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Abstract

Interactions between topography and the spatial distribution of cypress give rise to the spatial heterogeneity of surface runoff

on steep forested slopes in southwest China. To reduce surface runoff and improve the water conservation capacity of cypress

forests, the coupling effects of topography and the spatial distribution of cypress on surface runoff coefficient were studied

through the Structural Equation Modeling (SEM) and the Response Surface Method (RSM) based on twelve natural runoff

plots. Results showed that the surface runoff coefficient increased monotonically with the increase of the composite index

of topography (topographic relief× runoff path density/ surface roughness), and increased first and decreased later with the

increase of the composite index of the spatial distribution of cypress (stand density of cypress× contagion index of cypress).

To reduce surface runoff coefficient from a larger value (>0.5) to less than 0.3, two strategies of stand structure adjustment

could be adopted, including only increasing the stand density of cypress or increasing both the stand density and the contagion

index of cypress, and which strategy should be adopted depended on the initial stand density of cypress. When the initial stand

density of cypress was relatively low (<20 ind/100m2), the first step was to increase the stand density of cypress, and until

the stand density of cypress reached to a moderate level (20-50 ind/100m2), adjusting the spatial structure of cypress from

relatively regular to relatively clumped could reduce surface runoff coefficient to a greater extent.
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Abstract

Interactions between topography and the spatial distribution of cypress give rise to the spatial heterogeneity
of surface runoff on steep forested slopes in southwest China. To reduce surface runoff and improve the water
conservation capacity of cypress forests, the coupling effects of topography and the spatial distribution of
cypress on surface runoff coefficient were studied through the Structural Equation Modeling (SEM) and the
Response Surface Method (RSM) based on twelve natural runoff plots. Results showed that the surface runoff
coefficient increased monotonically with the increase of the composite index of topography (topographic
relief× runoff path density/ surface roughness), and increased first and decreased later with the increase
of the composite index of the spatial distribution of cypress (stand density of cypress× contagion index
of cypress). To reduce surface runoff coefficient from a larger value (>0.5) to less than 0.3, two strategies
of stand structure adjustment could be adopted, including only increasing the stand density of cypress or
increasing both the stand density and the contagion index of cypress, and which strategy should be adopted
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depended on the initial stand density of cypress. When the initial stand density of cypress was relatively
low (<20 ind/100m2), the first step was to increase the stand density of cypress, and until the stand density
of cypress reached to a moderate level (20-50 ind/100m2), adjusting the spatial structure of cypress from
relatively regular to relatively clumped could reduce surface runoff coefficient to a greater extent.

Key words: Spatial distribution of cypress; topography; surface runoff coefficient; SEM (Structural equation
modeling); coupling effects

1. Introduction

Surface runoff is a multi-factor combined process that happens in a complex underlying surface (Xu et al.,
2019; Maria et al., 2018; Ochoa et al., 2016). Vegetation and topography are the basic elements that make
up the underlying surface, as well as the main factors that affect surface runoff (El et al., 2013). Studies
have demonstrated that the effects of vegetation and topography on surface runoff are manifested by jointly
changing the upslope inflow of a certain slope unit, and these two factors are usually inseparable (Qin et
al., 2015). Specifically, aboveground traits of vegetation constitute the main drivers for generating hydraulic
roughness (Kervroedan et al., 2019), while the topography is the carrier for the occurrence and development
of surface runoff generation (Sabzevari and Talebi, 2019).

Regarding on vegetation, topography, and surface runoff, most studies tend to analyze the impact and
contribution of a single factor to the surface runoff process (Li et al., 2008; Bal et al., 2011; Bennett and
Bridge, 2010). Related studies have shown that the surface runoff coefficient has a negative correlation as
well as logarithmic function relationship with surface vegetation coverage, has a negative correlation as well
as power function relationship with the thickness of the litter layer, and has a positive correlation as well as
exponential function relationship with slope (Zhang et al., 2006; He et al., 2014; Duan et al., 2016). Some
scholars have also paid attention to the coupling effects of vegetation and topography on surface runoff, but
theoretical research is relatively few, mostly involved in other research topics. For example, Zhang (2018)
studied the variation process of water erosion dynamics under different vegetation spatial configuration
through indoor runoff scouring experiments and proposed that when grass strip was planted at about 80% of
the slope length, it could better exert soil and water conservation function. Cao et al. (2017) analyzed the
response of erosion and sediment yield characteristics to the interaction of slope and vegetation cover based
on the field simulation test and proposed that the effect of vegetation coverage on surface runoff gradually
weakened with the increase of slope, while the effect of slope on surface runoff gradually increased, and
finally became the dominant factor affecting soil erosion. Ren et al. (2018) explored the response of water
erosion dynamics to vegetation cover and slope allocation based on the WEPP (Water Erosion Prediction
Project) model and proposed that the increase of vegetation canopy cover could significantly reduce soil
loss and sediment yield, and the least soil loss occurred when vegetation was distributed in the lower slope
conditions.

The main purpose of the above research was to determine the optimal configuration of vegetation under
typical topography conditions. However, these studies had certain limitations in revealing the coupling effects
of vegetation and topography on surface runoff. On the one hand, most studies had adopted simulation
methods and defaulted the slope condition to a homogeneous slope, artificially setting or simplifying the
combination of vegetation and topography features, ignoring the fact that the formation of the overlapping
distribution of vegetation and topography was the result of their long-term interaction and co-evolution
(Saco and Mariano, 2013; Kim and Kupfer, 2016). On the other hand, when it came to the coupling effects
of vegetation and topography on surface runoff, most of the research objects focused on herbs or shrubs,
rarely involved the spatial distribution of tree species.

When studying the coupling effect of complex topography and the spatial distribution of tree species on
surface runoff generation, the causal relationship between multiple factors is involved. Structural equation
modeling (SEM) is a statistical method based on confirmatory factor analysis and path analysis to reveal the
structural theory of a certain phenomenon, which has advantages in simulating and verifying the complex
relationship between multiple factors and has been widely used in the environmental and ecological research.
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For example, Xi et al. (2018) built an SEM of three potential variables including terrain, stand structure,
and soil characteristics to study the multi-factor coupling relationships between typical Robinia pseudoacacia
L. and Pinus tabulaeformis Carr. mixed plantations. Hou et al. (2020) used SEM to reveal the relationships
between vegetation coverage and the reduction rate of the runoff coefficient and the reduction rate of the
sediment yield. Yang et al. (2018) used SEM to test the impacts of abiotic and biotic driving factors on
plant biomass and root/shoot ratios.

In this study, cypress forests on a steep slope in southwestern China was taken as the research object, the
SEM was used to simulate the causal relationship between the spatial distribution of cypress, topography,
and surface runoff, and the response surface method (RSM) was used to further analyze the response of
surface runoff to the spatial distribution of cypress and topography. Finally, the strategies of stand structure
adjustment were proposed to reduce surface runoff, which would provide theoretical and technical support
for the improvement of water conservation capacity of cypress forests on steep slopes in southwestern China.

2. Materials and methods

2.1. Site description

The study was carried out on a steep slope (slope angle>30deg) in Huaying County (30deg25’21”N,
106deg50’2”E), Sichuan Province, with an annual average precipitation of 1200 mm and an annual aver-
age temperature of 18 degrees Celsius. Most of the rainfall occurred between May and August, accounting
for 70% of the annual precipitation. The slope was a bedding slope and the soil was limestone yellow soil.
The vegetation conditions on the slope were composed of cypress and sparse weeds. The cypress on the slope
originated from the Grain-for-Green Project at the beginning of the 21st century. Aerial-seeding afforesta-
tion was carried out on the degraded slope. After two decades of succession of vegetation communities, the
slope had developed into an open-canopied cypress forest, with significant differences in stand density and
distribution patterns.

2.2. Experiment design

2.2.1. Runoff plot setting

Twelve runoff plots (5 mx10 m) were built at the same slope position, and the relative height difference
of each runoff plots was similar so that the influence of topography on surface runoff only depended on
the internal topographic characteristics. The basic characteristics including the stand density of cypress,
surface vegetation coverage, and the relative height difference of each runoff plot were shown in Tab.1. The
statistical results showed that the standard deviations of the surface vegetation coverage and the relative
height difference of the 12 runoff plots were 2.25% and 0.13m, respectively, which were not of the same order
of magnitude as the sample data. Therefore, the interference of surface vegetation coverage and the relative
height difference to this study could be eliminated.

2.2.2. Data collection

In each runoff plot, observation data including topography, the spatial distribution of cypress, rainfall, and
surface runoff was collected. Specifically, Real-time kinematic GPS (RTK-GPS) was used to measure topog-
raphy, while the spatial location of cypress was also determined. In the process of topographic measurement,
spatial point data was measured at 0.2m intervals, and when encountering areas with large terrain variabil-
ity, an intensive measurement was performed at 0.1m intervals. After each rainfall, the surface runoff was
measured by the water-level gauge in the runoff storage pond, and the rainfall data monitored by the small
weather station was recorded. No less than 20 rainfall and runoff data were observed during the rainy season.

2.3. Data processing

2.3.1. Determination and calculation of factors that characterize the spatial distribution of cypress

The Ripley’s K index (Ripley, 1977), the contagion index (Pommerening, 2002; Aguirre et al., 2003), and the
stand density of cypress were used to reflect the spatial distribution of cypress in each runoff plot. In this
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study, Ripley’s K index described the number of individual plants in a circle with a point as the center and r
was the radius, which was typically used to compare a given point distribution with a random distribution:
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of-topography-and-the-spatial-distribution-of-cypress-on-surface-runoff-coefficient-on-

a-steep-forested-slope-in-southwest-china

with

Ir(uij) = {

1, uij < r
0, uij > r

and 0[?]Ir(uij)[?]1 (1)

Where N is the total number of trees, and uij is the distance between i and j.

The K-function can be normalized as L-function proposed by Besag (1977):
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(2)

A positive value of L(r) indicates clustering over that spatial scale whereas a negative value indicates dis-
persion.

The contagion index Wi described the degree of regularity of the spatial distribution of the four trees nearest
to a reference tree i.Wi was based on the classification of the angles between these four neighbors. A reference
quantity was the standard angleα0, which was expected in a regular point distribution. The binary random
variable zij was determined by comparing each αj with the standard angle α0 = 90, and the contagion index
Wi was then defined as the proportion of angles αj between the four neighboring trees which were smaller
than the standard angleα0:
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with

zij = {

1, αj < α0

0, otherwise
and 0[?]Wi[?]1 (3)

Wi=0 indicates that the trees in the vicinity of the reference tree are positioned in a regular manner, whereas
Wi=1 points to an irregular or clumped distribution.

The value range and meaning of the contagion index Wi were further clarified in Fig.1. In this study, the

average of the contagion index W calculated by each standard tree was used as the comprehensive contagion
index of each runoff plot:
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a-steep-forested-slope-in-southwest-china

(4)

2.3.2. Determination and calculation of factors that characterize the topography

Topographic relief (Normark and Spiess, 1976), surface roughness (Romkens et al., 2002), surface cutting
depth (He et al., 2016), and runoff path density (Zhao and Govers, 2016) were used to describe internal
topographic characteristics of each runoff plot. The above indicators were calculated based on the measured
topography data.

Topographic relief was calculated based on change-point theory. Firstly, the average value X was calculated
according to the elevation value of 0.2m grid points {X1,X2,X3. . . Xn} in the runoff plot, and then the average
topographic relief of the runoff plot could be calculated:
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(5)

Surface roughness was calculated by the ratio of the surface area and the projected area of the runoff plot
which were extracted by 3D Analyst tool in ArcGIS:
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Where S1 is the surface area of the runoff plot, S2is the projected area of the runoff plot.

Runoff path referred to the shallow trench formed by surface runoff, while the runoff path density was the
total length of the runoff path per unit area. In this study, RTK-GPS was used to measure the runoff path,
and hydrological analysis tool in ArcGIS was used for secondary inspection:
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(7)

Where Li is the length of the i-th groove in the runoff plot, A is the area of the runoff plot.

Surface cutting depth referred to the difference between the average elevation and the minimum elevation of
a certain point on the ground. In this study, surface cutting depth was calculated with the elevation data of
each point in the neighborhood of the runoff path:
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(8)

Where Yi is the average elevation within the neighborhood of the i-th point on the bottom line of the runoff

path, Yimin is the minimum elevation of the i-th point on the bottom line of the runoff path, and m is the
point on the bottom line of all runoff paths in the runoff plot.

2.3.3. Determination of runoff characteristics

Surface runoff coefficient was used to reflect the surface runoff characteristics of each runoff plot. When
studying the coupling effects of the spatial distribution of cypress and topography on surface runoff coeffi-
cient, it was necessary to eliminate the interference of extreme rainfall events on surface runoff coefficient.
Therefore, the rainfall intensity with the most frequent occurrence in this area was taken as the standard,
and 10 groups of runoff and precipitation data with similar rainfall intensity were selected to calculate the
surface runoff coefficient:

Hosted file

image9.wmf available at https://authorea.com/users/357914/articles/480278-coupling-effects-

of-topography-and-the-spatial-distribution-of-cypress-on-surface-runoff-coefficient-on-

a-steep-forested-slope-in-southwest-china

(9)

Where Fi is the runoff yield of the i-th rainfall,Piis the precipitation of the i-th rainfall.

2.4. Research method

2.4.1. Correlation analysis

The Pearson correlation coefficient method was used to test the correlation between each influencing factor
and the surface runoff coefficient, and the influencing factors with significant differences to the surface runoff
coefficient were screened out as the basic variables for SEM model construction.

2.4.2. Structural equation modeling

The essence of SEM was a confirmatory model analysis, which used measured data to confirm the possible
causal relationships between variables. In this study, it was assumed that there was an interaction between
the spatial distribution of cypress and the topography, which together affected the surface runoff coefficient.
By constructing an SEM, the interaction between the spatial distribution of cypress and the topography, as
well as the causal relationship between the characteristic parameters and the surface runoff coefficient was
reflected.

2.4.3. Response surface method

The Response surface method (RSM) was used to analyze the response of surface runoff coefficient to the
coupling of the spatial distribution of cypress and the topography, and the functional relationship between
runoff coefficient and each factor would be identified.

3. Results

3.1. Correlation between surface runoff coefficient and the characteristic parameters of the spatial distribution
of cypress and topography

The characteristic parameters of the spatial distribution of cypress and topography in each runoff plot were
shown in Tab.2. When analyzing the coupling effects of multiple factors on surface runoff coefficient, it was
necessary to assume that every single factor had a significant correlation with the surface runoff coefficient,
so the irrelevant variables needed to be excluded in advance. Therefore, the Pearson correlation coefficient
method was used to check the correlation between each characteristic parameter and the surface runoff
coefficient, and the results were shown in Tab.3. The results of the correlation test showed that except for
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the surface cutting depth and L(d) index, other factors had significant correlations with the surface runoff
coefficient. Besides, topographic relief and runoff path density were positively correlated with the surface
runoff coefficient, while surface roughness, contagion index, and stand density of cypress were negatively
correlated with the surface runoff coefficient.

3.2. Correlation between surface runoff coefficient and the characteristic parameters of the spatial distribution
of cypress and topography

3.2.1. SEM construction

To construct an SEM to reflect the impact of the spatial distribution of cypress and topography on runoff co-
efficient, the first step was to clarify the independent and dependent variables, and the accuracy of the model
depended on the significant differences of the correlation between the independent and dependent variables.
According to Tab.3, three factors that characterizing topographical characteristics including topographic
relief, surface roughness, and runoff path density, and two factors representing the spatial distribution of
cypress including contagion index and stand density of cypress, were selected as independent variables, and
surface runoff coefficient was used as the dependent variable for SEM construction.

In the construction of SEM, the relationship chains between variables were created in the form of a path
diagram shown in Fig.2. The one-way arrow in the figure represented the effect of the independent variable
on the dependent variable, and the two-way arrow represented the interaction between independent variables.
The output results of the model included the fitness index of the model, the normalized path coefficient, and
the corresponding significant differences between variables.

3.2.2. SEM simulation results

The simulation results of the model were presented in the form of a path diagram shown in Fig.3, the
standardized path coefficients among the variables were shown in Tab.4, and the accuracy of the model was
reflected in the form of the fitness index output by the model shown in Tab.5.

From Tab.5, the fit index values of the model were all within the acceptable range, indicating that the
hypothetical structural model could simulate the coupling effects of the spatial distribution of cypress and
topography on surface runoff coefficient in this study. The simulation results of the model showed that the
five independent variables (topographic relief, surface roughness, runoff path density, contagion index, stand
density of cypress) all had a significant impact on surface runoff coefficient, and the effects were 0.245, -0.272,
0.239, -0.311, -0.134, respectively. Among the five independent variables, there are significant interactions
between stand density of cypress and surface roughness, between stand density of cypress and runoff path
density, and between contagion index and topographic relief, and the interaction coefficients were 0.773,
-0.491, -0.775, respectively.

3.3. Analysis of the coupling effects of the spatial distribution of cypress and topography on surface runoff
coefficient

According to the output of SEM, the coupling effects of the spatial distribution of cypress and topography
on surface runoff coefficient could be divided into three structures: The coupling effects of surface roughness,
runoff path density, and stand density of cypress on surface runoff coefficient; The coupling effects of contagion
index and topographic relief on surface runoff coefficient; and the coupling effects of all these five factors on
surface runoff coefficient. The Response Surface Method (RSM) was used to analyze the response of surface
runoff coefficient to each factor under three groups of structures.

3.3.1. Coupling effects of surface roughness, runoff path density and stand density of cypress on runoff
coefficient

Runoff path density and surface roughness, as characteristic parameters of topography, had opposite effects on
surface runoff coefficient. Taking the runoff path density/surface roughness as the composite index of surface
roughness-runoff path density, the constructed nonlinear regression curve of the surface runoff coefficient to
the composite index of surface roughness-runoff path density was shown in Fig.4. Fig.4 suggested that surface
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runoff coefficient had a positive correlation as well as exponential function relationship with the composite
index of surface roughness-runoff path density (R2=0.623).

The nonlinear regression curve of the surface runoff coefficient to the stand density of cypress was shown in
Fig.5. Fig.5 suggested that surface runoff coefficient had a negative correlation as well as quadratic function
relationship with the stand density of cypress (R2=0.560).

The RSM was used to further analyze the response of the surface runoff coefficient to the coupling of stand
density of cypress and the composite index of surface roughness-runoff path density. The response surface
was shown in Fig.6, and the corresponding response surface regression equation was shown in Tab.7.

As shown in Fig.6, higher surface runoff coefficient (M>0.5) corresponded to lower stand density of cypress
(T<53 ind/100m2) and higher composite index of surface roughness-runoff path density (Q>7.64), while
lower surface runoff coefficient (M<0.3) corresponded to lower composite index of surface roughness-runoff
path density (Q<6.44). According to Fig.6 and Tab.7, any value of Q in its value range always made
[?]M/[?]Q>0, indicating that the surface runoff coefficient increased with the increase of Q value, and the
increase rate gradually became flat. The surface runoff coefficient increased first and decreased later with
the increase of T value, and the critical point of trend change appeared at [?]M/[?]T=0. The critical value
of T that made [?]M/[?]T=0 decreased as the Q value gradually increased.

3.3.2. Coupling effects of contagion index and topographic relief on surface runoff coefficient

The nonlinear regression curve of the surface runoff coefficient to contagion index was shown in Fig.7. Fig.7
suggested that surface runoff coefficient had a negative correlation as well as exponential function relationship
with contagion index (R2=0.702).

The nonlinear regression curve of the surface runoff coefficient to topographic relief was shown in Fig.8. Fig.8
suggested that surface runoff coefficient had a positive correlation as well as exponential function relationship
with topographic relief (R2=0.493).

The RSM was used to further analyze the response of the surface runoff coefficient to the coupling of the
contagion index and topographic relief. The response surface was shown in Fig.9, and the corresponding
response surface regression equation was shown in Tab.9.

As shown in Fig.9, higher surface runoff coefficient (M>0.54) corresponded to lower contagion index
(W<0.43) and higher topographic relief (S>1.48), while lower surface runoff coefficient (M<0.3) corre-
sponded to higher contagion index (W>0.54). According to Fig.9 and Tab.9, any value of W in its value
range always made [?]M/[?]W<0, indicating that the surface runoff coefficient decreased with the increase
of W value. Any value of S in its value range always made [?]M/[?]S>0, indicating that the surface runoff
coefficient increased with the increase of S value.

3.3.3. Coupling effects of five factors on surface runoff coefficient

Among the factors that characterize topographic features, the effect directions of runoff path density and
topographic relief on runoff coefficient were opposite to that of surface roughness. Taking the topographic
relief *runoff path density/surface roughness as the composite index of topography, the constructed nonlinear
regression curve of the surface runoff coefficient to the composite index of topography was shown in Fig.10.
Fig.10 suggested that surface runoff coefficient had a positive correlation as well as exponential function
relationship with the composite index of topography (R2=0.717).

Among the factors that characterized the spatial distribution of cypress, the effect direction of stand density
of cypress and contagion index on runoff coefficient was the same. Taking the stand density of cypress*
contagion index as the composite index of the spatial distribution of cypress, the constructed nonlinear
regression curve of the surface runoff coefficient to the composite index of the spatial distribution of cypress
was shown in Fig.11. Fig.11 suggested that surface runoff coefficient had a negative correlation as well as
quadratic function relationship with the composite index of the spatial distribution of cypress (R2=0.565).
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The RSM was used to further analyze the response of the surface runoff coefficient to the coupling of the
composite index of the spatial distribution of cypress and the composite index of topography. The response
surface was shown in Fig.12, and the corresponding response surface regression equation and standardization
effect of arrangement diagram were shown in Tab.11 and Fig.13.

As shown in Fig.12, higher surface runoff coefficient (M>0.6) corresponded to higher composite index of
topography (U>11.4), while lower runoff coefficient (M<0.3) corresponded to lower composite index of
topography (U<9.0). According to Fig.12 and Tab.11, any value of U in its value range always made
[?]M/[?]U>0, indicating that the surface runoff coefficient increased with the increase of U value, and the
increase rate gradually became steeper. The surface runoff coefficient increased first and decreased later with
the increase of V value, and the critical point of trend change appeared at [?]M/[?]V=0. The critical value of
V that made [?]M/[?]T=0 increased as the U value gradually increased. Fig.23 further illustrated the effect
of each parameter in the regression equation on surface runoff coefficient. The parameters U and V2 had
a dominant effect on surface runoff coefficient, making the surface runoff coefficient increase monotonically
with the change of U value, and change parabolic with the increase of V value, which was consistent with the
nonlinear relationship shown in Fig.10 and Fig.11. According to Tab.11, the coefficient of VU was opposite
to the coefficient of V2, but the same as the coefficient of U, indicating that the interaction between the
spatial distribution of cypress and the topography enhanced the influence of topography on the surface runoff
coefficient, with an enhancement rate of 25.05%, and weakened the influence of the spatial distribution of
cypress on the surface runoff coefficient, with a weakening rate of 40.74%.

4. Discussion

4.1. Strategy of stand structure adjustment to reduce surface runoff coefficient and improve water conserva-
tion capacity of cypress forest

According to the water balance method referred in the Standard for Evaluation of Forest Ecosystem Service
Function (LY/T 1721-2008) and related research (Wang et al., 2013; Si et al., 2011), when the rainfall and
evapotranspiration were close, the amount of water conservation depended on the surface runoff. In this
study, every runoff plots were located on the same slope and at the same altitude, and the vegetation coverage
and the growth of cypress were basically the same, so the rainfall and evapotranspiration were basically the
same. Therefore, the smaller the surface runoff coefficient, the higher the water conservation capacity, and
reducing the surface runoff coefficient would indirectly improve the water conservation capacity of cypress
forest.

According to the coupling effects of the spatial distribution of cypress and topography on surface runoff
coefficient, through the adjustment of the stand structure, the system structure of runoff generation in
the terrain unit would be changed, thereby reducing the surface runoff coefficient and improving the water
conservation capacity of cypress forest.

The actual observations of the runoff plots showed that the surface runoff coefficient of the study area was
concentrated in the range of 0.3 to 0.4. When the surface runoff coefficient was large (M>0.5), the main
characteristics of the spatial distribution of cypress could be divided into two categories. The first type
had low stand density of cypress (T<20 ind/100m2) and regular spatial structure (W<0.5), and the second
type had moderate stand density of cypress (20 ind/100m2< T<50 ind/100m2) and regular spatial structure
(W<0.5). In both cases, the composite index of topography was relatively high (U>12). According to
the interaction coefficients between the independent variables determined by the SEM, the response of the
composite index of topography to the spatial distribution of cypress could be determined. Combining the
response regression equation of surface runoff coefficient to the composite index of the spatial distribution of
cypress and the composite index of topography, the dynamic change curve of surface runoff coefficient with
the change of the spatial distribution of cypress was constructed (Fig.14, Fig.15).

For different spatial distribution of cypress, two strategies of stand structure adjustment could be adopted
to reduce surface runoff coefficient (The designed target surface runoff coefficient was within 0.3), including
A) only increasing the stand density of cypress, or B) increasing both the stand density and the contagion

9
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index of cypress (The strategy of only increasing the contagion index of cypress shown in the figure could
not achieve the goal of reducing the surface runoff coefficient to 0.3).

In the case of low stand density and regular spatial structure of cypress (Fig.14), the surface runoff coefficient
could be reduced from 0.62 to less than 0.3 by A) increase the stand density of cypress from 14 ind/100m2 to
24 ind/100m2(corresponding to the composite index of topography reduced from 17.4 to 9.1) or B) increasing
the stand density of cypress from 14 ind/100m2 to 21 ind/100m2 and the contagion index from 0.41 to 0.56
(corresponding to the composite index of topography reduced from 17.4 to 8.0). Comparing strategy A and
strategy B in fig.24, it could be found that when the stand density of cypress was increased to the same
value, strategy B reduced the surface runoff coefficient by 4%˜6.8% higher than strategy A.

In the case of moderate stand density and regular spatial structure of cypress (Fig.15), the surface runoff
coefficient could be reduced from 0.57 to less than 0.3 by A) increase the stand density of cypress from
36 ind/100m2 to 64 ind/100m2(corresponding to the composite index of topography reduced from 12.3 to
6.0) or B) increasing the stand density of cypress from 36 ind/100m2 to 52 ind/100m2 and the contagion
index from 0.46 to 0.58 (corresponding to the composite index of topography reduced from 12.3 to 6.3).
Comparing strategy A and strategy B in fig.26, it could be found that as the stand density of cypress
increased, the difference in the reduction of surface runoff coefficient between strategy B and strategy A
gradually expanded. When the stand density of cypress increased to 55 ind/100m2, strategy B could reduce
the surface runoff coefficient by 23.9% higher than strategy A.

Comparing the reduction efficiency of the surface runoff coefficient by strategy A and strategy B under the
two cases, it could be found that when the stand density of cypress was low (T<20 ind/100m2), increasing the
contagion index of cypress on the basis of increasing the stand density of cypress to a certain index could not
significantly improve the reduction of surface runoff coefficient. However, when the stand density of cypress
was moderate (20 ind/100m2< T<50 ind/100m2), increasing the contagion index of cypress on the basis
of increasing the stand density of cypress to a certain index could greatly improve the reduction of surface
runoff coefficient. Therefore, for the strategy of stand structure adjustment in the study area, when the initial
stand density of cypress was relatively low (<20 ind/100m2), the first step was to increase the stand density
of cypress, and until the stand density of cypress reached to moderate level (20-50 ind/100m2), adjusting
the spatial structure of cypress from relatively regular to relatively clumped could reduce the surface runoff
coefficient to a greater extent.

4.2. Selection of key factors when studying the coupling effects of the spatial distribution of cypress and
topography on surface runoff coefficient using SEM

The SEM used in this study was a confirmatory model, not an exploratory model. It required the support
of theory or empirical rules to construct a hypothetical model, and the consistency of the theoretical model
and the actual observation was tested through sampled data. When using SEM to study the coupling effects
of the spatial distribution of cypress and topography on surface runoff coefficient, the theoretical basis was
that different spatial distribution of cypress were distributed in slope units with different topographical
features, which changed the system structure of runoff generation in the unit, enhanced or weakened the
water blocking capacity of the landscape system, thereby changing the distribution and intensity of surface
runoff (Slattery and Burt, 2015).

In the selection of key factors, on the one hand, it was necessary to exclude the interference of factors
other than characteristic parameters of the spatial distribution of cypress and topography. In this study,
the disturbing factors that could have an impact on surface runoff coefficient included rainfall intensity,
surface vegetation coverage, the relative height difference, etc. Therefore, in the process of experimental
design and data collation, the above disturbing factors should be controlled or explained. On the other
hand, the selected key factors should be able to fully reflect the characteristics of the spatial distribution of
cypress and topography, while having a significant impact on surface runoff coefficient. Therefore, based on a
large number of studies on the influencing factors of surface runoff, seven common independent factors were
selected, and the correlation between each factor and surface runoff coefficient was analyzed, and finally five
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factors that had significant effects on surface runoff coefficient were screened out as independent variables for
SEM construction. The theoretical model constructed therefrom had a high degree of fit and could simulate
the causal relationship and coupling mechanism among the spatial distribution of cypress, topography and
surface runoff coefficient.

5. Conclusions

The purpose of this research was to clarify the coupling effects of the spatial distribution of cypress and
topography on surface runoff coefficient and propose a strategy of stand structure adjustment to reduce
the surface runoff coefficient, and provide a theoretical basis and technical support for improving the water
conservation function of cypress forests on steep slopes in southwestern China.

Among the key indicators reflecting the characteristics of the topography and the spatial distribution of
cypress forest, topographic relief, surface roughness, runoff path density, contagion index, and stand density
of cypress, all had a significant impact on surface runoff coefficient, and the impact effects were 0.245,-
0.272, 0.239, -0.311, -0.134, respectively. Significant interactions were found between the stand density of
cypress and surface roughness, the stand density of cypress and runoff path density, and the contagion index
and topographic relief, and the interaction coefficients were 0.773, -0.491, -0.775, respectively; Under the
condition of the coupling of topography and spatial distribution of cypress, the surface runoff coefficient
increased monotonically with the increase of the composite index of topography (topographic relief*runoff
path density/surface roughness), and increased first and decreased later with the increase of the composite
index of the spatial distribution of cypress (stand density of cypress*contagion index of cypress); The inter-
action between the spatial distribution of cypress and the topography enhanced the influence of topography
on surface runoff coefficient, with an enhancement rate of 25.05%, and weakened the influence of the spatial
pattern of cypress on surface runoff coefficient, with a weakening rate of 40.74%.

To reduce the surface runoff coefficient from a larger value (>0.5) to less than 0.3, two strategies of stand
structure adjustment could be adopted, including only increasing the stand density of cypress, or increasing
both the stand density and the contagion index of cypress, and which strategy should be adopted depended
on the initial stand density of cypress. When the initial stand density of cypress was relatively low (<20
ind/100m2), the first step was to increase the stand density of cypress, and until the stand density of cypress
reached to moderate level (20-50 ind/100m2), adjusting the spatial structure of cypress from relatively regular
to relatively clumped could reduce the surface runoff coefficient to a greater extent.

In this study, the constructed SEM was highly consistent with the actual observation data and could simulate
the causal relationship as well as the coupling mechanism among the topography, the spatial pattern of
cypress, and surface runoff coefficient. The next stage of the research would be based on the SEM constructed
in this study, combined with the determination of sediment yield and ecosystem service functions to expand
the model, so that the optimal allocation for the spatial distribution of cypress was more targeted.
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