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PLANT PRODUCTION 

by 

C. T. DE WIT 

Professor of Theoretical Agronomy 
Agricultural University, Wageningen 

Agronomist institute for Biological and Chemical Research on Field Crops and 
Herbage (IBS) Wageningen 

A poor man's world 

During idle periods in one of the military campaigns in Europe at the end of 
the Napoleontic time, CARL voN WuLFFEN aus Pietzpuhl developed 'Das 
Statische Gesetz', in which the productivity of the land is understood as a 
resource that is depleted by cropping and replenished by natural factors and 
agronomic measures. 

Historians may consider this law one of the famous dead ends in agricultural 
science, but it is the first and an excellent example of operations research in this 
field and it also summarizes the state of the art at a time when no artificial fer
tilizers were available in a remarkable dynamic fashion. ( 42, 43, 44). 

Four quantities are considered, which are presented in a relational model as 
is nowadays customary in the management sciences (figure 1, left). The richness 
of the soil and the total yield since the beginning of the rotation, are two tangible 
quantities expressed in the same units. The rate of transfer from one state to 
another is governed by the yield in the current year. This yield in its turn 
depends on the richness and the activity of the soil, as presented by these lines 
of information flow. Obviously, the yield in one year feeds back on the yield in 
the next year by the decrease in richness. 

This information-feedback system was quantified by an assumption which is 
given here in the form of a graph (figure 1, right). The richness in one year is 
presented along the horizontal axis and in the next year along the vertical axis. 
For zero activity the activity line coincides with the 45 degree line. The richness 
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is then the same in successive years and the yield is zero. The dotted line presents 
an activity of 2. This means that in a year when the richness is 10.000 kgfha, the 
yield is 2000 kg/ha, and the richness 8000 kgfha next year. This produces a 
yield of 1600 kg/ha and a decrease in richness to 6400 kg/ha and so on, grad
ually downwards till exhaustion. 

The richness and activity of the soil was obtained by VoN WuLFFEN by 
determining the yield in two successive years, and by growing two crops side by 
side it was possible to express the richness and activity for any crop in terms of 
a standard for which rye was chosen. Likewise he compared various cultivation 
practices. The richness of the soil could be restored again by fallowing and 
applying manure. Again it was possible to express the value of these measures 
in terms of rye equivalents. Thus a challenging link between theory and 
experiment was established, which led to considerable experimentation. 

More complicated situations were considered. He took into account that a 
part of the yield was sold and a part was transferred through the animal to the 
manure yard from where it was returned to the individual fields, depending on 
the amount of manure available, the richness and activity of the soil and the 
crop to be grown. The source of richness due to fallowing was rather a mystery. 
Whatever the complications, it remained possible to present the whole farm in 
what we now call an open recursive system, in which the rates of transfer and 
the management decisions depended in a unilateral, causal way on the state of 
the system and the market situation. 

The consequences are presented graphically for the simple case of yearly 
cultivation of rye (figure 2). Each year, the richness is replenished at a certain 
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FIG. 2. The approach of the dynamic 
equilibrium (Beharrungspunkt) of a 
farming system according to VON 

WuLFFEN. 

rate by the return of manure and by fallowing. Starting from a poor soil, the 
yield and the richness increases until the · Beharrungspunkt' or the stationary 
state was achieved. Starting from a rich soil richness and yield decreased 
gradually to the same Beharrungspunkt. Hence, in due course a stationary state 
for the richness and the yields was obtained which did not depend on the 
original richness of the soil, but could be evaluated by keeping careful records 
of the farm operations. This theory formed the starting point for VoN THDNEN 
to develop his theory of marginal utility and the concept of the 'Isolierter 
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Staat' in which the localization of the type of farming under influence of the 
distance to and the size of the market was explained (39) (figure 3). 

------------------

FIG. 3. The isolated State of VON THUNEN in which the location of the type of farming is deter
mined under the influence of the distance to and the size of the market. 
'Man denke sich eine grosse Stadt in der Mitte einer fruchtbaren Ebene gelegen, die 
von keinem schiffbaren Flusse oder Kanale durchstromt wird. Die Ebene selbst beste
he aus einem durchaus gleichen Boden, der Uberall der Kultur fahig ist. In grosser 
Entfernung von der Stadt endigt sich die Ebene in eine unkultivierte Wildniss, wodurch 
dieser Staat von der Ubrigen Welt ganzlich getrennt wird'. 

This dynamic insight in a human endeavour was perhaps only surpassed 
thirty years ago by that of KEYNES in his 'General Theory of Employment, 
Interest and Money'(23), an approach which has - at least to an outsider -
much in common with 'Das Statische Gesetz'. 

It was stressed by VoN WULFFEN that the richness of the soil was not measura
ble, but could only be determined by keeping track of all farm operations, al
though contemporaries tried to associate it with the humus content of the soil. 
However, it is fair to remark that at present very similar dynamic approaches are 
used in humus research, be it that any reference to VoN WULFFEN is lacking (24). 

Without outside manures, the yield appeared to be about 700 kg of rye per 
hectare at the 'Beharrungspunkt'. This yield level could be increased to about 
2000 kg per hectare by the Flemish method of agriculture, a very sophisticated 
system in which the more marginal land was reserved for animal husbandry, 
cash crops were alternated with forage crops and the manure was carefully 
saved for the arable land (38). 

This careful management of the soil was not practiced everywhere. As for 
instance in Missouri where according to an indignant writer in the Cultivator 
of 1849 (2) ' ... Farming is executed according to the regular skinning system: 
scratch over a great deal of soil... cultivate none. And where some farmers have 
the foresight and sagacity to avoid hauling manure by building their stables 
over a ravine by which they are drained so that each shower abates the nui-
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sance'. Here the farmers had the soil to begin with, which European farmers 
should like to make with their manures. Although much land was wastw in 
this way it must be realized that the rapid expansion of agriculture made the 
development possible of an urban population in the East of the United States; 
in other words: hoarded capital was transformed into working capital. 

/vf ineralnitrition 

The breakthrough came in 1840, when LIEBIG coiJected all the evidence 
that plants needed only water, minerals and nitrogen out of the root medium 
and killed with intelligence and sarcasm the theory that humus as such was a 
plant nutrient. He formulated the famous law of the minimum (27) (figure 4). 
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FIG. 4. LIEBIG's law of the minimum. 
'Die Hohe des Ertrages eines Feldes 
steht im Verhaltniss zu demjenigen zur 
volligen Entwicklung der Pflanze unent
behrlichen Nahrungsstoff welcher im 
Boden in kleinster Menge vorhanden 

--NUTRIENT NUTRIENT ist'. 

Curiously enough, his mathematical formulation said that the yield was pro
portional to the nutrition minus all the resistances that prevent the use thereof, 
which is the Jaw of the minimum in upside-down form. 

But more serious errors of judgement were made. LIEBIG's patent manure 
contained phosphate in a rather insoluble form and did not contain any nitro
gen, because he presumed that there was sufficient ammonia around, especially 
in the air to serve the needs of the plants. Moreover, VoN WULFFEN's concep
tion, rightly based on an analysis of the results of experiments, degenerated 
into a kind of balancing system in which it was thought to be sufficient to 
replace the minerals which were removed with the crop in order to maintain the 
fertility of the soil. ' 

No wonder that LAWES (26) of Rothamsted remarked that 'the contempt the 
practical farmer feels for the science of agricultural chemistry arises from the 
errors made by its professors'. LAWES and GILBERT based their conclusions 
mainly on the results of field experiments and came up with much better and 
sensible advice than LIEBIG, who qualified these Englishmen as "fertilizer 
manufacturers'. Like the qualification 'amateur scientists' by HuotG (20) this 
was meant as an insult. However, their approach, characterized by freedom 
from prejudice became traditional in England and Jed in the twenties of this 
century to the development of the 'analysis of variance' by R. A. FISHER, (16) a 
brilliant mathematician at the experimental station founded by LAWES and 
GILBERT. And this statistical theory is one of the main contributions of agricul
ture science to science at large. 
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Work of both schools showed that the plant-soil relationships were much 
more complicated than originally supposed, and at the beginning of this century 
the study of the physical, chemical and micro-biological aspects was well 
established. But this research did not provide the farmer with a straight-forward 
answer on the question how much plant nutrients could be mined from the soil 
and how much had to be added out of the fertilizer bag. 

Their needs were served 50 years ago by M ITSCHERLICH, who supposed that 
the form of the yield response curve (figure 5) depended only on the kind of 
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fertilizer and was independent of crop species, soil and other conditions (30). 
This enabled him to calculate how much fertilizer had to be applied in the field 
on basis of pot experiments in the greenhouse. Because he based his calculations 
only on yield determinations, this approach was appreciated by the agrono
mists, but soil science was too far advanced to get away with it without severe 
criticism. The controversy stimulated the evaluation of chemical soil and plant 
analyses on basis of fertilizer experiments in situ and this shows that a theory 
needs not to be correct to be useful, but MITSCHERLICH was not the man to 
appreciate such a point of view. 

The Soil Fertility Institute in Groningen has truly pioneered in the field of 
soil fertility. In 1919, HuDIG introduced the electro-chemical determination of 
the pH of the soil, which enabled the lime-requirement to be estimated and the 
pitfall of overliming to be avoided. This was followed by the development of 
methods to determine the phosphate, potassium and magnesium status of the 
soil, so that now a basis for advisory work is available, which ranks among the 
best. 

However, the situation remained obscure for nitrogen. Nitrogen is subjected 
to such a high turnover rate between the organic, ammonium, nitrate and ele
mentary form in the soil medium that the approach which was so successful for 
the more stable elements failed with this one. It appeared that for this element 
and to a less extent for potassium a regular essay of the nutrient status of the 
plant on basis of leaf analysis is indispensable at the present high application 
levels (25) to avoid the damaging results of overdosing. How the situation has 
changed in the course of time is best illustrated by comparing the composition 
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FIG. 6. The uptake of nutrients by grass. 

of grass, grown on a poor and on a well fertilized soil (figure 6). Under poor 
conditions 1000 kg of grass contains about 25 kg of plant nutrients and this is 
about the amount released by one hectare of exhausted soil in one year. Well 
fertilized grass contains 90 kg of nutrients per 1000 kg, so that a yield of 10.000 
kg per hectare needs 900 kg of nutrients. The increased supply of artificial ferti
lizers provided indeed the leverage for the spectacular increase in yield in 
Europe during the last 80 years (figure 7). 
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books and BITTERMAN (3). 

From the beginning farmers recognized the importance of good drainage in 
humid regions and good irrigation in arid regions and were able to develop the 
ways and means for this, and this may be the reason why the development in the 
field of water management has not been very revolutionary. Advances in this 
field are mainly due to the increased capability of moving water and earth. 

There is a continuous interest in the economy of water use. In irrigated areas, 
a large proportion of the water may be lost even before it reaches the field: this 
is sheer waste. However, once on the field, part of the water has to move 
downwards out of reach of the roots to carry away the salts that would other
wise accumulate to a harmful level at the surface, this especially so under con
ditions of no financial constraint on the use of fertilizers. The failure to recog
nize this problem or the impossibility to do something about it still compels 
many farmers to leave their fields. 

Large areas of arable land are also lost by wind- and water erosion, a process 
considerably promoted by intensive cropping systems and the too liberal use 
of the plough and other tillage implements. At least the major grain crops may 
be grown without any tillage at all, provided effective herbicides are used. 
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These zero-tillage methods may become one of the major tools in controlling 
erosion, especially in the grain belts of the world. 

Potential photosynthesis 

Many experiments are still carried out to show that without proper treatment 
yields are only a fraction of the normal, but more and more attention is paid to 
the crucial question how high yields may be under conditions where all soil 
factors are at their optimum, and to judge on this basis how much room there 
is for improvement. 

The sun rather than the earth is harvested under these conditions, as was 
already clearly expressed by ROBERT MAYER (29) who wrote in 1845: 'Die 
Natur hat sich die Aufgabe gestellt das der Erde zustromende Licht im Fluge 
zu haschen, und die beweglichste aller Krafte, in starre Form umgewandelt, 
aufzuspeichern. Zur Erreichung dieses Zweckes hat sie die Erdkruste mit Orga
nismen i.iberzogen'. 

It was recognized (28) that plants perform better under high than low light 
conditions, but only in the beginning of this century research was far enough 
advanced for BLACKMAN to be able to formulate the principle of the limiting 
factors of carbondioxide assimilation: at low light intensities the photosyn
thesis of a leaf is proportional to this intensity and independent of the carbon
dioxide concentration, but at high light intensities the reverse may be true. 

Plants use their photosynthesis products to grow and as long as new leaves 
are formed and contribute to the interception of more light this occurs in an 
exponential fashion. But crops are often planted so densely that after some 
time a closed canopy is attained, in which new leaves do not contribute to the 
interception of more light, but increase the mutual shading and from then on a 
crop is bound to grow at a more or less linear rate. 

Such canopies display their leaves in every direction. The way in which the 
light is distributed over the individual leaves was first seriously considered by 
BoYSEN JENSEN (6) who summarized his views in 1930 in the monumental 
monograph 'Die Stoffproduktion der Pflanzen'. Firstly he determined the rela
tion between the photosynthesis of a single leaf of mustard and the light inten
sity and found the familiar saturation curve. Then he measured in comparison 
the photosynthesis of a canopy consisting of 3.5 cm2 leaves per cm2 soil surface 
in their natural position. The respiration of this crop was about three times 
higher than that of horizontal leaves (figure 8). At low light intensities the 
slope of both curves was the same. But the photosynthesis of the single leaf was 
at its maximum at light intensities, in which the photosynthesis rate of the crop 
continued to increase, because of the slanted position of the leaves and mutual 
shading. Hence, the performance of the crop surpassed considerably that of the 
single leaves in the higher light ranges. 

By keeping balance sheets, based on measurements in the laboratory and in 
the field, BoYSEN JENSEN came to the conclusion that the gross photosynthesis 
of a crop surface may amount to 300 kg carbohydrates per ha per day during 
the growing season in this part of the world. The potential growth rate of the 
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crop was estimated at 200 kg per ha per day, taking respiration and the growth 
of roots into account. 

Since then experimental techniques have been refined beyond recognition, 
and paper and pencil have been replaced by the computer. Present models 
enable a better evaluation of distribution of the light over the individual leaves 
of a canopy, depending on the height of the sun, the condition of the sky, the 
canopy architecture and the photosynthesis function of the individual leaves ( 41 ). 

It has been found in this way that the influence of variations in the canopy 
structure often is disappointingly small. The estimate that the gross photosyn
thesis of a closed crop surface is about 50.000 kg per ha for the growing season 
in the Netherlands is therefore reasonable for many crops. The potential 
production of overground parts will then be about 25.000 kg per ha per year, 
which amounts to an average growth rate of close to 200 kg per hectare per day 
during 150 days. Hence, BoYSEN JENSEN's estimates still stand unchallenged. 

This conclusion is corroborated by a comparison of the growth rate of 
various crops under near optimum conditions in the Netherlands (figure 9). 
Oats, barley, Indian corn, peas, potatoes, sugar beets, grass and algae grow all 
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at a rate of about 200 kg per hectare per day and differences in dry matter 
yield are mainly due to differences in the length of the growing period. The 
influence of the weather is also surprisingly small as is clearly shown by an 
impressive series of growth curves (figure I 0) of grass swards throughout the 

DRY WEIGI:-iT 
kg/ha 

10000 
GRASS 1960-1966 

(Al berdo, 1968) 

FIG. 10. Growth rates of grass swards in the 
Netherlands ( t ). 

seasons of 1960-1966. All the growth rates are again close to 200 kg per ha per 
day, except at the beginning when there is no closed crop cover and at the end 
when the leaves seem to deteriorate. 

Pastures 

Taking this into account ALBERDA (1) came to the conclusion that a total 
production of grass of 20.000 kg dry matterjha is possible in the Netherlands, 
an amount which has actually been achieved. This is in good agreement with 
the estimate of DICKINSON (12) about 120 years ago, in case of the proper 
species being frequently cut and liberally supplied with a mixture of water and 
horse urine by means of a London water cart. Indeed considerable amounts of 
fertilizer are necessary: about-800 kg of nitrogen and 8000 kg of potassium are 
taken up on the process of producing this 20.000 kg of grass with 25 percent 
protein. 

This potassium may give problems. The element is absorbed by clay and 
humus so that hardly any may be lost by leaching on many soils. If the farmer is 
unfortunate enough to have a good storage system for liquid manure, prac
tically all the potassium is returned to the field, and together with the potassium 
entering the farm with outside food and an occasional potassium fertilization; 

. he may end up with too much potassium in the soil. This potassium may inter
fere with the uptake of magnesium by the plant and by the animal, so that the 
danger of grass tetany is a true one (22). Fortunately, nitrogen losses in the 
manure and soil are larger and this enables the farmer to control the nitrogen 
content of the grass to some extent, although his freedom in avoiding the 
growth of grass with an excessive nitrogen content is uncomfortably small, if 
he is aiming at high yields. 

Grazing cows have the habit of walking and disposing of their waste on their 
own dining table. The surface which is maltreated in this way increases linearly 
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FIG. 11. Waste on the dining table. 
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with the yield, but the amount of plant material suffering increases in a quadra
tic fashion (figure 11 ). The digestive tract of every animal is infected with para
sites, eggs are excreted with the faeces and consumed again with the grass. 
Their number is at a stationary and harmless level under systems of extensive 
grazing, but under intensive grazing such a high percentage of bites may contain 
larvae that an explosive development of parasites takes place at the expense of 
especially the young animal (37). 

These difficulties already occur at the present yield level of 8000 kg/ha and in 
due course may force the farmer to switch over to stock feeding in summer. 

In regions where crop and animal husbandry occur in close proximity the 
farmer may be able to use or sell his farm-yard manure, but in other regions he 
may soon come into the situation in which he has to pay for the privilege to get 
the waste hauled away and we are approaching the situation in which it would 
be wise for the farmers 'to have the foresight and sagacity to built their stables 
over a ravine (or the sea for that matter) by which they are drained so that each 
shower abates the nuisance'. 

Technological production 

Such problems may arise during the process of converting a possible 20.000kg 
of dry matter in the form of grass into 2.500 kg dry matter in the form of 
animal products. Since NAPOLEON III offered in 1839 a price for 'the discovery 
of a substitute for butter, suitable for the marine', industry has worked on the 
problem and achieved the making of a vegetable •butter analogue' which is 
much cheaper than animal butter and comparable in quality and taste. Like
wise, fine leather and wool analogues are available and at present we seem to 
be at the stage where meat analogues may be marketed much cheaper than the 
classical product ( 40). Taste and texture of these analogues are good and the 
nutritional quality of the protein can be upgraded by adding industrially pro
duced amino acids. Economic extraction of sufficiently pure proteins from grass 
seems difficult, so that the future of intensive grassland husbandry does not look 
too bright, unless this is remedied. 

The proteins in algae are said to be more easily extractable and because the 
production is also high, there is a continuous interest in the growth of algae. 
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Small scale experiments showed that yields of about 30.000 kg/ha on a yearly 
basis and about 20.000 kg/ha on a seasonal basis are possible with this crop in 
the Netherlands (31 ). However, the necessary technical installations are prob
ably more complex than conditioned greenhouses, so that the costs of produc
tion may be estimated at more than 100.000 guilders per hectare per year. With 
a protein content of 50 percent, this amounts to 10 guilders per kg protein, if 
one indeed succeeds in maintaining potential rates. This is prohibitively high 
compared to the cost of good quality protein in concentrates of oil seeds, re
maining after extraction of the oil for butter analogues. It is also prohibitively 
high, because 20.000 kg dry matter per hectare per year may be produced in the 
form of vegetables at a cost in this order of magnitude. 

Potatoes 

High yields can also be obtained with potatoes. A long living variety has to 
be chosen, and the seeds should be sprouted in spring, so that at the beginning 
of June a closed canopy is achieved. Under favourable conditions the crop is 
then able to accumulate weight at a rate of 200 kg per ha per day during summer 
and to maintain growth until the first killing frosts. 

The liberal supply of water and minerals, necessary to maintain the green 
canopy, results in considerable stem growth so that a too small portion is ob- . 
tained in the form of tubers. At present attempts are made to control this 
excessive growth by means of chemical growth retardants, and it may appear 
feasible (figure 12) to transfer in this way over 80 percent of the dry matter to 
the storage organs so that the tuber yield may be increased up to 19.000 kg dry 
matter or 90 tons of potatoes per hectare. This amounts to 40 percent of the 
potential photosynthesis. 

So many things may go wrong along the line, that even on selected experi
mental fields it is not possible to obtain such yields at every attempt. But on the 

DRY WEIGHT 
kg/ha 

20000 POTATOES 
200 kg N/ha 

15000 

10000 

5000 

(Bodloender and Algro, 1966) 

Flo. 12. Growth rate of potatoes and the in
fluence of a growth retardant (4). 

35 



other hand, this maximum yield is so much higher than the present 50 tons/ 
hectare on good farms in the Netherlands that the trend of increasing yields can 
be maintained for many years. Although plant breeding will be essential in this, 
its present contribution should not be overrated. After all, the most prominent 
variety- Bintje- is already 60 years old. 

Potatoes much more than any other crop are subjected to diseases, crop 
losses being estimated at around 25 percent in this part of the world. Virus 
infections are at present pretty much under control due to the pioneering work 
of Prof. QUANJER of this University 50 years ago. Nematodes were supposed to 
be kept under control by a three years' rotation, but it is now apparent that a 
more positive approach aiming at the introduction of nematode-tolerant varieties 
and the use of systemic nematicides is necessary to enable the cultivation of 
potatoes at the present scale in the Netherlands. 

Bordeaux mixture has been used against potato-blight since 1882, but repea
ted spraying is cumbersome and not sufficiently effective in late summer and 
autumn, so that more or less blight resistant varieties have to be introduced to 
achieve higher yields. Vertical and horizontal resistance (33) can be distinguis
hed (figure 13). Vertical resistance may be lOO percent effective, is specific for 
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FIG. 13. Horizontal and vertical resistance of 
potato varieties against various races of blight 
(33). 

the various races of the fungus and mainly controlled by a few major genes. 
Horizontal resistance is never 100 percent, consists out of various elements 
reducing the multiplication rate of all races of the fungus and is controlled by 
many minor genes. Breeders mainly aim at varieties with 100 percent vertical 
resistance, but are in this process not able to screen their varieties on horizontal 
resistance, so that new races of the fungus that break vertical resistance may 
spread at a disastrous rate. 

More detailed knowledge of epidemology may enable fungi to be tolerated 
and crop losses to be controlled by using varieties with a reasonable horizontal 
resistance in combination with hygienic agricultural practices and the use of 
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chemicals. A remark not only meant for blight in potatoes but also for rust in 
small grains. 

Small grains 

Growth rates of close to 200 kg per hectare per day may be obtained also with 
small grains. In case of winter wheat, this is possible during the 90 days from 
the beginning of May to ripening around the first of August, so that a total dry 
matter yield of 18.000 kg per hectare is achievable. 

The dry matter formed up to flowering at about the 20th of June is used for 
the \'egetative structure and the dry matter produced after flowering may be 
recovered in the seed. Hence, under favourable conditions only 50 percent of 
the total dry matter produced or 9.000 kg per hectare can be obtained in the 
form of seeds. In regions where the radiation is higher and the period from 
flowering to ripening longer than in the Netherlands, as is the case in the 
North of Italy and the North-West of the United States 20 percent higher yields 
may be expected (7). 

To achieve such yields, it is necessary to keep the crop surface green up to the 
end of July; which is only possible if sufficient water and nutrients are available 
and diseases are absent. However, a high nitrogen supply may lead to leafy 
plants, which are not only susceptible to lodging, but in which the vegetative 
growth encroaches upon seed formation. Although grain yields of 8.000 kg per 
hectare may still be obtained, the fraction of seed in the harvest will be too low 
then. 

Already 125 years ago RoBERTS remarked (34) in his excellent price essay on 
the growth of wheat that early nitrogen applications yield too much straw and 
that many farmers apply the soot out of the London chimneys as a topdressing 
in May rather than in March. Present experience at a 4 times higher yield level 
confirms the wisdom of this. It is indeed worthwhile to supply the crop during its 
vegetative stage with just enough nitrogen for ear formation and subsequently 
to keep the crop surface green as long as possible by a topdressing with N 
shortly before ear emergence. In this way crops with a relatively high seed 
yield and low straw yield are obtained. However, the fertilizer level is at present 
so high and labour so scarce that it is often difficult to carry out such a fertiliza
tion scheme. 

Under those conditions, however, a similar effect may be obtained by spray
ing chemicals, like ccc, that retard the vegetative growth and divert more 
dry matter to the seed (figure 14). This again is an example of the phenomenon 
surprizing perhaps for an older generation that fertilizers are so cheap, that 
there is much more need for growth retardants than growth stimulators in 
modern agriculture. 

In his price essay ROBERTS also remarks that the most productive wheat 
varieties seem to tiller the least. He recommends a short variety with the 
characteristic name of Piper's Thickset for rich land, whereas the more leafy 
types are better used on land with a light crop. The amount of seed expressed as 
a percentage of the total production varied in his experiments from 35 to 46 
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FIG. 14. The seed yield of small grains in depen
dence of nitrogen fertilization and the influence of 
a growth retardant (12). 

percent. The tendency to select short stiff varieties with a high seed fraction 
holds up to the present time: plotted against the year of their introduction 
(figure 15), the relative seed yield of the varieties used at present in the Nether
lands increases, whereas the relative straw yields decreases, as is illustrated here 
for oats. 
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FIG. 15. The success of breeding for more 
seed and less straw (40). 

As for wheat, Juliana an old Dutch variety is outperformed in this respect 
by Heines Vll and Felix, more modern varieties with short and stiff straw and 
not too leafy. In spite of this the present percentage of seeds is not higher than 
100 years ago. Obviously the continuous improvement of varieties in this res
pect has been counterbalanced by the opposite effect of the improved nutrient 
supply. · 

This illustrates that it is rather futile to calculate how much of the yield 
increase over the last 100 years is due to breeding, increased fertilizer use or 
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other factors. It is therefore fitting that most investigators attempting this, 
divided the almost 2 percent per year about equally among the claimants (19). 

Rice 

History repeats itself for rice, but now more consciously. A great deal of 
paddy is grown on wet but poor soils in the tropics. These are puddled as long 
and as deep as possible to make the most of the nutrients and to control weeds. 
Plants from the nursery are then planted in the mud at a rather wide distance 
compared to other grains. All this trouble gives around 1000-1500 kg of paddy 
per hectare and much more straw than the farmer needs. 

The suitable varieties have a very high tillering and rooting capacity, but they 
are also tall and leafy and very susceptible to lodging. Hence they cannot stand 
high nitrogen fertilization and have a hulled seed fraction of only about 30 
percent. However, there also are semi-dwarfs with short and stiff straw that can 
stand high fertility levels and which have close to 50 percent of their dry matter 
in hulled seeds, so that the edible portion is about the same as that of wheat. 

The fnternational Rice Research Institute in the Phillipines obtained (21) 
grain yields of 9500 kg paddyjha with their recent semi-dwarfs. These are day
neutral varieties taking independent of their time of sowing only about 100 
days in the field, so that at least on paper three crops may be grown in one 
year in suitable tropical regions. In due course annual yields of 24.000 kg hulled 
rice can be expected there. 

Heterosis 

However small the plants, the main stem and tillers of the small grains 
always terminate in an inflorescence that carries the seed, so that these plants 
can stand the miniaturization, occurring in dense plantings, without reduction 
of the fraction. of seeds (figure 16 ). On the contrary, the main stem and tillers of 
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Indian corn or maize terminate in a male inflorescence, whereas the branches 
that arise from the nodes above the soil surface may terminate in a female inflo
rescence, normally already initiated when the stem is still growing. But this does 
not occur in dense plantings, because a too large part of the photosynthetic 
products is then monopolized by the stem itself. The amount of dry matter 
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Fro. 17. A spacing experiment 
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which is ultimately recovered in the seed may become disastrously low under 
those conditions (figure 17). To obtain a good yield, it is always necessary to 
keep a green crop surface after flowering as long as possible, but in case of corn it 
is also necessary to achieve this with a small number of stems of uniform size. 

Since 1930, this has been considerably facilitated by using heterosis or hybrid 
vigour, originally defined by SHULL (35) as 'the greater capacity for growth 
frequently displayed by crossbred species as compared to those resulting from 
inbreeding'. This phenomenon could be used so successfully in corn, because 
this is a cross-pollinating species of which the male inflorescences can be easily 
removed. Likewise hybrid vigour is valuable in Brussels sprouts of which the 
marketable part is also formed by the auxiliary buds. In general it may be said 
that the heterosis effect is particularly useful in those cases in which the growth 
rate in earlier stages or the size of the individual plants is of importance. 

Rice, wheat, barley and oats are self-pollinating and therefore necessarily 
inbreds. However, the knowledge of the genetics of fertility and flowering has 
advanced to such an extent that it is at present possible to produce hybrids of 
these species under field conditons, although this is much more costly than 
with crossbreeding species. And indeed these species show considerable hybrid 

·vigour, but this phenomenon is not so profitable here contrary to Indian corn 
and Brussels sprouts, because small grains can stand miniaturization. At the 
International Rice Research Institute in the Phillipines hybrids of rice have been 
obtained which yield 50 percent more than the highest parent when planted wide 
apart, as is customary if only few seeds are available. However, the hybrid 
vigour manifested itself by a high tillering capacity and leafiness and these are 
properties which pro';ed to be not very useful. Forwarned, a field experiment 
was executed at normal densities and indeed it was found that at the earlier 
stages the hybrid did much better than both parents, but this advantage dis
appeared in the crop situation and in the end the hybrid yielded distinctly lower 
than the parents (figure 18). 

Of course, this does not mean that hybrid varieties of these self-pollinating 
crops are not worth looking at. After all, many desirable plant characteristics 
are governed by dominant genes and it may be more economical to realize a 
promising combination in a hybrid variety than in a pure line. Moreover, 
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for plant species that can stand miniaturization, 
illustrated with an experiment with rice (21). 

variations in photosynthesis (figure 19) are genetica controlled, and it is not 
unlikely that heterosis with respect to this may exist. This should be particularly 
valuable in the crop situation. 

J¥hole-plant physiology 

This would mean breeding for yield ability, a field in which up to now most 
advances have been made by simple selection. Especially with grains, breeding 
has been restricted to yield stability by continued development of varieties more 
or less resistant to rust and other diseases, to adverse weather conditions and to 
lodging on basis of a thorough genetic analyses of the available material. How
ever, BROEKEMA (8) already remarked in his inaugural address at this University 
in 1923, that 'the direct application of genetics to increase the yield ability has 
to fail because of our lack of knowledge of the detailed morphological and 
anatomical structure and the physiological characteristics of the plant material' 
and that 'as long as this is the case Mendelism is doomed to be relatively barren'. 
He realized that the use of yield components as tillers per hectare, seeds per 
head and weight of seed is misleading, or that it is necessary to breed for income 
and not for purses. 
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BooNSTRA (5), probably the first crop physiologist in the field of plant 
breeding, already 40 years ago drew attention to factors like photosynthesis, 
respiration, adsorption, translocation and transpiration. He embarked upon a 
careful analysis of the strong and weak points of the most productive varieties 
of peas, beets and potatoes in order to base a breeding program on this. The 
work had to be stopped because of the war. This is the more unfortunate, 
because the physiological know-how has rapidly increased since then, but the 
fertile link between physiologists and plant breeders is still too often lacking. 

There is a difference in approach. Field trials are rightly the traditional tools 
of crop scientists and plant breeders, but these do not enable a sufficiently 
detailed analysis of the chain of events leading from primary causes to ultimate 
effect. The plant physiologist simplifies the experimental situation by control of 
the environment and simplifies the problems by studying the effect of environ
ment and variety on the rate of individual processes rather than ultimate results. 
For instance, the effect of temperature is considered on growth and develop
ment rate rather than on yield, and the effect of varietal differences in canopy 
architecture is analysed on photosynthesis rate rather than on ultimate produc
tion. Of course, he does this in the firm belief that in due course it will be 
possible to come up with an integrated view to fill the gap that exists at present 
between the plant physiologist and the agronomist and plant breeder, but the 
ways and means to achieve this have not been sufficiently explored at present. 

System synthesis 

It may be possible to formulate the problems in terms of an open, recursive 
system, so cleverly used by VoN WuLFFEN 150 years ago, at a time when limited 
knowledge and limited computing capability only allowed for the distinction of 
a few levels and rates of transfer and made it necessary to advance in time with 
huge steps of a year. 

Since then, the basic knowledge has advanced considerably and the com
puting capability is now so large, that it is worthwhile to consider open, recur
sive models of plant and crop growth in such detail that time steps in the order 
of one hour are necessary. This means that every hour the rates of photosyn
thesis, respiration and translocation, the rates of leaf, stem and root growth and 
the rate of development are calculated from the state of the crop and the 
environmental conditions. These rates are used again in calculating the new 
state of the crop in the next hour. In this way it is possible to integrate the 
present state of crop physiological knowledge and to extrapolate the results of 
the experiments in the laboratory under controlled conditions to field condi
tions. A comparison of simulated growth with actual growth in experiments 
reveals gaps in our knowledge. But experimenting with the model shows where 
to the best of our knowledge research and breeding efforts should be directed. 

The crop scientist may thus use simulation to synthesize facts learned from 
observation of system elements into a complex model, which performance is a 
prediction of the behaviour of the whole system. The approach may prove to 
be especially useful in fields such as micro-meteorology soil fertility, epidemiolo-
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gy and crop husbandry in which a larger amount of spade work has been done. 
The model builder is not re&tricted to problems for which an analytical 

solution can be found and is therefore able to shift emphasis from solution 
techniques to results and conclusions. Simulation models are therefore open
ended, so that it is a relatively easy matter to combine models developed in 
different fields and to study in this way the behaviour of more complex systems, 
with less restrictions dictated by solution techniques (18). 

The modern, fast speed, high memory computers should be of little use for 
these purposes without the proper simulation languages to facilitate program
ming. Many of these languages and associated new ideas are being developed 
by research workers in economy, sociology and management. These sciences 
may become an unexpected source of inspiration for natural scientists which 
are now somewhat one-sided orientated towards physics and chemistry. 

At last we are again at the threshold of a decade in which the efforts of the 
natural scientist, the crop specialist and the agricultural economist and sociolo
gist may be truly integrated, but now at a far more sophisticated level than 
VoN WuLFFEN ever dreamed of. 

Food for the billions 

It is worthwhile to consider the world food supply under the condition that 
maximum yields are achieved on a part of the arable land. 

Potential photosynthesis in the Netherlands during one growing season is 
50.000 kg per ha and potential yields of food averaged over various crops, are 
found to be not below 10.000 kg per ha or 20 percent of the potential photo
synthesis (figure 20). Assuming that this fraction holds also for other parts of 
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the world, the potential food production is guesstimated to vary from 2400 kg 
per ha up North to 25.000 kg per hectare in the tropics. On an average this 
amounts to 15.700 kg per ha which means that 50 people could cover at least 
their caloric needs from 1 hectare, taking into account 20 percent losses. 

The world is very large, but only a small portion is suitable for intensive 
production. The sea can be ruled out in this respect because of the long food 
chain between photosyn .. hesis products and harvestable fish and because it is 
impossible to bring the nutrients in this large body of water up to a reasonable 
level. The polar ice caps, tundra's, mountain regions and desert, most of the 
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sub-arctic green forests and savanna's, and large parts of the tropical rain 
forests and even of the soils in the temperate climates are unsuitable to reclaim. 
Only 11 percent of the land surface is at present cultivated and given the present 
technical means this can be increased with another 7 percent (32). The total land 
surface suitable for agriculture is therefore only 2.4 X 109 hectare. However, if 
we could succeed in bringing one fourth of this into potential production, this 
4.5 percent or .6 X 109 hectare should provide enough food for 30 X 109 people or 
10 times the present world population and they should have still 75 percent of 
the arable land and the whole of the sea available to supplement their calories 
with proteins and to provide industrial raw materials. 

Hence, to feed the billions, these high production rates are not necessary for 
years to come. However, high production levels and a concurrent decrease in the 
land surface used for agriculture may be necessary in due course for economic 
reasons and to ensure the supply of cheap phosphate fertilizers. But perhaps 
the most important aspect is that in this way the use ofbiocides and other poten
tially dangerous chemicals can be restricted to a few percent of the global surface. 

A poor man's world 

Compared to th~ potential production the present situation is indeed deplor
able. In large parts of the world, the soil releases only 20-30 kg of plant nutrients 
per hectare per year. Like in Europe 100 years ago, this enables only yields of 
1000-1500 kg of food per hectare, as may be illustrated by the irrigated rice 
yields that are at present obtained in India (figure 21 ). Like in Europe, artificial 
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fertilizers have to provide the leverage for increasing yields. However, at present 
only 5 kg of nutrients per hectare per year are available (15) in the form of 
artificial fertilizers, compared to 200 kg in the Netherlands and it cannot be 
stressed enough that all attempts to increase agricultural production are futile 
unless fertilizer factories are built there where the suitable land is and the 
mouths are, and the infra-structure is created which enables the farmer to 
market his surplus. An integrated effort to increase agricultural production can 
only succeed within such a frame work. 

Without underestimating the value of irrigation in regions with irregular 
rainfall, it can be said that the supply of water is a secondary problem. After 
all, it is much cheaper and more sensible to provide the millions of hectares 
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where water is now available with sufficient fertilizers than to build irrigation 
systems and fertilizer factories in the dry zones of the earth. Even India could 
become a food exporting country without extension of irrigation, if gradually 
sufficient fertilizers should be made available (17). 
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Discussion 

Prof. DooRENBOS: There is rather a big difference between horticulture and 
agriculture. The accent in horticulture is more on quality and the accent in 
agriculture is more on quantity. This' has practical consequences. 

In 1930, the difference could be defined as follows: in agriculture and horti
culture people were striving towards the optimum yield, optimum in relation to 
the labour and the costs, but in agriculture, the economic optimum was often 
and usually very far from the optimal production of the plant. While in horti
culture, when you aim at optimal production from the economic point of view, 
you always have to grow the plants in such a way that you are very close to 
maximum production. This morning, Dr. DE WIT has talked on the potential 
production of the plant and here agriculture and horticulture come very close 
together again. I think that we are ahead in horticulture, and therefore I come 
to my question. In horticulture, we have come to the point that during the 
150 days we obtain almost a maximum yield, as all environmental conditions 
are kept optimal. 

Our problem now is to attain this yield during the remaining part of the year, 
especially in floriculture and vegetable growth. I think that Dr. DE WIT is pessi
mistic because you have put the potential photosynthesis at about the same 
value for all different crops. At present, we do not grow tomatoes during the 
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winter but after breeding, we could do so; e.g. ten years ago, lettuce was not 
grown during the winter time, but at present it is. To summarize, what do we do 
during the remaining part of the year? 

Dr. DEWIT: Lightduringthewintertimeis a limitingfactorand l do not think 
that the use of artificial light will be economical. Of course, lettuce is a good 
example, but it is not an example of calorie production, but of packing water in 
a highly palatable form. As far as the breeding problem is concerned, the main 
co-operative project between plant breeders, geneticists and physiologists, is 
to study how the photosynthesis function is genetically controlled. Of the gross 
photosynthesis, 40 to 50% is lost to respiration and it may be possible to breed 
varieties with smaller loss. This means a genetical study, but at present this is 
not done by the plant breeders, geneticists and physiologists. 

Prof. MORRIS: Are there not further considerable improvements obtainable 
from breeding crops that can be better utilized especially by ruminants (grasses 
with better digestability) and perhaps also maize being better balanced for 
human nutrition (high lysine)? 

Dr. DE Wn: Many agricultural practices tend to crops which are better 
utilized by animals and there are, as far as the forage crops are concerned, such 
large differences between the different plant species, that I am not so sure that 
within species, selection will really contribute in this respect. The second part is 
the protein quality. We may improve the quality by breeding and by adding 
amino acds. The second may be cheaper because with breeding, this may 
happen at the cost of the calorie production. Calorie production, being the 
main constituents of fodder, comes first and protein comes second because the 
need may be reduced by adding proper amino acids. 

Mr. KooPMAN: With reference to your discussion on the various proteins 
available in traditionally cultivated and future crops like algae~ what is your 
opinion about the difference in biological value which, in general terms of 
'completeness' is supposed to be considerably higher for animal than vegetable 
protein? 

Dr. DE WIT: This is a similar question. With a good balance, the protein 
needs can be reduced to 37 g per person per day. This can be done with the 
assistance of the industry and not so easily with agriculture. 

Dr. BRUINSMA: Would the phosphate supplies allow for the large fertiliza
tion increases necessary for the enhancement of crop production? 

Dr. DE WIT: To make use of phosphate rock of low concentration will be 
expensive. When we have a higher production on a smaller area, we need less 
phosphate for most of the phosphate is fixed or lost. It will not be a serious 
problem: the farmer has to buy more expensive phosphate and the consumer 
may have to pay more. It is advisable to read Prof. VAN SCHUFFELEN's lecture: 
Kunstmest voor Voedsel (1965). 
Dr. WoKES: What proportion of the total land available for food production 
should be used to obtain food for direct human consumption to ensure optimal 
yields and the most efficient attack on the world food problem. 

Dr. DE Wrr: I do not think that an attack on the world food problem at 
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present should start with selecting really the good soils which are the sofls from 
which we may get the optimum production. I calculated how large the yield can 
be, but not to advocate directly to go to a smaller area and optimum yields. 
The solution of the world food problem has to come from all the areas which 
are suitable for a consistent increase in yield. When in due course there is too 
much soil, marginal soils will be abandoned for economic reasons, e.g. in the 
USA this is happening. Let me emphasize that, so long as the food problem is 
not a technical problem in the first place, but a social-economic problem. 

Dr. ScHUURMAN: In all cases under natural conditions, root development 
will restrict the result of higher fertilization. Do you agree? 

Dr. DE WIT: No. BROUWER has shown the existence of shoot/root equili
brium. How much root does a plant really need? After removing part of the 
roots, the plant stops producing shoot and increases its root production. On 
soil with a low fertility level, the plant, therefore, gets more root and less shoot. 
By applying artificial manure, the root/shoot ratio is reduced by a higher shoot 
production. This is an example where the growth rate of the root and the shoot 
is functionally controlled. When the fertility level of the soil is sufficiently high, 
the water balance becomes the controlling factor. 

Prof. DE WILDE: I missed in your talk the regulatory mechanisms within a 
vegetation, with regard to growth, and the effects of growth form on the level 
of yield. 

Dr. DE WIT: I will refer partly to the previous questions. The highest econo
mic yield is not obtained at optimum plant growth and therefore the farmer has 
even to go to the use of less manure, creating sub-optimum growing conditions. 
At present, there is a big gap between the plant breeders and agronomists and 
plant physiologists. The last two should suggest morphological goals for the 
plant breeders, but at present, they cannot. In a physiological field, there is too 
much lack of knowledge about the possibilities of plant breeding in this respect. 
It is possible to solve distribution problems with chemicals and to create in this 
way, desired morphological changes. 

Mr. ScHEYGROND: Your example of Bintje is a great exception. Most top
varieties have a short life, often not longer than five years. Bintje is still a top 
variety for its consumption quality, not for its yield. 

Dr. DE WIT: Bintje is a very good example because it is such an old variety. 
Five years is the maximum for many varieties because we are not breeding for 
yield ability, but for vertical resistance. ft may be quite possible to breed 
varieties which exist for more than five years if we can apply another method of 
resistance breeding; The work on the disease epidemology by ZADOKS (Depart
ment of Plant Pathology, Wageningen) is important in this respect. The breeders 
do not like this short life-time of varieties and hope that something can be done 
about it. 

Dr. SINGH: On the premise that vegetative processes in plants are most 
productive, would it be safe to assume, that potatoes etc., would be more pro
ductive than cereals? Provided, of course, that optimum soil and nutrient con
ditions are made available in comparable climatic conditions. 
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Dr. DE WIT: Root and tuber crops are the best crops. They yield two times 
more than grain crops. The protein content of the potato and sweet potato is 
sufficiently high when raised by an application of nitrogen fertilizers. Tlte 
protein content may then reach a level of I 0% of the dry matter and that is a 
reasonable protein content compared with small grains. Therefore, in the 
tropics such crops can be of importance in solving calorie problems. 

Prof. FERWERDA: I agree with this but in the humid tropics, it is not yet 
possible to cultivate root and tuber crops permanently as it is done for grain 
crops, e.g. rice. 

Prof. WASSINK: ln agriculture, the energy conversion is the primary problem, 
whereas the primary problem in horticulture is to manage formative effects. 
I am quite optimistic that in future (maybe over a hundred years), artificial light 
can be applied and that we can grow agricultural crops on 2 to 3% of the area 
potentially available. 1 think that it is possible that potentially available sources 
of energy could be stored and re-distributed in a possible economical way in the 
far future~ for instance, storing of excess solar energy, natural gas and nuclear 
energy. Sunlight is the best, although nuclear energy can replace it to some 
extent. Therefore, in future, we can also have agriculture in a bad time of the 
year just like horticulture, and then agriculture and horticulture, with help of 
technology, can be united. 

Dr. DE WIT: 1 do not like to reveal lack of fantasy by looking into the future. 
In case of nutrient supply, the industry provides necessary constituents to 
agriculture. But, if we have cheap energy, industry and agriculture may com
pete with each other because this cheap energy cannot only be used for light in 
agriculture, but also in the industry to produce cheap industrial food products, 
and for cheap transport over larger distances. Why should we burn crude oil 
to provide light for growing oil crops? Why not use crude oil to make vegetable 
products directly. It will be very difficult to store solar energy. At present, the 
biological conversion of solar energy is 8 /~ and in industry, we cannot yet 
reach this high percentage from a diffuse energy source with cheap methods, 
but perhaps in future it may become possible if it appears worthwhile. 

Prof. MoRRIS: I was interested in Dr. DE WIT's discouragement in the possi
bilities of the animal scientists and the agronomists and the crop breeders getting 
together to breed crops that can be better utilized. Maybe you do not need better 
grasses in Holland, but in Indiana, we do. We shall use better grasses to produce 
more beef. We hope that by breeding, we shall get better grasses. In maize, we 
have a gene, Opaque-2, conditioning a 12 ~~~protein level. This maize is fed to 
pigs. It is also grown in Brazil for human consumption and this is much better 
than telling the people to use soya bean meal or to use meat. In the mid-west 
of the USA, the farmer believes that he can produce maize with a high lysine 
level, cheaper than factories can make artificial amino acids. These synthetic 
proteins can be fed to monogastric animals, and that includes man. 

Dr. DE WIT: If we grow grasses under optimal nutrient conditions, all com
mon grasses have a high protein content. There are no big differences. However, 
under low nitrogen conditions (Indiana?), the differences will show up. The 
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danger is that an improved plant which gives a high protein content, does so 
because it yields less; it takes up the same amount of nitrogen and has then a 
higher protein content. The same is true for some plants which are drough't 
resistant. Such plants do not yield very much under any condition. Under dry 
conditions, the water is more evenly distributed over the whole growing period 
of such plants. We should be very careful with the correlations; low yield
drought resistance, low yield-high protein content and so on. The opaque-2 
gene in maize really improves the quality of the protein so helping to reduce the 
amount of needed protein frvm 70 to 37 grams. 

Prof. DE VRIEs; May I contribute to the problem of feeding animals as an 
inbetween of feeding people. For instance, in farm management with some 
crops, e.g. alfalfa yields 10 cuts per year, in a desert area. You will get a high 
protein content in the plants and this is a very good animal forage. In Australia, 
by using subterranean clover and a supply of some trace elements, a change was 
obtained from one sheep per four acres to four sheep per one acre, resulting in 
an increase of 16 times, due to the introduction of this leguminous plant. 
Sty/osanthes, 'the Townsville lucerne', discovered in Queensland, has changed 
the economic potential of Northern Australia. When we have enough space, 
grasses and these leguminous plants may yield sufficient and inexpensive food 
production. Formerly, we were told that mixed farming was necessary, but at 
present, I think it is possible to separate agriculture from animal husbandry, 
just as we did with the poultry and the Finnish people are doing with cattle. Is 
mixed farming still needed? 

Dr. DE WIT: The difficulties with growing leguminous crops are caused 
through their lack of persistency. Pests and weeds increase in time and this 
holds also for alfalfa. It will be difficult to keep a good mixture of clover and 
grasses. Clover is often crowded out except when the mixture is grown at a low 
fertility level. In Australia, glycine, a leguminous species, may dominate, but 
the total yield is then lower than the yield of fertilized grass. What is better- to 
have clover in a mixture which fixes nitrogen, or to buy this fertilizer. In the 
Netherlands, the clover is not necessary for grassland. Here, we only cultivate a 
mixture of some grasses and may even end up in monoculture, as with cereal 
growing. At present, there is a tendency to move away from mixed farming. 
This is an economic problem. The farmer prefers probably mixed farming (at 
least I do) but specialization is needed. In the case of animal farms, we get a 
big problem in what to do with the manure, so specialization leads to a waste 
problem and this is expensive. 

Prof. FER WERDA: When wages of people are the same and transport is cheap, 
we may reach a point at which the highest yield (per unit of surface area, per 
unit of time and per man) will determine the place where a certain crop must be 
grown. 
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