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Abstract
Background: There is considerable uncertainty about the actual size of the global soil organic
carbon (SOC) pool and its spatial distribution due to insufficient and heterogeneous data coverage.
Aims: We aimed to assess the size of the German agricultural SOC stock and develop a stratification approach that could be used in national greenhouse gas reporting.
Methods: Soils from a total of 3104 sites, comprising 2234 croplands, 820 permanent grasslands and 50 sites with permanent crops (vineyards, orchards) were sampled in a grid of
8 · 8 km to a depth of 100 cm in fixed depth increments. In addition, a decade of management
data was recorded in a questionnaire completed by farmers. Two different approaches were
used to stratify cropland and grassland mineral soils and derive homogeneous groups: stratification via soil type (pedogenesis) and via SOC-relevant soil properties.
Results: A total of 146 soils were identified as organic soils, which stored by far the highest average SOC stock of 528 – 201 Mg ha–1 in 0–100 cm depth. Of the mineral soils, croplands and permanent crops stored on average 61 – 25 and 62 – 25 Mg ha–1 in 0–30 cm (topsoil) and 35 – 30
and 44 – 28 Mg ha–1 in 30–100 cm (subsoil), while permanent grasslands stored significantly
more SOC (88 – 32 and 47 – 50 Mg ha–1 in topsoil and subsoil). Overall, topsoils stored
67 – 14% and subsoils 33 – 14% of total SOC stocks. Soil C:N ratio, clay content and groundwater level were major factors that explained the spatial variability of SOC stocks in mineral soils.
Accordingly, Podzols, Gleysols and Vertisols were found to have the highest SOC stocks.
Conclusions: Stratification via soil properties yielded the most comparable cropland and grassland strata and is thus preferable for estimating land-use change effects, e.g., for greenhouse
gas inventories.
In total, 2.5 Pg C are stored in the upper 100 cm of German agricultural soils, making them the
largest organic carbon pool in terrestrial ecosystems of Germany. This bares a large responsibility for the agricultural sector and society as a whole to maintain and, if possible, enhance this
pool.
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1 Introduction
The level of soil organic matter (SOM), consisting of more
than 50% soil organic carbon (SOC), is a key ecosystem feature (Johnston et al., 2009). This is due to the strong positive
impacts of SOM on almost all major soil functions, including
the retention and release of nutrients, retention of water,
structural stability, and the habitat function for soil micro- and
macrofauna. Furthermore, SOC is the largest carbon pool in
terrestrial ecosystems and stores more carbon than vegetation and the atmosphere combined (Stocker et al., 2013).
Consequently, even small changes in that pool in either direction may be climate-relevant and are to be reported as such
within national greenhouse gas reporting under the United

Nations Framework Convention on Climate Change
(UNFCCC). Also, the FAO considers loss of SOC as an indicator of land degradation that is to be reported within the
context of the Sustainable Development Goals (Global Soil
Partnership, 2017).
Agricultural soils are subject to diverse management interventions such as tillage, fertilization, liming, harvest, irrigation,
drainage, and grazing, all of which have an impact on SOC
stocks to some extent (Freibauer et al., 2004; Kätterer et al.,
2012; Paradelo et al., 2015). Furthermore, the global area of
soils under agricultural production is huge and expected to
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increase (Ramankutty and Foley, 1999). The sheer size of
that area and the fact that SOC stocks are strongly influenced
by anthropogenic management support the intention of considering SOC sequestration as potential negative emission
technology to achieve climate mitigation (Smith, 2016). For
improved scientific understanding of SOC stabilization mechanisms and temporal dynamics, systematic and representative soil inventories are needed (Prechtel et al., 2009) and
can also serve to validate measures implemented to increase
SOC stocks. High-quality sampling and analysis are crucial
here since changes in SOC occur slowly and in small magnitudes relative to total SOC stocks and their variability in space
(Schrumpf et al., 2011). It has been demonstrated that the
effects of environmental or management changes on SOC
and related key soil parameters can be observed in comprehensive soil monitoring schemes. For example, Bellamy et al.
(2005) reported losses of SOC in soils of Wales and England
between 1978 and 2003 and related them to enhanced mineralization of SOC. While the reasons for this decline in SOC
have been debated (Hopkins et al., 2009; Smith et al., 2007),
the study was an early example of highlighting the value of
high-quality repeated inventories. In other European countries
too, comparable soil inventories have indicated losses of
SOC from agricultural soils (Sleutel et al., 2007; Heikkinen
et al., 2013). However, the opposite has also been observed:
in the past three decades, SOC in Swedish agricultural soils
increased by 7%, which has been explained by the increased
proportion of leys and green fallow in crop rotations (Poeplau
et al., 2015).
In 2008, the German Federal Ministry of Food and Agriculture
commissioned the Thünen Institute of Climate-Smart Agriculture to conduct the first agricultural soil inventory at national
scale to meet the increased requirements of greenhouse gas
reporting. The unique features of this inventory were the sampling depth of 100 cm and the collection of management data
for each of the sampled sites. Subsoils were found to be of
high relevance for SOC storage (Lorenz and Lal, 2005). This
is especially true for agricultural soils, which are often characterized by SOC-depleted topsoils and by tillage operations
that exceed the standard reporting depth of 0–30 cm. It was
thus expected that a considerable proportion of total SOC is
stored in subsoils. Furthermore, SOC stocks and dynamics
are driven by agricultural management. Only the knowledge
of the management and yields of the sampled fields enables
an in-depth analysis of the drivers and causes of detected
SOC stocks and their dynamics. For dynamic modelling purposes too, precise management data of each sampling point
are advantageous. For these reasons, one decade of management data prior to sampling was evaluated by means of a
questionnaire completed by farmers. The dataset generated
by this provides rare first-hand insights into organic fertilization, residue management and other key variables related
to SOC stocks (Jacobs et al., 2020, in press).
An initial report on the results of this inventory (in German)
was based on an interim dataset (Jacobs et al., 2018). Several case studies using the inventory dataset have also been
published. For example, Vos et al. (2019) used a machine
learning algorithm to explain the country-scale variability in
SOC stocks with a wide range of pedoclimatic and manage-

ment variables, while Vos et al. (2018) used a combination of
near infrared spectroscopy and SOC fractionation at selected
sites to identify hot regions of labile SOC. The degree of
severe soil compaction and the potential for alleviating rootrestricting layers in German agricultural soils have also been
investigated (Schneider and Don, 2019a; 2019b). Wittnebel
et al. (submitted) summarized the properties of peat and other
organic soils, while Säurich et al. (2019) determined aerobic
respiration rates of a large variety of organic soil samples.
However, there has been no concise or complete presentation of the key outcomes of the first German Agricultural Soil
Inventory so far, and the question of how soils in Germany
should be stratified to derive groups with distinct SOC stocks
remains unresolved. This is of specific importance for greenhouse gas reporting on mineral soils, where the effects of
land-use change from cropland to grassland and vice versa
are estimated from average SOC stock differences between
grassland and cropland soils. However, a simple comparison
of the average SOC stocks of croplands and grasslands
might give a biased estimate for the effect of land use, since
the two land-use types are not necessarily equally distributed
on similar soils. Thus, the aims of this study were: (1) to
assess the overall size of German agricultural SOC stocks,
(2) to develop a meaningful stratification for advanced understanding of SOC stock drivers, and (3) to develop improved
predictions of potential land-use change effects, e.g., for
greenhouse gas reporting.

2 Material and methods
2.1 Inventory design and management survey
In line with the German Forest Soil Inventory (Grüneberg et
al., 2014), German agricultural soils were sampled in a fixed
grid of 8 · 8 km. In total, the grid comprised 3104 sampling
points, of which 2234 were located on croplands, 820 on permanent grasslands and 50 on fields with permanent crops,
i.e., vineyards and orchards. Permanent grassland was defined as a site with more than five consecutive years of grassland use, and is referred to below as ‘grassland’. The proportions of 72%, 26.4%, and 1.6% for cropland, grassland and
permanent crops respectively were well in line with official
German land-use statistics (Jacobs et al., 2018). After identification of sampling points and the respective landowners and
tenants, farmers were contacted directly and asked for their
cooperation. At the same time, the identified sampling points
were checked for potential warfare material or cable tracks in
the ground. If sampling of the exact grid point was not
possible for one of the given reasons, a new sampling point
of the same land-use type was identified within a radius of
400 m.
Where they agreed, farmers were sent a questionnaire to
record general information on the type and size of their farm,
as well as ten years of management data for the specific sampling site, including the type and yield of the main crop, the
type and usage of cover crop, residue management, liming,
the type and amount of organic and mineral fertilizer application, soil tillage, soil melioration measures (drainage, deep
ploughing, grassland renewal), and the number of cuts. The
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type and number of animals were evaluated for the farm as a
whole.

2.2 Soil sampling and in situ soil profile
descriptions
The sampling points were visited by a three-person team consisting of one experienced soil scientist and two technicians.
The soil scientists had been trained beforehand to ensure
comparability of results of the in situ soil description (Vos
et al., 2016). Croplands were mainly sampled in spring and
winter to minimize crop damage and sampling on freshly
ploughed fields was widely avoided, due to the strong effect
of tillage on bulk density and thus SOC stock estimates.
Grasslands and permanent crops were sampled year-round.
A profile pit of approximately 1 m3 (100 cm depth) was dug
and the soil profile described to a depth of 200 cm (if possible,
using a 3-cm diameter auger for the 100–200 cm depth)
according to the German Soil Survey Guidelines KA5
(Ad-Hoc-AG Boden, 2005). The profile walls were always
plumb-vertical. A complete list of soil parameters evaluated in
situ can be found in Jacobs et al. (2018). Soil sampling was
performed at fixed depth increments: 0–10 cm, 10–30 cm,
30–50 cm, 50–70 cm, and 70–100 cm. If a diagnostic horizon
boundary was more than 4 cm away from a border between
two depth increments, an extra depth increment was sampled
to ensure that the soil properties could be investigated based
on either fixed depth increments or diagnostic horizons. A
total of 228 soil profiles were shallower than 100 cm. If the
organic layer in peat soils exceeded 100 cm or mineral soils
appeared particularly SOC-rich at depth, a machine-driven
auger (6 cm diameter) was used to sample the subsoil in
increments of 100–150 cm and 150–200 cm (133 sites, data
not shown). In this study, the presentation of SOC stocks
was mainly restricted to two depth increments, i.e., topsoil
(0–30 cm) and subsoil (30–100 cm). For the chemical and
textural analysis, a disturbed composite sample of about 1 kg
was taken from each depth increment using a shovel. For
bulk density and rock fragment fraction estimation, two to ten
undisturbed samples were taken from each depth increment
using cylindrical soil cores. The number of cylindrical soil
cores depended on their size, which in turn depended on the
rock fragment fraction. The smallest cylinders used were
5 cm3 (n = 10) and the largest 250 cm3 (n = 2). If the visually
estimated rock fragment fraction exceeded 5% in a specific
depth increment, an additional spade sample was taken for a
more accurate estimation of it. In the case of very large rocks,
the volumetric rock fragment fraction was estimated in the
field. If it was suspected that the density of the rock fragment
fraction deviated from the common density of 2.65 g cm–3, a
particle density determination kit was used in the laboratory
(YDK01, Sartorius, Göttingen, Germany). In addition to the
soil profile, eight satellite soil cores to a depth of 1 m and a
diameter of 6 cm were taken at a distance of 10 m from the
soil pit, as described by Grüneberg et al. (2014). This was
done to evaluate the small-scale heterogeneity of SOC and
other soil parameters. These satellite samples are still being
processed, therefore the results presented in this study
are based on soil profile sampling only. A total of 146
sampling points (4.7%) were located on peat and other organic soils, which were defined by either an organic (SOC
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content ‡ 87 g kg–1) horizon at the top of the profile, or an
organic layer of ‡ 30 cm thickness within the first meter
(Wittnebel et al., submitted). These soils will be referred to as
organic soils in the following and comprise peat soils (drained
fens or bogs), but also a large variety of highly disturbed and
degraded soils that used to be peatland, including deep
ploughed organic soils. The wide definition of organic soils is
in line with the German emission inventory (Tiemeyer et al.,
2016; German Environment Agency, 2019) and the high CO2
emissions measured from shallow and relatively SOC-poor
organic soils (Tiemeyer et al., 2016).

2.3 Sample analysis and calculation of soil organic
carbon stocks
Soils were either directly oven-dried at 40°C (or at 105°C for
bulk density determination) or stored at –15°C until further
processing. Soils with high clay or carbonate contents were
freeze-dried to improve the workability of dried soil material.
Subsequently, dried samples were sieved to 2 mm and
coarse fragments manually separated into roots and rock
fragments, and weighed. The chemical parameters measured
were organic and inorganic carbon and total nitrogen via dry
combustion using an elemental analyzer (LECO TRUMAC
and RC612, St Joseph, MI, USA) and soil pH in H2O and
CaCl2. Soils with a pH > 6.2 were assumed to contain
carbonates. In these soils, organic carbon (combustion at
550°C) and inorganic carbon (subsequent combustion at
1000°C) were determined by ramped combustion (LECO
RC612). The physical parameters measured were soil texture
(DIN ISO 11277, clay < 2 mm, silt 2–63 mm, sand > 63 mm and
< 2000 mm), bulk density, root mass and rock fragment
fraction. The latter parameters were used to calculate soil organic carbon stocks (SOCstock, Mg ha–1), in brief according
to Poeplau et al. (2017):
SOCstocki ¼
SOCconi ·BD finesoili ·depthi ·
ð1  rock fragment fractioni  root fractioni Þ;

(1)

where SOCconi is the SOC content in the soil < 2 mm (%) of
the individual depth increment i, BD_finesoili is the bulk density of the fine soil (g cm–3), depthi is the depth of the individual depth increment, and rock fragments and root fraction
refers to the volumetric fraction of particles > 2 mm in the
respective depth increment (vol%/100). The distribution of
general soil parameters in topsoils and subsoils is displayed
in Fig. 1. Continuous variables as measured for the different
depth increments were averaged for topsoil and subsoil increments using weighted means, with the fine soil stock of the
individual depth increments (Mg fine soil ha–1) as a weighting
factor. For soil pH, averaging was performed with antilog values. All the soils were processed and analyzed in the same
laboratory.

2.4 Stratification and statistics
Organic soils were excluded from the stratification because
they were considered a separate stratum due to distinct pedogenesis and SOC stabilization mechanisms. An in-depth
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analysis of the sampled organic soils can be found in Wittnebel et al. (submitted). For mineral soils, two different stratification approaches were adopted to derive groups of soils (strata) with distinct SOC stocks and comparable soils between
land-use types within each stratum. The first approach was
based on the notion that pedogenesis is a major driving factor
for SOC stocks (Rodrı́guez-Murillo, 2001; Wiesmeier et al.,
2012). The major soil type, as evaluated by the soil scientist
in the field, was therefore translated into the reference soil
group of the World Reference Base (WRB; FAO, 2015), as
suggested by the German Soil Survey Guidelines KA5
(Ad-Hoc-AG Boden, 2005). These major soil types were subsequently used to stratify the soils. Within each stratum, cropland and grassland soils were evaluated separately.
In the second approach, soils were divided along SOC-relevant pedoclimatic site properties. To determine the most
important predictors for SOC stocks, in the first instance a
conditional inference forest algorithm (R package cforest)
was applied (Hothorn et al., 2006). Vos et al. (2019) also
adopted this approach with a previous version of the dataset
(2350 sampling points) using a total of 200 potential predictors, consisting of measured and described soil parameters,
geological and geomorphological parameters, climatic as well
as management variables. The number of predictor variables
was reduced to 39 (Tab. S1) in four steps. First, we only considered predictors that appeared somewhat meaningful as
explanatory variables for SOC from a mechanistic point of
view. Second, a correlation matrix was used to identify and
remove redundant predictors. Of the remaining predictors, we
selected only those, which had, according to the cforest algoClay content (%)

rithm, a higher relative importance than in a theoretical model
in which all predictors had the same importance (Hobley
et al., 2015; Vos et al., 2019). Finally, we removed certain variables, which had high predictive power but were not meaningful for stratification (such as electric conductivity). The C:N
ratio of the soil, which was excluded by Vos et al. (2019), was
included in the present study as a key variable describing
SOC quality. Vos et al. (2019) excluded this parameter, because their focus was on deriving predictors for SOC that can
be used without knowing SOC. Cropland and grassland soils
were separated before running the statistical model in order
to determine SOC stock differences between croplands and
grasslands within certain strata, i.e., between comparable
soils. The cforest algorithm was thus run for six different datasets: the topsoils and subsoils of croplands, of grasslands
and of both land-use types combined (Fig. S1).
Both stratification approaches were conducted for topsoils
and subsoils. To compare the two approaches, three simple
statistical indices were used: (1) the mean interquartile range,
with stratification aiming to isolate homogeneous groups, in
this case with respect to SOC stocks. This homogeneity is
expressed by within-group variability. As an indicator of
variability, the interquartile range of each stratum per stratification method was averaged, with a low value indicating successful clustering; (2) goodness of fit. Another aim of stratification is to derive groups that differ strongly from one other.
Analyses of variance (ANOVA) were conducted for each stratification approach. The Akaike information criterion (AIC) was
used to identify the model (stratification approach) with the
best fit (lowest AIC), i.e., the approach with the greatest differSand content (%)
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Figure 1: Density distribution of general soil chemical parameters for German agricultural mineral topsoils (0–30 cm)
and subsoils (30–100 cm), n = 2958. SOC = soil organic carbon.
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To test whether the difference between cropland and grassland was influenced by stratum, an analysis of variance
(ANOVA) was conducted with an interaction term
‘stratum·landuse’. Before each ANOVA, the data were
checked for normal distribution (histograms) and homogeneity of variance (Levene-Test). Data were log-transformed
where needed and Tukey HSD was used as a post-hoc test.
Significance was assessed at p £ 0.05. Errors given in the
text along with mean values are standard deviations. All statistical analyses were conducted in R version 3.5.2 (R Development Core Team, 2010).

3 Results
3.1 Average SOC stocks and their spatial
distribution
On average, German agricultural soils stored 125 – 113 Mg
SOC ha–1. The highest SOC stocks were detected in organic
soils with average values of 239 – 92 and 289 – 172 Mg ha–1
in topsoils and subsoils, respectively (Fig. 2). Organic soils
were mostly used as grassland (81%) and mainly located in
the far north and south of Germany, with a regional cluster in
northwest Germany (Fig. 3). Average SOC contents in those
soils ranged from 18.4 – 12.1% to 22.2 – 19.4% (Tab. 1). In
accordance with high SOC contents, bulk densities were lower than or equal to 0.8 g cm–3 in all depth increments of the organic soils. In mineral soils, croplands with 96 – 48 Mg ha–1
and permanent crops with 107 – 46 Mg ha–1 stored similar
average SOC stocks, while grasslands stored significantly
higher SOC stocks at 135 – 70 Mg ha–1 (Fig. 2; p < 0.001).
On average, grasslands had 44% (27 Mg ha–1) and 37%
(12 Mg ha–1) higher SOC stocks than croplands in topsoil and
subsoil respectively. The depth profile of average SOC contents in croplands reflected the effects of soil tillage, with a relatively uniform SOC content in the upper 30 cm and a steep
decline in SOC content below the maximum tillage depth of
30 cm on average (Tab. 1). For grasslands and permanent
crops, a more gradual but exponential decline in SOC content
with depth was observed. Furthermore, cropland soils had
the highest bulk density values of all land-use types in all
depth increments. As expected, rock fragment fractions
tended to increase with depth and grassland mineral soils
had higher rock fragment fractions than cropland mineral soils
(Tab. 1).
For croplands, a clear regional pattern of SOC stocks was
found, being particularly high in the northwest, southeast and
northern central part of Germany (Fig. 3). In contrast, the
lowest cropland SOC stocks were detected in northeast Germany. In particular, subsoils in that region were characterized
by very low SOC stocks, with the majority of sampling points
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Mineral soils
600

a
Average SOC stocks (Mg ha-1)

ences between strata; and finally (3) comparability of cropland and grassland soils. Another important aspect of stratification is that soils with similar properties are grouped together
for unbiased comparisons. Here, the most SOC-relevant soil
parameters (C:N ratio, clay content, groundwater level) were
averaged for cropland and grassland soils within each stratum to evaluate their comparability.
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Figure 2: Average soil organic carbon (SOC) stocks in 0–100 cm for
all land-use types in mineral soils and all organic soils under cropland
and grassland use with standard deviations for topsoils (0–30 cm,
darker colours), and subsoils (30–100 cm, lighter colours) in Germany. Letters indicate significant differences (p £ 0.05) between the
four classes in the topsoil (lowercase letters) and subsoil (capital
letters). Numbers below each bar indicate the number of observations (n).

having less than 19 Mg ha–1 stored in 30–100 cm soil depth.
A similar, yet less pronounced pattern was also detected for
grassland soils. permanent crops (vineyards and orchards),
comprising just 50 sites and mainly located southwest Germany, are not depicted in Fig. 3.

3.2 Stratification
The stratification via soil types derived strata with significantly
different SOC stocks in cropland and grassland soils
(p < 0.001; Tab. 2). In topsoils, Podzols and Gleysols followed
by Anthrosols and Chernozems had the highest SOC stocks,
while Luvisols and Cambisols were found to be at the lower
end. This was also true for croplands and grasslands
(Fig. 4A), while subsoils did not entirely follow that order
(Fig. 4B). Shallow Regosols had the lowest subsoil SOC
stocks, while Fluvisols, Anthrosols and Chernozems tended
to have the highest.
The cforest models were able to explain 34–55% of the total
variability in SOC stocks across German agricultural mineral
soils (Fig. S1). The most important explanatory variable for
SOC stocks in mineral soils was the C:N ratio of the soil. This
was true for all models considered, i.e., for croplands, grasslands, croplands and grasslands combined, as well as in topsoils and subsoils (Fig. S1). The second most important
explanatory variable for SOC stocks was clay content in topsoils and chronostratigraphy (classification based on the age
of deposits or rocks) in subsoils. However, also in subsoils,
both clay content and sand content played an important role
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Table 1: Average soil organic carbon (SOC) contents (g kg–1), fine soil bulk density (g cm–3), rock fragment fractions (vol%) and SOC stocks
(Mg ha–1) for all sampled depth increments (cm) per land-use type with standard deviation (SD). Organic soils are listed as their own class.
Class

Depth

SOC content
Mean

SD

Bulk densityfinesoil

Rock fraction

SOC stock

Mean

SD

Mean

Mean

SD

SD

Cropland

0–10

17.6

8.9

1.27

0.17

3.4

5.5

20.7

8.5

(n = 2204)

10–30

15.5

8.2

1.42

0.16

3.9

6.8

40.5

17.7

30–50

6.2

6.1

1.51

0.17

6.8

14.1

16.3

14.3

50–70

3.5

4.3

1.52

0.18

7.8

16.5

9.1

10.0

70–100

2.4

3.1

1.55

0.18

7.6

16.7

8.9

11.1

Grassland

0–10

44.6

19.6

1.04

0.20

2.9

6.1

41.9

13.0

(n = 704)

10–30

21.1

13.7

1.29

0.21

7.7

13.1

46.3

24.4

30–50

10.7

26.2

1.38

0.24

11.6

19.9

20.9

23.5

50–70

6.1

14.0

1.43

0.24

12.6

21.0

12.5

15.5

70–100

4.7

13.2

1.47

0.23

13.0

21.2

13.6

26.2

Permanent

0–10

25.6

10.3

1.20

0.20

5.6

2.6

27.9

10.6

crops

10–30

13.7

7.2

1.38

0.19

6.1

9.5

34.3

17.3

(n = 50)

30–50

7.3

5.2

1.45

0.19

6.4

10.5

18.2

12.3

50–70

4.7

3.3

1.46

0.19

4.9

7.6

12.6

8.3

70–100

3.8

4.2

1.47

0.23

5.5

9.2

13.9

13.3

Organic soils

0–10

183.8

120.9

0.63

0.30

0.6

10.9

84.1

32.5

(grassland

10–30

210.1

162.3

0.67

0.43

0.9

3.4

155.0

69.4

and cropland)

30–50

221.6

193.6

0.67

0.56

2.3

10.7

107.4

66.2

(n = 146)

50–70

215.7

205.8

0.71

0.63

2.8

11.1

83.8

61.1

70–100

187.1

210.4

0.79

0.63

3.8

12.5

98.1

83.7

able of SOC stocks and (2) soils with wide C:N ratios were
restricted to very sandy soils (Fig. 5A), the dataset was first
split along the C:N ratio. Pre-tests, including density plots and
regression analysis, revealed that a C:N ratio of 13 was the
most meaningful threshold for cropland and grassland soils.
Figure 5A indicates that those two groups, i.e., topTable 2: Summary statistics for the two applied soil stratification approaches for
soils with a C:N ratio > 13 and £ 13, separated
two different soil depth increments (cm) and land-use types with mean interquarstrongly along the clay to SOC relationship, while
tile range of the strata (mean IQR) as well as p value and the Akaike information
Fig. 5B depicts that those soils with C:N > 13 were
criterion (AIC) of the conducted ANOVA.
clustered in northwest Germany. Due to the fact
that clay content did not play any role in SOC
Land use Soil depth Stratification
Mean IQR p
AIC
storage in soils with C:N > 13, clay content was
only used to further stratify the soils with a C:N
Cropland
0–30
Soil properties
29.78
< 0.001
907
ratio £ 13. To do so, three fixed classes were used
Soil types
27.02
< 0.001
1197
to stratify the dataset in accordance with the
Association of German Agricultural Analytic and
30–100
Soil properties
34.96
< 0.001
3786
Research Institutes (Kerschberger et al., 2000):
Soil types
29.74
< 0.001
4248
< 12% clay, 12–25% clay, and > 25% clay.
for SOC stocks. In the topsoil model combining croplands
and grasslands, C:N ratio and clay content were even more
important than land use. In subsoils, land use was not among
the important explanatory variables (Fig. S1). Due to the fact
that (1) the C:N ratio was the most important explanatory vari-

Grassland

0–30

30–100

Soil properties

33.9

< 0.001

327

Soil types

33.7

< 0.001

465

Soil properties

47.46

< 0.001

1439

Soil types

31.33

< 0.001

1708

The third most important predictor variable for topsoil SOC was land use (Fig. S1). Land-use type is
a key feature of agricultural soils and was thus
investigated separately for each stratum. As a further predictor, the mean annual groundwater level,
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soils with a high clay content and a groundwater level higher
than 130 cm (Tab. 3). Interestingly, the greatest average difference between cropland and grassland was found in soils
with a high clay content and groundwater level below 130 cm
(38%). The difference in topsoil SOC stocks between cropland and grassland within each stratum was considerably
lower than the difference between the overall, non-stratified
average cropland and grassland topsoil SOC stocks (Tab. 3).
This can be explained by the uneven distribution of the most
SOC-relevant soil parameters within cropland and grassland
soils: grasslands tended to be on slightly more groundwaterinfluenced and fine-textured soils, while no difference was
found for the C:N ratio (Fig. 8). For subsoils, the difference between cropland and grassland SOC stocks was mostly small
(Fig. 7B, –9% to +40%), while C:N ratio, soil texture and
groundwater level were as important as in the topsoil
(Fig. S1). For a better comparability, the topsoil stratification
was therefore applied equally to the subsoil. The strong influence of geological stratigraphy on SOC stocks is particularly
driven by the SOC-rich soils of north Germany, which developed on quaternary glacial sediments, as well as by Holocenic fluvial and tidal sediments.

30-100 cm

Organic soil
Cropland + Grassland

Mineral soil
Grassland

Mineral soil
Cropland

0-30 cm

Organic carbon in German agricultural soils 671

SOC stock
t/ha
0-20
20-30
30-40
40-50
50-60
60-75
75-100
100-792

Figure 3: Spatial distribution of topsoil (0–30 cm) and subsoil
(30–100 cm) soil organic carbon (SOC) stocks in Germany, divided
into mineral soil croplands (n = 2204) and mineral soil grasslands
(n = 704), as well as organic soils under both land-use types (n =
146).

influenced topsoil SOC stocks. This parameter was recorded
by visual detection of oximorphic properties in gleyic soil horizons and consisted of seven classes describing a range of
mean annual groundwater levels (Ad-Hoc-AG Boden, 2005).
An analysis of variance (ANOVA) revealed the most suitable
separation of the dataset to be between classes with mean
annual groundwater levels above or below 130 cm: across
those soils that showed oximorphic properties within the
upper 130 cm of the soil profile, no significant difference in
SOC stocks was found between groups. Only when the mean
groundwater level was lower than 130 cm were SOC stocks
significantly lower (Fig. 6). Furthermore, the classes differed
greatly in size: 2174 sites were not influenced by groundwater
at all. The soils of each previously derived stratum were
therefore split into two groundwater level classes. Within
each of the eight strata, the soils were divided into cropland
and grassland soils (Fig. 7). A significant effect of stratum on
the relative difference was detected between cropland and
grassland topsoil SOC stocks (p = 0.021), with the smallest
relative difference between cropland and grassland (23%) in

A comparison of the two stratification approaches revealed
that both approaches were valid, i.e., they derived strata that
significantly differed in SOC stocks (Tab. 2). Stratification via
soil types isolated slightly more homogeneous strata, as indicated by the lower average IQR compared with the stratification via soil properties. This can partly be explained by the
larger number of strata. However, the AIC revealed that the
difference between strata was greater in the second approach. This was true for croplands and grasslands, as well
as for topsoils and subsoils. More importantly, for the purposes of deriving comparable cropland and grassland soils,
the first approach was not suitable. For example, grassland
Podzols had an average C:N ratio of 18.6 while for cropland
Podzols it was 16.6. Furthermore, grassland Vertisols had on
average 52% clay and cropland Vertisols 41% clay (Tab. 3).
In all strata, grasslands had a higher clay content than croplands. This resulted in SOC stock differences between landuse types that in part were larger than average (Tab. 4). In
contrast, in the second stratification approach the differences
between cropland and grassland soils were negligible.

4 Discussion
4.1 Size of the German agricultural soil carbon
stock
The German Agricultural Soil Inventory is among the first
national inventories to investigate SOC stocks to a depth of
100 cm, with actual site-specific measurements of bulk density and rock fragment fraction throughout the soil profile.
Similar SOC stocks were observed in regional assessments
across Germany (Neufeldt, 2005; Mordhorst et al., 2018).
Other national or international soil inventories or surveys within Europe have restricted their investigation to topsoil SOC
content (Jones et al., 2005; Reijneveld et al., 2009; Poeplau
et al., 2015), topsoil SOC stocks (Martin et al., 2011;
Heikkinen et al., 2013) or extrapolated topsoil SOC stocks to

ª 2020 The Authors. Journal of Plant Nutrition and Soil Science published by Wiley-VCH GmbH

www.plant-soil.com

672

Poeplau, Jacobs, Don, Vos, Schneider, Wittnebel, Tiemeyer, Heidkamp et al. J. Plant Nutr. Soil Sci. 2020, 183, 665–681

Topsoil SOC stocks (Mg ha–1)

200

A

Cropland
Grassland

150

100

50

0

317 28

Luv

Subsoil SOC stocks (Mg ha–1)

200

isol

s

5 99 2 2 2 220 52

Cam

biso

209 91

292 1 03

12

3

86 1

155 56

56 18

1 7 1 102

ls
ls
ems
sols e rtisols ley
sols visols
ems
oso
G
rnoz Anthro
V
eoz Stagno
Flu
Reg
Che
Pha

sols

81 1 8

Pod

zols

B

150

100

50

0

317 28

59 9 218 212 47

2 08 9 1

29 2 1 02

12

3

86 1

1 50 56

56 18

1 7 1 99

81 18

ls
s
ls
ls
zols
ems
sols ertisols leyso
sols visols
ems
isol
biso e goso
Pod
G
rnoz Anthro
V
eoz Stagno
lu
e
Luv
a
F
h
R
h
Cam
C
P

Figure 4: (A) Topsoil (0–30 cm) and (B) subsoil (30–100 cm) soil organic carbon (SOC) stocks of mineral
soils by soil type for cropland and grassland soils. Numbers below each boxplot indicate the number of
observations (n). The reference soil groups were derived by translating the German soil systematic units
into World Reference Base reference soil groups in accordance with KA5: Lessivés = Luvisols; Braunerden = Cambisols; A/C-Böden = Regosols; parts of terrestrische anthropogene Böden (YK) and parts of
Auenböden (AT) = Phaeozems; Stauwasserböden and partly Marschen (MD, MK) = Stagnosols; Auenböden (AQ, AZ) = Fluvisols; Schwarzerden = Chernozems; terrestrische anthropogene Böden (> YK, YE,
YO, YY, YU) = Anthrosols; Terrae calcis, Pelosole = Vertisols; Gleye and parts of Marschen (MC, MN,
MO) = Gleysols; Podsole = Podzols.
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Figure 5: (A) Topsoil (0–30 cm) soil organic carbon (SOC) stocks of mineral soils as a function of clay content
clustered in soils with C:N ratio £ 13 and > 13; (B) Spatial distribution of soils with topsoil (0–30 cm) C:N ratio >
13 and £ 13 across Germany.
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pling points were located on ‘woodlands’, ‘moorlands’ or
‘bogs’. In general, the huge diversity of sampling approaches,
investigated depth increments, land-use types and also classification schemes, such as the cut-off between mineral and
organic soils, hampers a harmonized interpretation or interpolation of measured SOC stocks beyond a national scale. In
2018, the FAO released a global SOC map, which resulted
from a comprehensive data gathering approach and a
harmonized spatial interpolation approach (Global Soil Partnership, 2017). For Germany, data from the present study
and the German Forest Soil Inventory were used. Due to the
great diversity of source data, abrupt changes in SOC stocks
are still being observed along national borders. A harmonized
methodological approach to assess SOC stocks is thus required (Hengl et al., 2017), as highlighted also by the FAO
Global Soil Partnership (Pillar 5). Also country-scale estimates of SOC stocks can vary greatly, depending on data sources and methodology. Martin et al. (2011) used boosted
regression trees to extrapolate results of the French soil monitoring network and derive a SOC map. They estimated a total
topsoil SOC stock of 3.3 Pg C, while the European estimate
for France was 5.3 Pg C (Hiederer, 2010).

Mean groundwater level (cm)

Figure 6: Topsoil (0–30 cm) soil organic carbon (SOC) stocks of mineral soils as a function of groundwater level class (adapted from the
German Soil Survey Guidelines KA5), with letters indicating significant differences between classes (p £ 0.05).

100 cm depth using a depth distribution model (Sleutel et al.,
2003). However, several countries such as Denmark
(Krogh et al., 2003; Taghizadeh-Toosi et al., 2014) and Scotland (Chapman et al., 2013) have conducted similar surveys
a depth of 100 cm. In Danish agricultural mineral soils, the
average SOC stock was 142 Mg ha–1 and thus is comparable
with the German average SOC stock of 125 – 113 Mg ha–1.
In Scotland, the average country-wide SOC stock was
266 Mg ha–1, owing to the fact that more than half of the sam-

On average (including organic soils), topsoils (0–30 cm)
stored 67 – 14% and subsoils (30–100 cm) 33 – 14% of SOC
stocks in German agricultural soils. This underlines the importance of assessing SOC to a greater depth than the standard
national inventory reporting depth of 0–30 cm (IPCC, 2006).
Additionally, the sporadic sampling to 2 m depth revealed that
even below the first meter, certain soils store huge amounts
of SOC and that SOC stocks are greatly underestimated
when investigations are limited to the uppermost decimeters.
In addition to the mere quantification of subsoil SOC and its
potential contribution to ecosystem carbon cycling, deeper
sampling allows the correct capture of certain management
effects on SOC stocks. For example, between 1978 and
2009, the average ploughing depth in Scottish agricultural
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Figure 7: (A) Topsoil (0–30 cm) and (B) subsoil (30–100 cm) soil organic carbon (SOC) stocks of mineral soils by
stratum for cropland and grassland soils. Numbers below each boxplot indicate the number of observations (n).

soils increased from 29 to 32 cm, leading to a redistribution of
SOC along the soil profile (Chapman et al., 2013). This redistribution, which equals a dilution of the SOC-rich topsoil with
less SOC-rich subsoil, would have been interpreted as mere
SOC loss in the case of shallow sampling to 30 cm depth
only. In the present study as well, the depth distribution of
SOC was revealed to be strongly dependent on land use
(Tab. 1) and in 44% of all croplands the ploughing horizon
was deeper than 30 cm depth (data not shown).

Agriculture currently covers 51% of Germany’s land
surface (DESTATIS, 2019). With an average SOC stock of
124 – 111 Mg ha–1 (including organic soils) in 0–100 cm soil
depth, the total estimated size of the German agricultural
SOC stock amounts to 2.5 Pg C (average stock of each land
use type multiplied by respective area). This is 10.7 times the
total annual anthropogenic CO2-C emissions in Germany
(German Environment Agency, 2019) and makes agricultural
soils the largest organic carbon pool in terrestrial ecosystems
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Table 3: Average topsoil (0–30 cm) properties for cropland and grassland soils in each stratum of two stratification approaches; GW = mean
annual groundwater level. The reference soil groups were derived by translating the German soil systematic units into World Reference Base
reference soil groups in accordance with KA5: Lessivés = Luvisols; Braunerden = Cambisols; A/C-Böden = Regosols; parts of terrestrische
anthropogene Böden (YK) and parts of Auenböden (AT) = Phaeozems; Stauwasserböden and partly Marschen (MD, MK) = Stagnosols;
Auenböden (AQ, AZ) = Fluvisols; Schwarzerden = Chernozems; terrestrische anthropogene Böden (> YK, YE, YO, YY, YU) = Anthrosols;
Terrae calcis, Pelosole = Vertisols; Gleye and parts of Marschen (MC, MN, MO) = Gleysols; Podsole = Podzols.
Approach

Stratum

C:N ratio

Clay content (%)

Proportion of soils with
GW < 130 cm (%)
Cropland

Cropland

Grassland

Cropland

Grassland

Luvisols

10.4

10.3

14.7

16.5

0.9

0

Cambisols

10.8

10.7

14.5

20.5

6.2

7.2

Regosols

10

10.3

29.1

36.4

0.9

3.8

Phaeozems

10.1

10.1

20.9

26.8

3.8

8.8

Stagnosols

10.9

10.8

16.2

24.4

5.5

19.4

Fluvisols

9.7

10

23.8

25.7

41.7

66.6

Chernozems

10.5

9.7

23.7

32

2.3

0

Anthrosols

13.6

13.2

9.7

11.9

32.5

45

Vertisols

9.8

10.3

40.6

51.8

0

0

Gleysols

11.9

11.1

15.6

19.1

77.6

91.5

Podzols

16.7

18.6

3.5

3.9

40.2

55

Soil

C:N > 13, GW < 130 cm

16.9

17.5

4.5

6.3

100

100

properties

C:N > 13, GW ‡ 130 cm

15.2

15.7

5.2

9.2

0

0

C:N £ 13, > 25% clay,
GW < 130 cm

9.9

9.9

37.2

37

100

100

C:N £ 13, > 25% clay,
GW ‡ 130 cm

9.7

9.9

36.1

39.2

0

0

C:N £ 13, 12–25% clay,
GW < 130 cm

10.1

10.5

19

19.3

100

100

C:N £ 13, 12–25% clay,
GW ‡ 130 cm

10.1

10.4

18.1

18.9

0

0

C:N £ 13, < 12% clay,
GW < 130 cm

11.3

11.1

6.2

6

100

100

C:N £ 13, < 12% clay,
GW ‡ 130 cm

11.1

10.8

7.3

8.1

0

0

All soils

11.1

11.1

17.2

22.3

13.2

25.9

Soil types

of Germany. Forest soils, which cover 29.8% of the land
surface and have an average SOC stock of 117.1 Mg ha–1,
store 1.3 Pg C to a depth of 90 cm (Wellbrock et al., 2016).
The slightly lower average SOC stock in forests as compared
with agricultural soils can be explained by: (1) a high proportion of shallow and stony soils under forests, and (2) more
agricultural than forest soils on organic soils. With an average
SOC stock of 528 – 201 Mg ha–1, German organic soils are
hot spots of SOC stocks and of SOC losses (German Environment Agency, 2019). Under agricultural land use, they are
drained, which promotes rapid mineralization (Tiemeyer et al.,
2020). Although a relatively low proportion of agriculture is
taking place on organic soils in Germany, these soils constitute a considerable carbon source emitting more than

Grassland

35 million tons of CO2 per year (German Environment
Agency, 2019) and thus around one third of the total agricultural greenhouse gas emissions. This underlines the important role played by these soils in agriculture-related CO2
emissions and the urgent need to rewet drained organic soils
to minimize their emissions (Günther et al., 2020).

4.2 Spatial distribution of SOC stocks
The variability of SOC stocks on a national scale was great,
ranging from 9 to 419 Mg ha–1 in the topsoil and from 0.3 to
792 Mg ha–1 in the subsoil. The highest SOC stocks were
found in organic soils, where climatic and soil hydrological
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Table 4: Average topsoil (0–30 cm) soil organic carbon (SOC) stocks (Mg ha–1) in mineral soils for cropland and grassland soils within each
stratum and all soils combined with standard deviation (SD) and relative (%) and absolute (Mg SOC ha–1) difference between cropland and
grassland. GW = mean annual groundwater level. The reference soil groups were derived by translating the German soil systematic units into
World Reference Base reference soil groups in accordance with KA5: Lessivés = Luvisols; Braunerden = Cambisols; A/C-Böden = Regosols;
parts of terrestrische anthropogene Böden (YK) and parts of Auenböden (AT) = Phaeozems; Stauwasserböden and partly Marschen (MD,
MK) = Stagnosols; Auenböden (AQ, AZ) = Fluvisols; Schwarzerden = Chernozems; terrestrische anthropogene Böden (> YK, YE, YO, YY,
YU) = Anthrosols; Terrae calcis, Pelosole = Vertisols; Gleye and parts of Marschen (MC, MN, MO) = Gleysols; Podsole = Podzols.
Approach

Soil types

Stratum

Cropland SOC stocks

Grassland SOC stocks

DSOC

Mean

SD

Mean

SD

Absolute

Relative

Luvisols

47.3

11.2

69.1

20.5

45.9

21.7

Cambisols

52.5

15.6

78.6

25.4

49.6

26

Regosols

57.6

18.6

81.7

24.5

41.9

24.1

Phaeozems

59.8

19.2

87.3

20.3

46.1

27.5

Stagnosols

61.9

20.8

88.2

26.4

42.5

26.3

Fluvisols

65.5

26.5

81.7

12.8

24.8

16.2

Chernozems

68.4

18.4

93.7

NA

37.1

25.4

Anthrosols

72.3

31.2

93.8

47.1

29.8

21.6

Vertisols

71.5

21

103.4

26.7

44.5

31.9

Gleysols

85

38.9

101.9

37.8

19.8

16.9

Podzols

97.1

37

134.8

55.2

38.8

37.7

42

132.2

56.7

30.3

29.7

Soil

C:N > 13, GW < 130 cm

101.9

properties

C:N > 13, GW ‡ 130 cm

74.7

31.9

93.4

35.4

18.7

25.1

C:N £ 13, > 25% clay,
GW < 130 cm

90.3

32.4

111.1

30.5

20.8

23

C:N £ 13, > 25% clay,
GW ‡ 130 cm

69

20.9

95.3

23.9

26.3

38.2

C:N £ 13, 12–25% clay,
GW < 130 cm

70.4

18

96.8

35.8

26.4

37.5

C:N £ 13, 12–25% clay,
GW ‡ 130 cm

55

12.9

75.3

19.3

20.3

37

C:N £ 13, < 12% clay,
GW < 130 cm

62.3

27.5

84.6

34.6

22.2

35.6

C:N £ 13, < 12% clay,
GW ‡ 130 cm

45.3

14.3

59.8

17.2

14.5

32

All soils

61

25.1

88

32.6

27

44.3

conditions favored growth of peatlands during the Holocene
(Kaiser et al., 2012). Consequently, the most important driver
of SOC stocks in German agricultural soils overall was the
occurrence of strong hydromorphic conditions, or more specifically the historic or current abundance of a high groundwater table. In organic soils, the lack of oxygen is the controlling factor hampering microbial breakdown of organic matter
(Blodau, 2002). Also in mineral soils, the mean annual
groundwater level affected SOC stocks (Fig. 6). In soils that
are mostly drained, it appears unlikely however that current
oxygen limitation strongly influences SOC dynamics, especially in topsoils. For example, only 28 soils had a mean
annual groundwater level < 40 cm, and even those soils are
probably not water-saturated in the topsoil for long periods. It

is more likely that fluvial or tidal sedimentation, as well as
past in-situ hydrological conditions, led to strong accumulations of SOC that were still detectable. In this case, it is likely
that these soils constitute potential hot spots of SOC losses.
For mineral soils, other factors were more important than
groundwater level. A considerable proportion of soils had an
unusually high C:N ratio for agricultural soils. C:N ratios were
observed of up to 28 in the topsoil and 39 in the subsoil, while
those of agricultural soils are usually around 10 (Jenkinson,
1988). The soils with a wide C:N ratio were almost exclusively
located in northwest Germany (Fig. 4B), had an average sand
content of 79% as well as extraordinarily high SOC stocks
(Tab. 2) and are therefore also referred to as ‘Black Sands’
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Figure 8: Distribution of the soil properties most relevant for soil organic carbon (SOC) stocks for cropland and grassland mineral topsoils
(0–30 cm).

(Vos et al., 2018). Also in parts of Denmark, Belgium and The
Netherlands, these ‘Black Sands’ are an acknowledged phenomenon and are mostly linked to a specific pedogenesis
(podzolization) or land cover history as heathland or peatland
(Thomsen et al., 2008; Sleutel et al., 2008, 2010; Vos et al.,
2018). These two factors are probably interlinked, with land
use influencing podzolization and vice versa. Accordingly,
podzols were found to have the highest topsoil SOC stocks
across all soil groups. A wide C:N ratio has been identified as
a good indicator of a high amount of undecomposed and thus
stable plant material (Springob and Kirchmann, 2003).
Calluna vulgaris, a major heathland plant species, is acknowledged to form specifically resistant plant litter, with high
amounts of polyphenolic substances (Sleutel et al., 2008).
Indeed, Vos et al. (2018) found that SOC in those soils
consisted of up to 85% particulate organic matter. However,
some of the northern German SOC-rich sands are former
peatlands, but not complying with our definition of organic
soils anymore, or were formed by plaggen manuring (Vos et
al., 2018). Despite the potentially high recalcitrance of organic
matter in these soils, it remains unclear how SOC stocks in
relictic peatlands, heathlands or plaggen soils respond to
long-term agricultural management, including liming and
fertilization. Indeed, Säurich et al. (2019) found that organic
soil samples at the boundary to mineral soils originating from
this inventory still emitted considerable amount of CO2 and
could not be considered as stable. A repeated sampling might
give valuable insights in this regard. In summary, soils with a
wide C:N ratio are specific to a certain region of Germany and
are characterized by a unique land-use history and pedogenesis, which strongly affect SOC stabilization mechanisms. It
is therefore a logical step to separate those soils from the
majority of soils with a narrow C:N ratio in a stratifying
approach.
For soils with a C:N ratio £ 13, soil texture was the major controlling factor, explaining 22% of the total explained variance
or 12% of the total variance in agricultural topsoil SOC stocks
(Fig. S1). Many studies have observed a positive correlation
of clay content and SOC, which can be related to: (1) sorption
of SOC to mineral surfaces, and (2) aggregate formation

(Tisdall and Oades, 1982; Wagner et al., 2007). Furthermore,
indirect SOC-stabilizing effects related to soil texture, such as
pedogenic oxides, soil hydrology, anoxic microsites and
microbial community composition, might play a certain role
(Fierer and Schimel, 2002; Keiluweit et al., 2018). The positive influence of clay fits well with the fact that Vertisols are
among the most SOC-rich soil types in Germany. As discussed in the previous section, the sandy soils of northwest
Germany had exceptionally high SOC stocks. Other areas in
Germany dominated by coarse-textured soils, especially the
east and northeast of Germany, had particularly low SOC
stocks. In the north-eastern part of central Germany, to the
southeast of this sandy region in a similarly continental
climate, the largest German Chernozem area developed on
loess deposits. The most fertile agricultural soils in Germany
are found in this region because of their high storage capacity
of plant-available water and they are characterized by high
SOC stocks, particularly in the subsoil (Fig. 3). This highlights
the fact that abrupt changes in SOC stocks can be strongly
driven by soil parent material.
Due to the high variability in SOC stocks at national scale,
which is mainly driven by pedological, hydrological and geological site conditions, no significant effect of recent agricultural management (organic fertilization, crop rotation, tillage,
etc.) on SOC stocks of mineral soils was detected. The potential absolute effect on SOC stocks in ten years of management is in single digits (Freibauer et al., 2004), while the
actual variability of SOC stocks on national scale was in triple
digits. However, the effect of land use, i.e., if the land is cropland, grassland or under a permanent crop, had a significant
influence on SOC stocks. In the stratification approaches, the
dataset was therefore split into croplands and grasslands, the
two major land-use types in German agriculture. It should
also be noted that the soil group of Anthrosols, which consists
of strongly manipulated and deeply meliorated soils, contained particularly high SOC stocks in the subsoil. This group
mainly consisted of deep tilled former peatlands or plaggen
soils (Alcántara et al., 2016).
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4.3 Cropland vs. grassland SOC stocks
The conversion of cropland to grassland and vice versa is
among the most relevant land-use changes in Germany with
regard to area extent (Baumgarten et al., 2018) and also the
magnitude of change in SOC stock (Freibauer et al., 2004)
per area. It is thus important for greenhouse gas emission
reporting on mineral soils to derive reliable estimates of the
difference between cropland and grassland SOC stocks
under steady-state conditions. In the present dataset, grasslands had on average 44% and 37% higher SOC stocks than
croplands in topsoil and subsoil respectively. Grasslands can
often be found in regions where cropping is barely possible or
not economical, and are clustered in Germany’s Prealps, the
Central Uplands and the northwest of the country. This is possibly related to hydrology (too wet), soil texture (too heavy),
topography (too steep) or the stone content of the soil (too
stony, too shallow). Thus not only does land use influence the
soil properties, but soil properties and other environmental
factors also strongly influence land-use patterns. Consequently, using average SOC stock differences between landuse types to account for land-use change effects carries the
risk of over or underestimating the latter. Indeed, grassland
mineral soils in Germany tended to have slightly higher
groundwater levels and slightly higher clay contents than
cropland mineral soils. Those differences were not diminished
after stratification via soil type. In contrast, stratification by
SOC-relevant soil properties mostly decreased or diminished
differences in these properties (Tab. 3). Thus, the difference
in SOC stock between cropland and grassland was considerably lower within each of the derived strata as compared with
the countrywide average (Fig. 7). In topsoils, the relative difference was reduced from 44% to 25–39%, which is closer to
the values used in recent national inventory reports. For
example, in the 2018 reports, Germany applied an average
cropland SOC stock change from croplands to grasslands of
28%, Belgium used 38% and Switzerland used 16% for
lowlands and 25% for midlands. The absolute differences
between croplands and grasslands, i.e. between 14.5 and
30.3 Mg ha–1, were well in the range of observed literature
values for paired plot studies (5–28 Mg ha–1) (Poeplau and
Don, 2013) and a long-term field experiment following SOC
losses and gains from grassland to cropland conversion and
vice versa (23 Mg ha–1) (Johnston et al., 2009). However,
there are still certain drawbacks of a stratification approach
like this to derive groups of comparable soils. Firstly, soils
compared within each stratum might have been more comparable than all cropland and grassland soils in Germany were
with one another, but they still differed. Tab. 3 shows that in
certain strata, grasslands still had a slightly higher clay content and/or a wider C:N ratio and/or more groundwater levelinfluenced sites than cropland soils. Also the parameters
used for stratification only explained less than half of the total
variability in SOC stocks. Thus, it might be that soils differed
in other properties that were not identified as being important
for SOC storage in this study. Secondly, for reporting purposes it is important to know the difference between croplands and grasslands in a steady state. However, many soils
in Germany have been subjected to land-use changes in the
past century with contrasting effects on SOC stocks. For
grasslands, the legacy effect of cropland use has had a nega-

tive effect on SOC stocks and vice versa (Springob et al.,
2001; Mayer et al., 2019). However, the stratification approach highlighted that the application of one average absolute SOC change rate (e.g., 27 Mg ha–1) to account for the
effects of conversion from cropland to grassland or vice versa
on all soils will lead to overestimations for soils with high SOC
stocks and underestimations for soils with low SOC stocks.
An accurate SOC map combined with the strata and associated relative SOC change rates derived here (Tab. 2) could
increase the accuracy of German greenhouse gas reporting
in the land-use, land-use change and forestry (LULUCF) sectors.

4.4 Comparing stratification approaches
The two stratification approaches adopted here were valuable
and valid. In regional-scale soil inventories, clustering by soil
type is a classical approach (Rodrı́guez-Murillo, 2001;
Wiesmeier et al., 2012), probably predominantly for practical
reasons. Information on the spatial distribution of major soil
types is mostly available and thus average values of SOC
stock per soil type, for example, can be used to extrapolate
point measurements. From a mechanistic point of view, to a
certain extent it makes sense to consider pedogenesis as
important for SOC storage, yet this link is often more indirect
than using measured soil properties. For example, Vertisols
had particularly high SOC stocks, which is most likely related
to the high clay content (> 30%) in these soils. However, in
soils with clay contents < 30%, clay is also among the most
important predictors of SOC, which is not considered any further in the soil type approach. However, in certain aspects the
soil type approach can be advantageous compared with stratification via selected soil properties since SOC sequestration
is the result of a complex interplay of abiotic and biotic factors
that can only partly be tackled by selecting a handful of soil
properties. The best example might be Chernozems. These
soils are characterized by higher than average SOC stocks,
while their C:N ratios, clay contents and groundwater levels
are in an intermediate range. This study also revealed that
the difference between cropland soils and grassland soils
with regard to SOC-relevant soil properties and thus also
SOC stocks increased rather than decreased compared with
the overall averages. Therefore, stratification via soil type
failed to derive comparable soils that would be of value for
estimating the effects of land-use change.

5 Conclusions
The first comprehensive inventory of German agricultural
soils revealed that agricultural soils store the largest organic
carbon pool in German terrestrial ecosystems. This pool is
entirely managed for the production of food, feed, fiber and
fuel for around 80 million people and partly for export. It is up
to farmers, politicians and society as a whole to minimize the
SOC losses from organic soils and to preserve or increase
the SOC pool of mineral soils to maintain soil fertility, climate
adaptation and food security, and realize climate mitigation
goals. Centralized and accurate monitoring of SOC dynamics
is essential for achieving those goals by keeping track of
management or climate-driven alterations to SOC and key
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related soil properties. The inventory also revealed that there
are soils and regions with particularly high SOC stocks,
mainly driven by abiotic environmental influences as well as
historical land cover. These soils are, or might be, particularly
prone to SOC losses due to climate and management changes. Finally, grasslands were found on slightly wetter and more
fine-textured soils than croplands. The use of average SOC
stocks of both land-use types to account for land-use changes, e.g., in greenhouse gas reporting, might thus lead to an
overestimation of induced SOC stock changes. When targeting least biased estimates of land-use change effects, stratification via most relevant soil properties proved to be more feasible than the use of pedogenic proxies such as soil type.
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