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Study on the inﬂuence of vegetation change on runoff
generation mechanism in the Loess Plateau, China
Xueli Zhang, Yue Yu, CaiHong Hu and Jianhua Ping

ABSTRACT
In recent years, the amount of water and sediment in the Yellow River Basin has dropped drastically.
This paper selected 125 rainfall and ﬂood data points from 1965 to 2015, combined hydrological
methods and mathematical statistics to analyze the hydrological factors and runoff generation
mechanism, and combined the underlying surface conditions of the Gushanchuan Basin. The
characteristics of change revealed the temporal and spatial variation characteristics and related
factors of the runoff generation mechanism in the basin. The results showed that the Gushanchuan
Basin is still dominated by HOF runoff, but the runoff generation mechanism has also changed with
changes in the underlying surface, which are reﬂected in increased runoff components, the reduced
proportion of HOF runoff, and the increased proportion of saturation-excess overland ﬂow (SOF)
runoff and mixed runoff. We analyzed the variation law of underlying surface in the basin, which
indicated that the increase in the forest grass area was the main factor affecting changes in the
watershed runoff generation mechanism. This research will enable a deeper understanding of the
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runoff generation mechanism of the main soil erosion areas in the Loess Plateau, and reveal
variations in the runoff generation mechanism in the Yellow River.
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HIGHLIGHTS

•
•

The increase in the forest grass area was the main factor affecting changes in the watershed
runoff generation mechanism in Gushanchuan Basin.
Gushanchuan Basin is still dominated by HOF runoff, and the increased proportion of SOF runoff
and mixed runoff.

INTRODUCTION
With continued population expansion, the scale of the econ-

problem (Fu et al. ). For a long time, water shortages

omy is expanding, and humans are overly interfering with

and soil erosion have been sources of restriction of econ-

the natural ecosystems. This interference has resulted in a

omic development in the Loess Plateau. The area is

series of ecological and environmental problems in the

known as having ‘frequent drought and hardship rank ﬁrst

Loess Plateau, which is located in the arid and semi-arid

among the world,’ and one-ﬁfth of the country’s impover-

regions of the northwest, and has a prominent soil erosion

ished counties are located in the Loess Plateau (Shi &

This is an Open Access article distributed under the terms of the Creative

water conservation, it is a core aspect of ecological environ-

Shao ). Vegetation is an important part of soil and
Commons Attribution Licence (CC BY 4.0), which permits copying,
adaptation and redistribution, provided the original work is properly cited

mental construction in the Loess Plateau, and it is also one

(http://creativecommons.org/licenses/by/4.0/).

of the primary ways to reverse the ecological environment
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of the Loess Plateau (Wang et al. ; Zhao et al. ). In the

surface conditions have different runoff generation mechan-

past 50 years, this country has successively implemented a

isms, and different runoff generation mechanisms affect the

series of ecological construction projects, such as key con-

development of the entire runoff process, presenting different

struction of soil and water conservation, construction of the

runoff characteristics (Lee & Huang ).

Three-North Shelterbelt System, protection of natural forest

The runoff generation mechanism has three types of

resources, returning farmland to forests and grasslands, and

characteristics: (1) inﬁltration-excess (Hortonian) overland

construction of silt dams in the Loess Plateau. Most of

ﬂow (HOF), (2) saturation-excess overland ﬂow (SOF),

these major initiatives are based on vegetation restoration

and (3) a combination of HOF and SOF (mixed runoff).

and reconstruction, to promote the benign development of

HOF is generated when the precipitation rate exceeds the

the regional water cycle as well as the balance of the socio-

inﬁltration capacity of the soil or land surface. This can be

economic-ecological complex system. The improvement of

a dominant process in urbanized or otherwise disturbed

soil erosion in the Loess Plateau through vegetation restor-

areas as well as in areas that typically receive high-intensity

ation has two aspects: (1) changing the water circulation

precipitation and have a low permeable crust at the soil sur-

path to prevent soil erosion, as perennial vegetation can

face (Horton ). SOF is generated when the soil becomes

reduce surface runoff by increasing effective vegetation cover-

saturated to the extent that additional precipitation cannot

age; and (2) increasing soil water content and increasing

inﬁltrate. Saturation-prone areas include those with a high

vegetation productivity (Wang et al. ).

water table and shallow soils that provide little additional

The Loess Plateau is the main runoff area of the Yellow

storage for water (Dunne & Black a). The Loess Plateau

River Basin. After the 1980s, the Yellow River water volume

is characterized by sparse rainfall, high rainfall intensity,

showed a notable downward trend (Mu et al. ; Wang

and low vegetation coverage, and the thickness of the aera-

et al. a, b). The cause of this sharp decline in the

ted zone reaches tens of or even hundreds of meters, which

Yellow River water volume has been a signiﬁcant focus of

is typical of an HOF area (Jiao et al. ).

academic debate. Guzha et al. () found that land-use

This study identiﬁed the Gushanchuan Basin in the

change may lead to important changes in runoff generation

middle reaches of the Yellow River as the study area. On

processes and water storage. Feng et al. () pointed out

the basis of an analysis of the underlying surface changes in

that large-scale vegetation restoration on the Loess Plateau

the Gushanchuan Basin, we distinguished the runoff mech-

was the main reason for the reduction of water volume in

anism of the ﬂoods in the basin according to long-term

the Yellow River; Miao et al. () believed that vegetation

sequence rainfall runoff data and ﬂood data for the Gushan-

restoration on the Loess Plateau made a greater contribution

chuan Basin. This study provided insight into the changes in

to the reduction of runoff than climate change. Shi et al.

the runoff generation mechanism of the Gushanchuan Basin

(), however, found that the contribution rate of climate

over the past 40 years, examined reasons for the reduction of

change to the reduction of runoff in the middle reaches of

the Yellow River water volume from the perspective of the

the Yellow River accounted for more than 50%. The impact

runoff generation mechanism, and provided the necessary

of land-use change on runoff remains controversial. Currently,

scientiﬁc basis for the effectiveness of the ecological con-

most of this research focuses on a quantitative analysis of land-

struction of the Loess Plateau and the formulation of

use change on the basin’s hydrological cycle. This study

regional sustainable development countermeasures.

explored the reasons for the reduction of water in the
Yellow River from the perspective of the runoff generation
mechanism. Runoff generation is the process of generating various runoff components in the basin. It is essentially the

MATERIALS AND METHODS
Study area

movement development process of water under the combined
effects of various factors affecting the underlying surface and

The Gushanchuan Basin is a primary tributary on the

includes the redistribution process of rainfall on the underlying

right bank of the middle reaches of the Yellow River in

surface (ground and aeration zone). Different underlying

Shaanxi and Inner Mongolia (110 320 24″  111 050 24″E,
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39 000 00″  39 270 36″N), originating from Urigol Township,

obtained from the Yellow River Hydrological Yearbook.

Junggar Banner, Inner Mongolia, through the Junggar Banner

The watershed digital elevation model (DEM) had a resol-

and Fugu County of Shaanxi Province. The basin ﬂows into

ution of 30 m. We derived the land-use data of the

the Yellow River near Fugu Town, with a drainage area of

Gushanchuan Basin from the Chinese Geospatial Data

2

1,272 km (above the Gaoshiya Hydrological Station), and

Cloud with a resolution of 1 km × 1 km.

has an average annual rainfall of 410 mm. The interannual

According to changes in the underlying surface of the

variation of rainfall is uneven and unevenly distributed; in

Gushanchuan Basin, we divided the research into three

the ﬂood season (June–September), rainfall can account for

stages based on human activities (not considering climate

80% of the annual rainfall. As of 2010, the runoff reduction

change): the ﬁrst stage was from 1965 to 1979 and rep-

rate in the Gushanchuan Basin was 81%, and the annual aver-

resented the conditions of no human activities; the second

age runoff reduction was 1,352,400 m3/s (Yao et al. ). In

stage was from 1980 to 1998 and represented the transition

the 1970s, a signiﬁcant number of soil and water conservation

period of human activities on the underlying surface of the

measures were implemented in the Gushanchuan Basin. By

basin; the third stage was the severe human activities stage

2015, a total of 49 small and medium silt dams were built,

from 1999 to 2015 (‘Grain for Green’ project was conducted

with a dam area of 8.90 km2 and a terrace ratio of 3%. The

by Chinese government since 1999). We followed the prin-

scale of terraces has increased gradually, and the number of

ciple that the ﬂood peak ﬂow was greater than 100 m3/s,

reservoirs has also increased (Wang et al. a, b). The

the rainfall interval was not more than 24 h, and we

four rainfall stations in the basin are the Xinmiao, Xinmin,

uniﬁed runoff data into 1 h time-steps. The ﬁrst stage

Gushan, and Gaoshiya stations (Figure 1).

(1965–1979) included 60 ﬂood events, the second stage
(1980–1998) included 50 ﬂood events, and the third

Data collection

stage (1999–2015) included 15 ﬂood events, for a total of
125 ﬂood events to analyze the runoff generation mechanism.

This study collected data on annual runoff, daily runoff, sedimentation, and ﬂood data from the Gaoshiya Hydrological

Runoff generation mechanism

Station in Gushanchuan Basin from 1965 to 2015 and collected daily rainfall data from four rainfall stations in the

Due to the uneven spatial distribution of rainfall and under-

Gushanchuan Basin (Xinmiao, Xinmin, Gushan, and

lying surface conditions, the runoff mechanism is changing

Gaoshiya stations) from 1965 to 2015. We uniﬁed data

during the rainfall process, and nine types of different

into 1 h time-steps. The runoff data was ﬂood extract data

runoff mechanisms are combined under speciﬁc aerated

from outlet station (Gaoshiya hydrology station) of Gushan-

zone structures and rainfall characteristics (Dunne &

chuan basin from 1965 to 2015. All the above data were

Black b) (Table 1). However, according to the impact

Figure 1

|

Relative position of Gushanchuan Basin and distribution map of rainfall stations.
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Comprehensive analysis table of production ﬂow patterns

Items

Dunne runoff

Horton runoff

R ¼ Rsat þ Rint P, E, W0, i

Average annual
rainfall

>1,000 mm

<400 mm

1

R ¼ Rs

P, E, W0, i 6

2

R ¼ Rs þ Rg

P, E, W0

7

R ¼ Rsat þ
Rint þ Rg

P, E, W0

Average annual runoff
coefﬁcient

>0.4

<0.2

3

R ¼ Rg

P, E, W0

8

R ¼ Rint

P, E, W0, i

Low

R ¼ Rs þ Rint P, E, W0, i 9

R ¼ Rint þ Rg

P, E, W0

Symmetry of ﬂow
process line

High

4
5

R ¼ Rs þ
Rint þ Rg

Impacts of rainfall
intensity

Low

High

Inﬂuencing factors of
ﬂow

API, rainfall

API, rainfall intensity

P, E, W0

factors, it can be divided into two kinds of patterns, namely

Surface soil structure

Loose

Compact

Water shortage

Small

Big

factors of SOF are P, E, W0, and the HOF are P, E, W0, i

Proportion of ground
runoff

High

Low

(Rui et al. ), which is expressed as:

Closeness

Closely related to
rainfall

Closely related to
rainfall intensity

the inﬁltration-excess (Hortonian) overland ﬂow (HOF), saturation-excess overland ﬂow (SOF). Generally, the impact

R ¼ fHOF (P, E, W0 , i)

(1)

R ¼ fSOF (P, E, W0 )

(2)

runoff generation pattern based on the characteristics of rainfall, rainfall density, runoff coefﬁcient, and antecedent
precipitation index (API). If a ﬂood event had only surface
where R is runoff depth generated by rainfall (mm); P is the

runoff, we deﬁned it as HOF, and if a ﬂood event had

total amount of precipitation (mm); E is watershed evapo-

ground runoff, considered it to be SOF, other conditions

transpiration (mm); W0 is initial water storage capacity

were mixed runoff mechanism. We used ﬂood no. 19770804

(mm); i is rainfall intensity (mm/h).

as an example to explain the determination process of the

Because of the spatial and temporal distribution non-

runoff generation mechanism (Figure 2) (Hu et al. a).

uniformity of rainfall and the complexity of the underlying

No rainfall occurred for 20 days before the ﬂood. In the

surface, for a speciﬁc watershed the runoff generation mech-

early stage of the ﬂood, the API was very small, the ﬂow pro-

anism is not static and it is difﬁcult to quantify with simple

cess line showed a multipeak type, the main runoff generation

indicators. This study analyzed the composition of water-

mechanism was the surface runoff (Rs), the rate of water

shed runoff components from the ﬂood ﬂow process line

retreat was fast, and the ﬂow process line steeply rose and

(Birtles ). According to the principle of runoff gener-

fell. With continuous rainfall, soil water content increased con-

ation (Kirkby ), the main components of the runoff in

tinuously, and the interﬂow (Rint) and groundwater runoff (Rg)

the three sections were surface runoff, interﬂow, and

were revealed after point B. Because of different conﬂuence

ground runoff. We used Dunne’s ﬂow theory (Dunne &

speeds, the ﬂood process line presented a steep rise and

Black b) and a ﬂow pattern comprehensive analysis

slow fall in the later stage (Hu et al. b). The runoff mech-

table (Table 2) combining rainfall, rainfall intensity, runoff

anism was converted from Rs to Rs þ Rint þ Rg, and thus this

depth, and pre-inﬂuence rainfall to classify the runoff

ﬂood had a mixed runoff mechanism.

pattern into HOF and SOF from the perspective of
quantitative, qualitative, and runoff impact factors. The

Rainfall and runoff

mixed-ﬂow pattern included both HOF and SOF in a rainfall
event, which we comprehensively analyzed and judged.

We calculated surface rainfall using the Thiessen polygon

We used the slope method to separate the baseﬂow for the

method. Rainfall duration was an effective duration and

ﬂow process line of each rainfall sample. We determined the

did not take intermittent time into account. The ratio of
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The schematic diagram of runoff generation discrimination.

surface rainfall-to-rainfall duration was the average rainfall

From this, the formula for calculating the amount of

intensity. The rainfall runoff correlation map was a quanti-

rainfall in the early stage is derived:

tative correlation map established by the average surface

Pa,tþ1 ¼ k(Pa,t þ Pt )

rainfall of the ﬂoods and the corresponding total runoff
and the main factors affecting the relationship between rain-

(5)

where APIt is the previous impact rainfall (mm) on day t;

fall and runoff (Linsley et al. ). After using the split ﬂow

APItþ1 is the previous impact rainfall (mm) on t þ 1 day; n

method to divide the base ﬂow generated by this noncurrent

is the number of previous rain days affecting the runoff,

rainfall, we used the storage-discharge relationship method

which was usually about 15 days; Pt is the t-day rainfall

(Ajami et al. ) to calculate the runoff depth R:

(mm); Pt1, Pt2 … is the rainfall (mm) on 1 day before

n1

P
Q1 þ Qn
3:6Δt
Qi þ
þ (Qn  Q1 )K
2
i¼2
R¼
A

t day, 2 days before …; and k is the daily decrease coefﬁcient
of the soil water content.
(3)
Catchment water storage capacity

where Δt is the period length (h); Qi is the i-period ﬂow
(m3/s); n is the number of periods; A is the basin area
(km2); and K is the storage coefﬁcient.

Gallart ). The calculation selected the rainfall ﬂoods
that saturated the water content of the basin and produced

Antecedent precipitation index

a large ﬂood process. The process is as follows:

The antecedent precipitation index (API) reaction was the
amount of rainfall that was retained in the soil during the
previous rainfall. In this study, we used the recursive formula method (Heggen ) to estimate the amount of
rainfall affected in the early stage of the ﬂood. According
to its deﬁnition
APIt ¼ kPt1 þ k Pt2 þ . . . þ k (APItn þ Ptn )
2

n
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We derived the catchment water storage capacity (Wm) from
successive ﬂoods that included multiple ﬂoods (Llorens &

(4)

Let Wm,

0 ¼ Im,

where the loss is Im ¼ P  R, P is the

total amount of rainfall, and R is the total amount of
runoff depth generated by rainfall (Hu et al. ). The calculation process of Wm follows:
Kj ¼ 1 
W0,j ¼

ke × E0
Wm,j

n
X
0

Pi × Kji

(6)
(7)
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Form of curve estimation model

Model name

Model expression

Linear function of one variable

Y ¼ b0 þ b1x

Quadratic function

Y ¼ b0 þ b1x þ b2 × 2

Composite function

Y ¼ b0(b1)x

Growth function

Y ¼ e(b0 þb1 x)

Logarithmic function

Y ¼ b0 þ b1lnx

Cubic function

Y ¼ b0 þ b1x þ b2 × 2 þ b3 × 3

S curve

Y ¼ e(b0 þb1 =x)

Exponential function

Y ¼ b0 eb1 x

Inverse function

Y ¼ b0 þ b1/x

Power function

Y ¼ b0 xb1

Logic function

Y ¼ (1/u þ b0b1x)1

(8)

where ke is the evapotranspiration capacity of the basin, the

|

We used principal component analysis (PCA) to determine

equation:

the relationship between the runoff coefﬁcient (α) of a rain(P), antecedent precipitation index (API), maximum rainfall

P
(y  ^y)2
SSR
SSE
R ¼
¼ 1
¼1P
SST
SST
(y  y)2

density (Imax), mean rainfall intensity (Imean), leaf area index

where SSR is the regression sum of squares; SSE is the sum

fall event and potential evapotranspiration (ET0), rainfall

(LAI), vegetation coverage (Vc), and rainfall duration (t). We
calculated ET0 according to the Penman-Monteith method,
determined Pa by the recursive formula method, and
obtained LAI and Vc from remote-sensing data by ENVI
5.0. Then, we used the theory of multiple nonlinear
regression analysis to determine the relationship between
the runoff coefﬁcient of the rainfall event and the principal
components.
Curve estimation model
Curve estimation theory could use one variable to predict
another variable. The mathematical models are presented

2

of squares of residuals; and SST is the sum of total deviations
squared. The determination coefﬁcient is a comprehensive
measure of the goodness of ﬁt of the regression model.
The larger the evaluation coefﬁcient, the higher the
model’s goodness of ﬁt.
Signiﬁcance test of the regression equation
We used an F-test to test the signiﬁcance of the established
regression equation. The F-test is the ratio between the average regression sum of squares and the average residual sum
of squares:

in Table 3. When an optimal model cannot be determined
based on observations immediately, a simple and more suitable model can be established from many regression models

(9)

F¼

P
(^y  y)2 =k
SSR=k
¼P
SSE=(n  k  1)
(^y  y)2 =(n  k  1)

(10)

using the curve estimation method. Curve estimation
requires that the independent and dependent variables

where n is the sample numbers; and k is the number of inde-

belong to numeric variables.

pendent variables.

Goodness-of-ﬁt test

Data analysis

We used the determination coefﬁcient (R 2) as the criterion

We statistically analyzed rainfall characteristics, runoff, and

for a goodness-of-ﬁt test to select the following curve

sedimentation. We evaluated data using SPSS for Windows
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16.0 (SPSS Inc., Chicago, IL, USA). We used one-way analy-

intensity and runoff were 0.59, 0.62, and 0.51 for the three

sis of variance (ANOVA) to assess the inﬂuence of runoff for

stages. For rainfall events of the same magnitude of rainfall

sedimentation and the relationship between runoff and rain-

intensity in these three stages, the ﬁrst stage had the largest

fall, and rainfall density.

runoff, and the third stage had the smallest runoff (Figure 4).
The rainfall duration of the Gushanchuan Basin
increased ﬁrst and then decreased, and most of the rainfall
lasted between 20 and 40 h. The rainfall at each stage was

RESULTS AND DISCUSSION

69.6, 55.4, and 24.8 mm. We categorized ﬂood generation
in four levels: light rain (<10 mm), moderate rain (10–

Characteristics of rainfall and ﬂood

25 mm), heavy rain (25–50 mm), and rainstorm (50 mm).
Among the 125 ﬂood events, there were 19 light rains, 42

As time has passed, the annual runoff and sedimentation

moderate rains, 36 heavy rains, and 28 rainstorms. There-

have shown a decreasing trend in Gushanchuan Basin.

fore, we determined that the Gushanchuan Basin suffered

The peak runoff corresponded to the peak sedimentation.

primarily from moderate rains and heavy rains. The ﬂood

By 2015, the runoff reduction rate was 81%, and the

duration also showed a ﬁrst increasing and then a decreas-

annual runoff reduction was 1.35 billion m3 (Figure 3(a)),

ing trend, and the peak ﬂow showed a signiﬁcant decrease

and the correlation between annual runoff and sediment

over the year (Table 4).

was signiﬁcant (Figure 3(b)). The results showed that soil
and water conservation has played an obvious role in
recent decades, and as a result, soil erosion has decreased

Analysis of underlying surface changes

sharply.
Because of the inﬂuence of rainfall and underlying sur-

The grassland area in the Gushanchuan Basin accounted for

face changes, the rainfall-runoff relationship at each stage

the largest proportion of land (61–63%), which was followed

was different. The three-stage rainfall-runoff correlation

by farmland (31–33%). The urban construction land area

coefﬁcients were 0.59, 0.53, and 0.70. In comparison, the

accounted for the smallest proportion of land (0.35%–

third-stage runoff had the strongest dependence on rainfall,

0.55%). Between 1976 and 2015, the area of farmland

and rainfall in the third stage decreased signiﬁcantly

decreased year by year, and the area of forestland, grassland,

(Figure 4). The correlation coefﬁcients between rainfall

and urban construction land increased to different extents,

Figure 3

|

Annual variation of runoff and sediment from 1965 to 2015.
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The relationships between rainfall and runoff in Gushanchuan Basin.

Characteristics of rainfall and ﬂood in different stages of Gushanchuan basin

to curve estimation. We took the runoff coefﬁcient (α) as the
dependent variable, and rainfall (P), antecedent precipitation

Item

1965–1979

1980–1998

1999–2015

Mean rainfall duration (h)

40.8

48.9

35.5

Mean rainfall (mm)

69.6

55.4

24.8

Mean ﬂood duration (h)

122.4

143.1

103.4

Mean peak ﬂow (m3/s)

1,978.6

1,030.5

214.9

variables. The expression was as follows:

α¼

but the water area remained basically stable. In addition,
farmland showed the greatest change in area among all
land-use types. The total cultivated area of 24.52 km2 was
converted to other land-use types. The main forms of land
conversion were farmland into forestland and grassland
into

forestland.
2

The

forestland

area

increased

index (API), and vegetation coverage (Vc) as independent

by

2

18.22 km . The area increased by 5.39 km , which indicated
the signiﬁcant effect of ‘returning farmland to forests’ and
‘returning farmland to grassland,’ and the area of forestland
and grassland also increased signiﬁcantly (Figure 5, Table 5).

a
Vc  d
þ b  API þ c  sin (3:14
)þf
P
e

(11)

where a, b, c, d, and e are the ﬁtting parameters, and f is the
constant. Other parameters have the same meanings as
noted earlier. We obtained ﬁtting parameters by nonlinear
regression (Tables 6 and 7).
In this study, we combined the curve estimation method
with the multivariate nonlinear regression analysis, which
we used to build the runoff coefﬁcient prediction model.
The main factors affecting runoff coefﬁcient included
rainfall (P), antecedent precipitation index (API), and
vegetation coverage (Vc). The runoff coefﬁcient prediction
model had high precision and a certain theoretical signiﬁcance and research value, which provided additional

Runoff and meteorology factors, underlying surface

references for the runoff simulation (Figure 6).

conditions
The runoff generation mechanism
We obtained three principal components (P, API, and Vc)
based on the PCA. We obtained the expressions between

From 1965 to 2015, the Gushanchuan Basin was dominated

each independent variable and dependent variable according

by HOF, accounting for 62.4% of the ﬂood events. Mixed
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Land-use change map of Gushanchuan Basin.

Land use classiﬁcation statistics

Type
Year

Farmland/km2

Forest/km2

Grass/km2

Water/km2

Urban construction/km2

Sum/km2

1976

413.68

65.47

774.55

12.28

6.02

1,272

1996

405.94

78.41

800.32

12.82

4.51

1,272

2015

389.16

89.69

779.94

12.16

7.05

1,272

Average

402.93

69.91

784.94

12.42

5.86

1,272

Proportion, %

31.68

5.18

61.71

0.97

0.46

100

Table 6

|

Estimation results of nonlinear regression parameters

Table 7

|

Variance analysis table

95% conﬁdence interval

Source

Sum of squares

Degrees of freedom

Mean square

Regression

1.07

6

0.18

Residual

0.12

56

0.002

Before revision

1.19

62

After revision

0.41

61

Parameters

Values

Standard error

Lower limit

Ceiling

a

0.799

0.796

0.407

1.192

b

0.008

0.001

0.005

0.011

c

0.015

0.008

0.031

0.001

d

0.106

0.013

0.080

0.132

e

0.013

0.000

0.012

0.013

f

0.037

0.011

0.016

0.059

Dependent variable: runoff coefﬁcient; R 2 ¼ 1-(Sum of squares of residuals)/(Corrected
sum of squares) ¼ 0.709.

signiﬁcantly from 1965 to 2015. The proportion of ﬂood
runoff accounted for 35.2% of the ﬂood events, and SOF

events with mixed runoff as the main mode of runoff in

accounted for only three ﬂood events. The ﬂood events

each of the three stages was 28, 40, and 47%. In general,

with HOF as the main pattern accounted for 72, 58, and

the HOF was dominant in each stage but the proportion

40% for 1965–1979, 1980–1998, and 1999–2015, respect-

of events decreased, whereas SOF and mixed runoff

ively.

increased (Table 8).

The

proportion

of

HOF

events
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Statistics on the convergence characteristics of Gushanchuan Basin

Items

1965–
1978

1979–
1998

1999–
2015

Forest areas (km²)

65.47

78.41

89.69

Annual average minimum ﬂow
(m³/s)

0.68

1.26

1.40

Minimum daily ﬂow in the ﬂood
season (m³/s)

1.93

2.61

3.30

Averaged rainfall before generate
ﬂow(mm)

6.9

9.4

21.0

Duration of ﬂood subsidence (h)

14.22

14.39

16.38

Catchment water storage capacity
(mm)

101.37

124.73

156.36

The relationships between observed and simulated values of runoff
coefﬁcient.

Table 8

|

|

Inﬁltration capacity

Statistics on ﬂood generation and ﬂow patterns in different stages

The forest areas increased by 27%, rainfall required before
runoff generation increased by 192%, and the duration of
ﬂood subsidence increased by 22% (Table 9). This is because

Pattern

increasing forest area will increase rainfall interception and

Horton

Dunne

Mixed

Year

runoff

runoff

runoff

Sum

soil inﬁltration capacity. In the early stage of a storm, rain-

The ﬁrst stage
1965–1979

43 (72%)

0 (0%)

17 (28%)

60 (100%)

fall is consumed by the inﬁltration. Flood subsidence is an

The second stage 29 (58%)
1980–1999

1 (2%)

20 (40%)

50 (100%)

tain amount of inﬁltration occurs during the process of ﬂood

The third stage
2000–2015

6 (40%)

2 (13%)

7 (47%)

15 (100%)

Sum

78 (63%)

3 (2%)

44 (35%)

125 (100%)

important aspect of runoff generation and conﬂuence. A cersubsidence. Generally speaking, with an increase in rainfall
and rainfall intensity, the runoff coefﬁcient will also
increase. As the years passed, more rainfall was needed in
the Gushanchuan Basin to produce runoff, which indicated
that inﬁltration had increased gradually. The duration of

The effect of land-use cover changes on runoff

ﬂood subsidence also increased gradually (Table 9). Averaged rainfall before generated ﬂow and catchment water

Groundwater outﬂow

storage capacity increased from 1965 to 2015, which indicated an increase in inﬁltration, resulting in an increase in

In the Gushanchuan Basin, forest area increased rapidly.

soil moisture. Equations (1) and (2) illustrated that the

Previous studies found that discharge capacity had an inﬂu-

runoff generation was related to soil moisture, thus this

ence on underground water and minimum daily discharge in

increase in inﬁltration is an important reason for changes

the ﬂood season (Bronstert et al. ; Doerra et al. ).

in runoff generation and for the conﬂuence mechanism of

Annual mean minimum daily ﬂow and the minimum daily

the basin. The increase in soil moisture enhancement

ﬂow in the ﬂood season showed obvious increasing trends

resulted in a decrease in surface runoff, runoff coefﬁcient,

from 1965 to 2015, and it was easier to generate under-

and ﬂood peak ﬂow, and in an increase in underground

ground ﬂow and interﬂow (Table 9) (Walker et al. ;

runoff and conﬂuence duration (Merz & Blöschl ).

Loch ). As conﬂuence time expanded, the ﬂood process

Our previous study also found that ﬂood events with SOF

changed: forest areas increased 73%, which resulted in an

increased as ﬂood events with HOF decreased because of

87% increase in groundwater outﬂow (Table 9).

increased forest areas (Li ).
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Forest and grasslands had greater steady inﬁltration
rates than farmland (Archer et al. ; Jian et al. ). Veg-
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ﬂood events showed an increasing trend in Gushanchuan
Basin (Li ).

etation inﬂuenced the chemistry, structure, organic content,
and strength of the soil. Roots and burrowing organisms bioturbated the soil, changed the pathways, and generally

CONCLUSIONS

increased porosity and inﬁltration capacity (Gabet et al.
; Thompson et al. ). As a consequence, alterations

The effect of forest vegetation coverage on runoff generation

in vegetation may create broad-scale changes in the way

mechanism is very signiﬁcant in the Gushanchuan basin.

rainfall is partitioned into runoff and recharge. Inﬁltration

This information enabled us to more deeply understand

capacity is a commonly used term to reﬂect the maximum

the water production law of the main soil erosion areas in

rate at which soils can absorb water, which generally

the Yellow River Basin and revealed the mechanism of

occurs under dry conditions when supportive inﬂuences

water quantity change in the Yellow River. The outcomes

are greatest. The inﬁltration capacity tended to decrease as

are of great signiﬁcance for the local government to carry

the soil moisture content of the surface layers increased

out vegetation restoration, a preliminary understanding is

(Jian et al. ). In general, more deeply rooted species

as follows: (1) it is necessary to fully understand the ecologi-

can change soil properties to suit their water-use needs

cal beneﬁts of forest vegetation in conserving water

(Hirota et al. ). Spatial variations in hydrology and

resources and reducing ﬂood peak ﬂow, establish long-

soil characteristics are not represented in this analysis, and

term water resources strategic; (2) It is necessary to return

those differences likely are the reason for the large site-to-

cultivated land to forests, establish a complex system of agri-

site differences. For example, bare soil in one location may

culture, forest and water, and realize a virtuous cycle of

have a higher inﬁltration than grasses at another location,

ecological environment in the basin; (3) it would establish

which likely can be attributed to other soil-forming factors,

an industrial structure that combines agriculture with for-

such as parent material, topography, aspect, climate, and

estry to achieve sustainable economic development.

soil age. This study, however, did show promise for the gen-

Land-use change is an important factor that cannot be

eralization of local or perhaps even island-wide trends,

ignored in causing runoff changes, particularly in the ﬂood

which allows for mappable units of inﬁltration properties

season. Because of the impact of land-use change on water

that could be related to processes of interest, including

resources and ecosystem health in the Gushanchuan

areas of potentially high-aquifer recharge or erosion

Basin, appropriate consideration should be given to the

susceptibility.

role played by land-use change. In fact, climate change
should be considered when assessing the impact of future
land-use cover changes. The combined effects of climate

Water storage capacity

and land-use cover changes are complex, however, and are
beyond the scope of this paper. Future research will con-

The water storage capacity of the Gushanchuan Basin

sider

increased year by year (Table 9). Previous studies have

automaton and Markov chains and will be combined with

shown that the water storage capacity of woodland was

regional future climate scenarios to quantitatively predict

higher than other land-use covers and that an increase in

future land-use and climate change impacts on runoff.

land-use

prediction

models

based

on

cellular

forest areas would result in the increase of catchment
water storage capacity and reducing runoff (Jian et al.
). The forest areas increased by 37% as the water storage
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