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Introduction: This study, conducted on the Plateau des Glieres, in the northern
French Alps, investigates the evolution of vegetation composition over the past
7000 years. This site, within a montane ecosystem, offers a new opportunity
to understand the human and landscape interactions under the influence
of climate. To study these interactions as a whole and by integrating their
complexity, we used two conceptual frameworks: the agroecosystem and the
trajectory.

Methods: The analyses conducted are based on a detailed analysis of pollen,
NPP, macro-charcoal, and geochemical data from peat cores.

Results: The vegetation history of the Plateau des Gliéres is dominated by
forest, due to its location within the montane belt (1,435 m). However, the
vegetation composition trajectory of the Glieres reveals three regimes: two are
characterized by an evolutionary trend of the system, and between them, the
a third regime is characterized by a “dynamic steady state” of the system. The
first regime, corresponding to the Neolithic period, is initially characterized by
a closed forested environment with a progressive trend toward a more open
landscape due to the first agro-pastoral activities. The second regime is recorded
from the very end of the Neolithic until the High Roman Empire. It corresponds
to a relatively stationary system, characterized by the progressive development
of pastoral activities leading to low impacts on the landscape. This long period
(4300 to 1800 cal. BP) is characterized by the sustainability of the agroecosystem
that developed. After this long pseudo-stable phase, a tipping point in the
vegetation composition trajectory is highlighted. The third regime, spanning
from the Migration Period to the present day, is the result of the intensification
and diversification of agro-pastoral activities (pastoralism, cereal crops, and fruit
trees). The landscape that we can see today in the Plateau des Glieres is the
legacy of this trajectory characterizing the interactions between ecosystems and
human societies, i.e., the socio-ecosystem.

Discussion: While the agroecosystem trajectory reconstructed on the Plateau
des Glieres is rather consistent with the altitudinal model of anthropization
previously proposed for this region, the vegetation response to the activities
is unusual because it shows a long phase of ecosystem stability despite the
relatively high human pressure.

KEYWORDS

vegetation history, vegetation trajectories, human activity, agro-pastoralism, Alps,
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1 Introduction

Human societies have had a significant impact on the European
Alpine landscape since the Neolithic period, when the first agro-
pastoral activities began. A number of palaeoecological studies
carried out in the Alpine chain have identified these early human
impacts on the vegetation cover dynamics: the studies are based
on the presence of indicators such as Cerealia and Plantago-type
pollens (Finsinger and Tinner, 2007, 2006; Stahli et al., 2006), an
increase in forest fires (Dietre et al., 2017; Pini et al., 2017; Schworer
et al,, 2015; Wick and Tinner, 1997) and a decrease in arboreal
pollen (van der Knaap et al., 2012). However, the intensity of these
indicators depends on local conditions and remains relatively low
at the Alpine scale. This low signal of anthropization means that is
often difficult to detect in palaeorecords. These practices have only
spread throughout the European Alpine chain since the Bronze Age
(David, 2010a; Dziomber et al., 2023; Giguet-Covex et al., 2023;
Guiter et al., 2005; Pini et al., 2017; Stahli et al., 2006; Tinner et al.,
2003, 1996; Vugt et al., 2022; Walsh et al., 2007). However, the
chronology of the different phases of anthropization differs between
Alpine areas and, in particular, between different vegetation belts.
Indeed, on the basis of sedaDNA analyses (Giguet-Covex et al.,
2023), a model of altitudinal dynamics of agro-pastoral activity
with different impacts on vegetation cover and erosion processes
has been proposed for the north-western Alps. In this model of
mountain anthropization, the Montane belt area, characterized
by dense forests, does not record significant agricultural and
pastoral activities until the Middle Ages, around 1,500 years ago
(Bajard et al., 2016). These dynamics suggest the existence of a
development trajectory for agro-pastoral activities that follows the
altitudinal gradient (Giguet-Covex et al., 2023). However, in this
previous study, most of the sites were at high altitude, that is,
covering Montane and lower Sub-Alpine belts, and only two lakes
were included.

To improve our understanding of socio-ecological trajectories
of Montane belts, a new study has been carried out on a peat bog
located at 1,435 m a.s.] of altitude, on the Plateau des Gliéres. The
plateau has also been investigated by historians and archaeologists,
providing additional information on the history of human
occupation and, above all, on the human practices established.

In a multi-disciplinary approach, this palaeo-environmental
study has the advantage of providing temporal continuity and
temporal depth, going back over 7,000 years, that is, including
the Neolithic period. Such temporal depth enables us to analyse
the long-term evolution of the socio-ecosystem (including pre-
anthropogenic impacts) and to discuss this evolution from a new
perspective based on the concept of a trajectory reconstructed using
a statistical approach. This analysis of the trajectory will provide
a better understanding of the current state of the mountain’s
socio-ecosystems. The palaeo-environmental study is based on the
combined analysis of pollen grains, spores of coprophilous fungi,
macro-charcoals and geochemical elements archived in the peat
deposits. The aim of this multi-proxy approach is (i) to reconstruct
local and regional changes in vegetation cover over the last 7000
cal. BP; (ii) to identify agro-pastoral activities and their impact
on the local vegetation and erosion dynamics; (iii) to distinguish
between natural, climatically-induced, and human-induced (e.g.,
pastoralism, crops) vegetation dynamics; (iv) to increase the spatial
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resolution and to fill a gap in the palaeoecological data for this
vegetation belt, and thus gain a better understanding of the spatio-
temporal dynamics of landscapes in the north-western Alps.

2 Materials and methods
2.1 Study site

The Col des Gli¢res peat bog is located at an altitude of
1,435m a.s.] (Figure 1) on the Plateau des Gliéres in the Bornes-
Aravis massif, in the northern Pre-Alps. The Bornes massif
is predominantly composed of sedimentary rock, particularly
alternating between marls and limestone. More precisely, the
Plateau des Gli¢res, especially the peat bog, is made of Flysch
and Marls, which are bordered by two mountains mostly made
of limestones (Montagnes des Frétes and Montagnes des Auges
on the north-western and south-eastern parts of the Plateau,
respectively). The vegetation of the plateau is characterized by
mesophilic grassland used for mowing or grazing, wet meadows
composed by Molina sp. and acidiphilous meadows with Nardus
stricta (Figure 1). Numerous wetlands have also been identified,
covering a large part of the plateau and Champ Laitier, further
north. The slopes of Montagne des Frétes, Sous-dine and Les
Auges are covered by Picea-Vaccinium myrtillus forests, while the
few rocky escarpments are covered by Pinus uncinata heathlands.
Finally, the lower slopes are mainly characterized by Fagus-Abies
forests. However, a few small areas have been colonized by Quercus
sp. and Alnus sp.

Archaeological prospections were led on the Plateau des Gliéres
to make an inventory of (1) the ancient and recent paths linking
this area to the surrounding villages, (2) the remains of crossing
structures (natural or carved passageways, retaining walls, ramps,
etc.), and (3) of the occupation structures (ruins, shelters, etc.)
(Mélo, 2025; Laissus, 2018). These prospections were performed
based on land registers, aerial photographies and fieldwork
campaigns. However, no excavations have yet been carried out in
the structures. This limits the chronological interpretations, which
are only based on land registers (Mappe Sarde 1730 and Etat-Major
in 1868-1870) and written historical archives, which takes us back
to the 13th century. This exploration work led to the identification
of 67 remains of cabins, sometimes isolated in the landscape and
forming perceptible agricultural units. Most of these ruins are
associated with other structures such as retaining walls, enclosures,
cellars or gardens. The presence of abandoned remains found in
the buildings, such as cast-iron cauldrons, as well as the presence of
cellars, underlines the pastoral use and, above all, cheese-making on
the plateau, in the recent period. Other archaeological work close
to the area (in North-Western Alps) or in similar massifs, is also
included in the discussion to put our palaeoenvironmental results
into perspective.

2.2 Coring

This study is based on the analysis of twin cores (GLI20-I
A and GLI20-I B; N° IGSN CNRS0000023721) sampled using
a Russian corer in the Plateau des Gliéres peat bog (Alps,
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FIGURE 1
Location and current vegetation around the Col des Gliéres peat bog. This map is based on the CNRS vegetation map—Annecy panel and the map of
wetlands in Haute-Savoie.
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France) in August 2020; both cores are from the same location,
with only around 50cm between them (45.96559900° N,
6.33330000° E, 1420 m a.s.l.). All the information relative to the
coring system, scheme and section lengths can be found in the
cybercarotheque website (https://cybercarotheque.fr/index.php?
mission=&datel=&date2=&projet=&carotte=gli&repository=&
recherche=Rechercher). The total master-core, that is, integrating
the sections from the two cores GLI20-I A and GLI20-I B, measures
313.5 cm in length.

2.3 Geochemical measurements

Avaatech XRF core scanning was performed on both cores,
GLI20-I A and GLI20-I B, to correlate them and to obtain
records of lead pollutions and the erosion dynamic. The upper
16 cm of core GLI20-I A are missing in the XRF signals. This
is due to Sphagnum sp. moss accumulation, characterized by
very low density which prevents the sensor from being correctly
positioned on the sediment surface (protected by the ultralene)
thus preventing attenuation of the signal in the air. The light
elements, Aluminum (Al), Silicium (Si), Sulfur (S), Potassium (K),
Titanium (Ti) and Calcium (Ca) were measured at 10 kV and
1mA for 30s, while the heavy elements Iron (Fe), Nickel (Ni),
Copper (Cu), Zinc (Zn), Bromine (Br), Rubidium (Rb), Zirconium
(Zr) and Lead (Pb) were measured at 30 kV and 0.75mA for
30s. In this study, only well-measured terrigenous (silicates and
carbonates) elements that provide information regarding changes
in sources of erosion were selected (i.e., Ti, Sr). Lead pollution
is represented by In (Pb/Rb), with Rubidium (trace element as
lead) normalization eliminating lead inputs from rock erosion and
the logarithmic expression allowing matrix effects to be reduced
(water content, density, particle size) on the XRF measurement.
This curve provides additional information that can be used to
adjust or validate the age-depth model (lead pollution related to
lead in gasoline, charcoal combustion and mining activities for the
Roman period).

2.4 Age-depth model

Nine sediment samples taken along the twin cores and
corresponding to plant macroremains (Table 1) were dated with
radiocarbon analyses ('4C) at Poznan Radiocarbon laboratory
(Table 1, “Poz“) and at LSCE lab (Table 1, “Sac”). The Clam
(Blaauw, 2010) running on Rstudio (Posit Team, 2022) was then
used to calibrate these dates with a confidence interval of 0.95
and to produce the age-depth model. The robustness of the age-
depth model was then tested by comparing it with the XRF record
of lead normalized by the rubidium (In [Pb/Rb]). Rubidium is
a purely clastic element not affected by weathering processes. It
is thus used in the normalization to avoid lead inputs from the
bedrock and to only track atmospheric inputs related to past
pollutions: the maximum use of leaded gasolines in 1974 and
the hemispheric pollution during the Roman Period recorded as
far as the Greenland (Rosman et al., 1997). The age model was
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constrained over the first 10 cm by an additional date (1950 CE)
based on pollen analysis (see below Section 3.2).

2.5 Pollen and fungal spore analysis

Forty-seven 1 cm?®

samples, taken every 5-10cm, were
processed using standard methods (Faegri and Iversen, 1989) for
preparing palynological samples. Carbonates, organic matter and
silica present in the bulk sediments were destroyed by HCI, NaOH
and HE, respectively. Then, pollen grains were isolated from the
remaining organic and silicate residues by treatment with ZnCl,.
Finally, acetolysis was carried out before the samples were mixed
with glycerol. The residual preparations were then mounted on
slides. A minimum of 500 pollen grains (except for five samples: 9.5,
19.5, 29.5, 39.5, and 49.5 cm with a grain count of between 319 and
466) per slide were counted using a Leica DM 1000 LED microscope
with a x63 lens and identified using pollen atlases (Beug, 2004;
Reille, 1998, 1995, 1992) in order to estimate the pollen assemblage
of each sample as accurately as possible.

A total of 19,464 pollen grains were counted and 86 pollen types
were identified from the 38 upper core samples. The nine samples
from the clays at the base of the sequence, that is, between 239.5 and
304.5 cm (Figure 2; Units 7 and 8) are sterile.

The five main saprophytic and coprophilous fungal spore
types (Sporormiella, Podospora, Sordariaceae, Comniochaeta, and
Cercophora) were identified and counted on pollen slides
using a x40 lens. Fungal spore identification was carried out
using the plates published by Van Geel (2002) and Cugny
et al. (2010), as well as the NPPD (Non-Pollen Palynomorphs
Database, “http://non-pollen-palynomorphs.uni-goettingen.de”).
The counting procedure followed the method proposed by Etienne
and Jouffroy-Bapicot (2014). The ecological interpretation of the
selected fungal spores is based on the available literature (Dietre
et al., 2012; Doyen and Etienne, 2017; Ejarque et al., 2011; Lopez-
Vila et al., 2014). Results are expressed in concentrations (number
per gram of sediment) and fluxes (number per cm” per year) based
on estimated peat accumulation rates derived from the age-depth
model (Figure 2).

The pollen and fungal diagrams (Figures 3, 4) were produced
using the TILIA program (Grimm, 1990). The species abundances
are expressed as a percentage of the total sum (base sum) of pollen
grains corresponding to terrestrial species (arboreal, shrub and
non-arboreal), excluding pteridophyte spores, Potamogeton pollen
grains, Sparganium-type and Cyperaceae, which in the context of a
wetland study may be over-represented in the pollen assemblages.
The percentage of these excluded taxa (“tex”) is therefore calculated
as %t = (sum of “tex” grains counted/(base sum + sum of “tex”
grains counted)) x 100.

Finally, the division of the different Local Pollen Assemblage
Zones (LPAZ) is the result of a CONISS statistical analysis (Grimm,
1987) (Stratigraphically Constrained Cluster Analysis using the
incremental sum-of-squares method), which groups assemblages
by degree of similarity.

Two agro-pastoral activity indexes are also calculated following
the same method as proposed in Rapuc et al. (2024) that is,
based on a 0%—100% standardization of cultural and pastoral
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TABLE 1 Radiocarbon dates.

Lab code Samples Type of samples Depth (cm) '“C_age Error Age Best modeled
uncertainties age cal. BP
cal. BP

Surface 0 NA NA —71 —71

Lead pollution peak 9.5 NA 10 0 0
Poz-135689 B136 Seed 60 2090 30 1989-2125 2056
Poz-135690 A217 Wood 67 2085 30 1986-2124
Poz-135691 A310 Plant remains 110 2730 30 2760-2875 2820
Poz-135300 B239 Peat 120 3055 30 3206-3357 3271
SacA71742 A46 Plant remains 156.9 3850 30 4220-4359 4123
Poz-135734 B330 Wood 162 3835 30 4149-4306 4236
Poz-135313 B414 Wood 191 4375 35 4857-4995 4945
Poz-135315 B435 Wood 208 5760 40 6481-6660 6561
SacA71743 A512 Plant remains 2135 5905 35 66536796 6725
Poz-135316 A535 Wood 2357 6170 40 6949-7164 7069
Poz-135311 A715 Wood 302.7 4520 35 5049-5200 NA

This table presents the samples dated by radiocarbon analysis. The “Age uncertainties cal. BP” column shows the uncertainties associated with calibrating '*C dates with the highest probability.
The “Best Modeled Age” corresponds to the best age indicated at the output of the age-depth model for the associated depths.
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FIGURE 2
Age-depth model, lithological description and geochemical analyses of GLI20-1 A. The age-depth model is based on radiocarbon dating and is
validated or adjusted with the widely recorded lead pollutions during the Roman and Contemporary Periods. Yellow to orange boxes show old lead
pollutions recorded in high altitude lakes in the western Alps. 1. Lake Laouchets Bis in Haut-Giffre Massif, Giguet-Covex, 2025; 2. Lake Anterne in
Haut-Giffre Massif, Giguet-Covex et al., 2012; 3. Lake Robert in Belledonne Massif, Elbaz-Poulichet et al., 2020; 4. Lake Meidsee in Switzerland,
Thevenon et al,, 2011; and 5. Lake Serre de 'Homme in the Ecrin Massif, Giguet-Covex et al., 2019 and in Greenland, Rosman et al., 1997. The
Munsell code references associated to each unit are written in brown.

indicators from pollen and coprophilous fungi spore analyses  nitrophilous, adventice or apophyte pollen taxa, that is, Plantago-
and the calculation of an average value of these indicators. The  type, Rumex-type, Amaranthaceae/Chenopodiaceae and Urtica
first calculated index reflects the intensity of local activities (here,  pollen types. Spores of Podospora were not included to avoid
pastoralism) and includes spores of Sporormiella and ruderal, a relative overestimation due to its highly local representation
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(directly on the peat) compared to Sporormiella which reflects
more the catchment scale (Etienne et al., 2013). The second index
is called “regional index” because it represents arable farming
developed more probably at lower altitude. This index includes
Cerealia, Secale, Vitis, Cannabis/Humulus, Juglans and Castanea.
Because of the relatively important abundance of Cerealia pollen
in the modern samples (>3%), while there is no cultivation on
the Plateau, we included cereals in the “regional” index (i.e., areas
beyond the Plateau, including especially lower vegetation belts).
The method used here differs from the Land Use Probability
(LUP) calculation proposed by Deza-Araujo et al. (2022) for similar
geographical areas, mostly because it also includes coprophilous
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fungi spore analyses, which required the standardization of all the
data before their integration through an average [and not a sum
as in Deza-Araujo et al. (2022)]. Our method of calculation means
that it is not recommended to make comparisons between sites
(i.e., to compare absolute values), but only within sites. However,
our interests are rather (i) to evidence phases of relative changes in
activity intensity on the study site and (ii) then, to compare these
phases (with their relative intra-site intensities) between different
areas (i.e., the different vegetation belts, e.g., with the two on-
site indexes and between different mountain massifs based on the
literature using the same (Rapuc et al., 2024) or similar approach
(Giguet-Covex et al., 2023).
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2.6 Macro-charcoal analysis

Eighty-seven contiguous sediment subsamples with 2-5cm
thick were taken along cores. Charcoal particles were extracted by
soaking samples in sodium hydroxide (10% NaOH), in hydrogen
peroxide (35% H,O;) to remove organic matter and by sieving the
samples at 150 pm (Umbanhowar and McGrath, 1998). Charcoal
particles were counted and measured under a binocular loupe at
40 x magnification with a reticule grid. Charcoal identification
was based on criteria defined by Rhodes (1998). The past local fire
activity was reconstructed by calculating the charcoal accumulation
rates in mm?/cm?/year.

2.7 Non-metric multidimensional scaling
analysis (NMDS)

An NMDS analysis was conducted utilizing the “MetaMDS”
function within the Vegan package on the RStudio software (Posit
Team, 2022). This analysis, which was specifically designed for
the study of ecological communities, is considered to be the
most robust gradient analysis and ordination method for studying
this type of variable (Minchin, 1987). The NMDS ellipses were
generated on the basis of the cultural periods to which the samples
belong (Table 2). In order to combine the proportions of pollen taxa
and the concentrations of spores of coprophilous fungi on the same
NMDS, the two types of data were standardized. A threshold of
0.3% was applied to all pollen taxa in order to prevent taxa with
a low occurrence from masking the overall dynamics.

3 Results

3.1 Sedimentological and geochemical
analyses

The core retrieved from the Glieres peatbog is composed of
eight lithological units (Figure 2). The lower unit (U8, 313.5-
260.5 cm) contains a mix of clayey and silty-sandy sediments with
some gravel in the lower part of the unit (313.5-300.5 cm) and light
gray mottled clays at the top (266.5-260.5 cm). Unit U7 (260.5-
240.5cm) is characterized by dark gray clays with the presence
of small fragments of organic matter. From 240.5 to 161 cm, unit
U6 is divided into three sub-units. Unit Ué6c is composed of a
mix of organic (peat) and clastic sediments that are particularly
rich in iron (Fe) and strontium (Sr). Unit U6b is more fibrous
and highly enriched in all minerogenic elements presented in
Figure 2 (Si, K, Ti, Fe, Rb, Zr, Sr). The last sub-unit, U6a, is
characterized by very organic and compact peat accumulation, but
is less fibrous than U6b. Unit U5 (161-138 cm) is made up of a
fibrous and compact brown peat. Units U4 (138-132cm) and U2
(116-16 cm) correspond to a homogeneous blond peat, but U2 is
also characterized by a small increase in lithogenic elements (mostly
Ti, Rb, Zr and Sr, Figure 2) in the upper 70 cm, with a sharper
increase at the top, that is, from 35 cm to 16 cm-depth. Unit 3 (132-
116 cm) is similar to unit 5. Finally, the first unit (U1 - 15-0 cm) is
characterized by sphagnum moss accumulation.
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3.2 Chronology

The generated age-depth model reveals that the entire sequence
(310 cm) covers more than 7,400 years (Figure 2). Three '4C dates
were excluded from the analysis. The date at a depth of 67cm
is an age very similar (but younger) to that at 60 cm. To satisfy
the principle of stratigraphic superposition, this date (67 cm) was
excluded from the construction of the age-depth model. Without
this date, the age-depth model better matches with the chronology
of Roman lead pollution recorded within the other sequences in
the Alps and in Greenland (Elbaz-Poulichet et al., 2020; Giguet-
Covex et al., 2019, 2012; Rosman et al., 1997; Thevenon et al., 2011)
(Figure 2). The *C date at 156.9 cm-depth is older than the *C
date at 162 cm-depth. Consequently, this date was also rejected.
Finally, the deepest '4C date (302.7 cm) appears to be significantly
younger than the dates above so it too has been rejected.

The period covered by the palynological analysis (upper
229.5 cm) corresponds to the interval 7000 to 0 cal. BP. However,
the age-depth model (Figure 2) presents an uncertainty in the
dating of the last 200 years, corresponding to the top of the
core (<15cm). The upper centimeters of the peat core are
characterized by low density sphagnum moss, which prevents
accurate measurement with the XRF Core Scanner. Consequently,
the Pb/Rb curve (Figure 2) does not record the lead pollution peak
observed just before the oil crisis (1970"s) (Arnaud et al., 2012;
Bindler, 2011; Boutron et al., 1991; Moor et al., 1996; Rosman
et al., 20005 Shotyk et al., 1996). However, this part of the core has
also been sampled for pollen analysis (samples 9.5 and 14.5 cm).
A pollen sample taken at a depth of 9.5cm indicates a phase
of forest re-conquest, which is characteristic of the period of
agricultural abandonment (around mid-20th century) and the start
of mechanization (Elleaume et al., 2022). Based on this hypothesis,
we set the date at 1950 CE at 9.5 cm with an uncertainty of 10 years.

3.3 Main results from zonation of pollen
and fungal spore assemblages

3.3.1 LPAZ 1 (7000-5300 cal. BP)

The first zone, from 7000 to 5300 cal. BP (229.5-194.5cm),
is characterized by the presence of mesothermophilous species
(Quercus, Ulmus, and Tilia), which gradually decrease throughout
this phase (Figure 3). From 6600 cal. BP, the period is marked by
the gradual decline of Abies and the appearance of Fagus, followed
by the appearance of Picea at the end of the period, around 5200
cal. BP. Alnus and Betula also increase gradually throughout the
period. The percentage of Arboreal Pollen (AP), which averaged
84% over the entire period, was much higher than herbaceous
cover, despite the decline in mesothermophilous species and Abies.
Monolete spores, which are quite abundant at the beginning of
the period, decline sharply until they almost disappear at the end
of the zone. Cyperaceae, which are relatively abundant (~10-
15%), also decline during this period. Non-Arboreal Pollen (NAP)
are dominated by Poaceae, Ranunculaceae-type, Rubiaceae and
Asteraceae Cichorioideae but their abundances remain low (<10%).
No indicators of agro-pastoral activities are recorded during this
period, except the low occurrence of Amaranthaceae (<1%).
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TABLE 2 Categorization of samples by cultural period for NMDS analysis.

Periods Age cal. BP  Sample Number
depth of

(cm) samples

Early-Mid Neolithic 5350 229.5-198 6

Late Neolithic 5350-4150 194.5-159.5 6

Bronze Age 4150-2750 157-109.5 7

Iron Age 2750-1965 104.5-59.5 9

Roman Period 1965-1575 54.5 1

Migration Period 1575-1382 44.5-39.5 3

High Middle-Ages 1382-950 34.5-29.5 2

Late Middle-Ages 950-458 24.5 1

Modern Period 458-0 19.5-14.5 2

Contemporary Period 0to—71 9.5 1

This table shows the categorization of the samples according to cultural period and presents
the age limits for each period (cal. BP).

The spores of strict coprophilous fungi (Sporormiella,
Podospora) are not very abundant during this phase, but
Sporormiella and Sordariaceae tend to increase after 6000 cal. BP
(fluxes and concentrations) (Figure 4). Cercophora, on the other
hand, shows the opposite trend, with a concentration reaching its
highest value but declining sharply until the end of the period.

3.3.2 LPAZ 2 (5300-4300 cal. BP)

The second period begins in 5300 cal. BP (194.5 cm) and lasts
until around 4300 cal. BP (164.5cm). This zone is characterized
by major changes in the pollen assemblage. Arboreal pollen counts
are the lowest of the entire sequence (65%) (Figure 3). Abies and
mesothermophilous species (Tilia, Ulmus) declined sharply. Except
for Corylus the proportions of which decline but remain relatively
high, they are almost non-existent. The beginning of this period
is also marked by the progressive transition phase between Abies
and Picea. However, other deciduous species such as Betula, Alnus,
Quercus and Fagus are relatively stable or increase slightly. Like
the arboreal pollen, monolete spores sharply decreased during
this period. In contrast, herbaceous species, particularly Poaceae
and Cyperaceae (over 20%), expand. Ranunculaceae-type and
Rosaceae-type are also well-represented, but to a lesser extent, with
proportions of <15% and 5%, respectively. A weak Cerealia pollen
signal is also observed around 4700 cal. BP. It is also important to
note that the first Plantago-type pollen grains are identified during
this period, although in very small proportions (<1%).

Finally, the spores of strict coprophilic fungi (Sporormiella,
Podospora) and Sordariaceae are also much more abundant than
in the previous zone (Figure 4). Concentrations and fluxes of
Sordariaceae are the highest of the entire sequence. Sporormiella
and Podospora also have very high concentrations and fluxes.
Podospora only appears during this period. Cercophora presents
low and stable concentrations and fluxes and disappears almost
completely at the end of this zone.
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3.3.3 LPAZ 3a (4300-3700 cal. BP)

The third zone, spanning from 4300 to 2000 cal. BP (164.5-
59.5 cm), is divided into two sub-zones.

The first sub-zone of LPAZ 3 is characterized by the highest
rates of arboreal pollen of the entire sequence (>95%) (Figure 3).
Picea, as well as Abies which increase again during this period,
each represent more than 20% of the pollen assemblage, while
Fagus and Alnus each represent more than 12%. Pollens of Pinus,
Betula, Corylus, and Quercus are also abundant, but to a lesser
extent (<10%). Herbaceous taxa, in contrast to the previous period
decrease and are not very abundant (<15%). Plantago-type pollen
grains are also identified during this period, although in very
small proportions (<1%). Cerealia pollen counts remain like those
of the previous zone. However, Plantago-type and Cerealia are
not recorded in all sample from this period. This phase is also
marked by an increase of specific aquatic taxa such as Drosera and
Sparganium-type (Supplementary Figure 1).

The proportions of spores of coprophilous fungi (except
Coniochaeta) significantly decrease at the very beginning of this
phase (Figure 4).

3.3.4 LPAZ 3b (3700-2000 cal. BP)

At the beginning of this period, Fagus and Abies decrease
significantly, by more than 10% (Figure 3). In contrast, Alnus
increases sharply, before decreasing in the middle of the period,
around 2700 cal. BP, in parallel with the gradual expansion of Fagus.
The other arboreal taxa are stable during this period. Thus, this
sub-zone is still characterized by high levels of tree pollen, with
significant proportions of Fagus, Alnus, Abies and Picea (over 15%).
Regarding herbaceous taxa, whose total abundance does not exceed
16%, values of Plantago-type continue to increase throughout the
period. However, although some Cerealia grains are identified, their
proportion decreases significantly compared with the two previous
zones. During this sub-zone, the Cyperaceae values are the lowest
of the entire sequence (<12%).

Similar to the previous period, the spores of strict coprophilous
fungi have relatively low concentrations but higher fluxes
(Figure 4). Sporormiella, Sordariaceae, and Coniochaeta increase
significantly during the period, as do Plantago-type pollen grains.

3.3.5 LPAZ 4 (2000-1000 cal. BP)

The fourth period, spanning from 2000 to 1000 cal. BP (59.5-
34.5cm), is characterized by a gradual decline of arboreal pollen
in favor of an increase in herbaceous taxa, until the end of the
sequence (from 10% to 20%) (Figure 3). Both Picea and Quercus
decline (slightly) during the first part of the period. Around 1300
cal. BP, Alnus and Quercus increase again, followed by Picea at
the very end of the period. This zone is also characterized by the
appearance of Juglans and Castanea in the pollen assemblages.
The appearance of these two taxa is also accompanied by a
modest increase of Plantago-type and Cerealia and the first
occurrences of Cannabis/Humulus at the end of the zone. Cerealia
are continuously identified from this period.

At the same time, around 1200 cal. BP, both fluxes and
concentrations of Sporormiella, Sordariaceae, and Coniochaeta
increase significantly (Figure 4).
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3.3.6 LPAZ 5 (1000-200 cal. BP)

The fifth zone, which extends from 1000 to 200 cal. BP (34.5-
14.5cm), is characterized by a significant decrease of tree values
mostly affecting deciduous trees (except the cultivated or human-
promoted tree taxa, Castanea and Juglans) (Figure 3). This decrease
is accompanied by an increase in herbaceous values. Although it
fluctuates greatly, Pinus shows a general increasing trend during
this period. The rates of Poaceae are very high in comparison
to previous periods but never exceed those observed during
LPAZ 2. Pollen indicators of agro-pastoral activities (Plantago-
type, Cerealia, Rumex-type, Cannabis/Humulus, Amaranthaceae,
Vitis) are also more abundant during this period. Other herbaceous
taxa (Apiaceae, Asteraceae Asteroideae, Fabaceae) are also more
abundant and more diverse. Finally, the Cyperaceae are once again
more abundant.

Regarding the spores of coprophilous fungi, on the one hand
the concentrations of Sporormiella are the highest in the sequence,
as are those of Sordariaceae and Coniochaeta (Figure 4). On the
other hand, the fluxes, although also high, are no higher than during
the previous phase.

3.3.7 LPAZ 6 (~200 cal. BP to present)

The last zone is characterized by a re-increase in tree pollen
taxa, particularly Picea and Pinus (Figure 3). Pollen grains of Pinus
have never been so abundant within the sequence. Conversely, the
proportions of Abies have never been so low (<2%). Deciduous
taxa, such as Quercus, Corylus, and Fagus are tending to decrease.
Herbaceous taxa, such as Poaceae and Plantago-type, decrease at
the end of the sequence. Cerealia and Cannabis/Humulus also
decline slightly during this period, with Cannabis/Humulus, finally
disappearing. On the other hand, Cerealia levels remain quite
high (1.9%).

The spores of coprophilous fungi decrease during this period
and are almost absent in the last sample, except the Sordariaceae
which are recorded but in very low concentrations (<250 spores/g
of sediment) and fluxes (<5 spores/cmz/year) (Figure 4).

4 Discussion

4.1 Trajectories in plant composition over
the last 7,000 years: general trend

The NMDS analysis reveals different vegetation compositions
in the Gliéres sequence according to the different cultural periods
(Figure 5). The temporal trajectory of the composition shows three
main regimes. The first regime, corresponding to the Neolithic
period, is characterized by a closed and forested environment
with a progressive trajectory along axis 1 toward a more open
landscape due to the first agro-pastoral activities (Figure 5). In
the second regime, the trajectory undergoes a pseudo stable phase
over a period of more than 2,500 years (until the High Roman
Empire) which echoes the concept of Ecological Dynamic Regime,
defined by Sanchez-Pinillos et al. (2023) as “the dynamic property
of steady states.” In greater detail, this phase is characterized by
the progressive development of pastoral activities leading to low
impacts on the vegetation cover which highlight the sustainability
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of the agroecosystem that developed. After this long phase, that
is, from the Migration Period, ca. 1500 cal. BP, a tipping point
in the vegetation composition trajectory is highlighted leading to
a new operating regime following axis 2 up to the present day.
This regime is characterized by taxa indicative of agro-pastoral
activities, in particular cereal crops and fruit trees. The trajectory
of the Plateau des Glieres thus shows a major tipping period in the
socio-ecosystem during the Migration Period/Early Middle-Ages,
highlighting the significant and non-reversible impact of human
activities on the vegetation composition from that time onwards.
While this general trend is obvious, short-term dynamics are more
complex to decipher, due to the limited number of samples available
for each period (except for the Iron Age). The evolution of this
trajectory and its major changes will be discussed in relation to the
dynamics operating in other sites in the area and in the western
European Alps generally.

4.2 Influence of climate and human activity
on plant composition over the last 7,000
years

4.2.1 From 7000 to 4300 cal. BP: a changing
forest composition and first human impact
4.2.1.1 Mid-neolithic

From 7000 to 5300 cal. BP, the trajectory is along axis 1
of the NMDS (Figure 5). This trajectory is influenced by the
dynamics of forest taxa such as mesothermophilous trees (Ulmus,
Corylus, Tilia, and Quercus) and Abies. These taxa, combined
with high abundances of monolete spores and saprophytic fungi
(Cercophora), suggest a wet forested landscape. From 8200 cal.
BP, the mesothermophilous trees are gradually replaced by Abies
in Montane belt areas of the northern French Alps (David et al.,
2002; David, 2010b; de Beaulieu et al., 1993). Indeed, the 8.2 ka
event led to high humidity levels (Finsinger and Tinner, 2006;
Magny etal., 2003; Tinner and Lotter, 2001, 2006), which facilitated
the expansion of Abies and subsequently Fagus. In the north-
western Alps, Fagus appeared between 7500 and 7000 cal. BP
(David et al., 2002; Joannin et al., 2013; Rey et al., 2022, 2013;
Schworer et al., 2015; Thole et al., 2016; Tinner et al., 1996; Wick
and Mohl, 2006), which correlates closely with the beginning of
the dynamic recorded in the Gliéres sequence. Since 6500 cal.
BP on the Glieres sequence, Abies forests exhibited a gradual
decline allowing the expansion of Picea, especially from 5500 cal.
BP. These changes coincides with the other records from the
north-western Alps, although slight temporal discrepancies are
also observed [e.g., 6000 cal. BP at Lake Annecy (David et al,
2002), and at Survilly (David, 2010b) around 5700 cal. BP]. These
discrepancies may be due to local variations and/or to the variations
in pollinic rainfalls recorded in each site and/or uncertainties in
the age-depth models. This change in forest composition also
coincides with what has been observed in the Alps, where Picea
first colonized the eastern part at the beginning of the Holocene
(Henne et al, 2011) and migrated progressively to the western
part (van der Knaap et al, 2005) around 8500 cal. BP, arriving
in the Swiss Alps between 7000 and 6000 cal. BP (Finsinger
and Tinner, 2007; Rey et al., 2022, 2013; Schworer et al., 2015;
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FIGURE 5

Non-metric multidimensional scaling analysis (NMDS) of the Glieres samples. The samples are categorized according to the Local Pollen Assemblage
Zone (LPAZ) and the cultural period to which they belong. The species panel presents the different individuals (pollen and fungal taxa) from the
NMDS analysis and the second panel presents the different samples characterized according to their belonging to a LPAZ (shape) and to a cultural
period (color). Due to the small number of samples for the High and Late Middle-Ages categories, they have been combined together in the

Thole et al,, 2016; Tinner et al., 1996). Although the appearance
of Picea is relatively synchronous between all sites in the north-
western Alps, the rapidity of the shift in abundance, when Picea
becomes more abundant than Abies, varies depending on the sites.
This delay may be explained by the difference in altitudes and
by the spatial representativity of the pollen rain fall (local vs.
regional) in the archives and by the fact that this major change
in forest composition is thought to be the result of a combination
and succession of anthropogenic and climatic disturbances (de
Beaulieu et al., 1993; Wick and Maohl, 2006). In the western Swiss
Alps, the increase in anthropogenic fires around 6000 cal. BP
could explain the decline of Abies, which is very sensitive to such
disturbances (Schworer et al., 2015; Tinner et al., 1999; Tinner and
Lotter, 2006). Conversely, these dynamics, followed by the colder
and wetter conditions, that characterize the transition toward the
Neoglacial period, probably favored the expansion of Picea (Pini
etal., 2017; Rey et al., 2013; Schworer et al., 2015; Wick and Tinner,
1997).

In the Gliéres sequence, concomitantly with the appearance
of Picea around 5500 cal. BP, a significant increase in erosion
is recorded affecting the silicate substratum but even more the
carbonated ones, as evidenced by the detrital elements and Sr,
respectively (Figure 6). Such an increase in erosion is reported
at exactly the same time at lake Anterne located 35km from
the Gliéres Plateau. Although human impact cannot be totally
excluded, this dynamic can be interpreted as a response to the
transition toward the Neoglacial period characterized by colder
and wetter climatic conditions, whether for Anterne (Giguet-Covex
et al,, 2011; Pansu et al, 2015) or the Gliéres Plateau. Indeed, first
evidences of human activities are not recorded before 5300 cal. BP
at Gliéres and even later at Anterne (possibly from ca. 4800 cal. BP;
Giguet-Covex et al., 2014).
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4.2.1.2 Late neolithic

From the beginning of the important increase of Picea
and decrease of Abies around 4700 cal. BP, the general
vegetation composition trajectory seems mostly influenced by
the development of the first agro-pastoral activities at a local
scale (i.e., Podospora, Sporormiella, Poaceae, Plantago-type, local
pastoral index) but also possibly at lower altitudes (i.e., Cerealia,
regional agricultural index) (Figures 5, 6). However, the Abies/Picea
succession recorded in the Gliéres reflects a regional dynamic
triggered by several local anthropogenic activities in the area but
not specifically those recorded on the Plateau des Gli¢res. Indeed,
no increase in fire signal is recorded in the Glieres sequence, as is
usually observed in other Alpine sites (Schworer et al., 2015).

From 5300 to 4300 cal. BP, a first phase of landscape opening
is recorded, leading to high levels of Poaceae and an increase
in taxa richness (Figure 6). Although, this could be due to a
change in edaphic conditions, which facilitated the development
of a more hygrophilous vegetation (with abundant Cyperaceae
and Poaceae taxa), the hypothesis of first human disturbances,
locally on the Plateau, is favored. Many pieces of evidence provided
by our record and synthesized through the agro-pastoral indexes
lead us to this conclusion, which is otherwise supported by other
palacoenvironmental and archaeological research in the region.
Pastoralism is suggested by the increase (flux and concentration) of
spores of the strict coprophilous fungi, Sporormiella and Podospora
(Figure 4), which only develop on the excrement of herbivores
(Cugny et al,, 20105 Etienne et al., 2013). While Sporormiella may
originate from the entire catchment area, the high amount of
Podospora spores, is interpreted as being due to the immediate
presence of animals, probably directly on the peat bog (Etienne
et al,, 2013). Secondly, although the Plantago-type pollen does not
occur in significant amounts during this period, it is present and
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Summary of the results obtained from the various analyses (pollen, spores of coprophilous fungi, macro-charcoal, lithology, geochemistry) carried
out on the Glieres sequence. From left (oldest samples) to right (most recent). BA, Bronze Age; RP, Roman Period; MP, Migration Period; MA, Middle
Ages; MOD, Modern Period; CP, Contemporary Period.
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using the same scale for all sites (except the tree/shrubs results for the Anterne DNA analysis and the Sporormiella results from Lake Gers). The
agro-pastoral intensity Index is an index calculated based on the aggregation of all (agro) pastoral activity proxies when available: pollen taxa
(Amaranthaceae, Plantago-type, Rumex-type, Urtica), DNA analysis (Plantago, Rumex, Cattle, Sheep) and Sporormiella. RO, Roman Period; MP,
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its proportions increases more significantly at the end of this phase,
that is, around the transition with the Bronze Age (Figure 3). This
result may be interpreted as a delayed response of the vegetation
to these first pastoral activities. Although, the presence of strict
coprophilous fungi spores may not only be caused by domestic
herbivores but also wild ones, the hypothesis of an anthropogenic
impact on the vegetation trajectory is preferred based on the
appearance of Cerealia pollen grains. Cereals were probably grown
at lower altitudes, and attest to farming activities not very far from
the Plateau des Gliéres. These results can also suggest a certain
mobility of the mountain population in the area, with a subsistence
based on both raising livestock and cultivating crops.

Such agricultural and pastoral activities are known in the Alps
during the Late Neolithic period, from archaeological research
and other palaeoenvironmental records. Several “sheepfold caves,”
which were occupied in the Early and/or Late Neolithic, are known
in the pre-Alps and Sub-Alpine massifs (Argant et al., 1991; Delhon
et al., 2024; Ginestet et al., 1984; Martin and Tornero, 2024; Nicod,
2008; Nicod and Picavet, 2003; Remicourt, 2009). In particular,
<8km from the Gliéres Plateau around 620m a.s.l. (Figure 7),
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the cave called “La Balme-de-Thuy” was occupied from the Mid-
Neolithic period (Ginestet et al., 1984; Remicourt, 2009). At a
more regional scale, archaeological excavations in Grotte de Diois
(Vercors massif) have confirmed the presence of several herds
between 6450 and 3950 cal. BP (Argant et al, 1991; Brochier,
1986; Carrier and Mouthon, 2010). In addition, some palynological
studies in the Northern French Alps also mention the increase
in pastoral and agricultural evidence, at the end of the Neolithic
period. Indeed, further east, on the other side of the Swiss border,
Plantago-type and Sporormiella are recorded in the Lake Champex
at the same time and altitude (1467 m a.s.l) as in the Gliéres Plateau
(Rey et al,, 2022, Valais region). In addition, this phase coincides
with the detection of sheep and cattle DNA between 5400 and
4400 cal. BP, in lake La Thuile (874 m) (Giguet-Covex et al., 2023)
(Figure 7). The differences in the agro-pastoral intensity index
observed between this lake (which is barely noticeable compared to
the other periods at this site) and the Gliéres Plateau (Figure 7) may
reflect more intense activity in the Gliéres than at Lake La Thuile or
it may more probably be due to lake taphonomic differences in the
indicators used for each site. At a more regional scale, some studies

frontiersin.org


https://doi.org/10.3389/fearc.2024.1474357
https://www.frontiersin.org/journals/environmental-archaeology
https://www.frontiersin.org

Julien et al.

in the Swiss Alps mention the appearance of Cerealia, Plantago-
type or spore of coprophilous fungi in the Late Neolithic (Dietre
et al., 2017; Garcés Pastor et al., 2022; Gobet et al., 2003; Hafner
and Schworer, 2018; Pini et al., 2017; Schworer et al., 2015; Stahli
et al., 2006; Tinner et al, 2003). An increase in the frequency
of anthropogenic fires due to the practice of slash-and-burn, has
also been observed in the Swiss Alps and the Jura (Dietre et al,
2020, 2017; Doyen et al., 2016, 2013; Gobet et al., 2003; Schworer
et al, 2015). However, this practice does not seem to occur in the
Glieres Plateau as no significant increase in the fire signal has been
observed (Figure 6). At a broader scale, agro-pastoral practices have
also been documented further west in the Massif Central since the
beginning of the Neolithic and seem to have intensified at the end
of the Neolithic with the occurrence of Cerealia and the increase
in spores of coprophilous fungi (Dendievel et al., 2019; Miras et al.,
2018).

It now seems that evidence of these potential Neolithic activities
can be found, with varying degrees of intensity, over a wide range of
altitudinal belts in the northern French Alps. Could this recurrence
confirm that agro-pastoral activities were practiced on a regional
scale during the Late Neolithic, but with very local impacts on the
landscape? During the Neolithic, small communities would have
spread within Alpine territory, heterogeneously engaging in agro-
pastoral activities in the area. This explains the variability of the
anthropogenic signals recorded at sites in the northern French
Alps, highlighting the development of these pioneering activities
with very local impacts on vegetation.

4.2.2 From 4300 to 1500 cal. BP: a pseudo stable
phase in the agroecosystem

From the end of the Neolithic period to the High Roman
Empire, a pseudo stable phase is recorded, with small fluctuations
of the vegetation composition around an average (Figure5).
During this phase, the gradual development of pastoral (local)
(regional) activity moderately

and agricultural influenced

the landscape.

4.2.2.1 Bronze Age and Iron Age

The Bronze Age and Iron Age periods correspond to a phase
with a high level of forest cover, which persisted for more than two
millennia (Figures 3, 6).

Low intensity agro-pastoral activities were identified on the
Gliéres Plateau and below until the Mid-Late Bronze age period. In
contrast, numerous studies have identified increasing agro-pastoral
practices during the Bronze Age in the Alps and Jura (Doyen et al.,
2013; Dziomber et al., 2023; Garcés Pastor et al., 2022; Pini et al.,
2017; Stahli et al., 2006; Tinner et al., 2003, 1996). However, these
sites are situated at either lower or higher altitudes than the Glieres
Plateau. At that time, it seems that people preferred to invest in
higher, more naturally open environments. A comparable situation
to that at Gliéres, is observed at Lake Gers (1,450 m a.s.l) and Lake
la Thuile (Bajard et al., 2020, 2015a,b; Giguet-Covex et al., 2023)
(Figure 7).

From 3000 cal. BP (Late Bronze/Early Iron Age), concomitantly
with the increase in the richness of herbaceous species, we observe
an increase in intensity toward moderate activity intensities in the
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Glieres (increase of Sporormiella, Sordaria, Plantago-type, agro-
pastoral index) (Figure 6). In the Iron Age, around 2300 cal. BP the
rise in the fire signal could also indicate the first important human-
triggered land clearance, which mostly affected deciduous trees
(especially Fagus), to develop the pastoral activities as suggested by
the concomitant increase in local pastoral activity index.

Signals of moderately intensive human activity have been
recorded during the Iron Age in Montane belt sites such as lakes
La Thuile, Champex and Gers (Bajard et al., 2020, 2015b; Rey
etal., 2022) (Figure 7). At high altitude (Anterne, Savine), the signal
is much stronger (sometimes slightly later: end of the Iron Age)
suggesting more intense pastoral activities (Giguet-Covex et al,
2014; Sabatier et al., 2017). The signal of pastoral activities recorded
in the Gliéres seems weaker than in the Sub-Alpine or Alpine belts
but greater than that recorded on sites in the Montane belts. This
record may be interpreted as reflecting a specific local dynamic
due to the topography of the Glieres Plateau. Indeed, this flat
topography may have favored early clearing of the forest, compared
with other sites located in the same vegetation belt.

4.2.2.2 High Roman empire

Although we have only one sample representing this period,
it is characterized by the first appearance of Juglans and Castanea
(around 2000 cal. BP). These two species, grown at lower
altitudes, are indicative of the beginning of the footprint of the
Roman civilization on the Alpine landscape. Doyen et al. (2016)
also observed the development of these taxa in the peri-Alpine
Lake Paladru. In addition, cultivated species originating at lower
altitudes (Cerealia and Vitis) are detected (Figure 6). The fire signal
is lower than during the Iron Age but is still at a high level. This
may be due to the progressive abandonment of the slash-and-
burn system for a system aimed at maintaining the open landscape
(Doyen, 2013). Despite the occurrence of Plantago-type pollen
grains, pastoralism does not appear to have been an important
activity in the Gliéres Plateau.

For this period, numerous studies in the Alps have observed a
development and diversification of agriculture (Tinner et al., 1996),
that are characterized by varying degrees of intensity depending
on the altitudinal belts (Giguet-Covex et al.,, 2023). Several Sub-
Alpine/Alpine sites in the Swiss, Italian and French Alps recorded
an increase of the agro-pastoral indicators during this period
(Dziomber et al., 2023; Finsinger and Tinner, 2007; Pini, 2002;
Thole et al., 2016). In the Northern French Alps, pastoral activities
are also mainly recorded in these high altitudinal belts, as for
instance at lakes Anterne, Verney and Savine (Giguet-Covex et al.,
2023; Sabatier et al, 2017). At lower altitudes, like the Plateau
des Gliéres, the Swiss Lake Champex sequence also recorded an
increase in agro-pastoral indicators (Rey et al., 2022). The authors
suggest that the surrounding area may have been used as an
“intermediate seasonal stopover to reach the grazing grounds at
higher altitude.” This hypothesis is supported by the results of DNA
analyses of numerous sites located at intermediate altitudes in the
northern French Alps, such as lakes La Thuile (874 m) and Gers
(1,450 m a.s.) which also suggest moderate local pastoral activity
(Giguet-Covex et al, 2023) (Figure 7). Pastoral activities also
developed in peri-Alpine areas (Arnaud et al., 2016; Doyen et al.,
2016, 2013). All this evidence reflects the expansion of livestock
farming and pastoralism within the territory with the exploitation
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of all vegetation belts. However, there are some particularities, such
as in the Bornes-Aravis massif as shown by the Glieres sequence
and the lake Bénit sequence. Indeed, no significant proportions
of pastoral indicators are recorded for this period (Bajard et al,
2018) (Figure 7). These differences suggest greater local variability
in human activities in the lower/intermediate belts, compared to
the higher altitudes.

4.2.3 From 1500 to 200 cal. BP: a new direction in
the trajectory
4.2.3.1 A tipping period: migration period and early
Middle Ages

This period marks a transition between the dynamics observed
previously and the Middle Ages. The trajectory is progressively
negatively oriented along axis 2 of the NMDS (Figure5),
with the influence of cultivated taxa (Cerealia, Vitis, Castanea,
Cannabis/Humulus). Indicators of local pastoral activity (local
agro-pastoral index, Sporormiella, Plantago-type, Rumex-type)
appear to increase during this transition (Figure 6), as they do
in other sites at similar altitude, such as lakes La Thuile and
Gers (Figure 7). In addition, at lower altitudes, agrarian activities
increase, as evidenced by Cerealia, fruit trees and the regional index
of activity (Figure 7). This last observation is more evident at Lake
La Thuile probably because of its lower altitude, which would have
favored the local development of these cultures, especially cereals as
well as hemp and green beans as evidenced by pollen and sedaDNA
analyses, respectively.

4.2.3.2 Middle-Ages

The temporal resolution of the Gliéres sequence does not
provide a precise record of environmental dynamics and human
activities during the medieval period. It is therefore difficult to
cross-reference palacoecological information with recent historical
and/or archaeological works carried out on the plateau (Laissus,
2018, 2025). However, the trajectory illustrated by the NMDS
analysis (Figure 5) highlights a profound change in the composition
of the vegetation, with significant increases of cultivated taxa
(Cannabis/Humulus, Castanea, Juglans, Cerealia, Secale, and Vitis)
and pastoral indicators (Sporomiella, Sordariaceae, Plantago-type).
The average of all these indicators represented by the agro-pastoral
activity index (Figure 7) shows the most intense phase of agro-
pastoral activities on the local scale and even on a more regional
scale (with the cultivated taxa). The fire signal (concentrations
and fluxes) also suggests an intensification of the human impact
on the landscape in the High Middle Ages. In addition, this
period is characterized by the greatest richness of pollinic taxa and
constitutes the second major phase of landscape opening in this
sequence (after the Late Neolithic).

In addition, Fagus declines sharply from the beginning of the
medieval period and never recovers to its previous levels. This
decline is probably the result of human activity. Fagus was an
important component of ancient mountain forests and an excellent
source of firewood (Rochel, 2017). It is therefore possible that its
decline was directly linked to its use in charcoal pits to then produce
the required resource in the glass and/or metallurgical industries
from the end of Antiquity (Gouriveau, 2020). In geochemical
measurements, titanium (Ti) and strontium (Sr) slightly increases
throughout the medieval period, reflecting the first, but moderate,
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increase in erosion since the beginning of local human activities
(Figure 6). This erosion phase affects more the silicated substratum
than the carbonated ones compared to the early and probably
natural erosion phase (Early to Late-Neolithic). This result may
indicate that human activities and/or land clearance are more
concentrated on the flat part of the Plateau des Gliéres made of
flysch and marls, while the steep calcareous slopes on either side
of the plateau are less exploited. This increase in erosion is in line
with the results obtained by Rapuc et al. (2024) at a larger scale,
that is, in the Arve and Rhone catchment areas upstream of Lake
Bourget (including the Gliéres Plateau), who observed an increase
in human triggered erosion during the Middle Ages. In addition,
the oldest medieval archives dating to the 13th century revealed
that the plateau was seasonally used for pastoralism until the 18th
century (Laissus, 2018; Mélo, 2025).

Such an intensification of agro-pastoral practices is commonly
recorded during the Middle Ages in various Alpine regions (Bajard,
2017; Garcés Pastor et al., 2022; Tinner et al., 1996; van der Knaap
et al., 2012). From the High Middle Ages, the practices initiated
in Antiquity became more established and diversified in the Jura
(Doyen et al., 2013) and throughout the Alpine chain (Finsinger
and Tinner, 2007, 2006; Giguet-Covex et al., 2023; Rey et al., 2013;
Thole et al., 20165 van Vugt et al., 2022). Whether at low altitude
in peri-alpine lakes (Doyen et al., 2016; Messager et al., 2022) or
at mid and high altitudes (Bajard et al., 2020, 2018; Giguet-Covex
et al., 2014) in the north-western Alps, all the indicators of agro-
pastoral activities increase and highlight a phase of agricultural
intensification (Figure 7).

The single sample documenting the Late Middle Ages seems
to show that these dynamics declined during this period. The fire
signal, which has been analyzed at a higher resolution, shows a
clear decrease in intensity at the end of the Middle Ages. These
dynamics are consistent with other records in the same altitudinal
belt, such as those from lakes Bénit and Gers, but run contrary
to the other records from lower and upper vegetation belts in the
North-Western Alps discussed in the previous sections (Doyen
etal., 2016; Giguet-Covex et al., 2023; Rapuc et al., 2024) (Figure 7).

4.2.4 From 200 cal. BP to the present: the legacy
of 6,000 years of interactions between human
and landscapes

During the 20th century, a period of reforestation is
observed in the Gli¢res sequence. There is a marked decline
of agro-pastoral indicators (Sporormiella, Plantago-type, Cerealia,
Cannabis/Humulus) and agro-pastoral activity index (Figures 6, 7)
indicating the abandonment of cultivated land and pastures in
lower and intermediate belts and leading to a gradual landscape
closure. Despite a marked reduction in species richness associated
with this reforestation phase, some herbaceous plants are still
present, characterizing the grassland ecosystems that currently exist
on the plateau. Tree species in decline (Abies, Fagus, Quercus, and
Corylus) during this period are no longer present in the catchment
area, as shown in Figure 1. On the contrary, the species currently
present (Picea, Pinus) show a strong recolonization of the site
despite the maintenance of pastoral activity on the plateau and the
development of recreational activities (Nordic skiing in particular).
This reforestation phase in subsequent to the abandonment of
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agricultural land is known throughout the Alpine chain (David,
2010b; de Beaulieu et al., 1993; Elleaume et al., 2022) (Figure 7).
A decline in agro-pastoral activities is also documented through
the comparison between the historical land registers (Mappe Sarde
and Etat-Major map) and contemporary aerial photographies,
showing less cabins but an increase of ruins of buildings (Laissus,
2018). However, formerly grazed areas were maintained and their
expansion encouraged, particularly in Alpine and Sub-Alpine zones
(Bajard, 2017; Doyen et al., 2013; Richer, 2009; Stahli et al., 2006;
van der Knaap et al., 2012).

Despite this reforestation dynamic, which is considerably
modifying the landscape, the NMDS analysis (Figure 5) does not
show any trend toward a return to a vegetation composition
characteristic of a pre-agropastoral system state. These results can
be interpreted as reflecting the cumulative effects of changes in the
landscape over the last five millennia, in other words they are the
legacy of history.

5 Conclusion

This study has shown that the evolution of the vegetation on the
Plateau des Gliéres, located at the transition between the Montane
and Sub-Alpine belts, has been influenced by numerous factors.
The comparison of this new sequence with other studies carried
out in the area highlights spatial and temporal differences that are
partly linked to altitude, as identified by Giguet-Covex et al. (2023).
However, we also suggest that some of these differences are due to
the specific topography of the Plateau des Gliéres. Indeed, although
the plateau is predominantly characterized by forest ecosystems, its
topographical context may have favored (agro-)pastoral activities
earlier than suggested by the other pollen records located at the
same altitude in this area.

The Glieres peatbog records indicate that a first phase of
anthropization associated with pastoral activities and cereal crops,
probably at lower altitude, seems to have occurred during the Late
Neolithic. This confirms the hypotheses formulated about possible
anthropization on other sites throughout all the altitudinal belts in
the sector. However, these activities seem to be more pronounced
in Gliéres sequence. The next phases of agro-pastoral activities
on the Gliéres Plateau are recorded from the Bronze Age to the
beginning of the Iron Age. In contrast to Sub-Alpine/Alpine sites,
the Montane site of Plateau des Gliéres experienced moderate
pastoral pressure, which lead to a moderate ecosystem response
characterized by a dynamic steady state. Such agroecosystem can
be defined as sustainable. Then, the Migration Period represented
a major tipping point in the Glieres vegetation composition
trajectory, as in other Alpine areas within the same vegetation belt,
leading to the fragmentation of the regional and local landscape
by diversified land uses. These changes in the landscape are linked
to the development of fruit tree cultivations and agricultural
practices, which gradually expanded during the medieval period
and continued into the modern period. From this tipping period,
the agro-pastoral pressure increased greatly, preventing the system
from remaining as stable as it was in the second regime phase.
By revealing these three regimes in the agroecosystem trajectory,
this study highlights that pastoral resources (regime 2) has
been exploited for more than two millennia without profoundly
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impacting ecosystems, creating a stable dynamic of interaction
between human and the environment. This long phase of stability
may also have been favored by the flat topography of the Gliéres, by
limiting soil erosion processes and thus by reducing disturbances
to vegetation dynamic. This history points to good management
practices that could inspire current policies.

The new palynological sequence of the Plateau des Gliéres
contributes to a better understanding of the agro-pastoral history
and human impacts on landscapes in the north-western Alps, by
filling temporal and spatial (especially, altitudinal) gaps. However,
the complex spatial dynamic of human-landscape interactions
cannot be fully captured only based on the study of natural archives,
as their availability is limited. Furthermore, pollen records are not
spatially resolved and spatially-quantitative because they do not
consider the dispersion and deposition patterns of pollen grains,
which can lead to low detection of agro-pastoral activities. To meet
this challenge, a useful approach would be to apply modeling to
pollen data.
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