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Highlights 
• Lake sediment archives are used to reconstruct past soil evolution. 

• Erosion is quantified and the sediment geochemistry is compared to current soils. 

• We observed phases of greater erosion rates than soil formation rates. 

• These negative soil balance phases are defined as regressive pedogenesis phases. 

• During the Middle Ages, the erosion of increasingly deep horizons rejuvenated pedogenesis. 

 

Abstract 

Soils have a substantial role in the environment because they provide several ecosystem 

services such as food supply or carbon storage. Agricultural practices can modify soil 

properties and soil evolution processes, hence threatening these services. These modifications 

are poorly studied, and the resilience/adaptation times of soils to disruptions are unknown. 

Here, we study the evolution of pedogenetic processes and soil evolution phases (progressive 

or regressive) in response to human-induced erosion from a 4000-year lake sediment 

sequence (Lake La Thuile, French Alps). Erosion in this small lake catchment in the montane 

area is quantified from the terrigenous sediments that were trapped in the lake and compared 

to the soil formation rate. To access this quantification, soil processes evolution are 

deciphered from soil and sediment geochemistry comparison. Over the last 4000 years, first 

impacts on soils are recorded at approximately 1600 yr cal. BP, with the erosion of surface 

horizons exceeding 10 t·km− 2·yr− 1. Increasingly deep horizons were eroded with erosion 

accentuation during the Higher Middle Ages (1400–850 yr cal. BP), reaching 

1000 t·km− 2·yr− 1, and leading to the remobilization of carbonated and poorly weathered 

material, hence rejuvenating soil development. Erosion exceeded the soil formation rate and 

constituted a regression in the development of soils. The tolerable erosion limit is thus defined 

for erosion from 25 to 30 t·km− 2·yr− 1. Beyond this limit, the sustainability of the 

agroecosystem is limited and ecosystem services decrease. Afterwards, pedogenesis evolved 

again from progressive (700–300 yr cal. BP) to regressive (300 yr cal. BP-today) phases. 

Erosion was less important during the last 700 years than during the Middle Ages but with the 

same weathering stages, indicating that soils were deeply affected during the Middle-Age and 

have yet not recovered. Our results highlight the importance of the human factor in the 

pedogenesis over last millennia and suggest that the studied agro-ecosystem entered the 

Anthropocene 1400 years ago. 
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Abbreviations : E, erosion; V, volume; SF, soil formation; ST, soil thickness; SL, soil loss; 

TS, terrigenous sediment; SY, sediment yield; DD, dry density (for sediment); BD, bulk 

density (for soil); Msed, mass of sediment; NCIR, non-carbonate ignition residue; OM, 

organic matter; TOC, total organic carbon 
 

Keywords : Pedogenesis; Lake sediment; Erosion; Geochemistry; Human impact; 

Anthropocene 
 

1. Introduction 

The intensification of agricultural practices and their increasing pressure on agroecosystems 

are known to modify soil properties and pedogenetic processes (Matson, 1997, Grieve, 2001, 

Dupouey et al., 2002 and Bojko and Kabala, 2016). The first evidence of human 

settlements/agriculture in the Alps dates from the Neolithic period (Martin et al., 

2008 and Dotterweich, 2013). The natural evolution of soils was probably disturbed from this 

period, which began with fire deforestation (Gobet et al., 2003, Colombaroli et al., 

2013 and Valese et al., 2014). Indeed, the removal of vegetation cover results in the 

destabilization of slopes and increased erosion fluxes downstream (Edwards and Whittington, 

2001). Nowadays, the triggered loss of soil represents a threat to mountain economies (food 

supply), the water quality and carbon storage (Pimentel, 2006). The effects of this threat on 

soil properties, soil quality and ecosystem services from a long-term perspective and the 

resilience of mountain soils to disruption for a given management are poorly known. A better 

understanding on how soils function and react to disruptions is crucial to predict their 

evolution and adapt our management for future generations (Arshad and Martin, 2002). 

Pedogenesis results from a succession of processes, which depend on soil the forming factors: 

climate, relief, living organisms (including humans and their activities), parent material and 

time (Jenny, 1941).  
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This evolution is characterized by different positive and negative phases
(Pallmann, 1947; Erhart, 1967; Duchaufour, 1970; Huggett, 1998). Dif-
ferent meanings of regression, including qualitative and quantitative,
are possible. The nature of soils can change, such as by rejuvenating,

modifications. Combining analyses of the soils in the catchment and
those of lake sediment should enable us to: i) characterize the erosion
products in relation to pedogenetic sources, ii) quantify the erosion in
terms of the soil thickness and iii) model the soil formation to assess

40 M. Bajard et al. / Catena 150 (2017) 39–52
leading to a regression of the pedogenesis state without regressing in
terms of depth (Pallmann, 1947; Duchaufour, 1970; Egli and
Poulenard, 2016). Erosion is a natural process, and tolerable erosion is
necessary to ensure the sustainability of systems. Sustainable manage-
ment must prevent erosion from exceeding soil formation rate to
avoid the regression and degradation of soils (Verheijen et al., 2009;
Dotterweich, 2013). Regression can also mean that the gradual evolu-
tion of a soil is disrupted during its development and that its degree of
evolution regresses (Jäger et al., 2015).

Most of the soils in the Alps initially formed following glacial retreat
from bedrock or superficial deposits (Alewell et al., 2015; Jäger et al.,
2015; Le Roy et al., 2015).Weathering thatwas reinforced by vegetation
settlement allowed a thin layer of soil to develop and grow. This process
can currently be observed and dated from chronosequences that have
been studied at the front of glaciers (Huggett, 1998; Egli et al., 2001).
These observations of pedogenesis on short time scales (10 to 100
years) can also be observed with long-term field experiments and re-
cent well-dated modifications of land use (Arshad and Martin, 2002;
Montagne et al., 2016). The contexts of pristine soils i.e. non-human-
affected soils, are difficult to access at this latitude for comparison.
Nonetheless, the study of current soils is necessary to understand their
evolution. Current soils work as boundary conditions: they are the
final point of their evolution. Soils have amemory and exploitable prop-
erties to reconstruct past soils but are not often suitable chronometers
because of chemical and physical transfers (Huggett, 1998).

Sediment archives are useful to find old soil footprints and reconsti-
tute their temporal evolution, especially in a context of intense human
activities and with long-term perspectives. One of the most prominent
and trackable consequences of human practices on the environment is
the erosion of soils (Foley, 2005; Pimentel, 2006). Lake sediments can
store erosion products, which are thus a component of soils when ero-
sion is active (Edwards and Whittington, 2001; Arnaud et al., 2012).
Sediment archives are also relevant to stratigraphically define the
Anthropocene (Blum and Eswaran, 2004; Crutzen, 2006; Waters et al.,
2016). If changes in the stratigraphy are a consequence of pedogenesis
modification (Erhart, 1967), theAnthropocene should be locally defined
by the effects of humans on soil evolution. The quantification of erosion
from lake sediment sequences has been investigated by several authors
(Zolitschka, 1998; Enters et al., 2008; Massa et al., 2012; Foucher et al.,
2015), but few studies have attempted to decipher the soil evolution
from lake sediments (Mourier et al., 2010; Giguet-Covex et al., 2011;
Arnaud et al., 2012; Jäger et al., 2015). This quantification enables us
to determine the intensity of the disruption that triggered the loss of
soil and the tolerable erosion in the catchment according to the differ-
ence from the soil formation rate, which could be a local definition of
the Anthropocene (Verheijen et al., 2009; Li et al., 2009; Alewell et al.,
2015).

Lake La Thuile, which is located in the French pre-Alps, provides a
long sedimentary sequence that spans the entire Late-glacial and Holo-
cene periods. A high-resolution multi-proxy (sedimentological, palyno-
logical, and geochemical) analysis of the uppermost 6.2 m (Bajard et al.,
2016) revealed a mainly lacustrine origin for the sediment during the
late and mid-Holocene periods (12,000–4000 yr cal. BP), and the forest
that was established around the lake prevented erosion on these slopes.
The sedimentary filling of the lake during the late Holocene period was
mainly a consequence of human-induced erosion in response to land-
use changes (Bajard et al., 2016). The first human effects in the land-
scape were identified ca. 3300 cal. BP with a decrease in the forest
cover and subsequent slight increase in terrigenous input. Thus, we
choose to first focus on the last 12,000 years and then on the last
4000 years by combining both quantitative and qualitative approaches
of pedogenetic processes and their resilience to human-induced
the sustainability of the system.

2. Materials and methods

2.1. Study site

Lake La Thuile (45°31′50.63″N, 6°3′39.9″E) is a small lake (0.06 km2)
in themontane zone in the southern of the Bauges Massif at 874m a.s.l.
in the Northern French Alps (Fig. 1a). This lake has an oval shape (ap-
proximately 465 m by 156 m), and its maximum depth reaches 8 m.
The catchment around the lake rises up to 1209 m a.s.l. and covers an
area of 1.6 km2. Except for the gentle grazed slopes near the lake and
the village of La Thuile, most of the catchment area is currently forested
(Fig. 1b). The lake is fed by two main temporary streams that flow dur-
ing snowmelt and long rainfalls. The northern stream begins in a small
gully area. The lake is of glacial origin and is part of the Lake Bourget
catchment through the Leysse River. The climate is temperate, with an
annual temperature from 6 to 8 °C and annual precipitation from 1500
to 1700 mm (Zamolo, 1980). Rainfall is concentrated in winter. The
lake can be ice-covered during cold winters.

The catchment area is mainly underlain by carbonate rocks. Hard
micritic limestones (Jurassic Tithonic formation) that consist of massive
strata cover the southeastern area of the catchment (Fig. 1c). Intercala-
tions of calcareous formations with Berriasian marls and shales and
Valanginian spathic limestones (Geologic map 1/50,000, Montmélian
sheet) cover most of the area (Fig. 1c). Quaternary glacial deposits are
found in the northwestern area of the catchment and at the outlet of
the lake.

The surroundings of the lake are occupied by grasslands and pas-
tures. The northern and eastern sides of the catchment are covered by
woodland, with planted resinous trees (Picea abies) to the north and
hardwoods elsewhere. Old terraces, maybe as a consequence of hedge,
are always visible in the landscape. Old photography from thebeginning
of the 20th century show that the currentmeadows replaced cereal cul-
tures and that forestwas less extensive at that timewith pastures on the
upper shores of the lake (Fig. 2).

2.2. Soil characterization and sampling

Five soil profiles (THU01, THU02, THU03, THU04 and THU06) and
two augers observations (THU05 and THU07) were realized to charac-
terize the major soil types in the catchment (Fig. 1). These profiles
were chosen according to their topography, geology and land use to
be representative of most soils in the catchment. THU05 developed on
a small alluvial fan. Auger observations were performed to confirm
the expansion of a given soil unit and to increase the sampling
representativeness.

The soil profiles were described by horizons with common descrip-
tors, including color (Munsell Color, 2000), texture, structure, roots,
coarse elements, and matrix reaction to an acid solution. The FAO
(Food and Agriculture Organization) soil classification (WRB - FAO,
2014) and the Guidelines for soil description (FAO, 2006) were used
for horizon and soil denomination (Fig. 3). One sample was collected
from each horizon for further laboratory analyses.

2.3. Sediment sequence and chronology

An 18-m-long sediment sequence (THU10, IGSN: IEFRA00BB - IGSN
codes refer to an open international database, www.geosamples.org) was
retrieved from the deepest part of Lake La Thuile and described in
Bajard et al. (2016).

igsn:IEFRA00BB
http://www.geosamples.org


The chronology of the first 6.2 m of sediment was based on 15 14C
measurements from terrestrial plant macroremains, short-lived radio-
nuclide measurements and paleomagnetic secular variations (Bajard
et al., 2016). The age-depthmodelwhichwas generatedwith the R soft-

BP frompalynological evidence of anthropic taxa and an increase in ero-
sion (Bajard et al., 2016), so the last 4000 cal. BPweremore closely stud-
ied to focus on the potential human disturbance of soils.

2 g of sieved soil were mixedwith 10mL of water to measure the water
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Fig. 1. Location of Lake La Thuile in the Massif des Bauges (a) and the geology (b) and soil sampling sites in its catchment (b, c).
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ware and the R-code package “Clam” version 2.2 (Blaauw, 2010), was
adapted with a smooth spline [type = 4] with spar = 0.3 [smooth] for
the modeling. The sedimentation rate (SR) was computed with the
“clam” function and a 95% confidence interval.

The first 6.2 m, which correspond to the Holocene period, were used
for the modeling, especially to calculate the cumulative soil loss. The
first occurrences of human activity were estimated around 3300 cal.
Fig. 2. Soilscape modifications between 1907
2.4. Soil and sediment analysis

Soil samples were dried in the open air and sieved at 2 mm. Around
pH of the soil.
and 2015 on the shores of Lake La Thuile.



Fig. 3. Pedologic description of the soil profiles (texture, structure, color)with Loss On Ignition, Oxygen Index and pHmeasurementswith horizons, as defined according to theWRB (WRB
- FAO, 2014) and the Guidelines for soil description (FAO, 2006).
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2.4.1. Loss On Ignition (LOI)
The Loss On Ignition (LOI) was recorded at 550 °C over 4 h and

950 °C over 2 h both on both the soil and sediment samples following
the procedure of Heiri et al. (2001) to estimate the Organic Matter

Then, the TS was divided by the potential surface of erosion (S),
which initially corresponds to the surface of the catchment:

SY ¼ E t=km2
=yr ¼ TS t=yr S= km2

h i
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(OM), carbonate and terrigenous contents of the samples. The results
for the sediment samples were described in Bajard et al. (2016).

2.4.2. Organic geochemistry
The soil and sediment organic matter quality was obtained by using

a Rock-Eval RE6 pyrolyser (“Turbo”model, Vinci Technologies ©) at the
ISTO Laboratory in Orléans (Talbot, 1988; Disnar et al., 2003). The
Oxygen Index (OI, mgO2/g TOC) represents the amount of oxygen that
is associated with organic carbon and released as CO and CO2 during
the pyrolysis of the organic matter, which is then normalized to the
Total Organic Carbon (TOC). The Hydrogen Index (HI, mg HC/g TOC)
represents the amount of hydrocarbonaceous compounds that are re-
leased during pyrolysis, which is then normalized to the TOC.

2.4.3. Mineral geochemistry
A portative ED-XRF spectrometer (S1 TITAN Bruker) was used to

measure the major elements, which were expressed as a relative per-
centage of oxides. Analysis of both gently crushed soil and sediment
samples was performed through a 4-μm-thick Ultralene film in a 32-
mm-diameter plastic cup. The samples were triplicated and analyzed
over 60 s by using the GeoChem Standard instrument's internal calibra-
tion mode (Shand and Wendler, 2014). The organic matter content
that was deduced from the LOI at 550 °C was added to the sum of the
major elements (Al2O3, SiO2, K2O, CaO, TiO2 and Fe2O3). Consequently,
the elemental results were brought to 100% to overcome the closed-
sum effects that are linked to OMvariations (Baize, 2000). The standard
deviations of the replicates were lower than the errors by the instru-
ment, which were thus conserved as measurement uncertainties.

2.5. Estimating the erosion and soil formation

2.5.1. Sediment dry density (DD)
The density of the sediment was calculated every 0.5 or 2 cm from

the dry weight of a known volume of sediment. The 651 sampled vol-
umes were 8.2 or 15.9 cm3 according to the sampling.

2.5.2. Estimating the deposit
The volume of sediment in the lake wasmodeled as a semi-ellipsoid

that was fitted to the dimensions of the lake: the oval surface of the lake
is approximately 465 × 156m. The lake contains 8 m of water and 18m
of sediment. The volume (V) of each layer of sedimentwas estimated by
subtracting half-ellipsoids for each depth based on the first 6.2 m of the
sediment core (see Supplemental material S1 for details).

The mass of sediment (Msed) at each depth was calculated as

Msed t½ � ¼ DD g=cm3�V m3
h i

2.5.3. Estimating erosion
Only the terrigenous component of the sediment (TS) was consid-

ered using the final LOI residue (i.e., Non-Carbonate Ignition Residue
after the 950 °C ignition phase) to estimate the erosion (E) or sediment
yield (SY). The TSwas integrated according to the time (T) thatwas cov-
ered by the layer of sediment as deduced from the age-depth model.
Following this approach, the OM and carbonate fractions were
neglected in the sediment budget because these factors could be pro-
duced and precipitated within the lake.

TS t=yr½ �¼ Msed t½ � �% NCIR=T yr½ �
Finally, the erosion equation could be written as.

E ¼ DD� V� NCIR
T� S

2.5.4. Soil bulk density (BD)
Amean soil density value was required to reconstruct the evolution

of the soil thickness with time in the catchment from the weighted sed-
iment filling of the lake. We chose to use a single average value because
this value varies through time, e.g., with vegetation and practices. We
could use the bulk density of the current soil, but the presence of nu-
merous coarse elements makes sampling known volumes of soil with
a cylinder difficult (Nasri et al., 2015), especially in mountain areas. Ad-
ditionally, we could estimate this density from the physicochemical pa-
rameters of the soil. Numerous pedotransfer functions (PTF) exist in the
literature that consider several such parameters. According to Dupouey
et al. (1997), the organic carbon (Corg) and the depth of the soil horizon
are the two most important parameters in the prediction of the bulk
density (BD) of the 2-mm sifted fraction. We chose the mean BD
value, which was calculated with empirical relationships that were de-
veloped by Harrison and Bocock (1981) and Zinke et al. (1986). Their
relationships, which were established from various soils in Europe,
only consider the depth and the organic matter and carbon contents
of the soil.

2.5.5. Denudation rate or soil loss
The erosion was converted into the loss soil thickness (SL) with the

dry bulk density (BD) of the 2-mm sifted fraction of the current soils.
This factor represents only the fine earth fraction, so this thickness
was increased by 50% by considering a skeleton with 50% for coarse el-
ements and plant macroremains (Egli et al., 2001, 2014).

SL mm=yr½ � ¼ E t=km2
=yr BD= g=cm3

h i
=1000� 2

2.5.6. Estimating soil formation
The soil formation ratewas estimated to assess the tolerable soil loss

with respect to erosion by using data synthesis and the equation of the
soil formation rate SF = [t/km2/yr] vs the surface age [y =
5110,9x−0,505], which was given by Egli et al. (2014) for European
Alps. This equation was developed with silicated parent material soils.
Such an equation does not exist for carbonated substrates. However,
we could develop a suitable with carbonate mass flux data (see Supple-
mental material S2). However, this equation does not involve much
data, so its confidence is low and the equation for silicated parentmate-
rial was preferred despite the carbonated geological context of the Lake
La Thuile catchment.

This equation was transcribed in cm/yr with the BD of the soil
(BD = 1,15) and integrated in time (t) to obtain the relationship be-
tween the soil thickness ST = [cm] and surface age:

SF cm=yr½ �¼ 0;444:t−0;505 t ¼ yr½ �

ST cm½ � ¼
Z t2

t1
SF ¼ 0;444= 1−0;505ð Þ:t 1−0;505ð Þ t ¼ yr½ �

Then,we could establish the relationship between the soil formation
rate and the thickness:

SF cm=yr½ �¼ 0;4:ST−1;02 ST ¼ cm½ �



Considering an initial (t1) soil thickness ST1 enabled us to calculate
the thickness of the soil that formed between t1 and t2 and the resulting
thickness (ST2) at t2, including the erosion E [cm/yr] between t1 and t2:

accumulation of organic matter (30 to 40%) and are buffered: all the pa-
rameters, i.e., LOI, Oxygen Index and pH (close to 7), are constant
throughout the profile (Fig. 3). The parent material, which mainly con-
sists of CaCO3 (95%), does not contain enough clay or silt to develop
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ST2 cm½ �¼ ST1þ0;4:ST1
–1;02: t2−t1ð Þ−E: t2−t1ð Þ

The glacial retreat in the Lake La Thuile catchment was estimated to
be between 16 and 20 kyr BP, which matches our age-depth model for
the late-glacial portion of the sediment sequence (unpublished data).
Thus, the soils may have developed after this date. Considering this un-
certainty, we assumed an initial soil thickness at 12,000 cal. BP between
1 and 50 cm to model its evolution.

Considering the evolution of the soil thickness, the soil formation
rate was calculated at each time as:

SF tð Þ cm=yr½ � ¼ 0;4:ST t−1ð Þ
−1;02 ST ¼ cm½ �

Finally, the soil balance was deduced by the difference between the
soil formation and soil loss to access the tolerable erosion (when SF ≥
SL).

3. Results and discussion

3.1. Soils of the catchment

Three main soil types have been distinguished in the catchment ac-
cording to their main evolutionary process (e.g., humification,
decarbonatation and acidification), pH and parent material.

3.1.1. Cambisols (Eutric and Dystric)
The soils in the northern and upper area of the catchment that are

developed under planted pine forest are Dystric (THU01) to Eutric
(THU02) Cambisols (Fig. 3). THU01 is a clay-loam soil with a blocky
structure. This soil is acidic with pH from 4.5 to 5.5 (Fig. 3). THU01 ex-
hibits abundant charcoals at depths from approximately 20 to 70 cm.
Rust patterns are also visible in the deepest horizons. THU02 developed
on carbonated rocks, but its upper horizons are decarbonated. The pH is
acidic to neutral, except in the C horizons where thematrix is carbonat-
ed (effervescent with an acid solution: Cca). The structure is blocky and
the texture is silt loam. The LOI at 950 °C for THU01 and THU02 are neg-
ligible (b2%), except in the Cca horizon of THU02, where this value
reaches 10% (Fig. 3).

3.1.2. Cambisols (Calcaric)
The soils THU03, THU05 and THU07 (Fig. 3) in the lower area of the

catchment are Calcaric Cambisols. These soils are developed under
grazed pastures around the lake and are defined by their effervescence
to hydrochloric acid within all horizons and their high pH (~8). The LOI
at 950 °C is close to 20% on average. THU03 exhibits coarse elements
throughout the profile, a good structure and a silty loam texture.
THU05 developed on a stabilized alluvial fan.

THU04 is a particular case of Calcaric Cambisols because of the pres-
ence of a colluvic horizon between 25 and 40 cm(Bwca),which consists
of numerous angular carbonated rock elements (Fig. 3). This horizon
covers an old soil, likely a Eutric Cambisol, because of the absence of re-
action to hypochloric acid (Bw) and the low LOI value at 950 °C. Collu-
vium allowed the development of a carbonated horizon at the surface
(Aca). The pH of the soil is approximately 8, as with the other Calcaric
Cambisols.

The thickness of both Cambisols varied from60 to 80 cm(Fig. 3). The
LOI at 550 °C decreased with depth and was equivalent between soils
and horizon, except for the O horizon of THU02.

3.1.3. Folic Umbrisols
The THU06 soils that developed on Tithonic formations are very thin

(Fig. 3) and developed under forests. These soils mainly consist of an
proper horizons (Duchaufour, 1970; Legros, 2007). Considering these
soils' nature, the productivity of Folic Umbrisols is very limited for agri-
cultural purposes.

3.2. Origin of the organic matter

The organic geochemistry results of the soil samples are presented in
Fig. 3 and in the pseudo-van Krevelen diagram with sediment samples
(Fig. 4). For all the Cambisols, the OI increases with depth and ranges
from approximately 200 (A horizons) at the surface to 2000 mg O2/g
in the deepest B and C horizons (Figs. 3 and 4). The HI ranges from ap-
proximately 100 to 500 mg HC/g and slightly decreases with depth in
THU01, THU02, THU04, and THU05. These OI and HI variations are con-
sistent with the expected OM freshness and humification process in
soils with depth (Di-Giovanni et al., 2000; Disnar et al., 2003; Saenger
et al., 2013, 2015). Three soil samples (Bwg in THU04, Cca in THU03
and Sca2 between 40 and 60 cm in THU07) have both high OI and HI:
OI N 1000 mg O2/g and HI N 300 mg HC/g (Figs. 3 and 4) and display
the lowest OM contents (Fig. 3). The OI and HI were normalized to the
TOC, so the OI and HI values for these samples are irrelevant. The hori-
zons of the Folic Umbrisols have HI and OI values on the order of
Cambisols surface horizons (300 mg HC/g and 270 mg O2/g, respective-
ly), which matches with the humus nature of this soil.

In the pseudo-vanKrevelen diagram (Fig. 4), the sediments between
12 and 1,6 kyr cal. BP have high HI and low OI, which suggest a lacus-
trine origin of the OM in the sediment (Disnar et al., 2003). With time,
the HI of the sediment decreased and the OI increased reaching the
same values as those of the soils samples after 1600 cal. BP, which sug-
gest these soils as the source of OM.Only themost recent sediment sam-
ples (700 to −50 cal. BP) did not follow this trend and had higher HI
values and lower OI values than samples from the previous period
(1400 to 1000 cal. BP). This evolution of both the HI and OI in the sedi-
ment through the Holocene suggests a change in the origin of the OM.
We could interpret similar patterns in the OI and HI values of these sed-
iments as reflecting contributions from surface (A horizons) or deep (B
then C) soil horizons (Figs. 4, 5). The gradual increasing OI in the sedi-
ment between 1600 and 1000 yr cal. BP (Fig. 5) indicates an evolution
of OM inputs that could be explained by the erosion of increasingly
deep soil.

3.3. Weathering processes

Both the K and Al in the soils were normalized with respect to Ti to
study their dynamics (Fig. 6a). Ti is commonly considered to be immo-
bile in soils because this element is poorly weathered throughout pedo-
genesis (Egli et al., 2001; Brantley and Lebedeva, 2011). Because we
discussed the mineral geochemistry, O horizons with 50% or greater
OM content were not plotted in Fig. 6a.

The K2O/TiO2 ratios from the soil samples ranged from 1.5 to 2.8 and
enabled us to distinguish soils into two classes: the first had ratios be-
tween 1.5 and 2 and the second had ratios between 2 and 2.8. In the
first class, THU01, THU02 and THU06 also had the lowest pH (Fig. 3), ex-
cept for the Cca horizons. These soils developed under forests and had
the most advanced pedogenesis. In the second class, THU03, THU04,
THU05 and THU07 were all Calcaric Cambisols with high pH that devel-
oped under grasslands. The K2O/TiO2 ratios increased with depth for
most of the soils.

The soils in the catchment had Al2O3/TiO2 ratios that ranged from
10 to 20. The Al2O3/TiO2 ratios increased with depth in THU01, THU02
and THU04 but were constant with depth in THU03, THU05 and
THU07 (Fig. 6a). The Folic Umbrisol (THU06) exhibited both low
Al2O3/TiO2 and K2O/TiO2 ratios.



The K2O/TiO2 and Al2O3/TiO2 ratios for the sediment samples
were plotted over the soil sample ratios, which are represented as
rectangular expanses in Fig. 6b. The ratios from the soil and sedi-
ment samples were similar and overlapped, excluding an enrich-

Al2O3/TiO2 ratios for Calcaric Cambisols (Fig. 6a). Soils with low pH
(Eutric to Dystric Cambisols: THU01 and THU02) exhibits increasing
Al2O3/TiO2 ratios with depth. Thus, the Al2O3/TiO2 ratio can be used to
distinguish soil horizonswith lowpH.We can compare themineral geo-
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ment or depletion when transferred to the lake. The sediment
samples seemed to be grouped by time spans. Sediments with
ages between 4000 and 1550 yr cal. BP had ratios that ranged
from 10 to 15 and from 2 to 2.6, respectively. Sediments between
1550 and 1150 yr cal. BP had the lowest Al2O3/TiO2 ratios (from 9
to 15) and K2O/TiO2 ratios (from 1.4 to 2.2). Sediments with ages
from 1150 to 850 and from 200 to 0 yr cal. BP had high K2O/TiO2

and Al2O3/TiO2 ratios. Sediments between 850 and 400 yr cal. BP
and the most recent sediments (1950–2010 cal. AD) also had high
K2O/TiO2 ratios but lower Al2O3/TiO2 ratios.

The Al2O3/TiO2 and K2O/TiO2 ratios that were measured with
the P-XRF on dried sediment samples were compared to the Al/Ti
and K/Ti ratios that were measured with a core scanner on undis-
turbed core sections (Bajard et al., 2016). The variations that were
recorded by both XRF analysis methods were coherent (Fig. 5).

3.3.1. Potassium mobility
A comparison of themineral geochemistry of the soils and sediment

enabled us to associate sediment to preferential soil sources. K is easily
lixiviated when rocks weather (Egli et al., 2001; Arnaud et al., 2012).
Deep horizons, which are close to the parent material, are richer in K,
whereas well-weathered horizons that are close to the surface are de-
pleted in K (Fig. 6a). Dystric and Eutric Cambisols are more developed
andweathered than Calcaric soils and are thusmore depleted in K; acid-
ification assists this process. The K2O/TiO2 ratio can thus be used as an
indicator of weathering (Arnaud et al., 2012) to distinguish in the sedi-
ment when erosion comes from Calcaric or Eutric to Dystric Cambisols
and to determine whether eroded material comes from deep or surface
horizons (Fig. 7). In THU04, the K2O/TiO2 ratio remained relatively con-
stant because of the transfer of potassium in its deeper area (Fig. 6a),
possibly because of the contribution of colluvium.

3.3.2. Aluminum mobility
The solubility of aluminum in soil depends on the pH. Al depletion is

favored by pH below 5 (Chamayou and Legros, 1989) and is faster in
topsoil (Egli et al., 2001). As long as soils have high pH (THU03,
THU05, THU07), aluminum is immobile, as shown with the constant
chemistry of soils and sediments, so the Al2O3/TiO2 ratios can be used as
a secondary indicator of the eroded soil depth, especially for Eutric to
Dystric Cambisols (Figs. 5, 7). This ratio's variations seem consistent
with the interpretation of OI and K2O/TiO2 with depth and complement
each other. THU04 exhibits two different Al2O3/TiO2 ratios because of its
composite nature (Fig. 3). The rejuvenation of these soils by colluvic cal-
cium carbonate inputs seemed to stabilize the pH and the aluminum
mobility in the deepest old horizons.

3.4. Erosion of the catchment and soil evolution

Considering the low development of soils over the Tithonic forma-
tions (Folic Umbrisols), the erosion was calculated at the catchment
scale by removing the soil's surface. The potential erosion surface was
thus reduced to 1.2 km2.

3.4.1. Erosion
From 12,000 to 2500 yr cal. BP, erosion remained relatively stable

and ranged between 0.1 and 1 t·km−2·yr−1 (Fig. 8a). A succession of
increases was recorded, first between 2500 and 1600 cal. BP with ero-
sion reaching 7 t·km−2·yr−1, and then between 1600 and 1200
yr cal. BP (105 t·km−2·yr−1) and between 1200 and 800 cal. BP (Figs.
8a and 5). Erosion reached its highest values between 1000 and 800
yr cal. BP (approximately 450 t·km−2·yr−1 on average). All these
values are comparable to the current erosion rate, e.g., the value that
wasmodeled for Europe (Cerdan et al., 2010) or calculated formountain
areas (Egli et al., 2014), for catchments of similar size as La Thuile
(Verstraeten and Poesen, 2002; Vanmaercke et al., 2015). These values
are also close to past erosion rates that were recorded with similar
methods in lake sediments (Enters et al., 2008; Foucher et al., 2015).

3.4.2. Soil loss
The mean soil densities that were estimated with different depth

combinations (for all horizons, or for only the first 30 or 40 cm, with
or without Folic Umbrisol) produced values from approximately 1 to
1.30. We consider a BD of 1.15 in the following sections, and the sensi-
tivity of this parameter was calculated with BDs of 0.8 and 1.50.



Fig. 5. Reconstruction of past soil evolution, by comparing the erosion that was recorded in Lake La Thuile's sediments with its geochemistry. The simplified palynological diagram and the
DNA presence,whichwere adapted fromBajard et al. (2016) and fromGiguet-Covex et al. (2015), respectively, show the global evolution of the land use and agro-pastoral activities in the
catchment. The tolerable erosion limit was obtained from the minimal erosion that triggers a negative soil balance. The Al/Ti and K/Ti × 2 grey curves are high-resolution core scanner
measurements that were adapted from Bajard et al. (2016). Re-carbonatation was deduced from colluvic movement that was observed and analyzed in THU04. The state over the last
centuries state was deduced from the landscape in Fig. 2.
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The lost soil thickness was deduced from erosion by considering a
BD of 1.15 (Fig. 8a) and a skeleton of 50%. Throughout the last 4000
years cal. BP, the soil loss ranged from 0 to 2.6 mm·yr−1, with an aver-
age of approximately 0.17 ± 0.01 mm·yr−1. The resulting loss of soil

3.4.5. From soils to sediment
The particle-size of the sediment was relatively constant between

approximately 1600 and−50 yr cal. BP (max SDwas 1,05%), precluding
particle-size-dependent changes in the mineral geochemistry (Bajard

between 0.2 and 1.5 t·km−2·yr−1 (Fig. 5), and corresponded to
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throughout the Holocene represents approximately 22 ± 3 cm of soil,
of which 3/4 was lost during the last 1000 years.

3.4.3. Sensitivity analysis
A sensitivity analysis was performed to verify the robustness of the

model and determine the influence of changes in the parameters from
the erosion equation (i.e., the volume V, the density DD, the content in
NCIR of the sediment and the deposition time T of the volume), which
changed one parameter at a time with the sensitivity coefficient Q(i, p).
This equation is typically expressed as the partial derivative of the ero-
sion E with respect to each of the parameters p (Furrer et al., 1989;
Egli and Fitze, 2001; ten Broeke et al., 2016) and can be calculated at
each depth i:

Q i; pð Þ ¼
∂Ei
∂P

� Pi
Ei

A change of 1% in the parameter p at a depth i will trigger a Q %
change in erosion at the depth i. The same methodology was applied
for the soil loss with the erosion and soil bulk density parameters.

Both equations are linear and of the first degree, so the Q(i, p) solu-
tions are 1 or −1 (Table 1), depending on whether the parameter in-
creases (Q = 1) or decrease (Q = −1) the erosion.

For example, a 10% increase in the sediment volume increases ero-
sion by 10%. A 15% increase in the BD decreases the soil loss by 15%.

Among the parameters in Table 1, the volume of sediment and the
BD were not measured with the sediment core. Thus, only their uncer-
tainties are represented in Fig. 8, with the volume increasing and de-
creasing by 20 and 50% and the densities varying from 0.80 to 1.50.
Neither the volume of sediment nor the soil bulk density was sensitive
to large time-scale variations in the erosion or soil loss, respectively.

3.4.4. Soil formation
Considering the silicated parent material soil evolution model, the

soil thickness grew fast at the beginning of the pedogenesis, with ap-
proximately 40 and 20 cm over 2000 years between 12 and 10 ky cal.
BP and with initial soil depths of 1 and 50 cm, respectively (Fig. 8b).
Conversely, the soil formation rates decreased quickly at the beginning
of the pedogenesis (Fig. 8c). The deepening slowed down with increas-
ing thickness, and the difference between the two curves was reduced
(Fig. 8b, c). The soil thickness abruptly lost dozens of cm between ap-
proximately 1000 and 800 yr cal. BP because of erosion. At this time,
the soil formation rate slightly increased in response to this loss of thick-
ness. The current thickness ranges from 75 cm to 85 cm for initial
Holocene depths of 1 and 50 cm, respectively, which is quite reasonable
in terms of the 70-cmdepth of the current soils (Fig. 3). The soil balance
showed positive values between 4000 and 1400 yr cal. BP and between
650 and 400 yr cal. BP and negative values between 1400 and 650 yr cal.
BP and over the last 400 yr cal. BP (Fig. 5). The amount of tolerable ero-
sion can be determined when erosion is compensated by soil formation
and corresponds to the minimal erosion that is triggered when the soil
balance is negative. Soil formation depends on the soil thickness, so tol-
erable erosion also depends on the soil thickness. The tolerable erosion
ranged from 25 to 30 t·km−2·yr−1 (0.004 to 0.005 cm·yr−1) for pe-
riods between 1400 and 650 yr cal. BP and from 400 yr cal. BP to the
present, respectively (Fig. 5).

The carbonated parent material soil evolution model (see Supple-
mental material S2) depends more on the initial thickness than the
silicatedmodel (Fig. 8b). This parameter involvesmuchmore important
soil thicknesses. Consequently, the modeled current thicknesses are too
important compared to the current soil thicknesses and confirm the
poorer assessment of this model.
et al., 2016). Otherwise, the local variability in the rock sources cannot
be excluded to explain differences in the soil or sediment geochemistry.

Deposits that were derived from eroded soils upstream from the
lake, e.g., as colluvium or an alluvial fan (THU04 and THU05, respective-
ly), could have caused the erosion thatwasquantified from the lake sed-
iment to be underestimated. Conversely, a portion of the eroded
material could have been cleared out at the outlet of the lake. If this sec-
ond process could be neglected, the first process includes the variability
in the erosion of the catchment, e.g., terraces that could have been im-
plemented to limit erosion. Furthermore, the quantification of erosion
with volume increases and decreases by 20 and 50% did not vary
much (Fig. 8), which indicates that the accuracy of the sediment filling
volume of the lake was not essential in the quantification. This quantifi-
cation greatly depended on the age depth model of the sediment se-
quence, but according to Edwards and Whittington (2001), this
sedimentation pattern reflected the gross sensitivity of landscape catch-
ments to natural and anthropogenic pressures. The estimation of the
eroded soil thickness also did not greatly depend on the chosen density
on our scale (Fig. 8a). The density varies, especiallywith practices, so af-
forestation and culturing would have increased this value and de-
creased the corresponding soil thickness. Over the last 4000 years, the
different thicknesses between soils with initial depths of 1 and 50 cm
did not exceed a dozen centimeters. Thus, the initial soil depth at the be-
ginning of the Holocene did not seem to be essential to estimate the soil
thickness during the Early Holocene period. Defining a soil depth of
50 cm at 12,000 years ago would correspond to setting the beginning
of pedogenesis at approximately 16 kyr cal. BP (Fig. 8). This condition
is more reasonable that a boreal forest covered the catchment
12,000 years ago (Bajard et al., 2016). The evolution of the vegetation
during the early andmid-Holocene and the low erosion suggest the pro-
gressive development of soils, which was supported by the soil forma-
tion model (Fig. 8). The soil evolution would have been controlled by
decarbonatation and then by acidification, as attested by the develop-
ment of resinous trees, such as fir, 8000 years ago (Bajard et al., 2016).
Similar soil development patternshave also been reconstructed through
geochemical analyses of sediment from Lake Anterne (Giguet-Covex
et al., 2011).

3.5. Evolution of soils over the past 4000 years in La Thuile watershed

1 - From 4000 to 2500 yr cal. BP, erosion was low, approximately
values that are observed under stable forest ecosystems. The OI
was close to 150 mg O2/g on average, and the HI was around
400 mg HC/g (Fig. 5), which characterize organic matter with a la-
custrine origin. The K2O/TiO2 and Al2O3/TiO2 ratios were also con-
stant, ranging from 2 to 2.5 and close to 12, respectively (Fig. 5).
During this period, the pollen results did not show any modification
(Fig. 5). The landscape was forested and stable. The established soils
evolved under forests. These soils were characteristic of carbonated
ambiances and subjected to both decarbonatation and acidification
processes, which were favored by a warm climate and the presence
of resinous vegetation over several millennia (Duchaufour, 1970;
Erhart, 1967). The soils were acidified, possibly reaching a pedoge-
netic stage that does not exist anymore in the catchment.

2 - Between 2500 and 1600 yr cal. BP, the K2O/TiO2 and Al2O3/TiO2

ratios and OI did not evolve compared to the previous period, but the
land use changed, with the first appearance of cerealia pollen and an in-
crease in herbaceous pollen, suggesting the opening of the area (Bajard
et al., 2016). During this period, erosion increased in response to the
opening of the area but without significantly changing the soil cover



(Fig. 5). The soil balance was positive: more soil was created than erod-
ed, reflecting a progressive pedogenesis.

3 - During 1600 to 1300 yr cal. BP, erosion increased to approximate-
ly 100 t·km−2·yr−1. The OM quality changed towards higher OI values

2015), whereas pollen from abundant herbaceous species were record-
ed in the sediment since the Roman Period. Herdsmay have been led to
the upper area of the catchment, which may have still been forested,
and lands that were close to the lake may have been used for cultures.
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and lower Hi values, suggesting the erosion of surface soils (Fig. 5). The
Al2O3/TiO2 and K2O/TiO2 ratios decreased below 10 and 2, respectively
(Fig. 6b). These geochemical features also characterized the erosion of
surface soil horizons and support the previous assumption. Moreover,
the very low K2O/TiO2 ratio suggests the erosion of material with an ad-
vanced state of pedogenesis (highly weathered soils), such as Dystric
Cambisols or greater. The long carbonate dissolution and acidification
over the past 10,000 years could have led to even more evolved soils.
The intensification of erosion could have been a response to the intro-
duction of cereal cultures, whose pollen increased and were always
present in the sediment since 1500 yr cal. BP (Bajard et al., 2016). The
tolerable erosion limit of 25 t·km−2·yr−1 was exceeded at approxi-
mately 1400 cal. BP. According to Cerdan et al. (2010), this erosion
rate corresponds to themean erosion that is observed under grasslands
in Europe. The conversion of land use towards arable lands is possible as
erosion increases. Arable lands are characterized by mean erosion rates
from 160 to 1230 t·km−2·yr−1, which are significantly correlated to
the slope gradient (Cerdan et al., 2010). The sediment's DNA did not in-
dicate the occurrence of herds during this period (Giguet-Covex et al.,
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e-DNA is supposed to be preferentially adsorbed onto clay after its re-
lease from cells in the soil (Cai et al., 2006). Pastured soils may be
eroded, but eroded material that potentially contains herd-DNA may
not reach the lake because of their distance from the lake, whereas
pollen can because they are transported by wind. This scenario
supposes that herds were situated close to the lake when the e-DNA
was recorded.

4 - From 1300 to 850 yr cal. BP, the palynological results suggest the
maximal expansion of deforestation. This expansion substantially af-
fected the erosion, which reached approximately 1000 t·km−2·yr−1.
The Al2O3/TiO2 ratio increased, which implies contributions from deep
soil horizons and reflects the progressive abrasion of the soil cover.
The erosion of deep horizonswas also consistentwith theOMsignature,
which exhibited high OI (350–400mgO2/g) and lowHI values (close to
100 mg HC/g). The increase in the K2O/TiO2 ratio indicates that erosion
came from less weathered soils and could be interpreted as a rejuvena-
tion of the soils (Pallmann, 1947; Duchaufour, 1970; Egli and Poulenard,
2016). Deep and unaltered materials were remobilized and provided
new carbonates to the soil profiles because of erosion. OM is known
for its role in soil structuration (e.g., Chaney and Swift, 1984). Thus, ero-
sion could have been accentuated with the loss of superficial and OM-
rich horizons. Erosion could also have been accentuated with the inten-
sification of grazing. The DNA of domestic animals (Bos sp. and Ovis sp.)
has been recorded in sediment younger than 1000 yr cal. BP (Giguet-
Covex et al., 2015). The DNA of Ovis sp. could no longer be found since
600 yr cal. BP, while Bos DNA was regularly detected until the present.
The loss of soil reached 2mm·yr−1 during this period, with 10 cmaccu-
mulating between 1100 and 850 yr cal. BP, which corresponds to the
Early Middle Ages. The soil balance was strongly negative. More soil
was eroded than formed in the catchment. The sustainability this sys-
tem was very limited, especially because the erosion was averaged
over the catchment. Thus, some area of the soil cover would have



been more greatly affected. The pedogenesis was in a regressive phase:
soils degraded, and some soil properties and ecosystem services were
lost with erosion (Arshad and Martin, 2002; Pimentel, 2006).

5 - From850 to 300 yr cal. BP, erosion decreased from100 to approx-
imately 15 t·km−2·yr−1. The Al2O3/TiO2 ratio and OI changed from
10 to 12, and from 200 to 300 mg O2/g, respectively, suggesting erosion
from top soil. These qualitative aspects of the eroded products are con-
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Table 1
Sensitivity coefficients and characteristics of the erosion and soil loss parameters.

i=651 Erosion (t·km−2·yr−1) Soil loss (mm·yr−1)
DD
g·cm−3

V
m−3

NCIR
–

T
yr

E
t·km−2·yr−1

BDa

g·cm−3

Q(i, p) 1 1 1 −1 1 −1
Minp 0,25 224 0,16 0,5 0,02 1,15
Maxp 2,12 4009 0,89 51 1505 1,15
Medianp 0,4 238 0,68 10 6 1,15
Meanp 0,5 469 0,63 18,5 69 1,15

DD: dry density of the sediment; V: volume of the sediment layer; NCIR: non-carbonate
ignition residue; T: deposition time of the layer.

a BD: the bulk density of soil was fixed at 1,15.
sistent with the recorded decrease in erosion and the positive soil bal-
ance. Soils that are less eroded have time to develop new surface
horizons (i.e., organic horizon), from which Al is released. However,
the K2O/TiO2 ratio stabilized between 2.5 and 3 and has not varied
until the present. This invariance in the K2O/TiO2 ratio, while erosion
decreased, seems to indicate that the soils were deeply affected and
have not recovered their old development. The effects of ancient ag-
ricultural land use can last for millennia (Aubert, 1960; Dupouey
et al., 2002). The resilience of the organic matter incorporation
seemed to be faster (because of the rapid turnover of OM) than the
mineral differentiation of horizons, while rock weathering was
expected to slightly increase in response to decreasing soil thickness
(Fig. 8).



This decrease in erosion beganduring theMiddle Ages, a periodwith
a growth in population (Mouthon, 2009). A lag occurred between the
maximum erosion (1100 yr cal. AD/850 yr cal. BP) and population,
which was also observed in Guatemala during the Maya occupation

(Wilkinson, 2005) and a local beginning of the Anthropocene epoch
can be set (Blum and Eswaran, 2004). The Anthropocene epoch
(Crutzen, 2006) is not yet recognized by the International Commission
on Stratigraphy (ICS) because of the global aspect of its effects, among
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(Anselmetti et al., 2007). A decrease in erosion could reflect a change
in agricultural practices. Pollen and DNA from orchard trees support
the development of chestnut trees at 940 yr cal. BP, walnuts trees at
900 yr cal. BP, pear trees at 1100 yr cal. BP, and trees from the Prunus
genus and grapevines at 850 yr cal. BP. Cultures of these trees are less
erosive than those of cereals. Mouthon (2009) reported a division of
plots between heirs during the Middle Ages with the growing popula-
tion. This division of the landscape could have also limited erosion dur-
ing this period bymultiplying the limits that acted as barriers to erosion
because hedges involved visible earthwork in the landscape.

The end of the Middle Ages and the Little Ice Age (700 to 300 yr cal.
BP) was marked by a relative decrease in sediment yield (between 15
and 40 t·km−2·yr−1) after the Black Death, which cut the population
in half (Mouthon, 2009) and induced the climatic deterioration of the
Little Ice Age (Le Roy et al., 2015; Bajard et al., 2016). Erosion could be
more sensitive to land use changes than precipitation changes
(Paroissien et al., 2015), but a change in climate conditions could have
led to a modification of the activities.

6 - Erosion increased again between 300 yr cal. BP and the present
with a maximum at approximately 80 cal. BP (1870 cal. AD), where
the erosion reached 110 t·km−2·yr−1. This latest increase in erosion
is consistent with an increase in the Al2O3/TiO2 ratio, which indicates
a new incision of the soil cover and a recovery of activities after the Little
Ice Age. The ratio reached the same values as those during theMedieval
period (1300–850 cal. BP), while erosion was less important. These dif-
ferences could have resulted from the decrease in soil thickness, which
has not recovered since the Medieval period, and reflects a certain
weakness of the soil cover. The soil balance was negative again and
the resilience of the system did not improve. This maximum erosion
was recorded approximately 30 years before old pictures of the catch-
ment that show different cultures on the shore of the lake and pastures
in the upper southern area of the catchment (Fig. 2). The OI also de-
creased and the HI greatly changed, which suggest the erosion of deep
horizons and could reflect the effect of mixing with lacustrine OM
from eutrophication of the lake, as suggested by DNA (Giguet-Covex
et al., 2015), or the absence of “new” deep soil OM because of its turn-
over following the previous erosion crisis.

3.6. Soil resilience in the Anthropocene

The time between the end of the first (700 yr cal. BP) and the begin-
ning of the second (300 yr cal. BP) regressive pedogenesis phases was
approximately 400 years. During this time, the weathering soil signa-
ture (K2O/TiO2 ratio) did not recover its old characteristics (Fig. 5),
which suggests that the resilience time of the soils was N400 years for
such a disruption. The following regressive phase prevented us from es-
timating the full term of the resilience period because this phase
interrupted the progressive phase. Nonetheless, the effects of a factor -
humans in this case - could persist long after its intervention (Aubert,
1960). This phenomenon could underline the polycyclic and polygenet-
ic natures of the pedogenesis (Duchaufour, 1982), for example, with the
incorporation of the colluviummaterial to form a complex soil (THU04)
or the accumulation of charcoals between 20 and 70 cm in THU01. The
soil evolution phase succession could also reinforce the polygenetic na-
ture of the pedogenesis and question the real possibilities of their resil-
ience. Associated to the substantial change in the soil cover and the
negative soil balance, modifications in the soil erosion fluxes by
human activities in the catchment changed the sedimentary stratigra-
phy of the lake since approximately 1400 yr cal. BP. Soils aremainly con-
trolled by the “human” factor since this period, and their current
evolution trajectories are still controlled by these modifications. Thus,
humans can be considered as a geologic agent since this period
other reasons (Finney and Edwards, 2016). Studies of local
Anthropocene stratigraphy, such as in lake sediments, could assist its
recognition. While several authors placed the beginning of the
Anthropocene within the most recent centuries, such as the 18th or
even mid-20th century (Crutzen and Steffen, 2003; Blum and
Eswaran, 2004; Waters et al., 2016), the tipping point towards the
Anthropocene could be defined in La Thuile's sedimentation, earlier be-
cause of the proximity of human activities and their direct effects on
sedimentation. These observations could suggest an epoch that was
previously identified in continental sedimentary systems and suggests
substantial facies variation over the Anthropocene stratigraphy, with
the diversity of each system depending on populations, activities, cul-
tures and geology, thus defining different Anthropocene stratigraphic
signatures (Blum and Eswaran, 2004). A common date for this epoch's
beginning does not seem to make sense.

4. Conclusion

Themineral and organic geochemistry that was related to the quan-
tification of erosion in lake sediments could be used to reconstruct the
soil dynamics. Both the organic and mineral components in the studied
sediment enabled us to decipher the pedogenetic origin of erosion. The
Oxygen Index was comparable between soils and sediments, indicating
a terrestrial origin of the organic matter in the sediment and varying
with depth in the soils. The organic geochemistry represented an inde-
pendent and complementary proxy from themineral fraction to charac-
terize the sediment inputs and their origin. The mobility of K and Al
enabled us to distinguish the soilweathering states and differentiate ho-
rizons with depth. The quantification of erosion from these sediments
indicated its intensity andwas consistentwith the geochemical dynam-
ics. Progressive and regressive pedogenetic phases, were identified over
the last 4000 years in the Lake La Thuile catchment. Between 4000 and
1400 yr cal. BP, the soils positively developed and acidified. Then, ero-
sion increased and the soils progressively decreased during the Middle
Ages. Until 750–800 yr cal. BP, the sustainability of the system was
strongly affected because the tolerable erosion limit was exceeded,
causing the soil to regress. These soils were rejuvenated and durably
modified with recarbonatation and colluvium movements that were
triggered by erosion. During the Little Ice Age, a succession of agricultur-
al, demographic and climatic factors decreased the erosion level, which
resulted in a slight progression of the soil cover. The most recent centu-
ries were marked by renewed regression of the soil thickness in the
catchment because of change in cultural practices. Agricultural aban-
donment over the past 50 years changed the soil balance and initiated
a positive pedogenesis phase. Humans were the most important factor
that affected the major soil forming factors over the past several
millennia. This triggered erosion locally changed the stratigraphy of
the sediment and suggests a local boundary for the Anthropocene. We
can distinguish the consequences of some management practices
given the direction, magnitude, rate/duration and extent of this change
(Arshad andMartin, 2002). The current challenge would be tomaintain
both soil ecosystemservices and agro-pastoral activities in thismontane
catchment.
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