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Abstract

:

There is currently a significant focus on oil organic carbon, as interest in mitigating climate change by increasing soil carbon stocks is leading to efforts to include this within carbon farming and the trade of CO2 certificates. In addition, soil organic carbon controls many other soil functions, such as soil productivity. However, results from long-term field experiments suggest that an ever-increasing carbon content in soil, at some point, will no longer increase productivity, but will cause environmental risks, especially from excess nitrogen. In Germany, the most widely recognized soil organic matter (SOM) balance method, VDLUFA (Association of German Agricultural Investigation and Research Institutions), addresses soil management only, without a relation to the soil carbon stock. To close this gap, a methodology is developed based on results from European long-term field experiments that allows for an assessment of agricultural management both in terms of the carbon input to soil and the amount of carbon stored in soil. Due to the transformation of carbon stock into carbon flux, it is possible to apply the classification scheme of the VDLUFA balance to the carbon content of topsoils. This provides information to qualify further decisions about fostering carbon accumulation. This was demonstrated on experimental results from Bad Lauchstädt, as well as on data from the German Agricultural Soil Inventory (BZE-LW) for arable soils on a regional scale.
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1. Introduction


Soil organic matter (SOM), which is usually characterized by the amount of soil organic carbon (SOC) that is stored in topsoil, is one of the most important indicators for the productivity of soils and determines the carbon storage function of soil [1]. Recently, this soil function has come into focus as a possible sink of atmospheric CO2 to mitigate climate change, which itself will have a serious impact on soil organic matter, as higher temperature are generally expected to increase the SOC decomposition rate. The first German Agricultural Soil Inventory (BZE-LW) gave a good overview of the amount of carbon stored in arable soils [2,3] and provided data contributing to better understanding differentiations of carbon stocks in relation to site conditions [4,5]. While this gave hints to the required amount of fresh organic matter (FOM) [6] and also to regional differentiation of SOC quality [7], there is still no sufficient benchmark to link agronomic quality with the amount of SOC storage.



On the other hand, soil organic matter stocks of arable soils in Germany are affected by applying established management recommendations without the use of target values of SOC or SOM. Here, the most widely recognized SOM balance method of VDLUFA (Association of German Agricultural Investigation and Research Institutions) [8] predicts the organic matter (OM) demand of crop rotations, but considers neither the management history nor soil properties (including SOC content) and environmental conditions [9]. This may be appropriate from an agronomic point of view because in the long-term and independent from soil and weather conditions, SOC decay corresponds to C input via fresh organic matter (FOM-C input). Unfortunately, the mere balancing of carbon flux and SOM decay provides no information about the SOC content. However, this is necessary for predicting the desirable amount dependent on soil texture and climate conditions, as well as for evaluating the present SOC stock in the context of social and environmental needs. Therefore, it would be convenient to find a common “currency” to evaluate a given or planned management scheme in terms of its FOM-C input in comparison to the actual SOC stock. However, SOM turnover is observable only over decades, and direct feedback from a hot summer or a mild winter to the size of the SOM stock can usually not be determined because its spatial variability is high, and year-to-year SOM changes are low compared to the total SOM storage. Changes in SOM stocks are mainly observable in long-term fertilization experiments (LTFEs) that allow for the quantification of their respective effect of FOM input on SOC stock. For a number of these LTFEs, an “optimum” amount of applied organic amendments was identified [10]. In this context, “optimum” means that in combination with an amount of mineral N fertilizer, which was related to a high N efficiency, an increase in the amount of organic amendments did not lead to a further yield increase [8,11,12]. Consequently, the prediction of the FOM input, which corresponds to the respective “optimum” SOC stock, allows the assessment of this SOC stock. Therefore, SOC stocks higher or lower than the “optimum” can be classified as OM-oversupplied or OM-undersupplied. Modeling provides a convenient tool for assessing possible management options according to their effect on SOM dynamics against the background of the climate change problem [13].



To summarize, we hypothesize that:




	
SOC stocks can be expressed as the result of a carbon reproduction flux;



	
Carbon reproduction flux can be related to the classification of the VDLUFA humus balance method;



	
Optimum carbon reproduction flux can be predicted from soil texture and site-specific turnover activity.








Thus, our first goal is the development of simple modeling approaches to show the relation between carbon flux and SOC stock. Starting from this knowledge, we develop a methodology to transfer a FOM-C input into a C stock and vice versa. To this end, we select LTFE treatments that were characterized as optimum for the given site conditions, and we calculate the required input rates to sustain the SOC content of these treatments. Looking for a solution that closes the gap between the results of a simple FOM balance method (VDLUFA method) and mechanistic SOM turnover models, we provide a methodology that evaluates soil management in terms of FOM-C input as well as the actual SOC content. Finally, the general applicability and the plausibility of the assessment approach are checked for selected treatments at the Bad Lauchstädt experimental site and on a large scale using data from the German Agricultural Soil Inventory (BZE-LW) for arable soils [3].




2. Materials and Methods


2.1. Long-Term Fertilization Experiments (LTFEs)


We used LTFE data to derive a methodology that bridges the gap between the results of the abovementioned SOM balance method of VDLUFA and that of the mechanistic SOM turnover model. Detailed information regarding the experimental specifics and site conditions are given in the literature as indicated below in Table 1, where the metadata are given.



From the three sites (Bad Lauchstädt [14], Groß Kreutz [10], and Rothamsted [15]), time series of observed SOC values from treatments with and without farm yard manure (FYM) application were used to visualize the effect of different time scales, BAT- and calendar-based (see also Section 2.3), on the time course of SOC stock changes.



From all sites excluding Rothamstedt, treatments that received an “optimum” amount of applied organic amendments are known, as mentioned in the introduction chapter. These data were used to classify an indicator that evaluates the ratio between the current CFOM input and the corresponding SOC content.



If not given in the corresponding literature, we considered a SOC-dependent bulk density calculation [16] to transfer SOC contents in SOC stocks.



Furthermore, we used a dataset from the LTFEs at Bad Lauchstädt with a wide range of observed SOC values on one experimental site (see Section 3.3) to check the plausibility of our assessment method. The soil conditions for the Bad Lauchstädt site were described in detail by Altermann et al. [17]. Most data came from the “Static Fertilization Experiment Bad Lauchstädt” where, after more than 115 years of continuous management, soil samples were collected in 2018. Details about this LTFE can be found in [18,19,20,21]. Here, we used SOC data of the treatments with different application rates of farmyard manure (FYM) that was applied every two years to the root crops and later to maize in combination with mineral fertilizers (NPK). The FYM doses were 0 Mg ha−1 year−1 (M0), 10 Mg ha−1 year−1 (M1), and 15 Mg ha−1 year−1 (M2). Additionally, we included data from the soil sampling in 2018 of the extreme treatments of the experiment with “High Manure Doses Bad Lauchstädt” [22]. This experiment was started in 1978 and provides data about the development of SOC if FYM is applied beyond a reasonable agronomic limit. The annual FYM application rates on the bare fallow soil were 50 Mg ha−1 (M3), 100 Mg ha−1 (M4), and 200 Mg ha−1 (M5), always on a fresh-weight base.
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Table 1. LTFE metadata. Time range indicates the time until the last used soil sampling, MAP: mean annual precipitation, and MAT: mean annual temperature.






Table 1. LTFE metadata. Time range indicates the time until the last used soil sampling, MAP: mean annual precipitation, and MAT: mean annual temperature.





	Site
	Initial Year
	Time Range

Years
	MAP

mm
	MAT

°C
	Clay

M%
	Silt

M%
	SOC Opt.

M%
	FYM Rate

Mg ha−1 year−1
	Data

Source





	(1) Bad Lauchstädt (a)
	1902
	117
	480
	8.8
	21.0
	67.8
	2.12
	0,10, 15
	[14,23]



	(2) Bad Lauchstädt (b)
	1978
	30
	480
	8.8
	21.0
	67.8
	-
	50, 100, 200
	[22]



	(3) Berlin Dahlem
	1984
	12
	550
	9.3
	4.3
	22.9
	0.56
	10
	[23]



	(4) Dikopshof
	1904
	92
	635
	9.7
	10.0
	74.9
	1.27
	12
	[23]



	(5) Groß Kreutz
	1967
	43
	537
	8.9
	6.0
	44.0
	0.92
	21
	[24]



	(6) Jable
	1992
	10
	1397
	9.7
	16.8
	55.5
	1.4
	10
	[23]



	(7) Puch
	1983
	12
	922
	7.9
	15.0
	33.1
	1.06
	10
	[23]



	(8) Rakican
	1992
	10
	810
	9.4
	14.7
	31.2
	1.16
	10
	[23]



	(9) Rothamsted
	1852
	156
	712
	9.5
	25.0
	62.0
	-
	35
	[15]



	(10) Speyer
	1984
	12
	583
	9.8
	8.9
	22.7
	0.96
	10
	[23]



	(11) Thyrow
	1937
	74
	496
	8.6
	2.7
	14.2
	0.63
	15
	[23]



	(12) Wien
	1986
	12
	489
	9.5
	25.2
	46.5
	2.24
	10
	[23,25]







(a) Static experiment Bad Lauchstädt with normal FYM rates M0, M1, M2; (b) manure in high doses with high FYM rates M3, M4, M5.












2.2. First German Agricultural Soil Inventory


To check the general applicability of our methodology evaluating the C stocks of German agricultural soils, we used the data of the first German Soil Status Inventory (BZE-LW), where soil samples were collected in an 8 km × 8 km grid across Germany [6]. The corresponding dataset [3] provides a wide range of soil types with detailed soil properties. Here, average values of SOC, skeletal fraction, clay, silt, and fine silt for the topsoil (≤0.3 m) were used. Furthermore, using the coordinates of the sampling points, it was possible to include long-term averages of air temperature and rainfall provided by the German Weather Service (DWD, opendata.dwd.de (accessed on 5 April 2022)) in our analyses. Records of organic soils containing no texture data, as well as of hydromorphic sites as characterized by very high amounts of carbon and/or by an unreasonably high C to N ratio (>15) were excluded, leaving a dataset of 2036 out of 2234 records from arable soils, which represents more than 90%.




2.3. Relation between SOC Stock and C Flux into SOC


Henin and Dupuis [26] proposed a simple first-order model to describe the relation between SOC stock at time t (SOCt), the initial SOC stock (SOC0), and the annual input rate of C (I):


  S O  C t  = S O  C 0  ∗ e x p  (  −  k c  ∗ t  )  + I ∗ e x p  (  −  k I  ∗ t  )   



(1)




where kc and ki are the decay constants of   S O  C 0    and I, respectively.



Because we are interested in the development of the SOC difference between the two treatments that was caused by different inputs, the equation can be solved to


  Δ S O C  ( t )  =   Δ I    k I    ∗  (  1 − e x p  (  −  k I  ∗ t  )   )   



(2)







Using the theoretical background of the CANDY and CCB models, the humus-building effect of FOM-C can be expressed as C reproduction (Crep), and the impact of site conditions on SOM turnover intensity can be expressed as biologically-active time (BAT).



BAT is a measure to express the effect of the environment—temperature, moisture, and aeration—on the intensity of carbon turnover in soil. In C modeling, these environmental effects were at least considered by modifying the rate constants of the corresponding C pools; for instance, by reducing the maximum rate constant by 60% or 40% for two different days with suboptimal environmental conditions. In the BAT concept, the maximum rate constant is not reduced, but the time within the carbon turnover taking place is reduced. In the mentioned example, the two calendar days correspond to a summary with one day of biologically-active time. In both cases, the product of rate constant and time—the turnover—is equal. Here, we understand the term “BAT” as the sum of biologically-active time per calendar year. The BAT concept was frequently used applying the CANDY model (CArbon and Nitrogen DYnamics) [27]. In the context of applying the abovementioned approach (Equation (2)), we also used a simple approach to calculate BAT as dependent on soil texture and the long-term annual mean of air temperature and sum of precipitation [28].



The reproductive C (   C  r e p    ) input is the proportion of FOM-C that initially is integrated into the SOM pools via microbial consumption, while the other part is released as CO2. This proportion differs according to the microbial utilization of different carbon sources. In the case of farmyard manure, we used a transfer coefficient of 0.64 according to Franko et al. [29], where the corresponding transfer coefficients of other FOM sources (e.g., manures and plant residues) are also given.



Thus, we express the time as BAT, define the input rate as the quotient of Crep and BAT, and introduce an additional parameter  α  that must be fitted as well as the decay constant k.



Now, this simple model approach for the relationship between C flux and SOC stock can be presented as follows:


  Δ  C  s t o c k   = α ∗  (  1 − e x p  (  − k ∗ B A  T  c u m    )   )  ∗    C  r e p     B A T    



(3)




where   Δ  C  s t o c k    = difference in C amount between two treatments with and without FYM in the Ap horizon [Mg ha−1],   B A T   = biologically-active time [days year−1],   B A  T  c u m     = cumulative BAT for the corresponding number of years,    C  r e p     = reproductive C input [kg ha−1 year−1], and  α  and  k  are fitting parameters.



This model approach (Equation (3)) was applied to published data from three long-term experiments, two of them in Germany—Bad Lauchstädt [14] and Groß Kreutz [10]—and one in the UK—Rothamsted [15]. The site-specific parameters can be found in Table 1. In all three cases, we used the time series of C stock differences between the particular treatment with farmyard manure application and the corresponding treatment without manure to obtain a direct response of the C stock to a known FOM-C input.



The difference approach of Equation (3) neglects the inhomogeneity of SOC, especially that a part of it may be stabilized within the soil structure. Therefore, we used the more sophisticated model algorithm of the CCB model as described by Franko and Merbach [30] to find the corresponding SOC stock as a steady state value for a given C flux. This was performed within several iteration cycles, where after each step, a new set of soil structure variables was determined using pedotransfer functions that consider soil texture and the SOC value at this step. This iteration ends if the difference between two steady state levels is negligibly small, and the final SOC value is taken as equivalent to the given C flux.



In an inverse manner, the same procedure was applied to find the C flux for a given SOC value, assuming a steady state.




2.4. VDLUFA Humus Balance


Humus-balancing methods are simple tools for the assessment of interactions between agricultural land use and soil organic matter, but approaches differ considerably with regard to their specific aim, scope, and methodical approach. The term “humus balance” covers both simple models predicting SOC change and methods that focus on optimization of soil productivity by calculating organic-fertilizer demand, without regarding SOC change [31]. The VDLUFA balance method belongs to the latter group, calculating the balance between a demand depending on the grown crops and a supply of OM from organic amendments and crops, leaving a net humus supply or demand. Detailed values are given in a practically applicable form [8].



The units of this method are so-called humus equivalents (HEQ), which were used to characterize both sides of the balance: the crop demand as well as external organic matter input. This balance is divided into five classification levels from very low (<−200 HEQ) to very high (>300 HEQ), with a normal range between −75 and +100 HEQ, and should be calculated for a cropping sequence over several years. For convenience, we derive a factor to translate the HEQ values into C flux differences using FYM as a reference (see Table 2).





3. Results and Discussion


3.1. Relation between SOC Stock and C Flux into SOM


To analyze the effect of FOM input on C stock, we used a time series of C stock differences between a treatment with farmyard manure application and the corresponding treatment without manure in the three LTFE sites at Bad Lauchstädt, Gross Kreutz, and Rothamsted, as already described in Section 2.3. Figure 1a shows the conventional representation of SOC stock differences over time in years. For each site, a different dynamic is visible, leading to site-specific SOC equilibrium levels (data not shown). Obviously, the relationship between different levels of SOC stock differences does not reflect the relationship between the different FYM input levels. More convenient results gave the fitting of the approach in Figure 1b, where Equation (3) was applied on the BAT scale. Now, it is possible to describe the development of SOC stock differentiation with one model where the site-specific drivers were the time scale as cumulative BAT, and the C flux is the BAT-related Crep input.



Despite the different values of the annual FYM input rates at Gross Kreutz and Bad Lauchstädt (see Figure 1a), the BAT-related Crep input was equal at both sites (see Figure 1b, open and filled circles); thus, the observations fit together in the same function line (striving for the same SOC equilibrium level (data not shown)). The BAT-related Crep input of the Rothamsted dataset (Legend of Figure 1 (bottom)) is four times the value at Gross Kreutz and Bad Lauchstädt. Therefore, the relation between both function lines is characterized by the same factor, and is still a very good match with the observations (Figure 1 (bottom), open diamonds).



Compared to the conventional presentation of the temporal development of the C stocks vs. the time in years (Figure 1a), the corresponding figure above the cumulative biological time shows that applying the BAT scale gives new insight into the relationship between C input and C stock. Obviously, the events on the BAT scale are shifted in comparison to the conventional time scale. The first measured date of Bad Lauchstädt (after 54 years) lies on the BAT scale within the measurements of Groß Kreutz that were made approximately 30 years after the initiation of the experiment. The last observation date of Rothamsted (after 156 years) corresponds on the BAT scale to Bad Lauchstädt observations made approximately 60 years earlier.



Furthermore, the proposed representation of the C flux is very helpful for understanding both similarities between experiments. Applications of 15, 21, and 35 Mg ha−1 FYM fresh matter at Bad Lauchstädt, Groß Kreutz, and Rothamsted, respectively, correspond to BAT-related input rates    C  r e p   / ∑  (  B A T   d a y s   y e a  r  − 1    )    of 30 kg at both Bad Lauchstädt and Groß Kreutz, whereas the Crep value at Rothamsted is 121 kg. Obviously, this can explain the development of C stock differences that are now proportional to the size of the Crep input rate. The fourfold higher Crep input of ROTH also produced fourfold higher C stock differences compared to Bad Lauchstädt and Groß Kreutz, which have the same Crep input.




3.2. Site-Specific Assessment of C Stocks and C Fluxes


For an assessment of the SOC level, it would be reasonable to use a procedure similar to the VDLUFA balance method, meaning that we can define a recommended range, as well as identify levels where the SOC level is too high or too low.



To this end, we transformed the SOC values into the corresponding C flux values and converted HEQ units into Crep values. From the parameter set of the VDLUFA balance method, we know that 104 kg FYM represents 400 HEQ. Assuming 25% dry matter and 40% Corg in DM and the CCB parameter eta = 0.64 [29], this amounts to 640 kg Crep and a factor of 1.6 kg Crep/HEQ



The C flux values that correspond to the experimental SOCopt values were calculated based on the site-specific data shown in Table 1 and were satisfactorily predictable from soil texture in terms of clay and silt, and BAT (Equation (4), Figure 2):


   C  r e p   o p t   = 1386.62    (  86.07  )  + 7.76    (  1.91  )  ∗  (  c l a y + s i l t  )  −   396,397    (  57,411  )    B A  T 2     



(4)




where R2 = 0.87, with standard errors of parameters in parentheses; p values < 0.005.



Similar to the VDLUFA approach, we based the assessment procedure on the difference between the actual (corresponding to the actual SOC amount) and the optimal C flux.


  Δ  C  r e p   =  C  r e p   −  C  r e p   o p t    



(5)







The resulting difference, ΔCrep, can be used to assess the SOC level in the same way as the management in the VDLUFA balance using the classification rules in Table 2.



It is one peculiarity of the VDLUFA method that it does not refer to site conditions, neither soil texture nor climate. While the ‘optimal’ SOC stock as well as the corresponding ‘optimal’ Crep flux depend on soil texture and climate, the C flux difference   Δ  C  r e p    , which gives the difference between the present and the optimal Crep flux, is independent of site conditions. In other words, while the absolute values of Crep flux and C stock must be considered site specific depending on soil texture and climate conditions as expressed in the BAT variable, the assessment in general classes must be based on   Δ  C  r e p    .




3.3. Assessment of a Wide Range of SOC Levels at the Bad Lauchstädt Site


In a first step, we quantified    C  r e p   o p t     as based on ten European LTFEs (Figure 2) and classified   Δ  C  r e p     according to the VDLUFA method (Table 2). Here, we apply the described assessment methodology to nine different treatments of the Bad Lauchstädt LTFEs that are characterized by a wide range of FYM inputs (see Table 1). According to Equation (4), we find an optimal Crep flux of    C  r e p   o p t   = 1570   kg ha−1 for the current conditions with BAT = 28. The topsoil of the control treatment without any fertilizer input for more than 100 years (Figure 3: M0, cropped) has a SOC content that corresponds to Crep = 1226 kg ha−1, which is a difference of −326 kg ha−1 from the optimum value and thus lower than the upper limit of −320 kg ha−1 for class A, indicating that the SOM level of the unfertilized plot unsurprisingly has to be considered as “A: very low”. Similarly, we find results for the other treatments, as shown in Figure 3.



The treatment without organic amendments (M0), but with mineral fertilization was at level B (low). The organic amendments with 10 and 15 Mg ha−1 FYM (M1 and M2) led to a SOC stock on level C (normal). However, a combination of 15 Mg ha−1 FYM with mineral fertilization further increased SOC above the limit to level D (high). Unsurprisingly, all treatments with very high rates of FYM input (M3–M5) were far above level C. The 50 Mg ha−1 FYM application was still assessed as level D (high), but the highest FYM application rates with 100 (M4) and 200 (M5) Mg ha−1 FYM were clearly rated as level E (very high).




3.4. Humus Level of Arable Soils in Germany


As already mentioned above, we transformed SOC values into the corresponding C flux values and converted HAQ units into Crep values. Applying the classification limits shown in Table 2 to the results of the first German soil inventory allows an assessment of the current SOC level of German soils (BZE). The resulting dataset is clearly dominated by soils with a normal or ‘optimal’ SOC level (Figure 4), but also shows considerable regional differences (Figure 5).



According to the classification scheme of the VDLUFA balance method, soils at levels A and B are expected to have potential for higher productivity under improved humus management. For soils at levels D and E, the applied organic amendments could be checked for alternative use, and soils at level E are especially suspicious for environmental problems caused by high carbon and nitrogen mineralization rates. This indicates, despite most sites being at level C (normal), that there is some room for improvements and a critical inspection of the current management, especially for the more than 450 sampling points at SOM level E (high), which are mainly located in the northern part of Germany (Figure 5). Soils at levels A and B that appear mainly in the southwestern region are good candidates for improved management to increase SOC stocks and thus contribute to climate change mitigation.



These results are based on the agronomic classification of the VDLUFA balance method and may include outliers because of the formal grid selection of BZE sampling points. Another framework to evaluate SOC stocks depending on soil and climatic properties is presented by Drexler et al. [5] and gives valuable information about the potential to change carbon storage in soil for specific site conditions, but does not consider agronomic requirements. Therefore, the combination of the methodology presented in this paper with the efforts to define quantitative targets for SOC stocks [32,33] may help to find needed solutions to increase carbon storage of arable soils, considering both agricultural and social/environmental needs [34].



Finally, we want to explicitly draw attention to the fact that our presented approach predicts the corresponding SOC stock as a steady state value for a given C flux. If this approach is applied inversely to find the C flux for a given SOC value, we must consider that this SOC value is assumed to represent steady state conditions. Especially under the conditions of practical agriculture, mainly after some management changes, and even for long-lasting LTFEs, as we have exemplarily shown for Bad Lauchstädt and Rothamstedt, this assumption is not strictly valid. However, if the real C flux from the actual management is calculated in addition to the C flux that relates to the SOC stock, more substantial assessments will be possible. Therefore, a profound evaluation of present SOC stocks in the context of social and environmental needs will also always require the assessment of C fluxes.





4. Conclusions


In their review paper, Wiesmeier et al. [35] concluded that an indicator for SOC assessment “needs to consider the two most important aspects of SOC storage which are the C input and C stabilization within the soil”. The methodology described above comes very close to this requirement, as Crep covers the flux of carbon that is used to build up new SOM and BAT is an integrator of the site-specific turnover conditions, indicating how fast SOC is decomposed and leaves SOM. The proposed relation between optimal carbon flux, climate (in terms of BAT), and soil texture has a statistical character, but is based on a selection of field experiments with soil and climate conditions that are representative of German sites.



In addition, to the known relation between the amount of added carbon and SOC accumulation, we showed that the usage of BAT as a time variable as well as the Crep input rate led to a more general explanation of SOC accumulation for different site conditions and FOM amounts, especially FYM amounts. This is the basis for transforming a given SOC content into the corresponding carbon flux value. The methodology used comes from the CCB model. In further research, it must be shown how much these results will change if alternative model approaches are applied.



The VDLUFA balance method uses HAQ units to express the results. Our approach is definitely a step in the direction of a more quantitative interpretation if these units can now be expressed in terms of Crep. This establishes a link to quantitative SOC modeling and allows the quantification of the balance elements from incubation experiments [36,37]. The application of this Crep-based scale to the dataset from Bad Lauchstädt is not a final validation, but provides reasonable results that open new prospects for a more sensible assessment of SOC stock together with soil management. These results should open new avenues to introduce components of mechanistic SOM turnover models in humus balance methods for improving SOM management in practice. Furthermore, we were able to demonstrate the practical application on a large dataset using the methodology for an assessment of the current humus state of arable soils according to the results of the first German Agricultural Soil Inventory (BZE-LW). Here, we provided the first reasonable results, but further work is required to validate our findings.
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Figure 1. Time course of SOC stock differences between treatments with and without FYM application at three different LTFEs: (a) with a conventional timeline in years and (b) a BAT–based timeline. 
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Figure 2. Relation between the optimal C flux    C  r e p   o p t     and turnover activity characterized by BAT (see Section 2.3), and soil texture represented by the sum of clay and silt. Dots and their labels relate to the site numbers and the corresponding optimal SOC values as shown in Table 1. The surface plot represents Equation (4). 
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Figure 3. Assessment of selected treatments of LTFEs at Bad Lauchstädt (*) (site number as given in Table 1). BAT = 28 d year−1. Levels A–E relate to the VDLUFA classification as shown in Table 2. Colored bars symbolize the class range and dots represent the actual values of the treatment. 
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Figure 4. Frequency distribution of humus levels in Germany according to the VDLUFA balance method based on the actual observed SOC. Classes are A: very low, B. low, C: normal, D: high, and E: very high. 
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Figure 5. Geographic distribution of humus levels in Germany for the actual observed SOC according to the VDLUFA balance method. Dots represent BZE sampling points. Assessment classes are according to the VDLUFA method as shown in Table 2. 
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Table 2. VDLUFA classification and corresponding ranges of HEQ and Crep (Crep = 1.6 × HEQ).
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	VDLUFA Classification
	HEQ Balance
	C Flux Difference       Δ C    rep     





	A: very low
	<−200
	<−320



	B: low
	−200–−75
	−320–−120



	C: normal
	−75–100
	−120–160



	D: high
	100–300
	160–480



	E: very high
	>300
	>480
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