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六龜試驗林土壤深度推估及土壤深度與植生覆蓋對邊坡穩定影響 

之研究 

陸象豫[1]  吳炤緯[2]  孫銘源[3]* 

摘  要 本研究以六龜試驗林之衛星影像、DEM、DSM 等資料，萃取植生覆蓋、地形濕潤及樹冠高度等指

數，以獲取土壤深度指標 (SDI)，再推估 SDI 與實測土壤深度 (Sd) 間之關係式，進而推求試驗林全域的土壤

深度，並提出試驗林之 Sd 與 SDI 間的關係式。此外亦建立坡度與土壤深度及植被高度間的關係式，由此等關

係以及以往的研究成果推估坡面上植被與土壤層載重間的比例，藉以評估植物覆蓋對邊坡穩定之影響。結果

顯示，六龜試驗林在坡度超過 55%時，其土壤深度隨坡度增加而迅速遞減，且林冠高度在坡度 84% 以上時，

亦隨坡度增加而遞減。由於植生載重與土壤載重在絕大部分的坡面上的比率均甚低，且植生在水文及物理上

具有邊坡穩定的作用，可判定植生覆蓋對邊坡穩定的影響利大於弊。 

關鍵詞：邊坡穩定，土壤深度指標，樹冠高程模型、六龜試驗林 

Soil Depth Estimation and the Influence of Soil Depth and Vegeta-
tion Cover on Slope Stability in the Liukuei Experimental Forest 

Shiang-Yue Lu[1]  Shao-Wei Wu[2]  Ming-Yuan Sun[3]* 

 

ABSTRACT This study analyzed satellite images, a digital elevation model, and a digital surface model of the 

Liukuei Experimental Forest (LEF) to extract indices of vegetation coverage, topographic wetness, and canopy height 

for obtaining the soil depth index (SDI). Thereafter, a linear relationship was established between the SDI and the 

surveyed soil depths (Sd) to estimate the soil depths for the entire forest. Two relationships were determined: that 

between the Sd and SDI of the LEF and that of the gradient of the slope with the Sd and vegetation height. By evaluating 

the relationships and results from other studies, the proportion of vegetation loads to the soil loads was estimated to 

evaluate the influence of the higher shear stress from the vegetation. Results revealed that when the gradient of slope 

of the LEF exceeded 55%, the soil depth decreased rapidly as the gradient continued to increase, and the height of the 

forest canopy also decreased when the gradient of the slope was higher than 84%. Because the ratio of the load of 

vegetation cover to the load of soil is low on most slopes, the effects of vegetation cover on slope stability outweighed 

the disadvantages.  
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Introduction 
Soil depth plays an important role in planning of watershed 

and forestry management and it is also an important element in 

determining the use of slope land because it is closely related to 

slope stability. Deeper soils generally can provide more waters 

and nutrients for vegetation than that of shallow soils, so soil 

depth can influence the types of plants that growing on the soil. 

However, information of soil depth often requires a lot of man-

power and material resources to conduct on-site investigations 

especially in remote areas. With the advancement of remote sens-

ing and geographic information systems, it is feasible to estimate 

soil depth by using such techniques. This study used satellite im-

ages, (DEM, DSM, land use maps, and field soil survey data of 

the Liukuei Experimental Forest administrated by the Taiwan 

Forestry Research Institute (TFRI) as the basic data, and used 

geographic information system and remote sensing technologies 

to extract vegetation coverage, topographic wetness, and canopy 

height indexes of the experimental forest to obtain the soil depth 

index (SDI). We established a linear relationship between the 

SDI and the measured soil depth to estimate soil depths of the 

entire experimental forest. 

It is a subject of controversy that whether vegetative (trees, 

shrubs, and grasses) cover has the capability for slope stability. 
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Roots of vegetation can bind unconsolidated soil and this grip-

ping strength is proved having functions of reducing soil loss by 

runoff and decreasing the possibility of shallow collapse. How-

ever, the weight of plants and the torque generated by winds on 

trunk and branches are factors that may increase the shear stress 

of a slope. On the other hand, the soil depth of a slope also plays 

an important role in slope stability. Soil depth is the main factor 

that determines the height of vegetation on slope and further can 

affect the stability of a slope. Most slope failures are happened 

on slopes with deep soil layers because deeper soil layer are ap-

plied more shear stress caused by gravity due to its heavy weight 

(Lee and Ho, 2009). However, the soil layer on a steep slope is 

generally shallow and plants are low. Whether tall trees can be 

established on steep slope and therefore increasing shear stress 

to increase the possible of slope failure is also a topic of this 

study. Based on the information of estimated soil depths, gradi-

ents, and canopy height index, the relationship between the gra-

dient of slope and plant height of the LEF was established for 

evaluating the effect of vegetation cover on slope stability. Only 

the dead loads are considered in this study due to the complexity 

of stresses generated by live load which are mostly the torques 

generated by winds on trunks and branches.  

 

Materials and methods 

1. Study area 
The LEF is used for experiments in forestry, watershed 

management and ecology in Taiwan. It is a narrow strip land 

bounded by the Laonong Stream on the west and the Yushan 

Range in the east. The LEF has a total area of 9882.3 ha with 

elevations ranging 250~2600 m. Natural hardwood species cover 

more than 80% of the forestry area, and other areas (1419 ha) are 

artificial forest plantations which mainly consist of Taiwania 

(Taiwania cryptomerides), Griffith’s ash (Fraxinus formosana) 

and Taiwan zelkova (Zelkova formosana). Except for the 3 work 

stations, there are no buildings in the entire area (Fig.1). The ge-

ological formation of the LEF is mainly composed by alterna-

tions of shale, slates and phylite sequences, and most of the slope 

lands are formed by slate or phylite debris overly on a shale sub-

stratum. Landslides are often induced by heavy rainfall due to the 

fragile geological composition. In fact, there are 204 locations in 

the LEF which experienced identifiable landslides, and their total 

area is about 804.49 ha after the typhoon Morakot hit Taiwan on 

8~9 August 2009 (Lu et al., 2011). Many of those landslides ar-

eas are still bare at present because vegetation is difficult to re-

store in bare lands. Soils in the LEF are mostly <50 cm in depth 

and can be classified as clay loam mixed with a lot of fragments 

of shale and phyllite (Kou et al., 1978). The climate of the LEF 

is considerably varied due to the great relief and complex topog-

raphy. It can be classified as a hot and humid subtropical climate 

with 19.0℃ yearly average temperature and 3500 mm of annual 

rainfall. About 94% of the yearly total rainfall falls in the wet 

season from May to October and is more unevenly temporally 

distributed in the southern part of the forest. Detailed climatic 

conditions are described in Lu et al., 2000 and 2019.  

 

 
Fig.1 Land use and topographic conditions of the study 

area 

2. Materials 
Satellite imageries, DEM, DSM, soil maps (Lin et al., 1997) 

and statistics of afforestation inventory of the LEF were used as 

the basic materials of this study. Their sources, survey year, res-

olution were tabulated in Table 1.  
Table 1 Materials used in this study 

Items Source Time of survey Resolution 

DEM Ministry of the Interior (ROC) 2003-2005 5 m×5 m  

DSM Ministry of the Interior (ROC) 2003-2005 5 m×5 m 

Satellite images US Geological Survey 2008 USGS(30 m) 

Soil maps TFRI*, SWCB*,  FB* 1996-2008 1/5000 

Afforestation information TFRI 2005-2011  

Note: TFRI: Taiwan Forestry Research Institute;  
SWCB: Soil and Water Conservation Bureau;  
FB: Forestry Bureau; ROC: Republic of China 
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3. Methods 
(1) Extraction of environmental indexes 

 Normalized Difference Vegetation Index 

(NDVI) 
The NDVI can reflect the intensity of photosyn-

thesis on the surface of vegetation. Therefore, it can be 

used to evaluate the degree of vegetation cover. This 

index is based on Landsat TM (Thematic Mapper) data 

and calculated by using the characteristics of plants ab-

sorbing red light (R) for photosynthesis and reflecting 

near infrared light (NIR) as the following equation 

(Rouse et al., 1973): 

 (1) 

Where NIR is reflectance in the near infrared 

wave band and R is reflectance in the red wave band. 

Values of NDVI range from -1 to 1 and the higher 

value represents the more vigorous of plants. Values of 

NDVI among 0.6~0.8, 0.2~0.6, 0.6~0 and negative 

values are generally indicating that the land is covered 

with dense vegetation such as temperate and tropical 

rainforests, shrubs and grasslands, bare land or urban 

areas and clouds, water and snow, respectively (Cai et 

al. ,2014).  

 Topographic wetness index (TWI) 
The concept of TWI was proposed by Beven and 

Kirkby in 1979. It mainly considered that gradient of 

slope and area of upstream watershed are the main fac-

tors in determining runoff and sediment amounts of a 

watershed. If the slope is steep, the rate of runoff is fast 

and less sediment can be accumulated on the slope. On 

the contrary if the slope is gentle, the capability of soil 

cultivation and sediments accumulation is greater and 

soil layers is commonly deeper. In addition, if the area 

of upstream watershed is large, then soils and sedi-

ments transported by runoff from the upstream areas 

are generally in larger amount. The transported sedi-

ments are easily accumulated in places of gentle slope 

and therefore soil depth in these areas is generally deep. 

Formula for calculation TWI is:  

 (2) 

Where As is area of unit width in watershed and 

θ is grid slope. The calculated TWI generally ranges 

from 4.7 to 22.2 with a mean of 8.1, and the higher 

values represent the more wetness of soil (Beven and 

Kirkby, 1979). It is usually used to estimate the soil 

depth. 

 Canopy Height Model (CHM) 
Because NDVI can only represent the degree of 

vegetation coverage, woody and herbaceous plants 

have different soil-fixing capability and the photosyn-

thesis of grass is stronger, therefore it could make mis-

judgment of ground cover conditions by only using 

NDVI. Generally, trees need deeper soil to provide nu-

trients and water for its growth. Depressions, potholes, 

and slope corners usually have thick soil layers and tall 

trees are often found on those areas. The steeper slopes 

generally having thinner soil layers which will restrict 

the growth of roots and less or no tall trees can be 

found. Therefore, plant height can be used as a reason-

able adjustment factor in soil depth estimation models. 

The DEM (represents elevation of ground) and DSM 

(represents elevation of top of objects) was used to es-

timate CHM (Lin, 2018; Wu, 2020). The CHM repre-

sents the height of the trees in forested lands. It is not 

elevation value but is the height or distance between 

ground surface and top of trees. It is the subtractive 

value of DEM from DSM as:  

 (3) 

 The normalization of indicators 
The calculated NDVI, TWI and CHM have a 

wide range and may have negative values. Thus, in or-

der to judge the influence of each index for the poten-

tial soil genesis, each index should be normalized to 

balance the weight of each index in the calculation. Af-

ter normalized, values of the modified NDVI, TWI and 

CHM will be between 0 and 1 and named as mNDVI, 

mTWI and mCHM, respectively. The normalized for-

mula is as follows:   

 (4) 

(2) Calculation of the soil depth index (SDI) 

Based on the risk analysis model, this study selected 

several environmental indicators concerning soil genesis 

for estimation soil depth. The risk defined in the Intergov-

ernmental Panel on Climate Change (IPCC) Fifth Assess-

ment Report is the product of hazard, vulnerability and ex-

posure to assess the probability of an event (IPCC, 2005). 

The concept of risk is often used to describe the probabil-

ity of natural disaster. On the other hand, it can also be 

used in conservation concepts, such as return on invest-

ment and ecological conservation. In terms of hazard (ex-

ternal forces), vegetation has the function of reducing soil 

erosion and increasing soil fertilization. Geomorphologi-

cal factors can reflect the potential of soil fertilization ca-

pacity. Woody and herbaceous plants have different soil-

fixing capabilities can be corrected by canopy height. This 

study was based on the model of disaster risk by using the 

NDVI as the hazard vulnerability to represent the internal 

ability to withstand erosion, TWI as vulnerability to rep-

resent soil accumulation and CHM as exposure to correc-

tion NDVI. The SDI was used to represent the degree of 

soil development and estimate the soil depth. All of the 

three indexes must be normalized before they are used to 

estimate SDI. The SDI is defined as: 

SDI = mNDVI × mTWI × mCHM (5) 

(3) Establishment of the relationship between SDI and sur-

veyed soil depths 

In order to estimate the soil depth for the whole forest, 
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the relationship of surveyed soil depths and SDI must be 

established. Field surveys of soil depth, composition and 

texture of the LEF were made in 1996 by TFRI and FB. 

Soil depth measurement was carried out for several loca-

tions of each soil series in the LEF. Soil depth records are 

sampled data while SDI is distributed data with 30*30 m 

resolution. It is difficult to conduct the regression analysis 

for each grid. A threshold value of 50 hectare was used as 

the analysis units. In considering the topographic homo-

geneous of each analyzed unit, theory of automatic divi-

sion of watersheds (Lin et al., 2006, Lin, 2018) was 

adopted for grouped analysis unit of the LEF. In addition, 

for effectively establishing the relationship, the approach 

of binning data to fit a distribution was adopted (Virkar 

and Clauset, 2014). Soil depths were grouped into 5 

grades, i.e., 0~20, 20~40, 40~60, 60~90, and above 90 cm. 

The regression analysis then can be made between SDI 

and survey soil depths.   

(4) Establishment relationship between gradient of slope and 

soil depth and canopy height 

In order to establish the relationship between soil 

depth and gradient of slope, the LEF were partitioned into 

280 analysis units through the technique of automatic wa-

tershed division. Each analysis unit represents a slope of a 

sub-watershed. The gradient of slope was derived from 

DEM by the Spatial Analysis Tool in ArcMap (Lin et al., 

2016). Their relationship was estimated through curve fit-

ting techniques. The gradients of slope were divided into 

10 levels before exploring the relationship between gradi-

ent of slope and canopy height. Diagram of gradient and 

CHM was made and then their relationship was also made 

through curve fitting techniques.  

(5) Evaluation the effectiveness of vegetation covers for slope 

stability 

The roles of vegetation in the geomorphic system of 

forested slopes are complex. In this study only the shear 

stress induced by the biomass of trees was considered for 

evaluated the influence of vegetation on slope stability. 

Weight of forest trees was estimated by the previous stud-

ies (Lin et al., 1994; 2001) and that of soil mass was esti-

mated based on the depth and density of soil. Then 

weights of trees and soil were compared for a unit area and 

evaluate the percentage of weight of biomass to that of soil 

layers as a judgement factor for evaluating the effective-

ness of vegetation cover on slope stability. 

 

Results 

1. mNDVI, TWI, CHM and SDI indexes  
 Indexes of mNDVI, mTWI and mCHM were used to esti-

mate SDI. Based on the Landsat Thematic Mapper data, values 

of mNDVI of the LEF were calculated. Excepting roads, build-

ings and landslides areas, the other areas of the LEF are covered 

with dense forest, so values of mNDVI are close to 1 for most 

area of the LEF. In determining values of TWI the slope and area 

of upstream watersheds must be calculated by Equation (2) for 

each grid. Values of CHM were obtained by subtracting DSM 

from DEM and were tabulated in Table 2. If the ranges of CHM 

are quite wide or the CHM shows unreasonable values, they must 

be modified.  
Table 2 Distribution of values of CHM for the LEF 

Classification CHM (m) Number of grids Percentage 

1 -7.3 ~ -5.0 9 0 

2 -5.0 ~ -3.0 12 0 

3 -3.0 ~ -1.0 79 0 

4 -1.0 ~ 0.0 85,211 2.17 

5 0.0 ~ 5.0 591,760 15.09 

6 5.0 ~ 10.0 960,486 24.49 

7 10.0 ~ 15.0 873,228 22.27 

8 15.0 ~ 20.0 552,230 14.08 

9 20.0 ~ 25.0 323,352 8.24 

10 25.0 ~ 30.0 193,118 4.92 

11 30.0 ~ 35.0 116,676 2.97 

12 35.0 ~ 40.0 72,488 1.86 

13 40.0 ~ 45.0 46,584 1.19 

14 45.0~ 187.5 106,743 2.72 

Total  3,92,1976 100 

Avg 14.06   

 

The mNDVI, mTWI, mCHM and the estimated SDI for the 

LEF were shown in Fig.2 (a), (b), (c), and (d), respectively. 

Range of SDI is 0 to 1 and the higher values represent deeper soil 

depth theoretically. 

2. Relationship between canopy height and gra-
dient of slope 
Excluding the non-vegetation area, the gradient of slope 

was divided into 10 levels and the relationship between CHM 

and gradient of slope was made. Their relationships were shown 

in Fig.3. The original data showed that the CHM has a significant 

increasing trend as the slope exceeds 45˚. This unreasonable ten-

dency is possibly caused by the overestimation of CHM. If val-

ues of CHM above 30 m were excluded in analysis (about 80% 

of the overall data is retained), the relationship between CHM 

and gradient of slope showed a decreasing trend when gradient 

of slope exceeding 65˚ and the average height of canopy of the 

LEF is about 10 to 15 meters. 

3. Soil depth estimation  
    Relationship between average values of SDI and the 

surveyed soil depths for those 280 slope units were established 

by binning fit. In the establishment, the surveyed soil depths were 

divided into 5 levels (below 20 cm, 20~40 cm, 40~60 cm, 60~90 

cm, and more than 90 cm) for effectiveness analysis. Their rela-

tionship was shown in Fig.4. The vertical axis is the average soil 

depth in cm (Sd) and the horizontal axis is the average of SDI in 

dimensionless and N is the number of analysis units. The results 
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(Fig.4) showed that surveyed soil depth and SDI has a highly 

positive correlation ( =0.86, p<0.05). This relationship can be 

used to estimate soil depth in areas without field measurements. 

From the relationship of SDI and measured soil depth, soil 

depths of the whole area of the LEF can be estimated. Fig.5 

showed the distribution of SDI and estimated soil depth for each 

analysis unit of the LEF. Most sub-watersheds of the LEF have 

soil depth less than 50 cm and the deepest soil depth is about 120 

cm. 

4. Relationship between soil depth and gradient 
of slope  
The relationship between the average soil depth and gradi-

ent of slope were also explored from those 280 sub-watersheds 

analysis units. Their relationship was shown in Fig.5. The num-

ber of sub-watershed with slope less than 30% of the LEF is too 

small and most of them are buildings, roads or river terraces. The 

estimated soil depths for those sub-watersheds were considered 

mostly as shallow. Fig.6 also revealed that the deeper soil depths 

are mostly located with gradient around 60% and when the gra-

dient of slope exceeding 55% (≒28.8°), its depth decreased rap-

idly with the increase of gradient. 

This study also further analyzed the number of sub-water-

shed in each slope grade which was classified by the “Regula-

tions of soil and water conservation” promulgated in 2000 by 

COA (Council of Agriculture) of ROC as showed in Fig.7. It re-

vealed that the deepest average soil depth is located on the fifth-

grade slope (the gradient of slope ranges from 40% to 55%) with 

an average soil depth about 87 cm. When the gradient of slope 

less than 55% (grade 1 to grade 5), the soil depth is positive cor-

related with gradient otherwise the soil depth is negatively cor-

related with gradient (grade 6 and 7).

 

  

(a) mNDVI (b) mTWI 

 

(c) mCHM (d) Soil depth index, SDI 

Fig.2 The mNDVI, TWI, CHM and SDI values for the LEF 
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Fig.3 The relationship between gradient of slope and canopy height 

 
         Fig.4 Relationship between soil depth and SDI 

 

  

(a) Distribution of SDI (b) Distribution of soil depth 

Fig.5 The distribution of SDI and soil depth for the LEF 
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Fig.6 The relationship between soil depth and gradient of slope 

 
Note: grade 1: < 5%, grade 2: 5%~15%, grade 3: 15~30%, grade 4: 30%~40%, grade 5: 40%~55%, grade 6: 55%~100%, grade 7: > 100%. 
Fig.7 The average soil depth for each slope grade 

5. The influences of soil depth and vegetation 
cover on slope stability 
Soil depth is a significant parameter in slope stability anal-

ysis not only because it determines the volume of unconsolidated 

materials on slope but also because it determines the size of veg-

etation on the slope. This study indicated that soil depth is nega-

tively correlated with the gradient of slope when gradient ex-

ceeding 55% in the LEF. This phenomenon indicated that there 

is not likely to accumulate thick soil materials in steeper slope. 

In addition, there are a lot landslide areas triggered by extreme 

heavy rainfall brought by typhoon Morakot in 2009. Most slopes 

with steep slope and deeper soil layers that have high potential 

of collapse were failed. Great majority slopes of the LEF at pre-

sent have soil depth less than 50 cm after that event. The influ-

ence of soil depth on slope stability has become insignificant. 

However, soil depth combined with gradient of slope are the 

dominate factors for slope stability especially in weak geological 

formation slopes because they influence the strength of shear 

stress, pore water pressure and types and size of vegetation grow-

ing on the slope. 

Due to the relationship between height and biomass of nat-

ural hardwood forests is still lacking, we used the estimated high-

est biomass volume from previous studies to estimate the weight 

of trees per unit area. Lin et al. (1994) estimated the total biomass 

above ground of matured natural broadleaf hardwood forest in 

the Fushan experimental forest of northeastern Taiwan is about 

270 ton/ha and they also estimated the weight of coarse root bi-

omass accounts for 31% in maximum of total tree biomass (Lin 

et al., 2001; 2006). According to their estimation, the biomass 

weight of broadleaf hardwood forest is about 350 ton/ha. The es-

timated soil depth for slopes having gradient about 30~45% 

which are most likely to collapse is about 80 cm, and the average 

specific gravity of the soil is about 2.65 g/cm3, therefore the es-

timated soil weight per hectare is about 21,200 tons. The weight 

of plant accounts for only 1.65% of the soil layer on easy failure 
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slopes. This study showed that when a slope with gradient ex-

ceeds 55% (≒28.8∘), its depth decreases rapidly with the in-

creasing of the gradient, and the height of the forest canopy is 

decreased when gradient exceeds 84% (≒40.0°). Therefore, 

there are nearly no big trees on steep slope in the LEF and can be 

sure that the weight of the trees is very small in comparison with 

that of the soil layer. The increased shear stress caused by vege-

tative loads on the slope surface is considered not significant. 

This estimation did not take soil moisture into consideration. 

Generally, forest soils are relatively humid, and more than half 

of soil pores are filled by water. Therefore, in most cases, the 

ratio of weight of forest vegetation to that of soil layer weight is 

negligible.   

 

Discussions 

1. The soil depth index 
The formation of soil is mainly determined by five factors 

such as time, parent rock, climate, biology, and terrain. The par-

ent rock of the whole LEF is mainly composed of interlayer of 

shale and slate and climate of the forest can be classified as hot 

and humid subtropical climate. Therefore only biological and 

topographic differences are the main factors that influence the 

formation of soil and cause different soil depths. Microbes and 

animals are dynamic factors which are difficult to quantify 

through geographic information. The only easily quantified bio-

logical factor is vegetative indicators (NDVI). However, NDVI 

can only represent the degree of vegetation coverage and it treats 

woody and herbaceous plants as the same coverage. Due to the 

photosynthesis of grassland is as strong as that of woody plants 

but they have different soil-fixing capability and grassland is of-

ten occurred in shallow soil profile or drier areas in tropical and 

subtropical areas, it is need to make distinction and avoid mis-

judgments of their influences on soil formation. In this context, 

the canopy height index can be used as a correction factor. The 

terrain factor is mainly related to the slope. The steeper the slope, 

the higher rate of erosion and the less likely soils can be accumu-

lated. The TWI is directly related to both gradient of a slope and 

soil depth under this hypothesis. Therefore we used these three 

factors to estimate the soil depth. This approach was based on the 

concept of risk assessment and calculated the external forces and 

internal forces on the topsoil’s surface and analyzed the soil for-

mation relevant environmental indicators and then established a 

potential soil depth estimating model for the study area. The re-

sults indicated that the SDI and field surveyed soil depths have a 

good relationship. They have a significantly positive relationship 

and the correlation coefficient of determination reached 0.86. 

The good relationship also proves that using the environmental 

index of NDVI, TWI and CHM to estimate soil depth for remote 

areas is reliable and cost-effective.  

2. Sources of error in the CHM calculation 
Errors of CHM, especially unreasonably high values, may 

cause serious deviations in estimation of soil depth and should 

be revised or excluded. Generally areas of steep slope or shallow 

soil depth are not conducive to the growth of trees. Height of 

canopy in the LEF is rarely exceeded 30 m and most of the higher 

canopies are in the sheltered canyon areas. Therefore, it is rea-

sonable to consider that the unreasonable high values of CHM 

are obviously errors. It can be seen from Table 2 that grids having 

negative or over 30 m CHM values are all occurred at grids hav-

ing steep slope. This is the main sources of errors in the CHM 

calculation.   

 CHM extraction is mainly determined by factors such as 

steep of terrain, vegetation coverage and plant height. The reason 

for the negative value is that DEM is higher than DSM. It is 

mainly because the lowest point is not exactly taken the right 

point during point cloud filtering and editing. The DEM is ob-

tained through discrete point analysis, the point cloud data is also 

one of the reasons for the negative value when gridding. Usually 

this kind of error has little influence and the range is only be-

tween -1.0~0 meters which can be regarded as the allowable er-

ror. In this case, the negative value is treated as zero in this study. 

In the case of trees on top of a steep slope, the elevation of 

grids which are located at mid-slope is often taken by the eleva-

tion of canopy on top of slope rather than that the canopy on the 

mid-slope and gross error of over-estimating may happen (Fig.8). 

This study explored causes of negative CHM values and gross 

errors in steeper areas, and proposed reasonable methods for han-

dling those negative values and gross errors. 

 

 
Fig.8 Schematic diagram for explaining over-estimat-

ing of CHM in steep slope 

3. Role of vegetation in slope stability 
The role of vegetation in slope stability is a widely dis-

cussed topic. Their relationship is a complex of type of soil, rain-

fall regime, plant species, gradient of slope and aspect. 

Knowledge of vegetation influences slope stability in four major 

ways: wind throwing, soil moisture removal, loads of vegetation 

and mechanical reinforcement of roots (Schwarz et al., 2010; 

Pawlik, 2013). Wind throw may cause toppling of trees, exposes 

root plate and adjacent soil beneath the tree and even slope fail-

ure. However, root systems of forest trees are entangled with 
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each other and making their root disks quite large, so it is requir-

ing a relatively strong wind to uproot them. In addition, most of 

the trees in the forest grow very closely together, only the top of 

the canopy or the edge trees are strongly affected by wind, and 

the flexible structures and materials of branches and trunks of 

trees will not only be twisted and bent but also absorbing or dis-

sipating energy (Niklas and Spatz, 2000). Unless it is under ex-

tremely strong wind, or the original slope is destroyed by exca-

vation to form a broken edge, or infested by pests and diseases, 

it is not common for trees in forest to be uprooted. Whether trees 

are uprooted or broken, it is mainly determined by the shear 

strength of trees, soil structure, size of root disk, height and di-

ameter of trees, and crown area. In areas where strong winds are 

frequent, trees have experienced repeated winds blows during 

their growth and most of them have the ability to resist strong 

winds. 

Vegetation can remove soil moisture through transpiration. 

It is estimated that about 1% of the water absorbed by plant roots 

stays in the body of plant for various physiological processes and 

the other 99% will be discharged into the atmosphere through 

stomata by transpiration. The cumulative amount of water lost by 

transpiration is quite large. Therefore, vegetation can reduce soil 

moisture content, thereby reducing soil pore water pressure and 

slope load, and reducing the shear stress acting on the sliding 

surface. The reduction will limit buildup of soil moisture stress 

and is believed having advantages to slope stability.  

Vegetation can significantly contribute to stabilize sloping 

terrain by reinforcing the soil (Coutts, 1986). Roots of vegetation 

reinforce the soil strength through interacting with soil to pro-

duce a composite material named root plate, growing across fail-

ure planes to reduce the possibility of shallow slope collapse, 

limiting surface erosion to prevent forming rills and gullies that 

trigger landslides and anchoring the surface soil into the deeper 

layer to stabilize soil layers to improve the shear strength of the 

soil layer which containing roots. Most plant roots can secrete 

chemical substances to cement them with soil particles, which 

can improve the friction between the root and the soil interface 

(Faisal and Normaniza, 2008). No matter living or dead root sys-

tem can strengthen the permeability of the soil and not only can 

reduce surface erosion but also promote the development of soil 

aggregates and improve the soil structure. Therefore plant roots 

can effectively increase the stability of the slope by gripping the 

soil, increasing the shear strength of soil layer, and increasing the 

friction of the sliding surface. Many researches (Pawlik, 2013; 

Schmaltz et al., 2017) have shown that shallow landslides oc-

curred more frequently in logging sites or woodlands after 8 to 

10 years felling or severe pests and diseases. This phenomenon 

indicates that the root system has begun to decay during this pe-

riod, the shear resistance and friction of the root soil have been 

reduced and shallow landslides are prone to happen. 

Weight of trees and that of intercepted rain, snow or ice will 

increase the load on the slope surface, but whether it can signifi-

cantly affect the stability of a slope depends on the size and lo-

cation of trees, the gradient and water content of soil of slopes. 

Most of the forces from soil and vegetation loads will act on the 

ground surface for flat slopes and the lateral component of the 

forces is relatively small, which is conducive to slope stability. 

On steeper slopes, the lateral component of force is significant 

increasing and the shear stress exerts on sliding surface also in-

creases. Weight of soil and vegetation is a factor of instability for 

slope lands. However, the weight of the trees is minute quantity 

compared to that of the soil layers (mostly less than 10%), the 

increased shear stress of plants on the slope is generally not sig-

nificant. This estimation does not take water into consideration. 

Forest soils are commonly humid and more than half of their 

pores are filled by water. Therefore, the ratio of forest vegeta-

tion’s biomass to weight of soil layer is small and can be negli-

gible in most cases. 

In addition of the above mentioned influences, vegetation 

especially herbaceous plants may prevent erosion and shallow 

collapse by their characteristics of intercepting rainfall, restraint 

and retardation runoff and improvement infiltration capability. 

Vegetation can prevent sealing soil pores trigged by raindrops 

hitting through the interception of foliage and plant residues, re-

tard surface water by above ground litters, maintain soil porosity 

and permeability by roots and decayed residues (Pawlik, 2013). 

It is no doubt that vegetation cover can reduce soil erosion and 

indirectly reduce the possibility of the shallow collapse. The ad-

vantages outweigh the disadvantages of vegetation for slope sta-

bility, and can be confirmed that vegetation cover is the best way 

of land use for soil and water conservation.   

 

5. Conclusions 
 Information on the spatial-temporal distribution of soil 

depth is an important parameter for the planning and design for 

watershed managements. This study extracted environmental in-

dicators such as NDVI, TWI, and CHM, and used risk concepts 

to quantify the potential factors of soil genesis and establish a 

reliable soil depth estimative model. This approach was proved 

that it can be used to estimate soil depths in remote or traffic in-

convenient areas. In addition, the application of environmental 

indicators can instantly and economically examine temporal and 

spatial changes of resources on the target areas and spatial distri-

bution of soil depth in different periods.  

Soil depths in the LEF decreased rapidly with the increase 

of gradient when slope gradient exceeding 55%, and the height 

of the forest canopy also decreased with the increase of gradient 

when the gradient of slope is above 84% . This phenomenon in-

directly shows that loads of vegetation compared with soil layers 

is only a minor part of dead loads of a slope. The insignificant 

loads combined with other hydrological and physical functions 

that vegetation cover provided indicate that the impacts of vege-

tation cover on slope stability have more advantages than disad-

vantages. 
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