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Abstract: A SVAT model (CoupModel) was used to
simulate water balance from two forest stands and one
arable stand throughout growing season (from May to
October) in 2008 and 2009. Measurements included soil
moisture and the collection of precipitation, canopy
throughfall and stem flow. Simulated soil moisture agreed
well with daily FDR-measurements and the R* was 0.73—
0.91, namely CoupModel had good validation in this
region. Results showed that the total evapotranspiration
from May to the end of October was estimated to be 824
mm, 815 mm and 790 mm for oak (Lithocarpus glaber),
Chinese fir (Cunninghamia lanceolata) and maize (Zea
mays), respectively. Deep percolation (or water recharge)
declined from approximately 352 mm in maize arable land
to 271 mm for oak and 297 mm for Chinese fir forest,
mainly due to differences in the interception loss.
Compared with the arable land, simulated interception was
increased by 87% for oak and 70% for Chinese fir (88 mm
to 114 mm) forest. The simulations indicated that tree
species also influenced the magnitude of water balance
components in SVAT system, calling for further attention
on the selection of tree species in future afforestation,
particularly when such projects aiming to keep water
infiltrating to the groundwater zone.

Keywords: Afforestation; the Three Gorges Reservoir
area (TGRA); oak; Chinese fir; maize; evapotranspiration;
deep percolation

INTRODUCTION

The Three Gorges Dam is one of the largest
hydroelectric scheme in the world. With the construction of
this huge project, human’s interference and destruction
inevitably impacted the natural ecosystem of the Three
Gorges Reservoir area (TGRA) [1]. Influenced by the
climatic change, the expansion of inundated area, as well
as the migration project, vegetation degradation and floods
and droughts in this region were becoming more and more
serious. TGRA was a typical case in terms of the
complexity of the natural environment and the fragility of
ecosystems in China [1]. Since 1989, the Chinese Central
Government enacted a series of policies, such as the
Natural Forest Protection Project and the Shelter—Forest
Construction Project in the Upstream and Midstream of the
Yangtze River, and much effort was made on vegetation
restoration to reduce soil and water loss, protect the water
source and withstand natural disasters. Benefit from these
policies, much of the inefficiently cultivated land (especially
slope lands) was converted to forest in this region. B?/
2000, afforested areas had reached 6.74 million hm?,
forest coverage rate had changed to 25% from 19.9%, and
the soil erosion area had been reduced by 42% [2]. Most
studies are limited to the effect of afforestation on runoff or
sediment, nevertheless, quantitative analyses on water
balance and water consumption after afforestation also
can provide important information on vegetation restoration
or forests managements in TGRA.
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Traditionally, the components of water balance,
especially soil evaporation and transpiration, are
technically complicated and associated with uncertainty in
measurement procedure under field conditions. One way
to quantify the constituents of water balance in forest
ecosystems is to use water transfer models based on soil,
vegetation, and atmosphere characteristics (SVAT
models). The CoupModel is a process—based SVAT model
for simulating thermal and hydrological processes and the
corresponding biological processes that regulate carbon
and nitrogen transfer in the soil-plant—-atmosphere system
[3]. Recently, Ladekarl et al. [4], Christiansen et al. [5],
Schmidt-Walter and Lamersdorf [6] all used CoupModel to
calculate water balance among different ecosystems. In
China, applications of CoupModel have mainly
concentrated in the northern area. For example, Zhang et
al. [7] used CoupModel to assess the effects of wheat
straw mulch and fallow crops on water balance and water
use efficiency in the Loess Plateau. Wang et al. [8]
investigated two types of planted vegetation (Liaodong oak
and black locust forest), modelled water transfer with
CoupModel, and studied the importance of vegetation type
and slope in relation to water balance in the hill and gully
region of the Loess Plateau. Wu et al. [9] and Zhou et al
[10] explored the hydrological processes of frozen soil in
the northeast China and Tibetan Plateau through
CoupModel. However, CoupModel has rarely been applied
in TGRA.

As a part of vegetation restoration projects, we
conducted this research to determine the difference in
water balance components among three vegetation
patterns, namely, oak (Lithocarpus glaber) forest, Chinese
fir (Cunninghamia lanceolata) forest, and maize (Zea
mays) farmland, and to assess changes in water balance
and water consumption after the afforestation of arable
land from May to October in 2008 and 2009.

MATERIAL AND METHOD
Study site

The study site is located in Simian Mountain in
southwestern China (N 2831'-2846', E 106°17'-106° 30'),
upstream of the Yangtze River. This region is also at the
upper end of TGRA, a typical case in terms of the
complexity of the natural environment and the fragility of
ecosystems in China [1]. Simian Mountain is located in a
subtropical area and has a continental monsoon climate,
with plenty of rainfalls. The elevation ranges from 900 m to
1500 m above sea level. The mean annual air temperature
was 18.4 C, varying seasonally from approximately 5.5 C
in January to more than 37.5 € in August [2]. The mean
annual precipitation was 1096.7 mm (1951-2008) and was
normally concentrated from May to September. The
experiment was carried out from May to October in 2008
and 2009.

Two forest plots and one farmland plot were
investigated in the Shuanggiaoxi watersheds. The first
forest stand comprised oak (Lithocarpus glaber) with an
average tree height of 12 m and a mean stem diameter at
breast height of 14 cm (in 2008). The second forest stand
comprised Chinese fir (Cunninghamia. lanceolata), with an
average tree height of 14 m and a mean stem diameter at
breast height of 10.2 cm (in 2008). The two stands were
planted in the 1980s to form shelter woods to control soil
and water loss and stand density was approximately 1000
trees/ha. The third plot, located on conventionally
managed farmland, was planted with maize (Zea mays)
from May to September. The two forest stands were
converted from arable land many years before the
experiments. During the experimental period, all plots
received no fertilization or irrigation, and no natural
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compensation of groundwater resources was observed
because of the deep water table. According to the
international texture classification system, the three plots
displayed similar soil textural characteristics (i.e., sandy
loam). Basic information on the experimental plots is
presented in Figure 1 and Table 1.
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Tablel/ #1
Basic information of standard land of experimental plots
. . . Canopy Tree .
\Vegetation| Elevation |Gradient Age of . Density | Coverage . .
type [m] [ Aspect trees hTrl]g]ht I[?;E:]-' [Plant-ha 4 [%] Main vegetation
Lithocarpus glaber
Oak 1167 5 sw 20 12.0 14 1000 g0 | Sehima superba gardn champ
icriopteris chinensis
Pteridium aquilinum
Cunninghamia lanceolata
Chinese fir| 1178 6 sw 20 14.0 10.2 1000 75 Pinus massoniana
Lespedeza bicolor
Aster ageratoides
Maize 1165 3 Sw - 1.2 - - 85 Zea mays
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Field data
(1) Meteorological variable

Hourly meteorological data, including precipitation, global
relative
humidity, were recorded by an automatic weather station

radiation, air temperature, wind speed, and

INMATEH — ticultural ineeti
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Vantage PRO2 (Davis Instruments Corp., USA) positioned

at a clear-cut area 600 m from the farmland experimental
field. Measurements were taken at a height of 2 m.

Sensors were factory-calibrated before installation.
(2) Measurement of soil moisture content (SMC)

Soil volumetric water content (6) was measured by
2000,
Australia). Before the experiment, nine PVC probes (three

frequency domain reflectometry (FDR; Diviner
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samples in each plot) were vertically installed in mineral

soil after the removal of the O-horizon (if present). Daily
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readings of soil moisture content (SMC) were recorded at

20 cm depth intervals from the surface down to 80 cm from
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May to October in 2008 and 2009. The FDR sensors were

calibrated in the field by the comparison of measured soil
water gravimetric content in all replicate plots during the

experimental period.
(3) Throughfall and stemflow measurement

Throughfall (TF) was collected in three plastic buckets
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beneath three standard trees in forest stands with an area

of 314 cm? and water was gathered in measuring
cylinders after rainfall. Filters were placed over the top of
the containers to avoid contamination of the sample by
leaves and animals [5]. Stemflow (SF) was collected
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through a longitudinally split PVC tube around the trunks of

three separate trees at a 1.5 m height in each stand and
sealed with silicone along the trunk to avoid water running
beneath the tube. The tube bottom was connected to a
closed bucket on the ground [5,8] After the rainfall, canopy
interception capacity was calculated by precipitation (P)

minus TF and SF.
(4) Vegetation properties
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Vegetation characteristics, such as leaf area index

(LAI), canopy height, and vertical root distributions, were
surveyed for use as model input. LAl was measured with a
LAI-2000 Plant Canopy Analyzer (LICOR, Lincoln, USA)
once a month in the growing seasons of 2008 and 2009
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with at least 10 adjacent plants on each occasion. In the

three plots, 10 plants were chosen as standards, and their
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heights were surveyed with a measuring rod once a month

during growing season. Root depth was investigated by
profile, and this procedure was

excavating the soil
repeated once a month in growing seasons.
(5) Collection of soil samples and laboratory analyses

Volume-intact soil samples were taken through steel
cylinders (100 cm®) [5] at 20 cm depth intervals to a depth
of 80 cm in May 2008. Within each horizon, three
replicates were taken to eliminate soil heterogeneity. The

soil samples were kept cold and dark until analyzed. Soi
physical characteristics were determined in the laboratory
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The particle size of the soil samples was analyzed by the
hydrometer method, and saturated hydraulic conductivity
(mm/d) was measured by the constant hydraulic head
method [8]. In addition, parameters in the Brooks—Corey
equation [11] were estimated according to measured
points of pF curves by a pressure membrane apparatus
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(1500F1, Soil Moisture Corp., USA). Soil parameter values

in CoupModel were mainly derived from measurements in
required calibration during

laboratory,
simulation.

(6) Surface runoff

Runoff plots were established to measure surface
runoff beside every stand. The size of each runoff plot
was 5 m x 20 m. At the bottom of the runoff plots, iron
runoff buckets were installed to collect runoff. The size of
the runoff buckets, 80 cm in diameter and 100 cm in

but they also
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height, was designed according to the hydrological data
derived from the Jiangjin meteorological station. After
each runoff event, the water level in the runoff buckets
was measured to calculate runoff volume [8]. Since the
topography was flat, no surface runoff was found during
the experimental period.

Model description

Two coupled differential equations for water and heat
flow represent the core of the CoupModel. These
equations are solved using an explicit numerical method.
The basic assumptions behind these equations are that
the law of mass and energy conservation is observed and
that flows occur as a result of water potential (Darcy’s
Law) or temperature gradients (Fourier's Law) [3]. Soil
texture and water retention curves are used as model
inputs, while the Brooks—Corey equation [11] is applied to
describe soil water retention, in combination with the
Mualem equation [12] to estimate unsaturated hydraulic
conductivity. A detailed technical description of the model
was given by literature[3] and software can be found at
http://www.lwr.kth.se/Vara%20Datorprogram/CoupModel.
The important plant and soil water modules used in this
study are described below.

(1) Water balance

Water balance over a period of time can be expressed
as follows:

P=1+E,

where:
P is precipitation [mm], | is interception [mm], E is plant
transpiration [mm], Es is soil evaporation [mm], D is deep
percolation [mm], AS is the change in soil water storage
[mm], and gsurt is surface runoff [mml].

(2) Soil water flux

Soil water flow is the sum of matrix, vapour, and
bypass flow which is assumed to obey Darcy's law as
generalized for unsaturated flow by Richards (Richards,
1931) [13]:

o
q, = _kw( P)

Where:
qw is water flux, kw is the unsaturated hydraulic

conductivity,  is the water tension, Z is depth [m], Cy is
the concentration of vapour in soil air [g:m®], Dy is the
diffusion coefficient for vapour in the soil (dimensionless),
and Qoypss IS a bypass flow of water in the macro-pores
[mm].

(3) Interception

Interception rate (I) is calculated by a threshold
function:

| - min(P(l— fy), Sima

where: P is precipitation [mm], finq is the fraction of
precipitation that reaches the soil surface directly without
being affected by vegetation (dimensionless), Simax iS
interception capacity [mm], and S; (t-1) is interception
storage remaining from the previous time step [mm].

+E,+D +AS+ 0y,

v
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z
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(4) Soil evaporation

In CoupModel, the actual evapotranspiration can be
divided into three parts: evaporation of intercepted water
in the canopy, evaporation from the soil surface and
transpiration from plants. Soil evaporation (Es) is based
on the Penman combination equation [14]:

A
LE—(

Rnc B qh) + pacp(es
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where:
LvEs is latent heat from the sonl surface Rnc is net
radiation at the sonl surface [J-m2-day™], gn |s heat flux to
the soil [J-m?.day™]; pa |s air density [kg-m?], ¢, is the
heat capacity of air [J-kg"-C™], ea is the actual vapour
pressure in the air [Pa], es is the vapour pressure at the
son surface [Pa], ras is the aerodynamic resistance [s- m'
1, rss is the surface resistance at the soil surface [s-m™],
A is the slope of the curve of saturated vapour pressure
against temperature [Pa-T™], and y is the psychrometer
constant [Pa-T ™.

(5) Actual transpiration

The potential transpiration, Eyp, is also calculated from
Penman combination equation [14], and the water uptake
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between the soil layers on the basis of root distribution. - mm
Actual transpiration, E:, which accounts for drought, HBELSZ BT 5. i e nsen, mFaCits.
oversaturation, and temperature effects, is calculated
according to:
E - E + fumov( E:a) (5)
0
E, = E,J min(f (v (2)), f (z(2)) f (T (2))r (2)dz ©
E:P = max(O, Etp - Eia /erat) (7)
where: X S
Ew is actual transpiration [mm], E. IS transpiration A
without considering water uptake [mm], fumov is the Ew 52 R 25 i B [mm], Eia A Fe MR K (1) 25 e B
degree of compensatory water uptake (dimensionless), . o o .
Epx is potential transpiration minus intercepted (mm], fumov WARRBKAMZLEHEMN), B A ZRAT
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is evaporation of intercepted water [mm], and e is the
ratio between potential evaporation rate from interception
storage and potential transpiration (dimensionless).

(6) Deep percolation

In this region, the lower boundary of the simulated soil
profile is unsaturated since the deep groundwater tables,
and the vertical flow (D) is calculated by function:

where: D is deep percolation [mm] and kwow is hydraulic
conductivity in the lowest soil layer [mm].

(7) Runoff

If the precipitation reaching the soil surface exceeds
the infiltration capacity, a pool of water is formed on the
soil surface. The surface runoff (gsurf) is calculated as:

IR (T EN).
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qsurf = asurf (WpOOI

where:

asurf IS an empirical coefficient (0.8, dimensionless), Wyool
is the total amount of water in the surface pool [mm] and
Wpmax iS the maximum amount of water that can be
stored on the soil surface without any surface runoff
occurring [mm].

Model settings and parameters calibration

The simulation ran from May to October in 2008 and
2009. Input variables included precipitation, global
radiation, air temperature, wind speed, and relative
humidity, with daily outputs of soil moisture and water
balance components produced.

In CoupModel, upper and lower boundary conditions
were defined as flux boundaries, with the upper boundary
accounting for precipitation. As a lower boundary
condition, unit gradient gravitational water flow was set
up, representing groundwater recharge in this study.
Capillary rise and lateral runoff were disregarded. Soil
physical and hydraulic properties were measured on the
basis of observed values in the laboratory, and air entry
tension, saturated water content, wilting point, and
residual water content (parameters in the Brooks—Corey
equation) were calculated by measurements of pF
curves.

In this study, the farmland vegetation canopy was
represented by a single leaf concept, whereas for the
forest plots, two layers, namely, the tree layer and the
understory, were used. Thus, the switch of multiple big
leaves was chosen. The most important vegetation
characteristics used in the simulations were LAI, tree
height, and root distribution, which were measured in the
field. Water uptake was defined as a pressure head
approach, calculated on the basis of response functions
for water content and soil temperature [3]. For forest
lands, the start of the growing season (and the
corresponding water uptake) was defined by a trigging
temperature approach; growing season began when the
day length exceeded 10 h and the accumulated
temperature was above 9.8 C, and ended when the day
length became less than 10 h according to
meteorological observations [5]. However, for farmland,
growing season started in May and ended in September.

We used soil moisture (0-80 cm) and throughfall as
validation variables in the simulations. Based on field
measurements and relevant literature, several
parameters were calibrated to achieve satisfactory
agreement between the simulated and measured values.
All parameter values used to adjust the CoupModel are
presented in Table 2.
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Table 2/ #2
Parameters adjusted in the simulations
Parameter Symbol Oak Chinese fir Maize Source
Alt met station [m] €levmet 1165 1165 1165 Measurement
Alt sim position [m] Clevsin 1167 1178 1165 Measurement
Slope E-W [m-m™] Px 0.59 0.63 0.67 Measurement
Slope N-S [m-m™] py -0.12 -0.08 -0.11 Measurement
Airtemp mean [T] Tamean 19 19 19 Measurement
Max LA [m?m?] A 45 4.0 4.0 Measurement
Canopy height [m] Hp 12.0 14.0 15 Measurement
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Parameter Symbol Oak Chinese fir Maize Source

Root depth [m] Zerr 12 1.3 0.5 Measurement
Latitude [] Clait 28.51 28.51 28.51 Measurement
Albedo wet [%] Awet 15 15 15 Reference [7]
Albedo dry [%] Agry 25 25 25 Reference [3]
Plant albedo [%)] Aveg 10 13 15 Reference [8]
Light extinction coefficient K 0.5 0.5 0.5 Reference [7]
ThScaleLog - Xnf 0.4 0.4 0.4 Reference [7]
Organic layer thickness [m] AZhumus 0.08 0.05 0 Measurement
Dvap tortuosity dvap 0.66 0.66 0.66 Reference [8]

: Calibrated
Water capacity base [mm] Simax 2.3 2.3 0.5 Reference [15]
Water capacity per LA [mm-m?| i 0.25 0.25 0.15 Reference [6],

LAl ' : ' Calibrated

Cond VPD [Pa] Ovpd 450 450 200 Calibrated
ol Reference [16]

Cond MAX [m-s™] Omax 0.005 0.005 0.020 Calibrated
Flexibility degree fumov 0.9 0.6 0.6 Reference [8]

Crit threshold dry [cm] We 1500 1000 1000 Calibrated

Root frac exp tail Ifrac 0.1 0.05 0.02 Calibrated

PsiRs-1p Iy 150 150 100 Calibrated

Ra increase with LA [s-m’l] lalai 60 60 50 Calibrated

Statistical analyses HEST

To evaluate the performance of the model, the indices e . .
used in this stL[:dy were R? the coefficient of RFYERM (Determination Coefficient, R®) . ¥

determination of the linear regression between simulated iRZ (Mean Error, ME) . #7Hi%%  (Root Mean
and measured values, the mean error of the model ME,

and the root mean square error of the model RMSE [5, 7- Square Error, RMSE) [5, 7-9] XIS VAT VEMY,
9]. These indices were calculated according to the A s

following equation: REAEAE

ME - 215(S-M)) (10)
ni=1
RM SE - [%%(Si _M )2 1)

where: S; and M; are the values at the ith observation e SONEIMERME; Mo SIS IIIME; nREAS S EL
and n is the number of observations.

RESULTS AND DISCUSSION B ERHp
Model validation P TR 4 5

Soil moisture is a prime environment variable related
to land surface climatology, hydrology, and ecology [4]. ENBEEWAE TR —, K ZAMERSE. K
Variations in soil moisture strongly affect surface energy,
water dynamics, and vegetation productivity (actual crop LHAESREN[4], HEB SRR E. RN
yield). In addition, changes in soil moisture are also
directly connected to evapotranspiration (ET) because A" IEREAMK. ot PR AREE AT 1-2m &
this process is usually related to moisture in the upper 1 o e .
m to 2 m of the soil profile, at which depth moisture can ~ [ZRIIR T, RO B LRGSR HEAMC (6],

easily evaporate or be extracted by plant roots [6]. In . e T
short, soil moisture is usually an important validation BRI W R SCES BHU D — A AR 2T AL

variable in hydro-ecological simulations. N N N
The timey series o% measured and simulated soil B2 RS I 3P 151020, 20-404140-80  cm

moisture at depths of 0—20 cm, 20—-40 cm, and 40-80 cm J_i,'ﬁﬂ(éj\ﬂ/‘]iﬂ%};)tg’f'ta i EF‘%!':H; 3/I\T¥ﬂﬁj_i%é7k%%€
for the three plots are shown in Fig. 2. The temporal

variation of soil moisture is similar for the three stands, B =AY, SRR, BES (6-81) &
showing a distinct trend with the highest values during
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summer (especially from June to August). This trend is
consistent with that of precipitation events. Compared
with the variability of soil moisture at the 40-80 cm layer,
that at the depth of 0—20 cm is significant, with direct and
rapid changes as reactions to rainfall. In the entire soil
profile (O cm to 80 cm), the average soil moisture ranged
as follows: oak forest (10.22%) < Chinese fir forest
(10.88%) < maize farmland (12.36%).
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Fig. 2 - Daily simulated and observed soil moisture

As can be seen from Fig. 2, wider margin of variation
between simulated and measured values mainly appeared
in the following two circumstances: firstly, a few simulated
values were lower than measured values after the rainfall,
namely they failed to indicate extreme values. Secondly, a
few simulations became higher than measured values in
the dry season (e.g. late September). This was probably
in relation to soil water movement equation that applied in
the model, Darcy's law and Richards equation, assumed soil
as homogeneous medium [4], thus they cannot exactly
reflect and explain dynamic change process of water flow
in the heterogeneous soil (e.g. the preferential flow).

Validation results showed the desired conformity
between the simulated and measured data (Fig. 2 and
Table 3). The coefficient of determination for the linear
regression (RZ) between the observed and simulated soil
moisture in the entire soil profile (0 cm to 80 cm) was

91

20T AR, BEEME S S0 R 22 5 I B 2 2
RAETHRELR: S—, BERIRLAS, B SE (e i
i, RAERRN HIELO e B =, AR R
T, BRGS0 i (o) o XAl RE G REA
NI 3K s s 5 Fi s 5%, Darcy &4t Richards’y
TRHB S 1l 35 B BR[4], ASRE ST R ORIAE R AR /K
SR L NSRBI

HH P21 3TT L, AR BASADUA 55 S AT B K —

Bk, #AFIM L (0-80cm) ,  AERFRIHRE RET



Vol. 42, No. 1/2014

0.83-0.91 (p<0.001) for oak forest but slightly lower for
Chinese fir forest (0.8-0.85) and farmland (0.73-0.87).
Generally, R? is useful for describing the difference
between the simulated and observed dynamics of
variables with cyclic fluctuations. In this study, R® is
above 0.73 for all plots, indicating that CoupModel well
simulates soil moisture. ME and RMSE reflect the
deviation between the simulated values and measured
values and thus facilitate the depiction of the irregular
patterns of variables for soil moisture changes in
response to infiltration events and drying processes. For
the three plots, ME is -0.83%-1.79%, with RMSE of
0.46%-2.81%. We deduce that the deviation was small
between the simulated and measure values, indicating
that the model effectively captured the dynamic changes
in soil moisture and that the simulation results were
reliable. Compared with soil moisture, simulated throughfall
had disappointing measurements, with R? of only 0.62—
0.69, possibly because of the small number of samples.

INMATEH — ticultural ineeti

(R® 3 0.8-0.91 (p<0.001) , TiASAMAIL MY B
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0.46%-2.81%,

Table 3/ %3

Validation of simulated results

Vegetation type Oak

Chinese fir Maize

ME | RMSE |Average

ool | oo | e | M| R

Variable |Depth| R?

RMSE |Average
[90] [%0]

ME | RMSE |Average|
[90] (%] [%0]

0—20|0.83| 1.79% | 2.81% | 7.79% | 320 | 0.8

1.52% |2.11%

8.56% | 320 |0.73| 0.49% | 0.46% | 9.27% | 229

Soil

moisture [20—40/0.84| 0.39%

1.41%

10.36% | 320 {0.85| 0.83% | 1.48%| 11.06% | 320 [0.85(-0.83%| 1.41% |12.11%| 229

40—80/0.91|-0.02% | 1.38%

12.51% | 320 {0.83| 0.26% | 1.22%| 13.03% | 320 [0.87 (-0.12% | 1.89% |15.71%| 229

[Throughfall - 10.72{1.37mm{2.51mm - 34 10.69(1.92mm|3.2mm - 34 - - - - -

Simulated water balance components

Simulated monthly outputs of interception (I),
transpiration (Eiw), soil evaporation (Es), and deep
percolation (D) were illustrated in Fig. 3 and Fig. 4.
Similar to the seasonal variation in the soil moisture, a
clear pattern can be seen in the monthly sums of the
water balance components of the study plots. For the
whole simulation period, evapotranspiration (ET), the
sum of |, Ewa , and Es , gradually increased in May and
reached the highest values (118 mm to 128 mm) in June
and August. Afterward, it was then reduced by cold
weather with low rainfall. In this study, evapotranspiration
was main output of water balance with the percentage up
to 91%, and it was ranked as follows: oak forest (824
mm) > Chinese fir forest (815 cm) > farmland (790 mm).

Interception and transpiration generally showed the
same temporal variation in the two forest stand and the
values in oak stand were higher in most cases.

In 2008, interception increased from 34 mm in May,
fluctuated between 36 mm and 51 mm through June—
September, then declined and reached the minimum (19
mm) in October. For the Chinese fir stand, the maximum
and minimum values of interception were 47 mm and 16
mm, which were lower than that from oak. Compared with
forest stand, the farmland exhibited the lowest
interception loss, accounting for 17% of the precipitation
and equaled 121 mm, while it was respectively 232 mm
(32%) and 209 mm (29%) for oak and Chinese fir forest.
Similar to interception, transpiration from the oak stand
was also biggest, equaled 203 mm and constituted 28%
of precipitation in 2008. From June to August, the
transpiration was at a maximum (36 =57 mm per month),
then it reduced to the minimum (20 mm) in October. The
difference was not huge between simulated transpiration
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in three plots, in Chinese fir forest and farmland, it was 2 e e b T 2 e -
22 mm and 43 mm lower than oak, while this value was Ko PARHRBHRBRILERHA 22 mmAl 43

23 mm and 111 mm for interception (Fig. 2 and Table 4).  mm, M#EEEZ WWZEEAIES T 23 mmAl 111 mm
In contrast to the seasonal fluctuations of | and E,, soil . g e T L A

evaporation (Es) remained relatively constant (8 mm to (E2fIFA) o SBE R H P TAALAN, g
32 mm every month) throughout the growing season and A A) R A A HE S, SEEhTE N H 8 mmZ#|32
presented a modest rise in October. For farmland, soil . e , o -
evaporation was 144 mm and constituted 20% of MM, JFAEIOM SHLERIA LTb. 420084 152K

precipitation in 2008, which was significantly higher than # 144mm, W 20%, & bk A
that of oak (11% of P) and Chinese fir (13% of P) stand. R P HERTRERG20%, | G TR A
M, TR BRI 119%R113% .
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Fig. 3 - Simulated monthly water fluxes for three plots

Unlike the gentle fluctuation of evapotranspiration . HyE R AR AV ASIE] . 5 TR AR (3
(ET), deep percolation (D) always abruptly changed A BT MWAIAA AR, SER S (I

(maximum of 200 mm per month) with rainstorm events %% /4:20084:6)]. 20094E6-8)}1) , ®EBiE (D) W

(mainly in June 2008 and between June and August e 1 e s f ] . ;
2009). In 2009, 438 mm deep percolation /drainage  *+ 1 KME, HEURAMCECN, Bl £15£1200 mm/

formed in the farmland, more than 45% of the gross H. L2009 WM, feth iR isid e h438 mm, ik
precipitation. Corresponding to farmland, the oak and ) )

Chinese fir forest plots presented lower deep percolation, I T I fr45%. AN, AHRARAZ AMILEAT
accounting for only 36% and 39% of the precipitation. We N R B N5 380 o R

can deduce that forest significantly reduced the deep WHGRIZZIEE, J2 136%RI39%, HILHZEEH

percolation. BTG B 5
m 300 [0
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Fig. 4 - Simulated monthly deep percolation for three plots
Effect of afforestation on water balance BN K E- R
Table 4 showed simulated water balance among three I ‘ .
plots from May to October in 2008 and 2009. It indicated 4 4%y 2008 fil 2009 F 5-10 FIMM 3 AFEHKEL F

that a shift from cropland to forest would lead to an BRI, SR, AR RS, E R
increase in canopy interception (I) while a reduction in - - )

deep percolation (D) (or groundwater recharge). First, N HIFEZBER (U FKHLEE SEb. H
annual interception increased (88 mm to 114 mm, 67%— N e A By A
92% of P) after afforestation (Table 4). Compared with ~ + HIZA4TT W, ARG & 88-114 mm - (il

crops, trees had a large leaf area in our study sites, TR 67%-02%) . LRIEMALL, MABGE JHH
implying high canopy capacity for interception storage
and a low amount of precipitation directly reaching the AR, R EAA T K EAKE, W EEEREHN %5

ground [6]. Moreover, forests support great biomass with N , N
long growing periods as undergrowth, and thus facilitate BB [6]. S35k, BRMRSERH A AR T A 2 toxd

canopy interception [8]. Second, a 51 mm to 85 mm
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(14%—-25% of P) reduction in annual deep percolation
was estimated after afforestation. The probable reason
was that most precipitation in forestlands was absorbed
by the soil surface and rapidly diffused by evaporation or
transpiration after afforestation, thereby decreasing
infiltration depth and soil water content below the
infiltration depth [5]. Therefore, on sites with low plant
available soil water capacity and with roots that have no
access to the water table, a change in land use from
cropland to forest may negatively affect groundwater
recharge. The simulations also indicated that tree
species influenced the magnitude of water balance
components in SVAT system. Compared with Chinese fir
of the same age, oak had the highest interception and
lowest deep percolation, that mainly because of the
higher water consumption of oak.
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Table 4/ &4
Simulated water balance from May to October
Year Plot P ET | [mm] Etwa[Mmm] Es [mm] D [mm] AS/ £
[mm] | [mm] (% of P) (% of P) (% of P) (% of P) (% of P) [mm] (% of P)

Oak 729 715(98%) | 232 (32%) | 203 (28%) 82 (11%) 188 (26%) 23 (3%)

2008 Chinese fir 729 702 (96%) 209 (29%) | 181 (25%) 98 (13%) 214 (29%) 27 (4%)

Farmland 729 691 (95%) 121 (17%) | 160 (22%) 144 (20%) 265 (36%) 38 (5%)

Oak 978 933 (95%) | 253 (26%) | 261 (27%) 66 (7%) 353 (36%) 44 (5%)

2009 Chinese fir 978 928 (95%) 232 (24%) | 228 (23%) 89 (9%) 379 (39%) 50 (5%)

Farmland 978 888 (91%) 139 (14%) | 179 (18%) 132 (14%) 438 (45%) 89 (9%)

CONCLUSIONS it
Based on field measurements from May to October in . .

M 520084 H120094F5-10 ks ek, W — AT

2008 and 2009, a physical process-based model
(CoupModel) was applied to evaluating the effect of
afforestation on water balance in Simian Mountain in the
terminal section of the Three Gorges area (TGRA) of
China. Afforestation was performed using oak and
Chinese fir on former arable land of maize. The simulated
values of soil moisture were fairly consistent with the
measured ones, with a determination coefficient (RZ) of
0.73-0.91. This result indicated that CoupModel can
successfully demonstrate the complex interactions
between hydrological processes in soil-vegetation—
atmosphere (SVAT) system. Evapotranspiration was the
main output of water balance from May to the end of
October, with a percentage of up to 91%, and it was
estimated to be 824 mm, 815 mm and 790 mm for oak,
Chinese fir and maize, respectively. Deep percolation (or
water recharge) declined from approximately 352 mm in
arable land to 271 mm in the oak stand and 297 mm in
the Chinese fir stands, mainly due to differences in the
interception loss. Compared with the arable land,
simulated interception of different tree species was
increased by 87% for oak and 70% for Chinese fir (88
mm to 114 mm). The simulations indicated that tree
species also influenced the magnitude of water balance
components in SVAT system, calling for further attention
to the selection of regrown tree species in the planning
for afforestation projects, particularly when such projects
aim to keep water infiltrating to the groundwater zone.

94

TR (CoupModel) , TEH T 47 TR T = Ik FE X
(TGRA) F& R 1) DU 1L b X 3 AR 7K s P R 5 . A
WFFT T MR RE S AR IO A BRRIAZ A, B b KR R
BERE IR R o 45 SRR ) 4K A AL 4 55 Sl (B LA R
W Bk, PuE A% (R® 40.73-0.91, i1
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