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Abstract

:

For more than 40 years, farmers in Germany have used the fertilization recommendation schema provided by the Association of German Agricultural Investigation and Research Institutions (VDLUFA) to quantify the required lime (CaO) demand of arable mineral soils. To be applicable as guidelines in practice, the results of 30 years of fertilization experiments that studied the correlation between crop yields and the actual soil pH, the soil texture, and the soil organic matter (SOM) content were finally condensed into a look-up table system. However, because the original experimental data are no longer accessible, the purpose of this study is to reconstruct the interaction between the three soil parameters and their appropriate lime demands. Therefore, the class-based, stepwise approach of the look-up table system is transferred into a continuous, stepless approach using mathematical models. Under the precondition to preserve the pH-, texture- and SOM-dependent CaO amounts recommended in the look-up system (n = 317) to the greatest extent possible, the algorithm was successful; more than 99% of their variability could be explained by the models. This adaptation helps to meet the accuracy of present-day requirements of precision farming.






Keywords:


soil pH management; soil liming; sensor-based soil maps; continuous; non-class based approach












1. Introduction


Traditionally, agronomic input and management practices have been uniformly applied in agricultural fields considering the spatial heterogeneity of soil properties and the effects of topography. Uniform agronomic management does not take spatial variability into account. Therefore, it can be economically and environmentally inefficient [1]. Site-specific management, as an intrinsic part of precision agriculture, contributes to increasing yield, reducing inputs, and minimizing environmental impact [2,3,4,5,6,7]. However, the benefits of site-specific management strategies are strongly dependent on the quality of the variability prediction. Basso et al. [8] reported that in many studies in which guidelines for the delineation of management zones were proposed, areas within a field that are homogeneous with respect to yield limiting factors were defined. Compared to traditional uniform-rate application methods, the use of management zone delineation techniques for variable-rate nutrient application increased farm efficiency according to Nawar et al. [9].



Based on the original methods, e.g., to estimate the lime demand of soil [10,11,12,13], look-up table systems were developed as easily applicable tools for farmers to determine the correct amounts of lime [13].



The agricultural liming recommendations for Germany are provided by the “Association of German Agricultural Investigation and Research Institutions” (VDLUFA). They are based on the results of 30 years of fertilization experiments, in which the effect of lime fertilization on soil pH (CaCl2) and crop yield under consideration of soil texture and SOM content was studied [14,15]. To be applicable as a liming guide in practice, the results were condensed to the VDLUFA look-up table system [14,16]. These tables provide the lime demand of arable soils and grasslands depending on (i) the actual pH (considered in steps of 0.1 pH units), (ii) the present soil texture (divided into five classes of mineral soils and one class for organic soils) and (iii) the SOM content (separated into four classes). Farmers can use these tables without calculations and without special expert knowledge to assess the lime demand for their fields. Over the last 40 years, the VDLUFA look-up table system has served the agricultural needs of lime fertilization very well but has to be considered very rough, especially in relation to new results of soil texture mapping [17,18,19]. As was shown in these studies, soil data can now be determined very accurately and with a high degree of spatial accuracy using on-the-go soil sensors and digital soil mapping techniques. However, when using the conventional VDLUFA look-up table system with these new input data for lime fertilization, much of the input information from the new soil texture and the SOM mapping systems is lost because the classes of this system are rather coarse. Meyer et al. [19] reported a data acquisition strategy to generate digital soil texture and SOM maps in a precision farming context, combining spatially high-resolution soil sensor data and point reference samples for soil texture and SOC. Nevertheless, this information needs to be implemented in a finer lime recommendation system with a continuous scale, rather than a coarse class-based system (see Section 2.1). Unfortunately, the original experimental data that were used to derive the VDLUFA look-up table system are no longer available, which precludes a first-hand investigation.



Accompanied by the development of adequate soil sensor systems to detect the spatial heterogeneity of soil properties [20] and by the progress in agricultural machinery responding to this heterogeneity [21,22], decision-making rules must also be adapted in order to meet the accuracy of these new requirements of precision farming.



The main objective of this paper was therefore to adapt the German VDLUFA approach to the current requirements of precision farming. To achieve this, the relationships between the lime demand (CaO) and the three soil parameters (pH, soil texture, SOM) were reconstructed from the class-based, stepwise look-up table system and transferred to a continuous, stepless approach.




2. Materials and Methods


2.1. Guidelines to Predict the Soil’s Lime Demand as Recommended by VDLUFA


2.1.1. Description of the Guidelines


The prediction of the lime requirement of the soils according to the German VDLUFA guidelines [14,15] is based on pH measurements, which have been obtained from 30 years in fertilization experiments, especially on acidic soils [15]. As a result, the pH ranges for optimum plant growth could be predicted. The factors of soil texture (clay content), SOM content and crop type were identified as particularly relevant for the definition of optimum pH ranges. Furthermore, CaO amounts that need to be fertilized to achieve the optimum range of soil pH were derived. This relates to a four-year crop rotation cycle, where the soil analysis should be repeated every four years. To transfer these experimental results in an appropriate structure that is useful as a guideline to calculate the CaO demand in agricultural practice, three classifications were made:




	
Classification according to the lime supply statuses








Five different lime supply levels (A to E) were defined for arable lands (Table 1). In classes A and B the pH values are below the optimum. Here, both the soil structure and nutrient availability will be negatively influenced, the plant availability of heavy metals is increased and the yield losses range between 20–40% [15]. Therefore, high to medium amounts of CaO fertilizer (class A–B) are recommended. In class C, the optimum pH range related to maximum yields is present. Only the minimum lime amounts are required to maintain the pH in the optimum range. For classes D and E, the pH values are above the optimum and can, for example, also lead to a lower nutrient availability, and crop yields may decline by 5–10% [15]. Thus, liming or any use of fertilizers that might react physio-chemically to alkaline conditions should be omitted [16].



	ii.

	
Classification according to the soil texture







In Germany, two different soil texture classification systems are mainly applied. The classification system of the German Soil Science Society (DBG) distinguishes 31 soil texture classes and is widely used in a scientific context. Rather than being applied in agricultural practice, the soil texture classification system of the VDLUFA is divided into five soil classes of mineral soils (TEX1–5) varying in their ranges of clay content (kg kg−1): TEX1 ≤ 0.05, TEX2 > 0.5–0.12, TEX3 > 0.12–0.17, TEX4 > 0.17–0.25, TEX5 > 0.25.



	iii.

	
Classification according to the SOM







Four SOM classes (SOM1–4) are distinguished by varying in their SOM content [g kg−1]: SOM1 ≤ 40, SOM2 > 40–80, SOM3 > 80–150, and SOM4 > 150–300. Soils with a SOM content > 300 g kg−1 are classified into a separate soil group and excluded from our presented contribution.




2.1.2. Dependency of the Lime Supply Status and of the Soil Lime Demand on Soil Texture, SOM Content and Soil pH


As mentioned in the description of the VDLUFA guidelines (see Introduction), the factors soil texture and the SOM content were identified as particularly relevant for the definition of optimum pH ranges, as well as of the CaO fertilizer amounts necessary to achieve the optimum soil pH range. The VDLUFA classification of the lime supply statuses (A to E) with pH ranges for the soil texture classes (TEX1 to TEX5) and the SOM classes (SOM1 to SOM4) are shown in Figure 1. The reported CaO application amounts necessary to reach the optimum lime supply as a function of the five soil texture classes, four SOM classes and the determined pH values are shown in Figure 2.



With regard to the lime supply conditions shown in Figure 1, the following dependencies can be derived:




	
With an increasing clay content (TEX1 → TEX5), the ranges of the lime supply statuses (A–E) shift towards higher pH values and



	
With an increasing SOM content (SOM1 → SOM4), the ranges of the lime supply statuses (A–E) shift towards lower pH values.








The relationships between the soil pH value and the recommended amount of CaO differ for the following three situations:




	
Lime supply statuses A and B: the linear relationships between pH and the CaO demand as per each soil texture and SOM combination (Figure 2),



	
Lime supply status C: fixed lime recommendations subdivided for the 20 soil texture and SOM combinations as shown in Figure 1 (Figure 3), and



	
Lime supply statuses D and E: no lime demand








Under supply level statuses A and B, the pH is suboptimal. Therefore, the recommended amount of lime should increase the soil pH up to the optimum lime supply status C. As shown in Figure 2, the slopes of the linear functions decline more strongly with an increasing clay content (TEX1 → TEX5), while the intercepts increase. Under increasing SOM contents (SOM1 → SOM4), the mentioned behavior of the slopes and intercepts is opposed. Therefore, the task was to substitute the five soil texture classes and the four SOM classes with continuous scaled measures.



Within lime supply level C, the optimum pH range is already present. The recommended lime supplies preserve this level within a four-year crop rotation (Figure 1). However, the recommended CaO amounts by the VDLUFA approach are not further differentiated regarding the soil’s pH but are for each of the 20 combinations of soil texture and SOM class (Figure 3). The CaO amounts shown in Figure 3 are always lower than the lowest CaO amounts recommended for lime supply status B for each of the 20 combinations, but always higher than zero.



To avoid excessive application rates, the recommended maximum CaO amounts [Mg ha−1] of a single application rate are merely soil texture dependent and vary as follows: TEX1 = 2.8, TEX2 = 4.2, TEX3 = 5.6, TEX4 = 7.0 and TEX5 = 8.4. When the recommended CaO amounts exceed these maxima, fertilization should be split into two rates and applied separately in time.



Under lime supply levels D and E, the pH values exceed the optimum pH range, and no liming is recommended to change the pH and achieve lime supply status C.





2.2. From the Stepwise, Class-Based VDLUFA Approach to a Stepless, Continuously Scaled Approach


Since the abovementioned VDLUFA approach is based on classified factors (five soil texture classes and four soil organic matter classes), transformation into continuously scaled soil textures and SOM contents is required.



The soil texture classification systems applied in Germany are mainly those of the German Soil Science Society (DBG) (31 soil texture classes) and the VDLUFA classification system (five soil texture classes). While the former is mainly used in a scientific context considering the three particle size fractions: clay (0–0.002 × 10−3 m), silt (0.002–0.063 × 10−3 m) and sand (0.063–2 × 10−3 m), the latter is solely based on the clay (or clay + fine silt) content and instead used in a practical background. However, to apply a continuously scaled soil texture measure under equal consideration of the clay, silt and sand fractions, this study refers to the geometric mean particle size diameter (MPD) according to Shiozawa and Campbell [24] as follows:


  MPD = e x p  ∑   m i    ln   (  d i  )  



(1)




where MPD is given in [10−3 m],    m i    is the mass fraction of the particle size class i [kg kg−1], and    d i    is the associated geometric mean diameter [10−3 m]. As suggested by Shirazi et al. [25], the lower limit of the clay size fraction was set to 1 × 10−8 m. The geometric means that correspond to the particle size class ranges of the clay, silt and sand fractions were 1.41 × 10−7 m, 1.12 × 10−5 and 3.55 × 10−4 m, respectively.



In the next step, the MPDs are calculated for the corresponding centroids of the polygons, as they represent the sand, silt and clay contents of the 31 DBG soil texture classes (Table 2). The classes of both the VDLUFA and DBG systems are shown in Figure 4.



Finally, the MPDs of the five VDLUFA soil groups are calculated from the corresponding arithmetic means of the DBG MPDs that lie within the uniform-colored areas of the respective VDLUFA soil groups (Figure 4). The five VDLUFA MPDs [10−3 m] are TEX1 = 0.203, TEX2 = 0.091, TEX3 = 0.042, TEX4 = 0.017 and TEX5 = 0.005.



Regarding the SOM classification, SOM classes 1–4 needed to be transferred into a continuously scaled measure as well. To calculate the corresponding continuous function, the arithmetic means of the abovementioned class ranges [g kg−1]: SOM1 = 20, SOM2 = 60, SOM3 = 115, and SOM4 = 225 were used.



Applying this procedure allows us to characterize the five VDLUFA soil texture groups by their MPD and the four SOM groups by their mean SOM content. Based on these measures, the effects of the soil texture and the SOM could be calculated continuously for the lime supply statuses and the soil lime demand.



Aiming at the optimal lime supply status and going along with the stepless principles mentioned above, the task was to generate a continuously differentiated CaO determination that depends on the pH values within the lime supply levels A and B and that considers the pH range of lime supply status C. The latter was intended to the following manner: the lime recommendation should decrease linearly, beginning with the lowest CaO amount recommended in lime supply status B (CaOminB), down to zero where lime supply status D is reached.




2.3. Models and Statistics


Mathematical models were used to describe the lime supply statuses and the lime demand of the soil in relation to the MPD and mean SOM contents. The models were fitted with the software TableCurve 3D version 4.0 (SYSTAT). This surface fitting software package fits and ranks numerous equations automatically and finds the “ideal model” for any 3D data. The independent variables of our models were the MPD of the five texture classes and the mean SOM content of the four SOM classes, as mentioned above.



To determine the boundaries between the lime supply levels (A/B, B/C, C/D and D/E), the upper limits of the pH ranges of each lime supply level (pHmax_A–D) were chosen to fit the multidimensional mathematical models (Figure 1). The lime supply level E is >pHmax_D.



As described in Figure 2, 20 combinations between the five textures and the four SOM classes can be obtained to determine the lime demand according to VDLUFA. For each combination, the relationship between the observed pH (pHobs) and the required lime demand (CaO) can be described with a simple linear function:


  CaO = m − n    pH  obs    



(2)




where m is the intercept and n the slope. Both m and n were assumed to be dependent on the soil texture and SOM. Therefore, first the 20 intercepts and then the 20 slopes were fitted in relation to the mean particle diameter MPD and the mean SOM content according to the respective classes.



The criterion for selecting the “ideal model” was that the function must be continuous—without local minima and maxima within the data range. Among these functions, the function with the best fit (highest R2) was selected. The aim of this procedure was to predict the lime supply statuses and the soil lime demand as exact and as close as possible to the class-based VDLUFA approach. Hence, the best model results should provide almost identical values compared to the original VDLUFA approach in order to avoid discrepancies, e.g., when agricultural service providers or farmers compare the outputs of our stepless approach with the VDLUFA look-up table system. Therefore, reducing the number of fitted model parameters and testing their level of significance were not criteria for selecting the respective model.



The algorithm to determine CaO amounts as stepless approach is provided as R-script of the free software environment for statistical computing and graphics R (version 4.0.2) [26] in the Supplementary Material.





3. Results


3.1. Predicting the Lime Supply Status of Soil


As mentioned in Section 2.1, the relationships between the soil pH and the recommended amount of CaO may differ if the present lime supply status is suboptimal (A or B), optimal (C) or exceeded (D or E). Therefore, the lime supply status as related to the MPDs and mean SOM contents (Figure 5) must be predicted first. The three-dimensional surfaces shown represent the boundaries of the lime supply levels (A/B, B/C, C/D and D/E) based on the maximum pH values of the lime supply levels A–D. The mathematical models that describe the three-dimensional relationships between the upper pH limits, the MPDs (x) and mean SOM contents (y) are given in Equations (3)–(6).


     pHmax_A = a + b ∗ ln  ( x )  + c ∗ y + d ∗    (  ln  ( x )   )   2  + e ∗  y 2  + f ∗ y ∗ ln  ( x )  + g     ∗    (  ln  ( x )   )   3  + h ∗  y 3  + i ∗  y 2  ∗ ln  ( x )  + j ∗ y     



(3)






      pHmax_B = a + b ∗ x + c ∗ y + d ∗  x 2  + e ∗  y 2  + f ∗ x ∗ y + g ∗  x 3  + h ∗  y 3  + i     ∗ x ∗  y 2  + j ∗  x 2  ∗ y       



(4)






   pHmax_C =    (  a + b ∗ x + c ∗  x 2  + d ∗ y + e ∗  y 2  + f ∗  y 3   )     (  1 + g ∗ x + h ∗  x 2  + i ∗  x 3  + j ∗ y  )       



(5)






      pHmax_D = a + b ∗ ln  ( x )  + c ∗ y + d ∗    (  ln  ( x )   )   2  + e ∗  y 2  + f ∗ y ∗ ln  ( x )  + g     ∗    (  ln  ( x )   )   3  + h ∗  y 3  + i ∗  y 2  ∗ ln  ( x )  + j ∗ y       



(6)




where pHmax_(A–D) are the upper limits of the pH range for each lime supply status A–D, a–j are fitting coefficients.



The adjusted coefficients corresponding to the models are then listed in Table 3. The models were able to describe these continuous relationships almost perfectly (R2 > 0.99 in each case) when the predicted values were compared with those of the VDLUFA approach.




3.2. Predicting the Lime Demand of Soils for Different Lime Supply Statuses


Regarding lime supply statuses A and B, the 20 linear relationships between the soil pH and the lime demand are dependent on soil texture and SOM, as shown in Figure 2. Here, both the intercepts and the slopes of the corresponding linear relationships are related to the MPDs of the five VDLUFA soil texture classes and to the mean SOM contents of the four VDLUFA SOM classes (Figure 6).



The mathematical models that describe the three-dimensional relationships between the intercepts or slopes, the MPDs (x) and mean SOM contents (y) are given in Equations (7)–(8).


  intercept =   ( a + c ∗ ln  ( x )  + e ∗ y + g ∗    (  ln  ( x )   )   2  + i ∗  y 2  + k ∗ y ∗ ln  ( x )    ( 1 + b ∗ ln  ( x )  + d ∗ y + f ∗    (  ln  ( x )   )   2  + h ∗  y 2  + j ∗ y ∗ ln  ( x )     



(7)






   slop =   ( a + c ∗ ln  ( x )  + e ∗ y + g ∗    (  ln  ( x )   )   2  + i ∗  y 2  + k ∗ y ∗ ln  ( x )    ( 1 + b ∗ ln  ( x )  + d ∗ y + f ∗    (  ln  ( x )   )   2  + h ∗  y 2  + j ∗ y ∗ ln  ( x )       



(8)




where a–j fitting coefficients.



The adjusted coefficients corresponding to these models are then listed in Table 4. The models were able to describe these continuous relationships almost perfectly (R2 > 0.99 in each case) when the predicted values were compared with those of the VDLUFA approach (Figure 6, right).



To avoid excessive CaO applications, very high recommended CaO amounts should be split into two application rates. As recommended by the VDLUFA approach and mentioned in Section 2.1, the maximum amounts of a single CaO application (CaOmax) are merely soil texture dependent. By considering the soil texture classes by their corresponding MPDs, the relationship can be expressed by an exponential function that reads as follows (Figure 7):


  CaO m a x =  (  r − s  )  ∗  (  e x p  (  − t ∗ MPD  )   )  + s  



(9)




where CaOmax is the maximum CaO application rate [Mg ha−1], MPD = mean particle diameter [10−3 m] and r, s and t are dimensionless coefficients that have the following values (standard deviations): 8.7 (0.4), 2.7 (0.4) and 16.8 (3.2), respectively.



Regarding the lime supply status C, the task was to relate the lime recommendation linearly to the pH, decreasing from the lowest CaO amount recommended in lime supply status B to zero as recommended if the pH achieves lime supply status D. Therefore, the upper pH limits of the lime supply statuses B (pHmax_B) and C (pHmax_C) were applied according to Equations (4) and (5). The minimum CaO demand (CaOmin_B) of lime supply level B, which refers to its maximum pH (pHmax_B), can be calculated from Equations (2), (7) and (8). The CaO demand, which refers to the maximum pH of supply level C (pHmax_C), was set to 0 Mg CaO/ha. Consequently, the CaO demand (CaO_C) for any given pH (pHobs_C) will be calculated in our approach as follows:


  CaO_C = CaOmin_B ∗  (   (  pHmax_C − pHobs_C  )   )  /  (   (  pHmax_C − pHmax_B  )   )   



(10)








3.3. Model Validation


Equation (2) can be used to describe the intercept and the slopes of the linear relationships between the soil’s pH and lime demand for each of the 20 combinations of the soil texture and SOM classes. The dependencies of the intercepts (Equation (7)) and the slopes (Equation (8)) of these 20 linear functions from the MPD and SOM content are shown in Figure 6. Based on these dependencies, intercepts and slopes can be calculated steplessly for each combination between the pH value, soil texture (expressed as MPD, which is based on the clay, silt and sand content) and the SOM content within the data ranges given in Section 2.1.



To validate the stepless approach, the results were compared with the CaO recommendations provided by the VDLUFA look-up table system (n = 317) for pH values that correspond to lime supply statuses A and B (Figure 8).



The calculation of the soil lime demand based on the results shown in Figure 6 resulted in excellent model performance. Less than 0.01% of the variability in the CaO amount which is recommended by the VDLUFA approach cannot be explained by the stepless approach.





4. Discussion


The VDLUFA look-up table system [16] predicts the lime demand of soils as class-based, dependent on soil texture and the SOM. It is advantageous for farmers because they can apply it without calculations or special expert knowledge. On the other hand, the subdivision of the soil texture and the SOM into classes is a limitation if applied in a precision farming context. Using modern sensor-based soil mapping techniques, which can provide detailed, highly spatially resolved soil texture and SOM maps, a transformation from the class-based system into a continuous, stepless approach is necessary. As shown in our approach, the transformation from the class-based look-up table system to a continuous, stepless approach succeeded. In the results, we could explain more than 99% of the variability of the 317 recommended CaO amounts for lime supply statuses A and B, differentiating into five soil texture classes and four organic matter classes. Regarding the chosen mathematical models, our focus was to predict these 317 recommended CaO amounts as exactly as possible by the models allying to the continuous approach—without local minima and maxima and within the data range. Neither reducing the number of fitted model parameters nor testing for their level of significance were criteria for selecting the respective model.



Compared to other international approaches [13,27,28], the German VDLUFA agricultural liming recommendation is the most detailed and considers not only the influence of pH but also the effects of soil texture and SOM. Therefore, the applied methodology may be of broader interest, especially because algorithms that are needed in the context of present-day requirements of precision farming should be continuous and stepless. However, to derive the maximum benefit from the continuous liming approach, the following problems that are obvious within the chain-from the primary data acquisition (pH, soil texture, SOM) to the final lime spreading-need to be considered:




	
The finger texturing method is usually applied for agricultural purposes because the exact estimation of the soil texture by sieving and sedimentation analyses is time- and cost-intensive. However, Stocker and Walthert [29] reported that solely 68%, 31% and 56% of clay, silt and sand variability, respectively, could be explained by the finger texturing method (predicted by sieving and sedimentation analyses). They took more than 11,000 soil samples from approximately 90 Swiss forest sites from six depth levels down to 1.5 m. This rather imprecise soil texture determination can lead to unrealistic and severe differences in the lime application recommendations of management units [19].



	
In the past, management zones of 3 to 5 ha with assumed homogenous soil were chosen, since equal zones generally require the same liming rates and provide reasonable sizes in terms of the application equipment and sampling rates [30]. However, the creation of those management zones neglects the variation in the soil texture, SOM and the actual pH within the management units. To provide reliable soil parameters for lime management at a higher spatial resolution and low costs, on-the-go soil sensor systems, such as the Geophilus [31] and the Veris pH manager [32], are appropriate solutions. Meyer et al. [19] used the mentioned sensor systems in combination with targeted soil samples that were taken for sensor calibrations by analyzing the soil pH, SOM and soil texture with standardized laboratory methods. Finally, they produced 2 × 2 m maps of the actual soil acidity (pH), SOM and soil texture (clay, silt, and sand). Bönecke et al. [17] used these generated soil maps and the stepless algorithm to successfully produce variable rate lime application maps. They compared the variable liming rates with a standard uniform liming approach and found that 63% of the field would be over-fertilized by approximately 12 Mg of lime, 6% would receive approximately 6 Mg too little lime and 31% would still be adequately limed under the uniform liming approach.



	
As mentioned above, reference or targeted soil sampling is necessary to calibrate sensor data that are not causally related to the agronomic parameters used to make management decisions. In practice, the determination of sampling locations is almost subjective. According to Adamchuk et al. [33], three criteria should be considered: (a) targeted samples have to cover the entire range of the sensor data, (b) within a radius of 30 m around the reference sampling point, the soil should be spatially homogeneous and (c) the targeted sampling locations should be well distributed throughout the area of investigation. To the best of our knowledge, a reliable automated approach to determine the targeted sampling locations built up on these three criteria is still missing.



	
Regarding fertilizer applicators, Lawrence [21,34,35] reported that, although variable rate technologies have been demonstrated to satisfactorily operate the actual performance of the fertilizer, spreading machinery is often shown to be inadequate. A similar assessment was given by Holmes and Jiang [36] who argued that the current fertilizer spreading equipment does not provide the accuracy needed to undertake variable rate liming trials. This problem is further aggravated because the two main variable rate fertilizer application techniques are the application of liquid and granulose products. Granular lime fertilizers are available, but are more expensive and therefore usually less applied.








Regardless of the presented problems, increasing attention is being paid to small-scale site-adapted liming by farmers, not least because it is associated with three kinds of benefits: agronomical, economic and environmental.
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Figure 1. pH ranges of the lime supply statuses A–E (compare Table 1) in relation to the soil texture classes (TEX1–5) and the soil organic matter (SOM) classes (SOM1–4). 
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Figure 2. CaO amounts recommended by VDLUFA to increase the pH value from suboptimal statuses to the optimum pH ranges, depending on the SOM and soil texture classes. The given pH ranges correspond to the lime supply statuses A and B (compare Table 1 and Figure 1). The recommendation is usually related to a period of 4 years (one crop rotation). 
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Figure 3. CaO amounts to maintain the optimum pH range (lime supply status C) depending on the soil texture classes and soil organic matter classes. These VDLUFA recommendations refer to a crop rotation of 4 years. 
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Figure 4. Soil texture classes of VDLUFA (TEX1 = yellow, TEX2 = ochre yellow, TEX3 = brown, TEX4 = green, TEX5 = blue) and 31 German Soil Science Society (DBG) soil texture classes (polygons with labeled centroid points (black dots)) as related to the clay and silt contents. 
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Figure 5. Left: Upper pH limits of the lime supply statuses (pHmax_A–D) as used by the VDLUFA approach (dots) and calculated according to Equations (3)–(6) (surfaces), always in relation to the soil organic matter (SOM) content and the mean particle diameter (MPD). Right: maximum pH values as predicted by Equations (3)–(6) (pHmax_A–D Model) vs. the observed pH values by the VDLUFA approach (pHmax_A–D VDLUFA). 
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Figure 6. Left: Intercepts (top) and slopes (bottom) of the dependency of the CaO demand of soils on the soil pH, mean particle diameter (MPD) and soil organic matter (SOM) content as calculated based on the linear relationships given by the VDLUFA approach and shown in Figure 2 (dots) and calculated according to Equations (7) and (8) (surfaces). Right: Intercepts (top) and slopes (bottom) calculated by Equations (7) and (8), respectively, predicted (Model) vs. observed (VDLUFA) approach. 






Figure 6. Left: Intercepts (top) and slopes (bottom) of the dependency of the CaO demand of soils on the soil pH, mean particle diameter (MPD) and soil organic matter (SOM) content as calculated based on the linear relationships given by the VDLUFA approach and shown in Figure 2 (dots) and calculated according to Equations (7) and (8) (surfaces). Right: Intercepts (top) and slopes (bottom) calculated by Equations (7) and (8), respectively, predicted (Model) vs. observed (VDLUFA) approach.



[image: Agronomy 11 00785 g006]







[image: Agronomy 11 00785 g007 550] 





Figure 7. (Left): Maximum amount of a single CaO application [Mg ha−1] as recommended by the VDLUFA approach (dots) and calculated according to Equation (9) (line) always in relation to the mean particle diameter (MPD) [10−3 m]. (Right): CaO amounts predicted by Equation (9) (CaOModel) vs. observed VDLUFA (CaOVDLUFA); R2 = 0.992. 
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Figure 8. CaO amounts necessary to increase the pH value from a suboptimal range (lime supply statuses A and B) to the optimum pH range (lime supply status C), as recommended by the VDLUFA approach (CaOVDLUFA, see Figure 3), in comparison to the CaO amounts predicted by the stepless approach (CaOModel). 
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Table 1. Soil pH and lime requirement classes of the Association of German Agricultural Investigation and Research Institutions (VDLUFA) [23].
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	pH Class/Lime Supply Status
	Description
	Lime Requirement





	A—very low
	Conditions: Significant impairment of soil structure and nutrient availability, very high lime requirement, significant yield losses in almost all crops up to complete yield loss, strongly increased plant availability of heavy metals in the soil.

Action: Liming takes precedence over other fertilization measures regardless of the crop.
	high



	B—low
	Conditions: Still sub-optimal conditions for soil structure and nutrient availability, high lime requirement, mostly still significant yield losses in lime-demanding crops, increased plant availability of heavy metals in the soil.

Action: Within the crop rotation, preferential liming for lime-demanding crops.
	medium



	C—optimal
	Conditions: Optimal conditions for soil structure and nutrient availability, low lime requirement, hardly or no additional yield through liming.

Action: Within the crop rotation, liming for lime-demanding crops.
	low



	D—high
	Conditions: The soil pH status is higher than intended, no lime requirement.

Action: Omission of lime application
	no liming



	E—very high
	Conditions: The soil pH status is much higher than intended and can negatively affect nutrient availability as well as crop yield and quality.

Action: No liming or use of fertilizers that, as a result of physiochemical or chemical reactions, acidify the soil.
	no liming and no use of fertilizers that react to alkaline conditions
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Table 2. Clay, silt, and sand contents [kg kg−1] and the corresponding mean particle diameters (MPDs) [10−3 m] of the 31 DBG soil texture classes.
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Soil Texture

	
Coordinate Centers of the Polygons

	




	
Classes

	
Clay

	
Silt

	
Sand

	
MPD






	
Tt

	
0.766

	
0.117

	
0.117

	
0.0006




	
Tu2

	
0.550

	
0.375

	
0.075

	
0.0013




	
Tl

	
0.550

	
0.225

	
0.225

	
0.0022




	
Tu3

	
0.363

	
0.563

	
0.074

	
0.0030




	
Tu4

	
0.284

	
0.683

	
0.033

	
0.0036




	
Ts2

	
0.550

	
0.075

	
0.375

	
0.0037




	
Lt3

	
0.400

	
0.400

	
0.200

	
0.0039




	
Ut4

	
0.210

	
0.720

	
0.070

	
0.0057




	
Lu

	
0.235

	
0.575

	
0.190

	
0.0077




	
Ut3

	
0.144

	
0.753

	
0.103

	
0.0085




	
Lt2

	
0.300

	
0.400

	
0.300

	
0.0085




	
Lts

	
0.350

	
0.225

	
0.425

	
0.0105




	
Ut2

	
0.100

	
0.775

	
0.125

	
0.0112




	
Uu

	
0.040

	
0.880

	
0.080

	
0.0124




	
Ts3

	
0.400

	
0.075

	
0.525

	
0.0120




	
Ls2

	
0.210

	
0.450

	
0.340

	
0.0145




	
Uls

	
0.125

	
0.575

	
0.300

	
0.0183




	
Ls3

	
0.210

	
0.350

	
0.440

	
0.0205




	
Ts4

	
0.300

	
0.075

	
0.625

	
0.0262




	
Us

	
0.040

	
0.650

	
0.310

	
0.0275




	
Slu

	
0.125

	
0.450

	
0.425

	
0.0282




	
Ls4

	
0.210

	
0.225

	
0.565

	
0.0315




	
Sl4

	
0.145

	
0.250

	
0.605

	
0.0481




	
St3

	
0.210

	
0.075

	
0.715

	
0.0529




	
Su4

	
0.040

	
0.450

	
0.510

	
0.0549




	
Sl3

	
0.100

	
0.250

	
0.650

	
0.0684




	
Su3

	
0.040

	
0.325

	
0.635

	
0.0845




	
Sl2

	
0.065

	
0.175

	
0.760

	
0.1166




	
St2

	
0.110

	
0.050

	
0.840

	
0.1262




	
Su2

	
0.025

	
0.175

	
0.800

	
0.1595




	
Ss

	
0.025

	
0.050

	
0.925

	
0.2456
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Table 3. Fitted coefficients and their standard errors (in parentheses) of the mathematical models, as shown in Equations (3)–(6).
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Fitted

	
Dependent Variable




	
Coefficient

	
pHmax_A 1

	
pHmax_B 1

	
pHmax_C 1

	
pHmax_D 1






	
a

	
4.13

	
6.69

	
7.64

	
4.87




	

	
(1.85 × 10−1)

	
(2.19 × 10−2)

	
(2.22 × 10−2)

	
(1.38 × 10−1)




	
b

	
−2.37 × 10−1

	
−1.17 × 10

	
1.08 × 10

	
−1.15




	

	
(1.75 × 10−1)

	
(7.19 × 10−1)

	
(5.58)

	
(1.30 × 10−1)




	
c

	
−5.17 × 10−3

	
−1.81 × 10−2

	
−1.03 × 10

	
−8.26 × 10−3




	

	
(1.90 × 10−3)

	
(8.02 × 10−4)

	
(1.66 × 10)

	
(1.41 × 10−3)




	
d

	
7.34 × 10−2

	
6.31 × 10

	
−3.04 × 10−2

	
−1.33 × 10−1




	

	
(5.32 × 10−2)

	
(9.56)

	
(3.28 × 10−3)

	
(3.96 × 10−2)




	
e

	
5.31 × 10−6

	
7.94 × 10−5

	
1.05 × 10−4

	
9.51 × 10−6




	

	
(1.69 × 10−5)

	
(8.53 × 10−6)

	
(1.02 × 10−5)

	
(1.26 × 10−5)




	
f

	
1.72 × 10−3

	
1.74 × 10−2

	
−1.95 × 10−7

	
1.46 × 10−3




	

	
(5.06 × 10−4)

	
(3.77 × 10−3)

	
(2.55 × 10−8)

	
(3.77 × 10−4)




	
g

	
1.34 × 10−2

	
−1.63 × 10−2

	
4.28

	
−4.79 × 10−3




	

	
(5.09 × 10−3)

	
(3.22 × 10)

	
(7.76 × 10−1)

	
(3.79 × 10−3)




	
h

	
3.00 × 10−8

	
−1.39 × 10−7

	
−1.49 × 10

	
3.54 × 10−8




	

	
(4.66 × 10−8)

	
(2.41 × 10−8)

	
(1.97)

	
(3.47 × 10−8)




	
i

	
−9.94 × 10−8

	
−5.60 × 10−5

	
3.62 × 10

	
−1.83 × 10−6




	

	
(1.15 × 10−6)

	
(1.08 × 10−5)

	
(7.56)

	
(8.60 × 10−7)




	
j

	
1.78 × 10−4

	
7.68 × 10−3

	
−1.55 × 10−3

	
9.13 × 10−5




	

	
(5.87 × 10−5)

	
(1.20 × 10−2)

	
(4.00 × 10−4)

	
(4.38 × 10−5)








1 pHmax_A–D = upper limits of the pH range for each lime supply status A–D.
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Table 4. Fitted coefficients and their standard errors (in parentheses) of the mathematical models, as shown in Equations (7) and (8).
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Fitted

	
Dependent Variable

	




	
Coefficient

	
Intercept 1

	
Slope 1






	
a

	
−1.32

	
4.69 × 10−1




	

	
(8.96 × 10−2)

	
(2.93 × 10−2)




	
b

	
1.01 × 10−1

	
8.20 × 10−2




	

	
(1.80 × 10−3)

	
(4.64 × 10−3)




	
c

	
−8.64

	
−1.12




	

	
(7.29 × 10−2)

	
(2.72 × 10−2)




	
d

	
4.39 × 10−4

	
−1.75 × 10−3




	

	
(5.96 × 10−5)

	
(1.57 × 10−4)




	
e

	
1.45 × 10−1

	
2.24 × 10−2




	

	
(1.50 × 10−3)

	
(6.35 × 10−4)




	
f

	
1.70 × 10−2

	
1.44 × 10−2




	

	
(1.50 × 10−4)

	
(3.83 × 10−4)




	
g

	
3.71 × 10−2

	
1.28 × 10−2




	

	
(4.79 × 10−3)

	
(1.59 × 10−3)




	
h

	
−7.33 × 10−7

	
7.71 × 10−6




	

	
(1.47 × 10−7)

	
(5.18 × 10−7)




	
i

	
−5.18 × 10−4

	
−8.45 × 10−5




	

	
(5.22 × 10−6)

	
(2.40 × 10−6)




	
j

	
2.22 × 10−4

	
2.08 × 10−4




	

	
(5.89 × 10−6)

	
(1.20 × 10−5)




	
k

	
3.64 × 10−2

	
5.02 × 10−3




	

	
(2.73 × 10−4)

	
(9.57 × 10−5)








1 Intercept and slope of the relationship between the pH and lime demand.
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