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A b s t r a c t. Particle-size distribution is a critical part of soil 
description, which is commonly measured using pipette and 
hydrometer methods. However, a recently developed technique, 
called the integral suspension pressure method, allows for the 
measurement of continuous particle-size distribution based on 
Stokes' law. The objective of this study was to evaluate the appli-
cability of the integral suspension pressure method for measuring 
particle-size distribution, as an alternative to the standard hydrom-
eter procedure. The integral suspension pressure method was tested 
by using a soil dataset with a wide range of organic matter contents 
(0.22-12.0%). Forty-nine samples were analysed with a hydrom-
eter after organic matter removal and the results were compared 
with those obtained using the integral suspension pressure method. 
Through comparing the integral suspension pressure and hydrom-
eter measurements, root mean square error values of 8.9, 8.1, and 
11.9% were observed for sand, silt, and clay, respectively. The clay 
fraction was underestimated throughout the entire range of meas-
urements. Conversely, the silt content was overestimated over the 
whole range of measurements, especially in samples with more 
than 36% silt. When compared to the hydrometer method, integral 
suspension pressure integral suspension pressure exhibited a ten-
dency to misclassify the soil texture of clay loam samples but was 
accurate for sandy loams.

K e y w o r d s: integral suspension method, organic matter 
removal, particle-size distribution, soil texture

INTRODUCTION

Soil texture and particle-size distribution (PSD), as 
well as the percentages of sand, silt, and clay are common 
soil properties reported in soil surveys and soil descrip-
tions. PSD impacts several soil processes, including water 
movement and soil degradation, and consequently influ-
ences soil quality and productivity (Curcio et al., 2013). 
In addition, soil texture and PSD are commonly used as 
inputs in water flow and contaminant transport models; 
they are also considered when predicting soil hydraulic 
properties using pedotransfer functions (Contreras and 
Bonilla, 2018; Makovníková et al., 2017). Most PSD anal-
ysis methods, such as the hydrometer method (Bouyoucos, 
1927) and pipette method (Robinson, 1922), are based on 
report specific point measurements. These two methods 
are based on Stokes' law, where samples are collected or 
measured at different sedimentation times. Because these 
methods depend on the soil texture classification system, 
which define the size limits between soil fractions (Martín 
et al., 2018), the results provide a limited number of size 
fractions. In addition, it is difficult and inaccurate to recal-
culate and convert this fraction data into another texture 
classification system which could easily provide PSD 
data compatible with any existing classification systems 
without the burden of extra labour (Nemes et al., 2002). 
Other methods provide a high-resolution continuous PSD 
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curve, such as laser diffraction (Yang et al., 2015) that pre-
dicts grain sizes based on diffraction patterns (Konert and 
Vandenberghe, 1997). Although these continuous methods 
are more convenient for predicting soil hydraulic proper-
ties, sedimentation-based procedures are still used in soil 
surveys and routine analysis. One of the main reasons for 
this set of circumstances is the high cost associated with 
laser equipment and the differences in results compared to 
the sedimentation methods (Arriaga et al., 2006).

A more economical alternative for obtaining PSD 
curves, which is still based on sedimentation, is the integral 
suspension pressure (ISP) method. Unlike the hydrom-
eter method, the ISP method computes PSD with Stokes' 
law continuously over time; additionally, it does not dis-
turb the sample, unlike the pipette method. The ISP uses 
the temporal change in the pressure measured at a stand-
ard depth within the suspension to derive the PSD. This 
method integrates density throughout the suspension above 
the measuring depth. A mathematical model is used to 
calculate the pressure as a function of time; the pressure 
depends on the PSD as a function of the time series. The 
PSD of a sample is determined by adjusting the simulated 
time series of pressure to the measurements using inverse 
modelling and global optimization (Durner et al., 2017). 
Thus, the main feature of the ISP method is the genera-
tion of a quasi-continuous PSD curve, which is similar to 
the curves obtained through laser diffraction (Durner et al., 
2017), but the same as the ones generated by the sedimenta-
tion and sieving-based pipette and hydrometer methods. In 
terms of the time taken for measurement, it takes over 6 h to 
obtain hydrometer readings, while the sand fraction method 
involves a sieving and drying procedure, which requires at 
least one extra day. The hydrometer method provides the 
three fractions (sand, silt, and clay) required to compute 
soil texture using a similar time window as the ISP method. 
The measurement-time requirements of the ISP method are 
similar; however, the process is semi-automated.

Removal of organic matter (OM) r (OM) is recommended as 
a pretreatment to ensure the dispersion of soil microaggre-
gates before PSD analysis takes place (Jensen et al., 2017). 
The OM aggregates elementary particles (Zimmermann 
and Horn, 2020), and not removing it, affects silt and clay 
determination (Jensen et al., 2017). Because the ISP and 
sedimentation methods are based on the same principle 
of buoyancy assumed in Stokes’ law, soil particles from 
pretreated samples should exhibit a similar behaviour and 
measurement results in both techniques. Currently, the 
ISP method is used for reporting soil texture in soil stud-
ies related to land management and soil-water relationships 
(Foltran et al., 2021; Demand et al., 2019). However, to 
date no studies have compared the results of sedimentation 
analyses of pretreated soils with the ISP method. Therefore, 
this study aimed to evaluate the ISP method for soil parti-
cle-size measurement for several soil textures and samples 
with an extended OM content range. The PSD and soil 

textures were determined using the ISP method and com-
pared with the hydrometer measurements which was used 
as a standard method, and OM was removed using H2O2.

MATERIALS AND METHODS

Forty-nine soil samples were collected from 37 sites in 
Chile. The soil samples were air-dried, manually crushed, 
sieved using a 2-mm mesh, and stored in polypropylene jars at 
room temperature until analysis. Bulk density (BD, Mg m–3) 
was determined using the clod or core method (Zagal and 
Sadzawka, 2007), and OM (%) was measured using the 
Walkley and Black method (Walkley and Black, 1934). 
The water-stableilized aggregates (WSA, %) were meas-
ured using a wet sieving apparatus (Eijkelkamp Agrisearch 
Equipment, Giesbeek, The Netherlands) according to the 
methodology described by Kemper and Rosenau (1986). 
PSD was determined using hydrometer (Bouyoucos, 1927) 
and ISP methods (Durner et al., 2017). The ISP method was 
implemented using a PARIO device (Meter Group, Pullman, 
WA, USA). The operational ISP measurement range is 
2-63 μm, where 63 μm is the upper limit for the silt fraction 
in the German soil classification system, KA 5. However, in 
this study, the USDA classification system was used for soil 
textural class determination, in which the upper limit for silt 
corresponds to 53 μm. Prior to hydrometer and ISP meas-
urements, OM was removed using H2O2. Neither iron-rich 
nor carbonate-rich soils were found in the samples studied, 
so the pretreatment described below was the only one that 
was carried out. In a 1-L beaker, 60 mL of 15% H2O2 solu-
tion was added to 40 g (5%>OM content) or 50 g (5%<OM 
content) of sieved soil (<2 mm), the mixture was then heated 
to 80-90°C (Zagal and Sadzawka, 2007). Aliquots of 5 mL 
of 30% H2O2 were added until the H2O2 solution no longer 
yielded gas bubbles (Mikutta et al., 2005). If the OM reacted 
vigorously with the H2O2 solution at room temperature, the 
sample was allowed to react overnight. Two duplicated beak-
ers were prepared for each sample. After removal, the first one 
was dispersed using 100 mL of sodium hexametaphosphate 
(50 g L–1) and 100 mL of distilled water, and the soil solu-
tion was shaken overnight. The second one was oven-dried 
to 105°C and then weighed to determine the mass of OM 
loss due to its removal, and also to calculate the exact mass 
of the analysed solid. After that, the dispersed solution was 
placed in a standard 1-L sedimentation cylinder and stirred 
for 1 min, and then hydrometer measurements were obtained 
at 40 s and 7 h, while ISP techniques were applied for 12 h 
using a PARIO device (Durner et al., 2017). The parameters 
used for fitting the PSD in the PARIO device were as fol-
lows: the particle density was 2 650 kg m−3, the dispersant 
concentration of 0.005 kg and the geometry of the setup was 
based on the default setup provided by the manufacturer. 
After the measurements were completed, the sand was wet 
sieved (>53 μm mesh), and the dry-oven sand was sieved 
through meshes of 2 000, 1 000, 500, 250, 105, and 53 μm 
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for very coarse sand (VCS), coarse sand (CS), medium sand 
(MS), fine sand (FS), and very fine sand (VFS), respectively. 
The step of sand wet-sieving was repeated for each method. 
All of the laboratory duplicates were analysed at a frequen-
cy of one out of five samples (one per analytical batch) to 
verify any inconsistency and variation within a batch. The 
relative standard deviation (RSD) was used to determine 
reproducibility within each batch. The RSD was calculated 
as the ratio of the standard deviation to the mean for a set of 
values. The sand, silt, and clay fractions obtained using the 
ISP and hydrometer methods were compared using a paired 
t-test with a significance level of 0.05. Comparisons of the 
three fractions were obtained using coefficients of determi-
nation (R2) and root mean square error (RMSE) (Mako et al., 
2019). The soil textures obtained using both methods were 
also compared by classifying them into three grouped tex-
tural classes: 1) clayey: clay and silty clay; 2) loamy: clay 
loam, loam, sandy clay loam, sandy loam, silt loam, and silty 
clay loam; and 3) sandy: sand and loamy sand (Thiam et al., 
2019). The kappa coefficient, accuracy, and sensitivity were 
determined based on a confusion matrix, a cross-tabulation 
comparison of soil textural classes (Salley et al., 2018) 
determined using ISP measurements and a hydrometer. The 
kappa coefficients were categorized as proposed by Poppiel 
et al. (2019), where <0.00, 0.01-0.20, 0.21-0.40, 0.41-0.60, 
0.61-0.80, and 0.81-1.00 indicated very bad, bad, fair, good, 
very good and excellent measurements of performance, 
respectively. According to the hydrometer measurements, 
the overall accuracy was defined as the total number of ISP 
soil texture classes that matched the hydrometer soil texture 
classes. Simultaneously, the sensitivity value was calcu-
lated using the number of ISP measurements that matched 
a specific soil texture class as compared to the hydrometer 
results (Salley et al., 2018). The USDA-NCSS texture trian-
gle representing the 12 textural classes was plotted using the 
ggplot2 and ggtern R packages (Hamilton and Ferry, 2018).

RESULTS AND DISCUSSION

Table 1 summarizes the main properties of the soil sam-
ples, including OM, BD, textural class (according to the 
hydrometer method), and WSA. The dataset used in this 
study includes basic soil properties (BD, pH, EC, and WSA) 
and soil properties related to the particle-size distribution 
over a broad range OM, which was critical for evaluating 
the methods used to determine PSD. The average content 
of OM for all of the samples was 4.31%, with minimum 
and maximum values of 0.22 and 12%, respectively. High 
OM content values (>10%) have been reported in soils from 
the same study area which also represent more than 50% of 
the arable land in Chile (Ellies et al., 2005; Contreras and 
Bonilla, 2018). The BD in the topsoil samples ranged from 
0.72 to 1.67 Mg m–3, with an average value of 1.23 Mg m–3. 
Lower BD values were observed for wildland soils, which 
correlated to a slight extent with the soil OM content. 

Because clay particles and OM are the main binding agents 
forming organo- mineral assemblages (Rivera and Bonilla, 
2020), higher WSA values (over 95%) were observed for 
the clayey textural classes and also higher OM contents.

A comparison between the ISP and hydrometer meas-
urements is shown in Fig. 1. As explained in the Materials 
and Methods section, OM was removed prior to analysis 
for both methods, which were performed separately. The 
average RSD of the ISP duplicates was 9.9%, a slight-
ly higher value than the 8% reported for the hydrometer 
method (Gavlack et al., 2005). Figure 1 compares the sand 
content measurements, where the R2 value between the ISP 
and hydrometer results was 0.88, with an RMSE of 8.9%. 
Although the sand contents were not measured directly 
with the ISP device, they were necessary for PSD analysis 
and calculation when using the ISP method. In this method, 
the cumulative PSD function is determined using nonlin-
ear regression in order to achieve the best fit between the 
model and measurements using the ISP method and inde-
pendent sand fraction values obtained by sieving (Durner 
et al., 2017). Durner et al. (2020) noted that measuring 
sand fractions independently could affect clay fraction 
determination. Durner et al. (2021) reported that this error 
significantly affects the results produced by samples with 
low clay contents, especially in sandy soils. Thus, although 
no statistically significant difference (p>0.05) was found 
between the sand contents determined using the hydrom-
eter and ISP methods, an RMSE value of 8.9% may still 
be substantial, even if no statistically significant difference 
was found low variation in results, specifically at low clay 
contents. No statistically significant difference (p>0.05) 

Ta b l e  1. Summary of critical soil properties and land use of soils 
analysed in this study, based on the hydrometer method (n=49). 
Values are expressed in the form of an average ± standard deviation 
and range (minimum-maximum)

Class Number
of samples

Organic
matter content

(%)

Bulk density
(Mg m–3)

Water stable
aggregates

(%)

C 4 3.60±2.61 
(1.5-7.3)

1.18±0.25 
(0.89-1.36)

72.6±14.2 
(56.6-89.0)

CL 12 2.91±1.78 
(0.7-7.1)

1.34±0.24 
(0.88-1.56)

72.6±14.8 
(43.1-94.7)

L 11 5.95±1.93 
(3.1-9.1)

1.18±0.21 
(0.86-1.60)

73.9±14.9 
(51.4-97.1)

LS 3 2.13±1.88 
(0.22-4.2)

1.44±0.05 
(1.14-1.48)

56.7±38.4 
(15.6-97.9)

SCL 3 2.73±1.25 
(1.5-4.0)

1.29±0.07 
(1.24-1.34)

55.8±11.2 
(44.0-66.2)

SL 15 5.23±3.61 
(1.2-12.0)

1.21±0.35 
(0.72-1.67)

71.5±24.9 
(0.00-94.1)

SIC 1 2.91
(-)

0.95
(-)

67.2
(-)

C – clay, CL – clay loam, L – loam, LS – loamy sand, SCL – sandy 
clay loam, SL – sandy loam, SIC – silty clay,
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was observed between the sand contents determined using 
the hydrometer and ISP methods as the same procedure 
(wet sieving) was used for both.

As shown in Fig. 1, the ISP silt values were not sig-
nificantly different from those obtained using hydrometer 
measurements (p>0.05), and the silt fraction measurements of 
both methods were in agreement (R2 = 0.78, RMSE = 8.1%). 
However, for all of the samples where the hydrometer meas-
ured a silt content of over 36% (n = 12), the ISP method 
exhibited an overestimation of this fraction. When compared 
to the hydrometer method, the ISP method also showed 
a statistically significant underestimation of the clay content 
(p<0.05), with 90% of the measured values occurring below 
the 1:1 line. The RMSE value for the silt content which may 
be used to compare the hydrometer and ISP methods (8.1%) 
was higher than those reported to compare the hydrometer 
and pipette methods (6%) (Faé et al., 2019). A high degree 
of uncertainty was observed in the measured clay con-
tents when using the ISP method. A similar condition was 
reported by Nemes et al. (2020) when comparing the ISP 
and pipette methods. They found a high degree of uncer-
tainty in the ISP clay measurement at low clay contents. An 
overestimation of silt and an underestimation of clay may be 
expected to occur if OM has not been removed previously 
as it causes an incomplete dispersion of soil aggregates <20 
μm (Jensen et al., 2017). However, in both procedures, the 
OM was removed prior to analysis, hence, the differences in 
silt and clay content may be attributed to the ISP measure-
ments. The USDA range for the silt size limit is 2-50 μm, 
which is within the measurement range for the ISP device 
(2-63 μm). Thus, the observed bias of the clay fraction may 
be understood to be primarily due to the silt measurements. 
The silt and clay fractions measured using ISP showed 
a higher RMSE than the comparison between the pipette and 
hydrometer methods (3-6% respectively) but a lower RMSE 

than that produced using laser diffraction and hydrometer 
measurements (18-22% respectively) (Faé et al., 2019). The 
sand content used as an input when fitting the PSD measure-
ments for ISP, could be a source of error when measuring the 
clay fraction (Durner et al., 2020). Indeed, the error in the 
sand fractions determined by sieving will propagate linearly 
sfor the finer fractions in the ISP measurements (Durner et 
al., 2021). However, this source of error was dismissed in 
this dataset as no statistical differences in sand measure-
ments were found between the ISP and hydrometer sieved 
fractions. The immersion of the device and the covered sam-
pling area could be another potential source of differences 
in the results produced by the two measurement procedures. 
Disturbances in the soil columns could be more severe with 
either method, altering the dispersion (e.g., cylinder wall 
flow after suspension mixing) due to device immersion to 
a different extent for each method (Durner et al., 2017). The 
use of different sampling zones in previous studies have 
been used to explain the differences between sedimentation 
procedures, such as hydrometer and pipette measurement 
(Durner et al., 2017). For example, a pipette provides 
a slightly finer distribution than a hydrometer (Coates and 
Hulse, 1985). Also, the discrepancies in silt content results 
between the ISP and hydrometer could also be explained by 
the errors resulting from subsampling due to the increasing 
prevalence of coarser particles (Ramsey and Suggs, 2001), 
and potential changes in temperature while performing dif-
ferent sets of measurements (Durner et al., 2021).

Differences in measurement results between the hydrom-
eter and ISP methods were grouped into clayey, loamy and 
sandy classes (Fig. 2a). Sand content results did not pro-
duce any statistical differences (NS) for any textural group. 
Silt content results exhibited statistical differences between 
clayey and loamy (p<0.001) and clayey and sandy sam-
ples (p<0.001), with no statistically significant differences 

Fig. 1. Comparison between sand, silt, and clay contents measured using the ISP and hydrometer methods. The black line represents 
the linear regression expressed in each faceted plot for all data. The blue and red lines represent the linear regression expressed in each 
faceted plot for overestimated and underestimated data respectively.
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between the sandy and loamy groups (NS). Clay content 
results exhibited statistical differences among all of the tex-
tural groups. The statistical differences were observed for 
clayey and loamy (p<0.001), clayey and sandy (p<0.001), 
and loamy and sandy (p<0.05) samples. The overestima-
tion of silt and underestimation of clay were larger in the 
clayey group than in the sandy and loamy soils. Differences 

between the results obtaithe ned using different methodolo-
gies, appear to be caused to a greater extent by differences in 
sample pretreatments than by the PSD analysis itself (Durner 
et al., 2021), a grouped analysis using OM content range was 
performed in order to verify any measurement bias involv-
ing OM removal. When grouping the soil samples by OM 
content range (<2, 2-4, and >4%), the differences between 
the fractions (silt and clay) measured using the hydrometer 
and ISP methods were not statistically different (Fig. 2b). 
The difference in ISP measurements between the silt and 
clay fractions relates to the silt content and its overestima-
tion, but not to the OM content. Figure 3 shows the soil 
textures identified using the ISP and hydrometer methods. 
An underestimation was observed for the clay in the ISP 
method as the measurements progressed toward higher silt 
values. Figure 3 also indicates that the ISP device could not 
detect clay (<1% measured) in the three loamy soils. Due 
to the fact that OM removal requires a decanting step, there 
is a chance that a small portion of clay and fine particles 
may have been removed in this process (Fisher et al., 2017). 
This possible source of errors in the ISP method should be 
considered for improvement in future studies due to the low 
degree of precision found at low clay values. The accuracy 
of the ISP method in determining soil texture classes com-
pared with the hydrometer method is shown in Fig. 4. The 
results produced by the ISP method matched those produced 
by the hydrometer method in 17 of the 49 samples analysed. 
The best performance was observed for the SL (sandy loam) 
class, where the ISP measurement results matched for 10 
out of 15 samples that were analysed. By contrast, the worst 
performance was observed for the CL (clay loam) class, 
where none of the 12 samples classified as CL using the 
hydrometer method matched the classification obtained 
using the ISP method. The confusion matrix exhibited an 

Fig. 2. Sand, silt, and clay fraction differences between the ISP and 
the hydrometer methods. The effects are presented for: a) various 
soil textural groups (clayey, loamy, and sandy) and b) OM rang-
es (<2, 2-4, and >4%). Data above the horizontal line represents 
an underestimation in the ISP measurements (as compared to the 
hydrometer measurements). Data below the line represents an over-
estimation. * p<0.05, ** p<0.01, *** p<0.001, ns – not significant.

Fig. 3. USDA soil textural classes based on sand, silt, and clay con-
tents measured using the ISP and hydrometer methods. Red and blue 
dots correspond to ISP and hydrometer measurements, respectively; 
the same samples are connected with a gray line. Red half-circles on 
the sand axis indicate measurements with a clay content <1%.

Fig. 4. Confusion matrix for accuracy in matching the textural class 
group using the ISP and hydrometer methods. SCL, S, and SIL 
classes were not measured using a hydrometer but rather they were 
classified using the ISP method. The intensity of colour in the red tiles 
is based on the number of matches, for the blue tiles it is based on the 
number of observations for each method. C – clay, SIC – silty clay, . C – clay, SIC – silty clay, 
CL – clay loam, SICL – silty clay loam, SCL – sandy clay loam, L – CL – clay loam, SICL – silty clay loam, SCL – sandy clay loam, L – 
loam, SIL – silt loam, SL – sandy loam, LS – loamy sand, S – sand.loam, SIL – silt loam, SL – sandy loam, LS – loamy sand, S – sand.

b

a
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overall accuracy of 0.35, regardless of the kappa value 
(= 0.21), which was adequate according to Poppiel et al. 
(2019). The highest number of samples measured using 
a hydrometer (n = 12, 11, and 15, respectively) belonged to 
the CL, L (loam), and SL classes, with sensitivities of 0.00, 
0.34, and 0.67, respectively. The lack of agreement may 
be attributed to the combined effect of the underestimation 
of clay and the overestimation of silt, which shifts the tex-
ture classification in 65% of observations. Also, although 
no statistical differences in sand measurements were found 
between the ISP and hydrometer sieved fractions, the dif-
ferent measuring techniques can still affect the soil texture 
classification, as observed with classification changes from 
CLCL to SL. From the 32 texture classification differences 
between the hydrometer and the ISP method, 31 occurred 
between the adjacent classes, except for one soil sample 
that moved from CL  CL to SL. A combined approach of the 
qualitative evaluation of soil textural classes and quantita-
tive evaluation for the determination of the percent or mass 
of each fraction, must be followed in order to compare the 
hydrometer and ISP methods. The discrepancies between 
the sand, silt and clay values between the ISP and hydrom-
eter techniques (RMSE 8.9, 8.1 and 11.9%, respectively) are 
translated into significant discrepancies in the assigned soil 
textural classes (Yang et al., 2015). The ability to determine 
the PSD value in a precise curve represents the advantage of 
the ISP method over the hydrometer method using the same 
principle. Finally, soil textural classes may be determined 
with a fair degree of accuracy (Poppiel et al., 2019) using 
the ISP method in contrast to the hydrometer method.

CONCLUSIONS

1. A dataset of soil samples comprising a wide range 
(0.22-12%) of organic matter content was analysed using 
integral suspension pressure and hydrometer methods.

2. The performances of the integral suspension pressure 
and hydrometer methods were compared and root mean 
square error of 8.9, 8.1, and 11.9% were observed for sand, 
silt, and clay, respectively. According to previous studies, 
root mean square error root mean square error for silt values are higher in com-
parison to the pipette method but lower than that produced 
by laser diffraction.

3. The underestimation of clay content and the overes-
timation of silt content were observed when comparing the 
results obtained from the sand, silt, and clay fractions that 
were measured using the integral suspension pressure  integral suspension pressure and 
hydrometer methods.

4. The underestimation of clay content translated into 
a misclassification of most textural classes, while the sandy 
loam and loam classes were determined with a fair degree 
of accuracy using the integral suspension pressure method.

5. Plans for future work includes a) a comparison between 
the integral suspension pressure method using a pipette and 
laser measurements and b) methodological improvements 
including sand separation before analysis and clay determi-
nation in a suspension.

Conflict of interest: The authors declare no conflict of 
interest.

ACKNOWLEDGEMENTS

The study was conducted in the Soil Biophysics 
Laboratory, and we thank the research group for their con-
structive comments, which improved the manuscript. Main 
author thanks the ANID/CONICYT Doctorado Nacional 
Scholarship 21160742, Government of Chile.

REFERENCES

Arriaga F.J., Lowery B., and Mays M.D., 2006. A fast method 
for determining soil particle size distribution using a laser 
instrument. Soil Sci., 171, 663-674.

 https://doi.org/10.1097/01.ss.0000228056.92839.88
Bouyoucos G.J., 1927. The hydrometer as a new method for the 

mechanical analysis of soils. Soil Sci., 23(5),
 https://doi.org/10.1097/00010694-192705000-00002
Coates G.F. and Hulse C.A., 1985. A comparison of four meth-

ods of size analysis of fine-grained sediments. New Zeal. J. 
Geol. Geophys., 28(2), 369-380.

 https://doi.org/10.1080/00288306.1985.10422234
Contreras C.P. and Bonilla C.A., 2018. A comprehensive evalu-

ation of pedotransfer functions for predicting soil water 
content in environmental modeling and ecosystem manage-
ment. Sci. Total Environ., 644, 1580-1590,

 https://doi.org/10.1016/j.scitotenv.2018.07.063
Curcio D., Ciraolo G., D'Asaro F., and Minacapilli M., 2013. 

prediction of soil texture distributions using VNIR-SWIR 
reflectance spectroscopy. Procedia Environ. Sci., 19, 494-
503, https://doi.org/10.1016/j.proenv.2013.06.056

Demand D., Selker J.S., and Weiler M., 2019. Influences of ma-
cropores on infiltration into seasonally frozen soil. Vadose 
Zo. J., 18, 180147, https://doi.org/10.2136/vzj2018.08.0147

Durner W., Iden S.C., and von Unold G., 2017. The integral 
suspension pressure method (ISP) for precise particle-size 
analysis by gravitational sedimentation. Water Resour. 
Res., 53(1), 33-48, https://doi.org/10.1002/2016WR019830

Durner W., Miller A., Gisecke M., and Iden S.C., 2020. Testing 
the improved integral suspension pressure method ISP+ with 
the PARIOTM device, EGU General Assembly, id.10906,

 https://doi.org/10.5194/egusphere-egu2020-10906
Durner W. and Iden S.C., 2021. The improved integral suspen-

sion pressure method (ISP+) for precise particle size analysis 
of soil and sedimentary materials. Soil Till. Res., 213,

 https://doi.org/10.1016/j.still.2021.105086
Ellies A., Ramı́rez C., and Mac Donald R., 2005. Organic mat-

ter and wetting capacity distribution in aggregates of 
Chilean soils. Catena, 59(1), 69-78,

 https://doi.org/10.1016/j.catena.2004.05.005



INTEGRAL SUSPENSION PRESSURE METHOD FOR SOIL PARTICLE SIZE ANALYSIS 363

Faé G.S., Montes F., Bazilevskaya E., Añó R.M., and Kemanian 
A.R., 2019. Making soil particle size analysis by laser 
diffraction compatible with standard soil texture 
determination methods. Soil Sci. Soc. Am. J., 83, 1244-1252, 
https://doi.org/10.2136/sssaj2018.10.0385

Fisher P., Aumann C., Chia K., O'HalloranN., and Chan-
dra S., 2017. Adequacy of laser diffraction for soil particle 
size analysis. PLoS One, 12(5),

 https://doi.org/10.1371/journal.pone.0176510
Foltran E.C., Ammer C., and Lamersdorf N., 2021. Douglas fir 

and Norway spruce admixtures to beech forests along in 
Northern Germany – Are soil nutrient conditions affected? 
https://doi.org/10.1101/2020.09.25.313213

Gavlack R., Horneck D., and Miller R., 2005. Plant, soil and water 
reference methods for the Western Region. Western Regional 
Extension Publication (WREP) 125, WERA-103 Technical 
Committee, http://www.naptprogram.org/files/napt/western-
states-method-manual-2005.pdf

Hamilton N.E. and Ferry M., 2018. "ggtern: Ternary Diagrams 
Using ggplot2" J. Stat. Softw., 87(3), 1-17,

 https://doi.org/10.18637/jss.v087.c03
Jensen J.L., Schjønning P., Watts C.W., Christensen B.T., and 

Munkholm L.J., 2017. Soil texture analysis revisited: Re-
moval of organic matter matters more than ever. PLoS One, 
12(5), https://doi.org/10.1371/journal.pone.0178039

Kemper W.D., and Rosenau R.C., 1986. Aggregate stability and 
size similar to the aggregates distribution. In: Methods of 
soil analysis (Ed. A. Klute),

 https://doi.org/10.2136/sssabookser5.1.2ed.c17
Konert M. and Vanderberghe J.E.F., 1997. Comparison of laser 

grain size analysis with pipette and sieve analysis: a solu-
tion for the underestimation of the clay fraction. 
Sedimentology, 44(3), 523-535,

 https://doi.org/10.1046/j.1365-3091.1997.d01-38.x
Mako A., Szabo B., Rajkai K.,Szabo J.,Bakacsi Z., Labancz V., 

Hernadi H., and Barna G., 2019. Evaluation of soil tex-
ture determination using soil fraction data resulting from 
laser diffraction method. Int. Agrophys., 33, 445-454,

 https://doi.org/10.31545/intagr/113347
Makovníková J., Širáň M., Houšková B., Pálka B., and Jones A., 

2017. Comparison of different models for predicting soil bulk 
density. Case study – Slovakian agricultural soils. Int. Agro-
phys., 31, 491-498, https://doi.org/10.1515/intag-2016-0079

Martín M.Á., Pachepsky Y.A., García-Gutiérrez C., and 
Reyes M., 2018. On soil textural classifications and soil-
texture-based estimations. Solid Earth, 9(1), 159-165, 
https://doi.org/10.5194/se-9-159-2018

Mikutta R., Kleber M., Kaiser K., and Jahn R., 2005. Organic 
matter removal from soils using hydrogen peroxide, sodium 
hypochlorite, and disodium peroxodisulfate. Soil Sci. Soc. 
Am. J., 69(1), 120-135,

 https://doi.org/10.2136/sssaj2005.0120

Nemes A., Angyal A., Mako A., Jacobsen J.E., and Herczeg 
E., 2020. Measurement of soil particle-size distribution by 
the PARIO measurement system: lessons learned and 
comparison with two other measurement techniques. EGU 
General Assembly. id.9832,

 https://doi.org/10.5194/egusphere-egu2020-9832
Nemes A., Czinkota I., Czinkota G., and et al., 2002. Outline of 

an automated system for the quasi-continuous measurement 
of particle-size distribution, Agrokém. és Talajt., 51(1-2), 
37-46. https://doi.org/10.1556%2FAgrokem.51.2002.1-2.5

Poppiel R.R., Lacerda M.P.C., Demattê J.A.M., Oliveira M.P., 
Gallo B.C., and Safanelli J.L., 2019. Pedology and soil 
class mapping from proximal and remote sensed data. 
Geoderma, 348, 189-206,

 https://doi.org/10.1016/j.geoderma.2019.04.028
Ramsey C.A. and Suggs J., 2001. Improving laboratory perfor-

mance through scientific subsampling techniques. Environ. 
Test. Anal., 10, 12-16.

Rivera J.I. and Bonilla C.A., 2020. Predicting soil aggregate sta-
bility using readily available soil properties and machine 
learning techniques. Catena, 187, 104408, 

 https://doi.org/10.1016/j.catena.2019.104408
Robinson G.W., 1922. Note on the mechanical analysis of humus 

soils. J. Agric. Sci., 12(3), 287-291,
 https://doi.org/10.1017/S0021859600005347
Salley S.W., Herrick J.E., Holmes C.V., Karl J.W., Levi M.R., 

McCord S.E., van der Waal C. and Van Zee J.W., 2018. 
A comparison of soil texture by feel estimates: implications for 
the citizen soil scientist. Soil Sci. Soc. Am. J., 82, 1526-1537, 
https://doi.org/10.2136/sssaj2018.04.0137

Thiam M., Thuyet D.Q., Saito H., and Kohgo Y., 2019. Perfor-
mance of the tangential model of soil water retention curves 
for various soil texture classes. Geoderma, 337, 514-523. 
https://doi.org/10.1016/j.geoderma.2018.10.008

Walkley A. and Black I.A., 1934. An examination of the 
Degtjareff method for determining soil organic matter, and 
a proposed modification of the chromic acid titration 
method. Soil Sci., 37(1),

 https://doi.org/10.1097/00010694-193401000-00003
Yang X., Zhang Q., Li X., Jia X., Wei X., Shao M., 2015. Deter-

mination of soil texture by laser diffraction method. Soil 
Sci. Soc. Am. J., 79(6), 1556-1566,

 https://doi.org/10.2136/sssaj2015.04.0164
Zagal E. and Sadzawka M., 2007. Protocol of Methods of Anal-

ysis for Soils and Sludge (in Spanish). University of 
Concepción, Faculty of Agronomy. Chillán, Chile.

Zimmermann I., and Horn R., 2020. Impact of sample pretreat-
ment on the results of texture analysis in different soils. 
Geoderma, 371, 114379,

 https://doi.org/10.1016/j.geoderma.2020.114379


