EartArXiv Coversheet

Dienes, B.!, Mendoza, O."2, Bright, K.!, Licini, G.', Aeppli, M.L*

1S0il Biogeochemistry laboratory (SOIL), Swiss Federal Institute of Technology Lausanne (EPFL),
Sion, Switzerland

’Institute of Earth Surface Dynamics, Faculty of Geosciences and the Environment, University
of Lausanne, Lausanne, Switzerland This is a pre-print and has not been peer reviewed.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Interactive effects of landscape position and soil diversity drive
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Abstract: Subalpine soils store a significant amount of soil organic carbon (SOC), yet the fac-
tors driving its landscape-scale variability remain poorly constrained. Although topography, soil
type, soil texture, and moisture are recognised as key drivers of SOC concentration, their inter-
active effects in subalpine environments remain largely unexplored. In particular, the extent to
which soil type shapes landscape-scale SOC patterns remains unclear. In this study, we assessed
SOC concentration, soil type, soil moisture conditions and texture, elemental composition across
100 plots in two subalpine catchments in the Swiss Alps. Using factor analysis, we generated
three standardised continuous predictors from our dataset, namely, mineral content, sedimen-
tary rock influence and texture index. We investigated the joint influence of these continuous
predictors on SOC variability at the landscape scale in a linear mixed-effects model with topog-
raphy (plain vs. slope areas), soil depth and soil type as additional categorical predictors. We
found that soil type diversity was greater on the plain than on the slope, reflecting a greater hy-
drological heterogeneity. Plains supported a broad spectrum of soils, ranging from organic-rich
Histosols to mineral-rich Fluvisols, while slopes were dominated by Cambisols. Although plains
exhibited higher moisture and SOC concentration, and slopes were characterised by higher clay

fractions and lithogenous elements, topographic position alone was insufficient to explain the



26

27

28

29

30

31

32

33

34

35

36

37

38

observed spatial distribution of SOC. Our linear mixed-effect model identified mineral content
as the strongest predictor of SOC concentration, followed by sedimentary rock influence and the
texture index. SOC concentration decreased as mineral content and sedimentary rock influence
increased, and as the texture index shifted towards a higher proportion of clay-sized particles.
Crucially, while mineral content integrates much of the variability described by the categorical
variables included in the model, soil type diversity effectively captures the range of mineral
content that drives SOC concentration across our sampling locations and soil depth. Our find-
ings suggest that relying strictly on topographic positions overlooks important nuances in soil
property distribution and SOC concentration. We therefore suggest that soil type provides a
more integrative predictor of landscape-scale SOC variability in subalpine environments than

topographic position alone.

Keywords:  Soil organic carbon, subalpine, soil type, spatial variability, topography, soil

texture
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1 Introduction

Alpine and subalpine soils are rich in soil organic carbon (SOC) and store a disproportionate
share of SOC relative to their small spatial area (Korner, 2021). At the landscape scale, SOC
variability is pronounced because spatially variable soil-forming factors, such as topography,
parent material and pedoclimate, create a high diversity of soil types (Poulenard and Podwo-
jewski, 2005). Topography, soil moisture, soil texture, and soil type have been identified as
key drivers of SOC content across environments and spatial scales (Arrouays et al., 2001; Bai
and Zhou, 2020; Wiesmeier et al., 2014). However, in subalpine environments, studies report
contrasting effects of topography and soil texture on landscape-scale SOC patterns (Ferré et al.,
2020; Hoffmann et al., 2014; Luo et al., 2024), and their interactive influence with soil moisture

and soil type on SOC variability remains poorly constrained.

Topography is a primary soil-forming factor and is especially influential in alpine landscapes
because it structures the spatial variability of other soil-forming factors (Birkeland, 1999). By
governing erosion, deposition, and transport, topography shapes the distribution of parent mate-
rial across the landscape. It also regulates pedoclimate through exposure, aspect, and critically
through hydrological flow paths, which in turn affect soil moisture patterns. Through these
properties, it exerts strong control on landscape-scale SOC patterns because moisture and aer-
ation directly regulate SOC accumulation and mineralization. In plain and low topographic
positions, SOC can accumulate when waterlogging limits oxygen supply and inhibits mineraliza-
tion (Dickopp et al., 2018). Accordingly, terrain-derived metrics, such as topographic position
and the topographic wetness index, have been used successfully to predict SOC content (Patton
et al., 2019; Wiesmeier et al., 2014; Zhu et al., 2019). Reported SOC patterns across topographic
positions in subalpine environments remain inconsistent; previous studies have variously docu-
mented higher SOC content on the slope (Ferré et al., 2020), on the plain (Luo et al., 2024)
or no significant spatial pattern (Garcia-Pausas et al., 2007; Hoffmann et al., 2014). However,

these studies have not thoroughly investigated the confounding effect of soil moisture.

In addition to soil moisture, topography also structures landscape-scale variation in soil texture
by governing the distribution and weathering of parent material in subalpine terrain (Poulenard

and Podwojewski, 2005). As mineral substrates weather, pedogenic minerals form and increase
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the clay-sized fraction, leading to finer textures. These pedogenic minerals are central to SOC
stabilization through organo-mineral interactions (Kleber et al., 2015). Across many ecosystems,
SOC content increases with the proportion of fine particles, yet this relationship is less consistent
in subalpine soils (Ferré et al., 2020; Garcia-Pausas et al., 2007; Hoffmann et al., 2014; Luo et al.,
2024). One likely reason is that texture effects are not independent: their influence on SOC
may be contingent on hydrological setting and topographic position, which regulate saturation,
redox conditions, and mineral reactivity. However, studies that explicitly test these interactive
effects are limited (Frangoys et al., 2024), and none, to our knowledge, have been conducted in

subalpine soils.

Soil type integrates multiple controls on SOC concentration because it reflects the combined
influence of topography, parent material, and microclimate on soil properties that govern SOC
stabilization and accumulation (Kogel-Knabner and Amelung, 2021; Matteodo et al., 2018). Ac-
cordingly, soil type is an important predictor of SOC content at regional scales (Arrouays et al.,
2001; Bell and Worrall, 2009), and its relevance for (sub)alpine regions has been demonstrated
even where spatial variability is represented only coarsely (Wiesmeier et al., 2014). In subalpine
environments, the extent to which soil type variability drives landscape-scale SOC variability

remains poorly constrained.

Here, we assess how topography, soil moisture, soil texture, and soil type jointly control landscape-
scale variability in SOC concentration across heterogeneous subalpine catchments. We selected
100 plots in two subalpine sites in the Swiss Alps, spanning two contrasted topographic posi-
tions, namely plain and slope, comprising several soil types, and a range of soil physicochemical
properties and soil moisture conditions. We sampled up to three soil depth ranges, namely
0-10 cm, 10-30 cm and 30-50 cm, quantified elemental composition, soil texture, and soil pH.
Soil moisture and temperature were monitored for a year at depths of 10 and 30 cm across 24
locations. The specific objectives of this study were (1) to assess the effect of contrasted sub-
alpine topographic position on SOC concentration, selected soil properties and soil types; and
(2) to identify the drivers of spatial variability in SOC concentration at the landscape scale. We
hypothesised that (1) SOC concentration is higher and more variable on the plain than on the

slope, reflecting variations mainly in soil moisture and soil type; (2) the variability of soil type
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drives the spatial variability in SOC concentration at the landscape scale, particularly on the

plain, where soil moisture conditions and soil formation are more diverse than on the slope.

2 Methods

2.1 Study site

We selected two study sites in the central Swiss Alps: Blatt in the Binntal (~2100 m.a.s.l.,
46°22’N /8°16’E; Figure 1, top-right) with a mean annual temperature of 1.3 °C and 1834 mm of
mean annual precipitation (data extrapolated from the nearest station, Grimsel Hospiz, 1980 m
a.b.sl., 21 km from the study area; www.meteosuisse.ch), and Ar du Tsan in the Vallon de Réchy
(~2200 m.a.s.l., 46°12’N/7°30’E; Figure 1, bottom-left) with a mean annual temperature of 1.9
°C and a mean annual precipitation of 1000 mm (data extrapolated from the nearest station,
Evolene, 1825 m.a.s.l., 8 km from the study site; www.meteosuisse.ch). Each site is characterised
by two major topographical entities: a large hillslope descending to a vast plain. The slope in
Blatt has an S aspect and runs for about 220 meters at a 30° angle. The slope in Ar du Tsan has
an E aspect and is slightly shorter and less steep, with 180 meters and a 26° angle. The slope
and the plain are described as an undifferentiated moraine and mixed alluvium, respectively.
Both of these detritic materials originated from gneiss belonging to the Monte Leone geological
unit in Blatt and the Siviez-Mischabel one in Ar du Tsan (Carrupt, 2003; Marthaler et al.,
2008) and, sedimentary rocks, specifically dolomite, gypsum, calcschist and cornieul, from the
Tsaté and Cimes Blanches Units in Ar du Tsan and the Mt Leone and Camosci Units in Blatt
(Carrupt, 2003; Marthaler et al., 2008). In both sites, the vegetation on the slope is dominated
by a mixture of subalpine acidophilous grassland and heaths (Freléchoux and Gallandat, 1995;
Richard et al., 1993, Figure S1 and S2), reflecting a xeric environment. Naturally, the water
flows from the slope by surface run-off or in one or two more pronounced seepages towards the
plain, which is crossed by diffuse channels, converging to a watercourse. In Ar du Tsan, la
Reéche runs along the east limit of the study site, and in Blatt, die Binna marks the southern
limit of the study site. On the plains, the vegetation reflects the wet to water-logged situation

prevailing there, with plant community types typical of alkaline and acidophilic fens (Freléchoux
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and Gallandat, 1995; Richard et al., 1993, Figure S1 and S2).

2.2 Soil type assessment and mapping

The soil types of the two catchments were assessed through soil pits and auger cores. In total,
18 soil pits were described and classified in the field using the Référentiel pédologique (Baize and
Girard, 2008) and then translated into the World Reference Base classification system (WRB)
(WRB, 2022). We linked these soil types to standalone reference soil groups of the WRB and
added a qualifier when necessary to nuance between reference soil groups. These names were used
throughout the text. To map the soil types of each study site, we used the spatial information
from the pits, auger cores and additional soil surveys (Figure S3) and established the limits of
each soil type based on this information and clear topographic ruptures. The map was used to

attribute a soil type to each plot.
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Figure 1: Location of study sites and sampling plots. Each study site has 25 plots on the slope
(red dots) and 25 plots on the plain (blue dots), for a total of 100 plots. Four soil profiles (black
cross) were characterised on the slope and 14 on the plain.

2.3 Soil temperature and moisture monitoring

Soil temperature and volumetric soil moisture content (6,) were monitored at 15-minute intervals
for one year (September 2023 - August 2024) along transects spanning each site from the upper
slope to the distal plain (Figure 1). Six measurement locations were spanned along each transect.
Each measurement location consisted of two TOMST loggers (TMS dataloggers, TOMST®,
Czech Republic), a TMS Standard and a TMS Burial buried horizontally at 10 and 30 cm
depth, respectively. Soil disturbance was kept to a minimum during installation, and care

was taken to ensure good contact between the soil and the moisture measurement blade. The
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temperature values represent the average of three measurements at 10 cm and two measurements
at 30 cm. Volumetric water content (m?® m™) was calculated from the raw moisture counts using
the myClim package (Man et al., 2023) on R. Within the package, several pre-calibrated soil
types are available to account for differences in soil properties. We used the peat soil type (Wild
et al., 2019) when soils were very organic and the universal soil type (Kopecky et al., 2021) in

all other cases.

2.4 Soil sampling and preparation

We applied a grid sampling approach at both sampling sites with an equal number of 25 plots
each for the slope and the plain (Figure 1). In summer 2023, 100 plots were sampled at a
maximum of three depth ranges (0-10 cm, 10-30 cm and 30-50 cm) where the soil was deep
enough, for a total of 253 samples (0-10 cm: 101 samples, 10-30 cm: 88 samples, and 30-50 cm:
64 samples). Samples were taken from a recomposed soil core excavated with an auger. The
samples were stored in ziplock bags, transported to the laboratory in a cool bag, and immediately
air-dried upon return from the field site, except for a small aliquot reserved for pH, hygroscopic
moisture content (HMC) and loss on ignition (LOI) measurements. The remaining bulk sample
was air-dried and sieved at 2 mm before collecting another aliquot that was crushed with a

planetary micro mill (Pulverisette 7, Fritsch, Germany).

2.5 Soil analysis

Soil pH was measured on fresh soil in deionised water with a 1:5 soil:solution ratio after 30
minutes of agitation at 200 RPM and 30 minutes settling time with a pH meter (SevenDirect
SD50, Mettler Toledo, Switzerland). We used approximately 2 g of air-dried soil to assess HMC
and LOI. HMC was assessed as the mass difference between air-dried soil and oven-dried soil
at 105 °C for 16 hours, and LOI was assessed using the mass difference between air-dried soil
and combusted soil at 450 °C for 16 hours. HMC was used as a mass correction factor to report
all mass-dependent analyses as dry soil weight. Soil texture was analysed with a grain sizer
using laser diffraction (LS 13 320, Beckman Coulter, Germany) on 0.5 g of air-dried and sieved

soil after digestion of organic matter with hydrogen peroxide for approximately 2 weeks. The



170

171

172

173

174

175

176

177

179

180

181

182

183

184

186

187

189

190

191

192

193

194

195

197

readings were pooled together in three size fractions [%v v'] as follows: sand (2000 um - 50 um),
silt (50 pm - 2 ym) and clay (<2 ym). Carbon and nitrogen concentrations were measured by
chromatography after combustion at 900 °C of 10 mg of crushed soil on a CHNS element analyser
(Flash EA 1112, Thermo Finnigan, US). When mineral contribution to total C concentration
was suspected, samples were fumigated with 37% HCI for 16 hours to remove all carbonates.
Mineral contribution to total N concentration is negligible. Therefore, C and N concentrations
were assumed to represent soil organic carbon and total nitrogen (TN), respectively. Elemental
composition of Al, Ca, Cl, Fe, K, Mg, Mn, Na, P, S and Si was measured on 5 g of crushed soil
with a benchtop XRF (Xepo5, Spectro Xepos, Germany). Element concentrations are expressed

as mass fractions relative to the mass of dry soil.

2.6 Statistical analysis

Differences in SOC, N, carbon-to-nitrogen (CN) ratio, soil pH, soil texture, and total elemental
concentrations were tested among topographic positions (plain vs. slope) using Yuen’s trimmed
mean test, and among soil depths (0-10 cm, 10-30 cm and 30-50 cm) within each topographic
position using a one-way ANOVA on trimmed means (Wilcox, 2022). Differences between study
sites were also evaluated using the same tests to assess potential site-level variation to account

for in subsequent analyses.

Soil pH, CN ratio, soil texture and total elemental concentration were combined in a principal
factor analysis to account for correlation among variables and differences in units and magni-
tudes. Three factors were computed using a factor analysis with minimum residues (minres)
as the factoring method and an oblique rotation (promax). Factors were assigned ecological
meaning based on the loadings of soil properties. Only loadings with absolute values > 0.5 were
selected, and higher loadings contributed more strongly to interpretation. Factor scores for each

observation were used as predictors in the mixed-effects models described below.

The relationship between SOC and soil properties, expressed as factors, was investigated using
linear mixed-effect modelling. The fixed effects included the three factors from the preceding
factor analysis, namely mineral content, texture index and sedimentary rock influence as contin-

uous standardised predictors, and topographic position, study site, soil depth and soil type as

10
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categorical predictors. Plot was included as a random grouping factor, with an autoregressive
correlation structure (AR1) to account for repeated measurements. Marginal and conditional R?
were computed following Nakagawa and Schielzeth (2013). The residual variance was approxi-
mated using the base variance parameter of the linear mixed-effects model. Model assumptions,
including normality of residuals and homoscedasticity, were evaluated visually with Q-Q plots
and residuals vs. fitted values. All analyses were conducted in R using the following packages:
nlme (Pinheiro et al., 2025) for linear mixed-effect modelling, psych (William Revelle, 2025) for

factor analysis and WSR2 (Mair and Wilcox, 2014) for analysis of variance.

3 Results

3.1 Soil moisture and soil types across topographic positions

The mean annual volumetric soil moisture content (6,) at 10 cm soil depth over the measurement
period was 0.9 m® m™ in Blatt and 0.7 m® m™ in Ar du Tsan (Table 1). At 30 cm depth, this
value increased to 1.0 m® m™ in Blatt but remained constant at 0.7 m® m™ in Ar du Tsan
(Table S1). The variability of §, at 10 cm depth among the measurement points on the plain
was lower in Blatt (0.7 - 1.0 m® m™) than in Ar du Tsan (0.3 - 1.0 m® m™) (Table S1). The
variability in soil moisture conditions was also evidenced by the variety of plant community
types, ranging from associations characteristic of grassland to wetland associations, with the

latter dominating on both plains (Table 1).

The mean annual 6, was lower on the slope than on the plain and constant over the two monitored
soil depths (0.4 m® m™ for both catchments, Table S1). 6, variability at 10 cm depth was lower
in Blatt (0.4 - 0.5 m® m™) compared to Ar du Tsan (0.3 - 0.5 m3 m™) (Table 1). However,
unmonitored wetter locations linked to local oozings were observed in both catchments. The
dominant plant community types reported on both slopes were alternating heath and grassland
plant community types (Table 1). Plant community types of wet environments, such as oozings,
and linked to cattleing and more eutrophic environments, were locally reported on the slope

(Freléchoux and Gallandat, 1995; Richard et al., 1993).

The assessment of soil profiles revealed greater diversity of soil types on the plain than on

11
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the slope (Figure 2). On the plain, we observed a gradient of soil types ranging from well-
developed Histosols with thick histic layers (>2 m deep) to Fluviosols with little organic material
accumulation. Epileptic Histosols (Fluvic), Histic Leptosols, Regosols, and Podzols were typical
of intermediate locations. Epileptic Histosols (Fluvic) had a thin histic layer (<50 cm) over
fine material deposited on the moraine. Histic Leptosols displayed a fine histic layer (<15 cm)
directly on morainic material. Their spatial distribution was linked to their distance from the
main stream (Figure 2). Regosols appeared locally on small bumps or at the periphery of the
study site. Podzols were confined to Ar du Tsan’s plain and were found in a restricted area
on an inactive dejection cone at the bottom of the slope and covered with Calthion as the
plant community type. Leptic Cambisol (Colluvic) dominated the slopes, while Histic Leptosols
appeared only locally in connection with oozings. A description of the soil profiles is provided

in the Supplementary Information (Figures S4).

a.
Reference soil groupfs. =
[WRB] A
Il Cambisols
I Podzols
Regosols o
[ Histic Leptosols

[] Histosols %

[ Epileptic Histosols (2
I Fluvisols k
[ Study area

Figure 2: Spatial distribution of Reference soil groups (WRB) within the study area. Panels show
soil group maps for a. Blatt and b. Ar du Tsan, overlaid on an orthophoto and a topographic
(1:25’000) basemap from Swisstopo. Reference soil groups include Cambisols, Podzols, Regosols,
Leptosols, Histosols, Epileptic Histosols, and Fluvisols. The black outline indicates the study
area boundary.

3.2 Soil physicochemical properties across topographic positions

We found significantly higher SOC concentrations on the plain (19.93 + 16.82%) than on the

slope (6.39 4+ 5.77%, p <.001, Figure 3a). SOC concentrations were constant across soil depth

13
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on the plain but decreased with soil depth on the slope, from 9.68 4 6.28% at 0-10 cm, to 1.96
+ 0.67% at 30-50 cm (p <.001, Figure 3a). TN concentrations followed a similar pattern to
SOC (Figure Sba); however, the CN ratio was significantly higher on the plain, 19.73 + 6.31,

compared to the slope, 14.95 £ 3.51 (p < .001, Figure S5b).

Topography also influenced soil texture, mineral composition, and pH. Among the three texture
classes, only clay was significantly higher on the slope (4.35 + 1.86% v v'!) than on the plain
(2.57 £ 1.4% v v'!, p < .001) (Figure 3b), while silt (p = 0.59, Figure 3c) and sand content did
not differ between topographic positions (Figure S5c). This topographic effect was also reflected
in the mineral concentration profiles (Figure 3d-h). The slope had higher concentrations of
Al, Fe and Si than the plain (Al: 73.36 &+ 12.64 mg ¢! vs. 55.39 + 31.01 mg g'!, p <.001;
Fe: 31.35 + 10.91 mg g vs. 21.04 &+ 13.17 mg g'!, p <.001; Si: 301.81 + 42.83 mg g! vs.
190.85 + 110.37 mg g', p = 0.03). On the slope, Al and Si concentrations were significantly
higher at 10-50 cm than at 0-10 cm (all p<.001). K (p<.001), Mn (p<.001), Na (p<.001)
and P (p = 0.007) concentrations were also significantly higher on the slope than on the plain
(Figure S5d-f:h). Conversely, Ca concentrations were higher on the plain, 14.50 4+ 17.12 mg g™},
than on the slope, 7.14 & 3.75 mg g* (p <.001), while Mg concentrations did not vary between
the two topographic positions (p = 0.49). The plain had higher Cl (p<.001) and S (p<.001)
concentrations than the slope (Figure S5g:i). Soil pH was slightly higher on the plain, 5.94 +
0.93, than on the slope, 5.49 + 0.6 (p <.001, Figure 3i).
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Figure 3: Depth profiles of soil physicochemical properties in plain and slope positions. Concen-
trations of a. Soil organic carbon (SOC). b. Clay. c. Silt. d. Aluminium (Al). e. Iron (Fe).
f. Silicium (Si). g. Calcium (Ca). h. Magnesium (Mg). i. Soil pH. Limits of the box represent
the interquartile range. The edges of the left and right whiskers represent the first and fourth
quartiles, respectively. Outliers are shown by dots. The median is represented by the black line.
Black diamonds represent the box’s mean. Significant differences between topographic positions
are indicated by asterisks as follows <0.05(*), <0.01(**) and <0.001(***). Lowercase letters
indicate significant differences among depths within the same topographic position.

3.3 Dirivers of soil organic carbon concentration at the landscape scale

We used principal factor analysis to identify the three main factors driving soil organic carbon
concentration based on the soil physicochemical data: mineral content, texture index, and sedi-
mentary rock influence (Figure 4a). Mineral content had high positive loadings of Si (0.93), K
(0.86), and Al (0.85), with additional positive loadings of Na (0.74), Fe (0.67), and Mn (0.55)
and negative loadings of S (-0.7) and the CN ratio (-0.52). It therefore represents a gradient
from mineral-rich soils (positive) to organic matter-rich soils (negative). The texture index had
strong positive loadings of silt (0.96) and clay (0.76), and a strong negative loading of sand (-

1), representing a gradient from fine- (positive) to coarse-textured (negative) soils. Sedimentary
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rock influence had strong positive loadings of Mg (0.87), Ca (0.76) and pH (0.72), reflecting soils
influenced by carbonate-rich sedimentary rocks; higher factor values corresponded to higher Mg
and Ca content, and pH. Taken together, these three factors captured 64% of the common vari-

ance in the dataset, with mineral content explaining 30%, texture index 20%, and sedimentary

rock influence 14%.
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Figure 4: Analysis of factors driving soil organic carbon concentrations. a. Relationships be-
tween soil physicochemical variables and the three factors, namely mineral content, texture
index, and sedimentary rock influence. Vectors indicate the direction and strength of correla-
tions of individual variables with the ordination axes (loadings). Variables with loadings <0.5
were discarded. Along the Z-axis, loadings <0.5 were set to zero. b. Relative importance of the
three identified factors expressed as F-values on a log-scale, highlighting the dominant influence
of mineral content compared to sedimentary rock influence and texture index. Full loadings for

all variables and the model’s summary table are provided in the Supplementary Information
(Table S2 and S3).

Fixed effects explained most variation in SOC concentration (R? marginal = 0.93). The majority
of the between-plot variability, accounted for with the random effect, was already captured by
fixed effects (AR? = 0.007), and the residual variance from the model is low (~13%). F-values
from the model were used to compare the relative contributions of the predictors (Figure 4b).
Among the soil property factors, mineral content had the largest F-value (F = 638.07, p <.001),
followed by sedimentary rock influence (F = 23.95, p <.001), and soil texture index (F = 7.17, p

= 0.008). SOC concentration increased with decreasing mineral content values, decreased with
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increasing sedimentary rock influence values, and decreased with higher texture index values
(Table S3). Among the categorical fixed effects, topographic position (F = 4.58, p = 0.03), soil
depth (F = 4.96, p = 0.008), and soil type (F = 2.75, p = 0.02) had significant effects on SOC
concentration, whereas the effect of the study site was not significant (F = 0.48, p = 0.48). The

model indicates that SOC concentration decreased on the slope and with soil depth (Table S3).
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Figure 5: Relationship between mineral content and soil organic carbon concentration across the
study areas. Points are colored by Reference soil groups (WRB), and symbols refer to soil depth
(0-10: circle, 10-30: triangle, and 30-50 cm: square ). The solid line represents the fitted linear

regression, indicating a strong negative relationship between mineral content and SOC (R? =
0.90, p <.001).

Mineral content explained most of the variability in SOC concentration, as evidenced from the
high F-value (F = 638.07, p <.001, Figure 4b) and the strong linear relationship between SOC
concentration and mineral content (R? = 0.90, p <.001, Figure 5). Figure 5 also shows the
distribution of reference soil groups along the gradient in mineral content, with histic layers
generally having mineral content <0 and relatively high SOC concentrations, and other soil

layers having mineral content >0 and relatively low SOC concentration.
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4 Discussion

4.1 Topography and hydrology drive higher soil-type variability on plains than on

slopes

Our observations reveal that topographic position, soil moisture content and hydrological pro-
cesses strongly influenced soil formation in our study sites (Figure 6). On the plains, water-
logged conditions coincided with the presence of histic layers and fen type plant communities.
The thickness of the histic layers varied dramatically across both plains: it was thinner near
the river and increased toward the slope, where thick histic deposits (>2m, Figure S4) indi-
cate a long history of waterlogged conditions. This variation largely reflected the proximity
of the parent material to the soil surface, which was the criterion used to distinguish between
Histosols, Epileptic Histosols, and Histic Leptosols. Sampling plots closest to the river, partic-
ularly in Blatt, were dominated by Fluvisols, as sediment transport was too strong for a histic
layer to develop. In Blatt, the river margins showed repeated sequences of Fluvisols, consis-
tent with frequent flooding and associated with a distinct plant community types (Caricion
bicoloir-atrofuscae, Freléchoux and Gallandat, 1995). On the plain, lower volumetric soil mois-
ture content coincided with Regosols and Nardion in both catchments and, in Ar du Tsan, also

Podzols and Calthion (Freléchoux and Gallandat, 1995; Richard et al., 1993).

On the slopes, most soils were shallow and well-drained and affected by colluvial processes and
therefore classified as Cambisols (Colluvic)(Figure 2 and S4). Locally, soil depth exceeded 50
cm, possibly reflecting small-scale variability in the topography of the parent material. No
consistent trends in soil depth were observed, and there were no surface indicators that could
be used to anticipate deeper soils. In both sites, local oozing zones with Histic Leptosols and

specific plant community types were observed (Figure S1).

By comparing plain and slope areas, we found that variability in soil depth and the diversity of
soil types were more pronounced on the plain than on the slope. We argue that the higher diver-
sity of soil types on the plain arises from the variability of soil moisture content, as corresponding
fen habitats (Delarze et al., 2015) often present a high diversity in hydrological processes and

soil types (Gobat et al., 2013). Overall, our results highlight the interactive effect of topographic
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position, parent material and pedoclimate on soil properties and ultimately on soil type diversity
in subalpine environments (Figure 6). The spatial proximity of these soil types raises questions
on the links between post-glacial landscape evolution and heterogeneity of the underlying parent
material, especially variations in its distance to the soil surface, particle size distribution and

resulting permeability.
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Figure 6: Conceptual slope—plain transect showing how the distribution of soils, parent materials
and soil moisture content influences soil organic carbon (SOC) concentration. Reference soil
groups with representative profiles are shown in relation to moraine- and alluvium-derived parent
materials, including particle-size variations, topographic position and distance from the river.
Lower panels illustrate spatial patterns of volumetric soil moisture content (#,, m® m™) and
SOC concentration (wt%) along the transect. Higher soil moisture content on the plain leads
to the formation of organic horizons and larger accumulation of SOC compared to the slope.
On the plain, the variability in parent material controls soil depth, soil moisture patterns and
consequently soil type distribution, ultimately driving SOC spatial distribution.

4.2 SOC concentrations are higher on plains than on slopes, with stronger

within-plain contrasts linked to soil type

SOC concentrations in the top 50 cm were higher on the plain than on the slope. This pattern

is consistent with the contrasting soil types associated with each topographic position and with
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the habitat differences reflected by the plant community types. The highest SOC concentrations
measured in the plain (58 wt%) were comparable with values measured in other fens and wetlands
(Liebner et al., 2012; Nahlik and Fennessy, 2016), while the lower SOC concentrations measured
on the slope were typical of alpine grasslands (Leifeld et al., 2009; Matteodo et al., 2018; Wasner
et al., 2024) and heathland (Thaysen et al., 2017). Notably, we reported the lowest SOC
concentration on the plain, on a sampling location assigned to Fluvisols (Fierz et al., 1995;
Salomé et al., 2011; Santos et al., 1997). This underscores the wide within-plain range in SOC
concentrations and its close association with soil type. SOC concentrations decreased with depth
on the slope but not on the plain. This pattern reflects the relative homogeneity of soil type
on the slope, whereas on the plain, the larger variation in soil type shaped SOC depth trends.
For instance, Histosols and Epileptic Histosols both feature an organic-rich histic layer in the
upper part of their profiles, but below 30 cm, the Epileptic Histosols have a mineral layer,
whereas the Histosols remain organic-rich (Figure 6). Consistent with this contrast, elemental
composition showed the strongest differentiation between topographic positions among measured
soil properties. Higher Si, Al, Fe, K, Mn and P contents on the slope relative to the plain reflect
the predominantly mineral nature of slope soils, whereas the plain is dominated by organic-rich
soils. Only Ca, S and Cl were higher on the plain compared to the slope. Ca likely reflects
local inputs from sedimentary rocks, while S and CI may be linked to organic sources and water
accumulation, respectively (Scherer, 2009; White, 2001). The proportion of clay-sized particles
was higher on the slope, which is consistent with greater mineral weathering and potential
in-situ clay formation compared to waterlogged, organic-rich soils, where conditions are less
favourable for clay formation (Egli and Mirabella, 2021). Nevertheless, clay concentrations on
plains (~ 3 % v v'!) and on slopes (~ 4 % v v'!) were on the lower end of the range reported
for subalpine soils (Egli et al., 2001; Egli et al., 2008; Ferré et al., 2023). Across our study
sites, SOC concentration, soil moisture and elemental composition differed significantly between
topographic positions. While topography clearly shaped soil formation, producing contrasted
soils and soil properties between plain and slope (organic vs. mineral), it did not fully capture

the variability in SOC concentrations observed at the landscape scale.
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4.3 Mineral content drives SOC variability, with secondary effects of sedimentary

inputs and texture at fine spatial scales

To identify the mechanisms controlling landscape-scale variability in SOC concentrations, we
fitted a model using predictors extracted factor analysis of the soil physicochemical dataset:
mineral content, sedimentary rock influence, and a texture index. Mineral content captured the
dominant gradient from organic-rich soils (negative mineral content values) to mineral-rich soils
(positive mineral content values). The organic-rich end was characterised by higher S concen-
trations and higher C:N ratios, both positively associated with soil organic matter (Figure S7).
The mineral-rich end showed higher Si, K and Al concentrations, consistent with the felsic par-
ent materials at both sites (e.g. muscovite-rich gneiss in the Lirec formation in Ar du Tsan
and Monte Leone strata in Blatt; Carrupt, 2003; Marthaler et al., 2008). In the field, mineral
content values reflected topographic position and soil type. The slope, dominated by Cam-
bisols, showed limited contrasts across locations and depths (mineral content between -1 and 1),
whereas the plain spanned the full range of soil types and mineral content values (from Histosols
at mineral content = -2.1 to Fluvisols mineral content = 1.15), with contrasts increasing with
depth as profiles became more differentiated (e.g. Histosols vs. Epihistic Leptosols; Figure S8).
Consistent with this structure, mineral content was the strongest driver of SOC concentrations,
with higher SOC concentrations at lower mineral content. Although this effect is partly aligned
with topographic position through soil type (organic-rich soils occurring mainly on the plain),
topographic position alone had low predictive power because SOC variability was large within
topographic positions, especially on the plain. Topographic positions fail to capture the fine-
scale terrain variations that might drive SOC spatial distribution (Patton et al., 2019). Yet,
high-resolution topography analysis is a proxy for SOC variability when the topography itself
is varied. In topographically uniform areas, such as plains, SOC variability may be high due to

shifts in soil type or moisture regimes, even when topographic variability is negligible.

Sedimentary rock influence was defined by high Ca and Mg concentrations and higher pH, and
mapped onto Fluviosols and zones affected by sediment inputs from dolomite outcrops (Fig-
ure S9). The correlation between Ca/Mg and pH suggests that the dissolution of sedimentary

rocks releases carbonates and leads to an increase in pH. Sedimentary rock influence was the
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second-best predictor for SOC variability at the landscape scale, with SOC concentrations de-
creasing as sedimentary rock influence increased. This pattern was largely driven by Fluvisols,
which combined high sedimentary rock influence with low SOC concentrations. Importantly,
sedimentary rock influence differed from mineral content by reflecting the origin of mineral in-
puts (sedimentary vs. igneous) and was essentially uncorrelated with mineral content in the
factor analysis, pointing to an additional control linked to transport: easily eroded sedimentary
material is redistributed and contributes to Fluvisol formation where transport is strongest on

the plain.

Texture index summarises particle-size distribution in a fine-to-coarse texture gradient. We
did not observe a clear spatial pattern in the texture index beyond a higher frequency of fine-
textured samples on the slope (Figure S10), consistent with higher clay proportions (Figure 3B).
Texture index was the weakest continuous predictor of SOC concentration (Figure 4), display-
ing a negative correlation where increasing texture index values—indicative of finer soil tex-
tures—corresponded with declining SOC concentration. While this deviates from the consensus
on the stabilising role of clay-sized particles for SOC, it is consistent with observations of Ferré et
al. (2020), who found that coarser texture coincided with low topographic position and elevated
SOC concentrations. In the present study, this trend is driven by a distinct landscape contrast:
well-drained slopes characterised by higher clay proportions and lower SOC concentrations,
versus partially waterlogged plains featuring coarser textures and higher SOC accumulation.
However, we do not expect soil texture to have a significant effect on SOC content, as the pro-
portion of clay in our study sites is low and the difference in clay proportion across topographic
positions are small (1.78% v v'! higher on slopes than on plains). Our results show that SOC
accumulation was driven primarily by high soil moisture driving the formation of organic layers,

rather than the association of SOC with minerals.

Among the fixed effects, soil type showed low predictive capacity for SOC concentration. While
soil type can improve SOC predictions in other contexts, its effect here was likely subsumed by
mineral content, because most soil-type differences across our sites are fundamentally linked to
the presence/absence and thickness of histic layers and thus to the mineral-organic continuum

captured by mineral content. Mineral content might have also shadowed the effect of soil type on
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SOC concentration in the linear mixed-effect model, as continuous predictors inherently describe
continuous response variables better than categorical predictors, especially when a strong linear
trend is evident (Figure 5). Nevertheless, soil types reflect distinct pedogenic trajectories and
SOC accumulation histories (Kogel-Knabner and Amelung, 2021), and the much higher soil-
type diversity on the plain aligns with its stronger SOC variability. Together, these results
highlight a limitation of a simple toposequence (catena) approach: a single “plain” position
can include multiple hydrological and pedogenic settings. This supports the need for high
sampling resolution—even over relatively small areas—in alpine and other highly heterogeneous
landscapes, where extrapolating SOC stocks from sparse sampling can produce biased estimates

of SOC concentration.

5 Conclusion

We found that SOC concentration is inversely related to soil mineral content, as this factor
best captured the gradient of organic-rich to mineral-rich soils present across plain and slope
positions. This suggests that SOC accumulation is primarily driven by hydrologically-induced
oxygen limitations rather than stabilization through organo-mineral associations. While topog-
raphy modulates the environmental conditions for SOC accumulation, it remains an incomplete
predictor of SOC concentration due to high soil type diversity within topographic positions.
The coexistence of organic Histosols and mineral-rich Fluvisols on the plains highlights that soil
moisture-driven soil type diversity provides a more precise framework for understanding organic
carbon distribution than topographic position alone. Relying strictly on topographic classifica-
tions may overlook important nuances in soil property distribution. We propose that soil type is
a more robust predictor of SOC variability at the landscape scale, as it integrates the mineralog-
ical gradients and depth-dependent processes that drive SOC dynamics. Ultimately, accurately
quantifying SOC stocks in heterogeneous subalpine environments requires high-resolution sam-
pling. Such an approach may better account for the high soil heterogeneity found in subalpine
environments, where post-glacial landscape evolution partly controls the interplay of topography,

parent material and pedoclimate and their effect on SOC accumulation.
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Figure S1: Map of plant community types in Ar du Tsan and lower Vallon de Réchy. The map
is from Richard et al. (1993). The study area is highlighted by the red polygon.
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Figure S2: Map of plant community types in Blatt and lower Binntal. The map is from
Freléchoux and Gallandat (1995). The study area is highlighted by the red polygon. Only
the lower part of the slope appears on the vegetation map.
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Figure S3: Map of soil profiles (black cross) and soil surveys (red dot) overlapping the map of
Reference soil groups (WRB). Panels show the map for Ar du Tsan (a) and Blatt (b) overlaid
on an orthophoto and a topographic (1:10°000) basemap from Swisstopo.
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Epileptic Histosols

RP: HISTOSOL LEPTIQUE
OL/Hf/Hm/D

WRB: Epileptic Fibric Histosol
GPS: 2664429/ 1137053
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RP: RANKOSL SUBALPIN multicolluvique
OL/A/DINANID/ID2

WRB: Polycolluvic Regosol

GPS: 2664410/ 1136978
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Histic Leptosols
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WRB: Histic (non Lithic) Leptosol
GPS: 2605581 / 1116767

Cambisols

RP: COLLUVIOSOL limono-sableaux
OL/A/S/D

WRB: Siltic Cambisol (Colluvic)
GPS: 2605229 / 1116612

RP: PODZOSOL MEUBLE leptique

Histosols

RP: HISTOSOL FIBRIQUE (>2 m)
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WRB: Albic Podzol
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Figure S4: Soil profiles representative of the reference soil groups encountered across the study
sites. Classifications following the Référentiel pédologique (RP) and tge World Reference Base
(WRB) are provieded. GPS coordinates refer to the Swiss CH1903 coordinate system.
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Figure Sh: Depth profiles of soil physicochemical properties in plain and slope positions. Contents
of a. Total nitrogen (TN). b. Carbon-to-Nitrogen ratio (CN). c¢. Sand. d. Potassium (K).
e. Manganese (Mn). f. Sodium (Na). g. Chloride (Cl). h. Phosphorus (P). i. Sulphur (S).
Black diamonds represent the box’s mean. Significant differences between topographic positions
are indicated by asterisks as follows <0.05(*), <0.01(**) and <0.001(***). Lowercase letters
indicate significant differences among depths within the same topographic position. Values are
given in mg g'! of dry soil.



Table S2: Summary of factor analysis outputs

Loadings of all variables

Variables

Mineral content

Texture index

Sedimentary rock influence

Si
K
Al
Na
S
Fe

pH

0.93
0.86
0.85
0.74
-0.7
0.67
0.55
-0.52
-0.44
0.02
-0.03
0.11
0.2
-0.2
0.05
0.21

-0.09
-0.09
0.24
-0.46
0.1
0.38
0.17
-0.22
-0.07
-1
0.96
0.76
0.17
-0.25
0.01
-0.17

-0.04
0.13
0.08
0.08
0.1
0.07
-0.16
0.12
-0.12
-0.06
0.08
-0.23
0.87
0.76
0.72
-0.43

Variance explained by factors

Proportion variance
Cumulative variance

Mineral content
0.3
0.3

Texture index
0.2
0.49

Sedimentary rock influence
0.14
0.63

Correlation between factors

Mineral content
Texture index
Sedimentary rock influence

Mineral content
1

0.11

0.19

Texture index
0.11

1

0.03

Sedimentary rock influence
0.19

0.03

1
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a. Residuals vs Fitted b. Normal Q-Q Plot c. Distribution of Normalized Residuals
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Figure S6: Diagnostic plots of the linear mixed-effect model. a. Residual vs Fitted, b. Normal Q-
Q Plot, c-g. heteroscedasticity by categorical variables, h-j. Residuals vs continuous predictors,
k. Distribution of Random intercepts, . ACF of normalised residuals.
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Figure S7: Relationship between a. soil organic matter (SOM) and sulphur, b. SOM and the
carbon-to-nitrogen ratio (CN ratio). The solid line represents the fitted linear regression between
SOM and S (R? = 0.61, p <.001) and between SOM and CN ratio(R? = 0.57, p <.001).
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Mineral content (MC) - Factor

a. Ardu Tsan ‘

| Sarﬁg dq 0-10 :

0-10cm

10-30cm

30-50 cm

Figure S8: Map of mineral content values derived from the factor analysis overlapping the map
of Reference soil groups (WRB). Left panels show the evolution of these values with depth for
Ar du Tsan, when right panels show the evolution for Blatt. The base map is an orthophoto
overlaid on a topographic map (1:10°000) from Swisstopo.
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Figure S9: Map of the origin of sedimentary rock inputs and its effect on the values of
sedimentary rock influence at depth of 0-10 c¢m, with higher values indicating higher
sedimentary rock influence. Black squares highlight the main zone of sedimentary rock
outcrops, and black arrows show the direction of transport by streams to the study
sites. In a. Ar du Tsan, the orange formations are cornieule, conglomerate conatining
limestone and dolomite, the purple one is argillite containing limestone, and the green
one is marble. In b. Blatt, the orange formation is dolomite and the purple one is
limestone-shale. The base map is a topographic map (1:10°000) overlaid by the geology
map from Swisstopo
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Texture index (TI) - Factor

a. Ardu Tsan b. Blatt

10-30cm
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Figure S10: Map of texture index derived from the factor analysis. Left panels show the evolution
of these values with depth for Ar du Tsan, when right panels show the evolution for Blatt. The
base map is an orthophoto overlaid on a topographic map (1:10°000) from Swisstopo.
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