
Front. For. China 2007, 2(2): 119–127
DOI 10.1007/s11461-007-0020-5

RESEARCH ARTICLE

JIA Haikun, LIU Yinghui, XU Xia, WANG Kun, GAO Qiong

Simulation of soil water dynamics in a Caragana intermedia 
woodland in Huangfuchuan watershed

© Higher Education Press and Springer-Verlag 2007

Abstract As vegetation coverage increases, soil water con-
tent can decrease due to water uptake and evapotranspiration. 
At a very high level of plant density, poor growth and even 
mortality can occur due to the decrease of soil water content. 
Hence, a better understanding of the relationship between soil 
water content and the density of plants is important to design 
effective restoration projects. To study these relationships, 
we developed a soil water dynamic simulation model of 
a Caragana intermedia woodland under different slope 
gradient and slope aspect conditions in the Huangfuchuan 
watershed on the basis of the previous studies and field 
experiments. The model took into account the major process-
es that address the relationships of plants and the environ-
ment, including soil characteristics, precipitation, infiltration, 
vegetation transpiration, and soil evaporation. Daily changes 
in soil water content, transpiration, and evaporation of the 
Caragana intermedia woodland with different vegetation 
coverage, slope gradient, and slope aspect were simulated 
from 1971 to 2000. Based on the model simulations, we 
determined the functional relationships among soil water 
content, plant coverage and slope as well as the optimal plant 
density on flat slopes. We also determined the effects of slope 
gradient and slope aspect on soil water content. When slope 
gradient was less than 10°, the optimal plant density was 
sensitive to slope gradient. In the slope range from 10° to 30°, 
plant density was not sensitive to slope gradient. Therefore, 
it is important to consider planting densities on the 
hillsides with slope gradients less than 10° for reconstructing 
vegetation.

Keywords soil water dynamics, evapotranspiration 
simulation, simulation model, Caragana intermedia

1 Introduction

Soil water is the key factor that affects plant production and 
vegetation restoration in arid and semi-arid regions (Yang and 
Yu, 1992; Zhu, 1993; Cui et al., 2001). Soil water also affects 
the rainfall-runoff relationship and has significant relation-
ship with soil erosion (Jiang, 1997). Thus, soil water is con-
sidered as the key factor for land assessment (Fu, 1991; Wang 
et al., 2002). Most of the Huangfuchuan watershed is located 
in Zhunge’er of the Inner Mongolia Autonomous Region, 
which has a typical semi-arid climate and where water is the 
key limiting factor for plant growth. By now, woodland and 
grass coverage have increased remarkably after a long-term 
effective integrated management of water and soil conserva-
tion in the Huangfuchuan watershed (Miao, 1992). However, 
with the increase in plant transpiration, the contradiction 
between vegetation and water is becoming much more 
notable. Problems such as whether the present plants of the 
Huangfuchuan watershed can grow normally and how long 
they can last, what the scheme patterns of arbor, shrub, and 
grass are, and whether plant density is reasonable or not (Yang 
et al., 2002) urgently need to be solved. Many researches have 
been carried out on the relationship of water and plants, and 
other problems in the Huangfuchuan watershed (Gao et al., 
2000; Gao, 2003; Yang et al., 2002, 2003). The relationships 
between plant water consumption and soil water, rainfall, etc., 
and the optimal plant density of different plants (mostly arbor 
and shrub), were discussed through measurement of plant 
physiology characteristic, plant transpiration, and the evapo-
ration of the representative plant community. These research-
es were comprehensive and many plant water data had been 
collected. Based on these researches and field observation, 
we can study the relationship between plant and soil water 
more comprehensively and in greater detail through model 
simulation.

This paper aimed at studying the effects of different slope 
gradients and aspects, as well as different plant coverage on 
soil water content. Due to its strong adaptability and stress 
tolerance, Caragana intermedia is a good candidate plant 
for creating a soil and water conservation forest, windbreaker, 
or sand fixation forest in arid and semi-arid regions. In the 
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Huangfuchuan watershed, C. intermedia is one of the main 
plants for creating an artificial shrub with a broad distribu-
tion, which is important for soil and water conservation. 
C. intermedia was selected as the study material due to its 
significant effect. The model of the soil water dynamics of 
a C. intermedia woodland was developed. The soil water 
dynamics of the representative shrub (C. intermedia) in 
the Huangfuchuan watershed was studied through model 
simulation to discuss the relationships between vegetation 
coverage and soil water content. The study has theoretical and 
practical implications on the local ecological environment 
construction.

2 Methods

2.1 Model description

The soil water dynamics of C. intermedia woodland relates to 
the process of plant interception, rainfall infiltration, runoff, 
soil water redistribution, plant transpiration, surface evapora-
tion, etc. The model in this paper consists of four components: 
soil water process related, plant related, woodland evapo-
transpiration process related, and aspect and slope effects 
(Fig. 1).

2.1.1 Aspect and slope effects

Radiation quality and potential evapotranspiration on the 
sloping surfaces are diverse because the shadowing time and 

the range of solar radiation under different aspects and slopes 
are different. The canopy conductance of plants is influenced 
by radiation due to the impact of the photosynthetic active 
radiation on stomatal conductance. The evapotranspiration 
process of the woodland is influenced by the potential evapo-
transpiration. Rainfall intensity is influenced by the slope 
gradient. Therefore, the aspect and slope have an impact on 
soil water dynamics. Irain (cm/h) is the rainfall intensity on flat 
slopes, and Irain·cos(slp) is the rainfall intensity on the sloping 
surface where the slope gradient is slp. Solar net radiation 
Rn(asp, slp, lat, day) of different aspect and slope is a function 
of aspect (asp(°)), slope (slp), latitude (lat), and time (day). 
The calculation method for solar radiation can be found in 
(Fu et al., 1994). Photosynthetic active radiation Par(asp, slp, 
lat, day) was obtained through the research method of Zhou 
et al. (1996). Evaporation and transpiration in the model were 
obtained by computing the reference crop evapotranspiration 
(ET0) and different influence coefficients. Reference crop 
evapotranspiration was obtained through Penman-Monteith 
function (http://www.fao.org/docrep/X0490E/X0490E00.htm) 
(Richard et al., 1998).

2.1.2 Soil water process related

The process of rainfall infiltration, surface runoff and soil 
water redistribution are involved in the process of soil water 
dynamics. Rainfall infiltration and surface runoff in the 
model were simulated through exceed-infiltration runoff 
simulation. After water enters the soil, water in different soil 
layers is calculated by the Buckingham-Darcy function. The 

Fig.  1 Structure of the model of soil water dynamics of Caragana intermedia woodland
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soil hydraulic conductivity curve was obtained by means of 
fitting the soil particle size data by Rawls et al. (1982).

2.1.3 Plant related

The effect of plant on the soil water behaves in the process of 
canopy interception and plant transpiration. Leaf area index 
(LAI), root distribution and stomatal conductance are the key 
factors of the process.

Canopy interception, relating to LAI, rainfall amount, 
rainfall intensity, etc., has a close relationship with LAI and 
it increases as LAI increases (Zhang and Liang, 1995, 1996; 
Running and Coughlan, 1988). An exponential statistical 
model was adopted to compute canopy interception in the 
model (Yi et al., 1996; Liu and Kang, 1998). Leaf area index 
is an important factor of the community. Leaf area index for 
shrubs, time-varying in the growing season with one peak 
value (Lmax), is a general unimodal function of time. In the 
model, LAI is supposed to reach Lmax in the metaphase and 
anaphase of the growing season, persist to the leaf falling 
phase, and then decrease.

Transpiration is the process wherein soil water enters the 
plant through the roots driven by the water potential gradient 
and diffuses through the stoma. The stoma is the important 
control factor for transpiration on the leaf scale. The Gao 
stomatal conductance model (Gao et al., 2002) was adopted 
to simulate the dynamics of stomatal conductance. Canopy 
conductance was calculated by stomatal conductance and LAI 
when scaling from leaf to canopy (Running and Coughlan, 
1988; Liu et al., 1998).

Many scientists adopted the function gcs = Cg · LAI · gs to 
simulate the effect of instant stomatal conductance on canopy 
conductance, where Cg is the transfer parameter of average 
status. Because gcs = LAI /200 (Allen, 1986) of average 
status, we obtained C LAI g LAIg s⋅ ⋅ = / 200 and then 
deduced C gg s=1 200/( )⋅ . Hence, Cg can be obtained 
through the observed value of stomatal conductance.

2.1.4 Woodland evapotranspiration process related

Evapotranspiration, consisting of plant transpiration and 
surface evaporation, is the main output of soil water and also 
the key part of soil water simulation. Evapotranspiration 
was calculated through two phases in the model. Reference 
crop evapotranspiration was calculated first, and then actual 
evaporation and transpiration were simulated by the method 
of double crop parameter. On account of the wholly covered 
reference surface and enough water, ET0 is not stressed by 
water and not influenced by coverage and LAI. However, 
actual evapotranspiration, especially in semi-arid regions, is 
greatly influenced by water deficit, stomatal conductance, 
LAI, and coverage. Taking the effects of aerodynamic 
resistance change induced by various physiognomy (Kp full), 
LAI (Klai), coverage (Kcov), canopy conductance (Kst), and soil 
water (Kθ) into account, transpiration was calculated by

ETt = Kp full · Klai · Kcov · Kst · Kθ · ET0

The parameters of LAI and coverage can be computed 
by previous research (http://www.fao.org/docrep/X0490E/
X0490E00.htm) (Richard et al., 1998; Nouvellon et al., 
2000)

Klai = 1-exp(−0.7 LAI)

Kcov = min(1,2Cov,(Coveff)1/(1+h))

where h is the average height of the canopy, Cov is the vegeta-
tion coverage, and Coveff is the effective coverage, referring 
to the proportion of soil surface shading by plant, which is 
greater than the vegetation coverage. This reflects the effect 
caused by plant shading solar radiation on evapotranspiration. 
The other influence coefficients can be obtained by the 
function in the Appendix.

The parameter influencing evaporation was computed 
by (http://www.fao.org/docrep/X0490E/X0490E00.htm) 
(Richard et al., 1998)

Ke = min(Kr(Kp max-Kpt), CovewKp max)

where Kpt = Kp full · Klai · Kcov · Kst · Kθ, Covew is the proportion of 
the bare surface, equaling to 1-Cov in the growing season, 
and equaling to 1 in the non-growing season. Kr and Kp max are 
described in the Appendix.

2.2 Site description and experimental setup

Our field experiments were carried out in the Wufendigou 
experimental area (39°46pN, 111°7pE) of the Huangfuchuan 
watershed located in the transitional area between the Loess 
Plateau and Erdos Plateau. The area is also a part of the 
crop-pastoral zone in North China. The average elevation is 
1,100  m. Annual mean temperature and precipitation are 
7.6°C and 389.8  mm, respectively, obtained from the local 
meteorological data from 1961 to 2000. Annual pan evapora-
tion and mean air humidity are 2,002.5  mm and 53.5%, 
respectively. C. intermedia located in an aeolian sandy soil is 
the selected material for this study.

Daily meteorological data from 1971 to 2000, including 
precipitation, mean temperature, lowest temperature, highest 
temperature, mean wind speed and relative humidity, etc., 
were obtained from the Shagedu meteorological station of the 
research region. Soil characteristic data was investigated by 
cross-section method: digging one meter cross section of nine 
sites on different sloping locations in aeolian sandy soil from 
May to August in 2002. Bulk density was measured by 
the cutting ring. Soil samples were obtained to analyze the 
particle size grading and the organic content. Diurnal leaf 
stomatal conductance and net assimilation rate, together with 
microclimate variables such as leaf temperature, incident 
photon flux density and vapor pressure, were measured every 
two hours from 8:00 to 18:00 using a portable photosynthesis 
system (LI-6400, Licor, Inc., Lincoln NE, USA) in the sunny 
day of July and September, 2003. Soil water content (g/g) 
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at depths of 5–10, 20–30, 50–60, 70–80, 120–130 and 150–
160  cm near the experimental plants were measured using an 
oven-dry method at 6:00 in the morning. The root biomass of 
C. intermedia was obtained by measuring six representative 
shrubs of C. intermedia woodland located in aeolian sandy 
soil in July, 2003. Leaf area data, woodland transpiration data 
and soil water data were obtained from the studies of Yang 
et al. (2002), Gao (2003) and Jin et al. (2003).

2.3 Model parameterization and validation

2.3.1 Model parameterization 

1) Soil process concerned 
According to the experimental analysis results of the soil 

samples, soil characteristic data are presented in Table  1. 
Rainfall intensity Irain and rainfall duration Hrain were random-
ly fitted by the duration frequency distribution data from 1982 
to 1990, collected from the previous research on the experi-
mental site (Jin et al., 1992). Soil stable infiltration rate was 
fitted by previous runoff data in the study area (Miao, 1992), 
and Ifil = 6  cm/h. Soil was divided into ten layers in the 
model and the total depth was 195  cm. The thickness of the 
first layer was 15  cm because evaporation generally was 
active at this depth; the depth of each of the other layers’ was 
20  cm. Water character curve was fitted by water content and 
water potential value, which was estimated by soil sand-grain 
fraction, soil clay fraction, and soil organic fraction (Rawls 
and Brakensiek, 1985). Then, soil water characteristic curve 
was fitted by the following function

y h=− −17 4 1 43. .

where y is soil water potential (kPa), θ is soil water content 
(m3/m3). Soil hydraulic conductivity curve is fitted by soil 
particle size data using the method of Rawls et al. (1982).
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where hs is the soil saturation moisture volumetric water 
content (m3/m3), hr is the soil residual moisture volumetric 
water content (m3/m3), and Ks is the saturation hydraulic 
conductivity (cm/h).

Table 1 Soil character indexes

Character indexes Value

Sand-grain fraction 82.16%
Silt fraction  6.78%
Clay fraction 11.06%
Field moisture capacity 0.19 m3/m3

Residual moisture content 0.025 m3/m3

Saturation moisture content 0.37 m3/m3

Wilting point moisture 0.027 m3/m3

Saturated hydraulic conductivity 10 cm/h
Bulk density 1.44 g3/cm3

2) Plant process concerned
Luo et al. (2002) developed a regression relationship 

between rainfall (P) and temperature. Combing the 
C. intermedia’s leaf biomass measurement data of 1998 and 
1999 (Gao, 2003; Jin et al., 2003), we obtained the following 
function by fitting

Lmax = 0.78MI - 0.76
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where MI is humidity index, WI is warmth index which equals 
the sum of average month temperature that is higher than 
5°C in a year. According to the observation of Niu (2003), the 
leafing phase of C. intermedia in Zhuge’er Qi was around 
April 28 and the leaf falling phase was in the first ten days of 
October; In North and Northwest China, for C. intermedia, 
the daily mean temperature of the beginning date of bud 
enlargement and sap flow was 5–7°C and the daily mean 
temperature of the terminal leaf falling phase was 2–3°C; 
normally, C. intermedia turns green in April, turns yellow on 
the first ten days of October and reaches the maximal leaf 
biomass on the end days of August and the first days of 
September. Based on these phenological data, we supposed 
that the beginning of the leafing phase (t1), when bud began 
to enlarge and sap began to flow, was the time when the 
temperature of six consecutive days was higher than 6°C, and 
the end of the leaf falling phase (t4) was the time when the 
temperature of a whole week was lower than 3°C, and leaf 
area reached the maximum Lmax on September 1 (t2), and 
October 10 was the beginning of the leaf falling phase (t3).

According to the measurements (Jiang, 1997), once the 
maximal interception of shrub and grass layer in the Loess 
Plateau region is 1–4  mm. Due to the lack of measurement 
and LAI of C. intermedia was less than 3, we deduced that 
maximal interception of C. intermedia was 0.25  cm.

The root of C. intermedia distributes mostly at a depth 
of 160  cm on the basis of the root observation data (Wang, 
2004). Parameters of root distribution were fitted by the 
observed data and a, c and B50 were –1.91, 31.84 and 0.044,1 
separately. The fitting results are shown in Fig. 2.

The parameters in Gao’s stomatal conductance model 
was fitted by the measured data of Caragana intermedia’s 
physiology character and soil water content in July and 

Fig. 2 Cumulative root distributions of Caragana intermedia. 
The dashed for measured data, the real line for fitted 
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September, 2003 (data not shown). Results showed that 
gom = 4.84  mol/(m2 · s), kψ = 8.36x10–4  mol/(m2 · s · kPa), 
kαβ = 0.004,73  mol/mol, kβg = 100. The transfer parameter 
from stomatal conductance to canopy conductance was 
Cg = 0.011,8  m3/s.

3) Woodland evapotranspiration process
ET0, reference crop evapotranspiration, which refers to 

evapotranspiration of the reference surface, is defined as 
grassland with plenty of water, height is 0.12  m, surface 
resistance is 70  s/m, and albedo is 0.23. Solar declination 
angle is defined as d = 0.409  sin(2p  /365 · day-1.39). h*-hf 
in Kh represent available water for plant in soil. The value of 
h*/hf generally ranged between 0.5 and 0.8 (http://www.fao.
org/docrep/X0490E/X0490E00.htm) (Richard et al., 1998). 
We defined that h* = 0.6hf in the model. h#-hf in Kr repre-
sents the available water evaporated from top soil layer. For 
loamy sand, the available water was between 4% and 8% 
under field moisture capacity (http://www.fao.org/docrep/
X0490E/X0490E00.htm) (Richard et al., 1998). We define 
that h# = hf - 0.08 in the model.

2.3.2 Model validation

To validate the model, the data of soil water content for thirty 
years (1971–2000) were simulated with a typical C. interme-
dia woodland; the mean crown field was 213  cmx203  cm, 
the mean height was 142  cm, and the mean coverage was 0.13 
(Gao, 2003). Figures  3 and 4 show the simulated soil water 
content, the measured soil water content, the simulated 

transpiration, and the measured transpiration, in the growing 
seasons of 1998 and 1999. Measured data were obtained from 
the researches of Yang et al. (2002) and Gao (2003). The 
model simulated the dynamics of soil water and woodland 
transpiration quite well. The original value of soil water 
content did not affect the long term soil water dynamics in 
the simulation. Soil freezing, caused by low temperature, and 
snowfall were not taken into account in the model. However, 
the simulation result shows that the effect was not very 
significant.

2.4 Model application

Three hundred and twenty-eight scenarios were simulated 
including different combinations with slopes (slp) 0°, 5°, 10°, 
15°, 20°, 25°, 30°, 35°, and 40°, aspect (asp) 0° (north facing 
slope), 45°, 90° (east facing slope), 135°, and 180° (south 
facing slope), and coverage (Cov) 0.05, 0.15, 0.25, 0.35, 0.45, 
0.55, 0.65, and 0.75. Simulation time was thirty years from 
1971 to 2000. Time step was one day.

3 Results and discussion

3.1 Relationships of soil water content, coverage and slope

Figures  5 and 6 show the relationships between mean 
volumetric soil water content and slope, aspect, and coverage 
in the last ten years. When aspect was 180° (south facing 

Fig. 3 Simulated versus measured soil water content in the growing seasons of 1998–1999

Fig. 4 Simulated versus measured transpiration in the growing seasons of 1998–1999
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slope), soil water content decreased with coverage increment 
and decreased with slope gradient increment. When slope 
gradient was 30°, soil water content decreased with aspect 
increasing from north to south.

Simulation results show that soil water content decreased 
with vegetation coverage increment under all simulation 
conditions of aspect and slope. Plants can conserve soil and 
water and prevent loss. However, plants consume soil water 
at the same time. Thus, high vegetation coverage does not 
mean better condition. There should be a range of coverage at 
which plants can grow normally with appropriate soil water 
content.

made the potential evapotranspiration and photosynthetic 
active radiation decrease. Then, Kst decreased and transpira-
tion decreased as well. Finally, the soil water content 
increased. Soil water content had a peak value due to the peak 
value of solar radiation when slope gradient increased on 
the east facing slope. For the other aspects, soil water content 
changes due to the variation of radiation.

Table  2 Types of function between soil water content and slope of 
different aspect

 0° 45° 90° 135° 180°

Soil water content versus slope ↗ ↗ ∩ ∪ ↘

↗means soil water content increases with slope gradient increment; 
↘means soil water content decreases with slope gradient increment; 
∩  means there is a peak value of soil water content versus slope gradient; 
 ∪means there is a lowest value of soil water content versus slope gradient

Taking the synthetic effect of coverage, aspect and slope 
gradient on soil water into account, we deduced the function 
from simulation results and it describes the relationships of 
yearly mean soil water content, vegetation coverage and slope 
gradient of the south facing slope:

h= x + x - x

- x +

( . . .

. . )

− − − −

−

5 90 10 8 86 10 3 60 10

3 72 10 0 2940

8 4 6 3 4 2

4

C C C

C ⋅⋅ − − −

− −

( . .

. . . )

2 48 10 2 16 10

5 90 10 4 10 10 0 3793

7 4 5 3

4 2 3

x + x

- x + x +

S S

S S       R2 0 97= .

where C is vegetation coverage, S is slope gradient. We should 
take note that the value is widely different from the actual 
data when applying these functions. The value of the function 
embodies the prediction of water dynamics trend. Actual data 
must be used to correct these functions before applying 
them.

3.3 Relationships of optimal coverage, slope and aspect

Optimal coverage at the study area for artificial C. intermedia 
woodland is the result of human control, not the adaptation 
result of a natural community to climate and soil. The 
confirmation of optimal plant density can be used to optimize 
energy flow and substance cycle of the watershed, achieve 
higher ecological, economical and social benefits, and 
provide theoretical insight for water and soil conservation 
management (Yang et al., 2002). Because this paper mainly 
focused on the relationships between water and vegetation 
coverage, optimal plant density was defined as the density 
where plant can utilize the soil water to the maximum extent 
and grow normally. Previous studies on optimal plant density 
usually did not take slope and aspect into account. This study 
investigated the relationships of optimal plant density, slope 
and aspect through model simulations.

The range of the transpiration rate of C. intermedia was 
0.8–2.0  g(water)/(g(leaf dry weight) · h) through measure-
ment in the growing seasons of a wet year (1998) and dry year 
(1999) (Yang et al., 2002). Thus, in this paper, we supposed 

Fig.  5 Yearly mean soil water content versus coverage-slope 
during 1991–2000 (aspect = 180°)

Fig.  6 Mean soil water content versus coverage and aspect during 
1991–2000 (slope = 30°)

3.2 Relationships of soil water content, coverage and 
aspect 

Soil water content decreased as aspect increased from north 
to south when slope gradients were different. Relationships 
between slope gradient and soil water content under different 
aspects are given in Table  2. Vegetation coverage had no 
effect on the slope gradient-soil water content curve no matter 
whether there was an increase, decrease, single-peak, or 
single-valley of soil water content. Changes of soil water 
content were caused by different shading to solar radiation of 
different slope gradients and aspect. Solar radiation decreased 
when slope gradient increased in the north facing slope, which 
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that growth of C. intermedia was restricted when transpira-
tion rate was lower than 0.8  g(water)/(g(leaf dry weight) · h). 
In the research, soil water content of flat slopes was simulated 
by the model with plant density change from the tiptop 
(density = 100%) to a lower density of 10%. Then, mean 
transpiration rate and soil water content were computed. The 
results indicated that over a long period, plant transpiration 
was directly determined by soil water content. Vegetation 
coverage had an effect on soil water content by affecting the 
total amount of transpiration and then had an effect on tran-
spiration rate. When vegetation coverage was 40%, transpira-
tion rate was 0.8–2.0  g(water)/(g(leaf dry weight) · h) while 
soil water content was 0.053. When vegetation coverage 
was higher than 40%, transpiration rate was lower than 
0.8  g(water)/(g(leaf dry weight) · h) and plant growth was 
restricted. When vegetation coverage was lower than 40%, 
transpiration rate was in the range. In the meantime, soil 
water utilization was not the best because soil water content 
was higher than 0.053. Consequently, optimal plant density 
on flat slopes should be 40%, which matches the conclusion 
of Yang et al. (2002). Soil water content of correspondence 
was 0.053. The plant density we obtained was a mean 
theoretical value under the most ideal conditions. In practical 
situations, on account of nonhomogeneity of the circumstan-
tial condition, optimal plant density should change in a range 
around the ideal value.

Using the similar method described above, we examined 
the effect of different slope gradients and coverage. Then, we 
stated the results of transpiration and soil water content to 
calculate the combination of soil water content and coverage 
when transpiration rate was higher than 0.8  g(water)/(g(leaf 
dry weight) · h) and soil water was the least at the same time. 
This coverage was the optimal plant density of the slope gra-
dient. Thus, we obtained the relationships between optimal 
plant density and slope gradient on the south facing slope 
(Fig.  7). The relationships of the other facing slope can be 
deduced using the same method. The values we obtained were 
still under ideal conditions. In fact, optimal plant density 
should fluctuate around the curve, which only presented the 
optimal plant density’s tendency. When slope gradient was 
less than 10°, the optimal plant density was sensitive to slope 
gradient where optimal plant density changed quickly as 
slope gradient increased. In the range of 10° and 30°, optimal 
plant density changed quite gently.

4 Conclusions

This paper developed a soil water dynamic model of a C. 
intermedia woodland and determined the relationships of soil 
water content, aspect and slope gradient through model simu-
lation. Although many factors such as soil heterogeneity, 
plant growth and leaf area dynamics were not taken into 
account or were not considered comprehensively, the model 
simulated woodland water dynamics quite well through the 
validation. 1) We determined the relationships between soil 
water content and vegetation coverage where soil water con-
tent decreased as coverage increased and higher vegetation 
coverage was not better than lower coverage. 2) We deter-
mined the relationships of soil water content, aspect, and 
slope gradient. 3) We determined the functional relationships 
among soil water content, plant coverage and slope as well as 
the optimal plant density on flat slopes and then deduced the 
optimal plant density with different slope gradients. When 
slope gradient was less than 10°, the optimal plant density 
was sensitive to slope gradient. In the range form 10° to 30°, 
plant density was not sensitive to slope gradient. Therefore, 
when reconstructing vegetation, it is important to consider 
planting densities on the hillsides with slope gradients less 
than 10°. It is important that data obtained from the func-
tional relationship can be quite different from the actual data. 
Otherwise, there will be a great error if we use the function 
directly. In addition, there are still shortcomings in the paper. 
Aspect and slope have significant effects on the distribution 
of temperature and thickness of the soil layer that influence 
the process of evapotranspiration and soil water dynamics. 
The model did not consider the temperature effect and soil 
depth effect due to the complexity of the relationship between 
slope and temperature and also the lack of temperature and 
soil depth data. This influenced the precision of our results. 
The future study of this aspect should be strengthened to 
make the results more accurate and practical.
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Appendix: functions in the model

where Sin is infiltration (cm), Roff is runoff (cm), Ifil is stable 
infiltration speed (cm/h), Hrain is rainfall duration (h), Ic is 
canopy interception (cm), Irain is rainfall intensity (cm/h).

3 Water redistribution function

q K
d

dz
= -− ⋅( ) (

( )
)h

y h
1

where z is soil deepness (cm), positive under the ground, 
K(h)is soil hydraulic conductivity (cm/h).

4 Dynamics of LAI

LAI t

L t t t t t t t

L
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1 Reference crop evapotranspiration

ET
R asp slp lat day c e e r

r r
n a p s a a

s a
0

1

1
=
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+ +l

r

c
⋅

∆
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( , , , ) ( ) /

( / )

Where ET0 is reference crop evapotranspiration (m/s), l is 
latent heat of vaporization (MJ/kg), ∆ is derivative of satura-
tion vapour pressure es (kPa) versus temperature (kPa/°C), 
Rn is net solar radiation (kJ/(m2 · s)), ra is air density (kg/m3), 
cp is specific heat of humid air (kJ/(kg · °C)), ea is actual 
vapour pressure (kPa), ra is aerodynamic resistance (s/m), 
rs is canopy resistance (s/m), c is psychrometric constant 
(kJ/(kg · °C)). 

2 Infiltration and runoff

S I H I I

R I H slp S I

in fil c

off in c
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rain rain
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5 Plant interception

I I LAI

I
I Cov Rain I

c full c

c

c c ful

 

 max       

= -

=
i

max ( exp( . ))1 0 7−

⋅ ll

c fullRain Cov Rain I⋅
⎧
⎨
⎪

⎩⎪      <

where Cov is plant coverage (%), Ic full is canopy interception 
with full coverage (cm), Ic max is maximum canopy intercep-
tion (cm), Rain is rainfall amount (cm).

6 Root distribution
We improved the function on the basis of the research of (Ryel 
et al., 2002; Schennk and Robert, 2002). 

r z
z B

c
z

za
( )

/ max

=
+

+
1

1 50( )

where r(z) is proportion of root that lies above z (%), B50 is 
value of z when r(z) = 0.5 (cm), a, c are constant; zmax is the 
lowest deepness of root distribution (cm).

7 Stomatal conductance model

g
g k k P asp slp lat day

k dvps

om s ar

g

=
+ +

+
y ab

b

y ( , , , )

1

where gs is stomatal conductance to water vapor (mol/(m2 · s)), 
g0m is the maximum possible stomatal conductance at dark 
with zero soil water potential (mol/(m2 · s)), ky is the elastic 
compliance of guard cell structure (mol/(m2 · s · kPa)), ys is 
soil water potential (kPa) calculated as the sum of different 
layers’ water potential multiply root distribution, kab is the 
parameter defined as changes in stomatal conductance 
induced by unit changes in Par (mol/mol), Par is the incident 
photosynthetic active radiation (mol/(m2 · s · kPa)), Lbg is a 
parameter signifying the sensitivity of stomatal conductance 
to vapor pressure deficit (unitless), dvp is the relative vapor 
pressure deficit (kPa/kPa) calculated as VPD divided by air 
pressure.

8 Kp full

K K u RH
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p h
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where u2 is wind speed of location, 2  m above the ground 
(m/s), h is mean height of plant (m), RHmin is daily mean 
minimum relative humidity in the growing season (%).

9 Canopy conductance influence coefficient on 
transpiration

K
u

u rst
s

=
+ +

+ +
∆

∆
c

c

( . )

( . / )

1 0 34

1 0 34 100
2

2

10 Effective coverage

Cov Cov

lat lat

eff = h

=

/ sin

sin sin sin cos cos

g

g d d

 1

+

where g is mean solar azimuth angle when evapotranspiration 
is maximum, general between 11:00 to 15:00, d is solar 
declination angle, lat is latitude.

11 Soil water influence coefficient on transpiration
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13 Soil evaporation reduction coefficient
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