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1  |  INTRODUC TION

Increasing soil organic carbon (SOC) stocks is viewed globally as a 
promising measure to mitigate climate change (Minasny et al., 2017; 

Paustian et al., 2016). Storing additional SOC in soils can best be 
achieved by increasing SOC inputs (Kätterer et al., 2011). However, 
not all soils (Amelung et al., 2020) and organic carbon (OC) input 
types (Lemke et al., 2010) might be equally suitable for building up 
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Abstract
The ratio of soil organic carbon stock (SOC) to annual carbon input gives an estimate of 
the mean residence time of organic carbon that enters the soil (MRTOC). It indicates how 
efficiently biomass can be transformed into SOC, which is of particular relevance for 
mitigating climate change by means of SOC storage. There have been few comprehen-
sive studies of MRTOC and their drivers, and these have mainly been restricted to the 
global scale, on which climatic drivers dominate. This study used the unique combina-
tion of regional-scale cropland and grassland topsoil (0–30 cm) SOC stock data and av-
erage site-specific OC input data derived from the German Agricultural Soil Inventory 
to elucidate the main drivers of MRTOC. Explanatory variables related to OC input com-
position and other soil-forming factors were used to explain the variability in MRTOC by 
means of a machine-learning approach. On average, OC entering German agricultural 
topsoils had an MRT of 21.5 ± 11.6 years, with grasslands (29.0 ± 11.2 years, n = 465) 
having significantly higher MRTOC than croplands (19.4 ± 10.7, n = 1635). This was ex-
plained by the higher proportion of root-derived OC inputs in grassland soils, which was 
the most important variable for explaining MRTOC variability at a regional scale. Soil 
properties such as clay content, soil group, C:N ratio and groundwater level were also 
important, indicating that MRTOC is driven by a combination of site properties and OC 
input composition. However, the great importance of root-derived OC inputs indicated 
that MRTOC can be actively managed, with maximization of root biomass input to the 
soil being a straightforward means to extend the time that assimilated C remains in the 
soil and consequently also increase SOC stocks.
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SOC. Understanding the efficiency with which OC inputs to soils 
are transformed into SOC is of utmost importance to inform climate 
change mitigation strategies involving SOC sequestration.

The mean residence time of OC entering the soil (MRTOC), as 
derived from the ratio of total SOC stock to average annual C input 
or efflux, can be used as an indicator of biogeochemical stabiliza-
tion of OC in soils (Chen et al., 2013; Luo et al., 2019). The concept 
has been criticized as an oversimplification due to the assumptions 
that SOC (a) is in steady state, (b) is built up by exactly the amount 
and type of input that is currently entering the soil and (c) is con-
sidered to consist of only one kinetic pool (Sierra et al., 2017). 
Indeed, it is well known that persistence of OC in the soil can range 
from hours to millennia (Schmidt et al., 2011; Trumbore, 2000). 
However, the word ‘mean’, instead of the frequently used terms 
‘residence time’ or ‘turnover time’ (Bloom et al., 2016), implies that 
it does not equal the time that every individual C atom that en-
ters the soil needs to pass through. Instead it gives an indication of 
the relative efficiency of SOC sequestration in specific situations, 
for example, in a specific soil in certain climatic conditions that is 
managed in a specific way. Thus, it might be helpful to identify the 
management practices and soil properties to focus on to stabilize 
assimilated OC in soils most efficiently. This study further argues 
that this ratio should not be called MRT of SOC, since a large pro-
portion of OC entering the soil, for example, as root exudates or 
crop residues, is rapidly oxidized and released as CO2 before even 
entering the pool that is usually defined and measured as SOC, that 
is, OC in the fine soil fraction (<2 mm) (Luo et al., submitted). It is 
therefore proposed that the term MRT be used for OC entering the 
soil (MRTOC) in this context to avoid the confusion highlighted by 
Sierra et al. (2017).

Globally, MRTOC is found to be mainly driven by climatic variables 
such as temperature and precipitation, with topsoil MRTOC ranging 
from <1 year in the tropics (high biomass production and OC inputs, 
low SOC stocks) to >60 years in the Arctic (low biomass production 
and OC inputs, high SOC stocks) (Chen et al., 2013). Soil properties 
and abiotic conditions, such as pH, texture, mineralogy and hydrol-
ogy, also play a major role in SOC stabilization, accessibility and thus 
turnover in the soil (Doetterl et al., 2015; Dungait et al., 2012). Barré 
et al. (2016) used a network of long-term bare fallow experiments to 
show that centennially persistent SOC has a distinct energetic signa-
ture, which could potentially be related to depletion of hydrogen or 
interactions with the mineral matrix, while no uniform chemical com-
position of the most stable SOC across experiments was detected. In 
accordance, Schmidt et al. (2011) summarized recent advances in soil 
organic matter research and also stated that its persistence is pre-
dominantly controlled by environmental and biological drivers while 
the molecular composition and recalcitrance of the organic matter 
are less important in the long term.

Nonetheless, MRTOC has also been found to be strongly com-
pound specific, with Gleixner et al. (1999) finding OC turnover 
times in various pyrolysis products ranging from 9 to 202  years. 
Furthermore, agricultural long-term experiments revealed that the 
type and quality of organic matter input play a major role in their 

transformation into more stable SOC pools‚ which is usually ex-
pressed as ‘humification’ (particularly in the modelling community) or 
the retention coefficient (Kätterer et al., 2011). Those coefficients 
can range from 0 to 1, with 1 indicating that 100% of the OC added 
to the soil is retained as SOC. In reality, retention coefficients of 
OC inputs have been found to range between <0.1 and, in extreme 
cases, >0.6 (Kätterer et al., 2011; Maillard & Angers, 2014; Poeplau, 
Kätterer, et al., 2015), indicating that the type and quality of OC input 
do play a significant role in its turnover and stabilization in the soil. 
However, there may be many mechanisms behind these differences 
and their individual importance is not fully understood. For example, 
in recent decades, a wealth of studies have reported a higher de-
gree of stabilization for root-derived OC than for shoot-derived OC, 
with several of the mechanisms involved being discussed (Kätterer 
et al., 2011; Rasse et al., 2005; Sokol & Bradford, 2019). It is there-
fore evident that the MRTOC in a specific soil can to some extent be 
managed, for example, by crop type or cultivar selection as well as 
via external OC inputs.

In temperate soils, grasslands store roughly 30% more SOC than 
cropland soils (Poeplau et al., 2011). This SOC stock difference be-
tween croplands and perennial systems is often explained by alter-
ations in net primary production (NPP) and its appropriation (Haberl 
et al., 2007), and thus total OC input differences (Hu et al., 2019; 
Post & Kwon, 2000). However, in central Europe, grassland NPP is 
similarly appropriated as cropland NPP, resulting in similar total OC 
inputs. Based on the results of the farmer survey within the German 
Agricultural Soil Inventory, Jacobs et al. (2020) estimated a country-
wide average annual OC input of 3.7  Mg ha−1  yr−1 for both crop-
lands and permanent grasslands. For the same sites, Poeplau et al. 
(2020) found SOC stock differences of 27 Mg ha−1 (44%) to a depth 
of 30 cm. This difference in SOC stocks cannot be explained by the 
quantity of OC inputs and implies that the MRTOC in grassland soils 
is considerably higher than the MRTOC in cropland soils. This is in line 
with the estimates of Carvalhais et al. (2014) who also found land-
use type-specific ecosystem OC turnover times in a global analysis. 
However, the reasons for the difference in MRTOC under cropland 
and grassland are unclear.

Estimates on MRTOC on scales exceeding single plots are fairly 
rare due to the limited availability and high uncertainty of OC input 
data. A specific strength of the German Agricultural Soil Inventory, 
which was conducted for the first time between 2011 and 2018, is 
that at least 10 years of management information was collected for 
each of the 3104 sampling points (Jacobs et al., 2020). Combined 
with regional C allocation coefficients, these data could be used to 
derive site-specific average OC inputs. The main aim of this study 
was to derive MRTOC values for each site by combining OC inputs 
with measured SOC stocks. The study further evaluated how MRTOC 
is influenced by land use, management and site properties to elu-
cidate the extent and ways in which agricultural management can 
influence the efficiency of assimilated OC stabilization in soil. It was 
hypothesized that grassland soils have a higher MRTOC than crop-
land soils, and that this is strongly driven by the higher proportion of 
root-derived OC input in grasslands.
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2  |  MATERIAL S AND METHODS

2.1  |  Datasets

This study was based on data from the German Agricultural Soil 
Inventory. In a grid 8 × 8 km², agricultural soils were sampled to a 
depth of 100 cm to comprehensively evaluate SOC stocks as well as 
more or less related soil parameters and site properties for the first 
time. In total, 3104 soils were sampled, with 2234 being located on 
croplands, 820 on permanent grasslands and 50 on sites with per-
manent crops (vineyards and orchards). Permanent grasslands are 
defined as sites under grassland use for at least five successive years 
(Jacobs et al., 2018), referred to below as grasslands.

In the present study, only 2100 sites were considered after ex-
cluding (a) organic soils (as defined by Jacobs et al. (2018)), (b) sites 
with missing or unreliable management information (including vine-
yards and orchards), (c) sites with a C:N ratio >13 and thus a high 
share of relictic, recalcitrant SOC often originating from former 
heathland cover (Springob & Kirchmann, 2010) and (d) extremely 
shallow soils with profile depths <30 cm. Sites with more than 50% 
of all site years reported as fallow were also excluded since (a) OC 
input estimates are highly uncertain for fallows, and (b) it is likely that 
SOC stocks of these soils classified as cropland were not in steady 
state. For the latter reason, we finally also did not consider sites that 
had a land-use change in 20 years before the sampling event. Land-
use history of each individual sampling point was retrieved from the 
farmers’ questionnaire as well as aerial photographs and historical 
maps (not published). Among the 1635 croplands, 141 sites (8.6%) 
had at least 1 year of temporary grassland (ley), referred to below 
as cropland with ley. In the analysis, 465 grasslands were included.

At each site, a profile pit was dug and soils were sampled in fixed 
depth increments of 0–10, 10–30, 30–50, 50–70 and 70–100 cm for 
soil physical and chemical analyses. In addition, the soil profiles were 
pedologically described according to German soil description guide-
lines (Ad-Hoc-Ag Boden, 2005). This pedological description also in-
cluded the geomorphology of the immediate surrounding area. The 
core soil dataset with blurred coordinates can be downloaded from 
https://www.opena​grar.de/recei​ve/opena​grar_mods_00054877. In 
addition, at least 10 years of management data (since 2001) were 
collected via a questionnaire sent to the farmers. Crop rotations, 
yields, fertilizer inputs and a whole range of other parameters were 
requested. A complete list of parameters evaluated in the German 
Agricultural Soil Inventory has been published by Jacobs et al. 
(2018). The management data are not publicly available.

Cumulative SOC stocks were calculated using bulk density of the 
fine soil, rock fragment fraction and carbon contents of each indi-
vidual depth increment. These are presented in detail by Poeplau 
et al. (2020).

Yield and fertilizer input data were used to estimate average an-
nual OC inputs and their composition for each sampling point. In the 
original questionnaire, the following input types were distinguished: 
aboveground litter, stubbles, roots and root exudates of main and 
cover crops, as well as various types of organic fertilizers including 

animal excretions on pastures. The methodology to estimate OC in-
puts is presented in detail by Jacobs et al. (2020). In brief, two different 
approaches were used to estimate plant-derived OC inputs. For crop-
lands, regionalized crop-specific allocation coefficients were used. 
The concept of yield-based allocation coefficients is the most often 
used approach to estimate OC inputs (Bolinder et al., 2007). For each 
crop type, reported yields are used to estimate aboveground crop res-
idues, stubbles, roots and rhizodeposition. The latter was estimated 
by the latest available literature average for annual crops (31% of root 
biomass) (Pausch & Kuzyakov, 2018). In grasslands, yields were often 
not reported so these gaps had to be filled with NUTS3 statistics of 
the respective year that were scaled by reported management (e.g. 
number of cuts, fertilization and livestock units). We further assumed 
that an additional 30% of the harvested grass was harvest losses and 
regrowth after the last cut (Christensen et al., 2009), of which 50% was 
turned over each year (Poeplau, 2016). Root-derived OC inputs were 
fixed to 2.22 Mg C ha−1 yr−1 which was developed from root biomass 
measurements in seven long-term grassland experiments throughout 
Germany and the Netherlands (Poeplau et al., 2018) combined with 
estimates on annual root turnover (50%) (Gill & Jackson, 2000) as well 
as rhizodeposition (31% of annual root growth) (Pausch & Kuzyakov, 
2018). Root-derived OC inputs in grasslands were fixed because root 
biomass has been found to be rather unresponsive to aboveground 
management intensity (Poeplau et al., 2018; Sochorová et al., 2016; 
Taghizadeh-Toosi et al., 2016), which is of particular importance for 
the diversely managed German grasslands. A fixed root:shoot ratio 
for all grasslands would thus strongly overestimate root-derived OC 
inputs in intensively managed and underestimate those in less inten-
sively managed grasslands. Of course, this is an assumption, which also 
strongly influences total OC inputs and thus MRTOC in grasslands. We 
therefore also used the traditional approach to calculate root-derived 
OC inputs to grasslands, that is, by using a fixed root:shoot ratio 
(Bolinder et al., 2007). For given reasons, we however did not consider 
this a realistic approach for grasslands and thus reported the results 
of this additional test only in the supplement. Since only topsoils (0–
30 cm) were assessed in the present study, the belowground OC input 
was adjusted by a factor of 0.7 for croplands and 0.8 for grasslands, 
which are typical proportions of root biomass to a soil depth of 30 cm 
(Fan et al., 2016; Jackson et al., 1996). To establish the impact of OC 
input composition on MRTOC, the various OC input types were ag-
gregated into the following components: root-derived OC inputs (root 
biomass and rhizodeposition of main crops and cover crops), shoot-
derived OC inputs (all aboveground residues including stubbles and 
aboveground biomass of green manure cover crops), animal-manure-
derived OC inputs and other organic fertilizer-derived OC inputs (e.g. 
compost, sewage sludge and other organic fertilizers).

2.2  |  Calculation of the mean residence 
time of organic carbon entering the soil

Among other methods such as the use of stable and radioactive C 
isotopes (Sanderman et al., 2003), MRT can be calculated by the 

https://www.openagrar.de/receive/openagrar_mods_00054877
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ratio of total pool size to either influx or efflux, assuming approxi-
mate steady state of a given pool (Carvalhais et al., 2014). Here, the 
unique availability of site-specific SOC stocks [Mg ha−1] and corre-
sponding average OC inputs [Mg ha−1 yr−1] on a regional (national) 
scale were used, and MRTOC [yrs] calculated for each individual sam-
pling point as follows:

The ratio thus indicates how many years a certain OC input 
needs to be applied until as much OC as is currently stored in the soil 
has been added. If the pool of OC in the soil is assumed to be in ap-
proximate steady state, by definition OC entering the soil can remain 
no longer than the MRTOC calculated here on average, otherwise it 
would accumulate in the soil and increase SOC. For a global assess-
ment of MRTOC, Chen et al. (2013) used SOC stocks and hetero-
trophic respiration from global databases. However, they mention 
both heterotrophic respiration estimates and different soil sampling 
methods to derive SOC stocks as major uncertainties in their study. 
These uncertainties were cancelled out in the present study by using 
SOC stock data that were determined equally for all sampling points, 
as well as input data derived from first-hand, site-specific manage-
ment data. The analysis was restricted to topsoils (0–30 cm) since 
one of the critical assumptions of this MRTOC approach is that SOC 
is autochthonous, that is, it has been entirely built up in situ by the 
estimated carbon inputs. This is not always correct for topsoils, but 
is even more problematic for subsoils, which often contain alloch-
thonous, translocated, relictic or geogenic OC (Kalks et al., 2020; 
Schneider et al., 2020). As mentioned above, SOC in soils with a 
C:N ratio >13, which have been classified as ‘black sands’ (Poeplau 
et al., 2020; Vos et al., 2018), were excluded since they constitute 
an extreme example of relictic SOC. The derived MRTOC in these 
soils would not necessarily correspond to the stability of recent OC 
inputs or specific pedogenic properties that stabilize SOC.

2.3  |  Statistics

Data analysis was performed using R v4.0.2 (R Core Team, 2020) 
in Rstudio v1.3.959 (RStudio Team, 2020). A machine-learning algo-
rithm was applied to examine the extent to which OC input com-
position (proportion of roots, shoots, manure and other of total OC 
input) along with other variables related to land use, soil properties, 
geology, geomorphology and climate could explain the variability in 
observed values of MRTOC. Variables were excluded that are directly 
related to one of the parameters of MRTOC, that is, SOC stock, SOC 
and total N content, bulk density and all absolute OC input variables. 
We also reduced the number of continuous variables in case of high 
collinearity, that is, with a Spearman rank correlation coefficient 
exceeding 0.8. Total inorganic carbon (TIC) and elevation were re-
moved due to their high collinearity with pH and temperature and 
for the grassland model also manure-derived OC input proportion 

(highly correlated to root-derived OC input proportion) (Figure S1). 
The finally considered variables are displayed and explained in the 
supplement (Table S1). Models were built three times: for all sites 
(n  =  2100), for croplands only (n  =  1635) and for grasslands only 
(n = 465). For machine learning, random forest models were used 
(Breiman, 2001). These models consist of an ensemble of decision 
trees that reflect associations between the target variable (here 
MRT) and predictor variables (here OC inputs and other soil forming 
factors). Every tree is built using a variable subset of observations 
and predictor variables, which attributes random forest models high 
robustness against outliers and high predictive power even in the 
presence of large numbers of potential predictor variables (see Table 
S1) (Hastie et al., 2009). In the present study, specifically, the cfor-
est implementation of random forest (package party) and bagging 
ensemble algorithms were used (Hothorn et al., 2006; Strobl et al., 
2007, 2008) owing to the underlying strength of this algorithm in 
deriving variable importance from a mix of continuous and categori-
cal predictors (Hapfelmeier et al., 2014). The hyperparameter mtry 
was chosen based on the square root of the number of predictor 
variables (Hastie et al., 2009), and the number of trees was set to 
100. Reported R2 values reflect the mean results from random five-
fold cross-validations. Individual predictors were ranked according 
to their permutation importance. Collinearity was considered un-
problematic since none of the continuous predictor pairs showed 
Spearman rank coefficients |rs| > 0.8. Finally, the pdp::partial() func-
tion was used to illustrate partial dependence plots of the five most 
influential predictors (Molnar, 2020).

Differences in MRTOC between land-use types (croplands and 
grasslands) and subtypes (croplands with and without ley) were 
assessed using analysis of variance (ANOVA). Contents of dithion-
ite and oxalate-extractable aluminium (Al) and iron (Fe) were only 
measured for a minor share of all soils (n = 307), and were thus not 
included in the random forest models. Their effect on MRTOC was 
assessed using linear regression. The significance level was p < 0.05. 
Numbers in the text are presented as mean ± standard deviation.

3  |  RESULTS

3.1  |  Average organic carbon stocks, inputs and 
mean residence times in German agricultural soils

On average, the topsoils of the sites selected for this study stored 
63.1  ±  25.1  Mg C ha−1, with 56.1  ±  19.1  Mg C in croplands and 
87.4 ± 28.3 Mg C in grasslands (Table 1). In contrast, average car-
bon inputs were estimated to be equal in grassland (3.3 ± 1.3 Mg C 
ha−1 yr−1) and cropland soils (3.3 ± 1.1 Mg C ha−1 yr−1). Consequently, 
the resulting grassland MRTOC was estimated to be 9.6 years longer 
on average in grassland than in cropland soils, which accounted for 
a relative difference of 49%. The average MRTOC of all investigated 
topsoils was 21.5 ± 11.6 years. In accordance with the difference 
between croplands and grasslands, croplands with ley in the rota-
tion had intermediate SOC stocks and MRTOC (Figure 1), while OC 

MRTOC =

SOC stock

Annual OC input
.
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inputs were lowest in these soils. The differences between land-use 
types and subtypes in SOC stocks and MRTOC were highly signifi-
cant (p < 0.001). The same was true for the two cropland categories 
(croplands with or without ley), as well as for both cropland catego-
ries tested against grassland. Total OC inputs were significantly low-
est in croplands with ley only.

3.2  |  Variables explaining mean residence 
time of organic carbon entering German 
agricultural soils

The explanatory variables used in the random forest models ex-
plained 49%, 41% and 48% of the observed variability in MRTOC 
for all soils, croplands and grasslands, respectively (Figure 2). In all 
models, the most important variable was the relative proportion 
of root-derived OC input to total OC input, which was positively 
correlated with MRTOC (Figure 3, Figure 4). The regression lines 
in Figure 4 for croplands and grasslands were almost identical, 

indicating that the response of MRTOC to the root input propor-
tion was very similar in both land-use types. Figure 4 also indicates 
that the root-derived OC input proportion was higher in grass-
land soils (on average 62 ± 17%) than cropland soils (on average 
41  ±  13%), which is a likely reason for the significant difference 
between these land-use types. This is further reinforced by the 
fact that land use was only the fifth most meaningful explanatory 
variable—the major difference between both systems was better 
accounted for by the composition of OC inputs. In accordance with 
the strong positive correlation of MRTOC and the proportion of 
root-derived OC inputs, the relative proportions of shoot-derived 
and manure-derived OC inputs were also among the 10  most 
important predictors of MRTOC, while their effect was negative 
(Figure 3). In croplands, a strong negative correlation was found 
between the proportions of root-derived and shoot-derived OC in-
puts (R² = 0.37, p < 0.001), Absolute root and manure-derived OC 
inputs also had a weak, yet significantly positive correlation with 
SOC stocks, while shoot-derived OC input was negatively corre-
lated with SOC stocks (Table S2).

TA B L E  1  Mean soil organic carbon (SOC) stocks and OC input [Mg ha−1] as well as average mean residence time (MRT) of OC entering 
the soil [yrs] in 0–30 cm, with standard deviation (SD) for the different land-use types and subtypes and all soils combined. The number of 
observations (n) in each stratum is also given

Land use n SOC stocks Annual OC input MRTOC

Mean SD Mean SD Mean SD

All croplands 1635 56.1 19.1 3.2 1.1 19.4 10.7

Croplands without ley 1494 55.7 19.3 3.3 1.1 19.0 10.6

Croplands with ley 141 60.5 17.5 2.8 0.9 23.8 10.2

Grasslands 465 87.4 28.3 3.3 1.3 29.0 11.9

All soils 2100 63.1 25.1 3.3 1.1 21.5 11.6

F I G U R E  1  Density plots for (a) soil organic carbon (SOC) stocks, (b) total organic carbon (OC) input to the soil, and (c) mean residence 
time of OC that enters the soil in the topsoil (0–30 cm) for croplands with and without ley (temporary grassland) in the rotation and 
permanent grasslands [Colour figure can be viewed at wileyonlinelibrary.com]
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When using a fixed root:shoot ratio in grasslands, the results did 
not change dramatically: while the overall explanatory power of the 
models was strongly reduced, root-derived OC input remained the 
most important driver (Figure S2). Furthermore, the average pro-
portion of root-derived OC inputs in grasslands was equal in both 
approaches (0.62), indicating that the comparison with croplands is 
valid despite a major methodological difference.

Apart from the composition of OC inputs, the most important 
explanatory variables for MRTOC were clay content and soil group, 
with an exponential increase in MRTOC with increasing clay content 
up to a clay content of approximately 350 g kg−1 for croplands and all 
sites together (Figure 3). The highest MRTOC was found in Vertisols 
(not shown due to small number of observations), Gleysols and also 
Chernozems (Figure 3). Vertisols (n = 16) had an average clay con-
tent of 523 ± 160 g kg−1 and a MRTOC of 36.4 ± 12.0 years, which 
is in line with the considerable importance of clay content. Despite 
the exclusion of soils with a C:N ratio >13, the C:N ratio remained 
an important explanatory variable. Groundwater level was also im-
portant in all models (Figure 2), with the highest MRTOC values ob-
served when the average annual groundwater level was about 1 m 
or less (Figure 3). This is in line with the very high MRTOC in Gleysols 
that are characterized by a high groundwater level. Furthermore, 
the extractable pedogenic oxides were all positively correlated with 
MRTOC, with the highest R² observed for Alox (Table 2). In contrast, 
climate variables were not important in explaining the variability of 
MRTOC at the scale of Germany, with ‘pedoclimatic zones’ being the 
only indirectly climate-related variable among the 10 most import-
ant variables in the model for all sites and model for croplands only.

4  |  DISCUSSION

4.1  |  Mean residence time of organic carbon 
entering German agricultural soils

Despite major deviations in methodology and data sources, the av-
erage MRTOC in German agricultural topsoils of 21.9 ± 11.9 years 
was similar to values reported by other authors. Chen et al. (2013) 
used global datasets of SOC and soil heterotrophic respiration to 
estimate MRT of topsoil SOC and found a global average of 22 years. 
For the temperate and boreal climate zones of the northern hemi-
sphere (45°N–75°N), they estimated an average MRTOC of 35 years. 
They recently confirmed these findings using 1400 soil samples from 
across the globe, with MRTOC ranging from 0.5 to 57 years (Chen 
et al., 2020). Sanderman et al. (2003) used a global eddy covariance 
network to estimate MRTOC and, similar to Chen et al. (2013), found 
a strong negative correlation with mean annual temperature (MAT) 
at the global scale. For a MAT of 10℃, which equals the average 
temperature for Germany, Sanderman et al. (2003) found a MRT of 
about 48 years for SOC in 0–100 cm depth. Interestingly, Sanderman 
et al. (2003) also compared the MRTOC estimates derived from eddy 
covariance measurement with four other common methods, namely 
laboratory incubations, flux chamber measurements, radiocarbon 
uptake and changes in stable isotope (13C) natural abundance after 
C3 to C4 vegetation change. Only the latter method, that is, estimat-
ing MRTOC from changes in δ13C, yielded significantly higher values 
(>100  years), which is in line with other studies (Balesdent et al., 
1990; Rasse et al., 2006; Schneider et al., 2020). It would appear 

F I G U R E  2  Variable importance plots of the 10 most important explanatory variables used in the random forest models explaining the 
mean residence time of organic carbon entering the soil. The higher the importance of an explanatory variable, the larger the mean decrease 
in accuracy of the random forest model when permuting (=deleting the information of) this variable. R2 values represent the mean result 
from fivefold cross-validation in which the data were randomly split in five mutually exclusive subsets of approximately equal size. Each 
subset served once as the test set while independent models were trained on the remaining four subsets, respectively. The explanatory 
variables, factor levels and data sources are explained in the supplement (Table S1)
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that turnover times calculated by the stable isotope method refer to 
the pool that is ultimately measured as SOC, that is, OC measured 
in the bulk mineral soil <2 mm. In contrast, those calculated from 
SOC stocks and total inputs or total heterotrophic respiration also 
include the most labile constituents of OC that decompose quickly 
and only make a small contribution to the SOC pool as measured 
in intervals of at least 1 year and in the <2 mm fraction of the soil. 
The retention coefficient, that is, the fraction of mid- and long-term 
stabilized OC input of plant residues and common organic fertiliz-
ers, ranges between <0.1 and ~0.3 (Berti et al., 2016; Kätterer et al., 
2011; Poeplau, Kätterer, et al., 2015; Rasse et al., 2006), with com-
mon average retention coefficients of 0.1–0.2 (Barber, 1979; Rasse 
et al., 2006) in temperate agricultural soils. This implies that about 
80–90% of the OC entering the soil is mineralized within 1 year on 
average; thus, for example, in the C3–C4 vegetation change, only a 
small part of the OC input contributes to the C4 signal of the bulk 
SOC. Including or excluding this very fast cycling fraction from the 
estimate has a strong effect on MRT, as recently also elaborated by 
Luo et al., submitted. When only accounting for the proportion of 
retained OC (10–20% of the actual total input), the estimated MRT 
of SOC in croplands would have been 108–216 years in this study, 

which is well in line with studies using the 13C approach with C3–C4 
vegetation changes (Sanderman et al., 2003; Schneider et al., 2020). 
The MRTOC values presented here should thus be interpreted as the 
MRT of OC entering the soil, not OC that has been retained in the 
soil and is measured as SOC.

4.2  |  The importance of site properties

Drivers of SOC stocks in German agricultural soils have previously 
been presented and discussed (Poeplau et al., 2020; Vos et al., 2019). 
The SOC stocks are strongly influenced by clay content, groundwa-
ter level and soil group (Poeplau et al., 2020), which is in line with 
the drivers for MRTOC identified in the present study (Figure 2). 
Clay, groundwater and soil group are reflections of pedological and 
hydrological site conditions as well as land-use history. In addition, 
the C:N ratio was found to be the most important predictor of SOC 
stocks in Germany (Poeplau et al., 2020). Soils with a C:N ratio >13 
are a phenomenon of northwest Germany and also neighbouring 
countries, and are typically characterized by a sandy texture and a 
high proportion of particulate organic matter, undecomposed plant 

F I G U R E  3  Partial dependence plots of the five most important explanatory variables in each of the random forest models. This illustrates 
the dependence of MRT on influential explanatory variables after averaging out the effects of other explanatory variables included in the 
model. Only the most abundant soil groups (eight out of 11) are displayed
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material, of high stability (Sleutel et al., 2008; Springob & Kirchmann, 
2002). These soils, often podzols, are referred to as ‘black sands’ and 
often have a peat or heathland history. The MRT of all sites with a 
C:N ratio >13 (463 out of 2657 sites) was 34 ± 20 years, which was 
55% higher than that of soils with a C:N ratio <13. Due to their high 
share of relictic, refractory SOC, those soils were excluded from the 
overall analysis. However, when applying the approach proposed by 
Springob and Kirchmann (2010) to determine and factor out relictic, 
refractory SOC (C:N ratio of ~35), the average MRTOC of non-relictic 
SOC in these soils decreased to 16.0 ± 14.8 years. This relatively low 
MRTOC fits well with the fact that sandy soils were found to have 
lower SOC stocks and MRTOC than finer textured soils. Furthermore, 
the retention coefficient of straw in Swedish agricultural soils in-
creases with increasing clay content (Poeplau et al., 2015). The 
positive effect of clay content on SOC stocks and MRTOC can be 
explained by the stabilizing effects of microaggregates and mineral 
surfaces (Keiluweit et al., 2017; Sollins et al., 1996). In soils with a 
high groundwater level, SOC stabilization is mainly triggered by oxy-
gen limitation (Tiemeyer et al., 2016). These stabilizing effects were 

reflected in the fact that Vertisols (high clay content) and Gleysols 
(groundwater influenced) were among the soil groups with the high-
est topsoil MRTOC (Figure 3). Extractable Al and Fe contents were 
also positively correlated with MRTOC, although data on pedogenic 
oxides were not included in the random forest models due to the rel-
atively small number of observations. Al and Fe oxides and hydrox-
ides, even when their absolute content is small, are acknowledged 
to form organo-metal complexes that protect organic matter from 
enzymatic breakdown in a wide range of soils, even in circumneutral 
pH and with relatively low contents of Al and Fe (Doetterl et al., 
2015; Kleber et al., 2015; Porras et al., 2017).

Climate variables did not play an important role in explaining 
the variability in MRTOC in German agricultural soils. This is in con-
trast to global studies on MRT (Chen et al., 2013, 2020; Sanderman 
et al., 2003), in which temperature and precipitation were the dom-
inant drivers. We explain this by the fact that within Germany, cli-
mate variability is relatively small as compared to the global scale. 
Nevertheless, the estimated average values of MRTOC are certainly 
greatly controlled by the prevailing temperate climate conditions. 
Chen et al. (2020) highlight soil total nitrogen and bulk density as 
major explanatory variables for MRTOC. The authors explain the 
positive effect of total nitrogen on MRTOC in their study with the 
nitrogen status of the soil and fertilization effects on microbial ac-
tivity and enzyme kinetics. However, it is more likely that the total 
nitrogen stock of a soil reflects the total organic matter level, and 
thus also total SOC stock (Cleveland & Liptzin, 2007). The use of soil 
total nitrogen as an explanatory variable for MRTOC, which has SOC 
stock as the numerator, should thus be avoided. The same applies to 
variable bulk density, which is also highly correlated with SOC stocks 
and thus also MRTOC (Schneider & Don, 2019). Therefore, these two 
variables of total nitrogen and bulk density, which are not indepen-
dent of the target variable, were not considered.

4.3  |  The importance of land use and carbon input 
composition

For SOC stocks, previous works on German agricultural soils have 
not detected any influence of management or OC input quantity or 
quality on the regional variability of SOC stocks (Poeplau et al., 2020; 
Vos et al., 2019). Only land-use type, that is, cropland vs. grassland, 
has been found to be important in topsoil SOC stocks, with grass-
lands having on average about 44% higher topsoil SOC stocks than 
croplands. The present study provided evidence that the type of OC 
input is of utmost importance to MRTOC and thus also to SOC stabi-
lization at a regional scale. Among all the variables considered, the 
relative proportion of root-derived OC had the highest explanatory 
power in all models, that is, in cropland soils, grassland soils and all 
soils combined (Figure 2). The particularly high stabilization of be-
lowground OC inputs has been highlighted by many studies, with 
retention coefficients often being at least twice as high as those of 
shoots (Berti et al., 2016; Kätterer et al., 2011; Rasse et al., 2005). 
There may be various reasons for this. In a literature review, Rasse 

F I G U R E  4  Mean residence time of organic carbon entering the 
soil (MRTOC) in topsoils (0–30 cm) of croplands (with and without 
ley) and grasslands as a function of the proportion of root-derived 
C input, with regression lines and their 95% confidence intervals 
[Colour figure can be viewed at wileyonlinelibrary.com]
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et al. (2005) identify several mechanisms that might potentially be 
responsible for the efficient stabilization of root-derived carbon in 
soil: (a) chemical recalcitrance: roots have been shown to have higher 
lignin, tannin, cutin and suberin contents than shoots, all of which 
are among the most recalcitrant plant molecular structures (Bull 
et al., 2000; Dignac et al., 2005), and root-derived OC might thus 
be transformed at a slower rate than shoot-derived OC; (b) interac-
tions with the soil mineral matrix: roots grow and release charged 
compounds as well as aggregate binding agents in direct proximity 
to the mineral matrix, which can foster OC stabilization in several 
ways, such as sorption and stable aggregate formation (Jones, 1998; 
Oades, 1978), and the very fine root hairs might even grow into ag-
gregates, where they become inaccessible for decomposers (Rasse 
et al., 2005); (c) the microbial pathway: root exudates have long been 
thought to be labile substrates that do not contribute to the stable 
SOC pool or might even negatively affect SOC via rhizosphere prim-
ing (Kuzyakov, 2002). However, recent insights suggest that the for-
mation of microbial biomass is very efficient in the rhizosphere, due 
to the high availability of labile substrates, and that such efficient mi-
crobial growth can significantly contribute to the formation of stable 
SOC (Kallenbach et al., 2016; Sokol & Bradford, 2019). Following the 
logic of the latter mechanism, living roots in particular are highly rel-
evant for stable SOC formation, which has recently been proven by 
Sokol et al. (2019). In this sense, permanent plant cover, such as in 
grasslands or perennial crops, might be especially beneficial for the 
microbial pathway and thus stable SOC formation. Apart from this di-
rect pathway of the ‘microbial carbon pump’ (Liang et al., 2017), some 
organisms, such as arbuscular mycorrhizal fungi, that benefit from 
permanent root exudation can also indirectly increase MRTOC via 
aggregate stabilization (Rillig et al., 2002). All the above-mentioned 
mechanisms are a likely explanation for the observed importance 
of the proportion of root-derived OC for MRTOC to various extents. 
Consequently, the clear difference between cropland and grassland 
in the proportion and amount of root-derived C input could be the 
major driver of differences in MRTOC and SOC stocks between these 
land-use types. The impact of the relative root proportion on MRTOC, 
as indicated by the regression lines in Figure 4, is basically the same 
for croplands and grasslands. The two regression lines have an almost 
identical slope with almost no offset between them, emphasizing that 
no other land-use-specific parameter (e.g. frequency/extent of soil 
disturbance) should be of similar importance to MRTOC as the pro-
portion of root-derived C. This is a crucial finding, for example for 
informing SOC models, which to date only have a limited ability to 
accurately predict SOC dynamics after land-use change (Gottschalk 
et al., 2010; Nyawira et al., 2016).

4.4  |  Implications for agricultural management

The fact that the proportion of roots was the most important driver 
of MRTOC indicates that the average time that each assimilated C 
atom will be stored in the soil can largely be managed. The com-
position of OC input into the soil, which is dependent on farmers’ 

decisions, strongly affects the efficiency of climate mitigation by 
SOC sequestration. Straw and aboveground residue incorporation 
can also increase SOC stocks (Lemke et al., 2010) and is thus often 
a recommended management practice for climate-smart agriculture 
(Minasny et al., 2017). However, when considering the low efficiency 
of aboveground residues (Berti et al., 2016), the climate mitigation 
potential of such a measure is doubtful. The results of the present 
study emphasize that increasing the amount of root biomass and 
root-derived OC inputs is an effective and straightforward man-
agement option to increase SOC stocks and MRTOC. Large-scale 
land-use change from cropland to grassland is not a realistic op-
tion and may result in indirect land-use changes as a leakage effect. 
However, an increase in root-derived OC inputs can also be achieved 
in croplands by (a) increasing the proportion of leys in the rotation 
(Loaiza Puerta et al., 2018), (b) optimizing the proportion of species 
with large root biomass (including cover crops), (c) breeding with a 
focus on greater root biomass (Friedli et al., 2019; Kell, 2011) and 
(d) adjusting crop rotations to maximize root biomass production. 
Trade-offs with yields and potentially other functions of agricultural 
production systems need to be considered, but are not discussed 
further here. Maximizing the production of root biomass in arable 
rotations requires in-depth, crop-specific knowledge on expected 
average root-derived OC inputs. However, Figure 5 shows the an-
nual crops that input the highest root OC to the soil according to the 
available data used in this study. As expected, the root-derived OC 
input of root and tuber crops, such as potato and beet but also as-
paragus, radish and onion, was negligible (Figure 5). Small grain cere-
als and maize had similar, intermediately high root-derived OC inputs 
of around 1.5 Mg C ha−1 yr−1, which was considerably lower than the 
estimated annual root C input of grasslands (2.22  Mg C ha−1  yr−1, 
Figure 5a). However, rapeseed was the annual crop with the highest 
root-derived OC inputs, with on average only slightly lower inputs 
than perennial grasses. The specific root length of rapeseed has also 
been found to be about twice that of a typical winter wheat root 
system (Barraclough, 1989). The proportion of root-derived OC in-
puts, however, tended to be highest for maize because most maize 
in Germany is grown for silage, with most of the aboveground bio-
mass being harvested, which reduces the aboveground OC input but 
increases the relative proportion of root OC input (Figure 5b). Thus, 
farmers largely determine OC input, MRTOC and finally SOC stocks 
through their selection of crop types. In addition to crop type, crop 
breeds can also be optimized towards more roots, which is a largely 
ignored field of research and development. Higher root proportions 
may ultimately not only serve to maintain and build up SOC in agri-
cultural soils but also to stabilize crop yields under increasingly dif-
ficult conditions with global warming (Friedli et al., 2019).

4.5  |  Limitations related to dataset and approach

It should be noted that the presented, crop-specific estimates of 
root-derived OC inputs (Figure 5) are a combination of literature allo-
cation coefficients and yield/management data reported by farmers. 
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They should be interpreted accordingly, that is, bearing in mind the 
following limitations: (a) It is a German dataset representing best es-
timates for German arable crops, which means that it also reflects 
the productivity pattern of German agricultural soils, and the aggre-
gated crop types presented were not grown under equal pedocli-
matic conditions. (b) Although it might be the best available dataset 
for root-derived OC inputs in Germany, the dataset is highly diverse 
with regard to data sources: yield data were reported by several 
thousand individual farmers, thus a heterogeneous data quality can 
be expected. Furthermore, depending on the crop, allocation coef-
ficients are based on a few observations only and are thus uncertain. 
More work on crop-specific root allocation is needed, since even 
coefficients derived from meta-analyses are partly based on only a 
few observations (Bolinder et al., 2007) that might rapidly become 
out-dated due to breeding advances. (c) The assumption that plants 
have fixed allocation coefficients, that is, stable root:shoot ratios, 
has recently been questioned (Hirte et al., 2018; Taghizadeh-Toosi 
et al., 2016). Potential differences in plant C allocation due to culti-
var (Kell, 2012) or soil properties (phenotypic plasticity) (Schneider 
& Don, 2019) are not represented here. However, (a) the allocation 
coefficient approach is the most comprehensive, since data for basi-
cally all crops are available and (b) the authors of the abovemen-
tioned studies found variable root:shoot ratios primarily in response 
to varying fertilization regimes in agronomic field trials. For annual 
crops in central European intensive agricultural systems, and thus 
also in the present dataset, it can be assumed that near optimum 
conditions with respect to nutrient availability are usually given. 
Therefore, estimating root-derived OC inputs in croplands by using 

fixed, crop-specific root:shoot ratios derived from the literature was 
considered most reliable. For permanent grasslands, the intensity 
gradient with respect to fertilization, grazing and cutting frequency 
is much larger across Germany; therefore, a fixed root-derived OC 
input was considered to be more robust and more realistic than a 
yield-dependent estimate, which has been suggested in earlier stud-
ies (Poeplau, 2016; Sochorová et al., 2016; Taghizadeh-Toosi et al., 
2020). Nevertheless, the most important driver of MRTOC was an 
estimated parameter with considerable uncertainty. However, the 
fact that MRTOC in croplands and grasslands responded in a similar 
way and without any offset in the proportion of root-derived OC 
inputs (Figure 4) might indicate that a combination of both methods 
was valid in this case. Furthermore, the additional model runs with 
fixed root:shoot ratios in grasslands revealed that the importance 
of root-derived OC inputs and also the average difference between 
croplands and grasslands was robust and not driven by the chosen 
method combination.

The approach to estimate MRTOC by dividing present stocks by 
present inputs is based on the assumption that current measured 
topsoil SOC stocks were entirely built up by OC inputs that are of 
similar quality to those found currently. This was not exactly the case 
for many sites. As discussed, the black sands of northern Germany 
constitute an extreme example of relictic SOC with a distinct quality, 
and were therefore excluded from this analysis. Other soils, such as 
Chernozems, can also have high proportions of centennially stable 
SOC that are different in OC quality and might have entered the 
soil under contrasting environmental conditions (Franko & Merbach, 
2017), potentially also as charred organic matter (Ponomarenko & 

F I G U R E  5  (a) Estimated root-derived organic carbon (OC) inputs and (b) relative proportion of root-derived OC inputs for annual crop-
type classes derived from management data reported by farmers participating in the German Agricultural Soil Inventory and allocation 
coefficients, as described by Jacobs et al. (2020). Dashed lines depict average values for grasslands and the number of observations (site 
years) is given below the boxes. The small category ‘Other crops’ comprises mostly grain legumes (47%), fodder legumes (25%) and sunflower 
(10%) but also vegetables such as broccoli, cabbage, cauliflower, celery, cucumber, kale, pumpkin, salad and spinach, as well as clover, flax, 
hemp, herbs, strawberry and tobacco (18%)
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Anderson, 2001). Furthermore, other OC inputs such as allochtho-
nous OC, for example in colluvial soils, may be of a different quality 
to the current OC input (Schneider et al., 2020). The MRTOC esti-
mated in this study is thus unlikely to reflect exactly the average 
time that the entering C will remain in the soil. Nevertheless, even 
in those cases, the applied ratio adds valuable information about the 
overall stability of SOC: a high MRTOC at sites with high SOC stocks 
indicates that the latter are not driven by extraordinary high OC in-
puts, but by a high stability of either the material that is currently (in 
the present land-use regime) entering the soil or the material that 
has been stabilized in the soil for a long time.

4.6  |  Concluding remarks

This study is the first to quantify the mean residence time of organic 
carbon entering agricultural soil and its drivers on a regional scale 
in the temperate climate zone. The combination of two closely as-
sociated datasets, that is, topsoil SOC stocks of German agricultural 
soils and corresponding first-hand OC input data, was used to quan-
tify this indicator of OC retention efficiency and SOC stability. The 
study highlighted that the MRT of OC entering the soil is driven by 
both management and abiotic soil properties. Out of all the consid-
ered variables, the proportion of root-derived OC input was found 
to be the most important driver, which also explained the difference 
in MRT and total SOC stocks between cropland and grassland soils. 
It can be concluded that the time that assimilated OC remains in the 
soil to effectively reduce atmospheric CO2 can be managed and opti-
mized in a straightforward way by maximizing root-derived OC input.
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