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ABSTRACT

Few data are available on the relative importance of different site-specific factors (e.g. topographic
parameters, vegetation, soil-specific factors) for soil organic carbon (SaC) distribution in northern forests.
Moreover, an increasing frequency of large-scale forest dieback in these forests may change the sac stock
and its spatial distribution. Univariate and multivariate geostatistics were applied to elucidate the spatial
variability of sac stocks of different landscape units under a high-elevation Norway spruce (Picea abies L.)
forest in central Europe and its relation to topographic parameters, soil-specific factors, and the impact of
recent and past stand composition. We studied four high-elevation sites: Three are stocked with unmanaged
Norway spruce (P. abies L.) forest, but differ in their positions on hillslope, topographic parameters, and soil
type. At an adjacent site the spruce forest had been destroyed by bark-beetle (Ips typographus) infestation
25 years ago (dieback site). The fallen logs remained at the site and the site was not reforested. Soil samples
were taken from the forest floor and the mineral soil. Fine root biomass and sac stocks were significantly
negatively spatially correlated at the spruce sites, but spatially independent at the dieback site due to the
homogeneous distribution of grass roots at this site. For none of the sites with healthy Norway spruce forest,
forest floor thickness or the magnitude of the sac stocks at a given sampling point was related to its distance
to the nearest tree. This is attributed to an overwhelming impact of small-scale topography (sS m) on the
sac stock distribution. In contrast, at the dieback site the sac stocks in the forest floor and the topsoil
horizon showed a significant negative spatial correlation with the distance to the nearest fallen log. The
spatial variability of the sac stocks in the mineral soil increased with increasing stone content and curvature
heterogeneity. Clay content and sac stocks were spatially positively correlated at each site, demonstrating
the importance of soil texture on sac distribution.
aur results indicate that topographic parameters dominate the distribution of topsoil and subsoil sac stocks
at stand scale at the investigated sites. In contrast, tree distribution is only of minor importance at these sites
with a distinctive patchy topographic structure. Particularly in sloped terrain, fallen logs have the potential to
change the spatial distribution of sac stocks in the forest floor, but also in the mineral topsoil considerably,
and within a period of a few decades.

© 2009 Elsevier RV. All rights reserved.

1. Introduction

Soil organic carbon (SaC) stocks in forest floor and mineral soils
under forest comprise a large carbon reservoir. They are significant for
the global carbon cycle (Watson et al., 2000) and of central
importance for forest soil quality. Measuring the quantity and the
spatial distribution of sac is essential for evaluating soil and
ecosystem functions and for understanding soil carbon sequestration
processes (Venteris et al., 2004).

* Corresponding author. Fax: +498161 71 4466.
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Despite a common awareness of the importance of sac, the
relation between the spatial distribution of sac stocks and other
landscape factors was often ignored in geostatistical approaches
(Venteris et al., 2004; ]ian-Bing et al., 2006). Most spatial work
covered solely the estimation and mapping of sac pools and sac
autocorrelation, only few studies considered the influence of land
scape factors on the spatial distribution of sac stocks (Venteris et al.,
2004; ]ian-Bing et al., 2006). Parent material, climate and geological
history are of major importance for sac distribution at a landscape
scale (Jian-Bing et al., 2006). However, these factors are almost
constant at hillslope or stand scales, and thus other environmental
factors may influence sac variability.
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There are some studies about topographic effects on SOC variability
(Miller et al., 1998; Sinowski and Auerswald, 1999; Mueller and Pierce,
2003; Jian-Bing et al., 2006), revealing that some field scales show
strong relationship between topography and soil properties and
others do not. Pierson and Mulla (1990) found that soils on foot slope
and toeslope positions had larger organic Cstocks compared to soils in
midslope position. Gregorich and Anderson (1985) reported that
organic C content increased from shoulder to foot slope position for
prairie soils in Canada. In summary, previous studies show that some
field scales show strong relationship between topography and soil
properties and others do not.

Other studies focus on vegetation parameters such as tree
distribution (Riha et al., 1986; Ruark and Zarnoch, 1993; Liski, 1995)
or coarse woody debris and log proximity (Auerswald and Weigand,
1996; Martin and Timmer, 2006) on SOC stocks and variability. Some
authors found increased SOC and N stocks in the proximity of stems
(Ruark and Zarnoch, 1993; Liski, 1995). However, results of the
different studies were not consistent. Riha et al. (1986) and Schoning
et al. (2006) could not find any significant differences in soil organic
matter concentration and stocks in forest floor and A-horizons as a
function of distance from the nearest tree. Martin and Timmer (2006)
reported larger litter accumulation and increased topsoil organic
matter stocks at landscape positions with large amounts of downed
woody debris, and Auerswald and Weigand (1996) found an increased
release of dissolved organic carbon at patches with woody debris and
logs compared to patches without woody debris. Thus irregularly
distributed patches of SOC in the topsoil as remnants of buried older
logs and release of DOC from logs are likely to increase the spatial
heterogeneity of unmanaged forest sites (Conant et al., 2003).

Further studies concentrated on the spatial relation between SOC
and other soil-specific factors, e.g. bulk density (Liebens and VanMolle,
2003) and pH (Riha et al., 1986). These previous studies rarely
considered more than one group of site-specific factors and its
influence on SOC stock and distribution.

Consequently, the relative importance of topographic parameters,
recent and past vegetation, and soil-specific factors for SOC distribu
tion is not clear.

The objective of this paper was to investigate the spatial variation
of SOC and its relation to topography, stand properties (tree
distribution, log distribution, fine root biomass), and soil properties
(stone content, soil bulk density, texture, pH) in an unmanaged high
elevation Norway spruce (Picea abies L.) forest and to use classical
statistics and geostatistics for analyzing spatial observations. Four
different landscape units were chosen to obtain insight, which of
these factors were most important for SOC distribution and variability.

2. Materials and methods

2.1. Study sites

The study was conducted on four sites located in the National Park
Bayerischer Wald, Germany. The study area is bordered by the
coordinates 48°59'N, 13°24'E and 49°01 'N, 13°23'E. The climate at
the sites is cool (mean annual temperature: 5.7 QC) and humid, with
the annual precipitation ranging from 1150 to 1300 mm (Elling et al.,
1975). Three of the sites are forested with a mixed-aged Norway
spruce (P. abies (L.) Karst.) stand (mean tree age: 80 years): one Leptic
Cambisol (Dystric, Skeletic) site, one Leptic Cambisol (Dystric, Laxic)
site, and one Leptic, Entic Podzol (Skeletic) site (IUSS Working Group
Reference Base, 2006). These sites are termed in the following as
"Skeletic Cambisol/s site", "Laxic Cambisol/s site", and "Entic Podzol/s
site", respectively (Fig. 1). The two Cambisol/s sites are situated in
midslope position and formed of quarternary deposits (granite and
gneiss debris); the Entic Podzol/ s site is situated in crest position and
formed of granite.

Beginning in 1977, large areas of the National Park have been
repeatedly infested with Ips typographus (a bark beetle), resulting in
widespread forest dieback. More than 95% of the former forest

l~mmm~ul Hea thy area

ieback a ea

Czec Republ c

Fig. 1. Location and spatial distribution of the studied sites in the National Park Bayerischer Wald (Germany) in July 2002. Map based on data obtained from the database of the High
Tech-Offensive der Bayerischen Staatsregierung (Regionalkonzept der Regierung von Niederbayern), Projects 33-1 and 33-6.
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Table 1
Important properties of the studied sites and soils (mean values; Spielvogel et al., 2006).

Horizon Elevation Slope inclination Slope aspect Mean thickness (m) Bulk density sac pH Stand basal Mean top height Stand density
(m) (%) (degrees) (g cm- 3 ) (g kg- 1 ) (CaCh) area (m2 ha- 1 ) of trees (m) (trees ha- 1 )

Skeletic Cambisol/s site
Ah 710 16 220 0.22 0.85 39 4.0 42 29 973
AB 0.15 0.99 22 4.1
Bw 0.57 1.05 6 4.7
BwC >0.10 1.55 1 4.9

Laxic Cambisol/s site
Ah 870 14 205 0.24 0.64 68 3.8 42 29 1088
AB 0.08 0.66 34 3.9
Bwl 0.15 0.81 28 4.6
Bw2 0.23 0.81 22 4.6
Bw3 0.16 0.85 12 4.8
Bw4 0.20 0.93 8 4.7
BwC >0.10 1.28 2 4.9

Entic Podzol/s site
AE 1150 5 195 0.23 0.84 32 2.8 33 19 540
EA 0.11 1.43 15 3.0
Bshl 0.19 1.37 27 3.9
Bsh2 0.25 1.46 21 4.4
Bsw 0.29 1.45 11 4.7
Cw >0.10 1.46 1 4.7

Laxic Cambisol/d site
Ah 910 17 245 0.22 0.64 104 4.3
AB 0.06 0.66 88 4.1
Bwl 0.17 0.74 45 4.3
Bw2 0.23 0.83 28 4.5
Bw3 0.17 0.87 23 4.7
Bw4 0.20 1.05 10 4.8
BwC >0.10 1.22 3 5.0

including all spruces has died. The vegetation at the fourth site, with
Leptic Cambisol (Dystric, Laxic) soil type, is now dominated by grasses
(Calamagrostis villosa (Chaix ex Vill.) J. F. Gmel., Avenella flexuosa (L.)
Trin., Luzula sylvatica (Huds.) Gaudin s. 1.) and herbaceous plants (e.g.
Cirsium vulgare (Savi.) Ten., Oxalis acetosella L.). Logs of trees remained
at the site and are subjected to natural decomposition processes; no
reforestation has been carried out. This site is termed in the following as
"Laxic Cambisol/d site". The Laxic Cambisol/ s site and the Laxic
Cambisol/d site have the same parent material, mineralogical composi
tion, texture, stone content, and a comparable topography (Table 1).

A detailed description of the soils and sites is given in Spielvogel
et al. (2006); some of the site and soil characteristics are presented in
Table 1. The soil horizons were classified according to the FAO
Guidelines for Soil Description (FAO/UNESCO, 1990).

2.2. Sampling design

At the Skeletic Cambisol/ s site, the Laxic Cambisol/ s site and the
Laxic Cambisol/d site, soils were first sampled at 4 primary stations
per site which had been randomly chosen (Fig. 2b-d). At each primary
station, 6 substations in distances of 0.5, 1, 2, 4, 8, and 16 m in four
crosswise directions were sampled (two orthogonal to general slope
inclination, two parallel to the general slope inclination) (Fig. 2b-d).
At the Entic Podzol/ s site, soil was sampled at three randomly chosen
primary stations and resulting substations with the same sampling
scheme (Fig. 2a). All sampling locations were georeferenced with a
post-processing Global Positioning System (GPS). The GPS measure
ments were corrected using SAPOS® GPPS (Geodatischer Praziser
Positionierungsservice, Satelitenpositionierungsdienst des Lande
samtes fur Fernvermessung und Geoinformation Bayern (Ed.), dataset
of 2004). The accuracy of the GPS is about 1 to 3 cm in horizontal
projection and 1 to 5 cm in elevation.

At the Laxic Cambisol/sand Laxic Cambisol/d sites we additionally
sampled substations at the nodes of a square grid with distances of

5 m between the sampling points (Fig. 2b and d) in a sub area of
60 x 60 m to enable the calculation of maps of SOC stocks at sites with
and without forest dieback. Within these two squares, the location of
trees or logs (fallen and standing) was also recorded by GPS. We chose
the Laxic Cambisol/sand Laxic Cambisol/d sites for the dieback study
and the calculation of maps; because a previous study (Spielvogel
et al., 2006) had shown that the soils at these sites had the lowest
stone content and the most homogeneous soil texture. The more
heterogeneous conditions (with regard to e.g. stone content and soil
texture) at the other sites might have masked effects of forest dieback.

2.3. Soil sampling

At all stations, soil samples were taken from the forest floor and
from the mineral soil at two depths (0.0-0.2 m; 0.4-0.6 m). The forest
floor was sampled with a 0.01 m2 sampling frame. All coarse woody
fragments> 5 mm in diameter were removed and not considered in
the analyses. At each sampling location, the distance to the nearest
tree (Skeletic Cambisol/ s, Entic Podzol/sand Laxic Cambisol/ s sites)
or standing/fallen log (Laxic Cambisol/d site) was measured.

2.3.1. Primary stations
The two depth increments were sampled in soil pits. Undisturbed

samples for bulk density calculation were obtained using five stainless
copper cores (365 cm3

) per depth increment. The gravel (>2 mm) of
the soil samples collected with the cores was removed by dry sieving.
The gravel was washed and its volume determined by displacement of
water. Then the gravel was dried and weighed, giving mass gravel/
unit volume. The measured density of the stones varied from 2.64 to
2.67 g cm- 3 .

The total content of stones bigger than the copper cores was
determined for each depth increment by excavating all stones from
the profiles. The stones were cleaned, dried at 105°C, and
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Fig. 2. Study sites with location of sampling crosses (primary stations and substations) and sampling grids.

subsequently weighed. The volume of the stones was determined by
their displacement of water.

2.3.2. Substations
The two depth increments of the substations were sampled in

smaller soil pits. Undisturbed samples were obtained using two
stainless copper cores per layer. The gravel (> 2 mm) of the soil
samples collected with the cores was removed by dry sieving,
weighted and its volume was calculated accepting an average density

of quartz of 2.65 g cm- 3. The volume percentage of stones bigger than
the copper cores was estimated for every layer according to reference
charts (Ad-hoc-AG Boden, 2005).

2.4. Topographic data from Raster Digital Elevation Model (DEM)

We obtained a Raster Digital Elevation Model (DEM) ofall four sites
with a square cell size of1 m created in 2002 from Institut fur Geodasie,
GIS und Landmanagement, Fachgebiet Geoinformationssysteme,
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Table 2
Description of topographic parameters used in this study.

Parameter Definition Method used Unit Source or reference

Degrees clockwise from north Gallant and Wilson (1996)

Generated using a 3 x 3 window in TAPESG Radians per meter
Generated using a 3 x 3 window in TAPESG Radians per meter
Generated using a 3 x 3 window in TAPESG Radians per meter

Elevation
Slope inclination

Slope aspect

Profile curvature
Plan curvature
Total curvature

Compound Topographic
Index (CTI)

Height above sea level
The rate of change of elevation in the
direction of the steepest descent
The direction of the line of the steepest
descent
The rate of change of slope down a slope line
The rate of change of aspect along a contour
A measure of total curvature within a group
of grid cells
In(t~a)' where As is the upstream catchment
area and a is the slope

DEM
Calculated over 5 cells using TAPESG

Calculated using TAPESG

Generated in TAPESG

Meter
Percent

None

DEM
Gallant and Wilson (1996)

Gallant and Wilson (1996)
Gallant and Wilson (1996)
Gallant and Wilson (1996)

Moore et al. (1993)

2.6. Soil analysis

2.5. Assessment offine and small roots

Table 3
Parameters of the semivariogram models used for the calculation of the maps of the
Laxic Cambisol/s and the Laxic Cambisol/d site (NSI Nash-Sutcliff index).
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Fig. 3. Experimental and theoretical semivariograms for the Laxic Cambisol/ s (closed
symbols and line) and the Laxic Cambisol/d site (open symbols and dashed line);
parameters of the theoretical semivariograms see Table 3.

was measured after 30 min equilibration in the supernatant of a 2.5/1
(w/w) 0.01 M CaCh soil suspension with a glass electrode. For pH
measurements of the forest floor, a 10/1 (w/ w) 0.01 M CaCh solution/
litter suspension was used.

The particle size distribution of 25 randomly chosen topsoil and
subsoil samples per site was determined after H20 2 treatment to
remove organic material. The sand fraction (2000-63 Jlm) was
obtained by wet sieving. The amounts of silt (63-2 Jlm) and clay
«2 Jlm) fractions were measured by sedimentation with a SediGraph
5100 (Micrometrics). The SediGraph 5100 system uses particle
sedimentation rates in combination with X-ray absorption for particle
size analyses. This method provides a total of 90 data points
(cumulative mass percentage) that enables to calculate the required
grain size ranges.

2.7. Statistical and geostatistical analysis

The V-test according to Wilcoxon, Mann and Whitney (Sachs,
1999) as a non parametric test was applied to test for differences
between the sites. The spatial variation of the SOC stocks at the four
sites was described by classical statistics and geostatistics. Prior to
geostatistical analysis, each parameter at each site was tested for
normal distribution using the Kolmogoroff-Smirnoff test. Mean,
median, skewness, kurtosis, variance and coefficient of variation
(CV) of SOC stocks were calculated. SOC stocks are presented in kg m- 2

because extrapolation over large scales (e.g. using the unit Mg ha-1) is
complicated due to unknown correction factors for large roots, stumps,
coarse material and spatial variation.

The spatial pattern of SOC stocks was analyzed using experimental
variograms (Webster and Oliver, 2001). For the comparison of the three
different soil types, experimental semivariograms were calculated for

Laxic Cambisol/d site

Gauss
0.00
0.67
4.91
0.9611

Laxic Cambisol/ s site

Gauss
0.01
0.67
22.56
0.9976

Parameter

Type
Nugget
Sill
Range
NSI(-)

All samples were analyzed for bulk density, pH, and SOC. The bulk
density of the mineral soil was calculated from the mass of the oven
dried soil (105 QC) and the core volume (365 cm- 3 ). Bulk density of
the fine earth was corrected for stones (all granite and gneiss),
accepting an average density of quartz of 2.65 g cm- 3. The bulk
density of the forest floor was determined by drying samples that had
been taken with the metal frames at 40 QC to avoid loss of OC. The
dried samples were weighed, and their bulk density was calculated
from their respective masses, the area of the metal frame, and the
measured forest floor thickness. After drying, the soil samples were
sieved to <2 mm and ground with a ball mill. SOC concentrations were
determined in duplicate by dry combustion at 950 QC on a Vario EL
elemental analyzer (Elementar Analysensysteme GmbH, Hanau,
Germany). Because all soil samples were acidic and free of carbonate,
the measured total carbon concentration was equivalent to the
organic carbon concentration. The pH of the mineral soil samples

Fine roots were obtained from the forest floor samples using
0.01 m2 metal sampling frames and from the topsoil horizon using the
copper cores (365 cm3

). In a first step, roots with a diameter between
5 and 20 mm were removed manually. Then the soil samples were
screened through a 2 mm sieve, and roots> 2 mm were separated. All
roots in the diameter classes 2 and 5 mm as well as 5 and 20 mm were
combined into a single sample. Fine roots with a diameter <2 mm
could not be separated quantitatively due to their close association
with soil material especially at the Laxic Cambisoldieback site and were
thus excluded from the calculation.

Technische Universitat Miinchen. Seven topographic parameters were
calculated from DEM using ArcGIS 9.2, ESRI (2006) and TAPESG
(Gallant and Wilson, 1996), for describing topographic characteristics
of the square cells at the study sites (Wilson and Gallant, 2000). These
parameters are elevation, slope inclination, slope aspect, profile
curvature, plan curvature, total curvature and Compound Topographic
Index (CTI). The topographic parameters are summarized in Table 2.
The algorithms to calculate the topographic parameters are based on
Wilson and Gallant (2000).
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Table 4
True and estimated means ofaC stocks (kg m- 2

) of the Laxic Cambisol/s and the Laxic
Cambisol/d site, and standardized cross validation statistic for the calculated maps of
the two sites.

3. Results

3.1. Characteristics of soil horizons and sac stocks at the different sites

all lag distances :::;; 16 m, using the distances between stations and
substations of the sampling crosses. In order to examine spatial
relations between different variables, experimental crossvariograms
were calculated (Nielsen and Wendroth, 2003).

For the Laxic Cambisol/ s and the Laxic Cambisol/d site, the
semivariograms to create the maps were calculated from the samples
of the topsoils of the respective 5 m grids and the included sampling
crosses. A theoretical semivariogram was fitted to minimize weighted
least squares, with weights calculated from the ratio of pairs within a
class to mean lag. This gives more weight to those classes, which are
based on many data pairs and which are more important for
interpolation. The quality of the fit was controlled by calculating the
Nash-Sutcliffe-Index (NSI; McCuen et al., 2006). Spatial interpolation
to construct maps was then carried out for the uniform rectangular
grid (60 x 60) by ordinary kriging using the theoretical semivario
gram. The experimental variograms of both, the Laxic Cambisol/ sand
Laxic Cambisol/d site were best described by Gaussian models as
revealed by the calculated sum of squared errors and visual control.
The nugget effect was about the same in both cases and also the sill
was identical but the range differed considerably (Table 3, Fig. 3).
While the range was 22.6 m on the Laxic Cambisol/ s site, maximunl
variation was already attained after 4.9 m on the Laxic Cambisol/d site
indicating a small-sized pattern.

The variograms and the kriging were computed with package
gstat (Pebesma, 2004) of the software GNU R 2.6.0 (R Development
Core Team, 2007); the maps were generated with the Geostatistical
Analyst of the ArcMap 9.2 software (ESRI). The quality of the
resulting maps was tested with cross validation (one out method)
using the Geostatistical Analyst of the ArcMap 9.2 software. Table 4
shows the cross validation statistics for both maps. The estimated means
are close to the sample means, the standardized means are close to zero
and the standardized root mean squared prediction errors are near to
one, showing that the models are of good prediction quality.

Sample mean ac Estimated mean ac Standardized
stock (kg m- 2

) stock (kg m- 2
) mean

Map of Laxic Cambisol/s site
7.5 7.5 0.046

Map of Laxic Cambisol/ d site
6.3 6.1 0.029

Standardized root mean
squared prediction error

0.9705

0.8331

The soils of the Skeletic Cambisol/ s, Laxic Cambisol/ s, and Entic
Podzol/s site were covered by mor type forest floor. The thickness of the
forest floor ranged between 0.09 m and 0.18 m at the Entic Podzol/ s site,
and between 0.05 m and 0.12 m at the Skeletic Cambisol/s site. The
mean thickness of the A-horizons ranged between 0.24 m at the Laxic
Cambisol/s site and 0.22 m at the Skeletic Cambisol/ s site. The summary
statistics of sac stocks are listed in Table 5. The Kolmogoroff-Smirnoff
test showed that the distribution ofall parameters in all layers ofall sites
matched the normal distribution. The coefficient ofvariation (CV) of the
sac stock increased significantly from the 0.0-0.2 m layer to the 0.4
0.6 m layer for the Laxic Cambisol/ s site and the Skeletic Cambisol/s
site (Table 5). In contrast, we observed no relation between CV and
soil depth for the Entic Podzol/s site. Mean values of the sac stocks in
the mineral topsoil (0.0-0.2 m) and subsoil (0.4-0.6 m) show that
topsoil and subsoil ac stocks (when standardized to the given thickness
of 0.2 m) are largest at the Laxic Cambisol/ s site. In contrast, the forest
floor ac stocks do not differ significantly among the sites (Table 5).

3.2. Semivariogram analysis ofsac stocks in forest floor and mineral soil

Semivariograms for the forest floor of all three soil types revealed a
very short range, which means that only smam autocorrelation does
exist (Fig. 4a-c) with the total variance being by far lower than in the
Aand B-horizons. Semivariograms for the topsoil horizons and subsoil
horizons, in contrast, showed a considerable spatial dependence of the
sac stocks for all three soil types with variance in the B-horizon being
more pronounced than in the A-horizon. However, the nugget
variance accounts for about 15% of the total sill in the subsoil-horizon
of the Entic Podzol/s site, and for 5% and 4% of the total sill in the
Skeletic Cambisol/ s site and the Laxic Cambisol/ s site, respectively.

3.3. Soil organic carbon stocks and topographic parameters

Table 6 shows the Pearson correlation coefficients among forest
floor thickness, sac stocks and topographical properties of the three
sites that are stocked with Norway spruce. Correlation analysis
showed that the sac stock in the mineral soil horizons of each site
is significantly positively correlated (p:::;; 0.001) with CTI, and all three
curvature parameters (p:::;; 0.001), and significantly negatively corre
lated (p:::;; 0.001) with slope inclination. Forest floor thickness and
forest floor sac stock, in contrast, are neither significantly correlated
with CTI nor with slope inclination at any site. Also the correlation
between curvature parameters and forest floor thickness is weak, yet,

Table 5
Summary statistics of soil organic carbon (SaC) stocks in forest floor, A-horizon (0.00-0.20 m layer) and B-horizon (0.40-0.60 m layer) of the three sites stocked with Norway spruce.

Site/horizon Number of Mean Median Min Max Range Skewness Kurtosis CVa Variance
samples (kg m- 2

) sac stock (%)

Skeletic Cambisol/s site
Forest floor 100 3.1 3.1 1.9 4.1 2.2 -03 -1.0 23 0.50
Mineral soil (0.0-0.2 m) 100 3.0 3.1 0.8 4.4 3.6 -0.8 0.1 26 0.61
Mineral soil (0.4-0.6 m) 100 1.9 1.9 0.2 3.7 3.5 0.0 -0.9 49 0.82

Laxic Cambisol/s site
Forest floor 100 1.4 1.3 0.4 3.3 2.9 0.6 0.5 44 0.35
Mineral soil (0.0-0.2 m) 100 4.7 4.7 2.7 6.5 3.8 0.0 -0.2 16 0.56
Mineral soil (0.4-0.6 m) 100 3.8 3.8 1.6 5.5 3.9 -0.3 -0.5 23 0.74

Entic Podzol/s site
Forest floor 75 3.8 3.6 3.1 6.2 3.1 2.1 4.1 19 0.53
Mineral soil (0.0-0.2 m) 75 1.8 1.7 0.3 4.3 4.0 0.6 0.1 47 0.70
Mineral soil (0.4-0.6 m) 75 4.2 4.1 1.5 6.3 4.8 0.0 0.7 20 0.70

a CV = coefficient of variation.
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a)1 Entic Podzol/s Table 6
Results of a correlation analysis (Pearson correlation coefficients) between topographic

€: 0.8 parameters, forest floor thickness and sac stocks in topsoil and subsoil horizons of the

(- three sites stocked with Norway spruce.

CD 0.6
Slope Slope Horizontal Vertical Total CTlaU

C inclination aspect curvature curvature curvature.!! 0.4

ca S1<eletic Cambisol/s site (n = 100)
> 0.2 Forest floor -0.07 0.02 0.23* 0.20* 0.22* 0.15-i§

thickness
CD Forest floor sac -0.02 0.03 0.13 0.11 0.17 0.09en 0.0
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b)
sac stock -0.34*** 0.18 0.55*** 0.64*** 0.76*** 0.68***
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sac stock -0.30*** 0.16 0.52*** 0.61 *** 0.69*** 0.65***

0.6 (0.4-0.6 m)
(-

CD Laxic Cambisol/s site (n = 100)
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&: Forest floor -0.08 0.09 0.21* 0.21 * 0.23* 0.07
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ca 0.2 Forest floor sac -0.09 0.08 0.08 0.12 0.11 0.03
> stock
E sac stock -0.36*** 0.14 0.62*** 0.68*** 0.77*** 0.70***CD

tJ) 0.0 (0.0-0.2 m)
sac stock -0.32*** 0.11 0.57*** 0.63*** 0.68*** 0.62***

C) (0.4-0.6 m)
Skeletic Cambisol/s

€:
Entic Podzol/s site (n = 75)

0.4 Forest floor 0.03 0.05 0.08 0.09 0.12 0.05

?- thickness

CD 0.3 Forest floor -0.04 0.03 0.07 0.06 0.09 0.06
(J sac stocks:::
ca 0.2 sac stock -0.28*** 0.11 0.53*** 0.55*** 0.75*** 0.49***-I:

(0.0-0.2 m)ca 0.1> sac stock -0.24*** 0.16 0.48*** 0.50*** 0.72*** 0.41 ***
E (0.4-0.6 m)
CD

en 10 15 20 ***Correlation is significant at 0.001 level (2-tailed); **Correlation is significant at 0.01

Range (m) level; *Correlation is significant at 0.05 level.

A-horizon ~ B-ho(zon Forest floor
aCompound topographic index.

Fig. 4. Semivariograms of sac stocks in forest floor, A-horizon and B-horizon of (a) the
Entic Podzol/ s site, (b) the Laxic Cambisol/ s site, and (c) the Skeletic Cambisol/ s site.

significant (p s 0.05). Forest floor is thinner and sac stocks are smaller
in crest position and larger in valley position. In contrast no significant
correlation between sac and slope aspect at any site was indicated by
the correlation analysis.

Additionally, multiple regression analyses were performed to
differentiate the effect of the various topographic parameters on
sac stocks in the mineral soil horizons. However, the three curvature
parameters (horizontal curvature, vertical curvature, total curvature)
are highly correlated at each site. Also slope inclination and CTI are
correlated with each other. Multicollinearity occurs when strong
relationships exist between different predictor variables and can be
problematic for multiple regression analysis, especially in the
estimation of regression parameters. Thus we first used principal
component analysis (PCA) to minimize multicollinearity and to
achieve economy in representation of the topographical data
(Table 7). Cumulative variance explanation indicated that the first
three principal components accounted for 91.6% of the standardized
variance of the data. In the first principal component, which explained
49.8% of the total variance, the curvature parameters were the major
contributing variables. Eigenvectors suggest that elevation and slope
inclination contrast with CTI in PCA2. The results of the multiple
regression analyses between the first three principal components and
sac stocks in the mineral soil horizons are presented in Table 8. The
three topographic principal components together explain between
82% and 76% of the variation of the sac stocks in the mineral soil
horizons (Table 8). The major part of sac stock variation is explained
by the first principal component, representing mainly the curvature
parameters.

3.4. Soil organic carbon stocks and soil-specific factors

Crossvariograms were used to identify spatial correlations among
stone content, soil bulk density, texture, pH and sac stock in the
mineral topsoil of the Skeletic Cambisol/ s, the Laxic Cambisol/ s, and
the Entic Podzol/ s site (Fig. 5). Clay contents and sac stocks were
significantly positively spatially correlated at each site, whereas sac
stocks and stone contents were negatively spatially correlated at each
site. The sac stock and the pH were significantly negatively spatially
correlated at the Laxic Cambisol/ s and the Entic Podzol/ s site, but not
at the Skeletic Cambisol/ s site. At the Laxic Cambisol/ s site, the sac
stock was additionally positively spatially correlated with the bulk
density (Fig. 5).

3.5. Impact of small and fine root biomass on soil organic carbon stocks

Norway spruce small and fine root biomass varied between 103
and 322 g m- 2 at the Skeletic Cambisol/s site, between 112 and 338 g
m- 2 at the Laxic Cambisol/s site, and between 94 and 215 g m- 2 at

Table 7
Cumulative variance explanation (%; left) and "Eigenmatrix" (right) for the Principal
Component Analysis (PCA) of various topographic parameters.

PCA Cumulative variance Parameter PCAl PCA2 PCA3
explanation (%) (Eigenvector)

PCAl 49.8 Elevation 0.27 0.46 -0.24
PCA2 74.3 Slope inclination 0.21 0.52 0.15
PCA3 91.6 Profile curvature 0.71 -0.10 0.59
PCA4 97.2 Plan curvature 0.66 -0.14 0.78
PCA5 98.8 Total curvature 0.68 -0.09 0.61
PCA6 100.0 CTla -0.17 -0.55 -0.19

a Compound topographic index.
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Table 8
Forward multiple regression analyses between the first three principal components (Table 7) and sac stocks in topsoil and subsoil horizons of the three sites stocked with Norway
spruce; regression equations, partial and model R2 values, and test of significance (F-test).

Dependent variable (y) Regression equation Parameter partial R2 Model R2 F

Xl =PCAl x2=PCA2 x3=PCA3

Skeletic Cambisol/s site (n = 100)
sac stock (0.0-0.2 m)a y = 1.89 + 2.17xl - 0.53X2 + 0.21x3 0.52 0.16 0.09 0.77 107.1 ***
sac stock (0.4-0.6 m)a y = 0.97 + 1.05Xl - 0.42X2 + 0.15X3 0.54 0.18 0.07 0.79 120.4***

Laxic Cambisol/s
site (n = 100)
sac stock (0.0-0.2 m)a y = 4.15 + 1.96xl - 0.47X2 + 0.17X3 0.53 0.21 0.08 0.82 145.8***
sac stock (0.4-0.6 m)a y = 2.39 + 1.37xl - 0.38x2 + 0.19X3 0.48 0.18 0.10 0.76 101.3***

Entic Podzol/s site (n = 75)
sac stock (0.0-0.2 m)a y = 0.88 + 1.01Xl - 0.32x2 + 0.17X3 0.46 0.24 0.10 0.80 94.7***
sac stock (0.4-0.6 m)a y = 2.24 + 1.75xl - 0.25x2 + 0.12X3 0.49 0.22 0.11 0.82 107.8***

***Significant at probability level 0.001.
a Given in (kg m- 2).

the Entic Podzol/ s site. Crossvariograms were used to relate the
spatial pattern of small and fine root biomass to sac stocks in the
forest floor, the mineral topsoil, and the subsoil of the Skeletic
Cambisol/ s, the Laxic Cambisol/ s, the Laxic Cambisol/d, and the Entic
Podzol/s site (Fig. 6). Small and fine root biomass showed an inverse
spatial pattern relative to sac stocks in the subsoil of all three sites
which are stocked with Norway spruce. In the mineral topsoil, the

negative spatial correlation at these sites was less pronounced, but
still significant. Small and fine root biomass in the mineral topsoil of
the Laxic Cambisol/d site varied between 356 and 416 g m- 2, and thus
was clearly larger compared to the sites stocked with Norway spruce.
In contrast to the sites with healthy spruce forest, at the Laxic
Cambisol/d site the boundary between forest floor and mineral
topsoil was diffuse as a result of an intensive penetration of the humic
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topsoil by grass roots. In contrast to the tree roots, the grass roots were
very homogeneously distributed in the topsoil over the whole site and
revealed a pure nugget effect, as evidenced by the respective
semivariogram of the small and fine root biomass at the Laxic
Cambisol/d site. So, the pure nugget effect was not caused by large
random variation between neighboring observations but by small
variance and measurement uncertainty. As a result, sac stocks of the
Laxic Cambisol/d site showed no spatial correlation with the small
and fine root biomass at that site (Fig. 6).

3.6. Impact of tree and log distribution on soil organic carbon stocks

In order to examine an effect of trees on the sac stock in the forest
floor and the mineral topsoil, the distance of each sampling point to
the nearest tree was correlated against the sac stock in these
horizons. The coefficient of determination was between 0.14 (forest
floor, Entic Podzol/ s site) and 0.08 (0.0-0.2 m layer, Laxic Cambisol/ s
site). an a significance level of p == 0.05, no relationship existed
between the distance of a sampling point to the nearest tree and the

sac stock in the forest floor, the forest floor thickness, or the sac
stock in the mineral topsoil. These results are also evident in the
respective crossvariograms between sac stocks and tree distance
(Fig. 7a-c).

The thickness of the forest floor at the Laxic Cambisol/d site was
significantly smaller than that of the Laxic Cambisol/s site (p s 0.05; u
test), and the forest floor was moder compared to mor at the site with
healthy spruce. Adetailed description of forest floor changes after forest
dieback is given in Spielvogel et al. (2006). The mean sac stock in the
0.0-0.2 m layer has not changed significantly within 25 years after forest
dieback if compared to the Laxic Cambisol/s site. In contrast, the forest
floor sac stock at the Laxic Cambisol/d site is significantly (p s 0.05)
smaller compared to the Laxic Cambisol/ s site, CV and the spatial
variance of the sac stock is increased significantly for both the forest
floor and the 0.0-0.2 m layer (Table 9).

In order to investigate effects of fallen logs with soil contact on the
sac stock, the distance of each sampling point to the nearest log was
correlated against its sac stock. The coefficients of determination
were 0.45 (forest floor) and 0.66 (0.0-0.2 m layer), showing a

Table 9
Summary statistics of soil organic carbon (SaC) stocks in the forest floor and the A-horizon (0.00-0.20 m layer) of the Laxic Cambisol/s and of the nearby Laxic Cambisol/d site
25 years after bark-beetle infestation.

Site/horizon Number of Mean Median Min Max Range Skewness Kurtosis CVa (%) Variance
samples (kg m- 2

) sac stock

Laxic Cambisol/s site
Forest floor 100 1.4 1.3 0.4 3.3 2.9 0.6 0.5 44 0.35
Mineral soil (0.0-0.2 m) 100 4.7 4.7 2.7 6.5 3.8 0.0 -0.2 16 0.56

Laxic Cambisol/d site
Forest floor 100 10 0.9 0.0 3.6 3.6 1.1 1.3 76 0.61
Mineral soil (0.0-0.2 m) 100 4.2 4.2 2.1 6.5 4.4 0.0 0.2 23 0.96

a CV = coefficient of variation.
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significant correlation (p ~ 0.01) between the sac stock and its
distance to the nearest log for both horizons. These results were
confirmed by the respective crossvariograms (Fig. 7d).

We additionally used kriging based on the 5 m grid and the included
sampling cross, and the respective variograms to create maps which
show the distribution pattern ofsac stocks in the forest floor and in the
0.0-0.2 m layer at sites with and without canopy loss, respectively. A
map of the topsoil (forest floor +A-horizon) sac stocks of the Laxic
Cambisol/ s site shows that sac is distributed by topography at this site
(Fig. 8a). The area in the lower central region of the plot is characterized
by larger sac stocks, corresponding with a topographical depression in
that area (Fig. 8a). The absence of an effect of trees on sac stocks as
detected by correlation analysis and crossvariance was also proven by
the map. In contrast to the distribution by topography ofthe sac stock at
the Laxic Cambisol/ s site, the spatial pattern of the topsoil sac stock at
the Laxic Cambisol/d site is much more heterogeneous (Fig. 8b). The
two sites are adjacent to each other; thus it was most probably the recent
bark-beetle infestation which has caused these changes in the spatial
variability of topsoil sac stocks. At the Laxic Cambisol/d site, several
small patches with larger sac stocks compared to the Laxic Cambisol/ s
site exist, which are in the vicinity of fallen logs. However, the mean
topsoil sac stock at the dieback site has not changed significantly
compared to that of the Laxic Cambisol/s site.

4. Discussion

4.1. Effect of topography and soil-specific parameters on the spatial
pattern of soil organic carbon stocks

In contrast to the forest floor, the mineral horizons of the three
different landscape units under Norway spruce differed in the

spatial distribution and variability of their sac stock (Table 5; Fig.
4). Whereas the coefficients of variation (CVs) for the sac stocks
of the Skeletic Cambisol/ s site were in the range of those observed
for other forest soils (Table 5; Mollitor et al., 1980; Johnson et al.,
1990; Grigal et al., 1991; Cromack et al., 1999; Homann et al.,
2001), the respective CVs for the mineral soil layers of the Entic
Podzol/ s site were larger than those observed elsewhere, and
those for the Laxic Cambisol/ s site were smaller. Correlation
analysis and the crossvariogram analysis (Table 6; Fig. 5) indicate
that much of the observed sac stock variability at the sites is a
result of topography, stone content, the variability of soil texture,
and pH. The observed larger sac stock variability of the Entic
Podzol/ s site compared to the other sites, thus, is most probably a
consequence of the larger and more patchy stone content, the
larger texture heterogeneity, and abrupt changes between concave
and convex inclined patches within distances <2 m. These patches
create a pronounced small-scale relief, while the absolute range of
slope inclination is only about 5% at this site. sac stocks are larger
in depressions and smaller on crests, reflecting small-scale soil
erosion and accumulation processes within this site. These results
match with results of other researchers who also had observed
that terrain attributes explain a substantial portion of sac stock
variability (e.g. Mueller and Pierce, 2003). Additionally, the
Skeletic Cambisol/ s site and the Laxic Cambisol/ s site are densely
and evenly stocked with Norway spruce (1088 trees ha- 1

),

whereas the forest at the Entic Podzol/ s site is rather open (540
trees ha- 1) and intermitted by several small clearings, probably
leading to more heterogeneous sac input and decomposition
conditions at the different patches. A more heterogeneous sac
input is also indicated by the larger fine root biomass variability of
the Entic Podzol/ s site compared to the other sites.
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4.2. Small scale variability of sac stocks

SOC stocks of the forest floor show considerable randomness
in their spatial distribution as supported by short ranges of the
semivariograms of the different soil types.
Large nugget variances and small-scale spatial variability of the SOC
stock are specific for soils covered by forest (Liski, 1995; Hewitt et al.,
1998; Paz-Gonzalez et al., 2000; Schoning et al., 2006), as it is the
case at our three sites. Paz-Gonzalez et al. (2000) explained the
larger spatial heterogeneity of SOC stocks in an Umbrisol site under
natural forest compared to cultivated sites with the homogenizing
effects of mechanisms such as plowing, fertilization, and depletion of
nutrients at cultivated sites. The nugget effect of the variogram of the
0.4-0.6 m layer of the Entic Podzol/ s site in our study is up to three
times larger compared to the nugget effect of the variograms of the
subsoil at the nearby Skeletic Cambisol/ sand Laxic Cambisol/ s sites.
This indicates a larger small-scale variance of SOC stocks in the
subsoil of the Entic Podzol/ s site compared to the Skeletic Cambisol/ s
site and the Laxic Cambisol/ s site. This may be due to larger
variability of the distribution of root litter input and the sorption and
desorption of DOC to soil minerals in subsoils (Schoning et al., 2006).
Also the larger variability of subsoil texture at the Entic Podzol/ s site
compared to the Skeletic Cambisol/ s site and the Laxic Cambisol/ s
site and the more heterogeneous subsoil stone content may probably
have an influence.

4.3. Effect ofvegetation parameters on the spatial pattern ofsoil organic
carbon stocks

The variability of small and fine root biomass closely reflects the
heterogeneity of the three sites which are stocked with Norway
spruces. The inverse spatial pattern of SOC stocks and small and fine
root biomass at these sites may be caused by a larger small and fine
root allocation and increased root longevity at patches with low SOC
contents and a more sandy texture. In this cool and extremely humid
high-elevation environment, sandy patches are characterized by a
better aeration and thus more favorable for root penetration.
Additionally, they have a lower water storage capacity and probably
lower nutrient resources. Several studies have reported that fine root
production of trees increases as water and nutrient availability
decreases (Keyes and Grier, 1981; Tingey et al., 2005). Moreover,
according to Jansens et al. (2002), increased root longevity is favored
under nutrient-poor conditions because of the need to avoid nutrient
losses through root mortality. Chapin (1980) and Lee et al. (2007)
hypothesized that the maintenance of long-lived, high-density fine
root systems may be more adaptive in nutrient-poor soils and that fine
root turnover rates are higher at fertile patches.

A correlation of tree distribution with the magnitude of forest
floor SOC stocks and forest floor thickness was not present at our
study sites. This is consistent with the results of studies of Riha et al.
(1986) and Schoning et al. (2006), who also found no spatial
correlation between the distance of a sampling point to the nearest
tree and the magnitude of the SOC stock in the forest floor of a Typic
Fragiochrept and a Typic Dystrochrept stocked with maple, spruce
and pine (Riha et al., 1986), and a Luvisol stocked with beech
(Schoning et al., 2006). It is in contrast, however, to studies of Ruark
and Zarnoch (1993) and Liski (1995) who found forest floor SOC
stocks being elevated within a certain radius from the stems. The
latter studies were conducted at sites with low inclination and
relatively even surface. The absence of any spatial correlation
between SOC stocks and distance to the nearest tree in our study
thus is due to the dominating impact of topography at our sites.
Terrain driven processes dominate or alter any effects from distance
to tree at the sites. A strong impact of small-scale relief and slope
inclination on the spatial pattern of SOC stock was evidenced by the
significant correlation of the topographic parameters and SOC stocks

at all sites and confirmed by the map of topsoil SOC stocks of the Laxic
Cambisol/ s site. Largest SOC stocks were measured in a depression at
that site. Thus, at inclined sites and sites with a pronounced small
scale relief, plot position obviously is more important for SOC
accumulation than the distance to the nearest tree.

4.4. Spatial variability of soil organic carbon stocks 25 years after forest
dieback

The forest floor and mineral topsoil of the Laxic Cambisol/sand
the Laxic Cambisol/ d site differ significantly in spatial variability and
spatial distribution of their SOC stocks (Table 9; Fig. 8). Canopy loss
resulted in a significantly (p:::; 0.05) smaller thickness of the forest
floor, accompanied by significantly smaller forest floor SOC stocks
(p :::; 0.05) in large areas of the Laxic Cambiso1j d site (Spielvogel et al.,
2006). The smaller SOC stocks in the forest floor of the Laxic
Cambisol/ d site compared to the Laxic Cambisol/ s site are not caused
by reduced carbon input rates, but by accelerated decomposition of
forest floor organic matter after canopy loss (Spielvogel et al., 2006).
In contrast to the major part of the Laxic Cambisol/ d site, however, in
small patches within a distance of about 5 m from fallen logs which
had direct soil contact, the forest floor was thicker at slope positions
slightly above the logs. Moreover, the forest floor and the mineral
topsoil at these patches contained significantly more SOC than the
rest of the site. In contrast to the mean SOC stock of the entire Laxic
Cambisol/ d site, the SOC stock and concentration of the topsoil of
these small patches were significantly (p:::; 0.05) larger than the
mean SOC stock and concentration of the Laxic Cambisol/ s site. The
thicker forest floor at slope positions above the logs might be
attributed to transport of organic matter and subsequent accumula
tion at protected positions slightly above the logs, resulting in a larger
variability of the forest floor thickness compared to the Laxic
Cambisol/ s site, since logs on the ground are larger obstacles than
standing trees. The larger SOC concentration in the mineral topsoil
within a distance of 5 m from the logs is probably also caused by
increased amounts of accumulated mineral-bound DOC originating
from the dead logs and litter that had accumulated around the logs.
Increased DOC transport beneath dead wood is known from a study
of Auerswald and Weigand (1996). Auerswald and Weigand (1996)
found the release of DOC and its infiltration into the soil under dead
wood of hedges (boles and logs) three times as high compared to a
nearby field without dead wood. The large differences between the
major part of the site where the forest floor SOC stock is decreased
compared to the site with healthy spruce forest and small sections
within a distance of 5 m from the logs with increased topsoil SOC
stocks are responsible for the larger spatial variability of the SOC
stock and a different pattern of SOC distribution in the topsoil at the
dieback site compared to the site with healthy spruce forest. These
results show that at slope sites the spatial distribution of SOC in
topsoil horizons is strongly influenced by individual events (e.g.
stand dieback due to bark-beetle infestation of forest fires), if fallen
logs remain at the site. It is likely that the effect of logs on the SOC
distribution at the investigated site will even increase during the next
years and decades, as there are still about 50% of standing dead trees
without any soil contact and logs elevated off the forest floor at the
site, which will fall within the next years. Moreover, the mean
densities and decay classes of the downed logs (Spielvogel et al.,
2006) indicate that complete decomposition of these logs takes at
least 150 years (Brown et al., 1998; Tinker and Knight, 2001).

5. Conclusions

At our high-elevation study sites, the spatial variability in SOC
stocks cannot be attributed to the distribution of living trees.
Processes which are associated with individual trees, such as stem
flow and litter accumulation are not reflected by SOC distribution at
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the considered stand scales. At our sites with pronounced slope
inclination and small-scale relief, topography is the most determining
factor for sac distribution.

Topsoil sac variability and distribution at dieback sites is strongly
altered by the distribution of fallen logs at the dieback site.
Accumulation of sac at slope positions slightly above the logs and
accelerated decomposition of the forest floor organic matter after
canopy loss at patches without logs result in an increased spatial
heterogeneity of sac stocks at dieback sites.
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