incidence suggest that the defor-
estation trend observed during prefeudal times was probably
linked to forest exploitation for wood rather than to burning.
Temperatures were similar to those in the Migration Period (DACP),
with cooling intensification during the LALIA, occurring between
ca. 540 and 660 CE (Büntgen et al., 2016). The onset of the LALIA
roughly coincided with the shift from the Migration Period to the
prefeudal Medieval phase, which suggests that some of the events
observed at this boundary e e.g., the abrupt disappearance of the
deciduous oaks or the replacement of cereal crops by hemp in the
lake catchment e may have had some climatic influence.

4.5.2. Feudalism (10th century to 1488 CE)
In the Pallars region, the feudal system initiated during the

Carolingian period and was fully established in the 11th century
(Fig. S4; Supplementary Material). The political independence of
the County of Pallars was achieved in 920 CE (Marugan and Oliver,
2005). From a paleoecological point of view, this phase was rather
homogeneous, except for some relevant features. Regionally, the
most significant event was the dramatic decline in pine forests at
the beginning of this phase, which signified a remarkable reduction
in the regional forest cover (900e1000 CE) (Fig. 5). This was the
second most significant regional deforestation (RD3), after that
recorded during the end of the Roman period, and occurred during
a phase of low fire incidence (except for some isolated peaks).
Therefore, it is possible that tree felling for wood was the main
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cause. It is important to note that slash-and-burn practices and
forest burning, in general, were abolished by the feudal system in
order to have more control over arable lands and their use
(Marugan and Oliver, 2005). A gradual forest recovery was
observed during the rest of the feudal epoch due to the progressive
increase in deciduous and evergreen Quercus. However, regional
forests never attained the abundance observed in the early Roman
and Visigoth periods. This will be discussed in more depth in the
next section, which deals specifically with forest development
during the Middle Ages.

Inside the catchment, the vegetation was mostly herbaceous
and dominated by grass meadows and weeds (Artemisia, Plantago).
Cereal cultivation had been abandoned during the prefeudal phase.
Grazing was less intense than in former periods, probably due to
the development of extensive horizontal transhumance (Fig. S4;
Supplementary Material), which relaxed the local grazing pressure.
The dominance of open landscapes and the increase in runoff, as
expressed in the frequency of HREs and the appearance of Glomus,
led to a significant increase in SY to the lake. In addition to grazing,
the main human activity inside the catchment seems to have been
hemp cultivation/retting, although the relatively low abundance of
this pollen type suggests that the hemp industry was intended only
for local consumption. The possibility of hemp cultivation around
the lake would be supported by the coeval in situ occurrence of
lowland wild and cultivated plants migrating upwards thanks to
the warmer climates of the MCA (950e1250 CE) (Fig. 6). Indeed,
previous analyses (Rull et al., 2011) recorded the occurrence, in the
Montcort�es catchment, of a low scrub community dominated by
Rosmarinus and Helianthemum, which is characteristic of present
Mediterranean dry lowlands situated below 800 m elevation (de
Bol�os, 2001). In addition, historical documents report that during
the same epoch, warmer climates allowed extension of lowland
crops such as vineyards and olive groves to elevations above
1000 m, which include the Lake Montcort�es catchment (Fig. S4;
Supplementary Material). Under these climatic conditions, hemp
cultivation for local subsistence purposes around the lake would
have been likely and is supported by the pollen record (Fig. 5).

Hemp declined at ca. 1380 CE, coinciding with an increase in
Olea, near the beginning of the LIA cooling (Figs. 4 and 5). In this
case, olive cultivation around the lake is unlikely, and the presence
of olive pollen is probably linked to its high upward dispersion
capacity (Ca~nellas-Bolt�a et al., 2009). Therefore, the increase in Olea
pollen would be more consistent with an expansion of this crop in
the lowlands, likely due to climatically triggered downward mi-
grations of people to the southern Pallars. The interval of hemp
decrease and olive increase also coincided with a declining trend in
HREs and the abrupt drop in SY (Fig. 5). This combination of events
occurred during the ending Medieval crisis (1348e1487 CE), when
the Pallars was significantly depopulated due to the coincidence of
several limiting factors such as an extended black plague (1348 CE),
wars, the already mentioned climatic cooling of the LIA and the
collapse of the feudal system, mainly due to its unsustainability
(Marugan and Oliver, 2005) (Fig. S4; Supplementary Material). This
coincidence of sociopolitical and climatic factors would have pro-
moted the abandonment of the Lake Montcort�es catchment and its
surroundings and the return of secondary colonizers (Juniperus,
Buxus, Betula), as observed in the pollen diagram (Fig. 5).

4.5.3. Medieval forests
The history of Medieval forests deserves special attention, as

this was the epoch of major anthropogenic disturbance in the
Pyrenees in terms of deforestation and extensive land use
(Gonz�alez-Samp�eriz et al., 2017, 2019, 2019; García-Ruiz et al.,
2020; Rull and Vegas-Vilarrúbia, 2021). In this study, the combi-
nation of cores described in the methods section has enabled us to
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resolve the Medieval forest history of the Montcort�es region at a
quasidecadal resolution (ca. 13 yr/sample, on average), which
almost triples the resolution of previous studies (Rull et al., 2011). In
this way, it has been possible to record not only the general forest
trends over time but also more subtle shifts that were hidden in
former surveys. As seen above, the largest deforestation observed
in the Montcort�es record (RD3; Fig. 5) occurred at approximately
1000 CE, roughly coinciding with the consolidation of the feudal
system. This large-scale deforestation was the culmination of a
trend initiated at the end of the Migration Period (570 CE), during
the DACP.

This deforestation trend was underlain by minor forest clearing
events defining deforestation-recovery cycles of a 33e76 yr dura-
tion (average of 55 yr) that occurred mainly during the prefeudal
phase (Fig. 7). The further forest recovery lasted until the boundary
between the Middle Ages and the Modern Age (ca. 1500 CE) and
was also characterized by minor but longer deforestation-recovery
cycles of a 77e140 yr duration (average of 114 yr). This suggests that
higher-frequency deforestation events (HFDEs) of half a century
recurrence prevented full forest recovery and produced a cumula-
tive effect that significantly reduced the forest cover. On the con-
trary, when the recurrence of forest clearing events increased to a
century (lower-frequency deforestation events or LFDEs), forests
were able to recover and progressively expand. Therefore, the
large-scale Medieval deforestation that occurred in the Montcort�es
region during the Middle Ages was not the consequence of a single
abrupt event that, once ceased, permitted the recovery of forests.
Rather, the difference between the deforestation and recovery
trends lies in the frequency of minor deforestation events that
occurred throughout Medieval period.

Regarding the causes, it has been pointed out that the consoli-
dation of the feudal system involved the end of slash-and-burn
farming practices and favored extractive forest practices
(Marugan and Oliver, 2005). This is clearly visible in the synthetic
pollen diagram (Fig. 5), where the fire proxy (charcoal influx) is
important during the Iron Age and the Roman period and un-
dergoes a significant decline beginning with the Middle Ages.
However, someminor and localized charcoal peaks occurred during
and after the transition to the feudal system (Fig. 7). The largest of
these peaks took place at the end of the deforestation trend and
coincided with a minor HFDE (ca. 950 CE). The other charcoal peaks
of lower intensity were also close to two LFDEs (ca. 1100 CE and ca.
1200 CE) that occurred during the forest recovery phase (Fig. 7).
Considering that at least 13 minor deforestation events have been
identified during the Middle Ages, it seems that most of themwere
due to extractive practices. Beyond 1200 CE, fire incidence was
almost negligible until the end of the sequence (Fig. 5).

Climate could have also played a role in Medieval forest dy-
namics. The maximum deforestation occurred during the MCA,
characterized by warmer and drier climates, which may have
favored the occurrence of fire (note that the three charcoal peaks
mentioned before occurred during the MCA) and the increase in
human activities around the lake by upward migration from low-
lands due to favorable climates. Therefore, these three factors,
warm/dry climates, humans and fire, could have acted synergisti-
cally to magnify deforestation trends. Subsequent forest recovery,
especially from the end of fire peaks onward, may have been
favored by the LIA cold climates and depopulation that occurred
during the ending Medieval crisis (Fig. 7).

4.6. Modern Age (1488e1789 CE)

The Middle Ages and the political independence of the Pallars
county ended with the Pallars War, in which the region was
conquered by the Castille-Aragon crown and transformed into the



Fig. 7. Forest trends during the Medieval period, as represented by arboreal pollen (AP) abundance (green line). Horizontal dotted red lines represent minor deforestation events,
and the blue numbers in between are the numbers of years elapsed among them. Charcoal (brown line) in influx units: particles cm�2 y�1. RD3, third regional deforestation; EMC,
ending Medieval crisis; Mod, Modern Age; Carol, Carolingian (Frank) occupation; Musl, Muslim period; MP, Migration Period. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Marquisate of Pallars, under monarchic dominion (Bringu�e, 2005).
From a paleoecological point of view, this period was rather stable,
and no significant vegetation or landscape shifts have been recor-
ded in the catchment or in its surrounding areas (Fig. 5). Regional
forests experienced a relevant reduction, which is provisionally
denoted RD4, but this may be an artifact, as will be discussed later.
Inside the catchment, themain difference from late-Medieval times
is the recovery of Cannabis pollen, coeval with the decline of grass
meadows and weeds (Artemisia, Plantago), whereas Olea and the
secondary colonizers (Buxus, Juniperus, Betula) maintained the in-
crease initiated during the ending Medieval crisis. Also noteworthy
is the decline in HREs and the persistence of very low values of SY.
Climatically, theModern Age corresponded to the second half of the
LIA (Fig. 6).

The apparent vegetation and landscape continuity of the Mon-
tcort�es area contrasts with the significant socioeconomic changes
experienced by the Pallars region during the Modern Age. Spec-
tacular demographic growth took place after the ending Medieval
crisis, which doubled the population numbers in barely two de-
cades (Bringu�e, 2005). A significant portion of the new immigrants
came from France. Although extensive cultivation (cereals, olive,
vineyards) was still practiced, progressive replacement of crops by
pastures occurred, especially in the highlands, which supported
heavy grazing pressure by large sheep flocks in permanent hori-
zontal transhumance. Forest exploitation for wood and charcoal
also increased, mainly to maintain the expanding iron industry,
12
which experienced significant technical improvements and used
hydraulic power (Fig. S5; Supplementary material). In the Mon-
tcort�es catchment, however, the dramatic increase in hemp culti-
vation/retting was the only relevant observation and, apparently,
themain economic activity around the lake during theModern Age.
The pollen record suggests that the importance of this industry
during those times is difficult to explain only in terms of local
consumption (Rull et al., 2011).

A fundamental historical event in this discussion is the
European-American contact that occurred in 1492 CE, which was
funded by the Castille monarchy. This discovery fostered the
outstanding development of the Spanish Royal Navy, which
required a permanent and abundant supply of hemp fiber for the
manufacture of ropes and sails. Catalonia was among the most
important regions for hemp production in both quantity and
quality, particularly the Pallars region (Trapote et al., 2018b). Lake
Montcort�es is especially well suited for hemp retting due to the
local bacterial community, which is able to detach the cuticular
fibers from the plant stems in a spontaneous way (Rull and Vegas-
Vilarrúbia, 2014). In this case, hemp cultivation around Lake
Montcort�es is unlikely, as the maximum hemp pollen occurred
during the LIA, when climates were colder than at present and
significantly colder than in Medieval times, especially during the
MCA, when cultivation could have been possible. Historical docu-
ments report frequent hemp cultivation in some surrounding
lowland (500e800 m elevation) villages during the Modern Age
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(Madoz, 1845). Therefore, the most likely explanation is that the
Modern-Age hemp pollen record of Lake Montcort�es is due to
retting practices rather than to local cultivation. One of the con-
sequences of hemp retting is the change in physicochemical water
properties, especially nutrient enrichment and eventual eutrophi-
cation (Anderson, 1995). In Lake Montcort�es, this could explain the
increases in aquatic plants including littoral vegetation (Typha and
Cyperaceae) and planktonic algae such as Pediastrum (Fig. 5).

Two historical events could have favored the development of
the hemp industry around the Montcort�es area. First, the opening
in 1687 CE of a new road through the southern Montsec Range, one
of the orographic accidents responsible for the historical isolation
of the Pallars region, facilitated commercial communications with
the Catalonian lowlands and coasts situated to the south (Bringu�e,
2005). Second, the same 1617 CE decree that established the
absolutist monarchy in Spain (Fig. S5; Supplementary Material)
also opened trade with American colonies to Catalonia and other
regions that previously had not had access to such activities. In the
pollen diagram (Fig. 5), an increase in the hemp curve is manifested
after these dates. In the 18th century, hemp cultivation was
mandatory by royal decree in all Spanish lands suitable for this
crop, which resulted in a production peak at the end of the Modern
Age (1770 CE) (Sanz, 1995).

4.7. Contemporary times (1789 CE to present)

The last centuries may be subdivided into two main paleoeco-
logical phases separated by the Industrial Revolution, which took
place in Catalonia between 1832 and 1935 CE (Fig. S5; Supple-
mentary Material). The preindustrial phase was characterized by a
situation similar to that in the Modern Age that represents the
maximum of the hemp industry. The postindustrial phase repre-
sents the end of hemp retting in Montcort�es and the expansion of
regional forests and olive crops (Fig. 5). The interval corresponding
to the Catalan industrial revolution is characterized by relevant
peaks in HREs and SY. Climatically, the contemporary times coin-
cide with the end of the LIA and the ongoing GW (Fig. 6).

From a socioeconomic point of view, the preindustrial Pallars
was characterized by a subsistence economic system where most
production was intended for local consumption and only a few
products, notably salt and oil, were in surplus and available for
external commercialization. Although not mentioned in the avail-
able historical documentation, the Montcort�es catchment was still
dedicated mainly to hemp retting, an activity that attained its
maximum in this phase, coinciding with the acme of commerce
with America and themaximum development of the naval industry
in Catalonia (Delgado, 1994). The situation changed when, in 1834
CE, the Spanish royal navy was dismantled and the demand for
hemp fiber plummeted. This coincided with the maximum and
further decline of hemp retting in Lake Montcort�es (Fig. 5). The
appearance of new materials such as cotton and synthetic fibers, as
well as manufactured fabrics, imported from other countries in
Europe and overseas also contributed to the hemp decline (Trapote
et al., 2018b).

The postindustrial phasewas characterized by two demographic
crises that significantly reduced the Pallars population. The first of
the crises has been attributed to the combination of the arrival of
the phylloxera vineyard plague (1879 CE) and several years of un-
favorable climates and bad harvests (1893e1896 CE). The second
crisis (1960e1980 CE) was caused by the emigration of the Pallars
population to industrial areas. Overall, the Pallars region lost almost
60 % of its population between 1857 and 1991 (Sabart�es, 1993).
Between these two crises, some demographic recovery occurred
thanks to the hydroelectrical development of the region (Fig. S5;
Supplementary Material). The recovery of regional forests
13
mentioned above could be linked to the decrease in farming and
herding activities. At present, the main economic activity in the
Pallars region is tourism.

A last observation regarding hemp seems opportune. The
scarce/null presence of hemp pollen during most of the 20th cen-
tury was reversed in recent decades, from the 1980s onwards,
when it experienced a relevant increase (Fig. 5). This increase is still
in force, as demonstrated by the modern analog study using sub-
merged traps mentioned in the methods section. Indeed, present-
day pollen assemblages that reach Lake Montcort�es sediments
have variable amounts of Cannabis pollen, between 10 % and 40 % of
the pollen sum, with maxima during fall/winter (Rull et al., 2017).
No hemp crops have been observed in the surroundings, and local
people do not know where this plant could be cultivated in the
area. The significant statistical associations of Cannabis pollen
abundance with wind speed and direction suggest that long-
distance wind transport would be involved, as demonstrated in
other aerobiological studies (Cabezudo et al., 1997). However, the
source of hemp pollen sedimented in Montcort�es remains
unknown.

4.8. Cannabis retting and forest dynamics

Accepting that hemp retting and not local cultivation is the most
reliable source for the abundant Cannabis pollen during modern
and contemporary times has important implications for the con-
struction and interpretation of the pollen diagram. If Cannabis was
not part of the local and regional Montcort�es vegetation but was
transported there by humans, then its pollen should be excluded
from the pollen sum. Otherwise, the percentages of other pollen
types could be artificially distorted. Especially significant is the
forest reduction previously called RD4, which could be an artifact
due to the high abundance of Cannabis pollen. When this pollen is
excluded from the pollen sum, the RD4 event becomes significantly
less intense, although it does not disappear (Fig. 8). During this
interval, the resolution of the forest dynamics reconstruction is
subdecadal (ca. 6 yr/sample, on average), which doubles the reso-
lution of the Medieval reconstruction (Fig. 7). The recurrence times
of minor deforestation events above and below RD4 are ca. 34 yr
and ca. 37 yr, respectively, which are lower than those in Medieval
times. In this case, the process of forest reduction is different from
that in the Middle Ages (Fig. 7), as the minor deforestation events,
althoughmore frequent, are less intense and insufficient to produce
a cumulative effect triggering a definite and maintained defores-
tation trend. Instead, shorter clearing and recovery trends led to a
less intense deforestation of approximately 50 % reduction in forest
tree pollen (comparedwith themaximum of 70e80 % in theMiddle
Ages; Fig. 7), on average, between ca. 1710 and 1860 CE. From this
point, a continuous trend of forest recovery is observed during
contemporary times.

Fire incidence was also important but significantly lower than
that in Medieval times, when charcoal concentrations were two
orders of magnitude higher (Fig. 7). This, together with the above
deforestation numbers, as deduced from pollen trends, suggests
that during the Modern Age, forests would have been cleared only
partially and/or in a very localized manner. This would be consis-
tent with the profound shift in land property and land-use patterns
that occurred after the dismantling of the feudal system, where a
small group of nobles owned the whole territory, which was
exploited following extensive criteria (Marugan and Oliver, 2005).
Contrarily, during the Modern Age, the territory was much more
subdivided, and the concepts of private and communal property
appeared, which led to a more intensive and diversified production
system (Bringu�e, 2005). In the case of forests, extracted wood was
usually submitted to renting or licensing for fixed amounts during a



Fig. 8. Forest dynamics during the Modern Age and contemporary times, including (dotted green line) and excluding (solid green line) Cannabis pollen from the pollen sum.
Charcoal (brown line) in influx units: particles cm�2 y�1. Med, Medieval epoch; RD4, fourth regional deforestation; LIA, Little Ice Age; GW, Global Warming; DC 1e2, first and second
demographic crises. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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given period of time. This partial and transitory way of exploitation
would be consistent with the patterns of deforestation and fire
incidence observed during the Modern Age (Fig. 8). Forest recovery
occurred during contemporary times, from ca. 1860 CE, coinciding
with the latest fire peak and the onset of the first and second most
recent demographic crises of the Pallars region (Sabart�es, 1993).

Regarding climate, it should be noted that deforestation
occurred during the LIA, which could have contributed to relaxing
the frequency and intensity of human activities around the lake.
Forest recovery took place during the ongoing GW, which could
have reinforced the effect of the depopulation of the Pallars region
and a significant decline in fire. Once more, climatic and cultural
drivers of ecological change seem to have acted in combination to
generate and/or reinforce vegetation and landscape shifts.

5. The Montcort�es paleoecological record in a wider context

5.1. The Pyrenees and the Iberian Peninsula

On the Iberian Peninsula, there are no continuous, high-
resolution paleovegetation records for the Late Holocene compa-
rable to those of Montcort�es (Carri�on, 2012 and literature therein).
On the one hand, the known varved records are significantly
shorter and/or discontinuous, as mentioned in the introduction
(Zolitschka et al., 2015). On the other hand, the few palynological
studies on these varved records are of significantly lower resolu-
tion, typically centennial (Burjachs, 1996; Juli�a et al., 1998; Martín-
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Puertas et al., 2008; Romero-Viana et al., 2008; Corella et al., 2013)
(Table 2). Therefore, comparisons with Iberian palynological re-
cords of the last 3000 years should be performed using nonvarved
sediments.

Most of the>20 palynological records from the southern-central
Pyrenees are from high-altitude lakes and peat bogs situated in
subalpine and alpine environments above a 1600 m elevation
(Gonz�alez-Samp�eriz et al., 2017, 2019, 2019; Rull and Vegas-
Vilarrúbia, 2021). These localities are different from Lake Mon-
tcort�es in both climatic and biotic features as a consequence of
elevation, Mediterranean influence and biogeographic features.
Only two records have been retrieved in the montane and sub-
montane belts, at elevations similar to Montcort�es: the Prats de Vila
(1150 m) and the Estanya (670 m) records (Riera et al., 2004;
P�elachs et al., 2009; Gonz�alez-Samp�eriz et al., 2017). However,
these records lack long and continuous varved sequences similar to
those of Lake Montcort�es and have been analyzed at lower
(centennial to millennial) resolutions.

In terms of vegetation, the Montcort�es record is more similar to
the Estanya reconstruction, likely due to the Mediterranean influ-
ence on both, which is manifested mainly in the common presence
of Quercus in regional and local forests. The Prats de Vila sequence,
despite its elevation being more similar to that of Montcort�es, has
more Eurosiberian influence, and the major forest components are
Abies, Alnus, Corylus and Fagus, while Quercus is absent (Fig. 9).
Another aspect in which Montcort�es and Estanya resemble each
other is the development of the hemp industry. There is a



Table 2
Relevant features of varved Mediterranean lakes identified by Zolitzschka et al. (2015), with palynological studies for the interval of interest of this paper (ca. 3000-present).
NA, not available.

Lake Elevation
(m)

Varved record Varve
years

Varve
thickness
(mm)

Chronology Palynology Resolution References

Nar (Turkey) 1363 300-2000 CE 1700 2.2 Absolute 300-2000 CE; 13,700
BP-present

Bidecadal to
bicentennial

Jones et al. (2006); England et al. (2008);
Roberts et al. (2016)

Montcort�es
(Spain)

1027 2699-present 2699 2.4 Absolute ~3000 BP- present Bidecadal This paper

La Cruz (Spain) 1000 1579-2002 CE 423 0.95 Absolute ~520 CE-present Multidecadal Burjachs (1996); Juli�a et al. (1998);
Romero-Viana et al. (2008)

Arreo (Spain) 655 1952e1998 CE 46 1.1 Floating 0-2000 CE Multidecadal Corella et al. (2011b, 2013)
Avigliana

(Italy)
353 1935e2000 CE 65 3 Absolute 1820e2000 CE Subdecadal Finsinger et al. (2006)

Z�o~nar (Spain) 300 ~2530-2100 BP; ~1940
e1910 BP ~1780-1600 BP

637 ~1 Floating ~3400 BP-present Centennial Martín-Puertas et al. (2008, 2009)

Albano (Italy) 293 1944e1990 CE 46 2.6 Absolute 14,000 BP-present Bicentennial Lami et al. (1994); Mercuri et al. (2002)
San Puoto

(Italy)
2 1925e1995 CE 70 NA Absolute NA NA Alvisi and Dinelli (2002)

Butrint
(Albania)

0 1741 CE-present 259 5 Absolute 4370 BP-2000 CE Bicentennial Ariztegui et al. (2010); Morell�on et al.
(2016)

Dead Sea
(Jordania/
Israel)

�423 140 BC-1408 CE (minor
gaps)

1500 0.5 Floating 2000 BCE-1516 CE;
~2500-500 BCE

Multidecadal Migowski et al. (2004); Neumann et al.
(2007); Langgut et al., 2014)
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remarkable chronological coincidence in the introduction of hemp
(early Middle Ages) and the maximum development of this in-
dustry (second half of the Modern Age), in both localities (Fig. 9).
The great development of this industry during the Modern Age is
likely a manifestation of the political mandate of providing mate-
rials for the Spanish royal navy already discussed. The main dif-
ference is that in Estanya, hemp cultivation and retting have been
documented historically (Riera et al., 2004, 2006), whereas in
Montcort�es, although there is no information on these particular
practices, cultivation has been considered less likely due to the
higher elevation (Rull et al., 2011; Rull and Vegas-Vilarrúbia, 2014;
Scussolini et al., 2011; Trapote et al., 2018b).

Looking at deforestation trends, the three sections coincide in
terms of large-scale forest clearing episodes during theMiddle Ages
followed by events of forest recovery. However, in Estanya and Prats
de Vila sequences, the level of resolution is lower than in Mon-
tcort�es, which hinders more detailed comparisons. Regarding land
use patterns, Montcort�es seems more similar to Prats de Vila, as
cereal cultivation, grazing and forest management have been the
main activities (P�elachs et al., 2009). Evidence for typical Medi-
terranean crops such as vineyards and olive groves occurs only in
Estanya, likely due to its lower elevation and higher Mediterranean
influence. The three sites also differ in the timing of landscape
anthropization, which in Estanya goes back to the Late Bronze Age
(Gonz�alez-Samp�eriz et al., 2017) but in Montcort�es has been
recorded in the early Iron Age (Rull et al., 2021) and in Prats de Vila
was documented for the Iron Age/Roman transition (P�elachs et al.,
2009). However, it should be stressed that, in the case of Mon-
tcort�es and Prats de Vila, these are minimum anthropization ages,
as older Bronze Age sediments are still unavailable in both
localities.

Large chronological differences in landscape anthropization are
common in montane and submontane areas of the Iberian Penin-
sula under Mediterranean influence. A recent compilation across
thewhole peninsula reported awide range of anthropization times,
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between the early Bronze Age and the Middle Ages, with remark-
able geographical heterogeneity and no evident spatial patterns
(Fig. 10). This was attributed to the occurrence of heterogeneous
cultural patterns in both time and space across montane to sub-
montane vegetation belts of the Iberian mountains, and the
development of local studies focused on particular mountain
ranges has been recommended to evaluate the possibility of chro-
noelevational anthropization patterns (Rull et al., 2021). A pilot
study of this type exists for the southern-central Pyrenees that may
serve as an example. A set of lake and peat bog sites with suitable
palynological reconstructions ranging from submontane to alpine
belts were found to be anthropized between the Bronze Age
(submontane) and the Middle Ages (subalpine/alpine), following a
statistically significant trend of approximately 40 m of upward
migration per century (Fig. 11). These results were considered
preliminary and should be confirmed with future studies, espe-
cially at the lower mountain elevations, where data are still scarce
(Rull and Vegas-Vilarrúbia, 2021).

No similar studies are available for the northern Pyrenean slope.
A paleoecological review is available for southern France that in-
cludes localities from the northern Pyrenean side under Mediter-
ranean influence, ranging from a ca. 700 to ca. 2200 m elevation
(Berger et al., 2019). However, this dataset was studied globally, and
a more detailed analysis of anthropization thresholds with eleva-
tion was not carried out. It would be interesting to perform a
chronoelevational gradient analysis similar to that developed for
the southern side to compare spatiotemporal anthropization pat-
terns on both sides of the Pyrenees.

Other studies exist for non-Mediterranean mountain areas of
the Iberian Peninsula that are under the influence of Atlantic cli-
mates. These areas are out of the scope of this paper, which is
focused on the Mediterranean region. However, a recent compila-
tion of low to mid-elevation localities of the Cantabrian range is
worth to be mentioned, as landscape anthropization times range
from the Bronze Age to historical times (P�erez-Díaz et al., 2018).
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This suggests that a metaanalysis of the whole Iberian Peninsula
considering anthropization times in relation to elevation, biocli-
matic and cultural features would be very interesting. For this, it
would be necessary to develop an exhaustive database, which
could be based on the compilation by Carri�on (2012) and its future
updates.

5.2. The mediterranean region

This section attempts to compare the Montcort�es paleo-
vegetation reconstructions with others developed for sediments
from Mediterranean lakes with varved sediments, using the
compilation of Zolitszchka et al. (2015). It should be stressed that a
long-distance comparison of paleovegetation records, even within
the same biome (in this case, the Mediterranean), may be prob-
lematic because of environmental, biogeographical and cultural
disparities among the regions studied. According to the compila-
tion by Zolitszhka et al. (2015), 10 Mediterranean lakes hold varved
records of variable nature, thickness and extension. These lakes are
depicted in Fig. 12, and their main features are displayed in Table 2.
Interestingly, only three lakes (Nar, Montcort�es and La Cruz) are
above a 1000 m elevation and may be considered montane lakes,
whereas the others are in lowlands, with three of them (San Puoto,
Butrint and Dead Sea) in littoral or nearly littoral environments.
According to the original study, only three of these lakes (Dead Sea,
Montcort�es and Nar) have long records of 1500 yr or more, whereas
the other seven have records of ca. 650 yr or less, with four records
of 70 yr or less. Seven records have absolute chronologies, and three
(Dead Sea, Arreo and Z�o~nar) have floating varve chronologies.
Further studies on some of these lakes extended these chronolo-
gies. The combination of varve counting and U/Th dating allowed
extending the laminated record of Lake Nar to 14,000 yr BP, with
some discontinuities (Roberts et al., 2016). However, no new dating
by varve counting is provided beyond the already known 1700 yr
BP previously dated by Jones et al. (2006). In Lake Montcort�es,
absolute varve chronology was recently extended to 2700 yr BP
(Corella et al., 2016, 2019). Therefore, this lake holds the longest
continuous and absolutely dated varved record of the whole
Mediterranean region.

Most of these Mediterranean varved records have been studied
palynologically, but as in the case of Montcort�es, it has not been
possible to reach an annual resolution due to the thinness of the
varves, which ranges from ~1 to 5 mm (Table 2). The resolution of
these paleoecological reconstructions varies from bicentennial to
subdecadal, and the two longest records mentioned before for the
eastern (Nar) and western (Montcort�es) Mediterranean regions
have been studied at a bidecadal resolution, on average. Fig. 13
compares the intervals dated by varve counting and the intervals
studied palynologically (and their resolutions) for the Mediterra-
nean varved lakes with available information. Overall, the data
from Fig. 13 confirm that theMontcort�es record also has the longest
pollen sequence studied at the highest resolution of the entire re-
gion for the last three millennia.

In summary, Lake Montcort�es emerges as a unique high-
resolution record of vegetation and landscape shifts and their
natural and anthropogenic drivers for the Mediterranean region
during the last three millennia. This time period is important, as a
recent global empirical assessment of archaeological evidence
revealed that the planet was largely transformed by hunter-
Fig. 9. Comparison of the vegetation trends and land use regimes recorded in the Lake Mont
the boundary between montane and submontane vegetation belts. The elevation of each sit
lines in the AP/NAP column represent the deforestation events identified in Fig. 7 (HFDE, hi
regional deforestations. LALIA, Late Antique Little Ice Age; MP, Migration Period. A topogra
Montcort�es; E, Estanya; V, Prats de Vila). (For interpretation of the references to color in th
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gatherers, farmers and pastoralists by 3000 years ago, which is
considerably earlier than the dates commonly used by Earth sci-
entists (Steffens et al., 2019). In the case of Montcort�es, this is
especially true, since the present work demonstrates that the full
anthropic transformation of the lake catchment occurred during
the Iron Age (ca. 2700 yr BP), significantly earlier than the Middle
Ages, which previously was the norm for the Pyrenees (Gonz�alez-
Samp�eriz et al., 2017). Another global reconstruction of sedimen-
tation rates in lakes shows that a significant proportion of Earth's
surface began to undergo human-driven soil erosion as early as
4000 yr ago (Jenny et al., 2019). Sediments of this age are still un-
available in Lake Montcort�es cores, but their existence has not been
ruled out (Rull et al., 2021), and they are worth pursuing.

However, despite its exceptionality, the Montcort�es record
cannot represent the Mediterranean region by itself due to the
heterogeneity of this region in climatic, biogeographic and cultural
terms (Lionello, 2012; Moatti and Thi�ebault, 2016). A more repre-
sentative approach would be to identify at least three varved re-
cords from the western, central and eastern Mediterranean with
absolute varve dating and high-resolution palynological studies.
Lake Montcort�es seems to be better suited to represent the western
side, whereas Lakes Butrint and Nar would be selected for the
central and eastern areas, respectively. In Lake Nar, laminations are
common until 4000 yr BP and earlier (Robets et al., 2016), although
a full absolute chronology has not yet been published. In addition,
paleoecological analyses are available at a resolution similar to that
for Montcort�es until 1700 yr BP. Lake Butrint also has laminated
facies until approximately 3500 cal yr BP (Morell�on et al., 2016),
which could be investigated in terms of varve chronology.
Regarding pollen analyses, the resolution is still too low (multi-
decadal) but could be increased with additional sampling.

6. Final remarks

In addition to the numerous particular findings already dis-
cussed throughout the paper, it seems important to highlight the
main general novelties introduced here in the study of Lake Mon-
tcort�es, as a potential paleoecological reference section of the
western-Mediterranean area. These novelties are:

Chronological coherency. Our study provides, for the first time, a
complete paleoecological record of the last three millennia using a
single and updated chronological model based on varve counting.
This cannot be found in former papers about the lake, as some of
themwere based on different chronological models available by the
time of their development. This introduces a major difference,
mainly in chronological coherency and in the temporal correlations
with climatic and anthropogenic drivers, which have a significant
influence on the causal explanations of the observed vegetation
trends.

Higher resolution. The resolution of the study is significantly
higher than previous studies, reaching the bidecadal scale, in
average, and the subdecadal scale in some historical phases, as for
example the Middle Ages and the Modern Age. This is due to the
overlapping of several core sections, resulting in higher sample
density, as compared with previous studies, when each core was
studied individually. In addition, new data have been used that
were not present in former studies. The most significant are the
analysis of non-pollen palynomorphs (NPPs), which has been
extended to the whole section.
cort�es sequence studied here and other Pyrenean sequences from sites situated around
e is indicated in m a.s.l. Cultural and climatic phases as in Figs. 4 and 5. Horizontal red
gher-frequency deforestation events; LFDE, lower-frequency deforestation events). RD,
phic map of the Pyrenees is included to show the location of the sites compared (M,
is figure legend, the reader is referred to the Web version of this article.)



Fig. 10. Topographic map showing the anthropization time of montane sites (ca. 700e1300 m elevation) from the Iberian Mediterranean ranges compared to Montcort�es. The white
line is the approximate boundary between Mediterranean and Atlantic climatic influence in the Iberian Peninsula. Raw information has been obtained from pollen analyses
published by diverse authors: A, Valle Ambl�es (L�opez-S�aez et al., 2009); Al, Almenara de Adaja (L�opez-Merino et al., 2009); Ar, Arreo (Corella et al., 2013); B, Alc�azar de Baeza
(Fuentes et al., 2007); Bl, Belate (Pe~nalba, 1994); E, Espinosa de Cerrato (Franco-Mújica et al., 2001a); H, Calvero de la Higuera (Ruiz-Zapata et al., 2008); G, Gallocanta (Luz�on et al.,
2007); L, Pinar del Lillo (García-Ant�on et al., 1997); M, Montcort�es (Rull et al., 2021); Mi, El Mirador (Allu�e and Euba, 2008); Mt, Garganta del Mesto (Gil-Romera et al., 2008); P, El
Payo (Abel-Schaad et al., 2009); Pg, Pelagallos (Franco-Mújica et al., 2001b); Pl, Pelambre (L�opez-S�aez et al., 2009); R, Rascafría (Franco-Mújica and García-Ant�on, 1994); S, El Sabinar
(Carri�on et al., 2004); Sb, Sanabria (Mu~noz-Sobrino et al., 2004); Si, Siles Carri�on et al. (2004); Sl, Su�arbol (Mu~noz-Sobrino et al., 1997); V, Ojos de Villaverde (Carri�on et al., 2001). See
Rull et al. (2021) for more details.
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Improved multiproxy approach. The use of non-palynological
climatic and sedimentological proxies that provided independent
evidence on climatic and environmental change, thus avoiding
circularity. These proxies include speleothems, plankton-based
transfer functions, heavy rainfall events, sediment yield, among
others. These parameters, together with charcoal remains, NPPs
and charcoal records, have provided the basis for multidisciplinary
interpretations, which are absent in most previous partial studies.
In this way, vegetation shifts could have been associated to natural
or anthropogenic factors, or to combinations of them, with more
reliability.

The chronological coherency, the higher resolution and the use
of an improved multiproxy approach has provided new insights,
concepts and interpretations, notably:
18
� The recurrent high-resolution (subdecadal) reconstruction of
deforestation and regeneration trends during the Middle Ages
and the Modern Age, in relation to climate and human man-
agement, as inferred from independent proxies and historical
documentation.

� The intimate relationship between major vegetation shifts and
cultural changes, whose main expression is the occurrence of
four major deforestation events (R1 to R4) during the Iron Age,
the Roman Period, the Middle Ages and the Modern Age.

� The detailed comparison between the Montcort�es record and
other Pyrenean records situated at similar elevations (Estanya,
Prats de Vila), showing relevant differences according to their
bioclimatic features (Atlantic or Mediterranean).

� The biome-wide comparison of the available Mediterranean
records, which has led to the novel discovery that the



Fig. 11. Relationship between elevation and landscape anthropization timing in the southern-central Pyrenees according to Rull and Vegas-Vilarrúbia (2021). Blue dots represent
lakes, and red dots are peat bogs. The solid line represents the significant linear relationship (p < 0.001) found between elevation and anthropization timing. Site labels: BE, Bosc
dels Estanyons (Miras et al., 2007; Ejarque et al., 2010); BM, Basa de la Mora (P�erez-Sanz et al., 2013); BN, Bassa Nera (Garc�es-Pastor et al., 2016, 2017); CB, Coma de Burg (P�elachs
et al., 2007); EB, Estany Blau (Ejarque, 2009); Es, Estanya (Riera et al., 2004; Gonz�alez-Samp�eriz et al., 2017); Et, Estanilles (Cunill et al., 2013); Ft, Forcat (Ejarque, 2009); IR, Ib�on de
las Ranas (Montserrat-Martí, 1992); Ll, Llebreta (Catalan et al., 2013); Mb, Marbor�e (Leunda et al., 2017); Mt, Montcort�es (Rull et al., 2011, 2021); OS, Orris de Setut (Ejarque et al.,
2010); Pd, Pradell (Ejarque et al., 2009); PP, Planells de Perafita (Ejarque, 2009); PV, Prats de Vila (P�elachs et al., 2009); Rd, Red�o (Catalan et al., 2000, 2013); Rn, Redon (Pla and
Catalan, 2004; Catalan et al., 2013); RO, Rius dels Orris (Ejarque et al., 2010); SM, Serra Mitjana (Miras et al., 2015); Tm, Tramacastilla (Montserrat-Martí, 1992). See Rull and Vegas-
Vilarrúbia (2021) for more details. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 12. Location of Mediterranean lakes with varve sediments, using color coding to highlight the existing varve chronologies in years. Sites with absolute chronologies are in black
letters, and sites with floating chronologies are in white letters. See Table 2 for details and references. Raw data from Zolitschka et al. (2015). The data of Montcort�es have been
updated with the recent chronologies by Corella et al. (2016, 2019). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

V. Rull, T. Vegas-Vilarrúbia, J.P. Corella et al. Quaternary Science Reviews 268 (2021) 107128

19



Fig. 13. Western, central and eastern Mediterranean varved lakes with palynological studies (see Fig. 12 for location). Black intervals represent varve chronologies, and green bars
are the sections with palynological studies, with indications of their average resolution in years per sampling interval. References: Z�o~nar (1, Martín-Puertas et al., 2009; 2, Martín-
Puertas et al., 2008); Arreo (3, Corella et al., 2013); La Cruz (5, Burjachs, 1996; 6, Juli�a et al., 1998); Montort�es (7, Corella et al., 2019; 8, this paper); Avigliana (9, Finsiger et al., 2006);
Albano (10, Lami et al., 1994, 1997; 11, Mercuri et al., 2002); Butrint (12, Ariztegui et al., 2010; 13, Morell�on et al., 2016); Nar (14, Jones et al., 2006; 15, England et al., 2008; 16,
Roberts et al., 2016); Dead Sea (17, Migowski et al., 2004; 18, Neumann et al., 2007; 19, Langgut et al., 2014). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Montcort�es record is the longest (ca. 3000 years) of the region
with an absolute varve chronology and a high-resolution
paleoecological reconstruction of the whole record.

None of these new findings would have been possible without
the assembly of a single coherent paleoecological sequence based
on the cores that were analyzed individually in former studies
using different age-depth models, resolutions and selections of
proxies. Therefore, the comprehensive paleoecological approach
used here not only magnifies the paleoecological potential of the
Montcort�es section but also provides new insights and in-
terpretations, which would be impossible to attain with merely the
sum of parts.
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