
3.4 A simple model of water-limited production 

H. vanKeulen 

3.4.1 Introduction 

In the preceding sections the water balance of the soil, which determines the 
amount of water available for uptake by the plant, and the relation between 
water use and dry-matter production of crops have been treated. In this sec
tion that information will be used to present a calculation method for estima
ting crop yields under conditions where, at times during the growing season, 
water may be a limiting factor. The calculation procedure also yields informa
tion on the degree of water shortage for the crop during different periods. 
Such information gives an indication for the amount of irrigation water neces
sary to achieve potential production and for the timing of application of 
supplemental irrigation. 

The calculation method is in principle identical to the one presented in 
Section 2.3, i.e. repetitive calculations are performed starting from a chosen 
point in time, where the state of the system can be described in quantitative 
terms. The state of the system, in this case, is not only defined by crop varia
bles, but also by variables describing soil-moisture status. At the onset of the 
calculations this information must be available. The methodology is in first 
instance illustrated for a wheat crop growing in a semi-arid environment, for 
which detailed data on crop, site and weather conditions were available 
(Hochman, 1978). 

3.4.2 Experimental details 

The wheat crop was grown in an experiment to study the effects of water 
shortage during specific growth stages on crop performance and yield, as part 
of a research project on actual and potential production of semi-arid regions. 
The experiment was carried out in the central Negev desert of Israel (30° N, 
34° E). The soil there is a uniform gray desert soil, of eolian origin, with a 
loamy sand texture. Field capacity, determined in the field, 48 hours after 
irrigation, is 0.225 cm3 cm"3; wilting point, determined in the laboratory is 
0.09 cm3 cm"3; and total pore space 0.40 cm3 cm"3. 

Exercise 45 
What is the maximum quantity of soil moisture, available for uptake by the 
crop (Equation 52)? If the soil is at wilting point at the end of the dry season 
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and 25 mm of water is added, what is the wetting depth? How much water 
must be added to restore the potential rooting zone of 150 cm to field capaci
ty? 

Spring wheat, cv. Lachish, was sown on 30 October 1977; germination was 
completed in about 10 days. The crop was amply supplied with nutrients 
(nitrogen at 150 kg ha"1, phosphorus at 90 kg ha"1 and potassium at 100 kg 
ha"1). Soil-moisture measurements at emergence showed that the volumetric 
soil-moisture content in the deeper soil layers was 0.16 cm3 cm"3, due to 
residual moisture from a previously irrigated crop. The top soil (10 cm) was 
wetted to field capacity just prior to sowing to ensure proper germination. In 
the control treatment, sufficient moisture was applied for optimum supply, 
i.e. the root zone was irrigated to field capacity whenever available moisture 
as determined by gravimetric sampling fell below 30% of its maximum value. 
Rooting depth was determined at two-weekly intervals by examining soil co
res. In the treatment illustrated in this example, water stress was allowed to 
develop between maximum tillering and anthesis by withholding irrigation. 

Meteorological data, i.e. daily minimum and maximum temperatures, wet 
and dry bulb temperatures and wind run were recorded at a standard meteoro
logical station, about 2 km from the experimental field. Rainfall was recorded 
at the site. Daily total global radiation was obtained from a meteorological 
station about 9 km from the experimental area. These data were used to 

Table 40. Relevant input data for the wheat experiment 

N o of 
10 day period 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

T. 
(°Q 

15.2 
12.9 
10.4 
8.4 
8.8 
7.9 

12.4 
11.5 
12.3 
11.7 
15.9 
13.6 
13.2 
17.0 
19.6 

P 
(mm) 

0 
0.1 
^7.4 

19.6 
1.6 
0.2 
0 
0 
0 
2.2 
0.1 
3.9 
0 
4.2 
0 

Ic 
(mm) 

0 
0 
0 
0 
0 
0 
0 
0 
0 

81 
96 
0 
0 

60 
0 

F 
1 gs 
(kgha-'d"1) 

251 
257 
225 
263 
257 
258 
260 
297 
338 
344 
402 
374 
437 
464 
457 

ET 0 

(mmd"1) 

1.85 
1.76 
1.47 
1.14 
1.23 
1.41 
2.22 
2.27 
2.87 
2.72 
3.65 
4.25 
4.40 
5.26 
5.56 
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calculate ten-day averages of air temperature, rainfall and potential gross C02 
assimilation (Table 40). Total evaporative demand of the atmosphere is calcu
lated on the basis of weather data, applying Penman's equation (Section 3.1). 
These data too are given in Table 40. 

3.4.3 The actual calculation procedure 

The calculation procedure is illustrated in Table 41, the bracketed letters in 
the text referring to the various lines of the table. Because this example refers 
to a semi-arid region with perma-dry conditions, i.e. without a groundwater 
table affecting moisture content in the rooting zone, capillary rise is absent. 
The values of the hydraulic conductivity are so low that transport from the 
root zone to deeper layers may safely be neglected, hence unsaturated flow 
above the groundwater table (cf. (CR - D) in Section 3.2) is neglected. 

Line a: the first line of Table 41 specifies the initial conditions, i.e. those 
existing at the onset of the calculations. For wheat, the moment of emergence 
is chosen as the starting point. This moment is assumed to coincide with the 
transition from the situation where the seedlings grow from the reserves con
tained in the seed, to one where current assimilation provides the substrate for 
growth. At emergence the rooting depth of the seedlings equals 100 mm (Line 
a, Column 6). The total amount of moisture in the rooted depth (Wr, Column 
17) is 22.5 mm of water. Hence, the volumetric moisture content in the root 
zone is (Column 18): 

SMr = 22.5/100 = 0.225 cm3 cm - 3 

In Column 19, the matric head, Sr, in the rooting zone is calculated, applying 
Equation 27, solved for S: 

Sr = exp (JC-lnCSM/SMo)^)1) (67) 

exp stands here for e, the base of the natural logarithm, the value in brackets 
denoting the power; In stands for natural logarithm. 

For the soil in this experiment a value of 0.0189 for y was adapted on the 
basis of measurements, hence: 

Sr = exp (J(- In(0.225/0.40)/0.0189)') = 250cm 

From this, the average hydraulic conductivity in the root zone, kr, can be 
calculated with Equation 31, given in Section 3.2: 
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Table 41. (continued) 

1 

Period 

a 
b 
c 
d 
e 
f 

g 
h 
• 

1 
• 

J 
k 
1 
m 
n 
0 

P 
q 

0 
l 
2 
3 
4 
5 
6 
7 
8 
9 

10a 
10b 
11 
12 
13 
14 
15 

41 

TWD 

100 
195 
349 
549 

1046 
1803 
2808 
3953 
5098 
5100 
5127 
5293 
7281 
8664 

10023 
11309 
11253 

42 

TWDL 

100 
195 
343 
526 

1023 
1780 
2785 
3930 
5011 
4610 
4359 
4503 
6273 
7482 
8702 
9676 
9802 

43 

TDWD 

6 
23 
23 
23 
23 
23 
87 

490 
768 
790 

1008 
1182 
1321 
1̂ 33 
1451 

kr = a-(Sr)-
M (68) 

The value of V appeared to be equal to 22.6, hence: 

kr = 22.6x(250)"14 = 0.01 mm d"1 (Column 20) 

The amount of moisture in the soil between the actual rooting depth and the 
potential rooting depth (in this case 1500 mm) is calculated as a separate state 
variable, Wnr, because this moisture becomes gradually available to the plants 
when the roots grow deeper. At emergence, the total amount in that zone 
equals 222.5 mm (Column 21), which is assumed to be evenly distributed. 
At emergence, the dry weight of the root system, WRT, equals 50 kg ha"1 

(Column 28) and that of the leaf blades, WLV, also 50 kg ha-1 (Column 32). 
From the latter value, the leaf area index, LAI, is calculated, assuming a 
constant specific leaf area of 20 m2 kg"', hence: 

LAI = 50x20xl0"4 = 0.1 nrm"2 (Column 39) 

As in Section 2.3, four auxiliary state variables are calculated: the total 
amount of above-ground dry weight, TADW (Column 40), which is here 
equal to the weight of the leaf blades, the only above-ground organ present; 
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the total plant dry weight, TDW (Column 41), equal to the sum of leaf blades 
and roots (= 100 kg ha"1). Finally the latter value is subdivided into live plant 
tissue, TDWL (Column 42) and dead plant tissue, TDWD (Column 43). 

Line b: this line covers the first ten - day period of the growing period. Aver
age air temperature during the period, Ta, equals 15.2 °C (Column 2). Integra
tion over the ten-day period yields a temperature sum, TSUM, of 152 d °C 
(Column 3). The temperature sum is used to define the phenological devel
opment stage of the crop (Sections 2.2; 2.3). For spring wheat the temperature 
requirement between emergence and anthesis is 1100 d °C (van Keulen & 
Seligman, 1986). The development stage of the crop is thus calculated as the 
ratio between the accumulated temperature sum and 1100: 

DVS = 152/1100 = 0.14 (Column 4) 

Potential daily gross assimilation for the period, expressed in CH20 is read 
from Table 40 as 251 kg ha"1 d"1. The reduction factor for incomplete light 
interception, RA, is read from Table 42. For LAI = 0.1 the reduction factor 
equals 0.06. Potential gross assimilation in the absence of water stress is 
calculated as: 

PGASS = 251x0.06 = 15 kg ha"1 d"1 (Column 5) 

It is assumed on the basis of the experimental results that root extension 
proceeds at a rate of 12 mm d"1, if the soil in which the roots grow is suffi
ciently wet. In this case the total potential rooting zone is wetted, thus that 

Table 42. Reduction factor for gross Co2 assi
milation due to incomplete radiation intercep
tion (fh= 1 _e-

06LAI) 

LAI Reduction 
factor 

0 0 
0.25 0.14 
0.5 0.26 
1.0 0.45 
1.5 0.59 
2.0 0.70 
2.5 0.78 
3.0 0.84 
3.5 0.88 
4.0 0.91 
5.0 0.95 

138 

»#% 



condition is satisfied throughout. The rooted depth at the end of the ten - day 
period is 220 mm (Column 6). 
Maximum evapotranspiration during the ten-day period, ET0, is read from 
Table 40 and introduced in Column 7. For the present period it amounts to 
1.85 mm d"1. In the next columns the inputs of moisture into the system are 
defined. For this ten-day period, both precipitation (P, Column 8) and irri
gation (Ic, Column 9) are absent, hence total infiltration (IM, Column 10) is 
also zero. Under the conditions prevailing in the area, loss of water by surface 
run-off has not been observed, hence in all cases total infiltration equals the 
sum of precipitation and irrigation. Maximum evaporation from the soil sur
face is derived from potential evapotranspiration, taking into account the 
reduction factor for the shading effect of the vegetation: 

Em = ET 0-( l -RA) (69) 

It is thus the complementary fraction of light interception by the vegetation. 
Hence: 

Em = 1.85x0.94= 1.74 mm d"1 (Column 11) 

Actual evaporation is subsequently obtained from the average moisture con
tent in the root zone. If the soil - moisture content is too low, the supply of 
water to the surface cannot meet the evaporative demand and actual evapora
tion falls short of the maximum. A detailed treatment of the process of soil 
evaporation is given by van Keulen (1975). In the present approach it is ap
proximated by assuming a linear decline in evaporation rate between field 
capacity and air-dry soil, where evaporation ceases completely (Section 3.2). 
The moisture content of air-dry soil (SMa), is estimated as one third of that 
at wilting point. For this soil it is 0.03 cm3 cm"3. Hence: 

Ea = Em • (SMr - SMa)/(SMfc - SMa) (70) 

= 1.74 x (0.225-0.03)/(0.225-0.03) 
= 1.74x1 = l^mmd" 1 

Potential transpiration could, in principle, be obtained from potential gross 
assimilation and the transpiration coefficient, as outlined in Section 3.3. For 
most field situations it appears that potential evapotranspiration calculated 
according to Penman is a reasonable approximation of potential transpiration 
for a closed crop surface, apparently because stomatal control by C02 is the 
most common behaviour in field crops. Therefore 'Penman' (Column 7) is 
used as the basis for potential transpiration. To calculate maximum transpira
tion for crops with incomplete soil cover, the same reduction factor, RA, is 
used as for gross assimilation. Hence: 
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Tm = ET 0 * RA = 1 . 85x0 .06 = 0.11 mm d"1 (Column 13) 

Actual transpiration is only equal to the maximum value, if soil moisture is 
adequate to supply sufficient water to the plant roots. As explained in Section 
3 .2, a c r op - spec i f i c critical s o i l -mo i s ture content exists, above which roots 
can freely take up water from the soil. The critical s o i l -mo i s tur e content is 
determined by both the physical properties o f the soil and the evaporative 
demand of the atmosphere. It is approximated by: 

SMcr = ( 1 - p ) • ( S M f c - S M w ) + SMW (71) 

where 

SMcr is critical soil - moisture content (cm3 cm "3) 

p is soil water depletion fraction (Table 20) 
SM f c is soil - moisture content at field capacity (cm3 cm "3) 
SMW is soil - moisture content at wilting point (cm3 cm"3) 

For potential transpiration equal to 1.85 mm d"1, the value o f p equals 0.86, 
hence: 

SMcr = 0.14 x (0.225 - 0.09) + 0.09 = 0 .109 cm3 cm - 3 

As the actual moisture content is well above the critical value, actual transpi
ration (T, Column 14) equals maximum transpiration. 
Another 'input* into the p l a n t - s o i l system is the amount o f moisture that 
becomes available to the vegetation as a result o f vertical extension of the root 
system. In the present approach, this is approximated by assuming that the 
total amount o f moisture in that part o f the potential rooting zone, where the 
roots have not yet penetrated, is evenly distributed. The amount, added to the 
plant - soil system as a result o f root growth, is then calculated as: 

dMr = Wnr • R r /Dn r (72) 

where 

dMr is amount of moisture added to the soil plant system by root 
growth (mm d"1) 

Wnr is total amount of moisture in the n o n - rooted part o f the 
potential rooting zone (mm) 

Rr is growth rate o f the roots ( m m d " 1 ) 
Dnr is thickness o f the non - rooted part o f the potential rooting 

zone (mm), hence: Drm - D r , with Drm potential rooting 
depth and D r the rooting depth (mm) 
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On the basis of Equation 72, the increase in available soil moisture by root 
growth is calculated as: 

dMr = 222.5 x 12/(1500- 100) = 1.91 mmd"1 (Column 15) 

All processes influencing the water balance have been treated now, so that 
their effect on the rate of change in soil - moisture status of the root zone can 
be evaluated: 

dWr = IM + dMr - Ea - T (73) 

Hence: 

dWr = ( 0 + 1.91 - 1.74 - 0.11) = 0.06 mm d"1 (Column 16) 

Total soil moisture in the root zone at the end of the ten - day period equals 
the value at the beginning (Column 17, line a) plus the rate of change multi
plied by the length of the time interval: 

Wr = 22.5 + 0.06 x 10 = 23.1 mm (Column 17) 

From the amount of moisture in the root zone, the average volumetric soil-
moisture content (Column 18) is calculated, assuming it to be homoge
neous. Hence: 

SMr = Wr/Dr (74) 

where 

SMr is volumetric soil - moisture content in the root zone (cm3 cm"3) 
Wr is soil - moisture content in the root zone (mm) 
Dr is rooting depth (mm) 

For the present ten - day period: 

SMr = 23.1/220 = 0.105 cm3 cm"3 

The values for the matric head in the root zone, Sr, and the average hydraulic 
conductivity, kr, are calculated according to Equations 67 and 68. These varia
bles are included here for completeness sake, but they are not used, because 
unsaturated flow above the groundwater table can be neglected in this situa
tion. In the remainder of this example Columns 19 and 20 will therefore not be 
treated. 
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The total amount of moisture in the non - rooted zone of the profile at the 
end of the period, is obtained by subtracting dMr times At (Column 15) from 
the amount at the beginning of the decade (Line a, Column 21): 

Wnr = 222.5 - 1.91x10 = 203.4 mm (Column 21) 

In Column 22 actual gross assimilation, AGASS, is introduced. For this ten-
day period it equals potential gross assimilation (Column 5) as there is no 
reduction due to water shortage, i.e. actual transpiration is equal to the maxi
mum value. Maintenance respiration, i.e. the amount of energy invested in 
maintaining the existing cells and their structures, is calculated from the total 
live dry weight of the crop and the relative maintenance respiration rate, Rm. 
During the pre-anthesis phase of the crop the latter value is set at 0.015 kg 
CH20 per kg dry matter per day, hence: 

MRES = 0.015x100= 1.5 kg ha""1 d"1 (Column 23) 

The amount of assimilates available for increase in dry weight of the vegeta
tion is the difference between actual gross assimilation and maintenance respi
ration: 

ASAG = 15 - 1.5 = 13.5 kg ha"1 d"1 (Column 24) 

The rate of increase in dry weight of the vegetation is obtained from the 
amount of available assimilates, taking into account the losses associated with 
the conversion of primary photosynthates into structural plant material 
(growth respiration). For vegetative material of average composition, these 
losses amount to about 30% of the consumed carbohydrates (Penning de 
Vries, 1975). Thus: 

DMI = 0.7 x ASAG = 0.7x13.5 = 9.5 kg ha"1 d"1 (Column 25) 

The assimilates are used to produce various plant organs at the same time 
(Sections 2.2 and 2.3). The partitioning of dry matter among the various 
organs is predominantly governed by the phenological stage of the crop. At 
the production level treated in this section, where at times production may be 
limited by moisture availability, the development of moisture stress in the 
plant may influence the partitioning pattern, according to the functional ba
lance principle (Brouwer, 1963). The exact influence of water stress in the 
plant on the distribution of assimilates is difficult to quantify, however. The
refore, this effect has been neglected in the present approach. 
The relation between phenological stage of the crop and the traction of assi
milates diverted to the various organs is given in Table 43. The independent 
variable determining the fraction of assimilates partitioned to the root system 
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Table 43. Partitioning factors for dry matter to various plant organs as a function of 
development stage. 

Development 
stage 
0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

fr 

0.50 
0.42 
0.33 
0.26 
0.20 
0.15 
0.10 
0.07 
0.04 
0.02 
0.0 

fi 

0.50 
0.58 
0.67 
0.60 
0.52 
0.43 
0.34 
0.23 
0.12 
0.06 
0.0 

fs 

0.0 
0.0 
0.0 
0.14 
0.28 
0.42 
0.56 
0.70 
0.84 
0.42 
0.0 

u 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.50 
1.0 

(Column 26) is the development stage of the crop. For each ten-day period 
the relevant value is found as the average of the values at the end and at the 
beginning, as in Section 2.3. For the present period: 

DVS = (0 + 0.14)/2 = 0.07 

In Table 43 it is found that the fraction of dry matter partitioned to the root 
system at that value of DVS equals 0.44 (Column 26). The rate of increase in 
dry weight of the root system is thus: 

IWRT = FR-DMI = 0.44x9.5 = 4.2 kg ha"1 d"1 (Column 27) 

The total dry weight of the root system at the end of the ten-day period is 
equal to its value at the beginning of the period (Line a, Column 28), augmen
ted with the rate of increase times the length of the time interval, hence: 

WRT = 50 4- (4.2 x 10) = 92 kg ha'l (Column 28) 

The fraction allocated to the leaf blades is also obtained from Table 43 at DVS 
is 0.07 and equals 0.56 (Column 29). The rate of increase in dry weight of the 
leaf blades follows from multiplication of this fraction with the rate of dry 
matter increase: 

IWLV = FL-DMI = 0.56x9.5 = 5.3 kg ha"1 d"1 (Column 30) 

The weight of the leaf blades at the end of the period equals its value at the 
beginning plus the rate of increase multiplied by the length of the time inter
val: 
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WLV = 50 + 5.3 x 10 = 103 kg ha"l (Column 32) 

In the early stages of crop development in spring wheat, only roots and leaf 
blades are produced (van Keulen & Seligman, 1986), thus the fraction allocat
ed to the stems (FS, Column 33) is zero, and consequently the rate of increase 
in stem dry weight (IWST, Column 34) too. Total stem weight at the end of 
the period (WST, Column 35) is still zero. The crop is in its vegetative stage, 
hence no grain growth takes place (Columns 36, 37 and 38). The leaf area 
index at the end of the period is obtained from the dry weight of the leaf 
blades, taking into account the constant specific leaf area of 20 m2 per kg dry 
matter and the surface area: 

LAI = 103x20xl0-4 = 0.21 m2m"2 (Column 39) 

The total canopy variables are finally obtained from the weights of the various 
plant organs at the end of the period. Total above-ground dry weight is the 
sum of the weights of the above-ground organs, i.e. leaf blades, stems and 
grain: 

TADW = 103 + 0 + 0 = 103 kgha"1 (Column 40) 

Total dry weight of the vegetation is equal to above ground dry weight, aug
mented with the weight of the root system: 

TDW = 103 + 92 = 195 kg ha"1 (Column 41) 

At this moment no dead tissue is present (Column 43), hence total live dry 
weight (Column 42) equals total dry weight. These calculations complete the 
treatment of the first ten - day period. 

Line c: the calculations in this period are in principle equal to those in the 
previous one. Therefore, they will be treated in less detail. 

Average daily air temperature during this ten-day period equals 12.9 °C 
(Column 2), so the accumulated temperature sum at the end of the period is 
281 d °C (Column 3) and the associated development stage is equal to: 

DVS = 281 / 1100 = 0.25 (Column 4) 

Gross assimilation in the absence of water stress is obtained from the radia
tion determined value (Table 40) and the reduction factor for incomplete light 
interception, which is 0.12 at a LAI of 0.21 (Table 42). Hence: 

PGASS = 257x0.12 = 30.8 kg ha"1 d"1 (Column 5) 
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Root extension proceeds unhampered, thus the rooting depth at the end of the 
period equals 340 mm (Column 6). Potential evapotranspiration, obtained 
from Table 40, equals 1.76 mm d"1 (Column 7). Rainfall during the period is 
0.1 mm. To convert this value into a daily rate, it must be divided by At. 
Hence P = 0.01 mm d"1 (Column 8). No irrigation was applied (Column 9), 
thus the rate of infiltration is equal to 0.01 mm d"1 (Column 10). Maximum 
soil evaporation is calculated on the basis of potential evapotranspiration, 
taking into account the reducing effect of partial shading by the vegetation: 

Em = ET0«(1-RA) = 1.76x0.88 = 1.55 mm d"1 (Column 11) 

The reduction factor for soil evaporation due to soil-moisture content fol
lows from: 

(SMr-SMa)/(SMfc-SMa) = (0.105-0.03)/(0.225-0.03) = 0.38 

Actual soil evaporation equals Em x 0.38, i.e. 0.59 mm d"1 (Column 12). 
Maximum transpiration is the complementary fraction of potential evapo
transpiration and equals: 

Tm = ET0-RA = 1.76x0.12 = 0.21 mm d"1 (Column 13) 

For the determination of actual transpiration the critical soil-moisture con
tent has to be calculated by Equation 71, substituting 0.86 for p (Table 20): 

SMcr = (0.14x0.135) + 0.09 = 0.109 cm3 cm - 3 

Actual volumetric soil-moisture content is 0.105 cm3 cm"3 (Line b, Column 
18), which is below the critical value. The reduction in transpiration is calcula
ted from: 

T/Tm = (Smr - SMw)/(SMff-SMw) (75) 

In this situation thus: 

T = 0.21 x(0.105-0.09)/(0.109-0.09) = 0.17 mm d"1 (Column 14) 

To calculate the rate of water addition to the root zone as a result of root 
growth, Equation 72 is applied: 

dMr = 203.4x12/(1500-220) = 1.91 mm d"1 (Column 15) 

The rate of change in moisture content in the root zone follows from the 
balance: 
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dWr = 0.01 + 1.91 - 0 .59- 0.17 = 1.16 mm d"1 (Column 16) 

Total soil moisture in the root zone at the end of the ten - day period equals: 

Wr = 23.1 + (1.16x10) = 34.7 mm (Column 17) 

The average volumetric moisture content at the end of the ten -day period is 
then total moisture content divided by the rooting depth: 

SMr = 34.7/340 = 0.102 cm3 cm"3 (Column 18) 

The moisture content in the non - rooted part of the profile equals: 

Wnr = 203.4 - dMr* At = 203.4 - 19.1 = 184.3 mm (Column 21) 

Actual gross assimilation follows from the potential value, taking into ac
count the reduction due to water shortage: 

GASS = PGASS*T/Tm = 30.8x0.17/0.21 = 24.9 kg ha"1 d"1 

(Column 22) 

The maintenance respiration rate is obtained from total live dry weight and 
the relative maintenance respiration rate: 

MRES = 0.015 x 195 = 2.9 kg ha"! d~! (Column 23) 

The amount of assimilates available for increase in dry matter is the balance 
between actual gross assimilation and maintenance respiration: 

ASAG = 24.9 - 2.9 = 22.0 kg ha*1 d"1 (Column 24) 

The rate of dry-matter increase of the vegetation, taking into account 
growth respiration, equals: 

^DMI = 22.0x0.7 = 15.4 kg ha^d"1 (Column25) 

The fraction of dry-matter increase partitioned to the root system is ob
tained from Table 43 at a value of the development stage midway 
between the beginning and the end of the ten-day period, hence 
(0.25-0.14)/2 + 0.14 = 0.195. FR equals 0.33 at that value (Column 26) 
and the rate of increase in dry weight of the root system follows from: 

IWRT = FR-DMI = 0.33x15.4 = 5.1 kg ha'1 d"1 (Column 27) 
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and 

- i WRT = 92 + 5.1x10 = 143 kg ha"1 (Column 28) 

The fraction allocated to the leaf blades also follows from Table 43 and equals 
0.67 (Column 29), hence: 

IWLV = 0.67x15.4 = 10.3 kg ha"1 d"1 (Column 30) 

In the present approach it is assumed that leaf blades deteriorate when the 
vegetation suffers from water shortage, in an attempt to reduce transpiratio-
nal losses. The rate of decline is proportional to the relative transpiration rate, 
T/Tm. At severe moisture stress, leaf blades are assumed to deteriorate at a 
maximum rate of 0.03 kg dry matter per kg leaf blade dry - matter present per 
day. 

The rate of decline is thus calculated as: 

DWLV = RDR • WLV (76) 

with: 

RDR = 0.03 • (1 - T/TJ (77) 

For the present ten - day period: 

RDR = (1 - 0.17/0.21)x0.03 = 0.0057 d'1 

and 

DWLV = 0.0057x103 = 0.6 kg ha"1 d"1 (Column 31) 

Leaf- blade dry weight at the end of the period equals: 

WLV = 103 + (10.3 - 0.6) x 10 = 200 kg ha'1 (Column 32) 

At development stage 0.195, the fraction allocated to stem and grain is still 
zero, hence Columns 33 till 38 all contain zeros. The leaf area index at the end 
of the ten - day period follows from the dry weight of the leaf blades: 

LAI = 200 x 20 x 10"4 = 0.40 m2 m"2 (Column 39) 

Total above-ground dry matter equals the weight of the live leaf blades plus 
the weight of the dead leaves, hence: 
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TADW = 200 + 6 = 206 kg ha"1 (Column 40) 

Total plant dry weight is obtained by adding root weight to the previous value: 

TDW = 206 + 143 = 349 kg ha"1 (Column 41) 

Total live dry weight equals 343 kg ha"1 (Column 42) and the amount of dead 
tissue is 6 kg ha"1 (Column 43). These calculations complete the treatment of 
the second ten - day period. 

In the periods 3 to 9 no basically different processes take place, therefore 
these periods are not treated in detail here. From the 8th period onwards, a 
serious water shortage develops, because irrigation is purposely withheld in 
this treatment. The onset of moisture stress was somewhat delayed because of 
fairly heavy rainfall in the 4th period. The result of the water shortage is that 
growth practically ceases after the 8th period and that green leaf area declines 
drastically (Table 41). 

Line k: this is the 10th ten-day period of the growing period (Column 1). 
Average air temperature during the period is 11.7 °C (Column 2). Tempera
ture sum at the end of the period equals: 

TSUM = 998 + 117 = 1115 d°C 

and the associated development stage: 

DVS = 1115/1100 = 1.02 

That is a point beyond anthesis and, because the temperature relations for 
development are different before and after anthesis, this period is subdivided 
into two. The first part covers the period till anthesis, its duration being 
determined by the remainder of the required temperature sum: 

(1100-998)/11.7 = 9d 

Hence, the temperature sum at the end of period 10a equals 1103 d °C and the 
development stage at the end of the period is 1.0, i.e. anthesis. Gross assimila
tion in the absence of moisture stress is calculated in the usual way and yields 
254 kg ha"1 d"1 (Column 5). Root growth still proceeds and the rooting depth 
at the end of the period equals 1288 mm. 

It should be noted here, that according to the partitioning factors shown in 
Table 43, the contribution to the roots is negligible during this period. How
ever, if root extension proceeds, assimilates are necessary. It is likely there
fore, that the moisture shortage, developing in this period, affected the distri
bution pattern to allow root growth. In the present'schematized set-up, 
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however, this effect is not taken into account, and the data of Table 43 are 
used indiscriminately. Potential evapotranspiration rate during the period 
equals 2.72 mm d"1, showing that gradually time is moving towards a warmer 
and drier spring. 

It was the intention to end the moisture stress at anthesis, therefore a heavy 
irrigation of 81 mm was applied during this period to restore the water content 
in the root zone to a value well above the critical level. As there was also a 
small rain shower, total infiltration amounted to 9.24 mm d"1 (Column 10). 

For the calculation of the maximum rate of soil evaporation it is assumed 
that the dried leaves remain on the vegetation and act effectively in radiation 
interception. Thus, in calculating the shading effect, the maximum value of 
the leaf area index (LAI = 3.6) is applied. For this period: 

Em = ET0«(1 - RA) = 2.72x0.11 = 0.30 mm d"1 (Column 11) 

Actual soil evaporation falls short of the maximum, because of the low mois
ture - content in the root zone, according to Equation 70: 

Ea = Em • (0.098 - 0.03)/(0.225 - 0.03) = 0.10 mm d"1 (Column 12) 

The maximum rate of transpiration is calculated in the usual way from the 
potential evapotranspiration rate and amounts to 2.22 mm d"1 (Column 13). 
The actual rate of transpiration is derived from the maximum value taking 
into account the moisture content in the root zone. The critical volumetric 
soil-moisture content follows from Equation 71 at 0.121 cm3 cm"3. The 
reduction in transpiration rate is obtained from Equation 75: 

T = 2.22 x (0.098 - 0.09)/(0.121 - 0.09) = 0.57 mm d"1 (Column 14) 

The rate of increase of moisture in the root zone as a result of root growth 
amounts to 1.72 mm d"1 (Column 15). Total soil moisture in the root zone at 
the end of the period follows from realization of the calculated rates over the 
time interval of nine days and amounts to 210.7 mm. From this, the volu
metric soil-moisture content in the root zone is calculated as 0.163 cm3 cm"3 

(Column 17). The actual assimilation rate amounts to 73 kg ha"1 d"1 after 
correcting for the transpiration deficit (Column 22). The rate of maintenance 
respiration is 69.1 kg ha"1 d"1, calculated on the basis of total live dry weight 
of the vegetation (Column 23). The difference of 3.9 kg ha"1 d"1 (Column 24) 
allows for a rate of increase in dry matter of 2.7 kg ha"1 d"1 (Column 25). 
This amount is distributed among roots, leaf blades, stems and grain in accor
dance with the partitioning factors given in Table 43. 

In this period, as in the preceding ten-day period, some of the assimilates 
are diverted to the grain, although anthesis has not yet been reached. This 
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partitioning pattern has been chosen to account for the fact that during the 
last part of the pre-anthesis phase, a substantial part of the assimilates is 
stored in the stem as reserves, which after grain set are translocated to the 
growing grain (van Keulen & Seligman, 1986). In the present schematized 
calculation procedure these assimilates are designated grain weight directly. 
The remainder of this period follows the same rules as the ones that have been 
discussed in detail. 

Line I: to follow through the ten-day subdivision, the one remaining day 
from the 10th period is treated in a separate line. After anthesis the develop
ment scale runs from 1 at anthesis to 2 at maturity, or in fact at the end of the 
grain filling period. The temperature requirement for that period is, for this 
and most other spring wheat varieties, 650 d °C (van Keulen & Seligman, 
1986). 
The development stage in the post - anthesis period is thus calculated as: 

DVS = (TSUM - 1100)/650 + 1 (Column 4) 

Extension growth of the root system is assumed to cease at anthesis, because 
no more assimilates are invested in growth of the root system (Column 26). 
Treatment of the Columns 6 till 22 is not essentially different from that detail
ed in the preceding lines, therefore the calculations are not repeated in detail 
at this point. A few remarks may serve to draw attention to specific points: 

-the reduction factor for soil evaporation due to shading by the vegetation is 
kept constant at 0.11 (Column 11), corresponding to the maximum leaf area 
index of 3.6 m2 m~2. 
-after cessation of root extension, the 'input' of moisture into the root zone 
as a result of root growth remains zero (Column 15). Transport of moisture 
between the root zone and the non-rooted part of the profile, caused by 
developing potential gradients is neglected. Thus the soil moisture stored in 
the non - rooted zone remains constant (Column 21). 
- the relative maintenance respiration rate is changed at anthesis from 0.015 
kg kg"1 d"1 to 0.01. The main reason for this change is that in general the 
nitrogen concentration in the vegetative material declines rapidly after anthe
sis, due to translocation of nutrients to the developing grain. Moreover, the 
dry matter accumulating in the grain requires less energy for maintenance. 
Hence, from anthesis onwards: MRES = 0.01 xTDWL 
- the conversion efficiency of primary photosynthates into structural plant 
dry matter, set at 0.7 for vegetative material of average composition, is chang
ed to 0.8 for grain dry matter. Again, the major reason for this change is the 
fact that the nitrogen concentration of the grain is lower than that of the 
vegetative material during the pre - anthesis phase. 
- leaves have a limited life-time and even under optimum growing condi-
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tions part of the earlier formed leaves deteriorate. This deterioration increases 
rapidly after anthesis, mainly because of the translocation of nitrogen and 
other essential growth substances to the developing grain. In the present mo
del this process is taken into account by assuming a relative death rate of the 
leaf blades of 0.02 kg kg "! d " '. 

Exercise 46 
Calculate the weight of leaf blades 10 days after anthesis, starting from an 
initial value of 2000 kg ha"1. Employ first the value of 0.02 kg kg"1 d"1 and a 
time step of one day. Apply subsequently the time step of the model. 
What do you notice? What is the reason? 

From Table 41 it follows, that under the prevailing environmental condi
tions, the post - anthesis phase lasts 43 days, the calculated grain yield 
amounts to 6.21 ha" l and total above - ground dry matter to 10.51 ha"'. 
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Figure 38. Comparison of measured and calculated dry-matter accumulation of wheat 
growing under temporary water shortage. The calculated dry-matter accumulation of the 
control is given for comparison. 
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Exercise 41 
Calculate the transpiration coefficient for this example. Use both total dry 
matter and above - ground dry matter. 

3.4.4 Comparison with the experiment 

In Figure 38 the calculated growth curve is compared to the measured one, 
showing satisfactory agreement in terms of total dry-matter production. The 
calculated grain yield is however higher than the measured one, for which 
there is no obvious reason. It is clear from the graph, that the difference is 
equal to the difference in dry-matter accumulation after anthesis, provided 
that interpolation between the measured points on either side of the anthesis 
date is permitted. 
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