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The research project ''Nitrogen behaviour in soil in relatitin 
to oxygen, water, and temperature" 1 of which results are 
presented in this report, was initiated by the werking group 
"Water, bodem en Lucht" of the Landinrichtingsdienst of the 
Netherlands. The study was carried out at the Institute for 
Land and Water Management (ICWl in Wageningen. The project 
was financed by the dutch Ministries of Agriculture and 
Fisheries and of Housing, Physical planning and Environmen­
tal Hygiene. Purpose of the project was to provide possibi­
lities to make predictions about long-term nitrate contami­
nation of groundwater as a result of chosen scenarios in 
land and water use, taking into account the influences of 
environmental factors. 
For this purpose the presented model ANIMO has been deve­
loped. During the rnadelling process it became clear that the 
completed model ANIMO would also be able to give ether 
results, like nitrogen lead on surface waters and develop­
ment of organic matter properties of a soil profile, sa that 
it can be considered as a complete (although not in every 
aspect detailedl model of nitrogen behaviour. 
In following ICW-projects the model will be further tested and 
calculations will be made for selected dutch situations. 
Applied on a regional scale, the model will be used as a 
support model in the ICW-project "Optimization of regional 
water use", for which the test area is the Southern Peel 
reg ion. 

Project leaders were ir. J.H.A.M. Steenvoorden and 
dr. ir. P.E. Rijtema. 
We are grateful to Ir. T.J. Hoeijmakers and miss I. Akker­
man, who have worked out part of the programming concerning 
the conneetion of ANIMO with the watermanagement model and 
the description of solute fluxes. 
We thank mr R. Looy and the ether people werking at the 
Department of Student affairs of the Technical Univarsity of 
Delft for the use of their printing facilities, which was a 
great help in completing this report in time. 
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SUMMARY AND READING GUlDE 

The model ANIMO simulates the behaviou~ of nit~ogen in a 
soil-wate~-plant system, influenced by: 

soil type 
soil use 
wate~ management 
weathe~ conditions 
fe~tilize~ use 
c~opping histo~y 

using a one-dimensional ~oil system divided in a numbe~ of 
ho~izontal laye~s. 

In its p~esent fo~m it can be used on a field scale; the 
st~uctu~e of the modeli·choweve~, gives the possibility of 
extension to ~egional use; this extension is being wo~ked 
out. 
In the model, main attention is focussed on the following 
subjects: 

mine~alization/immobilization of N in ~elation to fo~ma­
tion and decomposition of diffe~ent types of o~ganic 
matte~ (o~ganic fe~tilize~, ~oot mate~ial, ~oot exudates, 
native soil o~ganic matte~) 
denit~ification in ~elation to (pa~tial) anae~obiosis and 
the p~esence of o~ganic mate~ial 
t~anspo~t, fo~mation and decomposition of N03, NH4 and 
soluble o~ganic matte~. 

The model will be able to give p~edictions fo~ the long te~m 
nit~ate contamination of g~oundwate~ and su~face wate~ as 
well as fo~ the development of o~ganic matte~ qualities of 
the soil p~ofile unde~ conside~ation. 

Afte~ the int~oduction in chapte~ 1, chapte~ 2 gives a sho~t 

qualitative desc~iption of the nit~ogen behaviou~ in soil 
and the facto~s influencing this behaviou~. 
In the chapte~s 3, 4 and 5 the theo~y of the model ANIMO is 
wo~ked out: 
In chapte~ 3 the basic st~uctu~e and cent~al t~anspo~t and 
conse~vation equation is explained; in chapte~ 4 the 
rnadelling of moistu~e dist~ibution and t~anspo~t p~ocesses 
is desc~ibed; chapte~ 5 gives a detailed desc~iption of the 
rnadelling of the biochemica! p~ocesses, f~om which ~ate 
constants in the t~anspo~t and conse~vation equation a~e 
de~ived. 

Chapte~ 5 desc~ibes methods with which model pa~amete~s can 
be de~ived f~om lite~atu~e data; these methods a~e wo~ked 
out fo~ some f~equently occu~~ing situations. 
Chapte~ 7 gives some conclusions of the study and ~ecommen­
dations fa~ ~esea~ch and fu~the~ development of the model. 
Fo~ the use~ of ANIMO info~mation on input can be found in 
the appendices A and C. 
Fo~ the madelle~ who wants to change a~ fu~the~ develap 
pa~ts of the compute~ p~og~am appendix B, containing a 
desc~iption of the compute~ p~og~am, is useful. 
The model in its p~esent fo~m can be used to simulate c~aps 
which a~e sown and ha~vested du~ing one yea~; in appendix E 
a rnadelling concept fa~ g~assland is given. 

The model ANIMO applied on field scale, uses the ~esults af 
an exte~nal wate~management model WATBAL, which is desc~ibed 
in anothe~ ~epo~t <Be~ghuijs-van Dijk, 1985). Used on ~egio-
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nal scale, it can be connected with the model FEMSAT-P 
(Querner and van Bakel, 1984>. Combination withother water­
quantity models is also possible. 
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1. I NTRODUCT ION 

1.1. Purpose 

ALTERM. 
Wageningen Universiteit & Resean:h ceoure 

Omgevingswetenschappen 
Centrum Water & Klimaat 

Team Integraal Waterbeheer 

Since the beginning of this century our surface- and 
groundwaters are increasingly contaminated with nitrogen 
species; this is a result of the growth of population, the 
increase of industrial activities and the intensification of 
agricultural fertilizer use, This contamination can have 
negative effects on other activities like drinking water 
production <maximum allowed concentratien is 11 g N m-3) and 
preservation of natural areas (eutrophication causing de­
terioration of diversity of species). Topreventor reduce 
this contamination it is necessary to obtain a fundamental 
understanding of the processes causing it, and of the main 
ways in which the extent of leaching can be influenced, On a 
qualitative scale this knowledge is present; the quantifica­
tion is more difficult, because of the complexity of the 
nitrogen cycle. 
The purpose of this study was to develop a model which 
describes these processes and influences and which is able 
to predict long term nitrate contamination on surface- and 
groundwater as a result of chosen scenarios in agricultural 
land, water and fertilization management. 

1.2. Existing models 

Frisse! and van Veen(1981l present a number of existing 
nitrogen models. Examining these, it appears that the diffe­
rent purposes for which scientists have developed their 
models, can lead to quite different models, often not useful 
for other than their original purpose. 
If, for instance, they want to evaluate the development of 
organic matter in a soil profile with a known history, they 
will concentrate on the rootzone, consider a period of tens 
of years, and work with timesteps of one year. If they want 
to give advices for fertilization of crops, they can concen­
trate on the topsoil and describe periods of one growing 
season with timesteps of one day. lf they want to have a 
better scientific understanding of the soil N cycle, they 
try to simulate their laboratory incubation experiments that 
took place under controlled circumstances; such a model may 
describe a period of some weeks and use timesteps of hours. 
If, however, the subject is leaching, the model will have to 
consider the whole soil profile at least as deep as the 
lowest groundwater level occurring, and describe all the 
important nitrogen processes, of which leaching is the re­
sult. 
In our view the main processes for modelling are (see chap­
ter 2 for explanation of termsl: 

mineralization/immobilization related to the processes 
of the C-cycle 
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denitrifica1;'Jon related to (partial) anaerobiosis and to 
the·presencre .oV·dec;g"'posing organic material, which impli­
cates'' ·thè ·.modell i ng of 

- hxygen•distribution 
- ·tr.ilns.~ort •of· cirganic material in salution 

water management; evapotranspiration, capillary rise, 
fluxes to different drainage systems, watertable movement. 

We have found no existing model describing all these 
processes. Especially transport of organic material in solu­
tion is often ignored due to lack of knowledge. Still it is 
a direct prerequisite for describing build-up of soil orga­
nic matter and denitrification below the rootzone. In the 
model ANIMO a first attempt is made to include this subject. 
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2. SHORT DESCRIPTION OF NITROGEN BEHAVIOUR IN SOIL 

2.1. Nitrogen balance of the topsciil 

If we consider the topsoil, the part below from the soil 
surface where agricultural activities concentrate, the 
nitrogen balance for this system can be represented as is 
done in fig. 2.1. 

Fig. 2.1. Nitrogen balance of the topsoil 

Input: ferti li zer precipitation N-fixation 

Soil-water­
plant system: 

transformation and transport Influences on 
processes processes 

Output: 
harvest leaching volatilization denitrification 

Inputs of nitrogen can originate from fertilization, anorga­
nic or organic (manure) and soluble N-forms in precipita­
tion. In the soil-water plant system the different forms of 
nitrogen can be transformed into each ether, and some can be 
transported as solutes to deeper layers. These processes are 
influenced by environmental factors like temperature, meis­
ture and pH. The processes and their influencing factors 
will be qualitatively described in the next two paragraphs; 
their modelling in the next chapters. 
Nitrogen leaves the topsoil by means of harvest, leaching to 
deeper layers, and by volatilization (gaseous loss of NH3l 
and denitrification (gaseous lossof N2 or N20). 

2.2. Transformation processes 

Nitrogen can occur in different farms in soil, which forms 
can be transformed into each ether through the processes in 
the nitrogen cycle (see fig. 2.2). 
To understand some of these processes it is necessary to 
take a look at some processes in the carbon cycle too, 
because of the many interdependences between organic mate­
rial and nitrogen. 
Fig. 2.3 gives the simplified soil organic matter or carbon 
cycle in soil. 
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Fig. 2.2. The nitrogen ~y~le 
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Fig. 2.3. The ~arbon ~y~le 
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For convenience, we shall call dead plant parts and organic 
parts of manure added to soi 1 "fresh organic ,,aterial ". 
When this material starts to decompose, it is partially 
oxidized to C02 and H20 and partially transformed into soil 
organic matter or biomass. The ratio 

formed soil organic matter 
a = 

total amount of fresh organic materia.l decomposed 

is called the assimilation factor. At least a part of these 
transformation processes take place via the stage of soluble 
organic matter. The first step in the decomposition process 
when big solid molecules like cell walls are lnvolved (cel­
lulose, hemicellulose, pectine, lignine) is a splitting up 
of these molecules to smaller parts. Micro-organisms use 
exo-enzymes (operating outside the micro-organism cell) to 
perferm this task. Generally spoken, the smaL.er the compo­
nents formed, the higher their solubility is. The smaller 
molecules can be taken up by the mi co-organi sr;; cell to be 
decomposed further. 
The formed soil organic matter, in its turn, :l2composes to 
C02 and H20, but at a much lower rate than the organic 
plant parts. The biomass (micro-organisms) decomposes and 
renews itself at relatively high but often unknown rates; we 
can simplify and consider formation and decomposition of 
biomass as a ene-direction overall process of the same kind 
as formation and decomposition of soil organic matter. 
Because it is quite difficult to distinguish experimentally 
between the small fraction of living biomass and the total 
amount of dead soil organic material, these two are often 
taken together in descriptions, as is done here. 
Living plant roots excrete soluble organic materials into 
soil solution; also, dead root cells, discarded by the 
plant, become available for decomposition; these products 
are called root exudates; they partake in the carbon and 
nitrogen transformation cycles too. 

The different organic materials mentioned contain nitrogen 
as well as carbon (except C02l, so that transformations in 
the carbon cycle correspond with transformations in the 
nitrogen cycle. 
The processes in the nitrogen cycle which are not directly 
parallel with those in the carbon cycle, will now be des­
cribed shortly. 

Decay: 
Generally the formed soil organic material/biomass has a 
high N content as compared to plants. 

Mineralization: 
During the decomposition process of organic material mineral 
N may be released into soil solution in the form of the NH4 
ion. 

Immobilization: 
This is the process of NH4 uptake from soil solution during 
the formation of biomass/soil organic material. 

If the nitrogen content of the plant parts or soluble orga­
nic material is high and the assimilation factor is low, the 
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decomposing material will contain enough N to provide for 
the N needed to build in in the biomass/soil organic matter. 
The N released into soil solution is the so-called net 
mineralized N. If the nitrogen content of the plant parts or 
soluble organic material is lew and/or the assimilation 
factor is high, additional nitrogen may be needed for the 
formation of biomass/soil organic matter, and this extra 
nitrogen is taken up from the soil solution. This process is 
called net immobilization of mineral nitrogen. 

Adsorption: 
The ammonium ion with its positive charge can be adsorbed at 
the soil complex consisting of negatively charged clay mine­
rals and organic matter. 

Nitrification: 
The oxidation of ammonium to nitrate is called nitrifica­
tion. The process takes place in two steps, performed by 
different groups of micro-organisms: 

+ 
2NH 

4 

2NO 
2 

+ 30 
2 

+ 0 
2 

~ 2NO 
2 

~ 2NO 
3 

+ 
+ 4H + 2H 0 

2 

Under normal circumstances the secend step is much faster 
than the first 1 so that no accumulation of N02 <nitritel 
will occur. 

Volatilization: 
This is the process of formation of ammonia gas from NH4: 

+ 
NH4 + OH ~ NH3 + H20 

which causes gaseous lossesof nitrogen from the topsoil. 

Denitrification: 
Denitrification is the process through which organic mate­
rial is oxidized in the absence of oxygen. Under anaerobic 
conditions nitrate can be used instead of oxygen as the 
oxydizing agent. The nitrate itself is transformed into N2 
or N20 during this process. As an example the aerobic and 
anaerobic decomposition of glucose by Pseudomonas aeruqinosa 
is given: 

Aerobic: C H 0 
6 12 6 

+ 60 
2 

~ 6CO 
2 

+ 6H 0 
2 

Anaerobic: 5C H 0 
6 12 6 

+ 24NO 
3 

~ 30CO 
2 

+ 1BH 0 
2 

+ 12N 
2 

+ 24DH 

The denitrification process is another way in which nitrogen 
can disappear from the soil system. 

Plant uptake: 
NH4 and ND3 can be taken up from soil solution by the plant 
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roots by means of the transpiration flux or through diffu­
sion. Although generally NH4 is preferred by the plant, it 
is aften less available than N03 because of adsorption to 
the soil complex and, under aerobic conditions, because of 
the rapid transformation into ND3, so that in practice the 
main uptake will consist of ND3. 

2.3. Transport processes 

The soluble species considered in the N- and C-cycle, N03, 
NH4, and soluble organic matter, can be transported with the 
different occurring water fluxes <see fig. 2.4): 

Fig. 2.4. Transport of soluble N farms to and from a soil 
layer. 

t 
leachi ng capillary rise tranjpiration 

N03 
NH4 drainage 

soluble organic matter 

leachi ng capillary rise 

Transpiration and drainage fluxes extract water and solutes 
from the soil system; capillary rise and evaparatien are 
upward fluxes to and from next layers; leaching is a 
transport to deeper layers. 
Because of its negative charge the nitrate ion is net re­
tained by the soil complex and the whole nitrate content of 
a layer can be transported directly with the water fluxes; 
from the ammonium ion with its positive charge only the net­
adserbed part is transported. 

2.4. Influences on processes 

The main environmental influences on the transformation 
processes are temperature, moisture, oxygen and pH. 

Temperature: 
For chemical processes, the rate generally increases with 
temperature. For biological processes, aften performed with 
enzymes, there is an optimum temperature (range) below and 
above which the rate decreases. Because the optimum tempera­
ture for biological processes is aften around 30 C or hig­
her, we can say that for the temperatures occurring in soil, 
biological and chemical reaction rates both increase with 
temperature. 
For some processes in the nitrogen cycle this influence has 
been studied especially. Van Huet (1983) gives a literature 
review. The reaction rates at different temperatures can be 
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expressed relative to the maximum rate found, or to the rate 
found at a certain average temperature, so that a reduction 
factor for ether temperatures on the reaction rate can be 
applied in calculations. 
For mineralization or mineralization combined with nitrifi­
cation many of these studies exist, giving comparable re­
sults. Looking at par. 2.2 however, we must realize that the 
mineralization rate is first of all determined by the decom­
position rates of organic materials and by their nitrogen 
contents. So, to get a straightforward relation for tempera­
ture influences, they should be studied relative to organic 
matter decomposition. 
Nitrification increases with temperature; however, the pro­
cess is dominated by the presence of oxygen; under aerobic 
conditions nitrification is so fast that ammonification is 
the rate limiting factor. 
Denitrification increases with temperature, but this is 
completely due to the increase of organic matter decomposi­
tion with increasing temperature. 
Summarizing we can conclude that the most important tempera­
ture influences are these on organic matter decomposition. 
Dther temperature influences fellow from these or are less 
important. 

Moisture and oxygen: 
These two are strongly related in soil and therefore treated 
together. 
Micro-organisms need moisture to perferm their functions. 
Below wilting point these are disturbed. At lew moisture 
suction reaction rates may slow down by dilution effects or, 
if oxygen is needed, by absence of oxygen. 
For mineralization, most authors found a relation with meis­
ture suction showing an optimum near pF 3. If, however, they 
used topsoil samples for their studies, which are often 
aerated in field situations, the decrease in mineralization 
rate at lew suction may be due to the necessity for adapta­
tion of the microflora from aerobic to (facultative) anaero­
bic species, which adaptation in a poer growth medium as 
soil is, takes time. In a soil sample used to wetter condi­
tions the decomposition rate may be equal to the optimum 
found at pF 3. 
Also for nitrification, a relation with an optimum is found. 
The rate decrease at lew suction is, however, determined by 
a shortage of oxygen. 
For denitrification it is obvious that the rate of the 
process increases with lower moisture suction, because this 
implicates decrease of oxygen availability. Denitrification 
in unsaturated soil is a result of the presence of anaerobic 
soil aggregates (partial anaerobiosis). The texture of the 
soil plays an important rele in this aspect. 
Summarizing, the reduction on mineralization at lew moisture 
suction is important, and oxygen content and distribution 
are important factors influencing the processes of nitrifi­
cation and denitrification. 

pH: 
The influence of pH is dependent on the type of reaction and 
on the preferenee of the micro-organism involved. Measure­
ments by several authors indicate a broad optimum pH range 
for mineralization, nitrification and denitrification <van 
Huet, 1983). The pH of most soils falls within this range. A 
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reaction especially pH-sensitive is volatilization, which is 
increased at high pH. 

By combining some facts mentioned before we can get an idea 
of the main factors determining the extent of nitrate lea­
ching on field scale. These are: 

Presence of nitrate in solution, influenced by: 
The amount of N added by mineral fertilizers and manure: 
Steenvoorden(1983l showed that the higher the gift of 
mineral fertilizer, the higher the percentage leaching. 
The rate of formation of ND3, which is favoured by high 
temperature, high N-content of organic materials added and 
aeration 
The rate of disappearance of N03 from solution, favoured 
by high moisture conditions 

Soil and water management, as expressed in: 
The presence of a erop: if a erop is present, nitrate 
added or formed may be taken up by the plant roots. If 
not, nitrate is subject to leaching. As a result, on 
arabie land after the harvest, when the complete root 
material starts to decay, all the formed nitrate can be 
transported to deeper layers, except the part that can be 
denitrified. On permanent grassland this danger is less. 
The time of actdition of fertilizer or manure: 
Additions in spring or summer are the most favourable for 
erop nutrition on arabie land, because of direct availabi­
lity of nutrients and low risk of losses by leaching and 
denitrification; leaching is mainly confined to wet 
periods (winter time). 
The rate of water transport to the subsoil: 
In deeply drained soils the residence time of water and 
solutes in the rootzone is small, and the denitrification 
possibilities are also small because of good aeration. 
The groundwater level: The sameremark applies as for the 
rate of water transport. Steenvoorden<1983l found that at 
a average highest groundwater table of 1.5 m the amount of 
nitrate reaching the saturated zone may be 10 times as 
much as in a situation with highest groundwatertable at 
0.5 m; of course this is a combination of differences in 
storage capacities and denitrification possibilities. 
Physical soil characteristics: 
Examples are texture influencing partial anaerobiosis, 
and conductivity influencing leaching rate. 
Sprinkling 

Weather conditions: 
Precipitation rate, influencing leaching rate but also 
denitrification rate 
Temperature, influencing production rate of N03. 
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3. BASIC STRUCTURE OF THE MODEL ANIMO 

3.1. Flow scheme 

As mentioned before, the model ANIMO will be made operatie­
na! both on field scale and on regional scale. The general 
flow scheme for the regional scale fermuiatien is given 
here, because the field scale model can be considered as a 
part of it, a region consisting of 1 field. The flow scheme 
is given in fig. 3.1. 
For each simulated year, calculations are made for all the 
subregions. This is done instead of making all the calcula­
tions per subarea for the full simulation time directly, 
because the chosen method makes it possible to evaluate the 
deep aquifer concentratien after each year, by combining the 
deep drainage fluxes of all the areas. The new deep soil 
water concentratien can be used in the next simulation year 
in case of upward seepage. The descriptions in this report 
will be restricted to the calculations per subarea, which 
ferm the core of the model. 

3.2. Geometry and time 

Insideeach area the model works one-dimensional. The soil 
is divided into a number of horizontal layers, which can 
differ in thickness. The water quantity models we use gene­
rally werk with much less and thicker layers. These models 
have to supply per timestep: precipitation ,evapotranspira­
tion, drain discharges, and the height of the watertable and 
the moisture content of the rootzone at the end of the 
timestep. 
From these data the water contents of all distinguished 
layers, the fluxes between layers and from each layer into 
the different drainage systems have to be calculated. Impor­
tant for water quality calculations is the way in which the 
different drainage fluxes are divided over the layers. 
The timestep can be chosen according to the precision of 
available weather condition input data per timestep; the 
model can werk with timesteps of one day or more <weeks, 
decades). 
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Fig. 3.1. Flow scheme of the model ANIMO 

General input data per run and general calculations 

do year = 1 to nr. of years 

do area = 1 to nr. of areas 

input data per area and general calculations per ar-ea 

do step = 1 to nr. of steps per year 

input moisture data 

calculate moisture fractions and flux es 

calculate root and root exudate production ra te 

di vide additions over the layers 

calculate temper-ature profile 

calculate influences of temper-ature and 
moisture on ra te constants 

calculate production ra te of soluble organic matter 

calculate transport, production and decomposition 
of organic material in sol ut ion 

calculate formation and decomposition of <soli dl 
soil organic material and decomposition of (soli dl 
fresh organic material 

calculate uptake ra te of NH4 and N03 by the erop 

calculate oxygen distri bution and denitrification 
rate, and production and decomposition ra te of NH4 
and N03 

calculate transport, production and decomposition 
of NH4 and N03 

calculate carbon and nitrogen balances 

calculate concentrat i ons of NH4, N03 and organic 
matter in sol ut ion in drainage flux es 

storage of data obtained at end of si mulation year 

calculate new concentrat i ons of NH4, N03 and organic matter 
in sol ut ion in surface waters and deep aQuifer 
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3.3. Transport of solutes, 

A central point of the model is the transport- and conserva­
tien equation. This equation has to be used for all soluble 
species of importance in the nitrogen behaviour: N03, NH4 
and soluble organic matter. By means of this equation the 
new concentrations of these soluble species in all layers 
can be calculated after simultaneous transport and transfor­
mation processes. In fig. 3.1 the use of this equation is 
indicated by "calculate transport, production and decomposi­
tion of ... ••. 
The equation has the general form: 

d{V(n,tl*c(nl,t)} 

dt 

in which: 
n 
t 
V<n,t> 
c<n,t> 
kO 

k1 

= mass transport + kO*L + k1*V<n,tl*c(n,t) 

= layer number 
= time (d) 

dt 

= moisture volume of layer n at time t (m) 
= concentratien in layer n at time t (kg m-3) 
= zero-order rate constant of the species in layer n 

(kg m-3 soil d-1) 
= first order rate constant for the species in layer n 

(d-1) 
N.B. kO and k1 are positive in case of production and 
negative in case of decomposition. 
L = layer thickness (m) 
Rd = distribution ratio: amount adsorbed/amount in 

solution per unit of soil system (-) 

The fluxes needed in the masstransport description are cal­
culated from the data given by the w~terquantity model. The 
next chapter gives these calculations and the solutions of 
the transport and conservation equation. 
The concentrations at t=O follow from the previous timestep. 
The values of kO and k1 follow from calculations on solubi­
lization, mineralization and denitrification. These calcula­
tions are described in chapter 5. 
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4. MODELLING OF TRANSPORT PROCESBES 

For the modelling of transport processes the hydrology has 
been simplified. In this approach a maximum of three levels 
of drains is considered. 
The required hydrological information for the transport 
processes can come from a hydrological model calculating the 
water balance. The output of such a model should include: 

Pr 
Er 
fg 

fs 

fk 

fl 
Vr!tl 

h (t) 

precipitation flux (m d-1) 
evapotranspiration flux (m d-1) 
discharge flux for surface runoff, field drain/trench 
discharge and interflow (m d-1) (3rd order dischargel 
discharge flux for ditch or drain discharges (2nd 
order dischargel <m d-1) 
discharge flux for canal discharges (1st order dis­
charge) (m d-1) 
discharge flux to or from the aquifer <m d-1) 
the moisture volume of the plant root zone at the end 
of the timestep (m) 
the phreatic level at the end of the timestep <ml 

4.1. Hydrological schematization 

Considering a hydrologically homogeneaus area and assuming 
the drains of the three different orders parallel and equi­
distant a cross-section between two drains of first order as 
given in fig. 4.1. can be made. In the example given in fig. 
4.1. the density of drains/ditches (2nd order) is two times 
the density of canals (lst order) and the density of field 
drains (3rd order) is four times the density of drains/dit­
ches. Also the stream line pattern is included in this 
figure (sketched). It is obvious that the longest stream­
lines discharge to the first-order drainage system; the 
intermediate streamlines discharge to the 2nd order drainage 
system and the shortest streamlines to the 3rd order drai­
na.ge system. 
For the water quality calculations the two dimensional sche­
matization given in fig. 4.1. has been simplified toa one­
dimensional schematization given in fig. 4.2. In this ap­
proach for each timestep a certain layer with speelfled 
thickness is identified for discharge to the distinguished 
drainage system. The differences in residence time of the 
water particles discharging to the respective drainage sys­
tem is accounted by taking the ratio of discharge from a 
certain layer and its thickness proportional to the ratio of 
the drain distance of these drainage systems: 

fk As fs Ag fg 
= * = * Dk Ak Os Ak Dg 

in which: 
Dk = thickness of layer discharging to the 1st 

order drains <ml 

13 

ICW-nota 1671 
Team Integraal Waterbeheer 
Alterra-WUR



Figure 4.1. Schematic cross-sectien of a parallel equidis­
tant drainage system of three different levels (shallow, 
intermediate and deepl, with streamlines. 

Figure 4.2. One-dimensional schematization used for the 
water quality calculations 

{ fg 

t, 

I t 
J. I 
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Ak = drain distance between the parallel 
equidistant first order drains <ml 

As = drain distance between the parallel 
equidistant second order drains (ml, 
including the first order drains; see fig. 
4. 1) 

Ds = thickness of discharge layer to the 2nd 
order drains (m) 

Ag = drain distance between the parallel equidis­
tant third order drains <m>, including the 
2nd and lst order drains 

Dg = thickness of discharge layer to the third 
order drains <ml 

For the simulation of surface runoff and interflow (3rd 
order drainage systeml the permeability of the rootzone can 
be given a higher value, thereby decreasing the residence 
time of the water discharged by the 3rd order drainage 
system further. 
Infiltration from the drains is treated in a similar way. If 
the discharge rates to the drainage system are negative 
infiltration is assumed. 

4.2. Calculation of moisture content per soil layer 

Based on the data obtained from the hydrological model the 
moisture content of each soil layer at the end of the time­
step can be calculated. 
In the rootzone the moisture fraction is assumed constant 
with depth and in the absence of a water table in the root­
zone the moisture fraction at the end of the timestep can be 
expressed as: 

Vr<t> 
El(t) = 

in which; 
Dr 

Dr 

= thickness of the rootzone (m) 

The moisture volume of the unsaturated zone below the root 
zone can be calculated from the hydrological input: 

Vb<tl 

in which: 
Vb<t> 

Vb <Ol 

L fin 

2:fou 

ÄVr 

= 

= 

= 

= 

= 

moisture volume below rootzone at end 
of timestep <m> 
moisture volume below rootzone at 
start of timestep (m) 
incoming flux (precipitation, seepage, 
infiltrationl 
outgoing flux <evapotranspiration, 
leakage, discharge to drains <m d-1) 
change in moisture volume of rootzone 
during the timestep (m) 

Below the rootzone a linear relation between moisture frac-
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tion and depth is assumed in such a way that at the location 
of the groundwater table the moisture fraction equals satu­
ration. 

4.3. Calculation of the water balance per layer 

For each distinguished soil layer the water balance can be 
formulated: 

(fa - fb - fz - fel*t + V<t> - V(Ol = 0 

in which: 
-fa = discharge flux from the previous layer 

(m d-1) 
fb = discharge flux to the next layer <m d-1) 
fz = discharge flux to the drainage systems from 

the layer (m d-1) 
fe = evapotranspiration flux from the layer (m d-1) 

For the first layer fa equals the precipitation rate Pr. If 
the complete soil layer is discharging to a certain drainage 
system (e.g. of 2nd order) the equation for fz is: 

As fs 
fz = L * * 

Ak Ds 

If only part of the layer is discharging to the 2nd order 
drainage system, and part to the 3rd order drainage system 
the equation becomes: 

Ag 
fz = (1 - ql * L * * Ak 

fg 

Dg 

As 
+ q * L * -- * 

Ak 

fs 

Ds 

in which q is the fraction of the layer discharging to the 
2nd order drainage system. 
Assuming a uniform extraction pattern for evapotranspira­
tion, the flux fe is given by the equation: 

Er 
fe = L * 

Dr 

As a result of this calculation the outflow at the lower 
boundary of the layer fb is calculated. For the last layer 
fb should equal the leakage or seepage term fl that has been 
given as an input. 
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4.4. Transport and conservation equation 

Assuming complete mixing in each identified soil layer, the 
transport and conservation equation can be written: 

in which: 
c<n,tl 
Zfi*ci 
.Ïfo*co 
ce 

kO 

k1 

Rd 

Rd*d{V(n,tl*c<n,tl} 
+ k1*c(n,tl*V<n,tl -

dt 

~ concentration in layer n 
~ total incoming flux of material (kg d-1) 
~ total outgoing flux of material <kg d-1) 
~ concentration in evapotranspiration 

flux (kg m-3) 
~ production rate coefficient of order 0 

(kg m-3 d-1) 
~ production rate coefficient of order 1 

(d-1) 

~ distribution ratio of adsorption (-) 

Assuming all fluxes constant within the timestep, the mois­
ture fraction will change linearly with time and for the 
moisture volume of layer n the following expression is 
found: 

V<n,tl 

in which: 
Elo 

HV 

~ moisture fraction at the beginning of 
the timestep 

~ change in moisture content with respect 
to time 

The total incoming flux of material has to be identified on 
the basis of its concentrations: assuming these concentra­
tions constant within the timestep gives the following ex­
pression: 

in which: 

~ fio*~<n+l) + fib*~(n-1) + fid*cid 

fio ~ 

~ ( n+ 1 l ~ 

fib ~ 

~ (n-ll ~ 

fid ~ 

cid ~ 

upward flow from layer n+l to layer n (m d-1) 
average concentration of layer n+1 <kg m-3) 
downward flow from layer n-1 to layer n 
(m d-ll 
average concentration of layer n-1 <kg m-3) 
infiltration flux from the drainage 
system(s) into layer n (m d-1) 
concentration of the infiltration water 
(kg m-3) 

For the first layer (n ~ 1) the boundary condition for the 
incoming flux from above <layer n-1) is the precipitation 
rate, and for the concentration the concentration of the 
precipitation has to be taken. For the last layer (n ~ nl) 
the boundary condition of the incoming flux from below 
(layer n+1) is the seepage flux and for the concentration 
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the concentratien in the aquifer has to be taken. 
For the mass transport from layer n the concentratien is 
considered equal to the concentratien in layer n (except for 
the evapotranspiration flux). For the water fluxes upward 
flow <to layer n-1) 1 downward flow <to layer n+ll and to the 
drainage systems has to be considered: 

= c<n,tl*{fuo + fub + fg(nl + fs(n) + fk(n)} 

in which: 
fuo = downward flux to the next layer (n+ 1 l (m 
fub = upward flux to the previous layer <n-1 l 

(m d-ll 
fg <nl = flux to 3rd order drain from layer n <m 
fs (n) = flux to 2nd order drain from layer n (m 
fk(n) = flux to lst order drain from layer n (m 

The concentratien of the evapotranspiration flux is evaluated 
at each time step and considered proportional to the soil 
water concentratien (see par. 5.4): 

ce = 8*c<n,tl 

in which: 
8 = selectivity factor for plant uptake 

For nitrate and ammonium this factor can have a value 8 <= 1; 
for organic matter 8 = 0. 
For the first- order production term kl*c<n,tl*V<n,tl, the 
moisture volume V<n,tl will be considered constant, and the 
average moisture volume V(n) is used on this place: 

V<nl 

in which: 

HV*t 
= L*(9o + ----) = L * eav 

2 

eav = average moisture fraction during the 
timestep 

Introduetion of these relationsin the transportand 
conservation equation gives after re-arranging the general 
form of the differential equation: 

d c<n,tl A B 
-------- + --------- * c<n,tl = 

dt 

in which: 
HV + fto/L + S*fe/L - k1*9av 

A = ----------------------------
1 + Rd 

fio*e<n+ll + fib*e<n-1> + fid*cid + kO*L 
B = ----------------------------------------

L*(1 + Rdl 

fto = fuo + fub + fg(n) + fs(n) + fk(n) 

Based on certain conditions for the parameters HV and A the 
following solutions of the differential equation are found: 
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for HV ~ 0 and A ~ 0: 
-A/HV 

B B eo + HV*t 
c(n,tl = + {c(n,Ol - -} * {---------} 

A A Elo 

for HV = 0 and A ~ 0: 

B B -A*t/eo 
c<n,t> = - + {c(n,Ol - -} * e 

A A 

for HV ~ 0 and A = 0: 

B Elo + HV*t 
c<n,tl = c(n,Ol + * In{---------} 

HV eo 

and for HV = 0 and A = 0: 

c(n,tl = c<n,Ol + B*t/Elo 

Due to the assumption that the incoming fluxes from other 
layers have the average concentratien of these layers also 
average concentrations have to be calculated. By integration 
over and dividing by the timestep the following solutions 
are found: 

for HV ~ 0 and A ~ 0 and HV ~ A: 

B Elo*{c(n,tl - c<n,O)} + HV*t*{c(n,tl - B/A} 
~<n> = + ------------------------------------------

A t*<HV - Al 

for HV ~ 0 and A ~ 0 and HV = A: 

B c(n,Ol - B/A eo + HV*t 
~ (n, tl = + ------------ * eo * ln<---------} 

A HV*t eo 

for HV = 0 and A ~ 0: 

B eo 
~(n) = - + * {c(n,Ol - c(n,t)} 

A A*t 

for HV ~ 0 and A = 0: 

B*<Elo + HV*tl HV 
~(n) = c<n,Ol + ------------- * {--*[c<n,tl - c<n,O)J + 

HV *t B 

eo 
--------- - 1} 
eo + HV*t 

and for HV = 0 and A = 0: 
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c<n,Ol + c(n,tl 
e<n> = ---------------

2 

The calculation procedure has to fellow the flow direction 
in the schematic column because for each layer the incoming 
concentratien has to be known. In fig. 4.1. the calculation 
procedure is given. For all NL layers the direction of 
transport at the lower boundary is checked. If the direction 
of flow is upward, a search is made at which layer the 
direction of flow changes again (Nfinall. For the layers 
with upward flow the calculations for the final and average 
concentrations are made in reverse order. 

Figure 4.1. Calculation procedure of average and end concen­
trations. 

DO Nlayer = 1' NL 

~downward? 
y no 

calculate c<n,t> Nstart = Nlayer 
calculate e<n> DO Nlayer = Nstart, NL 

~do~ 
y no 

Nf i nal = Nlayer continue 
DO LOOP 

Nfinal = 

DO Mlayer = Nfinal, Nstart, -1 

calculate c<n,tl 
calculate f:(n) 

Nlayer = Nfinal 

4.5. Calculation of drainage water concentrations 

For each timestep the concentratien in the total discharge 
to each drainage system is calculated as total lead of 
material divided by total water discharge. 
The concentratien in the field drain/trench/surface 
runoff/interflow (3rd order) discharge as a whole is: 

20 

NL 

ICW-nota 1671 
Team Integraal Waterbeheer 
Alterra-WUR



nl fg(n) * t::<n> 
cg = ~ {------------} 

n=l fg 

in'which: 
cg 

''I 
fg <n> 

= concentratien in 3rd order drainage water 
(kg m-3) 

= discharge rate to 3rd order drainage 
system from layer n <m d-1) 

Asiuming that the discharges of the 3rd order drains will be 
transported by the 2nd order drainage system, the concentra­
ti6n of the drainage water of the 2nd order drains will be 
dé~ermined by the discharge to both systems: 

'. 
nl 

cg* fg + X.. {fs(n) * t::<n)} 
n=l 

es = ---------------------------

in' which: 
CS 

fs(n) 

fg + fs 

= concentratien in 2nd order drainage water 
(kg m-3) 

= discharge rate to 2nd order drainage 
system from layer n (m d-1) 

Assuming that the discharges of the 2nd order drains will be 
transported by the 1st order drainage system, the concentra­
tien of the !st order drainage system will be determined by 
the discharge to the three systems: 

nl 
cs*<fs + fg) + I_<fk<n * t::<n> 

n=l 
ck = ------------------------------

in which: 
ck 

f k (n) 

fk + fs + fg 

= concentratien in 1st order drainage water 
(kg m-3) 

= discharge rate to 1st order drainage 
system from layer n <m d-1) 

The concentratien in the discharge to the deep aquifer is 
equal to the average concentratien inthelast layer, t::(nll, 
if leakage takes place. 
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5. MODELLING OF TRANSFORMATION PROCESBES 

The calculations described in this chapter produce the rate 
constants kO (kg m-3 d-1) and k1(d-1l for soluble organic 
matter, NH4 and N03 each, to be used in the transport and 
conservation equation described in chapter 4. 

5.1. Organic matter formation and decomposition 

We distinguish different kinds of organic matter, partaking 
in the soil carbon and nitrogen cycle. These are: 

fresh organic material. This material consistsof root and 
ether erop residues after harvesting and of the organic 
parts of manure. These are materials that come available 
stepwise, at certain clearly defined points in time. 
root exudates. These are organic products excreted by 
living roots, and dead root cells discarded by the plant. 
These products come available continuously when roots are 
present, and therefore their decomposition is modelled in 
another way. So for root material we have made the dis­
tinetion between the continuously produced part and the 
part that comes available in one step at the harvest. 
soil organic material. This is the material formed from 
part of the available fresh organic material and root 
exudates. It consists of the dead organic soil material 
and of the living biomass. 
soluble organic material. As mentioned before, at least a 
part of the organic matter transformations passes the 
stage of solubilization. 

Because we are uncertain which products are solubilized, we 
have modelled according to the following schematization: 

C02 
-" Fresh org. mat. --~ soluble org. mat ~-~ soil org. mat --~ C02 

Root exudates are already partly soluble, and because it is 
known that they disappear very quickly, transport possibili­
ties will be very small and there is no need to include an 
extra soluble stage here: 

C02 
root exudates --~ soil org. mat --~ C02 

5.1.1. Decomposition of fresh organic material 

Each kind of fresh organic material is considered to consist 
of a few, say nf fractions with fraction number fn, decompo­
sing with each its own first-order rate an. If we call the 
amount of material per fraction present at timet Os<fn,tl, 
in which Os stands for Qrganic material §tepwise added, its 
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decomposit;on can bedescribed as: 

-an*t 
Qs(fn,tl = Js<fn,Ol*e 

Os is expressed in kg dry material m-2 <unit layers of 1 m2 
area are t~~enl 1 tin days and an in d-1. 
If differe-: fresh organic materials are present it is 
conventent to be able to use the same equation for all 
fractions "': all materials. Therefore we must define a fixed 
total numbr,,- of possible materials nm and possible fractl.ons 
nf (number ~f fractionsl, of which each kind of fresh orga­
nic materi~' contains a few. This can be done by using a 
given matr'x FR<mn,fn) consisting of numbers < 1 that de­
fines if a, .-:t for which part a fraction fn is present in 
material nL.;; mb er mn. 
Example of l:his matrix FR with 5 mater i als and 10 fractions: 

fn = 1 2 3 4 5 6 7 8 9 10 
mn 

= 1 O.é 0.0 o.o 0.0 o.o o.o o.o o.o 0.4 o.o 
2 0.0 0.3 o.o o.o 0.7 o.o o.o o.o 0.0 0.0 
3 o.u o.o 0.4 0.0 0.0 0.6 o.o o.o o.o 0.0 
4 0.0 o.o 0.0 0.2 o.o o.o 0.8 0 0 o.o o.o 
5 0.0 0.0 o.o o.o o.o o.o 0.0 0.1 o.o 0.9 

As can be seen, totals in each row are 1.0, and each frac­
tion occurs in ene kind of material only. This gives maximal 
freedom of material definition. If a new material is added, 
the division of its organic part AD (kg m-2) is simply done 
by calculating for all fn: 

new Os<fn,Ol = old Os(fn,Ol + FR<mn,fnl*AO 

This rather detailed explanation is necessarily given at 
this place because the basic concept of the use of these 
fractions returns in many places in the model. 
Of course these calculations are performed for each layer. 
In the computer program an extra dimension for the layer 
number is added to Os, but here we shall net use it in this 
text as long as the calculations for each layer are the 
same. 

5.1.2. Production and decomposition of soluble organic material 

The production rate of organic material in solution, kO<OMSl 
<kg m-3 d-1>, fellows from the calculations in the previous 
paragraph: 

Os(fn,tl - Os(fn,Ol 
kO!OMSl {-------------------} 

nf 

in which: 
OMS = organic material in solution 

or 
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-an*t 
Os(fn,Ol*(e 1) 

kO<DMSl {--------------------} 
nf 

lt will be clear that the production rate from slowly decom­
posing fractions will be less than that of faster decompo­
sing fractions of fresh organic material. Once in solution, 
all the fractions are assumed to decompose with the same 
rate (see chapter 6). So for the organic material itself it 
is not necessary to consider these fractions separately in 
soluble ferm. However, because each fraction in the fresh 
material can have its own nitrogen content, it is yet neces­
sary to distinguish them in solution, so that at their 
disappearance from salution the amount of mineral N released 
and available for soil organic matter production, can be 
calculated. Therefore, we use the transport- and conserva­
tien equation for each fraction, and we calculate for each 
fn : 

Os(fn,tl - Os(fn,Ol 
kO<OMS,fnl = {-------------------} 

L*t 

-an*t 
Os(fn,Ol*(e 1) 

= {--------------------} 
L*t 

With these the kO<OMS,fn) and with k1<0MSl as calculated in 
chapter 6, new distribution of soluble organic matter frac­
tions is calculated with the transport- and conservation 
equation. 

5.1.3. Roots and root exudates 

The description of root development is important for the 
water quality model because: 

mineral N can only be taken up from these layers in which 
roots are present (for arable land it will take some time 
befere full root depth is reachedl. 
the root exudate production is related to root growth 
after the harvest on arable land, the formed root mass 
comes available for decomposition. 

Development of root mass, root distribution and rooting 
length are functions of plant species and environmental 
conditions, which are very difficult to describe. Therefore 
we use a "standard" development per plant species, using 
measured data from literature. 
Quantification is given in chapter 6. Between the given data 
we can interpolate, so that at each point of time we have a 
value for root length Lr (m) and amount of root material Ar 
<kg m-2). The distribution of root mass over the layers is 
modelled assuming maximal root density at the soil surface, 
and a linear decrease with depth to density zero at depth Lr 
(see fig. 5.1>. The maximal density, Drm is: 

Drm = 2*Ar/Lr 
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Fig. 5.1. Schematization of root mass distribution 
(For explanation of symbols, see textl 

depth 
(m) 

l 
Lr 

root mass density~ 
(kg m-3) Drm 

R<lnl 

The root mass present in each layer R (kg m-2> is equal to 
the density in the middle of the layer multiplied by the 
thickness of the layer: 

R<t> = (Drm - Drm/Lr*dpl*L 

in which dp (ml is the depth of the middle of the layer 
from soil surface. 
In water quantity models, the so-called effective root zone 
is used; this is the layer containing approximately 90ï. of 
the root mass. This effective root zone Lre <m> can differ 
for different soil types. If we want to use a ''standard' 
development of the root length in time, this difference in 
soil type can be taken inta account as a eenstraint by 
defining: 

Lr = min{Lr<t>, Lre + 0.10} 

in which: 
Lr(t) = interpolated value for Lr from standard 

development data (m) 

In this calculation methad roots can 
cm below the effective root zone. If 
root mass Ar<t>, which is still kept 
cancentrated in the top layers. 

grow ta a maximum 
Lr(t) > Lre + 10, 
the same, will be 

of 10 
the 
more 

Root exudate production is generally expressed relative to 
root mass development. In chapter 6 we will find that a 
factor 0.41*root mass development is suitable. A production 
rate, constant during the timestep, ke <kg m-2 d-1>, can be 
calculated per layer as: 

ke = 0.41*<R<Ol - R<tll/t 

If the decompositian of exudates is described as a first­
order reaction with rate constant ae (d-1), we can write for 
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the amount of eMudates in a layer, E<tl (kg m-2): 

dE<tl 
----- = ke - ae*E(t) 

dt 

from which fellows: 

E <tl = 
ke ke 

(-­
ae ae 

5.1.4. Formation and decomposition of soil organic 'material 

In paragraph 5.1 it has been made clear that the soil orga­
nic material, according to the model, originates from two 
sources: the decomposition of soluble organic material and 
that of eMudates. Although the material formed will be 
considered as homogenous, modelling of production/decom­
position of this material will be split up in two separate 
descriptions, because of the different modelling in the 
souree materials. 

Soil organic material from soluble organic material 
fractions: 

dHs<fn,tl 

dt 

in which: 
Hs<fn,tl 

a 
as 

V 

s<fn,tl 

ah 

= 

= 
c 

= 

= 

= 

Soil organic matter<humusl from soluble 
organic matter (kg m-2) fraction fn 
assimilation factor (-) 
decomposition rate of soluble organic 
matter (d-1 l 
water volume of the layer (average 
during tirnestepi (ml 
soluble organic matter concentratien 
of fraction fn (kg m-3) 
decomposition rate of soil organic 
matter <d-1l 

N.B. For the decomposition of Hs<fn,tl no assimilation factor is 
used, because ah represents a net decomposition rate to C02 
(see chapter 2l. 
s(fn,tl Is a variable of which the change in time and the 
value at point of time t are calculated in the transport­
and conservation equation. As can be seen in chapter 4, the 
equation of s(fn,tl can have quite different forms. There­
fore, we use the average value during the timestep, ~(fnl, 
which is also calculated, and then the solution fellows: 

a*as*V*~(fn) 

Hs<fn,tl = ------------*(1 
ah 
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Soil organic material from root exudates: 

dHe<t> 
------ = a*ae*E<t> - ah*He<t> 

dt 

in which: 
He<t> = Soil organic material (humu>.'' from exudates 

<kg m-2) 

dHe(t) ke ke -e.e*t 
------ + ah*He<tl = a*ae*(--- (--- E<O>l*e )) 

dt ae ae 

for which the solution is: 

a*ke 
He<t> = ----*(1 

ah 

-ah*t a*(ke- ae*E(0)) -ah*t 
e l + ----------------*(e 

(ah - ae) 

+ He(O)*e 

Total soil organic matter H(t) <kg> is 

H ( t ) = L Hs ( t ) + He < t ) 
fn 

5.2. Nitrogen mineralization and -immobilization 

In this paragraph the derivation of the values for kO and k1 
for NH4 and ND3 will be described. 
The principles of these calculations are: 

1. The net total mineralization rate of NH4 during the 
timestep, k0(NH4l, fellows from the composition/decompo­
sition balance of the different organic materials, taking 
into account their diverse N contents. 

2. The decomposition (oxidation) rate of NH4, k1<NH4l, has a 
certain basic value (following from literature data>, 
which is reduced for (partial) anaerobic conditions. 

3. The formation rate of ND3 is derived from the decomposi-
tion rate of NH4. 

4. The rate of decomposition of ND3 is determined by the 
part of the total decomposition of organic material that 
takes place under anaerobic conditions, where the oxygen 
demand is replaced by a nitrate demand. 

Ad 1: 
The total net decomposition of organic material during the 
timestep is calculated as: 

Dom = 
~{V(Ol*s(fn,Ol - V<t>*s(fn,tl + L*kO(OMSl*t + Is<fnl - Us<fn)} 
fn 

+ H<O> - H(t) + E<O> - E<t> + ke*t 
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in which: 
V<O> 

V<t> 
Dom 

Is<fn> 

Us(fn> 

= moisture volume at beginning of 
timestep <m> 

= moisture volume at end of timestep (m) 
= net decomposition of organic material 

during the timestep (kg m-2) 
= total amount of soluble organic matter 

fraction fn transported into the layer 
during the timestep <kg m-2) 

= total amount of soluble organic material 
fraction fn transported out of the layer 
during the timestep (kg m-2> 

The values Is(fn) and Us(fn) follow from the transport- and 
conservation equation for organic material in solution. 

The net release of mineral nitrogen during the timestep or 
ammonification, Mn (kg m-2) then fellows from: 

Mn = ~{nifr(fn)*(V(O)*S<fn,O) - V<t>•S<fn,t> + L*kO(fn>*t 
fn 

+ Is(fn) - Us(fn))} 

+ nifrhu*<H<O> H <t> > 

+ nifrex•<E<O> 

in which: 
nifr(fn> = nitrogen fraction in organic material 

fraction fn 
nifrhu = nitrogen fraction in soil organic: 

material 
nifrex = nitrogen fraction in exudates 

The rate of NH4 production is: 

Mn 
kO<NH4l = kg m-3 soil d-1 

Ad 2: 
If the decomposition <oxidation) rate for NH4 under aerobic 
conditions is knh (d-1>, the decomposition rate for NH4 
under partial anaerobic conditions can be assumed as: 

k1 <NH4l 

in which 

= -AE*knh d-1 

AE = aerated fraction of the layer during the 
timestep considered 

N.B. k1<NH4l Is negative because all the rate constantsin 
the transport- and conservation equation are expressed in 
terms of production. 
The calculation of AE is given in paragraph 5.3 about aera­
tion and denitrification. 

Ad 3: 
The rate of production of N03 is equal to the rate of decom­
position of NH4. Because k1<NH4l is a first-order rate 
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constant and kO<N03l a z~ro-order one, we must multiply by a 
concentratien term, and because k0(N03) is expressed in kg 
m-3 soil d-1 we also multiply by the average moisture 
fraction: 

k0(N03l AE*knh*enh*9av kg m-3 soil d-1 

in which: 
enh = average concentratien of NH4-N in solution 

during timestep <kg m-3) 
eav = average moisture fraction during the timestep 

The value of enh fellows from the transport- and conserva­
tien equation applied to NH4. 

Ad 4: 
If we take the anaerobic oxydation reaction of glucose by 
Pseudomonas aeruginosa: 

5 C H 0 + 24 NO ~ 30 co 
2 

+ 18 H 0 + 12 N + 24 OH 
6 12 6 3 2 2 

as the general ferm in which denitrification takes place, 
we see that for the oxidation of each mole of carbon 24/30 
mole of N03 is needed. This means that for each kg carbon 
oxidized 24/30 * 14/12 kg N03-N is denitrified. If the 
carbon content of organic material is taken as a constant of 
58% on dry weight basis, as is often done, it fellows that 
the N03-N demand, Dn (kg N m-3 d-1>, can be expressed as: 

24/30 * 14/12 * 0.58 * <1 - AE> * Dom 
On = -------------------------------------

L * t 

0.541 * (1 - AE> * Dom 
= ----------------------

L * t 

As can be seen, the disappearance of nitrate as expressed 
here, is not a first-order process, but a zero-order pro­
cess. Therefore we must combine Dn with the value derived 
above for the production of nitrate from ammonium, resulting 
in a zero-order rate constant for the net production of 
nitrate: 

kO<N03l 
0.541*<1 - AEl*Dom 

= AE*knh*~nh*9av - -----------------­
L*t 

which can be positive as well as negative. 
Because of this combination, k1<N03) is not used in the 
transport- and conservation equation: 

k1(N03l = 0 
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5.3. Aeration and denitrification 

In this paragraph the modelling of the oxygen distribution 
in soil air and water is described. The purpose of this 
modelling is to be able to determine which part of the 
organic matter decomposition during the timestep considered, 
as calculated in par. 5.2, takes place aerobically <with 
oxygenl and which part is oxidized with nitrate, resulting 
in denitrification. This partitioning is expressed in the 
fractions AE and (1 - AEl as used in par. 5.2. 

Under complete aerobic conditions, the oxygen demand can be 
calculated, assuming a carbon content of 58Y. in organic 
material and oxidation to CD2, so that for each mole of C, 2 
mole of 0 (or ene mole of 02) is needed: 

• 
32 Dom Dom 

Doe = * 0.58 * = 1.55 * 
12 

in which 
Doe = oxygen demand for carbon oxidation of layer 

considered during the timestep 
(kg m-3 soil d-1) 

Under these circumstances, the NH4 released during minerali­
zation and the NH4 in solution and released from the soil 
complex will be oxidized toe, according to: 

+ 
2 NH 

4 
+ 4 0 

2 

+ 
~ 2 H 0 + 2 NO + 4 H 

2 3 

resulting in an oxygen demand for nitrification of: 

128 
Don = * knh * ~nh * eav = 4.57*knh*~nh*6av 

28 

in which: 
Don = oxygen demand for nitrification in layer 

considered during timestep <kg m-3 soil d-1) 
~nh = average ammonium concentratien (kg m-3), here 

used as Lne va1ue occurrinq under complete 
aerobic conditions. To calculate this ~nh a 
separate use of the transport and conserva­
tien equation for NH4 is needed. 

The total oxygen demand under aerobic conditions is the sum 
of Doe and Don. Expressed in terms of production of oxygen, 
it is: 

a = - <Doe + Don) 

in which 
a = oxygen production (kg m-3 soil d-1) 

lf we want to express the oxygen demand in volume of oxygen 
gas used, we can apply the law of Boyie-Gay Lussac, which 
can be written as: 
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p*v = m*Rg*<T + 273) 

with 

we find: 

p 
V 

m 
Rg 
T 

= gas pressure (atm) 
=gas volume (1) 
= number of rnoles 
= gas constant (1 atm C-1 rnole-1) 
= temperature (C) 

value 
1 

1 
0.08205 
as occurring 

v = O.OB205*(T + 273) 1 mole-l = O.OB205*(T + 273)/32 l g-1 
-3 

= 2.56*10 *<T + 273) m3 kg-1 

With this nurnber we can derive the total oxygen demand per 
unit volurne of soil b, expressed in m3 m-3 soil d-1 for the 
layer under consideration as: 

-3 
b = -2.56*10 *(T+273)*a 

Oxygen supply frorn the air into the soil systern takes place 
rnainly through the process of diffusion through the airfil­
led pores. According to Bakker(1965) we can write for the 
diffusion constant in the soil systern: 

p2 
D = DO*p1*Elg 

in which: 
DO 

D 

= Diffusion coefficient for 02 in the atrno­
sphere (rn2 d-1) 

= Diffusion coefficient for 02 in the soil 
gasfilled pore systern (rn2 d-1) 

= volurne fraction of airfilled pores (rn3 m-3) 
p1 and p2 are empirical constants dependent 
on the soil type 

The vertical diffusive transport of oxygen in the airfilled 
pores in the soil system is described by: 

dep 
Elg*--- = 

dt 

2 
d cp 

D*----
2 

dz 
- b 

in which: 
cp = oxygen concentratien in airfilled pores 

<rn3 rn-3) 
t = time <dl 
z = depth <m> 

In the model we will assume a stationary situation per 
timestep: 

dep 
eg*--- = o 

dt 

so that the diffusion equation can be reduced to: 
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2 
d cp 

D*---- = b 
dz

2 

4 
Because diffusion possibility of oxygen in water is about 10 
times as slow as in the air, we neglect the consumption of 
oxygen in the layers below groundwater level, and consider 
them as anaerobic. 
In the model, the soil system is divided in nl layers. Each 
layer k has its own thickness L<k> <ml. If we keep D and b 
constant per Iayer and per timestep, expressing them as D<k> 
and b(kl, respectively, we can write for each layer k: 

2 
d cp 

D<kl*---Î = b(kl 
dz 

A condition that must be met in this stationary situation is 
that at each layer boundary the oxygen supply rate is equal 
to the oxygen consumption rate below that boundary. lf Z<k> 
is the depthof the bottorn of layer k from soil surface <m>, 
and na is the number of aerated layers, we can express this 
condition according to Fick's first law, as: 

dep 1 na 
for z = Z(k-1) cp = cp(k-1> = ----*L L<nl*b<n> 

dz D<kl n=k 

dep 1 na 
= ----* L: L<nl*b(n) for z = Z ( k) cp = cp(kl 

dz D ( k l n=k+l 

The boundary condition for the soil surface is: 

for z = 0 cp = ca 

in which 
ca = concentratien of oxygen in air (m3 m-3) 

For each layer k we can write: 

for Z<k-1) <= z <= Z<kl: 

2 
d cp 

D<kl*---- = b(k) 
dz'-

dep b<k> 
= ----*z + Kt 

dz D < k) 

in which K1 is a constant. 
For the boundary z = Z<k-1> we can write this aso 

1 na 
----* 2_ L<nl*b(n) 
D<k> n=k 

b(k) 
= ----*Z <k-1> 

D(k) 
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Kl 
1 na 

=- ----* L L<n>*l><n> 
D<k> n=k 

l>(k) 
- ----*Z <k-1> 

D<kl 

resulting in: 

dep b(k) 
= ----*z 

dz D!kl 

1 na 
----* 2: L<nl*l><n> 
D<k> n=k 

b ( k) 

- ----*Z <k-1> 
D!kl 

dep b(k) 1 na 
= ----*<z - Z<k-1)) - ----* L L<n>*l><n> 

dz D<k> D<k> n=k 

Integration yields: 

b <k> 2 z na 
cp = ------*<z - 2*Z<k-1l*z> - ----* L:L<n>*l>(n) + K2 

2*D<k> D(kl n=k 

in which K2 is a constant. 
For the boundary z = Z<k-1) we can write: 

b(k) 2 2 Z <k-1> na 
cp(k-1) = ------*<<Z<k-1)) 

2*D<k> 
2*<Z<k-1)) )) - ------* L L(n)*b(n) 

D <k > n=k 

K2 
b (k) 2 

= cp<k-1> + ------*<Z<k-1>> 
2*D<k> 

Z<k-1) na 
+ ------* ,L"L<nl*l><n> 

D <k > n=k 

so that: 

l><k> 2 z na 
cp = ------* (z - 2*Z <k-1> *z) - ----* L. L <n) *b <n) 

2*D<kl D<k> n=k 

b (k) 2 Z (k-1> na 

+ K2 

+ cp(k-1> + ------*<Z<k-1)) 
2*D<k> 

+ ------* L L<n>*l><n> 
D<kl n=k 

or, rearranged: 

l><k> 2 2 
cp = cp<k-1) + ------*(z - 2*Z<k-1l*z + <Z<k-1)) ) 

2*D<k> 

( Z ( k-1 ) - z ) na 
+ ------------* L L ( n) *I> <n) 

D (kl n=k 

For z = Z<kl then fellows: 

cp(k) 
b(k) 2 

= cp(k-1l + ------*<Z<kl 
2*D<kl 

<Z<k-1) - Z<k>> na 

2 
- 2*Z<k-1l*Z<kl + <Z<k-1» l 

+ ---------------* .2:_ L ( n l *I> ( n) 
D<kl n=k 
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er 

b(k) 2 
cp<k> = c<k-1> + ------*L (k) 

2*D(k) 

L<k> In 
----* z= L<n>*b<n> 
D<k> n=k 

Now we have found a way of calculating the oxygen concentra­
tien of a layer k from that of the layer k-1, in a profile 
where all oxygen demands below layer k are fully met, assu­
ming na layers are totally aerated. If, however, the oxygen 
demands are high and/or the diffusion process is hampered by 
wet conditions, the oxygen profile will show a very steep 
decline with depth, and for the lower layers above groundwa­
ter level negative Concentratiens could be calculated with 
the formula given above. Tc avoid this, we use an iteration 
scheme in which, starting with the toplayer, we calculate 
the oxygen profile for the situation that 1, 2, 3, ••• etc. 
layers contain oxygen, stopping when first negative Concen­
tratiens are calculated er the groundwater level is reached. 
This scheme is given in fig. 5.2. 
Another complication for some layers may be that, even if 
some oxygen is present in the airfilled pores, the diffusion 
into the waterfilled soil agregate pores may net be fast 
enough te make these aggregates completely aerobic. The 
result is that in the middle of the aggregates anaerobic 
conditions occur, while at the edges aerobic decomposition 
takes place. The soil layer is then called partially anaero­
bic. Because in the anaerobic parts decomposition of organic 
material takes place with nitrate instead of oxygen, the 
oxygen consumption of such a layer will be smaller than 
b(k), and we have te calculate still another oxygen profile. 
The way of determining the reduction of b(k) will be given 
at the end of this paragraph. When this is done, the new 
reduced oxygen demands b'(k) are used in the following 
steps. The complete iteration scheme is given in fig. 5.3. 
The calculation of b'(k) for each k can be performed as 
fellows: 
If the soil pore system is considered as a number of verti­
cal ventilation channels, the gas transport from these chan­
nels into the waterfilled soil part can be described with 
the equation for horizontal transport from a vertical cylin­
der: 

Ds d dcw 
--*--<r*---> =-a (Hoeks, 1972) 

r dr dr 

in which: 
cw = concentratien of oxygen in water (kg m-3) 
Ds = diffusion coefficient for oxygen in 

saturated soil <m-2 d-1> 
r = distance from centre of pore <m> 

N.B. The concentratien of oxygen in the soil solution at the 
water-air boundary cw is, under steady state conditions, in 
equilibrium with the concentratien in the pore air cp. In 
par. 5.5 the temperature-dependent equilibrium relation used 
in the model is derived. Ds is obtained from the diffusion 
coefficient for oxygen in water Dw through multiplication 
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Figure 5.2. Iteration scheme for calculation of vertical 
oxygen distribution in airfilled soil pores 

layer na saturated? 

yes no 

na - 1 layers aerated assume na layers aerated 

cp(na) 

yes 

continue 
DO loop 

> 0? 

no 

na - 1 layers 
aerated 

Calculate oxygen profile 

Figure 5.3. Iteration scheme for calculation of vertical 
oxygen distribution in airfilled soil pores, taking into 
account the possibility of partial anaerobiosis. 

all b. ( k) =b(k), assuming complete aeration 

calculate oxygen profile according to fig. 5. 2. 

-6 
DO WHILE SQ > 10 

calculate new va lues for b' (k) 

calculate new oxygen profile according to fig. 5. 2. 

calculate SQ = sum of squares of differences 
with previous profile 

~'~ no 

end DO loop I continue DO loop 

last calculated oxygen profile can be used 
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', 
\ -i) 

kc::/' rl 1 (I 
j 

' I; ),;c(/,L 

by the volume fraction of water (in this case at saturation 
esatl, and by a labyrinth factor 1/À ~o.3 representing the 
tortuosity of soil pores: 

I 
Ds = esat * - * Dw 

:\ 
Boundary conditions for the diffusion equation are: 

for r = rv c:w = c:we 

dcw 
for r = R = 0 and cw = 0 

dr 

in which: 
cwe = equilibrium oxygen concentratien in soil 

water at water/air boundary (kg m-3) 
rv = radius of pore (m) 
R = distance from centre of pore where cw = 0 

Of course the airfilled pores in a soil layer differ in 
their widths rv. If Y2 (cm) is the suction in the layer, the 
corresponding smallest airfilled pore radius r2 (m) is cal­
culated as: 

0.0015 
1-1 r2 = ------

"'Y2 
fur)j (' 

( 
/} :7{i (' •' 

' ) 

( ' . 
If the air entry poi~~ of the soil is ~t moisture suction 
(cm) with corresponding radius of the biggest pore rl (m) 
can estimate the average radius of the airfilled pores in 
the layer as the geometrical average of rl and r2 and use 
this value as a generalized pore radius rv for the whole 
1 ayer: 

rv 

Rewriting of the diffusion equation yields: 

d dcw 
--(r*---) 
dr dr 

= 

Integration yields: 

dcw 
r*--- = 

dr 

a 2 
----*r + K3 
2*Ds 

in which K3 is a constant. Using the boundary condition 

for r = R 

a 2 
----*R = K3 
2*Ds 

dcw 

dr 
= 0 we find: 

6 

Yl 
we 

ICW-nota 1671 
Team Integraal Waterbeheer 
Alterra-WUR



dcw 
= 

dr 

a a 2 1 
----*r + ----*R *-
2*0s 2•0s r 

Integration yields: 

cw = 
a 2 

+ ----•R *ln<r> + K4 
2•0s 

In which K4 is a constant 

for r = rv where cw = cwe this becomes: 

K4 
a 2 

= cwe + ----*r-V 
4•0s 

a 2 
----*R *ln<rv) 
2*0s 

So the solution for the oxygen concentratien decline around 
an airfilled soilpore is: 

cw = -
a 2 

----•R •ln(r) 
2•0s 

a 2 
+ cwe + ----*rv 

4*0s 

a 2 
----•R *ln<rvl 
2*0s 

and for the distance R from the soil pore centre to the place 
where cw = 0 we can write: 

0 = 
a 2 

+ ----•R *ln<Rl 
2*0s 

a 2 
+ cwe + ----*rv 

- 4*0s 

From this equation, R can be solved by the method of Newton­
Raphson iteration with 

F <Rl = 
a 2 a 2 

----•R + ----•R *ln<Rl 
a 2 

+ cwe + ----*r-v 
4*0s 

a 2 
----•R •ln<rvl 
2*0s 

a 2 1 a 2 
= ----•R *<-

2*0s 
+ ln<R> - ln(rv)) + cwe + ----*rv 

2 4•0s 

a a a 
F' <Rl = ----•R + --•R *ln<Rl + ----•R 

Os 

a 
= --•R*(ln<R> - ln(rv)) 

Ds 

according to the iteration scheme 

F<R(n)) 
R(n+1) = R<n> + -------­

F'<R<nll 

By calculating in advance the R-values for extreme values of 
a, Ds and rv, and interpolating between these R values with 
the current a, Os and rv, a suitable starting point R<Ol can 

37 

ICW-nota 1671 
Team Integraal Waterbeheer 
Alterra-WUR



be found. 
The aerated area in horizontal direction ae (m2l for each 
pare is: c.,~~ r-- ~ 1\ 

I 

i 
' --~--•-----------~ __ , ___ _ ae 

rv R 
If the volume of a ~ere over a layer thickness of 1 m is 
est i mated as À *!f*rv· and the mei st ure di fference between the 
suctions Y1 and Y2 is S+, we can approximate the number of 
airfilled pores as: 

N = ------- = ---------

If all airfilled pores would be regularly distributed the 
whole aerated soil fraction in the layer considered AE (m3 m-3) 
would be 

but the distribution of the pores is a random ene, so that 
the aerated volume of soil wil net increase linearly with 
the number of airfilled pores. If we define the chance that 
a new airfilled pare interferes with an already aerated soil 
part proportional to that aerated soil part, the total 
aerated soil volume with N airfilled pores is equal to: 

N 
AE = 1 - ( 1-ael 

and the reduced oxygen production and demand rates are 
calculated as: 

a'(k) = -AE*a(kl ,. 
and 

<kg m-3 d-1 l f .. 
b. (k) = AE*b(k) (m3 m-3 d-1) 

As a summary of the complex and interrelated processes 
described in the paragraphs 5.2 and 5.3, the logical order 
in which the calculations explained take place, is clarified 
by the scheme given in fig. 5.4. 
During short-term heavy rainfall periods it is possible that 
the rootzone is temporarily saturated with water, and anae­
robic conditions occur. In a model that uses steady state 
average weather conditions during timesteps of more than ene 
day, these periods will net be described. However, due to 
the relative abundance of organic material in the topsoil, 
denitrification during such short periods cannot be ignored. 
Therefore we must make an estimate of the period and the 
depth over which the toplayers are saturated, during the 
timestep considered. This can be done as fellows: 

If the precipitation surplus Ps (rn) of the timestep is 
considered as a vertical column of water with area 

esat - eav 
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I 
;; 

Figure 5.4. Scheme for the calculation of kO and kl-values 
for NH4 and ND3 

Total amount of decomposition of organic material 
and N-contents of organic materials 

calculate kO<NH4l for all layers 

calculate oxygen demand under complete aerobic 
conditions for all layers: 

assume temporarily k1<NH4l = -knh 

calculate enh under aerobic conditions 
using the transport- and conservation equation for NH4 

calculate oxygen demand resulting from org.mat. decom­
position and nitrification 

calculate maximal oxygen production and demand a and b 

calculate oxygen profile under aerobic conditions 
<see fig. 5.2> 

calculation of oxygen profile and AE under partial anaerobic 
conditions (see fig. 5.2 and 5.3> by iteration 

definitive values for AE for all layers 

k1 <NH4l = -AE*knh 

real enh with transport and conservation equation for NH4 

kO<ND3l = f<enh, AE, Dom> 
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the height h (m) of this column is 

Ps 
h = ----------

esat - eav 

the relative duration t of this temporary anaerobiosis 
caused by saturated transport of such a column of water is 

t = h/ks(1)/t 

in which: 
ks(1) 
t 

= saturated conductivity of layer 1 (m d-1) 
= fraction of timestep with anaerobiosis in 

toplayer or -layers 

The number of layers partaking in this temporary anaerobio­
sis can be estimated as all these layers with Z!kl < h. 

Now this extra denitrification process has to be combined 
with the scheme given above. This can be done easily, be­
cause both t and (1 - AE> have been defined as a fraction, 
although the first is expressed as a fraction of the time­
step and the secend as a fraction of the layer volume. Both 
can be expressed as a fraction of the total amount of orga­
nic material decomposed, that is the fraction decomposed 
anaerobically. So, for the layers under consideration: 

AE becomes AE - t*AE = AE*<1 - tl and 

(1 - AEl becomes 1 - AE + t*AE = 1 - AE*(1 - tl 

and this calculation must take place just after the defini­
tive AE following from oxygen distribution calculation is 
used in determining k1!NH4l and k0(N03) (see fig. 5.4) 
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~. 

5.4. Uptake of mineral N by plants 

In this paragraph the calculations leading to the parameter 
s, the selectivity constant for uptake of soluble species by 
plant roots, used in the transport- and conservation equa­
tibn, will be explained. 
In the model, only mineralNis taken up in the ferm of 
nitrate or ammonium. Therefore, for soluble organic mate­
rial, the value of Sis always zero. 
It is assumed that the mineral N requirement of the erop is 
related to the growth rate, which, on its turn, is related 
to the amount of evapotranspiration realized. A maximal erop 
production will be realized in a warm year with optimal N 
supply. lf the total evapotranspiration realized during the 
growing season in such a warm year is Epot<m>, and the 
total maximal N uptake is Nmax(kg m-2>, we can define a 
optimal minerai-N concentratien Copt<kg m-3) in the evapo­
transpiration flux as: 

Nmax 
Copt = -----

Epot 

Because the nitrogen requirement in the first part of the 
growing season is often higher than in the secend part, we 
shall distinguish two periods in this respect: 

Nmax1 
first period: to - t1 with Copt1 = 

Epot1 

Nmax2 
secend period; t2 - t3 with Copt2 = 

Epot2 

tO is the time of year (d) when the erop starts to grow 
t1 is the time when the mineral N need decreases 
t3 is the end of the growing season. 

If the evapotranspiration during the growing season is re­
duced, the total N requirement of the plant will decrease. 
The cumulative realized nitrogen uptake for the layers of 
the rootzone, which must be corrected for the N excreted via 
root exudates, can be calculated as: 

Nre(i) 

in which: 
Nre(i) 
i 
S<i> 
n 
nr 
fe<n,i) 
eni<n,i) 

nr 
= Nre<i-1) +~ {S(i)*[fe<n,i>*eni<n,i> +enh<n,i)J} 

n=1 

= 
= 
= 
= 
= 
= 
= 

nr 
~{nifrex*ke<n,i)*t} 

n=1 

realized cumulative N uptake by erop roots (kg m-2) 
timestep number from tO 
selectivity constant for this timestep 
layer number 
number of layers in the rootzone 
realized evapotranspiration flux from layer n (m) 
average concentratien of nitrate-N during timestep 
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in layer n (kg m-3) 
~nh<n,i) = average concentratien of ammonium-N during timestep 

in layer n <kg m-3) 

The maximal N uptake would be: 

(with Copt = Copt1 for tO<t<t1 and Copt = Copt2 for t2<t<t3l 

Nm <i) 

in which: 

nr 
= Nm(i-1) + L fe<n,il*Copt 

i=1 

Nm(i) = maximal cumulative N uptake <kg m-2) 

If for the timestep under consideration Nre would be greater 
than Nm, the selectivity constant Tor the next ti•estep can 
be approximated by: 

Nm<il 
S(i+1) = -----­

Nre(i) 

If Nre <= Nm then 

S<i+ll = 1 

And of course if no erop is present, then 

SCi+ll = 0 

This procedure of evaluation of the last timestep, correc­
ting afterwards and proceeding in spite of too much uptake 
during a timestep is followed because otherwise endless 
iteration procedures would be involved. 

5.5. Influence of temperature 

When the model is used for predietien purposes, the course 
of temperature in the future years is not known; in this 
case we use a simple sinus-wave model for the air tempera­
ture, with a damping effect for depths below the soil sur­
face. The description of soil temperature at a certain depth 
z (m) from soil surface and at a certain day of the year t 
according to such a model is <Van Wijk, 1963): 

-z/Dm 
T<z,t) = Ta + AO*e *cos<w*t + V - z/Dml 

in which: 
T<z,t) = temperature at depth z and time t <Cl 
t = time of the year(d) 
Ta = average yearly temperature CC) 
AO = amplitude of temperature wave <Cl 
Dm = damping depth <ml 
w = frequency of temperature wave <rad d-1) 
ID = phase shift <rad) 
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F'i:J;-· the yearly temperature wave the frequency is: 

w = = 0.01721 rad d-1 
365 

The damping depth is the depth where the amplitude of the 
sl.hus :>ve is reduced to AO/e. Dm can be caluclated from: 
·'·'I. 

Dm = V2a1w' 

irf wh.: .::h: 
a = thermal diffusivity <m2 d-1) 

T~e vaiue of a is a measure for the rate with which tempera­
tu,re tliffer·ences are levelled; it is dependent on the ther­
m~! conductivityA(cal m-1 d-1 C-1) and the specific heat c 
(cal m-3 C··-1) of a soi 1: 

The P"''·ameter a is net a constant for a certai n soi 1 type; 
it changes with moisture content. In the model a constant 
value for a is used, which has to be estimated from average 
yearly moisture data <See Van Huet, 1982). 
Van Duin (1956, in: Van Huet,1982) showed that the yearly 
temperature wave is ~/4 behind the heat flux wave at soil 
surface. If the minimum of the heat flux is on the 22nd of 
december, the minimum of the temperature at soil surface is 
at the 7th of february. This is accomplished by taking 

V= -3.7721 (from: cos(w*t +V> = -1) 

When a certain extreme temperature-scenario must be calcu­
lated, the values of Ta or AO or a can be adapted. 

When the model is used for evaluating processes in the past, 
and temperature measurements have been made, these can be 
used in the calculations. To derive a temperature course 
from a limited number of data, the method of Fourier analy­
sis is used (see van Wijk, 1963). If 52 weekly measurements, 
numbered i (i= 1 •.• 52) of air temperature T<O,i) at day 
numbers of the year t(i) are known which must be equidistant 
in time, the model describes: 

6 
T<z,t> = Ta + ~ {A(n)*exp(-zv;/Dm>*sin(n*w*t + ID<n> - z*~/Dm)} 

n=l 

in which the Fourier coefficients A(n) and ID<n> (n from 0 
through 5) are calculated as fellows: 

ID<n> 

A(n) 

a(n) 

= arctg(a(n)/b(n)) 

= b(n)/cos(ID(n)) 

2 52 
= --* L {T ( 0, i ) *COS ( n*W*t (i ) ) } 

52 i=l 
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b(n) 

and 

Ta 

2 j 
= --* L <T<O,il*sin(n*w*t<il)} 

52 i=1 

= a(0)/2 is the average of the temperature data 
given <Cl 

The average temperature of each layer during the timestep 
can be calculated with one of these models by using for z 
the depth of the middle of the layer from soil surface and 
for t the day number at the middle of the timestep. 

Then the temperature influences on the different processes 
can be calculated: 

The reaction rate for biologica! decomposition processes is 
temperature dependent. Rijtema (in:Lammers, 1983) presents 
data collected by Kolenbrander (personal communicationl, as 
shown in fig. 5.5. 

Figure 5.5. Relation between temperature and relative 
microbiological activity (Lammers, 1983). 
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A maximum rate occurs between temperatures of 26-36 C. For 
temperatures from 0 to 26 C this curve can be described by 
the Arrhenius equation: 

r <Tl = Z*eXp(-a/Rg*Tl 

in which: 
r(T) = rate at temperature T (here T expressed in Kl 
Z = a constant 
a = a constant 

If we want to express the rate relative to that at average 
year temperature Ta, we get <with Tin~ and a/Rg = 9000): 

r (Tl 

r <Tal 

1 
= exp(-9000*(------­

T + 273 
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For tempe; ::ures below 0 C, we take 

r <Tl 

r <Tal 

The factor r(Tl/r(Tal can be calculated for each layer. By 
multiplyir· ae, as, ah, knh and each an (see 5.1.2, 5.1.4 
and 5.2) •·c·ch this factor, separate rate constants for all 
these proc~sses for each layer are obtained. 

Influence ~ temperature on the diffusion coefficient for 
oxygen in ~ir: 

The diffu~ Dn coefficient Da(O) of oxygen in air at a tempe­
rature of 0 Cis 0.1758 cm2 s-1. If we assume no changes in 
the parti0 pressure of oxygen in air (0.21 atml, the rela­
tion with ··emperature can be calculated as <Bakker, 1965): 

Da <Tl 
273 + T 

Da<Ol*(-------)**1.75 cm2 s-1 
273 

-4 
so DO <see 5.3) = Da<Tl*10 *3600*24 m2 d-1 

So for each layer and timestep a different DO, dependent on 
temperature, is used. 

lnfluence of temperature on the solubility of oxygen in 
water: 

The solubility of oxygen decreases when temperature in­
creases. From solubility data given by (Oorzaken, wezen en 
gevolgen van waterverontreiniging, 1974> a linear relation­
ship for the temperature range of 0 to 15 C for the equili­
brium concentratien at the air/water boundary was derived: 

-3 
cwe = (69.03 1.404*Tl*10 kg m-3 water at 1 atm 02 in air 

The solubility is proportional to the partial 02 pressure at 
the air/water boundary, so: 

-3 
cwe = (69.03 - 1.404*Tl*10 *cp kg m-3 water 

Influence of temperature on diffusion coefficient for oxygen 
in water: 

For this influence the model interpolates between the 
following data: 

Temperature (Cl 

0 

10 

20 

Dw <m2 d-ll 
-5 

8.64*10 
-4 

1. 38*10 
-4 

1. 64*10 
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and calculates Dw for each layer. 

5.6. lnfluence of moisture 

The influence of suboptimal moisture contents on the same 
rate constants as mentioned in par. 5.5, is described by 
multiplication of these rates with a reduction factor depen­
dent on the pF. The relation used was derived from the 
measured influence of moisture on mineralization rate of 
soil organic nitrogen in a field trial on grassland at 
Ruurlo during several years. For each layer the pF must be 
determined from average moisture fraction during the time­
step and the pF curve. Then the reduction factor can be 
found by interpolation using the following data: 

pF 
<=2. 4 
2.7 
2.9 
3.2 

reduction factor 
1.00 
0.57 
0.36 
0.32 

Reduction in some process rates due to high moisture con­
tents is assumed to take place only if anaerobic oxidation 
is hampered by lack of nitrate for denitrification. 

5.7. Additions to the soil and ploughing 

At the start of each timestep additions to the soil can be 
simulated: the properties of the added materials must be 
specified in the input data. The additions can exist of: 

inorganic fertilizer 
manure or animal slurry 
plant roots 
ether organic materials 

Specificatiens needed per material added are: 

Composition of standard materials, defined at beginning of 
the run: 

fraction of the material which is organic 
N fraction in the organic material fractions 
decomposition rates for different fractions in the organic 
material (see par. 5.1.1) 
fraction NH4 
fraction ND3 

Way of addition: 
depth of incorporation of the material <number of layersl 

- number of layers that are ploughed 

The material is equally divided over the layers of incorpo­
ration. Dnly when plant roots are "added", that is when the 
erop is harvested, the distribution of roots as calculated, 
is adopted. In case of a tuber erop the harvested tuber 
material is subtracted and the root rests are divided over 
the top 10 cm of soil. 
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N.B. If erop residues ether than roots are to be incorpo­
rated in the soil this should be defined separately as an 
addition at harvest time. 

The simulation of ploughing in the model means the equal 
redistribution of all species and fractions present in the 
participating layers over the layers for which ploughing is 
desired. 

5.8. Other processes 

Volatilization: 
One important process in the nitrogen cycle has only been 
incorporated roughly in the model. Volatilization of NH3, 
formed from'NH4, is a process strongly dependent of short­
term weather col'tditions. When NH4-containing material is 
added on top of the soil and the weater is dry and warm, a 
major part of it may get lost through volatilization. If, 
however, the material is incorporated in the soil or preei­
pitatien falls directly after application, the major part 
will be saved. Because these weather conditions cannot be 
foreseen, modelling of volatilization is done as fellows: 

For additions on top of the soil: a certain percentage, 
defined beforehand, of the NH4 applied is immediately lost: 
for grassland 30-40Y., for arable land ca. 20Y.. 
Addition of the remaining material to layer 1. 
For additions incorporated in the first (fewl layer(s): 
no volatilization 

Adsorption of NH4: 
The NH4 ion may be adsorbed to the soil complex, consisting 
of the negative surfaces of clay particles and humic com­
pounds. The distribution ratio Rd is the ratio amount adsor­
bed : amount in solution, both expressed in kg m-3 soil 
system: 

in which: 
Q = amount of NH4 adsorbed (kg m-3 soil systeml 

The amount adsorbed in a certain soil layer is: 

in which: 
qnh = amount adsorbed in a soil layer (kg m-2) 

The total amount of NH4 present in a layer is: 

The value of Rd is dependent of the cation exchange capacity 
<C.E.C.l of a soil and of the composition of the complex and 
the sol ut i on.· 
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Organic matter decomposition in the subsoil: 
Soil organic matter present in the deeper layers of the 
subsoil can have a very slow decomposition rate, in the 
order of 0.3% per year CSteenvoorden, 1983) and possibly 
originates from ether sourees than the organic material in 
the topsoil. Therefore the possibility is given in the model 
to attribute an extra reduction factor to the rate constant 
ah for deeper layers. 

Nitrogen fixatien is not included in the model. 

5.9. Mass balances 

After all the transformation- and transport processes have 
taken place, at the end of the timestep the amounts of 
carbon and nitrogen left can be checked by making mass 
balance calculations. 

Mass balance for organic material: 

Per layer the following equation should be met: 

BOl = B02 

in which: 
BOl = Disappearance of organic material + amount 

influx - amount outflux (kg m-2) 
+ amount of exudates formed 

B02 = transformation of organic material into C02 
(kg m-2) 

BOl =X. {VCOl*s(fn,Ol - V!tl*s<fn,tl} + kOCOMSl*L*t 
fn 

+ L {lsCfnl - UsCfnl} + HCOl - H!tl 
fn 

= Dom 

B02 = amount transformed into C02 from: 

B02 

OMS 
Soil organic material CHs and Hel 
exudates 

= ~{f<<l-al*as*~(fnl*Vl 
fn 0 

dt} 

+ ~<f<ah*HsCfn,tl) 
fn 0 

t 
+ Jcl-al*ae*E<tl dt 

0 
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.. I 

802 = L { (l:_a) *as*'il; (fnl *V*U 
fn 

a~as*V*!l:(fn) 
------------*(1 

t -ah*t 
+ JHs(fn,Ol*e dl} 

t 
+ ah* J 

0 ah 

d. 

ah 0 

-ah*t a*(ke- ae*E(Oll -ah*t 
- e ) + ________________ ,__ (e 

ah - ae 

-ah*t 
+ He<Ol*e } dt 

t ke 
+ ( 1-a) *ae* J {--

0 ae 

kc 
( .... 

ar: 

= L {( 1-a) *as*!l: ( fn) *V* U 
fn 

-ah*t 
e 1 -ah*t 

+ L {a*as*V*'il;(fnl*(t 
fn 

+ ---------> - Hs<fn,Ol*(e 
ah 

-ah*t 
e 1 a*ah*(ke- ae*E<O>> 

+ a*ke*<t + ---------> + -------------------
ah ah - ae 

e - 1 e - 1 
*{--------- ---------} 

ae ah 

ke -ae*t 
+ (1-a)*{ke*t + <--- E<O>l*(e 1l} 

ae 

The deviation in the mass balance for organic material, 
BO('l.) is now defined as: 

BOl - 802 
BO = ---------*100% 

TOOM 

1)} 

in which TOOM = total amount of organic material present at 
the end of the timestep <kg m-2) 

TOOM =I Os(fn,t> 
fn 

+ H<t> + E<t> + ~s(fn,tl*V<t> 
fn 

Mass balance for mineral nitrogen: 

Per layer the following equation should be met: 
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BN1 = BN2 

In which: 
BN1 

BN2 

= amount of mineral N disappeared from solu­
tion plus total influx of mineral N 
minus total outflux of mineral N 
plus net amount mineralized 
(kg m-2) 

= amount of nitrogen denitrified and taken up 
by plant roots plus increase in amount ad­
sorbed(kg m-2) 

N.B. Plant uptake = plant uptake of mineral N, here not 
corrected for exudate-N production as was done in par. 5.4., 
because the balance is for mineral N in solution and exuda­
te-N is organic N. 

BN1 = V<Ol*(cnh(O) + cni(0))- V<tl*(cnh(t) + cni<Oll 

+ Is<NH4-Nl + Is<ND3-Nl - Us<NH4-Nl - Us<ND3-Nl 

BN2 = 0.541*(1 - AE + t*AEl*Dom 

+ Q(tl - Q(Ol 

N.B. The uptake of mineral N can be written in this ferm for 
all layers, because for these layers not belonging to the 
rootzone, fe = 0. 

The derivation in the mass balance for N, BN(%), can be 
expressed as: 

BN 
BN1 - BN2 

= ---------*100% 
TON 

in which TON (kg) is the total amount of mineral N present 
in the layer at the end of the timestep. 

TON = V<tl*(cnh(t) + cni(t)) + Q(t) 
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6. CALCULATION OF STANDA:._) PARAMETER VALUES 

6.1. Or-ganic mater-ial fot ··ation and decomposition 

Par-ameter values for- des-~ iption of the long term organic 
matter- and organic N-be: viou.-, needed in the model ANIMO, 
must be chosen in such a way that the r-esults obtained 
corr-espond to a number- of celevant obser-vations in practice: 

1. Kolenbr-ander ( 1969) c;.;_ 1 ected 1 i terature data on 1 eng­
term net decomposition of different or-ganic materials added 
to soil or on top of ~Jil in field trials. 
In fig. 6.1 the decomp<.Jsition cur-ves ar-e given. 
The parameters for decomposition of fresh or-ganic 
material, an, combined with the decomposition rate of 
humus, ah, and the decnmposition rate of organic material 
in solution, as, must .>roduce about the same results for 
all these materials. The influence of the par-ameter as in 
this aspect is that the smaller- as is, the mor-e OMS 
leaches to deeper- layeos, and the smaller the real net 
decomposition of organic mater-ial in the trials, because 
then the disappearance measur-ed will be due to leaching 
as well as to decomposition. 

2. Janssen (1984) showed that not only the amount of or-ganic 
material present determines the decomposition rate, but 
also the natur-e and age of this material. In ether words: 
the eropping histor-y of a soil profile is an important 
factor- to be taken into account when the decomposition 

3. 
r-ate of the soil organic material is deter-mined. 
The decomposition r-ate for "soil organic material" (the 
net decomposition r-ate of all the decomposing or-ganic 
material present in soill on the long term must be 1.5 to 
2% per year (l(ortleven 1963). This means that ah and/or 
the smallest an per mater-ial must be of this order. 

4. Steenvoorden (1983) measured Total Organic Car-bon (TOCl 
profiles in salution in a lysimeter experiment where 
heavy gifts of animal slurry wer-e added to soil. The 
par-ameter as must be chosen in such a way that these 
results can be approximated. 
If heavy gifts of animal slur-ry ar-e applied, build-up of 
soil or-ganic mater-ial must take place not only in the 
rootzone or the zone to which fr-esh organic material is 
added, but also in the layer- below that zone (see 
McGrath, 1981). The only way in which this can be reached 
in a model is by simulating tr-ansport of or-ganic mater-ial 
in solution, which material has a decomposition rate not 
too high for- this effect to occur, and by applying a lower 
decomposition rate for soil or-ganic material. 

6. The distribution of nitr-ogen over- the organic mater-ial 
fractions in cattie slurry must be such that in the first 
year after application approximately 50% of the organic N 
is miner-alized. !Van Dijk and Sturm, 1983). 
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Figure 6.1. Net decomposition of different organic materials 
adapted from Kolenbrander (1969). 
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Figure 6.2. TDC profiles in a lysimeter experiment with 
yéarly application of high rates of pig slurry in november 
(Steenvoorden, 1983). 
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The pa~amete~s te be dete~mined fo~ use in the model ANIMO 
are: 

1. The f~action FR<fn) and the decomposition ~ate an(fn> of 
each f~action fn in each kind of o~ganic mate~ial 

2. The p~oduction and -decomposition ~ate of exudates, ke 
and ae 

3. The p~oduction- and decomposition ~ate of DMS, kO<OMS> 
and k1<DMS> 

4. The decomposition ~ate of humus, ah 
5. The nit~ogen contentsof all these mate~ials, nif~(fn), 

nif~hu, nif~ex 

6. The f~action of o~ganic mate~ial which al~eady is in 
salution when the mate~ial is applied <mainly of inte~est 
fo~ animal slu~~y>. 

Fe~ the pa~amete~s unde~ numbe~s 2 and 4 and some Óf those 
unde~ 6 we shall use di~ectly estimated values. Fe~ the 
othe~ pa~amete~s we shall de~ive the values f~om a simpli­
fied simuiatien model, because they a~e se st~ongly inter~e­
lated. 

Ad 2. 
Root exudates consist of many diffe~ent mate~ials; carbohy­
d~ates, amine acids, o~ganic acids, and othe~s. Most re­
sea~ch is done on ca~bohyd~ates and amine acids; the imp~es­
sion is given that these a~e the main components. Ba~be~ and 
Gunn (in: Russel, 1977) found a ~atio of 9:1 of these compo­
nents in the exudates of young ba~ley plants. If the ave~age 
C/N of ca~bohyd~ates is put at 100 <Y.N = 0.68) and that of 
amine acids at 3.5 <Y.N = 19>, the ave~age N content of the 
exudates can be estimated at 

nif~ex = 0.9*0.0068 + 0.1*0.19 = 0.025 

This numbe~ co~~esponds with an ave~age N-content of ~oot 
mate~ial. 

The amount of exudates exc~eted is an entity difficult te 
dete~mine unde~ natu~al ci~cumstances, because the p~oduced 
material is rapidly decomposed by micro-o~ganisms. Measu~e­
ments unde~ ste~ile ci~cumstances, howeve~, show a toe lew 
exc~etion of exudates, because it is known that the presence 
of mic~oflo~a stimulates exudation. 
Exudate p~oduction ~ate is often exp~essed as relative te 
plant g~owth. Seve~al sou~ces named in Russell(1977) give 
the ~esults of thei~ calculations, varying from less than 1% 
of the dry weight inc~ease of the plant te 9% of the root 
mass inc~ease unde~ ste~ile ci~cumstances. Shamoot e.a. 
(1968) found that 25 te 49 g o~ganic mate~ial o~iginating 
f~om ~oots pe~ 100 g ha~vested ~oot material stayed behind 
in the soil afte~ the ha~vest. When the fact that du~ing the 
g~owing season much of the p~oduced exudates is al~eady 
oxidized is taken into account, it might even be that total 
exudate p~oduction du~ing a g~owing season is of the same 
orde~ as ~oot p~oduction. 
Me~ckx e.a. (1985) measu~ed dist~ibution of 14-C ove~ plant 
pa~ts, soil and soil-root ~espi~ation, afte~ g~owing wheat 
plants in a 14-C02-atmosphe~e. Some ~esults of their expe~i­
ments are given in table 6.1. The soil ~espiration can be 
estimated as half of the soil-~oot ~espi~ation. 
F~om these data we calculate the data given in table 6.2, 
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The total amount of exudate decomposed during a time inter­
val t1 to t2, expressed as 14-C activity, can be estimated 
as: 

3 
* soil respiration activity (t2-t1) 

2 

assuming an assimilation factor of 1/3. 
The total amount of exudate formed during a time interval 
(expressed as 14-C activity) can be estimated as 

cum soil resp. act. <t2-t1> + soil residue act. <t2-t1l 

and we can define for each time interval t2 - t1: 

exudate production 
------------------ = relative exudate production rate 

root production 

cum soil resp. act. <t2-t1) + soil residue act. <t2-t1) 
= -----------------------------------------------------

cum root activity <t2 - t1l 

The average value for relative exudate production calculated 
from these data is 0.41. In the model we use this value: 

ke = 0.41*(R(ln,tl - R<ln,O)) 

It must be stressed that this number is derived from only 
one experiment with one plant species in one growth stage. 
In reality, exudate rates and the composition of exudates is 
dependent on plant species and age, but there are not enough 
data to model these effects. 
The parameter ke is calculated per timestep and per layer in 
the rootzone. 
Looking at the last two columns of table 6.2 we can see that 
the calculated exudate decompositions are sametimes higher 
than the calculated exudate productions. This can be a 
result of the assumptions about the assimilatibn factor and 
the ratio soil respiration : root respiration. At any case 
it will be clear that the decomposition must have been very 
fast. The remaining soil residue consisted of humus-like 
material. In the model we shall use a very high decomposi­
tion rate: 

ae = 1.0 d-1 

so that in practice, little or no exudates will remain in 
solution. 
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Table 6.1. Distribution of 14-C-activity !kBql after growth 
of wheat plants in 2 different :soils in a 14-C02-atmosphere 
with specific activity of 5-6 kBq mg-1 C. (Merckx, 1985>. 

* Days af ter Soil-root Soil residue Roots 
germination respiration (cum) <cum> 

(cum) 
Sandy soil 

21 196 40 463 
28 1616 393 2301 
35 4940 421 7663 
42 9441 583 14377 

Silty clay 
21 12 7 ? 
28 204 58 260 
35 858 265 1501 
42 1993 684 4295 

* Prior to growth in the 14-C atmosphere the plants were 
grown in a normal atmosphere for 10 days. 

Table 6.2. Calculation of exudate production rate from the 
data of table 6.1. For calculation method see text. 

Days a.fter Relative Exudate Exudate 
germination exudate activity activity 

production formed decomposed 
!kBql !kBql 

Sandy soil 
28 0.58 1063 1065 
35 0.32 1690 2493 
42 0.36 2413 3377 

.; oam 

Silty clay loam 
35 0.43 534 491 
42 0.35 987 852 

average 
0.41 
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Ad 4. The decomposition rate of humus: 
From the analysis results by Stanford and Smith(1972l of 39 
different topsoils it can be derived that these soils had an 
average C/N quotient of 11; this number does not change if 
the average of fallow, unfertilized soils is calculated or 
that of cropped and fertilized soils. From this we conclude 
that the bulk of the organic material present in these soils 
was of the same nature; because of the low C/N quotient it 
must have been humus. Therefore a humus decomposition rate 
of 0.02 j-1 was used in the folowing calculations, and the 
decomposition rates of all fractions in the fresh organic 
materials should be greater than 0.02 j-1. 

[ When solubilization and transport of organic material in 
solution are not taken into account, some of the curves of 
fig. 6.1 can be fitted relatively simple to the following 
concept: 

Decomposition of fresh organic material: 

dOs(fnl 

dt 

-an•t 
= Os(fnl•exp <the same as in ANIMOl 

Formation and decomposition of soil organic material: 

dH(fnl dOs(fnl 

dt 
= -a•------- - ah*H<fnl 

dt 

Resulting in a direct formulation of the total amount of 
organic material present at time t after the addition at 
t=O: 

Os(fn,O>•an -an•t 
Os(fn,tl + H<fn,t> = a* {-----------l•<e 

fn ah - an 

It appeared that with this formulation and using ah : 0.02 
j-1 and a: 0.33, noparameters for fr(fn) and an could be 
found which described the curves for the faster decomposing 
materialsin fig. 6.1; the reasen for this is that even with 
very high values for an, the fresh material is transformed 
for 1/3 part into slowly decomposing humus. If we held to 
ah= 0.02 j-1, it means that transport of soluble organic 
material plays an important rele. l 

For the nitrogen content of soil organic material/biomass a 
factor nifrhu = 0.048 was fixed, corresponding with a C/N 
ratio of 14 if the C-content of this material is 0.58. 

Ad 1, 3, 5 and 6 
Befere the simplified model with which the ether parameters 
are derived, is presented, we shall first make some 
estimates of the rate constants involved. 
In fig. 6.2. the TOC-profiles given by Steenvoorden (1983) 
are given. Pig slurry was added at a rate of 300 t y-1 to 
lysimeter columns with different winter groundwater tables. 
Except for the first, which was in spring 1977, all addi­
tions were fall additions, starting in the fall of 1977. 
From these profiles it can be concluded that: 
- there is a kind of basic TOC concentratien of about 30 g 
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m-3 in all columns, which cannot originate from the slurry 
additions, because in column 5 the water front from the 
precipitation surpus has not reached the bottem of the 
column after the 3 years of experimen~ation. We shall 
ignore this low concentration, probably consisting of a 
slowly decomposing material. 
The formation of OMS continues after the first year of 
addition of slurry, because the TOC concentrations in the 
toplayers are higher after 4 gifts th~n after 2 gifts, 
although, certainly in column 4, the yearly precipitation 
surplus reaches a much greater depth than the rootzone 
where the slurry was worked in. 
The production of OMS in the first year per addition is 
greater than in the following years, utherwise the TOC 
fronts would show a much greater increase in concentratien 
through the years. 

The total amount of organic matter per addition was 1350 g 
m-2. Oosterom and Steenvoorden !1980) give the COD !Chemical 
oxygen demand) of cattie slurry befere and after centrifuga­
tion. The COD is proportional to the TOC. After centrifuga­
tion, 40ï. of the COD was still in solution. lf the same 
applies to pig slurry, it means that at least 40ï. of the 
organic matter will be solubilized during the first year 
!936 gl. After one winter, the precipitation front in column 
3 will have reached a depth of about 1.5 m !300 mm precipi­
tation surplus, moisture fraction about .2). The organic 
material content of this layer in salution is about 
150/0.58*0.2*1.5 g = 77.4 g. lf the 936 g would be all the 
OMS production of the first winter after an addition, ae can 
be calculated from: 

OMS!tl 

77.4 
= ln!----) - 2.49 

936 

-2 
and as = 1.36*10 d-1 = 4.97 j-1 

for the winter period. When temperature effects are consi­
dered, and when more than 40ï. of the organic matter solubi­
lizes, as will be greater. 
lf the 40ï. organic matter would net immediately be available 
for decomposition in pig slurry, but produced during the 
first half year, the rate constant ae would even be higher. 
If we assume that 40ï. organic matter comes available in 
salution at a constant rate of production k, we can derive: 

dOMS 
= k as*OMS 

dt 
-as*t 

OMS e ) = 77.4 g 

936 
with k = we find as ~ 0.066 d-1 = 24.1 j-1 

183 

From these two calculations we estimate as in the order of 
15 j-1. 
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From fig. 6.1.we see that the net decomposition of manure 
during the fir·st year is about 507.. When no solubilization 
would have taken place, and all the material would directly 
be transformed into either CD2 or soil organic matter, this 
would mean a decomposition of the fresh organic material of 

3 
Dom = -*507. = 757. when the assimilation factor would be 1/3 

2 

Because solubilization has taken place, it means that the 
507. loss is caused by both decomposition and transport from 
the topsoil. The experiments of which Kolenbrander (1969) 
reports, mainly concern analysis of the top 10 to 20 cm of 
the soil. So the total net decomposition may be less than 
50X, due to humus production in deeper layers, in which case 
also the decomposition of fresh organic material would be 
less than 757.. At 757. decomposition, a first-order decompo­
sition rate would be 1.39 j-1. If several fractions in the 
organic material are distinguished, their separate decompo­
sition rate contants can vary around this number for manure. 
Johnen (1974) gives decomposition rates of pure organic 
materials in the soil: 

cellulose 
hemicellulose 
lignine 

1.39 j-1 
2.30 j-1 
0.639 j-1 

These materials are the main organic components in plant 
material. The slowest decomposing organic material mentioned 
by Johnen (1974) in this context was 

phenols 0.105 j-1 

Therefore we shall choose values for the parameters an, 
meeting the criterium: 

an >= 0. 1 j-1 

Because we have more data about manure than about the ether 
materialsin fig. 6.1., we shall derive the value of as with 
the simplified model using the available data and constraints 
for manure: 

ah = 0.02 as ~ 15 an >= 0.1 and L Ds<fn,t=1 
fn 

y) < 757. 

The simplified model has the name HISTOR. It calculates the 
decomposition of fresh organic material to organic material 
in solution, and to soil organic material plus the N minera­
lization following from these transformations, according to 
the same principles as the model ANIMO, but in a less de­
tailed way. Denitrification is not included. 
The basic structure and concepts of this model are: 

5 layers of equal thickness 
fixed water content per layer, equal to the contents at 
the beginning of april or the beginning of october when 
normally the transition from precipitation surplus to 
evapotranspiration surplus takes place 
the precipitation surplus of the whole year falls during 
the winter in a steady state flux 
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timesteps of half a year (a summer step and a winter step> 
additions of organic material to layer 1 at th~ beginning 
of summer or at the beginning of winter 
production, transport and decomposition of OMS in layer 1 
and transport and decomposition of OMS in the other layers 
during the winter period 
production and decomposition of OMS (no transport) in all 
layers during the summer period 
continuous soil organic matter formation and -decomposi­
tion and N mineralization in all layers 
rate constants for organic matter transformation processes 
are reduced in the wintertime and increased during the 
summertime as compared to their yearly average values. 

Reasonable estimates of parameter values should be obtained 
by the following iteration process: 

1. Choose parameter values 
2. Simulate the lysimeter experiments of Steenvoorden 

(1983> with HlSTOR 
3. Simulate the decomposition of manure with HlSTOR 
4. Comparison of TOC profiles measured and calculated in 

step 2. 
5. Comparison of total organic material content of layer 1 

calculated in step 3 with the values of the decomposition 
curve given by Kolenbrander <1969) 

5. Check if the amount of N mineralized in the first year is 
about 50% of the mineral N present in manure. 

6. If necessary, choose other parameter values and continue 
with step 2. 

The values fixed for ah, ae, nifrhu, nifrex and the forma­
tion rate of exudates and the parameter as, found in the 
process described above, should also be applicable to the 
other materialsof fig. 6.1., and for those materials we 
only have to find the parameters an(fn) and nifr(fn). 

The description of the processes in the model HISTOR, based 
on the concepts described above, is (layer indices are 
omitted unless otherwise indicated): 

* Decomposition of fresh organic material for layer 1 during 
summertime: 

dOs(fn) 
------- = - an*Os<fn) 

dt 

-an*t 
Os<fn,t) = Os<fn,O)*e 

* Formation and decomposition of OMS for layer 1 during 
summertime: 

d s<fn) 
------- = 

dt 

1 dOs(fn) 
---*------- - as*s<fnl 

dt 

an*Os(fn,Ol -an*t 
s<fn,tl = -------------*<e 

(as - anl*L*e 
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* Exudate production and decomposition during summertime: as 
in par. 5. 1. 

* Soil organic material production and decomposition for layer 
1 during summertime: 

from OMS: 

dHs(fn) 
------- = L*9*a*as*s(fn) - ah*Hs 

dt 

e e e - e 
Hs <fnl = ----------------*{---------------- + ---------------} 

as - an ah - as ah - an 

L*9*a*as*s<fn,Ol -as*t 
+ ----------------*(e 

ah - as 

from exudates: as in par. 5.1. 

Total soil organic matter layer 1: 

H ( tl = L Hs ( f n, t) + E ( tl 
fn 

-ah*t -ah*t 
e ) + Hs(fn,Ol*e 

* Decomposition of DMS for the ether layers in summertime: 

d s(fn) 
------- = -as*s<fnl 

dt 

s(fn,tl 
-as*t 

= s(fn,Ol*e 

* Formation and decomposition of soil organic matter for the 
ether layers during summertime: 

dHs(fn) 
------- = L*9*a*as*s(fnl - ah*Hs 

dt 

L*9*a*as*s(fn,Ol -as*t 
Hs(fn,tl = ----------------*(e 

ah - as 

-ah*t -ah*t 
e ) + Hs<fn,Ol*e 

Total soil organic matter 

= L Hs<fnl 

ether layers: 

H<t> 
fn 

* Nitrogen mineralization layer 1 during summertime: 

Mn<l> = 

~{nifr(fn)*(Os(fn,Ol - Os(fn,tl + L*6*s(fn,Ol - L*9*s(fn,tl)} 
fn 

+ nifrhu*{Hs<O> - Hs<t> + He<O> - He(t)} 
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+ nifrex•{E(O) - E<t> + ke*t} 

* Nitrogen mineralization other layers during summertime 
(with layer index i): 

Mn(i) = nifrhu*{H(O) - H(t)} 

+ ~{nifr(fn>•<L•e•s(fn,O> - L•es(fn,tl)} 
fn 

·~ Decomposition of fresh organic material in layer 1 during 
wintertime : the same as for the summertime 

* Formation and decomposition of OMS in layer 1 during 
wintertime: 

d s(fn) 1 dQs(fn) f 
------- = ---•------- - as•s(fn) - ---•s(fn) 

dt L•e dt L•e 

an•Os(fn) -an•t -(as + f/Lte>•t 
s(fn,t> = ---------------------•<e e > 

L•e•<as + f/L/e an> 

-<as + f/Lte>•t 

* Decomposition of exudates during wintertime: 

-ae•t 
E < t> = E < 0 > *e 

* Formation and decomposition of soil organic matter in layer 
1 during wintertime: 

from OMS: 

dHs(fn> 
------- = a•as*L•e•s<fn> - ah•Hs 

dt 

Hs(fn) = ----------------
as + f/L/e - an 

-<as + f/Lte>•t 
e e e e 

* {------------------------ + --------------} 
ah - as - f/Lte ah an 

L•e•a•as•s<fn,O) -(as+ f/Lte>•t 
+ ----------------•<e 

ah - f/L/e - as 

+ Hs(fn,O)*e 
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from exudates: 

dHe -ae*t 
= a*ae*E(tl - ah*He<tl = a*ae*E<Ol*e - ah*He<tl 

dt 

a*ae*E<Ol -ae*t 
He<tl = ---------*(e 

-ah*t -ah*t 
e l + He<Ol*e 

ah - ae 

Total soil organic matter layer 1: 

H<tl = ~ Hs(fn,tl + E<tl 
fn 

* The average OMS-concentration of layer 1 during the winter is: 

g;(fnl 
f t 

= --*Js<fnl dt 
Ps 0 

in which: 
f = steady state percolatien flux during 

wintertime (m d-1) 

g;(fnl 

Ps = precipitation surplus (ml 

f an*Os(fnl = __ * ____________________ _ 
Ps L*e*<as + f/L/e anl 

1 -an*t 
* {--*<1 - e l 

an 

f s(fn,Ol 

1 
----------*(1 
as + f/L/e 

-<as + f/L/el*t 

-<as + f/L/el*t 
e )} 

+ --*----------*(1 
Ps as + f/L/e 

- e l 

* Formation and decomposition of OMS in the ether layers 
during the winter (with layer indices il: 

ds(fnl 

dt 

s(fn,i ,tl 

f 
= --------*~(fn,i-1) 

L*e <i -u 

f 
------ s(fn,il - as*s<fn,il 
L*e <i> 

f/L/6(i-1)*g;(fn,i-1l -(as+ f/L/6(ill*t 
= -------------------*(1 e l 

as+ f/L/6(i) 

-(as+ f/L/6(ill*t 
+ s(fn,i,Ol*e 

* The average OMS-concentrations of the ether layers i during 
wintertime is: 

i' t 
g;(fn,i) = --*fs<fn,il dt 

Ps 0 
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f f/Lte<i-1l*~<fn,i-1l 

~(fn,il = --*--------------------
Ps as+ f/L/e(il 

1 -<as + f/L/el*t) 
*{t + -------------*(e 1)} 

as + f /L/e <i l 

f s<fn,i ,c) 
+ --*-------------*(1 

Ps as+ f/Lte<il 

-<as+ f/Lte<il),t.t) 
e l 

* Exudate decomposition during wintertime: 

- ·. 
-ae*t 

E<tl = E<Ol*e 

* Formation and decomposition of soil organic material 
ether layers during wintertime: 

-from OMS: 

dHs<fnl 
------- = L*8(il*a*aS*~(fnl - ah*Hs 

dt 

L*e<il*a*as*~(fnl -ah*t -ah*t 
Hs <fn l = -----------------*(1 e l + Hs<Ol*e 

ah 

Total soil organic matter ether layers: 

H<tl = LHs(fn) 
fn 

* Nitrogen mineralization layer 1 during wintertime: 

Mn<1l = L{nifr(fnl*(Os(fn,Ol - Os(fn,tl + s(fn,Ol - s(fn,tll} 
fn 

+ nifrhu*{Hs<Ol - Hs<tl + He(Ol - He<tl} 

+ nifrex*{E(Ol - E<tl} 

~{nifr(fnl*f*~(fnl*t} 
fn 

* Nitrogen mineralization ether layers during wintertime: 

Mn (i l = 

~{nifr(fnl*(s(fn,Ol - s(fn,tl + f*t*(~(fn,i-1l - ~(fn,ill} 
fn 

+ nifrhu*{Hs<Ol - Hs<tl} 

From some crienting runs with HlSTOR it appeared that the 
results concerning leaching of organic material were influ­
enced largely by: 

water management, as translated in: groundwater level and 
precipitation surplus realized 
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- choice for a spring or a fall addition. 
Two of the literature references of Kolenbrander (1969) were 
checked: they concerned fall additions to very shallow lysi­
meters in field situations, and contained no data on water 
management or influence of the groundwater table. Therefore 
in the other runs we chose for fall additions and for column 
4 with its winter groundwater table at 1.5 m and precipita­
tion surplus of 0.330 m j-1. 

Application of the model HlSTOR to manure decomposition: 

First it was necessary to adapt the decomposition curve for 
manure for the probable presence of straw in the material 
used, because nowadays in the animal slurry there is no 
straw present, and this applies, in any case, to the lysime­
ter experimentsof Steenvoorden <1983). 
According to the Handboek voor de Rundveehouderij (1980), 
the stabie-manure production is 5000 kg per cow per lBO 
days, including the approximately 1.5 kg straw added per 
day. The organic matter content of this manure is 14ï.. 
This means that the straw content in the organic material is 

= 0.386 or 54 kg 
5000*0.14 

Table 6.3 gives the results of the correction. 
Because we chose for fall addition, the lowest possible 
curve and not the average one like in fig. 5.1, was drawn 
through the measurements presented by Kolenbrander (1969) 
for animal slurry. 

Table 6.3. Conversion of the decomposition curve of stable 
manure to that of faeces. 

Years after 
addition 

Remaining amount per 1000 kg manure or 140 
kg organic matter 

Drg. mat. Drg. mat. Straw Faeces Faeces 
ï. kg kg kg ï. 

0 1.000 140.0 54.0 86.0 100.0 
1 0.49 68.6 19.0 49.6 57.7 
2 0.36 50.4 11. 1 39.3 45.7 
3 0.33 46.2 8.9 37.3 43.4 
4 0.30 42.0 7.9 34.1 39.7 
5 0.25 35.0 7.3 27.7 32.2 

The results of the parameter fitting are presented in table 6.4. 
Remarks about this table: 

It is likely that in a liquid material like animal slurry 
part of the organic matter already is in soluble form. 
Therefore the model gives the possibility to define the 
part FRCA(fn) per fraction FR<fnl, which contains soluble 
material of fraction fn. Because the solubilization step 
is the rate limiting factor in decomposition in the model, 
the presence of already soluble material means an initial 
accelleration in decomposition. 
It was not possible to reach a result of 50ï. mineraliza-
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tien in the first year, even with a = 0.25. lt is, howe­
·ver, net clear on which experiments this 'practice• value 
of 50ï. is based. A value of a = 0.25 for the assimilation 
lactor was thought realistic, because the conditlens will 
hot always be optima!. 

Tne results for the ether materials are given in table 6.5. 
Some remarks on these fittings: 

In these runs of HlSTOR the values of 
ah ~ 0.02 j-1 
as •• 30.0 j-1 
a = 0.25 
as used for animal slurry, were also taken 
For these materials the nitrogen content of the fractions 
cann~t be determined with the help of mineralization data. 
Ther~fore it seems suitable to divide the total nitrogen 
content of these materials inversely proportional to their 
decomposition rates. The total nitrogen contents of the 
different materials should be given in the input data. 
Only for ~eat the eenstraint an >= 0.1 j-1 was net taken 
into account; it was assumed that this material already 
contains a fraction of humus-like material. 
For erop residues & grass and for straw it was net possi­
bie to choose the parameters in such a way that after 7 
years less than 16ï. of the amount added initially, was 
left. 

To get an idea of the soil organic matter build-up on the 
long term, we made a run with HlSTOR of 400 years, 
simulating yearly fall additions of 300 t pig slurry, under 
the same conditions as in the lysimeter experiment. The 
main results are given in table 6.6. 
The build-up of organic material in layer 2 is totally 
caused by transport of soluble organic material. Cernparing 
to the amount in layer 1 it looks a little small as compared 
to the results reported by McGrath (1981). 
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Table 6.4. Inputs and results of parameter fittings for 
decomposition of animal slurry with the model HlSTOR 
CSimulation of measurements given by KolenbranderC1969)). 

Parameter values: * FR C 1) = 0. 1 FRCA CU = 0. 1 al = 1.0 nifr Cl) = 0.07 
FRC2) = 0.7 FRCAC2) = 0.05 a2 = 0.6 nifr C2) = 0.05 
FRC3) = 0.2 FRCAC3) = o.o a3 = 0. 1 nifr(3) = 0.01 

ah = 0.02 
a = 0.25 as = 30.0 

* net used because this fraction is completely in solution; 
dummy value 

Moisture fractions of the layers: 
Layer nr. Moisture fraction 

1 0.17 
2 o. 18 
3 0.19 
4 0.21 
5 0.24 

Precipitation surplus: 0.330 m j-1 

A. Simuiatien of slurry decomposition curve 

Year Remaining organic matter ( 'l.) 
Corrected observations Simulated values 

1 57.7 63p 
2 45.7 49.4 
3 43.4 406 
4 39.7 34.8 
5 32.2 31.0 

Percentage mineralization in first year = 40 

B. Simuiatien of lysimeter experiments CSteenvoorden,1983) 

Additional input data: 
Amount of slurry added: 300 t ha-1 each time 
Composition of the slurry: pig slurry with average 
dry matter content of 9.93'l. and probable organic matter 
content of 7.8'l., resulting in an addition of 23400 kg ha-1 
organic matter each time 
Times of addition: spring 1977, falls of 1977 through 1979 

Cernparisen of measured and calculated TDC-profiles <kg C m-3) 
in layers of 20 cm, using data of column nr. 4. 

Layer 
nr. 

1 
2 
3 
4 
5 

Profile spring 1978 
Measured Simulated 
0.234 0.310 
0.194 0.377 
0.243 0.205 
o. 221 0. 114 
o. 138 0. 060 
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Profile spring 1980 
Measured Simulated 
0.339 0.412 
0.403 0.442 
0.217 0.241 
0.252 0.134 
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Table 6. 5. -'i mul a ti on results for the other mater-ials of 
figure 6. L 

Cr 'P residues Straw Foliage Pine Peat Sawdust 
.~nd grass needies 

Parameter v:::\1 ues: 

FR< 1 l 0.05 0.0 0.05 0.05 o.o 0.0 
FR(2l 0.70 0.70 0.35 0.40 0.40 0.80 
FR<3l 0.25 0.30 0.60 0.55 0.60 0.20 
FRCA ( 1 l 0.05 0.0 0.05 0.05 o.o 0.0 
FRCA(2) o.o 0.0 0.0 o.o o.o 0.0 
FRCA<3) o.o 0.0 o.o o.o o.o 0.0 
al 1.0* 1.0* 1.0* 1.0* 1. 0* 1.0* 
a2 2.0 1.00 0.60 0.70 0.40 0.23 
a3 1.7 3.50 0.50 0.30 0.045 0.33 

* = dummy v ~-1 ue 

Fitting res·.Jl ts: residue af ter 
0.5 year .616 .650 
1 year .281 .352 .624 .666 .866 • 814 
2 years .192 .226 • 438 .499 .772 .671 
3 years .177 .185 .331 .396 .704 .562 
4 years .172 .170 .269 .329 .653 .477 
5 years .168 .165 .232 .285 .613 .411 
6 years .164 . 161 .210 .253 .580 .360 

Table 6.6. Results of a run of 400 years of addition of 300 
t ha-1 pig slurry with the model HISTOR. 

4 
Layer 1: fresh organic: material: 6.27 *10 kg ha-1 

5 
soil organic: material : 2. 11 *10 kg ha-1 

5 
tot al : 2.74 *10 kg ha-1 

or c:a. 8.9'l. of dry matter 

C/N quotient 13.6 
4 

Layer 2: soil organic: material : 3.33 *10 kg ha-1 
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6.2. Root development 

In par. 5.1.3 it has been made ~lear that a differen~e 
should be made between effe~tive rooting depth Lre and 
''standard'' rooting depth development in time, Lr<t>. 
aecause in the future the model ANIMO will be applied te the 
southern Peel region, where the ICW carries out a project 
"Optimization of regional water use", in table 6. 7 effective 
rooting depths, used in the regional water quantity model 
FEMSAT-P (Querner and van Bakel, 1984>, for different types 
of land use and for different soil physical units present in 
the southern Peel area are given. In practice, for every 
subregion te which the model is applied, the maximum possi­
bie rooting depth has te be determined. 
Table 6.8 gives root development data for different crops, 
derived from different literature sources; these data can be 
used as "standard" development data; sametimes data from 
different authors were averaged; sametimes interpolation has 
been done between the data given by an author; sametimes 
extrapolation was necessary te get a complete data-set. Data 
on root length and -mass data are given as a function of the 
daynumber in a year and net as a function of the time after 
sowing, because it is assumed that when the sowing is done 
laterthen usual, the development can be faster, because of 
higher temperatures. Average values for time of sowing and 
time of harvesting are given. 
Some sowing data had te be estimated from vague indications. 
Data on root mass were net always available in the desired 
ferm (kg ha-1). When they were given as km m-2, they were 
transformed as fellows: 
By dividing the known root mass at the time of harvest <see 
table 6.15) by the corresponding root amount in km m-2 at 
harvest, a transformation factor was calculated, which was 
subsequently applied te the ether root amount data. 
The presented data should net be taken toe absolute, because 
they were mostly derived from single experiments on ene type 
of soil and under unknown weather-, fertilizer- and waterma­
nagement conditions. 
For crops like lettuce, which can be sown during most months 
of the growing season, the data should be taken as relative 
te the sowing date. 
The list of crops for which the data are given, is net 
complete, although it contains the main crops grown in the 
Nether lands. 
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Table 6.7. Effective rooting depths <m> used in the model 
Femsat-P (Querner and van Bakel, 1984). 

Soil physical unit 
1 2 3 4 5 6 

Soil u se 
Horticulture 0.25 0.25 0.30 0.40 0.25 0.40 
Potatoes 0.25 0.25 0.30 0.60 0.25 0.60 
Cereals 0.30 0.25 0.40 0.80 0.30 0.80 
Maize '.• 0.30 0 .. 25 0.40 0.80 0.30 0.80 
Grass 0.25 0.20 0.30 0.50 0.25 0.60 
Natura! ar-eé.s· 0.25 0.20 0.30 0.50 0.25 0.60 
Forest " ::. 1.00 1.00 1.00 1.00 1.00 1.00 

:· . . , 
Table 6.8. Root development data for different crops 
Between parentheses the sourees are given; see the list at the 
end of the table. If a souree is given for one number of a 
column only, it applies to the whole column, until another 
number appears. Sourees named in the time-column only apply 
to the sowing and harvesting dates. 

Kind of erop 

Maize 
sowing time 

harvest time 

Early potatoes 
planting time 

Late potatoes = consumption? 
planting time 

Time 
(day nr) 

115(2) 
130 
151 
166 
181 
196 
212 
232 
258(5) 

90(8) 
130 
140 
153 
174 
181 
196 
212 
243 
263 

113(3) 
130 
140 
153 
174 
181 
196 
212 
243 
263 

Rooting 
depth (ml 

0.05<3,7) 
0.20 
0.35 
0.57 
0.75 
0.85 
0.90 
0.90 

0.30(7) 
0.35 
0.60 
0.65 
0.62 
0.60 
0.60 
0.60 
0.60 

0.04(3) 
0.05 
0.07 
0.34 
0.45 
0.59 
0.60 
0.60 
0.60 

Dry 
root ma ss 
(kg ha-1) 

80 (7) 
120 
400 

1880 
3200 
4400 
4800 
4600 

697(7,8)* 
880 
977 

1200 
1500 
3200 
4600 
7400 
7700 

697(7,8)* 
880 
977 

1200 
1500 
3200 
4600 
7400 
7700 

* = roots and tubers; at harvest, BOY. of the material is tubers 
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Winter cereals 
sowing time 

harvest 

Summer cereals 
sowing time 

* = data for summer wheat 
** = average of: 1400 (8) 

1000 (8) 
1400 (8) 
1200 (8) 

Sugar beet 
sowing time 

for 
for 
for 
for 

281(6) 
0 

31 
59 
90 

120 
151 
171 
212 
227(5) 

64 ( 1) 
91 

110 
115 
121 
127 
135 
145 
156 
182 
195 
237(5) 

summer 
summer 
oats 
rye 

91 ( 1) 

120 
151 
181 
212 
243 
273 
288(5) 

0.30(6) 
0.40 
0.55 
0.80 
1. 05 
1. 07 
1.09 
1. 12 
1. 13 

o. 10 (3) 
0.20 
0.25 
0.30 
0.40 
0.50 
0.60 
0.70 
0.85(9) 
1.00 
1.00 

wheat 
barley 

o. 13 (6) 
0.50 
0.75 
1. 10 
1. 15 
1.20 
1.20 

38 ( 10) 
50 
69 

100(6) 
350 

1050 
1300 
1600(8) 
1600 

20 ( 10) 
100(9)* 
200 
300 
400 
620 
850 

1050 
1370 
1580 
1250 (10)** 

300 ( 10) 
600 
700 ( 1) * 

4800 
7900 
9700 

10000 
* = derived from total root mass assuming dry matter = 20ï. 

Cauliflower 
sowing time 99(4) 

129 
151 
174 
194 

harvest 212 

0.11(4) 
0.50 
0.80 

0.26(4)* 
26.9 

278 
)=0.80 592 
>=0.80 1000(8) 

* = calculated with transformation 
kg ha-1/(km m-2) 

factor = 1000/11.9 = 84 

Pea 
sowing time 90(7) 

135 0.45(7) 571 (7) 
158 0.75 738 
170 0.75 971 
193 0.70 665 
214 0.60 534 

harvest 181 ( 1) ? ? 
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Lettuce 

1 = 
2 = 
3 = 
4 = 
5 = 
6 = 
7 = 
8 = 
9 = 

10 = 

sowing time 

Akkerbouwpraktijk (!'?80) 
Beek er (1976) 
Feddes ( 1985) 
Greenwood e.a. ( J.l;'02) 
Van Heemst e.a. ( F'?B) 
Jonker (1958) 
Van Lieshout (193[,) 

PAGV-handboek ( ! -iE_-._ ) 

100(4) 
133 
158 
174 

Schuurman and Kn,_>t ; 1970) 
own interpretati ·:,,_ 
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6.3. Nitrogen-crop data 

In this chapter the results of literature research on nitro­
gen uptake by and nitrogen contents of crops are presented. 
The information presented is net complete; for simuiatien of 
some crops additional data will have te be found er calcu­
lated from additional literature data. 

6.3.1. Nitrogen fertilization 

When animal slurry is added as fertilizer, the amount 
given depends on 

the fertilizing element on which the dosage is based 
- additional anorganic nitrogen given 
- possible overdose 
In the southern Peel study, standard N-fertilizer amounts 
per technology <= kind of erop er group of cropsl are used 
in all (also economieall calculations; table 6.9. (Reinds, 
1985) gives these data. For waterquantity calculations, it 
may be necessary te distinguish between different crops per 
technology, due te differences in fertilization and rooting 
depth. For instance, large scale outdoor horticulture in­
cludes spinach with shallow rooting depth and fertilization 
of 200 kg N ha-l as well as garden peas with rooting depth 
ca. 0.75 mand noN fertilization. Fertilization data per 
erop can be found in Kwantitatieve informatie (1985). 

6.3.2. Maximal N uptake 

For the nitrogen uptake model described in par. 5.4, it is 
necesary te know the value of Nmax, the total maximal N­
uptake per erop, if necessary for two distinguished periods 
during the growing season. 
Aslyng and Hansen (1982) give percentages of N in the plant 
at which N-uptake ceases. These percentages change during 
the growing season; generally, the curve has a shape as 
given in fig. 6.3. 
Corresponding dataforsome crops are given in table 6.10. 
Tc determine Nmax values from these data, they have te be 
related te maximal productions. Van Heemst e.a. (1978l give 
maximal yields for different crops under dutch weather con­
ditions and optima! nitrogen and moisture supplies. These 
are the yields at t = t3. Following the calculation scheme 
of Van Heemst e.a. (1978l, we can also determine a maximal 
yield at t = t1. This calculation scheme consists of: 
Maximal dry matter production per month = potential produc­
tion of the ''standard erop'' during that month (see table 
6.11l, reduced fora possible period with incomplete soil 
cover. Table 6.12 gives the calculations leading te the 
maximal dry matter productions at t1 and t3. 
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Table 6.9. Nitrogen fertilization as used in the Southern 
Peel study <Reinds, 1985). 

Technology N fertilization (kg N ha-1 y-1) 

tot al inorganic 

Horticulture 
under glass 1000* 800 
outdoor small se ale 250 150 
outdoor large scale 200 100 
remaining 150 75 

Cereals 
100ï. N-level 66 52 
75ï. N-level 50 46 
50ï. N-level 33 33 

Row crops 
100ï. N-level 162 66 
75ï. N-level 121 52 
50ï. N-level 81 50 

Si lage ma i ze 
level I 250 50 
level II 450 50 
level I I I 850 50 

Grassland with 
Dairy cattie level I 600 360 
Dairy cattie level II 470 270 
Rearing cattie 300 180 

* = For horticulture under glass the N fertilization 
aften largely exceeds the N-need (ca. 500 kg ha-1>. 
Also, the fertilization widely differs from case to 
case, sa that specificatien per erop is nat really 
necessary. 
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The dry matter yields at t3 are either calculated as 

yield = grain yield * <1 moisture fractionl I harvest index 

(summer cereals and winter cereals>, or as 

yield = D.m. harvest <Aslyngl * Epot (dutchl/ Epot<Aslyngl 
+ harvest residue <Aslyngl 

(s. rape and f. beet> 

If we divide the growing period in the periods tO to tl and 
tl to t3, we can calculate the corresponding Nmaxl and Nmax2 
forthese periods as is done in table 6.13, using the maxi­
mal yields and the values of cl and c2 of table 6.10. 

The concentratien with which at potential evapotranspiration 
Epot (m3 ha-ll, Nmax (kg ha-ll is reached, can now be calcu­
lated as: 

Coptl = Nmaxl/Epot<tO-tll 
Copt2 = Nmax2/Epot(tl-t3l 

Potential evapotranspiration values and resulting Copt va­
lues for the different crops are calculated in table 6.14. 
The effect of this way of period division is that if at tl 
Nmaxl is reached and the uptake after tl is also maximal 
<with the lower Copt2l, the ï. N in the plant will indeed 
slowly decrease in the direction of c2. If at tl Nmaxl is 
nat realized, the model gives the possibility of uptake of 
higher concentrations than Copt2, even after tl, until the 
maximal possible uptake <calculated for each timestepl is 
reached. 
If no information of the kind presented in table 6.10 is 
available, Nmax (totall can be estimated from known harves­
ted N-amounts by optimally fertilized crops, by adding an 
amount present in roots and multiplying by a factor 
Epot(average dutch or in a warm yearl/Erealized. 
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Figure 6.3. Percentage N in the plant at which the N-uptake 
stops Cfrom Aslyng and Hansen, 1982). 

Y.Nmax 
in the 
plant 

tO 

cl 

Atl 
tl 

c2 

Ll.t2 
t2 t3 

~------- growing period -------7 

Table 6. 10. Maximal percentages of N in different crops 
Cfrom Aslyng and Hansen, 1982). 

At on set of growth At end of growth 
Ll.tl cl 6t2 c2 

Cr op days Y.N days Y.N 
Winter wheat 15 4.3 20 1.6 
Summer barley 15 4.3 20 1.6 
5.? rape 15 4.3 20 2.0 
Fodder beet 20 4.3 50 2.0 

Table 6.11 • Potential dry matter production of the 
''standard'' erop in kg ha-1 (from Van Heemst e.a., 1978). 

April 
May 
June 
July 

5500 
7100 
7600 
7300 

August 
September 
October 
Tot al 

75 

6400 
4700 
3200 

41800 

ICW-nota 1671 
Team Integraal Waterbeheer 
Alterra-WUR



Table 6.12. Maximal dry matter productions at t1 and t3 for 
different crops. Data used from van Heemst e.a. (1978> 

Cro 
Winter cereals summer cereals s. rape* f.beet• 

t1 15/4-30/4 1/5-15/5 10/5-25/5 1/6-20/6 

'l.soil cover 
during t1 25 25 12.5 20 

D.m. yield at 
t1 (kg ha-l> 687.5 887.5 444.0 1013 

t3 15/8 25/8 25/8 31/10 

Grain yield 
(kg ha-1) at 
t3 10400 9700 

Harvest index 0.4 0.4 

'l. Moisture 15 15 
in grain 

Max. d. m. 
harvest** 16600 23400 
(kg ha-1) 

Epot(t0-t3)** 284 284 
(mm> 
Epot(t0-t3) 
average dutch 255 328 
(see tabl e 6. 14) 

Cr op residue 
(kg ha-1 > ** 2000 1000 

Max. dry mat. 
yield at t3 22100 20600 16900 28000 
(kg ha-1 > 
whole plant 

* = data of sugar beet used 
** = data given by Aslyng and Hansen (1982) 

Table 6.13. Calculation of Nmaxl and Nmax2 

Max. d.m. prod. (kg ha-1 > 'l.Nmax Nmax (kg ha-l> 
Cr op to - tl tO - t3 t1 - t3 cl c2 Nmaxl Nmax2 
w.wheat 688 22100 21400 4.3 1.6 29.6 343 
s.barley 888 20600 19700 4.3 1.6 38.2 315 
s.rape 444 16900 16500 4.3 2.0 19. 1 330 
f.beet 1013 28000 27000 4.3 2.0 43.6 540 
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Table 6.14. Calculation of Copt1 and Copt2 <data adapted 
from van Heemst e.a., 1978) 

Epot (m3 ha-1) Fraction Epot (m3 ha-1) 
for this erop 

Copt 
(kg m-3) at full soil soil 

winter cereals 

Period 
april 16-30 
may 1-15 
may 16-31 
june 
july 
august 1-15 

summer cereals 

may 
may 
june 
july 
aug u st 
august 

s.rape 

may 
may 
june 
june 
june 
july 
aug u st 

f.beet 

june 
june 

1-15 
16-31 

1-10 
11-25 

11-25 
26-31 

1-10 
11-25 
26-30 

1-25 

1-15 
16-20 

june 21-30 
july 
aug u st 
september 
october 

cover 

185 
495 
495 

1160 
1120 

450 

495 
495 

1160 
1120 
300 
450 

479.0 
159.7 
386.7 
580.0 
193.3 

1120 
750 

580 
193.3 
386.7 

1120 
930 
560 
230 

cover 

0.25 
0.5 
1.0 
1.0 
1.0 
0.50 

0.25 
0.50 
1. 00 
1.00 
1.0 
0.5 

0.125 
0.25 
0.25 
0.50 
1.00 
1.0 
1.0 

0.25 
0.50 
0.50 
1. 00 
1. 00 
1.0 
1.0 

77 

period 

46.25 
247.5 
495.0 

1160.0 
1120.0 
225.0 

123.75 
247.5 

1160.0 
1120.0 
300.0 
225.0 

59.9 
39.9 
96.7 

290.0 
193.3 

1120.0 
750.0 

145.0 
96.7 

193.3 
1120.0 
930.0 
560.0 
230.0 

cum 

46.25 0.640=Copt1 
293.75 
788.75 

1948.75 
3068.75 
3293.75 0.106=Copt2 

123.75 
371.25 

1531.25 
2651.25 
2951.25 
3176.25 

59.9 
99.8 

196.5 
486.5 
679.8 

1799.8 
2549.8 

145.0 

0.309=Copt1 

0.103=Copt2 

0. 319=Coptl 

0.129=Copt2 

241.7 0.180=Copt1 
435.0 

1555.0 
2485.0 
3045.0 
3275.0 0.165=Copt2 
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6.3.3. Nitrogen contents of erop residues 

In the model ANIMO erop yields are nat calculated. Important 
is the amount of erop residues, coming available for decom­
position at the harvest, and their nitrogen content. Whereas 
erop yields are strongly dependent of weather and nitrogen 
conditions, for root'yields this is less the case. Table 
6.15 1 adapted from PAGV handboek !1981) gives the amounts of 
erop residues staying behind at the harvest. 
Nitrogen contents of these materials are influenced by fer­
tilization. Therefore in table 6.16 1 presenting nitrogen 
percentages of erop residues, fertilization data are given, 
if mentioned by the authors. This table is also far from 
complete. 
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Table 6.15. Crop residues Cfrom: PAGV-handboek, 1981) 

Cr op 

Winter wheat 
Summer wheat 
Winter barley 
Summer barley 
Dats 
Rye 
Sweet maize 
Silage maize 
Potatoes 
Sugar beet 
S.beet incl. 
heads + leaves 
Cabbage 
Sprouts 
Pea 
Pea inclusive 
foliage 

Residues at harvest 
Belowground 

1600 
1400 
1400 
1000 
1400 
1200 
2000 
1500 

1000 
1000 

400 

400 

Ckg d.m. ha-1) 
Aboveground 

3600 
3800 
3600 
3200 
3600 
3600 
5000 

500 

4000 
500 
100 

1600 

Total* 

4000 
1500 

6000 

* = tuber erop residues, brought to the topsoil at harvest 

Table 6.16. N contentsof erop residues at harvest 

Cr op part XN N-ferti- souree 

Barley 

Beet 
Butter bean 
Broad bean 
Carrots 
Cauliflower 
Celeriac 
Curled kale 
Endive 
Leek 
Pea 
Pea 
Potatoes 

Red beet 
Red cabbage 
Rye 
Savoy cabb. 

in 

abovegr. 
abovegr. 
abovegr. 
root 
stubble 
stubble 
stubble 
leave 
foliage 
foliage 
foliage 
abovegr. 
foliage 
abovegr. 
abovegr. 
foliage 
whole pl. 
foliage+pods 
root 
root 
root 
fol i age 
foliage 
foliage 
tuber 
top 
fol i age 
foliage 
abovegr. 
foliage 
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dry matter lization 
kg ha-1 y-1 

0.94 0 3 
1.00 60 3 
1.07 120 3 
0.60 3 
0.74 0 3 
0.78 60 3 
0.88 120 3 
3.5-5.0 ? 
0.18* 2 
0.27* 2 
0.41* 2 
0.48* 2 
0.25* 2 
0.51* 2 
0.27* 2 
0.34* 2 
1. 5-2.3 ?** 
0.48* 2 
0.79 0 3 
0.93 180 3 
0.83 360 3 
1.59 0 3 
2.02 180 3 
2.07 360 3 
1.4 1 
0. 17 1 

0.20* 2 
0.51* 2 
0.58* 2 
0.55* 2 
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Spinach leave 4.0-6.0 ? 
Sugar beet fol. +heads 0.32* 2 
Swedish turnip fol.+heads 0.31* 2 
Sweet maize whole pl. 1.9 0 ?*** 

whole pl. 2.2 224 ? 

Tornatces leave 3.0-6 ? 
White cabb. foliage 0.32* 2 
Wint. wheat abovegr. 1.25 0 ~ ·-· 

abovegr. 1.33 60 3 
abovegr. 1. 42 120 3 
root 0.80 3 
stubble 1.02 0 3 
stubble 1.06 60 3 
stubble 1. 17 120 3 
straw 0.51* 2 

* = on fresh weight basis 
** = dependent of species 
*** = at 80ï. silk stage 

Sources: 
1. Greenwood e.a., 1985 
2. de la Lande Cremer & van der Veen, 1982 
3. Ver-veda, 1984 
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7. CONCLUSIONS AND RECOMMENDATIONS 

7.1. Conclusions 

About the rnadelling of nitrogen behaviour: 
1. Ta predict the extent of nitrate leaching to groundwater 

and surface water it is necessary to model the whole 
nitrogen cycle and the transport behaviour of the diffe­
rent farms of nitrogen in soil. 

2. The fate of nitrogen is closely related to that of car­
bon, especially when mineralization/immobilization and 
denitrification are considered. Therefore also part of 
the carbon cycle was modelled in ANIMO. 

3. Especially for long-term predietien pur-poses, it is 
necessary to include the transport of organic material in 
salution in the model, and this has been done in ANIMO. 
In other models, it has nat been done aften befare be­
cause of lack of konowledge. McGill e.a. (1981) included 
it intheir model, but give na experimental data to 
campare the results with. For ANIMO, we tried to derive 
the necessary parameters on some scarce measurements; the 
model has to be considered as tentative in this aspect. 

4. Denitrification is a process which is qualitatively un­
derstood; quantification is difficult because of the 
dependenee of short-time weather conditions. Still it is 
a very essential part of the nitrogen cycle, especially 
where contamination of groundwater is concerned. In 
ANIMO, we tried to model the occurrence of partial anae­
robiosis; partial in space as well as in time; here, toa, 
the rnadelling is tentative. 

About the possibilities of the model: 
1. The model ANIMO can be used for predicting the nitrogen 

laad on surface- and groundwater and the development of 
organic matter properties of soil profiles as influenced 
by land use, water management and environmental factors. 

2. The model can be used on field scale; extension to regio­
nal use is being worked out. 

3. Because na complete test results are available yet, it is 
nat possible to draw conclusions about the werking of the 
model; results of a test obnject, simulating N-behaviour 
in a silage maize field at Cranendonk, will be given in a 
following report. 

7.2. Recommendations 

1. The model in its present farm is operational for arable 
land; the rnadelling of grassland and of natural areas 
with a permanent vegetation should be included. Same 
ideas about this extension are given in Appendix E. 

2. More information about the quantitative aspects of deni­
trification would be useful. A Iabaratory incubation 
experiment investigating the decomposition of low-C soil 
with added known C-components and the disappearance of 
nitrate influenced by high, low, intermediate ar control­
led alternate moisture content, high and low nitrate 
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supply could answer questions like: 
Is the decomposition rate of organic matter under water 
saturated, nitrate-rich conditions the same as under 
aerated conditions with no lack of mineral N? (this is 
assumed to be so in the model). lf nat, how can diffe­
rences be modelled? 
Is the assimilation factor the same in those cases or how 
does it change? 
Is denitrification under intermediate moisture condi­
tions camparabie to denitrification under alternate high 
and low moisture conditions? <Is partial anaerobiosis 
in space camparabie to that in time?) 

3. Much more information should become available concerning 
organic material in salution <OMS>. Production- and 
decomposition rate of OMS could be studied for instanee 
in incubation experimentsof slurry with soil, by separa­
ting salution from dry matter at different points in time 
(sacrificing a soil sample each time>, analysing a sub­
sample of the solution, and adding the salution to a 
slurry-free soil sample to determine the decomposition 
rate of the formed OMS. In field trials the investigation 
of OMS is much more difficult, because of the uncontrol­
led environmental conditions and transport processes 
occu~~ing. 

4. For N-balance studies of field trials or testing data for 
a nitrogen model it is necessary to have available measure­
ments of amounts of nitrogen fixed in roots, nat only for 
checking the amount of N taken up by plants, but also for 
checking the amount of N denitrified, which is aften 
taken as the saldo item of the other processes. 
It is known that root research involves its own complica­
tions; maybe it is possible to develop a simple rough 
routine methad of determining the N content of roots when 
the recovery of that methad is determined in advance by a 
single experiment camparing the rough and a precise 
method. 

5. More quantitative data should be collected about the 
processes of volatilization and exudate production- and 
decomposition. 
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APPENDIX A 
Format of input files 

The model 
GEN. DAT 
GENAR.DAT 
IN I. DAT 
CROP.DAT 
and one of 
FEMSAT.DAT 

WATBAL.DAT 

ANIMO uses a number of input files: 
contains general data for a run of ANIMO 
contains general data of the subregion_ 
contains initial data of the subregion 
contains erop and fertilizarion data for the subregior 

the following files: 
contains moisture data calculated by the model 
FEMSAT-P. This file is needed when the model 
ANIMO is used on regional scale 
contains moisture data calculated by the model 
WATBAL. This file is needed when the model 
ANIMO is used on field scale. 

The parameter values needed in the input files and their 
order is given below. The files FEMSAT.DAT and WATBAL.DAT 
are automatically formed when running the models FEMSAT-P or 
WATBAL. 
There is no prescription for the format of parameters, 
except that their type should be right (real or integer>; 
also, a free choice can be made concerning the number of 
data on one line, except when a '*' befere the parameter 
name, in the first column of the following table, is given, 
indicating that the value of this parameter should be the 
first on a new line. 

Input data on amounts of materials <root mass, fertilizer, 
etc.> should be given on dry matter basis. 
Input data on amounts of N03 and NH4 should be given in 
amounts of N. 

If the model is used on regional scale with more than one 
subregion, there should be one file GEN.DAT, and as much 
files of the type "GENAR.DAT" and "INI.DAT" as there are 
subregions. Of course these files have different names; a 
procedure still has to be worked out through which they get 
the name GENAR.DAT or INl.DAT at the moment they are needed 
for input. 
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The input file BEN.DAT: 
This file is read once in a run, 

Ne• Paraoeter naoe Type Dioension Description and reoarks 
line in ANIMD in this report 
used 

!NA 

NA 
NF 
NM 
FRNI IHN=I-N"l 
FRNH IMN= 1-NHl 
FRORIHN=!-NHl 
ST 
Tl MI 
YRHA 
YRHI 

nf 
no 

t 

I 
I 
I 
R 
R 
R 
R 
R 
I 
I 

d 
d 

Indicator lor type of waterquantity oodel used 
!NA = 1 FEMSAT-P 
!NA = 2 NATBAL 
Nuober of areas lsubregionsl Ion. 401 
Nuober of Iraelions in fresh and soluble organic oaterial loax. lOl • 
Nuober of oaterials defined loax. SI 
Fraction of nitrate-N in the oaterials I to NM 
Fraction of ao•oniuo-N in the oaterials 1 to NM 
Fraction of organic oaterial in oaterials I to NM 
length of tioestep 
Tioe of the year when sioulation starts 
Yearnuober when sioulation ends 
Yearnuober when sioulation starts 

lor HN=! to Nn 
I ~(HN,FN=!-Nfl 

lor HN=! to NH 
Fraction of fraction nuobers 1 to NF present in organic 
part of oaterial HN 

I ~AIMH,FN=!-Nfl R Part of organic Iraelions 1 to nf of oaterial HH which 
is in salution 

For KC=! to 5 

Exaople: FRI1,3l = 0.3 and FRCAI1,3l = 0.05 oeans that 
0.3- 0.05 = 0.25 of the organic oaterial consistsof 
solid fraction 31 and 0.05 of the organic oaterial 
consists of soluble fraction 3 
In each run 5 crops oust be defined lil lesss are needed, 
duaaies or 
duplicate crops can be introducedl 

I NUAHROIKCl 
NULNROIKCl 

Nuober of data on root aoount given lor erop KC 
Nuober of data on root length given lor erop KC 

• 
lor N=l to HULNRO 

~
ROTifKC 1 Nl 

NROTI IKC,Nl 
I AHRO IKC 1 Nl 

ILNROIKC,Nl 

R 
R 
R 

R 

l:g ha-! 
I 

d 

d 

Value nr. 
Yalue nr. 
Value nr. 
is given 

N of root oass lor erop KC 
N of length of roots of erop KC 
N of tioe lor which value of rootlength lor erop KC 

Value nr. N of tioe lor which root oass is given 
N.B. The data oust include zero root length and oass at TIHA 

TISOIKCl tO R d Tioe of sowing of erop r.c 
TIHAIKCl t3 R d Tioe of harvesting of erop KC 
TUTO R kg ha-l Aoount of lubers harvested 
UPNIMA!IKCl Noaxl R kg ha-! HaKioal uptake of N byerop KC in first period 
UPNIHA21.KCl Noax2 R kg ha-! Had.al uptal:e of N byerop KC in secend period 
SUEVHA!IKCl EpotltO-t!lR o Suo of oaxioal evapotranspiration in first period lor erop KC 
SUEVHA2!KCl Epotltl-t3lR • Suo of oaxioal evapotranspiration in second period lor erop KC 
Tl UP! !KC I t1 R d Ti oe alter sowi ng when u x i oal up take ra te of N by erop KC alters 

1 FRVO R Fraction of added NH4-N that volatilizes 
COPRNH R kg o-3 Auoniuo-N concentratien in precipitation 
COPRNI R kg o-3 Ni trate-N concentratien in precipitation 

• NIFREX ni/rex R Nitrogen /raction in exudates 
NIFRHU nifrhu R Hitregen lraction in soli organic oaterial lhuousl 
NIFRI!-Nfl nifrl/nl R Nitrogen lraction in Iraelions 1 to NF of organic oaterial 
For the lollowing rate constants, positive values oust be given. 
RECFEXAV R y-1 Decooposition rate constant lor exudates; average year-value 
RECFHUAV R y-1 Decooposition rate constant lor soil organic oaterial; 

RECFAYI!-Nfl R y-1 
average year-value 
Decooposition rate constant lor Iraelions 1 to NF; 
average year-values 
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RECFCAAV R y-1 Decooposition rate constant lor organic oaterial in solutit~nj 

average year-value 
RECFNTAV R y-1 Nitrification rate constant; average year-va1ue 
DFCFOXNA!!-51 R 12 d-1 Values 1 to 5 of dilfusion coefficient of oxygen 

in Mater 
OFCFOINATE !1-51 R c Values 1 to 5 of teoperature lor Mhich dilfusion 

coeflicients of oxygen in Mater are given 
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The input file SENAR.PAT: 
This file is read again lor every sioulated year of a run. 

ASFA a R 
NL I 
APTE M R 
AYTE Ta R 
DRADNH!ll Rd R 
DRADNH!Nll Rd R 
FQTE w R 
HE!I-Nll L R 
PB R 

os R 
DK R 
ARtANI R 
TESHCF a R 

• PHDF 1 pi R 

mF2 p2 R 

AIENSCPF r R 
HDFRPFIII-101 R 

SCPFlit-lOl R 
HOFRPF211-101 R 

SCPF211-101 R 
HOFRNIUN R 
HOFRSARO R 
HOFRSAUN R 
CDSA R 
LR 

RDFADCHU R 

c 
c 

rad d-1 
I 

o-1 

Assiailation factor 
Nuaber of layers lux. lOOI 
Aoplitude of yearly teaperature wave in sinus aodel 
Average yearly teoperature 
Distribution ratio lor aoaoniuo in rootzone 
Distribution ratio lor aaooniuo in \he subsoit 
Frequency of yearly teaperature wave 
Height of the layers 1 to NL 
Density of drains of third order ltrenches, ditches, field drains! 
N.&. For interflow it is possible to deline a 'oodel' trench 
fnot really e'istingl 1 but only il this has also been done in the 
water qvantily oodel 

o-1 Densily of drains of second order ldilches, drains! 
o-1 Densily of drains of lirsl order (canalsl 
o2 Acreage of subarea nr. AN 
o2 d-l Theroal diflusivity 

Paraoeler in calculalion of dillusion coelficienl 
lor oxygen in airlilled part of soit (see par. 5.31 page 531 
Paraaeter in calculalion of dillusion coelficienl 
lor oxygen in airlilled part of soit Is" par. 5.3,page 531 

ca Air enlry value of pF curve of the rootzone 
Hoisture Iraelions I to 10 of pF curve of the rootzone 
lfroo lo• lo high! 

co Suction values 1 to 10 of the pF curve of the rootzone 
Hoislure Iraelions 1 to 10 of pF curve belo• the rootzone 
(froo low to high! 

co Suction values ( to 10 of the pF curve below the rootzone 
Hoisture lraction at wilting point below the rootzone 
Hoisture fraction at saturation in the rootzone 
Hoisture lraction at saturation below the rootzone 

1 d-1 Hydraul i c conduct i vit y of \he rootzone 
Layer nuober lroo which a reduction in soit organic •alter 
deco1position occurs 
Reduction factor lor soit organic aalter decooposition lor 
\he layers LR and doeper 
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The file INI.DAT: 
This file is closed alter reading. At the end of !he sioulated year it is opened again and ne• initia! data lor the ne't 
year are stored. 

HOFROINLo!-NLI e 
EX<NL,l-NU Ex 
HLIEX<NL,l-NU He 
CONHINL,l-NU cnh 
CONIINL,I-NLI 
lor LNo! to Nl 

t l.Q§iUI,FN,I-NFl Os 

lor LNo! to Nl 
t ~OSILN,FNo!-NFI Hs 

lor LNo! to Nl 
t ~CA!LN,FNo!-NrJ sUnl 

N.B. For HOFRO zero's can be given. 
files WATBAL.DAT or FEHSAT.DATI. 

R 
R kg o-2 
R kg •-2 
R kg o-3 
R kg o-3 

R kg •-2 

R kg •-2 

R kg o-3 

The lirst initia! 

Heisture lraction of the layers I to Nl 
Exudate content of the layers I to Nl 
Soil organic oaterial content of the layers I to Nl 
Concentratien of aoooniuo-N in the layers I to Nl 
Concentratien of nitrate-N in the layers I to Nl 

Aoount of lresh organic oaterial in the Iraelions I to NF 
preseot in layer LN 

Aoount of soil organic oaterial fro• !resh organic 
oaterial Iraelions I to NF present in layer LN 

Concentratien o! soluble organic oaterial Iraelions 
I toNfin layer LN 

values are calculated lroo the •aterquantity oodel data lsee input 

Values lor OS and HUOS can be derived lroo previous runs with HlSTOR lsee appendi>. Cl, oaking sure that the suo over the 
Iraelions In of HUOSILN,FNI plus OSILN 1FNI equals oeasureoents ol total orgar.ic oatter in layer LN at the starting ti•• of 
sioulation •ith ANIMO. lf the eropping history is unkno•n, but i! oeasureoents of organic C and N are available, and the 
N-oineralization during the previo"' year can be estioated froo the N-uptake by an unlertilized erop, it is also possible 
to take all the organic oatter present as one 05-lraction ldivided in aoounts per layerl •ith one N-content and one 
decooposition rate, in actordance with these oeeasureoents. This oethod is ouch easier, perhaps less accurate, but lor 
calculation of long-ter& effects on unured lields it oight •orL 
For COCA zero's can be given, because the aoounts of soluble organic oaterial are usually neglegible coopared to the other 
loros of organic oaterial. 
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The file CROP.DAT: 
This file is opened once, and contains data lor one subarea lor all yearsj each sioulated year part of it is read. 

lor each year of the run: 
KI CR 
RH 

LNMRO 
TINEAD 
HVTE 

Only if HVTE = 1: 
I ITIHIAITE 

AITE!I-521 TIO,i I 
For each planned tioe of 

addition !addition, 
fertilization, ploughingl 

• NUAD 

• 

I 

lor each addition 
MTHU on 
QUMT 
WYAD 

Pl 
I HE AD 

I 
R 
I 

R 
R 

I 
R 
I 

I 
R 

d 

d 
c 

kg ha-l 

d 

Kind of erop gro•n 
Nuober of the oaterial defined as root oa\e,ial 
Because at harvest, root residues are autotatically added to the 
profile) 
N.B. This oa\erial should have FROR = 11 because the root oass 
AHROTI is expressed as dry oatter. 
FRHI and FRNH of this oaterial should be zero. 
Nuober of layers in \he eflec\ive rootzone 
Tioe of next addi\ion !firs\ addition of \he yearl 
Indicator lor kind of teoperature oodel to be used: 
HVTE = I oeans \eoperatures are knoNn and given in the inputj use 
Fourier oodel lor this year 
HVTE f I oeans no teoperatures givenj use sinus oodel lor this year 

Daynuober of first teoperature teasureoent 
WeeUy oeasured air \upera\ures 
N.B. All oaterials other \han root oass resiues 
should be given as input here 

Nuober of addilions lactions) (oax. 3 at the saoe \ioe) 

Material nuober 
ARoun\ of oaterial addeè 
Nay of addition = nuober of layers over which \he addition 
is distributed. 
NYAO = 0: addition on top of !ayer I = addition to layer I • 
volatilization 
NYAD = 1: addition \o layer I !no volatilizationl 
NYAD = 2: addition \o !ayers I and 21 

etc. 
Nuober of !ayers to be ploughed 
Tioe of neKt addition 
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The file NATBAL.DAT or FE"SAT.DAT: 
Each sioulated year part of this file is read. 

Initia! values lor the lirst year, lirst tioestep: 
"OCORO Yr!Ol R I "oisture voluoe of rootzone 
NALE h!Ol R I 6roundwater level 
"OOEUH R • "oisture deficit below rootzone 

Per ti oestep: 
I TIN A R d Tioe in waterquantity oodel (nol usedl 

EY"A R I d-) "axioal evapotranspiration flux 
PR Pr R I d-) Precipitation flux 
EY Er R • d-1 Evapotranspiration flux 
F6 fg R • d-1 Flux to trenches (3rd order drainage systeol 
FS Is R I d-1 Flu> to drains/ditches (2nd order drainage systeo) 
FK H R I d-1 Flux to canals list order drainage systeol 
PE R I d-1 Percolation flux lroo rootzone !nol usedl 
LEAK f) R • d-1 Discharge flux to aquifer 
"OCOROT Yr !U R • "oisture voluoe of rootzone at end of tioestep 
NALET h (I! R I Depth of groundwater table at end of ti1estep 

N.B. Duooy values can be given lor TIWA, EYnA and PE; they are nol used in AN!"O presently. 
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APPENDIX B 
Description of the computer program 

In this appendix the actions performed by the main program 
and the subprograms of ANIMO are explained. To follow these 
explanations, a copy of the main programs and subprograms is 
necessary, as well as a copy of the vocabulary ANIMO.MEM. 
Calculations described comprehensively in the main text of 
this report are not lingered on. 

Befare the description of the different parts of the computer 
program a summary of the main variables used for moisture, orga­
nic material and NH4-N and N03-N conctents per layer will be 
given, to get a better insight in the terminology of the program. 

Description Name of variabie used for value at 
Beginning Average End 
of timestep of timestep 

Moisture fraction MOFRO<LNl 

Fresh organic mate-
rial per fraction OS<LN,FN> 

Total fresh organic 
matter 

Organic material 
in salution <OMS> 
per fraction 

Total OMS 

Humus from OMS 
per fraction 

TOOS<LNl 

COCA<LN,FN) 

COCATO<LN) 

HUOS<LN,FNl 

Humus from exudates HUEX<LN> 

Total humus TOHU<LNl 

Exudates EX<LNl 

NH4-N concentratien CONH<LN) 

NH4-N at complex CXNH<LN> 

N03-N concentratien CONI<LN) 

Soluble species in 
general <subroutine 
TRANSPORT) COTO<LN) 

MOFR<LNl MOFRT<LN> 

RSOS<LN,FN> 

suos 

AVCOCA<LN,FNl RSCOCA<LN,FN> 

AVCOCATO<LN) RSCOCATO<LN> 

RSHUOS<LN,FN> 

RSHUEX<LNl 

SUHU<LN) 

RSEX<LNl 

AVCONH<LN) RSCONH<LN) 

RSCXNH<LN> 

AVCONI <LNl RSCONI (LN) 

AVCO<LNl CO <LNl 
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The order of treatment of the program parts is: 
1. Main program ANIMO 
2. Subroutine INIMO 
3. Subroutine BALANCE 
4. Subroutine ROOT 
5. Subroutine AD DIT 
6. Subroutine TEMPER 
7. Subroutine MINER 1 -
8. Subroutine TRANSPORT 
9. Subroutine MIN ER 2 

10. Subroutine PLANT 
11. Subroutine DENITR 
12. Subroutine MASSBALANCE 
13. Subroutine CONCDRAlN 
14. Subroutine OUTPUT 

1. Main program ANIMO 

Specificatien statements: 
The file COMMON.FOR contains a deelaratien of all variables 
used in the main program as well as in the subprograms. It 
also contains statements declaring most of these variables 
<except for those transferred to subprograms by argumentsl 
as COMMON. 

General input data per run from file GEN.DAT: 
Described in appendix A. 

Number of timesteps per year: 
Note that a possible rest of the division 365/ST will not be 
used. 

Maximal nitrate concentratien for uptake per erop: 
This is the calculation of Copt1 and Copt2 as described in 
par. 6.3.2, from the input values for Nmax1, Nmax2, Epot(t0-
t1) and Epot(t1-t3l. 

Converting year-data to day-data: 
Most rate constants are known as year-rates and can be given 
in the input as such; here they are transformed into the 
units used in the model. 

Combination with waterquantity model: 
lf IWA = 1 results from a file FEMSAT.DAT are used, 
if IWA = 2 results from WATBAL.DAT 

Year loop and area loop: see flow scheme in par. 3.1. 

General data subarea AN from inputfile GENAR.DAT: 
See appendix A. 
This file is opened and closed each year of the simulation. 
Each year the same data are read in. 

Initia! data of the subarea from the file INI.DAT; 
See appendix A. 
This is a file from which the initia! data are read in. At 
the end of a simuiatien year, the new initia! data for the 
next year are written into it, and the old values disappear. 
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Crop and fertilizer data of the subarea for this year from 
the file CROP.DAT: 
See appendix A. 
This file is opened once in a run; each simulation year new 
values are read from it. 

General calculations subarea AN: 

Geometry of profile: 
Because only the heights of all the layers was input, here 
the depth of the bottorn of each layer from soil surface, BO, 
and that of the middle of the layer, DP, are calculated. 

Max. moisture deficit fraction under root zone; moisture 
fraction at saturation: 
Speaks for itself. 

Initia! moisture data calculation: 
When, in the first year of simulation, calculations for a 
subarea start, the initia! moisture distribution over the 
layers is calculated from a few extra moisture input data 
(see subroutine INIMOl. 

Distribution of ammonium: 
The ratio for all the layers in the rootzone is made equal 
to that of the first layer; the ratio for all the other 
layers is made equal to that of the last layer. In this way 
only two numbers have to be given in the input. 

Parameters for temperature models: 
Damping depth DMDP: see par. 5.5. 
Fourier coefficients: these are only calculated (according 
to par. 5.5) if input temperature values for the year under 
consideration are given. They are calculated assuming that 
the measurements have all been made in one calender year, so 
the transformation DANU<l> = 7 etc. means that later on in 
the program, when temperatures are calculated for a time of 
the year TI, in the Fourier formula the term TI - TIMIAITE -
7 has to be used. 

Totals of organic matter per layer: 
These are the variables interesting for output, and used in 
mass balances. 

Calculation of average distance between drains: 
The distance between drainage systems is calculated as 
distance = 1/density; for trenches (3rd order drainage sys­
temsl it is assumed that the canals and drains/ditches 
(first and 2nd order drainage systemsl also have a dewate­
ring function of a trench (3rd order drainage systeml; for 
drains/ditches (2nd order drainage systems) it is assumed 
that a canal <lst order drainage systeml also has the dewa­
tering function of a drain/ditch (2nd order drainage sys­
tem). 

Calculation of drain lengths: 
Drainlength = acreage of subarea * density of drains. 

Plant parameters: 
f(C is used in indices instead of KICR. 
SUUPNI, SUUPNIMA and RD are put at zero to avoid the use of 

• 
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values stemming f~om anothe~ suba~ea. 

Calculate situation suba~ea AN afte~ one yea~: 
He~e the time-loop sta~ts. The numbe~ of timesteps NST in a 
yea~ is calculated befo~e. Fo~mulated like this, calcula­
tions fo~ the suba~ea a~e always pe~fo~med fo~ a whole yea~, 
i~~espective of the sta~ting time TIMI. The va~iable TI gets 
values f~om TIMI to TIMI + NST*ST, and can become g~eate~ 
than 365 if TIMI is not equal to the beginning of a calende~ 
yea~; the va~iable TIYR ~ep~esents the daynumbe~ of the 
cu~~ent yea~, and cannot become g~eate~ than 365. 

Moistu~e contents and fluxes: 
Depending on the type of wate~quantity model, moistu~e data 
a~e eithe~ ~ead f~om FEMSATP.QUA o~ f~om WATBAL.DAT. 
N.B. The values TIWA, EVMA and PE a~e not used in ANIMO 
p~esently; dummy values can be given in the input (see 
appendix Al. 

The sub~outine BALANCE calculates f~om these data the mois­
tu~e contents of all laye~s and the fluxes between the 
laye~s and in and out of the soil system f~om each laye~. 

Root p~oduction and exudate p~oduction: 
See pa~. 5.1.3 .. 

Fe~tilization, ha~vest, ploughing: 
All these actions a~e desc~ibed in the sub~outine ADDIT; 
they a~e only pe~fo~med when the time fo~ the next ''addi­
tion", TINEAD, has been ~eached; specificatien of which 
actions a~e pe~fo~med at each TINEAD, is given in the input 
file CRDP.DAT (see appendix A). 

Tempe~atu~e: 

Tempe~atu~e of all the laye~s is calculated using eithe~ the 
Fou~ie~-analysis- o~ the sinus model. 

P~oduction ~ate of o~ganic mate~ial in solution: 
The ~ate constants kO<DMS) pe~ f~action a~e needed fo~ the 
next pa~t: 

T~anspo~t, p~oduction and decomposition of o~g. mat. in 
sol. : 
The sub~outine TRANSPORT, applying the t~anspo~t- and con­
se~vation equation to the laye~s in the p~ofile, is called 
sepa~ately fo~ each f~action of o~ganic mate~ial, because 
each f~action has its own nit~ogen content, so that the net 
~eleased NH4 can be evaluated fo~ each f~action late~ on. 
Afte~ each call the ~esults a~e sto~ed in the app~op~iate 
va~iables fo~ DMS (RSCOCA and othe~s). 

Fo~mation and decomposition of humus; decomposition of f~esh 
o~ganic mate~ial; p~oduction ~ate of NH4: 
The following lines of the p~og~am until 
"Ca~bon and nit~ogen balance" co~~espond with the calcula­
tion scheme given in figu~e 5.4. 

Ca~bon and nit~ogen balances: 
This is a check on the co~~ectness of calculations pe~fo~med 
on C and mine~al N. 
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Concentratien in drainage water from different layers: 
The carbon- and nitrogen loads on the drainage systems are 
calculated according to par. 4.5. 

Here the timestep-loop ends (go to next timestepl 

Write final data subarea AN year VR to file INI.DAT: 
The file INl.DAT is opened again and filled with the results 
of the calculation of the year, which are initial data for 
the next year. 

Then the subarea-loop ends (go to next subareal 

The calculations of the average concentratien in the deep 
drainage water and in the deep aquifer have not been worked 
out yet, because they are only used when the model is ap­
plied on regional scale. 
The results of these calculations can be used in the next 
simulated year for those subregions where upward seepage 
takes place. This is the reason why calculations for all 
subareas are made in each year of simulation, and not calcu­
lations for all the years per subarea. 

After these calculations the year-loop ends (go to next 
yearl 

When all the years have passed, the simulation ends. 

2. Subroutine INIMO 

From the 3 initial moisture data MOCORD, WALE and MODEUN 
(see appendix Al which this subroutine reads from WATBAL.DAT 
or FEMSAT.DAT the initial moisture distribution is 
calculated using the same procedure as in subroutine 
BALANCE. 

3. Subroutine BALANCE 

In this subroutine the moisture deficits per layer, the 
thickness of the layers discharging to the drainage systems, 
and the fluxes per layer, are calculated. 

Calculation of moisture deficits: 
The moisture deficit in the rootzone is determined from 
moisture content at saturation and actual moisture content 
at the end of the timestep. The moisture deficit of the soil 
below the rootzone is calculated from the water balance. If 
the phreatic level is in the rootzone this moisture deficit 
is zero. 

Calculation of moisture fractions per layer: 
Rootzone: 
If the phreatic level is below the rootzone the moisture 
fraction is considered constant with depth in the rootzone. 
If the phreatic level is in the rootzone the moisture frac-

•. 
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Figure A.l. Schematic relationship of moisture fraction with 
depth. 
Case a: Linear relation below rootzone 
Case b: Non-linear relation below rootzone. 

Root 
zone 

point 

a 

Saturotion 

b 

Moisture 
I roetion 

Md= Moisture 
deficit rootzone 

Mdb= Moisture 
deficit below 
rootzone 

Phrealic level 

calculation the saturated part ot the 
by the factor KF. The equivalent flux 
then as the ratio of FMK and LEMK. 

rootzone is multiplied 
density FEKMD fellows 

Using this flux density below the rootzone and the product 
of KF and FEKMD in the rootzone the lst, 2nd and 3rd order 
discharge layers can be identified. Subsequently the lower 
boundary of the 2nd order and 3rd order discharge layers are 
determined as the minimum of the boundary calculated on the 
basis of the equivalent flux density FEKMD and (1/4 *A+ HOl. 
In subroutine FLUX that is called 3 times the discharge 
fluxes to the 3rd order drains FLG<LNl, 2nd order drains 
FLS<LNl and lst order drains FLK<LNl are calculated for each 
layer. In FLUX dummy narnes are used for some of the varia­
bles' in the argument: 
FM for the discharge rate FG, FS or FK 
B for the upper boundary of the discharge layer HGB, 

HSB or HKB 
u 

F<LNl 

for the lower boundary of the discharge layer HGD, 
HSO, HKO 
for the discharge flux per layer FLG<LNl, FLS<LNl, 
FLK<LNl 

Calculation of evapotranspiration fluxes: 
For each layer the evapotranspiration flux FLEV<LNl is cal­
culated. Below the rootzone <LNMARO layersl FLEV<LNl equals 
zere. 

Calculation of fluxes per layer1 
For each layer the vertical incoming flux from above 
FLAB<LNl is evaluated and using the water balance of each 
layer the vertical outgoing flux FLBE<LNl is calculated. 
These quantities are considered positive when downward. 
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tion is constant with depth for layers that are completely 
above het phreatic level. For layers completely below the 
phreatic level the moisture fraction equals saturation. For 
the layer with the waterlevel the weighted average of the 
unsaturated part and the saturated part is calculated. 
Below the rootzone (see also fig. A.ll: 
Below the rootzone a linear relationship of the moisture 
fraction with depth is considered. This relationship is such 
that at the phreatic level the moisture fraction equals 
saturation and the total moisture content in this zone fits 
the water balance under the restrietion that the moisture 
fraction should never be less then wilting point. If the 
latter is the case for the upper part of the zone below the 
rootzone the moisture fraction is considered to be at wil­
ting point for part of this zone (constant with depth> and 
below this part a linear relation of moisture fraction with 
depth is assumed. The calculations below the rootzone pro­
ceed as follows: 
Calculate the uppermost point of the assumed linear rela­
tienship of moisture fraction with depth MDFRBDRO. lf this 
moisture fraction is above wilting point calculate the slope 
of the moisture fraction-depth relation and calculate the 
moisture fraction of each layer based on the position of the 
phreatic level. 
If MDFRBDRD is less than wilting point the height of the 
bend-point in the moisture fraction-depth-relation HEDR is 
calculated. Above HEDR the moisture fraction equals wilting 
point and below HEDR the linear relationship is valid. Based 
on the position of HEDR and the phreatic level the moisture 
fraction of each layer is calculated. 

Thickness of layers discharging to drainage systems: 
Because a canal (lst order drainage system> has also the 
dewatering function of a drain (2nd order drainage system) 
and also receives surface runoff and interflow (3rd order 
drainage system) LG is increased with the length of drains 
<2nd order) and canals <lst order). The total lengthof 
drains LS is increased with the length of canals, LK. Taking 
the total length of canals LK as a reference the discharge 
rate to drains <2nd order) with a length of LK can be calcu-
1 ated: FMI<S. The discharge ra te for surf ace runoff and 
interflow (3rd order) is evaluated in a similar way: FMG. 
The total discharge rate to a canal system with length LK 
follows then: 

FMK = FK + FMS + FMG 

At the location of such a canal this discharge rate FMK has 
to be discharged from the saturated soil system. lf the 
waterlevel is in the rootzone a correction for the flux in 
this saturated part for the (higher) permeability is made 
with the parameter KF (ratio of hydraulic conductivity of 
rootzone and that of the subsoill. 
First the lower boundary HKD of the canal discharge layer 
(lst order) is evaluated as the minimum of the lower bounda­
ry of the model scale BD<NL> and (1/4 * AK + HDK> where AK 
is the average distance between canals and HDK is the bottorn 
level of the canals. Based on the phreatic level and the 
value of KF the equivalent thickness LEMK of the saturated 
soil system discharging to a canal is calculated. In this 
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Starting point of the calculations is the incoming flux of 
the first layer (precipitation PRl and endpoint is the 
outgoing flux of the last layer <= leakage LEAI(), Next the 
fluxes as required for the transport and conservation equa­
tion are calculated: 
FLIO<LN) incoming flux from below <zero when downward 1 

positive when upwardl 
FLIB<LNl incoming flux from above (zero when upward, 

positive when downwardl 
FLID<LNl incoming flux from the drainage system (zero when 

drainage takes place; positive when infiltration 
takes place) 

FLOU<LNl total flux leaving the soil layer to the drainage 
systems or to layers above or below. 

4. Subroutine ROOT 

Amount and length of roots: 
Only calculated during the growing season. The amount of 
roots is an interpolation between the ''standard'' data given 
in par. 6.2.; the function RINT, described below, is used 
for the interpolation. The same applies to the calculation 
of the length of the roots, except that the length can be 
limited when the effective rooting depth + 10 cm is smaller 
than the interpolated value (see par. 5.1.3.): 
LNRO = MIN<BO<LNMARDl + 0.10 1 RINT< ••• )) 

Distribution of roots over the layers (see par. 5.1.3): 
First the root increase compared to the last timestep, is 
calculated. Then the amount of roots in the layer RO<LN) is 
displaced by the new value. 
The way of calculation for the last layer containig roots, 
NURO, is a bit different, due to the fact that only a part 
of the layer contains roots. 

Exudate production: 
See par. 5.1.3. 

The subroutine RINT interpolates linearly between Y-values 
corresponding with X-values, both given as arrays of N 
numbers, using a X1 which must be within the range X(1) -
X<Nl. At attempted extrapolation the program execution 
stops. The argument K stands for 'kind of erop': each erop 
has its own X- and V-arrays. 

5. Subroutine ADDIT 

This subroutine is used whenever a special action takes 
place: harvest, ploughing, addition of fertilizer, or 
addition of erop residues or other organic materials. 
See also par. 5.7. 

Har vest: 
At harvest time the root mass AMRO of the erop comes avalla­
bie for decompisotion, and is automatically 'added' as fresh 
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organic material te the soil; division over the layers 
fellows from the root mass distributton RD<LNl, except when 
a tuber erop is concerned. In that case, a 'standard' har­
vest of tubers TUTD is subtracted from the total root mass 
AMRD, and the rest of the material, AMDRMT, is incorporated 
in the first (fewl layer(s) of the soil NURD, calculated in 
this case as the number of layers for which the middle of 
the layer is less than 10 cm from soil surface. For ether 
crops, AMORMT is calculated as the amount of organic mate­
rial per root-containing layer, which amount is subsequently 
divided in its organic fractions. The composition of the 
root material should be given in the input data of the run. 
RM is the number of the material representing the root 
material, FR<RM,FNl gives the distribution of organic mate­
rial of the roots over a number of fractions, FRCA<RM,FNl 
gives the distribution of the material over soluble frac­
tions. The root material is thought te consist of organic 
material only; therefore no fractions ND3-N er NH4-N are 
calculated. 

Read the data concerning additions: 
Addition data are given in the input file CROP.DAT (see 
appendix Al. Action is taken when the last TINEAD <time of 
next addition(s) is reached (er just passed; the addition 
data do net have te coincide with timestep boundariesl. A 
maximum of 3 additions per timestep can be performed. It 
should be stressed here toe, that erop residues, ether than 
root mass, should be given in the input file, because they 
can vary in amount. 
After reading the data for all the additions, each addition 
is separately carried out; ploughing can be done after each 
separate addition. 

Divide the material in its anorganic and organic parts: 
The fractions AMDR<FNl in the total organic material AMORMT 
are determined. These fractions will be divided over ene er 
more layers. 

Then the way of addition is considered; addition 'on top of 
layer 1' <WYAD = 0 lmeans addition te the contentsof layer 
1 and volatilization of a part FRVD of the ammonium added, 
if present; addition te ene ere more layers <WYAD >= 1) 
means equal distribution te WYAD layers. The only difference 
between WYAD = 1 and WYAD = 0 is the volatization. 

Addition on top of layer 1: 
The fraction nitrate-N FRNI is contributed te solution; the 
fraction FRNH ammonium-N is divided between salution and 
soil complex. 
The fractions of (solublel organic matter are added te the 
amounts already present. 

Addition te ene er more Iayers: 
The material is equally distributed over the WYAD layers, 
proportional te their heights HE; the partition factor for 
each layer LN for addition number I is HE<LNl/BD<WYAD<I>. 

Ploughing: 
First the materials present in the layers te be ploughed PL 
are accumulated, resulting in the values for the SU-variables. 
Then they are equally distributed again, proportional te the 
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heights of the layers HE, except for nitrate; all layers get 
the same concentratien SUNI/SUMO. The NH4 is distributed 
over solution and complex. 

6. Subroutine TEMPER 

The temperature at average time of the year AVTI, that is in 
the middle of the timestep, and for the middle of the layers 
DP<LN> is calculated. For years with known air temperatures 
<HVTE = 1) the Fourier analysis model is used. For ether 
years the sinus model is used. See par. 5.5. In the Fourier 
model, AVTI - TIMIAITE + 7 has to be used insteadof AVTI 
itself, because of the phase shift applied in calculating 
the Fourier coefficients. 

7. Subroutine MINER_1 

The calculations about mineralization are divided over two 
subroutines; this is done because the subroutine TRANSPORT 
has to be used for organic material befare calculations 
about mineralization of ammonium can be made; also, the 
aeration of the profile should be determined by the subrou­
tine DENITR befare anything can be said about the rate of 
formation and decomposition of nitrate. The calculations 
performed in the following sections (7 through 11) are those 
schematically depicted in figure 5.4., and explained in the 
paragraphs 5.1 through 5.6. 

First the influence of temperature <par. 5.5), expressed in 
a factor RDFATE per layer, by which several rate constants 
will be multiplied, is calculated. For temperatures below 
zero RDFATE is put at 1.E-5. 

Then the reduction factors for suboptimal moisture are cal­
culated, according to par. 5.6. The suction per layer is 
calculated with the interpolation-function MINT (which works 
the same as the function RINT used in the subroutine ROOT, 
except that no specificatien per erop has to be given>. The 
calculation of RDFAMO itself is also an interpolation, only 
here extrapolation is allowed, as long as RDFAMO >= 0. 

Calculate reduced rate constants for all layers• 
The appropriate rate constants for transformation processes 
are multiplied by one or more of the factors calculated 
above. 

Calculate zero-order reaction rate of OMS• 
See par. 5.1.2. 
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8. Subroutine TRANSPORT 

Because subroutine TRANSPORT is called several times a num­
ber of variables receive dummy narnes through the argument. 
Based on the flow direction of water the sequence of calcu­
lations is determined (see chapter 4.4>. 
The calculation of concentrations for each layer takes place 
in subrotine TRANSSUB. 
In TRANSSUB the parameters HV (change of moisture fraction 
with time), HV1 (= A in chapter 4.4) and HV2 <= B in chapter 
4.4) are calculated. The functions FCONIT and FAVCO are used 
to calculate the concentrations. FCONIT calculates the end 
concentrations (see chapter 4.4>; FAVCO calculates the ave­
rage concentrations during the timestep (see chapter 4.4). 
In both functions are REAL*B calculations are used to avoid 
inaccuracies in the results. 

9. Subroutine MINER 2 

When the concentrations of OMS at the end of the timestep 
and the totals of OMS influx and outflux are calculated with 
TRANSPORT, the results for organic material dissociation per 
layer can be assessed. 
The remaining amounts of soil organic matter, fresh organic 
material and exudates are calculated, according to the theo­
ry in par. 5.1.4., 5.1.1. and 5.1.3., respectively. 

Total dissociation of organic material; total mineralization 
of nitrogen; production rate of NH4: see par. 5.2. 

With the production rate for NH4 and the nitrification rate 
under aerobic conditions, only influenced by temperature and 
suction, TRANSPORT can be applied to NH4; when the resulting 
NH4-concentrations have been calculated, the oxygen demand 
for nitrification can be determined. 

10. Subroutine PLANT 

The selectivity constant for uptake by plants of a soluble 
species has a value ether than 1 when: 

there is no erop present 
organic matter is concerned. This is not accomplished in 
this subroutine, but simply by putting RD = 0 in the 
argument when TRANSPORT is called for organic matter. The 
RD for NH4 and N03 is calculated after this call, so the 
new value can be used when TRANSPORT is called for these 
species. 

Maximal sum of uptake for this timestep; 
See par. 5.4. 

• 
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10. Subroutine DENITR 

The calculations performed by this subroutine are described 
in par. 5.3. mainly; same parts af 5.2. and 5.5. are used 
(indicated in the follawing text). 

Dxygen demand for complete aeratian: 
This is the axygen demand resulting fram oxydation af orga­
nic material and from nitrification. 
OXPDRA is the 'praduction' rate of oxygen, expressed in kg 
per m3 soil system per day which will be negative; this 
parameter is used in the calculation of oxygen distribution 
in saturated soil around a gasfilled pare; OXDDRA is the 
oxygen demand rate, expressed in m3 per m3 soil system per 
day, which will be positive; it is used in the calculation 
of the vertical oxygen distributian in the soil gasfilled 
pare system. 

Diffusion coefficients for oxygen per layer in pare air and 
soil water: 
The formula for the temperature-dependence of the diffusion 
coefficient in air is given in par. 5.5.; that for the 
influence of the gasfilled fraction in combination with 
parameters for soil type is given in par. 5.3.; these two 
formulas are combined in the calculation of DFCFOXAI. 
For the diffusion coefficient in water the value at satura­
tion is calculated, because it is used for determining the 
horizontal oxygen distribution in saturated soil around an 
airfilled pare. 

Vertical oxygen distribution in pare air: 
The definitive axygen profile is determined after a number 
of iterations including the next sections (until 'extra 
denitrification ••• '). The iteration scheme is given in fi­
gure 5.3. At the first iteration the reduced oxygen demands 
RDDXDDRA and production rates RDDXPDRA are still equal te 
their maxima DXDDRA and DXPDRA. Per iteration with new 
RDDXDDRA-values the vertical profile is calculated in this 
section, according te the scheme given in figure 5.2. The 
last calculated oxygen profile OXCD2 is stared in DXCOl, 
because iteration (over the sections mentioned> is stopped 
when the difference between these two is small enough (sum 
of squares of differences SUSQDI < l.E-6, see end of this 
section). 
Water-saturated layers are assumed to be completely anaero­
bic. 

Reduced oxygen demand per layer as a result of partial 
anaerobiosis: 
Calculations according te the formulas given in par. 5.3. 
The calculation af the equilibrium concentratien CV of oxy­
gen in water at the air/water boundary is described in par. 
5.5. 
The starting value for the calculation of the aerated radius 
per soil pare RIAE with Newton-Raphson iteration, is a value 
interpolated between RIAE-results obtained with extreme 
values of OXDDRA/(2*DFCFDXS0) and CV, in calculations per­
formed beforehand; in the interpolation <three-dimensional 
linear) the actual values of RDDXPDRA/(2*DFCFOXSO> and CV 
are used. 
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The extreme values <FAA, FB, 01 and 02) and results <Rl 
through RB) are given at the beginning of the subroutine in 
a DATA statement. 
FUN is the function for which the zero has te be found, DIFU 
is its derivative. 

With the new values for RDOXDDRA another vertical oxygen 
profile in pore air can be calculated. No more than 3 itera­
tions between vertical and horizontal oxygen-distribution 
are allowed, because these calculations are rather time­
consuming; for each vertical oxygen profile 10 iterations 
are allowed, for the calculation of RIAE for each layer in 
each iteration also a maximum of 10 iterations can be used. 

Extra denitrification in rootzone related te precipitation 
surplus: 
TIAN is calculated for each layer in the rootzone according 
te the theory given at the end of par. 5.3. 

Reaction coefficients for NH4 and N03: 
When, at last, the aerobic and anaerobic parts of layers are 
determined, the decomposition rate for NH4-N, REKINH, and 
the zero-order rate constant for production (if negative: 
consumption), REKONI, can be calculated for each layer, 
according te par. 5.2., taking into account the extra anae­
robic time TIAN, as calculated at the end of 5.3. 

12. Subroutine MASSBALANCE 

This subroutine perfarms the calculations described in par. 
5.9. Sametimes the formulation is net exactly the same as 
in this paragraph, because totals of fresh and soluble 
organic matter are used which do net occur in this text, and 
the model uses moisture fraction*layer thickness instead of 
moisture volume. 

At the end of this subroutine the values for moisture, 
organic matter and N at the end of the timestep are trans­
formed into the values at the beginning of the next timestep. 

13. Subroutine CONCDRAIN 

In this subroutine the concentratien of the drainage water 
of the three drainage systems and of the leakage water are 
calculated according te par. 4.5. 

14. Subroutine OUTPUT 

At the end of each subroutine mentioned before, OUTPUT is 
called. The argument NUPA causes a jump te a certain part of 
the subroutine, where the output of the calling subroutine 
is given, after which a return te that calling subroutine 
fellows. 

•, 
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APPENDIX C 
Using the model HlSTOR 

The model HlSTOR uses a input file HISTOR.IN, in which the 
following data should be present in the order given here: 

Parameter 

ASFA 
NL 
NF 

FR<1-3l 

FROR 

FRCA < 1-3) 

HE 
MOFR<1-5l 

Type Units Description 

R 
I 
I 

R 

R 

R 

R 
R 

m 

Assimilation factor 
Number of layers (always 5) 
Number of fractions 
(always 3) 
Fractions in the organic 
material 
Fraction of added material 
that is organic 
Fractions of soluble organic 
material in the added mat. 
Height of the layers 
Moisture fractions of the 
layers 

NIFR < 1-3) 

NIFRHU 
NIFREX 
PRSU 
QUMT 

R 

R 

Nitrogen fractions in the 
organic material fractions 
Nitrogen fraction in soil org.mat 

m 
Nitrogen fraction in exudates 
Vearly precipitation surplus 

R 
R 
R kg ha-1 Vearly amount of material added 

RECFEXAV R 

RECFHUAV R 

RECFAV<1-3l R 

RECFCAAV R 

RO R 

y-1 

y-1 

y-1 

y-1 

(dry matter) 
Average yearly rate constant 
for decomposition of exudates 
Average yearly rate constant 
for decomposition of soil 
organic matter 
Average yearly rate constant 
for decomposition of fresh 
org. mat. fractions 
Average yearly rate constant 
for decomposition of OMS 

kg ha-1 Vearly amount of roots at 
harvest 

ST R d Length of timestep (always 183) 
NV I Number of years to simulate 
NUADS I Number of additions in spring 
NUADW I Number of additions in fall 
If yearly additions are wished for the whole simuiatien 
period, NUADS and/or NUADW = NV 
PE I 

The output file has the 
timestep of half a year 

Period 
PE = 1 
PE = 2 

to start simulation 
summer period 
winter period 

name HISTDR.DUT. It produces per 
the values: 

NS I y Number of summer periods passed 
NW I y Number of winter periods passed 
TOOM R kg m-2 Total organic matter layer 1 

<OS-fractions + TOHUl 
0S(2) R kg m-2 Fresh organic matter fraction ., 

~ 

in layer 1 
<only layer 1 contains OSl 

0S(3) R kg m-2 Fresh organic matter fraction 3 
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in layer 1 
TOHU!2l 
COTCTO ( 1-4 l 

R 
R 

kg m-2 
kg m-3 

Amount of soil org. mat. layer 2 
Concentration of organic 
carbon in solution 
N.B. COTCTO ~ COCATO 

TOMNNI ( 1-4l R kg m-2 
Here, COTCTO = 0.5B*COCATD 
Total mineralization of N 
in the layers 1 thru 4 

but other output values like TOHU<3-5l can easily be 
obtained by changing the output statements at the end of the 
summer period and at the end of the winter period. 

Separate runs should be made per type and amount of addition 
and per type of erop with different rooting depth and root 
ma ss. 

Example: 
The effect of 30 years of history of the following field 
should be simulated: 

20 years of grassland with yearly spring additions of 
manure M1 
5 years of grassland with yearly spring additions Ml 
and fall additions of manure M2 
5 years of maize with its own spring addition of manure M3 

The following runs should be done: 
1. Effect of spring additions to grassland 
QUMT = M1 
NUADS = 25 
NUADW = 0 
PE = 1 
NY = 30 (no additions of this kind for the last 5 yearsl 
RO = 0. 
HE = 0.2 (example of depth of incorporation of manurel 
FR<1-3l, FRCA(1-3l, and A<1-3) : values for manure <table 6.4) 

2. Effect 
QUMT = 
NUADS = 
NUADW = 
PE = 
NY = 

RO 
HE 

= 
= 

of fall additions on grassland 
M2 
0 
5 
2 
10 (5 years with additions M2, 5 years with no 
additions M2 during maizel 
o. 
0.2 

FR<1-3l, FRCA<1-3>, and A<1-3) : values for manure <table 6.4l 

3. Effect 
QUMT = 
NUADS = 
NUADW = 

PE 
NY 
RO 

= 
= 
= 

of grass roots 
2*average root 
0 

and -exudates 
mass (see appendix El 

25 (roots considered to become available in fall 
in this model for grass roots too; in ANIMO this 
must be modelled in a different way (see appendix El 
1 
30 
2*average amount of roots <see appendix El 
<used for exudate production calculationsl 

HE = 0.3 
FR<1-3l, FRCA(1-3l, and A<1-3l : values for root material; 
this is not determined in table 6.5; an average curve can be 
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taken in between that of erop residues and that of straw. 

4. Effects of spring additions to maize 
QUMT = M3 
NUADS = 5 
NUADW = 0 
PE = 1 
NY = 5 
RO = 0. 
HE = 0.2 
FR<1-3l, FRCA<1-3l, and A<1-3l values for manure <table 6.4) 

5. Effect of maize roots 
QUMT = amount of roots formed by maize (added to profile 

in falll 
NUADS = 
NUADW = 
PE = 

0 
5 
1 

NY = 
RO = 

5 
amount of roots formed by maize (used for exudate 
production calculationsl 

HE = rooting depth of maize 
FR<1-3l, FRCA<1-3l, and A<1-3) : values for root material; 
this is not determined in table 6.5; an average curve can be 
taken in between that of erop residues and that of straw. 

The results of these runs should be combined to give the 
situation at the start of simulation of ANIMO. In this 
combination of results attention should be paid to: 
1. Output data of HlSTOR have to be transformed into ANIMO 

input data taking into account differences in layer 
thicknesses used inanimo and in the separate runs of 
HISTOR. 

2. HlSTOR always works with one kind of material at a time; 
for ANIMO more materials and more fractions can be used. 
Per kind of material 2 or 3 fractions are needed; the 
fraction numbers can be defined as follows for the 
example above: 
HlSTOR ANIMO 
fractions 1-3 for manure fractions 1-3 
fractions 1-3 for root material fractions 4-6 

3. HlSTOR stops when NS = NY and NW = NY. Dependent on 
the value of PE and the time of year the ANIMO-run should 
start, not always the last output line of HlSTOR is the 
line to be used. 
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APPENDIX D 
List of symbols used 

N.B. Layer indices n ar k are nat always used in the text 
N.B. Same symbols are used for different purposes. In that 
case, behind the description of the less frequent used 
ene, a paragraph number is written. 

Symbol 

A 

a 
a 

a, a 
A<nl 
a(n) 
AO 
AE 
ae 
ae 
Ag 

ah 

Ak 

an 

As 

as 

Ar 
B 

b, b' 
b(n) 
c 
c<n,t) 

t'(n) 

cl 

c2 

ca 
ce 
cg 

ei 
cid 
ck 

cnh 
t'nh 

en i 

units 

cm2 s-1 
m2 d-1 
kg m-3 

c 

d-1 
m2 
m 

d-1 

m 

d-1 

m 

d-1 

kg m-2 

m3 m-3 

description 

Parameter used in par. 4.4 (no physical 
meaning) 
assimilation factor 
thermal conductivity (par. 5.5) 

d-1 oxygen production rate (par.5.3.) 
coefficient in Fourier analysis 
coefficient in Fourier analysis 
amplitude of yearly temperature wave 
aerated fraction of soil layer 
first-order rate constant for root exudates 
aerated area per pare <par. 5.3.) 
average distance between trenches (3rd order 
drainage systems) 
first-order rate constant for soil 
organic material 
average distance between canals (1st order 
drainage systems) 
first-order rate constant for fraction fn 
of fresh organic material 
average distance between drains/ditches <2nd 
order drainage systems) 
first-order decomposition rate constant 
for soluble organic material 
amount of roots present in profile 
constant used in par. 4.4. (na physical 
meaning) 

d-1 oxygen consumption rate 
coefficient in Fourier analysis 

cal cm-3 C-1 specific heat (par. 5.5) 
kg m-3 

kg m-3 

:1. 

:1. 

m3 m-3 
kg m-3 
kg m-3 

kg m-3 
kg m-3 
kg m-3 

kg m-3 
kg m-3 

kg m-3 

concentratien of a species in layer n at 
time t 
average concentratien of a species in 
layer n during the timestep 
maximal N-content of a plant in the 
first growing period 
maximal N-content of a plant in the 
secend growing period 
oxygen concentratien in atmosphere 
concentratien in evapotranspiration flux 
concentratien in trench (3rd order 
drainage) discharge water 
concentratien in incoming flux 
concentratien in infiltration water 
concentratien in canal <1st order) 
discharge water 
ammonium-N concentratien 
average ammonium-N concentratien 
during timestep 
nitrate-N concentratien 
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en i 

r:o 
Copt 

r:p 
r:s 

r:w 
r:we 

D 

DO 

Da 
Dg 

Ok 

Dm 
On 
dp(n) 

Dr 
Os 

E<t> 
Epot 
Er 
f 
fa 
fb 
fe 
fg 

fg <n > 

fi 
fib 
fid 

fio 
fin 
fk 

f k (n) 

fl 
fn 
fa 
fou 
FR 

fs 

fs<n> 

fub 
fuo 

kg m-3 

kg m-3 
kg m-3 

m3 m-3 
kg m-3 

kg m-3 
kg m-3 

m2 d-1 

m2 d-1 

r:m2 s-1 
m 

m 

m 
kg m-3 
m 

m 
m 

kg m-2 
m 
m d-1 
m d-1 
m d-1 
m d-1 
m d-1 
m d-1 

m d-1 

m d-1 
m d-1 
m d-1 

m d-1 
m d-1 
m d-1 

m d-1 

m d-1 

m d-1 
m d-1 

m d-1 

m d-1 

m d-1 
m d-1 

average nitrate-N r:onr:entration 
during timestep 
r:onr:entration in outgoing flux 
optima! mineral N r:onr:entration for 
uptake by plant roots 
oxygen r:onr:entration in pare air 
r:onr:entration in drain/ditr:h (2nd order 
drainage> disr:harge water 
oxygen r:onr:entration in soil water 
equilibrium oxygen r:onr:entration in 
salution at water/air boundary 
diffusion r:oeffir:ient of oxygen in 
airfilled pare system of soil 
diffusion r:oeffir:ient for oxygen 
in atmosphere 
diffusion r:oeffir:ient for oxyen in 
thir:kness of the layer disr:harging 
the 3rd order drainage system 
thir:kness of the layer disr:harging 
the 1st order drainage system 
damping depth 

air­
to 

to 

d-1 nitrate-N demand for denitrifir:ation 
depth of middle of layer n from soil 
soil surfar:e 
thir:kness of rootzone 
thir:kness of the layer disr:harging to 
the 2nd order drainage system 
amount of exudates in a layer 
potential evapotranspiration 
evapotranspiration flux 
steady state perr:olation flux 
disr:harge flux from the previous layer 
disr:harge flux to the next layer 
evapotranspiration flux 
total disr:harge flux to trenr:h (3rd order 
drainage system) 
disr:harge flux to trenr:h (3rd order 
drainage system) from layer n 
total inr:oming flux 
downward flux from layer n-1 to layer n 
infiltration flux from the drainage 
systems 
upward flow from layer n+1 to layer n 
inr:oming flux in the unsaturated zone 
total flux to r:anals (1st order drainage 
systemsl 
flux to r:anals (1st order drainage 
systemsl from layer n 
disr:harge flux to ar from the aquifer 
frar:tion number 
outgoing flux 
outgoing flux of the unsaturated zone 
name of a matrix used in frar:tion divi­
sion of fresh organir: matter 

disr:harge flux for ditr:h/drain (2nd 
order) disr:harges 
disr:harge flux for ditr:h/drain (2nd 
order) disr:harges from layer n 
upward flux to the previous layer <n-1) 
downward flux to the next layer (n+1) 
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fz 

H 
H <tl 
h 
h(t) 

He<tl 

Hs(fn,tl 

HV 
Is 

k 
k 
kO 

k1 

ke 

knh 

kr 
ks < 1 l 
L<nl 
Lr 
Lre 
m 
Mn 
mn 
N 
n 
n 
na 
nf 
nifr(fnl 

nifrex 
nifrhu 

nl 
Nm 

nm 
Nmax 

nr 
Nre 
OMS 
Os(fn,tl 

p 
p1 
p2 
Pr 
Ps 
Q 

m d-1 

kg m-2 
kg m-2 
m 
m 

kg m-2 

kg m-2 

d-1 
kg m-2 

g d-1 
kg m-3 

d-1 

discharge flux to the drainage systems 
from a layer 
amount of soil organic material (humus) 
amount of soil organic material 
height of a water column (par. 5.3) 
depth of the water table at the end of a 
timestep 
amount of soil organic material origina­
ting from exudates 
amount of soil organic material origina­
ting from soluble organic matter 
change rate of moisture fraction 
amount transported into the layer du­
ring the timestep 
layer number <par. 5.3) 
production rate of OMS (par. 6.1) 

d-1 zero-order rate constant for a soluble 
species 
first-order rate constant for a soluble 
species 

kg m-2 d-1 zero-order rate constant for produc­
tion of exudates 

d-1 

kg m-2 
m d-1 
m 
m 
m 

kg m-2 

kg m-2 

kg m-2 

kg m-2 

kg m-2 

atm 

m d-1 
m 
kg m-3 

first-order rate constant for nitrifica­
tion 

d-1 production rate of dead grass root 
saturated conductivity of layer 1 
height of a layer 
rooting depth 
effective rooting depth 
number of rnales 
ammonification rate 
material number 
number of airfilled por-es 
layer number 

ma ss 

number of Fourier coefficient (par. 5.5) 
number of aerated layers 
number of fractions 
nitrogen fraction in organic material 
fraction fn 
nitrogen fraction in exudates 
nitrogen fraction in soil organic mate­
rial (humus> 
number of layers 
maximal cumulative N uptake of N by the 
erop for the timestep 
number of mater-ials 
maximal uptake of N by the erop during a 
favourable growing season 
number of layers with roots 
realized cumulative N uptake by the erop 
organic material in salution 
amount of a fresh organic material 
fraction fn 
gas pressure 
parameter for soil type in determining D 
parameter for soil type in determining D 
precipitation rate 
precipitation surplus 
amount of NH4-N adsorbed per unit of 
soil system 
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q 

qnh 
R !tl 
R 

r 

r 
Rd 
Rg 
rv 
s 

s(fn,t) 

ll:(fn) 

T 
t 
t 

Ta 
Us 

V(n) 
V!n,t) 
V 

Vb 
Vr 
z 
z (k) 

z 

À 
À 

m 
m<n> 
e 
eo 

e+ 

eav 

eg 
es at 
l' 

kg m-2 
kg m-2 
m 

m 

different 

1 atm 
m 

kg m-3 

kg m-3 

c 
d 

c 
kg m-2 

m 
m 
1 
m 

C-1 

m 
different 
m 

m 

cal cm-1 
rad 
rad 

cm 
rad d-1 

part of a layer discharging to a certain 
drainage system 
amount of NH4-N adsorbed in a layer 
amount of roots in a layer 
radius of aeration of a gasfilled soil 
po re 
radial distance from centre of gasfil­
led pore 
rate of a process (par. 5.5) 
distribution ratio for ammonium 
mole-l gas constant 
radius of gasfilled pore 
selectivity constant for uptake of 
solutes by the plant 
concentration of a fraction of soluble 
organic material 
average concentration of a fraction of 
soluble organic material 
ternperature 
time, timestep 
fraction of timestep for ternporary anae­
robiosis 
average yearly ternperature 
arnount transported out of a layer during a 
timestep 
average rnoisture content of a layer n 
rnoisture content of a layer n at time t 
gas volurne 
rnoisture volurne below rootzone 
rnoisture volume of rootzone 
constant in law of Arrhenius (par. 5.5) 
depth of the bottorn of layer k from soil 
sur-face 
depth 

labyrinth factor 
s-1 C-1 therrnal conductivity (par. 5.5.) 
phase shift 
Fourier coefficient (par. 5.5) 
rnoisture fraction 
moisture fraction at the beginning of 
the timestep 
increase of rnoisture fraction frorn Bav 
to air entry value 
average rnoisture fraction during 
timestep 
gasfilled fraction 
saturated rnoisture fraction 
rnoisture suction 
frequency of ternperature wave 
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APPENDIX E 
Modelling concept for grassland 

The amount of roots in grassland can vary between extremes 
of 2300 to 30000 kg dry matter per ha in the layer 0-20 cm. 
On comparable natural grasslands the root mass is generally 
higher than on culture grasslands. The amount is influenced 
by: profile properties, botanical composition, age, cutting 
regime, time of the year, fertilization and watermanagement 
!Dirven and Wind, 1982). It will be clear that precise 
rnadelling of this amount is too complicated in this stage. 
When new grass is sown, the amount of roots will generally 
increase during the first 6 to 8 years, after which a cer­
tain stabilization takes place (Schuurman, 1973>. When fer­
tilization takes place, the equilibrium can be reached soo­
ner ( Schuurman and l(not, 1970) • Dur i ng one year, however, 
there is also a general trend in root mass fluctuation. This 
is illustrated in fig. F.l. !Schuurman, 1973). When the 
growth is not interrupted, maxima occurr in may and septem­
ber. When the grass is cut more often, the first maximum 
becomes smallerand the second disappears (Schuurman, 1973>. 
Therefore

1
it seems possible to model the amount of roots in 

culture grassland as a sine function of the time of year, 
with a maximum on the 15th of may, a minimum on the 15th of 
november, and amplitude of 157.: 

2* 
Ar = Ar!avl + 0.15*Ar!avl*sin(---*(daynr. - 46)) 

365 

The average amount Ar(avl can be determined by measurements. 
Measurements of root mass amounts mean measurements of the 
net result of formation and decomposition rates; they do not 
give information about these rates separately. Troughton 
(1981) measured the length of life of grass roots. This was 
about one year at uninterrupted growth, and about 0.5 year 
at frequent cutting for Lolium Perenne. For culture 
grasslands this means that the root mass is renewed twice a 
year; the production of dead roots is twice the average 
amount. When root exudates are also considered (see par. 
5.1.3. and 6.1.>, it means that an amount of 0.41*2 = 0.81 
times the average root mass comes available per year as 
exudates. These total amounts come available at average 
rates (kg m-2 d-1) of 

2*Ar(avl 0.81*Ar(avl 
kr = -------- (root mass) and ke(grass) = (exudates). 

365 

in which: 
kr 

365 

= production rate of dead grass root mass 
(kg m-2 d-1 l 

The fluctuation of the root mass during spring and summer is 
generally explained by assuming the growth rate is initially 
higher than the death rate, and later on the situation gets 
reversed <Goedewaagen and Schuurman, 1950; Troughton, 1957). 
This means that the death rate in summer is highest. There­
fore it is possible to relate the rate kr to the temperature 
in the same way as the rate constants for organic matter 
transformations (see par. 5.5). 
The easiest way to describe dead grass root mass production 

, 
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in the model ANIMO is by considering the amount formed 
during a timestep as an ''addition'' at the beginning of that 
timestep. In this case the behaviour of this material can be 
described by that of a stepwise added, fresh organic mate­
rial (Osl, although the ''addition'' really is a continuous 
process. 
Beside the temperature dependenee of dead root mass produc­
tion, for timesteps when the grass is cut a relatively 
greater dead root mass production could be taken as compared 
to other timesteps (with relatively lower dead root mass 
product ion) 
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Figure F.l. Variation in root mass duringa year dependent 
on frequency of cutting <Schuurman, 1973) 
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