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Latent Heat Transfer in a Salt-affected Nonswelling Clay
Iwao Sakacuchr*, Hidetoshi MocHizukr**, Mitsuhiro INOUE** and Shinobu INANAGA**
* The United Graduate School of Agricultural Sciences, Iwate University
** Arid Land Research Center, Tottori University, 1390 Hamasaka, Tottori 680-0001, Japan
Abstract

Latent heat transfer (LHT) with phase-change from liquid to gas occurs, when there is a
LHT is a characteristic of porous media like soils, but
Although Philip and de Vries

temperature gradient in the porous media.
there are few studies on the relationship between LHT and solutes.
model was often used to analyze LHT, solutes have never been taken into consideration in the
model. In this study, LHT was analyzed theoretically and experimentally with an assumption that
the effects of temperature and salt concentration on thermal conductivity are caused by LHT.
Thermal conductivities of Kaolin were measured under several conditions of water content, NaCl
concentration and temperature. The LHT component of thermal conductivity was separated
from the apparent one according to its temperature dependence, and analyzed by the extended
method of Hiraiwa and Kasubuchi to estimate the phenomenological coefficient which contains
tortuosity factor.

As aresult, the phenomenological coefficient never exceeded unity even at the maximum. The
coefficient was expected to show a constant value under the fixed water content. However, it
decreased with NaCl concentration. Further research is required on the tortuosity factor and
modification of Philip and de Vries model, or introduction of other coefficients into the model to
deal with solutes.

Key words : latent heat transfer, salt-affected nonswelling clay, thermal conductivity, water

vapor diffusion, phenomenological coefficient
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Fig. 1 Soil water retention curve of Kaolin for
each temperature fitted with Eq. (12).
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Abstract

In this paper, the ground temperatures and the unfrozen water contents estimated from Time
Domain Reflectometry (TDR) measurements at experimental site A(cultivated land) and C
(salinized land) , were applied to analyze the ground freezing in Hetao Irrigation District, Inner
Mongolia of China. Based on the different transportation status of unfrozen water, the frozen soils
were divided into extensively frozen and partially frozen layer. In extensively frozen layer the
unfrozen water content is kept as constant without remarkable changes, whereas below this layer,
the unfrozen water content changed abruptly, the layer is referred partially frozen layer. It is
found the isotherms of —1.2 and —2.1°C are the boundary temperatures between extensively and
partially frozen layers at site A and C, respectively. The estimated unfrozen water content
showed the partially frozen layers still existed in the depth of 0.70~0.90 m at the end of April.

Key word : Unfrozen water content, Ground temperature, Extensively frozen layer, Partially

frozen layer

1. Introduction

Inner Mongolia Hetao Irrigation District is a
typical arid, cold agricultural area in western
China.
every year, especially going through a ground
freezing- thawing course. It is considered that
the water transportation in freezing-thawing
ground is a significant factor on the evolution

Salt and alkali accumulation occurs

and transition of soil salinity and alkalinity.
Although in some theoretical approaches,
mass and heat transfer mechanisms are focu-
sed on freezing soils as a successive process
(Kinosita, 1982 ; Chen, et al., 1998), the field
facts show there exists a transitional freezing
zone between frozen and unfrozen layer in
finely dispersed media. It is considered the

transportation mechanisms of the dissolved

salts in soil solution are different in the frozen,
freezing and thawing stages. Therefore, to de-
tect the soil freezing stages is essential for the
analysis of salinity in this region.

Some experiments have been done with
frozen soil in Hetao during 1983-1987, it reali-
zed that the transportation of the unfrozen
water was a most effective factor for salinity
accumulation (Wang, et al, 1993).
because of the limitation of experimental tech-

However,

niques, to obtain unfrozen water content was
impossible at that time.

To analyze soil freezing stage, moisture
status, temperature range, advancement rate is
the purpose of this paper. The measured gro-
und temperatures on experiment spots and the
unfrozen water contents which were estimated
from TDR data are applied to the analysis.
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2. Materials and Methods

The experiment sites are located in the fields
which belong to Shaohaoqu Experiment Sta-
tion, Hetao Irrigation District of Inner Mongo-
lia. The mean annual air temperature here is
6.3~7.7°C, the wind average speed is 2.5~3
ms~ !, but it always gets stronger in spring and
the maximum rate is up to 19.6 ms~'. It is cold
and has a little snow in winter. Therefore only
single cropping is available round a year. The
ground begins to freeze from the end of No-
vember and thaws in the head of May. The
lowest air temperature, which is about —24°C
during recent years, appears in January. The
coldness sum is calculated as 540~690°C - day.
The maximum soil frost depth changes in a
range of 1.00~1.30 m.

In Hetao, according to the land utilization
and irrigation status, the lands are separated
into cultivated land with regular irrigation and
waste salinized land without irrigation. For
comparison, site A and C were chosen from the
cultivated land and salinized land as the inves-
tigation spots, respectively. The location is
shown in Fig. 1. The soil texture, particle den-
sity, specific surface area, dry bulk density,
EC, .5 and pH values were measured.

The soil volumetric water contents were
monitored by a portable TDR, type of TRIME-
FM, P3Z, in each 0.10m layer from surface to

the depth of 1.60 m once a week through a year
from 1997. The measurements were obtained
by extending the probe along a polyvinyl chlo-
ride pipe which was buried into ground before-
hand. It had been a difficult object to measure
liquid water in frozen soil till the TDR tech-
nique was ensured to be reliable in situ (Stein
and Kane, 1983 ; Patterson and Smith, 1984 ;
Spaans and Baker, 1995 ; Derby and Knighton,
2001). The authors combined Birchak model to
estimate the liquid water content along the soil
layers and improved its validity (Wang and
Akae, 2003).

Simultaneously, 3~4 meters away from TDR
observation point, the ground temperatures
were surveyed by thermocouples in each 0.10 m
layer till 2.50 m.

In order to detect the total gravimetric water
content, dry bulk density and salinity, the soil
sections were excavated artificially three times
through the freezing-thawing period (for exam-
ple, initial freezing stage : Dec.11, 1997 ; maxi-
mum freezing stage ; March 3%, 1998 ; thawing
stage : April 27, 1998), the undisturbed soil
samples were taken and investigated in each
0.10 m depth till 1.60 m.

3. Result and Discussion

3.1 The properties of the soils
Table 1 shows the fundamental properties of
the soils at site A and C. The soils are classified

Prox YI0A

22

irrigation canal “ drainage canal

cultivated land

©0bservation site of ground temperature Aobservation site of ground water level -:céc-:)

salinized land observation site of TDR

0 50 100m

Fig. 1 Sketch of the experiment sites.
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Table 1 The basic properties of soils at site A and C
ECi.5 (mS/cm)
Sample Particle size Texture Particle Specific Dry . . . . . .
distribution (%) density surface bulk in thawing period  pH in thawing period
area density top average top average
below below
) ) 0~10 10~200 0~10 10~200
Clay  Silt Sand (g/cm® (m2/g) (g/cm?) cm cm cm cm
Cultivated Light
Site A 29.30 43.50 27.20 Clay 2.66 20.72 1.42 0.93 0.69 7.90 8.00
Salinized Clay
Site C 24.50 35.50 40.00 Loam 2.68 15.48 1.45 7.9 2.39 8.50 8.40
1997~98 Ground Tempat site A Temp. () 1997~98 Ground Temp.atsite C Temp. ()

A21-109 8746543 2-10123456789101112

Depth(cm)

Depth (cm)

2110987 46543210123 456789101112

Fig. 2 The soil temperature profiles during freezing-thawing period of 1997~1998 at site A and C.

into light clay and clay loam at site A and C,
respectively, which are the most common soil
textures in Hetao. The two sites show few
differences in physical properties except spe-
cific surface area because of the different frac-
tion of clay component. Moreover, the salinity
and alkalinity at site C are stronger than those
at site A, especially in the surface layer.

3.2 Ground temperature profiles

The ground temperatures during freezing-
thawing period in 1997 to 2000 were collected
and analyzed. In Fig. 2 1997-1998's data are

shown. All of the three years’ data demon-
strated that from the end of January to the
beginning of February the surface ground tem-
perature became the lowest. In the same
period, the soils froze up to the depth of 0.90~
1.10m. Then the soils began to thaw firstly
from the surface and then both of surface and
bottom. The temperatures were found to be
below 0°C in the depth of 0.90~1.10m till
middle of April. And the frozen soils thawed at

the beginning of May.
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1997~98 Liquid Water Fraction (m*m?) at Site A
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1997~98 Liquid Water Fraction (m*m?) at Site C
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Depth (cm)

G209 —2/16 A—2/23 032

209 o—2/16 4—2/23 o—132

Fig. 3 The liquid water content profiles in freezing processes of 1997~1998 at site A and C.

3.3 Depression of freezing point

The presence of the solute always decreases
the freezing point of the solvent. The follow-
ing equation is generally used to determine the
freezing point depression AT, of dilute solu-
tion (Kubo, et al., 1987).

AT,=—iKm (1)

Assuming the equation is also fit for soil water
solution and the main solute is NaCl in this
paper. Where, m (molkg™') is the gravimetric
molar concentration of the solution ;i is van’t
Hoff’s coefficient, ;=2 when the main solute is
NaCl ; K/ (K - kg mol ') is the molar cryoscopic
constant, K,=1.86 when the solvent is water.
According to Eq. (1), the freezing point depres-
sions in site A and C are calculated to be be-
tween —0.30 and —3.08°C in surface layer of 0~
10cm, between —0.27 and —0.93°C below the
surface layer, respectively.

3.4 Liquid water profiles in freezing peri-

od

The profiles of liquid water contents in freez-

ing period in 1997~1998 are shown in Fig. 3.

Some differences between site A and C can be
observed. The reason is the original difference
of soil structure and initial water content con-
dition. However, with the time, the tendency of
freezing advancement took on similar with
each other. In the surface layers, the unfrozen
water content kept unchanged in range of 0.05
“3. These layers developed thicker
downward with time but the unfrozen water

~0.1m®m

content did not change significantly. There-
fore, these layers are considered to be ex-
Below these layers the un-
increasing
dramatically up to 0.35~0.40 m®*m ° under sub-
zero temperature condition. The thickness of
the layer was about 0.30-0.40 m. The big differ-
ence makes it necessary to decide a borderline

tensively frozen.

frozen water content became

for the analysis and management.

The ground temperature, liquid water and
the water retention curve were plotted in Fig.
4. The points are all not on a single line but
dispersed to some extent. Itis partly due to the
different circumstances of the soil water and
partly due to the error in ground temperature
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The direct
lines are applied to approximate the develop-

and water content measurements.

ment of liquid water content vs. ground tem-
Line @O represents the unfrozen
stage ; line @ : the freezing stage ; line @ : the
frozen stage. The intersection points of line @
and @ at site A and C are (0.07m?’m ® —1.2°C)
and (0.08m’m 3, —2.1°C). According to the
water retention curves, when the unfrozen

perature :

water content are 0.07 and 0.08 m®*m 3, the coin-
cident pF values are greater than pF 4.2. Itis
known that if the pF value is larger than 4.2,
the water will be kept in intensively bound
state around the surface of soil particles (Asso-
ciation of Soil Physics, Japan, 1979), that means
the movement of the unfrozen water in the
extensively frozen layers becomes extremely
difficult and therefore can be actually neg-
lected. As aresult, the unfrozen water contents
of 0.07m’m® and 0.08m’m ® the ground
temperatures of —1.2 and —2.1°C can be re-
garded as the boundary values between ex-
tensively frozen layers and partially frozen
layers. The difference of the boundary temper-
ature between site A and C is mainly due to the

pF value

Ground Temp. (°C)

0 005 01 015 02 025 03 035 04 045 05
Liquid water content (msm's) Site C

The soil water retention curves and the liquid water contents vs. soil temperatures at site A and C.

difference of salt concentration of the two soils.

It is noted that the liquid water contents
decreased at the depth where the temperature
were +0.25 and +0.2°C at site A and C, respec-
tively. It is considered that the water in the
unfrozen layers just below the freezing front
was strongly absorbed due to the suction
yielded at the freezing front. The same phe-
nomena are also found in some experiments in
laboratory (Mizoguchi, et al., 1986 ; Inoue, 2002)
and observations in situ (Stein and Kane, 1983 ;
Cary, 1987). In fact, the line @ and @ should
intersect theoretically on the depressed freez-
ing points of —0.27 and —0.93°C at site A and C,
respectively.

3.5 Delimitation of freezing soils

Through the evidences in the liquid water
content and ground temperature, it reveals
that —1.2°C and —2.1°C can be used as the
discrimination between frozen and freezing for
the site A and C. Here, following definitions are
proposed :

1. “extensively frozen layers”:In these
layers, the unfrozen water contents are smaller
than the amount of 0.07 or 0.08 m*m ? and are
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Fig. 5 The comparison of estimated liquid water content and measured total water content in 1997

~1998 at site A and C.

kept almost unchanged. The ground tempera-
tures are lower than —1.2 or —2.1°C at site A or
C, respectively. The transformation of water to
ice is so small that can be neglected.

2. ‘“partially frozen layers” : In these layers,
the unfrozen water contents increase abruptly
from 0.07 or 0.08 to 0.35~0.36m?m ° The
ground temperatures are within —1.2~—0.21°C
or —2.1~—0.63°C for site A or C, respectively.
The transforming amount of liquid water to ice
is relatively large.

The liquid water contents estimated from
the TDR data and the total water contents
measured gravimetrically from the soil samp-
les are compared in Fig. 5. In thawed soils
which are judged by ground temperature, the
estimated liquid water contents are in good
When
the soil freezes, the estimated liquid water con-
tent represents the unfrozen water content.
There seems no reason why the estimated un-
frozen water contents in frozen soil are not

agreement with those measured ones.

reliable.

3.6 Penetration rates of frozen and freez-
ing layers

From the profiles of ground temperatures
and liquid water contents in Fig. 2 and 3, the
freezing penetration rates were investigated.
The average rates of extensively partially
frozen layers were 0.72cm d ! and 0.69cm d !
at site A and C, at the same time they were 1.17
cm d7!' and 096 cm d~! of partially frozen
layers at site A and C, respectively. The fronts
of extensively and partially frozen layers are
showed in Fig. 6.

3.7 Liquid water profiles in thawing

period

The soil started to thaw from the beginning
of March. At site A and C, the layers those
liquid water contents were lower than 0.1m?
m? still existed in the depth of 0.30~0.40 m
and 0.30~0.60m in the beginning of March
(Fig. 7). Such layers disappeared in the end of
March. The layers those temperatures were
below the depression of freezing points were
present in depth of 0.70~0.90 m till the end of
April. The average thawing rate was 1.43
cmd ! in March and 2.86~3.57cm d ' in April,
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which is estimated corresponding to the
ground temperature.

4. Conclusion

Through the analysis of ground temperature
and unfrozen water content, the soil freezing
stages and properties are revealed at site A and
C in Hetao. The unfrozen water content of 0.07
m®m ® and 0.08 m®m 3 isotherm of —1.2°C and
—2.1°C can be applied to distinguish different
freezing stages, that is helpful for the study of
salts transportation in this region. The defini-
tions of “extensively frozen layer” and “partial-
ly frozen layer” are proposed and their penetra-
tion rates are also evaluated. The thawing rate
was higher than freezing rate and it became
faster in April than in March.
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Abstract

Simultaneous measurement of volumetric soil water content (Qw) and soil solution electrical

conductivity (FCw) was made for dune sand soil using Time Domain Reflectometry (TDR). The

best relationship between TDR dielectric constant (Ka) and 6w, and that for bulk soil electrical

conductivity (ECb) and ECw were defined for dune sand soil and assessed in a dune sand field. The

salinity of soil solution showed no effect on Ka and consequent fw. The commonly used linear

relation between TDR transmission coefficient (7) and Ow was inaccurate for dune sand soil when

Ow was in the range of soil water holding capacity. A polynomial equation was suggested for

expressing the relation between 7 and Qw, with less variation than a power relation. Based on

field assessment, there was a better agreement between 6w recorded by TDR and that from soil

sampling than a similar relation for ECw. The relative error (RE) between TDR measured and soil

sampling was 4.97% and 10.67% for 6w and ECw, respectively.

Key words : TDR, Dune sand soil, Soil water content, Soil solution electrical conductivity

1. Introduction

Simultaneously and non-destructively meas-
uring soil water content (Qw) and soil solution
electrical conductivity (ECw) can be a useful
approach at critical stages of crop growth in
fields under irrigation with saline water. The
conventional method for measuring soil salini-
ty is by taking soil samples and determining
the electrical conductivity of the extract of a
saturated soil paste (Rhoades, 1982). These
measurements can be converted into the soil
solution salt concentration by correcting for
the soil water content at the time of sampling.
The soil solution can be sampled directly by
porous suction cups. This method, however, is
limited to a narrow range of soil moisture be-
tween (approximately) field capacity and satu-
ration and the small sample volume tends to
make the measurement variable (Broadbent,
1981). Soil water content can be measured by

destructive sampling and gravimetric determi-
nation or by the in situ neutron scattering
method (Graecen, 1981). The two main limita-
tions of the neutron method are its relatively
large sampling and the radiation hazard in-
volved. The fact that Ow and ECw are usually
obtained from separate samples with different
geometry would introduce an additional error
in soil salinity assessment due to changes
associated with spatial and temporal varia-
tions in fw and ECw of soil samples (Dasberg
and Dalton, 1985) ; besides continues measure-
ment is not possible.

The development of Time Domain Reflec-
tometry (TDR) as a method for automated in-
situ measurement of bulk soil electrical con-
ductivity (ECb) offers the promise of improved
temporal resolution in tackling solute move-
During the last two decades, TDR
method has become an established method to
measure both Qw (Topp et al. 1982) and ECb as a

ment.
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nondestructive technique (Dalton et al., 1984 ;
Nadler et al., 1991 ; Dalton, 1992). The TDR
principle is based on launching a spectrum of
electromagnetic waves into a waveguide (TDR
probe) embedded in the soil under investi-
gation and measuring the reflected signal as a
function of time.

The travel time of the waves in the wave-
guide is proportional to the Ow and the attenua-
tion can be related to ECb. Topp et al. (1980)
showed a unique equation between the appar-
ent dielectric constant (Ka) and 6w of measured
soil for a large range of soil structures from
clay to sandy loam, which is applied globally to
calculate Gw from Ka (Drungil et al., 1989 ;
Grantzet al., 1990 ; Pepin et al., 1992). However,
there are some potential sources of error that
have received attention : (i) low density soil
(Dirksen and Dasberg, 1993 ; Weitz et al., 1997),
(ii) clay and organic soils which caused a
sharper-than-average curvature of Ka-6w rela
tions (Briscoetal.,1992; Dasberg and Hopmans,
1992 ; Roth et al.,, 1992 ; Weitz et al, 1997;
Nadler et al., 1999), and (iii) temperature whose
effect on TDR-measured Ka is related to the
soil texture and water content. According to
Pepin et al. (1995), the temperature effect on
TDR-measured Ka is large in a wetter and finer
textural soil. They speculated that a larger tem-
perature effect on wetter and finer-textured
soils dominated by free water might be attri-
buted to bound water, which had a smaller
temperature dependency for Ka than free
water. The temperature effect on TDR-
measured Ka for different textural soils was
investigated experimentally and theoretically
by Or and Wraith (1999). They concluded that
the amount of bound water restricted, depend-
ing on clay minerals, on soil particles was
attributed to the temperature effect.

On the basis of TDR measurement in soils
wetted with solutions of a given salt concentra-
tion there are conflicting reports on the effect
of salinity on the Ka and on Gw. Some studies
suggest that elevated salinity of the soil solu-
tion can cause over-estimation of Ka, resulting

in an over-estimation of Aw (Dalton, 1992 ;
Noborio et al., 1994 ; Wyseure et al., 1997), while
others show no effect (Mallants et al., 1996 ;
Dalton and van Genuchten, 1986 ; Timlin and
Pachesky, 1996) and some show both under-
and over-estimation (Borner et al., 1996 ; Bridge
et al., 1996 ; Gregory et al., 1995).
affects TDR functionality in measuring 6w by

Salinity

increasing the attenuation of the TDR signal,
reducing its accuracy and eventually leading
to its disappearance (Nadler et al., 1999). From
these results, there is need to explore how to
measure Qw and ECw simultaneously. Moreo-
conditions TDR
method is constrained by uncertainty about its

ver, in some exceptional

accuracy and their applicability (Kachanoski et
al., 1992). Dune sand soil, where the soil water-
holding capacity is 0.03-0.08 cm® cm % and even
a small error (0.01cm?® cm ™~ error=20% of soil
water holding capacity) is very critical for
crops life could be such exception.

Some probes can measure fw and ECw from
soil samples with different geometry.
and Shiozawa (1994) calibrated a four-electrode
probe and tensiometer in dune sand soil for

Inoue

measuring 6w and ECw simultaneously. They
found a relative error (RE) of 2.4% and 5.6% for
Ow and ECw respectively. However, they used
two different probes for measuring Ow and
ECw simultaneously, which were not set up in
As a result, hand
made TDR probes were developed to measure

the same sampling area.

6w, ECb and temperature simultaneously from
a soil sample for a given interval of time.

The objectives of this study were (i) to deter-
mine Ka-Ow relationships and the best model
for the estimation of ECw from ECb in dune
sand soil and (ii) to assess some aspects of TDR
method for the estimation ECw and Ow in a
dune sand field.

2. Theory

2.1 Relation between Ka and 6w

The travel time for a pulsed electromagnetic
signal along a TDR probe is dependent on the
velocity of the signal and the length of the
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wave-guide. The velocity is dependent on Ka
of the material surrounding the wave-guide.
This relation can be expressed by the following
equation (Topp et al., 1980) :

_La _cAt
VKa="7-="7 (1)

where La (m) is apparent probe length, L (m) is
the wave-guide length, and ¢ (m s!) is the

velocity of the electromagnetic signals in free
space. The dielectric constant of water relative
to other soil constituents is high. Consequent-
ly, changes in soil water content (Qw) are direct-
ly related to the change in the Ka of bulk soil
material, w=f (Ka) (Topp et al., 1980).

2.2 Relation between ECw and ECb

While the velocity of the applied pulse along
a waveguide is dependent on the dielectric con-
stant of the surrounding the
waveguide, the amplitude of the reflected volt-
age is dependent on electrical conduction of
The
presence of free ions in the soil solution will
result in attenuation of the applied signal. The
TDR100 (Campbell Scientific) was used in this
study for measuring both Ka and ECbH. The
theory of Giese and Tiemann (1975) has been

material

the applied signal between probe rods.

applied to the measurement of soil bulk electri-
cal conductivity in TDR100. A commonly used
expression is :

_Kp 1-p
ECb= Zc 17p (2)

where Kp is a probe constant, Zc is the cable
impedance, and p is the reflection coefficient.
The reflection coefficient is the ratio of the
reflected voltage to the applied voltage and
ranges between plus and minus one.

A two-pathway model (Rhoades ef al., 1976)
was used in this study to find the relation
between ECw and ECb.
model, electrical conduction is assumed to take
place along two parallel conducting paths. The
predominant path is through the soil solution,
ECw, also known as pore water electrical con-

In a two-pathway

ductivity. The contribution of the solid frac-
tion, ECs, takes place along the continuous
films of exchangeable cations residing on the

surface of the solid particles. According to this
model, ECb at constant Ow is linearly related to
ECw :

ECb=ECs+ TOwECw (3)
where T is a transmission coefficient. The T
can be expressed as a function of fw by a linear
(Rhoades et al., 1976) or power (Amente et al.,
2000) curve and the empirical constant of linear
(@ Bw+Db) or power (aw’) can be estimated by
fitting ECb against fw measured under con-
stant ECw. This technique of keeping £Cw con-
stant is used in the determination of the two
constants, ¢ and b. Under field conditions, how-
ECw
changes in Bw due to evaporation, drainage or

ever, is rarely constant because of
infiltration. Although originally Rhoades et al.
(1976) reported that ECs was essentially inde-
pendent of water content, their later model
showed a dependency of the ECs on the 6w
(Rhoades et al., 1989). As a result, the relation
between ECb and ECw is function of w, for a
defined T and ECs as a function of Gw.

3. Materials and Methods

The experiments were conducted at the Arid
Land Research Center (ALRC), Tottori Univer-
sity, Japan (35°32'N, 134°13’E). The relations
between 6w and Ka, and between ECw and ECbD
in dune sand soil collected from ALRC field
was evaluated and quantified in a controlled
temperature environment (25°C) using TDR
probes. Soil water characteristics curve for the
dune sand soil is shown in Fig. 1 and the phys-
ical properties are given in Table 1.

The 36 TDR probes (Fig. 2) used as a wave-
guide, were each connected to the Campbell Co.
TDR100 and SDMX50 multiplexers by 11-meter
Fujikura RG-58A cable. The handmade TDR
probes used in this study were designed with
similar structure as the ThetaProbe (Gaskin
and Miller, 1996). It included 4 rods, 3 of which
performed as shield rods and one (central rode)
as signal rod (Fig. 2). The calibration processes
were examined on dune sand soil columns,
with 8 levels of Gw (0.031, 0.063, 0.094, 0.123, 0.149,
0.232, 0.291, and 0.363cm® cm %) and 8 levels of
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Table 1 The physical properties of dune sand soil

Factors Values
Sand (%) 96.1
Silt (%) 0
Clay (%) 3.
Specific gravity (%) 2.66
Apparent specific gravity (%) 1.56
Field capacity, FC (cm?® cm ™) 0.074
Initial wilting point, IWP (cm® cm™?) 0.025
Permanent wilting point, PWP (cm® cm™®)  0.022
Saturated soil moisture content (cm® cm™®) 0.413

3 shield stainless steel
rods (d = 0.2 cm)

Signal stainless
steel rod

Fig. 2 Structure diagram of handmade soil-TDR probe.

NaCL (ECw) concentration (0.0, 0.62, 1.22, 1.99,
2.56, 3.10, 3.83 and 5.64dS m '), in a total of 64
soil column samples. Each column with 20 cm
X2bcm (diameter X height)
packed with oven-dried soil mixed with the

dimension was

above NaCl solutions.

The TDR probes were installed in vertical
direction, individually, in each soil column (64
soil column samples. The gravimetric water
content was determined by oven drying 3 soil
samples taken from each column and fw was
calculated using the known bulk density of the
soil (1.566 Mg m 3. The ECw of the soil samples
was determined based on the conductivity of 1
: 5 extracts (Richards, 1954) of oven-dried soil :
distilled water. Each soil column sample was
shaken and repacked with known bulk density
after measuring 6w and ECw by 6 of TDR
probes to minimize the error due to movement

of solution during the measurement. The soil
column sample was always covered and only
opened shortly during the measurement to pre-
vent evaporation.

The relation between Ow and Ka was defined
and statistically compared with Topp et al.
model (1980) using the root mean square error
(RMSE) and regression analyses. The follow-
ing equation was used for the computation of
the RMSE :

n 2
RMSE= /% (6)

where ; d; is the difference between ith pre-
dicted by model and ith measured values and n
is number of the data pairs.

The models defined for the relationship be-
tween ECw and ECb were compared using the
relative errors of measuring soil solution elec-
trical conductivity (ECw*/ECw). Where ECw*
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is soil solution electrical conductivity with a
measurement error of 6==20.01cm® cm?® (Qw*
=0w=06) and ECw is the actual soil solution
electrical conductivity.

Finally, the relationship between Ow and Ka,
and between ECw and ECb in dune sand soil
was assessed using field data. The soil samples
for the field data were collected at the end of a
field study on water and solute movement
under drip irrigation system using TDR, where
all the 36 TDR probes were buried in the field of
ALRC for 3 months (DehghaniSanij et al., 2003).
The Ka and ECb were recorded for each TDR
probe (@rpr and ECrpr). At about the same time
soil samples were collected from the each TDR
probe geometry to determine fw and ECw in
the laboratory (O and EC.e).

Relative error statistical analyses were used
to compare Qw and ECw measured by TDR
method (Orpr and ECrpr) with the results of soil
sampling 6. and EC. determined by conven-
tional methods as follows :

X100 (7)

where ; RE is relative error (%), i is number
of samples (i=1,*-, n), n is total number of
samples, X i Gret Or ECyet, Y iS O1pr or ECrpr and
X is average of Orer oF ECrer.

4. Results and Discussion

4.1 Water content measurement

The relationship between Ka measured with
TDR and the 6w obtained by gravimetric
method for all soil column samples was found
by making a polynomial plot between Ka and
Ow (Fig. 3). The relationship as given by Topp
et al. (1980) for different soil materials is also

shown. The regression equation for the rela-
tionship between Ka and 6w obtained from our
data (Fig.3) showed less RMSE than that
reported by Topp et al. (1980) (Table 2). Obvi-
ously, Topp’s model predicted soil water con-
tent=0.02cm® cm 2 less for dune sand soil in
the area between field capacity (FC) and near
saturation condition (Fig.3). However, be-
tween field capacity (FC) and initial wilting
point (IWP) when 6w =0.03-0.08cm?® cm 3 the
results of Topp et al. (1980) model are very
similar to that from gravimetric determination
(Fig. 3). Fig. 3 shows the scattering of data
when 0w>0.10cm® cm ™ which can be attri-
buted to solution movement in the soil column
samples during the experiments. Statistically
the difference between results of calibration
equation and Topp model was not significant
(P<0.05). This result is in agreement with the
results of Dalton and van Genuchten (1986) and
Mallants et al. (1996) for a sandy loam soil with

Ow in the range of 0.12-0.40cm® cm 3 and
0.35
0.30 /ﬁ
0.25 o
—
. o%
§ 020
-
g /
g 015
B
) /
0.10 —O0— Experimental Results I
0.05 - = Topp et al. Model
0.00 . . .
0 5 10 15 20

Fig.3 Relation between dielectric constant
(Ka) and soil water content (0,) in dune
soil.

Table 2 Regression coefficients (R?) and root mean square error (RMSE) for the

relationship between dielectric constant (Ka) and soil water content (Aw)

using equation Ow=a Ka’+b Ka’+c Ka+d and Topp model

Experiment n a c d R? RMSE
Topp et al. (1980) 0.43X10°° —0.00055 0.0292 —0.0530 0.016
Experimental data 56 7x107° —0.0031 0.0558 —0.1168 0.992 0.009
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Timlin and Pachesky (1996) for loamy sand and
silty clay soils with Ow in the range of 0.08-0.43
cm® cm % From the soil texture and range of
Ow in our study (Fig. 3) and the results of other
researchers, salinity of soil solution showed no
effect on Ka and consequent fw in a wide range
of soil water content (0.03-0.43cm?® cm™®) and
soil texture (sand to silty clay).

4.2 Soil solution electrical conductivity

measurements

To use the TDR method (Eq. b), the T and
ECs must be defined for any individual soil.
Theoretically, the interception of curves of ECb
and Ow give ECs (Eq. 5). However, arbitrarily
selecting water content values and evaluating
ECbD corresponding with different ECw at the
same Gw can make better estimation of both 7'
and ECs (Mallants et al., 1996).

According to Eq. (b), the ratio of (ECb—ECs)/

ECw is equal to T6w which is plotted vs. Ow in

2.50

20 B

& /
i

2 150

Q

8

& 1.0

=

é{ 0.50

o.oo-—e-ﬁfe./e/b/.g/ T v
0.00 0.10 0.20 0.30 0.40 0.50
0w(cm3cm'3)

Fig. 4 Relation between (bulk soil electrical
conductivity (EC,)- apparent electrical
conductivity (ECs)/soil solution elect-
rical conductivity (ECw)) vs. soil water
content (6,), in dune soil.

Table 3 Transmission coefficient (7) of dune
soil expressed as linear, polynomial
and power function of soil water
content, Ow (cm?® cm ®)

Expression a b c R?
T=a Ow+b 18.242 —1.5647 0.991
T=a Ow’+bOw + ¢ 37.15 —1.3116 0.6099 0.999
T=a 6w’ 11.591  2.0709 0.986

—T=37.156%-1.3116+0.6099
----- T=18.2426-1.564 |
—T=11.5916*"

4.0 \
3.0

ECw*/[ECw
N
o

§=-0.01 cm’cm”

1.0 —|

5=0.01 cm’cm™

0.0 T T T
0 0.1 0.2 0.3 04 0.5

ow (c:m3 cm“’)

Variation in ratio of soil electrical con-
ductivity with measurement error of ¢
==40.01cm® cm™® (ECw?*) and actual soil
electrical conductivity (ECw) with soil
volumetric water content (6,).

Fig. 5

Fig. 4. T can be related to Ow using a linear
(Rhoades et al., 1976), polynomial and power
relation with relatively high correlation (Table
3). The polynomial relation showed higher
correlation (R?*=0.999).
measuring soil solution electrical conductivity
(ECw*/ECw) were determined for each correla-
tion equation in Table 3 to reduce the variation

The relative errors of

in measuring £Cw. The variation in ECw*/ECw
with Ow for a 6==x0.01cm?® cm ? are illust-
rated in Fig. 5. The ratio of ECw*/ECw is>1.0
when 6= —0.01 and vise versa. The commonly
used linear relation between T and Gw, sug-
gested by Rhoades et al. (1976), is inaccurate for
dune sand soil when Ow is in dune sand soil
water holding capacity and the polynomial re-
lation showed less variation than the power
relationship (Fig. 5). Consequently, we suggest
a polynomial relation between T and Ow for
dune sand soil as used in this study.

4.3 Soil water content and soil salinity

measurements

The relationship between gravimetric deter-
minations of soil water content from the exper-
imental field (0..) compared to values measured
by TDR (0rpr) and those calculated with Topp
et al. (1980) model (Bropp) is presented in Fig. 6.
The correlation between 6Ors—0rpr and Ore—
Oropp Was almost same (0.950 and 0.945 respec-
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Fig. 6 Relation between volumetric soil water
content measured by TDR (Orpr) and
that calculated by Topp et al. (1980)
model (Oropp) VS. gravimetric determina-
tion (Brer).

tively). The good agreement between O,et—O1pr
and Ger — Oropp Where Orpr and Oropp Was calculat-
ed using different calibration equation can be
contributed to applicability of Topp model for
measuring w in dune sand soil when 0.02<6w
<0.0lcm® cm ®, same results was concluded
earlier. The result of relative error (RE) statis-
tical analysis was 4.97% between 0. and Orpg.
These results show that the TDR method is
reliable and can be used for measuring Ow in
dune sand field. Dasberg and Dalton (1985), and
Nadler et al. (1991) presented a relatively high
correlation between TDR and gravimetric de-
termination in sandy loam soil (R? =0.842) and
silty loam soil (R* =0.982) respectively.

The data for soil solution electrical conduc-
tivity measured by soil sampling from the ex-
perimental field (EC.) and that measured by
TDR (ECrpr), and calculated with substitution
of Topp et al. (1980) model in Eq. 5 (ECtqpp) are
presented in Fig. 7. The percentage of RE for
ECrpr was about 10.67%, which was higher
than that for Orpr. The percentage of RE was
higher than that reported by Inoue and
Shiozawa (1994), possibly due to (i) the soil used
in their study was washed dune sand soil,
where the percentage of clay was almost zero,

40.0 400

30.0 - 300
‘\‘E -IE
j72] w
S 200 200 =
E &
] &
(e}
10.0 Q 100

OECqpr=0.994 EC¢+ 1464 (R® = 0.884)
X ECro,,= 1005 ECry + 1.879 (R?= 0.841)

0.0 T T r 0.0
00 10.0 200 300 40.0
EC @ m")
Fig. 7 Relation between soil solution electrical

conductivity measured by TDR (ECrtpr)
and that calculated by Topp et al.
model (ECropp) Vs. soil sampling deter-
mination (EC.e).

(ii) they used different type of probes for meas-
uring fw and ECw in soil samples with differ-
ent geometry.

The correlation between EC..—ECtpr wWas
higher than between FECi—ECrop (Fig. 7).
This can be ascribed to less estimation of fw by
Topp et al (1980) model when 6. >0.08cm?
cm®. Regardless of the high correlation be-
tween the ECrpr and EC, (Fig. 7), many points
are not close to the 1 : 1 line. There was a low
scattering for both TDR data and data es-
timated from Topp et al. (1980) model when
EC. was low and vice versa, which can lead to
less accuracy of TDR method under high salin-
ity. Similar results were reported by Dasberg
and Dalton (1985) for a sandy loam soil with
less scattering of the data, and for a silty loam
soil (Nadler et al., 1991) with much less scatter-
ing.

Since the main effective factor on soil electri-
cal conductivity is soil water content values,
variation of ECrtpr and 6Orpr simultaneously
plotted in Fig. 8. There was a relatively high
negative agreement between changes in Orpr
and ECrpr (Fig. 8). However, the scattering of
the data was high when 61pr was low. From
these results we conclude that the accuracy of
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Fig. 8 Simultaneous variation in soil solution

electrical conductivity (ECrpr) and volu-
metric soil water content (frpr) for dune
sand field.

ECrpr values is low when Ow<0.03cm® cm *

and high when 0.05<0w<0.08cm?® cm °. We
confirm the reliability and accuracy of TDR in
a dune sand field when the irrigation intensity
is high or soil water content is near field capac-
ity.

5. Conclusion

The TDR method was tested for measuring
Ow and ECw simultaneously in a dune sand
soil. The preliminary conclusion reached by
Dalton et al. (1984) that “TDR, in conjunction
with known relations between relative electri-
cal conductivity and soil water conductivity,
provides a new and powerful tool in soil water
research in that a measurement can yield both
6w and ECw” has been confirmed by the data
presented in this paper for dune sand soil. The
volumetric soil water contents were found to
be accurately determined by the TDR method
for dune sand soil, except in the case of very
dry (Qw <0.03cm® cm™?) or very wet (Qw>0.10
cm?® cm ?) dune sand soil. This may be attri-
buted to (i) the difficulty in interpreting the
TDR in dune sand soil where the water holding
capacity is low and not related to the basic
principles of TDR technique and (ii) high spa-
tial variability of Qw in dune sand soil under
very wet condition. The commonly used linear
relation between 7T and 6w was inaccurate for

dune sand soil when w was in water holding
capacity range. From our field assessment, the
RE for measuring ECw using TDR was rela-
tively higher than that for Ow. The accuracy of
TDR was less when ECw was high or Ow was
low (<0.03cm® cm °). Practically, the TDR can
be used in a dune sand field for recording ECw
and Ow, when 6w ranges between FC and IWP.
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Terrace Paddy Fields Following Afforestation
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Abstract

Water holding capacity, soil physical properties and organic matter properties in abandoned
terrace paddy fields were investigated in order to evaluate the effect of afforestation on water
conservation function. We studied 12 abandoned terrace paddy fields where sugi (Cryptomeria
Jjaponica ) or hinoki (Chamaecyparis obtsusa) were planted. The stand ages ranged from 12 to 33
years. The water holding capacity and permeability of surface soil in abandoned terrace paddy
fields increased with increasing stand age. They became almost equal to those in artificial forests
of sugi or hinoki in mountainous area about 30 years after afforestation. The water holding
capacity correlated with soil carbon content and can be predicted from the stand age and carbon
content at the organic layer by multiple regression analysis. Increase of the stand age indicates
increases of litterfall, carbon content in mineral soils and activity of soil fauna. As a result, soil
aggregate develops well so that the water holding capacity increases. Comparing similarly aged
stands, the water holding capacity and carbon content in mineral soils were greater in lower
carbon content at organic layer. This suggests that decomposition of litterfall is important for
the water holding capacity. These results suggest that water conservation function in soil of
abandoned terrace paddy fields would be elevated following afforestation.

Key words : abandoned terrace paddy fields, afforestaion, water holding capacity, permeability,

water conservation function
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2.2 RKAE=E

L 2 MEEEc v, mE - NS (1979) 12
i > TIIRIERVE D3 21T - 720 BIFLEKERER D MIE
ICEROLE, FLBREET Ic B (0~—3.1kPa), M
(—3.1~—49.1kPa) ZH 7/, AFEHTRIE 1B
EDHEL CTE - 7o72d, S 30cm T TAMRITLT
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=1 fURLEOWHERE

Table 1 Soil profiles of afforested terrace paddy fields
. L S FERE ‘ R Bick s
T TV + R | T n—
cm mm * o DEER%
b A 0-12 10YR4/3 10 SB N V V F —
Cl 12-29 7.5YR4/4 21 — N N N V 80
(PR 13 48 C2 29-40+ — 31.8 — N N N N 90
Al 0- 3 7.5YR2/2 2.2 SB, CR N N V V —
g A2g 3-15 5Y4/2 13 SB N N V F —
(Kt 28 ) B 15-20 7.5GY6/1, 10YR6/6 14.6 MA N N V V —
C 20-55+ 2.5Y5/2 15.6 — N N V V 90
. Ag 0-11 2.5Y4/3 12.4 SB, MA vV V F F —
]
B 11-18 10YR4/4 16 AB N V V F —
fin 30
(Pl 30 48 C 18-50+ 10YR4/6 16.6 — N V VvV V 50

*AB: fHRIR, SB: difBRIR, CR: KK, MA : BER

HHEORS (B K, >bmm; H1, 2~5mm ; /)N, 05~2mm ; #, <0.5mm
Hog UMRE, HIRICBIL T 10ecm PUH ORI TET) : F, 20~50 4 ; V, 1~20 A ; N, 0 A&

FREREZRRIT X D EE L7
S= X (P;xH;XF;) /100 (1)
S AW OMR/KERE (mm)
P : HIEEAL I ©—04~—49.1kPa IcHH249 2 FLIR
(%)
Hi: B8 i oEs (mm)
Fi: @A i ORI
D95, PidaEK - HikiEEE VY, BERIE5<
FAGh R G s WK AL LW EBE 12210 T, KE
HEL TR TEBVIREEZRE LD 5N, Fido
Koy R T v v VEIHOFLRFZ(E S O —HITd 5
(FTF, 198575 &), Fild BB & TN 5 O EA
Eddzo0boT, G456 (1995) #&&ic L, o
0, MEEROAEIHE THHE L 7B o A0 &
HRE
O BRFEUCEE, Fi=1&7 5,
@ HHSMICEL 54, (2) &0 FiZ2RkDTHIIE
L7,
Fi={100—(G1; —G2)} /100 (2)
Gli: BN | ORI & 2 AEEEEHR (%)
G2;: THEEA i oMEE kN & 2 LEEHEER (%)
1ds, RILBRER, hlBa#, /LR, MfLERE 0
ZN 0~—04kPa, —04~—62kPa, —62~—49.1 kPa,
—49.1kPa LI FOFBRRTH %, RFLBRRIFAIFILLIE I
Yo ThRDEEINE LR VWILEOEIE T,
H - /NS (1979) ofs/NEKEICHYT 5, BSSKE
13 —62kPa DTG KETH 5, 72, ARBIIB I3

BB KRBT %, A [ ORIFEKIRELIA O
HIEEE W FA - = RFME E L

2.3 LTEHRESM

HEREHE (Ao B ORFIFEE, SEHEORE
e, SREITFEE (Ao g LitE HEo R LY E
DEE) OBEFEDIZYD, Ao JBIZ 25cm X 25cm D HEX
Z1%Ed o0 3 g Dkl Ao ik & B T
SR A BRI L 720 Ao JEalEHZ 75°C © 3 R L 72
%, WRERANE L, £hoomEtboREESE
%2 NC 7+ 74 % — ((Fothr+ ¥ — NC-800) i< &
DHIE L7, Ao BDRZNITHEIT Ao DM MEER &
RFEEAROEFIEAT L TR 12, ELBORSE
FFEEEIIES 30cm £ TENRICEE (2000) 1SHE-T
FE LT BT EoRAITFHEEIC O W TAHBEOEEE
PROKE R ERRED HEETRIEL 72,

3. & S

3.1 TIEWEERE
FEAR & 0 7o BHPERCGEM FH o (R 260 72 el il o 2 RERY
BMER LIRS, AB OUF, #ELEEd) i3
HARDHERNEZIIFIE L T\ DHEEIMMETT 5 b
oD BELTOEMN LIT, FTHEIEGET) bk
DOERMBE S N, Hls 13EOHIE b & 0 b 28
i, 304EDHIL g, j D15 T RELOERO N HNE
KD ON, BEIIGRT 51T, HiS j OFEREM
H bkl 30 45) TlIZES 1m LIET bR
RATEER S hic, B Lo g Ec>vwT, mABRRK
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EE-1

HHERZEM ARG A DR D 5 TH

Photo. 1 Distribution of root of a plantation
tree in abandoned terrace paddy fie-
1ds

WiEhr i b2 <Y oh, hkiEE bty ohn
Too FIMIL j Ok DT, HAMNRESEOMIZ< Y v T
IEBEREE DR SN A /D B - 12, KEL
DM, HMTHELLEY TR, VI bIE T
(Clay) T, FABEHSAROEVEE ) -7, KELTIRA
MREEALESENTOEL -, FELREETH
BN - Too ML k, 1 2FR< &, & 12~35cm T
ClEZIEBCIEEL » T\, REToTm ()
IZOWT, 12FED 9 B 2/3 75 25~5Y T, DI T5
~10YR CTh 7o A¥ - £/ FHF 7T5~10YR TH -
1o EFIEEZERI £ v 4 — (1995) 1ok 2 &, B
Xo#HFEhOMHOELTIZ5Y, KW LIFI0YR T
bHoteo 2F 0, WS NICHHEENROXE Lo+
BIERF - b/ FHOENLD bEBEKESD, BED
DM W 2 7R 3 HIS 32 5 - 7o

3.2 [RKBE, RELTOSKERUTEYIEH

% 2 ITHEIRR &S L7 M 0 2 - o BaRIE KR SR, K
e, TEYE R AR ORIER R R, K
ARIEIRE T ORRE, KILRE, thylbas, fafsK
FREICHESHBEBGRS R SN, MihE OISR b5
Motz (3 3) KBL OB KRE I K& O R E L
DOEFEE E MBS E D - 7o (1), KILBR & OHBR%
BIZ R=053 LHEETII -0, b d 2R &4
BRI R=077T £ 155 2 &5, RE T OMIEKG
BUIKILBR & OFRASE > - 120 Ml & KB RO

BRAEADE, WS EEINYT 3 & & bITKEREEENG
BRI ot (K2, R*=0.67, p<0.001), X3 D
o kERERET E TEtic) s TRERLE A
% &, FELIITow TR L TRKEENM I3 &
AETL LB WES LBEZ BIEANH - 12, FiEg+T
W&, PREn 20 LU T O KA R 10mm LUF, s 30 4
FERE DK AR 1F 20 mm Fifk & MAEptEINE & bz
B A DNT, KETEICHKBELE TETOHEKE
BAEINTASZ L, ME20FEL T TR VELOHKE
BmEREB LI TH /s v, it L, His 30
FRETE TELOMKERZENL, £Etozhic
E51L > T, 2D, MipEne & bicffk
BEICED B2 NETOEENEL 82 EBDH - 120 C
N3, RicEE LN, zhickEwT FgtnZ bl <%
IKEESHENT 2 EARLTVWEEEZ SND, HIL
fR (—04~—6.2kPa), /NMLIRE (—6.2~—49.1 kPa) Dl
BRBIRK AR 2K 4 1R, KETO/NMUBRKERT
WIS L CTd £ 0 2L L TOin - 7ehs, il
FKERFTRENL TV, oA T bR U
Th -1,
FELoBEKMEICOWT, Hidia &U b (bRl 12 KO
134F) DB KIZEIE 4~6X10 2cm/s (=144~216
mm/h) T, Wb 25 FLLEO4HIS T 1X10 2cm/s %
ATV (£ 2), flihkS N HHEREMR O fafiEk
FREIGEED 7 2 7 2B, AT 1979 FELIRR @
HE Nk 1 ERIRE (102mm/h) £ b KREh-
2o )11 (1999) 7R L i HIX o HHER O M o i
FLBE/K A% (1.9X10 Pem/s) bBFIC LT, HEKEMKE
DSEEING % 12D N TRIRLEKRE Z BI04 2 A A53E 8
Site (X5, BIFEKREAE Y, BRI R
2=0.61, p<0.001), —F, A¥ + b/ FHD A BRI
BHRIBEOMERETRIE 3~7x102cm/s (FH5x1072
cm/s) TH -7,

3.3 LTEHWREM

KA E & AR OMPBIRIGRE A 5 &, Ao
& D B TR B HHRAS A S IS s 5 18, BRI
&2, EtTEOREIEE KELoRZEERITIED
MR St (53, DT EHDS, B TEICE
1 BRFEEPL VBT REKERNAZ VI EAUR
B, BB, DRFITFHRIC LD 29ETIEORKE
JEE DEE 13 78~99% (12 T 90%) T, RED
KESIIE LIS L T W —F, K+ ofEf
BKEREL GO 13 Ao JB O IRETHE R & A RSN
o onfen, BRFETHE, IVELEORRITEE,
RKETOREEGREFEDONE I -7 Rbd), T
5D Lo, KT OB KRB FKERIE ST
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xR-2 MRS ncMHO KA R, BV N O TGP o JE ks R
Table 2 Results of the water holding capacity, soil physical properties of surface soil (A-horizon) and
soil organic matter properties in terrace paddy fields following afforestation

Site a b c d e f g h i j k 1
LB 2F  Z2F RF bv/F, RF 2 F 2 F Z2F  2Z2F¥F 2F  ZAF b/ F,
A ¥ 2%
et (4F) 12 13 20 23 25 26 28 28 29* 30 31* 33
FkEE (mm) 30 25 28 44 46 51 40 45 36 50 49 61
AW (mm) 22 18 27 27 27 44 32 34 19 23 22 39
BW (mm) 8 7 1 17 19 7 8 11 17 27 27 22

KS (cm/s) 5.7X107% 4.6X107% 2.1X107% 8.1X107% 1.9X1072 5.1X1072 1.1X1072 4.2X1072 2.2X1072 4.0X1072 3.0X10°2 3.3X10*
BD (Mg/m?) 0.84 0.99 0.85 0.71 0.76 0.64 0.69 0.62 0.83 0.60 0.73 0.69

LP 0.04 0.05 0.08 0.18 0.07 0.22 0.07 0.12 0.07 0.16 0.07 0.12
MP 0.12  0.09 0.08 0.11 0.10 0.14 0.11 0.14 0.12 0.15 0.10 0.17
SP 0.08 0.06 0.07 0.05 0.08 0.06 0.10 0.09 0.07 0.06 0.07 0.09
FP 0.44 0.43 0.45 0.37 0.46 0.36 0.46 0.40 0.40 0.40 0.48 0.34
FC 0.52 0.49 0.52 0.42 0.53 0.41 0.56 0.49 0.47 0.46 0.55 0.43
TC (t/ha) 34 22 58 55 72 40 57 59 59 52 78 89
SC (t/ha) 34 20 52 53 68 31 48 52 50 44 72 86
OC (t/ha) 0.4 2.3 5.9 1.8 4.2 8.6 9.3 6.7 8.8 7.8 5.7 3.2
CC (g/kg) 29 14 34 32 48 20 55 48 27 40 53 65

AW, £@L (AE) ofk7EE ;BW, MEL (BELUT) OfKEER;KS KBl (A ORMEKGRE
BD, £fg 1 (Afg) OFEE;LP, XEL (A OKRAKEE (0~—0.4kPa) ; MP, £fE 1 (A& DhfLER
# (—0.4~—6.2kPa) ; SP, XK@ (AJE) D/NLERE (—6.2~—49.1kPa) ; FP, KETLT (A8 OHIFLIR
L (—49.1kPall M) ;FC, #E+ (A OEEAKE (—6.2kPa DIKfEE/KE) ; TC=SC+O0OC ; SC, §i
BB (FES30cm) DORFEITHE; OC, HEAHYE (AoE) ORFEITHE;CC, XElL (AB) DKR#ES
HRx, rEEP SO EED

R-3 kAR E TEYE RO T IEE YR O HBIR L
Table 3 Correlation coefficient between water holding capacity and soil physical and organic matter
properties

AN i BD LP MP SP FP FC KSst TC SC oC CcC

kAR (mm) 0.82** —0.81* 0.59* 0.71* 0.12 —0.52 —0.42 0.70* 0.67* 0.64* 0.22 0.63*

# o p<001;% p<0.05;T, KS 3% E % HH
sl E2 TSN EEL

R4 KRBT OEMEKGEE TIEYE R O 3G YR E O HHBE R EL
Table 4 Correlation coefficient between saturated hydraulic conductivity of surface soil and soil
physical and organic matter properties

N BD LP MP SP FP FC TC SC oC cC

KS' 0.78* —0.72"* 0.53 0.53 0.05 —0.33 —0.28 0.53 0.43 0.64* 0.39

*, p<0.01;% p<0.05;", KS IIHEZ L O % (EM
HERE2 s bDEFEL
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Fig. 2 Change in water holding capacity of

abandoned terrace paddy fields fol-
lowing afforestation
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Fig.3 Change in water holding capacity at
surface and subsurface layer of aban-
doned terrace paddy fields following

afforestation
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Change in water holding capacity of middle and small pore of abandoned

terrace paddy fields following afforestation at (a) surface and (b) subsurface

layer

HEEBRY OB M EHEES N S,
RS & OF T LA YIRS OKR BRI KT I
T A7, FBHARE U ThRln & TG YR
A GO CEBFEOT 21T > 0o T OFER, i s
Ao JEDRFAITERETALIE Lick &, FELAN
Bont, LINIcERFENERT,
Y=17-X,—16+ X,+79 (R*=0.79)
Y, BROKE R (mm) ; X, Ml (FF) ; Xo, Ao DK
FirE&E (t/ha)

X, X, D FElzEn<h 31.8 (p<0.001), 5.2 (»p<0.05)

Thoto 58, HIHd RO TIRAF - £/ FOREMEK
TH5HM, b/ FHTIE Ao BEENWNS WEHAINDH %
(=18, 1995), E/ FMOER) ¥ —7 4 —VEIZOW
THfEIC X 2HESHEFRED O TV IEL T & (B
e, 19815 =i, 2000) HHLLPTVEVS B/ F
DHEQWEAZET 2L, £/ DY) & —FEPMITH
fRxn, TIBICERIN TV AN EZ bND, %
DEHINEZLICHESE, ARTEAFHERF - £/ +
TRAREAR A X 9ITHL D - 726
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Fig.5 Change in saturated hydraulic con-
ductivity of surface soil (A-horizon) of
abandoned terrace paddy fields fol-
lowing afforestation
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4.1 HERICES BHEMEMROKENABEREEDE(L
K2 RSNk DT, RS NcHHERGEMH O £
KRB & & SITHINL 720 (KA RIIMERECE
iR s h2ETIEELC, BENCRoKREFEL, i
oS LIcE G4 3 & &2 5h b T Hiho 2o RE
ERLILEDTH S, (RKEENEMLIZEWVWS &
3, BIKEEET 22 EA o EABHL TV 5,
FkBREEEOHIFKEORKRICOVWT, AXS
(1995) k[ d 5 2 i LR IcE S < Rk A=
L OFRIEEZ I L, KEPABEEESE L &S
NATIMCTHKBENRZIVW EE2R LT, £/, TiE
LBRICH S K ER EMFED & LR T — & 23
E LR ARIZIBERIC LN VOEAE R LA &
MEE SN TV Ok - JE, 1995), o k5, &
RERE L EBR O O EFEORBR RS -2 b
%o AR S NI HHEREEMIE O Z2J8 1 0 K PE (324551
BTERS NCRERE X DSV EAVRENI, O
TEMD, HIFRICE L AWK BRSPS ICIEE T
b5EEZONDE, KELOEWVBEKEENKIFE 0T
H B TBNNIWKEHES 27 0w 20 HRET 5 C
LAERELTWVS, PED XS ICkERORINE £E
toEOEKMED S, HEKIC & > THHEREEMH O 115
Db DI ABRBER B L L aREE S W EEZ S
N5, WHEEEERICHE W HmcRKkEEET5 2 &
T, HOKTRETHSRE I L C X2, HHMEREIC L0 E
N 7520 BRIMET 2 (Fifl, 1994, 1l
iz &k v HHEOHGUKEENEINT UL, HEREAFIES %

B HfD & TIEAN BB 2 & 0 0 gkKIHETHGE (%
fiFfah T EEZ 5N 5,

HE 30cm F THE LA RKARICD W TR HEKE
BEENFERBLHEERF - £ FHIGIZIERLC
FEEIC > TH Y, FETOBEKEIC>WTHIZIEERE
DFEMTAF - b/ FHROZENEE UEEICKE->TO
7oo FETITO WV TIRBRIKEE R ORI EH 30 4ELL
RGBT HRA S 3ERI CREEIcE ThliEd 52 £ F 2
SN 5B A CHE L 7 HibH < 3HHERCENIH O /8 13
L TE» -7, UL, TELIICHROMRNED S
NTHY, THIHEOPHEIE O THED DRSO FES
ETELOYIEOZELRE S N D, 51, FNELo
SRS AL T H B,

4.2 RKBEEOXEER

MO, FOKEREHEIN L 7o ZR % FLER D
RESPOEZBE, /IMUBRLOPIROTFGARE L
LEZONDE (WD FKERETIEYEEDS B, K
LR LR BN A S (K 2), KB T of
FLB KGRI HRER 72 1 T <, KILBRER E SN E
mote, SO EFMEEMNE & bICERE ORI
WA TWE I EARET S, Dl &b, RKER
DOFENNE IR & 75 TSR S fe & SicieR
LTW3, ZD& 5 WHARBFIROTEKEEH & LT
DERMEZ 5 b, ORIG5> hCHilRIC
A sNnNB ) 4 —7 + —ustEin L (5, 1981 ; =id
2000), TIEMAY) - BiWIC X B ORER CILE B
P EREND, 7, RO - oL
LIVE OB oEINcE S 5, FHERY OB
N & TIEHEES X O LES S th, TIBMEY) - B
OHEEMEE SN 5, @ BKINS TIRERE s L%
GRYIOMEINE EICE>T, 3 I XREDHEFYOE
EABEZ, Zh 5 DFHIC L » THEMELIET 5,
@ WHEMZES ©, HE~KOHEIEIT 2 &, I
fELctBicarmEdT s S, 19877 8), 2D
KO BBAPEM L RED SHABILRASTERK & 1
%o @ TFELE~OROMRIZ LD RS2 8 U C -5
R ORI 532 (A, 1989, LI Lo X 5 #5/EH
DSEHT A IS L », KERREMLzEEZ
5N 5,

Ao JB DR FETH B &9 L 0 R R E XL O RIK
HEOMGREA S L, ZEFE UK TH 5 85 (bRl 25
~334F) T, Ao BDRFITFHEENI/DI WHLE THVE
TIE D RFIE R RKERP RS WEHRSED S
("6, 7o Thold, WUMETHNE, HEEEY
Whisw, FibbEerIniftd 513505, TIEGK
Wr3tEmL (X6, &5ictHaEiyoigne 5y



38 THEOYIEE 4598 5 (2004)

_
o
o

60 [

40 |

20 x

MBELEORRITEE(/ha)
)

o

0 2 4 6 8 10
AcBDRFIFEE(t/ha)

| x HES25E KT @ 525~ 335 |

E-6 AofgokFIrHELINETEOREFE =
DRAfR
Fig. 6 Relationship between carbon content at
organic layer (Ao-horizon) and soil car-
bon contents
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