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ARTICLE INFO ABSTRACT
Keywords: Soil organic carbon (SOC) is crucial for ecosystem function and carbon storage, especially in mountain regions
Thermal regime where cooler temperatures limit microbial activity, leading to higher SOC stocks compared to lowlands. How-

Snow cover duration
Elevation gradient

Freeze

Labile carbon

Rock-Eval® thermal analysis

ever, the available data are insufficient to fully understand the distribution of SOC properties along elevation and
snow cover duration gradients. Given that climate change models predict a reduction in snow cover duration, it is
essential to better characterize these properties at a finer, mesotopographic scale (e.g., ridges and slopes), cor-
responding to the distribution of mountain plant communities. This study investigates the impact of microclimate
on SOC content and stability in European mountain grasslands. We focused on two types of grasslands on acidic
soils to maintain homogeneity in key parameters such as soil properties and plant communities. These grasslands,
located across temperate European mountain ranges (Alps, Pyrenees, Vosges, Balkans, Carpathians, Black Forest,
Bohemian Forest, and Sudetes), span a gradient of snow cover duration, ranging from frost-exposed ridges
dominated by Carex curvula, to intermediate grasslands, without frost, dominated by Nardus stricta. SOC content
and stability were assessed using Rock-Eval® thermal analysis across all sites. The results indicate that micro-
climate significantly influences SOC properties. Cooler temperatures, driven by elevation and reduced snow
cover duration, were associated with increased SOC content but decreased stability. On windy ridges, extended
growing seasons combined with intense winter freezing led to higher SOC lability, as freezing slows down
mineralization processes. In contrast, intermediate grasslands, with longer growing seasons, showed enhanced
SOC stability due to higher decomposition activity. These findings provide valuable insights into how SOC
properties may evolve under climate change, particularly in relation to rising temperatures and shifting snow
cover dynamics.

1. Introduction decomposable SOC, with an elevation-driven increase in labile carbon
pools within surface horizons (Djukic et al., 2010; Leifeld et al., 2009).

Cold ecosystems, such as those at high latitudes and elevations, The mean residence time of SOC is extended in these environments due
contain higher stocks of soil organic carbon (SOC) compared to warmer to the stabilizing effects of low temperatures, particularly during winter
ecosystems (Budge et al., 2011; Davidson and Janssens, 2006; RMQS, when snow covers the soil and reduces microbial mineralization rates

2017). These ecosystems also hold a significant portion of easily (Budge et al., 2011; Ibanez et al., 2021; Leifeld et al., 2009; Saccone
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et al, 2013). As a result, these SOC stocks are considered highly
vulnerable to climate warming (Khedim et al., 2023). Rising tempera-
tures initiate positive feedback by accelerating the mineralization of
labile SOC pools that were previously stabilized by cold conditions,
leading to increased greenhouse gas (GHG) emissions that further
intensify climate change (Davidson and Janssens, 2006). This positive
feedback is well-documented in high-latitude environments, particu-
larly in permafrost regions (Hilton et al., 2015), and plays a crucial role
in predicting and modeling the carbon cycle’s response to climate
change (Voigt et al., 2017), and in anticipating shifts in ecosystem
functioning. Similar feedback mechanisms are expected in high-
elevation European zones, where, since the 1980 s, the warming rate
has been about twice the global average (EEA, 2024). Understanding the
spatial distribution of SOC, particularly the influence of climate pa-
rameters like thermal regime on its distribution, is essential for pre-
dicting its response to warming in these cold ecosystems. Furthermore,
European mountain regions, as climate change hotspots, offer a unique
context for examining SOC properties (stocks and stability) across gra-
dients of snow cover duration.

SOC stability is typically assessed by distinguishing different pools
based on their stability, ranging from labile to stable pools, according to
the chemical nature of SOC and its mineral interactions (Bernoux et al.,
1998; Lavallee et al., 2020; Von Liitzow et al., 2007). SOC biogeo-
chemical stability determines the balance between the labile pool,
which is easily mineralizable, and the stable pool, which is recalcitrant.
The larger the labile pool relative to the stable pool, the less stable the
overall SOC stock. Various methodologies exist for fractionating SOC
pools, including size and density fractionation, where fraction size
serves as a proxy for stable pools (mineral-associated organic matter,
MAOM) and labile pools (particulate organic matter, POM) (Balesdent
et al., 1998; Buyanovsky et al., 1994; Lavallee et al., 2020; Michalet
et al., 2002). A growing approach involves using SOC’s thermal stability
as a proxy for its environmental persistence. Recent studies employing
Rock-Eval® analysis have demonstrated that indicators derived from
thermograms, reflecting SOM thermal stability or chemical composition,
can be linked to SOM biogeochemical stability (Barré et al., 2016;
Cécillon et al., 2018). Comparisons between thermal analysis and other
methods of assessing SOM stability, such as physical fractionation
(Cécillon et al., 2021, 2018; Gregorich et al., 2015; Saenger et al., 2015)
or incubation experiments (Plante et al., 2011), have shown strong
correlations. The RockEval technique stands out for its ability to rapidly
estimate SOC stability with minimal equipment requirements and low
costs, enabling the analysis of a large number of samples efficiently.

Despite the limited use of thermal techniques in characterizing
mountain SOC, recent findings indicate substantial SOC lability in these
areas (Delahaie et al., 2023), likely due to the higher preservation of
mineralizable SOC due to low temperatures limiting SOC mineralization
in mountains. However, other factors than temperatures influencing
SOC stability must also be considered, including SOC chemistry
(Amelung et al., 2008; Lorenz et al., 2007), parent material character-
istics (Doetterl et al., 2015; Heckman et al., 2009), soil age (Khedim
etal., 2021), soil pH (Andersson and Nilsson, 2001), soil structure (Virto
et al., 2010), particle size distribution (Derrien et al., 2016), content of
oxyhydroxides and ions (Moni et al., 2010), microbial activity (Schimel
and Schaeffer, 2012; Schinner, 1982), land use (Guidi et al., 2014;
Hafner et al., 2012; Li et al., 2015), land cover and plant traits (such as
productivity and resource strategy) (Dorji et al., 2020; Li et al., 2015),
litter quality (Bernard et al., 2019; Garcia-Pausas et al., 2012; Silver and
Miya, 2001), and soil (micro)climate (Li et al., 2018). These parameters
naturally co-vary and are interconnected, making it challenging to
isolate and quantify their individual contributions to SOC stability.

There is increasing recognition that microclimate plays a pivotal role
in shaping species distribution and ecosystem properties (De Frenne
et al., 2013; Kemppinen et al., 2024). In mountainous regions, soil
microclimate varies significantly both on a large scale (elevation
gradient) and on a smaller scale due to topographic and snow cover
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variations. The thermal regime, including energy received by the soil
(growing degree days, GDD) and frost intensity (freezing degree days,
FDD) (Choler, 2015, 2005), strongly influences the activity of organisms
involved in carbon inputs and outputs. Soil climate modulates species
distribution and ecosystem properties such as organic matter inputs,
mineralization activity and thus SOC properties. Also, topographical
variations control the height and duration of the winter snowpack,
impacting seasonal variations in soil temperature and moisture (Zhang,
2005). In sites where snow melts late, soils remain near 0 °C throughout
winter under the snowpack, allowing for slow mineralization activity
(Clément et al., 2012). Conversely, in areas with early snowmelt, soils
may have a longer growing season but also experience periods of soil
freezing that disrupt biological activity (Baptist et al., 2010; Buckeridge
and Grogan, 2010; Jusselme et al., 2016; Michalet et al., 2002; Saccone
et al., 2013).

We focused on two distinct plant communities that are widely
distributed in European temperate mountains: Carex curvula-dominated
alpine grasslands (CCU), characterized by winter soil freezing and an
extended growing season, and Nardus stricta-dominated subalpine-
alpine grasslands (NST), which, at a given elevation, have a shorter
growing season but without winter soil freezing. Our objective was to
explore the influence of (micro)climatic parameters on SOC properties,
estimated by the Rock-Eval® method, across mountain grasslands. This
analysis was conducted on a broad biogeographical scale, covering
temperate European mountain ranges including the Alps, Pyrenees,
Vosges, Balkans, Carpathians, Black Forest, Bohemian Forest, and
Sudetes. By concentrating on similar habitats, we ensured consistent
local conditions despite the geographical distances between sampling
sites. Both grassland communities grow on acidic soils and share similar
soil properties (see Fig. S3; Geremia et al., (2016); Puscas and Choler,
(2012).

We explored the role of microclimate on SOC properties, specifically
growing season length (GSL, GDD), freezing season length (FSL, FDD),
and regional water regime (water balance, rainfall). We hypothesized
that SOC properties were influenced by the soil temperature regime and
thus structured along the growing season (H1) and along a gradient of
freezing (H2), both gradients are influenced by the snow cover duration.
Additionally, given that water regimes influence the activity of both
producers and decomposers, we hypothesized that SOC properties are
influenced by regional climatic factors, particularly precipitation (H3),
and by vegetation characteristics (H4), as they control the quantity and
quality of litter inputs.

2. Materials & methods
2.1. Study sites — Sampling protocol

Our study focused on two types of mountain grasslands that devel-
oped on acidic soils, with a pH gradient ranging from 3.5 to 4.5 between
sites. Carex curvula-dominated grasslands (CCU) represent late-
successional alpine communities, typically found on siliceous bedrock,
and are characterized by winter soil freezing (Geremia et al., 2016;
Puscas and Choler, 2012; Schlag and Erschbamer, 2000). In contrast,
Nardus stricta-dominated grasslands (NST) are subalpine-alpine grass-
lands primarily located in concave topography, where winter snow
cover insulates the soil from freezing (Gennai et al., 2014). These
grasslands span a gradient of snow cover duration (Fig. 1). In both plant
communities, the dominant species comprise the majority of the phy-
tomass, suggesting that these species exert a significant influence on
ecosystem structure and functioning (Grime, 1998; Whitham et al.,
2006).

The study area encompasses all the European temperate mountain
ranges of the so-called European Alpine System (Ozenda, 1985) and
includes the Pyrenees, Alps, Black Forest, Bohemian Forest, Sudetes,
Carpathians, Vosges, and Balkans. Field sampling was conducted as part
of a long-term monitoring program within the ODYSSEE project (https


https://odyssee.granturi.ubbcluj.ro/project-description/
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Fig. 1. Sampling design. Map of sampling sites (A); Carex curvula grassland (CCU) (B); Nardus stricta grassland (NST) (C); Thermal regime of both communities
average over: Freezing Season Length (FSL, i.e., annual number of days with mean daily temperature < -1°C), Growing Season Length (GSL, annual number of days
between NDVI onset and offset) and Winter Season Length (WSL, i.e., annual number of days with mean temperature > -1°C out of the growing season), (D);
Schematic and theoretical representation of mesotopographic/snow cover duration gradient that can be found in the Alps (E; see also Fig. S1 for temperature series of
both communities). Note that the sampling was not done along this gradient but within both communities throughout the mountain range.
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://odyssee.granturi.ubbcluj.ro/project-description/). We employed a
paired sampling scheme based on an 80 km x 80 km grid defined by the
European Terrestrial Reference System (ETRS 89). Wherever possible,
both grassland types (CCU and NST) were sampled within the same grid
cell. Sampling took place within a 10 m x 10 m quadrat dominated by
one of the target species (CCU or NST), with > 25 % cover for the
dominant species (Turtureanu et al., 2023, 2020). A total of 100 sites
were surveyed (Fig. 1): 36 grid cells contained both plant communities,
22 grid cells had only NST, and 6 grid cells had only CCU. Some grids
contained only one of the two communities because the elevation was
too low for CCU grasslands.

At each site (100 mz), five soil samples (0-10 cm depth) were
collected from the four corners and the center of the quadrat, and then
combined to create a composite soil sample.

2.2. Soil analysis

After drying and grinding the composite soil samples, SOC and total
nitrogen contents were measured using a CHN elemental analyzer (Flash
EA 1112, Thermo Electron Corporation, Thermo Fisher). Soil pH was
measured using a pH meter (inoLab 7110, WTW, Germany) following
the international standard ISO 10390-2005.

2.2.1. SOC stability

SOC stability was assessed using a Rock-Eval 6® analyzer (RE6)
(Vinci Technologies, France), following a protocol adapted for soil
analysis (Barré et al., 2023; see also Fig. S14). The RockEval method is
based on the principle that the thermal stability of organic matter serves
as a proxy for its biogeochemical stability. For each sample approxi-
mately 60 mg of dried soil were subjected to pyrolyze in an inert No
atmosphere, with temperatures increasing from 200 °C to 650 °C at a
rate of 30 °C/min (pyrolyze phase). The remaining soil was then
oxidized in an oxygenated environment, with temperatures ranging
from 300 °C to 850 °C at a rate of 20 °C/min (oxidation phase). Hy-
drocarbon compounds (HC) released during the pyrolysis phase were
continuously monitored using a Flame Ionization Detector (FID),
whereas COj, and CO released during both phases (pyrolysis and
oxidation) were monitored using an Infrared Cell (IR). The total organic
carbon can be calculated as the sum of carbon fractions (HC + CO +
CO3) over the two phases, showing good correlation with C content from
CHN elemental analyzer (Fig. S4.A).

Several indices derived from the ratios of carbon forms (CO,, CO,
HC) released during different phases (pyrolysis and oxidation) of Rock-
Eval® analysis have been proposed as indicators of SOC stability (Barré
et al., 2016; Disnar et al., 2003; Sebag et al., 2016). Due to the high
quantity of parameters proposed, we selected only six complementary
parameters in our study (Fig. S14). We used Hydrogen Index (HI), Ox-
ygen Index (OI), PC/TOC ratio, T50CO2pyr, iindex, and R_index
(Equations (1) and (2), Fig. S14). HI and OI are considered proxies for
SOM stoichiometry, reflecting the H:C and O:C ratios, respectively.
Hydrogen-rich SOM (high HI index) are generally considered as more
labile than oxygen-rich SOM, as aliphatic chain required less activation
energy to be decomposed than more complex functional groups (aro-
matic, carbonyl, carboxyl, etc...) (Laub et al., 2020). T50CO2pyr,
defined as the temperature (°C) at which 50 % of the CO; is released
during the pyrolysis phase, was employed as an additional parameter for
evaluating SOC thermal stability, following Soucémarianadin et al.,
(2018). This parameter has been validated on bare fallow experiments as
a reliable indicator of SOC biogeochemical stability (Barré et al., 2016;
Cécillon et al., 2018, 2021). The more thermal energy is necessary to
release 50 % of CO,, the more thermally and biogeochemically stable
the SOM. Lindex and R_index represent the degree of immaturity and
refractory of SOM respectively (Equations (2), Fig. S14). These indices
are proposed by Sebag et al. (2016) to estimate SOM biogeochemical
stability with i_index anticorrelated with SOM stability and R_index
positively correlated.
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With: HC = hydrocarbon quantity measured with FID; CO5 and CO =
quantity of CO; and CO measured with FTIR. X,y = quantity of x
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With: Al, A2, A3, A4 for area of pyrogram of labile polymers
(200-340 °C), resistant biopolymers (340-400 °C), immature geo-
polymers (400-460 °C) and refractory geopolymers more than 460 °C)
respectively (Sebag et al., 2016).

2.3. Climatic variables

2.3.1. Regional-scale climate

To characterize the regional thermal and hydrological regimes at
each site, we utilized gridded climate variables from WorldClim at a 30-
second resolution (Fick and Hijmans, 2017). Climate normals for the
period 1960-1990 were adjusted for distance and elevation differences
between the center of each grid cell and the specific plot location. We
extracted data on the average temperature of the growing season
(T_AVG, °C), and the daily minimum temperature during the growing
season (T_MIN, °C). These metrics were selected because average tem-
perature is widely used as a general indicator, while minimum tem-
perature provides insight into frost intensity. Estimates of average short-
wave radiation entering the atmosphere for the period 1985-2005
(SRAD, J/crnz) were obtained from the Helioclim satellite, which has a
resolution of 20 km (SoDa, 2015). Additionally, monthly surface water
balance and soil water extractability data, with a resolution of 1/24
degree, were sourced from Terraclim averages spanning 1981-2010
(Abatzoglou et al., 2018; Stephenson, 1998). This dataset included
precipitation (PREC, mm), actual evapotranspiration (AET, mm), and
water deficit (DEF = PREC — AET, mm).

2.3.2. In-situ temperature measurements

Soil temperature was monitored using miniaturized, standalone data
loggers (HOBO pendant 64 K, Onset Company) at each plot from 2014 to
2019, with monitoring duration ranging from 2 to 5 years depending on
the site. This monitoring enabled the calculation of Growing Degree
Days (GDD, °C) and Freezing Degree Days (FDD, °C). GDD represents
the sum of daily average temperatures above 1 °C from January 1 to July
31, while FDD represents the sum of daily average temperatures below
—1°C over the same period. Additionally, the number of freezing days
per year, which indicates the duration of the freezing season (Freezing
Season Length, FSL, days), was determined by counting the days when
the daily average soil temperature dropped below —1°C throughout the
year.

2.4. Ecosystem phenology

The ecosystem phenology was estimated using the remotely-sensed
Normalized Difference Vegetation Index (NDVI) obtained from the
MODO09Q1 Terra Collection 6 products, which consist of 250 m resolu-
tion 8 days composites of the Moderate Resolution Spectroradiometer
(MODIS) sensor on board the Terra satellite. Data processing is
described extensively in Choler (2023). These data, averaged over the
2000-2018 period, were used to determine the dates of vegetation onset
(ONSET; Julian day) and offset (OFFSET; Julian day). Additionally, this
analysis allowed the computation of growing season length (GSL, day,
Choler (2015). We employed remote sensing to calculate GSL due to the
ability to average over a longer period, compensating for the lack of in-
situ measurements.
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In contrast, we used in-situ measurements for FSL because remote
sensing could not provide soil temperature and detect soil freezing. By
combining GSL and FSL measurements, we calculated the Winter Season
Length (WSL) using Equation (3), which represents how long the soil
remained snow-covered or unfrozen outside the growing season. While
the absolute values may not be exact, they were comparable across sites.
For instance, a day without snow cover during winter where the average
soil temperature exceeds —1°C was included in the WSL, even if snow
was not present; the soil conditions on such a day are consistent with
those of a WSL day. To verify these results, we also calculated GSL by
counting the number of days when the average soil temperature was
above 1 °C. Both methods for calculating GSL (NDVI and temperature >
1°C) showed correlated results, although the NDVI method tended to
underestimate GSL (see Fig. S2).

GSL + FSL + WSL = 365 3)

With: Growing Season Length GSL = number of days between
ONSETNDVI and OFFSETNDVI;

Freezing Season Length FSL = number of days in a year during which
the average daily temperature < -1°C; Winter Season Length WSL =
number of days in a year out of GS and without soil freezing (i.e., snow-
cover or senescence).

2.5. Plant communities

The floristic composition of the plots was surveyed using semi-
quantitative estimates of plant cover (Braun-Blanquet, 1964), using a
6-levels scale (+ = less than 5 %; 1 = 5-10 %; 2 = 10-25 %; 3 = 25-50
%; 4 = 50—75 %; 5 = more than 75 %). On each plot, specific leaf area
(SLA, cm?/g), plant height (Hveg, cm), aboveground biomass (AGB, g/
mz), and its stoichiometric composition (carbon and nitrogen content, C:
N) were measured on the dominant species (CCU or NST) following the
methods outlined in Garnier et al. (2001) and Turtureanu et al., (2020).
Annual plant productivity was evaluated by integrating NDVI (see
above) over the duration of the growing season and averaged over the
2000-2018 period (Choler et al., 2021).

2.6. Statistical analysis

2.6.1. Generalized linear model and model selection

To determine the main explanatory variables influencing SOC con-
tent, we conducted generalized linear model selection by using the
“glmulti” package (Calcagno et al., 2020). The statistical significance of
each variable was assessed based on their prevalence in model selection
via AIC criteria and their contribution to the overall model. Linear re-
lationships were established using the Ime4 package (Bates et al., 2015).
Normality and homoscedasticity of the residuals were systematically
evaluated for all interpreted models. To estimate the weight of each
variable on explanation of SOC content variance, we used partial R? ie.,
the variance explained by each variable given others are included, by
using “r2glmm” package (Jaeger, 2017).

2.6.2. Multivariate analysis — Biogeochemical stability index calculation
To reduce the dimensionality of the explanatory dataset, we con-
ducted a principal component analysis (PCA) on each of the following
groups of variables: climate, vegetation, and SOC properties (Fig. S4).
Climate integrated thermal parameters (SRAD, GDD, TAVG, TMIN,
FDD), season lengths (GSL, FSL) and hydric parameters (PREC and DEF)
(Fig. S4.C). Vegetation PCA included SLA, C:N ratio of aboveground
biomass, aboveground biomass, vegetation height and NDVI (Fig. S4.D).
SOC properties PCA integrated T50CO2pyr, OI, HI, i_index, R_index and
PC_TOC (see § for signification of each index) (Fig. S4.B). The aim of SOC
PCA was to obtain a single, standardized SOC biogeochemical stability
estimator that maximized the inter-sample variance of the Rock-Eval
indices (representing SOM chemistry and thermal stability). For this,
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we used the coordinates on axis 1 of the PCA of SOC stability indices
(Fig. S4.B). The values on this axis (hereafter called C_stab) allowed to
qualitatively discuss variations in biogeochemical stability rather than
focusing on compartmental values of active and stable C. The PCA of the
Rock-Eval indices revealed a stability gradient along axis 1 (Fig. S4.B),
which was integrated into a structural equation modeling approach
(SEM, see next section) hereafter called “C_stab”: high C_stab value
corresponded to more stable SOC. Similarly, axis 1 of the plant-trait PCA
was used to condense plant characteristics into a gradient of produc-
tivity (Fig. S4.D), which was then incorporated into the SEM (VG): high
VG values corresponded to high productivity.

Multivariate analysis with two tables were conducted to illustrate co-
structures and patterns between climatic variables and SOC properties,
as well as between climatic data and plant traits, and between plant
traits and SOC properties. To identify the climatic variables that best
explain SOC properties, and the SOC properties which were best
explained by climate, co-inertia analyzes were used. These analyzes
aimed to reveal covariations and help select the most relevant variables
for the SEM, focusing on variables carrying the most inertia between
climate and SOC stability. Co-inertia analysis was evaluated using a
Monte Carlo approach and permutation tests. The co-inertia analysis
was performed with the “ade4” package (Dray et al., 2023) and PCA
using the ”factomineR“ package (Le et al., 2008). Due to elevational
differences between communities, we also conducted separate analysis
for each of them (Fig. 4 and see Figs. S5 — S8).

2.6.3. Structural equation modeling (SEM)

We implemented SEM to compare different causal relationships
among variables and determined the direct and indirect effect of each
variable. For reminder, an indirect effect of X1 on Y means that the effect
of X1 is mediated by another variable X2 (for example X1 — X2 — Y)
(Grace, 2006).

Step1: Structure set up; The structure was developed based on the
scientific literature reviewed in the introduction, which highlights that
climatic factors (temperature, humidity, and phenology) and plant traits
influence SOC characteristics, including stability and content. Given that
climate also affects functional plant traits such as productivity, vegeta-
tion was positioned as an intermediary factor in the framework. It was
assumed that the relationships among these factors were linear. The
framework posited that climate and pH exerted an exogenous influence
on both vegetation and SOC properties. Subsequently, it was proposed
that vegetation regulate SOC properties, aligning with previous research
demonstrating that vegetation type and productivity affect SOC stability
and content (e.g., Budge et al., (2011); Djukic et al., (2010). Separate
models were developed for Nardus stricta-dominated (NST) and Carex
curvula-dominated (CCU) grasslands to compare effect size in two
different thermal regimes.

Step2: Model suitability assessment; The model structure was then
validated using our standardized data to account for scale differences
among variables. To meet the assumptions of residual normality and
homoscedasticity, log or square root transformations were applied as
necessary. Linear relationships were fitted using the “Ime4” package
(Bates et al., 2015), and the model structure was analyzed with the
“piecewiseSEM*“ package (Lefcheck et al., 2023), employing maximum
likelihood for estimation. The overall model fit was evaluated through
several methods: a separator test (to check if significant correlations
were integrated into the model), the Chi-squared test (to assess the
model’s suitability), and the Root Mean Square Error of Approximation
(RMSEA). An RMSEA value below 0.05 was considered indicative of a
“close fit“ between the model and the data, while a value below 0.08 was
deemed acceptable for a reasonable model-data fit (Browne and Cudeck,
1992; Joreskog and Sorbom, 1993; Xia and Yang, 2019). Finally, an
assessment of the model’s local areas of weakness was conducted, with a
focus on evaluating each relationship individually.

Step3: Model interpretation; The statistical relationships among vari-
ables within the model were interpreted based on their direction
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(positive or negative) and their magnitude (standardized estimator for
the entire model). The effects of each variable were evaluated through
bootstrapping with 500 iterations, which allowed for the measurement
of the significance of each effect and the assessment of their nature:
direct effects, indirect effects (partial correlations), and mediating
effects.

3. Results
3.1. Soil microclimate

Both grassland communities exhibited distinct thermal regimes. CCU
were characterized by extended winter freezing (high Freezing Season
Length — FSL and Freezing Degree Days — FDD). In contrast, NST
grasslands did not experience any soil freezing (Fig. 1; see also Fig. S1 for
temperature chronologies). As a result, the seasonal distribution be-
tween growing season (GSL) and winter season (WSL) was more distinct
in NST (GSL ~ WSL, R? = 0.96). For CCU, the seasonal dynamics were
primarily driven by freezing season length (FSL) and winter season
length (WSL) (FSL ~ WSL, R?= 0.85), with growing season length (GSL)
showing minimal variation (see Table S2). Moreover, CCU grasslands
were located at higher altitudes compared to NST grasslands (Fig. S3).
This elevation difference resulted in a narrower range of temperature
(growing degree day — GDD, mean daily temperature — T_AVG) and
growing season length for CCU grasslands. However, freezing season
length and freezing degree day displayed a broader range of variation in
CCU grasslands (Fig. 1, Fig. S3).
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3.2. SOM property indicators

Rock-Eval analysis demonstrated a strong correlation between total
organic carbon measured by Rock-Eval and total organic carbon
measured using an elemental analyzer, though some deviation was
observed at higher concentrations (y = 0.85x, R% = 0.99, see Fig. S4.A).
While total SOC content was weakly correlated with SOC stability
indices, the stability indices themselves were strongly correlated to each
other (Fig. S4.B). A clear thermal stability gradient emerged along the
axis 1 of the PCA which constrain 49.4 % of variance, where PC/TOC
and Iindex were positively correlated, while T50CO2pyr and R_index
were negatively correlated (Fig. S4.B, see also Fig. S13). Therefore, this
axis 1 of PCA RockEval indices was inversely related to SOC thermal
stability, with lower values representing greater stability. This thermal
stability gradient was also associated with a SOC chemistry gradient
represented by the hydrogen index, HI, and oxygen index, O], so that we
considered this gradient as biogeochemical stability gradient (C_stab).

Indicators of SOC stability showed globally higher stability for NST
grasslands than for CCU grasslands (Fig. S3). For instance, mean R_index
was 0.499 (£ 0.034) for CCU and 0.516 (£ 0.0315) for NST (Pvalue t
test < 0.05) and mean HI was 373.2 (+ 26.6) for CCU and 346.6 (4 50.7)
for NST (Pvalue t test < 0.05). Finally, SOC content did not differ
significantly between both grassland types (Fig. S3).

3.3. Climatic factors contribution

SOC content showed no consistent pattern with elevation (Fig. 2,
Table S1). Yet, the biogeochemical stability gradient of SOC was
inversely related to elevation, meaning that SOC at higher elevations
was less stable, except for CCU where an opposite trend was observed
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Fig. 2. SOC properties (content and stability) along the elevation gradient. TOC represents total organic carbon content, measured using an elemental analyzer
and expressed as a percentage (groc/8dry soil X 100). SOC stability was evaluated using RockEval® indices, including TS0CO2pyr, OI, PC_TOC, and HI. RockEval
analysis provides a proxy for the biogeochemical stability of SOC by assessing its thermal stability. During the analysis, soil samples were heated in an oven, and
carbon release was quantified by monitoring CO, CO,, and HC emissions across two phases: pyrolysis (under an N, atmosphere) and oxidation (under aerobic
conditions). The indices used here are: TS0CO2pyr, temperature (°C) at which 50 % of the carbon is released as CO, during the pyrolysis phase; OI (Oxygen Index),
the ratio of the sum of CO and CO, emissions (from both phases) to TOC. A high OI indicates more recalcitrant organic matter; HI (Hydrogen Index), the ratio of HC
emissions (from both phases) to TOC. Hydrogen-rich organic matter is generally more labile; PC_TOC: the ratio of pyrolysable carbon to TOC, calculated as the sum of
CO, CO,, and HC emissions during the pyrolysis phase relative to TOC. This serves as a proxy for carbon lability. Also, to derive a single composite index of SOC
stability that integrates correlations among these indices, we performed a PCA and used the coordinates on the first principal axis: C_stab (multiplied by —1 for
consistence, see Fig. S4.B). Linear regressions were conducted between these variables and elevation for CCU (red), NST (blue), and both communities combined
(black). See Table S1 for the significance of the linear regressions.
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(Fig. 2, Table S1, Figs. S4.B and S13).

The SOC content and SOC biogeochemical stability gradient were
primarily influenced by the temperature/elevation gradient, repre-
sented by growing degree days (GDD) and growing season length (GSL)
(Fig. 3). This temperature-driven gradient accounted for the majority of
the variability observed in SOC properties. In the SOC content model,
GDD and GSL contributed 19 % and 17.8 % of the explained variance
(Rz), respectively (Fig. 3.A, Table S3). GDD decreased the SOC content
while GSL increased it. Co-inertia analysis showed that GSL and GDD
accounted for 20.9 % and 19.7 % of the total climatic contribution to the
association with SOC stability indices, respectively (Fig. 3.B, Table 54).
Co-inertia showed also that higher GSL and GDD led to higher SOC
biogeochemical stability (Fig. 3.B).

Secondly, a freezing gradient, represented by freezing season length
(FSL) and freezing degree days (FDD), emerged as a significant factor.
FSL and FDD contributed 10.1 % and 9.4 % of the explained variance in
SOC content, respectively (Fig. 3.A, Table S3). Both factors increased the
SOC content. These parameters also accounted for 11.6 % and 9.8 % of
the co-inertia between climate variables and SOC stability indices,
respectively (Fig. 3.B, Table S4). This freezing gradient is mainly driven
by snow cover duration and therefore reflected the mesotopographical
gradient (Fig. 3.B, Fig. S5.A). Co-inertia showed that higher freezing
intensity led to lower SOC biogeochemical stability (Fig. 3.B).

Thirdly, regional water-related variables, including precipitation
(PREC) and water deficit (DEF), also played a role in determining SOC
content and stability. PREC and DEF explained 7.7 % and 0.1 % of SOC
content variance, respectively (Fig. 3.A, Table S3). For SOC stability,
DEF and PREC contributed 3.2 % and 1.1 % to coinertia, respectively
(Fig. 3.B, Table S4, axis 2). Higher DEF was associated with increase in
SOC biogeochemical stability and decrease in SOC content (Fig. S3).

Within CCU, SOC stability was predominantly positively influenced
by the water deficit (DEF) (19 % of coinertia contribution, Table S4,
Fig. S5.D, Fig. S13), while SOC content was mainly determined by
temperature-related factors (GDD = 17.8 % and GSL = 18.1 % of the
explained variance, Table S3, Fig. 4.B). In contrast, within NST, the
GDD/GSL gradient primarily explained SOC stability (GDD = 19.5 %
and GSL = 22.7 % of coinertia contribution, Table S4, Fig. S5.C),
whereas the regional water regime (PREC), played the most significant
role in determining negatively SOC content (25.0 % of the explained
variance, Table S3, Fig. S5.A, Fig. S13).

A linear model including both elevation and freezing season length
(FSL), which represents the snow cover gradient, revealed a negative
relationship between SOC stability and both elevation and FSL (R? =
0.42, Table 1). These relationships were thoroughly tested and validated
within the SEM (Fig. 4), providing a robust approach to isolate and
analyze the individual effects of each parameter.

3.4. Soil pH contribution

A particularly significant finding was the consistent relationship of
soil pH with both SOC stability (Fig. S13) and SOC content (32.3 %, 30.7
% and 48.8 % of the explained variance for both grasslands, NST and
CCU respectively, Table S3, Fig. 4, Fig. S13). Despite exhibiting low
variation, soil pH was positively correlated with SOC stability and
negatively correlated with SOC content.

3.5. Contribution of vegetation

In both communities, a significant correlation was observed between
NDVI (a proxy for positive carbon flux into the ecosystem), above-
ground biomass (AGB) (representing the living above-ground carbon
stock), and the C:N ratio (Figs. S4.D, FS6, FS7). NST grasslands exhibited
higher vegetation height (Hveg), AGB, and NDVI compared to CCU,
while CCU grasslands showed a higher SLA (Fig. S3).

A gradient of productivity was identified both between and within
these two grassland communities (axis 1 of the functional traits PCA,
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Fig. S4.D; axis 1 of the co-inertia between functional traits and SOC
properties, Fig. S7). This productivity gradient was correlated with SOC
stability (Fig. S7).

Within the communities, the relationships between vegetation and
SOC stability exhibited contrasting patterns (Fig. 4, Figs. S6 and S13). In
CCU grasslands, FSL increased productivity, and both factors increased
SOC content, while they decreased SOC stability. In NST, GSL had a
positive impact on productivity, but the effect of the water regime
(precipitation and water deficit) on SOC characteristics was compara-
tively less significant (Fig. S8). Both SOC stability and SOC content
increased with productivity in NST (Fig. 4, Figs. S6 and S13).

4. Discussion

Our results showed that SOC properties in acidic mountain grass-
lands are consistently varying along mesotopographical gradients. First,
the soil thermal regime, governed by snow cover—which is influenced
by elevation and mesotopographic position—plays a critical role in
controlling soil freezing. In intermediate grasslands (NST), elevation
drives changes in SOC, with higher elevations leading to increased SOC
content but reduced stability. In contrast, on windy ridges (CCU),
freezing season length (FSL) is the main factor, similarly increasing SOC
content while reducing stability. Second, other environmental gradients,
including water regime and soil pH, significantly impact SOC properties.
More acidic soils tend to accumulate higher SOC content, but with lower
stability. Thirdly, the characteristics of the plant cover likely drove SOC
properties particularly (Fig. 4) through the quality of litter inputs
(chemical composition, H:C, C:N, etc...) which is partly controlled by
plant traits and functional properties of canopies (SLA, productivity).

4.1. SOC properties in mountain grasslands

The analysis along the elevation gradient requires caution, particu-
larly due to the latitudinal differences between the study sites. However,
this approach holds illustrative value, allowing for meaningful com-
parisons with data from lower altitudes that are similarly distributed
across a broad latitudinal range. We showed that SOC biogeochemical
stability decreased with elevation (Fig. 2; Table 1), in line with previous
research showing that SOC in mountain grasslands tends to be less stable
compared to lowland ecosystems. For instance, Delahaie et al. (2023)
reported mean T50CO2pyr values between 380 °C and 390 °C in low-
land meadows in mainland France, while we observed a lower mean
value of 358 °C in our study. Similarly, their average HI value was 210
mguc/groc, Wwhereas we measured an average of 358 mgyc/groc. These
findings support the hypothesis that SOC in mountain grasslands is
highly biogeochemically labile, as suggested by other methods such as
mean residence time and physical fractionation (Budge et al., 2011;
Leifeld et al., 2009; Saenger et al., 2015). Our results showed that HI
negatively correlated with thermal stability, indicating that ‘chemically
labile’ SOC (i.e., which requires less activation energy) dominates in
mountain soils. This suggests that SOC stability is primarily the result of
environmental stabilization, i.e., that low temperatures limits mineral-
ization activity, leading to the accumulation of labile SOC (Schmidt
et al.,, 2011). Similar to permafrost soils, where climate stabilization
effectively sequesters SOC, mountain soils could store SOC that may be
easily mineralized under higher temperatures (Jin and Ma, 2021; Schuur
et al., 2008; Siewert et al., 2015). This is further supported by Delahaie
et al. (2023). This study found a positive correlation between
T50CO2pyr and MAT (r = 0.24, p < 0.001), and a negative correlation
between HI and MAT (r = -0.20, p < 0.001).

4.2. Freezing season length and SOC properties
SOC properties seem to be influenced by frost intensity (freezing

season length and freezing degree day), which is closely linked to the
snow cover regime during winter. In areas where snow does not
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Fig. 3. Climate-SOC properties relationships. (A) Model-averaged importance of variables in explaining total SOC content. The value represents the relative
importance of each variable in explaining the variance in SOC content: higher values indicate a greater proportion of variance explained. Variables include: pH (soil
pH), GDD (growing degree days), GSL (growing season length), FSL (freezing season length), PREC (precipitation), TAVG (daily average temperature), Tmin (mean
minimum daily temperature), SRAD (solar radiation), and DEF (water deficit, calculated as precipitation minus actual evapotranspiration). (B) Co-inertia analysis
between climatic parameters and SOC stability indices (refer to Fig. 2 caption for index definitions) for both CCU and NST. Point size corresponds to site elevation.

See Fig. S5 for separate results within each community.
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Table 1

Linear mixed model between SOC stability and elevation/FSL, showing that SOC
stability was explain both by elevation and mesotopographic gradients (and
their interaction).

Formula Variables Estimate Pyalue Pyalue R?
variables model model
Elevation —3.075e- <0.001
03 Kk
Cstab™ FSL —1.060e- <0.01 ** <0.001 0.42
Elevation* 01
FSL
Elevation* —4.456e- <0.01 **
FSL 05

accumulate, such as ridges, the topsoil is exposed to the risk of freezing
(Fig. 1.E). These conditions are critical for ecosystem functioning. Our
results align with previous studies that highlight the importance of
mesotopography in shaping SOC variability. For instance, Patton et al.
(2019) found that hillslope curvature (ridge/comb, concave/convex)
could account for up to 94 % of TOC variability at a fine scale (see also
Fissore et al., (2017); Garcia-Pausas et al., (2007); Zhu et al., (2019).
Similar to previous research, we observed greater SOC accumulation in
concave areas (with long freezing season length — FSL) than in convex
shapes (with short FSL, Fissore et al. (2017), and we found that SOC was
less stable on ridges compared to flat slopes (Tian et al., 2020; Zhu et al.,
2019a).

SOC properties are influenced by different climatic parameters along
the FSL gradient. In the intermediate position (NST), we detected the
effect of the elevation gradient: at higher elevations, lower temperatures
(GDD, GSL) reduce mineralization more than productivity (see above
and Fig. S12). On windy ridges (CCU), we hypothesize that freezing
season length slows down microbial activity due to both winter drought
(unavailability of frozen water) and cryoturbation from freeze-thaw
cycles (causing cell lysis) (Gavazov et al., 2017). Ecosystem func-
tioning is disrupted by frost events, with no buffering effect from the
winter season (Ibanez et al., 2021) and no microbial biomass buffer
(Brooks et al., 1998), which may result in nutrient loss or unavailability
and reduced activity. The reduction in the mineralization period leads to
the accumulation of labile SOC. Paradoxically, the longer the freezing
season length (FSL), the longer the growing season length (GSL), as a
reduced snow cover period allows the GSL to begin earlier. The balance
between increased SOC inputs from a longer GSL and decreased winter
mineralization due to a longer FSL results in the accumulation of labile
SOC, explaining the negative effect of both GSL and FSL on SOC stability
(Figs. 3, 4).

For further investigations, SOC should be analyzed in snowbeds (the
other half of the gradient, Fig. 1.E). Although SOC content is higher on
ridges due to low winter temperatures, this storage occurs mainly near
the surface. In snowbeds, SOC mineralization still occurs during the
winter (Groffman et al., 2001), leading to greater consumption of bio-
geochemically labile SOC, resulting in lower SOC contents but with
greater biogeochemical stability. Moreover, snowbed soils accumulate
erosional deposits (paleosols), which bury SOC (Zhu et al., 2014), and
stabilize it through organo-mineral interactions (Kogel-Knabner et al.,
2008). Therefore, by considering the entire soil profile, we hypothesize
that snowbeds have larger SOC stocks than ridges and that SOC is more
stable, as suggested by other studies. For instance, Baptist et al., (2010)
demonstrated that decomposition is more intense in areas with late
snowmelt than in those with early snowmelt, regardless of litter type
(graminoids vs. shrubs). In the same way, Michalet et al. (2002) showed
higher SOC stability in snowbed soils than in ridge soils.
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4.3. Soil pH

Despite limited variability, soil pH plays a significant role in SOC
properties, indicating that the geochemistry of the parent rock and soil
type are essential factors. Doetterl et al., (2015) emphasized the impact
of lithology (e.g., limestone, granite, basalt, rhyolite) on SOC properties.
Here, we suggest that, even within the same rock type (acid rock), slight
pH variations can lead to substantial changes in SOC stabilization. The
role of pH is twofold: it directly controls microbial community activity
(Ibanez et al., 2021; Puissant et al., 2019; Tao et al., 2019), and in-
fluences primary productivity, by driving nutrient availability and
plant-microbe interactions (Barrow and Hartemink, 2023; Kemmitt
et al., 2006; Liu et al., 2021). These findings are in line with Delahaie
et al., (2023), who reported positive correlations between soil pH and
T50CO2PYR (r = 0.73, P-value < 0.001) and negative correlation with
HI (r = -0.42, P-value < 0.001) in a broad French scale dataset. They
suggested that acidity may protect SOM from microbial degradation by
reducing microbial activity and SOM mineralization. These findings
align with the AMG model, which indicates that mineralization strongly
depends on pH, with a significant increase occurring between pH 5.5
and 7 (Clivot et al., 2019).

It should be noted that pH can be related to other stabilization pro-
cesses, such as organo-mineral interactions, and factors such as grain
size (clay content) and the availability of oxyhydroxides (Kogel-Knabner
et al., 2008). These characteristics themselves depend on the soil’s
weathering state, which can also influence pH (Duchaufour et al., 2024;
Michalet, 1997). While we ensured some consistency in soil properties
by focusing on a single ecosystem type (mountain acidic grasslands),
variations in weathering state can still play a significant role, indirectly
affecting SOC stability through its influence on other soil characteristics.
Moreover, an alternative interpretation of the role of pH should be
considered. As proposed by Michalet and Liancourt (2024), and given
the narrow range of soil pH variations in our dataset, pH could be a
consequence rather than a driver of SOC content. Higher SOC content
may lead to greater production of organic acids, resulting in lower soil
pH. This interpretation is consistent with the observed negative corre-
lation between SOC content and pH, with correlation coefficients of
—0.46 and —0.29 for CCU and NST, respectively (Fig. S13).

4.4. Water regime

The regional water regime is influenced by continentality (Figs. S10
and S11) and elevation. Its interpretation should be approached
cautiously. On one hand, it could incorporate spatial autocorrelation,
which we aimed to minimize by including *'mountain range’ as a random
effect. On the other hand, significant uncertainty arises from the coarse
resolution of the climate grid used here. Consistent with other studies
(Meng et al., 2019), our findings suggest that wetter conditions (high
precipitations and high DEF with DEF = PREC — actual evapotranspi-
ration) result in increased SOC concentration. In CCU, DEF (pre-
cipitations minus actual evapotranspiration) enhances SOC stability,
whereas in NST, DEF generally reduces SOC stability, except through
plant-mediated effects (Fig. 4). We propose that SOC stocks and stability
are determined by the balance between productivity and mineralization,
with their respective increases shaping SOC properties. In both types of
grassland, increased productivity contributes to higher SOC stocks. Even
with an associated rise in mineralization, it can be assumed that the flux
of biogeochemically stable carbon increases with productivity, resulting
in net SOC stock growth. In CCU, the increase in productivity under DEF
appeared to be smaller than the increase in mineralization, leading to
higher SOC stability as the relative proportion of stable carbon increases.
Conversely, in NST, the productivity increase under DEF likely exceeded
the associated rise in mineralization, resulting in lower SOC stability as
the input of labile substrates outpaces the mineralization fluxes.

The interpretation of the water regime must be approached with
caution, as it influences various other factors such as pedogenesis, which
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in turn affects soil properties like clay content and pH — both of which
can impact SOC stability (Michalet and Liancourt, 2024). The water
regime itself is governed by the continentality index, which also shapes
vegetation distribution as found by Michalet et al., (2021). They
demonstrated this relationship in the forests of the northwestern USA,
where they quantified rainfall continentality using the Gams angle
method. Their findings revealed that rainfall continentality influences
ecosystems not only during winter but throughout the year, by affecting
nebulosity, temperature, snowfall, and snow cover duration. Further
detailed analyses of these parameters on SOC stability could be con-
ducted, particularly at scales relevant to our study, which spans
mountain ranges with varying continentality and oceanity indices (see
Figs. S10 and S11).

4.5. Plant as mediator of SOC stability

We suggest that climatic conditions, by shaping productivity and
resource allocation strategies, affect litter quality inputs (e.g., C:N stoi-
chiometry or oxygen/hydrogen ratios), which in turn impact SOC
biogeochemical stability. These findings are in line with previous studies
showing that lower productivity tends to increase the C:N ratio of
biomass inputs, as poorly productive vegetation may prioritize carbon
accumulation for structural material rather than nitrogen-rich growth
tissues (Mndela et al., 2022), making SOC more resistant to minerali-
zation (Freppaz et al., 2007, 2006; McLaren and Turkington, 2010).

In CCU, productivity and above-ground biomass were positively
correlated with SOC content but negatively correlated with SOC sta-
bility. This suggests that the extended growing season length (GSL) in
CCU promoted the accumulation of more labile SOC, which was not fully
mineralized. SOC content and stability increased with SLA, indicating
that poor-quality litter inputs contributed to both SOC accumulation and
greater biogeochemical stability. Conversely, in NST, the opposite trend
emerged: prolonged GSL appeared to facilitate SOC mineralization. In
NST, less stressful conditions enhanced both productivity and SOC
mineralization, while, in CCU, harsher conditions resulted in poorer
litter quality and higher SOC content, implying that mineralization was
significantly constrained.

4.6. Perspectives with climate change

Furthermore, our results highlight the need to better incorporate soil
climate, which is strongly related to mesotopographic effects and snow
cover duration, into models aimed at spatializing SOC stocks in moun-
tain ecosystems. Predictive distribution of both SOC content and SOC
stability will help to anticipate the impact of climate change on SOC
stocks.

Our study can be viewed as a space-for-time approach, allowing us to
test hypotheses regarding the potential consequences of climate change
and setting the stage for further research. Climate models predict shifts
in temperature and precipitation regimes (IPCC, 2023), including
changes in the rain-snow line. The impact of global warming will depend
on the current thermal characteristics of ecosystems, which suggests that
sensitivity to climate change is more complex than just considering
changes in mean annual temperature. CCU grasslands appear more
vulnerable to alterations in the water regime. Areas currently experi-
encing high DEF and low GDD may change towards functioning similar
to ecosystems with lower DEF and higher GDD, potentially resulting in
carbon loss (Fig. S12). In contrast, NST grasslands could respond in two
opposite ways (Choler (2005), Fig. S12). SOC at higher elevations seems
particularly vulnerable to global warming, as it is biogeochemically
labile and stabilized by low temperatures. This makes it susceptible to
environments with higher GDD, suggesting a shift towards lower-
elevation dynamics and associated carbon losses (Fig. S12). However,
NST thermal conditions could also evolve towards those of CCU, where
snow cover duration declines (Notarnicola, 2020; Rumpf et al., 2022),
leading to more frequent winter soil freezing and reduced
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mineralization activity. These hypotheses point to the need for future
studies focused on: i) the effects of snow deficits on SOC in intermediate
grasslands, and ii) the impact of warming on SOC properties, such as
increased GDD and extended GSL (Khedim et al., 2023).

5. Conclusion

To conclude, our results underscore the significant biogeochemical
lability of SOC in mountain grasslands, indicating substantial accumu-
lation due to low temperatures. We observed a notable influence of
microclimate conditions on SOC properties. Specifically, lower tem-
peratures were associated with increased SOC content and decreased
SOC stability. Temperatures decrease results from both higher elevation
and reduced snow cover duration (which diminishes insulation). In
windy ridges, longer growing seasons combined with more intense soil
freezing during winter led to higher SOC lability. Conversely, in inter-
mediate positions, a longer growing season enhanced SOC stability by
promoting increased decomposition activity. These findings provide
space-for-time insights regarding how SOC properties might shift with
climate change, considering both rising temperatures and changes in
snow cover duration.
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