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Summary

Gross photosynthesis of three rice varieties has been calculated according to de Wit
(1965).

Results have been used to estimate total dry matter production of these varieties,
which were cultivated at the International Rice Research Institute (IRRI) in Los Bafios
in four different seasons during 1962/1963.

Grain yields were calculated by means of a tracing experiment on the transport of
carbohydrates produced in three different growth stages of the rice plant to the grain.
The calculated total dry matter, the grain yield and the grain/straw ratios agree accep-
ably to the experimental results, provided it is known when the crop closes and when
the growth rate starts to decrease.

Thus potential rice yields have been calculated for a modern non-lodging and non-
photosensitive IRRI-variety on a number of relevant latitudes for different seasons,
taking only solar radiation as a limiting factor.

Photosynthesis of the rice crop

To calculate the gross photosynthesis of a closed green crop surface de Wit (1965)
developed a model in which one of the main starting-points is the photosynthesis function
of a single leaf in normal air with a constant temperature. This function gives the rela-
tionship between the light intensity expressed in cal cm—? min—! and the production of
carbohydrates in kg ha—* h-'. The course of this relationship is determined by the nature
of the crop and it must, therefore, be established experimentally, especially the slope
of the curve and the assimilation rate at very high light intensities, called AMAX (see
Fig. 1).

The daily total assimilation of a closed green crop surface is then to be calculated by
estimating the light interception in every layer of leaves by combining the leaf distri-
bution function and the light distribution function. The former implies the cumulative
frequency distribution of angles between leaves and soil surface, the latter the distribu-
tion of direct and diffuse light during the day taking into account the latitude and the
time of the year. Plant spacing and amount and size of leaves are defined by the Leaf
Area Index (LAI), i.e. the total leaf surface per unit of soil surface. As the light pene-
trates the canopy, its intensity shows a more or less exponential decrease as the LAI
increases, so it is the upper layers of leaves that mainly contribute to the photosynthesis
of the crop as a whole. In cereals the LAI may approach 5.

The amount of solar radiation in the photosynthetic active region is called HC in the
case of perfectly clear days; on totally overcast days the active amount is estimated at
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Fig. 1. Photosynthesis function of a single leaf according to de Wit (1965).

0.2 HC. HC is expressed in cal cm—* day-'. In practice, the active radiation amounts to
500/ of the total short-wave radaition (= SWR) as measured by a solar radiation inte-
grator, thus:

0.5 X SWR = F X 0.2 X HC + (1-F) X HC cal cm* day- 48

F being the fraction of the day-time when the sky is overcast. The daily gross photosyn-
thesis of a crop surface, characterized by a set of standard variables, can be calculated
for perfectly clear days as well as for totally overcast days, called PC and PO respecti-
vely, and both expressed in kg carbohydrates per ha per day. The real daily gross photo-
synthesis (= GP) is thus:

GP = F X PO + (1-F) X PC kg carbohydrates ha—* day-! 2)

so if the total short wave radiation is known, the F factor is calculated by Eq 1 and the
actuel daily gross photosynthesis by Eq. 2.

For every month and every 10 degrees of latitude the HC, PC and PO are given in
Table 6 of de Wit (1965).

With the exception of the maximum photosynthesis rate of a single leaf, AMAX, de
Wit’s standard conditions are supposed to be in agreement with those of a closed rice
crop.

De Wit takes AMAX = 20 kg ha' h as a standard value, but the AMAX values for
the rice varieties to be discussed (Table 1) could be deducted from maximum CO: assi-

Table 1. AMAX values for the varieties discussed.

Variety N content CO: uptake AMAX
of the leaf (mg 100 cm-2 h-) (kg CH:0 ha-t h-Y)
(mg cm-2)

‘Tainan-3’ 220 35.3 24

‘Peta’ 184 46.7 32

‘BPI-76’ 220 471 32

‘IR-8’ 203 47.0 32

Neth. J. agric. Sci. 20 (1972) 11
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Fig.2. Effect of the maximum photosynthesis of single leaves, AMAX, on the photosynthesis of a
closed green crop for perfectly clear and overcast days under otherwise standard conditions (after de
Wit, 1965).

milation rates mentioned by the International Rice Research Institute (IRRI) (Anon.,
1968). These values average between 0 kg N and 100 kg N per ha.

The effect of higher AMAX on the daily totals of gross photosynthesis PC and PO is
shown, ceteris paribus, in Fig. 2, which is based on Table 7 of de Wit (1965).

The figure shows that a%/y increase of AMAX in relation to AMAX = 20, leads to
about a 2 9/y increase of PC and to about a 5 9/ increase of PO. Hence, the gross photo-
synthesis as found from de Wit’s Table 6 (1965) using Eq. 1 and 2 must be increased
by:

a/5 a/2

WXFXPO%-MX(LF)XPC 3

Available data

At the IRRI at Los Baiios (14° N) three rice varieties were planted in four different
seasons during 1962/1963 to demonstrate seasonal effects on total dry matter production
and grain yield (Tanaka et al., 1964). The experiment provided sufficient data to com-
pare theoretical calculations with the experimental results. The varieties used were:

a) ‘Tainan-3’, japonica, non-photosensitive
b) ‘Peta’ , indica , slightly photosensitive
c) BPI-76° , indica , very photosensitive

Plant spacing was 30 X 30 cm. Fertilizers at rates of 40 kg N/ha, 17 kg P/ha and 33 kg
K/ha were mixed through the topsoil one day before transplanting. Irrigation lasted till
full maturity of the grain. Insecticides were sprayed weekly and weeds removed by hand,
if necessary. In case of lodging the plants of four hills were tied together.

Samples were weighed after drying in a forced draft oven at 70°C for 1 or 2 days,
leaving about 3 9/q moisture. Except in December, January and February the average

12 Neth. J. agric. Sci. 20 (1972)
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temperatures showed little variation. Solar radiation data of the seasons concerned were
available for the period December 1962 to October 1963. Supplementary data were
obtained from, averages for the years 1959-1963 (Anon., 1967).

The measured daily total radiation, the calculated daily gross photosynthesis corre-
sponding with AMAX = 20, 24 and 32 kg ha-' h-*, as well as the average temperatures
are given in Table 2, as average values per month, or per 15 days if wide variations
occurred.

Dry matter production

During the period of vigorous growth of the rice crop the net photosynthesis (= NP)
amounts to about 609/, of the gross photosynthesis, about 400/, of it being respired
(Tanaka et al. 1966).

Assuming, furthermore, that the weight percentage of carbohydrates needed for root
growth when the crop is closed equals about the weight percentage of minerals in the
straw, the growth rate of above ground parts equals about the net photosynthesis. In the
period July-November these growth rates are theoretically about 190 kg ha-* day-* for
‘Tainan-3’, and about 215 kg ha—' day—' for ‘Peta’ and ‘BPI-76’ at Los Bafios.

For comparison purposes, the growth curves as found in the experiment are shown in
Fig. 3. The growth rates of 190 kg ha—' day-' and 215 kg ha-' day-' have been drawn
in by the author.

F (16.6 bor/ha)

Pata

TOTAL DRY WEIGHT (g/hill)
©

o A MARCH PLANTING
B MAY PLANTING
C JULY PLANTING
D OCTOBER PLANTING
50+
Fig. 3 Total dry weight of above-
ground parts in the successive growth
stages of three varieties, planted in May
z (top) and of the variety ‘Peta’, planted
Q 1 g e i i o n n 2 I 4 . .
o 2 © 0 I ® 2 in four different seasons (bottom),

WEERS AFTER TRANSPLANTING IRRI, 1962/1963 (Tanaka et al, 1964).
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The steep part of the curves, between the moment when the crop is closed and the
growth rate starts decreasing, fits well to a straight line. The dry matter produced before
closing is about 1600 kg/ha, a value found for most cereals. The declining of the cur-
ves has been accounted for in the calculations by assuming a linear decrease in the net
photosynthesis during a certain period, being observed in wheat by de Wit (1958).

The strong decline in the growth curves of the indica varieties ‘Peta’ and ‘BPI-76’
must then be attributable to destruction processes in (many) shed leaves.

The total straw production of the March, May and June plantings of these two
varieties has, therefore, been reduced by 200/y. This reduction have not been necessary
for the October plantings, probably owing to the relatively low average temperatures
during their ripening phases. The exact number of days required for the successive
growth stages are given in Table 3.

For every growth cyclus the total dry matter in the above ground parts can be cal-
culated as follows:

100
(1600 + NP, X a + NP, X b X 1/2) X %5 kg/ha (15 9/p moisture),

in which: NP, = weighed average net photosynthesis in the period of linear growth; a
= number of days in that period of linear growth; NP, —weighed average net photo-
synthesis in the period of decreasing growth rate; b = number of days of decreasing
growth rate.

Contribution to the grain

Shen Lian and Tanaka (1967) fed radio-active carbon dioxide, C!4 instead of C12, to
rice plants of the ‘Peta’ variety in three different stages of growth. For each stage the
percentages finally observed in the grain (= brown rice + husk) were:

maximum tillering: approximately 2.59/y of gross photosynthesis

booting : » 22 ot ,, »
milky stage : » 50 % ,, »
(4 days after

flowering)

At the same time Fig. 4 shows an increase of carbohydrates in the straw before flowe-
ring folllowed by a strong decrease after flowering, both effects being stronger in the
indicas ‘Peta’ and ‘BPI-76’, than in the japonica ‘Tainan-3’, indicated by the broken
lines.

At each point of time in the growth cyclus of the three varieties the total dry matter
can be read from Fig. 3, whilst the straw weight can be estimated by subtracting the
panicle weight. By combining Fig. 3 and 4, the average percentage of the daily net
photosynthesis, causing the carbohydrate accumulation in the straw can be calculated.
Furthermore, it has been assumed that the accumulation is proportional only to the
transport to the brown rice, as the husk is formed mainly before flowering and is sup-
posed to absorb the same fraction of the net photosynthesis in each variety. Thus a
combination of the percentages of translocation, found by Shen Lian and Tanaka (1967),
with the informations obtained from the Fig. 3 and 4, leads to the following estimate of

Lt 13% in the ‘husk’ 4+ 9% in the ‘brown rice’.

Neth. J. agric. Sci. 20 (1972) 15
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Fig. 4. Percentage of carbohydrates in

2T 3 ‘:ESL'E';?N:“:& the straw of three rice varieties planted in
3 ebe P N May 1963 at the IRRI (Tanaka et al,
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the fractions of net photosynthesis produced in three successive stages and finally,
translocated to the grain for each of the three varieties. Thet net photosynthesis again
being 609/¢ of the gross photosynthesis (Table 4).

The total grain yield can then be calculated as:

100 .
(NP. X C X X) X 35 kg/ha (15%/o moisture), in which:

NP. =weighed average net photosynthesis in each of the three stages of grain contribu-
tion (Note: NP = (60%, X GP) X (1009, till 0%,), owing to eventual decrease in
growth. The exact percentage can be read from the linear decrease in NP from 1009/
till 0 9/o during a given number of days (Table 3).

C = number of days in the given stage

X = fraction contribution to the grain in the given stage.

Table 4. Percentages of net photosynthesis contributed to the grain.

Closed till Panicle initiation Milky stage
panicle till till
initiation milky stage full maturity
‘Tainan-3’ 0 27 83
‘Peta’ 10 37 83
‘BPI-76’ 10 32 83

The test

In Table 5 the calculated values of total dry matter, grain production and the resulting
grain/straw ratio are given together with those found in the experiment (Tanaka et al.,
1964).

Like the theoretical calculations the experimental results have been taken at a 159/
moisture basis; in the original reporting samples were dried to about 39/,. Moreover, the

16 Neth. J. agric. Sci. 20 (1972)
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Table 5. Calculated and experimental values (15% H:0) for grain - straw per ha, grain per ha and
the grain/straw ratio of the varieties ‘Tainan-3’, ‘Peta’ and ‘BPI-76° at the IRRI at Los Banos in four
seasons during 1962/1963,

Variety Sowing Grain + straw Grain Grain/straw
date (ton/ha) (ton/ha)
calcu- experi- calcu- experi- calcu- experi-
lated mental lated mental lated mental
15 March 13.87 13.50 6.28 5.56 0.83 0.70
“Tainan-3’ 3 May 13.29 11.73 595 4.89 0.81 0.72
16 July 12.12 11.85 5.44 5.80 0.81 0.96
26 October 13.32 11.99 6.67 6.47 1.00 1.17
15 March 19.22 18.03 5.45 4.32 0.40 0.31
Peta’ 3 May 16.74 15.26 5.58 4.91 0.50 0.48
16 July 15.15 14.76 5.29 3.65 0.54 0.33
26 October 15.32 16.15 6.74 6.86 0.79 0.74
15 March 27.05 26.36 5.62 545 0.26 0.26
‘BPI-76’ 3 May 19.79 19.81 4,92 6.40 0.33 0.48
16 July 13.86 15.01 5.87 4.79 0.74 048
26 October 13.54 7.44% 7.27 327 1.16 0.78*

* 1In the experiment the October planting of ‘BPI-76’ did not form a well-closed crop surface.

experimental total dry matter (grain -+ straw) was expressed in g/hill and had to be
converted into kg/ha.
In most cases the calculated values agree acceptably to the experimental ones. Owing

wl’ JANUARY - MAY MAY - SEPTEMBER SEPTEMBER - JANUARY

2 —Q
o §§ " N \\ i
N N
N\ N
N = NN\

"
©

tons grain/ha
3

0

1} 10 20 30 40° 0 1a 20 30 40° 0 10 20 30 4N

Fig. 5. Ranges of potential rice yields for a modern non-lodging variety with a constant growth
cyclus at different latitudes and in different seasons. F is the fraction of the day-time when the sky
is overcast.

Neth. J. agric. Sci. 20 (1972) 17
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to the calculation method used, however, it appeared that in the poorly performing
March and May plantings of ‘Peta’ and ‘BPI-76°, with a very long period of growth
decrease in the generative period about 609/, of the final grain originated from the
pre-flowering period; this was also suggested by Tanaka et al., (1964).

This percentage does not agree with the results obtained in more recent tracing ex-
periments in cereals, which have shown that by far the greater part of the grain is as-
similated after flowering (Stoy, 1966).

In this regard, first it must be considered that in the rice grain the husk, being for-
med mainly before flowering, takes up about 200/ of the total grain weight (Chang Te-
Tzu and Bardenas, 1965), which is a very high value for a cereal. Secondly, carbo-
hydrates accumulated in the pre-flowering period can be respired later on, thus leading
to a lesser amount of respiration to be subtracted from the gross photosynthesis in the
post-flowering period.

Although little is known in this respect, the weights given for the pre- and post-flo-
wering periods by using the translocation percentages do not seem to be affected too
much. Moreover, with a relatively short period of growth decrease at the end of the
cultivation period, which is the case in modern varieties having a good N supply, the
disagreement does not show.

The modern varieties

In the modern IRRI varieties, high photosynthetic rates (Anon., 1968) are combined
with favourable morphological qualities. So high nitrogen dressings, needed for a rapid
growth over a long time, do not cause lodging. For such a non-photosensitive variety
with a growth cyclus supposed to be constant on all relevant latitudes, ranges for poten-
tial grain yields have been likewise calculated for the different seasons! (Fig. 5). The up-
per limit refers to perfectly clear days (F=0), the lower limit to totally overcast days
F=1).

For a number of places at the relevant latitudes, the average F-values during the diffe-
rent seasons could be calculated from measured solar radiation (see references. Solar
radiation data) by using Eq. 1. The corresponding average growth rates, dry matter
productions and grain yields are given in Table 5, the differences being based only on
the solar radiation effect.

Discussion and conclusion

So far, the high annual productions as calculated in Table 5 for tropical regions have
been seldom realized. At the IRRI, however, annual productions of 23 ton grain per ha
are reported in continucus cropping experiments (Anon., 1969), viz about 10 ton/ha in the
dry season and two times 6-7 ton/ha in the rainy season. Yields of 11 ton/ha harvest are
also reported from places in West-Pakistan and Kenya where solar radiation is abun-
dant (ILACO information). Therefore, the calculations made seem to be fairly realistic.

From the economic point of view, however, in obtaining such very high yields mar-
ginal costs may largely exceed the marginal rents in the end. So thus far, as a rule of
thumb, farmers’ production potentials are likely to be about 25-359/¢ below the yield
potentials.

t  The translocation percentages used are those fond in ‘Peta’.

18 Neth. J. agric. Sci. 20 (1972)



CALCULATION OF POTENTIAL RICE YIELDS

Table 6. Potential average growth rates, total dry matter productions and grain yields for every sea-
son and per year, calculated for a modern non-lodging variety with adequate N supply and constant
growth cyclus on different latitudes.

The F factor is calculated from measured solar radiation (see references: Solar radiation data) and
indicates the fraction of the day that the sky is overcast.

.atitude  Place Season Average F  Average Dry matter Grain yield Grain/year
°N) growth production (15% H:0) (ton/ha year)
rate (15% H:0) (ton/ha)
(kg/ha day)
Aher March to June 0.21 287 22.7 10.5
(Ken° ) July to Oct. 027 279 22.1 10.2
0 enya, Nov. to Febr. 0.15 296 234 10.8 315
Nyakatonzi Dec. to March 0.38 261 20.6 9.5
(Uy a dg)z April to July 044 240 19.0 8.7
gan Aug. to Nov. 045 241 91.1 8.8 27.0
Kinsh Dec. to March 0.56 234 18.5 8.5
(Z“.,S asa April to July  0.61 205 162 75
S aire) Aug. to Nov. 0.64 211 167 71 237
Zanderi Jan. to April  0.65 204 16.1 7.4
s““."’“’ May to Aug. 0.52 229 18.1 8.3
(Surinam) Sept. 1 Dec. 041 244 19.3 8.9 24.6
Mal March to Febr. 027 258 20.4 9.4
A"‘ a“lge July to June  0.33 247 19.5 9.0
o (Angola) Nov. to Oct.  0.34 291 23.0 10.6 29.0
Ti Dec. to March 0.36 255 20.2 9.3
I‘“(‘i“ . April to July  0.29 249 19.7 9.1
(Indonesia) 410" 1o Nov.  0.16 297 23.5 10.8 292
Los B Febr. to May 0.32 273 21.6 99
1;’;.1. anos  yyne to Sept.  0.65 222 17.6 8.1
S (Philippines) 50" 1o Jan.  0.55 196 15.5 71 25.1
. Febr. to May 0.25 282 22.3 10.3
";’ag Medani y, 0" (o Sept.  0.37 272 21.5 9.9
(Sudan) Oct. to Jan.  0.13 266 210 9.7 2.9
Kh Febr. to May  0.36 259 20.5 9.4
- ZFagP“r June to Sept.  0.66 230 182 8.4
0 (India) Oct. to Jan. 034 216 17.1 79 25.7
' . March to June 0.32 233 18.4 8.5
Tananarive July to Oct. 0.31 247 19.5 9.0
(Madagascar) Nov o Febr. 0.38 279 22.1 10.2 27.7
Okimoerabu April to July 0.73 215 17.0 1.8
5 (Japan) Aug. to Nov. 0.64 171 13.5 6.2 14.0
' Pretoria Sept. to Dec. 0.31 290 229 10.6
(S.-Africa) Jan. to April 0.35 267 21.1 9.7 20.3
Yakushima May to April 0.49 247 19.5 9.0 9.0
0 (Japan)
Bloemfontein Nov. to Febr. 0.29 309 24.4 11.3 11.3
(S.-Africa)
Hamadan June to Sept. 0.54 246 19.4 9.0 9.0
5 (Japan)
P. Elizabeth Nov. to Dec.  0.32 305 24.1 11.1 1.1
(S.-Africa)
3 Macerata May to Aug. 0.44 280 22.1 10.2 10.2
(Italy)

Neth. J. agric. Sci. 20 (1972) 19
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The calculation method shows that high rice yields are to be expected if a high
growth rate per ha is maintained as long as possible in the generative period. This de-
pends on climatic, crop and cultivation factors.

As far as climatic conditions are concerned, first there should be a high amount
of solar radiation in the generative period; the correlation between grain yield and solar
radiation during the generative period is also reported by Moomaw et al. (1967) and the
IRRI (Anon., 1969). Secondly, the average temperature during the ripening period
should be relatively low, since this extends the active life of the rice plant thus causing
more photosynthesis for grain production (Ebata and Nagato, 1967). Moreover, de Wit
et al. have recently found that lower temperatures reduce that part of the respiration
that is needed for maintenance of structural proteins in existing plant tissues. Also it
must be considered that in the rice plant gross photosynthesis declines sharply when
temperatures exceed 33° C or fall below 20° C (Murata, 1961).

As for the crop and cultivation factors, leaves should have a high maximum photo-
synthesis rate (AMAX). In the vegetative stage, the plant should have sufficient leaf
development and a good tillering ability, both in relation to the spacing used in order
to obtain the required ILAI and a high number of panicles per m?2 respectively.

Relatively close spacing results in a closed crop surface within a short period of time
since lesser tillering is needed; it also decreases the risk of panicle failure and the vege-
tative stage can be shortened by a few days (Anon., 1969).

Finally, one of the most important factors is that leaf canopies should be green as
long as possible, which also guarantees the quality of the product. To this end, adequate
nitrogen supply, a non-lodging plant type and relatively low temperatures during ripe-
ning are required.
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