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Abstract Gully systems and watersheds are geomorphic

units with clear boundaries that are relatively independent

of basin landscapes and play an important role in natural

geography. In order to explore the morphological charac-

teristics of gully systems and watersheds in the Dry-Hot

Valley [South West (SW) China], gullies are interpreted

from online Google images with high resolution and

watersheds are extracted from digital elevation model at a

scale of 1:50,000. The results show that: (1) There are

17,382 gullies (with a total area of 1141.66 km2) and 42

watersheds in the study area. (2) The average gully density

of the study area (D) is 4.29 km/km2, gully frequency

(F) is 14.39 gullies/km2, the branching ratio (B) is 5.13, the

length ratio (L) is 3.12, and the coefficient of the main and

tributary gullies (M) is 0.06. The degree of gully erosion is

strong to extremely strong, the main development intensity

of gully erosion ranges from intense to moderate, and the

type of gully system is tributary. (3) The watershed areas

(A) are between 0.39 and 96.43 km2, the relief ratio (R) is

from 0.10 to 0.19, the circularity ratio (C) is from 0.30 to

0.83, the texture ratio (T) is from 0.82 to 39.35, and the

dominant geomorphological texture type is fine. (4) There

is a quantitative relationship between F and D:F = 0.624D2

(R =0.84) and T is closely related to D, F, M (R2 [ 0.7). A,

R and C are related to M (R2 [ 0.5). The development of

gully systems is the result of coupling effects between

multiple factors. In this area, the degree of erosion and the

condition of the main and tributary gullies can be con-

trolled by the degree of topographic breakage in the

watershed, which provides some theoretical basis for the

evaluation of gully erosion by the latter. In addition, the

scale, relief, and shape have a significant impact on the

locations of the main and tributary gullies. For tributary

gullies, attention should be paid to the interception and

control of runoff and sediment in the small confluence

branches in order to prevent gully expansion and head

advance. These features can inform the development of

targeted measures for the control of soil erosion.

Keywords Morphological characteristics � Quantitative

relationships � Gully system � Watershed � Dry-Hot Valley

1 Introduction

A gully is a common landform in mountainous and hilly

areas and is formed by surface erosion as a result of tem-

porary water concentration (Vanacker et al. 2003). Among

the various factors affecting gully systems, the watershed

morphology is an important non-zonal factor that affects
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the rate, scale, and quantity of gully erosion (Zhang 2014).

In turn, watershed morphology influences the process of

soil erosion (Goudge et al. 2016; Qu 2017).

In its early stages, watershed morphology influences the

development of river networks. According to analyses of

461 rivers in the world, there is a clear linear relationship

between the watershed area (the earliest employed mor-

phological parameter) and the mainstream length, espe-

cially for watersheds with an area of fewer than 104 km2

(Hack 1957; Langbein 1947; Leopold et al. 1995). With the

development of quantitative geomorphological methods,

further studies have divided river network parameters into

linear scale measurement parameters (including the length

of the stream channels and drainage density) as well as

dimensionless ones (including stream order numbers,

stream length and bifurcation ratios etc.). Analysis reveals

that the relationship between the watershed area and vari-

ous parameters has an influence on the linear scale mea-

surement parameters but not on the dimensionless

parameters. Rivers originating from the undulating terrain

and high-altitude areas of the alpine valley have led many

scholars to extend their research to the topographic relief

factors affecting river development. As an important

eigenvalue of the watershed topographic relief, the concept

of the relief ratio was first adopted in 1957. Topographic

relief was found to affect the development of the river

network. (Strahler 1957). The mean value of the drainage

area at each level forms a geometric series, based on the

Horton River system law. Schumm (1971) suggested that

the size of the river network and watershed is determined

by the feeding area and that the topographic ratio is another

major factor controlling the topography of the watershed.

When compared with other parameters, the concept of

watershed shape appeared relatively recently and the shape

of the debris flow gully (which was applied in a narrow

range), was mainly analyzed through the shape of the

watershed (Hou 2006). In summary, the concept of

watershed morphology has significantly promoted the

study of river networks and indicates that there is a strong

relationship between watershed morphology and river

network development.

There is an abundance of information on the relationship

between watershed morphology and river networks but the

relationship between gully systems and watersheds

emerged recently in the 1980s. In the beginning, gully

density was used as a typical indicator of the gully system

and an equation relating to gully density, watershed area

and height difference was formulated (Chen 1986). Since

indicators such as watershed area and slope were primarily

reflected in the study of channel morphology, it was found

that the watershed area is positively correlated with the

gully length (Li et al. 2017). As one of the important

topographic factors affecting the development of the gully

system, watershed slope has a strong nonlinear correlation

with the gully density. In the case of Meihekou City, Jilin

Province, China, the gully density was maximized when

the slope was greater than 8� (Xu et al. 2014). In recent

years, with the relationship between the watershed area and

the gully system development is becoming widely recog-

nized. Dissmeyer and Foster (1981) found that the water-

shed area develops towards the establishment of the

relevant erosion assessment model, and the effect of the

slope on gully system development was reflected in the

USLE model at an early stage. At present, the relationship

between the watershed shape and the gully system is still at

an exploratory stage. Since the commonly-used indicators

are the circularity ratio (Chen and Jiang 1986) and the ratio

of length to width (Hou 2006) etc., the type of the water-

shed shape is divided according to each indicator. The

degree of gully system development is then analyzed based

on the different types. In general, watershed morphology

plays an important role in the development of the gully

system and cannot be ignored under the background of

large-scale soil erosion (Abdulfatai et al. 2014; Luffman

et al. 2015).

The literature presenting the morphological relationship

between gully systems and watersheds is quite old; how-

ever, the relevant research mainly focuses on watershed

morphology. The systematic analysis of the influence of

watershed shape on the development of the channel system

(based on the watershed perspective) is insufficient and the

impact of its development deserves further exploration.

The objective of this study is to reveal the morphological

characteristics and relationships between gully systems and

watersheds in the Yuanmou Dry-Hot Valley. The results

will be helpful in understanding the developmental mech-

anisms of gullies and watersheds.

2 Study area

The Yuanmou Dry-Hot Valley is located in the Chuxiong

Yi Autonomous Prefecture in the Yunnan Province of SW

China in the northern part of the Central Yunnan Plateau,

between geographical coordinates 101�350E, 26�060N and

102�060E, 25�230N (Deng et al. 2015) (Fig. 1). The valley

belongs to the central section of the Kang-Dian Anticline,

which is a tectonic fault of Cenozoic age with subsidence

and deposition in its center., the middle part of the valley is

a basin between 980 and 1400 m above sea level, sur-

rounded by hills and low mountains (Fig. 1). The geolog-

ical strata in the area is mainly comprised of sandstone,

mudstone, granite, schist, gneiss, and phyllite (Zhang et al.

2009). Soils in the area are mostly xerothermic soils and

vertisols. The valley has low vegetation coverage and is

dominated by trees and shrubs, such as Heteropogon

Acta Geochim (2018) 37(6):854–866 855

123



contortus, Agave sisalana, Xanthium sibiricum, Acacia

farnesiana, Dodonaea viscose and Bombax ceiba (Dong

et al. 2013). The sparse vegetation distribution provides the

initial conditions for the generation of gullies (Mu et al.

2015). Frequent human activities, including agricultural

production and building construction, have resulted in very

active gully development and the gullies throughout the

area crisscross each other and are densely distributed (Lin

et al. 2017).

3 Data and methods

3.1 Data sources

The data were mainly obtained from ArcGIS 10.2 online

Google images, with a resolution of about 0.5 9 0.5 m and

the 1:50,000 scale DEM.

3.2 Watershed division

The DEM was loaded into the SWAT toolbox in ArcGIS

(version 10.2) using the WGS_1984_World_Mercator

coordinate system. Four drainage area thresholds were

tested: 2000, 1500, 1000, and 500 hm2. Comparing the

statistical information for different drainage area thresholds

(Table 1), the number of watersheds, drainage density, and

the time required to extract the watershed decreased as the

area threshold increased. However, when the area threshold

was greater than or equal to 1500 hm2, the statistical

information tended to stabilize, so 1500 hm2 appears to be

the best drainage area threshold. Therefore, the study area

can be divided into 42 watersheds.

3.3 Gully interpretation

In order to identify gullies, rivers, and tributaries in the

study site, Google Earth images of the gully systems and

rivers were vectorized. The gullies located in the northwest

of the study area are shown in Fig. 2: yellow lines represent

the gully systems and blue lines represent the Longchuan

River and its tributaries. The Length field was then added

to the attribute table (Fig. 3) and the gullies were graded

according to the dividing principle of Strahler channel-

ordering (Horton 1945; Strahler 1954).

3.4 Morphological parameters

Table 2 shows the parameters that describe the morpho-

logical characteristics of the watersheds and gully systems.

Fig. 1 DEM of the study area and the geological section from Anding Village to Longchuan River. From Quaternary Geology and Ancient

Humanity (Qian 1991)
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The morphology of a watershed can be characterized by the

parameters of scale, topographic relief, shape, and geo-

morphological texture. The scale parameter indicates the

area of the watershed (A), the topographic relief parameter

is indicated by the relief ratio (R), the shape parameter is

indicated by the circularity ratio (C), and the geomorpho-

logical texture parameter is indicated by the texture ratio

(T). The morphological characteristics of gully systems

include the developing situation, the degree of develop-

ment, and the situation of the main and tributary gullies.

The developing situation is comprised of the branching

ratio (B) and length ratio (L), the degree of development

includes the gully density (D) and gully frequency (F), and

the situation of the main and tributary gullies refers to the

coefficient of main and tributary gullies (M).

3.4.1 Watershed morphology parameters

(1) The area of the watershed

The area of the watershed (A) determines the catchment

capacity of the watershed and the hydrodynamic conditions

Table 1 The statistical table of different drainage area threshold

Drainage area thresholds (hm2) The number of watersheds Drainage density (km/km2) Time required to extract watershed (min)

500 124 0.000337 10

1000 71 0.000234 6

1500 42 0.000178 4

2000 33 0.000156 4

Fig. 2 The gully system
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required for gully generation (Apitz and White 2003),

which can be acquired from ArcGIS.

(2) Texture ratio

Smith (1950) proposed the concept of texture ratio (T),

which is the ratio of the number of contour bends to the

perimeter of the watershed. Based on substantial data

analysis, geomorphological texture can be classified into a

coarse texture (T \ 4.0), medium texture (4.0 B T\10.0)

and fine texture (T C 10.0) (Zhang et al. 2007). T can

reflect the roughness/fineness of geomorphological texture

within the watershed and embodies the lithology, soil

property, surface permeability and developmental stage of

topography to some extent. In areas without vegetation

protection or with soft strata, a fine-textured topography is

generated; in areas with strong erosion resistance, roughly-

textured topography is generally formed; and in areas with

vegetation coverage and identical lithology, the topography

is finer for humid climate areas than for dry areas. The

equation for T is shown below:

T ¼ N=P ð1Þ

where N is the number of gullies and P is the perimeter of

the watershed.

(3) Circularity ratio

The circularity ratio (C) represents the near-roundness of

the watershed shape. The closer the value of C is to 1, the

closer the watershed shape is to a circle. Since the shape of

a watershed is produced by nature and will not comprise

simple shapes and straight lines, C is always less than 1

(Gregory and Walling 1973; Miller and Kahn 1962). The

formula for C is as follows:

C ¼ A=Ab ð2Þ

where Ab is the area of a circle equal to the watershed

perimeter and A is the area of the watershed.

(4) Relief ratio

Schumm (1954) created the concept of the relief ratio (R)

which indicates the average total slope of the watershed

topography, a significant index of topography. The equa-

tion for R is shown below:

R ¼ H=Lw ð3Þ

where H is relative height, which is the differential value

between highest elevation and lowest elevation of the

watershed, and Lw is the length of the watershed.

3.4.2 Gully system morphology parameters

(1) Gully density

Gully density (D) reflects the topographic undulation and

soil erodability of watersheds to some extent (Gawrysiak

and Harasimiuk 2012). Depending on the degree of

occurrence and development intensity of gully erosion,

gullies are graded as follows: if D is between 1 and 2 km/

km2, the erodability is mild and the erosion intensity is

intense; if D is between 2 and 3 km/km2, the erodability is

moderate and the erosion intensity is extremely intense; if

D is between 3 and 5 km/km2, the erodability is strong and

the erosion intensity is intense; if D is between 5 and 7 km/

km2, the erodability is extremely strong and the erosion

intensity is moderate; and if D is [ 7 km/km2, the erod-

ability is violent and the erosion intensity is mild (Zhang

2014). Generally, the main variation range of D is between

3 and 5 km/km2, as shown in Fig. 5. The equation for D is

shown below,

Fig. 3 The gully systems and watersheds
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D ¼ Lt=A ð4Þ

where Lt is the total length of gullies and A is the area of

the watershed.

(2) Gully frequency

Gully frequency (F) is an important and useful index of

gully intensity in a watershed and can reflect the current

situation and development potential (Kheir et al. 2008).

The larger the value of F, the greater the number of gullies

per unit area. In other words, F is the ratio between the

number of gullies and area of the watersheds. The formula

of F is as follows:

F ¼ N=A ð5Þ

where N is the number of gullies and A is the area of the

watershed.

(3) Branching ratio and Length ratio

Gravelius (1914) was the first to advocate for dividing of

the size of the water channel according to the dividing

principle of channel-ordering. Improved dividing principle

of Strahler channel-ordering is now widely used (Strahler

1954). The branching ratio (B) and length ratio (L) were

first defined by Horton. The calculation is based on a ratio

of gully-ordering and values of B and L generally change

within a narrow range. The normal state B of a river net-

work is between 3.0 and 5.0 and L is from 1.5 to 3.0 and

both of these values are calculated by dividing the water

channels in sequence. The equation follows:

B ¼
X

Nbn
�
Nb nþ1ð Þ ð6Þ

where Nbn is the number of gullies at the corresponding

order, Nb(n?1) is the number of gullies of the upper-order

and B is the branching ratio.

L ¼
X

Lbn
�
Lb nþ1ð Þ ð7Þ

where Ln is the length of gullies at the corresponding order,

Lb(n?1) is the length of gullies of the upper-order and L is

the length ratio.

(4) Coefficient of main and tributary gullies

The coefficient of main and tributary gullies (M) not only

reflects the number and degree of the tributary gully

development but can also indirectly reflect the cutting

degree of gully channels in the watershed. M B 0.16 can be

defined as the tributary gully type, M ranging from 0.16 to

0.38 is the semi-main gully type and M [ 0.38 is the main

gully type (Liu and Li 2003). M is an important index that

can reflect the watershed geomorphology in research on

channel management, exploitation, and utilization, and its

application to the morphological characteristics of gully

systems is worth further investigation. The formula for M

is shown below:

M ¼ Lm= Lt ð8Þ

where Lm is the length of the main gully and Lt is the total

length of gullies.

3.5 Analytical methods

The descriptive statistics, correlation analyses, and statis-

tical regression modeling were applied to the statistical

analysis between parameters.

Table 2 Parameters to describe the morphological characteristics of watersheds and gully systems

Types Parameter Abbr. Formula Notes

Watershed Area of watershed (km2) A / /

Texture ratio (Smith 1950) T T = N/P N is the number of gullies,P is the perimeter of the watershed

Relief ratio (Chen and Jiang 1986) R R = H/Lw H is relative height, Lw is the length of the watershed

Circularity ratio (Chen and Jiang

1986)

C C = A/Ab Ab is the area of a circle which is equal to the perimeter, A is

the area of the watershed

Gully

system

Gully density (km/km2) D D = Lt/A Lt is the total length of the gullies; A is the area of the

watershed

Gully frequency (gullies/km2) F F = N/A N is the number of gullies, A is the area of the watershed

Branching ratio (Horton 1945) B B ¼
PNbn

�
Nb nþ1ð Þ

Nbn is the number of gullies at the corresponding order, Nb(n?1)

is the number of gullies on upper-order

Length ratio (Horton 1945) L L ¼
P Lbn

�
Lb nþ1ð Þ

Lbn is the length of gullies at the corresponding order, Lb(n?1) is

the length of gullies on upper-order

Coefficient of main and tributary

gullies (Liu and Li 2003)

M M = Lm/Lt Lm is the length of the main gully, Lt is the total length of

gullies
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4 Results

4.1 Morphological characteristics of gully systems

4.1.1 Branching ratio and length ratio

Because of the similarity between water channels and gully

channels, using B and L to measure the degree develop-

ment of gully system is worth trying. As important and

useful measures of indices in a water system structure,

B and L can be used to distinguish the development

structure of gully systems and river networks. Variations of

B and L for river networks range from 2 to 4 and 1 to 3.

B in the Dry-Hot Valley is 5.31. As shown in Fig. 4, the

B of each watershed is between 0 and 7 and the main

variation range is from 4 to 6. There are 4 watersheds with

B \ 4 (accounting for 9.53%), 30 watersheds with B of 4–6

(accounting for 71.43%) and 8 watersheds with B [ 6.

However, B = 0 for two of the watersheds because only a

single gully existed within them.

L refers to the average length law of water channels and

is the second law proposed by Horton. L was found to be

3.12 in this area. Figure 4 shows that there are 35 water-

sheds with an L of 2–4 (accounting for 83.33%) and only 5

watersheds with L [ 4. L varies with the natural geo-

graphical conditions. However, the L of the river network

is generally 2 and varies between 1 and 3. L of the gully

system structure is slightly larger than that of rivers.

Based on these values, the structure of gully systems is

less stable than river network structures, and the develop-

ment of erosion gullies is easier than river development.

The development of gullies in the study area is very typical

and the number of erosion gullies increases every year.

4.1.2 Gully density and gully frequency

There are 4 watersheds with a D of 1–2 km/km2 (ac-

counting for 9.53%), 5 watersheds with a D of 2–3 km/km2

(accounting for 11.90%), 17 watersheds with a D of

3–5 km/km2 (accounting for 40.48%) and 16 watersheds

with a D of 5–7 km/km2. Therefore, the degree of occur-

rence of gully erosion is strong and extremely strong and

the development intensity of gully erosion is intense and

moderate.

According to Fig. 5, F is from 1.82 to 36.6 gullies/km2.

There are 10 watersheds with F \ 10 gullies/km2 (ac-

counting for 23.81%), 24 watersheds with an F of 10–20

gullies/km2 (accounting for 57.14%), 7 watersheds with an

F of 20–30 gullies/km2 (accounting for 16.67%) and only 1

watershed with F [ 40 gullies/km2.

According to Horton’s research on the density of the

river network and frequency of water channels for the 56

watersheds in the United States, there is an obvious cor-

relation between the density and frequency of the river

network. The relationship between drainage density (D)

and channel frequency (F) for river networks can be

expressed by the model shown below (Chen and Jiang

1986):

F ¼ 0:694D2 ð9Þ

According to nonlinear regression analysis, the rela-

tionship between D and F for gully systems is as follows

(R2= 0.84):

F ¼ 0:624D2 ð10Þ

In Eq. (9), F/D2= 0.694, while F/D2= 0.624 in Eq. (10).

So F/D2 is a value without dimension but the values of F/

D2 vary between different basins. By comparing Eqs. (9)

and (10), the F/D2 value of the river network is higher than

that of the gully system. This may result from the differ-

ence between river networks and gully systems. Compared

with the development of the river network, the gully sys-

tems are less stable and more vulnerable to influence from

human activities. Gully systems are likely to be cut off by

farmland and buildings and the formation of a gully system

is not as complete as a river network. Therefore, under the

same density, the frequency of gully systems will be

greater than that of the river network.
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Fig. 4 Histogram for the statistical distribution of branching ratio (B) and length ratio (L)
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4.1.3 Coefficient of main and tributary gullies

As shown in Fig. 6, the variation range of M is 0.1–0.54

and the number of watersheds decreases as M increases.

There are a total of 40 watersheds with an M of between

0.00 and 0.16. There is only 1 watershed with an M of

between 0.16 and 0.38 or greater than 0.38. Therefore, the

dominant number for M ranges from 0.00 to 0.16 in this

region and the gully systems are mainly the tributary gully

type.

4.2 Morphological characteristics of watersheds

4.2.1 Area of watershed

According to Fig. 7a, A is from 0.39 to 96.43 km2. There

are 34 watersheds where A \ 40 km2 (accounting for

80.95%) and 8 watersheds where A [ 40 km2. Therefore,

the total watershed area is centrally distributed.

4.2.2 Texture ratio

T ratio is from 0.82 to 39.35 (Fig. 7b). There are 5

watersheds with T \ 4 (accounting for 11.90%), 9 water-

sheds with T ranging from 4 to 10 (accounting for 21.43%)

and 28 watersheds with T [ 10. In general, the three types

of geomorphological textures were all present in the study

area but fine texture was the dominant type.

4.2.3 The circularity ratio

From Fig. 7c, C is between 0.30 and 0.83. There are 5

watersheds where C \ 0.4 (accounting for 11.90%), 29

watersheds where C is from 0.4 to 0.6 (accounting for

69.05%) and 8 watersheds where C [ 0.6.

4.2.4 The relief ratio

According to Fig. 7d, R is between 0.1 and 0.9. There are

24 watersheds where R \ 0.10 (accounting for 57.14%), 15

watersheds where R is between 0.10 and 0.14 (accounting

for 35.71%) and only 3 watersheds where R [ 0.14.

4.3 The relationship between gully systems

and watersheds

The Pearson Correlation Coefficient of the morphological

parameters between gully systems and watersheds is shown

in Table 3. Relationships were identified between D and T,

T and A, B and C, F and D, L and B, F and T, and M and A,

T, R, C, D, F, B, and L.

4.3.1 Gully systems and geomorphological texture

T is closely related to F, D and M and the R2 values are

0.755, 0.709 and 0.700, respectively. T has a significant

effect on the morphology of the gully system. Fitting F and

T into a nonlinear regression model has an obvious effect.

The fitting function is F = 2.737 T0.623 (n = 42

R2= 0.755). F increases slowly with T. When T is \ 15.00,

F is more concentrated. When the ratio is C 15.00, the

F distribution is more dispersed (Fig. 8).

According to K.G. Smith’s research on T values for 54

watersheds in the United States, the density of the river

network is a function of the logarithm of T. The constants

are calculated by the least squares method. For a river
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Fig. 5 Histogram for the statistical distribution of gully density (D) and gully frequency (F)
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network, the regression equation between LogDr and LogTr

is (Smith 1950):

LogDr ¼ 0:220þ 1:115LogTr ð11Þ

In this study, the fitting effect is also obvious, according

to the formula LogD = a ? bLogT. According to Fig. 9,

there is a significantly positive logarithmic correlation

between LogDg and LogTg:

LogDg ¼ � 0:025þ 0:574LogTg ð12Þ

By comparing the measured value of the logarithm of

D with the predicted values obtained by Eqs. (11) and (12),

it can be seen that the measured value is consistent with the

trend line of Eq. (11) and this indicates that the LogD =

a ? bLogT model can reasonably fit the relationship

between D and T. By comparing the calculated results of
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Fig. 7 Histogram for the statistical distribution of the parameters of watershed morphology. a Histograms for the areas of watersheds (km2),

b texture ratio, c circularity ratio, d relief ratio. a Area of watershed (km2). b Geomorphological texture ratio of watershed. c Circularity ratio.

d Relief ratio

Table 3 Pearson correlation

coefficient of gully systems and

watersheds morphological

parameters

A (km2) T C R D (km/

km2)

F B L M

A (km2) – 0.683** – – – – – – - 0.417**

T – – – 0.745** 0.786** – – - 0.491**

C – – – – - 0.431** – 0.480**

R – – – – – 0.364*

D (km/

km2)

– 0.882** – – - 0.466**

F – – – - 0.439**

B – 0.653** - 0.593**

L – - 0.456**

M –

*p \ 0.05

**p \ 0.01
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Eqs. (11) and (12), the density of the river network is

substantially greater than that of a gully system under

T. The watershed morphology continuously evolves

because it is controlled by geological texture, rainfall,

runoff, and other erosional powers. The erosional geo-

morphic landscape is thus formed and could reflect the

degree of topographic fragmentation. Therefore, the degree

of topographic fragmentation reflects the existence of riv-

ers in the region. Compared with the density of the river

network, the factors controlling gully density are not only

reflected in the degree of topographic fragmentation but

also the coupling results of other factors.

As shown in Fig. 10, as T increases, M decreases and the

rate of decrease approaches zero with the increase of

T. The values of M and T for the watershed are uniformly

distributed. Therefore, T reflects the grade of the terrain

broken by the watershed and M indirectly reflects the

degree that the gully channel cuts into the ground in the

watershed. Both correlations exist to a certain extent. So,

T can be related with M and the geomorphology of the

watershed significantly influences the extensibility of the

main gully.

4.3.2 Gully systems and watershed area

According to Fig. 11, the logarithmic function fitting

coefficient between A and M is significant and the value of

R2 is 0.656. There is a negative correlation between them.

4.3.3 Gully systems and topographic relief

One of the data points in the results is significantly larger

than the other points; it is regarded as an outlier. After

deleting the outlier, the exponential function has the best

fitting effect for C and M, according to Fig. 12. As the R

increased, the M increased, but the fitting effect is not good

and R2is very low. In Fig. 12, the M value of the outlier is

more than 0.38; this point represents a special case of gully

system development in this research area and plays an

important role in the value of R2.

4.3.4 Gully systems and watershed shape

After deleting the two outliers, the nonlinear function has

the best fitting effect for C and M (Fig. 13). With an

increase in C, M increases at first but then decreases. The

relationship between C and M is not obvious. The M value

of the two outliers is more than 0.16. This is an important

reflection on a special case of gully system development in

this research area and is similar to the special case from the

relationship between M and R.
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5 Discussion

5.1 The developing situation of gully system

structure

Different erosional effects influence the scale of gully

system morphology. Therefore, the gully system formed by

the confluence of a gully is not a simple addition but a

process from a single gully to a gully system. B and L can

reflect the development of the gully structure and are useful

indexes for the gully system morphology in a watershed

and. The scale of the gully system structure in the Dry-Hot

Valley region varies between two stable values, which is

consistent with the results of the study by Shuai (1981) on a

small watershed gully system structure in Shanbei County.

The average branching ratio of Dry-Hot Valley is 5.13 and

the length ratio is 3.12. Compared to the typical gullies

distributed on the Loess Plateau and Northeastern hilly

region in China, B for the gully systems in the Dry-Hot

Valley are greater than those in the hilly area of Northeast

China (B & 3.66) and smaller than those for the Loess

Plateau (B & 5.60) (Shuai 1981). The value of the

branching ratio could reflect the developing situation of a

gully system structure, so we can consider that a gully

system structure of Dry-Hot Valley is developing between

the Loess Plateau and Northeastern hilly region. The

development of gullies in Dry-Hot Valley is very typical

and the branching ratio is relatively large. There are a large

number of tributary gullies which embody the gully erosion

continuously. The development of gully systems is affected

by the coupling effect of soil properties, stratum structure,

climatic conditions, natural terrain and human activities

(Xu et al. 2014). According to previous research (Zhang

et al. 2009; Mu et al. 2015; Deng et al. 2015) and the

results of this study, the soil in the Dry-Hot Valley is

mainly xerothermic soil, which is characterized by high

erosional vulnerability, a poor degree of cementation, and

loose soil structure. The unique soil properties and stratum

structure determined the formation of unique linear

undercutting grooves in the region. The development of

gullies was also boosted by climatic conditions. Fractures

and collapses occurred due to the action of heavy rain and

the gully head retreated. The erosion of the gully bed and

wall accelerated the lateral and downward erosion of the

gullies, prompting further development of the gully system.

5.2 The developing degree of gully systems

D and F (gully cutting density and frequency, respec-

tively), reflect not only the intensity of soil erosion and

channel development but also the potential danger of soil

erosion. According to the analysis above, the degree of

gully erosion is very strong and intense and the gully

erosion intensity is moderate and slight. In China, D in the

hilly area in the northeast (D & 3.83 km/km2) (Xu et al.

2014) is less than that in the Dry-Hot Valley

(D & 4.29 km/km2) which is less again, than that on the

Loess Plateau (D & 5.93 km/km2) (Liu et al. 2013). The

gully density in each area results from the coupling of

many local factors. The different values of gully density

across different regions are worthy of further study.

Comparing the results with the Arid Zone of Azerbaijan

Republic, Gurbanov (2017) found that D is between 2.0

and 7.0 km/km2 and the gully frequency is about 15.6

gullies/km2. The gully density in Dry-Hot Valley is

between 0.54 and 6.98 km/km2 and the gully frequency is

about 14.39. Without considering other factors, such as

vegetation, climate, and soil, these results show that D and

F in Dry-Hot Valley are mainly affected by T.

Geomorphological texture can promote the development

of a furrow system, which is mainly presented in the pre-

liminary and middle stages of gully development. In the

later stage of gully development, the main and tributary

gullies have completely developed and so the gully mor-

phology gradually becomes complete; the active period of

gully development gradually ends. The gully system has

fully realized its development potential and the rate of

geomorphological texture gradually approaches a constant
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value. The research results for the Arid Zone in Azerbaijan

indicate that D and F are closely related with watershed

area, which can be considered to be the result of different

development intensities of gully system, caused by the

differences in the influencing factors.

5.3 The morphological characteristics of watersheds

The SWAT model was used to determine 42 watersheds

and their respective area values. The differences in

watershed area are large (from 0.39 to 96.43 km2), which

reflects the large differences in terrain in study area. Given

these differences, it appears that the geological structure

affects the length and width of watersheds. Topographic

relief is another important feature reflecting the morphol-

ogy of the watershed. R is an important index that can

reflect the characteristics of topographic relief and it has

been widely studied. However, R has been ignored in

recent years. According to Morisawa (1962), the value of

R for 15 watersheds in the Appalachian Plateau of the

United States ranges from 1.5 to 3.0. In contrast, R of the

Dry-Hot Valley (0.1–0.9) is much lower. Since R is an

expression of the relationship between the height and

length of a watershed, one of the reasons for the difference

in terrain ratio is the deviation between watershed height

and length. Another possible reason is the influence of

terrain. The middle part of the Dry-Hot Valley is a basin

surrounded by hills and mid to low mountains. The

Appalachian terrain is mainly plateau, which is different to

the Dry-Hot Valley.

5.4 The relationship of the gully systems

and watershed

Considering only natural factors, the development speed,

scale, and quantity of gully systems are mainly affected by

the non-zonal factors: watershed morphology, geomor-

phological texture, the degree of cutting of the gully, and

gully networks in the region (Zhang 2014). Based on pre-

vious research, this paper divides watershed characteristics

into geomorphological texture, scale, topographic relief,

and shape from the perspective of watershed morphology.

There is a significant relationship between watershed

morphological characteristics and gully system morphol-

ogy; in particular, geomorphological texture characteristics

are significantly related to D, F, and M (R2C 0.7). The

shape of the gully system is limited by the watershed. The

more circular watersheds have smaller, longitudinal gully

systems and the development range of tributary gullies is

relatively wide, which restricts the development of the

main gully to a certain extent. Watershed circularity can

also reflect the watershed’s scale. In general, the erosion

degree and development degree of tributary gullies can be

estimated through the degree of topographic breakage in

the basin, which provides some theoretical basis for the

evaluation of gully erosion by the latter. The scale, topo-

graphic relief, and shape of the watershed correlate with

M. The analysis of the main tributary gully condition is

conducive to understanding the gully systems and deter-

mining a comprehensive and targeted gully control mode.

For example, for tributary gullies, attention should be paid

to the interception and control of runoff and sediment in the

small branch confluence area so as to prevent gully bank

expansion and trench head advance. The discovery of the

significant relationship between the watershed’s morpho-

logical characteristics and M can be further classified from

the perspective of the watershed morphological character-

istics based on the classification of the gully development

degree, which is expected to provide more targeted mea-

sures for soil erosion control.

6 Conclusion

This study investigated the morphological characteristics

of gully systems and watersheds. The study area is

1141.66 km2, 17,382 gullies are interpreted, 42 sub-wa-

tersheds are identified and the average of D is 4.29 km/

km2. On the whole, the selected gully systems’ morpho-

logical parameters included B, L, D, and F. These param-

eters could be used to present the developing situation of

gully systems as well as the development of the main and

tributary gullies. The implications of morphological char-

acteristics that influence watersheds can be divided into

categories of scale, topographic relief, shape, and geo-

morphological texture. The morphological parameters

include A, R, C, and T and they fully reflect information of

watershed morphology. The developing situation of a gully

system is relatively independent as there is only a slight

change in the rates, based on varying natural conditions. In

addition, the study found that there are strong relationships

between the morphological characteristics of a watershed

and the degree of development of the main gully and

tributary gullies, which provides a scientific basis for gully

control from the watershed perspective. Taken together, the

results of this study provides a reference for further

quantitative, geomorphological study.
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