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ABSTRACT

This study investigates the pore water pressure and water content on a forested slope, focusing on the impact of
canopy interception across various rainfall intensities. The study was performed on slopes in the Sukajaya Sub
District of West Bogor, West Java, Indonesia, a region that encountered landslides in 2020. Soil hydraulic char-
acteristics, soil textures, saturated water content, and soil moisture content at different pressures, were assessed at
different slope locations and depths. The pore water pressure and water content change were simulated using the
one-dimensional uniform (equilibrium) finite element model of water movement using the modified Richards and
were executed with the HYDRUS 1D model across six scenarios of a combination of three rainfall events at two
initial conditions of water content, contrasting bare and vegetated slopes of Maesopsis eminii, which exhibited
35% canopy interception. Findings demonstrate that bare soil attains saturation more rapidly, resulting in elevated
pore water pressure and increased susceptibility to slope instability. Conversely, vegetated slopes have delayed
saturation owing to canopy interception, which diminishes the volume of rainfall that reaches the soil. The results
highlight the crucial function of vegetation in preserving slope stability by regulating soil water pressure and water
content, particularly during intense rainfall events. This research enhances comprehension of how vegetated areas
might reduce landslide hazards in high-rainfall environments.

Keywords: pore water pressure, canopy interception, soil hydraulic characteristics, HYDRUS 1D, slope stability,
forested slopes.

INTRODUCTION on the soil grains surrounding the soil, and when
the cavity of the water-saturated soil cavity cre-
ates positive pore water pressure. An increased

value of PWP indicates the saturation of the soil.

Soil pore water pressure (PWP) is a hydro-
static pressure generated by water contained in

the cavities between the soil grains or the gaps
between the rocks. The groundwater pressure
under the groundwater table (phreatic zone) is of
positive value, and above the groundwater table
(vadose zone) is worth negative as tension, suc-
tion, or matric pressure. When water gets into the
soil (infiltrate), the water fills the cavities of the
soil or the crevices of the rocks. It exerts pressure

As the saturation increases, the initially negative
PWP value will increase to a positive value. The
gradual increase in these values as rainfall is ap-
plied affects the strength and soil instability [Ibra-
him et al., 2013; Maturidi et al., 2021].

The PWP in the soil affects slope stability.
As PWP increases, soil strength will decrease
and the chance of slope failure will increase
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[Terzaghi, 1923; Wu et al., 1979]. Recent stud-
ies demonstrate that elevated pore water pressure
might diminish soil strength, thereby increasing
the risk of slope failure mainly triggered by rain-
water infiltration [Elfadil 2018; Tian et al., 2022]
and groundwater fluctuation [Hemid et al., 2021].
PWP also affects the water flow in the soil and
the availability of water to plants, the smaller the
soil water pressure (matric pressure increases) the
more difficult the water flows and the more diffi-
cult it is to be utilized by plants [Couvreur et al.,
2014; Kharel et al., 2023].

The relationship between soil moisture content
(¢) and PWP, matric pressure () is commonly de-
scribed in the form of a soil water retention curve
(SWRQ). It is influenced by soil hydraulics proper-
ties that reflect the structure of the soil porous sys-
tem, which consists of pores of different geometry,
size [Jabro and Stevens, 2022], and connectivity
[Dexter, 1988; Kuti’lek and Nielsen, 1994]. These
properties also reflect soil texture, surface and sub-
surface compactness, soil biota, salinity and sodic-
ity, surface crust and sealing, and soil temperature
[El-Ghany et al., 2010; Dlapa et al., 2020]. The na-
ture of soil hydraulics also affects the function of
soil hydraulic conductivity (K) [Brook and Corey,
1964; Mualem, 1976] against ¢ - 0 [ Van Genucht-
en, 1980; Kosugi, 1996].

The soil hydraulics properties related to
SWRC and K vary by space and time [Hendrickx
et al., 2023; Proteau et al., 2023]. Forested soils
show large spatial variations of SWRC and K
[Bonell, 1993; Buttle and House, 1997]. Large
spatial variation is due to the large number of
macropores in forested soils due to faunal activ-
ity and high root density [Noguchi et al., 1997,
Proteau et al., 2023]. The presence of macropores
in soil causes the spatial distribution of soil pore
radius to vary greatly in forest soil [Kosugi, 1996;
Kosugi, 1997]. In forested soils, matric pressure
is positively correlated with the median pore radi-
us, generally small at the top and top of the slope
and larger at the middle and foot of the slope, but
at the top surface of the slope, the matric pressure
is greater than the subsurface, which is thought to
be due to the formation of a good crumb structure
in the surface layer of forested soil [Hendrayan-
to et al., 2000; Guan et al., 2023]. Saturated soil
hydraulic conductivity is generally small at the
top and top of the slope, and larger at the middle
and foot of the slope, The amount of saturated hy-
draulic conductivity is related to the magnitude of
matric pressure [Hendrayanto et al., 1999].
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The nature of soil hydraulics properties, es-
pecially in the surface soil layer, can change due
to land use activities [Yu et al., 2015; Agbai and
Kosuowei 2022], including changes in forest type
[Virano-Riquelme et al., 2022], plant type, the in-
tensity of change [Asdak et al., 1998; Moricz et
al., 2012], and land management [Podhrazské et
al., 2021]. Land use also affects the net rainfall that
reaches the surface of mineral soils [Dietz et al.,
2016] through the process of interception [Sidle
and Ziegler, 2017; Zhong et al., 2020]. The magni-
tude of interception varies depending on vegetation
characteristics [Gonzalez-Ollauri and Mickovski,
2017; Suryatmojo and Imron, 2017]. Type vegeta-
tion also affects the special distribution of net rain-
fall reaching the mineral soils [Prado Hernandez
et al., 2023; Li et al., 2023]. Rashid et al., [2015]
show that stemflow rates of oil palm are much
higher than the throughfall rates, causing much
higher local infiltration rates near the trees stem ar-
eas than in areas away from the trees. The stream-
flow-induced water produces litter marks that can
be used for area infiltration estimation [Rashid and
Askari, 2014]. The aerial part of a 10-year-old wil-
low intercepted rainfall up to 26.73% and further
concentrated around the stem at 10.78% [Gonza-
lez-Ollauri and Mickovski, 2017].

The results of the research explained above
show that the amount of precipitation intercepted
by vegetation, and the nature of soil hydraulics
vary according to space and time so that the rain-
fall-vegetation-soil interaction and the interaction
response of these three factors to PWP are site-spe-
cific. Research on pore water changes as a result
of rainfall, land use, and hydraulics properties in
areas that have experienced landslides has not been
widely conducted, while knowledge about changes
in PWP due to rainfall intensity and duration in an
area, especially on forested slopes is needed in ex-
plaining the occurrence of landslides in the region.
This study aims to analyze the changes in soil PWP
on slopes as the effect of canopy interception in re-
sponse to different rainfall intensities in areas that
have experienced landslides.

METHODOLOGY

Research site

The research was carried out on bare hill
slopes, and vegetated hill slopes of Maesopsis
eminii stands in Sukajaya Sub District, Bogor
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District, West Java Province, Indonesia (Fig. 1).
Sukajaya sub-district was the area that experi-
enced a landslide on January 1, 2020.

Changes in pore water pressure analysis

The pore water pressure (PWP) change was
simulated using the one-dimensional uniform
(equilibrium) finite element model of water move-
ment using the modified Richards Equation 1. The
air phase is considered to have a negligible impact
on the liquid flow process, and thermal gradients
do not affect water flow [Simunek et al., 2013].

%=;—Z[K(¢)(Z—Z+Cosa)]+5 (1)
where: ¢ represents the water pressure head
[cm], 8 denotes the volumetric water con-
tent (cm®/cm?®), t signifies time (day), z
indicates soil depth (cm), S refers to the
sink term (cm®/cm?®/day), a describes the
slope flow direction relative to the verti-
cal axis (where a = 0° corresponds to ver-
tical flow, 90° to horizontal flow, and 0° <
a < 90° to inclined flow), and K(¢) is the
function of unsaturated hydraulic conduc-
tivity (cm/day) as defined by Equation 2:

where: Kr signifies the relative hydraulic conduc-
tivity and Ks indicates the saturated hy-
draulic conductivity (cm/day).

The unsaturated soil hydraulic properties, (o)
and K(o), in Equation 1 utilize the soil-hydraulic
functions proposed by van Genuchten [1980], who
employed Mualem [1976] statistical pore-size dis-
tribution model to derive a predictive equation for
the unsaturated hydraulic conductivity function
based on soil water retention parameters. Van Ge-
nuchten [1980] presented the equations for &(¢)
and K(o) are given by (Equation 3 and Equation 4).

056,

0(p)=1" t g @ <0 €©))
0,020
K@) =KSi1-1-5/™M7 @
where:
m=1-1/n,n>1 (5)

The three of five independent parameters of
Or, 0s, and Ks used the measure values of the sam-
ples, while the values of a and n used the result
of fitting model of Equation 3 and measured soil
water retention curve. The parameter | (pore con-

K(p,2) = Ks(z) Kr(¢,2) (2) nectivity) in Equation 4 is estimated to be about
106°28'0°E 100'?01 llO’Ol'O'E 120'?0‘5 130'?0'5 140'?0'5
7 V’\@ e . . "
. - 3
R A ¥ §. 2
2 \}M‘\ » 975:} 1";\’«-‘ .él‘fm\. g
\&@» \-ﬁ,{j’--.a.}?,?-;wﬂ oy
VN [ 4 ' {
e Y Y
" 24 _,g
INDONE SIA e

6°36'0"S
|

T
6°30'0"S

[N N (N N NN (NN (NN NN Y TN Y (NN Y (N NN N N TN N N T |

BANTEN B‘,’&"f
PROVINCE ] I
e
WEST JAVA } N »
PROVINCE %" =
2
L o
2 e
- "%
X /' .
\"*!w.“" L g RN
T T LA S e e e e p e T
. 106°200°E 106°300°E 106°500°E
P Legend
Sampling Location E Landslides Quatemary Lithology Period
s @ Site {7 Boundary of City andRegency [l Neogene Lithology Period
Kilomeers ” PREEN .
0o 5 10 20 30 40 — ERT Lines {__.] Boundary of Province

Figure 1. Location of electrical resistivity tomography (ERT) and interception measurement
[Fata et al., 2021; Fata et al 2023]
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0.5 [Mualem, 1976] as an average for many soils.
The Se is effective saturation.

The fitting parameter used the non-linear least
squares method, where the best fitting values are
when the residual sum squares were minimum.
The optimization procedure used solver com-
mands in Microsoft Excel software [Anlauf,
2014]. The numerical solving equations used the
HYDRUS 1D program [Térnik and Igaz, 2020] in
HYDRUS 1D package software 4.17.

Soil profile, initial, and boundary conditions

The soil profile as flow domain in each point
of simulation (in the crest, middle, and foot
slopes) is set similarly to the field condition,
where the solum (z) is 600 cm (ERT Survey, Fata
et al., 2021], consists of two layers (1% layer is <
50 cm and the 2" is > 50-600 cm). Soil hydraulic
properties (fs, Os, Ks) of each layer are set as
equal to the laboratory soil sample analysis, and
optimized parameters of a and n of van Genu-
chten [1980] soil-hydraulic model.

The system-dependent type boundary condi-
tion is set, where the soil surface is exposed to
atmospheric conditions (atmospheric boundary
condition with surface runoff) and deep drain-
age at the bottom. The initial condition (IC) is set
equal to the 6 at pF1, and pF2 at the surface of
each layer (at the surface and -50 cm depth), and
Os at the bottom.

The rainfall as the input for simulation water
flow applied measured and simulated daily rain-
fall to figure the rainfall when no landslides and
landslides occurred in the location area, that was
200 mm/day. The rainfall simulation important to
model the rainfall threshold for landslide suscep-
tibility analysis [Salee et al., 2022].

Simulation of pore water pressure changes
scenario

Six scenarios were applied under defined soil
profile, initial and boundary conditions, those are
LUI-RF1, LUI-RF2, LU1-RF3, LU2-RF1, LU2-
RF2, LU2-RF3 scenarios (Table 1), where:

LUI1 and LU2 are LUI is bare land with no
canopy interception and LU2 is Land with 35%
canopy interception (Maesopsis eminii stand)
[Fata et al., 2023].

RF1, RF2, and RF3 are three different seven
days of consecutive daily rainfalls that were se-
lected from measured daily rainfalls. The amounts
of 7 day rainfalls were > 200 mm as indicated
in Table 1. The RF1, RF2, and RF3 scenarios
used 7 days of cumulative rainfall > 200 mm/day
and were based on the intensity of rainfall at the
time of a major landslide occurrence at the study
site. The rainfall of 200 mm/day at the time the
landslide occurred was preceded by a lower rain-
fall intensity of <200 mm/day.

RESULTS AND DISCUSSION

Soil hydraulic properties

Soil hydraulic properties based on laboratory
measurements of soil samples taken from crest,
middle, and foot slopes at surface layer (1) and
lower layer (I1) are presented in Table 2 and Table
3. The optimized parameters of the Van Genu-
chten model are presented in Table 4.

Graphically, the soil-water retention of the
Van Genuchten model is presented in Figure 2,
and the function of unsaturated hydraulic conduc-
tivity and soil-water retention (¢) is presented in
Figure 3.

Table 1. LU-RF Scenarios in soil pore water pressure change simulations

LU1 LU2
Days RF1 (mm) RF2 (mm) RF3 (mm) RF1 (mm) RF2 (mm) RF3 (mm)
Day 1 9.5 121.0 14.8 9.5 121.0 14.8
Day 2 25.0 95.6 11.2 25.0 95.6 11.2
Day 3 121.0 0.0 13.8 121.0 0.0 13.8
Day 4 95.6 21.0 21.0 95.6 21.0 21.0
Day 5 0.0 20.0 46.6 0.0 20.0 46.6
Day 6 21.0 0.0 8.4 21.0 0.0 8.4
Day 7 20.0 7.4 88.1 20.0 7.4 88.1
Cumulative 7 days Rainfall (mm) 282.6 265.0 203.9 282.6 265.0 203.9

Note: LU is land use and RF is rainfall.
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Table 2. Physical soil properties at crest, middle, and foot slopes at the soil surface (I, 0-50 cm) and lower surface

(11, > 51 cm)
Parameter Unit Crest Middle Foot
| 11 | 11 | 1l

a. Soil texture

Sand (%) 4.6 8.6 3.8 2.94 5.1 6.2
Silt (%) 46.2 30.8 28.1 29.89 14.4 32.3
Clay (%) 49.2 60.6 68.1 67.2 80.6 61.5
b.  Bulk density (g/ce) 0.66 0.63 0.68 0.69 0.70 0.76
c. Porosity (%) 66.0 70.2 65.6 67.1 64.3 63.6
d. Saturated water content (gs) (%) 64.7 68.8 64.3 65.8 63.0 62.3

Table 3. Soil water retention and water content at crest, middle, and foot slopes at soil surface (I, 0-50 cm) and

lower surface (11, > 50 cm)

Crest Middle Foot
Retention (pF) | I | I | | I
Water Content (%)
54.60 63.85 57.80 62.00 50.30 54.80
50.15 55.95 49.70 50.60 45.00 48.80
2.4 45.40 49.15 41.55 45.85 39.20 45.00
4.2 22.50 22.65 23.85 23.95 21.75 23.10
Table 4. Optimized van Genuchten model parameters
. Crest Middle Foot
Parameter Unit
1l | 1] 1l
Uopearved (cm3em?) 0.66 0.702 0.6565 0.6710 0.6425 0.6355
qas (cm3/cm?) 0.66 0.702 0.6565 0.6710 0.6425 0.6355
qr (cm3/cm?) 0.2250 0.2265 0.2385 0.2395 0.2175 0.2310
a (1/em) 0.0345 0.0088 0.0239 0.0151 0.1321 0.0221
n - 1.6388 2.0169 1.8335 1.9026 1.5415 1.7277
m - 0.3898 0.5042 0.4546 0.4744 0.3513 0.4212
Ks (cm/day) 131.40 100.92 133.56 112.32 94.92 171.84
0,201 0570 s -_— Crest I
RSS between the observed and E— \\\ ====-CrestII
~ model is a range of 0.0029— B ——MiddleI
= 0.0089. W = ==-Middle II
P Foot I
£ 055 1 0,55 1 Y T
<
=
L
=
S
5 0,40 0,40 A
<
=
0,25 T T 0,25 T T T T
5000 10000 15000 1 10 100 1000 10000
@) Retention (- ¢, cmH,0) (b) Retention (- ¢, cmH,0)

Figure 2. Soil-water retention curves of van Genuchten model: a) linear scale, b) logarithmic scale

125



Journal of Ecological Engineering 2025, 26(1), 121-136

70.0 1
Crest I
60.0 A - = = CrestII
50.0 - ——Middle I
. = = = Middle II
S 40.0 1 Foot I
§ 30‘0 e = —FOOI H
5= |
=
= 20.0
10.0
0.0

1 10

100 1000 10000

Retention (- ¢, cmH,0); logaritmic scale

Figure 3. Unsaturated hydraulic conductivity (K) and retention (j) of the Van Genuchten model

The soil texture of the slope is silt-clay to
clay, where the clay content is increased to foot
direction and deeper layer. The bulk density also
has a similar trend, which is higher in the foot
slope direction and deeper layer, while the poros-
ity tends to decrease in the foot slope direction
and lower layers. The 6s relate to the soil porosity,
that is higher porosity has higher 6s.

Figure 2 shows that the 6 at the same reten-
tion is higher at lower soil layers and lower to foot
slope direction, and at the retention of around -100
cmH,O (pF2), the @ at surface layers of Crest and
lower layer of foot slope are almost the same. The 6
changes from near saturation (pF1) to field capacity
(at pF2) are Middle | > Middle Il > Crest | > Foot |
> Foot Il > Crest I, and the 0 change from field ca-
pacity to wilting point (pF4.2) are Crest |1 > Middle
I > Middle Il > Foot Il > Foot Il > Crest | > Foot Il.

Those soil € and retention relations cause
the K(¢) to be higher in lower layers (> 50 c¢cm)
means that the unsaturated hydraulic conductiv-
ity of lower layers is higher than surface layers
(< 50 cm) as shown in Figure 3. The K(p) at the
same layers of Crest > Middle > Foot Slopes ex-
cept for Foot Slope I is > Middle 1. The differ-
ences between K(o) at the surface and lower lay-
ers are higher at low ¢ and become smaller when
¢ becomes higher. The highest difference occurs
in the Foot Slope, while the smallest difference
occurs in the Crest Slope.

Pore water pressure changes

Pore water pressure change in bare land slope

The PWP and & changes on the bare land slope
at the crest, middle, and foot slope as their response
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to rainfall (RF1) when the initial condition (IC) is
set up as ¢ at pF1 (10 cm H,O) are presented in
Figure 4. The black solid line shows the IC.

Applying low rainfall intensity in the 1% and
2" days of 9,5 and 25 mm/day respectively de-
creases the 0 and increases PWP (higher negative
pressure) at the surface layers (0 to -150 cm depth)
of Crest, Middle, and Foot Slopes. The decreas-
ing of # on the 1% and 2™ days at surface layers
of Crest and Foot Slopes are higher than Middle
Slope, and smaller at deeper layers up to -150 cm.
The PWP and @ changes in the surface layers of
the foot slope are less compared to the PWP and 6
changes in the crest and middle slopes. The PWP
and 6 at layers -200 cm and deeper have already
reached saturation conditions (PWP = 0) on the
1t and 2" days. The 6 continuing increase as the
rainfall intensity increases on the 3 and 4" days,
PWHP is closer to zero, and the surface layers of
the Crest and Middle Slopes reach near saturation
conditions on the 4th. However, the surface layers
at Foot Slopes do not reach saturation conditions
until 7 days of simulation.

The PWP and 4 at layer -50 cm on the 1% and
2" days were relatively constant (do not change,
equal to IC). With the rain continuing, on the 3rd
day and the next days, in the layer of -150 cm
and deeper, it has reached saturation. In contrast,
the soil saturation reaching the soil surface only
occurs on the 4™ day and afterward, except in the
Foot Slope, the soil saturation only reaches the
-150 cm layer, not reaching the soil surface.

When the rainfall intensities are higher on the
1stand 2" days at 121.0 and 95.6 mm/day respec-
tively (RF2), the temporal and vertical distribu-
tion of PWP and @ changes are different as shown
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Figure 4. Temporal and vertical distribution of (a) pore water pressure, and (b) water content at bare land slope
with initial condition of water content at pF1 and rainfall of RF1

in Figure 5. The saturated condition at surface
layers of 0 to -50 cm is reached faster on the 2
day at the Crest Slope and the Middle Slope. In
contrast, at the foot slope, the saturated condition
just reached at -120 cm layer on the same day,
and saturation condition at layers up to -50 cm
was reached on the 5" day.

Low daily rainfall of < 50 mm during 6 days
of consecutive rainfall, and 88.1 mm on the 7" day
(cumulative 7 days rain = 203.1 mm; RF3), do not
cause saturation conditions at surface layers as
shown in Figure 6. Saturation conditions only reach
the depth up to -50 cm of the Crest and Middle
Slopes and up to -150 cm depth in the Foot Slope.

Dryer IC of ¢ at pF2 (100 cmH,O) the rain-
fall of RF1 and RF2 do not cause saturation con-
ditions at surface layers (> -50 cm). The satura-
tion condition only reaches deeper layers of <
-200 cm (up to 200 cm below soil surface) and
up to 250 cm below layers, when rainfall is RF3
as shown in Figures 7-9.

The changes of PWP and 6 of surface and
deeper layers at the Crest, Middle, and Foot Slopes
relate to the characteristics of soil water retention
6(p) and unsaturated hydraulic conductivity K(p).

The K(gp) is higher at surface layers than deeper
layers at pF1 and higher than the rainfall inten-
sity on the 1% and 2" days. The infiltration rate
at surface layers is higher than rainfall intensity.
The rainfall intensity of 9,5 and 25 mm/day is
less than K(¢) of > 50 mm/day. The rainfall is not
enough to increase the soil moisture content in
the surface layers, even rain and initial soil mois-
ture content are infiltrated into the deeper layers
causing the soil moisture content at surface layers
to decrease, smaller than the initial soil moisture
content. The intensity of daily rainfall of > 120
cm had more effect on the change in PWP and 6
than to the cumulative 7 days rainfall of 203 mm.

Pore water pressure change on forested land slope

The direct effect of canopy interception of
the Maesopsis eminii forests is to reduce the
amount of rainfall that reaches the mineral soil
surface by 35% [Fata et al., 2023]. Reductions in
the amount of rainfall by 35% affect the time at
which soil saturation conditions are achieved, as
presented in Figure 10-15. Figures 10-15 show
the temporal and vertical changes of PWP and soil
water content as the effect of canopy interception
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Figure 11. Temporal and vertical distribution of (a) pore water pressure, and (b) water content at vegetated slope
of Maesopsis eminii with initial condition pF1 and rainfall of RF2
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Figure 13. Temporal and vertical distribution of (a) pore water pressure, and (b) water content at vegetated slope
of Maesopsis eminii with initial condition pF2 and rainfall of RF1
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Figure 14. Temporal and vertical distribution of (a) pore water pressure, and (b) water content at vegetated slope
of Maesopsis eminii with initial condition pF2 and rainfall of RF2
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Figure 15. Temporal and vertical distribution of (a) pore water pressure, and (b) water content at the vegetated
slope of Maesopsis eminii with initial condition pF2 and rainfall of RF3

of Maessopsis eminii forest when the (1C) was set
up at moist (near saturation) and field capacity
conditions (@ at pF1 and pF2) at soil surface and
layer =50 cm as shown by black solid lines. The
IC and soil hydraulic properties are the same as
those on the bare land slopes.

When the RF1 is reduced by canopy intercep-
tion of Maessopsis eminii forests (Fig. 10), the sur-
face layer never reaches saturation condition, and
deeper layers reach saturation condition slower
than in the bare land slope. The same condition of
PWP and & changes also occur when the rainfall in-
tensities are increased in the 1% and 2™ days (RF2),
those are the surface layers that do not reach satura-
tion condition. However, the decreasing PWP and
increasing & in the upper layers are faster than when
the rainfall intensity on the 1%t and 2" days is lower
(Fig. 12). When the rain intensity was low on the 1%
to 6™ days (< 50 mm/s) and the rain intensity was
high (> 50 mm/day) on the 7" day (RF2), the PWP
and 6 change were little on the 1% to 6" days and
relatively larger on the 7" day (Fig. 13). Dryer IC
of @ at pF2 the soil surface never reaches the satura-
tion condition even though the rainfall intensities
are high (RF3) as shown in Figure 13-15.

Based on the results of RF1 to RF2 simula-
tions on IC and @ near saturation (pF1) and field
capacity (pF2), the effect of tree vegetation can-
opy interception (Maesopsis eminii) of 35% rain-
fall on PWP and @ changes is very significant. The
PWP and @ at the soil surface did not reach satu-
ration conditions, while in the condition of bare
soils, PWP and @ at the soil surface reached satu-
ration in the rainfall events RF1, RF2, and RF3.
The lower change of PWP in forested slope is also
shown by the research of Guo et al. [2024], that
the PWP in a forested slope can be up to 1.5 times
lower than in a bare slope.

The percentage of rainfall that is intercepted
by the tree canopy varies greatly. In temperate
forests, canopy interceptions range from 20% to
30% globally, with specific studies showing co-
nifer species intercepting 51.6% to 95.9% of pre-
cipitation, while broadleaf species capture 20.1%
to 67.7% [De Mello et al., 2024; Fischer et al.,
2023]. Deciduous forests in Denmark showed an
interception loss of 35%, while coniferous forests
had a higher interception loss of 51% [Andreasen
et al., 2023], and Pinus tabulaeformis plantations
in China exhibited a canopy interception rate of
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14.7% to 17.9% [Qian et al., 2022]. In tropical
natural forests, the interception could reach 53%
of rainfall [Diet et al., 2006].

The variation in canopy interception is influ-
enced not only by the vegetation canopy’s charac-
teristics, but also by rain events, and rain events
also affect the behavior of PWP and 6 changes
as shown in Figures 10-15. Guo et al. [2024]
research shows that the plant efficiently inhibits
rainwater penetration and maintains slope stabil-
ity during short periods of 4 hrs of high rainfall.
However, for lengthy periods of 168 hrs of rain-
fall, the plant’s hydrological advantage on slope
stability may be insufficient. The mechanical
strengthening of the root can still be useful in re-
taining slope stability.

The changes in PWP and 6 in vegetated soils
are influenced by various factors: rain that reach-
es the surface of mineral soils as the effect of can-
opy interception and root systems. Root systems
significantly affect PWP by altering water perme-
ability. Root water uptake influences the PWP,
suggesting that an increase in root volume will el-
evate the (negative) PWP, which is shown by the
ratio of transpiration rate to saturated hydraulic
conductivity. The negative pressure potential due
to root water absorption increases as the total wa-
ter permeability under the plant layer decreases
[Liu et al., 2018].

CONCLUSIONS

Rainfall events and soil hydraulics properties
of soil profiles influence the behavior of PWP and
6 changes on bare and forested slopes. The soil
hydraulic properties of surface layers that cause
K(g) to be greater than K(p) in the lower layers
result in PWP increase and decrease ¢ in both the
initial conditions of water content () at near satu-
ration (pF1) and field capacity (pF2), including
when there is rainfall with an intensity less than
K(p), and K(¢p) of deeper soil layers decreases in
line with the 6 increasing. The 0 increasing from
the lower to the upper layers continues as rain oc-
curs continuously. The 4 could reach saturation in
a soil profile of 6 m depth when the soil is bare.
In contrast, when Maesopsis eminii covers the
soil stand with the capacity of canopy intercep-
tion of 35% of precipitation, the & never reaches
saturation condition at the surface layers within 7
days of rainfall events with the rainfall intensity
is less 121 mm/d and total 282.6 mm/7 days. Low
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rainfall intensity on the 1% to 6" days (< 50 mm/s)
and followed the high rainfall intensity (> 50 mm/
day) on the 7" day (RF2), the PWP and 6 change
were little on the 1 to 6 days and relatively larg-
er on the 7" day.
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