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Vrbičanová, G.; Aydın, E.; Tárník, A.

The Evaluation of the Accuracy of

Interpolation Methods in Crafting

Maps of Physical and Hydro-Physical

Soil Properties. Water 2021, 13, 212.

https://doi.org/10.3390/w13020212

Received: 3 November 2020

Accepted: 14 January 2021

Published: 17 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Biometeorology and Hydrology, Faculty of Horticulture and Landscape Engineering,
Slovak University of Agriculture in Nitra, 949 76 Nitra, Slovakia; elena.aydin@uniag.sk

2 Department of Landscape Planning and Land Consolidation, Faculty of Horticulture and Landscape Engineering,
Slovak University of Agriculture in Nitra, 949 76 Nitra, Slovakia; karol.sinka@uniag.sk

3 West Slovakian Water Company, Nábrežie za hydrocentrálou 4, 949 60 Nitra, Slovakia;
vargapeter1608@gmail.com

4 Department of Ecology and Environmental Sciences, Faculty of Natural Sciences,
Constantine the Philosopher University in Nitra, 949 01 Nitra, Slovakia; greta.vrbicanova@ukf.sk

* Correspondence: dusan.igaz@uniag.sk (D.I.); andrej.tarnik@uniag.sk (A.T.)

Abstract: The goal of this study was the spatial processing and showcasing selected soil properties
(available water capacity, total organic carbon content and the content of clay fraction <0.001 mm)
in the Nitra River Basin (Slovakia) via the usage and the subsequent evaluation of the quality of
applied interpolation methods (Spline, inverse distance weighting (IDW), Topo to Raster). The results
showed the possibilities of “conversion” of point information obtained by field research as well as
research in the laboratory into a spatial expression, thus providing at least relevant estimation of
the soil properties even in localities not directly covered by soil sampling. Based on the evaluation
and mutual comparison of the accuracy of the used interpolation methods (by using the so-called
cross-validation and trust criteria), the most favorable results were achieved by the Spline method
in the GRASS GIS environment, and in the ArcGIS environment. When comparing the measured
and estimated values of given soil properties at control points, the interpolated values classified as
very accurate up to accurate prevailed in the verification dataset. Qualitatively less favorable (but
still acceptable) were the results obtained with Topo to Raster (ArcGIS) interpolation method. On
the contrary, the Spline method in the ArcGIS environment turned out to be the least accurate. We
assume that this is most likely not only a consequence of insufficient density of points (resources),
but also an inappropriate implementation of the method into the ArcGIS environment.

Keywords: soil properties; interpolation methods; map creation; geographical information systems;
spatial analysis

1. Introduction

Rapid development of mathematical methods in various fields of knowledge and prac-
tical applications is one of the defining characteristics of modern times. Geo-statistical and
geo-spatial methods are currently being used and applied in diverse scientific disciplines.
Their potential lies in the swift availability of real-time spatial data, which is essential for
the functioning of many industries. With the progress in the field of technology we can
distribute spatial data via various software applications and layers of internet security.
Over the course of last several years the amount of spatial data that the human society
deals with on a daily basis has increased exponentially. New technologies for remote or
terrestrial data collection, including photogrammetry or laser scanning, create a wealth
of data with a certain geographical dimension. This has stimulated the development of
geographic information systems aimed at storing, managing, analyzing, visualizing and
making the data available to the general public.

Geographic information systems (GIS) are not limited to the field of geography per
se [1], but have found broad application in agriculture [2–5], forestry [6,7], pedology [8],
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ecology [9], environmental studies [10–13], botany, biology, landscape planning [14], land
consolidation projects [15] and nature conservation. The interconnection of GIS with other
diverse scientific disciplines is necessary in the development of methodological procedures
and terminology for working with spatial soil data [16].

In soil science, the applicability of GIS consists of a set of methods and means for
collecting, storing, retrieving, transforming, analyzing and displaying the spatial data
regarding soils from the soil continuum pertaining to their defined position within a given
coordinate system, their attributive properties and their relationships to other objects
occupying that same space. At present, there are several options and methodological
procedures for the processing, treatment and subsequent web distribution of soil properties
in the format of a map output. The soil properties are mostly determined on the basis of
field sampling using soil pits and augers and the subsequent laboratory analyzes [17,18].
The accumulated data are tied to a sampling point, determined by the spatial coordinates
(X, Y, Z). The result is point data of individual characteristics of soils.

A comprehensive soil survey of agricultural land took place in Slovakia (former
Czechoslovakia) from 1961 up to 1970. Following the “point” information obtained by the
survey, the maps of so-called evaluated (bonitated) soil-ecological units (ESEU) (in original
“bonitované pôdno—ekologické jednotky“—acronym BPEJ) were elaborated at the scale
1:5000 in the 70s of the 20th century [19]. Currently, the information on the individual ESEU
parameters within agricultural land in Slovakia is freely available in the soil portal of the
Research Institute of Soil Science and Soil Protection in Bratislava, Slovakia [20]. The maps
were accompanied by brochures with an explanation on the five-digit code by which every
ESEU was specified. The system was later updated to a seven-digit code [21]. The first two
digits stand for one of eleven categories of climatic regions, while the third and fourth digit
specify one of one hundred main soil units. The main soil unit is formed by an aggregate
of genetic soil types, sub-types, soil-forming substrates, soil texture and soil depth, degree
of hydromorphism and relief of the area [22]. The fifth and sixth digits stand for the
combination of slope gradient and aspect and combination of soil skeleton content and soil
depth, respectively. The seventh digit specifies one of five categories of soil texture [21].
Of the available physical, hydro-physical and chemical soil properties observed during
the survey, only the soil types according to soil texture (based on Novák’s classification
adapted from the Kachinski system [23–25]) were “projected” into mapping and included
in ESEUs. However, the informative value of those datasets is decreasing, as updates
are elaborated only in terms of the definition of agricultural land (by drawing possible
changes in the forest boundary) and slope conditions processed by geodetic activity in
the landscaping process [25,26]. Knowledge on the soil properties changing over space
and time is crucial for the development of various human activities. Therefore, the soil
sampling and mapping is an essential part of the soil research. However, these activities
are time consuming and often require special sampling and laboratory equipment and
considerable financial resources. The possibility of sampling fewer sites in the field and
interpolating the values of studied properties between the sampling sites is in many cases
an unnecessary compromise. However, it should be mentioned that the resulting accuracy
of mapping and estimation of spatial means of an environmental variable will usually be
increased by dispersing the sample locations so that they cover the study area as uniformly
as possible [27].

Data processing in GIS is closely linked with interpolation methods which provide a
spatial estimation from point data either regularly or irregularly distributed over a given
landscape segment. There is currently a wide range of interpolation algorithms [28–30]. Each
of these algorithms is characterized by specific properties that determine its advantages or
disadvantages and, of course, what is necessary, its field of application. In the case of the
GRASS GIS environment, the RST algorithm (regularized spline with tension) is very often
used. RST is a specific approximation, resp. interpolation function of two variables, which
at the points of the points of the discrete input point field, determined by the coordinates
X and Y (node points), acquires functional values close (approximation), resp. identical
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(interpolation) to the scalar values assigned to these points. In GRASS GIS, this function is
used to calculate scalar values in the cell centers of the generated raster representing the
surface produced [31].

Interpolation in the framework of understanding of GIS technology is a workflow that
converts discrete spatial point information into continuous spatial information based on
the assumption of spatial autocorrelation. While the usage of interpolation methods to
express the shape of topography (digital terrain model) belongs among the key processes
in water erosion modeling [32–34], its usage in other areas of soil science is less abundant
e.g., [35–37]. Discrete point information can be a tachymetrically (geodetically) pointed
field with a specified altitude, an array of line points representing contour fields, a network
of meteorological stations with regular air temperature measurements or, as in our case, an
irregular point field of soil probes representing selected soil properties. No interpolation
method is universal and thus cannot be applied equally to all phenomena. The correct
choice of an interpolation method depends on the structure of the input data and the nature
of the observed phenomenon. Understanding interpolations (including their sensitivity to
specific settings) is the basis for their proper use (not only) in the field of creation of soil
maps from limited amount of point data.

The aim of this work was to identify the possibilities and methodological procedures
for selecting the most suitable interpolation method (a) Spline, (b) IDW, (c) Topo to Raster,
for the purpose of processing, modification and interpretation of the selected soil properties
of the Nitra River Basin in a map form of output. For this purpose, we compared the
created datasets of (i) available water capacity (hydro-physical soil property), (ii) soil
organic carbon content (chemical soil property) and (iii) content of clay fraction <0.001 mm
(physical soil property).

2. Materials and Methods
2.1. Study Site

The Nitra River Basin (Slovakia) with an area of 4501 km2 is located in the western
part of Slovakia (Figure 1a) to the west from Hron River Basin and to the south and west
from the Váh River Basin. The Nitra River springs in the Malá Fatra mountains. It flows
through the Prievidza and Hornonitrianská basins between the Tribeč, Žiar and Vtáčnik
mountain ranges on the left side of the stream, the Strážovské vrchy, Malá Magura and
Nitrické vrchy mountains to the right. The flow between the Tribeč and Považský Inovec
mountains in the Podunajská pahorkatina forms a separate geo-morphological section of
the Nitra River floodplain. The Nitra River then flows into the Váh River [38].

The altitude conditions of the Nitra River Basin vary within the range of 1238 m, with
the highest point of the basin being the Vtáčnik Peak of 1346 m above sea level and the
lowest being at the mouth of the river, 108 m above sea level. The average altitude of the
basin is 326 m.

According to the orographic division, the territory is located in the orographic sub-
system of the Carpathian Mountains and the Pannonian Basin [39]. The geologic structure
of the upper layer of the Upper Nitra Basin and the Danube Uplands is formed by loess
and loess clays, which represent the youngest geological period. The slopes and foothills
of the mountains, the floodplain of the Nitra River and its tributaries are covered with
deluvial sediments. These are mainly alluvial sediments with clayey-aluminous and
gravelly facies [38].

Fluvisols, Cambisols, and Chernozems are the most represented soil types in the
river basin, followed by Luvisols and Podzols. Agricultural land accounts for 69% of the
river basin area. Forests cover 1430 km2 of the basin, of which 892 km2 are located in the
upper part of the basin [17,40]. In terms of grain size distribution, light soils 3.7%, medium
heavy soils, 77.9%, heavy soils 13.6% and very heavy soils 4.8% can be found in the Nitra
River Basin [41].



Water 2021, 13, 212 4 of 22

Figure 1. Study area: (a) Position of the Nitra River Basin; (b) Location of the soil sampling sites and control points.

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 in the entire basin is 733 mm. In terms of climatic conditions, 65% of the basin
belongs to a warm climatic area. The moderate climatic area is represented towards north
of the basin, and the small area at the highest altitudes belongs to a cold climatic area. The
mean annual temperature in the studied basin is within 7.5 to 10 ◦C [42].

2.2. Soil Sampling and Laboratory Soil Analyses

The location of sampling areas within the Nitra River Basin 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 on 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. Soil sampling
was conducted as a part of a bigger field survey, in which the disturbed and undisturbed
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soil samples were taken from the specific locations within the Nitra, Váh and Hron River
Basins and were used for soil analysis of the basic physical and hydrophysical properties.
This campaign and results were reported in the scientific monograph [39].

For the purposes of our study, we worked with 112 disturbed and undisturbed soil
samples taken from agricultural land at a depth of 15–20 cm (Supplementary Materials
Figures S1 and S2). The disturbed soil samples were taken using a spade and a shovel and
were put in the numbered plastic bags. The undisturbed soil samples were taken using
steel cylinders with a total volume of 100 cm3.

The disturbed soil samples were air-dried in the laboratory for at least 48 h, crushed
and sieved on 2 mm mesh to remove gravel and roots. Soil organic carbon (COx) was
determined by the wet combustion method of Tyurin [43], by oxidizing the organic matter
using a mixture of 0.07 M H2SO4 and K2Cr2O7 with titration using 0.01 M Mohr’s salt
((NH4)2SO4 FeSO4 6H2O). Prior to the soil texture analysis, carbonates (CaCO3) were
removed from another representative disturbed soil sample using 2 mol dm−3 HCl. The or-
ganic substances were removed by 6% hydrogen peroxide (H2O2). After repeated washing,
the soil samples were dispersed with solution of 0.06 mol dm−3 sodium hexaphosphate
(NaPO3)6 and 0.075 mol dm−3 sodium carbonate (Na2CO3). Clay fraction content <0.001
mm (CFC) was determined by the pipette method using pipette apparatus (Eijkelkamp
Soil and Water, Giesbeek, The Netherlands) [44] (Table 1).

Table 1. Overview of analyses performed for each soil sample.

Soil Parameter Type of Analysis Type of Soil Samples

Disturbed Undisturbed

Soil organic carbon (COx) Wet combustion method of Tyurin [34] x
Clay fraction <0.001 Pipette method [35] x
Carbonates removal Using 2 mol dm−3 HCl [35] x

Organic substances removal Using 6% hydrogen peroxide [35] x
Field capacity (FC) Pressure-plate method (−20 kPa) [36] x
Wilting point (WP) Pressure-plate method (−1500 kPa) [36] x

Soil drying Dried for 24 h at 105 ◦C [36] x x

The undisturbed soil samples were fully saturated and then placed to a pressure-plate
apparatus (Soil Moisture Equipment Corp., Santa Barbara, CA, USA) to determine the
volumetric water content corresponding to each pressure potential of field capacity (at a
pressure potential of −20 kPa) and the wilting point (at a pressure potential of −1500 kPa).
Prior to every increase of pressure potential, the undisturbed soil samples were weighed
and the water content corresponding to each pressure potential was calculated. At the end,
the soil samples were dried for 24 h at 105 ◦C in the oven and weighed [45]. The available
water content (AWC) was calculated as the difference between the value of field capacity
(FC) and wilting point (WP) (Table 1).

2.3. Software Used and Input Data Processing

Based on the individual laboratory measurements, the database containing positional
point data of soil sampling sites (GPS coordinates and values of selected soil properties)
was created focused on geodetic methods and measured data representing soil character-
istics [46]. Finally, the spatial data were stored in a vector data format (shapefile, *.shp),
which is suitable for working in the GIS software, as well as in the OpenGeo Suite environ-
ment [47]. ArcGIS (10.6, Esri, Redlands, California, USA) and GRASS GIS software (version
7.6, GRASS Development Team, https://grass.osgeo.org) were chosen for the purposes
of this study. ArcGIS is a modular system and a commercial product requiring a license.
GRASS GIS (Geographic Resources Analysis Support System) is GIS meant for spatial
data management, image processing, graphics creation, spatial modeling and visualization
of a large number of varied data types and unlike commercial GIS software GRASS is
free. Its source code is available for review, modification, or updating. It is an official

https://grass.osgeo.org
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project of the NGO Open Source Geospatial Foundation. The GRASS GIS project is an
international team effort that includes scientists and developers from various fields. GRASS
has been under continuous development since 1982 involving a large number of federal
US agencies, universities, and private companies. The development of core components
and the management of releases were in charge of the Construction Engineering Research
Laboratory (CERL) in Champaign, Illinois, USA. However, since 1997 a worldwide network
of developers continues to develop and release of GRASS GIS. The GRASS GIS contains
more than 500 modules for rendering maps and images, manipulating vector and raster
data, including vector networks, creating, processing and storing spatial data [48].

2.4. Interpolation Methods Used in the Study

Interpolation methods [1,49,50] IDW, Spline, and Topo to Raster in ArcGIS and Regu-
larized Spline with Tension method in GRASS GIS (GRASS GIS Spline) were used to create
map layouts of the selected soil properties.

The inverse distance weighting (IDW) method determines cell values based on a
linearly weighted combination of a set of entry points [51]. The output value for a cell is
limited to the range of the values used to interpolate. Because IDW is a weighted distance
average, the average cannot be greater than the highest or less than the lowest input. The
optional parameter of weight “power” within the command controls the significance of
surrounding points on the interpolated value. A higher power results in less influence from
distant points. It can be any real number greater than 0. By increasing this value, the values
of the nearest points will be emphasized, thanks to which they will have a higher impact on
the resulting surface (which will also be less smooth). By decreasing this value, the points
further from the currently calculated (interpolated) point will be of increasing importance
and will affect the resulting value more. Since the IDW method is not tied to any physical
process, it is generally not possible to determine which weight value (“power”) is most
favorable. However, the most reasonable results can be obtained using values from 0.5 to
3 [52]. In our case this value was set to default 2, due to the irregular distribution of point
source data. The search radius, limiting the number of known points for the interpolation
of an unknown point in the output raster, was fixed to a minimum number of 12 points in
our calculations.

Among the selected interpolation methods, the method of minimal curvature was the
only one used in both ArcGIS (Spline) and GRASS GIS (Regularized Spline with Tension), in
order to verify the credibility and reliability of its implementation in the relevant software.
The spline method is characterized as a system of lower degree polynomials at different
intervals, which follow up each other at the points of the input point field. Fajmon and
Ružičková [53] presented several types of polynomial functions:

• Linear spline (first order)—Represents a set of linear functions that follow up each
other in the specified (entry) points. It is actually a polyline connecting the points of the
input point field. Its disadvantage is that the function has very sharp edges at specified
points where it is not possible to determine the derivative. Not to mention that a linear
spline can oscillate considerably from the actual surface between specified points.

• Quadratic spline (second order)—Characterized as a system of quadratic functions,
which follow up each other at given points with a functional value as well as the
value of the first derivative. Although a quadratic spline has better properties when
compared to a linear spline, its downside is its inertia, as every two adjacent points
are connected by a parabola that “shoots” a point until it takes the “right” direction to
the next point.

• Cubic spline (third order)—Defined as a set of cubic functions that follow up each
other at given points with a functional value, as well as with the first and second
derivatives. The method shows very good properties as it passes through the given
points and captures the course better than the parabola (there is a first and a second
derivative at each point).
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Most of the interpolation functions are based on previously known mathematical
functions, which are based on a certain knowledge of the behavior of the observed geospa-
tial phenomenon. However, we can look at the estimation of the values of geospatial
phenomena in another way, by not knowing which mathematical function expresses them,
but we know what values the function passes at certain points, and we try to estimate
the course of the function using a point field of values. A multivariate spline belongs
among the interpolation methods that try to find this function [54]. This method is also
non-uniformly implemented in GRASS GIS and ArcGIS software.

The basic principle of a multivariate spline for modeling continuous phenomena (such
as surfaces) from spatially distributed data is based on a physical model of a thin elastic
membrane (plate), which we try to fit (as close as possible) through the points of the input
point field by defining conditions for:

• flexibility of the function (tension parameter)
• smoothness of the resulting surface (smooth parameter).

The higher the tension value, the higher the flexibility and lower the stiffness. Higher
values entered for the weight parameter result in somewhat coarser surfaces, but surfaces
that closely conform to the control points. The values entered must be equal to or greater
than zero. Typical values are 0, 1, 5, and 10. The Weight is the square of the parameter
referred to in the literature as phi (Φ) [55]. In the case of lower tension, the lower flexibility
and higher stiffness is manifested by a smooth surface but without the possibility of the
function passing through the entry points.

Each part of the surface is expressed by a separate polynomial function (most often
cubic), which is derived from the local values of the input point field. The course of the
function is affected by several conditions. The basic condition is that the continuity of
adjacent polynomial functions at the points of the input point field is ensured.

The ArcGIS interface offers two types of spline interpolation—regularized and tension
separately without the possibility of their “simultaneous” use. The “Regularized” option
modifies the minimization criterion derived from 3rd order polynomial functions and
weighting parameters. The result is a smoother surface, including its first derivative.
The “Tension” option modifies the minimization criterion by derivation from first-order
polynomial functions and weighting parameters. The result is a smoothed surface—its
first derivative is continuous; however, it is not smoothed [56]. Both options (which create
significantly different surfaces) interpolate the surface in spatial blocks (regions) depending
on the input settings. In this work, the “Regularized” option was selected which was
controlled by the weight parameter of 0.1 defining the smoothness of the resulting surface.

On the other hand, the GRASS GIS environment integrates the regularized spline
with the tension [57], which determines the nature of the resulting surface, and thus pro-
vides more favorable results (qualitative and visual) not only in topography but also in
groundwater modeling (groundwater flow modules), soil conditions, etc. This method
was proposed by the authors Mitašová, Hofierka and Zlocha [58] as “completely regu-
larized spline with controllable oriented tension and regular derivatives of all orders”.
The aim of the authors was to remove or mitigate the shortcomings of a thin plate spline
method, the application of which (e.g., in the ArcGIS environment) raises problems both
in interpolation in areas with a rapidly changing gradient (formation of false extremes)
and in the calculation of second-order derivatives (logarithmic singularities). The newly
developed method was subsequently implemented in the GRASS GIS environment as the
v.surf.rast module. It is a precise method; however, it requires a deeper knowledge of the
influence of its parameters (not only basic) on the result. On the other hand, its use is
simpler than in the case of kriging methods [59]. The tool allows sensitive setting of the
spline function thanks to the simultaneous use of the parameters of tension (regulating the
flexibility of the function) and smoothing (regulating the exactness of the function). The
module also allows using cross-validation for setting the appropriate parameter values.
It works in batches with 700 entry points at once. In the case of a larger number of input
point fields, the segmentation occurs. GRASS GIS does not work directly with *.shp data
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formats, but thanks to its tools, importing and subsequent use of data is possible. Further
information on GRASS GIS Spline method can be found in the works of Mitasova, Mitas
and Harmon [60] and Neteler and Mitasova [61].

The Topo to Raster method is based on the ANUDEM program [62,63], which was
developed by ESRI to generate hydrologically correct digital relief models (DMR). The
interpolation procedure has been designed to take advantage of the types of input data
commonly available and the known characteristics of elevation surfaces. This method
uses an iterative finite difference interpolation technique. The method is optimized for the
computational efficiency of local interpolation methods (such as IDW), but without losing
the surface continuity of global interpolation methods (such as Spline). It is essentially a
discretized thin plate spline technique for which the roughness penalty has been modified
to allow the fitted DEM to follow abrupt changes in terrain [64]. Because of its favorable
properties, this method was also included among the selected interpolation methods
in this study. Due to the non-elevation input data (i.e., soil properties), we prevented
the possible removal of “surface depressions” (no enforce) as part of the emphasis on
drainage enforcement.

2.5. Data Processing and Verification of the Results

The calculations were preceded by the processing of input vector data (point data, i.e.,
sites of soil sampling, measured using GPS and areal data, i.e., the boundaries of the Slovak
river basins provided by Slovak Hydrometeorological Institute in Bratislava, Slovakia),
consisting of their transformation into a singular coordinate system (S-JTSK Krovak East
North, EPSG code 5514) and converting them into a shapefile (*.shp) interchange format.
In order to avoid extrapolations, in addition to soil samples of the Nitra River Basin, spatial
information on the soil samples of neighboring river basins (Váh, Hron and Danube River)
was also used. The subject of interpolation consisted of point vector data (in shapefile
format), as well as information on soil properties such as AWC, COx and CFC. Both sets of
input spatial data were originally in the coordinate system WGS 1984 or, more precisely,
after transformation also in the SJTSK Krovak East North coordinate system. The same
spatial parameters were used to analyze the most suitable interpolation method (via their
mutual comparison). We set the raster output cell size (i.e., resolution) to 50 m in each
interpolation method, and the Nitra River Basin boundary was chosen as the interpolation
range (or mask).

To verify the accuracy of the results, the interpolated values of the selected soil prop-
erties were cross-checked with the measured values. From the database, 10 sites were
randomly selected as control points for verification and excluded from further spatial pro-
cessing. After the fully random selection, the control points were crosschecked against some
specific criteria—namely, representativeness of the geomorphological units and the soil
types occurring within the agricultural land in the basin. At the same time, the sites were lo-
cated outside the significant horizontal curvature of the relief (i.e., outside the ridge, valley).
While the same control points were used for COx and clay fraction content, a different set
of 10 control points was chosen for AWC (Figure 1b). Subsequently, all four interpolation
methods were repeated, but with the exclusion of measurements from 10 control points.
Using the zonal statistics function, we found the values of available water capacity, COx
content and particle size fraction of <0.001 mm content in interpolated raster maps calcu-
lated without control points. Subsequent comparison of the detected (interpolated) values
with measured (original) values defined the accuracy of the given interpolation method.
The second criterion for evaluating interpolation methods was the reliability according to
visual inspection of interpolated raster maps produced from the overall database.

3. Results
3.1. The Maps of the Interpolated Soil Properties

The spatial distributions of interpolated values from 112 sampling points for available
water capacity (AWC), soil organic carbon content (COx) and content of clay fraction
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<0.001 mm (CFC) in raster format are presented in Figures 2–4. Considering the conditions
of the soil sampling, it is necessary to emphasize that the interpretation of the values is
valid only in the extent of agricultural soils and the soil layer in the range 15–20 cm. AWC,
which represents the amount of water in the soil between the field capacity and wilting
point was expressed in cm3 cm−3. The input AWC from 112 sampling points ranged
from 0.028 up to 0.141 cm3 cm−3. The interpolation method Topo to Raster resulted in
a dataset with a very narrow range of values (0.078–0.081 cm3 cm−3) (Figure 2). On the
contrary, after using Spline (ArcGIS) the interpolated values were in a very wide range from
−0.132 cm3 cm−3 up to 0.958 cm3 cm−3. With this interpolation method even non-realistic
negative values of AWC were obtained. The range of the dataset obtained by Spline in
GRASS GIS was very similar to the input (from 0.012 cm3 cm−3 up to 0.163 cm3 cm−3),
while the range of the values after interpolation using IDW was identical with the source
data (from 0.028–0.141 cm3 cm−3).
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Content of organic carbon (COx) was expressed in %. The input COx from 112 sampling
points ranged from 0.37 up to 3.65%. Once again, the interpolation method Topo to Raster
resulted in dataset with the narrowest range of the values (0.37–3.65%) (Figure 3). Interestingly,
it was similar as the set of input data; however, similar minimum and maximum values
were observed also for the Topo to Raster method. The range of the dataset obtained
by Spline in GRASS GIS was wider (0.24–3.90); however, the values were all above zero.
After using Spline (ArcGIS), the interpolated values were again in a very wide range from
−10.77% up to 36.73%, including also negative values of COx.
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Representation of the clay fraction (CFC) (content of particles with diameter <0.001 mm)
was also expressed in %. The input CFC from 112 sampling points ranged from 6.8–32.4%.
Once again, the interpolation method Topo to Raster resulted in dataset with the narrowest
range of the values (6.8–31.9%) (Figure 4). However, a similar maximum value was ob-
served also for the IDW method. The minimum value was closer to dataset obtained after
interpolation using Spline in GRASS GIS (values in the range 1.8–39.2%). The range of
the dataset obtained by Spline in GRASS GIS was wider than for IDW and Topo to Raster
methods (in the range 1.8–39.2%) but again, the values were all above zero. After using
Spline (ArcGIS), the interpolated values were again in a very wide range from −239.4% up
to 93.9%, including also incorrect negative values of CFC.
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3.2. Evaluation of the Accuracy and Reliability of Interpolation Methods

The suitability of the used interpolation methods for spatial modelling of distribution
of heterogenic soil properties was based on two evaluation criteria: accuracy and reliability.
The accuracy of interpolation was evaluated by comparison of the measured values at
control sites with the interpolated values for the same locations. The observations of these
comparisons for AWC, COx and CFC are shown in Tables 2–4. In the case of evaluation of
the accuracy of AWC values (Table 2), IDW was the most accurate interpolation method on
the basis of cross-classification, as 60% of the compared values (measured vs. estimated)
were within the absolute difference margin up to 0.02 cm3 cm−3. The same trend was
observed for the GRASS GIS Spline method; however, there was 10% more points with
less accurate interpolation (difference in the range of 0.04–0.05 cm3 cm−3). In the case of
the Topo to Raster method, the interpolation accuracy was more variable, and the ArcGIS
Spline method proved to be the least accurate since the values of 30% of interpolated points
were very inaccurate.

Regarding COx values cross classification (Table 3), 50% of the interpolated values were
very accurate and 20% accurate in the case of Topo to Raster and GRASS GIS Spline methods.
The IDW interpolation method resulted in 40% of very accurately estimated values and 40%
of accurately estimated values. However, these two favorable categories were observed
only in case of 50% of compared values in the case of the ArcGIS Spline method.

The GRASS GIS Spline method was shown to be the most accurate also when compar-
ing the measured and estimated values of CFC from 10 sampling sites as 40% of estimated
values were very accurate (10% more than in case of other methods) (Table 4). The accuracy
of Topo to Raster and IDW methods was the same as 70% of the estimated points and
were accurate or very accurate. At the same time, the level of accuracy was the same for
the majority of the compared points. The ArcGIS Spline interpolation method was the
least accurate.

Based on the knowledge of the spatial distribution of hydrophysical properties of soils,
the visual check of the outputs was conducted. We concluded that the GRASS GIS Spline
method was the most reliable method for AWC values estimation. At the same time, the
mean difference resulting from cross-validation of the measured and estimated values was
the lowest (0.00099 cm3 cm−3). The GRASS GIS Spline method was also the most reliable
in case of COx and CFC, where the mean difference was 0.19% and 0.88%, respectively.

Table 2. Evaluation of the accuracy of available water capacity interpolation.

Control Points Measured Value (cm3 cm−3)
Interpolated Value (cm3 cm−3)

Topo to Raster IDW ArcGIS Spline GRASS GIS Spline
1 0.140708 0.080216 0.075749 0.075214 0.072174
2 0.061371 0.081247 0.073719 0.051791 0.064542
3 0.093481 0.078578 0.083541 0.090395 0.091835
4 0.088599 0.081825 0.072589 −0.071627 0.052250
5 0.049038 0.082730 0.089260 0.094883 0.089997
6 0.080558 0.081047 0.097605 0.159259 0.095610
7 0.028343 0.079983 0.051309 0.040055 0.045009
8 0.036007 0.080684 0.073597 0.072663 0.076360
9 0.094971 0.079156 0.090561 0.090148 0.061163

10 0.058641 0.079792 0.076479 0.076191 0.072844
Absolute difference between measured and

estimated value (cm3 cm−3) Category of interpolation accuracy

0.001–0.02 Very accurate
0.02–0.03 Accurate
0.03–0.04 Medium Accurate
0.04–0.05 Less Accurate
0.05–0.06 Inaccurate
0.06–0.065 Very inaccurate
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Table 3. Evaluation of the accuracy of soil organic carbon content interpolation.

Control Points Measured Value (%)
Interpolated Value (%)

Topo to Raster IDW ArcGIS Spline GRASS GIS Spline
1 1.131 1.086831 1.354055 1.767087 1.324685
2 1.324 1.311159 1.178453 1.251359 1.257256
3 0.976 1.444001 1.275493 1.661232 1.403020
4 1.231 1.176385 1.181107 1.317056 1.241724
5 2.136 1.603976 1.762339 1.136238 1.599983
6 1.038 2.935651 2.827492 2.658278 2.904012
7 1.223 1.306799 1.484810 1.526687 1.412650
8 1.782 1.103724 1.072056 1.860530 1.112799
9 1.048 1.049305 1.347805 −0.625535 1.372697

10 1.102 0.723665 1.302310 0.816751 1.337883
Absolute difference between measured and

estimated value (%) Category of interpolation accuracy

0–0.25 Very accurate
0.25–0.5 Accurate
0.5–0.75 Medium Accurate
0.75–1 Less Accurate
1.0–1.7 Inaccurate
1.7–2 Very inaccurate

Table 4. Evaluation of the clay fraction content <0.001 mm interpolation.

Control Points Measured Value (%)
Interpolated Value (%)

Topo to Raster IDW ArcGIS Spline GRASS GIS Spline
1 12.95 15.942033 16.444836 16.947046 14.745194
2 10.97 12.822754 13.441525 13.222441 12.676295
3 25.63 15.349472 15.221250 21.669676 14.300347
4 15.22 16.811474 17.843370 20.834646 17.150152
5 13.54 20.639168 20.057674 20.640047 20.076025
6 12.86 27.390329 25.834656 27.440178 27.262318
7 18.15 13.589706 15.183517 16.064138 13.071733
8 15.97 18.780331 17.528008 25.027676 19.278391
9 20.02 15.640176 16.217323 21.878086 14.461142

10 20.59 21.456535 20.932981 23.383768 21.760553
Absolute difference between measured and

estimated value (%) Category of interpolation accuracy

0–2.5 Very accurate
2.5–5.0 Accurate
5.0–7.5 Medium Accurate
7.5–10 Less Accurate
10–12.5 Inaccurate

12.5–15.0 Very inaccurate

3.3. Comparison of GRASS GIS Spline Method with Other Interpolation Methods and Final Processing

In the following step, the values obtained by the GRASS GIS Spline interpolation
method (as the most accurate and most reliable method with respect to the selected criteria
described above) were compared with the outputs of the interpolation methods IDW,
Topo to Raster and ArcGIS Spline. The comparison was processed in GIS using the Raster
Calculator function as a calculation of the difference between the interpolated values
GRASS GIS Spline and other interpolation methods used in this study. From the resulting
raster maps (Figures 5–7), we spatially determined the interpolation deviations (IDW, Topo
to Raster, or ArcGIS Spline) as compared to the GRASS GIS Spline method.

The comparison shows that Topo to Raster tends to interpolate values based on
an algorithm that is primarily adapted to work with contour data, and the main factor
influencing shape modeling are the hydrological processes [65].
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We can state that the interpolations with Topo to Raster are generally favorable,
although with slightly elevated values in the vicinity of the points compared to the GRASS
GIS Spline. With the IDW interpolation method, we can observe strong influence of
values in the individual points on their surroundings. On the other hand, the ArcGIS
Spline method showed extreme values in the absence of input source data (or in the case of
irregular or insufficient coverage). The greater the distance of the soil probes when studying
the individual hydro-physical characteristics, the more clearly the adverse consequences of
the interpolation method became apparent.

From the differences obtained by comparing interpolation methods, we calculated the
mean and standard deviation by statistical processing in GIS, which are shown in Table 5.
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Table 5. Comparison of interpolation methods by the differences in their values at the raster cell level.

Soil Properties

Spline (GRASS GIS)–Topo to
Raster

Spline (GRASS GIS)–Spline
(ArcGIS) Spline (GRASS GIS)–IDW

Mean ± Standard Deviation Mean ± Standard Deviation Mean ± Standard Deviation

Available water capacity
(cm3 cm−3) −0.00004 ± 0.024 −0.039 ± 0.142 −0.00068 ± 0.0195

Soil organic carbon (%) 0.063 ± 0.191 0.027 ± 2.654 0.0095 ± 0.227
Clay fraction content <0.001 mm (%) 0.667 ± 2.462 4.051 ± 22.143 −0.167 ± 3.321

As the survey of soil properties was carried out only on agricultural land, the maps
produced by Spline interpolation (GRASS GIS) were subsequently modified only for
the visualization of agricultural land. This reduction took place using the Land Parcel
Identification System (LPIS) database, showing the vector layer of production blocks at
the level of the entirety of Slovakia. The maps in Figure 8 present the final distribution
of individual analyzed soil characteristics within the Nitra River Basin. Grey areas in the
map layouts represent the forests. The displayed interpolated values using the GRASS GIS
Spline method best corresponded to the measured reality in the field. Certain inaccuracies
between the measured and modeled values could arise from insufficient coverage of
the area by input data (sampling sites)—due to the nature (configuration) of the terrain,
inaccuracies in sampling and analyzes performed in the laboratory. The values of the
increased COx content shown on the map coincide with the localities where there are areas
of fertile organic matter-rich, predominantly loamy soils. These are areas of the alluvial,
flatter part of the basin. In the upper part of the basin there are soils with a shallower soil
horizon with predominantly loam-sandy and sandy soil with a lower COx content.
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4. Discussion
4.1. Comparison of the Interpolation Methods Used in the Study

The Spline (ArcGIS) interpolation method provided also negative values for inter-
polations of selected soil properties (AWC, SOC, CFC). This method was implemented
using ArcToolbox Spatial Analyst—an interpolation tool where user rights are limited to
the choice of the type of method used (Regularized, Tension) and parameters (Weight,
Number of points) [66], and the user cannot modify the used algorithm. Therefore, the
implemented interpolation does not guarantee that the values will not fall outside the
range of input data in the intervention space. However, various approaches are known,
e.g., using local algorithms for the construction of non-negative cubic splines [67], which
are based on a natural spline, in which the negative values are redefined by adding extra
knots to this interval. By using the optimization criterion, an optimal spline is subsequently
obtained in which the strain energy is minimized. The mathematical properties of the new
rational cubic spline are the subject of a detailed examination in the work of Karim [68].
This is a new method used to maintain positivity and limited interpolation of data over
any line. Modification of the interpolation curve shape is ensured by derived parame-
ters. The authors Bogdanov and Volkov [69] also dealt with shape-safe cubic splines and
they developed methods ensuring a positive cubic spline (including its derivatives) for
a positive function (or a function with a positive derivative). In case of ArcGIS, more
options for setting spline parameters are provided by the Geostatistical Analyst exten-
sion (ArcToolbox—Geostatistical Analyst—Interpolation). However, it also requires more
knowledge for choosing the suitable methods and setting their parameters [70]. Therefore,
the GRASS GIS module—Regularized Spline with Tension—was also used in our study.

The reason why such a “similar”, at least based on the name, Spline interpolation
method produced such divergent results in two GIS applications (GRASS GIS and ArcGIS)
would be due to the fact that the RST algorithm in GRASS GIS uses tension and smooth-
ing. Both presented parameters change the character of the approximation mathematical
function. While the smoothing parameter controls the height deviation at the nodes of the
RST approximation, the tension parameter speaks to the stiffness of the approximation
function. A high value of tension gives the function the character of an elastic membrane
or, in case we use a comparison with rubber, the character of an elastic and soft rubber
band. The spline of a thin plate (ArcGIS Spline) modeling surface with higher values
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of tension is getting closer and closer to their real heights at the nodal points of the RST
approximation, but large height deviations can occur in their immediate vicinity. In places
of significant changes of (given) values of the real area, due to the greater flexibility of
the function, there is often a “bulge” of the created model, e.g., the formation of false
depressions or peaks (singularities), as we can observe in the case of the content of the clay
fraction with a value up to a by far unrealistic −240% (Figure 4). Conversely, a low tension
value gives the approximation function the character of a thin plate (i.e., the character of
a hard and unyielding rubber). The decrease in tension values in the nodal points of the
RST approximation manifests itself by ever greater deviations of the projected heights from
the heights of the points of the input height field, but in their vicinity, there are no such
significant height deviations to be found. Therefore, due to the implementation of the thin
plate spline in the ArcGIS environment, specific problems arose both with the interpolation
in areas with a rapidly changing gradient (formation of false extremes) and in the calcula-
tion of second order derivatives (logarithmic singularities). Moreover, the absence of the
tension parameter was subsequently manifested by the undesirable representation of false
extremes. Tension option was not used because of application of the linear spline. On the
contrary, the RST algorithm in the GRASS GIS environment was highly sufficient in the
case of the Nitra River Basin sampling sites as is set up to be able to work with 700 entry
points at a time without restrictions (otherwise the point field would be segmented).

Differences to some extent in our observations regarding the values of accuracy (as a
difference between the measured value and the estimated value according to interpolation
methods used in the study) could occur in case of using a different set of control points
for interpolation accuracy verification. However, we do not assume that there would be
significant difference in the results, regarding the evaluation of the suitability of the used
interpolation methods as the reliability of the methods was assessed also visually. Based
on the observed results in our study, the GRASS GIS Spline method was shown to be the
most suitable method for estimating the spatial distribution of soil properties such as AWC,
COx and CFC.

4.2. Applicability of Interpolation Methods Used in the Study in Soil Science

To compare interpolation methods regarding the spatial distribution of soil organic
carbon soil (SOC), Bhunia, Shit and Maiti [35] used 98 randomly taken samples (for different
kinds of land use—agricultural land, forests, TTP, NDV) in three different soil depths
(0–20 cm, 20–40 cm and 40–100 cm). The accuracy of selected interpolation methods (inverse
distance weighting (IDW), local polynomial interpolation (LPI), radial basis function
(RBF), ordinary kriging (OK) and Empirical Bayes kriging (EBK)) was evaluated by cross-
validation using a coefficient of determination (R2) and RMSE. The ordinary kriging (OK)
method has shown itself to be the best for use in interpolating the spatial distribution of
the SOC.

Srivastava et al. [36] have also analyzed the properties of agricultural soil (soil mois-
ture) using various interpolation methods (IDW, ordinary kriging (OK), kriging with
external drift (KED) and Spline). In their work, they used the ArcGIS v10.1 software (Esri,
Redlands, California, USA). They used point values from 82 sites (Varanasi, India), follow-
ing the 2:1 rule, and thus used two thirds (54 sites) for calibration and one third (28 sites)
for validation of outputs. They concluded that the KED and OK methods, then IDW and
finally Spline were the most suitable for modeling of hydro-physical soil properties, such as
water content, which confirms our conclusions when we also evaluated the Spline (ArcGIS)
method as the least suitable and IDW as relatively accurate.

Although the OK method showed big potential in the above-mentioned studies, it was
not used in our study as its application is more complex than GRASS GIS Spline. With this
method, the weights depend not only on the distance between the measured points and
the predicted location, but also on the spatial arrangement of the measured points around
the location of the predicted value. To be able to use the spatial arrangement of measured
points (sampling points of the Nitra River Basin) for the calculation of weights, the spatial
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autocorrelation (or dependence) must be determined. The spatial autocorrelation of a
phenomenon with respect to distance and direction of action is expressed by a semivari-
ogram with its geostatistical parameters such as nugget variance, structured variance, sill
variance or distance parameter. Looking at the spatial data distribution within the study
area (Figure 1), we can observe that while in the southern part of the Nitra River Basin
there is a random but mostly uniform distribution of data, further north this distribution
changes to a random uneven point, up to profile distribution (data concentration in the
Nitra River valley). Considering these facts, the correct determination of spatial autocor-
relation is considerably more difficult. On the other hand, recognizing the considerable
potential of OK, it might be a suitable interpolation method for our purpose, but only
after an additional increase of sampling point network density in the northern part of the
basin, as agricultural land is not located exclusively in the river valley, but it extends up
to the forest stands (Figure 8). Otherwise, the potential of the OK method would not be
adequately exploited.

Ghosh and Pekkat [37] used interpolations in spatial analysis of another one of the
hydro-physical soil properties, namely the hydraulic conductivity. In their work, they
evaluated the methods of Kriging, IDW, Natural Neighbor, Spline and Trend. The ArcGIS
software, version 10.3.1, was also used in this study. The study was conducted in Brahma-
putra, India. They performed interpolation on the basis of point values in two areas out of
14, or 6 sites respectively. The data from three independent points were used to compare
accuracy. The results of this study showed that the best results (the smallest RMSE) were
obtained via different variants of the kriging method. The IDW, Natural Neighbor, Spline
and Trend methods followed in terms of accuracy. Thus, this study also partially confirms
our results when IDW was evaluated as more accurate than Spline (ArcGIS).

Obtaining spatial data on soil by interpolation is undoubtedly a method with many
benefits. This method of obtaining spatial information is also described in work of
Vereecken et al. [71] In a GIS environment, they recommend using methods of variogram
analysis or kriging, although this was not included in our study. Several authors mention
and use the kriging method in their work, for example [72–74]. Pecho [75] evaluated the
kriging method as being able to more accurately interpolate and estimate the investigated
values even in areas with lower point network density using direct measurements.

When choosing the right interpolation method, the amount, distribution and nature
of the input data must also be considered. Čimo et al. [76] therefore preferred the Topo
to Raster method in ArcGIS, for its combination of the IDW, Spline and Kriging methods.
Methods of spatial interpolation of different soil properties are, among other things, directly
proportional to the representation and spatial distribution of input data. The suitability of
using selected interpolation methods with a limited amount of input data (i.e., at a coarser
scale) of selected soil properties (sand, slit, clay, pH, base saturation, organic matter, etc.)
was investigated by Schloeder, Zimmerman and Jacobs [77], while including methods
such as ordinary kriging, inverse-distance weighting, and thin-plate smoothing splines
with tensions. The results indicated that spatial interpolation was adequate when the
data showed smooth and consistent patterns of spatial dependence within the studied
area and the selected range of estimates and weights used in this study. Ordinary kriging
and inverse-distance weighting were similarly accurate and effective methods; thin-plate
smoothing splines with tensions were, however, not. Thus, the authors pointed out that
the sample size is as important for research on a coarse scale as it is on a fine (accurate)
scale with a rich representation of soil data. Such geostatic operations achieve sufficient
results and are useful for the spatial determination of soil and other properties [78].

5. Conclusions

There is an increasingly growing demand for spatial information among professionals,
including the characteristics of agriculturally used land. In the case of soil properties, we
rely on a specific amount of point data, which in turn creates the need to convert them into
surface expressions. To meet this need, we paid attention to GIS applications in relation
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to soils in this study. Comparison of the most often used interpolation methods such
as Spline, IDW and Topo to Raster in ArcGIS and Spline in GRASS GIS was based on
measured and interpolated values of available water content, soil organic carbon content
and clay fraction content. According to our observations, Spline (GRASS GIS) and IDW
(ArcGIS) interpolation methods were shown to be the most accurate and reliable. The most
precise estimates were observed for values of AWC, when according to verification with
field measured data, both interpolation methods (GRASS GIS Spline and IDW) resulted in
60% of values with a high accuracy. In the case of COx, 50% and 40% of the values were
estimated very accurately using GRASS GIS Spline and IDW methods, respectively. The
accuracy of the estimates was lower in the case of clay fraction content <0.001 mm, 40% and
30% in case of GRASS GIS Spline and IDW, respectively. We assume, that these methods
are suitable for interpolation of selected soil properties in conditions similar to our study
basin in Slovakia. On the contrary, the Spline method in the ArcGIS environment (with
the implementation of a thin plate) proved to be unusable due to the occurrence of false
extremes. The results could be affected also by the influence of the relief fragmentation on
the accuracy of interpolation, showing the potential need for increasing the concentration
of source data depending on the morphological properties of the river basin. The validity
of our conclusions from interpolations in the case of other soil properties can only be
confirmed or refused through further research in this area.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-444
1/13/2/212/s1, Figure S1: Extraction of disturbed (a) and undisturbed soil samples (b) in the study
area, Figure S2: Agricultural land in the Nitra River Basin.
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