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A B S T R A C T

Local landforms described by signs of curvatures can be considered as potential indicators of gully formation.
However, the role of these landforms is not generally investigated in literature. Hence, the goals of the present
research are: (i) identification of the relationships of land surface attributes at the head and end points of gullies
with the size of these gullies, at different grid spacings of a digital elevation model (DEM); (ii) explanation of the
frequency of occurrence (FO) of local landforms.

Investigations were conducted on the example of 439 gullies of the Hronská pahorkatina Hill Land in
Slovakia. The sizes of the gullies were described by their area and perimeter. Altitude, slope steepness, maximal
catchment area (MCA) and curvatures were calculated at the head and end points of these gullies. 12 types of
main local landforms (MLLFs) were identified by the signs of six curvatures. For calculation of land surface
attributes, a set of DEMs with grid spacings at every 10 m interval from 10 m to 100 m was prepared.

At the head points of gullies, significant Spearman's rank correlation coefficients (rs) show that MCA and
curvatures related with gully size at DEM grid spacings from 10 m to 30 m. At the end points, such relationships
are observed at all grid spacings. A negative rs between gully size and slope steepness is obtained. At the head
points, it is demonstrated that the large gullies reached more flat locations in comparison with small gullies. At
the end points, negative rs indicates that large gullies are characterized by flatter outlets in comparison with
small gullies. The FO of MLLFs at the head and end points of gullies – relative to their frequency for the whole
DEM – indicate that only four types of MLLF are systematically related to gully occurrence.

1. Introduction

The determination of geomorphic thresholds is an important di-
rection of gully erosion investigations (e.g. Horton, 1945; Patton and
Schumm, 1975; Poesen et al., 2003). However, pure geomorphic
thresholds vary over a broad range of intervals (Valentin et al., 2005)
since gullies are triggered by a complex set of factors (e.g.
Vandekerckhove et al., 2000; Parkner et al., 2006). In this situation,
researchers have often focused on small areas with relatively homo-
geneous non-geomorphic factors of gully formation. The determination
of geomorphic thresholds that can be useful over large areas with dif-
ferent environments is rare (e.g. Torri and Poesen, 2014), but it remains
an important task of geomorphology (e.g. Pike et al., 2009).

Investigations of gully formation/burial cycles on the Holocene time
scale are important for the understanding of geomorphic prerequisites
of gully development (e.g. Dotterweich, 2005; Vanwalleghem et al.,
2005, 2006; Superson et al., 2014). These and similar investigations

(e.g. see review in Dotterweich, 2008) show that thalwegs of new and
buried surfaces are not strongly shifted laterally. This shows that the
geomorphic prerequisites of gully development are relatively stable
over time; at least on the Holocene time scale.

Different combinations between slope steepness and catchment area
are often used for the determination of a geomorphic threshold for gully
formation (e.g. review in Poesen et al., 2003; Valentin et al., 2005). The
coefficients of such “threshold indexes” depend on the physical-en-
vironmental conditions of the study areas (e.g. Begin and Schumm,
1979; Vandaele et al., 1996). A comparison of different threshold in-
dexes calculated with the help of catchment area and slope steepness
was undertaken by Daggupati et al. (2013). With the example of two
study areas in the state of Kansas (US), these authors show that the
“slope area index” of Moore et al. (1988) was the most effective attri-
bute. However, the “slope area power index” of Vandaele et al. (1996)
is, probably, most often used for the determination of geomorphic
thresholds for gully formation (Torri and Poesen, 2014). A well-known

http://dx.doi.org/10.1016/j.catena.2017.08.010
Received 11 May 2017; Received in revised form 5 August 2017; Accepted 15 August 2017

⁎ Corresponding author.
E-mail address: a_mitusov@mail.ru (A.V. Mitusov).

Catena 159 (2017) 159–170

Available online 30 August 2017
0341-8162/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/03418162
http://www.elsevier.com/locate/catena
http://dx.doi.org/10.1016/j.catena.2017.08.010
http://dx.doi.org/10.1016/j.catena.2017.08.010
mailto:a_mitusov@mail.ru
http://dx.doi.org/10.1016/j.catena.2017.08.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.catena.2017.08.010&domain=pdf


“compound topographic index” can be directly used as a process-based
predictor of gully location (e.g. Parker et al., 2010; Momm et al., 2013).
The same land surface attributes were used in inventory-based models
for the successful prediction of ephemeral gullies (Pike et al., 2009).
The models in Pike et al. (2009) were constructed with the help of lo-
gistic regression and neural networks. Kheir et al. (2007) used ‘tree-
based’ regression models and showed that the “wetness topographic
index” and “sediment transport capacity index” explained up to 80% of
the variability of gully size. Svoray et al. (2012) compared the geo-
morphic threshold method of Patton and Schumm (1975) with a sta-
tistical model based on decision trees. They show that geomorphic
thresholds overestimated the probability of gully formation in condi-
tions of semi-arid climate. Hence, such basic attributes as slope steep-
ness and catchment area are not enough for effective gully modelling.

Curvatures describing the land surface in plan and profile are often
used as important extensions in modern gully predictive models (e.g.
Kheir et al., 2007; Gutiérrez et al., 2009; Pike et al., 2009; Chaplot,
2013; Conoscenti et al., 2013; Conoscenti et al., 2014; Dewitte et al.,
2015; Bergonse and Reis, 2016). As one of the first teams, Lanyon and
Hall (1983) experimentally showed that gullies started from

accumulative zones characterized by negative values of curvatures in
both plan and profile. Mitas and Mitašová (1998) were one of the first
who used these curvatures to model soil erosion. The main problems in
such applications are selection of the correct combination of curvatures,
and a correct understanding of their different roles in processes of lat-
eral and gully erosion.

Combination of different curvatures can be used for the identifica-
tion and classification of local landforms. The term “local” means that
for the determination of such landforms only the area around a sam-
pling point should be considered (e.g. Shary et al., 2002). The classifi-
cation of local landforms by signs of vertical and horizontal curvatures
(Troeh, 1964) is well-known. In the framework of general geomor-
phometry Shary (1995) suggested a more precise classification de-
scribing 12 types of the main local landforms (MLLFs). However, the
role of these local landforms for processes of gully formation has been
little studied.

One of the critical problems in practical application of these local
landforms is their dependence on the grid spacing of digital elevation
models (DEMs). The dependence of morphometric variables (MVs) on
the horizontal resolution of DEMs is well-known (e.g. Thieken et al.,

Fig. 1. Location of the Hronská pahorkatina Hill Land and gul-
lies. Gully locations are marked by dots because their real shape
is not visible at this scale.
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1999; Thompson et al., 2001; Shary et al., 2002, 2005). Values of al-
titude and catchment area became more precise at decreasing values of
grid spacing. Values of slope steepness draw closer to zero (but ≠ 0) as
grid spacing increases. A similar tendency is observed for curvatures,
but with random variability of signs at individual sampling points.
Hence, every individual grid cell of a DEM is characterized by a scale-
dependent multiplicity of local landforms and values of curvatures. All
these values are correct and can be associated with a size hierarchy of
local landforms, where the concrete size is defined by the grid spacing
chosen.

It is clear that the importance of local landform size for gully for-
mation depends on the concentration of surface flows in relation to the
erodibility of the soil cover. This is clearly visible in examples of rill
erosion of arable fields on slopes. Surface flows of low discharge follow
such micro landforms as furrows. At larger discharge, such surface
flows cross furrows and follow other directions defined by landforms of
larger size. Hence, surface flows of low discharge require selection of
local landforms at small grid spacing. Surface flows of higher discharge
relate to local landforms at larger grid spacing. In this context, de-
termination of the relationships between gullies and local landforms at
different grid spacings is considered to be an important task of geo-
morphology (e.g. Daggupati et al., 2014).

The goals of the present investigation are (i) identification of the
relationships of land surface attributes at the head and end points of
gullies with the size of these gullies at different grid spacings of a DEM;
(ii) explanation of the frequency of occurrence (FO) of MLLFs at the
head and end points of gullies.

2. Regional settings

The gullies studied here are in the Hronská pahorkatina Hill Land, in
the southern part of the Slovak Republic (Fig. 1). The region is> 3.5
thousand km2 large, and is a part of Podunajská pahorkatina Hill Land.
The “hills” were finally formed after geological building during Qua-
ternary tectonic uplift by downward and headward erosion of local
streams. This study area is part of the Slovakian loess belt, where the
maximum depth of loess reaches 40 m (Harčár, 1971). Fluvial and
colluvial deposits are found in accumulative landscape positions. Basic
information about soil, parent matter, rocks and land cover is provided
in Table 1. The soil map is available on the Internet (Hraško et al.,
1993). The geological information is also well represented in open ac-
cess (The State Geological Institute of Dionýz Štúr, 2017). The mean

annual temperature of the Hronska pahorkatina Hill Land is 9 °C in the
southern and middle parts, and 8 °C in the north (Šťastný et al., 2002a).
Mean annual precipitation is 525 mm in the south, 575 mm in the
middle and 600 mm in the north (Šťastný et al., 2002b).

In the Hronská pahorkatina Hill Land, five phases of accelerated
runoff processes can be distinguished (Stankoviansky, 1998). The first
phase is dated to the Late Bronze Age at approximately 2200 BP. The
second phase was caused by greater agricultural exploitation during the
Great Moravian times of the 9th century AD. The third phase was as-
sociated with a change of agricultural system during the wet and warm
climatic period that occurred between the 13th and the 14th centuries
AD. The fourth phase was connected with Wallachian colonisation be-
tween the 14th and the 17th centuries AD. This phase is characterized
by acceleration of gully erosion due to widespread land use on slopes.
The fifth phase was caused by the aggregation of small agricultural
fields to large fields during collectivization after 1950 AD. This phase is
characterized by increasing of sheet and rill erosion. At the end of the
1970s AD gully formation was inactive or at low intensity (Stehlík,
1981). Finally, it should be noted that gullies in the region were formed
due to two main types of predisposition: geomorphic predisposition, e.g.
dry valleys or deflation pits, and linear predisposition e.g. abandoned
paths or roads.

Fig. 2 shows basic quantitative attributes for the land surface of the
Hronská pahorkatina Hill Land. Two local maxima in the bar chart of
altitude represent the flat parts of the region, located at the western,
southern and eastern margins of the Hronská pahorkatina Hill Land.
These flat areas consist mostly of sequences gently tilted fluvial ter-
races. The large area of flatlands influences the statistical distribution of
slope steepness. This type of distribution is close to the exponential
model. The exponential distribution of maximal catchment area is ty-
pical for any terrain. Two local maxima in the bar chart of aspect
showed the dominance of slopes facing south-west or north-east.

3. Methods

3.1. Digital elevation models and morphometric variables

Topographic maps of the Slovak Republic at 1:10,000 scale (GKÚ,
1990) were used for construction of the reference digital elevation
model (DEM) for the Hronská pahorkatina Hill Land. The digitized
contour lines were transformed into a grid using the algorithm r.surf.rst
(regularized spline with tension) in GRASS GIS (Mitašová and Hofierka,
1993). The reference DEM with a horizontal resolution of 10 m has
35,349,720 grid cells. The set of DEMs with lower horizontal resolu-
tions from 20 m to 100 m was computed at 10 m intervals by a thinning
algorithm, using the Analytical GIS Eco (Wood, 2009). The thinning
method preserved the range of altitude values for the lower resolution
DEMs. Methods of aggregation (e.g. averaging values over neighbours)
would have reduced the range in altitude for DEMs with larger grid
cells: this would have been an additional influence on their geomor-
phometric properties.

It has to be mentioned that all DEMs derived from contour lines
contain artificial landforms caused by “Gibbs-like phenomena” (Shary,
2008), whilst DEMs obtained based on remote sensing data are free
from such a problem. However, remote sensing data with necessary
resolution do not yet exist for this region. In the present investigation
the errors caused by “Gibbs-like phenomena” were considered as noise
in the data.

The geomorphometric analysis is based on the set of morphometric
variables (MVs) shown in Table 2. These MVs were calculated for the
complete set of DEMs using the Analytical GIS “Eco” (Wood, 2009),
using the definitions in Shary et al. (2002). Slope steepness (GA) was
calculated for an indication of the direction and potential rate of surface
flows. Maximal catchment area (MCA) was calculated to give the
maximal potential area of surface flow collection to every grid cell. The
Analytical GIS “Eco” operates by a complete and fast algorithm for the

Table 1
Types of soil, parent matter, rocks and land cover in different parts of the Hronská pa-
horkatina Hill Land.

Information type Location Information

Soila North Loamy, clayey-loamy
Middle Loamy
South Sandy-loamy, loamy

Quaternary
depositsa

North Sand, loess, colluvial deposits
Middle Sand, loess
South Sand, loess

Geochemical rock
typesa,c

North Clay- and sand-stones on slopes; sand and
gravel in areas of flood plainsMiddle

South
Land coverb North Non-irrigated arable land, broad-leaved forest,

discontinuous urban fabric, industrial and
commercial units

Middle Non-irrigated arable land, discontinuous urban
fabric, broad-leaved forests, land principally
occupied by agriculture

South Non-irrigated arable land, discontinuous urban
fabric, broad-leaved forests

a Slovak Environmental Agency (2002).
b Slovak Environmental Agency (2012).
c Šujan et al. (2016).
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MCA calculation which takes account of depressions and branching
streams (e.g. review in Shary et al., 2002).

The convergence/divergence of flow lines and relative acceleration/
deceleration of surface flows are described by the signs of horizontal
(kh) and vertical (kv) curvatures respectively. Minimal (kmin) and
maximal (kmax) curvatures describe the pure geometry of a surface
independently of its orientation in the gravity field. All these four at-
tributes are the curves of normal sections on the land surface and can be
calculated using second derivatives (e.g. Shary, 1995). Concave sections
on the land surface are characterized by negative values of the curva-
tures and vice versa. Relationships between these four curvatures are
described by mean (H) and difference (E) curvatures that can be found
by the simple equations (Shary, 1995):

= −E kv kh( ) 2 (1)

= + = +H kmin kmax kv kh( ) 2 ( ) 2 (2)

The signs of H and E indicated the significant transformation of
values of kh, kv, kmin or kmax even in the situations when the signs of
these four basic curvatures were not changed. For example, in the si-
tuation when kv < 0 and kh < 0, E can be negative or positive de-
pending on the relative magnitudes of the negative values of kv and kh.

In some investigations of soil erosion (e.g. Conoscenti et al., 2014;
Angileri et al., 2016) zones of convergence and divergence of flow lines
were described with the help of old attributes such as plan curvature
(kp) described by e.g., Krcho (1973). However, kp is the curve of con-
tour line and as a result tends to infinity at the upper point of hills and
the lowest point of depressions (e.g. Evans, 1980; Shary and Stepanov,

1991). Infinity makes difficulties in numerical modelling. On the one
hand the arctangent transformation is a way of coping with this pro-
blem (Csillik et al., 2015). On the other hand, kh is the curvature of a
normal section tangential to a contour line and can be used for the same
reasons but without problems with infinity. Due to the conceptual
difference, researchers must be careful when combining kp with other
curvatures of normal sections. For example, the application of kp in-
stead of kh in Eq. (2) is not possible, because:

≠ +H kv kp( ) 2 (3)

3.2. The main local landforms and their frequency of occurrence

The signs of curvatures for the 12 types of main local landforms
(MLLFs) of the classification of Shary (1995) are shown in the Table 3.
According to a concept of general geomorphometry these MLLFs can be
found in any terrain. Hence, they can be used for objective comparison
of sufficiently different landscapes. Moreover, because the MLLFs are
defined only by intervals of curvatures, they are more stable to errors in
DEMs than are values of the individual curvatures.

The classification of Shary (1995) is the extension of two earlier
classifications of Gauss (1827) and Troeh (1964). The classification of
Gauss (1827) identifies saddles and elliptical forms. The classification is
based on the signs of curvatures such as H and full Gaussian curvature
(K). K is the product of kmax and kmin. It has positive or negatives
values respectively on elliptical local landforms (depressions and hills)
and saddles. It is a pure geometrical classification independent of the
gravity field. This means that Gauss's forms have no functional

Fig. 2. Statistical distribution of morphometric variables (MVs) calculated for the whole area of the Hronská pahorkatina Hill Land. The resolution of the DEM is 10 m. Z – altitude, m; GA
– slope steepness, degrees; aspect – aspect of the land surface, degrees; MCA – maximal catchment area, m2.

Table 2
Morphometric variables (based on Shary et al., 2002).

Name Abbreviation Description Reference

Altitude [m] Z Altitudinal zonation –
Slope steepness [degrees] GA Flow rate –
Aspect [degrees] Aspect Flow direction –
Horizontal curvature [m−1] kh Flow convergence/divergence Krcho, 1983
Vertical (profile) curvature [m−1] kv Relative flow deceleration/acceleration Evans, 1972
Difference curvature [m−1] E Compares kh and kv Shary, 1995
Mean curvature [m−1] H Tendency to equilibrium surface Gauss, 1827
Maximal curvature [m−1] kmax Geometrical ridge forms Gauss, 1827
Minimal curvature [m−1] kmin Geometrical valley forms Gauss, 1827
Maximal catchment area [m2] MCA Maximum area from which material moving down slope may be collected Freeman, 1991
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relationships with surface flows: they can be related, however, to the
effects of a land surface memory (e.g. Shary et al., 2002). The classifi-
cation of Troeh (1964) is based on signs of kh and kv. These curvatures
were developed in the framework of geosciences with a focus on zones
of convergence/divergence and acceleration/deceleration of surface
flows. Detailed explanation and visualisation of the relationships be-
tween these three classifications was provided by Shary et al. (2005).

The first part of the name of each MLLF provides information about
the type of landform according to the Gauss (1827) classification, such
as C-depression, C-Hill or C-saddle with concave or convex H. The
second part shows the shape of the landform of Troeh (1964). This
information reflects the signs of kh and kv. The relation between these
two curvatures is indicated by the sign of E at the end of the MLLF
name.

The frequency of occurrence (FO) of each MLLF on a random surface
has an equal probability, i.e. 1/12 (Shary, 1995). The FO of MLLFs on
the land surface varies from this. Shary (1995) linked this fact with the
land surface formation. Therefore, MLLFs with higher FO are related
with the dominant processes of land surface formation and vice versa.
Sharaya and Shary (2003) experimentally showed that the group of
MLLFs 1, 2, 7, 8 has higher FOs in mountain terrains. The group of
MLLFs 5, 6, 11, 12 has higher FOs in gently sloping terrains. Hence, the
FO of MLLFs represents the geomorphologic type of region e.g. moun-
tain, plateau or valley. MLLFs 2, 5, 8, 11 are characterized by the lowest
FOs on the real land surface worldwide. This global deviation from
randomness has not yet been explained.

In the present investigation the FOs of MLLFs for the DEM of whole
study area was defined as the “general level”. The whole study area was
considered because the questions of terrain fragmentation in this con-
text are not well investigated. The FO of MLLFs in any subset of points
collected from the DEM was defined as the “subset level”. With a
random spatial distribution of observation points the subset level would
provide an estimate of the general level. However, the points observed
in this research are not randomly distributed; they are located at the
heads and ends of gullies. In this case for the correct interpretation of
FOs in a data set the difference between the FO of MLLFs at the ob-
servation points (subset level) and for the whole DEM (general level)
was calculated. Positive differences show that the FO of MLLFs in the
dataset is higher than the general level and vice versa. The FO of MLLFs
was used because it is the simplest parameter for understanding the
physical meaning of MLLFs in the context of gully formation.

3.3. Gully inventory and statistics

Gullies in Hronská pahorkatina Hill Land form eroded trenches cut
into soil and parent material due to the influence of concentrated sur-
face flows. An extensive field survey of gullies was made between 1957
and 1971. The results of this survey were graphically shown on the

military topographic maps of 1:10,000 scale (Prikryl, 1982). In that
period of time 382 simple gullies and 57 complex gullies were found in
the region. Simple gullies have only one thalweg, one head and one
outlet. Complex gullies are characterized by a dendritic drainage
system with several tributary gullies.

A precise topographic symbol on the military topographic maps
shows the location of each gully's walls (scarps) and head (highest)
point as they were measured in the field. The lowest boundary at the
outlet was identified by a line joining the ends of the gully walls and
oriented perpendicular to the thalweg; the end point is where this line
crosses the thalweg. The closed vector objects thus defined were digi-
tized and used for the calculation of gully area and perimeter. The head
and end point locations of gullies were saved in separate georeferencing
data sets.

Information about the area and perimeter of gullies was integrated
to the datasets based on a simple rule: each gully has one head and one
end point. In reality, complex gullies are characterized by several head
points. In practical terms, this means that the value of area and peri-
meter of one complex gully correspond with the different values of MVs
in several head points. To solve this problem, complex gullies were split
into fragments that can be considered as individual simple gullies. As a
result, the dataset of end points (n = 439) contains the original para-
meters of all gully types, whereas the dataset of head points (n= 542)
contains original parameters of simple gullies as well as parameters of
individual segments of complex gullies. Due to different numbers of
observed points these datasets are considered independently and not
compared systematically.

Statistics were calculated using standard data mining software
(StatSoft, 2013). Normality of the data was investigated through fre-
quency bar charts and Shapiro-Wilk's W - test (Shapiro and Wilk, 1965).
The statistical distribution was considered to be normal for W≥ 0.95
(p ≤ 0.05). To explore the statistical relationships between topo-
graphical attributes, Spearman's rank correlation coefficient (rs) was
used (Spearman, 1904). The rs was considered statistically significant at
p ≤ 0.05. Non-significant rs values were not considered. The non-
parametric correlation was used because this method can be applied to
data with abnormal statistical distribution. Based on the same reasons
the median value was used instead of mean.

4. Results

The size of gullies varies broadly (Table 4). The statistical dis-
tributions of area and perimeter are significantly non-normal. Bar plots
showing the statistical distribution of basic MVs at observation points
are shown in Fig. 3. A tendency to the normal distribution arises only
for slope steepness: this is also confirmed by Shapiro-Wilk's W test.
There is no reason to make special tests for curvatures because their bi-
modal statistical distributions are well known (e.g. Shary et al., 2005).

Table 3
Signs of curvaturesa for the identification of twelve types of main local landforms (based on Shary et al., 2005).

N Title of the main local landforms kmax kmin H kh kv E

1 C-depressions with positive difference curvature − − − − − +
2 C-saddles mean-concave, convergent-decelerating, with positive difference curvature + − − − − +
3 C-saddles mean-concave, convergent-accelerating, with positive difference curvature + − − − + +
4 C-saddles mean-convex, convergent-accelerating, with positive difference curvature + − + − + +
5 C-saddles mean-convex, divergent-accelerating, with positive difference curvature + − + + + +
6 C-hills with positive difference curvature + + + + + +
7 C-depressions with negative difference curvature − − − − − −
8 C-saddles mean-concave, convergent-decelerating, with negative difference curvature + − − − − −
9 C-saddles mean-concave, divergent-decelerating, with negative difference curvature + − − + − −
10 C-saddles mean-convex, divergent-decelerating, with negative difference curvature + − + + − −
11 C-saddles mean-convex, divergent-accelerating, with negative difference curvature + − + + + −
12 C-hills with negative difference curvature + + + + + −

a In the present article such curvatures as kmax and kmin were used instead of K which was used in the original classification of Shary (1995). This is because K has the same sign for
depressions and hills, reducing the applicability of this curvature in tasks about erosion, flow or accumulation.
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The gullies are mainly located 150–250 m above sea level. This
location coincides with the upper peak of altitude frequency for the
whole region (Fig. 2). Slope steepness at the head and end points of
gullies varied mainly between 2.5 and 4.5 degrees. Most parts of the
gullies are characterized by aMCA less than five hectares. The bar chart
of aspect shows that the highest number of gullies is located on west-
facing slopes (Fig. 3). These gullies are located in the central and mainly
in the western part of the region.

The situation that any one curvature = 0 occurred at 42 grid cells of
the reference DEM. This situation did not occur in the DEMs of lower
resolution. The variability of medians of MVs from different grid spa-
cings was similar for the head and end points of gullies (Table 5).
Medians of altitude and slope steepness were relatively stable to grid
spacing changes. Medians of curvatures monotonously decrease as grid
spacing increases from 10 m to 100 m. Medians of MCA grow linearly
with increased grid spacing.

The signs of medians indicated that most observation points are
characterized by positive values of kmax and negative values of kmin
and kh. Most kv values were positive at the head points and negative at
the end points of gullies. At the end points, the sign of E changes from
positive at grid spacings of 10–60 m to negative at grid spacings of
70–100 m (Table 5).

Many significant rs of the area and perimeter of gullies with MVs
were established on different ranges of the grid spacing (Table 6). The
strongest rs was found with slope steepness at the head and end points
and withMCA at the end points. The rs of perimeter and area with slope
steepness were negative, those with MCA were positive.

Deviations of the frequency of occurrence (FO) of the main local
landforms (MLLFs) in the subsets from the general FO of MLLFs in
whole DEMs is visualised in Fig. 4a and b. This produces four main
results: (i) a strong positive deviation (from the general level) of the FO

Table 4
Descriptive statistics of the area and perimeter of all 439 gullies, simple and complex.

Statistics Area Perimeter

Mean 7831.2 711.1
Minimum 60.5 94.3
Maximum 95,324.2 6603.4
Standard deviation 10,235.5 660.7
Skewness 4.3 3.8
Kurtosis 26.2 23.0
First quartile 2439.5 334.3
Median 4624.8 520.6
Third quartile 9014.4 860.5
W (S-W test) 0.60 0.68
p (S-W test) 0.0001 0.0001

Fig. 3. Statistical distribution of the basic morphometric
variables (MVs) at the head and end points of gullies. MVs
were calculated based on the reference DEM with 10 m
resolution.
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of MLLFs 1 and 3 at the head points, and of MLLFs 1 and 7 at the end
points; (ii) a low positive deviation of the FO of MLLFs 2 and 4 at the
head points and MLLFs 2 and 3 at the end points; (iii) FO of MLLFs 5, 6
and 11 at the head points as well as MLLFs 8 and 9 at the end points
approximately equal to the general level. (iv) negative deviation of FO
of other MLLFs from the general level. All MLLFs with the FO higher
than the general level are characterized by kh < 0. Overall, MLLFs 6, 7
and 9 are the most frequent in this area, while 2, 5, 8, and 11 have the
lowest FOs (Fig. 4c).

At head points, the FOs of MLLFs 1, 2, 3 and 4 have the highest
positive deviations from the general level (Fig. 4a). Modal occurrences
of these MLLFs across all ranges of grid spacing are observed at the head
points of 289 gullies. At the end points, the FOs of MLLFs 1, 2, 3 and 7
have the highest positive deviations from the general level (Fig. 4b).
Modal occurrences of these MLLFs across all ranges of grid spacing are
observed at the end points of 290 gullies. The variability of the median
values of area and perimeter in the MLLFs with the highest FO and the
rest of the MLLFs was< 10% of the total dataset. Only the median
values ofMCA were strongly different. Across all ranges of grid spacing,
the median values of MCA in MLLFs 1, 2, 3 and 4 were 3.4 (at head
points) and 11.8 (at end points) times higher than in the other MLLFs.

5. Discussion

5.1. Relationships between morphometric variables and gully size

The negative rs of area and perimeter with slope steepness at the
head and end points (Table 6) reflects that large gullies reached rela-
tively higher and lower slope positions. Such positions are character-
ized by low slope steepness. In this situation, small gullies are statisti-
cally located at middle slope with relatively larger steepness. The same
tendency is reflected by positive rs between perimeter and altitude in
the head points of gullies. These results coincide with the commu-
nication of Muñoz-Robles et al. (2010) about negative correlation be-
tween gully volume and slope steepness. The negative relationship
between gully perimeter and slope steepness was also statistically
identified by Bergonse and Reis (2016).

The positive rs of area and perimeter of gullies with MCA at the end
points (Table 6) is a statistical quantification of the well-known fact
that large gullies are located in large valleys with large catchments.
This result was obtained because most end points of gullies are located

in valley outlets. However, some gullies are located in the middle parts
of sub-catchments. Thus, the spatial mismatch between gully ends and
valley outlets reduced the strength of rs.

Because the gullies were not more active (Stehlík, 1981) the lack of
influence on gully size of MCA at head points was expected. This is
caused by the reduction of catchment area during gully headward
growth (e.g. Nichols et al., 2016). On the final step the gully head has so
small a catchment area that it does not affect gully expansion. Never-
theless, the weakly positive rs between perimeter of gullies and MCA in
the head points (Table 6) at fine resolution showed that the gullies were
not finally stable at the time of survey.

The inverse relationship between catchment area and thalweg gra-
dient is well known (e.g. Montgomery and Dietrich, 1988). Similar re-
sults were observed for datasets of points located at gully heads (e.g.
Vandaele et al., 1996). These results and their explanation are com-
parable with the positive rs of MCA and negative rs of slope steepness
with these gully attributes.

The rs shows that kmax at head points tends to be a better indicator
of gully size than are other curvatures (Table 6). The rs sign shows that
the head points of large gullies are characterized by minimal values of
kmax. At the same time, the medians (Table 5) indicate that values of
kmax at such points have a tendency to be positive. Hence, kmax at the
head points of large gullies tends to the smallest positive values. The
same tendency can be suggested for kv, because the median values of kv
at the head points are also positive (Table 5). The rs with the kh and H
can be interpreted as usual: the tendency to be negative in the heads of
large gullies.

The significant rs with curvatures and MCA at the head points were
found mainly at grid spacings of 10–30 m (Table 6). This is because the
gully head as a geomorphological element becomes less evident on
DEMs with larger grid spacings. Moreover, valleys (depressions) around
the gully head are often not detectable on DEMs with grid spacings
larger than 30–40 m. In terms of regional morphometric variables the
generalisation of valleys at large grid spacing is well known for a long
time (e.g. Zhang and Montgomery, 1994). Similar effects were de-
scribed at land surface analysis by curvatures (e.g. Pirotti and Tarolli,
2010).

The negative rs of perimeter with kh, kmin and H at the end points of
gullies are weak but significant for most grid spacings (Table 6). This
also coincides with the rs obtained for MCA. However, based on rs with
kmax (Table 6) two groups of characteristic sizes of local landforms at

Table 5
Median of morphometric variables (MVs) at the head and end points of gullies on different grid spacing.

MVs Grid spacing [m]

10 20 30 40 50 60 70 80 90 100

Head points (n = 542)
Z [m] 206.0 206.1 205.9 206.1 206.1 205.9 206.1 206.7 206.6 206.8
GA [degree] 3.8 3.8 3.8 3.8 3.8 3.7 3.7 3.7 3.7 3.6
kh [m−1] −0.00024 −0.00018 −0.00015 −0.00013 −0.00012 −0.00010 −0.00009 −0.00006 −0.00004 −0.00004
kv [m−1] 0.00005 0.00005 0.00004 0.00004 0.00003 0.00002 0.00002 0.00002 0.00002 0.00002
E [m−1] 0.00022 0.00017 0.00014 0.00009 0.00008 0.00006 0.00007 0.00007 0.00006 0.00004
H [m−1] −0.00009 −0.00007 −0.00006 −0.00004 −0.00004 −0.00003 −0.00003 −0.00003 −0.00002 −0.00001
kmax [m−1] 0.00028 0.00027 0.00025 0.00021 0.00020 0.00018 0.00016 0.00015 0.00014 0.00014
kmin [m−1] −0.00053 −0.00042 −0.00038 −0.00032 −0.00026 −0.00025 −0.00022 −0.00020 −0.00017 −0.00016
MCA [m2] 2877.3 6065.0 8907.8 12,336.2 15,405.6 18,428.2 22,429.5 24,340.9 28,519.2 30,537.0

End points (n= 439)
Z [m] 184.5 184.1 184.2 184.5 183.9 184.6 184.5 184.1 183.9 184.7
GA [degree] 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6
kh [m−1] −0.00035 −0.00032 −0.00025 −0.00020 −0.00018 −0.00015 −0.00014 −0.00011 −0.00010 −0.00010
kv [m−1] −0.00023 −0.00025 −0.00025 −0.00022 −0.00021 −0.00018 −0.00019 −0.00018 −0.00016 −0.00013
E [m−1] 0.00008 0.00004 0.00000 0.00001 0.00000 0.00000 −0.00001 −0.00002 −0.00002 −0.00001
H [m−1] −0.00042 −0.00042 −0.00041 −0.00035 −0.00030 −0.00025 −0.00020 −0.00018 −0.00016 −0.00015
kmax [m−1] 0.00012 0.00006 0.00004 0.00002 0.00002 0.00000 0.00002 0.00002 0.00002 0.00002
kmin [m−1] −0.00102 −0.00083 −0.00077 −0.00070 −0.00060 −0.00050 −0.00044 −0.00038 −0.00034 −0.00031
MCA [m2] 6055.5 14,053.9 21,708.1 29,014.9 34,530.8 45,292.4 51,780.1 56,864.9 64,385.9 76,941.5
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the end points of gullies can be identified. The first group contains
“relatively small” local landforms detected on DEMs with grid spacings
of< 50 m. The second group contains “relatively big” local landforms
detected on DEMs with grid spacings of ≥ 60 m. The changing relation
between kh and kv in these two groups of grid spacing could be in-
dicated by the variability of median sign of E (Table 5).

5.2. The frequency of occurrence of the main local landforms

The general level of the frequency of occurrence (FO) of the main
local landforms (MLLFs) varies from equal probability (Fig. 4c). This
variability can be considered as a “finger print” of the land surface. The
low FO of MLLFs 2, 5, 8 and 11 is worldwide, for reasons not yet es-
tablished, whereas the variability of the FO of other individual MLLF
types and MLLF groups is caused by geomorphometric specifics of this
region. For example, according to Shary (1995) the proportion between
the FO of the convergent-decelerating landforms (MLLFs 1, 2, 7 and 8)
and divergent-accelerating landforms (MLLFs 5, 6, 11 and 12) can be

used for the automatic characterization of the terrain type. In the pre-
sent investigation extreme differences between the FO of these MLLF
groups were found between grid spacings of 20 m and 100 m. On a grid
spacing of 20 m the convergent-decelerating landforms occurred 2.4%
more than the divergent-accelerating landforms. On a grid spacing of
100 m the divergent-accelerating landforms occurred 1.5% more than
the convergent-decelerating landforms. Such results can be explained as
due to the smoothing of concave local landforms as grid spacing in-
creases. At the same time convex local landforms are more resistant to
the generalisation of DEM. In general terms concave local landforms
occur at “thin elongated valleys” convex local landforms occur at “large
rounded hills”. From one hand thin elongated structures will be dis-
appeared at grid spacing increases. From another hand the area of large
rounded structures may increase due to generalisation of several ob-
jects. From methodological point of view this shows that the FO of
MLLFs must be interpreted only in relation to grid spacing.

Both MLLFs 3 and 4 have higher FO (than the general level) at the
head points of gullies (Fig. 4a). These MLLFs are characterized by
kh < 0 and kv > 0. The sign of H divides these two MLLFs between
“mean-concave” (type 3) and “mean-convex” (type 4). The role of
MLLFs 3 and 4 can be described as convergence and potential accel-
eration of surface flows that increases the potential for gully erosion.
The high FO of these MLLFs in the dataset of the head points is also
confirmed by the positive median of kv (Table 5).

The FO of the “mean-convex” MLLF of type 4 at end points of gullies
was lower than the general level (Fig. 4b). Hence the expression of
positive values of kv at such places was limited only by the “mean-
concave” MLLF of type 3 (Fig. 4b). According to the positive rs between
the area of gullies and kv (Table 6), the MLLF of type 3 was most related
to gully size at a grid spacing of 20 m and 70 m. With high probability
the structures with kv > 0 at the end points of gullies were formed by
sedimentation processes. Because the MLLF of type 3 is less expressed
than the MLLF of type 4 along vertical profile it could be suggested that
the accumulation intensity of sediments was relatively low.

MLLFs 1, 2, 7 and 8 are characterized by kh < 0 and kv < 0. The
variety of the FO of these MLLFs can be explained only by taking into
account the proportion between negative values of kv and kh as de-
scribed by the sign of E. When kh < kv < 0 and E > 0 (MLLFs 1 and
2), the effect from convergence of surface flows is potentially stronger
than from deceleration of surface flows; and vice versa for the situation
kv < kh < 0 and E < 0 (MLLFs 7 and 8). At the head points, the FO
of MLLFs 1 and 2 was higher than the general level. Hence, in the gully
heads these potentially accumulative MLLFs played the role of potential
factors or indicators of gully erosion. At the same time, other poten-
tially accumulative MLLFs 7 and 8 at the head points occurred lower
than the general level: these are not conducive to gully head formation.
At the end points of gullies, the FO of MLLFs 1, 2, 7 and 8 can be related
with the original shape of the valley's outlets, especially at large grid
spacings.

The spatial distribution of MLLFs is shown in Fig. 5. Grid cells of the
individual MLLFs formed larger areas with a systematic pattern. MLLFs
1, 2, 3 and 4 are mainly located on valley bottoms and foot slopes. This
agrees with the rs between MVs and characteristics of gully size as well
as with the FOs of MLLFs at the head and end points of gullies. The large
region of the Hronská pahorkatina Hill Land is characterized by varied
environmental conditions. This is an argument for the consideration of
MLLFs 1, 2, 3 and 4 as global geomorphic prerequisites of gully for-
mation. Hence, the map of these MLLFs (Fig. 5) reflects areas with
geomorphic predisposition to gully erosion.

The median values ofMCA in groups of MLLFs with high and low FO
are very different. This means that MLLFs with FO lower than the
general level and with relatively low MCA are related to gullies that
were formed under the strong influences of artificial structures e.g.
roads and borders between land use parcels. These gullies develop due
to the linear predisposition. The MLLFs with FO higher than the general
level and with relatively high MCA are related to gullies that were

Table 6
Spearman's correlation coefficients of the area and perimeter of gullies with morpho-
metric variables (MVs) at the head and end points of these gullies on different grid
spacing.

Grid
spacing,
m

Z GA MCA kh kv E kmax kmin H

Area vs. MVs in head points
10 ⁎ −0.31 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

20 ⁎ −0.31 ⁎ ⁎ ⁎ ⁎ −0.09 ⁎ ⁎

30 ⁎ −0.31 ⁎ ⁎ ⁎ ⁎ −0.09 ⁎ ⁎

40 ⁎ −0.32 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

50 ⁎ −0.29 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

60 ⁎ −0.30 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

70 ⁎ −0.28 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

80 ⁎ −0.27 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

90 ⁎ −0.27 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

100 ⁎ −0.26 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

Perimeter vs. MVs in head points
10 ⁎ −0.31 0.11 −0.10 ⁎ ⁎ −0.10 ⁎ −0.12
20 ⁎ −0.31 0.10 −0.10 −0.09 ⁎ −0.13 ⁎ −0.13
30 ⁎ −0.32 0.09 −0.10 ⁎ ⁎ −0.12 ⁎ −0.13
40 0.09 −0.31 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ −0.09
50 0.09 −0.30 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

60 0.09 −0.29 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

70 0.09 −0.27 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

80 0.09 −0.27 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

90 ⁎ −0.27 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

100 0.09 −0.25 ⁎ ⁎ ⁎ ⁎ ⁎ ⁎ ⁎

Area vs. MVs in end points
10 ⁎ −0.31 0.25 −0.12 * ⁎ ⁎ ⁎ ⁎

20 ⁎ −0.31 0.26 −0.12 0.10 ⁎ ⁎ ⁎ ⁎

30 ⁎ −0.29 0.25 −0.10 ⁎ ⁎ ⁎ ⁎ ⁎

40 ⁎ −0.29 0.26 −0.10 ⁎ ⁎ ⁎ ⁎ ⁎

50 ⁎ −0.28 0.26 −0.12 ⁎ ⁎ ⁎ ⁎ ⁎

60 ⁎ −0.26 0.25 −0.12 ⁎ ⁎ ⁎ ⁎ ⁎

70 ⁎ −0.26 0.24 −0.12 0.11 ⁎ ⁎ ⁎ ⁎

80 ⁎ −0.24 0.25 −0.11 ⁎ ⁎ ⁎ ⁎ ⁎

90 ⁎ −0.23 0.21 −0.09 ⁎ ⁎ ⁎ ⁎ ⁎

100 ⁎ −0.25 0.25 −0.12 ⁎ −0.14 ⁎ ⁎

Perimeter vs. MVs in end points
10 ⁎ −0.35 0.35 −0.19 ⁎ ⁎ ⁎ −0.10 −0.10
20 ⁎ −0.35 0.36 −0.18 ⁎ ⁎ ⁎ −0.10 −0.10
30 ⁎ −0.32 0.34 −0.16 ⁎ ⁎ ⁎ −0.11 −0.10
40 ⁎ −0.31 0.35 −0.16 ⁎ ⁎ ⁎ −0.13 −0.11
50 ⁎ −0.31 0.36 −0.20 ⁎ ⁎ ⁎ −0.12 −0.11
60 ⁎ −0.29 0.37 −0.21 ⁎ ⁎ −0.11 −0.12 −0.13
70 ⁎ −0.29 0.34 −0.20 ⁎ ⁎ ⁎ ⁎ −0.09
80 ⁎ −0.24 0.34 −0.18 ⁎ ⁎ −0.12 −0.10 −0.12
90 ⁎ −0.25 0.32 −0.18 ⁎ ⁎ −0.14 ⁎ −0.11
100 ⁎ −0.25 0.34 −0.20 ⁎ ⁎ −0.19 −0.10 −0.13

⁎ The correlation is not significant at p≤ 0.05.
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formed under the strong influences of natural land elements. Such
gullies develop due to geomorphic predisposition. In the same time the
median values of the area and perimeter of gullies in groups of the
MLLFs with the high and low FO are hardly different. This shows that
gully size is not related to type of predisposition.

The described functions of the MLLFs have direct relation to the
practical application of curvatures in predictive models. For example,
kv is a local geomorphometric descriptor of the relative deceleration
and acceleration of surface flows. In the context of gully erosion the
theoretical importance of this predictor should be very high. This was
recently shown by Bergonse and Reis (2016) with the help of logistic
regression. These authors found that the headcut will have initiated in
areas with negative kv. However, in other recently published models of
gully erosion kv was mentioned as a non-favoured predictor (e.g.
Dewitte et al., 2015; Angileri et al., 2016). rs with kv were also rare in
the present investigation (Table 6). This situation happened because not
only part of the negative values (describing MLLFs 1 and 2), but also
part of the positive values (describing MLLFs 3 and 4) of kv in the gully
heads are related with the gully size. Other positive and negative values
of kv describing other MLLFs are not related to gullies. This is ex-
cellently visualised by Cavalli et al. (In press) based on comparisons of

the land surface measured by airborne laser scanning in 2005 and 2011.
During this time period soil erosion occurred mainly in points with
negative kv, but also in many points with positive kv. Hence, the re-
lationship between kv and gully development is more complex than
described by regression models. Based on this it can be recommended to
use the MLLFs instead of individual curvatures.

6. Conclusions

At the head points such curvature as kmax describing pure geometry
of the land surface showed stronger rs with the gully size than the
curvatures relating to surface flows; such curvature as kh relating to
surface flows seems to be the most important curvature at end points
(Table 6). However, the rs was generally weak. It can be explained by
large number of observation points and heterogeneity of terrain. Based
on this the consideration of rs was focused on the occurrence of sig-
nificant rs.

The changing significance of rs showed for which grid spacings the
main local landforms (MLLFs) at the head and end points of gullies have
statistical relationships with the size of these gullies. This is important
because one physical point on the land surface is characterized by a set
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Fig. 4. General level and deviation of the frequency
of occurrence (FO) of the main local landforms
(MLLFs) in the datasets. (a) Dataset of head points of
gullies. (b) Dataset of end points of gullies. (c)
General level of the FO of the MLLFs for the whole
DEMs. The first column in every category reflects grid
spacing of DEM= 10 m; last column = 100 m.
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of local landforms at different grid spacings. In the present investiga-
tion, curvatures at the head points of gullies showed statistically sig-
nificant rs mainly with the perimeter of these gullies on grid spacing up
to 30 m. This indicated the maximal grid spacing at which geomor-
phometric prerequisites of gully formation can be determined. At the
end points of gullies such an effect was not expressed.

The FO of MLLFs strongly improved the previous communications
about landforms with kh < 0 and kv < 0 as prerequisites of gully
heads (e.g. Lanyon and Hall, 1983). In detail, such geomorphometric
conditions as kh < 0 and kv < 0 are reflected by MLLFs 1, 2, 7 and 8
(Table 3). However, only MLLFs 1 and 2 are associated with gully
heads; MLLFs 7 and 8 are not (Fig. 4a). Moreover, both MLLFs 3 and 4
with kh < 0 and kv > 0 were also identified as associated with gully
heads (Fig. 4a). A similar situation was observed for the gully end

points. Three MLLFs (1, 2 and 7) with kh < 0 and kv < 0, and MLLF 3
with kh < 0 and kv > 0, were related to gully outlets (Fig. 4b).

From a methodological point of view the results showed that a small
number of individual curvatures is not enough for a complete picture
about relationships between local landforms and gullies. The whole
complex of curvatures such as kh, kv, kmax, kmin, H and E, with known
internal relationships, is necessary. The MLLFs obtained by combina-
tion of these curvatures provide more precise information about local
geomorphometric factors of gully formation.

Fig. 4a shows that MLLFs 1 and 3 are clearly located preferentially
at gully heads; MLLFs 2 and 4 are less closely related. Whether the
association of 1 and 3 with gully heads is strong enough to provide
useful predictions requires further investigation. A relatively high value
of MCA is another important factor positively related both with gully

Fig. 5. Distribution of the local landforms and gullies
in a central part of the Hronská pahorkatina Hill Land.
The map was calculated based on the DEM with a grid
spacing of 30 m. Contour lines have 10 m vertical in-
terval.
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size and with MLLFs characterized by much greater frequency of oc-
currence. A combination of these conditions offers a good approach for
the identification of gully heads that develop due to geomorphic pre-
disposition. The objects characterized by relatively high values of MCA
are thalwegs. Hence, the occurrence of one of the MLLFs 1, 2, 3 or 4
along a thalweg indicates a potential gully head.
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