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Abstract. Soil organic carbon (SOC) has been identif ed as the main global terrestrial carbon
reservoir, but considerable uncertainty remains as to regional SOC variability and the distri-
bution of C between vegetation and soil. We used gridded forest soil data (8-km × 8-km)
representative of Swiss forests in terms of climate and forest type distribution to analyse spatial
patterns of mineral SOC stocks along gradients in the European Alps for the year 1993. At
stand level, mean SOC stocks of 98 t C ha−1 (N = 168, coeff cient of variation: 70%) were
obtained for the entire mineral soil prof le, 76 t C ha−1 (N = 137, CV: 50%) in 0–30 cm
topsoil, and 62 t C ha−1 (N = 156, CV: 46%) in 0–20 cm topsoil. Extrapolating to national
scale, we calculated contemporary SOC stocks of 110 Tg C (entire mineral soil, standard
error: 6 Tg C), 87 Tg C (0–30 cm topsoil, standard error: 3.5 Tg C) and 70 Tg C (0–20 cm
topsoil, standard error: 2.5 Tg C) for mineral soils of accessible Swiss forests (1.1399 Mha).
According to our estimate, the 0–20 cm layers of mineral forest soils in Switzerland store
about half of the C sequestered by forest trees (136 Tg C) and more than f ve times more than
organic horizons (13.2 Tg C).

At stand level, regression analyses on the entire data set yielded no strong climatic or
topographic signature for forest SOC stocks in top (0–20 cm) and entire mineral soils across
the Alps, despite the wide range of values of site parameters. Similarly, geostatistical analyses
revealed no clear spatial trends for SOC in Switzerland at the scale of sampling. Using subsets,
biotic, abiotic controls and categorial variables (forest type, region) explained nearly 60% of
the SOC variability in topsoil mineral layers (0–20 cm) for broadleaf stands (N = 56), but
only little of the variability in needleleaf stands (N = 91, R2 = 0.23 for topsoil layers).

Considerable uncertainties remain in assessments of SOC stocks, due to unquantif ed
errors in soil density and rock fraction, lack of data on within-site SOC variability and missing
or poorly quantif ed environmental control parameters. Considering further spatial SOC vari-
ability, replicate pointwise soil sampling at 8-km × 8-km resolution without organic horizons
will thus hardly allow to detect changes in SOC stocks in strongly heterogeneous mountain
landscapes.
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Introduction

At the local scale, soils play a central role in terrestrial ecosystems serving
both as habitat for plants, soil animals and microorganisms and as water and
nutrient reservoir for plants. More recently, soils have gained attention within
the global change debate as largest terrestrial carbon (C) pool. According
to Batjes (1996) organic and mineral soil horizons store about 1505 Pg C
surpassing, thus, the C pools of vegetation (610 Pg C) and atmosphere (750
Pg C) by more than a factor of two (Schimel et al. 1995). Moreover soil
organic carbon (SOC) is a signif cant dynamic component of the global C
cycle: First, a substantial fraction of C in upland soils has characteristic
turnover times of a few decades only (Harrison et al. 1993; Trumbore et al.
1996; Perruchoud et al. 1999a). Second, there is increasing evidence for heat
and moisture controlling heterotrophic respiration (Raich & Potter 1995),
organic matter decomposition (Kirschbaum 1995; Moore et al. 1999), SOC
stocks (Homann et al. 1995; Gärdenäs 1998) and age distribution of SOC
(Tate et al. 1995; Townsend et al. 1995). Third, land-use change can within a
few decades lead to substantial SOC depletion (Davidson &Ackerman 1993).
Thus, since CO2 emissions from organic matter decomposition in terrestrial
ecosystems amount to about 50–60 Pg C yr−1 (McGuire et al. 1995; Post et al.
1997), i.e. roughly one order of magnitude more than the anthropogenic CO2
emissions, even small changes in the functioning of terrestrial ecosystems
can perturb the global C cycle substantially. Forest soils, in particular, are a
huge C pool (787 Pg C (Dixon et al. 1994)) and considerable changes of SOC
pools and f uxes are to be expected in managed forests in response to affor-
estation (Harrison et al. 1995; Smith et al. 1997), timber harvesting (Pennock
& Van Kessel 1995) and cultivation of previously untilled soils (Balesdent et
al. 1988; Davidson & Ackerman 1993).

Sophisticated methods have now become available to assess changes in
forest C stocks by integrative measures (GACGC 1998): Micrometeorolo-
gical techniques based on CO2 gradient measurements represent the net
CO2 exchange between atmosphere and biosphere over spatial scales of one
km2, larger spatial scales (50-km × 50-km areas) can be assessed with the
convective boundary layer method. These methods can be used to estimate
C budgets of major ecosystem types (Wofsy et al. 1993), but serious prob-
lems remain when spatially extrapolating to (sub-)continental scales from
a few tower measurements (Martin et al. 1998). Moreover, sudden disturb-
ance cannot be analysed with this approach. Thus, the classical approach
of periodically inventorying forest C pools (i.e. overstory and understory
vegetation, forest f oor and soil) at stand level remains an important source
of information and combination of all three approaches the best way to
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achieve a better understanding of the state and dynamics of C sequestration in
forests.

Despite its importance SOC has until now often been neglected in national
forest inventories. Most European assessments have used one average SOC
density for forest soils derived from a number of soil prof les (Burschel
et al. 1993; Murillo 1994), or combined soil and vegetation type maps
with published soil prof le data assumed as representative (Körner et al.
1993; Nabuurs & Mohren 1993; Paulsen 1995; Howard et al. 1995; Milne
& Brown 1997). Finland (Kauppi et al. 1997), and Germany (R. Barritz,
BFH pers. comm.) are among the few European countries where soil was
sampled systematically within the national forest inventory to estimate
SOC.

Alternatively, statistical relationships between SOC and environmental
quantities controlling soil organic matter (SOM) decomposition such as
temperature, precipitation and actual evapotranspiration (Burke et al. 1989;
Grigal & Ohmann 1992; Homann et al. 1995; Liski & Westman 1996) are
established to arrive at regional estimates of SOC pools. Edaphic factors such
as clay mineralogy (Parf tt et al. 1996; Torn et al. 1997) or soil texture (Burke
et al. 1989; Davidson 1995; Arrouyas et al. 1995) have also been successfully
related to SOC sequestration, besides site characteristics such as productivity
(Liski &Westman 1996), soil pH (Hanawalt &Whittaker 1976), soil moisture
drainage (Davidson 1995; Homann et al. 1995) and topographical parameters
(aspect, slope and elevation) (Haber 1985; Datta et al. 1989; Arrouays et
al. 1998). Such studies complement process-oriented studies and allow to
identify ecosystem types, or regions of high sensitivity with respect to natural
and anthropogenic changes in the environment.

Our study had two objectives: First to give a national estimate for the
C in mineral soils of upland forests in Switzerland for the mid 1990s, thus
complementing already existing national estimates of forest tree and organic
horizon C. Here, we additionally emphasised the topsoil layers (0–20 cm
and 0–30 cm soil depth) with their high potential of mobilising substantial
amounts of C under climate or land-use changes. Second, we used the wealth
of available site-specif c biotic and abiotic parameters to reveal the existence
of signif cant relationships between SOC stocks and specif c environmental
factors in mountain forest soils of Central Europe.



114

Materials and methods

Study area

Forests cover about 29% or 12,000 km2 of Switzerland and extend from 200
to 2,300 meters above sea level (SAEFL 1997; Brassel & Brändli 1999).
They strongly vary with respect to productivity, stocking density and soil
characteristics in response to differences in geology, topography, climate, soil
formation and land-use. Site conditions in Swiss forests are representative of
many Central and Northern European forest ecosystems. The spectrum of
Swiss forests ranges from broadleaf forests on moderately drained, period-
ically dry, warm soils at low elevations, to strongly drained, warm soils in
the Jurassic Alps and strongly drained, cold soils under needleleaf forests
in the Alps. Spruce, beech and f r are the dominant species in Switzerland
with about 80% of the total timber volume reserves (Stierlin & Ulmer 1999).
Lower elevation stands have a complex vegetation history due to intensive
management, so that spruce contributes substantially in this naturally beech
dominated region. With increasing elevation more natural forests prevail, and
broadleaf trees are gradually replaced by needleleaf vegetation. Half of the
forest area is found at altitudes above 1,000 meters with about 75% located
on intermediate slopes where hydrological inputs and outputs are roughly at
equilibrium (EAFV 1988). Climate is characterised by the strong altitudinal
gradient in Switzerland and ranges from intra-alpine and continental (annual
precipitation sum < 500 mm) to insubrian (July temperature > 20 ◦C, annual
precipitation sum > 1600 mm), or from temperate (Plateau) to cold climate
(Alps) (Brzeziecki et al. 1993).

Soil data

Forest soils had been sampled in 1993 in the context of the Swiss forest
damage inventory (Lüscher et al. 1994; Vanmechelen et al. 1997) at a spatial
resolution of 8-km × 8-km (Figure 1). Not all of the organic horizon was
sampled, so that C stocks here refer to mineral soil horizons. Soil prof les
were dug down to the C horizon. Sampling of mineral soil in the top 80
cm was done using the soil layers specif ed by UN/ECE (1994), below 80
cm depth soil sampling was done by soil horizons. For the top 20 cm, soil
was sampled continuously at 0–5 cm, 5–10 cm and 10–20 cm depth. The
sampled soils were described as Cambisols (N = 41), Fluvisols (1), Gleysols
(11), Lithosols (1), Luvisols (20), Podsols (28), Rankers (8), Regosols (20),
and Rendzinas (38) using a simplif ed FAO classif cation. Histosols which
only account for about 0.1% of the forested area in Switzerland and typically
have thicknesses of the order of 10 cm were not encountered on our sampling
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Figure 1. Spatial distribution of SOC in total (top, N = 168) and 0–20 cm mineral soil layers
(bottom, N = 156) of upland forest soils at 8-km × 8-km resolution. Sampling locations are
indicated by dots centred on the circles whose radii are proportional to the size of SOC stocks.
Spatial coordinates (‘x’, ‘y’) are in units of meters and refer to Swiss National Coordinates.
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grid. Field capacity was determined in situ according to AAB (1994). Addi-
tionally, qualitative information about shallowness, rock fraction and water
holding capacity of the soils was available at national scale from Frei et al.
(1980).

The national C reservoir of Swiss forest soils was assessed on the basis of
168 soil prof les. SOC was integrated across depth for layers with detectable
C concentration or until bedrock was met (this is referred to as maximum
soil depth hereafter) assuming homogeneity across pedogenic horizons and
linear changes in C concentration across unsampled layers. To calculate SOC
density in mass per area units, we used in situ estimates for layer thickness
and the volumetric coarse soil fragment fraction ≥ 2 mm. Soil C concen-
tration (in [g C/(100 g f ne earth)]) and bulk density of f ne earth were
determined in the laboratory (see below).

Topographical data

Sample site elevations were based on a digital elevation model with a spatial
resolution of 25-m × 25-m (Bundesamt für Landestopographie 1994). The
same digital elevation model was used to derive slope, aspect, total curvature
and bioclimatic parameters (see below).

Bioclimatic data

Mean annual temperature, annual precipitation sum, and annual actual evapo-
transpiration were available for every sample site. Climatic data were derived
from mean monthly climate stations records (1961–1990) using regression
analysis and spatial extrapolation of residuals, i.e. spline for precipitation
(Kienast 1998) and kriging for temperature (L. Zgraggen ETH Zürich,
pers. comm.). Evapotranspiration was obtained by a simplif ed version
of FORCLIM–E (Bugmann & Cramer 1998), assuming spatially uniform
climate variabilities and a constant f eld capacity of 15 cm (H. Lischke,
WSL Birmensdorf, pers. comm.). A characterisation of the distribution of
soil samples and sampling units of the Second Swiss Forest Inventory (SNFI
2, 1993–1995) in the temperature-precipitation parameter space is given in
Figure 2.

Vegetation data

Forest vegetation data were available from the SNFI 2 at 1.4-km × 1.4-
km resolution (Brassel & Brändli 1999). This allowed for an estimate of
tree carbon including foliage, twigs, branches, stem, coarse and f ne roots
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Figure 2. Distribution of soil samples (fille circles, N = 168) and forest inventory sampling
units (f ne points, N = 5298) in temperature-precipitation space. Filled circles represent soil
sites sampled at 8-km × 8-km resolution, f ne points were taken from the second National
Forest Inventory SNFI 2 (Brassel & Brändli 1999) at a spatial resolution of 1.4-km× 1.4-km.

(Perruchoud et al. 1999b). SNFI 2 also specif es tree species with the largest
basal area (referred to as dominant hereafter) and thus provided a simplif ed
forest type classif cation by species. Additionally, the potential vegetation
classif cation (Ellenberg & Klötzli 1972) was available for all soil sampling
sites (P. Kull, WSL Birmensdorf, pers. comm.).

Laboratory analyses

Soil samples were dried to constant weight at 60 ◦C, passed through a 2-
mm sieve and ground for chemical analyses. Total C concentration of the
f ne earth fraction < 2 mm was determined with a Carlo Erba NA-1500
analyser using two replicates of each sample. For acidic soils (pH < 6) the
concentration of inorganic C was assumed to be zero; for nonacidic soils,
organic C concentration was determined by difference from total and inor-
ganic C concentration. Inorganic C was measured directly by reacting soil
with H2SO4 and weighing the evolved CO2 previously collected in NaOH.
For the conversion of % CO3 (in CaCO3) to % C, a factor of 1/5 was used.
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The standard deviation of replicate C concentration measurements was ±3%
of the measured value. Analytical limits of detection were 0.23% and 0.20%
for CaCO3 and total C respectively. Additionally, soil volume (i.e. 500 cm3)
and mass were measured for a subset of topsoil samples (N = 138, 0–10
cm soil depth). Soil density of f ne earth (fraction < 2 mm) was deter-
mined assuming negligible rock fraction for these topsoil layers and related
to organic C concentration (see below).

Calculations and statistical analyses

SOC density. We assumed homogeneity of C concentration within sampling
layers and interpolated C concentrations linearly between soil layers without
measurement. Information about the C concentration from multiple measure-
ments within the same pedogenic horizon were included. C content of the
fraction ≥ 2-mm (δi,2mm in %) was neglected (Zinke et al. 1986; McNabb et
al. 1986; Homann et al. 1995) and SOC pool size (in [t C ha−1]) determined
via

SOCdz =
dz∑
i

ρ(Ci) ·
(
1− δi,2mm

100

)
· di · Ci , (1)

where di denotes the thickness of layer i in cm, ρ = f (Ci) f ne earth density
in g · cm−3, depending on Ci carbon concentration in % and

∑dz
i integrates

between the mineral soil surface and soil depth dz. SOC estimates were
calculated to maximum soil depth with detectable C concentration (SOCprof le,
N = 168) and – respecting the continuous sampling within the 0–20 cm
layer – for a soil depth dz of 20 cm (SOC20, N = 156). Additionally, stand
level means for the 0–30 cm mineral soil layer (SOC30, N = 137) were
determined to comply with the guidelines of the Intergovernmental Panel on
Climate Change (Houghton et al. 1997).

Bulk density. For 138 sites, organic C concentration (in [%]) and soil density
(ρ in [g · cm−3]) were simultaneously available from the topsoil (0–10 cm
depth). The C concentration was averaged within this layer and related to ρ by
non-linear regression with procedure NLIN (method Marquardt) (SAS 1990).
We tested published relationships between ρ and organic matter (Curtis &
Post 1964; Grigal et al. 1989) or C (Alexander 1980; Harrison & Bocock
1981; Huntington et al. 1989) for forest soils and selected the regression
equation with the lowest residual sum of squares.

Regression analyses. Statistical analyses were carried out for total mineral
soil SOC (SOCprof le) and for 0–20 cm SOC (SOC20) with the S-Plus software
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package (S-Plus 1996). The 0–20 cm mineral soil layer was considered in
particular, given the continuous soil sampling in this layer (see above), and
because topsoils are thought to be affected by environmental changes most
directly (Parton et al. 1993; Schimel et al. 1994; McGuire et al. 1995; Melillo
et al. 1995). Simple linear regressions were f tted using continuous climatic,
topographical, and vegetation variables as predictors. In addition, categorial
variables for forest productivity region, forest type, soil unit, as well as soil
shallowness, rock fraction and water holding capacity were used.

Moreover, multiple linear regression models were f tted involving
different sets of the above continuous predictor variables and combinations of
continuous and categorial variables. Predictors were analysed with respect to
correlations and variables x, y not included simultaneously if |cor(x, y)| >
0.85. Model selection was done on the basis of multiple R-square and p-
values for the f tted regression models. Normality of the residual distribution
was checked via T3 plots (Ghosh 1996) and equality of variances by means
of Tukey-Anscombe plots. Exploratory analysis showed natural logarithm to
be the appropriate transformation on all continuous variables in the regres-
sion models. Description and summary statistics of the variables used in the
statistical analyses are given in Table 1 and Table 2.

Geostatistical analyses. Spatial dependencies of SOCprof le and SOC20 were
analysed with the S-Plus software package S+SPATIALSTATS (function
“variogram”) (Kaluzny et al. 1996) using directional and omnidirectional,
empirical variograms, i.e.,

γ (hkl) = 1
2|N(hkl)|

∑
i,j∈N(hkl )

[SOCdz(xi)− SOCdz(xj )]2,

where |N(hkl)| is the number of pairs (i, j ) whose distance xi−xj lies within
lag class hkl, characterised by a ring segment of radius 2dh and angle 2dφ.
Additionally, semivariograms were used to study the spatial dependence of
the residuals obtained from the above regression analyses.

National SOC extrapolation. For extrapolation of SOC to national scale we
used an area of 1.1399 Mha corresponding to accessible forests without
brushwood in Switzerland and accounting for 92% of the total forest area in
Switzerland (Brassel & Brändli 1999). National SOC estimates were calcu-
lated by combining area estimates of forest type classes (Stierlin & Ulmer
1999) with SOC densities calculated after Eq. (1) and using Cochran (1977)’s
formulae for a stratif ed population’s total, mean and variance, i.e.,
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Table 1. List of variables used for statistical analysis.

Continuous variables

SOCprof le Soil organic carbon in the entire mineral soil t C ha−1
SOC20 Soil organic carbon in topsoil t C ha−1
toc Total tree carbon t C ha−1
elev Elevation m (a.s.l.)
slope Slope ◦ (∈[0◦, 90◦])
aspect Aspect ◦ (∈[0◦, 180◦])
mat Mean annual temperature ◦C
map Annual precipitation sum mm
aet Actual evapotranspiration mm
fcap Field capacity mm

Categorial variables

eku Vegetation units
forest Forest type 12 classes
region Productivity region 5 classes
faosoil FAO soil units 9 classes
shallow Soil shallowness 5 classes
rock Rock fraction 5 classes
whc Water holding capacity 6 classes

Vegetation units refer to the classif cation system of Ellenberg and Klötzli (1972)
and were provided by P. Kull (WSL Birmensdorf, pers. comm.). Forest types
were def ned by dominant tree species and derived from the Swiss national forest
inventory SNFI 2 (Brassel & Brändli 1999).

Ŷst =
L∑
l=1

Nlȳl , and

var〈Ŷst〉 =
L∑
l=1

Nl

nl
(Nl − nl)

(
1

nl − 1

nl∑
k=1
(ylk − ȳl)2

)
,

where

ȳl = 1
nl

nl∑
k=1

ylk

is the sample mean in stratum l, L is the number of strata, Nl is the total
number of 1-ha area units and nl the respective number of sampled area
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Table 2. Summary statistics of soil, vegetation, and site properties.

Parameter Symbol Minimum Maximum Mean CV [%] N

Soil organic C [t C ha−1] SOCprof le 6.2 319.0 98.2 70 168
Soil organic C (0–20 cm)

[t C ha−1] SOC20 6.2 174.6 62.0 46 156
Solum thickness [cm] dz 5 190 61 58 168
Total tree C [t C ha−1] toc 3.7 506.8 127.7 62 160
Elevation [m a.s.l.] elev 322 2207 1032 44 168
Slope [◦] slope 1 60 23 54 165
Aspect [◦] aspect 0.5 178.9 78.6 65 165
Temperature [◦C] mat 1.2 12.0 7.1 31 168
Precipitation [mm] map 581 2271 1399 23 168
Evapotranspiration [mm] aet 398 700 531 12 168
Field capacity [mm] fcap 0 355 94 64 164

Solum thickness refers to the deepest soil layer with detectable amounts of carbon. Total
tree C includes foliage, twigs, branches, stem, coarse and f ne roots and was estimated
from forest inventory data (Kaufmann & Brassel 1999; Perruchoud et al. 1999b).

units in stratum l. This approach was applied for total mineral and top soil
(ylk = SOCprof le,lk, SOC20,lk, and SOC30,lk) in Swiss forests using statistically
signif cant strata.

Alternatively, ylk was predicted pointwise by regression using site-specif c
continuous (x) and categorial variables (z). Since in particular SOC was
transformed using the natural logarithm function, the model estimate µi =
ln(SOCi ) = β0+∑j βj ln(xji)+

∑
k βk ln(zki) was used to determine SOC

stocks for every sample site i via E〈SOCi〉 = eµi+σ 2/2 (Finney 1941) in the
topsoil layer (0–20 cm) and the entire mineral soil. The same parameter σ 2

was assumed for all sites and estimated by the residual mean square error of
the ln(SOC)-model. For this approach no variance of the population total was
calculated.

Results

Data analysis: Stand level

The best f t between organic C and topsoil density ρ on the Swiss forest soil
samples was obtained using the function proposed by Grigal et al. (1989)
(Table 3, Figure 3) with a residual sum of squares of 2.95, i.e.,

ρ̂(C) = 0.44(±0.08) + 0.65(±0.07) · e−0.14(±0.05)·C, (2)
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Table 3. Model equations and coeff cients for determining soil density (in [g·cm−3]) from
organic C concentration (in [g C/(100 g soil)]).

Regression equation RSS Parameters Reference
b0 b1 b2

ρ = b0 + b1 ·
√
C 3.07 1.11 −0.15 × Alexander (1980)

ρ = b0 + b1 · log10(C) 3.19 1.03 −0.40 × Harrison and Bocock (1981)
ρ = b0 + b1 · eb2·C 2.95 0.44 0.65 −0.14 Grigal et al. (1989)
ρ = ebo+b1·ln(C)+b2·ln2(C) 2.97 0.04 −0.11 −0.05 Huntington et al. (1989)

Soil density is denoted by ρ, organic C concentration by C, and RSS refers to the residual
sum of squares.

(parameters in parentheses refer to the upper and lower 95% conf dence
bands). Eq. (2) was applied at all soil depths and combined with Eq. (1)
to determine layer-specif c SOC densities. Thus, a mean SOC stock of
98.2(±68.8) t C ha−1 (± standard deviation) was obtained for the entire
mineral soil prof le (Table 2, Figure 4, top). Sample locations and magnitude
of SOCprof le are shown in Figure 1 (top).

We compared C stocks sequestered in mineral soil and trees including
above- and belowground woody and f ne plant parts. In 38% of the 160 forest
stands for which SOC and tree C data were simultaneously available, SOC
was the larger pool. For 29% of the stands, tree C stocks exceeded SOC
by less than a factor of 2. In summary, 44% of total forest C (excluding
herbaceous vegetation, litter and organic horizons) was stored in the mineral
soil. An analysis of variance revealed no signif cant differences of the tree-
soil C distribution among productivity regions, soil types or vegetation units
sensu Ellenberg and Klötzli (1972). However, forest types differed strongly
in SOCprof le owing to the presence of larch stands (N = 11). For these high-
elevation stands (> 1500 m a.s.l.), mean SOC was substantially higher than
tree C stocks, but with a high coeff cient of variation (CV > 100%).

Stratif cation of SOCprof le by FAO soil taxa revealed substantial, but insig-
nif cant variations (α = 0.05) in contrast to classif cation by forest type,
Ellenberg and Klötzli (1972)’s vegetation units and productivity region. For
forest types, this effect was caused by the high SOC density in chestnut forests
(N = 6). Substantially higher SOC stocks could also be assigned to Southern
Alpine forest soils. The coeff cients of variations ranged between 41% and
71% in these classes (Table 4).

Linear regression was used to identify the effect of site parameters on
C sequestration in forest soils. Fitting models of ln(SOCprof le) against log-
transformed continuous predictors showed that only annual precipitation sum
(R2 = 0.07), and slope (R2 = 0.06) were signif cant at the 1% level.
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Figure 3. Organic C concentration vs. soil density for 138 forest mineral topsoil layers (0–10
cm). C concentrations were measured as [g C/(100 g soil)] and soil density as [g·cm−3] and
simultaneously available for a subset of the forest damage inventory prof les. The solid line
represents the best model f t Eq. (2), dashed lines refer to the 95% conf dence bands.

Subsequently, the simultaneous control of continuous variables was checked
by multiple regression including predictors with correlation below 0.85, i.e.,
map, mat, slope, aspect, and toc. Although highly signif cant models were
obtained, neither these models nor additions of second order interaction terms
explained more than 20% of the SOC variability in our data. The best model
for SOCprof le was obtained by including additional effects of the categorial
variables forest type and productivity region. The f nal model used to estimate
SOCprof le at national scale

ln(SOCprof le) = β0 + β1 · ln(mapi )+ β2 · ln(slopei )+
β3 · ln(mati)+ β4 · foresti + β5 · regioni + Ei, (3)

was highly signif cant (pF < 0.01) with R2 = 0.24. The analysis of residuals
showed that their expectation E〈Ei〉 was close to zero with constant variance
var〈Ei〉 and near normal distribution at the 95% acceptance level.

Mean SOC stocks in the top 0–20 cm soil layer amounted to 62.0 (± 28.5)
t C ha−1 (Figure 1, Figure 4). Classif cation of SOC20 by forest type and
productivity region were statistically signif cant at the 5% level due to the
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Figure 4. Histograms of SOC in total (top, N = 168) and 0–20 cm mineral soil layers (bottom,
N = 156) for Swiss forest soils. Mean SOC density is 98.2 t C ha−l (CV: 70%) for total mineral
soil and 62.0 t C ha−l (CV: 46%) for the topsoil. Note the different scales in the two fi ures.

presence of forest stands dominated by chestnut (N = 6) and samples in
the Southern Alps (N = 18) (Table 4). Coeff cients of variation varied
between 21% and 47% for SOC20. For SOC20, linear regression on double
log-transformed data showed annual precipitation to be the only signif cant
predictor (R2 = 0.14, pF < 0.05). Additionally, we found signif cance for
slope at the 10% level and for mean annual temperature at the 15% level,
but both with weak inf uence. Examination of T3 plots (Ghosh 1996) for the
residuals showed, however, that neither neither simple, multiple regression
nor interaction term models for SOC20 met the normality condition at the
95% conf dence level.

Thus, soil samples from broadleaf and needleleaf forest stands were
analysed separately. For the 56 broadleaf stands, precipitation, slope and
elevation were the only signif cant single continuous predictors (α = 0.10).
Forest type and productivity region improved the model substantially and

ln(SOC20,bl) = β0 + β1 · ln(mapi)+ β2 · ln(elevi)+
β3 · ln(slopei)+ β4 · foresti + β5 · regioni + Ei (4)
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Table 4. National estimate of SOC in total and top mineral soil layers of upland accessible
forests in Switzerland.

Model Forest Stand Stratif ed SOC in Swiss forests
area level mean Mean Stand. error
[Mha] SOC [t C ha−1] SOC [Tg C] [Tg C] [Tg C]

Total mineral soil, SOCprof le

All 1.1399 98.2 – 112.0 6.0

Chestnut 0.0249 177.0 4.4
111.1 6.2

Other forest types 1.1150 95.7 106.7

South Alps 0.1412 149.3 21.1
112.3 5.9

Other regions 0.9987 91.3 91.2

Eq. (3) 1.1399 100.8 – 114.9 –

Topsoil (0–20 cm), SOC20

All 1.1399 62.0 – 70.7 2.6

Chestnut 0.0249 98.9 2.5
69.7 2.5

Other forest types 1.1150 60.3 67.2

South Alps 0.1412 85.2 12.0
70.9 2.4

Other regions 0.9987 59.0 58.9

Broadleaf, Eq. (4) 0.3928 66.4 26.1
71.2 –

Needeleaf, Eq. (5) 0.7471 60.4 45.1

National estimates refer to accessible forest without brushwood. Mean SOC was extrapol-
ated from stand level SOC and estimates about the areal extent of strata (Stierlin & Ulmer
1999) assuming homogeneity within strata. The standard error of the population total Ŷst
was calculated as (var〈Ŷst 〉)1/2. A detailed description of the methods used for estimating
SOC by linear regression (Eq. (3), Eq. (4), and Eq. (5)) is given in the text.

explained 59% of the data variability (pF � 0.01, df = 42). The analysis of
residuals showed an expectation value E〈Ei〉 close to zero with constant vari-
ance var〈Ei〉 and normal distribution. Plots of the residuals against predictors
(not shown) revealed no need for additional parameter transformations.

For needleleaf forests (N = 93) precipitation, map, was the only signif -
cant, even though weak predictor (R2 = 0.06, pF < 0.05). Neither
slope, elevation, temperature nor any of the other continuous and categorial
variables reached a signif cance level of 10%. Various combinations of
continuous and categorial variables were tested, but none met the normality
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Figure 5. Empirical variograms for SOCprof le (top) and residuals of ln(SOCprof le) for regres-
sion model Equation (3) (bottom). See text for a defi ition of the empirical variogram. The
sampling scale is 8 km for our data set. Both variograms show lack of clear spatial dependence
at the scale of investigation.

T3 test for the residuals. However, removal of the needleleaf stands with
the highest and lowest SOC stock improved model f ts and distribution of
residuals considerably. The best model for needleleaf forest samples then was

ln(SOC20,nl) = β0 + β1 · ln(mapi)+ β2 · ln(mati)+
β3 · foresti + β4 · regioni + Ei, (5)

with R2 = 0.23, pF < 0.05 and 77 degrees of freedom. We subsequently
derived a national estimate of SOC20 in needleleaf forests by means of
Equation (5).

Geostatistical analyses revealed no clear spatial trends for SOC in Switzer-
land (see Figure 5). Similarly, at a sampling scale of 8 km, no spatial
dependencies emerged for the residuals of any of the above regression models
(Equations (3)–(5)).
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Data analysis: National extrapolation

National SOC estimates in accessible Swiss forests (1.1399 Mha) ranged
between 111 Tg C and 115 Tg C for mineral soil and were around 70 Tg
C in the 0–20 cm topsoil mineral layer (Table 4, 1 Tg = 1 Mt = 1012 g). Based
on a stand-level stock for SOC30 of 75.9 t C ha−1 we obtained a total of 87
Tg C in mineral soils at 0–30 cm depth. Accounting for the somewhat larger
total area of Swiss forests, i.e. 1.2340 Mha (Strobel et al. 1999), we obtained
a SOC estimate of 120–125 Tg C in the entire mineral soil and about 95 Tg
C (0–30 cm soil depth) and 76 Tg C (0–20 cm) in mineral topsoil for the year
1993. Noticeable is the small difference among our national SOC estimates
independent of the calculation approach and that stratif cation did not increase
the precision of our estimate. Standard errors of the total were around 6 Tg
C for total mineral soil, and 3.5 Tg C respectively 2.5 Tg C for the 0–30 cm
and 0–20 cm topsoil layers. The proportionally lower standard errors of the
estimated topsoil totals ref ect the smaller variation found at stand level for
the 0–20 cm layer and the variability of soil depth on our sites (see Table 2).

Discussion and conclusions

The main objective of this study was to assess national SOC stocks in
Switzerland for the year 1993. For accessible forests without brushwood
in Switzerland (1.1399 Mha), our best estimate was around 110–115 Tg C
for total mineral soil, respectively 87 Tg C and 70 Tg C for the 0–30 cm
and 0–20 cm topsoil layer with very minor differences among the different
approaches (Table 4). Paulsen (1995) has estimated the corresponding organic
matter (OM) stock of foliar, nonfoliar litter (fruits and twigs with diameters
below 2 cm), and organic horizons in Swiss forest soils with independent,
random samples (N = 236) at 26.3 Tg OM or 13.2 Tg C (Vogt 1991) for the
corresponding time period. Thus, 13% of the forest soil C reservoir (organic
plus mineral horizons without coarse woody debris) is found on the forest
f oor in Switzerland, in close agreement with an estimated 18% contribution
in German forest soils (BML 1997).

Even without organic horizon C, mineral soils sequester a substantial
fraction of the C in mountain forests: Based on 5298 forest inventory plots
(Brassel & Brändli 1999), a mean tree C stock (above- plus belowground) of
119 t C ha−1 was obtained using the approach of Perruchoud et al. (1999b)
corresponding to 136 Tg C for trees in accessible forests for Switzerland in
1993. Hence, 45% of the total forest C (excluding herbaceous vegetation,
litter and organic horizons) is sequestered by mineral soils. This agrees with
the C distribution found on our 160 soil sample plots and the range for plant
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biomass and soil organic matter (SOM) of “cold temperate needle-leaved
evergreen” (34%) and “cold temperate broadleaf deciduous” (48%) forests
(Vogt et al. 1995).

Our data can probably not account for the large landscape heterogeneity,
but data density (168 soil samples for roughly 1 Mha) was high compared to
previous assessments of SOC: Kauppi et al. (1997) based their SOC estimate
for 14 Mha of upland forest soils on data from 377 soil prof les. For German
forests (10 Mha), SOC stocks were determined from 103 forest soil samples
(Burschel et al. 1993) and Siltanen et al. (1997) used 1462 soil prof les
to estimate SOC of Canada’s forests (404 Mha (Kurz et al. 1995)). Our
soils were representative for the climatic conditions of forests in Switzerland
in terms of the distribution and frequency in the temperature-precipitation
space (Figure 2). Moreover, sample sites including 34% broadleaf and 66%
needleleaf stands agreed well with forest inventory data with respect to
dominant species and regional distribution of soil sampling sites (Stierlin &
Ulmer 1999). Uncertainty remained as to how representative our soil samples
are with respect to the depth distribution of Swiss forest soils across the Alps.

National SOC totals were aff icted with considerable uncertainty due to
intersite variability of SOC. For total mineral soil (without stratif cation)
upper and lower conf dence limits of 124 Tg C and 100 Tg C were obtained.
The respective conf dence limits for the 0–20 cm topsoil layer were 76 Tg C
and 66 Tg C respectively. These conf dence intervals encompass the popula-
tion total in 95% of the time in case of repeated sampling. How likely are
changes in SOC induced by environmental changes to be detected given
the precision of our SOC estimate? Perruchoud et al. (1999a) have given
evidence that a 10% increase in topsoil SOC stocks of temperate forests
require more than 10 years even if litter inputs are instantaneously enhanced
by one third. Slower responses can be expected for subsoil layers and gradual
or net changes in SOC stocks could even be masked if e.g. higher litter
inputs were accompanied by enhanced microbial activity in a warmer climate.
Land-use change would change topsoil SOC more rapidly (Davidson &
Ackerman 1993; Harrison et al. 1995; Pennock & Van Kessel 1995), but the
lack of C estimates for organic forest soil horizons and the change in soil
mass neglected here (and in conventional soil inventories in general) render
comparisons of SOC by pedogenetic horizons or f xed sampling depth incor-
rect (Ellert & Bettany 1995). Dynamic SOCmodels driven by high-resolution
forest inventory data (Perruchoud et al. l999b) could present an alternative for
quantifying SOC changes.

Although doubted by Post et al. (1982) due to high intrasite variability,
soil sampling at higher spatial resolution could improve future, regional SOC
assessments. This would, however, involve much higher efforts and costs:
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McNabb et al. (1986) reported 20 samples per 0.25-ha plot to be insuff cient
to determine SOC stocks in the 0–15 cm layer within±10% at the 95% prob-
ability level in mountain forests. Huntington et al. (1988) found that on an
area of 23 ha about 60 pedons were needed to detect future SOC changes
of 10% in the mineral soil of a northern hardwood forest. Rahman et al.
(1996) observed no relation between C concentration and terrain attributes
and only weak spatial dependence for solum thickness and rock fraction in A
and B horizons of Rocky Mountains forest soil despite of a soil monitoring
at 200 m intervals. In our study which used a spatial resolution of 8-km × 8-
km, analysis of the variograms revealed no spatial correlation or long-range
processes.

Forest SOC stocks in the Swiss Alps revealed no strong climatic or
topographic signature conf rming earlier observations of forest SOC in the
Bavarian mountains (Germany) (Haber 1985). In grasslands mean annual
temperature was the main control on SOC stocks and high temperature was
related to enhanced microbial respiration and hence low SOC stocks (Burke et
al. 1989). However, the opposite was observed for forest soils in the Western
US and Scandinavia where larger SOC pools were found at higher temper-
atures (Homann et al. 1995; Kauppi et al. 1997). For Swiss forest soils no
signif cant relations were obtained between mineral soil SOC and temper-
ature (mat, mat2) or actual evapotranspiration (aet, aet2) despite the latter’s
wide range of values. Annual precipitation was a highly signif cant, though
weak predictor and positively related to SOC in our data as previously stated
for grassland and forest soils (Burke et al. 1989; Homann et al. 1995). High
SOC stocks could be explained by reduced OM mineralisation in landscape
positions with limited soil aeration or external surface drainage (Davidson
1995; Pennock & Van Kessel 1995). This was, however, not supported here,
since soils with poor drainage (Gleysols) or higher f eld capacity did not
reveal higher SOC accumulation.

Classif cation of SOC stocks by soil texture based on in situ estimates
(‘Fingerprobe’) revealed no signif cant SOC variations in our data set. Thus,
soil texture (Arrouyas et al. 1995; Davidson 1995) and mineralogy (Torn et
al. 1997) determining the presence of cation bridges between clay plates,
biopolymers and soil microorganisms, as well as occlusion of organic matter
within aggregates and thus microbial SOM decomposition (Oades 1995)
did not express itself at SOC stock level. However, particularly high SOC
stocks were obtained for chestnut forests in the Southern Alps. Blaser et al.
(1997) explained this by leaching of OM from litter with strong metal-binding
properties, formation of organo-metallic complexes in Fe- and Al-rich parent
material and a concomitant reduction of substrate decomposability. A stabil-
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isation of SOM over limestone bedrock (Jura) associated with binding of OM
in interlayers of clay minerals was not observed in our data.

We see several possible reasons for the limited success of our statistical
modelling besides natural intrasite variability. First, although SOC stocks
are determined by soil and vegetation processes (e.g. SOM decomposition
vs. primary productivity and litterfall), their differential response across
environmental gradients (Raich & Potter 1995; Matthews 1997) could not be
estimated. Second, ecosystem disturbances and soil age largely affect SOC
stocks and their variability (Schlesinger 1990; Torn et al. 1997; Liski et al.
1998). However, reliable data on stand history (i.e. soil and stand age, f re
frequency, insect calamities, or timber harvesting) were missing to test such
effects on SOC stocks at our sites. Third, C in organic surface horizons which
characterises stand and environmental conditions in coniferous forests (Haber
1985; Gärdenäs 1998) and contributes substantially to SOC in those forests
was not included in the Swiss forest damage inventory (Vanmechelen et al.
1997). A fourth reason are combined uncertainties in C concentration, soil
density and rock volume. The latter two had not been monitored and, thus,
rock volume was classif ed and soil density estimated by regression from
a subset of topsoil samples (0–10 cm) as done by Arrouays et al. (1998),
Homann et al. (1998) or Rapalee et al. (1999). Given the unrepresented higher
density of deep soil layers, our SOC estimate at national scale thus is probably
“reasonable, if conservative” Siltanen et al. (1997).

Quantif cation of carbon reservoirs in forest ecosystems and SOC in
particular remains an important element in deciphering the C cycle puzzle.
Little is known about the eco-processes inducing the complex patterns of C
storage between organic and underlying mineral soil horizons (Haber 1985;
Grigal & Ohmann 1992) or the formation of humif ed soil organic matter in
forests (Aber et al. 1990). The key role of soil fauna is recognised, but quan-
tif cation of the incorporation of forest f oor organic matter into the mineral
soil remains highly speculative. Process-analysis is one way to improve our
understanding of ecosystem functioning. Assessments of the ecosystem’s
state, such as estimating SOC at national scale, provides complementary
information which is needed for calibration, verif cation and application of
simulation models. To comply with these requirements, future assessments
of C in forest soils should simultaneously sample organic or mineral soil
horizons, and focus on an assessment of the intrasite variability of forest soil
C stocks.



131

Acknowledgements

This research was funded by the Swiss Agency for the Environment,
Forests and Landscape (SAEFL). We would like to thank R. Ghosh for her
patience and indulgence in answering unnumbered questions about statistics.
Moreover we are very thankful to F. Kienast, H. Lischke (both WSLBirmens-
dorf ) and L. Zgraggen (ETH Zürich) who let us kindly use their bioclimatic
data and to P. Kull (WSL Birmensdorf ) providing the vegetation classif ca-
tion data. B. Zierl (WSL Birmensdorf ) is thankfully acknowledged for the
many stimulating discussions and for helping with the topographical data and
I. Paschedag (WSL Birmensdorf ) for her assistance with Figure 1. Finally
we thank N. van Bremen, E. A. Davidson and three anonymous reviewers
for their thoughtful suggestions and comments on the f nal version of this
manuscript.

References

AAB (1994) Adhoc Arbeitsgruppe Boden: Bodenkundliche Kartierungsanleitung, Technical
Report. Bundesamt für Geowissenschaften & Rohstoffe und Geologische Landesämter der
BRD, Hannover

Aber JD, Melillo JM & McClaugherty CA (1990) Predicting long-term patterns of mass loss,
nitrogen dynamics, and soil organic matter formation from initial f ne litter chemistry in
temperate forest ecosystems. Canad. J. Botany 68: 2201–2208

Alexander EB (1980) Bulk densities of Californian soils in relation to other soil properties.
Soil Sci. Soc. Am. J. 44: 689–692

Arrouays D, Daroussin J, Kicin JL & Hassinka P (1998) Improving topsoil carbon storage
prediction using a digital elevation model in temperate forest soils of France. Soil Sci.
163: 103–108

Arrouyas D, Vion I & Kicin JL (1995) Spatial analysis and modeling of topsoil carbon storage
in temperate forest humic loamy soils of France. Soil Sci. 159: 191–198

Balesdent J, Wagner GH & Mariotti A (1988) Soil organic matter turnover in long-term f eld
experiments as revealed by carbon – 13 natural abundance. Soil Sci. Soc. Am. J. 52: 118–
124

Batjes NH (1996) Total carbon and nitrogen in the soils of the world. Europ. J. Soil Sci. 47:
151–163

Blaser P, Kernebeek P, Tebbens L, Van Breemen N & Luster J (1997) Cryptopodzolic soils in
Switzerland. Europ. J. Soil Sci. 48: 411–423

BML (1997) Deutscher Waldbodenbericht. Band 2. Technical Report. Bundesministerium für
Ernärung, Landwirtschaft und Forsten, Bonn (Germany)

Brassel P & Brändli UB (1999) Schweizerisches Landesforstinventar: Ergebnisse der
Zweitaufnahme 1993–1995. Verlag Paul Haupt, Bern

Brzeziecki B, Kienast F & Wildi O (1993) A simulated map of the potential natural forest
vegetation of Switzerland. J. Vegetation Sci. 4: 499–508

Bugmann H & Cramer W (1998) Improving the behaviour of forest gap models along drought
gradients. Forest Ecol. Manag. 103: 247–263



132

Bundesamt für Landestopographie B (1994) Geländedaten: DHM25(c) WSL. For more
information see Internet site http://www.swisstopo.ch

Burke IC, Yonker CM, Parton WJ, Cole CV, Flach K & Schimel DS (1989) Texture, climate
and cultivation effects on soil organic matter content in US Grassland soils. Soil Sci. Soc.
Am. J. 53: 800–805

Burschel P, Kürsten E, Larson BC & Weber M (1993) Present role of German forests and
forestry in the national carbon budget and options to its increase. Water Air Soil Pollut.
70: 325–340

Cochran WG (1977) Sampling Techniques. John Wiley & Sons, New York
Curtis RO & Post BW (1964) Estimating bulk density from organic matter content in some

Vermont forest soils. Soil Sci. Soc. Am. Proc. 28: 285–286
Datta DK, Gupta SK, Nath S & Banerjee SK (1989). Variations in the characteristics and

nutrient status of soils of the eastern Himalayas as inf uenced by elevation. Int. J. Tropical
Agricult. 7: 208–215

Davidson EA (1995) Spatial covariation of soil organic carbon, clay content, and drainage
class at a regional scale. Landscape Ecol. 10: 349–362

Davidson EA & Ackerman IL (1993) Changes in soil carbon inventories following cultivation
of previously untilled soils. Biogeochemistry 20: 161–193

Dixon RK, Brown S, Houghton RA, Solomon AM, Trexler MC&Wisniewski J (1994) Carbon
pools and f ux of global forest ecosystems. Science 263: 185–190

EAFV (1988) Schweizerisches Landesforstinventar: Ergebnisse der Erstaufnahme 1982–
1986. Bericht 305. Eidgenössische Anstalt für das Forstliche Versuchswesen, Birmensdorf
(Switzerland)

Ellenberg H & Klötzli F (1972) Waldgesellschaften und Waldstandorte der Schweiz.
Eidgenössische Anstalt für das Forstliche Versuchswesen, Mitteilungen 48: 587–930

Ellert BH & Bettany JR (1995) Calculation of organic matter and nutrients stored in soils
under contrasting management regimes. Canad. J. Soil Sci. 75: 529–538

Finney DJ (1941) On the distribution of a variable whose logarithm is normally distributed. J.
Royal Statist. Soc. B 7: 155–161

Frei E, Vökt U, Flückiger R, Brunner H & Schai F (1980) Bodeneignungskarte der Schweiz.
Eidg. Justiz- und Polizeidepartement – Bundesamt für Raumplanung, Bern

GACGC (1998) The accounting of biological sinks and sources under the Kyoto
Protocol: A step forwards or backwards for global environmental protection. Special
Report 1998. http://www.awibremerhaven.de/WBGU/wbgu_sn1998_engl.html. German
Advisory Council of Global Change, Bremerhaven (Germany)

Gärdenäs AI (1998) Soil organic matter in European forest f oors in relation to stand
characteristics and environmental factors. Scand. J. Forest Res. 13: 274–283

Ghosh S (1996) A new graphical tool to detect non-normality. J. Royal Statist. Soc. B 58:
691–702

Grigal DF & Ohmann LF (1992) Carbon storage in upland forests of the Lake States. Soil Sci.
Soc. Am. J. 56: 935–943

Grigal DF, Brovold SL, Nord WS &Ohmann LF (1989) Bulk density of surface soils and peat
in the north central United States. Canad. J. Soil Sci. 69: 895–900

Haber J (1985) Beziehungen zwischen dem Humusgehalt/Humusvorrat bayerischer
Bergwaldböden und steuernden Standorts- und Bestandesfaktoren. PhD Thesis, University
of Bayreuth

Hanawalt RB & Whittaker RH (1976) Altitudinally coordinated patterns of soils and
vegetation in the San Jacinto Mountains, California. Soil Sci. 121: 114–124



133

Harrison AF & Bocock KL (1981) Estimation of soil bulk density from loss-on-ignition. J.
Appl. Ecol. 8: 919–927

Harrison KG, Post WM & Richter DD (1995) Soil carbon turnover in a recovering temperate
forest. Global Biogeochem. Cycles 9: 449–454

Harrison K, Broecker W & Bonani G (1993) A strategy for estimating the impact of CO2
fertilization on soil carbon storage. Global Biogeochemical Cycles 7: 69–80

Homann PS, Sollins P, Chappell HN & Stangenberger AG (1995) Soil organic carbon in a
mountainous forested region: Relation to site characteristics. Soil Sci. Soc. Am. J. 59:
1468–1475

Homann PS, Sollins P, Fiorella M, Thorson T & Kern JS (1998) Regional soil organic carbon
storage estimates for western Oregon by multiple approaches. Soil Sci. Soc. Am. J. 62:
789–796

Houghton JT, Meiro Filho LG, Kim B, Treanton K, Mamaty I, Bonduki Y, Griggs DJ &
Callander BA (1997) IPCC – Greenhouse Gas Inventory. Reporting Instructions (Vol. 1).
IPCC/OECD/IEA, Bracknell, UK

Howard PJA, Loveland PJ, Bradley RI, Dry FT, Howard DM&Howard DC (1995) The carbon
content of soil and its geographical distribution in Great Britain. Soil Use andManagement
11: 9–15

Huntington TG, Johnson CE, Johnson AH, Siccama TG & Ryan DF (1989) Carbon, organic
matter, and bulk density relationships in a forested spododsol. Soil Sci. 148: 380–386

Huntington TG, Ryan DF & Hamburg SP (1988) Estimating soil nitrogen and carbon pools in
a northern hardwood forest ecosystem. Soil Sci. Soc. Am. J. 52: 1162–1167

Kaluzny SP, Vega SD, Cardoso TP & Shelly AA (1996) S+SPATIALSTATS User’s Manual:
Version 1.0. MathSoft Inc., Seattle, Washington

Kaufmann E & Brassel P (1999) Holzvorrat, Zuwachs und Nutzung. In: Brassel P &
Brändli UB (Eds) Schweizerisches Landesforstinventar: Ergebnisse der Zweitaufnahme
1993–1995 (pp 73–100). Verlag Paul Haupt, Bern

Kauppi PE, Posch M, Hänninen P, Henttonen HM, Ihalainen A, Lappalainen E, Starr M &
Tamminen P (1997) Carbon reservoirs in peatlands and forests in the boreal regions of
Finland. Silva Fennica 31: 13–25

Kienast F (1998) Bioklimatische Datenbank WSL. For more information see Internet site
http://www.wsl.ch/land/evolution/bioclim.html

Kirschbaum MUF (1995) The temperature dependence of soil organic matter decomposition,
and the effect of global warming on soil organic C storage. Soil Biol. Biochem. 27: 753–
760

Körner C, Schilcher B & Pelaez-Riedl S (1993) Vegetation und Treibhausproblem-
atik: Eine Beurteilung der Situation in Österreich unter besonderer Berücksichtigung
der Kohlenstoffbilanz. Bestandesaufnahme Anthropogene Klimaänderungen: Mögliche
Auswirkungen auf Österreich – Mögliche Massnahmen in Österreich. Verlag der Öster-
reichischen Akademie der Wissenschaften, Wien

Kurz WA, Apps MJ, Beukema SJ & Lekstrum T (1995) 20th century carbon budget of
Canadian forests. Tellus 47B: 170–177

Liski J & Westman CJ (1996) Carbon storage in forest soil of Finland. 2. Size and regional
patterns. Biogeochemistry 36: 261–274

Liski J, Ilvesniemi H, Mäkelä A & Starr M (1998) Model analysis of the effects of soil age,
f res and harvesting on the carbon storage of boreal forest soils. Europ. J. Soil Sci. 49:
407–416

Lüscher P, Rigling A, Walthert L & Zimmermann S (1994) Waldzustandsinventur 1993 –
Bodenkundliche Erhebungen. Bodenkundliche Gesellschaft der Schweiz 18: 69–76



134

Martin PH, Valentini R, Jacques M, Fabbri K, Galati D, Quaratino R, Moncrieff JB, Jarvis
P, Jensen NO, Lindroth A, Grelle A, Aubinet M, Ceulemans R, Kowalski AS, Vesala
T, Keronen P, Matteucci G, Grainer A, Berbingier P, Loustau A, Grelle A, Schulze ED,
Tenhunen J, Rebman C, Dolman AJ, Elbers JE, Bernhofer C, Grünwald T, Thorgeirsson
H, Kennedy P & Folving S (1998) New estimate of the carbon sink strength of EU forests
integrating f ux measurements, f eld surveys, and space observations: 0.17–0.35 Gt (C).
Ambio 27: 582–584

Matthews E (1997) Global litter production, pools, and turnover times: Estimates from
measurement data and regression models. J. Geophys. Res. 102: 18771–18800

McGuire AD, Melillo JM, Kicklighter DW & and Joyce LA (1995) Equilibrium responses
of soil carbon to climate change: Empirical and process-based estimates. J. Biogeog. 22:
785–796

McNabb DH, Cromack Jr J & Fredriksen RL (1986) Variability of nitrogen and carbon in
surface soils of six forest types in the Oregon Cascades. Soil Sci. Soc. Am. J. 50: 1037–
1041

Melillo JM, Kicklighter DW, McGuire AD, Peterjohn WT & Newkirk KM (1995) Global
change and its effects on soil organic carbon stocks. In: Zepp RG & Sonntag Ch (Eds) The
Role of Nonliving Organic Matter in the Earth’s Carbon Cycle (pp 175–189). John Wiley
& Sons, Ltd., Chichester

Milne R & Brown TA (1997) Carbon in the vegetation and soils of Great Britain. J. Environ.
Manag. 49: 413–433

Moore TR, Trofymov JA, Taylor B, Prescott C, Camire C, Duschene L, Fyles J, Kozak L,
Kranabetter M, Morrison I, Siltainen M, Smith S, Titus B, Visser S, Wein R & Zoltai S
(1999) Litter decomposition rates in Canadian forests. Global Change Biol. 5: 75–82

Murillo JCR (1994) The carbon budget of the Spanish forests. Biogeochemistry 25: 197–217
Nabuurs GJ & Mohren GMJ (1993) Carbon in Dutch forest ecosystems. Netherlands J.

Agricult. Sci. 41: 309–326
Oades JM (1995) An overview of processes affecting the cycling of organic carbon in soils.

In: Zepp RG & Sonntag Ch (Eds) The Role of Nonliving Organic Matter in the Earth’s
Carbon Cycle (pp 293–303). John Wiley & Sons, Ltd., Chichester

Parf tt RL, Theng BKG, Whitton JS & Shepherd TG (1996) Effects of clay minerals and land
use on organic matter pools. Geoderma 75: 1–12

Parton WJ, Scurlock JMO, Ojima DS, Gilmanov TG, Scholes RJ, Schimel DS, Kirchner T,
Menaut JC, Seastedt T, Garcia Moya E and Kamnalrut A&Kyniamario JI (1993) Observa-
tions and modelling of biomass and soil organic matter dynamics for the grassland biome
worldwide. Global Biogeochem. Cycles 7: 785–809

Paulsen J (1995) Der Biologische Kohlenstoffvorrat der Schweiz. Rüegger Verlag, Chur
Pennock DJ & Van Kessel C (1995) Clear-cut forest harvest impacts on soil quality indicators

in the mixedwood forest of Saskatchewan, Canada. Geoderma 75: 13–32
Perruchoud DO, Joos F, Fischlin A, Hajdas I & Bonani G (1999a) Evaluating time scales of

carbon turnover in temperate forest soils with soil radiocarbon data. Global Biogeochem.
Cycles 13: 555–573

Perruchoud DO, Kienast F, Kaufmann E & Bräker OU (1999b) 20th century carbon budget of
forest soils in the alps. Ecosystems 2: 320–337

Post WM, King AW & Wullschleger SD (1997) Historical variations in terrestrial biospheric
carbon storage. Global Biogeochem. Cycles 11: 99–109

Post WM, Emanuel WR, Zinke PJ & Stangenberger AG (1982) Soil carbon pools and world
life zones. Nature 298: 156–159



135

Rahman S, Munn LC, Zhang R & Vance GF (1996) Rocky Mountain forest soils: evaluating
spatial variability using conventional statistics and geostatistics. Canad. J. Soil Sci. 76:
501–507

Raich JW & Potter CS (1995) Global patterns of carbon dioxide emissions from soils. Global
Biogeochem. Cycles 9: 23–36

Rapalee G, Trumbore SE, Davidson EA, Harden JW & Veldhuis H (1999) Soil carbon stocks
and their rates of accumulation and loss in an boreal forest landscape. Global Biogeochem.
Cycles 12: 687–701

S-Plus (1996) S-Plus User’s Manual: Volume 2 UNIX. MathSoft Inc., Seattle, Washington
SAEFL (1997) Criteria and indicators for sustainable forest management in Switzerland. Tech-

nical report. Swiss Agency for the Environment, Forests and Landscape (SAEFL). Berne
(Switzerland)

SAS (1990) SAS/STAT User’s Guide: Vol. 2. SAS Institute, Cary, North Carolina
Schimel D, Enting IG, Heimann M, Wigley TML, Raynaud D, Alves D & Siegenthaler U

(1995) CO2 and the carbon cycle. In: Houghton JT, Meira Filho LG, Bruce J, Hoesung L,
Callander BA, Haites E, Harris N & Maskell K (Eds) Climate Change 1994 – Radiative
Forcing of Climate Change and an Evaluation of the IPCC IS92 Emission Scenario (pp
39–71). Cambridge University Press, Cambridge

Schimel DS, Braswell BH, Holland EA, McKweon R, Ojima DS, Painter TH, Parton WJ &
Townsend AR (1994) Climatic, edaphic, and biotic controls over storage and turnover of
carbon in soils. Global Biogeochem. Cycles 8: 279–293

Schlesinger WH (1990) Evidence from chronosequence studies for a low carbon-storage
potential of soils. Nature 348: 232–234

Siltanen RM, Apps MJ, Zoltai SC, Mair RM & Strong WL (1997) A soil prof le and organic
carbon data base for Canadian forest and tundra mineral soils. Technical Report. Canad.
Forest Service, Northern Forestry Service. Edmonton, Alberta

Smith P, Powlson DS, Glendining MJ & Smith JU (1997) Potential for carbon sequestration
in European soil: Preliminary estimates for f ve scenarios using results from long-term
experiments. Global Change Biol. 3: 67–79

Stierlin HR&Ulmer U (1999)Waldaufbau. In: Brassel P &Brändli UB (Eds) Schweizerisches
Landesforstinventar: Ergebnisse der Zweitaufnahme 1993–1995 (pp 103–150). Verlag
Paul Haupt, Bern

Strobel T, Keller M, Paschedag I & Schnellbächer HJ (1999) Waldf äche und Waldeigentümer.
In: Brassel P & Brändli UB (Eds) Schweizerisches Landesforstinventar: Ergebnisse der
Zweitaufnahme 1993–1995 (pp 39–52). Verlag Paul Haupt, Bern

Tate KR, Parshotam A& Ross DJ (1995) Soil carbon storage and turnover in temperate forests
and grasslands – A New Zealand perspective. J. Biogeography 22: 695–700

TornMS, Trumbore SE, Chadwick OA, Vitousek PM&Hendricks DM (1997) Mineral control
of soil organic carbon storage and turnover. Nature 389: 170–173

Townsend AR, Vitousek PM & Trumbore SE (1995) Soil organic matter dynamics along
gradients in temperature and land use on the island of Hawaii. Ecology 76: 721–733

Trumbore SE, Chadwick OA &Amundson R (1996) Rapid exchange between soil carbon and
atmospheric carbon dioxide driven by temperature change. Science 272: 393–396

UN/ECE (1994) Convention on long-range transboundary air pollution. International co-
operative programme on assessments and monitoring of air pollution effects on forests.
Manual on methods and criteria for harmonized sampling, assessment, monitoring, and
analysis of the effects of air pollution on forests. Technical Report. UN/ECE Programme
Coordinating Centres. Programme Coordinating Centres, Hamburg and Prague



136

Vanmechelen L, Groenemans R & Van Ranst E (1997) Forest soil condition in Europe. Results
of a large-scale soil survey. Technical Report. EC, UN/ECE and the Ministry of the
Flemish Community, Brussels

Vogt K (1991) Carbon budgets of temperate forest ecosystems. Tree Physiol. 9: 69–81
Vogt KA, Vogt DJ, Brown S, Tilley JP, Edmonds RL, Silver WL & Siccama TG (1995)

Dynamics of forest f oor and soil organic matter accumulation in boreal, temperate, and
tropical forests. In: Lal R, Kimble J, Levine E & Stewart BA (Eds) Soil Management and
Greenhouse Effect (pp 159–178). CRC Lewis Publishers, Boca Raton

Wofsy SC, Goulden ML, Munger JW, Fan SM, Bawkin PS, Daube BC, Bassow SL & Bazzaz
FA (1993) Net exchange of CO2 in a mid-latitude forest. Science 260: 1314–1317

Zinke PJ, Stangenberger AG, Post WM, Emanuel WR& Olson JS (1986) Worldwide Organic
Soil Carbon and Nitrogen Data. NDP-018. Oak Ridge National Laboratory, Oak Ridge,
Tennessee


