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• Higher soil carbon losses in mountain for-
ests compared to lower elevation forests

• Carbon losses relate positively to initial
size of organic layer carbon stocks.

• Slower tree regeneration in mountain for-
ests delays recovery of soil carbon stocks.

• Post-windthrow soil carbon losses can off-
set carbon sink in tree biomass for
decades.
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Storms represent a major disturbance factor in forest ecosystems, but the effects of windthrows on soil organic carbon
(SOC) stocks are poorly quantified. Here, we assessed the SOC stocks of windthrown forests at 19 sites across
Switzerland spanning an elevation gradient from 420 to 1550 m, encompassing a strong climatic gradient. Results
show that the effect size of disturbance on SOC stocks increases with the size of the initial SOC stocks. The largest
windthrow-induced SOC losses of up to 29 t C ha−1 occurred in high-elevation forests with a harsh climate developing
thick organic layers. In contrast, SOC stocks of low-elevation forests with thin organic layers were hardly affected. A
mineralization study further revealed high elevation forests to store higher amounts of easily mineralizable C in
thick organic layers that got lost following windthrow. These findings are supported by a meta-analysis of available
windthrow studies, showing an increase of storm-induced SOC losses with the size of the initial SOC stocks. Modelling
simulations further indicate longer-lasting SOC losses and a slower recovery of SOC stocks after windthrow at high
compared to low elevations, due to a slower regeneration of mountain forests and associated lower C inputs into
soils in a harsh climate. Upscaling the experimental findings/observed patterns by linking them to a data base of
Swiss forest soils shows a total SOC loss of ∼0.4 Mt. C for the whole forested area of Switzerland after two major
storm events, counteracting the forest net carbon sink of decades. Our study provides strong evidence that the vulner-
ability of SOC stocks to windthrow is particularly high in forests featuring thick and slowly forming organic layers,
such as mountain soils. Thus, the risk of losing SOC to more frequent windthrows in mountain forests strongly limits
their potential to mitigate climate change.
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1. Introduction

Intensifying disturbance from storms is among the most severe impacts
climate change has on forest ecosystems (Seidl et al., 2014; McDowell et al.,
2020). Forest damage by windthrow has increased during the last century
and further climatic changes are projected to continue this trend
(Gardiner et al., 2010; Seidl et al., 2017; Senf and Seidl, 2021b).Windthrow
strongly reduce carbon (C) storage in forest biomass (Seidl et al., 2014),
thereby weakening their C sink strength for atmospheric CO2 (Lindroth
et al., 2009; Yamanoi et al., 2015; Matthews et al., 2017). However,
while windthrows decrease C storage in tree biomass, their impact on soil
organic C (SOC), the largest C reservoir in terrestrial ecosystems
(Scharlemann et al., 2014), remains unclear.

Following windthrow, the soil receives large amounts of organic matter
in the form of above- and belowground litter from fallen and damaged trees
(Bradford et al., 2012; Suzuki et al., 2019). After this initial pulse of C input,
litter production is greatly reduced, and the renewal of SOC stocks depends
on C inputs from pioneer vegetation and forest regrowth. Meanwhile, SOC
losses frommineralization continue or can even be accelerated. A destroyed
tree canopy increases soil temperature and moisture, which promote de-
composition and associated SOC losses (Morehouse et al., 2008; Mayer
et al., 2017). Moreover, litter from pioneer plants can differ in quality and
quantity compared to the one before disturbance (Spielvogel et al., 2006;
Zehetgruber et al., 2017). Together with changes inmicrobial communities
following disturbance (Holden and Treseder, 2013), this further impacts
decomposition. The vulnerability of SOC stocks in response to windthrow
will also depend on the SOC stability, which is principally controlled by
the interactions with soil minerals (Cotrufo et al., 2013; Lehmann and
Kleber, 2015), but mechanistic studies are lacking.

So far, there are only case studies on windthrow effects on soils, which
show conflicting results, ranging from decreased to increased SOC stocks
(Don et al., 2012; dos Santos et al., 2016; Mayer et al., 2017). The lack in sys-
tematic field studies impedes a quantitative understanding and the validation
ofmodels that are used to extrapolate disturbance effects onC storage to larger
spatial scales (Thürig et al., 2005; Lindroth et al., 2009; Seidl et al., 2014; Pugh
et al., 2019). Given the size of SOC stocks in forests (Pan et al., 2011), even
small uncertainties in SOC estimates may strongly impact the total C balance.

Here, we systematically assessed the vulnerability of forest soils to wind-
throw hypothesizing that forest soils developed under harsh climatic condi-
tions, e.g. at high elevations are most prone to SOC losses upon forest
disturbance. These soils have accumulated large amounts of readily mineral-
izable SOC through a suppressed decomposition. In addition, the effect sizes
of windthrow on SOC at high elevation are reinforced by the hampered forest
regeneration due to growth limiting environmental conditions (Kramer et al.,
2014; Pröll et al., 2014), slowing the renewal and recovery of SOC stocks.

In our study, we quantified the SOC stocks of 19 windthrown forests
across mountainous terrain in Switzerland (Fig. A.1), about 10 and 20
years after they were disturbed by the major storms ‘Lothar’ and ‘Vivian’
and compared them to the stocks of intact control stands. The sites were lo-
cated along an elevation gradient from 420 to 1550m a.s.l. encompassing a
large range of forest types as well as a gradient in climatic conditions
(Table A.1). Using soil inventory data, we further extrapolated
windthrow-induced SOC changes to the whole forested area of
Switzerland to assess the potential impact on the climate system. We then
applied an SOCmodel to 77 sites of the Swiss National Forest Inventory net-
work thatwere affected by the two storms (Fig. A.1) to explore the temporal
dynamics of SOC changes in response to windthrow. Finally, we compared
our field-based results to a meta-analysis which we conducted using data
from published windthrow studies.

2. Materials and methods

2.1. Study region

In 1990 and 1999, parts of Europe were hit by the severe storms Vivian
and Lothar, whereby large forest areas were destroyed by windthrow and
2

-breakage. In Switzerland, a timber volume of ∼5.1 × 106 m3 (Vivian)
and 14 × 106 m3 (Lothar) was damaged by the two storms, corresponding
to ∼1.3 % and 3.6 % of the total standing timber volume in Swiss forests
(Usbeck, 2015). Storm Lothar caused most damage in montane forests of
the Swiss Plateau, while storm Vivian mainly affected the subalpine forests
of the Pre-Alps (Fig. A.1).

2.2. Field study

2.2.1. Site information and soil sampling
Five forest sites damaged by Vivian and 14 forest sites damaged by

Lothar were selected for soil sampling (Fig. A.1). Vivian sites were higher
in elevation and ranged from 1000 to 1550 m a.s.l., while Lothar sites
were distributed between 420 and 1500 m a.s.l. At all windthrow areas,
the entire tree layer was blown over or broken, and woody debris was left
in place following disturbance. The windthrow areas had a size of at least
3 ha. No replanting measures were conducted. In 2009, natural tree regen-
eration after windthrowwas dominated byNorway spruce (Picea abies) and
European beech (Fagus sylvatica) at Vivian and Lothar sites; grass and her-
baceous species covered∼30 and 10 % of the surface at Vivian and Lothar
windthrow areas, respectively (Wohlgemuth and Kramer, 2015). At each
site, an adjacent mature forest managed by the typical close-to-natureman-
agement practices in Switzerland was selected as undisturbed control
stand. Paired control stands and windthrow areas were similar regarding
soil type, elevation, exposition, and slope, and dominant tree species.
With increasing elevation, the stands followed a transition from a decidu-
ous and mixed tree species composition (mainly European beech and
Norway spruce) to a coniferous dominated composition (mainly Norway
spruce), a typical pattern for temperate forests in Central Europe. With in-
creasing elevation, mean annual air temperature decreased from 8.5 to
3.3 °C, while mean annual precipitation increased from 961 to 1557 mm
(Table A.1). The most common soil types in the study area are Leptosol
and Cambisol (IUSS Working Group WRB, 2006).

For soil sampling, 8 locations were randomly selected both at control
stands and windthrow areas. At each location, total organic layer thickness
(cm) was measured, and organic layer horizons (L, F, H if present) were
sampled by means of a steel-frame (20 × 20 cm) and the uppermost min-
eral soil (0–10 cm depth; hereafter, ‘mineral soil’) was sampled by a soil
corer (1000 cm3). No mineral soil samples were taken at site ‘Sumvitg’.

2.2.2. Laboratory analyses
Soil samples were dried at 60 °C for 48 h. Subsequently roots and stones

were removed from the samples. For that, organic layer horizons were
picked by hand and mineral soil samples were sieved (2 mm). Total mass
of soil was determined by weighing. A subsample was dried at 105 °C for
48 h and total soil dry mass was determined (kg m−2). Soil samples were
homogenized by means of a mortar and subsequent grinding (ZM 200,
Retsch, Germany). Samples were analyzed potentiometrically for pH, and
organic C concentration was measured by dry combustion (NC 2500,
Carlo Erba Instruments, Italy). Soil samples with a pH > 6 were treated
withHCl acid fumigation to remove possible carbonates prior to Cmeasure-
ments (Walthert et al., 2010). SOC stocks (kg m−2) of organic layer hori-
zons and the mineral soil were subsequently calculated by multiplying
respective C concentrations with total soil dry masses. Stocks of organic
layer horizons were summed up into one organic layer.

We further conducted a C mineralization experiment to determine the
labile SOC stocks of organic layers and mineral soil horizons. For that,
soil samples from the 8 sampling locations per sitewere pooled per horizon.
Pooled soil samples with a dry-weight equivalent of 15 and 40 g sieved soil
for the organic layer and mineral soil respectively, were filled into glass
beakers. Samples were incubated at 20 °C for 17 weeks. Soil moisture of
samples was held constant at field capacity by weighing and the addition
of deionized water. Carbon mineralization was determined during incuba-
tion by repeatedly measuring CO2 efflux from microbial respiration
(Kammer et al., 2009). For CO2 efflux measurements, glass beakers were
connected to an infrared gas analyzer unit (LI-840 CO2/H2O Analyzer, LI-
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COR Biosciences, Nebraska, USA). The CO2 efflux (mg C g−1C d−1) of each
sample was determined as ΔCO2 within the closed system for Δ4 min
(Pumpanen et al., 2009). The cumulative CO2 efflux was estimated for
the total time of incubation by linearly interpolating efflux rates between
measurements. Labile SOC stocks in organic layers and mineral soils were
subsequently estimated by multiplying cumulative CO2 efflux rates with re-
spective SOC stocks (Kammer et al., 2009).

2.3. Statistical analysis

Control stands and windthrow areas were grouped into four elevation/
storm classes prior to analysis to get balanced samples sizes (Lothar:
420–550 m, n = 5; 550–600 m, n = 5; 930–1500 m, n = 4; Vivian:
1000–1500 m, n= 4). Analyses of Variance (ANOVA) with a mixed effects
model structure were used to test for windthrow effects on SOC stocks, cu-
mulative CO2 efflux rates, and labile SOC stocks. Sites were considered ran-
dom effects and sampling locations were nested within sites. Data were
tested for normal distribution and variance homogeneity prior to analysis.
Data were log transformed in case criteria for ANOVA were not met.

Differences between SOC stocks of control stands and windthrow areas
were considered windthrow-induced SOC changes. Accordingly, the abso-
lute and relative SOC changes were calculated by subtracting or dividing
the mean SOC stocks of the control stands from or by those of the wind-
throw areas. Regression models were used to explore the relationship be-
tween the SOC change and environmental factors. Moreover, a multiple
linear mixed effects model was used to test for the interacting effects of
windthrow, storm event, and elevation on total SOC stocks. Sites were
again considered random effects and sampling locationswere nestedwithin
sites. Due to missing mineral soil SOC stocks, site ‘Sumvitg’ was excluded
from the model. Statistical analysis and plotting was conducted in R (R
Core Team, 2021) using R package ‘nlme’ (Pinheiro et al., 2014). The
level of significance for statistical analyses was set at P < 0.05.

2.4. Extrapolating windthrow effects to a national level

We used a close relationship between SOC changes and the respective
control stand SOC stocks (Fig. 2) to extrapolate windthrow effects to the
whole forested area of Switzerland using high resolution maps of SOC
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Fig. 1. Soil organic carbon (SOC) stocks of control stands and adjacentwindthrow areas.
by storms ‘Lothar’ and ‘Vivian’ (a). Hatched and full areas indicate organic layer andmin
in mineral soil. SOC stocks are also given for elevation/storm groups and different SOC p
with mixed effects model structure.

3

stocks and windthrow damage. Since mineral soil SOC stocks were not af-
fected by windthrow (Fig. 1, Table A.3), we limited the spatial extrapola-
tion to the organic layer. For that, the organic layer SOC stocks of 1146
soil profiles across Switzerland were first spatially upscaled to a Swiss
national level using random-forest modelling (Baltensweiler et al., 2021).
Soil data were taken from an existing data base of the Swiss Federal
Institute for Forest, Snow and Landscape Research (WSL) (Baltensweiler
et al., 2021). Spatial data on windthrow damage from Lothar and Vivian
were taken from BUWAL (1992) and BUWAL (2001), respectively. For sim-
plification, we assumed all windthrow areaswere fully damaged. Total SOC
changes and total area of windthrow damage were calculated for three ele-
vation groups.

The spatial prediction of SOC stocks in the organic layer was based on
the methodology described in Baltensweiler et al. (2021). They showed
that the Random Forest (RF; Hastie et al. (2009)) modelling approach
outperformed other modelling methods in predicting soil properties for
the Swiss forest. Therefore, we used RF for spatial prediction of SOC at 25
m resolution. The SOC data from 1146 soil profiles were split into a calibra-
tion set (79 %) and a validation set (21 %) to compute the independent
model performance statistics. As explanatory variables, we used a compre-
hensive set of environmental covariates to describe the most important soil
forming factors defined in the scorpan (soil, climate, organisms, relief, par-
ent material, age and space) model (McBratney et al., 2003). To reduce
computation time while trying to keep the same level of model accuracy
we removed highly correlated covariates with a Pearson correlation coeffi-
cient |r| > 0.8 and applied the recursive feature elimination (Kuhn and
Johnson, 2013) using RF as amethod to select the optimal set of covariates.
This led to 16 covariates for the final RFmodel. The performance measures
for the 10-fold cross-validation showed a R2 = 0.26 and a RMSE of 2.24,
while the R2 and RMSE for the independent validation were 0.24 and
2.34, respectively.
2.5. Yasso07 modelling

The process-based soil carbon model Yasso07 (Liski et al., 2005; Tuomi
et al., 2009) was applied to 24 and 53 forest sites damaged by Vivian and
Lothar, respectively (Fig. A.1). The sites are permanent monitoring plots
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of the Swiss National Forest Inventory (NFI; (Brändli et al., 2020)), covering
a wide elevational- and climatic range (Table A.4).

Yasso07 (Tuomi et al., 2009; Tuomi et al., 2011) is a model of C cycling
in mineral soil to 100 cm depth, organic layer, and dead wood. The model
requires information on C inputs from dead organic matter components
(i.e. litter and dead wood) and climate (temperature, temperature ampli-
tude and precipitation). Decomposition of the different components of C in-
puts is modelled based on their chemical composition (i.e. a non-soluble
compartment associated with lignin and three soluble compartments),
size of woody parts and climate (Tuomi et al., 2009; Tuomi et al., 2011). Pa-
rameters defining C decomposition rates and C cycling between carbon
compartments and to amore stable humus compartment are obtained prob-
abilistically using Markov ChainMonte Carlo sampling and are fitted based
on data from litterbag studies (Tuomi et al., 2009) and woody litter decom-
position experiments (Tuomi et al., 2011).

For this study the Yasso07 release 1.0.1 was used based on the parame-
ter set presented in Rantakari et al. (2012). The separation of the Yasso07
model results into the pools dead wood, organic layer, and mineral soil C
was based on the approach described in Didion et al. (2014), i.e. by tracing
the inputs and assuming that decaying soluble C compartments are associ-
ated with the respective pool and insoluble C becomes incorporated into
the mineral soil. The authors demonstrated the validity of this modelling
setup for conditions in Switzerland showing that no statistically significant
differences existed between simulated and observed remaining C in foliage
andfine root litter after 10 years and in lying dead trees after 14 to 21 years.

To simulate litter and soil C dynamics on sampling plots of the Swiss NFI
(Fig. A.1; Table A.4) thatwere affected by the stormsVivian and Lothar, for-
est stand conditions measured in the NFI1 period (1983–1985) and NFI2
period (1993–1995) were used to estimate stand dynamics to obtain litter
inputs for the Yasso07 simulations. To establish litter inputs, data on trees
>12 cm diameter at breast height were available from the NFI. Assuming
equilibrium conditions for simulated litter and soil C pools, the storm ef-
fects were approximated by a decline of litter inputs to zero over a period
of three on lower elevation sites to eight years on higher elevation sites.
The time of recovery to pre-storm litter inputs was elevation depended
ranging from5 to 50 years based on Chen et al. (2017). Annual temperature
and precipitation data for each sample plot were obtained from the gridded
data sets of MeteoSwiss (MeteoSwiss, 2016a; MeteoSwiss, 2016b)

2.6. Literature search and meta-analysis

A literature search on the influence of wind damage on forest SOC
stocks was conducted using the Scopus database and Google scholar. The
search terms were ‘wind disturbance’, ‘windthrow’, ‘windbreak’, ‘storm’,
‘blowdown’, and ‘soil carbon’. Only studies reporting SOC stocks were in-
cluded (i.e. studies reporting only C concentrations were discarded). If re-
sults were shown as figures, SOC stock data were extracted using a graph
digitizer software (GetData Graph Digitizer, version 2.26.0.20). Due to
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differences in soil sampling depths across studies, we focused on organic
layer SOC stocks. Mean and relative differences between windthrow area-
and control stand organic layer SOC stocks were calculated for each study
as described above. Differences were considered windthrow-induced SOC
changes. If studies includedwindthrow areas withmore than one treatment
(i.e. salvage logging yes/no) or with different age classes (i.e. differing
years since disturbance), one mean value was calculated (Liu et al.,
2017). The SOC changes were related to the size of the control stand SOC
stocks using regression models.

3. Results

3.1. Field study

Along the elevational gradient of the study sites, SOC stocks of the con-
trol stands including the organic layer and the mineral soil to 10 cm depth
increased from 3.03 ± 0.21 kg m−2 in deciduous/mixed forests at low el-
evations to 9.17 ± 0.43 kg m−2 in coniferous forests at high elevations
(PElevation = 0.002; Fig. 1, Table A.2). Also, organic layer SOC stocks in-
creased with increasing elevation, reaching from 0.31 ± 0.04 to 3.52 ±
0.42 kg m−2 (P < 0.001; Fig. A.2). A similar pattern was shown at the na-
tional scale, where organic layer SOC stocks are greatest in high-elevation
forests (Fig. 4a). Moreover, the fraction of SOC stored in organic layers
compared to total stocks increased significantly with elevation (P =
0.003; Fig. A.2).

The storms led to pronounced SOC losses, but the effect sizes in-
creased with elevation across the 19 sites of our field study (PWindthrow

x Elevation = 0.001; Table A.2) and were confined to the organic layer
(Fig. 1, Table A.3). The pattern was the same for the two storm events
(PWindthrow x Elevation x Storm = 0.248). At Lothar sites <550 m a.s.l., SOC
stocks did not differ significantly between windthrow areas and control
stands. At Lothar sites between 550 and 600 m a.s.l., the organic layer
SOC stocks of windthrow areas were significantly lower than those of con-
trol stands (−0.12 kg m−2; P < 0.001), but no differences were found for
total and mineral soil SOC stocks. At Lothar sites between 930 and 1500
m a.s.l. and at Vivian sites, both total and organic layer SOC stocks of the
windthrow areas were significantly smaller than those of the control stands
(Lothar:−1.22 and− 0.77 kg m−2; Vivian:−2.45 and− 2.01 kg m−2; P
< 0.001); likewise, no significant differences were found for mineral soil
SOC stocks.

Overall, windthrow-induced SOC changes in the organic layers were
significantly related to the size of the organic layer SOC stocks in the control
stands, in both absolute and relative terms (P < 0.001; Fig. 2). Thus, net
SOC losses were disproportionally greater after windthrow in stands with
initially large organic layer stocks. At the five sites with initial SOC stocks
>2 kg m−2, >70 % of the organic layer SOC was lost. SOC losses were
also significantly related to elevation (P < 0.001), mean annual tempera-
ture (P < 0.001), and mean annual precipitation (P = 0.021; Fig. A.3).
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Cumulative CO2 efflux rates from organic layer samples were signifi-
cantly higher (PWindthrow = 0.005; Fig. A.4) at windthrow areas compared
to control stands and the effect size increased with increasing elevation
(PWindthrow x Group < 0.001). Highest efflux rates were shown for Vivian
sites. Efflux rates from mineral soil samples were neither dependent on el-
evation nor were they affected by windthrow.
Fig. 4. Effects of windthrow on soil organic carbon (SOC) stocks in forests of Switzerland
damaged by storms ‘Vivian’ and ‘Lothar’(b), and SOC stock changes (t C) followingwindth
total damaged area given separately for elevation groups (d). Map lines delineate study

5

The labile SOC stocks in the organic layers of the control stands in-
creased significantly (PWindthrow x Group = 0.012) with increasing elevation
(Fig. 3). Windthrow areas showed significantly lower labile SOC stocks at
high-elevation Lothar and Vivian sites (P < 0.001), but not at low-
elevation Lothar sites. Labile SOC stocks inmineral soil were neither depen-
dent on elevation nor were they affected by windthrow.
. Maps of SOC stocks in the organic layer of Swiss forests (a), the windthrown areas
row as estimated by linear regressionmodel (c). Total SOC loss afterwindthrow and
areas and do not necessarily depict accepted national boundaries.
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3.2. Windthrow effects on soil organic carbon stocks on a national level

We used the close relationship between the SOC changes and the re-
spective control stand SOC stocks to extrapolate windthrow effects to the
whole forested area of Switzerland. For that, we applied the linear model
(Fig. 2) to high resolution maps of windthrow damage and SOC stocks
based on machine learning using soil data from 1146 forest sites (Fig. 4a,
b). Since mineral soil SOC stocks were not affected by windthrow, we lim-
ited the spatial extrapolation to the organic layer. In total, 28′743 ha of the
forested area of Switzerland was affected by windthrow from Vivian and
Lothar, respectively. For this area we calculated a total net SOC loss of
393 kt C (Fig. 4c, d).

3.3. Temporal dynamics of soil organic carbon after windthrow

Results from Yasso07 modelling show the organic layer SOC stocks of
mature forests to be in an equilibrium until windthrow causes an abrupt de-
cline in SOC, followed by a phase of SOC recovery during forest regrowth
until a new steady state is reached (Fig. 5). Themodelled SOC stocks before
and after windthrow compared well with organic layer SOC stocks of the
field study. However, the model did not capture the higher SOC stocks at
the high elevation Vivian and Lothar sites. The estimated maximal SOC
changes in the year of sampling were also slightly lower than in the field
study.

Grouping the simulated data into four elevation/storm classes with dis-
tinctly different forest regrowth shows a strong dependency of SOC recov-
ery time on forest succession that decreased with elevation (Fig. 5). A fast
regrowth and an associated rapid recovery of C inputs is predicted at low
elevations; therefore, Lothar sites outbalance net C losses already after
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∼5 years following windthrow. At high elevation Vivian sites, in contrast,
forest regrowth is slow, and itwill take∼15 years afterwindthrowuntil the
recovering C inputs outbalance net C losses. Accordingly, the phase until
SOC stocks will fully recover, and a new steady state will be reached, is
∼20 years at low elevation but ∼60 years at high elevation sites.

3.4. Meta-analysis

In total, 11 field-based windthrow studies met the criteria for further
meta-analysis with most of them being in temperate forests (Table A.5).
The studies showed increased, unchanged, and decreased organic layer
SOC stocks when windthrow areas were compared to control stands. The
windthrow-induced SOC changes in absolute terms were significantly (P
= 0.01) related to the size of the control stands SOC stocks (Fig. 6). The
model for relative changes was, however, only marginally significant (P
= 0.088).

4. Discussion

Forests are increasingly threatened by windthrow (Peterson, 2000;
Gardiner et al., 2010; Seidl et al., 2017). Here, we show that SOC stocks
in high elevation mountain forests growing in a harsh climate are particu-
larly vulnerable to storm damage.Within one decade after the storm Lothar
and two decades after the storm Vivian, high-elevation coniferous forests
lost up to 90 % of their SOC in the organic layer and up to 44 % of their
total SOC stocks down to 10 cm mineral soil depth (Fig. 1). In contrast,
SOC stocks of low-elevation deciduous and mixed forests growing in a
more favorable climate were hardly affected by windthrow. We relate the
increasing vulnerability of soils to disturbance towards higher elevations
primarily to the increasing quantities of readily mineralizable SOC in
thick organic layers, and the slower tree regeneration dynamics and there-
fore delayed recovery of C inputs as compared to productive forests at lower
elevations.

Forest soils at high elevations have accumulated ‘unprotected’ labile
SOC in thick organic layers (Figs. 1, 3, A.2) because of hampered litter de-
composition as a consequence of harsh climatic conditions (Hagedorn et al.,
2010). This SOC pool is readily available to microbes and will decompose
fast after windthrowwhenmicroclimatic conditions are becoming more fa-
vorable (i.e. warmer/moister) (Morehouse et al., 2008; Mayer et al., 2017;
Kosunen et al., 2019). Soil temperatures in summer can be >5 °C higher in
windthrow areas than in undisturbed control stands (Mayer et al., 2014).
This temperature rise corresponds to the temperature range observed
along the elevation gradient in our field study where SOC stocks in the or-
ganic layer increased by a factor of∼5 (Fig. A.2, Table A.1). In addition to
an accelerated decomposition, surface erosion may also induce organic
layer losses, especially on steep mountain slopes or ridges (Gerber et al.,
2002). In contrast to high elevation forest soils, organic layers were thin
at lower elevations and a greater SOC fraction was stored in mineral soils
(Fig. 1a), where it can be stabilized by aggregate formation and sorption
onto reactive mineral surfaces (Cotrufo et al., 2013; Lehmann and Kleber,
2015). In accordance, net SOC losses occurred primarily in the organic
layers (Fig. 1b) and correlated strongly with the initial size of the organic
layer SOC stocks, in both absolute and relative terms (Fig. 2).

A hampered forest regeneration under the cold and nutrient-poor condi-
tions of mountain forests possibly contributes to the greater windthrow ef-
fects on SOC at higher elevations. In the year of the field study, re-
established forests at high elevation Vivian sites showed lower tree heights
and two to three times lower tree densities than Lothar sites at lower eleva-
tion, although they were older in stand age (Kramer et al., 2014). The
slower recovery decreases tree litter production and consequently impedes
the renewal of SOC stocks. The re-accumulation of an organic layer is addi-
tionally reduced by the change in plant species following windthrow. Our
mineralization experiment revealed greater C mineralization rates from
the organic layer in pioneer plant dominated Vivian windthrow areas
than from those of control stands with coniferous trees (Fig. A.4), suggest-
ing a higher quality and a faster turnover of the organic material. By



0 2 4 6 8 10
−5
−4
−3
−2
−1

0
1
2

SO
C

 c
ha

ng
e 

(k
g 

m
−2

)
P = 0.01
R² = 0.46

0 2 4 6 8 10
−100

−50

0

50

100

R
el

. S
O

C
 c

ha
ng

e 
(%

)

P = 0.09
R² = 0.21

SOC Control (kg m−2)

Fig. 6. Effect of windthrow on soil organic carbon (SOC) among published studies. Absolute and relative changes in SOC stocks followingwindthrow depend on control stand
SOC stocks. Given are mean values extracted from earlier field-based windthrow studies. SOC changes were calculated as the difference between organic layer SOC stocks of
windthrow areas and control stands. Solid and dashed lines show fitted models and 95 % confidence intervals, respectively.

M. Mayer et al. Science of the Total Environment 857 (2023) 159694
considering slower regrowth dynamics in our modelling simulations, we
further show that lower C input rates at high elevations resulted in longer
phases of net C loss after windthrow (∼15 years, Fig. 5). In comparison,
higher C input rates at lower elevations outbalanced net C losses rather rap-
idly after damage (∼5 years) and C mineralization rates of the organic
layer at windthrow sites were similarly high than at control stands
(Fig. A.4). This suggests that SOC stocks (incl. labile SOC) at lower eleva-
tions were almost recovered in the year of field sampling, while those at
higher elevations just started to build-up again.

In contrast to organic layers, the SOC stocks of mineral soils and their
labile SOC pools were not affected by windthrow (Figs. 1, 3), consistent
with other windthrow studies (Don et al., 2012; Mayer et al., 2017). Beside
above-mentioned stabilization mechanisms that can ‘protect’ mineral soil
SOC from enhanced decomposition after windthrow, tree uprooting and as-
sociated soil mixing may have incorporated organic layer material into
deeper mineral soil horizons (Šamonil et al., 2010). Together with extra lit-
ter input from decaying tree roots this may have outbalanced SOC losses
from mineral horizons to some degree. Moreover, a high rhizodeposition
from pioneer plants (e.g. herbs/grasses) may have also delivered consider-
able amounts of fresh C to mineral soil (Rebele and Lehmann, 2001; Solly
et al., 2014).

A negligible response of SOC stocks to windthrow in the mineral soil in-
dicated that windthrow effects were confined to the organic layer which fa-
cilitated the spatial extrapolation to the whole forested area of Switzerland.
Across all windthrow sites damaged by Lothar andVivianwe estimated that
about 0.4 Mt. SOC stored in the organic layers got lost between 1990 and
2008. Assuming these losses were caused by decomposition only (i.e. no
surface erosion), this amount equals the average net C sink in Swiss forest
biomass on an corresponding area of about 3 to 4 decades (based on data
taken from FOEN (2022)). We also show that windthrow-induced changes
in SOC stocks were strongly elevation dependent when upscaled to the
whole forested area of Switzerland. For example, windthrow areas below
1000 m a.s.l. covering a total of 16′625 ha lost 137 kt C while those
above 1000 m a.s.l. covering only 12′118 ha lost as much as 256 kt C
(Fig. 4d). Thus, the net C losses from soil almost doubled, although the dam-
aged area in the higher elevation group was only three-quarter the size.
Given that forest growth rates and C uptake decrease with elevation
(Thürig and Schmid, 2008), implies that SOC losses, even from small-
scale windthrows, could significantly reduce the C sink strength of moun-
tain forest areas (Lindauer et al., 2014; Matthews et al., 2017). Our findings
indicate that large-scale predictions of disturbance effects on C balances
should include site-specific responses of SOC stocks. National soil invento-
ries provide reasonable assessments of SOC stocks in the organic layer
(Grüneberg et al., 2014) which could serve as a robust proxy for SOC losses
following disturbance.
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Among the most critical question on longer time scales is to which ex-
tent the SOC stocks will recover after windthrow. Only if they fully regain
their original stock, the SOC balance will be neutral, as windthrow-
induced net C losses are finally re-sequestered in soil. If the SOC stocks do
not fully recover, and C storage in tree biomass cannot offset decomposition
related SOC losses, this amount of C is ultimately lost to the atmosphere.
Our simulations suggest SOC pools at high elevations will return to pre-
disturbance conditions after ∼60 years (Fig. 5), which corresponds to the
recover intervals reported in meta-analyses on the effects of forest harvest
(James and Harrison, 2016; James et al., 2021). However, we regard a re-
covery time of 60 year as a lower limit as the modelling underestimated
SOC pool sizes at higher elevation. Longer recovery phases will increase
the likelihood that SOC stocks are affected from reappearing forest damage
before they have returned to pre-disturbance levels (Yousefpour et al.,
2019) — a potential issue under increased disturbance frequencies (Senf
and Seidl, 2021a). We thus speculate that soils of mountain forests are
not only vulnerable to larger and longer-lasting reductions in SOC stocks
after windthrow, but they could also be prone to permanent SOC loss
under future accelerated disturbance dynamics (Seidl et al., 2017).

Our study covering a pronounced climatic gradient with elevation in
Switzerland is corroborated by earlier windthrow studies showing that
changes in organic layer SOC correlate with the size of the initial SOC
stocks across ecosystems (Fig. 6, Table A.5). In agreement, the largest
SOC losses were found in studies from coldmountainous forests with inher-
ently large organic layer SOC stocks (Kramer et al., 2004; Christophel et al.,
2015; Mayer et al., 2017). In contrast, a study from a tropical forest in the
Amazon region—a biome with generally low organic layer SOC stocks
(Pan et al., 2011)—showed even increased SOC stocks following wind-
throw (dos Santos et al., 2016). The authors argue that a fast decomposition
of dying roots and woody debris contributed most to higher SOC stocks.
However, compared to ecosystems in cold environments, humid tropical
forests also feature a higher productivity (Keeling and Phillips, 2007),
whichmight have accelerated C inputs and the renewal of SOC after distur-
bance. We are aware that our meta-analysis holds some limitations due to
the low number and comparability of existing studies (Tables A.5). How-
ever, the dominant role of inherent SOC stock size in governing SOC dy-
namics can also be seen in soil warming and afforestation studies
(Crowther et al., 2016; Hong et al., 2020). This supports the general idea
that SOC losses in response to environmental change, includingwindthrow,
are ecosystem specific. Less productive forestswhose soils are characterized
by thick organic layers seemmost vulnerable to SOC loss due to windthrow
and possibly other disturbances. In comparison, productive forests develop-
ing only thin organic layers appear less prone to lose SOC. We therefore
argue that the size of labile SOC stocks—in forests largely reflected by the
size of the organic layers—represents an integral measure for site
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vulnerability. Possibly, this applies not only for high-elevation forest, but
also for forests towards higher latitudes which develop thick organic layer
under harsh climatic and nutrient-poor conditions (Pan et al., 2011;
Högberg et al., 2017).

Taken together, our study provides strong empirical evidence that
windthrow-induced changes in SOC stocks differ between forest types,
with high-elevation mountain forests being hotspots for SOC losses after
windthrow. The likely reason for this pattern is the high stocks of easily
mineralizable SOC in thick organic layers of mountain forests accumulated
under harsh climatic conditions,while at lowelevations, a greater SOC frac-
tion is stabilized bymineral interactions.We propose that the size of the ini-
tial labile SOC stocks, largely represented by the size of the organic layer,
can be used as an integral measure for the vulnerability of SOC to wind-
throw or other disturbances. Using this information could strongly increase
the reliability of forest C balance predictions related to disturbances at
larger spatial scales.
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