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Introduction
The amo'unt of useful plant material that a fanner collects from his
field at the end of the season is the integrated result of a large
number of interactive processes that play a role during the plants life
cycle. In some cases, it may be fairly obvious which particular growth
factor is the major determinant of that final result. Especially in high
intensity agriculture as practiced in Western Europe, often a "potential
growth" situation exists, where the available radiant energy during the
growth period determines the final yield. In situations where the growing
conditions cannot be controlled or only to a very limited extent, it is
much more difficult to pinpoint the reason for a particular yield. Such
knowledge is however of prime importance for those engaged in agricultural
planning and development, because it forms the basis for any attempts
at improving the situation. Especially in the developing world, where
agricultural research has not a very long tradition, such knowledge is
very often lacking. Intuitive application of principles and knowledge
obtained in more developed countries, under completely different
conditions very often does not lead to the expected improvements,since
the production system is insufficiently understood. Many of the basic
processes governing production may be the same but the environment may
modify their rates and intensities to such an extent that the relative
importance of different processes changes completely. In each situation
a systematic examination of the processes that play a role is therefore
necessary to assess which ones are critical under the given conditions.
It is often difficult if not impossible to carry out such an analysis
in the real world, since the environment is fluctuating and unpredictable.
When however the relevant processes can be studied separately, they may
be combined in models, which can be used for experimentation.
In this contribution some aspects of water and nitrogen, two of the
key factors for plant production, will be considered, with special emphasis
on their role in semi-arid conditions .
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2. Water use and crop production
The relation between dry matter production of plants and their water
use has received considerable attention ever since the classical
experiments by Briggs and Shantz at the beginning of this century.
The analysis of de Wit (1958) showed that the expected relation is
dependent on the prevailing radiation intensity during the growing
period. In climates with clear skies photosynthesis is light-saturated,
the rate of C02-diffusion towards the active site being the rate
limiting factor. Transpiration on the other hand is more or less
proportional to the radiation intensity. The ratio between assimilation
and transpiration is therefore also proportional to radiation intensity
(or in situations where there is not too much variation in the proportion of evaporative demand created by radiation, to free water
evaporation). Where the level of irradiance is lower and photosynthesis
is energy-limited, the ratio of assimilation and transpiration is
constant, irrespective of radiation intensity. This analysis holds,
as de Wit stated for conditions where 11 nutrients are not too low".
What then is the situation when nutrients, more specifically nitrogen
is too low. It seems most logical to turn again to the basic processes
that are involved, photosynthesis and transpiration. In figure 1 some
results of measurements carried out by Lof (1976) are repnoduced. The
plants, two grass species, were grown in growth chambers on nutrient
solution, and measured on subsequent days after transfer to Ndepleted solutions. Withholding nitrogen for eleven days results in a
considerable decrease in the nitrogen content of the leaves. This
decrease is accompanied by a substantial drop in the rate of net photosynthesis, which is more severe in Phalaris than in Hordeum. The
concurrent drop in the rate of transpiration is approximately equal for
both species, but the decrease is distinctly less than that in
photosynthesis. These results suggest that the lower nitrogen concentration in the leaves hardly affected their stomatal conductance.
The lower rate of photosynthesis must thus be attributed to increased
mesophyll or carboxylation resistance. The ratio between assimilation
and transpiration is then much more unfavourable under nitrogenlimited conditions.
Results obtained with maize plants grown and measured under approximately
identical conditions as the previous plants, show however a different
picture. In figure 2 the rate of net C02-assimilation is plotted
versus the conductance for water vapour (that is the inverse of the
sum of stomatal resistance and boundary layer resistance), obtained
from simultaneous measurements of C02-exchange and transpiration.
Figure 2a holds for plants continuously well supplied with nitrogen,
while the results given in figure 2b refer to plants from which
nitrogen was withheld two weeks prior to the measurements. The regression
line calculated from the data points in figure 2a is repeated in
.~~~~~~-r,gure 2ofor compar1son. Tt~isofiv1ous tl1at,Oespftetne mucn-~-----------.-.- · lower values for the maximum rate of co 2 assimilation of the
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nitrogen-starved plants, the conductance-net assimilation ratio
is not affected. Similar observations were reported recently by
Australian research workers. The explanation for this proportionality
is, most likely, regulation of stomatal aperture by the C02concentration inside the stomatal cavity, as discussed by Goudriaan.
and van Laar (1978a). Increased stomatal resistance is then the
result of the lower rate of C02 assimilation, rather than its cause.
Available experimental evidence suggests that stomatal regulation
can be present to a greater or lesser extent in the same plant
species, depending on (as yet) unknown internal or external conditions
during its growth. When C02-induced regulation is present the
assimilation-transpiration ratio is thus independent of the nutritional
status of the plants.
Water use efficiency is generally expressed on the basis of dry
matter production. Respiratory losses have therefore also an
influence on its value. Many quantitative aspects of respiration
are still uncertain and it is therefore difficult to predict its
influence on water use efficiency. On the one hand it is to be
expected that lower assimilation rates and lower protein contents
in nitrogen-stressed plants will lead to lower respiration rates.
Nitrogenous compounds require, in general, relatively large amounts
of energy both for synthesis and for maintenance. On the other hand
however, limited nitrogen supply may lead to continuous remobilization
of nitrogenous compounds in older tissue, followed by transport to
and incorporation into younger ones, which also requires energy.
Quantitative assessment of these aspects can only be obtained however
from a more thorough study of the respiratory process.
Another phenomenon distorting a proper translation of the assimilation/
transpiration ratio at different nutritional conditions, in the water
use efficiency, is the influence of the nitrogen status on the
distribution of assimilates. In general the top to root ratio
decreases under nitrogen deficient conditions, in accordance with
the functional balance principle. Moreover there is a tendency for
a greater reduction in leaf growth than in that of stems and sheaths.
The result of both processes is a more unfavourable water use
efficiency, because there is a relative increase in non-photosynthesizing
tissue, which changes the assimilation to respiration ratio unfavourably.
So far, water use efficiency has been expressed in terms of water
actually used by the plant for transpiration. There is however an
additional point, when the efficiency is expressed in terms of
production per unit of moisture input, either by rain or by
irrigation. Then the non-productive water losses have to be taken
into account also. A major source of such loss is direct soil surface
~··~----·
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transpiration/evaporation ratio• s under otherwise virtually identical
conditions (van Keulen, 1975). Growth under nitrogen deficient
conditions implies a slower rate of accumulation of dry matter, which,
combined with a different distribution pattern leads to a prolonged
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period in which the vegetation does not cover the soil completely.
Under such conditions, direct soil surface evaporation is larger
than under non-deficient conditions, where a closed canopy is reached
much earlier. The amount of moisture available for transpiration is
thus smaller under nitrogen deficient conditions. Hence the
efficiency per unit of water applied decreases.
In conclusion it may be stated that management practices that ensure
the existence of non-limiting nitrogen supply throughout the plants
life-cycle enhance the efficiency of water use both in terms of input
of moisture and in terms of transpiration. It cannot be denied that
in situations where the total moisture supply is limited, application
of nitrogenous fertilizers, to crops grown for their reproductive
organs, may lead to excessive vegetative growth, early use of
the available moisture and hence to water shortage in the economically
most important part of the life-cycle .
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3. Nitrogen uptake and assimilation
a. A model for mass flow and diffusion.
Transport of ions in the growth medium to roots of plants has been
studied extensively and a voluminous literature onthe subject
exists. This section does not pretend to give a complete treatment
of the subject. It will rather give an example how it can be treated
by means of model studies. The setup also illustrates nicely the
hierarchical approach in simulation studies as advocated by several
model builders (Goodall, 1975; van Keulen et al., 1976).
A vegetative canopy growing under optimum conditions can increase
in dry weight at a rate of about 200 kg dry matter ha-l day-1. The
nitrogen concentration of the tissue may be around 0.025 kg N kg-1
(dry weight). When the transpiration rate of such a canopy is 2.5 mm
day-1, the concentration of nitrogen in the soil solution must be at
least 100 mg/kg to satisfy the nitrogen demand of the growing canopy
by mass flow only. That is a much higher value than normally found in
the soil. It seems therefore that the difference must be made up
by diffusion towards the root surface. In the treatment it is assumed
that nitrogen is present in the soil solution in the form of nitrate,
which is not a far-fetched idea and which, moreover, facilitates
the calculations because the complicating processes of exchange
with the solid phase of the soil can be neglected.
An individual root is considered, whose distance to its neighbour
(which is representative for root density) can be changed. The root
is considered as a cylinder with a given radius, surrounded by
concentric soil compartments. For a given initial salt distribution
around this root and assuming zero concentration at the root surface,
the radial flux across each of the compartments can be calculated
and hence the flux into the root. A numerical model to treat ion
transport by mass flow and diffusion in such a system is given by
de Wit and van Keulen (1972). When the initial conditions are
relatively simple, that is a constant initial concentration over the
full sphere of influence of the root, an analytical solution for the
partial differential equation can be developed (Crant, 1956). The
numerical solution obtained with the model was in good agreement
with the results obtained from the analytical solution.
In the calculations performed for this study a number of different
situations have been considered: two rooting densities (average distance
between roots 1 em and 2 em), absence and presence of mass flow and
soils with different dispersion coefficients. The results of various
runs are presented in figure 3: Depletion of the anion store in the
soil is slowest with a low root density, in the absence of mass flow
(curve 1). Even then h()wey~y-, 90% ()fth~ t()tC1lC1111()Untj$.t:elll()V~d
· - .· · ·.· with in. 5 -aays. Do!!~J ing~tb~~~x·ogt _cl~-n~Jty tn~r~il$~$ trC1D$RQrt by
----d1ffu~s1on~dramat1cally (curve 5), so that even without mass flow
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practically all the anions are removed within two days. Mass flow
only adds substantially to anion transport in soils with a relatively
high dispersion coefficient (in general loessial type soils with a
rather narrow particle size distribution).
For the field situation these results indicate that virtually all of
the am~ on store is available for uptake by plants when needed, even
at very low transpiration rates. When nitrogen is limiting production,
the nitrate released in the soil solution will be taken up almost
immediately, which may explain the very low concentrations of this
element found in the soil under growing crops.
The influence of moisture content in the soil on this transport is
not easy to assess. When moisture content drops, the diffusion coefficient
decreases since a smaller surface area of the soil is available for
diffusion. The concentration of anions in the soil however increases
at the same time, thus making up at least for part of the lower
diffusion coefficient. There is of course a limiting situation where
contact between the various moisture "pockets" in the soil is disrupted and transport ceases.altogether. Whether this is a continuous
or a discontinuous process is not clear.
b. Interaction between nitrogen and moisture.
The effect referred to in the previous section, where the moisture
content in the soil becomes so low, that nutrient transport and
hence uptake is restricted, is of interest in field situations. Even
in the temperate zone, Garwood & Williams (1967) observed during a
dry period depressions in growth rate of a grass sward, which could
be remedied, not by irrigation, but by injection of nitrogenous
fertilizer in the deeper soil layers. Obviously the plants were able
to withdraw water from these deeper layers, where however no nitrogen
was present. The nitrogen located in the upper soil layers was
rendered unavailable because of insufficient moisture. The same
phenomenon was observed in the monsoonal tropics, where cessation of
rainfall may occur relatively early in the season. The appearance
of rice plants changes for the worse fairly soon after the water layer
has disappeared from the soil surface. It seems unlikely that in these
paddy soils, all the stored moisture is used up at that time. Here
again, it was shown that when nitrogenous fertilizer, applied at the
usual time, was placed at a depth of + 50 em, growth depressions did
show up much later, or not at all (van Keulen, unpubl. results).
The effects of nitrogen shortage and water shortage and their interactions were recently illustrated in a series of elegant pot experiments, whose basic set up was a three compartment system in which
nitrogen and water could be applied independently to the various
-----------c=-=c~.QIJlRartments . . . (-Reh_att.a~aJ.r,.......:l9c7-9:..)cco~I-n=cf-ccicg-.=ckem~af~the4·r~resu-l-~s-
·~b~ave~he_e_nJ:·_epr.o.duce.d. Ihese~data show that moisture shortage -under
equal availability of nitrogen leads to reduced uptake of the

... /7

-7-

element. The uptake is then governed by the -reduced- rate of dry
matter production, because the concentration bf the element in
the tissue is at its maximum level. Where nitrogen is unavailable
because there is no moisture for transport to the roots, the
concentration of the element in the tissue drops to a much lower
value. The total dry matter yield, presumably controlled in these
cases by nitrogen supply, is also lower, but the nitrogen in the
tissue is diluted to about half its maximum level. These results
illustrate that moisture shortage to the plants may have both a
direct and an indirect effect on nitrogen uptake, in the one case
gouverned by physical transport processes in the soil, in the other
one by metabolic processes in the plant.
The two contrasting effects are again illustrated, in a slightly
modified form in figs. 5 and 6. For the upland rice, the efficiency
of nitrogen utilization in terms of grain yield per unit of N
absorbed is about one third of that normally found (van Keulen,
1977). The reason is, that moisture shortage towards the end of the
growing period caused accelerated senescence of the vegetative plant
parts. Photosynthesis declined rapidly and the grains could not be
filled in the normal way. This resulted in grains with a high protein
content and a low 1000-grain weight. The effect on the yield-uptake
curve was even more conspicuous because also translocation of nitrogen
from the vegetative tissue to the filling grains was hampered, so
that the straw also contained more nitrogen at harvest than under
normal conditions. This phenomenon is frequently observed in semiarid regions, in extreme cases leading to the formation of shriveled
grains.
In fig. 6 the effect of moisture shortage shows up most pronounced
in the application-uptake curve. At the lower irrigation rate, the
soil was desiccated earlier, transport towards the root system
was inhibited and uptake ceased at a relatively low level. It is
unlikely that the nitrogen level in the tissue prevented further
uptake, since the concentration in the abundantly irrigated treatment
is about 25% higher than in the dry treatment .
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windspeed). A descriptive formula is used, (van Keulen, 1975) in
which average daily weather parameters are applied. The description is based on the results of a detailed model (de Wit et al.,
1978). The ratio of potential daily growth rate and potential
transpiration,the water use efficiency, is a central parameter in
this model. This ratio is assumed to be constant, irrespective of
the water status of the canopy. When plants grow under severe moisture
stress, the ratio may change (Lof, 1976) but the actual amounts of
water transpired in those situations are so small that only minor
errors are introduced in this way.
The actual transpiration rate is obtained from the potential rate,
taking into account the distribution and activity of the root system
and the soil moisture status (section D.d).
The growth rate of the vegetation as dictated by moisture availability
is now obtained by multiplication of the actual transpiration rate
with the water use efficiency. Nitrogen deficiency of the vegetation
leads to a reduction in this growth rate, the reduction factor being
a function of the nitrogen concentration in the leaf tissue. Since
only the growth rate is affected in the present version, without
an influence on the rate of transpiration, nitrogen shortage inevitably
leads to a deterioration in overall water use efficiency.

~llQ~~!iQD_Qf_9r~-~~!!~r

In the model, the total amount of dry matter is divided into leaves,
non-leaf vegetative material (stems, leaf sheaths), roots and seeds.
The allocation between the various plant organs is governed by the
phenological state of the canopy, represented by its development
stage.
First a part of the available photosynthates is allocated to the
roots. Under optimum conditions the fraction decreases with age
from about 0.5 at establishment till 0.025 towards maturity. Moisture
shortage of the canopy may modify this fraction. Following the functional balance principle, a moisture deficit favours root growth
relative to the shoot.
From the above-ground material, seeds have first call after flowering.
The remainder is divided between leaves and non-leaf material, the
proportions being gouverned by development stage (progressively less
is invested in new leaves with increasing age) and the nitrogen
status of the vegetation (nitrogen deficiency shifts growth in the
direction of non-leaf material).
----------------------------~----~~
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Both leaves and non-leaf material may die as a result of stress
due to water or nitrogen deficiency or due to senescence when the
season draws to a close and the plants life cycle is completed.
The rate of dying due to water shortage is gouverned by the balance
between the rate of root water uptake and the rate of transpiration.
When the latter exceeds the rate of replenishment, the tissue is
dehydrated which leads to partially irrepairable damage. The buffering capacity of the vegetation is taken into account by assuming
a time constant for dying of five days. Under severe moisture stress,
the stomata of the plants are closed and water loss is restricted
to cuticular transpiration only. The rate of water loss through the
cuticle is a function of evaporative demand of the atmosphere and
dying of the tissue is thus dependent on both the moisture status
of the soil and the environmental conditions. This death rate acts
on both the leaves and the non-leaf material in proportion to their
respective weights. This description of tissue dying has to be
verified experimentally, but it simulates actual situations during
drying reasonable well (van ·Keulen et al ., 1980).
Dying of the tissue due to nitrogen deficiency is a function of
the nit~ogen status of the vegetation. Dying starts when its nitrogen
content drops below the threshold value for unrestricted growt~ the
relative death rate gradually increasing till a final value of 0.3
day-1 at the absolute minimum nitrogen content.
Senescence is disregarded during the early stages of development of
the vegetation. Leaves have a limited lifespan and the first ones will
die early on. Since however the leaves are not kept in age classes,
application of a relative death rate to the whole existing leaf mass
will overestimate death. Leaves are assumed to start dying therefore
after flowering, when translocation to the developing seeds accelerates
their deterioration. At the end of the plants life cycle the vegetation dies from senescence at a relative rate of 0.1 day-1. That
causes almost complete drying up of the crop in a fortnight, which
is in agreement with field observations.

B. Nitrogen in the crop
It is assumed in the model that inorganic nitrogen is taken up by the
plant from the soil. It would in principle for the model not make
much difference whether it is in the ammonium form or in nitrate
form, but some of the soil nitrogen processes have been described
·in surh a wav. that nitrat~ ;~~ a~~umt1d tl\ t't' thr l\1\\J\.n· \_·0111ponent in
1hf' o;l)i\ .
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As explained before, the root system of the vegetation is generally
dense and efficient enough to explore the total rooted volume. All
the inorganic nitrogen in that volume is assumed to be available
for immediate uptake by the vegetation. This is either a result of
mass transport with the transpiration stream, or of diffusion along
a concentration gradient, created by low N-concentrations at the root
surface.
The demand for nitrogen in the vegetation is created by the difference
between the current concentration in the tissue and a possible
maximum concentration. The latter value is different for the various
organs and is a function of the development stage of the vegetation
and decreases as the plant approaches maturity. Under conditions of
limited supply, the ac~ual amount taken up, is divided between shoot
and root in proportion to their relative demands. It may be argued
that the demand of the root system will be satisfied first, before
nitrogen is transferred to the above ground plant parts, since the
root is close to the source. Experimental evidence however(van Dobben,
1961).as well as simulation results, do not support that hypothesis.
Nitrogen transferred to the aerial plant parts is again distributed
between leaves and non-leaf vegetative tissue in proportion to the
relative deficiencies in the respective organs. After flowering~ the
nitrogen demand created by the developing seed, is met by translocation
from the vegetative tissue. It is thus assumed that all nitrogenous
compounds accumulated in the seed, have passed through the vegetative
tissue first. This process of translocation leads to depletion of the
vegetative mass, when the supply from the soil at this stage of crop
development does not meet the seed requirement. It has often been
observed, especially in small grains (Spiertz, 1978), but also in
natural vegetation (Penning de Vries et al. 1978) that the uptake
of nitrogen after flowering is negligible. Whether this is due to
exhaustion of the soil nitrogen store or to a spatial separation
between moisture and nitrogen in the soil, or to decreased root
activity, or to a combination of these factors remains to be explained.
When the vegetative tissue becomes increasingly deficient in nitrogen,
translocation to the seeds is hampered, resulting in seeds with a
lower nitrogen content. A lower limit for the protein content of the
seeds has been introduced, forcing cessation of the carbohydrate
supply to the seeds when this limit is approached. This description
is based on the observation, that under conditions of limited supply,
the N-content of seeds is species-dependent only, irrespective of
growing conditions (van Keulen, 1977). Here again a descriptive
formulation has been applied, since the underlying processes are
unknown.
--- ---IJfirig-of--Vegetati-ve ·tissue ·crT so 1eaas-to-ross-of--nrtrogen~-from the
vegetation. The nitrogen concentration in the dying material depends
on the cause of death: when death occurs from water shortage or from
senescence, the concentration in the dead tissue is equal to that
of the live material. When nitrogen deficiency leads to death,
... /12
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translocation of nitrogen is assumed and only the irreversibly
incorporated components are withdrawn. This mimickes the real-world
situation, where continuous breakdown and transfer of nitrogenous
compounds enables the growth of young tissue at the expense of
older ones.

C. Soil moisture balance
a. ------------Infiltration
For the description of the water balance in the soil, the total soil
depth is divided into homogeneous compartments. Both the number and
the thickness of the compartments can easily be adapted~ making the
model reasonably versatile.
Infiltration into the soil which may either result from rain or
from irtigation is obtained from the rate of moisture supply, taking
into account the influence of run-off. In the model, run-off is
postulated, so that the rate of infiltration is a result. In reality
of course run-off occurs when the intensity of rain (or of irrigation)
exceeds the maximum infiltration capacity of the soil. This effect
cannot be ignored, especially in soils which are sensitive to curst
formation. An exact calculation of these effects requires however
a detailed description of the processes of crust formation and the
build-up of above-atmospheric pressures in the soil and their influence
on the infiltration capacity (Rietveld, 1978). Not much attention has
as yet been paid to the incorporation of the results of such detailed
models into lower resolution models.
The rate of change of moisture content in a compartment is set
equal to the difference between the current moisture content and
that at field capacity. It is thus assumed that instantaneously an
11
equilibrium 11 situation develops. The compartments are filled up from
the top one down, untill the total amount of water is dissipated or
the remainder is drained below the potential rooting zone.
b · ~Y~I?.9!:~ ~i Q!J
Direct soil surface evaporation is one of the most important sources
of non-productive water loss in many semi-arid regions. The major
determinant for its magnitude is the distribution of the rainfall.
A given amount of precipitation distributed in many small showers
leads to extended periods of soil surface wetness and hence to considerable losses through direct soil surface evaporation. The
potential rate of evaporation follows from a Penman-type equation
and the distribution of en~rgy between the vegetative f()Ver and the_
~~~~---ccoare · sofl~fied a~tual ratedgf water los? ~epends tb~t1 QIL_ the moj sture
C~~ content~ of the top compartment. The tota 1 -water 1os s is proportioned
over the various soil compartments by means of a mimicking procedure
(van Keulen, 1975). This procedure gives reasonable results in areas
·with winter rainfall, but may lead to erroneous results in conditions

•

0

./13

-13-

where the soil surface temperatures reach high values, such as
summer rainfall areas. An accurate alternative for such conditions
has not yet been worked out, but is subject of continuing research
(Wosten and van Loon, 1979).
d. ~~!~r-~Q!~~§_Q~_!b§_rQQ!~
From the potential rate of transpiration and the total root length
(that is the vertical extension of the root system) the potential
rate of moisture uptake per unit root length is calculated. In each
soil compartment the potential rate may be reduced due to low moisture
content or to low soil temperatures. The relation between soil
moisture content and root water uptake is a Viehmeyer-type curve:
soil moisture remains freely available until about 30% of available
moisture is left, after which there is a sharp reduction till wilting
point. Allowance is made for partial compensation when a portion of
the root system is in dry soil. The effect of soil temperature, which
is additive to that of soil moisture, accounts for both changes in
viscosity of the water and in activity of the root system.
Finally the uptake of moisture by the roots may be affected by the
concentration of solutes in the soil, creating high osmotic pressures.
The total amount of moisture taken up from the various rooted soil
layers equals crop transpiration.

D. Nitrogen in the soil
The complexity and importance of soil nitrogen tran~ormations has
resulted in a voluminous literature on the subject (Bartholomew and
Clark, 1965; Tandon, 1974; van Veen, 1977). Attempts however, to use
that information for the development of detailed models of the soil
nitrogen system, have demonstrated the complexity of that system and
the limits of our understanding (Beek and Frissel, 1973; Hagin and
Amberger, 1974; van Veen, 1977).
In principle the approach used by van Veen, which is microbiologically
based is theoretically sound, since the transformations in the soil
are gouverned by microbial activities. In that and similar models,
the microbial biomass is considered as a separate pool. In practice
however it is difficult {if not impossible) to properly initialize
the microbial pool for specific field situations, or to validate
the results that are obtained. In the present approach the total
soil nitrogen store is therefore separated into three states only:
mineral nitrogen (including NH4+, N02 and NOj), nitrogen in 11 fresh 11
organic material (including plant residues which have not yet passed
through the microbial tissue and the microbes themselves) and nitrogen
--------=-===-==in nstatrleu organ1c mater1~-==r•soll humus"; WhiCll hasH at 1east· once

---m'rdergone~a~-fr~rnsformatlon~througntne~microbes)

... /14

-14-

a. Qrg~~j£_~~~~~r_!t~~~f2r~~~i2~~
In each soil compartment two organic matter fractio~ are
distinguished:. the fresh organic material and the stable organic
material.
The rate of decomposition is based on first-order kinetics, that is
under optimum conditions a constant relative rate is assumed. The
specific rate of decomposition is different for different compounds
(Hagin and Amberger, 1974): it is of the order of 1 day-1 for easily
decomposable proteins and sugars, + 0.05 day-1 for cellulose and
hemi-cellulose and + 0.01 day-1 for lignine. In the model these
different rates are--introduced in a step-wise manner, as the original
amount of fresh organic material is reduced. Different compositions
of the material can be accounted for by changing the switch-values
for the rate constants. These rates of decomposition may be modified
by conditions of soil moisture, soil temperature and the C:N ratio
of the decomposing material. It is implicitly assumed in this
description that the number of decomposing bacteria is never a factor
limiting decomposition. Moreover instantaneous adaptation to different
substrates is assumed. In the calculation of the C:N ratio the amount
of available mineral nitrogen is included. The functional relationship
is adapted from the treatment by Parnas (1975).
The stable organic material which has a constant C:N ratio of+
10, is decomposed
a much slower rate, again in dependence or
temperature and moisture conditions. The rate constant used is the
one calculted by Harpaz for semi-arid conditions. Accretion of stable
organic matter results from stable compounds from the fresh organic
material. It is assumed that 11 humus-formation 11 takes place only when
the overall C:N ratio of the decomposing matarial ~rops below 25. At
that stage mineral nitrogen is released of which about 20% is
incorporated in the stable fraction. Application of the constant C:N
ratio of that material also yields the rate of humus-formation.
b. Soil nitrogen processes
During decomposition of the fresh organic material, mineral nitrogen
is being released, when the carbon of the substrate is used for
build-up of microbial tissue and supply of energy for the functioning
of the micro-organisms. The rate of release is a direct function,
therefore, of the decomposition rate and the nitrogen content of the
material being decomposed. At the same time, however, the build-up
of the microbial biomass requires nitrogen for the formation of
proteins. The rate at which nitrogen is incorporated is again related
to the decomposition rate of the fresh organic material. The basic
assumption is that all carbon released during decomposition is
used for build-up of microbial tissue, with an average biosynthesis
_----~·---~----c-7~="-·J·f_,i-eir.;HJC.Y--=(-S9~en~s-el*,~-97~Si~T+laci -:Y-ci~elcls~the=N=-rcequ-tr-emenrdurtn-g-

. decomposj_tJon-and the-composition of the deeomposing material
dictates whether or not mineral nitrogen is immobilized. Gross
release of nitrogen is thus dependent on the nitrogen content of
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the originally added fresh organic matter. Net release must be
considered as originating from the microbial component of that fresh
organic material. The present description leads to realistic simulations of the switch from net immobilization to net release, at
overall C:N ratio•s between 20-30. The rate of change of the nitrogen
in the stable organic material is the balance between its rate of
mineralization, directly dependent on the decomposition rate and
the rate of immobilization coupled to the rate of release of N from
the fresh organic material.
The amount of mineral nitrogen in each soil compartment changes by
release from or immobilization into the fresh and the stable organic
material, and by uptake by the plants. Furthermore transport between
soil compartments is taken into account. The integration interval of
one day used in this model is much larger than the time constant of
solute transport (de Wit and van Keulen, 1972; de Wit and Goudriaan,
1974). Again a mimicking procedure is therefore applied. Transport
takes place only with movement of water, that is with infiltration.
The concentration of mineral nitrogen transported over the lower
boundary of a compartment is obtained by mixing" the solutes present
in that compartment and those transported into it with water present
and that flowing through. This description takes into account mass
transport and (some of) the effects of mathematical dispersion
inherently present in such compartmentalized models (Goudriaan, 1973).
Upward transport of nitrogen with the soil evaporation stream, or
diffusion along developing concentration gradients is not taken into
account. This description is satisfactory in the present situation
where the main interest is in the availability of nitrogen to the
plants. When however the exact distribution of solutes in the soil
is of importance, more detailed models of salt transport have to be
applied (de Wit and van Keulen, 1972). When ammonium fertilizers are
applied, especially in soils with a relatively high pH, considerable
losses of nitrogen may occur through volatilization. The time constants
of the chemical processes involved, are again much lower than the time
resolution of the present model, so that a detailed description cannot
be given. It is assumed in the model therefore that ammonium, given
as a fertilizer volatilizes with a constant relative rate from the upper
soil compartment. At the same time nitrification takes place at a
constant relative rate. The time constants used for these processes
are of the order of 5-10 days, so that appreciable losses only occur
in the first week after application of fertilizers, when there is no
precipitation during that period. The influence of pH and soil temperature have not been taken into account in the present version. A more
realistic description of this process would increase the generality
of the model.
11

c. Processes not considered
---------~--------------

been

itrification is disregarded for the moment, since in the semiarid regions for which this model is mainly developed, anaerobic
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E. Results and
The performance of the model was studied by analyzing its behaviour
in semi-arid conditions Actual weather data were used for situations
where dry matter yields were available both with and without fertilizer
application. The experimental conditions are described in detail by
van Keulen (1975).
The initial conditions assumed in the model were identical for all
seasons: at the ons of the rainy season a total amount of 3000 kg
of fresh organic material is assumed to be present in the upper 60 em
of the profile. The average nitrogen content of that material is
at 0.01 kg N kg-1 (dry matter). Fertilizer added is assumed to be
mixed evenly through the upper 10 em
the soil at the onset of the
simulation.
The model results, presented in figs. 8-12 for the various seasons,
hardly show a consistent picture:
- In '66/ 67, where only application-yi d data were available, the
yield without fertilizer application is reasonably well estimated.
The simulated nitrogen response curve deviates however substantially from
the measured one at low application rates the effect of additional
fertilizer is overestimated, whereas the maximum experimental yield
exceeds the predicted one. The imulated maximum yield is equal to
the one predicted by the model ARID CROP, which assumes non-limiting
ni
conditions throughout.
nee no uptake values are available
it i
ifficult to judge whether
discrepancies in the response
es in the description of plant
curve are the result of inaccu
.nitrogen availability or of a misrepresentation
respons to i
of the applica on-uptake rel
on.
- For 67/ 68, a lower
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one over the full range of appli
ons. The drier condi
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c material, and
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The various experimental treatments in the '71/'72 growing season
resulted in the uptake of varying amounts of nitrogen. Unfortunately
no "zero"-treatment was measured since all the experimental fields
were disked to obtain uniformity. This action resulted in the
incorporation in the soil of various amounts of animal excrements,
accumulated in preceding seasons. Since neither the quantity nor
the composition of these excrements could be estimated, their effect
on the nitrogen balance is impossible to assess.
The simulated yield-uptake curve is situated within the accuracy
limits of the measured data points. The model predicts a levelling-off
of the application-uptake curve at the highest application level,
since the crop is "nitrogen-saturated" throughout the growing period, the
predicted maximum uptake being in reasonable agreement with the
observed value, which was me~sured at an higher application rate.
- The simulated yield-uptake curve for '72/'73 deviates considerably
from the measured data;.points. No obvious explanation for this
phenomenon is at hand. For the lowest point part of the reason may
be the leguminous species in the dry matter, which have an inherently
higher nitrogen content. The measured maximum uptake would suggest
that the maximum concentration values applied in the model are somewhat low, since the model predicts about 25% less. The simulated
value was again dictated by the ability of the vegetation to store
nitrogen.
- For the '73/'74 growing season insufficient experimental data are
available for a meaningful analysis. Again the predicted maximum
uptake is lower than the measured one.
The results presented here indicate that in some cases the model seems
to be predicting the real-world behaviour reasonably well, whereas in
other situations considerable deviations occur. The problem is that
for a model of this complexity use of only the gross output for
validation is rather frustrating. There are so many relations and
parameters involved, that almost any result may be obtained by
changing their values. That is a very dangerous way of working and
would turn simulation into 11 a most cumbersome and obscure way of curve
fitting .. (de Wit, 1970). On the other hand however, there are virtually
no experimental data sets available for validating the various elements
of the model. That again stresses the point that systems analysis and
simulation can never be a substitute for experimental work, but may be
used as a framework by which the relevant problems can be more clearly
recognized and hence experimentation better directed.
The development of PAPRAN and its results have however again underlined
the necessity for a more systematic (and quantitative) investigation
of the various processes that play a role in the production process
in semi-arid regions and their relative importance. The model in its
~-------c=pr-:e-s,eflt-ferm=EI-ees-~·Ji>r=ev+cle=a=u-cs-eftt"l=sc-t-a~rt7'i7ng=poi~nt=for=such=an=i~nv~s'ti~ga~t;-o~n-;---

..

.
than explanatory and needs a much more thorough validation before
it can be widely applied with sufficient confidence .

e~v.en~hough ~t~is real4:led-that~~i-t-i~s-at-many-poin~ts-descriptiverather
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