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Abstract: Canola (Brassica napus) is cultivated for oil as a biofuel crop. Few quantitative data concerning its tolerance 
to abiotic stresses has been presented. We evaluated the tolerances of canola to drought and salinity stresses in terms of 
parameter values in a macroscopic root water uptake model. We conducted an experiment using nine columns with two 
plants in each: three columns were under drought stresses, another three were under saline stress and others provided po-
tential transpiration. Two soil moisture and salinity probes were inserted into each of the six columns under stress to 
monitor water content and electrical conductivity. Weight of the columns was manually measured to obtain daily transpi-
ration. Water uptake at each depth and time was calculated by substituting linearly interpolated matric and osmotic po-
tentials into the stress response function. Determined stress response functions indicated that canola is more sensitive to 
drought compared to Jatropha. While, it was found to be as tolerant as Jatropha to salinity stress in terms of transpiration. 
Matric potential was more determining than osmotic potential to root water uptake of canola.  
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INTRODUCTION 
 

Canola (Brassica napus) is the most popular variety of rape-
seed and is widely cultivated as an oil crop in the world. Canola 
is also a candidate as a biofuel crop in arid and semi-arid re-
gions. Drought and salinity stresses are the major limitations for 
plant growth in arid and semi-arid regions (Huzsvai and Rajkai, 
2009). Previous studies noted greatly reduced canola yields due 
to high temperature and severe drought stress (Johnson et al., 
1995). On the other hand, according to Nielsen (1997), canola 
yield is not significantly affected by water stress at any particu-
lar growth stage. There are different reports about the drought 
stress tolerance of canola. Regarding its tolerance to salinity 
stress, canola was found to have threshold values of soil salinity 
at about 10 dS m-1 for vegetative growth (Francois, 1994). 
Other studies also discussed salinity tolerance of canola and its 
cultivars (Ashraf and McNeilly, 1990; Huang and Redmann, 
1995; Redmann et al., 1994). These previous studies presented 
quantitative data for its tolerance. A report of relationship be-
tween irrigation level and yield may be useful for certain condi-
tions but may not be applicable to other combinations of soil, 
climate, and irrigation water salinity. Therefore, it is important 
to obtain universal indices of the plants stress tolerance, which 
do not depend on limited environmental conditions. 

In arid and semi-arid regions, agricultural or municipal 
wastewater is often used for irrigation due to lack of irrigation 
water. Use of wastewater for biofuel production would be rea-
sonable since municipal wastewater is generally not suitable for 
food production due to either potential health problems or psy-
chological reasons, even after a second treatment. Biofuel crops 
are considered as proper crops in these areas. In these drier 
regions, drought and salinity stresses are caused by saline irri-
gation water, limited water supply or combination of those. 
Ahmadi and Ardekani (2006) showed parameter values for 
salinity stress tolerance of canola cultivars. Tolerances for both 
drought and salinity stresses should be obtained to optimize 
irrigation scheduling, to select proper crops in bio-energy pro-

jects, and to predict long term yield trends under changing 
climate and as well as the to assess the impacts of its cultivation 
on the environments including the hydrological cycle if it is 
widely cultivated in a region. Since biomass production is 
proportional to transpiration amount, the capability of plant to 
keep up water uptake from soil and thus transpiring under stress 
is the essence of tolerance. Commonly obtained relationships 
between treatments and yields in field or laboratory experi-
ments do not provide enough information on the dynamics of 
plant transpiration rate changes under given conditions. There-
fore, root water uptake (RWU) models have been developed to 
predict plant response to irrigation and stresses (Feddes et al., 
1978; Nimah and Hanks, 1973). Evaluation of tolerances of 
canola to drought and salinity stress in terms of parameter 
values in root water uptake models may help to understand and 
predict the net primary production in response to the quality 
and quantity of irrigation water. Macroscopic root water uptake 
models using stress response functions which are widely em-
ployed in user-friendly hydraulic simulation models of the soil-
atmosphere-plant system such as HYDRUS (Šimůnek et al., 
2006; Twarakawi et al., 2010) and SWAP (Van Dam et al., 
1997).  

The purpose of this study was to determine tolerance-related 
parameter values in a widely used root water uptake model of 
canola. Then, the parameter values were compared with those 
of a major biofuel crop, Jatropha. 
 
THEORY 
 

In Feddes’s model, the rate of water uptake, S (s−1), being a 
sink term in the continuity equation, which is calculated by 
multiplying the RWU reduction coefficient α by the potential 
water uptake rate Sp (s−1) (Feddes et al., 1978; Feddes and 
Raats, 2004): 
 
S = α Sp. (1) 
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Combined water and salinity stresses have been proposed in 
macroscopic RWU models (Feddes and Raats, 2004; Homaee 
et al., 2002). To express the reduction of the water uptake rate 
under the coexistence of drought and osmotic stresses, we 
employed an additive form:  
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where h and ho are the matric and osmotic heads, respectively, 
and h50, ho50, and p are fitting parameters (van Genuchten, 
1987). Note that h50 and ho50 are the respective matric and os-
motic potentials when the water uptake is 50% of its potential 
rate. Those potentials therefore represent simple indices of the 
stress tolerance of the plants. The potential water uptake rate is 
proportional to both the normalized root density β (cm−1) and 
the potential transpiration rate Tp (cm s−1): 
 
Sp = β Tp. (3) 
 

The β is obtained by dividing the root length density by the 
integral of root length density over the root zone: 
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where ρr is the density of active roots, often represented by root 
length density (cm−2), and z is the depth (cm). Since transpira-
tion rate Tcal is an integral of S over the root zone, Tcal is calcu-
lated from 
 

  
Tcal =

Tp
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#!r dz" ,  (5) 

 
MATERIALS AND METHODS 
Experimental setup 
 

Nine columns (A, B, C, D, E, F, G, H and I) having 15 cm 
diameter and 20 cm height were placed in the growth chamber 
at University of Tsukuba in Japan. The material of the columns 
(Wagner pot) was white high impact polystyrene. Until March 
11th 2011, the internal temperature was maintained at 24°C and 
day length was set to 14 hours. The columns were moved to a 
greenhouse on March 18th. The effects of uncontrolled climatic 
condition could be filtered out by using the reference columns. 
Columns A, B and C were used for evaluating the tolerance to 
drought stress, D, E, and F for salinity stress and G, H and I 
provided potential transpiration. To monitor water content, bulk 
electrical conductivity (EC), and temperature in the soil at 
every hour, two dielectric moisture probes (5TE, Decagon 
Devices, Inc. Pullman, WA) were inserted horizontally into 
each of the six columns. The center rods (it is a three-rod sen-
sor) were located at 5 and 15 cm depth, respectively as shown 
in Fig. 1. Air-dried Kanto loam soil (sand 50%, silt 44%) was 
packed into the columns to a bulk density of 0.82 g cm−3. Such 
a low bulk density even after light compaction is a remarkable 
character of the volcanic ash soil. To minimize non-uniformity 
during packing, the mass of every 5 cm of the packed soil was 
measured before the next soil increment was added. The soil 
surface was covered with white, 1 cm thick styrene foam to 

prevent evaporation, thus allowing only transpiration. Cotton-
filled glass pipes (1 cm o.d. and 15 cm long) were placed at the 
bottom of each column to allow gravity drainage through a hole 
at the bottom of the column at the side (Fig. 1). 
 

 
 
Fig. 1. Schematic illustration of the experimental setup. Two sen-
sors to measure soil water content and electrical conductivity were 
inserted into column A, B, C, D, E and F.  
 
Experimental procedure 
 

Seeds of cultivated variety of canola (Brassica napus) ob-
tained from Egypt were sown on 17th January, 2011, and each 
one was transplanted into the column on 9th February. Plants 
were thinned into two (pairs) for each column.  

The stress period started after healthy plants had grown by 
applying sufficient amount of tap water (EC = 0.6 d S m-1) with 
500 fold-diluted liquid fertilizer (N-P-K = 6-10-5, Hyponex 
Japan, Osaka, Japan). The last irrigation was performed on 2nd 
March, 2011 for the column A, B and C. The last irrigation 
with NaCl solution (4000 ppm) was performed on 10th March 
for the column D, E and F. We stopped applying tap water and 
NaCl solution completely during drought (from 2nd March) and 
salinity stress (from 10th March) periods. The other three col-
umns (G, H and I) were used to provide potential transpiration 
by adding water lost by transpiration since the previous irriga-
tion.  
 

 
 
Fig. 2. Distribution of normalized root density for each column. 
Plants in column A-C and D-F were under drought and salinity 
stress, respectively. 
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Fig. 3. Dependence of 5TE (Decagon Devices, Inc. Pullman, WA) 
sensor output on temperature. 
 

The daily transpiration rate was measured by manually 
weighing the columns during lights-out (night) time of growth 
chamber. It was changed to the time of sunset after 11th March. 
We could not measure daily transpiration from 12th to 17th 
March due to a long power failure after the earthquake hit the 
Fukushima nuclear power plant. Potential transpiration was 
calculated by multiplying the mean value of potential transpira-
tion rate of reference columns (G, H and I) by a correction 
factor representing the differences in growth among the col-
umns. The experiment was terminated (A, B, F: 30th March; C 
and D: 22nd March; E: 26th March) when the relative transpira-
tion rate, the ratio of actual to potential transpiration, became 
about 0.5. After the stress period, the columns were dismantled 
to obtain root length density distribution. Soil samples contain-
ing root at each 5-cm layer were air-dried and sieved with a 2 
mm screen. Then the air-dry roots were scanned with a flatbed 
scanner with 300 dpi. Total length of roots in an image was 
determined with the intersection method (Newman, 1966). Fig. 
2 shows profiles of root length density. Malfunction of sensor 
response occurred at column B during the stress period. Thus, 
the parameter values for drought stress were determined based 
on the results from columns A and C. 
 
Calibration 
 

To obtain accurate soil water content data using a moisture 
probe, we determined calibration functions for the soil. We first 
corrected the effect of individual difference as follow since we 
found that the probe has a relatively large variation with a coef-
ficient of variation of 0.07. 
 

  xc = a5TE x,  (6) 
 
where xc, a5TE and x are corrected sensor output, correction 
factor for individual difference and raw sensor output, respec-
tively. We also corrected the output to eliminate the effect of 
temperature (Fig. 3). Since the relationships were found to be 
linear, sensor output at reference temperature, xr was calculated 
by:  
 

  xr = xc ! aT (T !Tr ),  (7) 
 
where aT, T and Tr are temperature coefficient, temperature (K) 
and reference temperature, respectively. We also found that the 

temperature coefficient linearly depends on sensor output as 
shown in Fig. 4. Temperature coefficient (aT) was thus calculat-
ed by: 
 

  aT = 0.0072xc + 2.1.
 

(8) 
 

Then the output values corrected to the reference tempera-
ture were substituted into the following calibration function, 
which was determined using data at various salinity values 
(NaCl solution of 0, 2000, 4000 ppm) of soil solution and vol-
umetric water content, θ (cm3 cm-3) (Fig. 5).  
 
θ = 0.022xr

0.5 – 0.22. (9) 
 

Water content at each depth was estimated by interpolating 
or extrapolating measured values at the two depths. Matric 
head, h, at each depth was estimated using retention curve of 
the soil (Kanto loam) considering its hysteresis using a simple 
method of Kool and Parker (1987).  
 

 
 
Fig. 4. Dependence of temperature coefficient on 5TE sensor 
outputs.  
 

 
 
Fig. 5. Calibration function of 5TE sensor for Kanto loam. NaCl 
solutions of 0, 2000, 4000 ppm were used to calibrate 5TE sensors. 
Sampling results are the sensor outputs for column A, C, D, E  
and F. 
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Fig. 6. Dependence of bulk electrical conductivity on volumetric 
water content measured with 5TE sensor. 
 

We also measured the dependence of bulk EC (δb) on θ, 
which is required to calculate the EC of the soil solution (δw) 
from δb and θ measured with 5TE sensors (Fig. 6): 
 

  

!b
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= 1.75(" # 0.20)2.  (10) 

 
Because EC also depends on temperature, it was normalized 

to the reference temperature using the following equation 
(Noborio, 2003): 
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Concentration of NaCl (g kg-1), c, was calculated with the 

calibration curve between concentration and EC of soil solution 
at reference temperature, σω25: 
 
c = 0.465σω25

1.08 .                                                                             (12) 
 

Osmotic head was given by the modified van’t Hoff's equa-
tion. 
 

  
ho = 2! c

M
xRT ,

 (13) 
 
where ω is unit sensing element, 10.2 (cm kg J-1); M is molecu-
lar mass of NaCl, 58.5 (g mol-1); x is osmotic coefficient; R is 
gas constant, 8.31 (J mol-1 K-1); T is temperature (K). Then the 
distribution of osmotic head was estimated by interpolating or 
extrapolating osmotic heads at the two depths of the soil col-
umns. 
 
Data analysis 
 

Parameter values in the response function, h50, ho50 and p, 
were inversely estimated with Levenberg-Marquardt’s maxi-

mum neighborhood method (Marquardt, 1963). At a given 
combination of h50, ho50 and p, transpiration rate at each time 
was calculated using Eqs. (1–5). Potential transpiration rate 
(Eq. (4)), Tp, was estimated assuming that the pattern of transpi-
ration is the same as that of the short wave radiation, Ra (W m-2) 
(Fujimaki and Kikuchi, 2010): 
 

  

Tp = ! p
Ra

Ra dt
0:00

24:00
"

,  (14) 

 
where τp is the potential daily transpiration (cm).  

We calculated relative transpiration, r, which is the ratio of 
actual to potential daily transpiration, τ to τp, as follow; 
 

 
r = !

! p
. (15) 

 
Daily transpiration was calculated by integrating hourly-

calculated transpiration rates, Tcal (cm s-1):  
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where  B is the vector of the optimized parameter. We used root 
mean square error between actual and calculated daily transpi-
ration, τ and τcal, as the objective function that was to be mini-
mized. 
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RESULTS AND DISCUSSION 
 

Fig. 7 shows the volumetric water content and EC of soil so-
lution of column A, which was under drought stress. Final 
application of water was carried out at 2nd March, and then 
volumetric water content decreased steadily. EC of soil solution 
was low during drought stress period. Fig. 8 shows the volu-
metric water content and EC of soil solution of column D, 
which was under salinity stress. We applied NaCl solution on 
2nd March, and EC of soil solution in the upper layer (5cm 
depth) increased accordingly. Second irrigation of NaCl solu-
tion on 10th March increased salinity in the lower layer, too. 
Fig. 9 shows time evolution of the ratio of actual to potential 
transpiration. Fig. 9 also shows time evolution of average daily 
transpiration of control columns, τctrl (mm d-1) and ratio of actu-
al to potential transpiration of the columns. The τctrl slightly 
increased even in the growth chamber owing to growth.  

Ratio of actual to potential transpiration of column A was 
decreased after 25th March. Volumetric water content of col-
umn A on 25th March was about 0.3 (Fig. 9). Ratio of actual to 
potential transpiration of column D also decreased immediately 
after decreasing volumetric water content under 0.3 in 20th 
March shown in Figs 8 and 9. After optimizing the parameter 
values for drought stress. We optimized the parameter value for 
salinity stress. Therefore, high EC of soil solution was evaluat-
ed properly. According to Francois (1994), canola was found to 
have soil salinity threshold values about 10 dS m-1 for vegeta-
tion growth. Our results agree with this previous study (around 
20th March Figs 10 and 11). 
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Fig. 10 shows an example of the profiles on 22nd March 
12:00 of column D. Osmotic head was lower at 5 cm depth 
while matric head was not low throughout the root zone. In 
addition to that, normalized root density was higher in deeper  
 

area. It seems that low osmotic head at high root density 
(around 5 cm depth) hindered root water uptake, resulting in 
decreased ratio of actual to potential transpiration (at 22nd 
March in Fig. 10).  
 

 

 
 
Fig. 7. Variation of soil moisture and electrical conductivity of soil solution at 5 and 15cm depth for column A.  
 

 
 
Fig. 8. Validation of soil moisture and electrical conductivity of soil solution at 5 and 15cm depth for column D. 
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Fig. 9. Daily transpiration ratio and potential transpiration of the experimented columns.  
 

 
 

Fig. 10. Examples of root activity (β) and reduced root activity 
(αβ) profiles on March 22 at 12:00 (column D).  
 

Fig. 11 shows comparison of measured and calculated ratio 
of actual to potential daily transpiration for column A. Large 
discrepancy in the ratio occurred for rainy or cloudy days (Fig. 
12, 21st, 22nd, and 24th March) when potential transpiration 
was large and the error caused by individual difference in 
growth, evaporation loss or error in weighing was exaggerated 
by the small denominator. Except for these data, calculated 
values are around the dotted 1 : 1 line, showing good fit, espe-
cially under the stress period (27–30th March in Fig. 11).  

Fig. 13 shows the optimized stress response functions for A, 
C, D, E and F columns. Drought stress response function is 
drawn by setting osmotic head to zero and a salinity stress 
response functions is drawn by setting matric head to zero. 

Stress functions for Jatropha (Fujimaki and Kikuchi, 2010) are 
also shown in the same figure to compare tolerances to drought 
and salinity stresses. Canola was found to be less tolerant to 
drought stress than Jatropha and as tolerant as Jatropha to salin-
ity stress. At a given value, matric potential is more determin-
ing than osmotic potential for root water uptake. Higher abso-
lute value of ho50 is common among various plants (Feddes and 
Raats, 2004). It may indicate that the plasma membrane of the 
root cells is not an ideal semi-permeable membrane, and some 
ions may intrude into the cells, reducing the difference between 
the inner and outer osmotic potentials. Table 1 shows parameter 
values of drought and salinity stresses. Standard deviation of 
parameter values are around 10% of the average values. 
 

 
Fig. 11. Comparison of measured and calculated ratio of actual to 
potential daily transpiration (column A) on different days 
(month/day). 
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As mentioned in introduction, canola is a candidate as a bio-
fuel crop. Results of present study show that canola can be 
cultivated with saline water irrigation. In arid and semi-arid 
region, EC of irrigation water is increased with salts especially 
in downstream area. According to Rhoades et al. (1999), EC of 
soil solution (dS m-1) at 25°C can be converted to osmotic 
potential (MPa) using the following equation:  
 
ho ≈ 0.04σw, (18) 
 
where σw is the EC of the soil solution. Average value of ho50 
was –4395 cm in present study. –4395 cm (–431 kPa) can be 
converted to 10.8 dS m-1 of EC of soil solution. According to 
FAO data on irrigation water quality (Ayers and Westcot, 
1985), EC of soil solution is approximately 3.2 times more 
concentrated than the applied irrigation water. The 10.8 dS m-1 
EC of soil solution could be resulted by irrigation with 3.4 dS 
m-1. If reduction coefficient is proportional to relative yield 
(ratio of actual to potential yield), a crop with 0.5 relative yield 
at 3.4 dSm-1 of EC of irrigation water is classified as "moder-
ately sensitive" in widely-used guidelines of water quality for 
irrigation (Ayers and Westcot, 1985). On the other hand, since 
drought stress affects canola more seriously, more frequent 
irrigation is required for this plant.  
 

 

 
Fig. 12. Precipitation, average temperature and sunshine duration 
during the green house experiment. 
 

 
 
Fig. 13. Drought and salinity stress response functions for canola 
and Jatropha. Data for Jatropha are from Fujimaki and Kikuchi 
(2010).  

SUMMARY AND CONCLUSION 
 

We estimated parameter values for drought and salinity 
stress function of canola with a widely used macroscopic root 
water uptake algorithm. Parameter values, h50, ho50 and p, were 
inversely determined by minimizing the sum of square differ-
ence measured and calculated daily transpiration rates. Water 
uptake at each depth and time was calculated by substituting 
linearly interpolated osmotic potential into the stress response 
function.  

Results indicate that canola is as tolerant as Jatropha for sa-
linity stress. Canola was also found to be less tolerant to 
drought stress than Jatropha. At the same value, matric poten-
tial was more critical than osmotic potential to root water up-
take. Frequent irrigation would be essential for canola in arid 
and semi-arid regions. Canola may be cultivated as a biofuel 
crop in arid and semi-arid regions using moderately saline 
irrigation water. 
 
Table 1. Parameter value for drought and salinity stresses. 
 
  Drought stress   Salinity stress 
  A C   D E F 
h50 983 1055     
ho50    4659 4791 3736 
p 4.6 5.2   4.9 4.9 4.9 
Averaged 
h50 or ho50 1019  4395.3 
S.D. 50.9  574.8 
Averaged p 4.9  4.9 
S.D. 0.4   0 
 
S.D.: Standard deviation. Since we estimated and optimized the 
parameter values for drought stress at first, p value of salinity stress 
is the same as averaged. Then we optimized the parameter value 
(ho50) for salinity stress.  
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