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Abstract

The National Forest Soil Inventory (NFSI) provides the Greenhouse Gas Reporting in Germany with a quantitative

assessment of organic carbon (C) stocks and changes in forest soils. Carbon stocks of the organic layer and the min-

eral topsoil (30 cm) were estimated on the basis of ca. 1.800 plots sampled from 1987 to 1992 and resampled from

2006 to 2008 on a nationwide grid of 8 9 8 km. Organic layer C stock estimates were attributed to surveyed forest

stands and CORINE land cover data. Mineral soil C stock estimates were linked with the distribution of dominant

soil types according to the Soil Map of Germany (1 : 1 000 000) and subsequently related to the forest area. It appears

that the C pool of the organic layer was largely depending on tree species and parent material, whereas the C pool

of the mineral soil varied among soil groups. We identified the organic layer C pool as stable although C was signifi-

cantly sequestered under coniferous forest at lowland sites. The mineral soils, however, sequestered

0.41 Mg C ha�1 yr�1. Carbon pool changes were supposed to depend on stand age and forest transformation as well

as an enhanced biomass input. Carbon stock changes were clearly attributed to parent material and soil groups as

sandy soils sequestered higher amounts of C, whereas clayey and calcareous soils showed small gains and in some

cases even losses of soil C. We further showed that the largest part of the overall sample variance was not explained

by fine-earth stock variances, rather by the C concentrations variance. The applied uncertainty analyses in this study

link the variability of strata with measurement errors. In accordance to other studies for Central Europe, the results

showed that the applied method enabled a reliable nationwide quantification of the soil C pool development for a

certain period.
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Introduction

To fulfill commitments under Article 3.4 of the Kyoto

Protocol, Germany has provided for the first-time veri-

fiable estimates and an uncertainty analysis for soil car-

bon (C) stocks as well as for C sequestration rates over

a certain period of time. Forests play an important role

in the global C cycle by capturing C from the atmo-

sphere through photosynthesis, converting it into bio-

mass, and emitting it back into the atmosphere or fixing

it into stable soil organic matter (SOM) pools (Post &

Kwon, 2000). The amount of soil C is determined by the

net balance between the rate of organic C input in leaf

and root biomass and its mineralization (Golchin et al.,

1994a; Gregorich & Janzen, 1996). The magnitude of the

C pool in forest depends on soil properties, climate,

and anthropogenic activities. The ability of soil to stabi-

lize SOM and the relationship between soil structures

are key elements in soil C dynamics (Six et al., 2002).

Physical properties as in silt and clay content or the

microaggregation of soil are considered to protect

organic matter from decomposing organisms (Oades,

1988; Torn et al., 1997; Kaiser & Guggenberger, 2003).

The influence of tree species on the C pool is widely

studied, however, a comprehensive understanding of

the magnitude of tree species influence across site types

has not yet been reached (Vesterdal, 1999; Ladegaard-

Pedersen et al., 2005; Prietzel & Bachmann, 2012). The

C storage in ecosystems can also be affected by stand

management practices.

Modeling studies suggest that European forest soils

are currently sequestering 26 Tg C yr�1, which is

30–50% of the estimated C sink in the forest biomass

(Liski et al., 2002). Dijkstra et al. (2009) calculated with

three different modeling approaches that C sequestra-

tion rates at intensively monitored European forest

plots ranged from 0 to 978 kg C ha�1 yr�1. Liski et al.

(2002) estimated for forest soils in central Europe a sink

of 0.6 Mg C ha�1 for the year 2000. The large C sink

was mainly attributed to an increase of forest biomass,

which is the result of less intensive harvesting regimes.

A study of Schils et al. (2008) has shown that C seques-

tration rates ranged from 0.01 to 0.8 Mg ha�1yr�1 for

managed forest land. European C pool and fluxes
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modeling tend to reveal a CO2 sink rather than a

release; however, the behavior of forest soils still

remains uncertain (Liski et al., 2002; Nabuurs et al.,

2003; Akselsson et al., 2005). Moreover, modeling or

input–output balances based on large-scaled studies on

C stocks are afflicted with high uncertainties. Conse-

quently, direct measurements by repeated soil invento-

ries are urgently needed to further improve these

estimates (Schulze et al., 2009). A review conducted for

this study has shown that nationwide C stocks and C

stock changes cannot be accurately determined without

comparable and harmonized inventory data. Countries

with an accurate single database on the national level

including sufficient information to estimate national C

stocks, obtained harmoniously to sufficient soil depth

(i.e., C concentrations, bulk density, and stone content)

are scarce. Furthermore, a representative dataset cover-

ing the whole area of the country is essential (Prechtel

et al., 2009).

Reported changes in C stocks in the soils of Denmark

were assessed by two forest soil inventories conducted

during 1990 and 2005 (Nielsen et al., 2012). The Swed-

ish National Forest Soil Inventory is sampling ca. 6000

permanent survey sample plots in 10 year intervals

(SEPA, 2011). Most existing national monitoring sys-

tems have only undertaken one single sampling (Saby

et al., 2008). Estimates of national-wide C pools and

trends from repeated soil inventories or monitoring are,

however, still the exception (Bellamy et al., 2005). Most

studies compiled data from unrelated soil surveys to

reflect C pool changes for a certain time period. Based

on comprehensive soil surveys, e.g., Lettens et al. (2005)

presented changes in soil C stocks in Belgium between

1960, 1990, and 2000. Bellamy et al. (2005) estimated

changes in the C concentrations based on data from the

National Soil Inventory of England and Wales obtained

between 1978 and 2003. Nevertheless, only 40% of the

original sites were resampled. In a study of Yang et al.

(2010) changes of C stock were examined by comparing

current measurements with historical records derived

from China’s National Soil Inventory during the 1980s.

In the following study, direct measurements by

repeated soil inventories have been applied to estimate

national C pools and trends.

Many estimates of regional C sequestration potential

have made use of linear regressions based on long-term

experimental data (Dijkstra et al., 2009; de Vries & Posch,

2011), whereas some studies have used dynamic SOM

models linked to spatial databases (Falloon et al., 2002;

Stevens & van Wesemael, 2008). The reliability of these

modeling results depends on data available for calibra-

tion and validation. Most regional estimates of C stocks

are based on extrapolations of the mean soil C content

for broad categories of soil or vegetation types (Kern,

1994; Morisada et al., 2004; Lettens et al., 2005). Kern

(1994) recommended a soil taxonomic approach. Moris-

ada et al. (2004) estimated the extent of C stored in Japa-

nese forests by soil units, which were determined using

digital soil and land use data. A study of Lettens et al.

(2005) quantified changes in C stocks in Belgium

between certain spatially explicit land units with unique

soil association and land use type. To our knowledge,

there is no existing study which has applied data of site-

specific forest stands and repeated soil inventory infor-

mation to estimate C pools and trends on forest sites on

the national level.

Accurately estimating the organic C stocks in soils is

difficult because C stocks vary over multiple spatial

scales due to the complexity of physical, chemical, and

biological processes that influence C cycling in the soil

(Trumbore et al., 1995). Variations in soil C stocks are

related to a number of environmental factors (e.g., cli-

mate, parent material, landscape position) as well as

human-induced factors (e.g., land use type, manage-

ment intensity) (Tan et al., 2004; Mou et al., 2005; von

Lützow et al., 2006). The relative importance of environ-

mental and human-induced factors varies at different

spatial scales; however, the resulting spatial pattern of

soil C stocks remains poorly understood. Calculation of

soil C stocks requires the determination of soil C con-

centrations, bulk densities, stone contents, and soil

depth, which all vary depending on site and have dif-

ferent measurement errors associated (Schrumpf et al.,

2011). It has been shown that these variables did not

contribute similar to the variability of soil C stocks. A

study of Don et al. (2007) observed at two grassland

sites a higher relative variability of C concentrations

than that of bulk densities. This was also shown by

Goidts et al. (2009) who found across different spatial

scales that C concentrations and stone contents were

predominant at Belgian agriculture sites. Nevertheless,

it is known that soil C stock determining variables are

not independent of each other and that the covariance

between them needs to be considered when analyzing

the variability of soil C stocks (Goidts et al., 2009; Schr-

umpf et al., 2011). So far, only a few studies have con-

sidered uncertainties of various variables in the soil C

stocks in an integrated approach to quantify the relative

contribution of each variable and their interactions

involved on the soil C stock variability on forest sites

on the national level.

With the repetition of the National Forest Soil Inven-

tories (NFSI), Germany obtained a capacious basis to

evaluate the status quo of SOM and the C sequestration

rate of forested soils throughout a certain time

period. Soil sampling, preparation and analyses were

exclusively conducted by the Federal States authorities

according to the predefined soil survey manual of a
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German Federation/Federal States working group

(BMELV, 1990). Results of the first NFSI (NFSI I) were

presented by Wolff & Riek (1996), who showed spatial

patterns of C stocks and morphological humus forms

and displayed correlations to bedrock, soil texture, and

main soil type. The objective of this study was to evalu-

ate the development of the C pool in forest soils in Ger-

many with respect to the NFSI II. Datasets from both

NFSIs were combined to assess: (i) the annual C accu-

mulation with respect to C stock changes between 1990

and 2006, (ii) the C status of different soils and forest

stands at the two inventories, as well as (iii) the relative

contribution of each variable and interaction involved

to the final soil C stock variability of German forest

soils.

Material and methods

Soil sampling schema

The NFSI I was carried out according to a issued soil survey

manual from BMELV (1990). A newly developed detailed

manual for soil sampling was issued by Wellbrock et al. (2006)

to conduct the NFSI II. The new manual is based on the Ger-

man manuals of soil mapping (Ad-hoc-Arbeitsgruppe Boden,

1982, 1994, 2005) and on the manual from the BMELV (1990) to

ensure the comparability of soil sampling.

The NFSI I was conducted between 1987 and 1993 on a sys-

tematic 8 9 8 km grid. The soil inventory was repeated

between 2006 and 2008 primarily at the same plots. Here, we

used data from 1865 NFSI I plots and 1813 NFSI II plots. The

resampling at the same plots indicates a paired sampling

schema (Fig. 1). In reference to the NFSI II, 624 plots were not

resampled at the original NFSI I plots. On the new federal

state-specific inventory grid, 577 new plots were established

for sampling. The grid plots of NFSI I that were not resampled

and the new established plots of the NFSI II were considered

as an unpaired sampling schema. The standard method for

soil sampling at the NFSI grid plots are comprised of eight

satellite samples with a centralized soil profile (Fig. 2). Satel-

lites are located 10 m from the plot center (soil profile) in car-

dinal and intercardinal directions. Soil sampling plots of the

NFSI II were shifted 10 Gon from NFSI I satellites.

The soil profiles were used to designate soil horizons and to

classify soil types according to the newly developed manual

for soil sampling. For both inventories, the entire organic layer

was collected by mixed samples from satellites with metal

frames. By the first inventory branches and cones of the

organic layer were not sampled, however, all fractions were

sampled with the NFSI II. The subsequent partition of the

coarse fraction of the organic layer was set at a diameter of

>20 mm .

Sampling of the mineral soil was obligatory for both inven-

tories and implemented at the depth increments of 0–5, 5–10,

and 10–30 cm. In several federal states the soils were

exclusively sampled by soil horizons which were subse-

quently converted to depth increments. While volume-based

soil samples were taken for the NFSI I at the profile, mixed-

volume-based samples were taken for the NFSI II at the satel-

lites. Volume-based samples were crucial to estimate fine-

earth stocks and bulk densities which are based on the mass

and weight of the volume-based fine and coarse soil fractions.

In a previous analysis of a small subset of NFSI-plots, it had

been shown that fine-earth stocks based on estimated values

deviate significantly from those based on measured values

(Wirth et al., 2004). Therefore, estimated bulk densities and

coarse-earth stocks were replaced by measured values from

Fig. 1 Grid plots of the first/second (I/II) National Forest Soil

Inventory (NFSI).

Fig. 2 Schematic presentation of the sampling design used for

the first/second (I/II) National Forest Soil Inventory (NFSI).
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the other inventory. Volume-based samples were taken by

volume replacement or with a cylindrical core or a cap cutter,

an AMS Core sampler or a motor driven auger. If soil sam-

pling was not practical or feasible due to a high stoniness, on-

site estimates of the bulk density were permitted. To compare

the depth distribution of the C pool, volume-based C stocks

(kg m�3) were calculated. For both inventories, soil samples

for chemical analyses were obligatory at the satellites for the

0–5, 5–10, and 10–30 cm depth increments.

Sample preparation and analyses

All laboratory analysis was provided by the Federal Forest

Research Stations. The comparability of the applied laboratory

analysis methods was tested by ring analysis (König & Wolff,

1993). Laboratory analysis was conducted according to the

methods of the expert committee on Forest Analysis (GAFA,

2006). The organic layer samples were dried for 48 h at 60 °C,
subsequently grated through a 2 mm sieve and ground. The

mineral soil samples were dried for 48 h at 40 °C, subse-

quently sieved to <2 mm and ground. Samples of the NFSI I

were either analyzed by a Woesthoff carmhograph, gas-chro-

matographic elemental analysis, indirect determination by the

loss on ignition at 550 °C, or wet combustion with potassium

dichromate and acid sulfur. Gas-chromatographic elemental

analysis or Kjeldahl N digestion with a subsequent photomet-

ric or titrimetric N-determination was used to determine N of

the NFSI I samples. All laboratory analysis methods were

included in the subsequent analysis, however, 79% of the

NFSI I-samples were exclusively analyzed by gas-chromato-

graphic elemental analysis. The total C and N concentrations

of the NFSI II were determined by gas-chromatographic ele-

mental analysis. Inorganic C for mineral soil samples was

determined according to the Scheibler method (Schlichting &

Blume, 1966). The organic C concentrations of carbonated soils

were calculated from the difference between total and inor-

ganic C concentrations.

Calculation of soil organic carbon

Soil C stocks from the organic layer were calculated as a func-

tion of the size of the sampling frame, weight of the sampled

material and soil C concentrations. The calculation of mineral

soil C was carried out for each depth increment (D) down to a

depth of 30 cm. Initially, the stocks of the fine-earth fraction

(FES) were calculated as a function of dry bulk density of the

fine-earth fraction (BDFE) and the volume of the coarse-soil frac-

tion (CSV) [Eqn (1)], or the stocks of the coarse-soil fraction

(CSS) and the dry bulk density of the gross soil (BDg) [Eqn (2)].

FESi ¼ BDFE i �Di � 1� CSVi

100

� �
ð1Þ

FESi ¼ BDg �Di � 100� CSSi ð2Þ
Carbon stocks for each depth increment were calculated by

multiplying fine-earth stocks with C concentrations. Carbon

stocks down to a depth 30 cm were obtained by summing up

the individual depth increments. If the lowest depth level was

partially included within 0–30 cm, C stocks were proportion-

ately calculated. Horizon-wise samples have been transformed

to depth increments by weighting soil horizon thickness in

relation to the thickness of the overlapping segments.

Estimation of regional carbon stocks and carbon changes

Site-specific forest stand and soil information were attributed

to available nationwide geo-datasets. All plots were grouped

into classes, which meet the classification scheme of the geo-

datasets. In reference to the estimation of mineral soil C stocks,

the plots were grouped into classes of soil groups plus federal

states. For the estimation of organic layer C stocks, the plots

were grouped into classes of forest stand type plus federal

state. The inclusion of the federal states in the classification was

necessary as the sampling density deviated between states.

The distribution of forests in Germany was derived from

CORINE land cover data from 1990 to 2006 that distinguished

between deciduous, coniferous, and mixed forests (EEA

2010a, b). For the area-related calculation of the national C

sequestration rate, we considered a forest area without organic

soils of ca. 10.2 Mha�1 (FEA, 2012). The distribution of domi-

nant soil group formations was derived from the 72 units of

the national soil map 1 : 1 000 000. The soil map described

soil groups and parent material according to the revised FAO

Legend (FAO UNESCO ISRIC, 1990) and soil mapping units

assigned to soil groups (BGR, 1998). If the soil inventory

would be stratified according to all legend units of the soil

map, sampling density for statistical evaluation would become

insignificant for some units. Therefore, the soil types of the soil

map legend were grouped according to parent material, tex-

ture, and carbonate contents as well as soil forming processes.

Due to the exceptional soil properties of Histosols and the

infrequency of Anthrosols under forest, these soil groups and

their corresponding forest area are not considered in the

analyses. Altogether, 52 different dominant soil groups were

designated resulting in 16 newly assigned soil groups

(Table 1). In addition, a stratification exclusively based on sub-

strates was conducted resulting in four substrate groups: dys-

trophic loose sediments of the lowland, eutrophic loose

sediments of the lowland, solid rocks with a high base satura-

tion of mountains and hills, and solid rocks with a low base

saturation of mountains and hills.

In reference to paired samples, C stock changes of the

organic layer and the mineral soil down to a depth of 30 cm of

each soil group and forest stand type within a federal state

were estimated by the difference of averaged C stocks. These

C stocks were related to the elapsed years between inventories

[Eqn (3)]:

rCm ¼ 1

n

Xn

i¼1

CIIi � CIi
Dti

ð3Þ

where rCm is the soil C stock change in the mineral soil or

organic layer of the category m (soil group or forest stand type

within a federal state), C Ii is the soil C stock of NFSI I, C IIi is

the soil C stock of NFSI II, and Δti is the elapsed time between

NFSI I and NFSI II of plot i.

Soil C stock changes in reference to the unpaired samples

were derived by averaged C stocks (soil groups or forest stand
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type), which were related to the averaged elapsed time

between the inventories [Eqn (4)]:

rCm ¼
1
nII

PnII
i¼1 CIIi � 1

nI

PnI
i¼1 CIi

1
nII

PnII
i¼1 tIIi � 1

nI

PnI
i¼1 tIi

ð4Þ

To obtain nationwide averages of soil C stock changes, soil

group or forest stand type C stock changes were related to the

corresponding forest area [Eqn (5)]:

rC ¼ 1Pk
m¼1 Am

Xk

m¼1
rCm � Am ð5Þ

where Am is the forest area of the category m (soil group or for-

est stand type within a federal state). A minimum sample size

of n = 5 was applied. The areas were derived from a GIS-

based intersection of the German soil map with the use of the

CORINE land cover raster map. The approach enabled the cal-

culation of area-weighted means, which accounted for state-

specific differences in sample density.

To demonstrate the representativeness of the sample in

respect to the up-scaling to soil groups, plot- and area-based

percentages for both NFSI were determined. For this purpose,

we related the forest area of each soil group or forest stand

type to the whole forest area within the federal states. In addi-

tion, the number of inventory plots of each soil group or forest

stand type was related to the total number of plots within

the federal states. The comparison of the area- and the plot-

based percentages, however, were not significant for both

inventories.

Uncertainties analysis

Uncertainties of estimated C stocks of the mineral soil and the

organic layer resulted from the single uncertainty of measured

variables [Eqn (6), law of error propagation, ISO/IEC Guide

98–3: 2008].

S2y ¼
Xn

i¼1

@y

@xi
Sxi

� �2

þ2
Xn�1

i¼1

Xn

j¼iþ1

@y

@xi

@y

@xj
cov xi; xj

� � ð6Þ

with y = f (x1, . . ., xn); Sxi = standard deviation of the mean

from xi.; cov (xi, xj) = covariance from xi and xj;
@y
@xi
, @y
@xj

= partial

derivative from y according to xi, e.g., xj.

At first, uncertainties due to sample variance were

calculated. Regarding mineral soils (soil group + federal state)

and organic layers (forest stand type + federal state), the

Table 1 List of the newly assigned soil groups (NSG)

NSG Soil types Parent material Explanation

1 Regosols, Arenosols, Podzols Dystrophic sand deposits Indifferent

2 Fluvisols, Gleysols, Podzols Sandy to loamy deposits Soils in broad river valleys, including

terraces and lowlands

3 Fluvisols, Gleysols, Luvisols Loamy to clayey partly calcareous deposits Soils in broad river valleys, including

terraces and lowlands

4 Cambisols, Luvisols, Regosols,

Podzoluvisols

Boulder clay and till Soils in undulating lowlands and hilly areas

5 Gleysols, Arenosols, Regosols,

Cambisols

Sandy deposits overlaying boulder clay Soils in undulating lowlands and hilly areas

6 Cambisols, Arenosols Eutrophic sand deposits Indifferent

7 Luvisols, Podzoluvisols,

Cambisols

Sandy loess to loessic loam partly

overlying various rocks

Soils in loess areas of the lowlands and

hilly areas

8 Leptosols, Cambisols Slope deposits over limestone,

marlstone and dolomite

Shallow soils derived from limestone

weathering

9 Cambisols, Luvisols Redeposited material derived from

limestone, marlstone, and dolomite

Deep soils derived from limestone

weathering

10 Cambisols, Gleysols Marlstone and claystone or calcareous

gravels

Weathered marlstone and claystone

11 Cambisols Basic and intermediate igneous rocks Soils from solid rocks of mountains and hills

12 Cambisols, Gleysols Igneous and metamorphic rocks Soils from solid rocks of mountains and hills

13 Cambisols, Podsols Hard argillaceous and silty slates with

greywacke, sandstone, quartzite,

and phyllite

Soils from solid rocks of mountains and hills

14 Cambisols, Podsols, Gleysols Sandstones, quartzite, and conglomerates Loss bearing sediments overlying various

rocks

15 Leptosols, Cambisols, Luvisols,

Gleysols

Frequently alternating soils from slate,

greywacke, limestone, marlstone,

sandstone, siltstone

Loss bearing sediments mixed with various

rocks

16 Leptosols, Cambisols Limestone, dolomite, and noncalcareous

silicate rocks

Alpine soils
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calculation of variances of the C stock estimations was per-

formed individually for each category. In each of these catego-

ries, the standard errors and means of FESI, FESII, CorgI,

CorgII, tΔ and the covariance among those variables as well as

the sampling number according to Eqns (3), (4) and (6) were

included. In the event of unpaired samples, covariance of vari-

ables between both inventories did not play a role. Subse-

quently, variances of the individual categories were combined

to the area-weighted overall variance [Eqn (7)]:

S2rC ¼
Pk

m¼1 A
2
mS

2
rCm

� �
Pk

m¼1 Am

� �2
ð7Þ

with S2rC = overall variance; SrC
2
m = variance of the category m;

Ai = area of the category m.

To assess the impact of the input variables’ variance on the

total sample variance, each term in Eqn (6) was separately cal-

culated and expressed as a percentage of the sum of their

absolute values (Schrumpf et al., 2011). For this analysis, only

measured fine-earth stocks from plots of both inventories were

selected.

In addition to the sample variance, there are uncertainties

obtained by single measurement techniques. Results of inter-

laboratory tests served to quantify C analysis uncertainties.

Interlaboratory tests were performed during both inventories.

We used these results as an estimate of the uncertainty for C

measurements within the inventories. Considering interlabo-

ratory tests of NFSI II samples, the standard deviation of

repeatability as pooled intra-laboratory standard deviation of

C analyses within the labs, and the interlaboratory standard

deviation was used to estimate the standard deviation of all

means. This allows the calculation of the standard deviation of

reproducibility [Eqn (8)], which is suitable as an estimated

value for the measurement uncertainties:

S2R ¼ S2L þ S2r ð8Þ
with SR = standard deviation of reproducibility; Sr = standard

deviation of repeatability; SL = interlaboratory standard

deviation.

The interlaboratory ring tests of the NFSI II revealed stan-

dard deviations of reproducibility ranging from 0.9 mg g�1

for noncalcareous soils to 2.9 mg g�1 for calcareous soils. A

standard deviation of reproducibility of 20.2 mg g�1 was esti-

mated for the organic layer. The values were in the range of

ca. 5% of the sample means. For calcareous soil samples, the

coefficient of variation amounted to 18%. Based on analyses of

laboratory ring tests of the NFSI I, Wolff & Riek (1996) pre-

sented CV’s of the mineral soil (5–20%) and the organic layer

(5–10%).

To assess the uncertainties which derived from

methodological changes in analysis techniques between both

inventories, NSFI I samples (wet combustion with potassium

dichromate and acid sulfur) from 40 plots were reanalyzed

with NSFI II methodology (dry combustion). The results

revealed for the organic layer an average increase from

309.9 � 11.9 mg g�1 (NSFI I, wet combustion) to 320.8 �
12.6 mg g�1 (NSFI II, dry combustion). The root mean square

error (RMSE) amounted to 54.3 mg g�1. The C concentrations

of mineral soil samples decreased from 12.2 � 1.0 mg g�1 to

11.3 � 1.1 mg g�1. The RMSE amounted to 2.8 mg g�1.

Regression analyses with both sets of C concentrations were

performed. The C concentrations of the mineral soil were log

transformed to obtain homoscedasticity. In both cases F-statis-

tics revealed, that neither the intercept deviated significantly

from 0 nor the regression coefficient deviated significantly

from 1. Therefore, we concluded that no systematic error

occurred due to changes in C estimation method.

To estimate uncertainties of fine-earth stocks, only data

from plots was used where fine-earth stocks were measured

during both inventories. The fine-earth stock of NFSI I was on

average 193 � 35 Mg ha�1 higher than that of NFSI II. It was

assumed that fine-earth stocks are constant between both

inventories. Moreover, we assumed that the mean deviation

plus the deviation (standard error) of the fine-earth stocks rep-

resents a certain degree of measurement inaccuracy of fine-

earth stocks.

The variance of the annual C stock changes was combined

with inaccuracies of the measurement technique to obtain the

uncertainty within each category m [Eqn (9)]:

u2rCm ¼ S2rCm þ Corgm
Dtm

MDFES

� �2

þ FESIm
Dtm

SCorgRI

� �2

þ FESIIm
Dtm

SCorgRII

� �2
ð9Þ

with SrC
2
m = sample variance of the C stocks in category m;

MDFES = Mean deviation of fine-earth stocks (+ its standard

error) between both inventories; Corgm = mean C concentra-

tions in category m; SCorgRI, SCorgRII = uncertainties due to C

concentrations estimation within both inventories (I and II);

FESIm, FESIIm = fine-earth stocks in category m; Δtm = average

time between both inventories in category m

The area-weighted overall uncertainty was calculated

according to Eqn (7).

Statistics

Statistical analysis was performed with SAS 9.2. (SAS Institute,

Carry, NC, USA) to perform statistical tests. The data were

treated as unpaired samples and examined for normality by

the Shapiro–Wilk Test and homogeneity of variances by the

Leven�e test. To perform statistical tests not normally distrib-

uted data were square-root or log-transformed to receive a

normal distribution. Two-way repeated measures ANOVA of

Type I and Tukey–Kramer test were performed to test at a sig-

nificance level of a = 0.05.

Outlier detection has been applied to identify, and where

appropriate, remove anomalous observations or untypical and

biased values from data. We defined outliers for each forest

stand and soil group individually by twice the standard devia-

tion (x � 2r). In addition, C stocks of the paired sample were

fitted in a simple linear regression to carry out subsequently

the outlier removal procedure. The leverage and the student

residues have been used as an impartial statistical measure to

evaluate outliers.

© 2014 The Authors. Global Change Biology Published by John Wiley & Sons Ltd., 20, 2644–2662

CARBON STOCKS AND SEQUESTRATION RATES OF FOREST SOILS 2649



Results

C/N ratio and organic carbon concentrations in the
organic layer

The C/N ratios of the organic layer of the NFSI II were

the lowest under deciduous tree species, whereas conif-

erous tree species are characterized by high C/N ratios

and a higher variability (Fig. 3). We found C/N ratios

under tree species that ranged between 23.4 � 0.4

(misc. deciduous tree species) and 27.1 � 0.2 (spruce).

There were significant differences among tree species

as well as an increase in C/N ratios with resampling

(ANOVA; P < 0.001). Despite the different response to

tree species and inventory, indicated by a significant

interaction (ANOVA; P < 0.001), an increase in C/N ratios

of the organic layer under all tree species was evident

between inventories (Tukey; P < 0.05). The mean

organic layer C concentrations of the NFSI II ranged

between 240.4 � 4.3 g kg�1 (pine) and 345.6 � 7.6 g

kg�1 (misc. deciduous tree species). In contrast to the

C/N ratios, the variability of C concentrations among

tree species was less pronounced for the NFSI I. Never-

theless, there were no differences between inventories,

whereas the difference among the tree species was sig-

nificant (ANOVA; P < 0.001). This was evident by higher

C concentrations under deciduous tree species com-

pared to stands with coniferous tree species. Due to an

interaction between the class variables (ANOVA;

P < 0.001), there was an increase in C concentrations

under misc. deciduous forest and spruce (Tukey;

P < 0.05), whereas under pine the C concentrations

declined (Tukey; P < 0.05).

Organic carbon stocks and carbon sequestration in the
organic layer

We estimated that in Germany, the C pool of the

organic layer decreased from 19.0 � 0.3 to 18.8 �
0.3 Mg ha�1, indicating a loss of 0.02 � 0.02

Mg C ha�1 yr�1 between 1990 and 2006. The standard

error equaled the sequestration rate and the overall

uncertainty was with 0.03 Mg C ha�1 somewhat higher

than the C change between the inventories; hence,

Fig. 3 Soil organic C stocks, C concentrations, and C/N ratios of the organic layer under differing tree species of the first/second (I/II)

National Forest Soil Inventory (NFSI). Circles and error bars represent means and standard errors, respectively. The number of observa-

tions is ranging from 55 (C/N ratio under oak of NFSI I) to 529 (C stocks under pine of NFSI I).
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significant differences cannot be proved when consid-

ering all uncertainties. Taking the individual substrate

groups into account, high base saturated solid rocks

were identified as substrate with the lowest C storage

capacity (Table 2). On the other hand, dystrophic low-

land substrates stored the highest amount of C. The C

stocks among forest stand types within the individual

substrate groups varied considerably. With the NFSI II,

the lowest C stocks were found under deciduous for-

ests on high base saturated solid rock sites. The highest

C stocks, however, were observed under coniferous for-

ests on dystrophic lowland sites. This pattern was also

evident for the NFSI I. Consequently, we observed dif-

ferences among the substrate groups (ANOVA;

P < 0.001). We also identified an effect of forest stand

type on organic layer C stocks (ANOVA; P < 0.001). Nev-

ertheless, the change in the C pool was both nondirec-

tional between the substrate groups and the

inventories, as well as between the forest stand type

and inventories (ANOVA; P < 0.001). We found an

increase in the C pool of dystrophic lowlands under

coniferous forest, whereas the C stocks of high and low

base saturated mountain sites decreased under all for-

est stand types (Tukey; P < 0.05).

Due to the high influence of the forest stand type on

the organic layer C pool, we additionally considered

the effects of various tree species (Fig. 3). Organic layer

C stocks of the NFSI II ranged between 6.2 � 0.6

Mg ha�1 (misc. deciduous tree species) and 27.1 � 0.7

Mg ha�1 (spruce). The statistical analyses revealed that

the C stocks differed significantly among tree species

(ANOVA; P < 0.001), whereas there was no significant

effect between inventories. Nevertheless, an increase in

organic layer C stocks under spruce and a decrease

under beech, misc. deciduous forests, as well as mixed

forests (Tukey; P < 0.05) was elucidated by an interac-

tion between tree species and inventories (ANOVA;

P < 0.001).

C/N ratio and organic carbon concentrations in the
mineral soil

The C/N ratios of the mineral soil of the NFSI II

decreased with increasing depth (Table 3). The upper-

most depth increments varied from 15.1 � 0.2 (NSG 8)

to 25.2 � 0.4 (NSG 1). In the 10–30 cm increment, the

values ranged between 12.5 � 0.2 (NSG 8) and

26.9 � 0.4 (NSG 1). Changes in the C/N ratios between

the inventories were analyzed for each depth individu-

ally. It could be shown that in all increments the C/N

ratios changed significantly (ANOVA; P < 0.001). We also

found differences among soil groups for all depths (ANO-

VA; P < 0.001) as well as interactions between class vari-

ables in the 5–10 cm and 10–30 cm increments (ANOVA;

P < 0.001). Increasing C/N ratios were abundant in dys-

trophic sandy soils of the lowland and in acidic soils of

the mountainous and hilly sites, independent of all

depth increments. Changes were less developed in the

uppermost depth increment. Lower C/N ratios were

exclusively evident in alpine soils. In contrast to the

C/N ratio, the C concentrations decreased in all soil

groups with increasing depth (Table 3). The C concen-

trations in the upper depth increment ranged between

25.2 � 2.5 g kg�1 (NSG 6) and 108.6 � 10.2 g kg�1

Table 2 Carbon stocks and changes in the organic layer C pool for the first (NFSI I) and second (NFSI II) National Forest Soil

Inventory under different substrate groups and forest stand types

Substrate

Tree

species

C stocks NFSI I C stocks NFSI II ΔC ΔC (UC)

n [Mg ha�1] N [Mg ha�1] [Mg ha�1 yr�1] [Mg ha�1 yr�1]

1 CF 148 26.2 � 1.2a 152 28.5 � 1.0b 0.15 � 0.08 0.11

MF 5 19.6 � 7.2a 5 11.2 � 5.7a �0.62 � 0.15 0.23

2 DF 100 8.0 � 0.6a 102 5.9 � 0.5a �0.14 � 0.04 0.07

CF 216 21.5 � 0.8a 183 24.9 � 1.0a 0.23 � 0.07 0.09

MF 77 17.1 � 1.2a 79 17.2 � 1.6a 0.00 � 0.11 0.10

3 DF 79 5.7 � 0.4a 95 4.5 � 0.3b �0.09 � 0.03 0.03

CF 77 14.3 � 0.6a 50 9.6 � 0.9b �0.30 � 0.06 0.08

MF 74 10.4 � 0.7a 78 6.1 � 0.5b �0.28 � 0.05 0.08

4 DF 116 10.7 � 0.8a 106 8.3 � 0.6b �0.18 � 0.06 0.07

CF 342 26.4 � 0.7a 334 25.5 � 0.7b �0.08 � 0.05 0.07

MF 187 18.9 � 0.9a 180 16.2 � 1.0b �0.17 � 0.06 0.08

n, number of observations; UC, uncertainty; 1, Dystrophic loose substrates; 2, Eutrophic loose substrates; 3, High base saturation; 4,

Low base saturation; DF, Deciduous forest; CF, Coniferous forest; MF, Mixed forest.

� indicating variation by standard errors.

Different letters indicate a 0.05 significance level, tested by a two-way ANOVA and the attended Tukey HSD test for each substrate

group individually.
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Table 3 Depth distribution of C/N ratios and C concentrations (C conc. in g kg�1) for the first/second (I/II) National Forest Soil

Inventory (NFSI) under different newly assigned soil groups (NSG)

NSG Depth [cm]

NFSI I NFSI II

n C/N ratio C conc. n C/N ratio C conc.

1 0–5 213 23.5 � 0.4a 26.5 � 1.0a 205 25.2 � 0.4b 33.0 � 1.3b

5–10 210 21.2 � 0.4a 13.8 � 0.7a 208 26.5 � 0.4b 17.6 � 0.8b

10–30 210 20.1 � 0.5a 8.5 � 0.6a 209 26.9 � 0.4b 7.0 � 0.4b

2 0–5 71 16.7 � 0.6a 39.2 � 2.6a 82 19.1 � 0.5b 41.8 � 2.7a

5–10 70 15.5 � 0.6a 21.5 � 1.7a 80 19.0 � 0.7b 24.0 � 1.7a

10–30 69 13.6 � 0.6a 9.6 � 0.9a 82 18.9 � 0.8b 10.0 � 1.0a

3 0–5 23 15.1 � 0.8a 41.4 � 2.7a 32 16.4 � 0.5a 59.3 � 4.9b

5–10 24 15.0 � 0.9a 35.6 � 3.0a 33 15.8 � 0.6a 30.6 � 2.5a

10–30 24 12.7 � 0.6a 13.6 � 1.6a 32 14.2 � 0.5a 10.8 � 1.1a

4 0–5 114 14.9 � 0.3a 43.2 � 1.4a 93 17.4 � 0.3b 44.3 � 2.0a

5–10 116 14.5 � 0.4a 33.1 � 1.3a 93 16.6 � 0.3b 25.0 � 1.2b

10–30 117 12.7 � 0.4a 11.6 � 0.5a 94 14.7 � 0.4b 7.5 � 0.4b

5 0–5 96 19.5 � 0.6a 24.7 � 1.5a 91 22.0 � 0.5b 38.5 � 2.2b

5–10 93 17.9 � 0.6a 11.6 � 0.9a 91 23.6 � 0.6b 15.7 � 0.9b

10–30 94 15.5 � 0.6a 5.8 � 0.5a 92 23.3 � 0.7b 5.6 � 0.4a

6 0–5 42 21.8 � 0.8a 15.3 � 1.1a 48 22.9 � 0.7a 25.2 � 2.5b

5–10 41 19.6 � 0.7a 6.0 � 0.5a 47 23.5 � 0.7b 13.0 � 0.8b

10–30 41 16.4 � 0.6a 2.8 � 0.3a 47 26.0 � 1.2b 3.9 � 0.3b

7 0–5 123 18.1 � 0.5a 35.7 � 1.3a 119 18.8 � 0.4a 41.6 � 2.0b

5–10 124 17.4 � 0.5a 21.5 � 0.8a 116 18.4 � 0.4a 20.8 � 1.0a

10–30 122 14.6 � 0.6a 8.9 � 0.4a 118 15.8 � 0.5a 7.4 � 0.4b

8 0–5 109 14.4 � 0.3a 58.4 � 2.7a 108 15.1 � 0.2a 62.6 � 2.6a

5–10 108 13.5 � 0.3a 42.0 � 2.1a 110 13.9 � 0.2a 39.1 � 2.0a

10–30 108 12.4 � 0.4a 20.3 � 1.3a 112 12.5 � 0.2a 14.5 � 0.9b

9 0–5 35 15.1 � 0.5a 55.9 � 3.4a 41 16.0 � 0.4a 52.5 � 3.4a

5–10 36 13.8 � 0.5a 42.7 � 2.8a 42 14.8 � 0.3a 34.7 � 2.5b

10–30 36 12.5 � 0.6a 20.2 � 1.9a 42 12.5 � 0.3a 11.3 � 1.0b

10 0–5 65 16.2 � 0.5a 34.4 � 1.6a 76 16.7 � 0.3a 40.3 � 2.2b

5–10 67 15.4 � 0.6a 23.9 � 1.0a 78 15.6 � 0.4a 22.3 � 1.2a

10–30 64 12.1 � 0.5a 9.3 � 0.5a 77 13.3 � 0.3b 7.8 � 0.4b

11 0–5 51 14.7 � 0.6a 43.1 � 2.8a 50 16.0 � 0.4a 48.4 � 3.7a

5–10 52 14.2 � 0.6a 27.8 � 2.2a 52 15.7 � 0.4b 32.1 � 2.4a

10–30 51 11.7 � 0.5a 12.0 � 1.2a 52 12.7 � 0.3a 12.7 � 1.1a

12 0–5 185 18.5 � 0.4a 50.3 � 1.6a 168 19.7 � 0.3b 57.8 � 2.0b

5–10 187 17.7 � 0.4a 37.8 � 1.4a 171 19.3 � 0.3b 33.9 � 1.2b

10–30 185 17.0 � 0.5a 19.0 � 0.9a 169 17.8 � 0.3a 15.3 � 0.7b

13 0–5 202 17.1 � 0.3a 54.5 � 1.5a 252 19.2 � 0.2b 58.2 � 1.5a

5–10 203 14.9 � 0.3a 31.5 � 0.9a 256 18.1 � 0.3b 32.0 � 0.9a

10–30 206 12.7 � 0.3a 15.3 � 0.5a 257 15.4 � 0.3b 15.0 � 0.5a

14 0–5 248 20.8 � 0.4a 36.4 � 1.0a 259 21.5 � 0.3a 36.4 � 1.2a

5–10 253 19.8 � 0.4a 21.2 � 0.7a 264 21.4 � 0.3b 18.6 � 0.5b

10–30 243 16.5 � 0.5a 9.6 � 0.3a 263 18.5 � 0.4b 8.3 � 0.3a

15 0–5 36 16.9 � 0.7a 41.7 � 2.5a 37 18.7 � 0.7a 39.9 � 4.0a

5–10 35 15.4 � 0.8a 23.5 � 1.6a 38 18.4 � 0.8b 23.1 � 1.9a

10–30 36 13.7 � 1.0a 12.0 � 1.4a 38 17.1 � 0.9b 9.4 � 1.0a

16 0–5 30 18.4 � 0.6a 98.7 � 6.5a 18 17.8 � 0.3a 108.6 � 10.2a

5–10 30 18.4 � 0.6a 98.7 � 6.5a 22 16.1 � 0.3b 87.2 � 8.0a

10–30 29 16.3 � 1.0a 45.8 � 4.6a 21 15.0 � 0.3a 34.1 � 3.4a

n, number of observations.

� indicating variation by standard errors.

Different letters indicate a 0.05 significance level, tested by Tukey’s HSD test.
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(NSG 16). In the 10–30 cm increment, the C concentra-

tions ranged from 7.0 � 0.4 g kg�1 (NSG 1) to

34.1 � 3.4 g kg�1 (NSG 16). The statistical analyses

revealed a significant change in C concentrations

between inventories (ANOVA; P < 0.01) as well as among

soil groups (ANOVA; P < 0.01) for all depth increments.

There were also significant nondirectional differences

between the class variables in all depth increments

(ANOVA; P < 0.01). The comparison of individual depth

increments independent of the soil groups revealed

increasing C concentrations in the uppermost depth,

whereas the subjacent increment showed both increas-

ing and decreasing values and the lowermost increment

almost exclusively decreasing values (Tukey; P < 0.05).

Sites with increasing C concentrations in the uppermost

increment are dominated by sandy lowland soils.

Decreasing C concentrations were especially evident in

the lowest depth increment of calcareous soils of the

lowlands sites as well as of the mountainous and hilly

sites.

Organic carbon stocks and carbon sequestration in the
mineral soil

Average C stocks of Germany’s forested mineral soils

(0–30 cm) were estimated at 55.6 � 3.4 Mg ha�1 for the

NFSI I and 61.8 � 3.7 Mg ha�1 for the NFSI II, which

resulted in aC accumulation of 0.41 � 0.03 Mg ha�1 yr�1.

The overall uncertainty was 0.11 Mg C ha�1, indicating

that C stock changes are significant also when consider-

ing all uncertainties (ANOVA, P < 0.001). The estimated

C pools differed significantly among soil groups (ANO-

VA; P < 0.001), however, interactions between the class

variables (ANOVA, P < 0.001) indicated texture depend-

ing C stocks. This is evident in low C stocks of soil

groups derived from sandy substrates and in moderate

C stocks of loamy soils of the lowlands as well as soils

from solid rocks of mountains and hills (Table 4). High

C stocks could be found in calcareous soils across all

landscape units. There was a strong increase in C stocks

in mostly sandy soils of the lowland (Tukey, P < 0.05).

These soil groups are characterized by low initial C

pools. Moderate changes were evident in soils derived

from solid rocks of mountains and hills as well as in

soils of the Alps (Tukey, P < 0.05), whereas changes

were not evident in calcareous soil groups. These

results showed that a significant positive change, in

particular at sites with a low initial C pool was evident,

whereas sites with a large C pool did not differ signifi-

cantly.

Carbon pool changes in forested mineral soils are

considered to appear in the top soil; hence the depth

distribution of volume-based C stocks was investigated

(Fig. 4). The highest C pool could be found in the

uppermost depth increments ranging from 30.6 �
2.3 kg m�3 (NSG 15) to 54.1 � 2.1 kg m�3 (NSG 16).

Table 4 Carbon stocks and changes in the C pool down to a depth of 30 cm of the mineral soil for the first/second (I/II) National

Forest Soil Inventory (NFSI) under different newly assigned soil groups (NSG)

NSG

C stocks NFSI I C stocks NFSI II ΔC ΔC (UC)

N [Mg ha�1] n [Mg ha�1] [Mg ha�1 yr�1] [Mg ha�1 yr�1]

1 201 52.8 � 1.6a 187 65.5 � 6.8b 0.95 � 0.12 0.24

2 56 60.5 � 2.6a 62 65.0 � 4.9a 0.02 � 0.20 0.31

3 20 67.3 � 3.2a 25 68.1 � 2.4a 0.20 � 0.33 0.88

4 105 66.4 � 1.8a 87 64.1 � 4.5a 0.14 � 0.12 0.29

5 77 33.4 � 1.6a 75 52.8 � 2.2b 1.19 � 0.14 0.21

6 34 24.6 � 1.6a 34 43.7 � 1.8b 1.35 � 0.19 0.24

7 126 55.8 � 1.5a 109 63.0 � 2.2b 0.47 � 0.12 0.20

8 110 76.3 � 2.4a 106 79.1 � 0.8a -0.17 � 0.16 0.83

9 36 77.1 � 4.9a 43 68.3 � 1.0a -0.71 � 0.28 1.39

10 55 56.7 � 2.1a 63 60.8 � 0.8a 0.19 � 0.14 0.56

11 39 51.3 � 3.2a 39 54.6 � 0.9a 0.38 � 0.17 0.36

12 187 59.5 � 1.7a 163 62.5 � 2.2b 0.11 � 0.10 0.31

13 222 54.7 � 1.4a 233 60.1 � 4.1b 0.44 � 0.08 0.23

14 245 50.5 � 1.2a 257 55.3 � 3.2b 0.35 � 0.08 0.18

15 30 51.8 � 2.9a 30 49.0 � 0.9a -0.26 � 0.20 0.64

16 34 84.4 � 6.2a 26 104.5 � 0.5b 0.40 � 0.46 2.40

UC, uncertainty.

� indicating variation by standard errors.

Different letters indicate a 0.05 significance level, tested by a two-way ANOVA, and the attended Tukey HSD test for each substrate

group individually.
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Fig. 4 Depth distribution of soil organic C stocks under different newly assigned soil groups of the first/second (I/II) National Forest

Soil Inventory (NFSI). Bars and error bars represent means and standard errors, respectively. Abbreviations in the legend represent the

newly assigned soil groups (cf. Table 1).
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The C stocks decreased with increasing depth. The C

stored in the lowest increment ranged from 9.1 � 0.6

(NSG 6) to 30.2 � 2.1 kg m�3 (NSG 16). The C pool of

all depth increments has changed significantly with re-

sampling (ANOVA; P < 0.001). We also detected in all

depth increments different C stocks among soil groups

(ANOVA, P < 0.001) as well as an interaction between

class variables (ANOVA, P < 0.01). This shows that the

magnitude of C pool changes in each increment is

affected by soil groups indicating that the considered

stratification approach seems to be a suitable factor for

explaining a significant part of the variance. Taking

the individual soil groups into account, we observed

in the upper depth increments of almost all soil groups

a significant increase in C with resampling. Differences

were less abundant with increasing depth. Neverthe-

less, sandy sites of the lowland were the most affected

soils in respect to positive C pool changes in all depth

increments. A C change in the 5–10 cm increment was

hardly abundant apart from the sandy soils of the low-

land. Outside of sandy soils, acidic soils of the moun-

tains and hilly areas as well as alpine soils showed an

increase in C stocks in the lowest increment.

Bulk density of the mineral soil

The bulk density showed a high variability among the

soil groups ranging from 0.30 � 0.02 (NSG 16) to

1.11 � 0.01 g cm�3 (NSG 1) in the upper depth

increment (Fig. 5). With increasing depth the bulk den-

sity increased, whereas the lowest increment revealed

values between 0.57 � 0.04 (NSG 16) and 1.48 � 0.02 g

cm�3 (NSG 6). We could further show that the bulk den-

sity in the 0–5 and 5–10 cm increments has changed sig-

nificantly since the NFSI I (ANOVA; P < 0.05). We further

detected different bulk densities in all depth increments

among soil groups (ANOVA; P < 0.001) as well as interact-

ing class variables (ANOVA; P < 0.001). We showed for

the uppermost increment on nearly all substrates (NSGs

1, 3, 4, 6, 7, 9, 10, 12, 14, and 16) a significantly decrease

in bulk densities with resampling (Tukey; P < 0.05).

Decreasing bulk densities were found mainly on calcar-

eous sites (NSGs 4, 7, 10, 12, and 15) in the lower depth

increments (Tukey; P < 0.05).

Changes in bulk density may result in changes in the

C pool. Therefore, we analyzed the relation between

bulk density and C concentrations in the mineral soil.

To consider that bulk densities were partly transferred

from the first to the second inventory, and vice versa,

the analysis was conducted exclusively with untrans-

ferred data. We showed that in each depth increment

the bulk density decreased with increasing C concen-

trations (Fig. 6). Similar results could be obtained for

the NFSI I in the uppermost increment (r2 = 0.37;

y = 1.3181 � 0.0082x), for the 5–10 cm increment

(r2 = 0.46; y = 1.4238 � 0.0113x), as well as for the low-

est depth (r2 = 0.24; y = 1.4626 � 0.0180x). The rela-

tions, however, differed in each depth increment

indicated by shallower slopes in the uppermost incre-

ment compared to the lower depth increments.

Uncertainty

We showed that the largest part of the overall sample

variance was explained by the variance of the C con-

centrations, which was evident for both inventories

(Fig. 7). In contrast, the fine-earth stock variances were

less prominent for both inventories. The covariance

among the variables within both inventories and in par-

ticular the covariance of the C concentrations contrib-

uted to a decrease in the overall uncertainties for both

inventories. The total uncertainty of the annual C

Fig. 5 Relation between the bulk densities of the first/second (I/II) National Forest Soil Inventory (NFSI) in respect to the newly

assigned soil groups (NSG). Bars and error bars represent means and standard errors, respectively. Numbers in the legend represent

the newly assigned soil groups (cf. Table 1).
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sequestration estimations of the mineral soil were

composed out of differing estimated uncertainties

(Fig. 8). Mineral soils showed uncertainties ranging

from 0.037 Mg ha�1 yr�1 (sample variance) to 0.058 Mg

ha�1 yr�1 (laboratory analysis to determine C concen-

trations of NFSI I). The uncertainties for the organic

layer ranged from 0.015 Mg ha�1 yr�1 (laboratory

analysis to determine C concentrations of NFSI II) to

0.023 Mg ha�1 yr�1 (laboratory analysis to determine C

concentrations of NFSI I).

Discussion

Status and trends of the organic layer carbon pool

The averaged area-related amounts of C stored in the

organic layer were estimated to be 18.8 Mg ha�1. A

study from Wiesmeier et al. (2013) on comparable site

qualities and forest stand types showed a somewhat

higher C pool (24 Mg ha�1) for southern Germany.

This could be explained by a higher proportion of

alpine sites where thick organic layers are common. In

our study, the organic layer was strongly influenced by

the tree species composition as indicated by differences

in the C pool among forest stand types (Table 2) or

among tree species (Fig. 3). Tree species influence is

often first detectable in forest floors and this has been

shown in numerous studies (Vesterdal & Raulund-Ras-

mussen, 1998; Akselsson et al., 2005; Oostra et al., 2006;

Schulp et al., 2008; Wiesmeier et al., 2013). Coniferous

forests were favored to store higher amounts of organic

layer C (14–26 Mg ha�1) than mixed (10–20 Mg ha�1)

or deciduous forests (5–11 Mg ha�1). Here, we are in

the range of averaged organic layer C stocks of

22 Mg ha�1 under coniferous species and 13 Mg ha�1

under broad-leaved species in warm temperate moist

climates provided by the IPCC guideline (IPCC, 2003).

In our study, the organic layer was identified as a sta-

ble C pool. A comparison to most of the existing inven-

tory-based studies showed contradicting results where

the organic layer is likely to accumulate C. Generally,

soil inventory based studies on organic layer C pool

changes are scarce and solely available for North and

North-West European Countries. Denmark’s soil inven-

tory was assessed by Nielsen et al. (2012) who showed

that the organic layer sequestered 0.31 Mg C ha�1 yr�1.

The mean sequestration rate in organic layers of

Fig. 6 Relation between C concentrations and bulk density in different depth increments of the mineral soil.

Fig. 7 Relative contribution of differing variance components

to the overall variance of the estimated C sequestration rate of

the mineral soil. The relative contribution was calculated as the

portion of the sum of the total contribution of the variance com-

ponents consisting of covariance (cov) or variance (s2) of C con-

centrations/fine-earth stocks (Corg/FES) of the first/second (I/

II) National Forest Soil Inventory (NFSI). The calculation consid-

ered data consisting exclusively of independent measurements

of the respect parameter for both inventories.
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podsolic forests soils in Sweden was estimated to be

0.25 Mg ha�1 yr�1 (Berg et al., 2009). Various indirect

extrapolation methods for the organic layer of Swedish

forest soils estimated sequestration rates ranging from

0.10 to 0.13 Mg ha�1 yr�1 (Liski et al., 2002; Akselsson

et al., 2005; Agren et al., 2007). Billett et al. (1990)

reportedmean accumulation rates of 0.35 Mg C ha�1 yr�1

in organic forest soil horizons from 15 profiles in North-

East Scotland, which were sampled in 1949/50 and

1987. Studies with a more local sampling schema also

revealed increasing C pools indicated by differing site

quality and tree species effects. Most of these studies are

spruce dominated. In our study, we clearly detected an

increase in the C pool under spruce, whereas deciduous

tree species and mixed forests showed decreasing

amounts of C (Fig. 3). The C sequestration potential

under spruce stands was also demonstrated by Prietzel

et al. (2006), who showed in a long-term experiment

under Scots pine that the organic layer displayed a

increase of 0.4 Mg C ha�1 yr�1. Also a model based

study of Akselsson et al. (2005) presented sinks for Nor-

way spruce (0.2 Mg C ha�1 yr�1).

Status and trends of the mineral soil carbon pool

Our estimation of the total C pool of the upper 30 cm of

the mineral soil is with 55.6 Mg ha�1 (NFSI I) and

61.8 Mg ha�1 (NFSI II) considerably lower than results

for temperate forest soils of Belgium of 88 to

96 Mg ha�1 (Lettens et al., 2005; Stevens & van Wese-

mael, 2008) and France of 70 Mg ha�1 (Martin et al.,

2011). A probable overestimation of C stocks was

depicted to be partly based on the estimation of soil

properties as bulk density and stone content. A recent

study from Wiesmeier et al. (2013) conducted in south-

ern Germany, revealed that under comparable environ-

mental conditions the Bavarian forest soils stored

98 Mg C ha�1. This study focused on a depth down to

the bedrock or at least to a depth of 1 m, whereas we

focused to a depth of only 30 cm. The subsoil contains,

however, approx. a third or more of all soil C above the

depth of 1 m (Batjes, 1996; Jobbagy & Jackson, 2000;

Liski et al., 2002). Despite the limitation to the upper

30 cm, the differentiation between the soil groups was

sufficient. The importance of soil specific C stocks has

been reported in several studies (Kern, 1994; Morisada

et al., 2004; Lettens et al., 2005). Nevertheless, the

assignment of mean C stocks to soil groups bear uncer-

tainties due to the varying number of plots per unit as

some of the units were represented only by a small

number of plots or were completely absent. We could

demonstrate that due to the regular sampling grid, the

number of plots per soil unit was proportional to the

area covered by the soil unit.

We estimated that the mineral soil sequestered

0.41 Mg C ha�1 yr�1. Our results are consistent with

findings in a meta-analysis conducted by Luyssaert et al.

(2010), suggesting an increase of 0.2 Mg C ha�1 yr�1 in

Europe. Lettens et al. (2005) also detected an increase of

ca. 0.55–0.73 Mg C ha�1 yr�1 in forest soils of Belgium

down to a depth of 30 cm. The Swedish National Forest

Soil Inventory (SEPA, 2011) revealed a C increase of

0.17 Mg ha�1 yr�1 in the mineral soil down to the bed-

rock. Nielsen et al. (2012) identified the forested mineral

soils of Denmark as a C pool sequestering

0.08 Mg C ha�1 yr�1. On the other hand, repeated sam-

pling indicated losses of C throughout England and

Wales (Bellamy et al., 2005), despite evidence in support

of C accumulation. Among other more localized studies,

the C sequestration for soil rooting depth was estimated

to be between 0.1 Mg ha�1 yr�1 (Nabuurs & Schelhaas,

2002) and 0.9 Mg ha�1 yr�1 (Schulze et al., 2000). Fur-

thermore, a study conducted by Schrumpf et al. (2011)

indicated that changes of 0.2–0.3 Mg C ha�1 yr�1 could

be a realistic assumption for European forest soils,

although local changesmay be greater.

Controls of carbon stocks and carbon stock changes

In our study, we clearly showed a site quality effect on

the organic layer C pools derived from different parent

material (Table 2). We agree with results demonstrating

Fig. 8 Several uncertainties for the annual C sequestration rate

estimation for the mineral soil and organic layer. The total

uncertainty of the annual C sequestration estimation of the min-

eral soil (uTotal) was composed out of uncertainties of the sam-

ple variance (uSample), uncertainties of lab C analysis from the

first/second National Forest Soil Inventory (uCorgI/uCorgII),

uncertainties of fine-earth stock estimations (uFES).
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that nutrient-rich soils tend to be associated with higher

rates of litter decomposition, whereas the accumulation

of SOM in less fertile sandy soils occurs due to reduced

decomposition (Vesterdal & Raulund-Rasmussen, 1998;

Vesterdal, 1999; Ladegaard-Pedersen et al., 2005). Site

quality effects on C pool changes were evident due to

an increase in the C stocks in dystrophic soils of the

lowland, whereas the amount of C stored in the organic

layer of high and low base-saturated soils from moun-

tainous sites declined. In a study conducted by Vester-

dal (1999) it was demonstrated that the accumulation of

C in the litter layer was higher on less fertile sites than

on relatively fertile sites. Here, the identified site qual-

ity effects refer to the geographical distribution of the

substrate groups as dystrophic lowland sites are mainly

located in northern Germany, whereas mountainous

and hilly sites can be found predominantly in southern

Germany. On the other hand, we also detected an

increase in organic layer C stocks of dystrophic lowland

soils under coniferous forest. These sites are common

in northern Germany and usually dominated by pine

stands.

Our study revealed a parent material effect on the C

pool of mineral soils as calcareous soils stored higher

amounts of C than soils derived from noncalcareous

material (Fig. 4). This was evident for calcareous low-

land soils as well as for the Alps, where calcareous sub-

strate is the most abundant and C concentrations are

among the highest. Calcareous sites were characterized

by low organic layer C stocks, but higher amounts of C

in the underlying mineral soil. We suppose that this

opposing trend may offset the differences in the organic

layer thus showing the highest amounts of C in these

soils throughout all depth increments. This was also

reported by Vesterdal et al. (2008). Beside the parent

material, the soil texture affected the amounts of C as

rich-clay soils stored more C compared to sandy soils.

Default values according to the IPCC guidelines (IPCC,

2003) for warm temperate moist climates for the upper-

most 30 cm of the mineral soil ranged from

34 Mg C ha�1 in sandy soils to 88 Mg C ha�1 in high

activity clay soils. Wiesmeier et al. (2013) could not

detect any significant differences in C stocks among

soils developed from different parent material. In our

study, the soil properties are emphasized despite the

lower sampling depth, indicating that our approach

sufficiently implements the stratification according to

soil groups.

We could show that sandy lowland soils sequestered

larger amounts of C than clayey-loamy soils of the

mountains and hills even though these soils showed

low initial C stocks and C concentrations (Table 4).

These differences in the texture depending C stocks

indicate that the extent of decomposition increases from

sand to silt to clay-sized complexes (Guggenberger

et al., 1995). This can be explained by the positive rela-

tion between C and clay content, which may be attrib-

uted to the stabilization of SOM by the formation of

stable complexes with clay minerals (Torn et al., 1997;

Six et al., 2002; Hagedorn et al., 2003). Richter et al.

(1999) reported that in a pine forest ecosystem in South

Carolina, USA, there was a strong C sink even though

the mineral soil accounted for <1% of the C accretion.

Despite high inputs of C, they supposed a limited C

sequestration by rapid decomposition facilitated by the

coarse soil texture and low-activity clay minerals. In

our study, the notable increase in the amount of C in

sandy soils can be attributed to an increase in C concen-

trations while simultaneously increasing C/N ratios

(Table 3). Therefore, we assume a higher C accumula-

tion efficiency of sandy soils compared to other soils

due to reduced decomposition. It is thought that the

major part of the C pool in the mineral soil consists of

the light organic matter fraction which contributes to

the labile C pool (Golchin et al., 1994b; Kögel-Knabner

et al., 2008). We assume an enhanced contribution of

the labile pool to the total C pool in sandy soils com-

pared to clay-rich soils, which is indicated by increas-

ing C concentrations and C/N ratios of sandy soils. A

decrease in C concentrations and C/N ratios with the

proportion of stabilized SOM has been shown in sev-

eral studies (Golchin et al., 1994b; Guggenberger et al.,

1995; Kögel-Knabner et al., 2008). It should be taken

into consideration that this labile pool is prone to

disturbance such as climate change, forest fires, and

management practices (Jandl et al., 2007; von Lützow &

Kögel-Knabner, 2009) and thus crucial for the manage-

ment of C sequestration (Wiesmeier et al., 2013). The

potential of sandy soils to sequester C was highlighted

in a study from Stevens & van Wesemael (2008) who

showed that soils with high C content tended to lose C,

whereas conversely, soils with low C tended to gain C.

Schulten & Leinweber (2000) supposed that the impor-

tance of the clay fraction can become notably relevant

with lower clay content. Therefore, we assume that

there is an enrichment of C in fine particle fractions in

low-clay sandy lowland soils. Consequently, the rela-

tive magnitude of C accumulation is elevated in low

clay soils compared to high clay soils.

The bulk density of the uppermost increment ran-

ged from 0.30 to 1.24 g cm�3 (Fig. 5). The bulk density

increased with increasing depth, which is confirmed

in other studies on forest soils (De Vos et al., 2005;

Schrumpf et al., 2011). Higher bulk densities usually

occur in deeper soils due to the weight of the overbur-

dened soil. We observed values in the 10–30 cm

depth increment ranging from 0.57 to 1.48 g cm�3. As

confirmed in other studies, the variability of bulk
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densities increased with depth (Bowman, 1991; Potter

et al., 1999). Similar bulk densities for forest soils were

reported in previous studies (De Vos et al., 2005; Don

et al., 2007; Schrumpf et al., 2011). The observed low

bulk density of alpine soils may be attributed to the

driving hammer sampling technique. A study from

Parfitt et al. (2010) compares the driving hammer

method with the carving method. They concluded that

the bulk density would be underestimated and the

change in soil C due to varying sampling techniques

is greater than changes in C over a certain time

period.

Similar to other studies, we found a negative relation-

ship of C concentrations with bulk density (Fig. 6). This

may explain that in most of the soil groups the bulk

density decreased, whereas the C concentrations

increased (Heuscher et al., 2005; Don et al., 2007; Schr-

umpf et al., 2011). Decreasing bulk densities between

sampling times may result in a SOM gain underestima-

tion due to an increasing thickness of the soil. A com-

parison of both soil layers may accomplished by a mass

weighted calculation, supposed by Ellert et al. (2002).

This approach was, however, not applicable as the data

were limited to a depth down to 30 cm of the mineral

soil. The relative variability of C concentrations was

higher compared to the bulk density, which was

already demonstrated by other studies (Don et al., 2007;

Goidts et al., 2009). Estimates of C stocks are widely

used by pedotransfer functions to estimate bulk density

from the relation to C concentrations. Here, the correla-

tion between C concentrations and bulk density was

not reliable to achieve C stock estimates. In a study

from Wiesmeier et al. (2012), the calculation of C stocks

resulted in an overestimation of up to 50%. Therefore,

the application of modeled parameters is afflicted with

high uncertainties and can be deemed problematic due

to systematically biased estimations. In contrast to

modeled parameters, a considerably low uncertainty

was achieved for the inventory data in our study

(Fig. 7). Consequently, direct measurements by

repeated soil inventories are urgently needed to

improve modeled estimates.

Due to the availability of relevant soil parameters

such as C concentrations and bulk density determined

down to a depth of 30 cm, as well as comprehensive

field information, a valuable dataset depicting Ger-

many on a national level can be regarded as represen-

tative for large-scale studies in Central Europe. This in

turn highlights the surveying of pedogenetic properties

and forest stand information in large-scale inventories.

The bulk density is necessary to calculate C stocks

which are based on fine-earth stocks. After comparing

the variance of fine-earth stocks with that of the C con-

centrations, less uncertainty in fine-earth stocks was

evident (Fig. 8). This contradicts the results of Schr-

umpf et al. (2011) who demonstrated that on stone rich

coniferous forest sites, the fine-earth content had a

higher contribution to the variance than that of the C

concentrations. It is assumed that the contribution of

fine-earth content to the C stock variance increases

with the coarse soil fraction. In our study, there are

both soils with high and low proportions of coarse soil

fractions. Nevertheless, the uncertainty of the measure-

ment and the sample variability were simultaneously

considered to improve estimates of C pool changes.

This was accomplished for the first time in a national

study. However, uncertainties are implied in C stock

estimations by small scale spatial heterogeneity as soil

properties are correlated over short distances. Schöning

et al. (2006) estimated coefficients of variation for the

litter layer (38%) and for the mineral soil (30–45%) of a

European beech forest. Similar results were obtained

by Liski (1995), who demonstrated that the C stocks of

soil horizons in a spruce forest were uncorrelated out-

side a range of 8 m. Uncertainties are also possible due

to errors in the measurement of physical and chemical

soil parameters. Uncertainties may arise due to changes

in laboratory methods between the first and second

NFSI as well as from differing analysis methods at var-

ious laboratories. Analysis in laboratories were aligned

and verified by interlaboratory ring tests. While the

ring analyses revealed an approximated 5–20% of

uncertainties for organic C concentrations during the

NFSI I, the percentage of uncertainty could be lowered

to 5% for inorganic C free samples during the NFSI II.

The presence of inorganic C increased largely the

uncertainty. In our uncertainty budgets we overesti-

mated the uncertainty of C estimation. This is why we

applied the uncertainty of inorganic C containing sam-

ples to all plots within the major soil groups which

contain inorganic C irrespectively of the presence of

inorganic in the sampling depth down to a depth of

30 cm.

The depth distribution of volume-based estimates

demonstrates that the highest proportion of the C pool

increase can be attributed to the upper depth increment

(Fig. 4). The accumulation of C, especially in the topsoil,

may be attributed to the increase in net primary produc-

tivity and litter input and/or reduced decomposition

rates. In Central Europe, high loadings of N-depositions

are thought to be a major disturbance of the C cycle (de

Vries et al., 2009; Janssens et al., 2010). Long-term depo-

sition with low to medium intensity leads to an accumu-

lation of C in the soil (de Vries et al., 2009) and to

reduced respiration and decomposition rates (Knorr

et al., 2005; Janssens et al., 2010). In our study, we found

contrasting evidence of elevated N induced C accumula-

tion in the mineral soil and in the organic layers. There
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were increasing C/N ratios but on average constant C

concentrations in the organic layer (Fig. 3), meanwhile

an increase in both C/N ratios and C concentrations in

the topsoil of most groups was also evident (Table 3).

Increasing C/N ratios indicated by a rise in the C pool in

spite of N-deposition is an expected C accumulation

response to elevated N (de Vries et al., 2009). On the

other hand, long-term experiments revealed that N

deposition leads to a decrease in C/N ratios in the

organic layer, however, unchanging C/N ratios in the

topsoil due to an increase in both C andN concentrations

(Pregitzer, 2003). It has been demonstrated that the effect

of elevated N on decomposition rates is dependent on

litter quality due to increased decomposition rates of

high-quality litter and reduced decomposition rates of

low quality litter (Knorr et al., 2005; Janssens et al., 2010).

Our results are in line with this pattern as under decidu-

ous forests and low C/N ratios C stocks of the organic

layer declined; meanwhile they increased or remained

unchanged under coniferous forests and high C/N

ratios.

In our study, we detected decreasing organic layer C

stocks under deciduous trees (Fig. 3), whereas the min-

eral soil C pool generally increased (Fig. 4). This clearly

shows that apart from N deposition the species compo-

sition is another factor affecting C stocks. It was dem-

onstrated by various studies that the incorporated

organic layer of broadleaf species in coniferous forests

was beneficial for a sustainable C sequestration (Pres-

cott et al., 2004; Jandl et al., 2007; Prietzel & Bachmann,

2012; Wiesmeier et al., 2013). It was assumed when

converting monocultures, especially coniferous forests

into mixed forests, may alter the plant residues compo-

sition. Plant residues are composed of complex mix-

tures of organic components, mainly polysaccharides

and lignin (von Lützow et al., 2006). It has been shown

by Kubartova et al. (2009) that decreasing foliar lignin

contents may act as key factors responsible for

decreased forest floor C/N ratios and C stocks. The

gradual incorporation of deciduous tree species into

coniferous monocultures produces higher biodegrad-

able plant components than that of homogeneous

coniferous forest stands. Accelerated decomposition of

easily decomposable plant residues may additionally

induce a priming effect, enhancing the microbial degra-

dation of older litter (Fontaine et al., 2003; Prietzel &

Bachmann, 2012). The goal of the Federal Government

is to create more site-adapted, ecologically orientated

forests which will in turn increase the ecological and

economic benefits of Germany‘s forests. Coniferous for-

ests are being regenerated with broadleaved trees since

the first inventory, resulting in multilayer stands. These

forest transformations may already be affecting the C

pool which could result in a translocation of SOM from

the organic layer into the mineral soil. In this study,

changes in the C pool under deciduous and mixed for-

ests was not provable due to a change in litter quality

as the C/N ratio has increased significantly, indicating

a decline in litter quality. Taking site-quality as well as

the tree species effects into account, we can conclude

that tree species selection combined with a specific par-

ent material can be beneficial in soil C sequestration.

Parts of the C accumulation capacity may also result

from an uneven age structure caused by post World

War II large-scale clear cuts with subsequent replanting

(Böttcher et al., 2008) as well as the plantations of the

1970s. Decades later, the soil continuously accumulated

C without substantial mechanical soil disturbances.

Forests growth in Germany currently supersedes the

timber harvest, which may partly explain the C seques-

tration rate. Results of the German National Forest

Inventory revealed a sequestration of tree biomass

ranging between 1.2 and 2.5 Mg C ha�1 yr�1 (Dunger

et al., 2009). Several authors concluded that the ageing

of forests results in increasing C (Jandl et al., 2007;

Luyssaert et al., 2008). Nevertheless, it has been shown

in previous studies that fluctuations in the C pool of

forested soils are neither linear nor consistent. Johnson

et al. (2007) detected increasing soil C concentrations

from 1972 to 2004, however they found an increase

between 1972 and 1982 yet they observed a decline

between 1982 and 1993 and another increase in C until

2004. This shows that the C pool affected forest man-

agement activities may occur in shorter time periods

than the time span necessary to detect changes by

resampling (Schrumpf et al., 2011). Therefore,

resampling in shorter time intervals is more appropri-

ate in comparison to a single soil inventory repeated

after a long time period.
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