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Abstract:

The lower reaches of the Yellow River are basically a discharge zone with a high salt content, and the study area
of Yucheng in Shandong Province became arable only after the water diversion project from the Yellow River was
implemented in 1972. The sustainability of agriculture in this area is examined through the redistribution of soil
moisture and solutes in the vertical profile based on the measurement of soil moisture, potential and solute content in
a maize field at the Yucheng Experimental Station. Diurnal moisture fluctuations appear in the surface layers at 30
and 50 cm depths, and the daily water content at 90 cm depth decreases about a month after planting, due mainly
to the effect of root water extraction, even reaching a level lower than that at 70 cm depth. Soil moisture obviously
increases for the three layers at 30, 50, 90 cm depth, and the relevant peak-time shifts from the surface 30 cm depth
to the deep layer at 120 cm depth with a varied time lag in response to rainfall events, but there is little or no signal
for the other layers due to the effects of soil properties, roots, and soil storage. The existence of a convergent zero
flux plane may explain to some extent the accumulation of moisture and solutes in the layer at 120 cm depth. Though
the chemical facies along the profile from the unsaturated surface to the deep saturated zone generally evolves in
a direction of decreasing SO4

2� and Cl�, a strong driving force upward and the accumulation of solute at 120 cm
may change the redistribution pattern and three groups of this pattern were classified according to the evolution and
concentration distribution profiles. The main factors affecting the moisture, solute and their distributions for the three
groups are varied: rainfall, irrigation and evapotranspiration for the surface layer till 70 cm depth, root extraction
for the accumulation layer of 70–120 cm depth, and the fluctuation of the groundwater table for the deep layer at
120–200 cm depth. The agriculture appears sustainable as long as diverted water from the Yellow River is available,
but the high content of solute accumulation in the layer at about 120 cm depth is a potential risk. Copyright  2004
John Wiley & Sons, Ltd.
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INTRODUCTION

The lower reaches of the Yellow River are an important agricultural area for three main crops: wheat, maize
and soybean. The sustainable development of this area is greatly dependent on the water diverted from the
Yellow River, which is facing an intermittent depletion problem or dry-up, i.e. no water flow on the river bed
in both the middle and lower reaches since 1972 (Wu et al., 1998). Located around 30 km north of the Yellow
River, the study area of Yucheng Experimental Station in Shandong Province is basically a discharge zone, i.e.
the potential gradient is upward. A monsoon climate affects the study area in its temporal rainfall distribution
with about 70% of annual rainfall in the June to August period. Annual potential evaporation is as high as
927 mm, in contrast to an average annual rainfall of 500–600 mm. Average water use (evapotranspiration
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(ET)) for winter wheat, maize and soybean is 482Ð5 mm, 397Ð9 mm and 373Ð4 mm respectively, with a
contribution from precipitation of 148Ð2 mm, 353Ð5 mm and 311Ð3 mm respectively (Wu et al., 1997). The
water deficiency is made up for by abstraction from the Yellow River, which accounts for about 50–60% of
the total amount of local water resources (Ouyang et al., 1998), and from groundwater, which is pumped for
irrigation or is used directly through capillary rise and then by redistribution of the soil moisture in the profile.

Groundwater in the lower reaches of the Yellow River is rich in chloride, which is transported together with
moisture. Before the diversion project was carried out in 1972, the study area, as a discharge zone, was a wild
wetland with a whitish layer of salt on top, and no crop could grow there. The diverted water is brought in to
wash out the surface salt by irrigating the area, and thus adds the salt burden to the local area, especially the
unsaturated zone, which is characterized by a low topographic gradient and an upward potential gradient, i.e.
vertical water movement is dominant in the study area. The chemical concentrations in the diverted water are
91 mg l�1 of Cl�, 148Ð5 mg l�1 of SO4

2�, 16Ð8 mg l of NO3
�, 56Ð2 mg l�1 of Ca2C, 26Ð1 mg l�1 of Mg2C,

89Ð3 mg l�1 of NaC, the total NaCl imported annually is about (1Ð08–1Ð62) ð108 kg (Chen et al., 2001).
Generally speaking, groundwater became less saline after the diversion project was realized, indicating that

most of the salt was accumulated in the unsaturated zone. Food and water security are two big issues in China
(Brown and Halweil, 1998), and the redistribution profile of soil moisture and solute after about 30 years
of irrigation with the diverted water from the Yellow River is an interesting topic, intimately related to the
sustainability of agriculture in the lower reaches of this river, which is characterized by intermittent drying-
up in the last 30 years. Regarding food production, the crop is a key factor in the soil–plant–atmosphere
continuum (SPAC), greatly affecting the redistribution of the soil moisture and solute through the alteration
of the potential gradient between the soil, root and leaf. The main objective of this study is to examine the
redistribution of soil moisture and solute, their relationship and the effects of the crop on the redistribution
along a vertical profile, based on the measurement of soil moisture, potential and solute content in a maize
field inside Yucheng Station.

MAIN FACTORS AFFECTING THE REDISTRIBUTION

Factors affecting the water balance component, and thus the redistribution of soil moisture and solutes, are
closely related to the scale under discussion (Jacques et al., 2001). On a catchment or even large scale,
topography-driven lateral redistributions of water and energy and topography-related heterogeneities are key
factors in the water cycle (Ambroise, 1995). On a field-plot within a large plain, such as the North China
Plain (NCP), the effects of these factors on the redistribution of soil moisture and solute in the unsaturated
zone can be neglected, since the topographic gradient is as small as 1/7000–1/10 000 in the study area from
the southern highlands (the Yellow River) to the northern lowlands.

The plant and/or crop is related closely to land use and influences the redistribution of moisture and solute
through transpiration, root water extraction, and growing characteristics, such as leaf area index (LAI), no
matter whether they are in dry or wet environment (de Faria and Madramootoo, 1996; Thornes et al., 1996;
De Roo et al., 2001), and the different species and class have diverse effects on the soil water storage and
redistribution (Hodnett et al., 1995). LAI was used as a good index to calculate the ratio of the transpiration
T to ET and then separate T from the soil evaporation Es, which can be measured by micro-lysimeter (Liu
and Wang, 1999). Irrigation and rainfall can be considered jointly as an important factor affecting infiltration,
redistribution and drainage (Li and Kawano, 1996; Gaze et al., 1997). Soil characteristics are, of course, the
internal factors controlling the soil moisture and solute transported. Case studies on the combination of solute
and moisture at the field scale have seldom been reported, though there have been some laboratory studies
mainly oriented to pollutants (Letkeman et al., 1996; Stähli and Stadler, 1997).

The average ratio of rainfall to ET based on a 10 year data series is about 0Ð63, indicating that the deficient
0Ð37 comes from the water diversion of the Yellow River, since annual average groundwater table remains
rather stable at about 2–3 m depth within that 10 years. On the other hand, the groundwater plays a great role
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in supplying water for the crops within a single year, and this supply through capillary rise is estimated to
be 17% of ET (Chen and Wu, 1997a). The other water balance components are given in Figure 1 following
the mass balance indicated in Equation (1):

P C Ir C Eg D Ip C T C Es C Ri C Rs š S �1�

where S is the change in soil water storage; the other factors are defined in Figure 1.
The main factors in Figure 1 related to the redistribution of soil moisture and solute are incorporated, in

terms of climate condition, soil physical and chemical properties, and vegetation, to design the experiment in
the field study.

MATERIAL AND METHODS

The experiment was designed to collect information that may reflect the factors mentioned above at Yucheng
Experimental Station (36°49044Ð400N and 116°34013Ð400E), which is located in the lower reaches of the Yellow
River in Shandong Province.

Piezometers (wells) of 4, 5, 6, 8 and 10 m depths were drilled at the station in September 2000, and water
samples have been collected since then from these piezometers every month, together with soil water samples
at 30, 50, 70, 90, 120, 150 and 200 cm depths in porous cups twice every month (Figure 2). Soil cores of
different layers were sampled and measured in the laboratory for saturated water content, dry bulk density

Figure 1. Water balance components in the study area: P, precipitation; Rs, surface runoff; Ri, interflow; If, infiltration; Ip, percolation;
Ir, exterior water from the Yellow River; Eg evaporation from the groundwater or water supply to the crop through capillary rise. Given

ET D T C Es D 1Ð0, then P D 0Ð63, Ir D 0Ð37, Eg ³ Ip D 0Ð17; Rs and Ri are negligible
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Figure 2. Sketch map for the arrangement of instrument at Yucheng Experimental Station
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and characteristic curve determination. The chemical components NO3
�-N, SiO2, Cl�, SO4

2� were analysed
by ion chromatography (Shimadzu), NaC, KC, Mg2C, Ca2C by inductively coupled plasma atomic emission
spectrometry (AES) (ICPS-1000 III C, Shimadzu), and HCO3

� by titration (pH 4Ð8 alkalinity). The accuracy
for chromatography and AES is š1 ppm or š1 mg l�1.

The water table or potential (zero at surface datum, and down is negative) was measured every 3 days
manually for the piezometers, as well as soil water suction for tensiometers at a similar depth to that of
collected soil water sample with an accuracy of š1 cm. Soil moisture is measured and recorded automatically
every 30 min for the profile at the same depths as those of tensiometer using a time-domain reflectometer
(TDR) (CS615 Water Content Reflectometer, Campbell Scientific, Inc.) connected to a Campbell Scientific
CR10X datalogger. Each reflectometer, which outputs a square wave, was calibrated by using original soil
before installation (Table II), i.e. converting the measured period to volumetric water content. The accuracy
is š2% when calibrated for a specific soil, and the resolution of the volumetric water content measurement
is on the order of 10�6 m3 m�3. A rainfall gauge (with an accuracy of 0Ð25 mm) was also connected to the
datalogger.

RESULTS

Soil property and root distribution

As mentioned in the previous section, the soil properties are a key factor affecting soil water movement,
such as capillary rise and solute transport. The saturated water content, dry bulk density and characteristic
curve parameters are given in Table I. The soil characteristic curve was created with drainage and wetting
processes combined together in an exponential form

�m D a exp�b��

where �m (pF) is the matrix potential, � (%) is the volumetric water content, and a and b are two parameters.
Table I shows that the soil properties are obviously different for the various layers. For example, the

layer at 70–110 cm depth may contain much more water than that at 50–70 cm depth for the same matrix
potential.

Table I. Soil properties of different layers at Yucheng Experimental Station

Layer (cm) 0–30 30–50 50–70 70–110 >110

Dry bulk density �g cm�3� 1Ð33 1Ð41 1Ð41 1Ð37 1Ð39
Saturated water content (%) 39Ð2 42Ð4 42Ð4 45Ð8 47Ð2 for 120 cm

42Ð6 for 150 cm
35Ð5 for 200 cm

a 6021Ð62 2Ð71 ð 106 6Ð03 ð 106 5Ð12 ð 108 6Ð16 ð 108

b �0Ð157 �0Ð331 �0Ð3576 �0Ð4489 �0Ð458

Table II. Calibration from TDR-measured period to volumetric water content (%)a

Depth (cm) 30 50 70 90 120 150 200

Regression
equation

T ð 44Ð9 � 45Ð6 T ð 57Ð2 � 54Ð2 T ð 46Ð2 � 30Ð9 T ð 47Ð2 � 19 T ð 45Ð9 � 19 T ð 34Ð1 � 8 T ð 33Ð7 � 31Ð4

R2 0Ð98 0Ð95 0Ð92 0Ð92 0Ð98 0Ð97 0Ð98

a T is the period measured by the CS615 (in milliseconds), and the volumetric water content (%) at a particular depth is calculated according
to the corresponding regression equation.
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Root water extraction and its associations with transpiration, photosynthesis and respiration have large
effects on redistribution of moisture and solutes in a diurnal and seasonal cycle (de Faria and Madramootoo,
1996). Each crop has its own root distribution within the growing season, and it may differ in the varied
terrain map unit. Since there are no data for root distribution at Yucheng Experimental Station, root distribution
patterns at Luancheng station near Shijiazhuang, the capital of Hebei Province, were used to analyse the effects
of root water extraction, since both stations are located inside the NCP and have similar crop patterns and
land use.

Root length density RLD(Z), which is closely related to water extraction and is defined as the total length of
root divided by the soil volume, extends along the soil profile in an exponential shape (Drew, 1990; Hamblin
and Tennant, 1990), i.e. a high value at the surface and a low value in the deep layer. It changes and expands
downward to the deep zone as the crop grows. For maize at Luancheng station, RLD(Z) at 10 cm depth
is about 1Ð18 cm cm�3, 1Ð25 cm cm�3 and 1Ð5 cm cm�3 at 43 days, 59 days and 90 days respectively after
planting, and the root may extend to equivalent depths of 40 cm, 80 cm, and >100 cm respectively (Liu and
Wang, 1999).

Root extraction becomes weak and affects moisture redistribution less after the crop reaches its growing
peak until full maturity.

Soil moisture redistribution

The soil moisture in each layer responds differently to a rainfall event, and it may show little or no change
due to antecedent storage conditions. There is a large increase in response to a continuous event, such as
that in the time period at steps 1870–1909 (one time step is 30 min; (Figure 3), whereas the peaks of water
content in the layers at 30 cm, 50 cm, 70 cm, 90 cm, and 120 cm depth occur at time steps 1910, 1916, 1925,
2091 and 2146 respectively and there is no peak in the layers at 150 and 200 cm depth. It takes 3 h, 4Ð5 h,
83 h and 27Ð5 h (time lag) respectively for the peak to shift from 30 to 50 cm, 50 to 70 cm, 70 to 90 cm,
and 90 to 120 cm depth, and this reflects to some extent the water holding capacity, root water extraction,
soil storage effects and hydraulic conductivity of the different layers.

One obvious characteristic in Figure 3 is the diurnal change of soil water in the surface layers at 30 and
50 cm depth, reflecting mainly the diurnal changes of ET. The soil moisture of these two layers within the
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period 19 June–18 July 2001 (i.e. steps 22–1414 on the time axis of Figure 3) was averaged over 24 h to
reveal that the diurnal change in soil moisture for this period remained relatively stable in terms of daily
value (Figure 4), with a narrow variance range of 0Ð25–0Ð26 and 2Ð65–2Ð70 at the 30 cm and 50 cm depths
respectively. Within a daily cycle, the soil moisture at 30 cm depth reaches a minimum (dip) and a maximum
(peak) at about 11 : 30–12 : 00 and 20 : 30–21 : 00 respectively, whereas at 50 cm depth these occur at about
15 : 30–16 : 00 and 6 : 30–7 : 00 of the next morning respectively. The mechanisms by which layers supply
water and why the peaks occur at the above times in the experiment remain vague; it might be the combined
results of diurnal energy and mass balance along the soil profile.

The differences between the dip and the peak at 30 cm and 50 cm depths are 0Ð76% and 0Ð38% respectively.
This relative difference was used to estimate ET roughly in the surface layer at 0–60 cm depth as:
ET D 300 ð 0Ð76% C 300 ð 0Ð38% D 3Ð42 mm. This is rather close to the average of 3Ð4 mm day�1 measured
by the lysimeter for the whole growing season of maize (Chen and Wu, 1997b), indicating that ET comes
mainly from the surface layer at 0–60 cm depth during the period 19 June–18 July 2001, when the root
distributes mainly in this same layer.

It is clearly indicated that the soil moisture at 70 cm depth increases continually, whereas that at 90 cm
depth shows fluctuations in response either to rainfall or to root water extraction (Figure 3). Though soil water
at 90 cm depth is supposed to be higher than that at 70 cm depth (according to the soil characteristic curve
of the previous section), it decreases and traverses the line at 70 cm depth at time steps 2639 (69 days after
planting the maize). This can only be explained by strong root water extraction at the 90 cm depth, a level
that, according to the measurement at Luancheng station, could be reached by the root 69 days after planting.

Average daily soil water content may become smooth and then filter out the diurnal fluctuation at 30 and
50 cm depths, but it may reveal very well the effects of root water extraction and soil water redistribution,
as indicated in Figure 5. This figure shows the large water redistribution in the layer at 90–120 cm depth.
The two surface layers of 30 and 50 cm depth remain rather stable in their daily value until the continuous
rain event that occurs about 39 days from the start date of 18 June 2001 (i.e. the time step period 1870–1909
in Figure 3). On the other hand, the highest soil water zone is located in the middle part of the soil profile,
which is working as the ‘heart’ of the whole redistribution system. It can also be seen in Figure 5 that the
peak shifts downward from the surface to about 100 cm depth due to the infiltration and the redistribution of
this event.
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Soil potential

The total potential (matrix plus position potential; the position potential is zero at the surface and minus
below the surface) gradient is the main driving force for the soil water movement and redistribution along the
profile. Since water usually moves from high potential to low potential, Figure 6 shows clearly the direction
of moving water (indicated by the arrow). On 11 June 2001, the soil was dry, and moisture in the surface
was supplied from the deep layer at 150 cm depth. Afterwards, water was generally convergent at 120 cm
depth and divergent at 50 cm depth, unless a big rainfall event occurred, such as the one on 23 June 2001,
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when extra water may have infiltrated to the deep layers. The potential fluctuates greatly in the layers at 50
and 120 cm depth, and a zero flux plane (ZFP) occurs in response to rainfall and/or evaporation. In terms of
water movement direction, there are generally two types of ZFP: convergent and divergent. The convergent
type often occurs at 120 cm depth, as shown in Figure 6.

In contrast to the change of soil water in the layers at 90 and 200 cm depth, the potential remains relatively
stable for these two layers. This is probably due to the effect of root extraction (roots have a much lower
potential than soil) at 90 cm depth and the effect of the groundwater table at about 200 cm depth.

Solute distribution

Solute transport is a very complex process, in which physical, chemical and biological mechanism are
involved. Nevertheless, solute is transported following water movement along the profile no matter whether
the process is dominated by convection or diffusion. Thus, solute and soil moisture are closely related, and
the distribution of solute somehow reflects the redistribution characteristics of the soil water (mentioned in the
previous section), and vice versa. The field-scale measurement of both soil water and solute and the analysis
of their integration are unfortunately seldom reported. This is probably due to the difficulty of acquiring soil
water samples, which have to be obtained from the soil under a certain suction.

Since the solutes change with time like moisture, the average values will be used for the following analysis.
The distributions of eight major ion concentrations in Figure 7 indicate clearly that peaks occur in the layer
at 120 cm depth for most of the ions except HCO3

� and NO3
�, the peaks for which occur at about 90 cm

depth instead. As we know, NO3
� is normally a slow transporter compared with Cl�. This is due to their

different ion-exchange capacities, and an NO3
� peak at the upper layer is then to be expected. The occurrence

of a convergent type of ZFP at 120 cm depth may explain the reason for both the highest water content and
the solute existence at this depth. As mentioned above, that root water extraction takes place mainly in the
layer at 90 cm depth instead of at 120 cm depth after a growing period has prevented the possible harm of
salt to the crop, as it is not easy for the crop to grow in an environment with more than 1000 mg l�1 of Cl�.
The ratios of [Na]/[Cl] (in meq/meq) for the layers at 30, 50, 70, 90, 120, 150 and 200 cm depths are 1Ð41,
1Ð69, 1Ð21, 1Ð15, 1Ð25, 1Ð22, 1Ð47 respectively. The layer at 90 cm depth has the lowest [Na]/[Cl] ratio (1Ð15),
indicating the dominance of the compound NaCl in this layer, and a strong ion exchange due to high root
water extraction could be the reason.

Figure 7 also shows that: (1) among the eight major ions represented, SO4
2� has the highest concentration,

i.e. 1700 mg l, and then follow Cl�, NaC, HCO3
�, NO3

�, Ca2C, Mg2C and KC; (2) the whole profile can be
separated into several groups according to major ion concentrations, i.e. a surface layer of 0–70 cm depth,
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strongly affected by rainfall, irrigation and ET, then an accumulative layer of 70–120 cm depth, affected by
root extraction, followed by a deep layer at 120–200 cm depth, affected by the fluctuation of the groundwater
table. The concentration in the surface layer is similar to that in the deep layer, and the layer at 120 cm depth
obviously acts as a block due to the effects of the ZFP preventing the salt from passing through to either the
upper or lower layer.

Similar grouping results can be obtained by using a Piper diagram, in which ion concentrations of
groundwater from 4 to 10 m depth are also added. Generally, water quality evolves from the surface to
the deep layer in a direction indicated by the straight-line arrowhead, whilst the unsaturated zone may evolve
following the curved and then the straight-line arrowhead, as shown in Figure 8. A straight line for three
major anions may reflect that there is a linear relationships among them (Chen et al., 2001). Saturated layers
of 4, 5, and 6 m depth can be grouped into one class and those of 8 and 10 m depth into another.

SUMMARY AND CONCLUSIONS

The redistributions of solute and soil moisture are closely related, and both are greatly affected by the factors
defined within the continuum of SPAC, especially soil properties and root distribution. The results of the
measurement and analysis of their redistribution and integration are summarized as follows:

ž There is a large diurnal fluctuation in soil moisture in the surface layers, with the lowest water content
at about 12 : 00 and 16 : 00; this recovers and reaches its highest content at about 21 : 00 and 7 : 00 of the
next day for the layers at 30 cm and 50 cm depth respectively. The difference between peak and dip was
used to obtain a rough estimation of ET, i.e. an average 3Ð42 mm day�1 from the surface layer of 0–60 cm
depth in a maize field during the period of 19 June–18 July 2001, which is reasonable compared with the
lysimeter measurement. The moisture peak responds to a rainfall event by shifting along the soil profile
from the upper to the lower layer with various time lags, which are dependent on the amount of rainfall,
soil properties and crop condition. There is no peak for the deeper layers at 150 and 200 cm depth due to
the soil storage effect.
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Figure 8. A Piper diagram of water quality for the profile of 0Ð3 to 10 m
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ž As the crop grows and extends its root to the deep layer, its effects on moisture redistribution become
apparent. A strong redistribution occurs within the layer at 90–120 cm depth, and the moisture content in
the layer at 90 cm depth decreases continuously after a certain growing period, even reaching a level lower
than that at 70 cm depth, though a higher value is expected according to the soil characteristics curve.

ž In terms of water movement direction, there are generally two types of ZFP: convergent and divergent. The
existence of a convergent ZFP at 120 cm depth may explain to some extent the accumulation of moisture
and solute in this layer.

ž Though the chemical facies along the profile from the unsaturated surface to the deep saturated zone generally
evolves with a trend of decreasing SO4

2� and Cl�, the strong driving force upward and accumulation at
120 cm depth may change the pattern. Three groups of redistribution pattern were classified according to
the evolution and concentration distribution profiles.

The redistribution profile of soil moisture and solute clearly shows the accumulation of solute and moisture
at 120 cm depth with a Cl� concentration above 1000 mg l�1; however, the roots mainly extract water above
this layer, thus preventing the salt from harming the crop. This could be the reason why agriculture in the
region has been sustainable 30 years after the diversion project was carried out. The agriculture in the lower
reaches of the Yellow River, therefore, seems to be sustainable as long as there is water available from the
Yellow River for irrigation, and thus avoiding the upward movement of the high solute content accumulated
at the 120 cm depth.
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