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Abstract—A new method of digital mapping of the soil cover pattern with calculation of the share of soils of
different taxa and degree classes for soil erosion in the soil associations is proposed. A comparative analysis
of soil maps obtained using different methods of construction (visual expert and digital) and with their differ-
ent contents (displaying the dominant soil or soil associations) has been performed. In the case of mapping
by the visual expert method (with the display of the dominant soil), a significant underestimation of the total
area of moderately and strongly eroded soils in comparison with the digital mapping is noted. These differ-
ences are due to the underestimation of the area of small polygons with moderately and strongly eroded soils
in the composition of soil associations on slopes of low steepness and in shallow hollows in the visual expert
method of mapping. When the content of digital maps is generalized from soil associations to dominant soil
categories, a significant change in information on the degree of soil degradation by erosion is also noted.
Comparison of visual expert and digital methods for mapping soils of different taxa indicates a high degree of
compliance between the spatial location and area of soil delineations with similar component content in both
cases. The greatest differences between the soil maps created by these methods are noted for the soils with
periodic overmoistening, namely, meadow-chernozemic (Luvic Chernic Phaeozem (Oxyaquic)) and cher-
nozemic-meadow (Luvic Stagnic Chernic Phaeozem) soils because of the poor consideration for microto-
pography in traditional mapping. In general, it can be concluded that the creation of a digital map is more
difficult in terms of the need to use specialized computer programs and mathematical models. However, the
resulting digital databases contain information of a higher level of detail than traditional soil maps.
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INTRODUCTION
One of the key directions in the study of soil geog-

raphy is the development of methods for the creation
and verification of spatial models of soil cover patterns
presented in the form of soil maps. Large-scale map-
ping of the soil cover in Russia today is mainly per-
formed on the basis of a visual expert method with the
identification of the areas of prevailing (dominant)
soils of various taxa. The quality and accuracy of the
maps constructed on the basis of this method in large-
scale mapping are largely determined by the accuracy
of the field study of the soil cover and qualification of
the soil cartographer.

A more detailed representation of soil cover on the
maps is associated with the depiction of soil combina-
tions. This approach is based on the theory of the soil
cover pattern of Fridland [21]. The use of soil combi-
nations as an object of mapping makes it possible to

better reflect the real features of the soil cover pattern.
As a rule, mapping of soil combinations requires much
more serious field studies than mapping of dominant
soils [12]. The active large-scale soil mapping of farm-
land in Russia took place in the 1970s–1980s. Detailed
soil surveys with a dense network of sampling were
performed. Unfortunately, under modern conditions,
large-scale mapping of soil combinations in Russia is
greatly reduced and is implemented only in local areas
within the framework of research projects of individ-
ual scientific groups [1–3, 19, 23, 24, 30]. In some
cases, the soil cover is mapped with representation of
not only the dominant soil but also the accompanying
soils and soil inclusions. In the United States, such
mapping units are called soil associations [26]. Below
in this work, the term soil association (SA) will be
used, which is understood as the totality of soil taxa in
the given delineation with due account for their share.
13
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When mapping soils of agricultural landscapes,
special attention is paid to the soil erosion. This indi-
cator is one of the main criteria for agroecological
grouping of lands [5]. On the basis of the maps of soil
erosion, measures are developed to increase soil fertil-
ity, and the boundaries of lands suitable or not recom-
mended for plowing are determined. The traditional
method of visual expert mapping of soil erosion has a
number of disadvantages. The identification of the
boundaries of the areas of eroded soils is carried out on
the basis of the assumption about direct relationship
between the steepness of slopes and the degree classes
for soil erosion [13]. At the same time, it is notorious
that, in addition to the steepness of slopes, soil erosion
is affected by other parameters of the topography, in
particular the length, exposure, and shape of the lon-
gitudinal and transverse profiles of slopes [7]. The
assumption of a direct relationship between the steep-
ness of slopes and the degree classes for soil erosion is
a forced measure, since it is difficult to assess all mor-
phometric parameters of the topography and their
complex impact on erosion-accumulative processes
with a visual expert method of mapping. As a result,
this method of mapping leads to inaccuracies.

Mapping of the eroded soils, as well as mapping of
soil taxa, is carried out mainly on the basis of taking
into account the dominant category. At the same time,
detailed studies on the key plots [18, 21] indicate that
the areas of eroded soils on slopes of low steepness
have a small area and are fragmentarily interspersed
into the areas of noneroded soils. On plowed slopes of
high steepness, the share of eroded soils increases,
their dominance is noted, which, as a rule, does not
lead to a continuous (one hundred percent) distribu-
tion of strongly eroded soils. As a result of taking into
account the dominant degree of erosion class during
soil mapping, there is a significant underestimation of
the eroded soils areas in the upper and middle parts of
slopes, where noneroded soils predominate; whereas
the areas of strongly eroded soils in the lower parts of
slopes are overestimated. These drawbacks of the tra-
ditional method of visual expert mapping of soil ero-
sion indicate the need for the development of new
approaches that contribute to the refinement of carto-
graphic information about eroded soils.

State-of-the-art advances in the development of
GIS technologies and modeling of soil-landscape
relations and erosion processes make it possible to
develop approaches to large-scale mapping of the soil
cover at a new technological level. In particular, the
methods of digital soil mapping based on the search
and mathematical expression of relationships between
soils and soil forming factors allow the construction of
large-scale soil maps of increased accuracy even with a
smaller number of soil pits on the investigated territory
in comparison with the visual expert method [27, 32].
Thus, available studies [30, 33] demonstrate the fun-
damental possibility of creating maps of dominant
soils and soil associations by the digital method.
Approaches to digital mapping of associations of dif-
ferently eroded soils on the basis of combined use of
field soil survey data and mathematical erosion mod-
eling were first described in [6].

An important technical advantage of digital soil
maps in comparison with traditional soil maps is the
possibility to store information of almost unlimited
volume and of any kind. In this case, the level of detail
of information about the soil cover depends not on the
scale of the map, as in the case of a paper medium, but
on the level of detail of digital soil mapping deter-
mined by the accuracy and detail of the initial input
parameters [15].

The aim of this study was to develop approaches to
digital soil mapping based on the creation of a spatial
soil cover model indicating the proportion of soils of
different taxa and the degree of erosion for high-reso-
lution regular grid for arable land in Prokhorovskii dis-
trict of Belgorod oblast. Also, the issues of the work
included the comparison of the results of digital and
visual expert methods of soil mapping.

STUDY OBJECTS

Prokhorovskii district of Belgorod oblast is located
in the southeastern part of the Central Russian
Upland. The climate is moderately continental with
hot summers and relatively cold winters; the humidity
coefficient (precipitation to potential evaporation
ratio) is 1.0. The mean January temperature is –6.8°С,
and the mean June temperature is 19.3°С; the mean
annual temperature is 6.6°С. Annual precipitation
varies widely (from 350 to 700 mm) with the mean
value of 558 mm [11].

The studied territory represents an undulating plain
with absolute heights varying from 165 to 267 m a.s.l.
and a general slope to the south (Fig. 1). The degree of
topography dissection and slope steepness increase in
the southward direction. In the western part of the key
site, there are plateau-like interf luves with gentle (less
than 2°, rarely 3°–5°) slopes dissected by a network of
balkas (f lat-bottomed ravines) of medium density. In
the eastern part of the plot, there are arching water-
sheds, well-developed river valleys, branched and
short circus-like balkas, numerous hollows, and karst
sinkholes. Smooth slightly sloping watershed surfaces
predominate. The soil-forming rocks are loose sedi-
ments of light loamy to medium clayey textures,
mainly silty. In the southeastern and central parts of
the key site, pre-Quaternary saline clays outcrop to the
surface in some places and may serve as parent rocks.
On steep slopes, chalk stones may occur close to the
surface. The age of agricultural development of the
study area, on average, does not exceed 200 years [25].
Typical crop rotations include grain crops (spring bar-
ley and winter wheat predominate), row crops (corn
and sugar beet predominate), and perennial herbs [4].
EURASIAN SOIL SCIENCE  Vol. 54  No. 1  2021
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Fig. 1. The topography of the study area and location of soil sampling points. 
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MATERIALS AND METHODS

The work is based on data on the morphology of
639 soil profiles and a detailed digital elevation model.
These materials, as well as the soil-erosion map cre-
ated by the traditional (visual expert) method of large-
scale soil mapping, were obtained from the Federal
State Budgetary Institution “Belgorodsky Center for
Agrochemical Service.” The points of field sampling
were studied within the framework of the third round
of field soil survey (2016–2017) of arable land in Prok-
horovskii district.

The cell size of the digital elevation model and all
other materials used for the creation of digital maps
and the maps themselves is 20 × 20 m. The choice of
this cell size was based on the recommended parame-
ters for the WaTEM/SEDEM v. 2004 erosion model
used in this work [38, 39]. The processing of the pro-
vided data was carried out in SAGA GIS, Grass GIS,
and Statistica software.
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The creation of the SA map was carried out on the
basis of the use of two independent digital models, one
of which was aimed at mapping SAs of soil taxa, while
the second model was aimed at mapping SAs with dif-
ferent degree classes for soil erosion. The resulting dig-
ital map of SAs was compiled by superimposing poly-
gons from the maps of showing the participation of
different soil taxa and soils of different degrees of ero-
sion in each element of the regular grid (pixel). If the
area of a given delineation was less than 0.1% of the
entire mapped area, this delineation was combined
with SA of a close component composition.

Creation of the map of soil associations based on the
model of soil-landscape relationships. Creation of soil
maps includes two stages: (1) search for factor-indica-
tive characteristics (predictors) that are most informa-
tive in identifying the spatial heterogeneity of the soil
cover and (2) interpolation of point data obtained
during field studies over the entire study area. In the
case of digital soil mapping, both of these stages are
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implemented by formalized methods. In this study,
the method of linear discriminant analysis with a step-
wise selection of predictors was used. The develop-
ment of this method and demonstration of the results
of its application for mapping soil cover patterns are
presented in [19, 29, 31]. On one hand, this method
makes it possible to identify linear combinations of
factors to discriminate between different soil taxa in
the space of soil forming factors in the best way; on the
other hand, it predicts the probability of occurrence
for a given soil taxon under given combinations of soil
forming factors at each point of the studied area. The
morphometric characteristics of the topography and
climatic parameters calculated for each cell of the reg-
ular grid on the entire arable land of Prokhorovskii dis-
trict were used as factor-indicator characteristics
(quantitative parameters of soil forming factors). Mor-
phometric parameters of the topography (slope steep-
ness; depth of closed depressions; transverse, plan,
and total curvature; total and modified catchment
area; topographic wetness index; slope length and
slope index (LS factor); elevation above the base of
erosion; topography roughness index (TRI); and topo-
graphic position index (TPI 250 m, 500 m, 1000 m and
further up to 4000 m with a step of 500 m) were calcu-
lated in the SAGA GIS program using the spatial anal-
ysis module. Climatic parameters included the total
potential annual solar radiation entering the pixel sur-
face and the total redistributed precipitation layer cal-
culated using the SIMWE model.

Linear discriminant analysis revealed the follow-
ing leading factors of the spatial differentiation of
soils: the value of the redistributed precipitation
layer, elevation over the base of erosion, slope steep-
ness, and TPI 4000 m. The values of the redistributed
precipitation layer obtained in the SIMWE model
made it possible to determine the spatial position of
overmoistened (meadow-chernozemic (Mch), Luvic
Stagnic Chernic Phaeozems) and chernozemic-
meadow (CHm), Luvic Stagnic Chernic Phaeozems))
soils; the combination of TPI 4000 m and elevation
above the base of erosion determined the position of
typical (CHt), Haplic Chernozems) and leached cher-
nozems (CHl), Luvic Chernozems and Luvic Chernic
Phaeozems) at certain heights of the watershed slopes
and interfluves. The steepness of the slopes made it
possible to map the localization of typical calcareous
chernozems ( with effervescence in the humus hori-
zon) (CHtk), Haplic Chernozems and Calcic Cher-
nozems) on gentle slopes. As a result, the probabilities
of occurrence for each soil unit in cells of the regular
grid for arable land of Prokhorovskii district were esti-
mated. These probabilities were interpreted as the
share of a pixel occupied by the predicted soil [19].

It was found that the spatial position of some soils
depends on the character of material and the history of
land use rather than on the parameters of topography
and climate used as predictors in the constructed
model of soil-landscape relations. In particular, resid-
ual-calcareous Chernozems (CHrk), Haplic Cherno-
zems and Calcaric Phaeozems) are formed, when hard
calcareous rocks occur close to the surface; Solonetzic
chernozems (CHsn), Protosodic Chernozems and
Sodic Chernozems) are confined to the outcrops of
pre-Quaternary saline clays; podzolized chernozems
(CHp), Luvic Greyzemic Chernic Phaeozems) and
dark gray soils (DG), Luvic Greyzemic Chernic Phae-
ozems) are confined to old-age forest areas, deforested
in recent times. According to the traditional map, all
these soils occupy only about 3% of the study area.
Owing to the low predictive power of the model for
these soils and the lack of cartographic data on the dis-
tribution of close to the surface hard calcareous rocks
and saline sediments, as well as data on the history of
land use, which could be used to improve the model,
it was decided to use information on the distribution of
these soils from a traditional soil map. In the areas,
where these soils are widespread, new SAs were iden-
tified. CHrk, CHsn, CHp, DG were added to SAs as
dominant soils. Thus, four new groups appeared on
the map of SAs: leached solonetzic chernozems and
typical solonetzic chernozems (CHlcnCHtsn); typical
solonetzic chernozems and leached solonetzic cherno-
zems (CHtsnCHlsn); residual-calcareous chernozems
and typical calcareous chernozems (CHrkCHtk); and
dark gray soils, podzolized chernozems, and leached
chernozems (DGCHpCHl).

The soil area in a pixel was calculated by multiply-
ing the soil fraction from the pixel area by the pixel
area (400 m2); areas of the same soils in different pixels
were summed up. The created database in the form of
a table of information on the proportion of soils of dif-
ferent taxa in each pixel can be used for practical or
scientific purposes without distorting the level of
detail. However, visual display of this information in
the form of a map is impossible without its generaliza-
tion and, as a consequence, generalization and loss of
some information.

For the purpose of visualization of the resulting
digital database in the form of a map (Fig. 2), the rules
for assigning a pixel to the corresponding SA were used
in accordance with the guidelines for constructing
maps for the forest-steppe zone [17] (Table 1). The
criteria for identifying SAs are based on the proportion
of soils in each pixel, since in digital soil mapping, reg-
ular grid elements (pixels) serve as intermediaries
between point data and factor bases [19]. Note that the
content of individual pixels or small groups of pixels
does not give an idea of the soil cover pattern and the
composition of SAs. Only the entire set of pixels
(1.8 million pixels are analyzed in this study) makes it
possible to judge the composition, spatial position,
and configuration of SAs. Single pixels on the map
have been removed by filtering.

Mapping of soil associations with different shares of
degree classes for soil erosion was performed via com-
paring the rates of soil erosion calculated for each pixel
EURASIAN SOIL SCIENCE  Vol. 54  No. 1  2021
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Fig. 2. Soil maps of arable territories: (a) traditional map displaying dominant soil categories and (b) digital map displaying soil
associations. 
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using an erosion model and the degree classes for soil
erosion diagnosed during the field survey [6]. The
WaTEM / SEDEM v. 2004 model was used to calcu-
late the erosion rate [38, 39]. The rainfall erosivity
EURASIAN SOIL SCIENCE  Vol. 54  No. 1  2021
index (R30) was taken from the raster map “Global
Rainfall Erosivity” [35]. For Prokhorovskii district, its
values vary from 270 to 320 MJ mm/(ha h). The index
of soil loss tolerance determined by the soil texture and
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Table 1. Criteria for identifying soil associations based on the share of soils of different taxa in a pixel [17]

Soil Association
Criteria based on the share of soils of different taxa, %

CHt + CHl CHtk Mch additional conditions

CHtCHl ≥75 – – CHt > CHl
CHlCHt ≥75 – – CHl > CHt
CHtkCHtCHl – >50 – CHt > CHl
CHtCHlCHtk 50–75 – – CHt > CHl and CHtk > Mch
CHlChtCHtk 50–75 – – CHl > CHt and CHtk > Mch
MchCHtCHl – – 50–75 CHt > CHl
MchCHlCHt – – 50–75 CHl > CHt
MchCHmCHl – – 50–75 CHm > CHl
Mch – – >75 CHl > CHt
CHtCHlMch 50–75 – – CHt > CHl and Mch > CHtk
CHlCHtMch 50–75 – – CHl > CHt and Mch > CHtk
humus content is characterized by a low scattering of
values within the studied area. Heavy loamy cherno-
zems with a relatively low variation in the humus con-
tent are almost ubiquitous. Therefore, the average value
of this coefficient calculated according to [37] was
taken; for the study area, it is 35 kg ha h/(ha mJ mm).
The soil-protective role of cultivated crops for the crop
rotation in relation to the erodibility of naked fallow
was set equal to 0.4 for the entire period of agricultural
development according to published materials [8, 20].

Note that it seems possible to increase the detail of
some input parameters of the erosion model for solv-
ing scientific and practical problems. In particular, it is
permissible to specify the coefficients of soil loss toler-
ance and soil-protective role of cultivated crops for
individual farms, as well as to take into account the
history of crop rotations; The erosion potential of
rainfall x can be specified with due account for cli-
matic changes; the configuration of the field infra-
structure, shelterbelts, and other reclamation mea-
sures can be also taken into account. In this study, the
level of detail of the input parameters for digital mod-
eling was chosen in accordance with the level of detail
of the input parameters used in traditional mapping in
order to compare the results obtained by different
methods correctly.

In general, we used a high level of detail of the input
parameters. As a rule, modeling of soil erosion for large
areas (for large-scale studies and on a smaller scale) is
carried out on the basis of digital elevation models
obtained using remote sensing data [10, 34, 36]. How-
ever, the use of remote sensing data does not yet allow
assessing erosion-accumulative processes at the highest
level and is significantly inferior to the use of digital ele-
vation models obtained via digitizing large-scale topo-
graphic maps [14, 28].

During the field survey of the soil cover, the
degree classes for soil erosion were determined
according to the classification suggested in [16]. We
identified noneroded (soils of watersheds), slightly
eroded soils (the thickness of the humus horizon is
less than 20 cm smaller than that in the noneroded
soils on the watershed), moderately eroded soil (the
thickness of the humus horizon is 20–40 cm smaller
than that on the watershed), and strongly eroded soil
(the thickness of the horizon is more than 40 cm
smaller than that on the watershed). For the subse-
quent analysis, noneroded and slightly eroded soils
were combined into one category of soils with the
thickness of the humus horizon 20 cm smaller than
that on the watershed in order to apply a unified
methodological approach to soil separation based on
the thickness of the humus horizon.

A statistical assessment of the correspondence
between the erosion rates calculated by the model and
the degree classes for soil erosion established at the
sampling points was carried out (Fig. 3). The results
indicate that the 75% confidence intervals of different
soil categories do not overlap in terms of the erosion
degree. Noneroded and slightly eroded soils are char-
acterized by the estimated rates of erosion within the
range of 0–6 t/ha per year; moderately eroded soils,
7–15 t/ha per year; and strongly eroded soils, 19–
24 t/ha per year. The 95% confidence intervals of the
selected categories of soil erosion intersect, which
determines the likelihood of the share of noneroded,
slightly eroded, and moderately eroded soils for the
calculated erosion rate of 2–18 t/ha per year; and of
moderately and strongly eroded soils for the calculated
erosion rate of 13–25 t/ha per year. According to [6],
empirical membership functions for the selected cate-
gories of soils of different degree classes for soil erosion
and calculated rates of erosion were established, which
have the following form:

(1)( )+μ =E0 E1 exp –0.05 ,x
EURASIAN SOIL SCIENCE  Vol. 54  No. 1  2021
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Fig. 3. Comparison of the calculated rates of soil erosion with the degree of soil erosion diagnosed during field studies at sampling
points in the form of (a) boxplots and (b) distribution density of the described values and empirically calculated membership
functions. 
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where µE0 + E1 is the probability of participation of
noneroded and slightly eroded soils, µE2 is the proba-
bility of participation of moderately eroded soils, µE3 is
the probability of participation of strongly eroded
soils, and x is the estimated rate of soil erosion.

On the basis of the revealed empirical functions
and the calculated rates of erosion for each element of
the regular grid, the values of the probabilistic share of
soil categories with different degree classes for soil ero-
sion were calculated. The database on soil erosion
obtained in such way, as well as the database on the
proportion of soils of different taxa, can be used for
various purposes without distorting the level of detail
using GIS.

In order to visualize the obtained information on
soil erosion and display it in the form of a map (Fig. 4),
the SAs of soil erosion were identified in accordance
with the existing standards [12].

RESULTS AND DISCUSSION
Among the 639 sampled soil sections, the following

soils were detected: typical chernozems (320 points),
leached chernozems (234 points), typical calcareous
chernozems (32 points), solonetzic chernozems
(16 points), podzolized chernozems (3 points), residual
calcareous chernozems (1 point), dark gray forest soils
(6 points), chernozemic-meadow soils (10 points), and
meadow-chernozemic soils (10 points). According to
the degree classes for soil erosion, 235 soil pits were
assigned to noneroded soils (E0); 230 soil pits, to
slightly eroded soils (E1); 157 soil pits, to moderately

( )μ = +E2 –0.2186 0.6532 log10 ,x

μ = +E3 –0.0066 0.0018 ,x
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eroded soils (E2); and 4 soil pits, to strongly eroded
soils (E3).

Based on the use of digital soil mapping methods,
a model was created that describes the share of soils of
various taxa and the degree of their degradation by
erosion in each pixel of 20 × 20 m for the entire arable
land of the Prokhorovskii district, in the form of a
table with 1.8 million lines.

A comparison of traditional and digital soil maps
shows that, in both cases, the dominant soils are
leached and typical chernozems, the areas of which
occupy more than 90% of the territory. At the same
time, the areas of leached chernozems on the tradi-
tional soil map and in the composition of SAs on the
digital map are close to one another: 29 000 ha and
30300 ha, respectively (Table 2). The areas of typical
chernozems on the traditional soil map and in the
composition of SAs on the digital map are also close:
36700 ha and 30 900 ha, respectively.

In the southern part of the Prokhorovskii district, on
the watershed surface, there are areas with a predomi-
nance of podzolized chernozems and dark gray forest
soils (Fig. 2). Areas with the participation of typical,
residual calcareous, and solonetzic chernozems occur
on slopes. The spatial arrangement of typical calcareous
chernozems on traditional and digital maps practically
coincides; however, the total area occupied by these
soils on the traditional and digital maps differs by more
than two times: 1900 ha and 4300 ha, respectively.

The greatest differences in the sizes of areas and their
spatial confinement are found in soils subjected to peri-
odic overmoistening, particularly, in meadow-cherno-
zemic and chernozemic-meadow soils. According to
the data of traditional mapping, the area of meadow-
chernozemic soils is only 47 ha, whereas according to
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Fig. 4. Maps of erosion of the soil cover of arable territories: (a) traditional map displaying dominant categories ((1) noneroded
and slightly eroded, (2) moderately eroded, and (3) strongly eroded); (b) digital map displaying SAs ((1) noneroded and slightly
eroded soils > 75%; (2) moderately and strongly eroded soils > 50%, moderately eroded soils > strongly eroded soils; and (3) mod-
erately and strongly eroded soils > 50%, strongly eroded soils > moderately eroded soils. 
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Table 2. Areas of dominant soils on arable land in Prokhorovskii district (hectares) region (in hectares) according to visual
expert and digital mapping methods

Soils of different taxa Degree of soil erosion Visual expert method 
(by dominant category)

Digital method 
(by SA)

CHt Noneroded and slightly eroded 35454 25872
Moderately eroded 1325 4915
Strongly eroded 0 128

CHl Noneroded and slightly eroded 28369 25819
Moderately eroded 641 4422
Strongly eroded 0 111

CHtk Noneroded and slightly eroded 1377 2695
Moderately eroded 545 1543
Strongly eroded 0 61

Mch Noneroded and slightly eroded 47 1305
Moderately eroded 0 449
Strongly eroded 0 13
digital mapping, it reaches 1300 ha. Soil associations
with meadow-chernozemic and chernozemic-meadow
soils on the digital map are allocated to shallow hol-
lows. On the traditional soil map, such hollows are
almost indistinguishable with respect to their soils: the
same soils as in the surrounding area are shown within
their boundaries: typical chernozems, leached and
typical calcareous chernozems, etc. The only massif of
the overmoistened soils on the traditional map is
shown in the lower part of the slope of northwestern
exposure in the southeastern part of the Prokhorovskii
district. On the digital map, this area is shown by SAs
with a predominance of meadow-chernozemic soils
(within hollows) and typical calcareous chernozems
on interhollow ridges. The underestimation of the
areas of meadow-chernozemic and chernozemic-
meadow soils on the traditional visual expert maps was
specially noted in [9].

The maps of soil erosion, created by visual expert
and digital methods, are largely similar in the spatial
position of soil areas with different classes for soil ero-
sion (Fig. 4). This could be expected, because the
localization of the areas of eroded soils is mainly con-
trolled by topography, which is taken into account in
both traditional and digital mapping. However, delin-
eations of eroded soils on the digital map are smaller
and more intricately arranged, though their total area
is larger than that on the traditional map.

The areas of differently eroded soils as diagnosed
by traditional and digital mapping methods differ sig-
nificantly (Table 2). According to the visual expert
method of mapping, noneroded and slightly eroded
soils absolutely predominate and occupy 95.4–96.3%
of the arable land in the Prokhorovskii district. In
turn, digital mapping indicates that their percentage is
is significantly lower: 82.7%. The discrepancy in the
areas of moderately and strongly eroded soils as
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mapped by different methods is significant and
reaches 9000 ha (13% of the total arable land in Prok-
horovskii district).

The discrepancies in the areas of eroded soils
obtained by different methods of mapping are import-
ant for characterizing the soil cover pattern of the
studied territory. The closest indicators were found for
typical calcareous chernozems (CHtk); these soils are
mainly allocated to the lower parts of slopes, and their
formation may be related to erosion processes.
According to both mapping methods, the share of mod-
erately and strongly eroded soils reaches about one third
of the total area of CHtk (28.4–32.8% according to the
visual expert method and 37.3% according to the digital
method). According to the visual expert method, the
share of moderately and strongly eroded soils from the
total area of typical (CHt) and leached (CHl) cherno-
zems is 2.2–4.1%; according to the digital method, it
is 4–7 times higher and reaches 14.9–16.3%. The larg-
est discrepancies are noted for meadow-chernozemic
(Mch) soils: the share of moderately and strongly
eroded soils in the total area of these soils is only 0.4%
according to the visual expert method and 26.1%
according to the digital method.

We have performed a visual comparative analysis of
the spatial localization of areas with the greatest dis-
crepancy in the degree classes for soil erosion mapped
by visual expert and digital methods. Such areas are
evenly scattered throughout the entire region and do
not create large areas; as a rule, their size is less than
1 ha. In some cases, their area reaches several hect-
ares. An underestimation of the degree of soil degrada-
tion by erosion is observed almost everywhere for the
visual expert mapping as compared with the digital
mapping. At the same time, about 1300 ha occupy
areas, where the opposite situation is noted: the tradi-
tional map shows moderately and strongly eroded soils
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Table 3. Areas of soils with different degrees of erosion on arable land in Prokhorovskii region (thousand hectares) accord-
ing to visual expert and digital mapping methods

Degree of soil erosion Visual expert method, 
dominant category

Digital method

dominant category SA

Noneroded and slightly eroded 65.2 62.1 55.7
Moderately eroded 2.5 4.3 11.3
Strongly eroded 0.0 0.9 0.3
(categories 2 and 3 in Fig. 4a), whereas the digital map
shows SAs with a predominance of noneroded and
slightly eroded soils (category 1 in Fig. 4b). Such areas
are concentrated mainly in the northern and western
parts of the district; the size of particular delineations
reaches several hectares; in some cases, dozens of
hectares.

Note that the above analysis was based on a com-
parison of soil erosion maps obtained by the visual
expert method with the identification of dominant
soils and by the digital method with the identification
of SAs. However, the digital soil cover model makes it
possible to operate not only with SAs but also with
dominant soil categories. In this case, each pixel cor-
responds to one dominant soil and one class of ero-
sion. This approach, in particular, is used to check the
accuracy of a digital soil cover model, to compare the
spatial position of specific soils of different taxa, and
for other purposes.

During the transition from SAs to dominant soils of
different taxa, slight differences in the area and local-
ization of soil areas were revealed. The areas of pre-
vailing soils (typical and leached chernozems)
changed by less than 3% as a result of generalization,
and the areas of meadow-chernozemic soils changed
by 13%. Typical calcareous chernozems undergone
significant changes; their total area decreased by 40%
as a result of generalization. At the same time, the area
of typical calcareous chernozems obtained by the dig-
ital method with separation of dominant soil in each
pixel was 1800 ha and almost completely corresponded
to their area on the traditional map (with mapping
dominant soils): 1900 ha. Thus, as a result of general-
ization, despite significant changes in the area of typi-
cal calcareous chernozems, the overall content of the
digital soil map did not undergo significant changes,
and in part became more consistent with the tradi-
tional soil map.

In turn, during the transition from SAs to the dom-
inant categories of soil erosion, a significant decrease
in the area of moderately and strongly eroded soils was
noted. The most significant changes were observed for
the area of moderately eroded soils: in the composi-
tion of SAs, they amounted to 11300 ha; after the tran-
sition to the dominant category, their area decreased
by almost four times to 4300 ha (Table 3). Such strong
differences are due to the specific arrangement of ele-
mentary soil erosional areas, the formation of which is
controlled by meso-, micro- and nanotopography.
Eroded soils are usually found in combination with
noneroded and slightly eroded soils. In the conditions
of modeling on a regular grid 20 × 20 m, SAs may
include soils with different erosion classes. When
mapping the dominant category, information on the
proportion of soils of varying degree classes for erosion
in the composition of SA is generalized, which leads to
an underestimation of the area of eroded soils as a
result of incomplete account for accompanying mod-
erately and strongly eroded soils.

A relationship was revealed between the area of the
zones of discrepancy between the degree classes for
soil erosion diagnosed by different methods of map-
ping and the steepness of slopes. On slopes of low
steepness, the areas of nonconformity zones are very
small (only 2% of the total area of nonconformity
zones at slopes of 0°–1°); with an increase in the
steepness of slopes, they sharply increase (21% for
slopes of 1°–2°; 49% for slopes of 2°–3°, etc.), reach-
ing a maximum on the steepest slopes (up to 89% for
slopes > 5°). It is important to note that, as a rule, on
slopes of high steepness, the discrepancy is noted
towards a higher degree of degradation by erosion
mapped by the digital method.

CONCLUSIONS
On the basis of digital methods of soil mapping, a

spatial model has been created for erosion on arable
land in the Prokhorovskii district, which reflects the
idea of the spatial organization of the soil cover in the
forest-steppe zone of the Central Russian Upland. On
the obtained digital map, in the direction from the
divides to the lower parts of slopes, there is a regular
alternation of soil associations CHlCHt to CHtCHl,
then to CHtCHlCHtk and CHtkCHtCHl with a
simultaneous increase in the share of eroded soils. This
generally agrees with published data [18, 21] and with
the map created on the basis of visual expert method.

Comparison of the maps created by visual expert
and digital methods did not reveal fundamental differ-
ences in the total areas and spatial distribution of soils
of different taxa, however, but showed significant dif-
ferences in mapping the degree of soil degradation by
erosion. When mapping soils of different taxa in differ-
ent ways, the greatest differences were found for the
EURASIAN SOIL SCIENCE  Vol. 54  No. 1  2021



DIGITAL MAPPING OF SOIL ASSOCIATIONS AND ERODED SOILS 23
areas of soils subjected to periodic overmoistening,
i.e., for meadow-chernozemic and chernozemic-
meadow soils, which is due to the poor consideration
of shallow hollows in the visual expert method of map-
ping. Nevertheless, the closeness of the results of map-
ping of different soil taxa by the two methods should
be noted, though the provision of the studied area with
soil pits is relatively low (on average, 1 soil pit per 110 ha).
The digital map contains more information about the
soil cover, since it characterizes the component com-
position and proportion of soils in each pixel, in con-
trast to the traditional soil map, which depicts only the
dominant category.

Differences in the degree classes for soil erosion
shown on the maps are due to both the method of
mapping (visual expert and digital) and the content of
the mapping information (dominant category or SA).
In the case of visual expert mapping, a significant (by
three–four times) underestimation of the areas of
moderately and strongly eroded soils is noted because
of the poor consideration for the factors other than
slope steepness in the development of erosion-accu-
mulative processes. With an increase in the steepness
of slopes, the discrepancies between the assessments
of soil erosion obtained by visual expert and digital
mapping methods tend to increase. Also, as a rule, on
slopes of greater steepness, the discrepancy is noted
towards a higher degree of degradation by erosion on
the maps created by the digital mapping method.

A significant decrease in the total area of moder-
ately and strongly eroded soils occurs during the gen-
eralization of the content of the maps from SAs to the
dominant classed of soil erosion. This is mainly due to
the underestimation of the areas of associated moder-
ately and strongly eroded soils in SAs. It should be
noted that the mapping of soil cover erosion, as a rule,
is traditionally aimed at the development of erosion
control measures. From this point of view, informa-
tion on small areas of moderately and strongly eroded
soils locally interspersed in the areas of slightly eroded
soils is not required. However, this information for the
areas of a regular grid of high resolution (tens of
meters) can be important for solving various scientific
and applied problems. In particular, it is valuable for
precision farming, for detailing the agro-ecological
grouping of lands, etc.

In general, it can be noted that digital databases are
more informative than traditional maps. The ability to
store and process information in the GIS in its original
form for each individual element of the regular grid
(pixel) enables a more detailed analysis of information
about the organization of the soil cover and the degree
of soil degradation by erosion. The visualization of
information in a graphical form (in the form of maps)
leads to its generalization and, therefore, to a distor-
tion of localization and area of soil mapping units and,
especially, for units characterizing degree classes for
soil erosion.
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