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Abstract

:

The paper presents the comparison of soil particle size distribution determined by standard pipette method and laser diffraction. Based on the obtained results (542 soil samples from 271 sites located in the Nitra, Váh and Hron River basins), regression models were calculated to convert the results of the particle size distribution by laser diffraction to pipette method. Considering one of the most common soil texture classification systems used in Slovakia (according to Novák), the emphasis was placed on the determination accuracy of particle size fraction <0.01 mm. Analysette22 MicroTec plus and Mastersizer2000 devices were used for laser diffraction. Polynomial regression model resulted in the best approximation of measurements by laser diffraction to values obtained by pipette method. In the case of particle size fraction <0.01 mm, the differences between the measured values by pipette method and both laser analyzers ranged in average from 3% up to 9% and from 2% up to 11% in the case of Analysette22 and Mastersizer2000, respectively. After correction, the differences decreased to average 3.28% (Analysette22) and 2.24% (Mastersizer2000) in comparison with pipette method. After recalculation of the data, laser diffraction can be used alongside the sedimentation methods.
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1. Introduction


The mineral constituent of the soil’s solid phase is composed of differently sized fundamental particles. These mineral soil particles of defined size are divided into groups, which are referred to as particle size fractions, and which, in addition to their similar dimensions, have more or less the same basic physical and physical-chemical properties. The amount and speed of processes taking place in the soil are influenced by the proportion of individual particle size fractions. Particle size distribution is regarded as one of the basic physical characteristics, and therefore soil studies should begin by determining it [1,2,3]. The knowledge about the particle size distribution of soils is of fundamental importance in terms of soil genesis, agronomy, and soil hydrology [4,5,6,7]. From the genetic point of view, it is possible to evaluate the soil-forming processes and the soil profile heterogeneity. From the agronomic point of view, the importance of soil texture is associated with the implementation of various amelioration measures, such as drainage, irrigation, compaction of coarse soils, aeration, and increasing of permeability of fine soils. From the hydrological point of view, the soil particle size distribution is essential for water movement in the soil profile as it influences infiltration rate, water holding capacity, water content constants, and hydraulic conductivity, and the overall hydrological balance of the area [8,9,10]. The results of the particle size analyses are of key importance for plant fertilization and liming, and also for the actual cultivation of the soil, e.g., determination of difficultness and effortfulness of agronomical interventions.



The size of soil particles plays the most important role in their distribution in the soil. The representation of individual particle size fractions can be obtained in several ways. The most common method of particle size determination is sieving of soil using the set of sieves [11], finer fractions are obtained using sedimentation methods. Sedimentation methods are based on the Stokes’ Law—formulated in 1851: “The resistance of liquid to the fall of solid spherical particles varies according to the particle radiuses not their surface” [12,13]. Sedimentation methods are based on the principle that the particle sedimentation drop velocity in water suspension depends on the particle size and the liquid properties. Pipette method (PM) belongs to the group of methods using nonrepetitive sedimentation of soil particles, which is considered to be one of the least demanding, but the most accurate (accuracy of 2.3%), methods in soil science ever. However, a rather lengthy duration of the particle size analysis is its disadvantage [5,14]. In Slovakia and abroad, the pipette method is still the most commonly used method in soil science practice [5,14,15]. Additionally, with the development of sophisticated instrumentation, direct (such as microscopy) and indirect optical methods (such as laser diffraction) have been used, especially in recent decades. Rather recently, Allen [16] has started to use the laser diffraction method (LD) for particle size distribution determination in soil science, and its applicability in soil science and related fields has begun to increase in the recent years [1,3,17,18]. Laser diffraction analysis determines the particle size indirectly based on the angle of the reflected laser beam from the particle with inverse proportionality [19]. It is a relatively simple and fast method [20,21], but there is no uniform standard methodology for soil sample preparation and the analysis itself. Although ISO 13320:2009 [22] recommends preparing a sample of the analyzed material by adding a dispersing agent dropwise, the consistency of the resulting paste is strongly left to subjective opinion and experience of the operating staff. Moreover, the results on particle size distribution for the same sample determined by laser diffraction and pipette method are not equal due to the different physical principles on which the methods are based. This incompatibility in the results can limit the applicability of laser diffraction soil analysis in engineering and computer modelling [19,22,23,24,25,26].



In the past decade, several authors have been involved in the determination of particle size distribution by LD, trying to unify the obtained results with the standard PM in soil science [1,3,27,28,29,30,31,32]. The differences in their results and methodologies are based mainly on the different methods of soil sample preparation prior to analysis (such as different amounts of soil and dispersion agents used), different LD devices and their settings. Since the conversion of results from LD to PM is influenced by a number of factors and the results cannot be compared without further processing [27,33,34,35], there is an effort to create regression models that allow recalculation of the LD results to values comparable to sedimentation methods. Statistical analysis of the results obtained by LD and PM has been performed abroad by several authors [23,28,29,36,37,38]. However, statistical relationships derived by one author are rarely applicable to other authors due to differences in LD instrumentation, measurement range, use of Mie or Fraunhofer calculation theory, and, last but not least, interpretation of the obtained results in different particle size and soil texture classification systems.



Soil texture classes are determined based on the percentage representation of individual particle size fractions, using different classification systems worldwide. One of the most commonly used is the soil texture triangle classification according to United States Department of Agriculture (USDA) [39] that uses the representation of the three basic particle size fractions of sand (0.005–2 mm), silt (0.002–0.005 mm), and clay (particles below 0.002 mm). According to Bedrna and Ofránus [40], the usage of USDA triangle classification in Slovakia is only recent and primarily used for specification of particle size distribution of mineral soils in the morphogenetic soil classification [41]. However, there are also other particle size fraction classification systems used alongside USDA (Table S1), and while some are at least partially compatible with the USDA system [42,43], the rest is hardly comparable due to focus on different particle size fractions. Many countries in Central and Eastern Europe (e.g., Czech Republic, Slovakia, Bulgaria) as well as countries of former USSR and China adopted the classification of particle size fractions according to Kachinski [44,45]. The simplified classification according to Kachinski was also adopted for the purposes of past soil surveys done on the national level in Slovakia. The soil texture classification system of Slovakia (Novak’s classification) originates in the Kachinski system, and soil texture is evaluated according to the percentage particles below 0.01 mm [5] (Table 1). General soil texture classes (light, medium heavy, and heavy soils) refer to easiness in cultivation and the impact of cultivation tools on the soil [44]. A complex soil survey (CSS) (1960–1970) collected information on soil texture and other basic soil properties in the agricultural soils in the former Czechoslovakia. The subsequent soil quality evaluation (soil bonitation) (1972–1978) [46] used the collected information, along with other purposes, to elaborate maps of evaluated (bonitated) soil-ecological units (ESEU). Up till now, the maps of ESEU have been widely used for land consolidation and landscape conservation projects [47,48]. This system also provides data for legislation, determination of land tax, for exchange of land, and for decision-making by authorities in cases of interest to use agricultural land for nonagricultural purposes [49].



As it was mentioned before, the USDA classification was already introduced in Slovakia, however, its usage is still very limited. One of the main reasons is that the soil-related studies done in Slovakia in the past mostly refer to Novak’s classification of soil texture and provide relevant data such as bulk density, hydrolimits (water content constants), permeability of soil, level of maintenance, and other for soil texture classes according to this classification. Moreover, this assessment is still commonly used in the agronomic practice.



It is obvious that the use of different methods for the determination of particle size distribution has its limitations, starting from different sample preparation prior to analysis and ending with different determination principles, which makes the interpretation and evaluation of results considerably more difficult. If the results are to be obtained as quickly as possible with satisfactory quality to conventional agronomy, hydrology, and soil science, it is necessary to focus on comparing results obtained by PM and LD. Because of differences in size fractions between the USDA soil texture triangle and Novak’s soil classification system, the findings already published abroad are not applicable to the conditions of Slovakia.



Therefore, the aim of this work was (i) to compare the results of the particle size analysis obtained by the standard pipette method and the laser diffraction method, (ii) based on the obtained results, to create a regression model that would convert laser diffraction results into a pipette method with at least 95% accuracy. We aimed especially at fraction <0.01 mm, because it is the fundamental fraction for soil texture determination in countries implementing the classification system of particle size fractions according to Kachinski and Novák’s classification of soil texture classes.




2. Materials and Methods


2.1. Study Area


The area of interest (total area 24,234 km2) consisted of three neighboring basins of Váh River (total area = 14,268 km2), Nitra River (total area = 4501 km2), and Hron River (total area = 5465 km2) located in the western and central part of Slovakia (Figure 1). According to the orographic division, the territory is located in the orographic sub-system of the Carpathian Mountains and the Pannonian Basin [51].



The terrain of Váh River basin is very complex and includes all types of relief, from the plains and hills up to the mountains of high altitude. The majority of the basin’s altitude ranges from 400 m up to 800 m. In terms of climatic conditions, the basin belongs to a warm, moderate, and cold climatic area. Long-term average annual air temperature in warm lowland areas ranges from 11 up to 12 °C, in moderate area with rising altitude it decreases to 9–10 °C, and it reaches 4–7 °C in cold climatic area. The average annual rainfall in the warm area is around 500–550 mm, in the moderate area 800 mm, in the highest positions from 1200–1600 mm, and in the ridges of the Tatras up to 2000 mm. From the pedological point of view, there are Chernozems, Luvisols in the lower part of the basin and Fluvisols along the river body. Skeletic, Lithic and Rendzic Leptosols, Cambisols, Stagnosols, and Podzols are located in the mountain ranges. Agricultural land accounts for 38.3% of the river basin area.



The Nitra River basin is located between the Váh River basin from the north and the Hron River basin from the west. The average altitude of the basin is 326 m. In terms of climatic conditions, the basin belongs to three climatic areas. The warm climatic area occupies two-thirds of the territory and is located in the Danube Lowland, and in hollows and river sub-basins. The central part of the basin is located in the temperate climate area. The cold climate area has very little representation. Long-term average annual precipitation of the whole basin area is 733 mm. Areas with a higher altitude have the average annual rainfall in the range of 1200–1500 mm. Fluvisols, Cambisols, and Chernozems are the most represented soil types in the river basin, followed by Luvisols and Podzols. Agricultural land accounts for 69.1% of the river basin area.



The Hron River basin is very rugged, with the largest part of the basin located in highlands with an altitude of 300–800 m. All types of relief—from plains, uplands, to highlands—can be found in the river basin. The basin is located in three climatic areas. Warm climate area is represented from the altitudes of 200–250 m where the average annual air temperature 9.5 °C with an annual rainfall in the range of 550–700 mm. The moderate climate area is represented from the altitudes of 750–800 m where the average annual air temperature reaches 6–8 °C and average annual rainfall is 700–900 mm. The higher altitudes belong to a cold climate area with an average annual air temperature of 4–5 °C and rainfall of more than 900 mm. The soils in the basin are mainly Chernozems and Luvisols; Rendzic Leptosols, Calcaric Cambisols, Fluvisols, Podzols, and Stagnosols are represented less often. Agricultural land accounts for 47.2% of the river basin area.



Soil sampling in the above-mentioned basins was conducted as a part of a bigger study, in which the disturbed and undisturbed soil samples were taken from specific locations and were used for soil analysis of the basic physical and hydrophysical properties. The results were reported in the scientific monograph by Skalová et al. [51]. The location of sampling areas was determined according to maps of ESEU to obtain a network of sampling locations representing approximately the area of 6 × 6 km2. The sampling point was chosen at least 300 m aside from the expected border of specific ESEU (there is a potential of its shifting within a year due to tillage etc.). Information of soil texture classes from maps of ESEU was used to ensure that the general percentage distribution of soil texture classes on the agricultural land in the basins would correspond to the representation of soil texture classes at the sampling sites. For the purposes of soil texture analysis by pipette method, disturbed soil samples were taken only from agricultural land from two depths, 15–20 cm and 40–45 cm (Figure S1). In total, 542 samples were taken from 271 sampling sites (Figure 1), consisting of 190, 176, and 176 samples from the Nitra, Váh, and Hron River basins, respectively (Figures S2–S4). Subsequently, for the purposes of our study, the same soil samples were analyzed by the particle size analyzers using laser diffraction method.




2.2. Soil Analysis by Pipette Method


Carbonates (CaCO3) were removed from a representative soil sample prepared from air-dried and sieved fine soil (particles <2 mm) using 2 mol·dm−3 HCl. Organic substances were removed by 6% hydrogen peroxide (H2O2). After repeated washing, soil samples were dispersed with a solution of 0.06 mol·dm−3 sodium hexaphosphate (NaPO3)6 and 0.075 mol·dm−3 sodium carbonate (Na2CO3). Using the pipette method, the proportion of five particle size fractions used in the complex soil survey (CSS) was determined in the soil sample as described in Hrivňáková et al. [14]. The obtained particle size fractions were coarse sand (0.25–2 mm), medium and fine sand (0.05–0.25 mm), coarse silt (0.01–0.05 mm), medium and fine silt (0.001–0.01 mm), and clay fraction (<0.001 mm). Content of particles with diameter <0.01 mm was calculated as the sum of the medium silt, fine silt, and clay fraction.




2.3. Soil Analysis by Laser Diffraction Method


Representative soil samples (10 g) were prepared by quartering air-dried sieved fine soil (particles <2 mm). Next, soil samples were mixed with 10 mL of 0.05 M sodium polyphosphate (Graham’s salt (NaPO3)n). After dispersing for 24 h, prior to laser diffraction analysis, the samples were treated with ultrasound for the duration of 5 min to completely break the soil aggregates in the suspension [5]. Measurements by laser diffraction method (LD) were conducted using two laser analyzers: Analysette22 MicroTec plus and Mastersizer2000.



The laser analyzer Analysette22 MicroTec plus (Fritsch, Germany) (LD 22) (Figure S5) was operated by the MaScontrol software, which provided control and evaluation functions and performed extensive calculations of the measured data stored in the database. The measurement was conducted in the full measuring range of the device (0.08–2000 μm), at the ultrasound intensity of 2, and the sample was mixed by built-in stirrer for 3 min prior to measurement [5]. Considering the heterogeneity of the soil of different origin from three studied river basins, Fraunhofer calculation model was chosen for the particle size distribution calculation. This model does not require the information on the light refraction index of dispersion fluid, neither the refraction of light by the soil particles nor the absorption index [34]. The Mastersizer2000 laser analyzer (Malvern, UK) (LD_2000) (Figure S6) was operated by the Malvern SOP software, and some tasks were also performed manually. The measurements were conducted in the full measuring range of the device (0.02–2000 μm). The instrument settings were the same as in the case of the former analyzer.



Each sample was measured at least three times until the differences in the percentage of clayey fraction for three individual measurements were less than 2%. Results on soil particle size distribution were reported in the cumulative particle size fractions according to CSS classification: <0.001 mm; <0.01 mm; <0.05 mm; <0.25 mm, and <2 mm.




2.4. Statistical Analyses


The results were evaluated using Statgraphics Centurion XV.I statistical software (Statpoint Technologies, Inc., Warrenton, VA, USA). To determine the statistical dependence between the PM and LD, 271 samples were randomly selected from a set of total 542 soil samples. Results obtained for the same soil samples by PM and LD were input data for regression analyses using linear, exponential, polynomial, power, and logarithmic models with focus on Pearson’s correlation coefficient between dependent variable Y (PM) and independent variable X (LD). We worked with 95% reliability, where the error of estimation was 5%.



The remaining 271 soil samples were used for verification of the observed dependence expressed by regression equations. The measured values by LD were substituted for term X in the regression equations for three models with the highest reliability (linear model (LM), exponential model (EM), and polynomial model (PM)) to calculate the estimated value on particle size distribution by PM (PMestLM, PMestEM, and PMestPM, respectively). Measured values by pipette method (PMme) were then deducted from the estimated values. The mean values of these differences were used for the statistical comparison of the original (PMme) and calculated (PMestLM, PMestEM and PMestPM) results.





3. Results


3.1. Distribution of the Soil Texture Classes in the Study Area


According to the results on particle size distribution by PM for soil samples from all basins and both depths, medium heavy soils (according to Novak’s classification of soil texture classes) was the most represented soil texture class (73%) (Figure S7; Table S2). Heavy soils were represented by 17% and light soils by 10% in whole sample dataset. The proportion of soil texture classes in the individual basins was approximately the same, with two exceptions. In the Nitra River basin area, medium heavy loamy soils were more prominent (up to 120 samples), representing 63% of the samples from this river basin. In the Váh River and Hron River basins, loamy soils were less prevalent (43% and 23%, respectively). On the other hand, light loam-sandy soils were more represented in the Hron River basin (18%) when compared with the Váh River and Nitra River basins (7% and 4%, respectively). According to mean percentage distribution of particle size fractions in the individual basins determined by PM, the representation of particle size fractions was very similar in every basin (Table S3).




3.2. Developing the Relationships between the Results of PM and LD


As mentioned in the methodology part, 50% of the soil samples were used for determination of the regression models between the representation of cumulative particle size fractions determined by two types of laser analyzers and PM (Figure 2). When comparing the cumulative values on particle size fraction distribution determined by LD and PM in the ratio 1:1, it was found that LD generally underestimated representation of fraction <0.001 mm and overestimated representation of fractions <0.01 mm, <0.05 mm, and <0.25 mm.



Figure 3, Figure 4 and Figure 5 present the relationships for three regression models with the highest values of the determination coefficient R2 between the particle size distribution as observed by LD and PM analyses. The regression function for the polynomial trend has the following general form:


Y = b2 × X2 + b1 × X1 + b0,



(1)




where




	
Y—dependent variable.



	
b2—coefficient 2.



	
X2—independent variable 2.



	
b1—coefficient 1.



	
X1—independent variable 1.



	
b0—constant.








The polynomial regression model appeared to be the best fitting, when the coefficient of determination at the selected level of significance alpha = 0.05 was 0.7664 for Analysette22 MicroTec plus and 0.8467 for Mastersizer2000 (Figure 5). These values indicate that the selected regression model explained the variability to approximately 76.64% and 84.67% for Analysette22 MicroTec plus and Mastersizer2000, respectively, while the rest was related to unexplained variability, the effect of random factors and other unspecified effects.



The selected models were statistically verified with 95% reliability for both used laser analyzers (Table 2). In the one-way ANOVA section, we tested the null hypothesis, whether the model was appropriate, and whether the variables of the model were correlated with the dependent variable. The F test was used to evaluate this claim, where the overall Significance F values were <0.05, which meant that the models were chosen correctly. In case of Analysette22 MicroTec plus, the polynomial regression model was overall statistically significant (Significance F = 0 <0.05), including the constant (p-value for intercept = 0 <0.05) and regression coefficients (p-values for X variables were 0.0342 for b1 and 0 for b2). The polynomial model for Mastersizer2000 was also statistically significant overall (Significance F = 0 <0.05), including the constant (p-value for intercept = 0 <0.05) and regression coefficients (p-values for X variables were 0.0218 for b1 and 0 for b2). Similarly, the suitability of the linear and exponential models was verified (Table 2).




3.3. Verification of the Relationship between PM and LD


Table 3 shows the verification of the results according to comparison of the calculated values using LD and different regression models—estimates (PMestLM, PMestEM, and PMestPM) with originally measured PM values (PMme) for the second group of soil data (not used for determination of the regression models). When validating the results, the differences (absolute values) between the estimated and measured values (Analysette22 MicroTec plus vs. PM) ranged from 0.75% up to 5.18%, from 2.31% up to 14.99%, and from 0.98% up to 3.8% for cumulative particle size fractions <0.001 mm, <0.01 mm, and <0.25 mm, respectively. Estimates of the representation of particle size fraction <2 mm according to LD regression models were lower by 11.91% up to 15.11%. When considering the results obtained by LD, Mastersizer2000 vs. PM, the differences (absolute values) between the estimated and measured PM values were generally smaller than in the case of Analysette22 MicroTec plus. The mean absolute differences for cumulative particle size fractions <0.001 mm, <0.01 mm, <0.05, and <0.25 mm ranged from 1.92% to 4.28%, from 0.79% to 11.43%, from 0.95% to 1.36%, and from 2.25% to 8.29%, respectively. However, high underestimation of the particle size distribution was observed for LD estimate of the fraction <2 mm, with values ranging from 6.16% up to 10.89% (Table 3).



In general, estimated values obtained by LD resulted in underestimation of the particle size distribution of the fraction <0.001 mm and overestimation for the fractions <0.01 mm, <0.05 mm, and <0.25 mm when compared with PMme. Taking into account soil samples from all basins analyzed by both analyzers, the differences between the estimated values for PMestPM (polynomial model) and measured values (PMme) were relatively small (up to 6%) for fractions <0.001 mm, <0.01 mm, <0.05 mm, and <0.25 mm. Determination accuracy of particle size fractions <0.25 mm and <2 mm was lower (up to 12%).




3.4. Aproximation of LD Results to PM


Using Analysette22 MicroTec plus laser analyzer, the approximate value of the required particle size fraction (<0.01 mm) for the pipette method can be calculated according to the following equation:


Y = 0.00775 × X2 − 0.12095 × X + 22.7716,



(2)




where Y—estimated representation of specific particle size fraction for pipette method (%).



X—measured representation of specific particle size fraction by Analysette22 MicroTec plus (%).



Using Mastersizer2000 laser analyzer, the approximate value of the required particle size fraction can be calculated according to the following equation:


Y = 0.0065 × X2 − 0.095 × X + 18.889,



(3)




where Y—estimated representation of specific particle size fraction for pipette method (%).



X—measured representation of specific particle size fraction by Mastersizer2000 (%).



The above-mentioned equations are recommended for estimation of the content of particle size fraction <0.01 mm. In the case of this particle size fraction, the average differences between the estimated values (PMestPM) using LD and the real measured values (PMme) were 3.28% and 2.24% in the case of laser analyzers Analysette 22 MicroTech plus and Mastersizer2000, respectively (Table 3). This difference can be considered as acceptable for repeated measurements conducted for heterogeneous matter such as soil. Moreover, the obtained differences are comparable with the pipette method.



In addition, the derived equations can be also used for estimation of cumulative particle size fractions <0.001 mm and <0.25 mm in the case of Mastersizer2000 and <0.25 mm in the case of Analysette22. On the other hand, the same relationships are less suitable for estimation of particle size fractions (and fractions in their proximity) <0.05 mm and above 0.25 mm, and other approaches must be sought for reliable conversion of the representation from LD to PM.





4. Discussion


4.1. Comparison of Results by PM and LD Analysis


Many teams have been working on the development of unified methodology and regression models that allow conversion of results by LD to the values comparable to sedimentation methods [2,27,28,29]. So far, the comparison of the standard methods with LD has been done by means of regression analysis for the whole dataset [53] or specific particle size fractions [30,38,54,55]. Other approaches involved methods such as network analysis [55], regression tree, and Random Forest [54].



Although relationships were found between the LD-derived and the PM-derived data for the soil samples in our study, there were differences observed for both LD devices. This type of dissimilarity implies that attempts to convert LD-derived volume percentage of a given size fraction to mass percentage by PM (or vice versa) will not be accurate and thus be of limited value [38]. Since the purpose of this study was to find alternative methodology of particle size distribution determination using LD (including the specific sample preparation method) to be used also in praxis for analysis of samples of unknown soil texture, we used whole dataset. Dividing the soil sample dataset according to distribution of soil texture classes in the study area would lead to less samples for studying the relationship for a specific soil texture class. Since medium heavy soils are apparently prevailing in our dataset, we conclude that the best fit will be therefore obtained for medium heavy soils using our methodology. However, considering the fact that we kept the percentage distribution of soil textural classes occurring in the basins similar to the representation of soil samples in the dataset, we assume that the methodology can be used for soil texture analysis in the mentioned basins as well as in areas with similar conditions. In total, 542 soil samples were used in this study, of which 271 were used for determining the relationship between PM and LD measurements. Some other published studies are based on a dataset of 10–37 samples [30,53,55,56]. Miller and Schaetzl [57] published a study with 1485 samples, however those were analyzed only by LD as the study was aimed to precision of soil particle size analysis using LD.



Konert and Vandenberghe [58] published a study comparing the PM with the LD and found that while there was only a slight difference between the representation of sand fraction determined by both methods, the representation of clay fraction (<0.002 mm) was significantly underestimated by LD. This observation corresponds with our findings, although in our study, particle size fraction <0.001 mm was determined (Figure 2).



When comparing LD with PM, Kun et al. [28] found the greatest difference for clay fraction content (<0.002 mm), which also increased the error and likelihood of underestimation in LD [58,59]. In case of high clay content in the soil sample, LD seemed to underestimate the clay fraction content in favor of the silt fraction (0.002–0.02 mm). At the same time, PM seemed to overestimate the clay fraction due to the assumed spherical shape of the clay particles [28]. Konert and Vandenberghe [58] tried to correct the representation of overestimated silt fraction. Kun et al. [28] suggested that PM systematically overestimated the sand fraction (0.02–2000 mm) when compared with LD. The same authors also assumed, that LD underestimated the sand fraction in favor of the silt fraction due to the rough surface of the sand particles. Due to usage of different particle size fraction classification (USDA) in foreign studies, comparison of our observations with the published findings can only be approximate. However, the findings by Kun et al. [28] can also be observed as a trend in our study (applies to both LD devices). Similar to underestimation of the sand fraction (0.02–2000 mm) in their study, the content of particles with diameter above 0.25 mm was also underestimated in our study. This deviation is proportional to the particle diameter in the range indicated above.



Deviations from the spherical shape of mineral particles and deviations in their particle density could be the main reason for these differences [30]. According to Eshel et al. [38], the mere assumption of a single value (of quartz) for particle density in soils, as is presumed for the purpose of particle size determinations by the pipette method, is an obvious source of error. Particle density of soil components may vary between soils and even among different size fractions in specific soil.




4.2. Comparison of Results by Two LD Devices


Differences in results were also observed for the two particle size analyzers used in this study (Figure 3, Figure 4 and Figure 5), although the measurement was based on the same principle. The outlying results in our study are related to the representation of cumulative particle size fraction ˂0.25 mm mainly in the Nitra River basin (one sample is located in the Hron River basin). Laser diffraction analysis by wet method can be problematic for soils with high content of heavier particles, such as sandy, loam-sandy and sandy-loam soils, similar to our case. Excluding the potential of human error in the measurements, the differences in construction and operation still could play a role, although the same methodology was used. In case of Analysette22 MicroTec plus, the dispersion unit is filled and emptied under the command from the software, and the tank for dispersion liquid and sample is built into the device. Contrary to this, in case of Hydro MU wet dispersion unit of Mastersizer2000, the transparent glass beaker with volume 1000 mL is filled manually. If the sedimentation of the sample occurs in spite of mixing, it can be observed more easily. We also concluded that in case of Analysette22 MicroTec plus, the pump speed should be higher, because the sample circulates in the system (dispersion unit-measuring cell-dispersion unit) with higher vertical difference. However, in this study, we tried to use the same settings since we wanted to test the applicability of our methodology (of sample preparation and measurement by laser diffraction) also on a device by another manufacturer. Nevertheless, it is not surprising to obtain different results [38], since differences in measurements were observed even for the laser analyzers made by the same producer (e.g., Sochan et al. [60]). Finally, Mastersizer2000 has a wider measuring range (0.02–2000 μm) in comparison with Analysette22 MicroTec plus (0.08–2000 μm) and it results in different detection limits [38].




4.3. Comparison of PM and LD Method


Eshel et al. [38] suggest that the choice between the particle size analysis methods should be balanced depending on their pros and cons. The advantage of LD in comparison with PM in general is the considerably shorter time of analysis, need of a small sample for analysis, and that distribution of group of size fractions is evaluated at the same time. Thus, elaborating the particle size distribution curve is not limited. In contrary, according to Eshel et al. [38] the disadvantage of LD is the high cost of the instrumentation and the lack of a database that would correlate LD-derived distribution of particle sizes with soil properties, similarly to the extensive database existing for PM. Moreover, every laboratory aiming to use LD for particle size distribution of soil samples or samples of similar heterogenic composition must firstly solve the issue of correlating the LD measurements by specific instrument with standard methods. Otherwise, the LD measurements have only limited usage (such as monitoring the change in particle size distribution over time) and should not be used directly for soil texture classification.



Varga et al. [55] also pointed out the lack of studies about the performance of commercially available LD devices. The authors further added that robustness, reproducibility, and comparability of grain size data obtained with various devices is a basic issue and associated uncertainties are rarely considered. Dumbrovský et al. [53], along with other authors, mentioned the possibility of LD analysis to calculate the results for any soil fraction classification. Of course, this can be done also for PM as there are various soil classification systems used worldwide, however the classification needs to be specified prior to the measurement because of different particle settling times. In case of LD, as the results are stored in the database, they can be recalculated post-measurement without the need of additional measurements. The only limitation for LD in this way is the measurement range. While in the past, due to the limited measuring range, LD had to be combined with another method of particle size distribution (such as sieving), it is not an issue nowadays as the devices reach the upper threshold of 2 mm. As the technology develops further, the measuring range of LD devices is extending up to 0.01–3000 µm in case of Mastersizer3000 with a Hydro Lv and Horiba Partica La-950 v 2 used in the study of Varga et al. [55]. We assume that the wide range of measurement and the short time of analysis (approximately 6 min for one cycle including cleaning) can also contribute to more accurate analyses, since more repetitive measurements can be done in considerably shorter time in comparison with sedimentation methods.





5. Conclusions


Determination of particle size distribution and the subsequent soil texture class is one of the most fundamental soil analyses. Although laser diffraction has a big potential in soil science applications, our study also confirmed the necessity of comparison with standard methods.



Our investigations focused on the particle size distribution of fractions according to simplified classification by Kachinski that was used in complex soil survey in former Czechoslovakia and comparison of the results. In total, 542 soil samples from two depths (15–20 cm and 40–45 cm) collected in Nitra, Hron, and Váh River basins in Slovakia were analyzed by pipette method and two state-of-the-art laser diffraction devices—Analysette22 MicroTec plus and Mastersizer2000.



We aimed especially at fraction <0.01 mm, because it is the fundamental fraction for soil texture determination in countries implementing the classification system of particle size fractions according to Kachinski and Novák’s classification of soil texture classes.



It was found that LD generally underestimated representation of fraction <0.001 mm and above 0.25 mm and overestimated representation of fractions <0.01 mm, <0.05 mm, and <0.25 mm. Considering one of the most common soil texture classification systems used in Slovakia (according to Novák), the emphasis was placed on the determination accuracy of particle size fraction <0.01 mm.



One of the most important findings of the study is the calculated conversion equations of LD results to PM recommended for estimation of the content of particle size fractions <0.001 mm, <0.01 mm, and <0.25 mm in case of Mastersizer2000 and <0.01 mm and <0.25 mm in the case of Analysette22. On the other hand, the same relationships are less suitable for estimation of particle size fractions (and fractions in their proximity) <0.05 mm and above 0.25 mm, and other approaches must be sought for reliable conversion of the representation from LD to PM. Moreover, according to the representation of soil texture classes in our soil sample dataset, the best fit is expected for medium heavy soils.



Considering the advantages of LD, it is necessary to work on developing a faster equivalent analysis method to standard pipette method (such as LD) that could potentially replace it in the future. Moreover, the attention should be paid to approaches of LD data conversion to PM or other standard sedimentation methods especially for light and heavy soils. Development of relationships related to other classifications of particle size fractions and soil texture classes commonly used worldwide can increase the comparability with other studies and contribute to building up the database of LD measurements around the world.
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Figure 1. Location and the number of sampling sites in the Nitra, Váh, and Hron River basins [52]. 
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Figure 2. Comparison of cumulative particle size fractions representation determined by Analysette22 MicroTec plus (LD_22) and Mastersizer2000 (LD_2000) and pipette method (PM) for soil samples from three river basins. LD, laser diffraction. 
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Figure 3. Linear regression correlation between pipette method (PM) and laser diffraction method for all soil samples as determined by Analysette22 MicroTec plus (LD_22) and Mastersizer2000 (LD_2000). 
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Figure 4. Exponential regression correlation between pipette method (PM) and laser diffraction method for all soil samples as determined by Analysette22 MicroTec plus (LD_22) and Mastersizer2000 (LD_2000). 
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Figure 5. Polynomial regression correlation between pipette method (PM) and laser diffraction method for all soil samples as determined by Analysette22 MicroTec plus (LD_22) and Mastersizer2000 (LD_2000). 
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Table 1. Classification of soil texture classes according to Novák [50].
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Particles with Diameter ˂0.01 mm (% Mass)

	
Soil Texture Class

	
General Soil Texture Class






	
<10

	
Sandy soil

	
Light soils




	
10–20

	
Loam-sandy soil




	
20–30

	
Sand-loamy soil

	
Medium heavy soils




	
30–45

	
Loamy soil




	
45–60

	
Clay-loamy soil

	
Heavy soils




	
60–75

	
Clay soil




	
>75

	
Clay
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Table 2. Statistical verification of the regression models with the highest determination coefficient, R2 (n = 271).
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Trend

	
Determination Coefficient R2 (%)

	
Statistical Significance F

	
Constant (p-Value for Intercept)

	
Regression Coefficient (p-Value for X Variables)






	
Analysette22 (LD_22)

	
Linear

	
72.69

	
0

	
0

	
0




	
Exponential

	
70.34

	
0

	
0

	
0




	
Polynomial

	
76.64

	
0

	
0

	
b1 = 0.0342; b2 = 0




	
Mastersizer2000 (LD_2000)

	
Linear

	
81.34

	
0

	
0

	
0




	
Exponential

	
75.87

	
0

	
0

	
0




	
Polynomial

	
84.67

	
0

	
0

	
b1 = 0.0218; b2 = 0
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Table 3. Verification of the results. Differences (%) between calculated estimated values using laser diffraction and different regression models (PMestLM, PMestEM, and PMestPM) and originally measured PM values (PMme) present as mean values ± standard error.
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Fractions

	
<0.001 mm

	
<0.01 mm

	
<0.05 mm

	
<0.25 mm

	
<2 mm






	
Analysette22 (LD_22)

	
PMestLM 1–PMme 2

	
−0.75 ± 0.59

	
14.99 ± 0.86

	
11.23 ± 0.93

	
−3.80 ± 0.84

	
−15.11 ± 0.02




	
PMestEM 3–PMme

	
−1.05 ± 0.58

	
2.31 ± 0.82

	
8.56 ± 1.02

	
−3.08 ± 0.88

	
−14.00 ± 0.04




	
PMestPM 4–PMme

	
5.18 ± 0.58

	
3.28 ± 0.82

	
10.87 ± 1.02

	
−0.98 ± 0.88

	
−11.91 ± 0.04




	
Mastersizer2000 (LD_2000)

	
PMestLM–PMme

	
−4.28 ± 0.58

	
11.43 ± 0.84

	
8.29 ± 0.80

	
−1.06 ± 0.72

	
−10.89 ± 0.00




	
PMestEM–PMme

	
−1.92 ± 0.58

	
−0.79 ± 0.80

	
2.25 ± 0.90

	
0.95 ± 0.85

	
−6.16 ± 0.00




	
PMestPM–PMme

	
1.94 ± 0.58

	
2.24 ± 0.80

	
5.10 ± 0.88

	
1.36 ± 0.81

	
−6.61 ± 0.00








1 calculated from LD, linear model, 2 measured by pipette method, 3 calculated from LD, exponential model, 4 calculated from LD, polynomial model.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
PM (%)

¢ LD_22

60 80
LD (%)
= LD_2000

100





nav.xhtml


  water-12-01232


  
    		
      water-12-01232
    


  




  





media/file2.png
\_‘ﬂ._‘ "y AR
S Park Krajobrai
} Gdr Sfannyt

| { camianing.
= Wetisnski
POTREGHODI D10V

5

: Zemplén s
hegyseq

/ Vo
i






media/file5.jpg
10 2 V=07253+12.403
allsamples 7260
10 o_— w
80y ve3 oy
E < P
_— o,
2. § 3
Flag LR
0
o

e

1D_2000
all samples

.7844x + 10,666
R*=0.8130






media/file3.jpg
PM (%)

#LD_22

LD (%)
= LD_2000






media/file1.jpg





media/file7.jpg
.22 ¥=14.607e417 1D_2000 ¥= 14.319¢0055
all samples all samples R=0.7587






media/file10.png
LD_22 y = 0.0077x% - 0.1209x + 22.772 | LD_2000 y = 0.0065x? + 0.0948x + 18.889

all samples R2=0.7664 all samples R? = 0.8467
100 » 100 ® )
® . o® A
o » ® ‘ r .
80 T 80 ® ’ ‘b‘
o4 f
— 60 — 60 - 4 i&"' Y «
S S
= =
& 40 - % 40 -
: |
20 20
)
0 0 . |
0 20 40 60 80 100 0 20 40 60 80 100

LD (%) LD (%)






media/file9.jpg
2 ¥=0.0077x-0.1209% +22.772| | LD_2000 ¥=0.0065¢% +0.0948x + 18.889
all samples R2=0.7664 all samples R?=0.8467

100

80

60

oM (%)

40

20






media/file0.png





media/file8.png
LD_22
all samples

100

y = 14.607e"0177x

R?*=10.7034

LD (%)

100

LD_2000
all samples

100

¥ = 14.319¢0.0188x
R = 0.7587

80 -

60 -

PM (%)

LD (%)

100






media/file6.png
LD 22 y=0.7253x + 12.403 | LD_2000 y = 0.7844x + 10.666

all samples R?=0.7269 all samples R?=0.8134
100 100
80 80
g 60 g 60

= =

& 40 - & 40
20 20
0 0

0 20 40 60 80 100 0 20 40 60 80 100






