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Abstract: In recent years, applications and analyses based on slope units have become increasingly
widespread. Compared with grid units, slope units can better represent terrain features and bound-
aries and allow a more complete view of the morphology of the Earth’s surface. Maps based on
slope units also offer significant improvements for disaster prediction and the analysis of slope land
resources. Therefore, we need a reasonable method of slope unit classification. Although some meth-
ods have been proposed for slope unit classification, they have been too focused on morphological
variations and have not fully considered the importance of geomorphology, and the geomorpholog-
ical and physical significance of slope partitioning remain unclear. Therefore, we propose a novel
slope unit classification method by combining terrain feature lines (CTFL) derived from the meaning
of geomorphology ontology that use several terrain feature lines, such as geomorphic water division
lines, valley shoulder lines, slope toe lines, and shady/sunny slope boundary lines, to classify slopes.
The Jiuyuangou and Lushan study areas were selected to test the CTFL method. Compared with the
traditional hydrological method, the CTFL method can effectively overcome topographic abruptness
and distortions, improve the uniformity of slope and aspect within individual units, and increase
the accuracy of slope unit applications and analyses. This work fully considers the importance of
geomorphology and is conducive to future studies of slope unit division.

Keywords: terrain features; geomorphology; homogeneity; sloping land resources; DEM

1. Introduction

The Earth’s surface is undulating, rugged, and varied [1]. This ruggedness can be both
continuous and discontinuous and is marked by abrupt, constant, and gradual changes. In
present, for the representations of the Earth’s surface, sometimes small regions [2,3] or grid
units are adopted in statistically based [4,5] and physically based models [6–8]. Grid units
are favored because of their simpler data structure, which expedites analytical performance
on complex data set classes. Additionally, grid units have favorable applicability to the
basic assumptions of infinite slope models [9]. However, grid units do not represent the
terrain features and boundaries of natural slopes in the real world and do not provide a
more complete perspective of the ground surface morphology in our daily lives [10,11]. In
contrast, slope units allow a better representation of terrain features and boundaries and
overcome some of the drawbacks associated with the use of grid units, hence the increasing
use and research on slope units.

Currently, a slope unit is defined as a relatively homogeneous and continuously
distributed area divided by hydrographic or other demarcation lines [12–14]. In fact, the use
of slope units is very widespread. In addition to being important for landslide prediction,
they are also important for the evaluation of resources on sloped land, and because the
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geomorphological processes within the slope unit are uniformly characterized, maps based
on slope units are inherently more suitable for land use planning and disaster management
than grid units [15]. The proper delineation of slope units is at the foundation of many
terrain analysis applications. A slight error in the delineation of slope units will lead to
a decrease in the accuracy of the subsequent analysis and experimental results based on
those slope units [16]. Therefore, it is especially important to correctly delineate slope units.
Slope units can be drawn manually from topographic maps, but the disadvantages of this
method are that it is subjective and that manually extracting slope units is time consuming
and only suitable for small areas [17,18]. The most common method of delineating slope
units is currently a GIS-based hydrological method, where slope units are extracted by
using normal and inverse DEMs as input data and by extracting different subbasins along
ridgelines and valley lines and determining their overlap through operations such as flow
direction calculations, flow accumulation threshold calculations, stream network extraction,
watershed areas, etc. However, the slope units extracted with this method only reflect the
general degree of change in the slope along the direction of flow [19,20]. For example, the
direction of flow extracted with the D8 algorithm only represents the steepest slope features,
while slope changes outside the direction of flow are not well represented, especially near
the toe line or along the gully, which poorly expresses the homogeneity of each slope
unit [21]. Other scholars divided slope units by utilizing some topographic attributes
from the study area (e.g., slope gradient, aspect, curvature, etc.). The differences between
these methods focus on how to best utilize the information contained in geomorphometric
variables and on the choice of target units of classification. Methods can be divided into
those which are cell-based and those that are object-based [22,23]. Methods can be divided
into those that use a classifier designed manually on the basis of expert knowledge and
empirical evidence [24–26] and those that use a classifier generated by a machine learning
algorithm [27,28]. They either divide the slope units only in the attribute domain, ignoring
the spatial location information, or their processing methods are too cumbersome, greatly
limiting the practicality of the methods. The selection of parameters for these methods is
crucial in the division of slope units, and the slightest error in parameterization can result
in slope units that are too dense or too sparse; thus, requiring frequent and lengthy trials to
determine the appropriate parameters. There is other GIS-based hydrological methods that
take into account the homogeneity and the average aspect direction of each terrain portion
to divide the slope units [29–31], but they are more suitable for assessing the stability of
physics-based slopes of infinite size and artificial slopes using the limit equilibrium method.

The existing methods of classifying slope units are only suitable for specific landscapes,
and the units classified by these methods are more or less lacking in geomorphological
features. The fundamental reason for these problems is that they do not sufficiently start
from the essential definition of the slope unit, lack an effective understanding of the
landform, and insufficiently analyze the undulation, genesis mechanism, and distribution
of the landform. Geomorphology is a variety of spatial entities on the surface of the earth;
it is not an abstract combination of geometric objects but a complex geographic system of
spatial properties and relationships [32,33]. Terrain feature elements mainly refer to the
points, lines, or surface elements that have a controlling effect on the spatial distribution of
features on the surface. Terrain feature elements constitute the basic framework of surface
terrain and topographic changes, and their combination determines the basic morphology
and geomorphological characteristics of the terrain as well as the property characteristics
of the Earth’s slope units [34]. At present, with the continuous development of digital
elevation models, the methods and techniques of digital terrain analysis are being improved,
and the acquisition of terrain feature information is becoming increasingly accurate, while
the areas delineated by different terrain feature elements vary in their slope shape, slope
position, and slope nature. Moreover, there are various terrain feature lines, and different
terrain feature lines represent different geological meanings within the terrain.

Accordingly, this paper proposes a novel slope unit classification method by combining
terrain feature lines (CTFL). In this research, the slope units are considered individual slope
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units formed by the division of terrain feature lines with clear geological significance at
the slope scale. These terrain feature lines include geomorphic water dividing lines (ridge
lines), valley shoulder lines, slope toe lines, shady/sunny slope boundary lines, and so on.
The geological significance of each terrain feature line within the slope division process is
explained in detail in Section 2.

2. Materials and Methods
2.1. Data and Study Area

The first study area examined is located in the Jiuyuangou region of Shanxi, China,
which is a typical representative catchment in the first subregion of the loess hills and
gullies region. This area is characterized by undulating mountains and valleys, fragmented
topography, and severe soil erosion. The DEM with a spatial resolution of 5 m is used and
encompasses an elevation between 814 m and 1188.3 m [35].

Furthermore, to verify the practicality of the CTFL method with different geomorpho-
logical types, the second study area is located in Lushan, Jiangxi, China. This area has a
high topography in the northwest and a low topography in the southeast, and the land
predominantly consists of mountainous hills. The DEM data with 5 m are used, as shown
in Figure 1 [36].

Figure 1. Field study areas: (a) the location of study areas (red areas); (b) Jiuyuangou area (TA1) in
Shanxi Province; (c) Lushan area (TA2) in Jiangxi Province.

This research is based on the ArcGIS platform and implemented with the aid of Python
programming (Model Builder ArcGIS).
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2.2. Slope Unit Classification by Combining Terrain Feature Lines (CTFL)

The first level of division in the CTFL method is the division between ordinary water-
sheds and inter-watersheds based on the geomorphic water dividing line. On this basis, the
abovementioned slope units are divided into positive and negative terrain slope units by
using the valley shoulder line, which represents slope units with different slope positions
on the surface; furthermore, the negative terrain slope units are divided into gully bottom
slope units and non-gully bottom slope units by using the slope toe line. Finally, according
to the light exposure characteristics of the slope, the slope units are divided into shady
and sunny slope units by using the shady/sunny slope boundary line (the gully bottom
is not involved in the division of the shady and sunny slope units). The coding system
and combination rules for the CTFL method are shown in Tables 1 and 2, and the general
flowchart of the CTFL method is shown in Figure 2.

For the relationship of these four terrain feature lines, which are frequent and impor-
tant feature lines of different slopes, they all can divide the ground surface into areas with
different characteristics to ensure the homogeneity of the final slope unit.

Table 1. The classification coding system of the slope unit.

Fields Category Coding

Watershed slope units
(x0,000)

Ordinary watershed 10,000
Inter-watershed 20,000

Positive and negative terrain slope units
(0x,000)

Positive terrain 01,000
Negative terrain 02,000

Gully bottom and non-gully bottom slope units (Is it
gully bottom—negative terrain only)

(00,x00)

Non-gully bottom
(Contains negative terrain non-gully bottom

and positive terrain areas)
00,100

Gully bottom 00,200

Shady and sunny slope units
(The bottom of the gully is not divided)

(00,0x0)

Sunny slopes 00,010
Shady slopes 00,020

Gully bottom slopes (no division) 00,000

Figure 2. The general flowchart of CTFL method (see Figures 4, 6, and 8 for detailed steps).
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Table 2. The combination rules of the CTFL method.

CTFL Method and Their Combination Rules

Rules

Ordinary
Watershed/Inter-

Watershed
(x0,000)

Positive Terrain/
Negative Terrain

(0x,000)

Gully Bottom/
Non-Gully Bottom

(00,x00)

Shady Slopes/Sunny Slopes
(The Bottom of the Gully Is Not Divided)

(00,0x0)

Slope unit
classification

system

Ordinary
watershed
slope units

10,000

Ordinary watershed
positive terrain

slope units
11,000

Ordinary watershed
positive terrain

slope units
11,100

Ordinary watershed positive terrain sunny
slope units

11,110

Ordinary watershed positive terrain shady
slope units

11,120

Ordinary watershed
negative terrain

slope units
12,000

Ordinary watershed
negative terrain gully

bottom slope units
12,200

Ordinary watershed negative terrain gully
bottom slope units

12,200

Ordinary watershed
negative terrain

non-gully bottom
slope units

12,100

Ordinary watershed negative terrain
non-gully bottom sunny slope units

12,110

Ordinary watershed negative terrain
non-gully bottom shady slope units

12,120

Inter-
watershed
slope units

20,000

Inter-watershed
positive terrain

slope units
21,000

Inter-watershed
positive terrain

slope units
21,100

Inter-watershed positive terrain sunny
slope units

21,110

Inter-watershed positive terrain shady
slope units

21,120

Inter-watershed
negative terrain

slope units
22,000

Inter-watershed
positive terrain gully

bottom slope units
22,200

Inter-watershed positive terrain gully bottom
slope units

22,200

Inter-watershed
positive terrain

non-gully bottom
slope units

22,100

Inter-watershed positive terrain non-gully
bottom sunny slope units

22,110

Inter-watershed positive terrain non-gully
bottom shady slope units

22,120

2.3. Specific Ideas and Steps for CTFL Method
2.3.1. Ordinary and Inter-Watershed Division

The watershed is a complex system with characteristics that reflect a certain hierarchy.
This hierarchy stems from the hierarchy of the terrain structure, i.e., the local undula-
tions discernible at a certain scale are part of the larger undulating terrain. Therefore,
the original terrain structure determines the scale of the watershed and the existence of
inter-watersheds. The watershed terrain structure used in the DEM-based watershed di-
vision method determines the inevitable existence of inter-watersheds. This is because
if internal gully segments exist at the current division scale, then there must be internal
catchment areas that make up the inter-watershed, which ultimately forms two types of
sub-watersheds: One type of watershed is an ordinary (or complete) watershed consisting
entirely of external catchments, and the other is an inter-domain area or “inter-watershed”,
which is composed of internal catchments that surround the same internal gully segment.
Regarding the classification of slope units, the slope units of an ordinary watershed have
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their own hydrographic features, whereas the slope units of an inter-watershed exist within
the internal catchment of a watercourse, forming slope units with distinct terrain meanings
and properties in many disciplines, such as geomorphology, hydrology, and ecology [37,38].
A diagram of the ordinary and inter-domain watersheds is shown in Figure 3.

Figure 3. The diagram of the ordinary and inter-watersheds (this figure is cited from [39]).

The steps for extracting the ordinary watershed and inter-watershed are as follows:
(1) First, calculate the flow accumulation. Sinks (holes) in the original DEM data were filled,
and the flow directions and flow accumulation raster were calculated from the sink-free
DEM using the fill, flow direction, and flow accumulation tools. (2) Then, extract the stream
network. The stream network is extracted on the basis of the flow accumulation raster
by setting the flow accumulation threshold using the raster calculator tool. (3) Using the
Strahler method in the stream order tool, the extracted stream network is graded and coded.
(4) To classify the stream network, each segment of the graded stream network is assigned
a unique attribute value. (5) For automatic watershed classification, the flow direction
data and the stream order data are used to extract the watershed area using the watershed
tool. From this, the result of the watershed classification is obtained, which includes both
inter-watershed and ordinary watersheds. The process for watershed extraction is shown
in Figure 4:

Figure 4. The process for watershed extraction.

When setting flow accumulation thresholds for stream network extraction, the arbi-
trary selection of different flow accumulation thresholds for the same catchment will result
in different stream networks. Determining reasonable extraction thresholds is of great
significance for the analysis of DEM-based watershed geomorphological characterization
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and the calculation of production sinks, as well as for the determination of regional or-
dinary watersheds/inter-watersheds [40,41]. Therefore, this paper draws on a synthesis
of previous studies to extract stream networks under different flow accumulation thresh-
olds using a trial-and-error manner before fitting the corresponding flow accumulation
threshold–stream network density curves. It is shown that when the flow accumulation
threshold reaches a certain value, it can be assumed that all the slope land network chains
(not the actual stream network) disappear and the change in stream network density tends
to flatten out, which can be used to determine a more appropriate extraction threshold and
thus ensure the accuracy of the extracted ordinary watershed/inter-watershed.

2.3.2. Positive and Negative Terrain Division

The valley shoulder line is the dividing line between positive and negative terrain, and
the concept of positive and negative terrain has been around for a long time. It is difficult
to identify the academic literature that first proposed the concept, but the current accepted
definition is that positive terrain is terrain that is relatively higher than its neighbors or is in
areas of high neotectonic uplift. Mountains, plateaus, and hills are all positive terrain [42].
Conversely, negative terrain is terrain that is relatively lower than its neighbors or is an area
of neotectonic subsidence. Sinks and basins are all types of negative terrain. Research has
shown that positive and negative terrain is an important trait when describing geomorphic
processes, and that it is also indicative of the spatial distribution of different geomorphic
types. Positive and negative terrain play different roles in the material and energy transport
processes of different landform areas, resulting in significant differences in terrain structure,
erosion patterns, land use, and evolutionary patterns that have an impact on local human
activities [43]. In this article, there are two reasons for using positive and negative terrain
as the basis for the classification of slope units: First, positive and negative terrains have
certain geological implications, and the positive and negative classifications of slope units,
representing slope units on different surficial slopes, can increase the scientificity and
rationality of the criteria for the classification. Second, positive and negative terrains have
an obvious influence on human production and living activities, and the inclusion of this
index will enable the results of the slope unit classification to be better used for the analysis
and guidance of various production and living activities. The diagram of positive and
negative terrains is shown in Figure 5.

Figure 5. The diagram of positive and negative terrains (this figure is cited from [44]).

The steps to extract positive and negative terrain are based on ArcGIS software. First,
apply the focal statistic tool to the original DEM data. The statistic type is mean, and the
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size of the neighborhood is 25 × 25 for the tool in our case. The window size is flexible
according to your application and analysis scale. Hence, a smoothed terrain surface, or
mean DEM, generated by the mean filter is obtained. Second, make a minus operator
between the original DEM and the mean DEM in the raster calculator tool to produce the
difference DEM. Third, reclassify the difference DEM by the positive and negative values
to finally generate the positive and negative terrain classification results. The extraction of
the positive and negative terrain based on DEM data and the corresponding process are
shown in Figure 6 [45].

Figure 6. The process for positive and negative terrain divisions.

2.3.3. Gully Bottom and Non-Gully Bottom Division

Another type of slope land within the slope land resources is the area at the bottom
of the stream/gully, called gully bottom land. Gully bottom land is distributed in narrow
strips at the bottom of the gully and is an area where eroded soil material from the upper
portion of the gully, which experiences little erosion, is deposited and accumulates. On
gully plateaus and gully dams, the ground slope gradient is often less than 3◦ [46], and this
type of slope land is the basis of land use in mountainous areas, the boundary line of which
is divided by the slope toe line. If a mountain is considered a pyramid, the horizontal line
where the pyramid intersects the ground is called the slope toe line, and the sloped edge
of the pyramid is called the side slope line. The slope toe line can generally be divided
by the slope gradient. The slope gradient is a quantitative description of the degree of
inclination of the ground and is a basic indicator of the morphology of the landscape.
The slope gradient affects the occurrence and intensity of surface runoff and soil erosion
and the deployment of soil and water conservation measures by providing a surface for
gravity-driven flow [47,48]. For distributed hydrological and soil erosion models at large
and medium catchments and regional scales, the slope gradient is the most fundamental
model parameter [49]. The diagram of the division of the valley shoulder line and the slope
toe line is shown in Figure 7.

Figure 7. The diagram of the valley shoulder line and the slope toe line division.

Since the gully bottom land divided by the slope toe line is located in the negative
terrain area, i.e., in the negative terrain slope unit, in this study, the negative terrain
(slope ≤ 3◦) was reclassified by the slope tool, and the classification results were overlaid
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with the stream network for analysis. The result obtained can be divided into gully
bottom slope units and non-gully bottom slope units. The corresponding process is shown
in Figure 8.

Figure 8. The process for gully bottom extraction.

2.3.4. Shady and Sunny Slope Division

In the classification of slope land, aspect should be taken into account. Aspect is the
direction in which a slope faces and is the basic terrain factor describing the morphology
of the ground surface. Aspect directly determines the difference in the amount of solar
radiation received by the slope surface, which in turn affects the temperature, soil moisture,
soil temperature, and humidity on different slopes [50,51]. The climatic differences between
the different slopes provide different degrees of constraint on the other physiographic com-
ponents, giving these components certain natural characteristics and, in turn, influencing
the landscape and climate [52]. This complex interrelationship and interaction create the
combined natural characteristics of shady and sunny slopes and exhibit marked differences
and diversity. The influence of aspect-to-climate differences on the various physiographic
components is manifested in the vegetation, soils, hydrology, and geomorphology. Vege-
tation types, soil nutrients, surface runoff, and land use vary markedly from one aspect
to another. Therefore, aspect should be taken into account in the classification process of
sloping land. The result of the slope units is divided into shady and sunny slopes by means
of the light exposure characteristics of the slope. The diagram of the aspect algorithm is
shown in Figure 9.

Figure 9. The diagram of aspect algorithm.
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In this paper, the aspect tool within the ArcGIS software package was used to process
the aspect of the original DEM, and then the results were reclassified to obtain the shady
and sunny slope units.

Finally, each divided layer was overlaid according to Tables 1 and 2, some unreasonable
slope units were corrected, and the final layer obtained was the map of slope unit divided
by the CTFL method.

2.4. The Use of Standard Deviation for Results Evaluation

The slope unit is a kind of mapping unit divided by feature lines, and the homogeneity
within the unit is required to be very high. Standard deviation is an important indicator of
the dispersion of a set of data from the mean, and it is usually designed as:

σ =

√
∑n

i=1(xi − µ)2

n
(1)

where xi is the value of the i-th data, and µ is the mean [53].
Slope and aspect are two very important terrain parameters on the Earth’s surface. The

smaller standard deviation of slope and aspect in a slope unit indicates a lower amplitude
of variation in the parameters and less distortion. Therefore, to evaluate the performance of
the CTFL method, slope and aspect standard deviation were used to compare the slope unit
extraction results between the CTFL method and the hydrological method. Note that the
calculations of the standard deviation of slope and aspect data should use circular statistics
instead of linear statistics because slope and aspect have directional properties [47].

3. Results
Slope Unit Classification for the Study Area

To select the best flow accumulation threshold when extracting the river network, a
total of 13 sets of data from 500 to 40,000 threshold grids were selected in the Jiuyuangou
and Lushan study areas. These were then used to calculate the corresponding stream
network density from the digital water system under different critical catchment area
values (Table 3) and to create the relationship curve between river network density and
critical catchment area. The total length of stream network and stream network density
decrease with the increase in the critical catchment area, and the extracted stream network
information is more stable when the change rate of the stream network density tends to
be stable. Therefore, the best flow accumulation threshold for extracting stream network
information can be obtained by analyzing the relationship between the change rate of the
stream network density and the critical catchment area. The threshold of the inflection
point, where the slope of this curve tends to stabilize, is the critical catchment area for
the development of the stream network geomorphology within the catchment, i.e., the
catchment area threshold.

The relationship curve between stream network density and the critical catchment
area is shown in Figure 10. The curve gradually stabilized with the increase in the number
of grids. For the Jiuyuangou study area, the slope of the curve changed more when the
catchment grids were in the range of 500–8000, and the slope of the curve stabilized after
8000 grids. Similarly, for the Lushan study area, the slope of the curve varied more when
the catchment area was between 500 and 6000, and the slope of the curve tended to stabilize
after 6000 grids were used. Therefore, in this paper, the optimal catchment area threshold
was considered to be 8000 for the number of catchment grids in the Jiuyuangou study
area and 6000 for the catchment area in the Lushan study area. We first extracted the
general catchment and inter-watershed in the study area based on the optimal catchment
area threshold. Then, the positive and negative terrains in the area were divided based
on the valley shoulder line. Based on this, since the slope gradient of the gully bottom is
≤3◦ in general, the area with slope ≤ 3 in negative terrain was extracted with slope = 3
as the slope gradient threshold, and the obtained results were overlaid with the stream
network areas to obtain the gully bottom. In addition, according to the aspect tool and
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the reclassify tool, the shady and sunny slope units in the area can be extracted effectively.
Finally, the results of the watershed/inter-watershed layer, positive/negative terrain layer,
gully bottom/non-gully bottom layer, and shady/sunny slope layer were overlaid, and
some unreasonable slope units were corrected. Then, the related attributes were obtained
according to the location, and the slope unit classification result was obtained after coding
and combining the attribute values (Figure 11).

Table 3. Calculation of the density of the stream network.

Jiuyuangou Study Area Lushan Study Area

Threshold
Total Length

of Stream
Network/km

Stream
Network

Density/km−1
Threshold

Total Length
of Stream

Network/km

Stream
Network

Density/km−1

500 511.910 5.301 500 4153.551 7.106
1000 392.220 4.082 1000 2780.152 4.769
2000 291.621 3.050 2000 1980.659 3.413
4000 203.800 2.156 4000 1405.358 2.447
6000 165.075 1.767 6000 1151.702 2.005
8000 139.222 1.499 8000 999.489 1.745

10,000 121.995 1.322 10,000 891.717 1.561
15,000 95.661 1.044 15,000 733.496 1.298
20,000 83.167 0.912 20,000 639.255 1.137
30,000 68.030 0.752 30,000 567.232 1.016
35,000 62.486 0.690 35,000 513.549 0.925
40,000 57.689 0.651 40,000 468.561 0.850

Figure 10. Relationship curve between stream network density and critical catchment area:
(a) Jiuyuangou study area; (b) Lushan study area.

According to the result of the CTFL method, most of the classified slope units have
strip-like shapes, which are inseparably related to the geographical structure of gullies.
The combination of their boundary lines fits well with the real geographic environment
and shows the topographic abruptness of the study area well. On top of that, we can
clearly distinguish the slope units classified according to different terrain feature lines
and the general areas where they are located, so that we can better investigate the slope
land resources and prepare for the subsequent experiments and research based on them
(Figure 11i,j).
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Figure 11. CTFL method process and results: (a) ordinary watershed and inter-watershed in Jiuyuan-
gou, (b) positive terrains and negative terrains in Jiuyuangou, (c) non-gully bottom and gully bottom
in Jiuyuangou, (d) positive terrains and negative terrains in Jiuyuangou, (e) ordinary watershed and
inter-watershed in Lushan, (f) positive terrains and negative terrains in Lushan, (g) non-gully bottom
and gully bottom division in Lushan, (h) positive terrains and negative terrains in Lushan, (i) the
result of the CTFL method in Jiuyuangou, (j) the result of the CTFL method in Lushan.

4. Discussion
4.1. Significance of the CTFL Method for Sloping Land Resources

Slope land resources are important as land resources for humans, and the development
and utilization of slope resources and related materials are extremely important [54].
Different kinds of slope units have various suitable land use types due to their different
characteristics of slope shape, slope position, and slope nature. Unreasonable land use may
not only waste slope land resources but may also contribute to the frequent occurrences
of environmental hazards such as landslides, mudflows, and soil erosion [55,56]. The
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evaluation and planning of slope land resources by using slope units is of critical importance
for the more reasonable and orderly development and utilization of these resources.

In this study, an important advantage of the slope units classified by the CTFL method
compared with other slope classification methods is that CTFL not only divides the slope
units, but more importantly, we categorize the slope units belonging to the same type
(Table 2), which is a favorable method to investigate the land use types in the study area.
We can compare the land use types of the study area and assess the slope resources of
different kinds of slope units. Taking the Lushan study area as an example, we use the
CTFL method to count the land use types, as shown in Figure 12. According to Figure 12,
we can draw the following conclusions: for water land use types, the proportion of different
slope units is similar, but the proportion of 12,200 and 22,200 slope units is less; for artificial
land, the highest proportion is occupied by 12,120 type of slope units, and bare land is also
similar to artificial land; for arable land, the 1x,xxx types (ordinary watershed) of slope
units are significantly higher than the 2x,xxx types (inter-watershed) of slope units, and
it can be concluded that the ordinary watershed has a greater proportion of arable land
than the inter-watershed and that the ordinary watershed is more suitable for arable land
than the inter-watershed; for forests, the proportion of slope units is higher for 11,120 and
12,120 types and smaller for the other types; and for pastures, the proportion of slope units
is higher for 11,110 and 12,110 types and smaller for the other types. Compared with other
slope delineation methods, the CTFL method not only fully considers the importance of
geomorphology, but its delineation of slope units is also more advantageous and provides
greater use.

Figure 12. Histogram of the number of slope units in each land use in the Lushan area.

4.2. Use of Terrain Feature Lines in Slope Unit Classification

In previous studies, many scholars have expressed their opinions on solving the slope
unit delineation problem; for example, the most common hydrological extraction method
is to divide the DEM by ridgelines and valley lines in order to extract the slope units.
Some scholars have also considered topography parameters, such as slope gradient and
aspect, on the basis of the hydrological method. However, they more or less ignore the
fact that geomorphology is a variety of spatial entities on the earth’s surface in various
forms, which is not an abstract combination of geometric objects but a complex geographic
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system of spatial properties and relationships. The division of the Earth’s surface cannot be
performed by mathematical calculations alone.

Terrain features form the basic framework of terrain and undulations on the ground
surface, and their combination can reflect the basic shape and characteristics of terrain
and landforms [57]. Therefore, to better classify the slope units, it is reasonable to take the
importance of terrain feature elements into account when classifying. Because the CTFL
method is based on geomorphology and not just morphology, the slope units classified are
more suitable for understanding the correlation between morphological features and the
composition of geomorphologic materials [58,59]. Thus, the slope units classified by this
method are also more geomorphologically and physically meaningful, and the basis and
results of the classification are more interpretable than the classification results obtained by
other methods such as multiscale segmentation.

4.3. Comparison of Slope Unit Division between the CTFL Method and Hydrological Method

We compare the slope unit extraction results between the CTFL method and the
hydrological method (Figure 13). According to Figure 13, the slope units in Figure 13b
mostly cover the entire area from the top of the hill to the bottom of the gully, while
the units in Figure 13a cover an area with similar properties and location, which means
that the homogeneity of the slope units extracted by the CTFL method is superior to the
hydrological method.

Figure 13. Slope unit extraction results: (a) Slope units extracted by the CTFL method; (b) Slope units
extracted by the hydrological method.

A comparison of the slope and aspect standard deviation results is shown in Figure 14,
with the slope and aspect distortion classified according to the range of slope and aspect
standard deviations presented in Table 4.

The slope standard deviation results show that in the Jiuyuangou area, the average
value of slope standard deviation by the CTFL method is approximately 8.51◦, and the
percentage of slope units with slope standard deviation between the 0 and 8◦ range is
42.27%, 56.21% for the 8–16◦ range, and 1.52% for standard deviations over 16◦. The
average value of slope standard deviation by the hydrological method is approximately
11.1◦, and the percentage of slope units with slope standard deviation between the 0 and
8◦ range is 9.9%, 8–16◦ is 88.13%, and 3.62% for standard deviations over 16◦. Similarly,
in the Lushan area, the average value of slope standard deviation by the CTFL method
is approximately 19.71◦, and the percentage of slope units with slope standard deviation
between the 0 and 8◦ range is 90.73%, 8.93% for the 8–16◦ range, and 0.34% for standard
deviations over 16◦. The average value of slope standard deviation by the hydrological
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method is approximately 24.33◦, and the percentage of slope units with slope standard
deviation between the 0 and 8◦ range is 75.33%, 8–16◦ is 24.24%, and 0.43% for standard
deviations over 16◦.

Figure 14. Comparison of slope and aspect standard deviation results: (a) slope standard deviation
in Jiuyuangou (CTFL method); (b) slope standard deviation in Jiuyuangou (hydrological method);
(c) aspect standard deviation in Jiuyuangou (CTFL method); (d) aspect standard deviation in Jiuyuan-
gou (hydrological method); (e) slope standard deviation in Lushan (CTFL method); (f) slope standard
deviation in Lushan (hydrological method); (g) aspect standard deviation in Lushan (CTFL method);
(h) aspect standard deviation in Lushan (hydrological method).
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Table 4. Classification of the degree of slope distortion and aspect distortion.

Slope Standard
Deviation Range 0–8◦ 8–16◦ >16◦

Slope Distortion
Classification
Inside Unit

Non-Distortion
Slight or
Moderate
Distortion

Severe
Distortion

Jiuyuangou area
Hydrological
method (%) 9.9 86.48 3.62

CTFL method (%) 42.27 56.21 1.52

Lushan area
Hydrological
method (%) 75.33 24.24 0.43

CTFL method (%) 90.73 8.93 0.34

Aspect Standard
Deviation Range 0–40◦ 40–80◦ >80◦

Aspect Distortion
Classification
Inside Unit

Non-Distortion
Slight or
Moderate
Distortion

Severe
Distortion

Jiuyuangou area
Hydrological
method (%) 81.57 18.09 0.32

CTFL method (%) 82.86 17.17 0.14

Lushan area
Hydrological
method (%) 71.24 24.94 3.82

CTFL method (%) 91.20 8.79 0.01

According to the aspect standard deviation results, in the Jiuyuangou area, the average
value of the aspect standard deviation by the CTFL method is approximately 24.96◦, and
the percentage of slope units with aspect standard deviation between the 0 and 40◦ range
is 82.86%, that of the 40–80◦ range is 17.17%, and 0.14% for those over 80◦. The average
value of the aspect standard deviation by the hydrological method is about 25.27◦, and
the percentage of the slope units with aspect standard deviation between the 0 and 40◦

range is 81.57%, that of the 40–80◦ range is 18.09%, and 0.32% for those above 80◦. In the
Lushan area, the average value of the aspect standard deviation by the CTFL method is
approximately 13.58◦, and the percentage of slope units with aspect standard deviation
between the 0 and 40◦ range is 91.20%, that of the 40–80◦ range is 8.79%, and 0.01% for
those over 80◦. The average value of the aspect standard deviation by the hydrological
method is approximately 31.24◦, and the percentage of the slope units with aspect standard
deviation between the 0 and 40◦ range is 71.24%, that of the 40–80◦ range is 24.94%, and
0.01% for those above 3.82◦.

For both study areas, their slope and aspect standard deviation results indicate that
the slope units extracted by CTFL have lower average values than those extracted by
the hydrological method, the percentage of undistorted slope units is higher, and the
percentage of severely distorted slope units is lower. Therefore, the slope units extracted by
CTFL are more effective.

In a word, both from qualitative and quantitative perspectives, the CTFL method is
better than the hydrological method.

4.4. Uncertainty and Future Improvement of the CTFL Method

The topographic relief highly affects the accuracy of the proposed CTFL method. The
complexity and heterogeneity of the rugged land surface are shown in the intense changes
in topographic characteristics, which lead to the difference in slope units in different regions.
The accuracy of the algorithm is related to the quality of the extraction of the terrain features,
such as ridges and valleys. Hence, the CTFL method is more suitable for terrain areas with
complex structures than gentle relief regions. This leads to the different adaptabilities of
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the CTFL method to different landscape types [60]. It was confirmed in Section 4.3 that
the slope units in the Lushan region have a better and more significant effect and higher
accuracy than the slope units in the Jiuyuangou area.

Moreover, the parameter sensitivity for the extraction of terrain feature lines is difficult
to avoid, and will eventually lead to differences in the accuracy of the CTFL method, such
as the flow accumulation thresholds in extracting watersheds (Figure 15), the window size
in extracting positive and negative terrains, etc. In this paper, the trial-and-error manner
has been used to determine the input parameter values by running many parameter
combinations of the input parameter values. In future improvements of the CTFL method,
it will be necessary to adopt a more efficient way to determine the parameter values.

Figure 15. Extraction results for different flow accumulation thresholds for watersheds in Jiuyuangou:
(a) extraction result when the threshold is 4000; (b) extraction result when the threshold is 6000;
(c) extraction result when the threshold is 8000; (d) extraction result when the threshold is 10,000;
(e) extraction result when the threshold is 12,000.

There are many other terrain features on the Earth’s surface besides the geomorphic
water dividing lines, such as the valley shoulder lines, the slope toe lines, and shady/sunny
slope boundary lines. Some areas may not have some of these four terrain feature lines. The
potential for improvement is making some corrections and additions to a specific landform.
For example, the agricultural terrace lines in the anthropogenic landforms.

5. Conclusions

In this research, we proposed a slope unit classification method by combining terrain
feature lines (CTFL method). This was accomplished by first dividing the slope surface into
the ordinary watershed and inter-watershed along geomorphic watershed lines, then by
dividing the slope surface into positive and negative terrain slope units and gully/non-gully
bottom slope units according to the valley shoulder lines and slope toe lines. Finally, we
divided the slope units by the shady/sunny slope boundary lines. This method discards the
previous thinking of geometric division, which mainly considered topographic attributes
when dividing slope units and reconsiders the importance of geomorphology. This is a
new way of thinking when dividing slope units. In addition, the comparison between the
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CTFL method and the hydrological method in this paper shows that the CTFL method is
better than the hydrological method, and the distortion of slope units is significantly lower
than that of the hydrological method in terms of both slope gradient and aspect. Future
improvements to this method will focus on experimenting with other types of landform
areas to determine the applicability of the method. Moreover, there are some subjective
factors taken into account in the classification of slope units, which will be replaced by a
more rational mode in the future to increase the robustness of the method.
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