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Abstract. Predicting soil organic carbon (SOC) stocks and
their dynamics in forest ecosystems is crucial for assessing
forest C balance, but the relative importance of key controls
– litter inputs, climate, and soil properties – remains uncer-
tain. Here, we linked SOC stocks at 556 old-growth Swiss
forest sites from 350 to 2000 m a.s.l. to a comprehensive set
of environmental variables, encompassing climate (mean an-
nual precipitation, MAP: 700–2100 mm, mean annual tem-
perature, MAT: 0–12 °C), soil properties, and forest types.
In addition, we compared measured SOC stocks with stocks
simulated by the Yasso20 model, which is widely used for
reporting SOC stock changes. Since Yasso20 is driven solely
by litter inputs and climate, deviations between modeled and
measured stocks can reveal the significance of additional fac-
tors such as organo-mineral interactions that we hypothe-
sized to be crucial for SOC stocks.

Total SOC stocks exhibited distinct regional patterns, with
the highest values in the Southern Alps, where soils are rich
in Fe and Al oxides and receive high MAP. On average, total
SOC stocks simulated by Yasso20 aligned well with mea-
sured SOC stocks (13.7 vs. 13.2 kg C m−2). However, the
model did not capture regional SOC variability, underesti-
mating SOC stocks by up to 7 kg C m−2 in the Southern Alps.
The underestimation was primarily explained by soil min-
eral properties, with their influence depending on soil pH.
In soils with pH≤ 5, exchangeable Fe had the strongest ef-
fect on Yasso20 deviations from measured stocks, while in

soils with pH> 5, exchangeable Ca had the strongest effect
on model deviations. Beyond Fe and Ca, MAP emerged as
an important driver of total SOC stocks, with SOC stocks in-
creasing with MAP. At higher elevations, this coincided with
low MAT and a high share of conifers. While Yasso20 ac-
counted for MAT, Yasso20 underestimated SOC stocks for
MAP> 1400 mm.

Overall, our results indicate that mineral-driven SOC sta-
bilization and climate are the primary drivers of Yasso20 de-
viations from measured SOC stocks. Incorporating mineral-
driven soil organic matter stabilization and coupling to a soil
water model can improve the modeling of SOC stocks. How-
ever, further studies are needed to verify how C stabiliza-
tion mechanisms and soil moisture can be included in model-
based estimates of SOC stock changes, which is the primary
application of Yasso in greenhouse gas inventories.

1 Introduction

Soils are the largest C pool in terrestrial ecosystems, with for-
est soils storing over 40 % of terrestrial ecosystem organic C
as soil organic matter (SOM) (Prescott and Grayston, 2023).
The complex nature of SOM – comprising a heterogeneous
mixture of components that turn over on daily to millennial
time scales (Sierra et al., 2017; van der Voort et al., 2017)
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– and of processes driving SOM stabilization (Schmidt et
al., 2011; Kleber et al., 2015; Lehmann and Kleber, 2015)
makes it difficult to accurately estimate and predict soil or-
ganic carbon (SOC) stocks and their responses to environ-
mental changes (Schrumpf et al., 2011; Smith et al., 2020).

SOC storage is considered to depend mostly on the C in-
puts to soils and their transformation and stabilization pro-
cesses, which are controlled by environmental and biologi-
cal drivers (Chen et al., 2013; Angst et al., 2018). In tem-
perate forests, SOC storage was shown to be linked to cli-
mate, with greater SOC stocks in cool and humid mountain-
ous regions and smaller stocks in warmer and drier regions,
as shown in Bavaria (Wiesmeier et al., 2013) and Switzerland
(Gosheva et al., 2017). In the German Alps, the increased
temperatures during the last three decades have driven top-
soil organic C losses in forests with larger losses at low-
elevation sites (Prietzel et al., 2016). However, geochemical
factors may exert a strong additional control on SOC stocks
by binding SOC to mineral surfaces, leading to long-term
stabilization and SOC accumulation (Hagedorn et al., 2003;
Doetterl et al., 2015; Doetterl et al., 2018; Reichenbach et
al., 2023). In temperate forest soils, the type and reactivity
of soil minerals interacting with SOM were shown to be the
principal factors driving SOC accumulation and formation
of mineral-associated organic matter, with oxide-dominated
soils having a higher capacity to accumulate soil C than soils
dominated by phyllosilicate clays (Bramble et al., 2023). For
carbonate-containing soils, SOC interactions with Ca2+, oc-
clusion within aggregates in Ca-rich substrates, and inclu-
sion into carbonates have been identified as primary SOC
stabilization mechanisms (Rowley et al., 2018). In addition
to geochemical factors, SOC accumulation is modulated by
forest productivity, management intensity, and tree species
(Bramble et al., 2023), which affect the quantity and quality
of litter inputs entering the soil (Vesterdal et al., 2013; Mayer
et al., 2020).

While process-based models increasingly integrate SOM-
mineral interactions (Abramoff et al., 2018; Abramoff et
al., 2022; Brunmayr et al., 2024), SOM stabilization pro-
cesses are poorly incorporated into models that are used for
greenhouse gas (GHG) accounting of the forest soil C bal-
ance, which are generally based on data from National For-
est Inventories or NFI (Didion et al., 2016; Hernández et al.,
2017). Reasons include the poor quantitative knowledge of
the complex processes driving SOM storage and the limited
data availability of soil properties at the national scale. Sim-
pler soil C models, in contrast, typically assume that SOC
storage is primarily determined by the quantity and qual-
ity of litter inputs and climatic conditions, regulating de-
composition and stabilization of organic matter (Liski et al.,
2005; Ågren et al., 2008). This facilitates their broader ap-
plicability. In several European countries including Switzer-
land, GHG reporting of SOC stock changes in forests is
based on model simulations using the soil C cycling model
Yasso (Tuomi et al., 2009; Didion et al., 2016; Hernández

et al., 2017). The Yasso model was originally developed
for forestry applications, relying on data available in for-
est inventories and basic climate data, without incorporating
soil properties (Liski et al., 2005; Tuomi et al., 2009). Cur-
rently, the new version of the model (Yasso20) has been cali-
brated with a more advanced method and using a global SOC
dataset (> 4000 measurements), which resulted in an overall
better model performance compared to Yasso07 (Viskari et
al., 2022).

Here, we aimed to identify the main factors controlling
SOC stocks in Swiss forest soils across a large gradient of
climate, soil biogeochemistry, and forest types. To disentan-
gle the main drivers of SOC stocks, our main approach was
to (1) simulate SOC stocks in forest soils by Yasso20, driven
by litter input and climate, and (2) statistically analyze the
deviations between Yasso20-simulated and measured SOC
stocks. This allows us to evaluate the importance of mineral-
driven SOC stabilization, since mineral soil properties are
not implemented in Yasso. For this, we analyzed a compre-
hensive dataset including measured SOC stocks in the or-
ganic layers and mineral soil up to 100 cm depth as well as
soil physico-chemical properties for 556 soil profiles located
in forests older than 120 years (Gosheva et al., 2017), with
an elevation ranging from 370 to 1960 m a.s.l. The dataset
covered a wide range of climatic conditions (mean annual
precipitation of 700–2100 mm, mean annual temperature of
0–12 °C), soil properties (i.e., pH 3–8), and forest types.
The dataset included soil physico-chemical characteristics
such as clay content, pH, exchangeable Fe, Al, and Ca, to-
pographic attributes, tree species composition, and satellite-
derived net primary production (NPP). Given that the soil
C model Yasso20 accounts only for litter inputs and cli-
matic conditions, we hypothesized that mineral soil compo-
nents driving SOM stabilization (e.g., Fe, Al, and Ca content)
would largely explain the deviations between simulated and
measured SOC stocks. In turn, this would imply that mineral-
driven C stabilization is a key process for soil C storage at
the regional and national scale, which should be considered
in models used for GHG reporting.

2 Methods

2.1 Study area and sampling sites

For our study, we considered 556 sites in old-growth forests,
i.e., forests older than 120 years (Fig. 1; 52 % broadleaf-
vs. 48 % conifer-dominated sites) from a soil database en-
compassing approximately 1000 soil profiles (Gosheva et
al., 2017). In combination with the typically small-scale
management in Switzerland, which includes planned log-
ging of single trees with harvesting residues (e.g., fine
branches, foliage, belowground parts with trunk to approx.
30 cm aboveground) normally left in the stand (Brändli et al.,
2020), the focus on old forests ensures that there have been
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only reduced disturbances in the forest cover over the past
decades. Although natural disturbances such as windthrows
occurred in Swiss forests (e.g., Vivian in 1990 and Lothar
in 1999) with possible impacts on SOC stocks (Mayer et
al., 2023), none of the forest sites was affected as sampling
excluded windthrow sites. Forests in Switzerland can be di-
vided into five major regions (Fig. 1) according to Fischer
and Traub (2019), with relatively uniform growth, specific
soil properties, and forest types (Gosheva et al., 2017).

Most of our sites are located in the Swiss Plateau
(n= 164), a region characterized by more or less deeply
decarbonated soils from still calcareous moraines and ter-
tiary sediments (molasse), followed by sites in the Pre-Alps
(n= 138), a region consisting of soils with highly variable
weathering and decalcification depths from very different
types of sediments (Gnägi and Labhart, 2015). The remain-
ing sites are in the Alps (n= 81) on heterogeneous bedrock,
in the Jura (n= 54), dominated by limestone or marl, and
in the Southern Alps (n= 31) with mainly gneiss as bedrock
(Gnägi and Labhart, 2015). Waterlogged soils (i.e., redoxi-
morphic soils, characterized by periodic or permanent oxy-
gen shortage) were studied separately (n= 88), since excess
moisture dominates soil development and SOM stabilization
mechanisms in these soils.

2.2 Soil sampling and analysis, climate, and
topography

The 556 soil profiles were sampled from 1989 to 2004 by ge-
netic horizons up to the parent material. Composite soil sam-
ples were taken from the front wall of the soil profiles (over
an average width of 70 cm). Samples were dried at 60 °C and
sieved with a 2 mm mesh before chemical analysis. Soil type
was classified according to the World Reference Base (IUSS
Working Group WRB, 2007).

Total and organic C contents were measured in ground
samples by dry combustion using an elemental analyzer
(NC 2500, CE Instruments, Italy). Soil samples with pH> 6
were first treated with HCl to remove inorganic C prior
to dry combustion (Walthert et al., 2010). Soil texture was
characterized by measuring the clay, silt, and sand con-
tents using the sedimentation method according to Gee and
Bauder (1986). Soil pH was measured potentiometrically in a
0.01 M CaCl2 solution. Contents of exchangeable Al, Fe, and
Ca (mmolc kg−1) were obtained by 1 M ammonium chloride
extraction (Walthert et al., 2004). Soil properties were calcu-
lated for 0–30 and 0–100 cm depth intervals of the mineral
soil by weighted averages of their contents according to the
amount of fine earth in the various soil horizons.

Data on elevation and slope were determined from a 25 m
digital elevation model for all sites (Swisstopo, 2011). Slope
orientation and topography were assessed during the soil
surveys. Annual climate data for each site (mean monthly
temperature and mean monthly precipitation for the period
1961–1990) were obtained from the gridded data produced

by the Swiss Federal Office of Meteorology and Climatol-
ogy (MeteoSwiss, 2024). The Braun-Blanquet cover abun-
dance scale (Braun-Blanquet, 1964) was used to quantify
plant species cover in an area ranging from 100 to 500 m2

(Walthert et al., 2013). Percentage of broadleaf tree species
was calculated as the sum of the cover of all broadleaf species
divided by the sum of the cover of all tree species at the tree
level. Only for visualization purposes, the forest sites were
subdivided into two types based on the broadleaf percentage:
coniferous (0 %–50 %) and broadleaf (51 %–100 %) forests.

2.3 Calculation of SOC stocks from sampled soil
profiles

SOC stocks were calculated separately for the organic layers,
including L (undecomposed litter), F (fermentation), and H
(humified) horizons, and the mineral soil at 0–100 cm depth.
Total SOC stock is the sum of stocks in the organic layers and
in the mineral soil. SOC stocks in the organic layer were cal-
culated according to Hagedorn et al. (2010), with the mass of
the organic layer calculated as the product of the density (L:
0.10 g cm−3, F: 0.15 g cm−3, H: 0.20 g cm−3) and the volume
(based on measured thickness), multiplied by the percentage
of C content obtained by dry combustion (see Sect. 2.2). Min-
eral SOC stocks were calculated using the following Eq. (1):

SOC(h,z)=
∑z

1
(hi (1− θi)ρiCi) (1)

where SOC(h,z) represents SOC stocks (kg C m−2) of all
the z mineral soil horizons, Ci represents the organic car-
bon content of the horizon i (kg kg−1 of C) obtained by dry
combustion, ρi is the density of the fine earth (g cm−3), θi
is the volumetric stone content (m3 m−3) visually estimated
from the soil profile (Richard et al., 1978), and hi is the hori-
zon thickness (m). A pedotransfer function (PTF) based on
a calibration dataset of 559 mineral soil horizons from 134
different Swiss forest sites and a validation set of 131 hori-
zons from 34 sites was used to estimate the density of the
fine earth fraction (Nussbaum et al., 2016). Covariates used
in this PTF are sampling depth, slope, field estimates of stone
content and soil density, region, and organic C content.

2.4 Input derivation and SOC stock simulations with
Yasso20

SOC stock simulations were conducted with the soil C cy-
cling model Yasso20. The model was calibrated by Viskari
et al. (2022) using several datasets describing different pro-
cesses of the soil C cycle, including litterbag decomposition
time series, a woody decomposition dataset, and global SOC
stock measurements, which make Yasso20 potentially suit-
able for a wide range of environmental conditions. Based
on litter input data (i.e., foliage, deadwood, etc.), Yasso20
simulates flows of C between four chemical classes of C
compounds and a humus (“H”) pool representing long-lived,
stable SOC as a function of temperature and precipitation.
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Figure 1. Distribution of the sampled forest sites (total n = 556 sites, of which n= 88 waterlogged soils are shown in gray) in the five
regions of Switzerland. Note that the Alps have fewer sites since they are largely unforested (i.e., above the treeline).

Litter inputs are subdivided into the following four different
chemical C compounds that are the same as the SOC classes
in the model: “A” represents hydrolyzable compounds in
acid, “W” represents water-soluble compounds, “E” repre-
sents ethanol-soluble compounds, and “N” represents non-
soluble compounds. Each of these compounds has different
C decomposition rates. The sum of the AWEN compound
classes (representing the “labile” C pools) and the H pool
(the “stable” C pools) corresponds to the total “simulated”
SOC stocks, including the SOC stored in the organic layers
plus in the mineral soil up to 100 cm depth. Parameters defin-
ing C decomposition rates and C cycling between C compart-
ments and to a more stable H pool are obtained probabilis-
tically using Markov Chain Monte Carlo sampling (Viskari
et al., 2022) and are fitted based on data from several lit-
terbag studies (Berg et al., 1991; Trofymow, 1998; Gholz et
al., 2000), woody litter decomposition experiments (Mäki-
nen et al., 2006), and global SOC measurements from Oak
Ridge National Laboratory (Zinke et al., 1986).

To obtain a proxy of site-specific litter inputs for Yasso20
simulations, we derived the average net primary produc-
tion (NPP) for the period 2001–2022 from Terra and Aqua
MODIS satellites at 500 m resolution (Running and Zhao,
2021a, b), with a maximum NPP-to-GPP (gross primary pro-
duction) ratio of 0.5 (Viskari et al., 2022). We partitioned the
NPP into broadleaf and conifer species, multiplying the NPP
by the percentage of broadleaf and conifer species recorded
by field assessments at each site. Then, we divided the NPP
into different tree components, multiplying the NPP by aver-
age tree allocation factors (stem: 0.30; branches: 0.04; twigs:
0.03; coarse roots: 0.11; fine roots: 0.15; foliage: 0.27; seeds:
0.10) derived from 15 years of tree growth data at 18 long-
term forest ecosystem research (LWF) sites across Switzer-
land (Etzold et al., 2014). Fine roots and foliage represented
the group of non-woody litter, whereas woody litter included
stem wood, branches, twigs, coarse roots, and seeds. The C

inputs for each pool were separated into the four AWEN
components according to the percentage of broadleaf and
conifer species at each site, using the functions and approach
adopted in the Swiss GHG inventory (Didion, 2023) based
on measured fractions at sites of the long-term forest moni-
toring program LWF (Didion et al., 2014). Data for observed
climate were obtained for each site (30-year average climate,
1961–1990) from spatially gridded data of the Federal Office
of Meteorology and Climatology MeteoSwiss (MeteoSwiss,
2024); see Sect. 2.2.

The Yasso20 simulations were performed in R version
4.2.2 (R Core Team, 2022) with the package Ryassofortran,
version 0.4.0 (Pusa, 2023). Average litter inputs derived from
NPP and climate data were used with spin-up simulations to
reach theoretical steady-state SOC stocks (Mao et al., 2019),
assuming that current SOC stocks have accumulated over
centuries (Gimmi et al., 2013). At each site, independent
simulations were based on 500 randomly sampled parameter
vectors to represent uncertainty related to model parameters
(Viskari et al., 2022).

2.5 Statistical analysis

All statistical analyses were performed with R version 4.2.2
(R Core Team, 2022). To summarize the correlated numeri-
cal explanatory variables into larger groups, we performed a
principal component analysis (PCA) including all the numer-
ical variables (pH, clay content, exchangeable contents of Fe,
Al, and Ca, mean annual temperature or MAT, mean annual
precipitation or MAP, NPP, percentage of broadleaves, and
slope) with scaled variables. Only principal components with
eigenvalues> 1 were retained (Kaiser–Guttman criterion).

The effects of (i) main principal components and (ii) soil
physico-chemical properties (pH, clay content, exchangeable
contents of Fe, Al, and Ca) in the upper 30 cm mineral soil –
the most relevant depth for tree rooting, litter decomposition
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processes, and organic layer development – and site variables
(MAT, MAP, NPP, percentage of broadleaves, and slope) on
total SOC stocks and Yasso20 deviations (simulated minus
measured values of total SOC stocks) were tested using lin-
ear mixed-effect models with the nlme package, version 3.1–
160 (Pinheiro et al., 2022). Statistical analysis of Yasso20 de-
viations allowed us to assess the effects of the main drivers
of SOC stocks on model discrepancies from measured val-
ues. In order to account for a small spatial autocorrelation
in the model residuals, the region was included as a random
intercept in the model, which allowed us to estimate an over-
all effect of the linear model (i.e., model estimate). Effects
of explanatory variables on SOC stocks were also tested for
each region using linear models. The numerical explanatory
variables were log- or square-root transformed when the re-
lationship between the explanatory and the response vari-
ables was non-linear or when the residuals showed signs
of heteroscedasticity or non-normality. Then, all explana-
tory variables were centered to a mean of 0. The assump-
tion of normal distribution of residuals was verified through
quantile–quantile plots and plots of residuals vs. fitted values.
Based on existing literature, the variables pH, clay content,
exchangeable Fe, Al, and Ca, MAT, MAP, NPP, percentage
of broadleaves, and slope were identified as key drivers of
SOC stocks and thus as explanatory variables. Exchangeable
Al was excluded from the final statistical model due to its
strong correlation with pH and exchangeable Fe (r =−0.93
and +0.87). Exchangeable Fe was retained as the primary
proxy for pedogenic oxides (Fig. S6 in the Supplement). For
the statistical analysis of Yasso20 deviations, NPP was ex-
cluded from the final model since it was used as a main in-
put of the soil C cycling model Yasso20. Two-way interac-
tions between climate and soil properties (i.e., exchangeable
contents of Fe, Ca, clay content, and pH) and between soil
properties and pH were also tested (Supplement Tables S2,
S3) since interactions of climate and geochemical factors are
known to drive SOC storage (Doetterl et al., 2015).

Measured vs. simulated SOC stocks by regions and for-
est types were compared using Welch’s t-tests, after veri-
fying the normality assumptions. Correlations between sim-
ulated and measured SOC stocks were tested using Pear-
son’s product–moment correlation coefficient (r), which
agreed well with Spearman’s rank correlation coefficient (not
shown).

3 Results

3.1 Site characteristics

Distinct site characteristics were found in each of the five
regions of Switzerland (Fig. 1, Table 1). Topsoils in the
Jura showed the highest pH as well as contents of clay and
Ca, while the most acidic soils were found in the South-
ern Alps, with the highest contents of exchangeable Fe,

oxalate-extractable Fe, and Al (Table 1). MAP was highest
in the Southern Alps and the Pre-Alps, whereas the Plateau
had the highest MAT (Table 1) and NPP (Fig. S1a). Under
conifer-dominated forests, topsoils were more acidic (aver-
age pH± standard error at 0–30 cm depth, conifers: 4.7±0.1
vs. broadleaves: 5.2± 0.1) and had higher contents of ex-
changeable Fe and Al than broadleaf-dominated forests (data
not shown).

NPP peaked at an elevation of about 700 m a.s.l., then de-
creased with increasing elevation (linear model fit for ele-
vation> 700 m: −0.26± 0.01 kg C m−2 yr−1 per 1000 m el-
evation gain; R2

= 0.65, P < 0.001, Fig. 2a). In contrast to
NPP, SOC stocks in the organic layer increased with el-
evation (3.5± 0.4 kg C m−2 per 1000 m increase in eleva-
tion;R2

= 0.14, P < 0.001; Fig. 2b) in sites excluding water-
logged soils (n= 468). In the mineral soil, SOC stocks were
not related to elevation (Fig. 2c); thus, the ratio between SOC
stored in the organic layer and in the mineral soil increased
with elevation. NPP was negatively correlated with organic
layer SOC stocks (with Pearson correlation coefficient r =
−0.29, P < 0.001), while it was positively but weakly related
to mineral SOC stocks (r =+0.12, P = 0.006).

The first three principal components of the PCA with
soil physico-chemical variables and site properties explained
74 % of the variance in the data (Table S1a). The first PC
(PC1) was characterized by high loadings of soil chemi-
cal parameters: pH (0.48), Ca (0.47), Al (−0.43), and Fe
(−0.40), explaining 35 % of the variance. PC2 (24 % of vari-
ance) showed high loadings of MAT (0.58), NPP (0.58), and
broadleaf percentage (0.44), whereas PC3 (15 % of variance)
showed high loadings of MAP (0.63) and clay content (0.44)
(Table S1a).

3.2 Measured and simulated SOC stocks

Measured SOC stocks were highest in the Southern Alps
(19.5± 1.7 kg C m−2) followed by the Pre-Alps, Jura, and
the Alps, while they were lowest in the Plateau (10.2±
0.3 kg C m−2, Fig. 3a). On average, the Yasso20-simulated
SOC stocks were similar to the measured stocks at the
556 sites including waterlogged soils (average± standard er-
ror; simulated 13.7± 0.1 vs. measured 13.2± 0.3 kg C m−2,
Welch’s t-test: P = 0.16). Waterlogged soils had SOC stocks
of 15.9± 1.2 kg C m−2 and were considered separately in
further analyses. In comparison to measured stocks and de-
spite the large NPP range across regions (Fig. S1a), simu-
lated SOC stocks differed only a little among the regions
(Fig. 3a, Fig. S1b). The largest deviations between simu-
lated and measured SOC stocks were observed in the South-
ern Alps, where Yasso20 underestimated stocks by almost
7 kg C m−2 (−35 % of measured SOC stocks, Welch’s t-test:
P < 0.001, Fig. 3a). In contrast, Yasso20 overestimated SOC
stocks by about 3 kg C m−2 in the Plateau (+33 % of mea-
sured SOC stocks, P < 0.001). The simulations for the Jura,
Pre-Alps, and Alps agreed well with SOC measurements,
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Table 1. Average values of soil properties (pH, clay content, exchangeable contents of Fe, Al, and Ca) in the upper 30 cm of mineral soil,
annual climate data (MAT=mean annual temperature, MAP=mean annual precipitation), net primary production (NPP) from MODIS
(average 2001–2022), and elevation in the 556 sites across the five regions of Switzerland, with waterlogged soils shown separately. For a
subset of sites (n= 123), oxalate-extractable Fe and Al (Feox and Alox) in the upper 30 cm of mineral soil are reported. Values are means
with standard errors in brackets.

Jura Plateau Pre-Alps Alps Southern Alps Waterlogged Switzerland

All sites n= 54 n= 164 n= 138 n= 81 n= 31 n= 88 n= 556
pH 6.2 (0.2) 4.7 (0.1) 4.8 (0.1) 5.3 (0.2) 4.3 (0.2) 5.3 (0.2) 5.0 (0.1)
Clay (%) 35.5 (1.9) 19.6 (0.7) 24.0 (1.0) 17.2 (1.1) 12.8 (1.7) 25.3 (1.2) 22.4 (0.5)
Feexch (mmolc kg−1) 0.2 (0.1) 0.5 (0.1) 0.9 (0.1) 0.6 (0.1) 1.3 (0.3) 0.6 (0.1) 0.7 (0.0)
Alexch (mmolc kg−1) 7.2 (2.2) 28.7 (2.3) 39.6 (4.3) 18.0 (2.8) 35.1 (4.9) 21.8 (4.1) 27.0 (1.6)
Caexch (mmolc kg−1) 302.0 (23.6) 73.1 (8.3) 116.6 (12.3) 122.5 (11.8) 48.9 (17.9) 138.2 (12.1) 122.3 (6.0)
MAT (°C) 7.0 (0.2) 8.0 (0.0) 6.4 (0.1) 3.9 (0.3) 6.6 (0.5) 7.0 (0.2) 6.7 (0.1)
MAP (mm) 1253 (30) 1141 (11) 1508 (22) 1021 (28) 1579 (47) 1329 (28) 1279 (12)
NPP (kg C m−2 yr−1) 0.64 (0.01) 0.65 (0.01) 0.61 (0.01) 0.45 (0.01) 0.57 (0.03) 0.63 (0.01) 0.60 (0.01)
Elevation (m) 789 (31) 592 (10) 906 (24) 1427 (41) 1027 (87) 789 (34) 866 (16)

Subset sites n= 10 n= 52 n= 21 n= 12 n= 11 n= 17 n= 123
Feox (g kg−1) 2.23 (0.32) 2.79 (0.22) 4.38 (0.77) 5.89 (1.28) 9.13 (2.68) 4.43 (0.46) 4.11 (0.36)
Alox (g kg−1) 2.18 (0.36) 2.05 (0.23) 2.68 (0.40) 2.23 (0.47) 6.52 (1.47) 1.99 (0.23) 2.58 (0.22)

with average deviations below 1 kg C m−2 (2 %–4 % of mea-
sured SOC stocks, P > 0.05). In waterlogged soils, Yasso20
underestimated SOC stocks by about 2 kg C m−2 (−13 % of
measured SOC stocks, P = 0.08).

Measured SOC stocks were greater in conifer-
than in broadleaf-dominated stands (14.6± 0.5 vs.
11.0± 0.3 kg C m−2, without waterlogged soils; Fig. 3b),
mostly due to higher SOC stocks in the organic layers
(+3 kg C m−2). However, differences in Yasso20-simulated
SOC stocks between conifer- and broadleaf-dominated
forests were more limited (13.9±0.1 vs. 13.4±0.1 kg C m−2,
respectively), with an overestimation of SOC stocks
in broadleaf forests by 2.5 kg C m−2 (Welch’s t-test:
P < 0.001, Fig. 3b) and a slight underestimation of SOC
stocks in conifer forests by less than 1 kg C m−2 (P = 0.16,
Fig. 3b).

3.3 Drivers of SOC stocks and Yasso20 deviations

SOC stocks were positively correlated with MAP (r =
+0.32, P < 0.001, Fig. 4f) and negatively correlated with
MAT (r =−0.17, P < 0.001, Fig. 4g). We separated the
dataset into soils with pH≤ 5 and with pH> 5, since pH is
recognized as a predictor of SOC stabilization mechanisms,
mediated by Al or Fe under acidic conditions, while Ca ex-
erts a dominant influence under increasing pH (Rowley et al.,
2018). Consistently, for pH≤ 5, SOC stocks increased with
increasing content of exchangeable Fe and Al (r =+0.60
and r =+0.38, with P < 0.001, Fig. 4b, c), while when
pH was above 5, SOC stocks increased with increasing ex-
changeable Ca (r =+0.49, P < 0.001, Fig. 4d).

The principal components PC1 (including primarily soil
chemical parameters) and PC3 (including MAP and clay)

had a significant effect on SOC stocks (Table S1b). In com-
parison, PC2 (with MAT, NPP, and forest type) was statis-
tically unrelated to SOC stocks (Table S1b). We then tested
the effects of soil properties and site variables on SOC stocks
(n= 468 sites, waterlogged soils excluded, Table 2). Lin-
ear mixed-effect models, which included a random inter-
cept for the region, showed a significant overall effect of ex-
changeable Fe, pH, MAP, broadleaf percentage, and slope
on total SOC stocks. We found a positive interaction be-
tween pH and exchangeable Ca (Table S2, model with in-
teractions), with exchangeable Ca enhancing SOC stocks at
pH> 5 (Fig. S4b). Additionally, there was a significant, neg-
ative interaction between clay and MAP (Table S2, Fig. S4a)
that mostly reflected SOC-rich soils in the Southern Alps
with high MAP but low clay content (Table 1). In soils with
pH ≤ 5 (n= 287), exchangeable Fe and MAP had a posi-
tive effect on SOC stocks, while slope and clay content had a
negative effect on SOC stocks (Table 2). In soils with pH> 5
(n= 181), exchangeable Ca and MAP had a positive im-
pact on SOC stocks, while broadleaf percentage and slope
decreased SOC stocks. Analysis of drivers of SOC stocks
within regions (Table S5) indicated that exchangeable Fe ex-
plained the largest proportion of model variance (from 30 %
to 46 % of total R2) for all regions except the Jura, character-
ized by average pH> 6, where exchangeable Ca explained
the highest amount of variation (44 % of total R2).

Similar to SOC stocks, Yasso20 deviations (i.e., difference
between Yasso20-simulated and measured SOC stocks, with
positive deviations indicating a model overestimation of SOC
stocks and negative deviations indicating a model underesti-
mation of SOC stocks, n= 468 sites, Table 3) were signifi-
cantly affected by exchangeable Fe, pH, MAP, broadleaf per-
centage, and slope. Although the correlation between MAT
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Table 2. Drivers of total SOC stocks. Effects of soil properties in the upper 30 cm of mineral soil (i.e., pH, clay content, exchangeable
contents of Fe and Ca), MAT (mean annual temperature), MAP (mean annual precipitation), NPP (net primary production), percentage of
broadleaves, and slope on total SOC stocks (kg C m−2). Linear mixed-effect models with region as random intercept were developed for
(i) all sites excluding waterlogged soils, (ii) sites with pH≤ 5, and (iii) sites with pH> 5.

All sites (n= 468) pH ≤ 5 (n= 287) pH> 5 (n= 181)

Est. SE t P Est. SE t P Est. SE t P

(Intercept) 13.73 1.15 12.0 < 0.001 (Intercept) 13.09 0.84 15.6 < 0.001 (Intercept) 14.31 1.81 7.9 < 0.001
pH 1.81 0.31 5.8 < 0.001 pH 2.03 1.23 1.6 0.10 pH −0.24 0.55 −0.4 0.67
log(Clay) 0.12 0.59 0.2 0.84 log(Clay) −2.49 0.78 −3.2 0.002 Clay 0.02 0.04 0.4 0.69
sqrt(Fe) 6.64 0.68 9.7 < 0.001 sqrt(Fe) 7.19 0.85 8.5 < 0.001 sqrt(Fe) 1.53 3.43 0.4 0.66
log(Ca) 0.20 0.25 0.8 0.42 log(Ca) 0.19 0.29 0.6 0.52 Ca 0.03 0.00 5.8 < 0.001
MAT −0.02 0.21 −0.1 0.92 MAT −0.24 0.27 −0.9 0.39 MAT 0.59 0.30 2.0 0.05
MAP 0.64 0.12 5.5 < 0.001 MAP 0.94 0.15 6.4 < 0.001 MAP 0.44 0.17 2.6 0.010
NPP 2.09 4.37 0.5 0.63 NPP 6.01 5.21 1.2 0.25 NPP −13.24 6.83 −1.9 0.05
Broadleaf % −0.02 0.01 −2.9 0.004 Broadleaf % −0.01 0.01 −1.2 0.21 Broadleaf % −0.03 0.01 −2.5 0.014
sqrt(Slope %) −0.34 0.11 −3.2 0.001 sqrt(Slope %) −0.53 0.14 −3.8 < 0.001 Slope % −0.03 0.01 −2.3 0.022

DF 454 273 167
marginal R2 0.30 0.48 0.24
conditional R2 0.44 0.53 0.57
RMSE (kg C m−2) 4.9 4.6 4.3

Model estimates (Est.), standard errors (SE), t statistic and P -values are reported (P < 0.05 highlighted in bold). Measurement units of independent variables are reported in Table 1. For result interpretation, MAP is
here reported in 100 mm unit. DF is the degrees of freedom. Marginal R2 includes the variance of the fixed effects, while conditional R2 both the fixed and random effects calculated with the R package performance
(Lüdecke et al., 2021). RMSE is the root mean squared error.

and the Yasso20 deviations was overall positive (r =+0.10,
see Fig. S5g), the random intercept for the different regions –
which accounts for the regional variability – led to a negative
estimated linear effect of MAT on Yasso20 deviations.

4 Discussion

4.1 Soil properties are the primary drivers of SOC
stocks

Our study along large environmental gradients from tem-
perate to alpine old forest stands across Switzerland indi-
cated that soil mineral properties, together with climate, play
a dominant role in controlling SOM stabilization and SOC
stocks. This finding aligns with a global-scale study that
demonstrated the primary influence of soil properties, along-
side climate, in driving SOC stocks across whole-soil profiles
(Luo et al., 2021). Overall, exchangeable Fe was the predic-
tor with the strongest effect on SOC stocks within regions
with acidic topsoil (Table S5). The SOC stocks were great-
est in the Southern Alps, with a slightly lower NPP than the
Swiss average but higher contents of exchangeable Fe and
Al (Table 1). Moreover, the comparison of SOC stocks sim-
ulated with the Yasso20 model – which does not account for
physico-chemical soil properties – and measured SOC stocks
showed the largest deviations in soils with a high content of
stabilizing minerals (Figs. 3, S5). The importance of different
cations in stabilizing SOC depended on soil pH – confirmed
by the significant interaction between pH and Ca (P < 0.001,
Table S2, Fig. S4b) – which agrees with process-based stud-
ies (Rowley et al., 2018). In forest soils with pH≤ 5, ex-
changeable Fe had a significant positive effect on SOC stocks

(Table 2) and was the strongest predictor of SOC stocks in
regions with acidic conditions (Table S5), with Yasso20 un-
derestimating SOC stocks at high exchangeable Fe contents
(Table 3, Fig. S5b). In soils with pH> 5, high exchange-
able Ca was associated with underestimates of SOC stocks
by Yasso20 (Table 3, Fig. S5d). Clay content – regarded as a
key property for SOM stabilization (Rasmussen et al., 2018)
– appeared to be weakly associated with SOC stocks in Swiss
forest soils (Table 2, Fig. 4e), most likely due to the over-
arching effect of Fe (and Al) driving the high SOC stocks
in acidic, sandy soils under high MAP (Table 1). Although
clay normally regulates SOC storage because of the stabi-
lizing effect of clays on organic compounds (Alvarez and
Lavado, 1998; Wiesmeier et al., 2019), we found a positive
effect of clay on SOC stocks only in the Plateau region (Ta-
ble S5). The negative interaction between MAP and clay con-
tent (P < 0.001, Table S2, Fig. S4a) was likely driven by the
high SOC stocks in the Southern Alps, with high MAP, acidic
conditions, and sandy soils (Solly et al., 2020).

Due to the low solubility product of Fe oxides, Fe
extracted with NH4Cl comprises Fe2+ and/or organically
bound, colloidal Fe(III) cations (Schwertmann et al., 1987).
Exchangeable Fe may, however, serve as an indicator for
the content of Fe oxides, as indicated by significant corre-
lations of NH4Cl-extractable Fe with organically bound Fe
(pyrophosphate-extractable, r =+0.78, P < 0.001, n= 62)
and poorly crystalline Fe oxides (oxalate-extractable, r =
+0.62, P < 0.001, n= 123) for a subset of surface soils
where Fe oxides have been measured (Fig. S6). Deviations
between modeled and measured SOC stocks were also re-
lated to exchangeable Al under acidic conditions (Fig. S5c).
Since exchangeable Al was strongly correlated with ex-
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Table 3. Drivers of Yasso20 deviations. Effects of soil properties in the upper 30 cm of mineral soil (i.e., pH, clay content, exchangeable
contents of Fe and Ca), MAT (mean annual temperature), MAP (mean annual precipitation), percentage of broadleaves, and slope on Yasso20
deviations (simulated minus measured values of total SOC stocks) in kg C m−2. Linear mixed-effect models with region as a random intercept
were developed for (i) all sites excluding waterlogged soils, (ii) sites with pH≤ 5, and (iii) sites with pH> 5.

All sites (n= 468) pH ≤ 5 (n= 287) pH> 5 (n= 181)

Est. SE t P Est. SE t P Est. SE t P

(Intercept) −0.26 1.39 −0.2 0.85 (Intercept) 0.42 1.02 0.4 0.68 (Intercept) −1.30 2.58 −0.5 0.62
pH −1.78 0.32 −5.6 < 0.001 pH −1.99 1.25 −1.6 0.11 pH −0.03 0.59 0.0 0.96
log(Clay) 0.24 0.60 0.4 0.69 log(Clay) 2.64 0.79 3.4 < 0.001 Clay 0.01 0.04 0.2 0.87
sqrt(Fe) −6.68 0.70 −9.6 < 0.001 sqrt(Fe) −7.24 0.86 −8.4 < 0.001 sqrt(Fe) −4.74 3.63 −1.3 0.19
log(Ca) −0.38 0.25 −1.5 0.12 log(Ca) −0.34 0.29 −1.2 0.24 Ca −0.03 0.00 −5.2 < 0.001
MAT −0.51 0.18 −2.9 0.004 MAT −0.43 0.24 −1.8 0.07 MAT −0.66 0.25 −2.6 0.009
MAP −0.58 0.12 −5.0 < 0.001 MAP −0.91 0.15 −6.2 < 0.001 MAP −0.29 0.17 −1.7 0.09
Broadleaf % 0.03 0.01 3.2 0.002 Broadleaf % 0.02 0.01 1.5 0.14 Broadleaf % 0.03 0.01 2.7 0.009
sqrt(Slope) 0.36 0.11 3.3 0.001 sqrt(Slope) 0.52 0.14 3.6 < 0.001 Slope 0.03 0.02 2.2 0.026

DF 455 274 168
marginal R2 0.25 0.43 0.17
conditional R2 0.45 0.52 0.66
RMSE (kg C m−2) 5.0 4.7 4.6

Model estimates (Est.), standard errors (SE), t statistic and P -values are reported (P < 0.05 highlighted in bold). Measurement units of independent variables are reported in Table 1. For result interpretation, MAP
is here reported in 100 mm unit. DF is the degrees of freedom. Marginal R2 includes the variance of the fixed effects, while conditional R2 both the fixed and random effects calculated with the R package
performance (Lüdecke et al., 2021). RMSE is the root mean squared error.

changeable Fe (r =+0.87), the effect of Al on model de-
viations could not be disentangled from that of Fe and was
thus excluded from the full statistical model. The dominant
role of pedogenic oxides for SOM stabilization arises from
their large and highly reactive mineral surfaces and posi-
tive charge under acidic and neutral conditions (Kaiser and
Guggenberger, 2003), which allow interactions with SOM
through cation bridging, electrostatic interactions, or the for-
mation of inner- and outer-sphere complexes (Kleber et al.,
2015; Rasmussen et al., 2018). Beyond its relation to pedo-
genic oxides, exchangeable Fe and Al – more often available
for large data sets – may represent a proxy for the weathering
status of soils (Eimil-Fraga et al., 2015), which is crucial for
providing reactive surfaces stabilizing SOM.

In calcareous soils, Ca-mediated SOM stabilization is
linked to the ability of Ca2+ to bridge negatively charged
organic matter surfaces when pH is above neutrality, through
inner- and outer-sphere interactions and Ca-mediated aggre-
gation (Rowley et al., 2018), which limit decomposer activ-
ity and thus lead to preferential stabilization of organic com-
pounds (Gocke et al., 2011; Rowley et al., 2021). However,
exchangeable Ca is (similar to exchangeable Fe for pedo-
genic oxides) only an indirect measure for CaCO3. In our
dataset, there was a highly significant correlation between ex-
changeable and HNO3-extractable Ca for a subset of soils (0–
30 cm depth, r =+0.60, P < 0.001, n= 181; Fig. S7), and
exchangeable Ca can be considered a representative measure
for the carbonate content in the soil.

The pH-dependent influence of SOM-stabilizing minerals
can also explain the observed differences between simulated
and measured SOC stocks at the regional scale (Figs. 3a,
S3a). The largest differences, with underestimates of SOC
stocks by 7 kg C m−2, were found in the Southern Alps. The

Southern Alps are characterized by high contents of Fe and
Al oxides (Table 1) that are considered the main drivers of
the large SOC storage in this region (Blaser et al., 1997).
The high SOC stocks (Fig. 3a) can additionally be related to
the black carbon accumulated in these soils due to frequent
forest fires and charcoal production (Eckmeier et al., 2010).
Here, we could not quantify fire-derived black carbon and its
potential contribution to SOM stabilization. Even when the
Southern Alps were excluded from the statistical analysis,
exchangeable Fe was a significant predictor of SOC stocks
(Table S4a), as well as of Yasso20 deviations (Table S4b), be-
ing the predictor explaining the largest portion of SOC stock
model variance in all regions with mostly acidic soils (Ta-
ble S5). This confirms the key role of pedogenic oxides in
SOM stabilization at low pH conditions.

4.2 Climatic influences on SOC stocks

Beyond soil parameters, precipitation was a key driver of
SOC stocks, with SOC stocks increasing as MAP increased
(Table 2, Fig. 4f). This pattern likely resulted from a num-
ber of mechanisms: (i) retarded decomposition at anaerobic
microsites (Keiluweit et al., 2017), (ii) reduced litter quality
due to an increasing contribution of conifers toward higher
MAP, which also coincides with low MAT at high altitudes,
as confirmed by a negative correlation of MAP with MAT for
elevation> 1000 m (r =−0.43, P < 0.001) that is typical for
alpine regions (Prietzel and Christophel, 2014), (iii) a higher
transfer of dissolved organic matter into the mineral soil with
increasing soil water fluxes, and (iv) enhanced weathering
in moister climates that fosters mineral surface reactivity
(Doetterl et al., 2015). Precipitation was also a significant
driver of Yasso20 deviations (Tables 3, S4), with MAP ac-
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Figure 2. Net primary production (NPP) from MODIS (average
2001–2022) (a), SOC stocks in the organic layers (b) and in the
mineral soil at 0–100 cm depth (c) against elevation in 468 for-
est sites across Switzerland (excluding waterlogged soils). Plotted
lines show significant linear correlations (P < 0.05) with 95 % con-
fidence intervals in gray and the Pearson correlation coefficient (r).
A polynomial regression is also shown as a dotted line in (a).

counting for up to 20 %–25 % of SOC stock variance in the
Alps and Plateau (Table S5). Yasso20 underestimated SOC
stocks when MAP exceeded 1400 mm yr−1 (Fig. S5f). Con-
sistently, Viskari et al. (2022) reported that Yasso20 under-
estimated SOC amounts at higher precipitation, given that
increasing precipitation over a certain threshold does not re-
duce the SOC decomposition rates in Yasso20. Current Earth
System Models also tend to overestimate heterotrophic res-
piration fluxes where precipitation levels are high (Guenet
et al., 2024). Our analysis of Yasso20 deviations, showing

that SOC stocks were underestimated in waterlogged soils
with macroscopic signs of anaerobic conditions (Fig. 3a),
confirms that anaerobic conditions at the microscale or the
impeded drainage at the profile or plot scale lead to a drastic
decline in SOC mineralization rates (Hagedorn et al., 2000;
Keiluweit et al., 2017). These conditions are not captured by
the Yasso20 model, as soil moisture is currently not included
as a model driver (Viskari et al., 2022), but could be resolved
in the future by including soil moisture at monthly time steps
as a model driver, by applying a moisture modifier as in a
boreal forest–mire ecotone in Finland for Yasso07 (Ťupek et
al., 2024),or by coupling Yasso to a soil water model (Guenet
et al., 2024). Large differences between simulated and mea-
sured SOC stocks were also found in poorly drained soils
of Norway and Finland using the previous version, Yasso07,
with soil moisture regimes overruling the importance of tree
productivity (Dalsgaard et al., 2016). The model deviations
were additionally attributed to the high contribution of un-
derstory vegetation in high rainfall areas (de Wit et al., 2006;
Lehtonen et al., 2016). Understory including herb and shrub
layers is normally not accounted for in forest inventories or
satellite-based NPP data (Mao et al., 2019), though it can
contribute significantly to the annual litter production (Did-
ion, 2020). In addition to its effect on the biological activ-
ity of the plant–soil system, precipitation is linked to min-
eral weathering, forming reactive mineral surfaces (Kramer
and Chadwick, 2018). In Swiss forest soils, MAP was indeed
in the same principal component (PC3) as clay (Table S1a),
positively correlating with clay (r =+0.21, P < 0.001) as
well as with exchangeable Fe and Al (with Fe: r =+0.10,
P = 0.019, with Al: r =+0.14, P < 0.001), which supports
the idea that high MAP may indirectly influence SOC stabi-
lization through its effects on the reactivity of mineral sur-
faces. At the other extreme, at low precipitation, Lehtonen
et al. (2016) observed an underestimation of SOC stocks by
Yasso07, which was attributed to the poor representation of
drought effects on SOM decomposition. In fact, Yasso07 (but
also Yasso20) simulations are based on yearly time steps
using annual precipitation, which does not capture season-
ally extreme dry or moist conditions (Lehtonen et al., 2016;
Viskari et al., 2022) and the uneven distribution of summer
precipitation (Thürig et al., 2005), thereby leading to mises-
timates of soil C stocks.

Across Swiss forests, organic layer C stocks increased
with the contribution of conifers (Table S6), likely caused
by a slower decomposition of the more recalcitrant litter in-
puts (Heim and Frey, 2004) and fostered by the colder con-
ditions at higher elevations where conifers are more abun-
dant. In our study, MAT did not significantly influence the
organic layer as well as total SOC stocks (Tables 2, S6), pos-
sibly due to the positive correlation of MAT with the share of
broadleaves (r =+0.58, P < 0.001), which did not allow us
to fully disentangle the specific effects of forest types and
MAT. Accounting for the regional variability in the linear
mixed-effect model, an overall negative effect of MAT was
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Figure 3. Comparison between measured SOC stocks and Yasso20-simulated stocks by (a) regions of Switzerland, with waterlogged soils
shown separately, and (b) forest types, excluding waterlogged soils. The measured stocks are shown as organic layers and mineral soils to
100 cm depth (total n= 556 sites; excluding waterlogged soils, n= 468 sites). The simulated stocks at each site are based on the mean of
500 replicate simulations, representing uncertainty of model parameters. SOC stocks are represented as means± standard errors. P values
are calculated with Welch’s t-tests: P ≥ 0.05 (n.s., not significant), P < 0.001 (∗∗∗). Capital letters indicate significantly different means
among measured SOC stocks, while lowercase letters indicate significantly different means among Yasso20-simulated SOC stocks, based on
ANOVA followed by Tukey’s test (Fig. 3a) and Welch’s t-tests (Fig. 3b) with P < 0.05.

estimated for Yasso20 deviations (Table 3). This finding is
in agreement with the tendency of Yasso20 to underestimate
SOC with increasing temperatures (Viskari et al., 2022). The
Yasso model generally captures well the effects of temper-
ature and vegetation type, as shown across regional envi-
ronmental gradients in Swiss forests (Didion et al., 2014).
Since Yasso20 deviations slightly increased with tempera-
ture (Fig. S5g), with Yasso20 overestimating SOC stocks
in low-elevation broadleaf forests of the Swiss Plateau but
not in coniferous stands at higher elevation (Figs. 3b, S3c),
we interpret this overestimation as an indication of an im-
pact of past land use and current land management. The
Plateau has intensively been used for agriculture since Ro-
man times (Haas et al., 2020), which depleted soils in SOC
(Thürig et al., 2005). It is still Switzerland’s most intensively
managed region, with harvesting exceeding tree growth in-
crements (Thürig et al., 2021). This intensive management,
particularly harvesting, may not be adequately captured by
Yasso20 simulations. Similarly, simulations with Yasso07 in
French temperate forests tended to overestimate SOC stocks
in broadleaf stands while underestimating them in conifer-
ous ones, which was attributed to historical differences in
land use and stand age between broadleaf and coniferous
sites (Mao et al., 2019). Here, on the one hand, harvesting

depletes soil C stocks by changing the microclimate, reduc-
ing the litter inputs, and leading to physical soil disturbances
(Mayer et al., 2024). On the other hand, timber removal or
other small-scale forest disturbances may be poorly detected
by NPP estimates from MODIS satellite data, as discussed
below.

Since measurements of forest stands and soil C inputs are
often lacking at larger scales – as in this study – the satellite-
derived NPP is here used as a proxy for long-term litter C
input to the soil, consistent with SOC model applications at
the regional and global scales (Abramoff et al., 2022; Pier-
son et al., 2022) as well as with the calibration of Yasso20
(Viskari et al., 2022). Uncertainty in litter inputs potentially
contributed to the observed discrepancies between simulated
and measured SOC stocks at the site level (Fig. S2). The
fine-scale variability in litter inputs cannot be captured by
satellite-derived NPP estimates, given (1) the larger pixel
size of MODIS (500 m× 500 m) compared to the site scale
of the soil sampling and (2) the partitioning into tree com-
ponents using average allocation factors, due to the lack of
site-level data. NPP estimates from MODIS may overesti-
mate the litter input in regions with intensive forest man-
agement, as in the Plateau, since small-scale disturbances
such as thinning are not well detected by satellites (Neu-
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Figure 4. Correlations between total SOC stocks and selected soil properties (exchangeable Fe and Al are shown on a square-root scale axis,
clay is shown on a natural-logarithm scale axis) and site variables (MAP=mean annual precipitation; MAT = mean annual temperature;
NPP= net primary production). Total n= 468 sites (waterlogged soils excluded). Plotted lines show significant linear correlations (P < 0.05)
with 95 % confidence intervals in gray and the Pearson correlation coefficient (r).

mann et al., 2015; Park et al., 2021). Lastly, forests allo-
cate a portion of NPP not only to fast-cycling components
that are annually returned to the soil (i.e., fine roots and fo-
liage) but also to components with slower turnover times,
such as stems and branches. Nevertheless, the satellite ap-
proach proves to be a reasonable proxy for the large range
of forest productivity across Swiss forests, i.e., ranging from
0.3 kg C m−2 yr−1 in the Alps to 0.8 kg C m−2 yr−1 at the
warmest sites (see Fig. S1a), which is consistent with dif-
ferences in wood increments across regions as shown in the
Swiss NFI (Brändli et al., 2020). Moreover, at the 18 sites
of the long-term forest monitoring program LWF, the mean
NPP over the period 2001–2010 estimated by MODIS satel-
lite amounted to 0.49± 0.04 kg C m−2 yr−1 as compared to
0.46±0.05 kg C m−2 yr−1 estimated by a terrestrial approach
for the same period (Etzold et al., 2014). Terrestrial methods
based on forest inventories may also produce uncertain es-
timates of litter inputs. These uncertainties mostly relate to
(1) country-specific allometries and expansion factors used
to estimate tree biomass, (2) turnover times applied to derive

the annual litter inputs, and (3) failure to appropriately esti-
mate inputs from fine roots and understory vegetation, which
remain severely unconstrained despite their major contribu-
tion to forest soil C inputs (Didion, 2020; Neumann et al.,
2020).

4.3 Performance and potential improvements of
Yasso20

Despite the local and regional deviations between SOC
stocks simulated with Yasso20 and the measured ones
(Fig. S2), our study showed that, averaged across Swiss
forests and thus at the national scale, Yasso20 reproduced
measured SOC stocks (Fig. 3), confirming the wide applica-
bility of the Yasso20 model (Viskari et al., 2022). The Yasso
model was developed for general use on primarily forest
land, including GHG reporting at the national level, and re-
quires less input information (no soil data) compared to more
detailed soil C models (Liski et al., 2005). Yasso is com-
patible with biomass data from National Forest Inventories,
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where soil parameters are often not measured, allowing esti-
mation of soil C stock changes (Hernández et al., 2017). Our
study indicates that implementing SOM stabilization mech-
anisms would improve the Yasso model and potentially also
other similar soil C models such as the RothC model that ac-
counts only for clay content (Coleman and Jenkinson, 1996).
However, detailed soil information controlling SOM stabi-
lization is often missing at larger scales. We therefore sug-
gest to further explore commonly available soil parameters,
potentially by simple pedotransfer functions (e.g., based on
exchangeable Fe and Ca) capturing SOC stabilization at dif-
ferent pH levels. A combined approach – directly coupling
Yasso with a statistical model – would allow to account for
additional parameters (such as mineral soil properties) that
are currently not included as model drivers but are known to
be important factors controlling SOC stabilization. We also
showed that Yasso did not capture SOC stocks (and poten-
tially SOC stock changes) at high precipitation levels (here
MAP> 1400 mm yr−1) in Swiss forests. This hampers pre-
dictions especially under extreme or variable intra-annual
precipitation patterns that will become more frequent under
climate change. Obviously, linking Yasso20 to a soil water
model accounting for drought and waterlogging processes
would have high potential for improving estimates of SOC
stocks. However, a robust modeling of waterlogging would
also require spatially highly resolved soil information.

Our study does not inform on the performance of Yasso20
in estimating SOC stock changes, which is the primary appli-
cation of Yasso for GHG reporting. However, it seems likely
that SOC stock changes will also be affected by soil physico-
chemical properties, due to the importance of organo-mineral
interactions for SOC stabilization and thus long-term C se-
questration (Wiesmeier et al., 2019; Bramble et al., 2023).
This would be congruent with the concept of soil C satu-
ration, suggesting that effects of C inputs on soil C storage
depend upon inherent physico-chemical limitations (Stewart
et al., 2007; Six et al., 2024).

5 Conclusions

Our study demonstrates that soil mineral properties control-
ling SOM stabilization play a dominant role for SOC stocks
across Swiss forest soils. The control appears to be pH de-
pendent, with Fe (and Al) having a major influence in acidic
soils, while interactions with Ca are most important in soils
with pH values above 5. Not accounting for these processes
in a soil C model designed to estimate national scale SOC
stocks and their changes – based solely on litter inputs and
climate – can lead to underestimating SOC stocks in certain
regions, particularly those rich in SOM stabilizing miner-
als. Despite its simple model structure, our results show that
Yasso20 yielded on average SOC stocks comparable to mea-
sured values at 556 forest sites across Switzerland. This sup-
ports Yasso20’s broad applicability for predicting forest SOC

stocks at larger national scales, although the model does not
capture the variability in SOC stocks at the site level. Includ-
ing SOM stabilization and linking soil C models to soil water
models have high potential to improve the accuracy of the es-
timates. It remains uncertain, however, whether the model’s
lack of representation of mineral-driven SOM stabilization
and of varying soil moisture regimes will not only affect SOC
stock estimates but also expected changes in SOC stocks, the
primary application of Yasso in GHG inventories.
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