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Abstract 
 

Root water uptake is an important process of water circle and a component of water balance in the field. It should be 
understood better and effectively. A quantitative method of determining root water uptake should be built for efficient water 
use. The aims of this paper were to develop a water uptake model for single Caragana Korshinskii individual and to validate 
the model with soil water content in a plantation. Tube–time domain reflectometry (TDR) was used to measure soil 
volumetric water content, and sap flow sensors based on stem–heat technology were used to monitor locally the sap flow 
rates in the stems of C. Korshinskii. Root density distribution was determined and soil hydraulic characteristics parameters 
were fitted from measurements. A root water uptake model was established, which includes root density distribution 
function, potential transpiration and soil water stress–modified factor. The measured data were compared against the outputs 
of transpiration rate and soil water contents from the numerical simulation of the soil water dynamics that uses Richards’ 
equation for water flow and the established root uptake model. The results showed an excellent agreement between the 
measured data and the simulated outputs, which indicate that the developed root water uptake model is effective and feasible. 
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Introduction 
 

Soil moisture is a crucial factor in controlling 
hydrological and ecological processes. Hydrologically, it 
plays an important role in generating runoff, consequently, 
influencing erosion and sediment loads in different 
temporal and spatial scale (Morgenschweis, 1984; Yang & 
Tian, 2004; Lacombe et al., 2008). Ecologically, it controls 
vegetation distribution and development (Cheng, 2002; He 
et al., 2003; Chen et al., 2007). However, vegetation has an 
effect on soil moisture by root water uptake, especially in 
arid and semiarid areas. A lot of literatures reported forest 
caused a dried soil layer in the profile on Loess Plateau of 
China due to unbalance between water demand and water 
supply (Li, 1983; Huang et al., 2004; Kimura et al., 2007). 
The dried layer in the soil profile resists forest growth, 
finally resulting in forest degradation (Li, 2001; Li & 
Huang, 2008; Wang et al., 2008). 

The climate in Chinese Loess Plateau belongs to 
semiarid climate with about 400 mm precipitation falling 
in the form of rain–storms. The loess material and the 
characteristic of precipitation cause severe soil erosion 
and water loss (Meng, 1997). To mediate the soil erosion 
and water loss in the plateau, the campaign of planting 
trees and grasses has been conducted since1980s to 
stabilize the land surface and to retain more precipitation 
in the soils. There is considerable debate about the 
selection of afforestation tree species. Generally, the role 
of species selected depends on cost and effectiveness, that 
is, when labor and money would devote to planting trees 
and grasses, the planted species should play a role in 
preventing from soil and water loss in a long time. When 
ecological values are aimed, Caragana Korshinskii 
maybe the optimal selection in this area, because it can 
endure drought by developed root system. 

The physiological and ecological characteristics of C. 
Korshinskii have been studied (Xu et al., 2006). Some 
studies reported its role in stabilizing land surface 
(Donaldson & Lausberg, 1998; Fromm et al., 2003). There 
are a lot of reports about biomass of C. Korshinskii and its 
corresponding environmental factors (Schroth, 1995; 
Odhiambo et al., 1999). However, the relationship between 
the root distribution of C. Korshinskii and soil moisture in 
Chinese Loess Plateau has been little investigated. So the 
soil hydrological processes with the development of the 
species cannot be explained.  Therefore some questions 
cannot be answered, such as, whether the dry layer would 
appear after the species should be planted, whether it is 
optimal species to be selected in the semiarid climatic 
condition. Root water uptake model is a useful tool to 
understand the relationship between root distribution and 
soil moisture (Green et al., 2003; Lai & Katul, 2003). 

In literatures, roots often were classified into fine, 
small, medium and coarse groups. Among them, the fine 
roots (diameter < 2 mm) are the most active in the 
absorption of water and nutrients (Schenk & Jackson, 
2002). The distribution of fine roots is an important 
parameter in root water uptake models (Feddes et al., 
1976; Feddes et al., 1978; Gardner, 1991). Some models 
only consider the vertical root distribution (Feddes et al., 
1976; Molz, 1981), some others take account of the 
vertical and horizontal distribution (Millikin & Bledsoe, 
1999; Valverde–Barrantes et al., 2007; Macinnis–Ng et al., 
2010). But these models have mainly been developed for 
crops, there are few models for shrubs. 

Our objectives were: (1) to determine the distribution 
of fine root of C. korshinskii; (2) to determine the 
relationship between fine root distribution and soil moisture; 
(3) to build root water uptake model of C. korshinskii to 
estimate soil water content. The results will lay foundation 
for ecological restoration in Chinese Loess Plateau. 
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Materials and Methods 
 
Study site: The study was conducted from June to October 
of 2012 in the Anjiapo catchment, Dingxi County (35°35′N, 
104°39′E) of Gansu province in western Chinese Loess 
Plateau. The annual mean precipitation is 420 mm with 
great season variations. Over 60% of the precipitation falls 
between July and September and over 50% occurs in the 
form of storms. The average monthly air temperature 
ranges from -7.4 to 27.5oC, with mean annual temperature 
of 6.3oC. Average annual pan evaporation is 1510 mm. The 
predominant gray calcareous soil developed on loess parent 
material with silt texture has a relatively thick profile. 

The study area is covered by sparse vegetation, 
dominated by Pinus tabuliformis, Populus tomentosa, 
Prunus armeniaca, Robinia pseudoacacia, Caragana 
korshinskii, Hippophae rhamnoides. C. korshinskii is a 
perennial shrub. The basic information of C. korshinskii 
stand is given in Table 1. We hypothesized that soil 
properties for 1 depth is uniformity. This work was 
conducted based on Forestry Standards “Observation 
Methodology for Long–term Forest Ecosystem Research” 
of People′s Republic of China (LY/T 1952-2011). 
 

Table 1. Average soil properties for the top 1 m in  
Anjiapo catchment. 

Slope (°) 15 Geographical attribution Aspect (°) 125 
Height (cm) 170 

Basic diameter (cm) 1.51 
Crown diameter (cm) 115 
Leaf area index (LAI) 2.16 

Biological characteristics 

Age (year) 26 
Clay (< 0.002 mm; %) 9.17 

Silt (0.05–0.002 mm; %) 75.59 
Sand (0.05–2 mm; %) 15.24 

Organic matter (%) 0.68 
Soil properties 

PH 8.1 
*Slope, Aspect were measured by compass; LAI was determined by
canopy analyzer (LAI–2000, LI–COR, USA); Soil organic matter was
obtained by Potassium dichromate volumetric method; pH was determined
by potentiometry; Soil texture was measured by sedimentation. 
 
Data collection 
 
Soil sampling: Crown size of C. korshinskii was 
investigated in the study area. Four shrubs were selected 
with size approximate to the mean crown size with a 
distance to neighbouring trees of more than 10 m. The 
design of sampling position is shown in Fig. 1. The radius 
of sample area is 300 cm.  

12 fiber tubes with 120 cm length were installed in 
the sampling section of each shrub to measure soil 
moisture (Fig. 1), which was measured at 10 cm intervals 
in each tube and at 7–day intervals from June to October 
in 2012 using a TDR (Campbell, CS–610). 

The fine root length density (FRLD) was from soil 
cores, which were collected using a hand auger (6.5 cm 
internal diameter, 10 cm height) along three directions 
with the interval 20 cm in October of 2012. Soil samples 
were collected continuously in each point with 10 cm 
intervals to 120 cm depth (Fig. 1). Totally, 2160 soil 
samples were obtained. Samples were put into1 mm 
sieves and washed with a Gillion root elutriator. After 
washing, the dead and living roots were separated. The 
roots with diameter < 2 mm from living roots were picked 

out. The living fine roots in each layer were digitally 
scanned using a flatted scanner set at 600 dpi and saved as 
TIF files. Root images were analyzed using image 
analysis software (WinR–HIZO Pro 2008a, Regent 
Instruments Inc., Quebec City, Quebec, Canada) for root 
length. The fine root length density (FRLD, cm cm-3) was 
calculated as follows: FRLD = L/Vs, where, L is fine root 
length in each soil block, and Vs is the volume of soil. 
Kriging interpolation method was used to analyze the fine 
roots two–dimensional distribution, and vertical profiles 
were divided into 10×20 cm grid cells based on the root 
sampling rules. 

A soil profile was excavated in the study area near 
the sampled individuals to measure the soil hydraulic 
parameters, including soil water diffusivity (D(θ)), 
unsaturated soil hydraulic conductivity(K(θ)), and suction 
curve. Two kinds of soil samples were collected. One was 
collected with standard core steel samplers (65 mm 
internal diameter and 50 mm height) with 10 cm intervals 
in the soil profile to obtain the suction curve which 
consists of soil water potential and soil water content. The 
soil water potential was measured by centrifuge method, 
soil water content corresponding to a certain soil water 
potential was obtained by conventional oven method. The 
suction curve obtained by fitting soil water content and 
soil water potential. The other one was taken in different 
layer of the soil profile and kept separately in plastic bags. 
These samples were air dried at room temperature for one 
week and sieved through a 1 mm sieve. Then the air dried 
soil samples were put into horizontal soil column and 
measured soil water diffusivity (D(θ)). Soil hydraulic 
conductivity (K(θ)) was calculated as follows: 
 

( ) ( ) ( )K C Dθ θ θ=   (1) 
 
where, C(θ) is specific water capacity, which is reciprocal 
of the slop of the suction curve and expressed as: 
 

( ) dC
dh
θθ = −

   (2) 
 
where, h is the soil water potential (MPa), θ is the soil 
water content (cm3 cm-3). 
 
Plant transpiration: Stem flow gauges were used (Flow4, 
Dynamax Inc., Houston, TX, USA) to measure sap flow 
of C. korshinskii. The theoretical method and 
methodology of sap flow gauge have been described by 
Smith & Allen (1996) and Yue et al. (2006). A total of 8 
stems, out of the 4 sampled C. korshinskii individuals, 
were selected based on a statistical analysis within the 
study area for determining the mean stem. The selected 
stems were in good condition and well developed to 
support the weight of the sensor and survive throughout 
the measurement period. First stems were smoothed to 
remove any superficial bark roughness using a razor blade 
and put a layer of G4 silicon grease to basal stems at least 
40 cm above the soil surface, then attaching gauges on the 
layer. The gauges were wrapped in aluminum foil to 
shield them from rain and direct solar radiation and 
reduce thermal energy transformation. The data were 
recorded at 10–s intervals and stored as 30–min averages. 
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Fig. 1. The sketch map of root sampling. 
 
Soil evaporation: Soil evaporation was measured with 
micro–lysimeters (Hopmans & Guttièrez–Ravé, 1982). 
Four micro–lysimeters were installed near the sample 
shrubs. They had an internal diameter of 25 cm and a 
height of 30 cm. The bottom of each micro–lysimeter was 
connected with a steel box that collected the drainage of 
water. The measurements were conducted at 09:00 and 
17:00 in each day during the experimental period. 
 
Model description 
 
Root water uptake model: The revised Feddes model 
was selected based on Feddes model (Feddes, 1978). The 
revised model is introduced by the water potential 
parameter as an additional item and expressed as: 
 

2 ( ) ( , )( , , ) ( )
2 ( ) ( , ) r

D

R h L r zS r z t T t
h L r z rdrdz

π α
π α

=
∫∫

  (3) 
 
where S(z, r, t) water uptake intensity (cm day-1), L(z, r) is 
two–dimension distribution of FRD (cm cm-3), z is soil depth 
(cm), r is horizontal distance (cm), R is maximum sampling 
length (300 cm), D is domain of integration (0 ≤ z ≤ 120 cm; 
0≤ r ≤ 300 cm), Tr(t) is the plant transpiration (cm day-1), α(h) 
is the water potential function which is given as: 
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where h is the water potential, h1� h2� h3 are the threshold 
value of water potential of root water uptake. h1 is the 
water potential when soil water content equals 80% field 
capacity, h2 is the water potential when soil water content 
equals 60% field capacity, h3 is the water potential when 
soil water content equals wilting moisture. 

Soil water movement equation in the root zone: Soil 
water content in the root zone was simulated using the 
following equation, which is based on the Richards’ 
equation (Lei et al., 1984). The equation is presented as: 
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where ( )tE t is soil evaporation rate (cm day-1), zm = 120 cm, 
rm = 300 cm, other symbols have the same meanings as Eq. 
(1), Eq. (2) and Eq. (3). The soil moisture was calculated 
using alternating implicit difference scheme based on Eq. 
(5). The spatial step: Δz is 10 cm, Δr is 20 cm. The time 
step (Δt) is 1day. 
 
Results 
 
Soil hydraulic parameters: Table 2 showed the soil 
hydraulic parameters of C. korshinskii stand in the 
Anjiapo catchment, which is used to simulate soil 
moisture dynamic. 
 
The distribution of the FRLD: The FRLD decreased 
significantly (p<0.05) with increasing soil depth (Fig. 2A). 
Fine roots were concentrated in the top of 80 cm, where 
the fine root length accounted for 91.18% of that in whole 
soil profile. The maximum FRLD density appeared at the 
soil layer of 30–40 cm. The regression equation between 
FRLD (L(z)) and soil depth (z) is expressed as: 
 
L(z) = 1.149 e-2.65z, R2 = 0.721   (6) 

(5) 
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Fig. 2. Variation of C. korshinskii FRLD (A: the vertical 
variation (mean ± SD); B: the horizontal variation (mean ± SD); 
C: two–dimensional variation). 

Table 2. Soil hydraulic parameters in the Anjiapo 
catchment on the Loess Plateau, China. 

Soil hydraulic parameter  
Suction curve h = 4.04θ-1.36 
Soil water diffusivity D(θ) = 7.75θ4.98 
specific water capacity C(θ) = 0.036θ2.41 
unsaturated soil hydraulic conductivity K(θ) =0.28θ7.39 
Soil water potential (Mpa)  
At field capacity (25.5%) -0.491 
At 80% field capacity -0.066 
At 60% field capacity -0.984 
At wilting moisture (3.8%) -1.5 

 
The FRLD increased significantly (p<0.05) with 

increasing horizontal distance, and reached the 
maximum at 80 cm, and then decreased with increase of 
the distance (Fig. 2B). Fine roots mainly concentrated 
the section from 60 to 120 cm, where the fine root length 
accounted for 50.01% of that in whole section. The 
regression equation between FRLD (L(r)) and the 
horizontal distance (r) is: 

 
L(r) = -7.24E-05 r2+ 2.34E-04r + 0.021, R2 = 0.802 (7) 
 

The Kriged map of FRLD showed two dimensional 
distribution of FRLD. The fine roots concentrated in the 
upper soil layers (20 < z < 50 cm, 60 < r < 120 cm). 
FRLD varied more rapidly in the vertical direction than 
the horizontal direction from the map (Fig. 2C). The 
regression equation between (L(z, r)) and soil depth (z) 
and horizontal distance (r) is expressed as: 

 
2 23.891 1.0290.5[( ) ( ) ]

0.959 0.514( , ) 0.791
z r

L z r e
− −

− +
= , R2 = 0.704  (8) 

 
The relationship between soil moisture and the 
distribution of FRLD: There was a significantly 
negative correlation between the soil moisture and 
FRLD (R2 = -0.65, p<0.001). The upper soil layers (0–20 
cm) had the relative lower soil moisture and lower 
FRLD. That implied the lost water mainly resulted from 
evaporation. The soil layers (20–40 cm) had the lowest 
soil moisture and the highest FRLD. The result showed 
the lost water mainly resulted from root water uptake. 
Soil water content was approximate to wilting moisture 
(3.8%). Soil moisture increased with decreasing FRLD 
in the soil layers (40–90 cm). Below 90 cm, soil 
moisture kept stable because of few fine roots and no 
soil evaporation (Fig. 3). 
 
Plant transpiration: Fig. 4 showed the diurnal variation 
of C. korshinskii transpiration from 1st June to 18th 
September in 2012. During the observed period, the 
transpiration was lowest at the beginning, increased with 
the time and reached the higher values (0.23 cm day-1) in 
the middle ten days of August (from 224 to 233 Julian 
days), and then decreased with time till the end of the 
period. According to statistics of monthly transpiration, 
the ranking was June (0.074 cm day-1) < September 
(0.11 cm day-1) < July (0.12 cm day-1) < August (0.21 
cm day-1). 

C 
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Fig. 3. Relationship between soil moisture and the distribution 
of C.korshinskii FRLD. 
 

 
 

Fig. 4. Diurnal variation of C. korshinskii transpiration rate. 
 

 
 

Fig. 5. Diurnal variation of soil evaporation. 
 
Soil evaporation: Fig. 5 showed the trend of soil 
evaporation variations with time. During the experimental 
period, the soil evaporation increased with the time and 
reached the higher values (0.28 cm day-1) in the beginning 
ten days of August (from 214 to 224 Julian days), and 
then decreased with time till the end of the period. 

Evaporation values varied from 0.15 to 0.29 cm per day. 
The ranking of monthly soil evaporation was June (0.18 
cm day-1) < September (0.20 cm day-1) < July (0.22 cm 
day-1) < August (0.23 cm day-1). 
 
Root water uptake model 
 
The model construction: Based on the Eq. (3) and Eq. 
(4), root water uptake model of C. korshinskii was 
constructed. The formula is as follow: 
 

 (9) 
 
where Tr(t) is measured by the stem–heat balance method, 
L(z,r) is determined by Eq. (8), α(h)1–α(h)12 are calculated 
by Eq. (4) according to observed soil water content at a 
certain time. a1–a12 are the computational constants by Eq. 
(3). During the experimental period, the observed data of 
soil water content account to 16 times, therefore there are 
16 pairs anα(h)n in each soil layer (Table 3). 
 
Soil moisture simulation: Soil moisture was simulated 
based on Eq. (5). The distribution of soil moisture of each 
day in the experiment period was obtained. The 
distribution maps of simulated soil moisture on two 
representative days were displayed (22nd June, no rainfall 
lasted for 14 days before the day; and 14th July, the 
rainfall occurred the day before) (Fig. 6). Fig. 6A depicted 
simulated soil water content distribution after continuous 
sunny days. The low soil water content centered at depth 
20–50 cm and radial distance 0–180 cm. Fig. 6B depicted 
simulated soil water content distribution after rainy day, 
the surface soil water content approximate to 20%, and 
the soil water content beneath the canopy (0–110 cm) is 
lower than the soil water content beyond the canopy 
(180–300 cm), this may be the effects of canopy 
interception. The area around the stem, the higher soil 
water content extended to deeper soil layer (100 cm), this 
may be the effects of stemflow. Table 4 showed the 
relative errors and R2 between simulated soil water 
content and observed values. 

The results showed that the relative error varied from 
9.59% to 18.57%, averaged 13.48%. The observed values 
agreed closely with the simulated values excellent. 
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Table 3. The computational constants in the Eq. (9). 

Observed 
time a1α(h)1 a2α(h)2 a3α(h)3 a4α(h)4 a5α(h)5 a6α(h)6 a7α(h)7 a8α(h)8 a9α(h)9 a10α(h)10 a11α(h)11 a12α(h)12

June 2nd  0.92 0.85 0.75 1.01 1.15 1.24 1.54 0.98 0.48 0.84 0.67 0.42 
9th 0.71 0.57 0.35 0.85 0.37 0.52 0.63 0.54 1.04 1.05 1.25 0.91 

16th  0.42 0.34 0.31 0.58 0.42 0.35 0.24 0.58 0.67 0.42 0.34 0.34 
22nd   1.57 1.48 1.48 1.10 1.36 0.94 0.87 0.68 1.10 1.025 1.17 1.04 
30th  1.84 1.75 1.47 1.68 1.71 1.67 1.54 1.25 0.97 0.98 1.24 0.99 

July 7th  1.98 1.75 1.68 2.01 2.24 2.01 1.01 1.25 0.95 0.74 0.68 0.71 
14th  2.74 1.91 1.84 2.72 2.00 1.45 1.32 1.47 2.11 2.07 2.18 1.91 
21st  1.14 1.27 1.48 1.94 0.96 0.71 1.24 1.42 0.94 0.97 1.48 1.25 
30th  2.47 2.14 1.98 2.14 1.94 1.87 1.68 1.57 1.85 1.46 1.37 1.21 

Aug. 7th  2.01 1.98 2.24 2.13 2.11 1.97 1.57 1.68 1.58 1.46 1.34 1.31 
14th  3.56 3.14 3.01 3.64 3.57 2.14 2.11 2.21 2.34 2.15 2.74 2.01 
19th  3.25 3.07 2.95 3.45 3.01 2.94 2.87 2.64 1.57 2.14 2.63 1.14 
27th  3.31 3.14 2.47 3.04 2.47 2.68 2.58 2.49 2.67 2.38 2.01 1.87 

Sept. 2nd  2.45 2.38 2.18 1.92 1.34 1.21 1.57 1.41 1.13 0.97 0.84 0.61 
9th  1.85 1.68 1.54 2.01 1.58 1.42 1.36 1.24 1.15 1.35 1.04 0.94 

17th  1.14 1.24 1.03 1.45 1.55 1.24 1.13 1.08 1.14 1.24 0.95 0.74 
 

  
 

Fig. 6. The soil water content simulated results in the two presented days. A: 22nd June; B:14th July. 
 

Table 4. Simulated results of the model. 

Time Averaged 
relative error % 

Max relative 
error % R2 

June. 2nd 16.21 29.84 0.607 
9th  17.40 41.21 0.664 

16th  12.06 35.46 0.587 
22nd    15.14 40.89 0.712 
30th  12.72 28.94 0.745 

July 7th  12.45 39.87 0.683 
14th  14.15 31.58 0.733 
21st   12.37 35.42 0.578 
30th  16.07 36.15 0.601 

Aug. 7th  10.11 38.08 0.654 
14th  9.75 41.21 0.704 
19th  11.42 25.77 0.645 
27th  9.59 37.42 0.778 

Sept. 2nd  14.25 21.26 0.621 
9th  18.57 28.14 0.694 

17th  13.40 28.03 0.751 

 
 
Fig. 7. The comparison of Penman–Monteith method and stem–
heat balance method. 

BA 
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Discussion 
 

Our objectives were to describe fine–root systems 
distribution of C. korshinskii in the Anjiapo catchment, 
Loess Plateau, China. The relationship between fine roots 
and soil moisture was determined. Further, the root water 
uptake model of C. korshinskii was constructed, and 
simulated soil moisture dynamic in C. korshinskii 
woodland. 
 
The FRLD distribution: Consistent with previous 
studies in most ecosystems, fine root density decreased 
exponentially with soil depth (Cairns et al., 1997; 
Jobbágy & Jackson, 2000). Our results are similar to the 
above studies. On average, estimated total fine root 
density in the top 50 cm depth, which accounted for 
74.24% was higher than 63% expected for temperate 
deciduous vegetation (Jackson et al., 1996). Such a 
shallow fine root distribution in the current study, 
especially in the top 40 cm improves root water uptake in 
water–limited environments, where rainfall occurs as 
scarce shallow pulses. However during prolonged dry 
periods, plants may encounter severe water stress. The 
relationship between soil depth and FRLD also can be 
modeled by the equation (Gale & Grigal, 1987) 
 

1 zY β= − (10) 
 
where z is depth (cm), Y is the proportion of roots from 
the surface to depth z and β is a numerical index of 
rooting distribution. High values of β indicate greater 
proportion of roots with depth (Jackson et al., 1996). The 
vegetation in the current study region (β = 0.943) can be 
regarded as most similar to other deciduous vegetation 
such as temperate deciduous woodland (β = 0.966) or 
sclerophyllous shrub land (β = 0.964). Comparison with 
other forest ecosystems based on the Jackson et al. (1996) 
model showed that the computed root extinction 
coefficient (β) value was lower than that expected for 
sclerophyllous, temperate deciduous woodlands. The root 
extinction coefficient and the depth distribution of 
cumulative fine roots length in for the current study site 
obviously indicated a shallow fine root distribution, 
resembling that of grasslands and boreal forests (β=0.947) 
(Jackson et al., 1996). 

Lateral extent of woody roots may exhibit a high 
degree of plasticity and depend on environmental 
conditions. Belsky (1994) found that Acacia tortillis trees 
from a dry site had lateral roots extending well beyond the 
canopy, but that trees from a wetter site concentrated their 
root growth beneath the canopy. She speculated that in 
more arid conditions A. tortillis invested in laterally 
extensive roots for greater water access, and when water 
was less limiting, A. tortillis roots grew under the canopy 
where nutrients were more plentiful. Our results are 
similar to this study, the distance of root lateral extent is 
about 1.5 times of crown size. 

The distribution of fine roots implies that in the 
presence of soil moisture, root water uptake and probably 
deep drainage will show considerable patchiness consistent 
with radial distribution of fine roots. At stand scale, it has 

been reported that high spatial variability and clustered fine 
root systems reduce root water uptake compared to 
uniformly distributed root systems (Long et al., 2012). 
While root length vertical distribution is an important factor 
in most soil–plant–atmosphere models (Steingrobe et al., 
2001), the distribution of fine roots may need to be 
accounted for in models for systems like the one studied in 
our site. Using root data based on a few samples may entail 
substantial uncertainties in result of water balance 
simulations for certain vegetation ecosystem. 
 
Soil moisture and FRLD distribution: Soil moisture 
decreased with increasing FRLD for single individual in 
each soil layer (Fig. 5). In our study site, little rain, strong 
surface evaporation, resulting in soil moisture dramatic 
change of soil layer 0–50 cm. The relationships between 
roots and water uptake were discussed in several reports 
(Robertson & Fukai, 1994; Dardanelli et al., 2004). A 
general conclusion was that deeper rooted plants were more 
likely to tolerate durable periods of drought by accessing 
more moist soil layers (Chaves et al., 2002; Du et al., 2014). 
Nonetheless, whether root size is significantly related to 
water uptake is still uncertain as there is not unequivocal 
evidence that this relationship is always true. Some authors 
reported the positive relations between root development 
and water uptake (Amato & Ritchie, 2002), while others 
demonstrated that the ability of the plant in recovering 
water could be independent from the root size (Steingrobe 
et al., 2000; Vamerali et al., 2003). 

The soil evaporation and fine roots water uptake 
deplete the moisture of soil layers, and the soil might be 
divided into two regions: the wet layer and the dry layer 
(Bogeat–Triboulot et al., 2007). In the current paper, the 
relative soil dry layer is 30–40 cm, fine roots water uptake 
plays a key role, because the soil evaporation has little 
influence on the soil layer (Chen et al., 2007). As an 
unsaturated porousmedium, the wet soil consists of solid 
particles, liquid water, gaseous mixture of vapor and air and 
other chemical and biological substances. Heat and 
moisture transfers in the wet region are highly coupled. 
However, there is no free water in a dry layer and soil is 
saturated with gas (Hardtke & Torii, 2008). Dry soil layer 
has a significant effect on heat and mass transfer in soil. 
With the development of dry soil layer, evaporation front 
moves from the upper soil surface to the interface between 
the wet and dry layers, while soil temperature increases 
remarkably and water evaporation rate reduces significantly 
due to the increase of vapor diffusion resistance to 
atmosphere (Chen et al., 2007; Zhao et al., 2014). 
 
Soil moisture simulation: Soil water content verification 
test results suggested that the simulated soil water content 
reflected the actual condition of C. korshinskii root water 
uptake. Under the influence of specific environment, the 
simulated process had some limitations inevitably, due to 
all the parameters in the model were fitting based on 
measured data. The simulation of soil water content had 
high reliability in specific location (Loess Plateau of 
Northwest China) and specific time (the growth season), 
specific species (C. korshinskii). 
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The simulated results were determined by three 
parameters: FRLD function (L), water potential function 
(α(h)) and plant transpiration rate (Tr(t)). The fitting 
precision of three parameters had a direct influence on the 
simulated precision, to improve simulated precision from 
the three aspects. In literatures, some scholars set up the 
water potential function (α(h)) based on the average of 
soil moisture, which makes α(h) a defined piecewise 
function (Feddes, 1976; Li & Huang, 2008), and thus 
affects the accuracy of simulation results. In this paper, 
the corresponding α(h) was drawn according to the 
specific soil condition, and made the simulated results 
more reasonable. It is difficult to improve FRLD function 
(L). The fitting accuracy should be improved by the 
choice of appropriate fitting function. To improve the 
transpiration rate (Tr(t)), Penman–Monteith equation can 
be used to revise the transpiration rate (Fig. 7). 
 
Conclusion 
 

The aim of this study was to understand better and 
effectively the dynamics of the root water uptake by the 
single C. korshinskii individual in relation to spatial and 
temporal distribution of soil water and fine roots. The 
models for single C. korshinskii individual were verified 
with soil moisture in korshinskii woodland. Oven–dry 
method was used to measure soil moisture, and sap flow 
sensors based on stem–heat technology were used to 
monitor locally the rates of sap flow in the trunk of C. 
korshinskii. Soil water potential function was determined 
by the suction curve. Root density distribution was 
determined for the purpose of simulated soil water 
movement in the root zone under C. korshinskii, and 
made certain the relationships between fine roots 
distribution and soil moisture. In general, there was a very 
good agreement between the measured and the simulated 
results. The models can be used in the uneven root 
distribution in the vertical and radical directions in the 
root zone of C. korshinskii. The root water uptake models 
have considered the spatial variability of soil water and 
roots distribution to some extent, which almost reached 
the condition of field, so the measured and simulated 
results were almost similar. 
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