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Abstract

:

The current study compares the phosphorus (P) analysis methods of ammonium lactate (AL), Mehlich 3 (M3); water extraction (P-WA(P)&P-WA(PO4)), cobalt hexamine (CoHex) and X-ray fluorescence (XRF) as an estimate of total soil P. The ratio of the P-content/XRF was first calculated and compared with the whole dataset. Based on the comparison of all the data, there were significant differences between the results of P-WA(P) and P-WA(PO4) vs. M3 and AL, CoHex vs. M3 and CoHex vs. AL methods (p < 0.001). The second step was the analysis of the influencing factors based on their categories for a more in-depth understanding of their role (CaCO3-content, pH, soil texture and clay content). The results showed that higher CaCO3 content (>1%) resulted in lower correlations (6/10 cases). The extraction methods, the soil, the classification method of the soil properties and the statistical analyses affect the evaluation. The dataset covers a good range of the analysed factors for the evaluation of phosphorus in the majority of Hungarian soil types in arable use. There were two methods that detected the largest amount of P from the total P in the soil: AL and M3.
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1. Introduction


At the current utilization rate, it is estimated that the global phosphorous (P) reserve at the current utilization rate will last from 600 to 1000 years [1]. Hence, there is an urgent need to adopt sustainable and effective use of P fertilizers worldwide. In the European Union, the Soil Protection Act makes it mandatory for farmers to monitor and maintain adequate levels of soil fertility by regular testing. However, there is still no common regulation for analytical methods of soil analysis [2,3].



Soils can only be managed sustainably at a global level if sufficient, reliable and comparable information is available. The harmonization of soil analysis methods is important in order to be able to comply with legislation and boundary conditions and assess agricultural sustainability. According to the results of the FAO GLOSOLAN project data, harmonised information is critical in order to compare information and model the P variation between different world areas, on either a regional or global scale [4,5], and to support an appropriate management decision (FAO, Global Soil Partnership).



Among nutrients, P in soil is one of the most difficult to analyse due to its different forms, e.g., P dissolved in the soil solution; P absorbed into clay minerals, Fe and Al (hydr-)oxides, P in primary minerals [6]; organic P and microbial P pools [7]. Speciation of P pools has led to the development of various P extraction methods [8,9], which are currently used to prevent P loss from agricultural soils and eutrophication of water bodies [10]. Thus, the detailed P circulation in the soil-plant-water system is of primary importance, both economically and environmentally. Consequently, major P flows are modelled on a national scale [11] or with respect to the agroecosystems [12]. However, all predictions and control must be based on accurate measurements.



The extractants for P analysis are supposed to model different environmental conditions. Water extraction methods (WA) determine P in soil solution [11,12,13], Mehlich 3 (M3) [14,15,16] and ammonium lactate (AL) extractants are used to measure the soluble and exchangeable P forms in some countries such as Belgium, Germany, Hungary, Lithuania, Norway, Poland and Slovenia [17,18]. The readily and slowly exchangeable nutrient forms in the soil can be measured with the cobalt hexamine trichloride (CoHex) method [19,20]. At the same time, X-ray fluorescence (XRF) can be used to quantify the total soil P content [21].



The Mehlich 1 (double acid, M1) [22] procedure is designed for the evaluation of P in acid sandy soils, and this method has been widely used in North and South America [6,23,24], whereas the Mehlich 2 [25] method was a standard method for assessing the fertilizer and liming requirements of crops in the Czech Republic and Slovakia up to 1994 [23], before being replaced by the Mehlich 3 (M3) method [26,27]. Although the M3 was initially introduced for acid soils, its use has been extended to include alkaline soils [28,29,30,31] also in Estonia, some provinces of Canada and states in the USA [8,32] to represent the tightly sorbed and partly organic P pools. In a comparative study, Sarker [33] reported significant differences in P pools extracted with the Olsen, Mehlich 3, Kelowna and Bray & Kurtz [34] methods, with the Mehlich 3 showing the highest values.



The lactic acid (AL) method [35] is applied in several Western European countries, with some countries substituting Ca-lactate for AL [36], buffered at pH 3.75, to extract P bound to Al and Fe (hydr-)oxides, and therefore generally extracting more P than other methods. This method is supposed to represent a plant-available P pool in the soil.



X-ray fluorescence (XRF) spectrometry is attracting much attention as an upcoming proximal soil sensing (PSS) technique. XRF is a quick method for determining the total elemental compositions of soil samples [21].



Several studies investigated and compared the efficiency of P extraction methods and their relationship with soil properties [11,12], but their contribution to the optimization of the fertilization strategies of agricultural soils is still not clear, especially in relation to main soil factors, such as pH and electrical conductivity (EC) values, clay and organic matter contents, and the amount of carbonates [11,12].



The cobalt hexamine trichloride (CoHex) method described by Ciesielski and Sterckeman [19] is currently a standard method to determine soil cation exchange capacity (CEC) [31].



The present study aims to compare the extraction efficiency of the most widely used P extraction methods and to quantify and highlight the role of core soil properties on the P extraction efficiency. The working hypothesis is that increasing trends of clay and carbonate contents and pH values influence the P extractability in nonlinear ways on the examined Hungarian soils. This hypothesis was tested by analysing soils from a nationwide sampling campaign in Hungary, in which soils with different properties and under various management were sampled. The samples were analysed and categorized according to the main influencing factors.




2. Materials and Methods


2.1. Collection of the Soil Samples


In the summer of 2017, seventy geo-referenced soil samples were collected from the 0–20 cm at sites throughout Hungary (Figure 1). The sites included 59 intensive arable fields, five forests, five grasslands and one horticultural area. The chosen soils were mainly Chernozems, Phaeozems, Cambisols, and Luvisols.



The locations of the seventy samples were selected according to Minasny–McBratney [37] and Roudier–Hedley [38]. Factors considered in this selection were land use, soil type, climate data, accessibility, and market value.



Soil experts took the samples based on the following requirements:




	-

	
Take a clean sample bag and attach a barcode label to it.




	-

	
Collect the sample from a bare spot if possible.




	-

	
Remove plants or plant debris before you take the sample.




	-

	
Put the sample in an empty and clean white bucket and break the particles to find stones and roots.




	-

	
Remove the stones (>2 mm), big roots and organic material particles (>2 mm) from the sample. Take a picture of the soil.




	-

	
Transfer the sample into the sample bag.




	-

	
The required sample weight should be:




	○

	
If dry—minimum of 600 g




	○

	
If humid—minimum of 750 g




	○

	
If wet—minimum of 850 g










	-

	
Weigh all removed stones separately.




	-

	
Attach a barcode label to the bag.




	-

	
Close the sample bag by folding it and twisting the yellow ends of the sample bag.




	-

	
Place the bag directly in the cooled box. Wet soil needs to be kept at <10 °C.










2.2. Laboratory Analysis


The selection of analytical methods was made on the basis of the International Soil-analytical Exchange Programme (ISE) of the Wageningen Evaluating Programmes for Analytical Laboratories (WEPAL), and was: Mehlich 3 (M3, [39]), water extraction (P and PO4, separately), X-ray fluorescence (XRF) [40]. The ammonium lactate (AL) method was used in the accredited Hungarian laboratory [41].



The samples had to reach the central location, cooled, and be dried a maximum of two days after they had been collected. The drying cabinet was set at 40 °C until the sample was dry. A sample was dry when humidity was neither visible (uniform color), nor tangible (the color inside the bigger soil parts is uniform after crushing). Once the samples were dry, drying was stopped—a process that had to be checked regularly (e.g., half-hourly).



Once the samples were dried, they were sieved through a 2 = mm sieve. All remaining stones and visible plant debris, and roots remaining in the sieve were thrown away. The weight of the dried and sieved sample must be of minimum 500 g.



The samples were placed in a strong plastic bag, the air pushed out of the plastic bag, folded at least seven times and folded over the end to make sure no soil can escape. They were stored in a cool area until sent to the Netherlands and to the Hungarian laboratories.



Water extractions were conducted using 12 g of air-dried soil in deionized water (1:5 w:v), shaken for 30 min, and the extract analysed by ICP-MS after filtration. In the water extraction, both P and PO4 were separately measured.



During the data analysis, the P-WA(PO4) measurements were converted to P, and the same extracts were used for measuring the chosen parameters, mainly to determine pH and EC values. Total P contents were determined by XRF following the ISO standard method [40]. The AL method (0.1 M ammonium lactate, 0.4 M acetic acid) was executed according to the Hungarian national standard [41].



Cobalt hexamine trichloride (CoHex) was used for the analysis of the cation exchange capacity (CEC [35]) by measuring the difference between the initial and the final concentration of Co quantified by ICP-MS. The total element content of soils was determined with an energy dispersive X-ray fluorescence spectrometer (ED-XRF) after milling and pelleting a subsample of 30 g to 1 mm particle size [42].



The CaCO3-content was determined using the gas volumetric method of Scheibler [43], soil texture was analysed by measuring the particle size distribution using laser diffractometry (Fritsch Analysette 22 Microtech Plus) after organic matter oxidation, carbonate dissolution and clay dispersion using H2O2, 10% HCl ad 0.5 M Na-pyrophosphate treatments, followed by sonication treatments. The particles size distribution was calculated applying a 1.54 refractive index value.




2.3. Influencing Factors


To evaluate the role of soil properties affecting the phosphorus extraction efficiency, samples were classified according to pH (KCl), CaCO3 content and clay content. Five pH (KCl) groups were created (Table 1), with minor modifications of the original categories. A minimum of 11 samples per group were available for statistical analysis.



In the Hungarian advisory system, CaCO3 content and soil types (place of production category) are the influencing factors considered for the assessment of phosphate availability in the soil. The evaluation of plant-available P is based on the lime content of the soil (below or above 1%, MÉM-NAK [44]). There are 44 samples with <1% CaCO3 and 26 samples with >1% CaCO3 content.



To investigate the dependence of phosphorus on lime content in a more detailed manner, five groups were created, considering the need to have at least five samples per group for statistical purposes (Table 1). Sample numbers for the most optimal statistical analysis were the basis for creating the groups; the minimum sample number was seven. Furthermore, the lime-free category (<0.1%) was used, so samples in the lime-free and very low content categories could be analysed separately.



On the texture identification triangle, the clay content groups are classified as 0–10, 10–20, 20–30%, etc. For a detailed analysis of the dependence of phosphorous on clay content, six groups were created (Table 1).




2.4. Statistical Analysis


Soil properties and analysis methods were described using descriptive statistics: arithmetic means, median, coefficient of variation (CV), standard deviation (RSD), maximum (Max), and minimum (Min) values.



Relationships between the P determination methods were evaluated with regression analysis.



Pearson correlation analysis was used to determine the relationship between the extraction methods and the soil parameters (pH, CaCO3, clay).



The normality of the data series of the different analysis methods was tested with the Kolmogorov–Smirnov test. A non-parametric Friedmann ANOVA test was used for data that were not normally distributed. A parametric, repeated measures ANOVA test was used for normally distributed data.



The Wilcoxon signed-rank test, a non-parametric statistical hypothesis test, was used to compare the analysis methods (WA, M3, CoHex, AL, XRF) to assess whether their mean ranks differed.



The pairwise analysis test was used to investigate the content dependence of the used soil parameter measurement methods between pH (KCl), CaCO3-content and clay content depending on the used soil parameter measurement method used. This type of location test is used to compare measurements of the analysis methods to assess whether their means differ. The ratio of extractable P-content/XRF was compared and classified according to specified pH, CaCO3 content and clay content groups.



The non-parametric box plots method was used to display the variation in the P determination methods in the specific groups of pH (KCl), CaCO3-content and clay content.





3. Results


3.1. General Description of the Dataset


The descriptive statistics of the seventy soil samples dataset are presented in Table 2.



The pH (KCl) of the sample set covered a wide range of the pH scale from strongly acid to slightly alkalic soils. The CaCO3 was also diverse in the sample set from 0.1 to 18.7%. The median CaCO3 content was 0.4, so many samples were in the lime-free or low-lime category. There was a minimum of seven data in each CaCO3 category, so the effect of higher CaCO3 contents could be evaluated. The CaCO3 content showed the highest variability (CV = 1.6). The average clay content of the sample set was 14.3% which resulted in the use of seven texture classes during the evaluation. The full related database was uploaded to a repository (see Appendix A).




3.2. Comparison of Phosphorus Determination Methods


3.2.1. Descriptive Statistics of the Phosphorus Analysis Results


The descriptive statistics of the phosphorus content of the soil sample dataset used for comparison are presented in Table 3.



The highest P content was measured by XRF analysis which determines the total amount of P in the soil. The other methods measured much lower amounts because their extractants dissolve less P and they are mostly applied to represent the plant-available phosphorus content in the soil. Comparing the four other methods, P-WA(P) showed the lowest, whereas M3 had the highest measured P content in the soil. The mean and median of the P content measured by the four methods resulted in the following order: P-WA(P) < P-WA(PO4) < CoHex < M3 < AL < XRF.




3.2.2. Comparison of All the Values Measured by Six Different Methods


First, the non-parametric Kruskal–Wallis test was used to describe the situation of comparing the applied methods (Figure 2).



The boxplot shows two groups, one consisting of P_WA_PO4, P_Wa, and P_CO; and the other P_M3 and P_Al_P2O5. Due to the fact that almost all boxplots yielded the same results, no further boxplots are presented in the text; they are all available in Appendix B.



Secondly, a correlation regression was used to determine the relationships of the soil P content measured by the P-WA(P), P-WA(PO4), M3, CoHex, AL, and XRF methods. The correlations (R2) between the different phosphorus analysis methods are presented in Table 4; the figures are presented in Annex 1.



The strongest relationship was detected between the P content measured by the P-WA(PO4) vs. P-WA(P) (R2 = 0.89). The second strongest relationship was between the P-WA(PO4) vs. M3 methods (R2 = 0.72). The third strongest relationship showed between the P-WA(P) vs. M3 (R2 = 0.67)



A weak correlation was found between the P content determined by M3 and XRF methods, while there was no correlation between P-WA(PO4), P-WA(P) vs. CoHex (R2 = 0.39), M3 vs. AL (R2 = 0.33), M3 vs. XRF (R2 = 0.20) and CoHex vs. XRF methods. There was no relation between P-WA(PO4), P-WA(P) vs. AL and XRF methods.




3.2.3. Comparison of the Measurements of Five Methods Versus XRF


Table 5 shows the different RSD and the mean, median, minimum and maximum ratios that each method could measure from the total amount of P (XRF).



Mean percentage values resulting from all the P determination methods showed the following order of measured magnitude: P-WA(P) < CoHex < P-WA(PO4) < M3 < AL.



The pairwise analysis reveals strong significant differences between the results of P-WA(P) and P-WA(PO4) vs. M3 and AL results, between the CoHex vs. M3 and CoHex vs. AL methods (p < 0.001).





3.3. The Effect of Soil Parameters on the P Analysis Methods


3.3.1. Pearson Correlation Analysis


Pearson correlation analysis was applied to investigate the effect of pH (KCl), CaCO3-content and clay content.



The comparison of the P analysis methods results shows a very strong correlation between P-WA(P) and P-WA(PO4) (r = 0.94), M3 and P-WA(PO4) (r = 0.85), M3 and P-WA(P) (r = 0.82). A strong correlation was found between CoHex vs. P-WA(PO4) and P-WA(P) (r = 0.62), CoHex vs. M3 (r = 0.66), AL vs. CoHex (r = 0.67) and AL vs. XRF (r = 0.70) methods.




3.3.2. Evaluation of the Measured P Contents Considering CaCO3 Content


In the Hungarian advisory system, CaCO3 content is considered a major influencing factor for the availability of phosphate in the soil.



Table 6 shows the different ratios (%) that each method could measure from the total amount of P (indicated by the XRF method results) in the case of the two CaCO3 groups: below and above 1% (these two groups are used in the Hungarian advisory system, based on decades of plot experiments).



The mean, median, minimum and maximum percentage values stemming from the P determination methods resulted in similarities and differences in the two CaCO3 groups. The order of the measured magnitudes based on the mean in case of <1% CaCO3: CoHex < P-WA(P) < P-WA(PO4) < M3 < AL



The order of the measured magnitudes based on the median in case of <1% CaCO3: P-WA(P) < CoHex ≤ P-WA(PO4) < M3 < AL



The order of the measured magnitudes based on the mean and median in case of >1% CaCO3: P-WA(P) < P-WA(PO4) < CoHex < M3 < AL



With a higher than 1% CaCO3 content, the measured phosphorus from the total was lower in the case of P-WA(P), P-WA(PO4) methods.



In the case of M3, the results of the median were similar at both CaCO3 levels, but the results of the mean showed higher phosphorus in the case of <1% CaCO3.



A higher than 1% lime content resulted in higher phosphorus levels in the case of CoHex and AL methods. With a >1% CaCO3 content, the result of the mean phosphorus was 7.5% higher compared to the soils with <1% CaCO3.



With <1% CaCO3, the mean of the measured phosphorus with AL method was 12.79% from the total amount, while with >1% CaCO3 the mean of the measured phosphorus was 20.41%. With a higher lime content, the measured phosphorus was 37% higher compared to the lower lime content.



The higher the calcium, the higher the number of fixed phosphates, meaning that the AL method extracts more phosphates.



Regression analysis was used to determine the relationships of the soil P content measured by the P-WA(P), P-WA(PO4) M3, CoHex and AL methods, according to the lime content (Table 7).



There was one pair of methods where the correlation was not affected by the CaCO3-content): CoHex vs. M3. P-WA(PO4) vs. M3 was also almost equal.



The AL method resulted in a lower correlation with other methods of higher CaCO3-content. While it had 0.39, 0.41 and even 0.69 R2 values, the strength of correlation decreased with the increase of CaCO3 content: 0, 0.01, 0.1 and 0.2 R2 values.



The opposite happened with the P-WA(PO4) vs. P-WA(P) analyses; the higher CaCO3-content increased their correlation. The correlation of P-WA(PO4) vs. CoHex and the P-WA(P) vs. M3 also increased, while there was a slight decrease in the case of P-WA(P) vs. CoHex, besides all AL-related cases.




3.3.3. Pairwise Analysis of the Measured Values in the pH (KCl) Groups


The pairwise analysis of the measured phosphorous ratios compared with the measured total phosphorous amounts based on the pH (KCl) groups showed variations between the methods.



Based on the data evaluation of the analysis methods, a non-normal distribution was found in Group 1, 2, 4, and 5, so a non-parametric Friedmann ANOVA test was used. In Group 3 the data of the analysis methods showed normal distribution; as a result, a parametric Repeated Measures ANOVA test was used.



Group 1–3: In the first two pH (KCl) groups (pH 3.39–4.35, 4.36–5.47 and 5.48–6.78), the results of P-WA(P) vs. CoHex and M3 vs. AL methods were not significantly different in these acid groups. The two P-WA(P) phosphorus measurements and AL, M3 methods were significantly different. CoHex measured a significantly different amount of P compared to M3 and AL (Table 8).



Group 4: In the fourth group (pH 6.79–7.2), P-WA(P) vs. CoHex and M3 vs. AL methods were not significantly different, such as in groups 1, 2, 3. The P-WA(P) and Cohex methods results did not show a significant difference, but the CoHex method was not significantly different from M3, only from AL (Table 8).



Group 5: Based on the comparison between the groups, in the fifth pH (KCl) group (pH 7.21–8.14), M3 did not diverge from the AL method. CoHex and M3 were not significantly distinguishable, while CoHex was significantly different from AL methods. The results of the two P-WA(P) methods were similar, but in this group, P-WA(P) was considerably distinct from CoHex, while P-WA(PO4) was not significantly different from CoHex (Table 8).



P-WA(P), P-WA(PO4) vs. AL, M3 methods were significantly different in all pH (KCl) groups.



In group 5, from the two P-WA(P) methods, just the results of P-WA(PO4) were significantly different from CoHex.



CoHex and M3 methods were significantly different in all pH (KCl) groups. CoHex and AL methods were significantly different in the first three acid groups, but the two methods were not different in terms of pH (KCl) 6.79.



There was no significant difference between the results of AL vs. M3 and P-WA(P) vs. CoHex methods. The AL method differed significantly from Cohex, P-WA(P) methods in each pH (KCl) category.




3.3.4. Comparison of the Measured Values Based on the CaCO3-Content Groups


Group 1–2: In the first two CaCO3 groups (0–0.84%) P-WA(P), P-WA(PO4) vs. CoHex and M3 vs. AL methods were not significantly different. P-WA(P), P-WA(PO4) vs. AL, M3 methods were significantly different. The CoHex method was also significantly different from AL and M3 methods (Table 9).



Group 3–5: In these three groups, the results were identical with that of the first group, except for P-WA(PO4) vs. AL methods, which remained unchanged (Table 9).



The detailed classification based on CaCO3 content showed almost the same results when the pairwise analysis was based on all the data. The most similar methods were AL vs. M3 methods and P-WA(PO4), P-WA(P) vs. CoHex methods. CoHex vs. M3 and AL methods were significantly different in all CaCO3 groups. In this pairwise comparison, there was no significant difference between the results of AL and M3 in the CaCO3 groups.




3.3.5. Comparison of the Measured Values Based on the Clay-Content Groups


Group 1–5: In the first five groups (6.82–21.82%), the results of the pairwise analysis were the same in all groups (except for one result in group 4 where CoHex vs. M3 pair was not significantly different while in other groups it was). There was no significant difference between P-WA(P), P-WA(PO4) vs. Cohex and AL vs. M3 (Table 10).



Group 6: In the sixth clay group (21.83–24.89), the following pairs were significantly different: P-WA(PO4), P-WA(P) vs. Al, and CoHex vs. AL and M3 (Table 10).



The results of the pairwise analysis of the different clay groups produced almost identical results for the pairs; there were either no, or very little significance levels, or there were almost always 0.01 or stronger significance levels. The classification based on clay showed similar results to the pairwise analysis of all data.




3.3.6. All-Inclusive Evaluation of the Effect of the Examined Soil Parameters on Phosphorus Measurements


As a summary of the effect of all the examined soil parameters (pH (KCl), CaCO3 and clay), including all the groups created for each of them, a calculation was made to order the ratios of the significant results of the pairwise analysis (Table 11). It helps to evaluate the methods and establish general trends and tendencies.



Order: 1 to 7 (1: smallest difference 7: biggest difference based on all parameters).



Evaluation of the differences based on the four influencing factors resulted in the following order (1-smallest difference 7-biggest difference):




	
P-WA(PO4) vs. P-WA(P), P-WA(P) vs. CoHex and AL vs. M3



	
P-WA(PO4) vs. CoHex



	
P-WA(PO4) vs. AL



	
CoHex vs. AL



	
CoHex vs. M3



	
P-WA(PO4) vs. M3 and P-WA(P) vs. M3



	
P-WA(P) vs. AL











4. Discussion


Our findings indicate that pH and clay content influence the measured, plant-available P content of the soil, which opposes Blombäck et al.’s results [45]. They used pH, clay and total carbon as an explanatory variable for regression models, aiming to describe phosphorous saturation in the soil; however, they did not find notable improvements to the significance of the regression models.



Among the methods analysed, we found M3 as one of the two methods that measured the highest proportions of the total P. This contradicts the results of Silva and van Raij [46], who found that the anion exchange resin method resulted in the highest values for the determination coefficients for the correlations between phosphorous uptake by plants and soil phosphorous content. They also found that the resin method properly shows the effect of liming on the increase in P availability in soil, thus the M3 method does not; thus, the Mehlich method underestimates the plant-available phosphorous in the soil.



The water-soluble method measures the smallest amounts of plant-available P-content. However, it was not only used but found appropriate to evaluate the plant-available P-content of the soils of the Netherlands as early as the 1960 s [16]. Water-soluble P (PW) measurement was identified to be independent of organic matter content, pH, particle size distribution, and CaCO3-content, while also found to be sensitive to Fe2O3 content (above 10%). This goes against our findings, as we found dependencies on pH, lime and clay contents. The conclusion was that the PW value is an appropriate value for plant-available P content of the soil, and this is true for a wide variety of soils. It is in contradiction to the findings of Neyroud and Lischer [12], who found that PW values may underestimate the plant-available phosphorous in the soil. We also found that the water-soluble P and PO4 methods yielded similar results (and both were similar to the CoHex method), but they all had significant differences against all other methods in all groups of the influencing soil parameters. Pw is the fraction that has primary importance in diffuse pollution or P loss by leaching [46]. However, from the perspective of sustainability, selective erosion may also trigger considerable P loss from fertilized croplands resulting in sedimentation and consequent eutrophication of surface water bodies [47,48]. In contrast, considerable P loads were transported by the finest soil particles to surface water, where biological desorption occurs. Therefore, the biological desorption from sediments as potential P extraction must be considered [49].



In the case of the AL method, Neyroud and Lischer [12] corroborated that even the five laboratories they compared had different values, where the correlation coefficient (r) was between 0.48 to 0.97 with a standard deviation ranging from 0.25 to 0.54. Therefore, it was difficult to judge the comparisons in cases where various laboratories provide data with such significant differences. This fact highlights the gaps in the comparability of P extraction methods. It possibly reflects the importance of the role of the microbiome and many other environmental properties, such as drying-rewetting and freezing-thawing, as was shown by Blackwell et al. [50]. However, in our case, there was only one laboratory for AL, so the problem of high uncertainty measurements of various laboratories does not apply to our data. It was out of the scope for this study to compare other laboratories from other countries. However, the comparison of AL and M3 methods was similar (p = 1), while Neyroud and Lischer [12] found that AL method gives higher figures than M3 method.




5. Conclusions


This study shows that not only do the well-known extraction methods affect the evaluation of P measurements, but the soil and the chosen classification of the influencing soil parameters also affect it. As a result, we provide additional knowledge and understanding about the comparison of the influencing factors to help inform in cases where intervention is needed by applying extra phosphorus for appropriate fertilization.



Specifically, the all-inclusive pairwise analysis of the five different P measurement methods, based on the ratio between each P method and XRF method, proved that P-WA(P) vs. P-WA(PO4) and M3 vs. AL are similar (p = 1); and P-WA(P) vs. CoHex and P-WA(PO4) vs. CoHex are very similar (p values are 0.614 and 0.975), while all other pairs are different (p < 0.001).



Based on the analyses of the measured P ratios (compared with the amount measured with the XRF method), we can conclude that higher pH (KCl) results in more differences; e.g., in the case of P-WA(PO4) vs. CoHex, the p-value is 1 from pH 3.39 to 6.78 but turns to 0.825 in the pH (KCl) category of 6.79–7.2. Furthermore, it produces a significant difference in the highest group (7.21–8.14). This difference does not show up if we “just” compare all the data because although most of the values are very similar, the overall result shows no significant difference between the two methods (P-WA(PO4) vs. CoHex). However, if we analyse the pH (KCl) groups that allow us to separate acid, neutral, and slightly alkaline soils, it turns out that the highest category does produce a significant difference. This is an important detail that can be used in the future when different methods must be chosen, e.g., a common method for a project or an advisory system in a certain part of a continent or on a whole continent.



Based on the results in the CaCO3-groups, we can conclude that the effects are not linear. This is due to Group 4 (CaCO3-content = 3.17–8.79%), where p values are changing; e.g., in the case of P-WA(PO4) vs. P-WA(P) and P-WA(PO4) vs. CoHex, p is 1 in all other groups but decreases below 1 in Group 4. Vice versa, in the case of P-WA(PO4) vs. AL where there are significant differences in the two lowest CaCO3-content categories and p stays below 1 in the highest category (and in Group 3 also), also increases to 1 in Group 4. Making the trends even less obvious/logical, in the case of P-WA(P) vs. AL comparison, the differences are significant in Group 1 and 2 (with low CaCO3-content, p < 0.001), the significance is a little weaker in Group 3 and 5, while in Group 4, it is stronger than in Group 3 and 5, and weaker than in Group 1 and 2.



Thus, Group 4 differs and thus strengthens the idea that this group influences the measurements. Similarly, in the case of CoHex vs. AL comparison, the neighbours of Group 4 are different; Group 3 and Group 5 both have slightly weaker significant differences than Group 4. However, in this case, Group 4, Group 1, and Group 2 have the same p values (p < 0.001), so this is already the fifth case where Group 4 “behaves” differently from the other groups. Moreover, we can also conclude that, contrary to our most likely expectations of finding similarities in the case of pH (KCl) and CaCO3 as influencing factors—as we expected a connection between the two—their influencing effects are different. The pH (KCl) causes a stronger significance in differences with its increase, whereas this trend is not obvious in the case of CaCO3.



In the case of clay content, we can conclude that the highest category (in the present case, it is 21.83–24.89% clay) resulted in weaker significant differences.



Based on these results, an important conclusion can be drawn: analysing the all-inclusive data can result in very strong and significant differences between the applied methods. However, it can be misleading, as the in-depth analyses prove otherwise. Comparison of the methods based on the influencing factors shows that in some cases, there are also similarities besides the differences among the ways that provide more insight into method comparisons.



In conclusion, not only do the well-known extraction methods affect the evaluation of P measurements, but the soil and the chosen classification of the influencing soil parameters also affect it. This comparative analysis study can provide a guide to interpret the different analysis methods to achieve harmonization.



The comparison of the amount of P measured between the different analysis methods, compared to the total contents measured with the XRF method, has provided novel results. This comparative analysis study can provide some new approaches to compare and more appropriately interpret the different analysis methods. Furthermore, the in-depth analysis of the influencing factors can help farm managers find a more sustainable way of fertilization and thus, finite and expensive nutrients are not wasted.
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Figure 1. Sampling locations of the 70 soil samples collected in Hungary during the summer of 2017. 
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Figure 2. Results of the non-parametric Kruskal–Wallis test compared the variety of applied methods (KW = 251.373, df = 4, p = 0.000, * = potential outliers, points at a greater distance from the median than 1.5 times the interquartile range). 
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Table 1. pH, CaCO3 and clay content groups with group thresholds and the number of samples classified.
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	Groups
	pH (KCl)
	CaCO3-Content
	Clay Particle Size (%)





	Group 1
	3.39–4.35 (n = 11)
	<0.1% (n = 27)
	6.82–9.64 (n = 8)



	Group 2
	4.36–5.47 (n = 11)
	0.11–0.84% (n = 17)
	9.65–12.74 (n = 24)



	Group 3
	5.48–6.78 (n = 12)
	0.85–3.16% (n = 7)
	12.75–15.69 (n = 14)



	Group 4
	6.79–7.2 (n = 13)
	3.17–8.79% (n = 9)
	15.70–18.59 (n = 13)



	Group 5
	7.21–8.14 (n = 23)
	8.80–18.71% (n = 10)
	18.60–21.82 (n = 6)



	Group 6
	
	
	21.83–24.89 (n = 5)
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Table 2. The basic statistical summary of all samples.






Table 2. The basic statistical summary of all samples.





	Indicators
	pH (KCl)
	CaCO3 (%)
	Clay (%)





	Mean
	6.2
	2.6
	14.3



	RSD
	1.3
	4.2
	4.4



	Median
	7
	0.4
	13.3



	CV
	0.2
	1.6
	0.3



	Min
	3.4
	0.1
	6.8



	Max
	8.1
	18.7
	24.9







RSD—standard deviation; CV—coefficient of variation.
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Table 3. P content determined by the different methods for all samples (n = 70).
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Indicators

	
P Content (mg/kg)

	




	
P-WA(PO4)

	
P-WA(P)

	
M3

	
CoHex

	
AL

	
XRF






	
Mean

	
1.8

	
1.6

	
56.3

	
1.9

	
108.4

	
597.1




	
RSD

	
2.5

	
2.8

	
59.7

	
2.2

	
143.4

	
257.0




	
Median

	
0.8

	
0.3

	
40.4

	
1.1

	
67.7

	
539.3




	
CV

	
1.4

	
1.7

	
1.1

	
1.2

	
1.3

	
0.4




	
Min

	
0.1

	
0.3

	
3.3

	
0.0

	
4.4

	
65.5




	
Max

	
13.7

	
13.9

	
353.4

	
14.1

	
785.6

	
1266.4








RSD—standard deviation; CV—coefficient of variation.
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Table 4. The relationship between the P contents measured by P-WA(P), P-WA(PO4), M3, CoHex, AL, and XRF methods.
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	Methods
	R2





	P-WA(PO4) vs. P-WA(P)
	0.89



	P-WA(PO4) vs. M3
	0.72



	P-WA(P) vs. M3
	0.67



	AL vs. XRF
	0.49



	CoHex vs. AL
	0.45



	M3 vs. CoHex
	0.43



	P-WA(PO4) vs. CoHex
	0.39



	P-WA(P) vs. CoHex
	0.39



	CoHex vs. XRF
	0.33



	M3 vs. AL
	0.33



	M3 vs. XRF
	0.2



	P-WA(P) vs. AL
	0.09



	P-WA(PO4) vs. AL
	0.08



	P-WA(PO4) vs. XRF
	0.07



	P-WA(P) vs. XRF
	0.06
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Table 5. The proportion of measured P from the total amount (XRF).
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Indicators

	
% P from the Total Amount of P, Measured with XRF




	
P-WA(PO4)

	
P-WA(P)

	
M3

	
CoHex

	
AL






	
Mean

	
0.31

	
0.29

	
9.93

	
0.30

	
15.62




	
RSD

	
0.39

	
0.44

	
9.80

	
0.25

	
13.49




	
Median

	
0.13

	
0.09

	
7.15

	
0.21

	
11.29




	
Min

	
0.01

	
0.02

	
0.28

	
0.00

	
1.01




	
Max

	
1.64

	
2.46

	
44.13

	
1.24

	
68.67
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Table 6. The ratio (%) of measured P from the total amount (XRF) in the case of <1% and >1% CaCO3 content.
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Indicators

	
CaCO3 (%)

	
% from the Total Amount of P (XRF)




	
P-WA(PO4)

	
P-WA(P)

	
M3

	
CoHex

	
AL






	
Mean

	
<1

	
0.34

	
0.33

	
10.80

	
0.25

	
12.79




	
>1

	
0.26

	
0.22

	
8.47

	
0.39

	
20.41




	
RSD

	
<1

	
0.41

	
0.48

	
10.57

	
0.24

	
10.17




	
>1

	
0.36

	
0.38

	
8.32

	
0.26

	
16.91




	
Median

	
<1

	
0.16

	
0.11

	
7.01

	
0.16

	
10.79




	
>1

	
0.13

	
0.06

	
7.15

	
0.42

	
15.02




	
Min

	
<1

	
0.02

	
0.03

	
1.31

	
0.00

	
1.09




	
>1

	
0.01

	
0.02

	
0.28

	
0.05

	
1.01




	
Max

	
<1

	
1.51

	
2.46

	
44.13

	
0.96

	
51.70




	
>1

	
1.64

	
1.65

	
42.15

	
1.24

	
68.67
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Table 7. Correlation regression between the measured P proportion (from the total amount XRF) between the different analysis methods in the two lime content categories.
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Methods

	
R2 Values




	
<1% CaCO3

	
>1% CaCO3






	
P-WA(PO4) vs. P-WA(P)

	
0.66

	
0.93




	
P-WA(PO4) vs. CoHex

	
0.28

	
0.40




	
P-WA(PO4) vs. AL

	
0.41

	
0.00




	
P-WA(PO4) vs. M3

	
0.76

	
0.73




	
P-WA(P) vs. CoHex

	
0.43

	
0.36




	
P-WA(P) vs. AL

	
0.69

	
0.01




	
P-WA(P) vs. M3

	
0.56

	
0.64




	
CoHex vs. AL

	
0.39

	
0.20




	
CoHex vs. M3

	
0.28

	
0.28




	
AL vs. M3

	
0.39

	
0.10
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Table 8. Pairwise analysis of the measured phosphorous proportion compared with the measured total phosphorous amounts based on the pH (KCl) groups.
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Group 1

	
Group 2

	
Group 3 *

	
Group 4

	
Group 5




	
pH (KCl)

	
3.39–4.35

	
4.36–5.47

	
5.48–6.78

	
6.79–7.20

	
7.21–8.14






	
P-WA(PO4) vs. P-WA(P)

	
p = 1

	
p = 1

	
p = 1

	
p = 1

	
p = 1




	
P-WA(PO4) vs. CoHex

	
p = 1

	
p = 1

	
p = 1

	
p = 0.825

	
p < 0.015




	
P-WA(PO4) vs. AL

	
p < 0.001

	
p < 0.002

	
p < 0.001

	
p < 0.001

	
p < 0.001




	
P-WA(PO4) vs. M3

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001




	
P-WA(P) vs. CoHex

	
p = 1

	
p = 1

	
p = 1

	
p = 1

	
p = 0.32




	
P-WA(P) vs. AL

	
p < 0.019

	
p < 0.007

	
p < 0.001

	
p < 0.003

	
p < 0.001




	
P-WA(P) vs. M3

	
p < 0.002

	
p < 0.002

	
p < 0.001

	
p < 0.001

	
p < 0.001




	
CoHex vs. AL

	
p < 0.019

	
p < 0.007

	
p < 0.001

	
p = 0.184

	
p = 0.068




	
CoHex vs. M3

	
p < 0.002

	
p < 0.002

	
p < 0.001

	
p < 0.002

	
p < 0.001




	
AL vs. M3

	
p = 1

	
p = 1

	
p = 1

	
p = 1

	
p = 0.764








* Group 3: Tukey post hoc test.
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Table 9. Pairwise analysis of the measured phosphorous ratios compared with the measured total phosphorous amounts based on the CaCO3 groups.
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Group 1

	
Group 2

	
Group 3

	
Group 4

	
Group 5




	
CaCO3%

	
<0.1

	
0.11–0.84

	
0.85–3.16

	
3.17–8.79

	
8.80–18.71






	
P-WA(PO4) vs. P-WA(P)

	
p = 1

	
p = 1

	
p = 1

	
0.66

	
p = 1




	
P-WA(PO4) vs. CoHex

	
p = 1

	
p = 1

	
p = 1

	
0.162

	
p = 1




	
P-WA(PO4) vs. AL

	
p < 0.001

	
p < 0.005

	
p = 0.398

	
p = 1

	
p = 0.82




	
P-WA(PO4) vs. M3

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001




	
P-WA(P) vs. CoHex

	
p = 1

	
p = 1

	
p = 1

	
p = 1

	
p = 1




	
p-WA(P) vs. AL

	
p < 0.001

	
p < 0.001

	
p < 0.016

	
p < 0.011

	
0.016




	
P-WA(P) vs. M3

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001




	
CoHex vs. AL

	
p < 0.001

	
p < 0.001

	
p < 0.009

	
p < 0.001

	
p < 0.016




	
CoHex vs. M3

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001

	
p < 0.001




	
AL vs. M3

	
p = 1

	
p = 1

	
p = 1

	
p = 1

	
p = 1
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Table 10. Pairwise analysis of the measured phosphorus ratios compared with the measured total phosphorous amounts based on the clay groups.
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Clay (%)

	
Group 1 *

	
Group 2

	
Group 3




	
6.82–9.64

	
9.65–12.74

	
12.75–15.69




	
P-WA(PO4) vs. P-WA(P)

	
p = 1

	
p = 1

	
p = 1




	
P-WA(PO4) vs. CoHex

	
p = 1

	
p = 1

	
p = 1




	
P-WA(PO4) vs. AL

	
p < 0.001

	
p < 0.001

	
p < 0.001




	
P-WA(PO4) vs. M3

	
p < 0.01

	
p < 0.001

	
p < 0.001




	
P-WA(P) vs. CoHex

	
p = 1

	
p = 1

	
p = 1




	
P-WA(P) vs. AL

	
p < 0.001

	
p < 0.001

	
p < 0.001




	
P-WA(P) vs. M3

	
p < 0.01

	
p < 0.001

	
p < 0.002




	
CoHex vs. AL

	
p < 0.001

	
p < 0.001

	
p < 0.001




	
CoHex vs. M3

	
p < 0.01

	
p < 0.001

	
p < 0.019




	
AL vs. M3

	
p = 1

	
p = 1

	
p = 1




	
Clay (%)

	
Group 4

	
Group 5 *

	
Group 6 *




	
15.70–18.59

	
18.60–21.82

	
21.83–24.89




	
P-WA(PO4) vs. P-WA(P)

	
p = 1

	
p = 1

	
p = 1




	
P-WA(PO4) vs. CoHex

	
p = 0.092

	
p = 1

	
p = 1




	
P-WA(PO4) vs. AL

	
p < 0.001

	
p < 0.001

	
p < 0.01




	
P-WA(PO4) vs. M3

	
p < 0.001

	
p < 0.01

	
p = 1




	
P-WA(P) vs. CoHex

	
p = 1

	
p = 1

	
p = 1




	
P-WA(P) vs. AL

	
p < 0.001

	
p < 0.001

	
p < 0.01




	
P-WA(P) vs. M3

	
p < 0.003

	
p < 0.01

	
p = 1




	
CoHex vs. AL

	
p = 0.013

	
p < 0.001

	
p < 0.01




	
CoHex vs. M3

	
p < 0.35

	
p < 0.01

	
p = 1




	
AL vs. M3

	
p = 1

	
p = 1

	
p = 1








* Group 1, 5, 6: Tukey post hoc test.
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Table 11. The average of the number of significant results of all the pairwise analyses of the P% measurements (compared with the XRF measuring the total amount) along with the four influencing factors (pH (KCl), CaCO3 and clay).
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Methods

	
% of the Significant Results Related to Soil Parameters




	
pH (KCl)

	
CaCO3

	
Clay

	
Average

	
ORDER






	
P-WA(PO4) vs. P-WA(P)

	
0

	
0

	
0

	
0

	
1




	
P-WA(P) vs. CoHex

	
0

	
0

	
0

	
0

	
1




	
AL vs. M3

	
0

	
0

	
0

	
0

	
1




	
P-WA(PO4) vs. CoHex

	
20

	
0

	
0

	
7

	
2




	
P-WA(PO4) vs. AL

	
100

	
40

	
100

	
80

	
3




	
CoHex vs. AL

	
60

	
100

	
100

	
87

	
4




	
CoHex vs. M3

	
100

	
100

	
67

	
89

	
5




	
P-WA(PO4) vs. M3

	
100

	
100

	
83

	
94

	
6




	
P-WA(P) vs. M3

	
100

	
100

	
83

	
94

	
6




	
P-WA(P) vs. AL

	
100

	
100

	
100

	
100

	
7
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