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Agropastoral activities have impacted the habitable part of our planet—the “Critical 
Zone”—for thousands of years, triggering a major increase in soil erosion in mountain 
environments. Understanding and quantifying the impact of these activities on soil is 
central to the well-being of our societies. Here, we investigate the isotope ratios of the 
trace element lithium in detrital sediments of Lake Bourget, European Alps, and provide 
a reconstruction of the impact of human activities on the evolution of alpine soil during 
the Holocene. We demonstrate that during the Early Holocene, soil formation was 
altered by the development of pastoralism followed by tillage. This led to three major 
erosive surges (3.8 to 3.0, 2.8 to 1.6, and 1.6 ky cal BP to modern times), thinning soils 
down to a state close to that of their early development 10,000 y ago. The detailed study 
of the lithium detrital signal reveals the appearance of an altitudinal decoupling in the 
response of the Critical Zone in the Alps following the development of the agropastoral 
activities during the Iron Age. The onset of agropastoral activities disrupted the balance 
between soil formation and erosion, leading to erosion rates 3 to 10 times faster than 
soil production since the end of the Ice Age.

human impact | Anthropocene | soil evolution | erosion | lake sediments

 The Critical Zone, the layer of our planet sitting between the “rocks and the sky” ( 1 ), 
supports all terrestrial life and stores carbon during the development of soil through 
biogeochemical weathering (the rock-to-soil transformation process) and attendant organic 
matter sequestration ( 2 ,  3 ). Yet, since the onset of the Anthropocene and the intensification 
of land use for agriculture, the Critical Zone—and soils in particular—have been under 
major threat ( 4 ,  5 ). Understanding the effect of human activities on soil formation is 
essential for implementation of appropriate management policies ( 2 ,  3 ,  6 ). Among all the 
factors impacting soil over time, bioclimatic fluctuations and land use appear to be the 
most dominant on a decadal to thousands-year timescale ( 5 ,  7 ). However, whether specific 
human activities have become the primary driver of soil evolution, and if so, since when 
remains an open question.

 Lake sediments offer a unique archive to reconstruct the trajectory of soils at relevant 
temporal (multi-100-y) and spatial (catchment) scales ( 8   – 10 ). Such evolution can be 
revealed by the combination of geochemical analysis and precise dating of the sediments 
( 11 ,  12 ). This retrospective approach makes it possible to directly compare soil trajectories 
before the beginning of human influence as well as during periods of significant human 
forcings ( 12 ,  13 ). A major difficulty in quantifying the effect of human activities on soil 
trajectories lies in disentangling their impact from that of climate, given that both have 
evolved concomitantly since the onset of the Holocene ( 14 ). However, recent methodo-
logical developments, coupled with a strategic selection of study sites, allow for a more 
robust separation of anthropogenic and bioclimatic influences on soil erosion ( 12 ).

 A further characterization of the effects of climate and human activity on soil requires 
probing of the relative rates of biogeochemical weathering and physical erosion. These 
processes determine whether soils are predominantly forming or degrading over time. The 
lithium isotopic composition (δ7 Li) of detrital sediments has emerged as a sensitive proxy 
for quantifying silicate weathering intensity and pedogenesis ( 15   – 17 ). The two lithium 
isotopes 6 Li and 7 Li are fractionated during biogeochemical weathering ( 18 ): 6 Li is pref-
erentially incorporated into secondary minerals such as clays, whereas 7 Li becomes enriched 
in soil solutions and rivers ( 19 ). As a result, secondary weathering products (clays, oxides) 
typically exhibit lower δ7 Li values compared to their unweathered parent rock. Although 
relatively few studies report δ7 Li values in soils ( 20         – 25 ), current evidence suggests that 
increasing degrees of pedogenesis, characterized by enhanced formation of clay minerals, 
are associated with decreasing δ7 Li values in bulk soils ( 26 ).

Significance
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 Here, we develop a multiproxy approach, combining lithium iso-
topes with major and trace element analyses, and a source-to-sink 
investigation of Lake Bourget to reconstruct soil evolution in the 
European Alps. This region provides an ideal natural laboratory 
( Fig. 1 ), as both human land-use history and regional bioclimatic 
variability since the Last Glacial Maximum are well documented ( 27 , 
 28 ), thus constituting one of the rare global contexts where the respec-
tive impacts of anthropogenic activity and climate on soil erosion can 
be disentangled ( 12 ). We first characterize the lithium isotopic com-
position of the main sediment sources through analyses of represent-
ative bedrock and river sediments. We then correct for source-related 
δ7 Li variability in lake sediments in order to isolate the effects of 
physical erosion and biogeochemical weathering. On this basis, we 
reconstruct the relative influence of bioclimatic fluctuations and land 
use on soil development over the Holocene. Our findings demonstrate 
that, beyond merely accelerating soil erosion, humans have funda-
mentally altered through agropastoral activities both the nature and 
pace of soil-forming processes in the European Alps.         

Study Site

 Lake Bourget ( Fig. 1 ) is fed by one of the largest catchments in the 
European Alps (4,976 km2 ), extending from the lowlands of the 
Chambéry valley (230 m) to the high elevations of the Mont-Blanc 
massif (4,808 m), typifying alpine environments and their evolution 
through time ( 13 ). With a surface area of 44.5 km2 , it is one of the 
largest natural lakes in France. The lake receives inflow from three 
main rivers—the Leysse, Sierroz, and Tillet—and drains via a single 
outlet, the Canal de Savière, which connects it to the Rhône River. 

During flood events, the Rhône can backflow into the lake, and is 
the main contributor of detrital sediments to the lake ( 29 ).

 The catchment can be broadly divided into two distinct litho-
logical and geomorphological source areas: i) the glaciated, 
high-elevation Mont-Blanc massif, predominantly underlain by 
granitic bedrock (158 km2 , elevations between 2,300 and 4,808 
m); and ii) the nonglaciated part of the catchment (3,804 km2 , 
<3,300 m), underlain by sedimentary rocks: schists, helminthoid 
flysch, marl, limestone, and sandstone, mainly of late Paleozoic 
and Mesozoic age. Limestone outcrop areas (1,014 km2 ) do not 
supply significant detrital material to the lake and are excluded 
from sediment contribution estimates. The nonglaciated region 
has supported agropastoral land use for at least the past 7,000 y. 
These two regions are readily distinguishable through Nd isotopic 
source tracing ( 12 ,  30 ) ( Fig. 1 ). Erosion dynamics in the glaciated 
region are assumed to depend exclusively on bioclimatic forcing, 
whereas those in the nonglaciated area reflect the combined influ-
ences of climate and human activity ( 12 ).

 Among the various sedimentary sequences collected from Lake 
Bourget, we selected the LDB18&19 core, which provides a con-
tinuous record spanning the past 9,500 y. This sediment sequence 
was retrieved from the lake’s depocenter and provides a spatially 
integrative archive of the catchment dynamics, owing to its low 
sedimentation rate and central location. Using a mixing model 
based on the neodymium isotope ratio (143 Nd/144 Nd), erosion 
rates were reconstructed for both the glaciated and nonglaciated 
regions of the catchment over time ( 12 ). This approach enabled 
a robust quantification of human-induced erosion rates within a 
highly erosive mountainous area ( 31 ).  

Fig. 1.   3D-view of Lake Bourget catchment with two distinct regions, each characterized by a specific lithology and geochemical signature. In the Lake Bourget 
catchment, erosion of the glaciated region is driven by bioclimate fluctuations, whereas the erosion in the nonglaciated region is impacted by both climate and 
human activities such as pastoralism and tillage. The data for the nonglaciated bedrock samples are obtained from a soil profile in the Lake La Thuile catchment 
(16), these data are in agreement with those obtained on river sediments in the area (this study). Neodymium isotope ratios (expressed as εNd values) are from 
measurements of river sediments in the catchment (12).D
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Results

 The signature of sediment derived from the glaciated part of Lake 
Bourget catchment was obtained through the analysis of two gran-
ite samples from the glaciated Mont-Blanc Massif ( 32 ) yielding 
δ7 Li, [Li] and Li/Al values of −0.3 and +2.3 ‰, 14 and 19 ppm 
and 0.18 and 0.27 × 10−3  g/g, respectively (Materials and Methods ). 
For the nonglaciated part of the catchment, we use data from Lake 
La Thuile, a small lake located at mid- elevations (874 m) within 
the Lake Bourget catchment and mostly underlained by marls, with 
reported values of δ7 Li = −1.9 ‰, [Li] = 38 ppm and Li/Al =  
1.15 × 103  g/g for the marls ( 16 ) ( Fig. 1  and SI Appendix, 
Table S3 ). The river sediment δ7 Li and Li concentration of Lake 
Bourget main tributaries, which capture lithological variability 
across subcatchments, range from +0.9 ‰ (δ7 Li) and 31 ppm 
([Li]) for the river sample closest to the glaciated region to −2.0 
‰ (δ7 Li) and 37 ppm ([Li]) for the sample (Rhône River) closest 
to the inlet of Lake Bourget. The mean value for the rivers draining 
only the nonglaciated part of the catchment is δ7 Li = −0.9 ± 0.4 
‰ and [Li] = 36 ± 14 ppm (1 SD, n = 7). The river sediment 
samples from the nonglaciated regions display a mean Li/Al value 
of 0.87 ± 17 × 10−3  g/g, as opposed to a value of 0.52 × 10−3  g/g 
for the samples from rivers draining only the glaciated region 
( Fig. 2  and SI Appendix, Table S2 ).        

 Lacustrine sediments from Lake Bourget exhibit Li concen-
trations around 95 ± 48 ppm (1 SD, n = 27) and Li/Al values 
in the range 0.75 to 1.25 × 10−3  g/g ( Fig. 2 ), in line with previ-
ously reported values for sediments derived from the erosion of 
sedimentary rock ( 33 ). The Li isotopic composition of these sam-
ples ranges from −3.8 ‰ to −2.1‰, with a median of −2.9 ±  
0.4‰ (1 SD, n = 27). Throughout the Holocene, the δ7 LiLK  
signal (LK: lake sediments) displays a decreasing trend from ca. 
9.4 (−2.1 ‰) to ca. 5.6 kyrcal BP (−3.2 ‰). The δ7 LiLK  then 
gradually increases until 4.4 ky cal BP (−2.8 ‰) before 

stagnating until 3.8 ky cal BP (−3.0 ‰). Subsequently, the signal 
alternates between low values (3.6, 2.2, and 1.4 ky cal BP), 
followed by gradual increases in the signal leading to peaks (3, 
1.8, and 0.2 ky cal BP), followed by further decreases ( Fig. 3  
and SI Appendix, Table S1 ).          

Discussion

Assessing Grain Size and Source Rock Effects On The Lake 
Bourget δ7Li Record. Reconstructing weathering over time with 
Li isotopes requires first to correct for any potential grain-size 
sorting during transport and deposition (33, 34). A previous study 
of Lake Bourget sediments found no significant variation in the 
grain size of detrital particles over the Holocene (35). Additionally, 
the fine fraction of Lake Bourget sediment δ7Li is similar to that of 
the bulk fraction (SI Appendix, Fig. S1), making our sedimentary 
δ7Li record internally consistent with respect to sorting.

 Whereas the preferential transport of fine particles during peri-
ods of low erosion clearly influences the δ7 Li signal in the small 
(1.6 km2 ) alpine catchment of Lake La Thuile ( 18 ) leading to a 
decrease of one per mil within a millennia at that site, the lack of 
correlation between selective transport proxies and δ7 LiLK  in Lake 
Bourget suggests no significant effect of selective transport here 
(r2  = 0.007, P﻿-value = 10−31  for Al/Ti and r2  = 0.028, P﻿-value = 
10−13  for Al/Zr; SI Appendix, Fig. S2 ). We propose that this dif-
ference is related to the much larger catchment size for Lake 
Bourget, with selective transport unlikely to be a concern over 
such a large area where erosion has remained high throughout the 
Holocene.

 Next, we investigate whether a change of the dominant bedrock 
source can influence the δ7 LiLK  signal in Lake Bourget. To address 
this, we correct the δ7 LiLK  signal for the varying contribution of 
the glaciated region ( fG ) to obtain the δ7 Li of the nonglaciated 
region (δ7 LiNG ). In doing so, we assume that the Li concentration 

Fig. 2.   δ7Li vs. Li/Al ratio of river and lake sediment samples from the Lake Bourget catchment. A mixing model allows us to describe the trend between granite 
from the glaciated region of the catchment, and the sedimentary cover from the nonglaciated part of the catchment (gray area). The soil and bedrock values 
are from the Lake La Thuile catchment (Fig. 1) (16). Lake sediment samples are divided into three different periods: Early Holocene (9,442 to 6,208 y cal BP), 
Neoglacial (5,584 to 3,827 y cal BP), and the Late Holocene (3,548 y cal BP to present days).
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in the nonglaciated area ([Li]NG ) remained constant over the study 
time period. Building on previous work ( 12 ), we use a binary 
mixing model derived from an Nd isotope mass balance ( 12 ) 
yielding the sediment contributions from both the glaciated and 
nonglaciated regions ( fNG   ):

﻿﻿  

﻿﻿  

﻿﻿  

 We hypothesize that the δ7 Li signature and the Li concentration 
of sediments derived from the glaciated area of the Lake Bourget 
catchment have remained stable over the Holocene, as no soil has 
developed at these high-elevation, ice-covered locations ( 36 ). This 
assumption is supported by the similarity in δ7 Li values between the 
granites of the Mont-Blanc massif (+1.0 ‰) and the modern Arve 
River sediment collected at the foot of the massif (+0.9 ‰). As this 
sediment reflects a mixture of rocks from the massif, we consider its 
δ7 Li value representative of the glaciated region’s source rock. For the 
nonglaciated region, we used the [Li] value from a marl sample within 
the Lake Bourget catchment ( 16 ), that is equivalent to the mean [Li] 
of the river sediments in the nonglaciated region (38 and 36 ppm, 
respectively). We find that the effect of variable contribution from 
the glaciated region on δ7 LiLK  signal appears to be negligible 

(SI Appendix, Fig. S3 ) as the uncorrected and the corrected signals are 
highly correlated (r2  = 0.97, P﻿-value = 10−13 ) and the difference 
between the two curves is less than the typical analytical uncertainty 
on the δ7 LiLK  record (SI Appendix, Fig. S3 ).  

Climate Effect on Soil Development in the Western European Alps. 
We characterize soil evolution at the catchment scale using the δ7Li vs. 
Li/Al ratio framework (33, 34, 37). As shown in Fig. 2, sediments from 
Lake Bourget plot below the mixing line defined by the catchment’s 
two primary lithological sources. Between 9.5 and 6.2 ky cal BP, a 
clear decreasing trend in both δ7Li and Li/Al is observable in lake 
sediments (from −2.3 to −3.6 ‰ and from 0.81 to 0.75 × 10−3 g/g, 
respectively), progressively diverging from the source mixing array. 
Such a trend has previously been interpreted as reflecting an increase 
in weathering intensity—that is, a higher ratio of chemical to physical 
erosion (33, 34, 37). When compared with modern calibrations from 
large river systems (34), the ~1‰ decrease in δ7Li corresponds to an 
approximately threefold increase in weathering intensity (SI Appendix, 
Fig. S4). This δ7Li decrease mirrors the trend recorded in sediments 
from Lake La Thuile draining a small, mid-elevation catchment within 
the Lake Bourget catchment (16) (Fig. 1 and SI Appendix, Fig. S5). 
An increase in weathering intensity under low-erosion conditions 
can result from either i) enhanced formation of secondary minerals, 
typically associated with deepening of the weathering profile and soil 
thickening, or ii) increased mineral dissolution in already-developed 
soils, without further soil development. Given the asynchronous 
deglaciation across elevations since the Last Glacial Maximum (38), 

[1]fG + fNG = 1,

[2][Li]LK = [Li]G × fG + [Li]NG × fNG,

[3]�
7LiNG =

�
7LiLK × [Li]LK

[Li]NG × fNG

−
�
7LiG × [Li]G × fG
[Li]NG × fNG

.

Fig. 3.   Erosion and weathering in the Lake Bourget catchment throughout the Holocene. Erosion signal in t.km−2.y−1 compared with the relative effect of 
human activities on erosion rates obtained from a previous study (12) and the δ7Li signal of lake sediments. The δ7Li signal is interpreted as recording an initial 
phase of soil development between 9.5 and 3.8 ka cal BP, interrupted only by a shift to colder and wetter conditions during the Neoglacial period (5.8 to 3.8 ka 
cal BP), when gully-type erosion dominate. Three subsequent surges of intense erosion, attributed to human activity, are identified after 3.8 ka cal BP. These 
events affected areas at different elevations within the catchment and progressively returned soils to a state comparable to that observed immediately after 
deglaciation. The δ7Li record reveals a marked imbalance between soil formation and destruction rates, with human-driven processes destructing soils 3 to 10 
times faster than their natural rate of formation.
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it is likely that both mechanisms operated concurrently across the 
catchment, contributing to what can be described as progressive soil 
development (8).

 To put this rise in weathering intensity in context for soil 
dynamics, we compare these findings with previous studies on 
environmental change in the European Alps throughout the 
Holocene. During the early part of the record (9.5 to 6.2 ky cal 
BP), physical erosion remained low and relatively stable ( Fig. 3 ), 
consistent with a warm and dry Early Holocene climate ( 39 ,  40 ). 
By 9.5 ky cal BP, arboreal vegetation was widespread across the 
Bourget catchment, though not uniformly distributed ( 41         – 46 ). 
Similarly, progressive soil development varied with elevation, with 
well-developed soils in the lowlands and early-stage soils at higher 
elevations ( 8 ,  47   – 49 ) ( Fig. 4 ). In addition, the increased smectite 
input into Lake Bourget during this period ( 50 ) is also consistent 
with the progressive soil formation across the catchment, as 
reflected in the negative δ7 Li trend between 9.5 and 6.2 ky cal BP 
( Fig. 3 ).        

 A first notable divergence from the decreasing trend in the δ7 Li 
vs. Li/Al ratio plot occurs between 5.6 and 3.8 ky cal BP ( Fig. 2 ). 
During this period, the δ7 Li and Li/Al lake sediment signature 
shifts back toward its initial position within the mixing array, 
suggesting that a larger proportion of solid material chemically 
similar to the parent rock, was deposited into the lake. This change 
is followed by the first significant increase in erosion rate recorded 
in the catchment ( Fig. 3 ) which has been attributed to cooler and 
wetter conditions in the European Alps ( 12 ,  51 ) [the “Neo-Glacial” 
period, ( 52 )]. In the context of increased erosion, we interpret the 
elevated δ7 LiNG , approaching the signature of the bedrock ( Fig. 2 ), 
as reflecting significant incision of the land surface, leading to 
deepening of the hydrographic network and the development of 
gully-type erosion ( Fig. 4 ). This scenario is supported by the sta-
bility of the vegetation cover during this time ( 45 ,  46 ,  53 ), sug-
gesting that erosion was mainly confined to watercourses, rather 

than spreading across broader areas, and likely affected the entire 
catchment uniformly. Overall, the δ7 Li shift at 6.2 ky cal BP 
( Fig. 4 ) marks a climate-driven transition from a phase of soil 
development with limited hillslope erosion under warm, dry con-
ditions (9.5 to 6.2 ky cal BP), to enhanced channel erosion under 
cooler, wetter conditions (6.2 to 3.8 ky cal BP).  

Distinct Influence of Agropastoral Activities on Soil Evolution 
Across Altitudinal Levels. From 3.8 ky cal BP onward, no clear 
trend emerges from the δ7Li vs. Li/Al ratio (Fig. 2). Conversely, 
the δ7LiNG record exhibits a recurring pattern of decline followed 
by a sharp increase across three distinct temporal phases: 3.8 to 
3.0 ky cal BP, 2.8 to 1.6 ky cal BP, and 1.6 ky cal BP to modern 
times. The amplitudes of δ7LiNG variation in each of these phases 
are substantial: 0.6, 1.3, and 1.2‰, respectively. The systematic 
decrease in the δ7LiNG signal at the onset of all three phases 
suggests the erosion of more superficial soil horizons, which 
were not affected by gully-type processes and exhibit isotopic 
signature most distinct from that of the parent rock (15). The 
subsequent increase in δ7LiNG indicates that erosion deepened, 
reaching lower soil horizons closer in composition to the parent 
rock. The sequence of these three erosion-driven excursions can 
be interpreted in two ways: i) widespread increased physical 
erosion followed by rapid rebuilding or redifferentiation of soil 
or ii) localized increases in physical erosion limited to one part of 
the catchment followed by erosion of previously unaffected areas. 
To discriminate between these two assumptions, we compare the 
δ7LiNG variations with proxies of the intensity of agropastoral 
activities (12, 27)—pollen and environmental DNA data—in 
eight sediment sequences from lakes located within or near the 
catchment area. These records highlight the elevation ranges most 
affected over the past 3,800 y, pinpointing areas where soils likely 
underwent significant changes (SI Appendix, Fig. S6). According 
to these studies, agropastoral activities have increasingly become 

Fig. 4.   Diagram of soil evolution in the Lake Bourget catchment for the last 9.5 ky. Soil development in the catchment followed deglaciation, with a progressive 
pedogenic evolution modulated by elevation. This pattern, consistent with observations elsewhere in the Alps, reflects a chronosequence from Lithosols and 
Regosols to Cambisols, and eventually Podzols. As a result, soils at different stages of development coexist along the altitudinal gradient. Pedogenesis continued 
until the Neoglacial period (5.8 to 3.8 ky cal BP), when a shift to a wetter climate induced incision confined to riverbeds, without significantly altering lateral soil 
development. From approximately 3.8 ky cal BP onward, however, human activities became a major geomorphic force, initiating three distinct erosive surges. 
These began with the degradation of surface soil horizons, followed by the remobilization of deeper material. The first surge (3.8 to 2.8 ky cal BP), linked to the 
onset of pastoralism, primarily affected high-elevation zones. The subsequent surges (2.8 to 1.6 ky cal BP) were associated with the expansion of agriculture and 
impacted mid- and low-elevation soils. This scenario was produced by combining the interpretations derived from the δ7LiNG signal and the information available 
on the intensity of agropastoral activities by altitudinal level (SI Appendix, Fig. S6). δ7LiBR corresponds to the isotopic signature of the bedrock.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 9
2.

15
7.

75
.8

0 
on

 A
ug

us
t 1

2,
 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

92
.1

57
.7

5.
80

.

http://www.pnas.org/lookup/doi/10.1073/pnas.2506030122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2506030122#supplementary-materials


6 of 8   https://doi.org/10.1073/pnas.2506030122� pnas.org

the primary driver of erosion since 3.8 ky cal BP, magnifying 
climate-related erosion by a factor of two (12). Moreover, the three 
phases of δ7LiNG increase correspond to erosive surges associated 
with the development of successive phases of agropastoral activities 
occurring at distinct times and elevations (Fig.  3) (12). This 
suggests that the Li isotope excursions in the Lake Bourget record 
after 3.8 ky reflect the staggered development of agropastoral 
activities at different elevations rather than a uniform response 
throughout the catchment.

 In detail, the first erosion surge, occurring between 3.5 and 2.7 
ky cal BP, was primarily centered on the high-elevation (2,000 to 
3,300 m) portion of the nonglaciated region of the catchment 
( 12 ). The main driver of this event was the expansion of pastoral-
ism, which led to significant land clearance ( 12 ,  27 ). During this 
period, the δ7 LiNG  signal increases from a yet-unreached very 
negative value to levels comparable to those observed during the 
Neoglacial period ( Fig. 3 ). The very low δ7 LiNG  value at 3.5 ky cal 
BP likely reflects the erosion of weathered topsoil horizons ( Fig. 2 ), 
a scenario supported by the concurrent appearance of organic 
markers in Lake Bourget sediments ( 54 ), interpreted as proxies 
for the erosion of surficial soil horizons ( 54 ,  55 ). Oxygen and 
Hydrogen Indices from the high-elevation Lake Anterne ( Fig. 1 ), 
located in the main locus of erosion during this first surge ( 27 ), 
also indicate an increase in erosion and the transport of organic 
matter from surface horizons, followed by significant contribution 
of organic matter from deeper soil horizons ( 56 ,  57 ). The subse-
quent increase in δ7 LiNG  values can be linked to the progressive 
erosion of deeper soil horizons, closer to the bedrock ( Fig. 2 ). 
During both the second (2.2 to 1.6 ky cal BP) and third (1.4 to 
0.2 ky cal BP) erosive surges, a similar increase in δ7 LiNG  is 
observed ( Fig. 3 ). These trends likely reflect the expansion of agri-
culture, subsequently intensified by the introduction of the plow 
and the emergence of more complex agroecosystems, alongside 
pastoralism at low to mid-elevations ( 12 ,  27 ). While human activ-
ity remained pronounced at higher elevations until the end of the 
second surge (SI Appendix, Fig. S6 ), the increasingly limited soil 
availability in these areas after the first surge likely limited their 
contribution to the δ7 LiNG  signal in the lake. This interpretation 
is reinforced by the observed increase of the δ7 Li signal in Lake 
La Thuile during the second surge, likely reflecting the impact of 
agricultural activities ( 16 ).

 Altogether, the first erosive surge primarily affected the upper 
portion of the nonglaciated catchment area, while the second and 
third surges were largely confined to lower-elevation areas (below 
2,000 m). An interesting observation is the lower initial δ7 LiNG  
value during the second surge, relative to the first. This indicates 
that the soil horizons mobilized during this second surge were more 
weathered than the ones eroded during the first surge at higher 
elevation ( Fig. 4 ). We suggest that this pattern results from a longer 
period of pedogenesis in these lower-elevation areas following degla-
ciation. The subsequent increase in δ7 LiNG  values can thus be inter-
preted as the gradual erosion of progressively deeper soil horizons 
across different elevation ranges. Notably, the initial δ7 LiNG  value 
of the third surge is less negative than that of the first two, suggesting 
that soils eroded during this episode had already undergone a prior 
phase of degradation. Hence, since 3.8 ky cal BP, the δ7 LiNG  signal 
serves as a proxy for the eroded horizon, confirming previous inter-
pretations that erosive surges linked to human activity reflect erosion 
at specific elevation ranges (below 3,300 m), particularly those 
where agropastoral activity was concentrated ( 12 ).  

Implications for Human and Climate Forcing on Soil Evolution. 
By anchoring our study in the Lake Bourget catchment, where 
Holocene land-use changes and their impact on soil erosion are 

particularly well documented, we are able to reconstruct soil 
development across elevation gradients and delineate pedogenic 
trajectories shaped by both natural processes and human activity 
(Fig. 4). These findings underscore the need to account for both 
spatial and temporal heterogeneity when interpreting δ7Li records 
from lake sediments in mountainous settings. This approach, 
however, is inherently biased toward eroding landscapes, as the 
δ7Li signal in detrital sediments reflects areas where physical 
erosion outpaces soil formation, offering limited insight into 
stable, noneroding zones. In regions lacking comprehensive 
paleoenvironmental datasets, future work should aim to 
systematically combine lithium isotopes with paleoaltitude proxies 
(e.g., δD of biomarkers, δ13Corg) to improve spatial resolution and 
capture a comprehensive picture of soil evolution in mountainous 
environments (e.g., refs. 58 and 59).

 Our results show that, unlike bioclimatic fluctuations, which 
tend to drive soil development in a relatively synchronous manner 
across elevation gradients, agropastoral activities induce a pro-
nounced altitudinal decoupling of pedogenic trajectories, particu-
larly with respect to erosion. Climatic phases such as the Neoglacial 
or deglaciation periods triggered catchment-wide shifts toward 
gully erosion and soil development, respectively. After deglacia-
tion, broadly similar sequences of soil development occur across 
elevations, albeit with time lags due to asynchronous glacial retreat 
( Fig. 4 ). These sequences, progressing from Lithosols to Regosols, 
Cambisols, and eventually Podzols, align with patterns observed 
elsewhere in the European Alps ( 8 ,  47 ). However, such 
climate-related lag is later overprinted by the effects of human 
activity, and importantly, human-driven soil destruction and soil 
development can occur simultaneously across different elevation 
ranges ( Fig. 4 ).

 Our lithium isotope-based analysis provides quantitative con-
straints on the relative contributions of soil formation and erosion 
rates driven by agropastoral activities and climate change. In the 
initial period of soil formation (9.5 to 3.8 ky cal BP), the climatic 
change (increase precipitation, decrease temperature) of the 
Neo-Glacial period, did not hinder soil development despite 
increase channel erosion. However, the first erosive surge driven 
by increased agropastoral activities marked the cessation of soil 
development at high elevations. In mid-elevation areas and foot-
hills, soils thus undergone a longer development period from 
deglaciation to the second erosive surge. Using the δ7 LiNG  signal 
as a proxy for soil development during this period, we observe an 
overall decrease in the δ7 Li signature of soils in the catchment by 
almost 2‰ over 7,300 y ( Fig. 3 ). This corresponds to an average 
rate of change in soil δ7 Li of approximately 0.3 ‰ per millennium 
alongside a potential increase in weathering intensity by a factor 
of about 6 (SI Appendix, Fig. S4 ). Conversely, the short (0.4 to  
1 ky) human-triggered erosive surges caused dramatic changes, 
with soil δ7 Li rates of change ranging from 1.2 to 3.2‰ per ky. 
As a consequence, climate and human activities have both impacted 
alpine soils over millennia, but at very different rates. While cli-
mate has caused only minimal changes over nearly 10 ky, human 
activities, primarily agriculture and grazing, have sent alpine soils 
back to a state resembling that of the Early Holocene within just 
a few thousand years. While this approach is based on several key 
assumptions, the difference in rates measured between natural soil 
formation and soil degradation under the influence of human 
activities is striking: human activities degrade soils 4 to 10 times 
faster than they can naturally form. These findings underscore the 
profound impact of human activities on soils and the Critical Zone.

 Building upon this understanding, our results further demon-
strate that soil development along elevation gradients is shaped 
by a dual legacy: natural pedogenic processes tied to glacial retreat D
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and a superimposed layer of anthropogenic alteration ( Fig. 4 ). The 
latter signal marks the onset of a pedological Anthropocene ( 60 ), 
in which human activity emerges as the dominant force in soil 
development. More broadly, it is the functioning of the entire 
Critical Zone that may be affected. By disentangling the respective 
contributions of bioclimate evolution and human land use, we 
provide a clearer understanding of soil trajectories in mountain 
environments, a pattern likely shared by many mountain regions 
worldwide. Crucially, this transition does not occur uniformly 
across the globe. Its timing is closely linked to the spread of 
Neolithization and the nature of agropastoral systems that fol-
lowed ( 9 ,  61 ). Our findings place the onset of the pedological 
Anthropocene around 3.8 ky BP in the European Alps, coinciding 
with some of the earliest global signals of human-induced soil 
erosion ( 9 ). However, evidence from the Andean Plateau dates it 
to 2.4 to 1.9 ky BP ( 62 ), and in North America, not until the 
early 19th century ( 63 ,  64 ), highlighting the regional nature of 
this global transition. These insights highlight the need to integrate 
both geological and anthropogenic legacies when assessing the 
functioning and future resilience of soils. Extending such 
approaches globally is crucial to better understand how agropas-
toral practices affect soil evolution and guide the development of 
truly sustainable land-use systems ( 6 ,  65 ).   

Materials and Methods

Lake Sediment Sequence and Sample Selection. The sediments of Lake 
Bourget have been extensively studied (35, 50, 54). Among all the existing sedi-
mentary sequences, we chose to use a 13.7-m long sequence, called “LDB18&19” 
(IGSN n°TOAE0000000005 & n° TOAE0000000006, 45°44.717′N; 5°51.789′E) 
collected during two campaigns in June 2018 and June 2019 (12). This sequence 
covers approximately 9,450 y of record and is located at the lake depocenter. 
According to age-model uncertainties, all ages are given with a precision of 50 y  
(12). Fifty-nine 1 cm-thick sediment samples were collected with a constant sam-
pling step of 10 cm for major and trace element concentrations and neodymium 
(Nd) isotopic composition measurements (11). To characterize the source of sed-
iments accumulated in the Lake Bourget deep basin, 29 river sediment samples 
were collected between January and February 2018 from flood deposits in the 
main tributaries and in the Arve and Rhône rivers (12).

Lake and River Sediment Sample Selection. For Li isotope measurements, we 
selected 27 samples from the lake sediment sequence and 8 from the river sedi-
ment samples. The lake sediment samples cover the entire Holocene, whereas the 
river samples correspond to the main tributaries of the Rhône and Arve rivers and 
were chosen to characterize the signatures of the two main catchment regions. 
Each lake sample was processed as bulk sediment. For 5 of them, an aliquot was 
sieved at 5 μm to obtain the signature of the fine particles entering the lake, 
as this fraction was identified as one of the two modes of the detrital particle 
grain size distribution (35). The 8 river sediment samples were sieved at 63 μm, 
and 5 of them were also sieved at 25 μm to obtain a signature characteristic of 
fine particles. All samples were first dried at 60 °C for 72 h in a laboratory oven 
and subsequently crushed in an agate mortar. Powders were then decarbonated 
by two successive HCl 0.5 N leaching steps to remove authigenic and detrital 
carbonates. All the samples were then digested in concentrated acid mixtures 
of HF, HNO3, and HCl.

Geochemical Analyses. Major and trace element contents were measured using 
an Agilent 7900 quadrupole ICP-MS at the PARI analytical platform of IPGP. The 
reported uncertainties were calculated via the algebraic propagation of blank sub-
traction and sample count SD (n = 3). The NIST®SRM®2709a reference material 
(San Joaquin soil) was processed as a sample and analyzed repeatedly during 
the sequences to evaluate the accuracy of the measurements. The detection limit 
was between 0.2 and 0.5 ppt depending on the element, and the internal errors 
were 5% on average.

Lithium isotope measurements were performed at the PARI analytical platform 
of IPGP and at the Arthur Holmes Isotope Geology Laboratory, Dept. of Earth 

Sciences, Durham University using, at both institutes, a ThermoFisher Neptune 
Multi-Collector-ICPMS (MC-ICPMS). After HF-HNO3 digestion of solid samples, 
Li was separated from the sample matrix by ion-exchange chromatography fol-
lowing the same method as in ref. 33. Elution cuts immediately before and after 
the Li elution peak were collected for each sample and checked for the absence 
of Li. The eluates with a loss equal to or greater than 0.5% of the total mass of 
Li loaded were discarded, to avoid any significant effect of isotope fractionation 
occurring during Li elution. Repeated measurements of the seawater NASS-6 
reference material yielded δ7Li = +31.42 ± 0.40 ‰ (±2σ, n = 6 separations) 
whereas repeated measurements of the soil NIST®SRM®2709a reference material 
yielded δ7Li = −0.30 ± 0.51 ‰ (±2σ, n = 6 separations, 4 digestions), and those 
of the basalt JB2 reference material yielded δ7Li = +5.36 ± 0.58 ‰ (±2σ, n = 
5 separations, 4 digestions). In this study, we use the uncertainty obtained on 
NASS-6 (±0.40 ‰), the reference material measured the most during our ses-
sions. The concentration of the total procedural blank (acid digestion and column 
chemistry) was assessed to be less than 0.05 ng, which is negligible compared 
with the amount of Li loaded onto the column (i.e., 25 to 200 ng).

Uncertainties on the δ7LiNG Signal. A Monte Carlo method was used to com-
pute uncertainties in the fractional contributions based on Nd isotopes (12). 
Random sampling within the analytical uncertainties of each parameter was 
executed via a Box–Muller transform (66) for each of the 5,000 iterations of the 
Monte Carlo procedure on Excel software.

Lithium Mixing Model. A mixing model was established to describe the relation-
ship between the two main sediment sources in the catchment in a δ7Li and Li/Al 
biplot (Fig. 2). The river sediment sample taken from the foot of the Mont-Blanc 
massif was selected as the glaciated (granite) endmember, whereas the bedrock 
from the Lake La Thuile catchment was selected as the nonglaciated (sedimentary 
cover) endmember. A Monte Carlo method similar to the one used for the δ7LiNG 
signal was used to compute uncertainties in the fractional contributions to the 
Li budget of the lake sediment.

Data, Materials, and Software Availability. All data are included in the man-
uscript and/or SI Appendix.
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[5]Li∕AlMix = Li∕AlG × fG + Li∕AlG × fNG,
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7LiMix =
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Li∕ALMix
+

�
7LiNG × Li∕ALNG × fNG

Li∕ALMix
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