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Pierre Barré d, Romain Goury c, François Baudin e , Lauric Cécillon d,f, Amélie Saillard c ,  
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A B S T R A C T

Estimating SOC stocks and stability, as well as modeling their response to rising temperatures, is crucial for 
predicting climate change impacts. This is particularly true in mountainous regions, where low temperatures 
slow down SOC decomposition, resulting in higher SOC stocks compared to soils at lower elevations. However, 
these stocks are also more vulnerable to warming, increasing the risk of SOC depletion. Such conditions create 
the potential for a positive feedback loop in which warming accelerates SOC losses, further amplifying climate 
change impacts on these sensitive ecosystems.

To better understand the factors controlling SOC stocks and stability in mountain soils, we sampled 170 soil 
profiles along 29 elevation gradients in the western Alps from 280 to 3160 m a.s.l. We assessed SOC stocks and 
chemical composition using mid-infrared spectroscopy method and SOC stability with Rock-Eval® thermal 
analysis. Our findings, based on an unprecedented dataset, reveal a clear elevational pattern in SOC properties. 
SOC stocks increase with elevation up to the montane belt (1200–1500  m a.s.l.), remain relatively stable through 
the subalpine zone, and then decline beyond the subalpine/alpine boundary (2200–2400  m a.s.l.). Notably, this 
transition is also marked by a significant drop in SOC stability, suggesting a shift in the dominant stabilization 
processes at higher elevations. Our results also indicate that SOC stocks and stability are influenced by a complex 
interplay of factors.

At higher elevations, climate emerges to be the dominant factor, whereas lithology and weathering play a 
more significant role at lower elevations. These results suggest that at high-elevations, harsh climatic conditions 
favor stabilization of SOC, while less developed soils limit organo-mineral interactions. In contrast, at warmer, 
lower elevations with higher carbon fluxes, more developed soils facilitate organo-mineral interactions, thereby 
enhancing SOC stability in the long term. Consequently, alpine grasslands, which contain substantial stocks of 
labile carbon stabilized by climatic conditions, appear to be particularly vulnerable to the effects of climate 
warming.

1. Introduction

1.1. Key role of soil organic carbon

Soils store two to three times more carbon than the atmosphere, with 
global soil organic carbon (SOC) stocks estimated at around 1500–2400 
Gt C (Batjes, 1996; Jobbagy and Jackson, 2000). This large SOC 

reservoir is contained in soil organic matter (SOM), raising concerns 
about its evolution with ongoing climate change (Trumbore and 
Czimczik, 2008; Wiesmeier et al., 2019). Understanding SOM dynamics 
and feedback mechanisms with warming is essential for improving 
climate models and for understanding ecosystem functioning (Crowther 
et al., 2016). While quantification of SOC stocks is necessary, it is not 
sufficient to assess their vulnerability to climate change. The three main 
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mechanisms governing SOM stability (or persistence) − chemical 
recalcitrance, organo-mineral interactions (O-M interactions), and 
climate stabilization − must also be considered (Fig. 1.B; Amelung et al., 
2008; Kögel-Knabner et al., 2008; Lorenz et al., 2007; Schmidt et al., 
2011).

1.2. SOC vulnerability to climate change in mountain ecosystems

Mountain regions, such as the Alps, are particularly vulnerable to 
climate change due to their specific environmental conditions and 
accurately estimating SOC stocks in these areas remains challenging 
because of their high spatial variability (climatic, lithologic or biologic 
gradients) (Trumbore, 1993; Wiesmeier et al., 2014). Cold ecosystems, 
including alpine and polar regions, have higher SOC stocks than 
temperate ecosystems due to low temperatures that limit mineralization 
and result in organic matter accumulation (Davidson and Janssens, 
2006; Leifeld et al., 2009; Schadt et al., 2003). In alpine environments, 
SOC seems primarily stabilized by low temperatures, while O-M in
teractions and chemical recalcitrance play a lesser role in these young 
soils where the stabilization of labile molecules is facilitated by cold 
conditions. As a result, SOC stocks in these regions are both large and 
labile (i.e., with low stability), making them particularly vulnerable to 
climate change (Leifeld et al., 2005). The subsequent release of green
house gases (i.e., CO2, CH4) from these soils could create positive 
feedback loops and amplify global warming (Bonfanti et al., 2025b; 
Dorrepaal et al., 2009; Prietzel et al., 2016).

Field measurements in mountainous regions are sporadic due to 
difficult access. In addition, mountain soils typically contain high levels 
of coarse elements due in particular to gravitational processes (e.g., 
debris, moraines) and to the early stage of pedogenesis, which limits 
SOC storage (Garcia-Pausas et al., 2007; Leifeld et al., 2005) and leads to 
overestimation of SOC stocks (Poeplau et al., 2017). Therefore, a more 
comprehensive understanding of the spatial structure of SOC stocks and 
their stability in mountainous environments is critical for anticipating 
the consequences of climate change, especially as these regions will 
experience more pronounced warming than lowland areas (EEA, E.E.A., 
2024; Pepin et al., 2015).

1.3. Drivers of SOC properties

SOC properties, including stocks and stability, are shaped by a 
combination of factors that drive soil genesis, collectively referred to as 
“CLORPT”: climate, organisms (plant and microbial activity), relief 
(topography), parent material (bedrock) and time (soil age and weath
ering state) (Fig. 1.B; Duchaufour et al., 2024; Jenny, 1947; Legros, 
2007): 

- Soil climate influences both temperature and hydrological regimes, 
which regulate mineral weathering, biological activity, O-M in
teractions, and carbon fluxes.

- Topography further modifies soil climate through slope and expo
sure, while also affecting particle fluxes, such as erosion and depo
sition, which are critical for SOC dynamics (Fig. 1.B, links 1, 2, 6, 7).

- Bedrock lithology plays a pivotal role in determining soil properties, 
including pH, mineral composition, grain size, and weathering con
ditions. These properties influence SOC stabilization through O-M 
interactions and biological processes.

- Soil age influences SOC characteristics not only by determining the 
duration of organic matter inputs (Khedim et al., 2022), but also by 
shaping the soil’s weathering stage, which in turn affects grain size 
distribution, mineralogy, pH, organo-mineral interactions, and bio
logical activity (Fig. 1.B, links 3, 4, 10, 11, 12, 13).

Biological activity, driven by soil communities and vegetation type, 
regulates the input and decomposition of organic matter. Different 
ecosystems, such as grasslands and forests, contribute differently to SOC 

turnover. Vegetation also influences litter quality—characterized by 
stoichiometry (C/N ratios) and chemical composition (recalcitrance)— 
which in turn shapes SOC mineralization rates (Fig. 1.B, links 5, 8, 9).

1.4. Contribution of CLORPT factors in mountain soils

The relative contribution of CLORPT factors is complex to estimate 
and varies in different environments and studies. Studies shows that 
climate influences SOC storage primarily through its indirect effects on 
vegetation and soil properties (Benayas et al., 2004). However, other 
studies suggested that SOC variability in mountainous regions is more 
closely related to (meso-)topography than to vegetation (Burke et al., 
1999; Egli et al., 2009). To analyze the interplay of these factors, 
elevation gradients are frequently used, providing insights into how SOC 
properties change with elevation (Yang et al., 2018). Some studies on 
elevation gradients have reported an increase in labile carbon content 
with elevation (Bonfanti et al., 2025d; Budge et al., 2011; Leifeld et al., 
2009); however, this relationship varies depending on the elevation 
range and the specific study, indicating strong site dependence (Bangroo 
et al., 2017; Bojko and Kabala, 2017; Djukic et al., 2010; Garcia-Pausas 
et al., 2007).

Although the effects of climatic gradients on vegetation are well- 
studied (Choler, 2005; Körner, 2003), gaps remain in understanding 
how climate affects SOC quantity and stability (Canedoli et al., 2020). 
Elevation gradients often correspond to climatic, ecological, and vege
tative stratification, which generally results in pedological gradients 
(pedosequences) due to changes in soil formation processes. In moun
tainous regions, pedosequences developed on carbonated (limestone, 
dolomite) and siliceous parent materials are commonly used to illustrate 
how pedogenetic processes—such as soil weathering (Egli et al., 
2006)—and soil types (Dambrine, 1985; Egli and Poulenard, 2016) vary 
with elevation. These pedosequences provide a framework for analyzing 
SOC properties in relation to pedogenesis (Fig. 1.A).

1.5. Objectives and hypothesis

Understanding soil organic carbon (SOC) dynamics in mountain 
ecosystems is challenging due to the interplay of multiple environmental 
factors. To address this issue, this study examines SOC properties (stocks 
and stability) on an unprecedented dataset comprising 29 elevation 
gradients (170 plots) in the western Alps, spanning diverse temperature 
regimes, bedrock types, vegetation covers, and elevations (280 to 3160 
m a.s.l.). We focus on grasslands and forests to identify key controls on 
SOC along elevation gradients. Our approach combines: (1) A pedoge
netic analysis on SOC distribution along soil formation sequences (Fig. 1. 
A) and (2) a mechanistic assessment of CLORPT parameters to disen
tangle their relative influence on SOC properties (Fig. 1.B). By inte
grating descriptive and mechanistic perspectives, we aim to enhance 
understanding of SOC stabilization mechanisms and improve pre
dictions of SOC vulnerability to climate change.

Specifically, we seek to identify the key parameters controlling SOC 
stocks and to assess their vulnerability to climate change, specifically 
focusing on soils with substantial labile SOC stocks stabilized by low 
temperatures. We hypothesize that: 

(i) SOC stocks tend to increase with elevation due to the accumu
lation of labile organic matter, reaching a peak in the subalpine 
and alpine belts. Beyond this point, SOC stocks decline as pro
ductivity decreases at higher elevations;

(ii) SOC biogeochemical stability —driven by O-M interactions and 
chemical recalcitrance— declines at higher elevations as climate- 
driven stabilization becomes more dominant;

(iii) Climate primarily influences SOC properties in surface horizons, 
while lithology exerts a greater influence at depth. In highland 
areas, climate is the dominant control, whereas lithological 
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Choler, 2005; Körner, 2003

Derrien et al., 2016; Khedim et al., 2021; Kögel-Knaber et al., 2008 ; 

Duchaufour et al., 2024; Legros et al., 2007

Körner, 2003; Heckman et al., 2019; Liao et al., 2020

Duchaufour et al., 2024; Legros et al., 2007

Körner, 2003; Laliberté et al. 2013; Liao et al., 2020

Ding et al., 2016; Du et al., 2014; Ho man et al., 2014; Reichstein et al., 2000 

Bap st et al., 2010 ; Budge et al., 2011; Leifeld et al., 2005

Bardge  & van der Pu en, 2014; Canedoli et al., 2020 ; Guidi et al., 2014

Amelung et al., 2008; Cenini et al., 2016; Lorenz et al., 2007

Andersson & Nilsson, 2001; Khedim et al., 2021; Schimel & Schae er, 2012 

Doe erl et al., 2015; Heckman et al., 2009; Leifeld et al., 2009

Barré et al., 2017; Doe erl et al., 2015; Leifeld et al., 2009

Davidson & Jansens, 2006; Delahaie et al., 2023

Fig. 1. Conceptual framework of the analysis. (A) The pedological approach illustrates classical pedosequences along an elevation gradient on both siliceous and 
carbonated rock. These pedosequences emerge as a result of variations in weathering, plant communities, and subsequent pedogenesis across elevations (Egli and 
Poulenard, 2016). Each study plot was associated with a specific position on these pedosequences (see Table S2 for detailed linkages). (B) The conceptual model of 
SOC stock and stability controls. Exogenous variables such as topography, climate and lithology influence both pedogenesis and plant distribution, which in turn 
affect SOC stocks and stability. This framework was used to perform structural equation modeling.
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influences vary along the elevation gradient with a decrease of 
the control on O-M interactions with elevation.

2. Materials & methods

2.1. Study sites

We investigated SOC properties across 29 elevation gradients in the 
western Alps (Fig. 2, Table S1). The selected sites are part of the 
ORCHAMP observatory (Thuiller et al., 2024). Each gradient consists of 
4 to 8 permanent plots at 200-meter elevation intervals, totaling 170 
plots. These plots encompass the lithological, climatic, and biological 
diversity of the western Alps (Fig. 2, Table S1). The study plots, ranging 
from 280 to 3 160 m a.s.l., cover various parent rock types and are 
influenced by different climatic regimes, including oceanic conditions in 
the north, Mediterranean influences in the south, moist pre-Alpine 
massifs, and drier internal massifs. Land cover types include major 
vegetation categories, including deciduous, coniferous, and mixed for
ests, heathlands (ericaceous), rocky grasslands, and species-rich grass
lands (Fig. 2, Table S1). This dataset provides a representative overview 
of the diverse soil types and pedogenetic processes occurring across the 
Alps.

2.2. Soil analysis

2.2.1. Soil sampling and description
For each plot, soil type was classified according to the French soil 

reference system (AFES, 2008) and the FAO soil description (FAO et al., 
2006; WRB, 2022). Soil sampling campaigns were conducted from 
August to October between 2016 and 2023. Soil pits (~1 m × 1 m) were 
excavated from the surface down to the parent material, and each 
morphological horizon was described and sampled for analysis (Fig. 2, 
see also Fig. S1). Three soil replicates of 100 cm3 were collected to assess 
bulk density and coarse elements content. Additionally, approximately 
500 g of soil was collected for analysis of soil properties, soil weathering, 
and SOC characterization. These samples were air-dried for 1–2 weeks, 
sieved to 2 mm and ground.

Soil descriptions and soil properties were used to assign profiles to 
soil reference classes. This classification enabled the association of 
profiles with locations in classic pedosequences when applicable (Fig. 1. 
A; see Table S2 for specific plots assignation).

2.2.2. Soil properties
To characterize the main soil properties controlling SOC dynamics, 

the following analyses were performed on 2 mm-sieved samples 
following NF ISO 11464 standard: pHH2O, pHKCl (NF ISO 10390 stan
dard), cation exchange capacity cobaltihexammine (CEC, NF ISO 23470 
standard), exchangeable Al, Ca, Fe, Mg, Mn, K, Na cobaltihexammine 
(ICP-AES, NF ISO 23470 standard), P available (Olsen method, NF ISO 

}
Fig. 2. Overall Analysis Methodology. Study sites are distributed throughout the French Alps across 29 elevation gradients. Each gradient includes four to nine study 
plots, spaced approximately 200 m apart in elevation. On these plots, we characterized topographic features (slope, aspect, DAH, TPI) using a 5-meter resolution 
digital terrain model. Climate variables were derived from the S2M SAFRAN CROCUS reanalysis model, providing long-term data (averaged on 1960–2020) on 
thermal and hydrological conditions, such as growing degree days, growing season length, total precipitation, and actual evapotranspiration. We assessed plant 
composition using a botanical pin-point survey and estimated plant productivity through MODIS NDVI remote sensing. Each plot’s soil profile was analyzed through 
detailed description and sampling by pedogenetic horizons. Soil properties such as grain size, SOC characteristics and geochemistry were measured. These data 
allowed to classify soils according to the World Reference Base (WRB 2014) and the Référentiel Pédologique (RP2008), further linking soil profiles to their positions 
within pedosequences along the elevation gradient (refer to Fig. 1 and Table S2). Additionally, a sample of the bedrock was analyzed to determine its geochemical 
composition.
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11263 standard), grain size distribution (clay, silt, sand; NF X 31–107 
standard), carbonates (CO3), organic carbon content (C), total nitrogen 
(TN) (NF ISO 10693, NF ISO 10694, NF ISO 14235, NF ISO 13878 
standards). SOM content was measured through loss on ignition (LOI) at 
550 ◦C for 4 h. Delta pH (ΔpH) was calculated as the difference between 
pHH2O and pHKCl. It provides insight into the difference between actual 
and potential acidity, reflecting the amount of H+ ions adsorbed onto the 
CEC. High ΔpH values indicate that the CEC holds a substantial amount 
of exchangeable H+ ions. In contrast, fertile soils typically exhibit low 
ΔpH values, suggesting lower levels of acidity and a higher base 
saturation.

2.2.3. SOC characterization
We used an analysis of SOM chemistry assessed by DRIFT analysis 

combined with a thermal analysis with RockEval® to characterized the 
SOC stability.

Soil samples were analyzed using diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFT) with a Nicolet iS10 spectrometer 
(Thermo Fisher Scientific; Wadoux et al., 2021, see also Fig. S2.A for 
more details on methodology). Chemical functional group indices were 
calculated by integrating spectra over specific wavelength ranges, rep
resenting key carbon functional groups for characterizing the SOM 
chemistry (Bonfanti et al., 2025a; Khedim et al., 2021; Saenger et al., 
2015): aliphatic index (3000 – 2750 cm− 1), carbonyl index (1750–1670 
cm− 1) and aromatic index (1618 – 1576 cm− 1). Aliphatic index repre
sents OM which require less activation energy and are more labile, while 
the aromatic and carbonyl indices characterize organic matter that is 
more resistant to mineralization. These indices were chosen because 
their spectral regions are minimally influenced by soil mineralogical 
composition (Soucémarianadin et al., 2019).

SOC stability was evaluated using Rock-Eval® 6 analysis (RE6) 
(Vinci Technologies, France) following the methodology of Cécillon 
et al., (2018) and Baudin (2023). Briefly, ~60 mg of finely ground soil 
sample was placed in an oven, and carbon gaseous effluents (CO, CO2, 
HC) were analyzed in two phases. The pyrolysis phase involved a 3-min
ute isotherm at 200 ◦C, followed by a temperature ramp from 200 ◦C to 
650 ◦C at a heating rate of 30 ◦C per minute in a nitrogen (N2) atmo
sphere. The oxidation phase began with a 1-minute isotherm at 300 ◦C, 
followed by a temperature ramp from 300 ◦C to 850 ◦C at 20 ◦C per 
minute, with a 5-minute isotherm at 850 ◦C in a dried and CO2-free 
laboratory air atmosphere. During this analysis, CO and CO2 emissions 
were quantified using an infrared detector, while volatile hydrocarbon 
effluents (HC) are measured with a flame ionization detector.

Total organic carbon (TOC_RE6) was calculated as the sum of carbon 
fractions released during pyrolysis and oxidation, excluding inorganic 
carbon. SOC stability indices included the Hydrogen Index (HI), Oxygen 
Index (OI), the Pyrolysable Carbon to Total Organic Carbon ratio 
(PC_TOC), and temperature at which xx% of yy carbon forms (HC, CO or 
CO2) is released during zz phase (oxidation or pyrolysis), summarized as 
Txx_yy_zz (for example, T50_CO2_PYR corresponds to the temperature 
at which 50 % of CO2 was released during the pyrolysis phase). To 
interpret these indices, one must keep in mind that the higher the 
temperature, the more stable the SOC. For details on Rock-Eval® anal
ysis principles and its application to SOM analysis, see Fig. S2 and Barré 
et al. (2023, 2016); Disnar et al. (2003); Sebag et al. (2016). For all 
abbreviations correspondence see Table S6.

2.3. CLORPT analysis

To assess the relative contribution of key environmental factors in 
controlling SOC properties, we characterized climate, land cover, parent 
material, and soil weathering (CLORPT) at each sampling plot.

2.3.1. Climate and topography analysis (CLTP)
Climatic and topographic (relief) data were analyzed together 

(CLTP), as local climate conditions are partly influenced by topography. 

Topographic variables were derived from a 5-meter resolution digital 
terrain model (IGN, 2001). Extracted indices included aspect (degrees 
relative to the south, from 0◦ = south to 180◦ = north), topographical 
position index (TPI: negative for depressions, positive for ridges, and 
close to zero for flat areas) (De Reu et al., 2013), and diurnal anisotropic 
heating (DAH), which quantifies solar radiation intensity based on slope 
and aspect (− 1 = low intensity; 1 = high intensity). Topographic anal
ysis were conducted using the “sf” (Pebesma et al., 2023), “terra” 
(Hijmans et al., 2023a), and “raster” (Hijmans et al., 2023b) R packages 
(R Core Team, 2023).

Climatic data were obtained from the S2M-SAFRAN-CROCUS 
climate reanalysis model for the French Alps (Durand et al., 2009; 
Vernay et al., 2022; Vionnet et al., 2012) and averaged from 1959 to 
2020. We analyzed annual climate variables, including mean maximum 
and minimum daily temperatures (Tmax and Tmin, respectively, in ◦C), 
growing degree days (GDD, in ◦C), which measure heat accumulation as 
the annual sum of mean daily temperatures above 1 ◦C, precipitation 
water equivalent (Prec, in mm, combining rainfall and snowfall), 
maximum snow height (Snow), actual evapotranspiration (ETP, in mm), 
and water deficit (i.e., the balance between Rainfall and evapotranspi
ration, DEF = Rainfall-ETP, in mm).

Phenology was assessed via MODIS NDVI remote sensing (MOD09Q1 
Terra Collection 6; 250 m resolution, 8 days composites) following 
Choler (2023). We determined growing season length (GSL, in days), 
snow season length (SSL, in days), and first snow-free day (FSFD, in 
Julian day) averaged from 2000 to 2020. Bioclimatic belts (collinean: 
0–800 m a.s.l.; montane: 800–1500 m a.s.l.; subalpine: 1500–2200 m a. 
s.l.; alpine: 2200–2800 m a.s.l.; nival: 2800–3160 m a.s.l.) and slope 
orientation (north, east, south, west) were included as categorical 
variables.

2.3.2. Parent material analysis (LT = Lithology)
At each plot, a representative sample of the parent material was 

collected. The samples were crushed, quartered, and finely ground 
before being analyzed for elemental geochemical composition using X- 
ray fluorescence spectroscopy (S8 Tiger Series 2, Bruker, Towett et al., 
2013). This analysis measured the relative proportion (%) of major el
ements (CaO, MgO, K2O, Na2O, SiO2, Al2O3, P2O5, MnO, TiO2, Fe2O3) 
and trace elements of parent material sample. Additionally, the 
geological context of the parent material was characterized using 
factorial information from the 1:50 000 geological map (BRGM, 2005, 
Table S1).

2.3.3. Plant analysis (VG = Vegetation)
Vegetation data were obtained through a combination of field sur

veys and remote sensing techniques. Plant species abundance was 
assessed by professional botanists during the peak growing and flow
ering season (July to August), using a pinpoint method adapted from 
Jonasson, (1988) (Thuiller et al., 2024). A 30-meter transect was laid 
perpendicular to the slope at the center of each plot. At 20 cm intervals 
along the transect, two observation points were established—one 25 cm 
upslope and the other 25 cm downslope. At each point, all plant species 
in contact were recorded. This approach resulted in a total of 300 
measurements per plot, with each point potentially including multiple 
species.

Tree cover data were extracted from Copernicus TreeCover density 
(treecover) with a 100 m resolution (Copernicus, 2020). NDVI was 
calculated for each plot as a proxy for above-ground primary produc
tivity. The annual time-integrated NDVI was computed using a threshold 
of 0.2, while NDVI amplitude was determined by the difference between 
its maximum and minimum values over the year. Factorial land cover 
information was extracted from the Corine Land Cover dataset 
(Copernicus, 2018), and validated through field observations. For 
modelling purposes, land cover types were aggregated into two broad 
categories: (i) forested habitats, encompassing all forest types, and (ii) 
non-forested habitats, including heathlands and grasslands.
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2.3.4. Soil weathering (TRB)
The geochemical composition of each soil horizon was analyzed 

using X-ray fluorescence spectrometry, following the same protocol as 
for the parent material. From this data, a weathering index was calcu
lated to quantify the loss of alterable elements in soils following Gold
schmidt diagram (Brosens et al., 2021; Goldschmidt, 1930). To ensure 
consistency across different lithology, we adapted the TRB index, which 
sums the total positive charges of Ca, Mg, K, and Na in each sample, 
normalizing it to the TRB of the parent material (Equations 1, see Fig. S3 
for the choice of weathering index). As mobile elements (Ca, K, Mg, Na) 
are leached through chemical weathering, TRB values decrease relative 
to the parent material. Notably, our TRB correction (Equations 1) is the 
inverse of conventional approach: the more weathered a soil, the higher 
its TRB, as the difference between elemental reserves in the bedrock and 
soil increases with weathering.

Equations1 : TRBi = Ca2+
i + Mg2+

i + K+
i + Na+

i; 

RelativeTRBHx =
TRBLT − TRBHx

TRBLT 

With: Ca2+
i , Mg2+

i , K+
i , Na+i represent the charge equivalent of alkaline 

and alkaline-earth elements in sample i (soil horizon or parent material), 
and Hx = soil horizon x; LT = lithology under Hx horizon. TRBHx rep
resents the total reserve of bases (TRB) in horizon x , while relative 
TRBHx refers to the TRB of horizon x normalized by the TRB of the un
derlying parent material, providing a corrected measure that accounts 
for the base status of the substrate beneath. Relative TRBHx is used to 
estimate soil weathering state.

3. Data correction

3.1. Fine soil stock correction

Since soil stock calculations are often overestimated due to improper 
accounting for coarse elements (Poeplau et al., 2017), we calculated fine 
soil stocks (SFS) with the fine soil mass (mFS) and coarse elements 
(mCCcyl) within a 100 cm3 cylinder (see Fig. S1 for the procedure of fine 
stock correction). The fine soil stock was then corrected based on the 
estimated volumetric proportion of coarse elements content (CC). Car
bon stocks (SOCstock, in kg/m2 for the specified thickness) were then 
derived by multiplying fine soil stock by carbon content (%).

3.2. Systematic horizon conversion

Pedological horizon sampling provides a reliable and accurate 
characterization of soil properties within homogeneous morphological 
layers. However, depth variations between horizons complicate inter- 
plot comparisons. To standardized soil properties, we aggregated data 
into four fixed depth layers across all soil profiles: 0–10 cm, 0–30 cm, 
30–50 cm, and the entire profile. This approach aligns with the meth
odology of Kanari et al. (2021), who demonstrated that Rock-Eval® 
characterization of an entire soil layer can be extrapolated from its 
sublayers. We extended this principle to other soil properties, assuming 
it holds across various parameters (Bishop et al., 1999; Hengl et al., 
2017). Accordingly, variables were aggregated following Equation (2). 
This standardization was applied to all soil properties, including 
geochemical data (TRB was calculated post hoc), DRIFT parameters, and 
Rock-Eval® parameters. For parameters expressed as ratios (e.g., S/T; 
PC_TOC), both the numerator and denominator were corrected before 
recalculating the ratio. 

Equation (2) : PropertyHsys =
∑

Forall

Hi∩Hsys

PropertyHi
*fHi 

with : Hsys = systematichorizon(e.g.0 − 10;0 − 30;30 − 50);Hi

= morphologichorizoninHsys; fHi = correctingfactor =
SFSofHiinHsys

totalSFSinHsys 

3.3. Statistical analysis

All data processing and analysis were performed using R software (R 
Core Team, 2023) and packages “reshape2”, “rstatix”, “dplyr” and 
“tidyverse” (Wickham et al., 2019). A first analysis was done along 
classical pedosequences, with morphological horizons as statistical in
dividuals (Fig. 1.A), followed structural equation modelling (SEM) to 
assess and interpret a mechanistic approach (Fig. 1.B). For SEM mech
anistic analysis, the statistical units were individual plots, each char
acterized by standardized depth intervals (i.e., systematic horizons of 
0–30 cm or 30–50 cm). We also used coinertia analysis to test the 
mechanistic approach, results are available in supplementary materials 
(Figs. S5).

3.4. Regression and variance analysis

Factorial comparisons were performed across parent material li
thology (crystalline, limestone, marlstone, moraine, ophiolite, sand
stone), elevation belts (collinean, montane, subalpine, alpine and nival), 
land cover types (deciduous, mixed, coniferous forests, heathland, 
grassland and rocky grassland), and exposure (N, NO, NE, O, E, SO, SE 
and S). We used analysis of variance (ANOVA) to compare SOC stocks 
and stability (C.stab index; see below for details). To meet normality and 
homoscedasticity assumptions, data were log- or square-root trans
formed as needed. Post hoc pairwise comparisons were conducted using 
Tukey’s test (p < 0.05, adjusted for multiple comparisons). Variance 
partitioning assessed the contributions of SOC content, fine soil stock, 
and coarse element content to SOC stock across soil layers using the 
“vegan” package (Oksanen et al., 2022) and the “lme4” package (Bates 
et al., 2015) in R.

3.5. Multivariate analysis

To simplify the analysis, we have gathered explanatory variables into 
four groups: climate and topography (CLTP), lithology (LT), soil prop
erties (SOIL) and vegetation (VG). To explore correlations among vari
ables within each group we performed a multivariate analysis (PCA) on 
standardized data (centered/scaled) and non-metric dimensional scaling 
(NMDS) to reduce dimensionality while maximizing the variance (see 
Table S5 for detailed variables): 

- CLTP (PCA): climatic parameters (temperature and water regimes) 
and topographical variables (aspect and topographical 
configuration);

- LT (PCA): geochemical composition of major elements after log-ratio 
transformation to correct for statistical dependency (Van Den Boo
gaart and Tolosana-Delgado, 2008);

- SOIL (PCA): soil physical (grain size distribution) and chemical 
properties (pH, delta pH) to capture the main sources of variability in 
soil characteristics, soil weathering (TRB);

- VG (NMDS): the abundance of each vascular plant species (pinpoint 
abundance);

- SOC (PCA): SOC chemistry and stability indices (DRIFT and Rock- 
Eval®). This PCA allowed to obtain a single, standardized SOC 
biogeochemical stability estimator that maximized the inter-sample 
variance. We used coordinates on axis 1 of this PCA to assess rela
tive biogeochemical stability. Hereafter, we call this variable C.stab 
(Fig. 4.E).
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3.6. Structural equation modelling (SEM)

To quantify direct and indirect causal relationships between climate, 
topography, parent material, soil properties, vegetation, and their syn
ergistic effects on SOC properties (i.e., stock and stability; Fig. 1.B), we 
applied structural equation modelling (SEM). We selected variables that 
best represent the heterogeneity of conditions across the study area and 
that carry clear ecological meaning. To determine the number of vari
ables to retain from each group, we used Horn’s parallel analysis (via the 
PARAN package, Dinno, 2024), which identifies the number of statisti
cally significant axes in a Principal Component Analysis (PCA). Since 
variables within a group often exhibit high collinearity, this test helped 
us determine how many dimensions truly capture the variability of each 
group. For interpretability, we used actual variables—rather than PCA 
axis scores—as inputs for the SEM: 

- CLTP: GDD (axis 1) and DAH (axis 2);
- LT: Ca/Si ratio (hereafter called LT_index);
- SOIL: TRB, clay/sand ratio (hereafter called Grain) and pH.

For plant composition analysis, we used NMDS from Bray-Curtis 
distance matrix to capture plot proximity of plant taxonomic composi
tion into two dimensions (axis 1 & 2 of NMDS: VG_1 & VG_2).

As the processes controlling SOC properties are highly dependent of 
soil depth and the land cover, we split the soil layer in two different 
groups (0–30 cm and 30–50 cm), and the habitat into non-forested 

habitats (high elevation grasslands and heathlands) and forested habi
tats. Thus, we constructed separate SEM models for soil layers and 
habitat types. Model structure was built according to the scientific 
literature and are illustrated in Fig. 1.B. Relationships in the models 
were fitted using the “lme4” package (Bates et al., 2015) and were 
assumed to be linear. Log- or square-root transformations were applied 
as needed to meet the assumptions of residual normality and 
homoscedasticity.

Once model structure was defined and the variables selected, we 
hypothesized causal relationships represented by directed acyclic 
graphs. These relationships were then evaluated for consistency with the 
observed patterns of variance and covariance in the data using piecewise 
SEM R package (Lefcheck et al., 2023). Climate, topography and parent 
material were treated as exogenous variables (Fig. 1.B), assuming that 
these variables cannot be influenced by the other variables of our study. 
On another hand, SOC properties (i.e., stock and stability), was set as 
final response variables (Fig. 1.B) that do not influence other variables as 
our main research aim lies in the responses of SOC properties. Finally, 
plant and soil properties were intermediate variables within our SEM 
(Fig. 1.B). We used a d-separation test to check for significant links that 
were not included in the conceptual model structure (Shipley, 2000). 
The models were evaluated using the Chi-squared goodness-of-fit test, 
Fischer test and RMSEA. Standardized effect sizes were estimated by 
bootstrapping (999 iterations) which allow to determine the significance 
of each effect and classify them as direct, indirect (partial correlations), 
or mediators using the “semEff” package (Murphy, 2022). Direct effects 

Fig. 3. SOC properties along pedosequences. This figure presents soil organic carbon (SOC) properties at different locations along pedosequences. For each position, 
the SOC stocks are shown by horizon, with values normalized by horizon thickness to account for variations in thickness. Additionally, an index of SOC biogeo
chemical stability (PC_TOC) is provided for each horizon. The total fine soil stock (SFS) and overall SOC stocks (SOC) for the entire soil profile are also displayed. This 
comprehensive view allows for the comparison of SOC distribution, stability, and soil stock dynamics across the pedosequences. Letters indicate significant p-value 
after post-hoc Tukey HSD test, within profile (lowercase letters) and within pedosequence (capital letters). Orange and black curves represent the loess regression of 
C.stab index and SOC stocks respectively for the entire profile along the elevation gradient.
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were as the sum of the coefficients of each direct path, while indirect 
effects corresponded to the sum of the coefficients of each indirect path, 
where the effect for each indirect path is computed as the product of the 
standardized path coefficients along the path.

4. Results

4.1. Mountain SOC stocks

The correction applied for the fine soil fraction significantly 
impacted SOC stock estimates, conventional methods tend to over
estimate stocks, particularly in soils with a high coarse elements content 
(Fig. S1.B). Across the entire soil profile, SOC stocks ranged from 0 to 40 
kgC/m2, with most values between 2 and 20 kgC/m2 (Fig. 3, Table S4). 
The distribution of SOC within the profile varied by depth (Table 1). In 
the surface horizon (0–10 cm), SOC stocks were primarily influenced by 
SOC content (41 %), followed by bulk density (24 %) and coarse element 
content (5 %). At greater depths (30–50 cm), SOC content remained the 
dominant factor (42 %), but the influence of bulk density decreased (17 
%), while the contribution of coarse elements increased significantly 
(17 %). An elevation pattern of SOC stocks emerged with an increase 
with elevation up to the montane belt, relative stability until the sub
alpine/alpine boundary, and then a decline at higher elevations. SOC 
stability also declined drastically at the subalpine/alpine transition 
(Fig. 3).

4.2. Indicators of SOC stability

The analysis of SOC properties across soil horizons revealed signifi
cant correlations between different assessment methods. The Aliphatic 
index (from DRIFT) was positively correlated with the HI index (Rock- 
Eval®) (r = 0.35, p < 0.001). Likewise, PC_TOC correlated positively 
with the Aliphatic index (r = 0.39) but negatively correlated with the 
Carbonyl index (r = -0.23) and the Aromatic index (r = -0.43). All 
biogeochemical stability indicators were linked to SOC content: HI, 
PC_TOC, and the Aliphatic index showed positive correlations, while OI, 
Txx_yy_zz, and the Aromatic index exhibited negative correlations 
(Fig. 4.E, Fig. S2). Absolute values for Rock-Eval® indices ranged from 
30 to 485 for HI, and from 145 to 638 for OI. DRIFT parameters ranged 
between 0.19 and 0.52 for the Aliphatic index (relative aliphatic peak 
area), between 0.30 and 0.49 for the Carbonyl index, and between 0.17 
and 0.37 for the Aromatic index. Thus, a wide range of heterogeneous 
properties were captured with this sample set.

The PCA integrating SOC characterization indicators revealed a 
stability gradient along axis 1 (Fig. 4.E). This axis was negatively 
correlated with HI, Aliphatic, and PC_TOC, and positively correlated to 
Aromatic, Carbonyl, Txx_yy_zz and OI. Axis 1 was thus used as a proxy 
for SOC biogeochemical stability, with higher values indicating higher 
stability, as shown by the C.stab index in Fig. 4.E. This index was further 

applied to assess relative SOC stability in subsequent analysis. This index 
exhibited a clear elevation pattern, significantly declining at the alpine- 
subalpine transition, though results at extreme elevations were not 
interpreted due to the limited number of plots at these elevations (Fig. 3, 
Fig. S4).

4.3. Variations of SOC properties along pedosequences

Of the 170 plots, 158 were successfully assigned to a pedosequence 
(Fig. 1.A; see Table S2 for details). The remaining 12 profiles could not 
be classified due to distinct pedogenetic processes, such as Gleyic pro
cesses (Table S2). Soil horizon properties (Table S4) confirmed the ho
mogeneity of the profiles and the robustness of the classification.

Within each pedosequence, fine soil stock decreased with elevation, 
though this was not consistently accompanied by a significant reduction 
in SOC stock, i.e., there was an increase in SOC content (Fig. 3). In the 
carbonated pedosequence (in Calcari-mollic Cambisols under forest), 
SOC stock peaked at the subalpine belt, while in the siliceous pedose
quence, the peak appeared higher in elevation at the podzolization 
stage, between the subalpine and alpine belts (Hyperdistric Cambisols 
Alumic and Podzols). Overall, SOC stocks were comparable between the 
carbonated and siliceous pedosequences; however, in the upper half of 
the elevation gradient, they tended to be higher in the carbonated 
pedosequence (Fig. 3, Table S4). As expected, A horizons contained the 
largest and most biogeochemically labile SOC stocks. However, SOC 
biogeochemical stability in A horizons declined with elevation, reaching 
a minimum at the podzolization stage (2000 – 2500 m a.s.l.) and slightly 
increased above. Conversely, while deeper horizons contained smaller 
SOC stocks, their stability was notably higher. Overall, SOC stability was 
lower in the siliceous pedosequence than in the carbonated 
pedosequence.

SOC properties were closely linked to pedogenetic processes, as 
supported by the geochemical horizon weathering analysis. The TRB 
weathering index correlated with both SOC content and stability 
(Fig. S3.B). More weathered horizons of our dataset contained higher 
carbon content (p < 0.01). SOC biogeochemical stability initially 
decreased at early weathering stages but increased beyond a certain 
threshold.

4.4. Drivers of SOC properties

To identify key SOC drivers, we selected variables that correlated the 
best with Horn’s test significant PCA axes (Fig. 4). For climate and 
topography (Fig. 4.A), the first axis represented a temperature gradient, 
with high growing degree days (GDD) and a long growing season at one 
pole and extended winters at the other. The second axis captured hydric 
and topographic influences, capturing the perceived solar energy, 
especially with high DAH values representing high solar exposition to 
due optimal aspect/slope combination. The positive pole corresponded 
to northern exposures with high moisture balances (precipitations minus 
evapotranspiration, water deficit, DEF), indicating higher site humidity, 
while the negative pole is defined by southern exposures with more heat 
and high evapotranspiration. We used GDD and DAH to characterized 
climate and topography in SEM.

Analysis of the parent materials reveal that the first axis explained 
53.7 % of the variance, representing a gradient between calcium-rich 
rocks and aluminosilicates (Fig. 4.B). The second axis distinguished 
between ferromagnesian minerals and potassic minerals (e.g., ortho
clase). We used Ca/Si ratio (LT_index) to characterized lithology in 
SEM.

Vegetation NMDS was used to display plant taxonomic proximity of 
plots within a two-dimensional space (Fig. 4.C). Axis 1 (VG_1) reflects 
the elevation gradient, while axis 2 (VG_2) represents variations in 
vegetation driven by substrate type (siliceous − > carbonated).

In PCA of soil properties (Fig. 4.D), the axis 1 explained 52.3 % of the 
variance and distinguished between an acidic, sandy, and nutrient-poor 

Table 1 
Variance partitioning for SOC stocks based on three key parameters: SOC con
centration, bulk density (BD) and coarse content. Residuals represents the 
variance not explained by these parameters. Columns correspond to a specific 
soil horizon: 0–10 cm, 0–30 cm, 30–50 cm, and to the whole soil profile. For the 
method used to calculate SOC stocks, refer to Fig. S1.

0–10 0–30 30–50 Profile

— — — — —
SOCcontent 0.41 0.37 0.42 0.26
— — — — —
BD 0.24 0.26 0.17 0.33
— — — — —
Coarse fragmentcontent 0.05 0.04 0.17 0.00
— — — — —
Residuals 0.47 0.49 0.40 0.52
— — — — —
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Fig. 4. Variation in CLORPT variables (CLTP, LT, VG, SOIL) represented through PCA or NMDS. Variables selected for structural equation modelling are 
highlighted in yellow. Blue arrows represent illustrative variables, which were not included in the PCA computation but are projected onto the ordination space for 
interpretation. See Table S5 for abbreviations correspondence. (A) Climate & topography (CLTP): The first axis (CLTP_1) represents a thermal regime gradient driven 
by GDD and GSL. The second axis (CLTP_2) captures a hydric gradient, reflecting a north/south opposition (aspect and DAH) and hydric deficit (precipitation minus 
actual evapotranspiration). For the SEM, we selected GDD (growing degree day) for axis 1 and DAH (diurnal anisotropic heating) for axis 2. (B) Bedrock 
geochemistry: Axis 1 of the PCA highlights a gradient between calcium-rich and aluminosilicate-rich bedrock. We used Lt_index (CaO/SiO2) for SEM. (C) Soil 
properties (0–30 horizon): Axis 1 reveals a gradient of soil alteration, grain size distribution, and fertility (SOIL_1). We used Grain index (Clay/Sand ratio), TRB 
(alteration index) and soil pH for SEM. (D) NMDS of vegetation composition: Axis 1 (VG_1) represents a land cover gradient, while Axis 2 (VG_2) captures substrate 
preference. (E) SOC properties (0–30 horizon): The PCA of SOC properties shows correlations between different indices and methods: DRIFT (Aliphatic and Aromatic 
index) and Rock-Eval® (Hydrogen index=HI; Oxygen index=OI; proportion of pyrolysable carbon=PC_TOC; thermal indices Txx_yy_zz representing the temperature 
at which xx% of carbon is released in yy form (HC, CO or CO2) during the zz phase (pyrolysis or oxidation). Axis 1 is used to derive an index of SOC stability (C.stab), 
providing a relative indication of SOC stability between sites.
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pole, and a basic, clayey, and nutrient-rich pole. Axis 2 reflected 
geochemical weathering highlighted by positive relationship with soil 
weathering index (TRB). We used clay/sand ratio (Grain), pH water and 
TRB to characterized soil properties in SEM analysis.

SEM analysis confirmed the theoretical framework, with a good 
global fit (Chi-squared and Fisher test p-values > 0.05 and RMSEA 
values < 0.06), demonstrating robust alignment with the data (Fig. 5, 
Fig. S7).

The influence of GDD varied by habitat: in forests, higher GDD 
increased both SOC stocks and lability, whereas in grasslands, higher 
GDD correlated with lower SOC stocks and reduced lability (Fig. 5). 
Diurnal anisotropic heating (DAH) also exerted a strong effect: in non- 
forested habitats, higher DAH increased SOC stocks (particularly sta
ble SOC), while in forests, it had the opposite effect (Fig. 5).

SEM results confirmed that carbonated rocks (high LT_index) led to 
higher SOC stocks and greater SOC lability, regardless of habitat type 
(Fig. 5, S7). In forested habitats, soil properties and lithology had a 
stronger influence on SOC than in non-forested habitats (Table S3). 
Greater soil weathering was associated with higher SOC stocks and 
stability (Fig. 5, S3 and S7). Soil pH negatively correlated with SOC 
stocks but positively with SOC stability, particularly in surface horizons 
of non-forested habitats. In forests, soil pH had the opposite effect on 
SOC stocks (Fig. 5). Grain size has minimal impact in non-forested 
habitats. However, in forests, clay-rich soils tend to have higher SOC 
content and greater SOC stability (Fig. 5).

While the elevational-driven vegetation gradient (VG_1) had little 
impact on SOC, substrate-driven vegetation differences (VG_2) were 
significant: calciphilic non-forested habitats had higher and more labile 
SOC, whereas acidic forests had lower SOC stocks with greater lability 
(Fig. 5 and S7).

5. Discussion

Our study, based on 170 plots, provides a detailed characterization of 
SOC properties in mountain environments. It highlights the critical need 
to account for soil coarse elements content to improve SOC stock esti
mations accurately and explores the SOC biogeochemical stability in 
these ecosystems. Elevation patterns were evident, with higher SOC 
stocks observed at the montane level and the subalpine/alpine bound
ary, alongside a notable decrease in SOC stability at the subalpine/ 
alpine boundary. The findings confirm that CLORPT factors —climate, 
organisms, relief, parent material, and time (or more precisely, the de
gree of weathering)— explain a significant portion of SOC variability in 
both forested and non-forested habitats. These insights lay the ground
work for identifying SOC stocks most vulnerable to the impacts of global 
warming.

5.1. Signature of mountain SOC stocks

Our results indicate SOC stocks ranging from 0 to 10 kgC/m2, 

Fig. 5. Standardized estimates of predictors of SOC stocks (SOC) and SOC stability (C.stab). SEMs were used to analyze the controls on SOC properties, distinguishing 
between non-forested habitats and forested habitats, as well as the 0–30 cm and 30–50 cm soil horizons. The models follow the conceptual framework introduced in 
Fig. 1, with their structure compared to our data. Model fit was evaluated using global SEM adjustment metrics, including the Chi-squared test, Fisher’s test, and 
RMSEA. A D-separation test was performed to assess whether any significant relationships were omitted. The figure presents the proportion of absolute direct and 
indirect effects on SOC stocks and SOC stability. Variables related to CLTP represent climate-driven stabilization, LT and SOIL refer to organo-mineral interactions, 
and VG captures chemical recalcitrance. “Time” reflects the soil’s weathering state. For a detailed breakdown of direct, indirect, and mediated effects on SOC content 
and stability, refer to Fig. S7.
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reaching 20–40 kgC/m2 in the most extreme cases (Fig. 3). These find
ings align with previous studies; for example, stock estimates for France 
suggest a range of 7.5 to 17.5 kgC/m2 (Mulder et al., 2016). In the same 
study, SOC stocks in surrounding lowland soils were estimated between 
1 and 5 kgC/m2. However, in this study, as in other large scale soil 
monitoring (RMQS, 2017), mountain soils were heavily under-sampled. 
Our study therefore filled this gap. Overestimation in model predictions 
may also stem from inadequate integration of coarse elements content, 
which is particularly high in mountainous ecosystems. Our correction 
methods, while including some biases (e.g., from visual estimation), 
yielded more realistic SOC estimates (Fig. S1), effectively halving the 
measured stocks (Poeplau et al., 2017). However, estimating coarse el
ements content remains particularly challenging and is often over
looked. Future research should aim to incorporate this parameter for 
improved SOC stock estimation, especially in mountain soils where 
coarse elements content is particularly high (Leifeld et al., 2005).

Up to a certain threshold in elevation, previous studies reported an 
increase in SOC stocks with elevation (Meng et al., 2019), estimated at 
around 0.31 kgC/m2 per 100 m for grassland soils and 0.45 kgC/m2 per 
100 m for forest soils (Sjögersten et al., 2011). This trend was largely 
attributed to the progressive reduction in organic matter decomposition 
rates and the accumulation of partially decomposed organic residues, 
driven in temperate mountains by increased precipitation and lower 
temperatures with increasing elevation (Zhang et al., 2025). However, 
beyond a certain elevation plateau —where biomass production be
comes limited by climatic conditions— this relationship no longer holds 
(Bardgett, 2005; Bojko and Kabala, 2017; Meng et al., 2019). In Europe, 
this threshold is between 1 500 – 2 000 m, corresponding to the forest- 
grassland ecotone (Bardgett, 2005; Bojko and Kabala, 2017; Djukic 
et al., 2010). This interpretation is consistent with our results (Fig. 3).

5.2. Signature of mountain SOC stability

The complex controls on mountain SOC are observed beyond stocks, 
with composition and stability. Interestingly, both methods of SOC 
characterization (DRIFT and Rock-Eval®) show a good correlation in 
their indices (Fig. 4.E, Fig. S2). We observed that the samples exhibit 
either both hydrogen-rich composition with aliphatic bonds and low 
thermal stability or both oxygen-rich composition and high thermal 
stability. This observation suggests three possible hypotheses. One hy
pothesis proposes that the Rock-Eval® analysis method is highly influ
enced by the chemical composition of SOC. In this case, thermal 
indicators may primarily reflect chemical characteristics rather than 
capturing other SOC stabilization factors, such as organo-mineral in
teractions. This explanation is unlikely according to Cécillon et al. 
(2018) and Saenger et al. (2015) who conducted a thorough comparison 
of SOC partitioning methods.

A second hypothesis is that chemical recalcitrance serves as an 
important stabilizing factor in mountain ecosystems (Zhongsheng et al., 
2023). Although the significance of this parameter is widely debated 
(Schmidt et al., 2011), the climatic conditions in these environments 
may amplify its role. While the mean residence time of SOC does not 
vary significantly with molecular composition in warmer ecosystems 
(Amelung et al., 2008), it is possible that in cold ecosystems, limited 
temperature prevents microorganisms from degrading certain molecular 
types, resulting in stabilization due to both chemical properties and 
climate conditions. Furthermore, as the overall mean residence time of 
SOC is substantially extended in cold environments, a small difference in 
residence time between molecule groups in warmer ecosystems could 
become considerably more pronounced in these settings. This climatic 
stabilization is reminiscent of what it is observed in allophane soil where 
organic matter complex with SRO minerals, and could be long-term 
stabilized while it presents low thermal stability (Stoner et al., 2023).

Thirdly, the relative proportion of aliphatic compounds tends to 
decrease with the microbial transformation of organic matter (Davidson 
& Janssens, 2006). Microbially transformed organic matter is also more 

likely to associate with mineral surfaces, particularly when compared to 
fresh plant litter, which retains a stronger aliphatic signature. As a 
result, soils with higher proportions of mineral-associated organic 
matter (MAOM) typically exhibit a weaker aliphatic signal and, 
conversely, higher thermal stability.

Our results contrasted with those of Delahaie et al., (2023), who 
reported higher hydrogen index (HI) values—a proxy for SOM labili
ty—for forests than for grasslands (240 and 229, respectively), whereas 
in our study, HI values were lower for forests (201) and higher for 
grasslands (258), suggesting lower biogeochemical stability in mountain 
grasslands compared to lowland ecosystems. Similarly, in terms of 
thermal stability indices, Delahaie et al., (2023) observed T50_CO2_OX 
values of 410 ◦C and 409 ◦C for forests and grasslands respectively, 
whereas our findings indicate values of 404 ◦C and 399 ◦C. (Table S2).

Several studies have reported an accumulation of labile and partic
ulate organic residues in high-elevation soils (Bonfanti et al., 2025d; 
Budge et al., 2011; Leifeld et al., 2009). Correlations between elevation 
and SOC lability indicators suggest the existence of a biogeochemical 
stability gradient (Sjögersten et al., 2011). A simultaneous increase in O- 
alkyl C content and decrease in alkyl C content with elevation imply a 
reduction in decomposition rates at higher elevations (Djukic et al., 
2010; Xu et al., 2014). Additionally, Budge et al. (2011) showed that 
particulate organic matter (unbound to mineral phases) accounted for 
40–58 % of total organic carbon (TOC) in grassland soils between 2 200 
m and 2 700 m, compared to only 7–30 % in soils between 400 m and 1 
900 m reported by Leifeld et al. (2009). Additionally, SOC stabilization 
in the Pyrenean mountains, as measured by laboratory incubation, was 
lower at the coldest sites (Garcia-Pausas et al., 2007). Pedogenesis and 
SOC properties.

Many studies challenged the elevation-SOC stock relationship 
(Bangroo et al., 2017; Britton et al., 2011; Leifeld et al., 2009). They 
proposed that the elevational distribution of SOC stocks and stability 
likely arises from the interplay between productivity and mineralization 
rates, both of which vary with elevation (Figs. 6 & S6). While produc
tivity and mineralization rates decrease with elevation, the drivers 
behind these processes differ: productivity depends primarily on light 
intensity and temperature (Körner and Paulsen, 2004), whereas miner
alization is strongly temperature-dependent. This dynamic results in 
large labile SOC stocks in the lower alpine and subalpine zones, where 
relatively long growing seasons combine with low temperatures, slow
ing decomposition, although there is considerable spatial variability 
within this zone.

Elevation, however, is not an optimal parameter for studying SOC 
distribution, as climate-elevation relationship is modulated by exposure, 
topography, and microtopography that significantly influence growing 
season length and GDD (Choler, 2005). Pedoclimate offers a more robust 
framework, accounting for factors that modulate soil climate (Egli et al., 
2009; Kemppinen et al., 2024; Patton et al., 2019). In the same way, to 
analyze SOC properties along elevation gradients effectively, pedose
quences are more suitable as they integrate multiple SOC drivers. The 
concept of the pedological taxon is therefore most meaningful, as it in
tegrates SOC drivers holistically. Given the significant differences in 
pedogenesis on acidic versus alkaline substrates, we propose two 
distinct pedosequences, highlighting the strong geological control over 
SOC properties, as reported by previous studies (Barré et al., 2017, see 
Lt_index in Fig. S7).

Our results demonstrate that SOC stocks and stability are higher in 
carbonated pedosequences than in siliceous ones (Fig. 3, Table S4, 
Fig. S4.D). This finding aligns with previous studies showing that SOC 
stocks are significantly greater in limestone soils (Doetterl et al., 2015; 
Leifeld et al., 2009) compared to those formed on acidic igneous rocks 
(Pan et al., 2024; Yang et al., 2020). The difference is attributed to 
distinct stabilization mechanisms: while both soil types stabilize SOC 
through complexation with Fe and Al oxides, limestone soils gain 
additional stabilization from Ca interactions. Additionally, Liao et al. 
(2020) showed that carbon fluxes were higher in carbonate-rich 
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environments than in siliceous ones, driven by increased fertility, pro
ductivity, and mineralization rates (Heckman et al., 2009), resulting in 
higher SOC stocks, especially stable stocks (Fig. S4).

Soil stabilization processes vary by horizon and soil type. In Podzols, 
stabilization in the BP horizons primarily occurs through complexation 
with Al and Fe (Krettek et al., 2020; Schulze et al., 2009), whereas in the 
A and E horizons, pH plays a dominant role (see Soil pH section). In 
carbonate soils (Calcari-mollic Cambisols), stabilization is largely due to 
complexation with Ca (Rowley et al., 2018). In Cambisols, stabilization 
is driven by clay interactions, as demonstrated by Soucémarianadin 
et al., (2019) and Delahaie et al., (2023), who found strong correlations 
between clay content and hydrogen index (HI) (r = -0.35, p < 0.01), and 
thermal stability indices (e.g., T50_CO2_PYR, r = 0.56, p < 0.01). Since 
weathering processes release stabilizing agents such as Ca, Al, Fe, and 
clay minerals, the degree of soil weathering plays a key role in deter
mining SOC stabilization—specifically, the relative proportions of 
mineral-associated organic carbon (MAOC) versus particulate organic 
carbon (POC). In contrast, in poorly developed highland soils such as 
Leptosols, SOC stabilization is more likely controlled by external envi
ronmental conditions, especially climate, due to the limited availability 
of reactive mineral surfaces.

5.3. Soil weathering

Pedosequences provide a unique framework to assess the processes 
of soil weathering, which can be effectively analyzed using the weath
ering index (TRB). An elevation gradient exists in soil development, with 
younger, less developed soils at higher elevations —mainly due to recent 
deglaciation— and more mature, altered soils at lower elevations 
(Brosens et al., 2021; Egli et al., 2006). This is confirmed by the decrease 
of our weathering index with elevation (TRB, Table S4). However, local 
factors may modulate this soil weathering gradient, particularly reju
venation processes, such as gravitational events (e.g., solifluxion, scree) 
and legacy effects (Delgado-Baquerizo et al., 2017). Our approach as
sesses the soil weathering state rather than soil age. As such, the func
tional state of the soil, including its weathering sensitivity, its reservoir 
of mineral nutrients, and its pool of mineral particles available for SOC 
interactions are explicitly considered. However, possible legacy effects, 
such as past land use and climate change, were not considered, though 
these factors can significantly impact SOC properties (Canedoli et al., 
2020; Delgado-Baquerizo et al., 2017; Guidi et al., 2014). It is important 
to note that while this index is a useful tool, it is not a perfect measure of 
soil age. Instead, it more accurately reflects the extent of weathering, 
which depends on both parent material type and climate. Additionally, 
external factors such as atmospheric or aeolian deposits, periglacial 
cover beds, and past landslide events could have introduced material 
from other locations, potentially affecting the validity of the TRB index 
in our study area. However, our study reasonably assumed that these 
processes were minimal at the study sites under consideration.

Our results indicate that the most weathered soils of our study area 
exhibit the highest SOC stocks (Fig. 5, Fig. S3). This finding aligns with 
studies conducted along chronosequences (Khedim et al., 2021; 
Laliberté et al., 2013), and with those employing weathering indices, 
such as TRB (Doetterl et al., 2015). In well-developed soils, a greater 
availability of minerals enables stronger interactions with organic 
matter, promoting its stabilization. Additionally, soil development fos
ters the formation of the soil structure, which can further stabilize SOC 
within aggregates (John et al., 2005; Virto et al., 2010). Enhanced 
weathering supports organo-mineral interactions, facilitating carbon 
stabilization. The most altered soils are found in the oldest ecosystems, 
which have had more time to accumulate carbon and increase the 
quantity of particles capable of stabilizing SOC. As a result, their most 
stable carbon reservoirs, particularly mineral-associated organic carbon 
(MAOC), are more fully saturated. Additionally, our results demonstrate 
that clay content has a stronger influence on SOC stocks and stability in 
lowlands, forested habitats compared to high, non-forested habitats 

(Fig. 5). This finding reinforces the idea that organo-mineral interactions 
play a more significant role in SOC stabilization at lower elevations. It is 
important to note that, within the context of this study, even the most 
weathered soils may appear relatively young compared to tropical soils, 
where advanced weathering can have the opposite effect on O-M sta
bilization due to the depletion of ions and minerals that contribute to 
stabilization. In such tropical contexts, an inverse relationship between 
weathering state and SOC stability has been observed (Laliberté et al., 
2013).

Finally, according to the theory of ecosystem retrogression, nitrogen 
is the primary limiting factor for productivity in young soils, whereas in 
older or more weathered soils, phosphorus becomes increasingly 
limiting. This is because phosphorus is mainly derived from the 
weathering of parent material and becomes scarce as weathering pro
gresses and the P reserve in the parent material is depleted (Laliberté 
et al., 2013; Vitousek and Farrington, 1997). This theory implies a 
nutrient optimum at mid-elevations (Thébault et al., 2014), where N2 
fixation and apatite weathering occur simultaneously. We suggested 
that this balance may also explain the higher SOC stocks observed at 
mid-elevations. This field of research remains relatively unexplored in 
alpine environments, making it crucial to deepen our understanding of 
nutrient limitations, particularly to better understand SOC stability 
(Bueno De Mesquita et al., 2020).

5.4. Soil pH

SOC properties were driven by both lithology and weathering state, 
as one of their derivative variables, soil pH. This integrative variable 
regulates parameters involved in the carbon cycle, such as microbial 
activity, enzymatic function (Puissant et al., 2019), microbial commu
nity composition (Martinez-Almoyna et al., 2022), and plant produc
tivity (Liao et al., 2020). Additionally, pH is interdependent with, and 
thus correlated to, other factors that further modulate the carbon cycle, 
including soil fertility (base and nutrient content), the abundance of 
stabilizing elements (e.g., oxyhydroxides, calcium), and floristic 
composition, which influences the chemical nature of SOC inputs that 
further modulate soil pH. These relationships are reflected in the 
alignment between our conceptual model and empirical data (Figs. 5 & 
S7).

We observed a negative relationship between soil pH and SOC stocks 
as found by Meng et al. (2019). We also found that soil pH had a positive 
effect on SOC stability (Fig. 5), which is consistent with Delahaie et al. 
(2023), who found a negative correlation between soil acidity and 
thermal stability indices (T50_CO2_PYR; r = -0.73, p < 0.001), and a 
positive correlation with hydrogen index (HI; r = 0.42, p < 0.001). 
These studies proposed that soil acidity may protect SOC from microbial 
degradation by limiting microbial activity and reducing SOC minerali
zation. Additionally, this aligns with the AMG model —a two- 
compartment model of SOC stability— in which mineralization is 
highly pH-dependent, with a marked increase between pH 5.5 and 7 
(Clivot et al., 2019). These values represent the “window of opportu
nity” for microbial decomposition proposed by Rowley et al., (2018); 
below this range, low pH limits microbial activity and favorizes Al/Fe 
interactions with SOC, and above it, Ca complexation stabilizes SOC. 
The stabilizing effect of soil pH is thus particularly important in acidic 
and decarbonated soils.

5.5. SOC stabilization and vulnerability with climate change

Not all studies have reached a consensus on drivers of SOC stocks, 
and few account for the variability in rock types, vegetation, and 
climate. One of the key findings of our study is the validation of our 
conceptual model (Fig. 5, Table S3), illustrating the idea that the 
persistence of soil organic matter is an intrinsic property of the 
ecosystem (Schmidt et al., 2011).

Examining a broad range of soils and vegetation types across various 
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biomes, Jobbagy and Jackson (2000) found that SOC content was 
positively correlated with annual precipitation and clay content, but 
negatively correlated with annual mean temperature. Similarly, 
Amundson (2001), by compiling data from multiple studies, proposed 
an empirical equation that highlighted a strong correlation between SOC 
stocks, mean annual air temperature, and mean annual precipitation (R2 

= 0.65). This was further corroborated at a smaller spatial scale by 
Delahaie et al. (2023), who found that mean annual temperature (MAT) 
was positively related to thermal stability indices (e.g., T50_CO2_PYR), 
and negatively related to hydrogen index (HI) in mainland France soils. 
Climate role was also highlighted by other previous studies who showed 
a significant climate stabilization in high-elevation grasslands (Bonfanti 
et al., 2025c; Budge et al., 2011; Djukic et al., 2010).

Our findings align with these observations (e.g., C.stab ~ GDD in 
Fig. 5). Since MAT does not adequately capture the temperature dy
namics in mountainous areas with pronounced seasonality, we used 
GDD to characterize the temperature regime. The contrasting effects of 
growing degree days (GDD) on SOC stocks between high-elevation non- 
forested habitats (GDD: 290–2000 ◦C, mean 950 ± 300 ◦C) and low- 
elevation forested habitats (GDD: 1040–3900 ◦C, mean 1860 ±

640 ◦C) support the idea that lower temperatures at higher elevations 

promote SOC stabilization (Fig. 5). It suggests that at higher elevations, 
lower GDD limits decomposition activity, resulting in climate-driven 
SOC stabilization. Conversely, at lower elevations, when GDD is low, 
it restricts primary productivity more than decomposition, thereby 
impeding SOC accumulation (Fig. 5).

The elevation distribution of SOC stocks revealed two peaks: one in 
the montane zone and another at the subalpine-alpine boundary (Fig. 3). 
SOC biogeochemical stability remained consistent across the collinean, 
montane, and lower subalpine levels, as well as in the upper alpine and 
nival belts. However, a marked decrease in thermal stability was 
observed between the upper subalpine and lower alpine levels (Figs. 3 
and 6). This suggests that, at lower elevations, more developed soils may 
promote SOC-stabilizing organo-mineral interactions, while soils at 
higher elevations are less developed, but colder temperatures constrain 
mineralization, limiting SOC breakdown.

Based on the observations above, ecosystems in the lower alpine 
zone appear to be the most vulnerable to short-term global warming (see 
§§ Signature of mountain SOC stocks, Signature of mountain SOC sta
bility, Soil weathering), and in particular, alpine grasslands with soil pH 
values between 5 and 7 (see § Soil pH). In these ecosystems, SOC sta
bilization is largely climate-dependent due to poorly developed soils 
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Fig. 6. This study reveals elevation-driven patterns in SOC properties. SOC stocks are highest at the montane level and at the subalpine/alpine boundary, with a 
marked decrease in SOC stability at the subalpine/alpine boundary. At high elevations, climate predominantly drives SOC dynamics, whereas lithology and soil 
weathering gain importance at lower elevations. Harsh climatic conditions at higher elevations foster SOC stabilization through reduced decomposition activity, 
while less developed soils limit organo-mineral interactions. Conversely, at lower elevations with warmer climates, more developed soils facilitate organo-mineral 
interactions, enhancing long-term SOC storage. Moreover, reduced GDD at high elevations limit both decomposition and productivity, leading to low SOC inputs and 
climate-driven stabilization (Fig. S6). At lower elevations, higher GDD accelerates SOC fluxes, particularly mineralization. Intermediate elevations, where GDD is 
insufficient to drive mineralization to the same extent as productivity, promote labile carbon accumulation. Alpine grasslands, characterized by substantial labile SOC 
stocks stabilized by low temperatures, appear especially vulnerable to climate warming.
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with limited organo-mineral associations. At the same time, SOC inputs 
remain significant, and soil pH conditions may promote optimal mi
crobial activity—especially if rising temperatures further enhance mi
crobial processes (Fig. 6).

6. Conclusion

Our study analyzed the factors influencing SOC properties in 
mountain environments, highlighting the importance of accurately 
integrating soil coarse elements content, which is critical for accurate 
SOC stock estimations in mountainous regions. Accurately integrating 
this parameter is essential for reliable SOC stock quantification and 
should be systematically considered in SOC mapping efforts for moun
tainous regions. The study confirmed that the CLORPT factors (Climate, 
Organisms, Relief, Parent Material, and Time) account for a significant 
portion of SOC variability in both non-forested habitats and forests. 
Using data from 170 plots distributed across 29 elevation gradients, we 
observed that SOC stocks increased with elevation up to the montane 
belt, remained relatively stable until the subalpine/alpine boundary, 
and then declined at higher elevations. SOC stability also declined 
drastically at the subalpine/alpine transition. In high-elevation areas, 
climate plays a dominant role, whereas lithology and the degree of 
weathering become more influential at lower elevations. These findings 
imply that, at higher elevations, harsh climatic conditions contribute to 
SOC climatic stabilization, while less developed soils limit organo- 
mineral interactions. Conversely, in warmer, lower-elevation ecosys
tems with higher carbon fluxes, more developed soils support greater 
organo-mineral interactions, which can enhance long-term SOC storage. 
Alpine grasslands, where climatic stabilization is predominant, appear 
to be particularly vulnerable to climate warming as they contain large 
stocks of labile SOC stabilized primarily by low temperatures. As such, 
they warrant focused attention to better understand their potential 
response and trajectory under ongoing global warming.
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Barré, P., Cecillon, L., Kanari, E., 2023. Chap. 10 - Characterization and evaluation of the 
stabilit of soil organic matter. In Baudin F. (coord). The Rock-Eval method. 
Principles and application. ISTE-Wiley, 181-207.
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Pendall, E., Peñuelas, J., Pfeifer-Meister, L., Poll, C., Reinsch, S., Reynolds, L.L., 
Schmidt, I.K., Sistla, S., Sokol, N.W., Templer, P.H., Treseder, K.K., Welker, J.M., 
Bradford, M.A., 2016. Quantifying global soil carbon losses in response to warming. 
Nature 540, 104–108. https://doi.org/10.1038/nature20150.
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Shen, T., Słowińska, S., Vandvik, V., von Oppen, J., Aalto, J., Ayalew, B., Bates, O., 
Bertelsmeier, C., Bertrand, R., Beugnon, R., Borderieux, J., Brůna, J., Buckley, L., 
Bujan, J., Casanova-Katny, A., Christiansen, D.M., Collart, F., De Lombaerde, E., De 
Pauw, K., Depauw, L., Di Musciano, M., Díaz Borrego, R., Díaz-Calafat, J., Ellis- 
Soto, D., Esteban, R., de Jong, G.F., Gallois, E., Garcia, M.B., Gillerot, L., Greiser, C., 
Gril, E., Haesen, S., Hampe, A., Hedwall, P.-O., Hes, G., Hespanhol, H., Hoffrén, R., 
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