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Abstract

The proportions in which the assimilates are distributed to various organs decide the growth
and the yield of plants. The importance of the distribution ratio in plant growth is analyzed
using some simple models of dry-matter production and different distribution ratios.

Relationships between the distribution ratio and environmental conditions are discussed
with several examples taken particularly from Japanese IBP photosynthesis experiments on
rice stands. Regional differences in the value of the distribution factor for leaf laminae in rice
stands were rarely observed. The rate of crop growth, however, increased with air temperature
in parallel with the rate of leaf growth.

‘Light parasitism’ of lianas is also discussed with reference to the vertical distribution of
matter and development of photosynthetic systems.

Introduction

Development of a photosynthetic system is determined by its photosynthetic
activity and by how much of the new assimilates are returned to expanding the system.
The growth of the whole plant likewise is determined by how rapidly the photo-
synthetic system develops. To describe the growth of a plant in detail, a sophisticated
model is needed which includes all plant reactions. A simple model, however, can
sometimes help to detect the essential mechanism governing the complicated system.

In earlier papers, Monsi (1960, 1968) has discussed, with simple models, the relation-
ship between the photosynthetic apparatus and dry-matter production. Such relation-
ships also hold for agricultural yields since these consist principally of accumulated
photosynthesis product. Certain differences in the pattern of photosynthate distri-
bution and reproduction of the photosynthetic apparatus are evident among different
plant species and suggestions of classification have also been presented (Monsi,
1960; Walter, 1964). High agricultural yields can best be obtained with high photo-
synthetic production accompanied with conveying large proportions of the photo-
synthates into the organ that is harvested.

The distribution ratio

A plant or community which has dry weight W, at time 7. grows to dry weight
W 1 1 at time ¢» + 1. Net production P, measured by increase of biomass is equal to
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(W + 1 — Wy, as long as no dry matter is lost by death or shedding. Under such
conditions, P, is the sum of dry-matter increments in the structure of all organs and
of stored assimilates, i.e. P = AL + AS - AR - AM, where L stands for leaves
(photosynthetic system), S for stems (including leaf sheaths and petioles), R for roots,
and M for assimilates stored in grains, tubers, rhizomes, trunks, and sometimes in
evergreen needles (Kimura, 1969).

The gross production of a plant or community, Py, can be expressed as the product
p.L, where p represents the mean photosynthetic rate per unit leaf amount and L the
amount of leaves. The leaves themselves have first priority in the consumption of the
new photosynthates so that the photosynthates exportable from leaves, or surplus
production P; are

Py =P;— win. L
where wrz is the mean maintenance respiration per unit amount of leaves.

Part of the assimilates translocated from leaves to stems and roots must be respired
for maintenance of these organs, so that the assimilates which can be used for con-
struction of new leaves, new stems and new roots, and for storage (surplus of assimi-
lates for new growth, aP.) are reduced to an amount

aPn = Pi— (wrs. S + wra . R)

The assimilates (aL) allocated for new leaves (nL) are used partly for constructive
respiration (. . nL), where 1. is a mean constructive respiration per unit amount of
new leaves. Similar formulae can be developed for stemis and roots. The net production
P, is the sum total of newly formed tissues of each organ and matter stored, i.e.

Py =nl -+ nS§ + nR + aM
In other words, Py is P, minus the sum total of respiration for maintenance and con-
struction.

The distribution of biomass among leaves, stems, roots and stored matter can be
expressed by distribution factors dr, ds, dr and dur; the values of these factors are the
ratios of nL, nS, nR and nM, respectively to P, (Iwaki, 1958). The ratio of P. to aP.
has been named the transformation factor or economic ratio (k). Transformation
factors ki, ks, kr and ka; can be defined for each organ and for stored matter.

The net production of assimilates is allocated to various organs and for storage,
so that

aP, = al + aS - aR + aM
The distribution of assimilates is governed by allotment factors ar, as, ar and ax
defined similarly as the various above-mentioned distribution factors.

The amount of new leaves can be expressed by the following equation,

nL =Py .de=[p.L—wri.LY—(wrs. S+ wra.R)].ar. ks

Similar equations can be derived for stems and roots and stored matter. The values
of kz, ks and kp are almost equal and range from 0.5 to 0.8 according to growth
stage and species (Yokoi, 1967). Translocation of assimilates and their conversion
into stored substances require very little energy compared with that used in con-
struction of new tissues, so that for simplicity kar is assumed to be 1.0 in the following
discussion.

The photosynthetic system becomes L. -+ #L at time 7. ; 1 as long as no leaves are
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Fig. 1. A diagrammatical representation
of the processes considered and cal-
culations involved in one step of
production and matter distribution.
Symbols L, §, R and M indicate

A

:1 f;f leaves, stems, roots and stored matter,
b respectively. mr and o stand for
r“" maintenance and constructive respira-
(-9 tion of unit dry weight of the various

}7 ; organs denoted by the subscripts.
l HE AN Py, Py, Ps and aP; denote gross, net,
surplus production and net production
of assimilates respectively. The distri-
L ‘\ i bution factors for leaves (dr), stems
ol MM,,1 (ds), roots (dr) and stored matter
— (cdar) are defined as wnL/P., nS/P.,
nR[Py and nM/Py, respectively. Py =
nL + nS + nR | uM and so the
values of the distribution factors are,

as can be seen, 2:1:1:2/6.
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5 | Fig. 2. A diagrammatical representation of
the changes in the composition of the plant
bodies after one step of production and
R R R R R || R matter distribution when different distri-
bution ratios are assumed for the various
cases shown. The first column (W) gives
the initial composition of the plant body,
the other columns (H,.) show the com-
position after one production step with the
distribution ratics for assimilates (a) and
new biomass (d) given in the fractions at
the bottom of the columns (distribution
factors are written in the usual order, i.e.
leaves: stems: roots: stored matter).

shed, and the new system produces more material than L. at time 7. One of the simplest
models is illustrated in fig. 1, where the plant body (W) is composed of L, S, R and
Minaratioof 3:3:3:1; Py =p. L=5.3, wrr = 1, mrg = wrr = 0.5; ar:as:
asian = 2:1:1:5 ki = ks = kg = Q5 kv = 1; and doidsidride = 2:1:1:2,

We can calculate the growth of plant biomass for a series of similar productive
systems having different parameters characterizing photosynthetic production and
different distribution factors. The main purpose of the present paper is to evaluate
the effect of different values of the distribution factors. Therefore widely different
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7}3] Fig. 3. The same as Fig. 2, but this diagram

Wy Wais v illustrates the result of five consecutive
5 steps of production and matter distri-
17, bution according to the distribution ratios
i indicated.

allotment and distribution ratios (ar:as:ar:au and diids:dr:dy) were accepted as a
basis for the following model calculation: System l:a = 0:1:1:3 and d = 0:1:1:6.
System 2:a = 1:1:1:2and d = 1:1:1:4. System 3: ¢ = 1:2:1:1: and 4 = 1:2:1 2
System4:q — 2:1:1:1 and d = 2:1:1:2 (asinfig. 1) and System 5:a = 3:1:1:0and d
3:1:1:0. Fig. 2 shows these production systems after one production step (W + 1),
and fig. 3 after five production steps (W + s).

As seen in fig. 3, the differences in the allotment and distribution ratios bring about
large differences not only in total dry weight of the plants but also in their consti-
tution i.e. in the structure of the plants as productive systems. We can imagine that
System 1 represents a spring perennial herb with large tubers or a cereal crop at
heading stage, and that System 5 represents a young annual plant growing in its
exponential phase of growth.

The plant is characterized by different distribution ratios according to growth
stage and environment. In a closed plant community excess development of the
foliage causes mutual shading of leaves and decreases severely the mean photo-
synthetic rate. Many leaves in the lower strata of the foliage contribute very little to
total photosynthesis, become senescent and are shed. In this situation a low distri-
bution factor for leaves means rather high productivity of the community.

Distribution ratio as influenced by environmental factors

Light There are many papers dealing with the influence of light on the distribution
ratios. So, for example, Kuroiwa et al. (1964) found that the distribution factor for leaves
(dr) with Fagopyrum esculentum, Vicia faba and Helianthus annuus decreases with the
growth of plants from about 0.6 to 0.4 or even 0.2, but that with Vigna radiata f.
aurea ( = Phaseolus aureus) the factor remains constant throughout the growth
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period. The ageing curves of d;, for sun-plants ran lower as light intensity at which the
plants were grown was decreased. In the shade-plant Crypfotaenia canadensis var.
japonica the highest curve of di. was obtained at 75 % light and the curve at 50%; light
ran higher than that at 100% light. The influence of daylength was investigated by
Mokronosov with potatoes (1967).

Another example of light influence has been given by H.S. Choe (pers. comm.).
After etiolation for 5, 12, and 25 days from germination, Phaseolus vulgaris seedlings
were grown in cycles of 16 hours light (about 10 kix) and 25°C, and 8 hours dark and
20°C. Mean areas of the first leaf of seedlings grown in light all the time and seedlings
etiolated for 5, 12 and 25 days were 76, 59, 17 and 13 cm?, respectively. The changes
in distribution factors for leaves, stems and roots after exposure to light are illustrated
in fig. 4. Photosynthetic rates at 10 kix, 25°C and 0.03 %, CO2 of the mature first leaves
were 13.6, 12.2, 10.6 and 7.6 mg(COz) dm 2 h ! in the controls and seedlings etiolated
for 5, 12 and 25 days, respectively. The small leaf areas and low rates of photo-
synthesis caused low rates of growth in the plants etiolated for 12 and 25 days but
they reached the highest values of d;. among all variants; this occurred on the 7th
to 8th day after the etiolated seedlings were placed into light again.

Soil moisture  Soil moisture has great influence on the distribution ratio. Furuhata &

Monsi (1969), for instance, demonstrated striking changes in the distribution ratios of
young soybean seedlings grown in a growth cabinet (at 20°C in cycles with 14 hours of

12D 25D

10 20
AR

Tt i

Fig. 4. Changes in the values of distribution factors for leaves (L), stems (S) and roots (R)
in seedlings of Phaseolus vulgaris, grown in light from the start of the experiment (Cont.)
or kept initially in dark for five (5D), twelve (12D} and twenty five (25D) days and then grown
in light. After etiolation the seedlings were grown in controlled environment with 16 hours of
light (10kIx) at 25°C and 8 hours of darkness at 20°C. On the ordinate: values of the distri-
bution factors in per cent. On the abscissa: number of days of culture in the controlled environ-
ments, following etiolation.
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Fig. 5. Influence of soil moisture and its change

S VO 0 -0 . e
52 74 on the values of the distribution factors in
e e N young soybean plants grown under controlled
L LEAF | A, conditions. The curves connecting solid circles
I oSy refer to plants grown throughout the experi-
5 \3::’;"—: ‘%‘“\‘:*:‘;—5’-3 ment in r:'noist sand (22.8 \:,;w. per cent of
A N AR O L waler) and curves with open circles to plants
L f grown in dry sand (5.2 w./w. per cent of water).
pb—t v b e Lo p e 1 Open (riangles denote plants shifted from the
ol STEM moist o the dry condition and solid triangles

L L planis shifted from dry to moist condition.
- f;ﬂ;{:}‘:g L /;Pﬁ(ac,{?ﬁﬁ The time schedule of the shifts is marked at

o the top of the figure. On the ordinates: values
Igr of distribution factors in per cent.
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light, approx.10 klx, and 10 hours of dark), when the water content of soil was changed
from 22.8 per cent to 5.2 per cent and vice versa (fig. 5). There is a clear complementary
relationship between the distribution factors for leaves and those for roots as the
plants adapt to the changed soil moisture. The changes in distribution factors caused
changes in the development of the photosynthetic system and in the extension of the
leaf area: these changes resulted in retardation or enhancement of plant growth.

Matter distribution and productivity of the photosynthetic systems in
different geographic conditions

By using the data obtained in the Level I -— Maximal Growth Experiments carried
out in 1967 by the Local Productivity Group of Japanese IBP/PP, analyses have been
made on the local differences in productivity of five crops: rice, maize, soybean,
sugar-beet and sunflower. Some of the results concerning distribution of dry matter
and leaf growth in rice and maize are presented here.

The plants were grown in a fertile field at each of the seven stations lying from the
north (Station No. 1, 43° 3’ N. Lat.) to the south of Japan (Station No. 15, 32° 53’
N. Lat.) (fig. 6). Best cultural practices and varieties well suited to each locality were
used. Temperatures and other climatic conditions at the representative stations are
shown in table 1.

Regional differences in the pattern of dry-matter distribution to different organs The
courses of foliage development in rice and maize stands as characterized by the
leaf area index (LAI, leaf area per unit ground area) are shown in fig. 7 in which the
time of heading or silking is taken as reference time for normalizing the curves. The
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Fig. 6. A map showing the

i positions of the experimental
stations which participated in

;{ <t the level-I-Experiments of the
L SRR {5 ] Japanese IBP/PP Photosynthe-
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Fig. 7. Development of the photosynthetic system in rice (A) and maize (B) as illustrated by
the course of leaf area index values. The numbers labelling the curves refer to the stations
as numbered in Fig. 6. (E and L denote early and late crop). The time of heading in rice and
of silking in maize were taken as reference for normalizing the curves,
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highest LAI observed in rice fields was 7.08 in an early crop at Hainuzuka, Kyushu,
on August 3, 1967. In maize fields the highest LAI value was 5.85 observed at Morioka
on the same date.

The variation of distribution factors for leaves and roots during the development
of rice plants in crops at various stations is illustrated in fig. 8. Again heading is
adopted as reference stage for normalizing the curves. In young plants, 3 to 4 weeks
after transplanting (i.e. 7 to 6 weeks before heading) the distribution factors for leaves
and roots had greatest values, dz ~ 0.4 and dr ~ 0.1-0.2. Hardly any regional
differences in dr, were observed.

From these high values in early developmental stages the distribution factors
declined steadily to reach zero at about the heading stage. This means that the amounts
of import and export of dry matter to and from these organs were then balanced.
The factors dr. and dr generally continued to decrease until seed maturity, though
dr often increased slightly during the grain-filling stage. The negative values of distri-
bution factors imply an active export of assimilates.

Fig. 9 shows the seasonal changes of distribution factors for stems including leaf
sheaths (ds) and for ears (dg). The value of ds in young plants was about 0.4, being
nearly equal to dr. It gradually increased to a maximum value of 0.6 to 0.7 attained
2 to 3 weeks before heading. Thereafter the ds value decreased very rapidly passing
zero at the heading stage and reaching a minimum (—0.4 to —0.8) two weeks after
heading; finally towards maturity, an abrupt increase of ds values was observed.

o
[ Sesimrenny e LTV Heading

20T

Leaf blade

-10 -8 -6 -

Heading

-20

Fig. 8. Variation in the values of distribution factors for leaves and roots during the growth
of rice plants at various localities. The values of the distribution factors given in per cent.
Other notation see Fig. 7,
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Fig, 9. Variation in the values of distribution factors for leaf sheaths (ds) and ears (dg) during
the growth of rice plants. Notation of curves and coordinates the same as in Fig. 8.

The fiux of dry matter into the ears started 4 weeks before heading, increased rapidiy
to a maximum two weeks after heading when the dg values amounted to 1.5 to 2.0
and then decreased rapidly.

The contrasts in the course of ds and de values clearly demonstrates the role of the
leaf sheath as an organ for temporary storage of assimilates. It is remarkable that
dx reached as high values as 2.0, indicating that an amount of dry matter which is
equivalent to that of the current photosynthetic production was translocated mainly
from the leaf sheath to the ear. A similar temporary storage occurred in the stem of
maize, though its role in grain production was small (Allison & Watson, 1966).

Fig. 10 illustrates the developmental course of the values of the distribution factor
for leaf laminae (dr) in maize grown at various stations; as can be seen, the general
picture is much the same as that observed in rice plants, With maize also hardly any
regional differences in the shape of the curves can be found.

The absence of variation in dr among different varieties and at various latitudes,
if compared at the same stage of growth, is most remarkable. All the more, since clear
varietal and regional differences can be demonstrated in the values of ds and da.
This becomes particularly clear if the transplanting date instead of heading date is
{aken as reference. The mean values of the distribution factors for leaves, stems and
roots in rice plants during the six weeks following transplanting are given in table 2.
As can be seen ds decreases and dr increases with increasing latitude and slight
differences among early and late varieties arc also observed.
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o Fig. 10. Variation in the values of the
' distribution factors for leaf blades
during the growth of maize at various
localities. Notation similar to Fig, 8.

Table 2. Distribution factors (as percentages) for leaf laminae (d1), leafl sheaths (ds) and roots
(dr) in rice plants grown at various localities in Japan. Mean values for 6 weeks after trans-
planting. 7, mean air temperature (°C) for the six weeks. The numbers of the stations are
those used in fig. 6.

Station No. Variety dr ds dr T
3 Early 36 45 19 18.2
Late 34 46 20 18.2
6 Early 38 48 14 19.9
Late 3T 52 11 19.9
7 Early 35 53 12 20.5
Late 32 57 11 20.5
9 Early 34 61 5 222
Late 38 54 8 22.2
12 Early 34 57 9 23.9
Late 31 56 13 23.9
14 Early culture 32 60 8 24,5
Late culture 30 58 12 27.4

Regional differences in leaf and crop growth rate 1f the Leaf Weight Increase Rate
(LWIR, g of leaf dry weight per m? of ground and day) of rice plants is compared
during early growth (e.g. for six weeks after transplanting), it is clear that this rate
decreases with increasing latitude of the station. As the relation between LWIR and
the mean air temperature shown in fig. 11A was highly significant (r = 0.9540%%%)
the influence of temperature was compared with other climatic factors by path-
coefficient analysis as developed by Dewey & Lu (1959).

Three climatic factors, mean air temperature (X1), solar radiation (X2) and rainfall
(X3), were chosen and the regression of LWIR (Y) to them was calculated. The follow-
ing standardized multiple regression equation was thus obtained:

Yy=1152X"1—0203 X’s — 0.367 X’s
The three climatic factors explain about 93 per cent (R = 0.9647***) of the deviations
in LWIR and the contribution of air temperature is considerably larger (58 per cent)
than that of the two other factors, solar radiation (10 per cent) and rainfall (18 per
cent), both working in the negative direction. Strong solar radiation is generally
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Fig. 11. Correlations between the mean air temperature and the leaf weight increase rate
(LWIR, 11A) the leaf area expansion rate (LAER, 11B) and the crop growth rate (CGR,
11C) in young rice plants at various localities. Numbers labelling the circles refer to the various
experimental stations as numbered in Fig. 6. Solid and open circles denote late and early
varieties respectively.

associated with dry air and sometimes with scanty rainfall, and a large amount of
rainfall is often accompanied with long periods of insufficient illumination.

A highly significant correlation (+ = 0.8581***) was also found between the Leaf
Area Expansion Rate (LAER, cm? leaf surface per m? ground area and day) and the
mean air temperature (see fig. 11B). The latter was found to be the most important
factor in geographic differences of LAER, just as it was also for LWIR. Thus mean
air temperature is one of the most important factors in the large geographic variation
of the growth parameters.

From these results we have drawn more general conclusion: although regional
differences are hardly found in the dry-matter distribution factors for leaves, the
growth of leaves is heavily dependent on temperature. This was proved earlier by
Bull (1968) with Vicia faba grown in the field at one locality but in different seasons.

Finally also the Crop Growth Rate (CGR, g of dry weight per m® of ground and
day) of young, exponentially growing stands of rice was almost entirely dependent
on mean air temperature as shown in fig. 11C. Similar results were obtained by Wei-
hing (1963) with field-grown ryegrass.

Ecological significance of matter distribution to various components in the
photosynthetic system

The development of the photosynthetic apparatus determines the growth of the
whole plant, and is determined on its turn by the rate of photosynthesis and the distri-
bution of assimilates.

The distribution of photosynthates, particularly inasfar as it governs the vertical
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development of the photosynthetic systems, has great bearing on plant competition,
In an analytical study with mixed stands of Vigna radiata [ aurea ( = Phaseolus
aureus) and Fagopyrum esculentum, Iwaki (1958) discussed the importance of height
growth. The taller photosynthetic system of Fagopyrum than of Vigna in mixed stands
ensures the dominance of the former. Such plant competition has been further dis-
cussed by C. M. Donald (1963). Recently Oikawa & Monsi (1969) discussed the height
growth of Helianthus annuus stand by clarifying two kinds of response in stem elong-
ation to strong light: the photomorphogenic retardation and the photosynthetic
enhancement,

A typical example of the importance which the vertical structure of the photo-
synthetic apparatus has for light competition is presented by the lianas and climbers in
general. In Japan we have about 80 species of herbaceous and woody climbers. Most
of them grow very vigorously, causing heavy damage by ‘light parasitism’ to sup-
porting herbs, shrubs or trees. Climbers develop their leaves mainly in the upper
portion of the foliage of the mingled canopy as is illustrated in fig. 12. On the basis
of the difference between climbers and support plants in these developmental patterns
of leaves we can design a simplified model of a plant community being destroyed by
climbers. Let us assume that in climbers three quarters of net photosynthates are used

Ordinary plants (Miscanthus sacchariflorus, etc.)

]
m Cayratia japonica
XX

Ampelopsis brevipedunculata

N\\? Glycine soje, Calystegia jeponica, Paederia scandens,

Disscorea japonica, Metaplexis japonica

rel. light intensity

em
604
40
i
20
0
1
el
4 T T T T T T T T " T T T | S
100 80 60 40 20 0 40 80 120
Photosynthetic system Non-photosynthetic system

(g fresh weight/50 x 50 x 10 cm?)

Fig. 12. Profile diagram of a mixed community consisting of a tall grass and several climbers.
Profile taken at Tazima-ga-hara, near Tokyo on August 22. Hatched areas indicate the fresh
weight of the climber plants, areas delimited by dotted lines denote the weight of vellowing
leaves,
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Fig. 13. A model of the development of the photosynthetic system in a mixed community
of climbers and support plants, Hatched areas: the photosynthetic apparatus on the climbers.
Blank areas: the photosynthetic apparatus of the support plants. The numbers on the top of
the profiles denote the number of production and matter distribution steps taken in the model
caleulation the assumptions for which are specified in the text on p. 176. Following production
step 13 the height of the community decreases due to the weight of the climber leaves.

for growth of the top leaves and only the remaining quarter is used for other organs.
In support plants half of net photosynthates contributes to vertical development of
the canopy and only one quarter is used for the growth of the top leaves and the other
quarter for growth of other organs. The light intensity decreases from top to bottom
in the mixed canopy in proportion to the leaf density. Fig. 13 demonstrates the profile
development of the photosynthetic systems of lianas and support plants and the
final image (14) resembles the profile of the Cayratia japonica - Miscanthus sacchari-
florus community illustrated in fig. 12.

The simple models and experimental data discussed in this paper demonstrate
clearly that the distribution of assimilates, particularly the portion allotted to the
photosynthetic system, can determine the growth and ultimately the yield of plants
and plant communities. The factors which regulate the distributions remain as sub-
jects for future research.
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