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The research project "Nitrogen behaviour in soil in relation
to oxygen, water, and temperature" , of which results are
presented in this report, was initiated by the working group
"Water, bodem en Lucht" of the Landinrichtingsdienst of the
Netherlands. The study was carried out at the Institute for
Land and Water Management (ICW) in Wageningen. The project
was financed by the dutch Ministries of Agriculture and
Fisheries and of Housing, Physical planning and Enviraonmen-—
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 modelling process it became clear that the
completed model ANIMO would also be able to give other
results, like nitrogen load on surface waters and develop-
ment of organic matter properties of a soil profile, so that
it can be considered as a complete (although not in every
aspect detailed) 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
region.

Froject leaders were ir. J.H.A.M. Steenvoorden and

dr. ir. F.E. Rijtema.

We are grateful to Ir. T.J. Hoeijimakers and miss 1. Akker-—
man, who have worked out part of the programming concerning
the connection of ANIMO with the watermanagement model and
the description of solute fluxes.

We thank mr R. Looy and the other people working at the
Department of Btudent affairs of the Technical University of
Delft for the use of their printing facilities, which was a
great help in completing this report in time.



SUMMARY AND READING GUIDE

The model ANIMO simulates the behaviour of nitrogen in a

soil-water—plant system, influenced by:

— spil type

-~ s0il use

— water management

— weather conditions

— fertilizer use

— cropping history

using a one-dimensional 5011 system divided in a number of

horizontal lavers.

In its present form it can be used on a field scale; the

structure of the model,:-however, gives the possibility of

extension to regional use; this extension is being worked
out,

In the model, main attention is focussed on the following

sub jects:

— mineralization/immobilization of N in relation te forma-
tion and decomposition of different types of organic
matter (organic fertilizer, root material, root exudates,
native soil organic matter)

— denitrification in relation to (partial) anaercbiosis and
the presence of organic material

— transport, formation and decomposition of NDO3, NH4 and
soluble organic matter.

The model will be able to give predictiens for the leng term

nitrate contamination of groundwater and surface water as

well as for the development of organic matter qualities of
the spil profile under consideration.

After the introduction in chapter 1, chapter 2 gives a short
qualitative description of the nitrogen bebaviour in soil
and the factors influencing this behaviour.

In the chapters 3, 4 and O the theory of the model ANIMD is
worked out:

In chapter 3 the basic structure and central transport and
conservation equation is explained; in chapter 4 the
modelling of moisture distribution and transport processes
is described; chapter 5 gives a detailed description of the
modelling of the biochemical processes, from which rate
constants in the transport and conservation equation are
derived.

Chapter 5 describes methods with which model parameters can
be derived from literature data; these methods are worked
out for some frequently occurring situations.

Chapter 7 gives some conclusions of the study and recommen-—
dations for research and further development of the model.
For the user of ANIMO information on input can be found in
the appendices A and C.

For the modeller who wants to change or further develop
parts of the computer program appendix B, containing a
description of the computer program, is useful.

The model in its present form can be used to simulate crops
which are sown and harvested during one year; in appendix E
a modelling concept for grassland is given.

The model ANIMD applied an field scale, uses the results of
an external watermanagement model WATBAL, which is described
in ancther report (Berghuijs-van Dijk, 1985). Used on regio—



nal scaley, it can be connected with the model FEMSAT-F
(Querner and van Bakel, 1984). Combination with other water-—
quantity models is also possible.
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1. INTRODUCTIDN ALTERRA,

Wageningen Universiteit & Research centre
Omgevingswetenschappen
Centrum Water & Klimaat

1.1. Purpose 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 concentration is 11 g N m—3) and
preservation of natural areas (eutrophication causing de-
terioration of diversity of species). To prevent or 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 intfluences 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

Frissel and van Veen(1981) 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. If 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 pccurring, 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 terms):

— mineralization/immobilization related to the processes
of the C-cycle



= denitrification related to (partial) anaerobiosis and to
the: presence .of. decomposing organic material, which impli-
catestthe: modelling of
- twygen-distribution
— ‘transport 'of drganic material in solution
— 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 so0il orga-
nic matter and denitrification below the rootzone. In the
model ANIMD a first attempt is made teo include this subject.



2. SHORT DESCRIPTION OF NITROGEN BEHAVIOUR IN SOIL

2.1. Nitrogen balance of the topsoil

1f 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. 2.1i. Nitrogen balance of the topsoil

Input: fertilizer precipitation M-fixation
Soil-water- transformation and transport] Influences on
plant system: Processes " processes

Output: e/’// l l
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 other, and some can be
transported as solutes to deeper layers. These processes are
influenced by environmental factors like temperature, mois-—
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 lavers, and by volatilization {(gaseous loss of NHZI)
and denitrification {(gaseous loss af N2 or N20).

2.2. Transformation processes

Nitrogen can occur in different forms in soil, which forms
can be transformed into each other through the processes in
the nitrogen cycle (see fig. 2.2).

Te 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.



Fig. 2.2. The nitrogen cycle

N IN SOLIDS

N IN SDLUTION

organic

N in plant disso— N in soluble
parts and lution organic matter
manure

decay dissolution mineralization

.

(ammonification)

N IN GASFHASE

J NH3I

N in soil minera-—

organic lization N _

matter/ immobili- :]N;Z] valatilization
‘binmass lization (ammonium) (a
NH4 at adsorption

s0il complex

plant uptake

mitrification

k.

mmonia gas}

[ND3 denitrification

T~

{nitrate) {

NZ,N20

Jleaching
Fig. 2.3. The carbon cycle
C IN SOLIDS C IN SOLUTION C IN GASPHASE
C in organic €C in soluble
plant parts organic matte
and manure dissociation
Humi f i Dissolution coz2

cation

Humification

Cin soil or

matter/biomass

ganic

Association

nitrogen gas)



For convenience, we shall call dead plant parits and organic
parts of manure added to soil "fresh organic waterial'.
When this material starts to decompose, it is partially
oxidized to COZ and H20 and partially transformed into soil
organic matter or biomass. The ratio

formed soil organic matter

total amount of fresh organic material decomposed

is ralled the assimilation factor. At least a nart 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 involved (cel-
lulose, hemicellulose, pectine, lignine) is a splitting up
of these molecules to smaller parts. Micro—-organisms use
exo-enzymes (operating outside the micro—-orgarnism cell) to
perform this task. Generally spoken, the smalier the compo-
nents formed, the higher their solubility is. The smaller
molecules can be taken up by the mico-organis: cell to be
decomposed further.

The formed soil organic matter, in its turn, d=composes to
COZ2 and HZ0, 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 one-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 CO2), 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 pnow 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 so0il 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 solutiaon is the so—called net
mineralized N. If the nitrogen content of the plant parts or
soluble organic material is low 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 erganic 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 + 30 -»> 2NO + 4H + 2H O
4 2 2 2

2ND + 0 - 2ND
2 2 3

Under normal circumstances the second step is much faster
than the first, so that no accumulation of ND2 (nitrite)
will occur.

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

+ —
MH4 + OH @ NH3 + H20

which causes gaseous losses of nitrogen fram the topsoil.

Denitrification:

Denitrification is the process through which organic mate-—
rial is oxidized in the absence of oxygen. Under anaerocbic
conditions nitrate can be used instead of oxygen as the
oxydizing agent. The nitrate itself is transformed into N2
or NZ20 during this process. As an example the aerobic and
anaerobic decomposition of glucose by Pseudomonas aeruginosa
is given:

Aerobic: CH 0 + &0 - &CO + &6H O
& 12 & 2 2 2

Anaerobic: SCH DO + 24N0O = 30CO + 1BH D + 12N + 240H
& 12 & 3 2 2 2

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

Plant uptake:
NH4 and NO3 can be taken up from soil solution by the plant



roots by means of the transpiration $lux or through diffu-
sion. Although generally NH4 is preferred by the plant, it
is often less available than NDO3 because of adsorption to
the soil complex and, under aerobic conditions, because of
the rapid transformation into NDO3X, 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, NO3,
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 forms to and from a soil
layer.

leachingj’ Iéapillary rise transpiration
ND3
NH4 drainage N

soluble organic matter

leachingl Icapillary rise

Transpiration and drainage fluxes extract water and solutes
from the soil system; capillary rise and evaporation are
upward fluxes to and from next layvers; leaching is a
transport to deeper layers.

Because of its negative charge the nitrate ion is not re-
tained by the soil complex and the whole nitrate content of
a layer can be transported directly with the water fluxess
from the ammonium ion with its positive charge only the not-
adsorbed part is transported.

2.4. Influentes on processes

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

Temperature:

For chemical processes, the rate generally increases with
temperature. For biological processes, often 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 often 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



expressed relative to the maximum rate found, or to the rate
found at a certain average temperature, so that a reduction
factor for other 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 those on organic matter decomposition.
Other temperature influences follow from these or are less
important.

Moisture and oxygen:

These two are strongly related in snil and therefore treated
together.

Micro—organisms need moisture to perform their functions.
Below wilting point these are disturbed. At low 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 mois-
ture suctian showing an optimum near pF 3. If, however, they
used topsoil samples 4for their studies, which are pften
aerated in field situations, the decrease in mineralization
rate at low suction may be due to the necessity for adapta-
tion of the microflora from aerobic to (facultative) anaero—
bic species, which adaptation in a poor growth medium as
soil is, takes time. In a spil 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 low suction is, however, determined by
a shortage of oxygen.

For denitrification it is aobvious 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 anaerobiasis). The texture of the
s0il plays an important role in this aspect.

Summarizing, the reduction on mineralization at low 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 preference of the micro—-organism invelved. Measure-
ments by several authors indicate a broad optimum pH range
for mineralization, nitrification and denitrification {(van
Huet, 19283). The pH of most soils falls within this range. A



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 (1783) showed that the higher the gift of
mineral fertilizer, the higher the percentage leaching.

— The rate of formation of NOZ, which is favoured by high
temperature, high N-content of organic materials added and
aeration

— The rate of disappearance of NDZ from solution, favoured
by high moisture conditions

Soil and water management, as expressed in

— The presence of a crop: if a crop 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
arable 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 addition of fertilizer or manure:
Additions in spring or summer are the most favourable for
crop nutrition on arable 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 same remark applies as for the
rate of water transport. S5teenvoorden(1983) 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 caombination of differences in
storage capacities and denitrification possibilities.

= Physical soil characteristics:
Examples are texture influencing partial anaerobiosis,
and conductivity influencing leaching rate.

— Bprinkling

Weather conditions:

— Frecipitation rate, influencing leaching rate but also
denitrification rate

- Temperature, influencing production rate of NO3.



3. BASIC STRUCTURE OF THE MODEL ANIMO

2.1. Flow scheme

As mentioned before, the model ANIMO will be made operatio-
nal both on field scale and on regional scale. The general
flow scheme for the regional scale formulation 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 concentration after each year, by combining the

deep drainage fluxes of all the areas. The new deep soil

water concentration 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

form the core of the model.

2.2. Geometry and time

Inside each 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 waork 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 work with timesteps of one day or more (weeks,
decades).

10



Fig. 3.1. Flaw scheme of the model ANIMD

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 area

do step = 1 tp nr. of steps per year

input moisture data

calculate moisture fractions and fluxes
calculate ropt and root exudate prudUctiun rate
divide additions over the layers

calculate temperature profile

calculate influences of temperature and
moisture on rate constants

calculate production rate of soluble organic matter

calculate transport, production and decomposition
of organic material in solution

calculate formation and decomposition of {(solid)
s0il organic material and decomposition of (solid)
fresh organic material

calculate uptake rate of NH4 and NDO3 by the crop
valculate oxygen distribution and denitrification
rate, and production and decomposition rate of NH4

and NO3

calculate transport, production and decomposition
of NH4 and NO3

calculate carbon and nitrogen balances

calculate concentrations of NH4, NO3 and organic
matter in solution in drainage fluxes

storage of data obtained at end of simulation year

calculate new concentrations of NH4, NO3 and organic matter
in solution in surface waters and deep aquifer

11




3.2. Transport of solutes.

A central point of the model is the transport- and conserva-
tion equation. This equation has to be used for all sboluble
species of importance in the nitrogen behaviour: NO3, NH4
and soluble organic matter. By means of this egquation the
new conecentrations 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:

diVin,t)*c(n),t)?
————————————————— = mass transport + kO#L + ki#V(n,t)#c(n,t)

Rd#d{V(n,t)*c(n,t)?

dt

in which:

n = layer number

t = time (d)

Vin,t) = moisture volume of layer n at time t (m)

cin,t) = concentration in layer n at time t (kg m—3)

kO = zerco—order rate constant of the species in layer n
(kg m—-3 spil d-1)

k1l = 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 = lavyer thickneszs {(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 waterquantity model. The
next chapter gives these calculations and the solutions of
the transport and conservation equation.

The concentrations at t=0 follow from the previous timestep.
The values of kO and k! follow from calculations on solubi-
lization, mineralization and denitrification. These calcula-—
tions are described in chapter 5.
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4. MODELLING OF TRANSPDRET PROCESSES

Far 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 precipitation flux (m d-1)

Er evapotranspiration flux (m d-1)

fg discharge flux for surface runoff, field drain/trench
discharge and interflow (m d-1} (3rd order discharge)

fs discharge flux for ditch or drain discharges (Z2nd
order discharge) (m d-1)

fk discharge flux for canal discharges (1st order dis-
charge) (m d-1i}

f1 discharge flux to or from the aquifer (m d-1)

Vrtt) the moisture volume of the plant root zone at the end
of the timestep (m)

ht) the phreatic level at the end of the timestep (m)

4.1. Hydrological schematization

Considering a hydrologically homogeneous 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 (1lst order) and the density of field
drains (3rd order) is four times the density of drains/dit-
cthes. 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-
nage system.

For the water guality calculations the two dimensional sche-
matization given in fig. 4.1. has been simplified to a one-
dimensional schematization given in fig. 4.2. In this ap-
proach for each timestep a certain layer with specified
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

—_— = em— - S ——  ——

Dk Ak Ds Ak Dg

in which:

' Dk = thickness of layer discharging to the 1st
order drains (m)

1=



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

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

lPr

1

)fk
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Al = drain distance between the parallel
equidistant first order drains (m)

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

4.1)

Ds = thickness of discharge layer to the 2Znd
arder drains (m)

ag = drain distance between the parallel equidis-—

tant third order drains (m), including the
2nd and 1st order drains

Dg = thickness of discharge layer to the third
order drains (m)

For the simulation of surface runoff and interflow (Zrd
order drainage system) 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:

a(t) = em———
in whichs
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 (t) = Vb(O) + (2 {in - Z-Fnu)*t - AVr

in whichs

Vb (%) = moisture volume below rootzone at end
of timestep (m)

Vb (0) = moisture volume below rootzone at
start aof timestep (m)

Z:{in = incoming flux (precipitation, seepage,
infiltration}

anu = putgoing flux (evapotranspiration,
leakage, discharge to drains (m d—1)

AvVr = thange 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 spil layer the water balance can be
formul ated:

(fa — b — f=z fe)kt + V() - V(o) = 0

in which:

fa = discharge flux from the previous layer
(m d-1)

b = discharge flux to the next layer (m d-1)

¥z = discharge flux to the drainage systems {from
the layer (m d-1)

te = evapotranspiration flux fraom the layer (m d-1)

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

As f=
£z =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 fg As fs
fz = (1 — Q) # | % — ¥ — + q % L * —— & ——
Ak Dg Ak Ds

in which q is the fraction of thes layer discharging to the
2nd order drainage system.

fissuming a wniform 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
b should equal the leakage or seepage term f1 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 censervation equation can be written:

diVin,t)*#c(n,t)>
———————————————— =§-fi*ci —Z-Fc:*cn - fexce + kO»L

Rd*d{V(n,t)*c(n,t)3
+ kl%c(n,t)*Vi{n,t) - —————u—————————

in which:

cin,t) = econcentration in layer n

2fixci = total incoming flux of material (kg d-1)

2 fo¥*co = total outgoing flux of material (kg d-1)

ce = concentration in evapotranspiration
flux (kg m—3)

kO = production rate coeftficient of order 0O
(kg m—3 d-1) .

k1 = production rate coefficient of order 1
(d-1)

Rd = 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 ot layer n the following expression is
found:

Vin,t) = L#(@p + HY»t)
in which:
=Tu] = moisture fraction at the beginning of
the timestep
HV = 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:

z{i*ci = fio*(n+1) + fib*&{(n-1) + fid#*cid

in which:

fio = upward flow from layer n+1 to layer n (m d-1)
E(n+1) = average concentration of layer n+1 (kg m-3)
fib = downward flow from layer n—1 teo layer n
(m d-1)
&i{n—-1) = average concentration of layer n-1 (kg m-3)
fid = infiltration flux from the drainage
system(s) into layer n (m d-1)
cid = 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 concentration in the aquifer has te be taken.

For the mass transport from layer n the concentration is
considered equal to the concentration in layer n (except for
the evapotranspiration flux). For the water fluxes upward
flow (to layer n—1), downward flow (to layer n+1l) and to the
drainage systems has to be considered:

2 fo*co = cin,t)#{fuo + fub + fg(n) + fsin) + Ffkin)>

in which: :
downward flux to the next layer {(n+1) {(m d-1’

fuo =
fub = upward flux to the previous layer (n-1)

{m d-1)
fg9(n) = flux to 3rd order drain from layer n (m d-1) -
fs(n) = flux to 2nd order drain from layer n (m d-1)
fki{n} = flux to 1st order drain from layer n {m d-1).

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

ce = S#c(n,t)

in which:
= = gelectivity factor for plant uptake

For nitrate and ammonium this factor can have a value § <= 13
for organic matter § = 0.

For the first- order production term ki#*ci(n,t)#V(n,t), the
moisture volume VY(n,t) will be considered constant, and the
average moisture volume V{(n) is used on this place:

HV*t
Vin) = L%#(Bo + ————) = L * Bav
2
in which:
Bavy = average moisture fraction during the

timestep
Introduction of these relationsin the transport and
conservation equation gives after re-arranging the general
form of the differential eguation:
d cin,t) A B
dt 0o + HV#t o + HV=t

in which:
HY + fto/L + S*fe/L — kilxdav

fio#*E(n+1) + Ffib#*2(n—1) + fidx»cid + kO#*L
B = ——reremree—rmer e e e —— ———
L*(1 + Rd)

fto = fuo + fub + fgin) + fs(n) + fkin)

Based on certain conditions for the parameters HVY and A the
following solutions of the differential equation are found:
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for HY # 0 and A # 0O:
-A/HY
B E 00 + HV*t
cin,t) = - + {c(n,0) - -3 * {———————— 3
A A 80
for HV = 0 and A # 0O:
B B -Axt /00
cinyt) = — + {c(n,0) - -} * e
A A
for HY # 0 and A = O:
B 6o + HV*t
cin,t) = c{(n,®) + — * In{——m"m——— 3
HY ap
and for HVY = 0 and A = 0O:

cin,t) = cin,0) + B*t/60

Due to the assumption that the incoming fluxes from other
layers have the average concentration of these layers also
average ctoncentrations 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 Go¥ic{n,t) - c(n,0) + HV*tx{ic(n,t) - B/AL
&Ein) = - + ——————————— ———————————— e —

A t*{HY — A
for HY # 0 and A # 0 and HV = A:
B cin,0) — B/A 8o + HV=t
E(n,t) = - + —————r—uo # @o # In{-———————- 2
A HV*t Q0
for HY = 0 and A # O3
E €p
E{n) = - + — #* {c{n,0) - cin,t)?
A Axt
for HY # O and A = Q:
B* (8o + HV#t) HV
gn) = c(p,0) + ———————————— # {——#[cin,t) - c(n,0}1 +
HY *t B
oo
————————— - 1>
Bo + HV*t

and for HVY = 0 and A = Q:
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cin,0) + c(n,t)

The calculation procedure has to follaw the flow direction
in the schematic column because for each layer the incoming
concentration 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 (Nfinal). 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 cencen—
trations.

DO Nlayer = 1, NL

Transport downward?

ves . no
calculate c(n,t) Nstart = Nlayer
calculate &(n) DO Nlayer = Nstart, HNL

ransport downward?

YES no

Nfinal = Nlayer continue
DD LODF

Nfinal = NL

DO Mlayer = Nfinal, Nstart, -1

calculate c(n,t)
calculate &(n)

Nlayer = Nfinal

4.5. Calculation of drainage water concentrations

For each timestep the concentration in the total discharge
to each drainage system is calculated as total load of
material divided by total water discharge.

The concentration in the field drain/trench/surface
runoff/interflow (3rd order) discharge as a whole is:
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nl fgin) * &(n)
€ = J f——mm—mm——m—e 3
n=1 fg

in whichs
cg concentration in Zrd order drainage water

(kg m—3)

disceharge rate to Zrd order drainage

system from layer n (m d-1)

Ny

0y

fgin)

Assuming that the discharges of the 3rd order drains will be
tﬁénsported by the 2nd order drainage system, the concentra-
tidn of the drainage water of the 2nd order drains will be
d%Eermined by the discharge to both systems:

nl
cg * fg + D {fs(n) * B(n)2

in which:
Ccs

concentration in 2nd order drainage water
{kg m—3)

discharge rate to Znd order drainage
system from layer n (m d-1)

f=(n)

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

nl
ces#{fs + fg) + Zl{fk(n * Ein?
n=1

in which:

ck = concentration in 1st order drainage water
(kg m—3)
discharge rate to lst order drainage
system from layer n (m d-1)

fk(n)

The concentration in the discharge to the deep agquifer is
equal to the average concentration in the last layer, £(nl),
if leakage takes place.
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5. MODELLING DF TRANSFORMATIDON PROCESSES

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

S.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 consists of root and
cther crop residues after harvesting and of the organic
parts of manure. These are materials that come available
stepwise, at certain rlearly defined points in time.

- root exudates. These are organic products excreted by
living roots, and dead root cells discarded by the plant.
These products caome available continuously when roots are
present, and therefore their decomposition is modelled in
another way. So for root material we have made the dis-
tinction between the continuously produced part and the
part that comes available in one step at the harvest.

— s0il 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:

coz
e
Fresh org. mat. —2 soluble org. mat <=2 soil aorg. mat ——> CO2

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:

co2
roct exudates --% spil org. mat ——> COZ

S5.1.1. 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 time t Os{fn,t),
in which Os stands for Organic material stepwise added, its
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decomposition can be described as:

—an#*t
Os(fn,t) = Js(fn,0) #e

Os is exprassed in kg dry material m—2 (unit layers of 1 m2
area are tr%en), t in days and an in d-1.

If differe- : fresh organic materials are present it is
convenient Lo be able to use the same equation for all
fractions of all materials. Therefore we must define a fixed
total numbir of possible materials nm and possible fractions
nf¥ (number 3 fractions), of which each kind of fresh orga-
nic materi=! contains a few. This can be done by using a
given matrix FR{(mn,fn) consisting of numbers < 1 that de-
fines if ai 1 for which part a fraction fn is present in
material number mn.

Example of this matrix FR with 5 materials and 10 fractions:

fn = 1 2 3 4 S5 [} 7 8 e 10

mn
=1 0.¢ ©€.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0
2 0.0 0.3 0.0 0.0 0,7 0.0 0.0 0.0 0.0 0.0
3 0. 0.0 0.4 0.0 0.0 0.6 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.2 0.0 0.0 0©0¢.B 00 0.0 0,0
S 0.0 0.0 0O, 0.0 0.0 0.0 0.0 0.1 0.0 0.9

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

new Os(fn,0) = old Os{(fn,0) + FR{mn,fn)*A0

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.

0f course these calculations are performed for each lavyer.
In the computer program an extra dimension for the laver
number is added to Os, but here we shall not 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(OMS)
{kg m—3 d-1}), follows from the calculations in the previous
paragraph:

KO(OMB) =¢ = 3
nf Lt

in which:
aMs = prganic material in solution

or
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—an¥*t

Os{fn,0)*(p - 1)
kO (BMS) = {- —
nt L#t

- -—=3

1t 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 &4). So for the organic material itself it
is not necessary to consider these fractions separately in
soluble form. 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 solution the amount of mineral N released
and available for soil organic matter praduction, can be
calculated. Therefore, we use the transport- and conserva-
tion equation for each fraction, and we calculate for each
fn ¢

Os(fn,t) - Os{fn,0)

kO(OMS,fn) = {—————————— 3
L#t
—an*t
Ds{fn,0)=%(e - 1)
= {—= [ 3
L+t

With these the kO(OM5,¥fn) and with k1 (OMS) as calculated in
chapter &, 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 those layers in which
roots are present (for arable land it will take some time
before full ront depth is reached).

— 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 &. 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. S5.1). 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 text)

root mass density-——
(kg m—3) Drm

depth
(m) Ar

l R{ln)

Lr

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#dp)*L

in which dp (m) 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 0% 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
spnil type can be taken into account as a constraint by
defining:

Lr = min{Lr(t), Lre + 0.103

in which:
Lrit) = interpolated value for Lr from standard
development data (m)

In this calculation method roots can grow to a maximum of 10
cm below the effective root zone. If Lr(t) > Lre + 10, the
root mass Ar(t), which is still kept the same, will be more
concentrated in the top lavyers.

Root exudate production is generally expressed relative to
recot mass development. In chapter 6 we will find that a
factor 0.41#ropt mass development is suitable. & production
rate, constant during the timestep, ke (kg m-2 d- 1), can be
calculated per laver as:

ke = 0.41%(R(0) - R(t))/t

If the decomposition 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 exudates in a layer, E(t) (kg @a-2)%

_____ = ka — ae#E(t)

from which follows:

ke ke —ae*t
E{t) = — = (=— — E(D))#e
ag ap

S5.1.4. Formation and decomposition of sopil 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 exudates. 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 nf the different modelling in the
source materials.

Soil organic material from soluble organic material
fractions:

dHs (fn,t)
--------- = a*as#V#s(fn,t) — ah#Hs(fpn,t)
dt
in which:
He(fn,t) = Boil organic matter (humus) from soluble
organic matter (kg m—-2) fraction ¥n
a = assimilation factor (-)
as = decomposition rate of soluble organic
matter (d-1)
Vv = water volume of the layer (average
during timestep) (m)
s(fn,t) = soluble organic matter concentration
of fraction fn (kg m—3)
ah = gdecomposition rate of soil organic

matter (d-1)

N.B. For the decomposition of Hs(fn,t) no assimilation factor is
used, because ah represents a net decomposition rate to CO2

(see chapter 2).

s(fn,t) 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. AAs can be seen in chapter 4, the
egquation of s(fn,t) can have quite different forms. There-

fore, we use the average value during the timestep, &{(fn),

which is also talculated, and then the solution follows:

araskV#E (fn) —ah#*t —ah*t

Hs{fn,t) = ————————e—— #(1 — e ) + Hs({fn,0)*%e
ah
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Soil organic material from root exudates:

dHe (t)
—————— = akae#E(t) - ah¥*He(t)

in whichs:
He(t) = Soil organic material (humus:: from exudates
(kg m—2)

dHe(t) ke ke - ae#t
—————— + ah#He(t) = akae#(—— — {(— — E(0))#*e 1)
dt ae ag

for which the solution is:

axke —ah#*t ad{ke — aexE(0)) —ah#t —ag#t
He(t) = ————x(1 - & ) e ¥ (e - e ]
ah (ah — ae)

-ah#t
+ He (0)#g

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

H(E) = ) Hs(t) + He(t)
+n

S5.2. Nitrogen mineralization and —immobilization

In this paragraph the derivation of the values for kO and kl
for NH4 and NO3 will be described.
The principles of these calculations are:

1. The net total mineralization rate of NH4 during the
timestep, kO(NH4), follows from the composition/decompo-
sition balance of the different organic materials, taking
intop account their diverse N contents.

2. The decomposition (oxidation) rate of NH4, k1(NH4), has a

certain basic value (follewing from literature data),

which is reduced for (partial) anaerobic conditions.

The formation rate of NOI ic derived from the decomposi-

tion rate of NH4.

4. The rate of decomposition of NO3 is determined by the
part of the total decomposition of organic material that
takes place under anaerobic conditions, where the axygen
demand is replared by a nitrate demand.

“

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

Dom =

EE{V(O)*s(fn,O) - V(t)*s(fn,t) + L*kO(OMS)*t + Is(fn) — Us{fnm)Z
+n -

+ H{O) - H(t) + E(0) — E(t) + ke#t
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in which:

Vo) = moisture volume at beginning of
timestep (m)

v{t) = moisture volume at end of timestep (m)

Dom = net decomposition of organic material
during the timestep (kg m-2)

Is{fn) = total amount of soluble organic matter

fraction fn transported into the layer
during the timestep (kg m—2)

Us{(fn) = 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 follows from:

Mn = Z:{nifr(fn)*(V(O)*B(fn,O) - V() #5(fn,t) + L#*kO(fn)*t
fn
+ Isi{fn) — Us(fn)) 2

+ nifrhu* (H{(0) - H({t))

+ nifrex*(E(0) E(t) + kext)

in which:

nifr(fn) = nitrogen fraction in organic material
fraction fn 7

nifrhu = pitrogen fraction in soil organic
material

nifrex = nitrogen fraction in exudates

The rate of MNH4 production is:

Mn
kO{(NH4) = —— kg m-3 soil d-1
%t

Ad 2:

If the decomposition (oxidation) rate for NH4 under aerobic
conditions is knh (d-1), the decompositian rate for NH4
under partial apaerobic conditions can be assumed as:

k1(NH4) = -AE#knh d-1

in which
AE = aerated fraction of the layer during the
timestep considered

N.B. k1(NH4) Is negative because all the rate constants in
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 NO3 is equal to the rate of decom-
position of NH4. Because kl{(NH4) is a first—-order rate
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constant and kO(NO3) a zero-order one, we must multiply by a
concentration term, and because kO(ND3) is expressed in kg
m—3 s0il d-1 we also multiply by the average moisture
fraction:

kO{NO3) = —-k1(NH4)#*&nh#*Bav = AE*knh#*&nh*8av kg m—-3 soil d-1

in which:

&nh = average concentration of NH4-N in solution
during timestep (kg m—3)
@av = average moisture fraction during the timestep

The value of &nh follows from the transport- and conserva-
tion equation applied to NH4.

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

Pseudomonas aeruginosas

SCH O +24ND 2> 30C0O +1BHO + 12 N + 24 DOH
& 12 & 3 2 2 2

as the general form in which denitrification takes place,

we see that for the oxidation of each mole of carbon 24/30
mole of NO3 is needed. This means that for each kg carbon
oxidized 24/30 # 14/12 kg NO3-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 follows that
the NO3Z-N demand, Dn (kg N m-3 d-1), can be expressed as:

24/30 » 14/12 % 0.58 # (1 - AE) # Dom
Dn E e e ——————

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 wvalue derived
above for the production of nitrate from ammonium, resulting
in a zero-order rate constant for the net production of
nitrate:

0.541% (1 - AE)+Dom
kKO (NOZ) = AE*knh#tnh*9av - - ————
Lt

which can be positive as well as negative.
Because of this combination, k1(ND3) is not used in the
transport- and conservation equation:

k1(ND3Z) =0

29



5.3%. Aeration and denitrification

In this paragraph the modelling of the oxygen distribution
in s0il air and water is described. The purppse 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
oxygen) and which part is oxidized with nitrate, resulting
in denitrification. This partitioning is expressed in the
fractions AE and (1 - AE) as used in par. 5.2.

Under complete aerobic conditions, the oxygen demand can be
calculated, assuming a carbon content of 5B% in organic
material and oxidation to CO2, so that for each mole of C, 2

mole of O (or one mole of D2) is needed:
| 4

32 Dom Dom
Doc = — # 0,58 #* ——— = 1.55 % ——~
12 Let L+t
in which
Doc = 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 MH4 in solution and released from the soil
complex will be oxidized too, according to:

+ - +
2NH + 40 >2HD+2N0 +4H
4 2 2 3

resulting in an oxygen demand for nitrification of:

128
Don = —— # knh % &nh % ©av = 4.57#knh*&nh#*#Bav
28
in which:
Don = oxygen demand for nitrification in layer
considered during timestep (kg m-3 soil d-1)
&nh = average ammonium concentration (kg m—3), here

used as the value occurring under complete

aerobic conditions. To calculate this &nh a
separate use of the transport and conserva-
tion equation for NH4 is needed.

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

a = — (Doc + Don)

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

If we want to express the oxygen demand in volume of oxygen

gas used, we can apply the law of Boyle-Gay Lussac, which
can be written as:
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p¥v = m*Rg* (T + 273)

with value

p = gas pressure (atm) 1

v = gas volume (1)

m = number of moles 1

Rg = gas constant (1 atm C-1 mole-1) 0.0B205

T = temperature (L) as occurring
we find:

v = 0.0B205#(T + 273) 1 mole-1 = 0.08205%(T + 273)/32 1 g-1
=3
2.06%10 (T + 273) m3 kg-1

With this number we can derive the total oxygen demand per
unit volume of seil b, expressed in m3 m—-32 soil d-1 for the
layer under consideration as:

-3
b = —2.56%#10 #(T+273)#*a

Oxygen supply from the air into the soil system takes place
mainly through the process of diffusion through the airfil-
led pores. According to Bakker {(1965) we can write for the
diffusion constant in the snil system:

p2
D = DO#pl#8g
in which:
DO = Diffusion coefficient for D2 in the atmo-—-
sphere (mZ2 d-1)
D = Diffusion coefficient for D2 in the sopil
gasfilled pore system (m2 d—-1)
8g = volume fraction of airfilled pores (m3 m—3)

pl 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:

2
decp d cp
og¥——— = D#———= — b

2
dt d=z

in which:

cp = oxygen concentration in airfilled pores
(n3 m—3)

t = time (d)

F4 = depth (m)

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

dcp
oge——— = 0
dt

so that the diffusion equation can be reduced to:
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a4
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) (m). If we keep D and b
constant per layer and per timestep, expressing them as D(k)
and b{k), respectively, we can write for each lavyer k:

2
d cp
D{k)#———= = b (k)

by
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. If Z (k)

is the depth of the bottom 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:

dcp 1 na
for z = Z(k-1) cp = cptk—1) ——— = - ———=% 3 L(n)#*b(n)
dz D{k) n=k
dcp 1 na
for z = Z(k) cp = cpik) ——— = — ————% 2 L(n)#b(n)
dz D(k) n=k+1

The boundary condition for the soil surface is:
for z = 0 cCp = ca

in which
ta = concentration of oxygen in air (m3% m-3)

For each layer k we can write:

far Z{k-1) <= z <= Z(k):

2
d cp
D(kY*——— = b (k)
2
dz -
dcp b (k)
——— = ————3z + Kl
dz D(k)
in which K1 is a constant.
For the boundary z = Z{(k—1) we can write this as:
1 na b (k)
- ————#% ) L(n)*b(n) = ————#Z(k-1) + K1
D{k) n=k D{k)



1 na b (k)
Ki = = ————» ) L{n)y#b(n) - ————#Z{k-1)
D(k) n=k D (k)

resulting in:

dcp b (k) 1 na & (k)

——— = ~———#z — ————#% ) L(n}#b(n) - ————#Z(k-1)
dz D (k) D(k) n=k D (k)

dcp b (k) 1 na

——— = ———=#(z ~ Z(k—1)) = ~———# 2 L(n)#b(n)
dz D (k) D (k) n=k

Integration yields:

b (k) 2 z na
cp = ————— #{z — 2%7(k—-1)#z) - ————% ZfL(n)*b(n) + K2
2#D (k) D(k) 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
cplk-1) = —=——a—o #((Z(k=1)) — 2%(Z(k-1)) )) — ————=m * > L(n)#*b(n)
2#D (k) D{k) n=k
+ K2
b (k) 2 Z(k-1) na
K2 = cp(k=1) + ————u #{Z(k—1)) + ————mm * 2 Lin)#b(n)
2D (k) D(k) n=k
50 that:
b (k) 2 4 na
cp = —————— *#(z — 28Z{k—-1)%#z) — ————» L{n)#*#b(n)
2#D (k) D(k) n=k
b (k) 2 Z(k—1) na
+ cp(k-1) + ————— #(Z(k-1)) + —————— # 2> L{n) #b(n)
24D (k) D(k} n=k
or, rearranged:
b (k) 2 2
cp = cplk—-1) + —————— #(z — 2#Z(k—1)%z + (Z{(k—-1)) )
2*D (k)
(Z(k—-1) - z) na
+ # > Lin)*p(n)
D(k) n=k
For z = Z{k) then follows:
b (k) 2 2
cpl(k) = cpl{k-1) + ——wu- #(Z (k) = 2#Z(k-1)%Z(k) + (Z(k—-1)) )
24D (k)
(Z(k-1) - Z{(k)) na
+ - - ——% L{n)*b{n)
D (k) n=k
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or

b(ky 2 L(k) 1n
eptk) = c(k—1) + —————- # (k) - ———=% 3 L{n)*b(n)
24D (k) D (k) n=k

Now we have found a way of calculating the oxygen concentra-
tion 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 aoxygen
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 concentrations could be calculated with
the formula given above. To 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, ...etec.
layers contain oxygen, stopping when first negative concen-
trations are calculated or 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 not be fast
enough to make these aggregates completely aerobic. The
result is that in the middle of the aggregates anaerobic
conditions occur, while at the edges aerabic 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 to 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
follows:

If the spil 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
——%—— (F#———) = —3 (Hoeks, 1972)
r dr dr

in which:

cw = concentration of oxygen in water (kg m-3)
Ds = diffusion coefficient for oxygen in
saturated soil (m—2 d-1)

distance from centre of pore (m)

r

N.B. The concentration of oxygen in the soil solution at the
water—air boundary cw is, under steady state conditions, in
equilibrium with the concentration 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

oxkygen distribution in airfilled soil pores

DD na = 1, nl

layer na saturated?

yes

no

na — 1 layers aerated assume na layers aerated

calculate oxygen profile

cpina) > 07

ves no
continue na — 1 lavers
DD loop aerated

Calculate oxygen profile

Figure 5.3. Iteration scheme for calculation of vertical

oxygen distribution in airfilled soil pores, taking
account the possibility of partial anaerobiosis.

into

all b’'(k) = b(k), assuming complete aeration
calculate oxygen profile according to fig. 5.2.

-4
DO WHILE 5@ > 10

calculate new values for b° (k)
calculate new oxygen profile according to fig.

calculate 5@ = sum of squares of differences
with previous profile

5.2.

-6
5@ < 10 7

Yes no

end DO loop continue DO loop

last calculated oxygen profile can be used

|
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by the volume fraction of water (in this case at saturation
escat), and by a labyrinth factor 1/A 20.3 representing the
tortuosity of soil pores:

|
Ds = Gzat # 5 * Dw

Boundary conditions for the diffusion equation are:

for r = rv Cw = Ccwe
dcw

for r = R ———— =0 and cw = 0 .
dr

in which:

cwe = equilibrium oxygen concentration in soil
water at water/air boundary (kg m-3)

rv = radius of pore (m)

R = distance from centre of pore where cw = 0

0f 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 . S
ra = ————— &9? (> in O Bolls o0k Lo

= ¥2 , R '

L
Vo v o~ 2N '

A TR

If the air entry pninfjnf the soil is at moisture suction Y1
(em) with corresponding radius of the biggest pore r1 (m) we
can estimate the average radius of the airfilled pores in
the layer as the geometrical average of rl and rZ2 and use
this value as a generalized pore radius rv for the whole
layer:

rv = Yriwr2
Rewriting of the diffusion equation yields:
d dcw a
——{r¥-——) = — ——¥r
dr dr D=
Integration yields:
dew a 2
r#-——— = — ————#r + K3

dr 24Dg

in which K3 is a constant. Using the boundary condition

dew
for r = R -— =0 we find:
dr
a 2
————#R = K3
24Ds

35



dcw a a 21
—_—— 2 = ————dr + ————#R #-

dr 2#Ds 2#Ds r
Integration yields:
2 2 a 2
(= = = =—=—¥#r 4+ ————#R #1ln(r) + K4

A%Ds 2#Ds

In which K4 is a constant

for r = rv where cw = cwe this becomes:
a 2 a 2
K4 = CWe + ———=dry — ——=—=%¥R *1n(rv)
44Ds 2%Ds

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

a 2 a 2 a 2 a 2
cw = — ————3%r + ———#R #In{r) + cwe + ———=%ry — —-———%#R #In{rv)
44Ds 2¥Ds 44D 24Ds

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

a 2 a 2 a 2
0 = — ————%R + ———#%R *1n(R) + cwe + ———~¥#rv
4#Ds Z2#Ds - 4#Ds

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

a 2 a 2 a 2 a 2
F(IR) = — ————#R + ———=%R #1n(R) + cwe + ————%ryvy = ——=%R #1ln{rv)
4xDg 2#Dgs 4%Ds 2#Dsg
a 2 1 a 2
= ————#R #{—~ —~ + 1n{(R) — 1n{rv)) + cwe + ————¥#rv
2#Ds 2 4%xDs
a a a a
F'(R) = — ————%R + --#%R #1n(R) + ————%R - ——xR*¥1n{rv)
24Ds Ds 2#Dg Ds
a
= ——#RA{IN(R) — 1n(rv))
Ds

accarding to the iteration scheme

F(R(n))
R{pn+t} = R(n) + ~——————
F'(R(n))

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, Ds and rv, a suitable starting point R{(Q) can
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bé found.
The aerated area in horizontal direction ae (m2) for each

pore is: Cort) frmeny,
]"f.

2 | : T
ap = TlaR - fv - t e

" R
I¥f the volume of a gure nveﬁ a layer thickness of 1 m is
estimated as \ #g*rv®and the moisture difference between the
suctions Y1 and Y2 is 6+, we can approximate the number of
airfilled pores as:

A*mrvl 10. 47-»r\.o'2

If all airfilled pores would be regularly distributed the
whole aerated soil fraction in the layer considered AE (m3 m-7Z)
would be

AE = N#ae

but the distribution of the pores is a random one, so that
the aerated volume of soil wil not increase linearly with
the number of airfilled pores. If we define the chance that
a new airfilled pore interferes with an already aerated soil
part proportional to that aerated soil part, the total
aerated sopil volume with N airfilled pores is equal to:

N ~oe-N
AE =1 - (1-ae) -2
and the reduced oxygen production and demand rates are
calculated as:

a’(k) = -AE*a(k) (kg m-3 d—1) k[opb b vl .
* o

and
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 one
day, these periods will not 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 follows:

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

Osat — Qav
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Figure 5.4. Scheme for the calculation of kO |and-kKiixalues
for NH4 and ND3

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

calculate kO(NH4) for all layers

calculate oxygen demand under complete aerobic
conditions for all layers:

assume temporarily kil (NH4) = —-knh

calculate &nh under aeraobic conditions
using the transport- and conservation eguation 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 aercbic 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 lavyers
k1 {(NH4) = —AE#*knh

real &nh with transport and conservation equation for NH4

kO(NO3) = f(Enh, AE, DPom)
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the height h (m) of this cplumn is

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 whichs:

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-
s5is can be estimated as all those layers with Z(k) < h.

Mow this extra denitrification process has to be combined
with the scheme given above. This can be done easily, be-
cause both ¢ and (1 - AE) have been defined as a fraction,
although the first is expressed as a fraction of the time-
step and the second 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
anagrobically. So, for the layers under consideration:

AE becomes AE - t#AE = AE+{(1 - t) and
(1 — AE) becomes 1 — AE + t#AE = 1 — AEx*(1 - ¢)
and this calculation must take place just after the defini-

tive AE following from oxygen distribution calculation 1is
used in determining k1l (NH4} and kO(ND3I) {(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
5, the selectivity constant for uptake of soluble species by
plant roots, used in the transport— and conservation equa-
tion, will be explained.

In the model, only mineral N is taken up in the form of
nitrate or ammonium. Therefore, for soluble organic mate-
rial, the value of 5 is always zero.

It is assumed that the mineral N requirement of the crop is
related to the growth rate, which, on its turn, is related
to the amount of evapotranspiration realized. A maximal crop
production will be realized in a warm year with optimal N
supply. If 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 mineral-N concentration Copt (kg m-3) in the evapo-
transpiration flux as:t

Copt = ————-

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

Nmax 1
first period: t0 - t1 with Coptl = —————
Epot1
Nmax 2
second period; t2 — t3 with Copt2 = —————
Epot?2

t0 is the time of year (d) when the crop starts to grow
tl1 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 ctumulative realized nitrogen uptake for the layers of
the rootzone, which must be corrected for the N excreted via
root exudates, can be calculated as:

nr
MNre (i) = Nre(i-1) *-z:{S(i)*tfe(n,i)*ﬁni(n,i) +&nh{n,i) 12
n=1
nr
- fnifrexxke(n,i)*t?
n=1

in which:

Nre(i) = realized cumulative N uptake by crop roots (kg m—2)
i = timestep number from tO

S = selectivity constant for this timestep

n = layer number

nr = number of layers in the rootzone

fe({n,i) = realized evapotranspiration flux from layer n (m)
&ni(n,i) = average concentration of nitrate-N during timestep
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in layer n (kg m—3)

tnh(n,i) = average concentration of ammonium-N during timestep
in layer n (kg m—3)

The maximal N uptake would be:

(with Copt = Coptl for t0<t<t1 and Copt = Copt2 for t2<{t<{t3)

nr
Nm (i) = Nm(i-1) + D) fe(n,i)*Copt
i=1
in which:
Nm (i) = maximal cumulative N uptake (kg m—2)

I¥f for the timestep under consideration Nre would be greater
than Nm, the selectivity constant for the next timestep can
be approximated by:

S5(i+l) = —————
Nre(i)

I+ Nre <= Nm then

Sti+1) =1

And of course if no crop is present, then
S5(i+1) = 0O

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.

5.9. Influence of temperature

When the model is used for prediction 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
Ta + AQ#e #cos(w¥t + D -~ z/Dm)

T(z,t)

in which:

Tz, t) = temperature at depth z and time t (O)

t = time of the year (d)

Ta = average yearly temperature (C}

a0 = amplitude of temperature wave (C)

Dm = damping depth (m)

W = frequency of temperature wave (rad d-1)
1] = phase shift (rad)
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Fdr the yearly temperature wave the frequency is:
W = ——— = 0.01721 rad d-1i

The dzmping depth is the depth where the amplitude of the
séﬁus . ave is reduced to AQO/e. Dm can be caluclated from:

Dm - = YZa/w

in wh:che
a’” = thermal diffusivity (m2 d-1)

THE vaiue of a is a measure for the rate with which tempera-
ture differences are levelled; it is dependent on the ther-
mal conductivity?ucal m—1 d—i C-1) and the specific heat c
{cal m—3% C—-1) of a soils

The parameter a is not a constant for a certain soil type;
it changes with moisture content. In the model a constant
value for a is used, which has to be estimated from average
vearly moisture data (See Van Huet, 1982).

Van Duin (19546, in: VYan Huet,1982) showed that the yearly
temperature wave is M/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 accamplished by taking

0 = —-Z.7721 (from: cos{w*t + D) = —-1)

When a certain extreme temperature—scenariﬁ must be calcu-~
lated, the values of Ta or AQ 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, 1943). If 52 weekly measurements,
numbered i (i = 1...52) of air temperature T(0,i1) at day
numbers of the year t(i) are known which must be equidistant
in time, the model describes:;

b
Tlz,t) = Ta + > {A(n)*exp(—zYn/Dm) *sin (n*wet + D(n) - z*/n/Dm)?
n=1

in which the Fourier coefficients A(n) and O0{n) (n from O
through 5) are rcalculated as follows:

M<i{n) = arctg{a(n)/b(n))

Aln) = b{n)/cos{(D{n))
2 52

ain) = ——# > {T(0,i)#cos(n*wrt (i))?
892 i=1
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b(n) = =% 3 {T(O,i)*sin(n*w*t (1))
02 i=1

and

Ta = a{0)/2 is the average of the temperature data
given (C)

The average temperature of each layer during the timestep

can
the
for

be calculated with one of these models by using for =z
depth of the middle of the layer from soil surface and
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 bioclogical decomposition processes is
temperature dependent. Rijtema {in:Lammers, 1%83) presents
data collected by Kolenbrander (personal communication), as
shown in fig. 5.85.

Figure 5.5. Relation between temperature and relative
microbiological activity (Lammers, 1983).
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A maximum rate occurs between temperatures of 26-34 C. For
temperatures from O to 26 C this curve can be described by
the Arrhenius equation:

riT = Z#exp(—a/Rg#*T)

in which:
r(T) = rate at temperature T (here T expressed in
p 4 = a constant
a = a constant

If we want to

express the rate relative to that at average

year temperature Ta, we get (with T in © and a/Rg = P000):

= exp

(—=F000n (

——— — ——— o —— sy o —

T + 273 Ta + 273
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For tempe: tures below 0 C, we take

r{T)
——— == O
r{Ta)

The factor r(T)/r{Ta) 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) »itch this factor, separate rate constants for all
these proc=sses for each layer are obtained.

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

The diffus nn coefficient Da(0) of oxygen in air at a tempe-
rature of & C is 0.1728 cm2 s—~1. If we assume no changes in
the partis pressure of oxygen in air (0.21 atm), the rela-
tion with ‘emperature can be calculated as (Bakker, 12&5):

Da(T) = Da(0)#{(—————— Y#x1.75 cm2 s—-1

so DO (see 5.3) = Da(T)#10 #35600%24 m2 d-1

S5o for each layer and timestep a different DO, dependent on
temperature, is used.

Influence 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 ¢ to 15 C for the equili-
brium concentration at the air/water boundary was derived:

-3
Cwe = (6%.03 — 1.404*T)%#10 kg m-3 water at 1 atm 02 in

The solubility is proportional to the partial D2 pressure at
the air/water boundary, so:

-3
Cwe = (LF.0F — 1.404%T)*10 #cp kg m~3 water

Influente of temperature on diffusion coefficient for oxvygen
in water:

For this influence the model interpolates between the
following data:

Temperature (C) Dw (mZ2 d-1)
-5
o B.64%*10
-4
10 1.38#10
-4
20 1.464%10
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and calculates Dw for each layer.

9.6. Influence 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
spil 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 reduction factor
<=2.4 1.00
2.7 0.57
2.9 0.36
3.2 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 spil 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

— other brganic materials

Specifications 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. S5.1.1)

— fraction NH4

— fraction ND3

Way of addition:
— depth of incorporation of the material (number of layers)
— number of layers that are ploughed

The material is equally divided over the layers of incorpo-
ration. Only when plant roots are "added", that is when the
craop is harvested, the distribution of roots as calculated,
is adopted. In case of a tuber crop the harvested tuber
material is subtracted and the root rests are divided over
the top 10 cm of sbpil.

Y. ¥



N.B. If crop residues other 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 aver the layers for which ploughing is
desired. o :

2.8. 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 weatheér cofditions. 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. I+,
however, the material is incorporated in the soil or preci-
pitation falls directly after application, the major part
will be saved. Because these weather conditions cannot be
foreseen, modelling of wvolatilization is done as follows:

— For additions on top of the soil: a certain percentage,
defined beforehand, of the NH4 applied is immediately lost:
for grassland 30-40%, for arable land ca. 20%.

Addition of the remaining material to layer 1.

- For additions incorporated in the first (few) 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 bumic com-
pounds. The distribution ratio Rd is the ratio amount adsor-—

bed : amount in solution, bpth expressed in kg m—3 soil
systems

2 = Rd¥cnh#6

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

The amount adsorbed in a certain spil layer is:
qnh = L*0Q

in which:
gnh = amount adsorbed in a soil layer (kg m—2)

The total amount of NH4 present in a layer is:
cnh#o#L % (Rd + 1)
The value of Rd is dependent of the cation exchange capacity

(C.E.C.) of a spil and of the composition of the complex and
“the solution.
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Drganic 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 (Bteenvoorden, 1%B3) and possibly
originates from other spurces than the organic material in
the topscil. Therefore the possibility is given in the model
to attribute an extra reduction factor to the rate constant
ah for deeper layers.

Nitrogen fixation is not ipncluded 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 nitragen left can be checked by making mass
balance calculations.

Mass balance for organic material:

Per layer the following equation should be met:

BO1 = BOZ2

in which:

BO1 = Disappearance of arganic material + amount
influx - amount outflux (kg m—2)
+ amount of exudates formed
BD2 = transformation of organic material into CO2
(kg m—-2)
BO1 = 2:{V(O)*5(+n,0) - Vit)#s(fn,t) > + kKO(OMS) »Lat
fn
+-Z:{15(fn) — Us(fn)> + H(O) - H{t)
fn

+ E(O) — E(t) + kext

= Dom

ROZ2 = amaount transformed into CO0Z from:
OMS
Soil organic material (Hs and He}
exudates

t
BOZ = zl{f((i—a)*as*gtfn)*v) dt3
fn O

2; t t
+ 24 tah*Hs (fn,t)) dtd> + [ah#He(t) dt
fn O o

t
+ [(1-a)xaexE(t) dt
0
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2
BOZ = 2 {(1-a)#as*s (fn) Vst

fn
t apas*Vx&(fn) —ah#t t —ah#t
+ ah*Z{f ———————————— #(1 — e )t + gHs(-Fn,O)*e d.t}
fn O , ah )
T}
t a%ke . -ah¥t a%x (ke — aexE(0)) —ahxt ~—aextt
+ ah# | {(———%(1 - e ) + mmmm—— e x (e - e )
0 ah oy ah — ae
—ah#*t
+ He (0)xe 3 dt
t ke ko —aant
+(1-a)#aex[{— — (- = (0))%e } dt
0 ae B
= zi{(l—a)*as*g({n)*V%t}
fn
—ah#t
a -1 ' —ah¥*t
+ zi{a*a5*V*§(fn)*(t + - ) — Hs(fn,0) = (e - 13
fn ah
—ah#t
e -1 a*ah#* (ke — as#E(0))
+ aktkex(t + ————————— ) 4 —————————————————
ah ah — ae
—ae*t —ah*t
e -1 a -1 —ah#t
*{———— - ———————— } - HetO)*(e i
ae ah
ke —ae*t
+ (1-a)#{ke*t + (—— — E(Q))x(e - 1)
ae
The deviation in the mass balance for organic material,
BO(%4) is now defined as:
BO1 - BO2
BO = ———————= *100%
TOOM
in which TOOM = total amount of organic material present at

the end of the timestep (kg m—2)

TOoOM = Z:Ds(¥n,t) + H(t) + E{(t) + 2:5({n,t)*V{t)
fn fn

Mass balance for mineral nitrogen:

Per layer the following equation should be met:
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BN1 = BNZ2

In which:

BN1 = amount of mineral N disappeared from solu-
tion plus tptal influx of mineral N
minus total outflux of mineral N
plus net amount mineralized
(kg m—2)

BNZ = 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(O)#(cnh(0) + cni(0)) — V(t)*(cnh(t) + cni (0))
+ Is{NHA-N) + Is(NDZI-N) - Us(NH4-N) — Us (NDIZ-N)
+ kO (NH4) %L *t

BNZ2 = 0.541#(1 — AE + t#AE)*Dom

+ fesrt#Sx#{&nh + &ni)

+ Q(t) - RO
N.B. The uptake of mineral N can be written in this form for
all layers, because for those layers not belonging to the

rootzone, fe = 0.

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

BN1 - BN2
BN = ——————— %1007
TON

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

TON = V(t)#{cnh(t) + ecni(t)) + B({(t)

o0



6. CALCULATION OF BTANDAI.> PARAMETER VALUES

&4.1. Drganic material for ration and decemposition

Parameter values for des. iption of the& long term organic
matter— and organic N-bei- viour, needed in the model ANIMOD,
must be chosen in such a way that the results obtained
correspond to a number of relevant observations in practice:

1. Kolenbrander (1%4%) ciilected literature data on long-
term net decomposition of different organic materials added
to snoil or on top of =0il in field trials.

In fig. 4.1 the decomnoasition curves are given.

The parameters for decomposition of fresh organic
material, an, combined with the decomposition rate of
humus, ah, and the decomposition rate of organic material
in solution, as, must _roduce about the same results for
all these materials. Thne influence of the parameter as in
this aspect is that the smaller as is, the more OMS
leaches to deeper layers, and the smaller the real net
decomposition of organic material in the trials, because
then the disappearance measured will be due to leaching
as well as to decomposition.

2. Janssen (1984) showed that not only the amount of organic
material present determines the decomposition rate, but
also the nature and age of this material. In other words:
the cropping history of a soil profile is an important
factor to be taken into account when the decomposition
rate of the soil organic material is determined.

3. The decomposition rate for "soil organic material" (the
net decomposition rate of all the decomposing organic
material present in soil) on the long term must be 1.5 to
27 per year (Kortleven 1243). This means that ah and/or
the smallest an per material must be of this order.

4. Steenvoorden (1983) measured Total Organic Carbon (TOC)
profiles in solution in a lysimeter experiment where
heavy gifts of animal slurry were added to soil. The
parameter as must be chosen in such a way that these
results can be approximated.

5. If heavy gifts of animal slurry are applied, build-up of
spil organic material must take place not only in the
rootzone or the zone to which fresh organic material is
added, but also in the layer below that zone (see
McGrath, 1%981). The only way in which this can be reached
in a model is by simulating transport of organic material
in splution, which material has a decomposition rate not
too high for this effect to occur, and by applying a lower
decomposition rate for soil organic material.

6. The distribution of nitrogen over the organic material
fractions in cattle slurry must be such that in the first
year after application approximately 50% of the organic N
is mineralized. (Van Dijk and Sturm, 19B3).
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Depth (m)

Figure &6.1. Net decomposition of different nrgan;c materials
adapted from Kolenbrander (124%).
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Figure &6.2. TDC profiles in a lysimeter experiment with
vyearly application of high rates of pig slurry in november
(Steenvoorden, 1%83).
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The parameters to be determined for use in the model ANIMD
are:

1. The fraction FR(fn} and the decomposition rate an(fn) of
each fraction fn in each kind of organic material

2. The production and -decomposition rate of exudates, ke
and ae

3. The production- and decomposition rate of OMS, kO(OMS)
and k1 (OMS)

4. The decomposition rate of humus, ah

S. The nitrogen contents of all these materials, nifr(fn),
nifrhu, nifrex

4. The fraction of arganic material which already is in
solution when the material is applied (mainly of interest
for animal slurry).

For the parameters under numbers 2 and 4 and some of those
under & we shall use directly estimated values. fFor the
other parameters we shall derive the values from a simpli-
fied simulation model, because they are so strongly interre-
lated.

Ad 2.

Root exudates consist of many different materials; carbohy-
drates, amino acids, organic acids, and others. Most re-
search is done on carbohydrates and amino atids; the impres-—
sion is given that these are the main components. Barber and
Gunn (in: Russel, 1977) Jfound a ratio of 9:1 of these compo-
nents in the exudates of young barley plants. If the average
C/N of carbohydrates is put at 100 (%N = 0.éB) and that of
amino acids at 3.5 (YN = 19), the average N content of the
exudates can be estimated at

nifrex = 0.9%0.006B + 0.1#0.1% = 0.025

This number corresponds with an average N-content of root
material.

The amount of exudates excreted is an entity difficult to
determine under natural circumstances, because the produced
material is rapidly decomposed by micro—-organisms. Measure-
ments under sterile circumstances, however, show a too low
excretion of exudates, because it is known that the presence
of microflora stimulates exudation.

Exudate production rate is often expressed as relative to
plant growth. Several sources named in Russell (1977) give
the results of their calculations, varying from less than 1%
of the dry weight increase of the plant te 2% of the root
mass increase under sterile circumstances. Shamoot e. a.
(12468) +ound that 25 to 49 g organic material originating
from roots per 100 g harvested root material stayed behind
in the =oil after the harvest. When the fact that during the
growing season much of the produced exudates is already
oxidized is taken into account, it might even be that totsl
exudate production during a growing season is of the same
order as root production.

Merckx e.a. (1985) measured distribution of 14-C over plant
parts, soil and socil-root respiration, after growing wheat
plants in a 14-CO2-atmosphere. Some results of their experi-
ments are given in table &6.1. The soil respiration can be
estimated as half of the soil-root respiration.

From these data we calculate the data given in table 6.2,



The total amount of exudate decomposed during a time inter-
val t1 to t2, expressed as 14-C activity, can be estimated
as:

3
— # spil respiration activity (£2-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) + so0il residue act. (t2-t1)
and we can define for each time interval t2 - t1i:

exudate production
—————————————————— = relative exudate production rate
root production

cum soil resp. act. (t2-t1) + eo0il residue act. (t2-t1)
cum root activity (2 - t1)

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{(1ln,t} - R{ln,0))

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 lavyer in
the rootzone.

Looking at the last two columns of table 4.2 we can see that
the calculated exudate decompositions are sometimes higher
than the calculated exudate productions. This can be a
result of the assumptions about the assimilation 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 &.1. Distribution of 14-C-activity (kBqg) after growth
of wheat plants in 2 different .soils in a 14-COZ-atmosphere
with specific activity of 5-6 kBq mg-1 C. (Merckx, 19835).

*
Days after Soil-root Soil residue Roots
germination respiration {cum) {cum)

(cum)

21 194 40 447
28 1616 393 .. 2301
35 4740 421 Th&3I
42 2441 o83 14377
21 12 7 ?
28 204 =1=] 260
35 858 285 1501
42 1993 &B4 4295

Sandy soil

Silty clay .aoam

% FPrior to growth in the 14-C atmosphere the plants were
grown in a nhormal atmosphere for 10 days.

Table &.2. Calculation of exudate production rate from the
data of table &6.1. For calculation method see text.

Days after Relative Exudate
germination exudate activity
production formed
(kBq?
28 0.58 10463
x5 0.32 1670
42 0.36 2413
35 0.43 534
42 0.35 287
average
0.41

o5

Exudate
activity
decomposed

(kBq)

1065
2493
3377

491
B52

Sandy soil

5ilty clay loam



Ad 4. The decomposition rate of humus:

From the analysis results by Stanford and Smith(1972) of 32
different topsoils it can be derived that these soils had an
average C/N gquotient of 11; this number does not change if
the average of fallow, unfertilized spils 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:s

d0s (fn) —an#*t
——————— = Os(fn)*exp (the same as in ANIMO)

Formation and decomposition of soil organic material:

dH (£n) dOs (fn)
______ = —a%——————— — ah#H(£n)
dt dt

Resulting in a direct formulation of the total amount of

organic material present at time t after the addition at
t=0:

Os (fn,0) #an —an#t —ah#*t

Os(fn,t) + H{(fn,t) = a* {———————— Jw (e - e )

1t appeared that with this formulation and using ah ~ 0.02
j=1 and a ™~ 0.322, no parameters for fr(fn) and an could be
found which described the curves for the faster decomposing
materials in fig. 6.1 the reason for this is that even with
very high values for an, the fresh material is transformed
for 1/2 part into slowly decomposing humus. If we hold to

ah = 0.02 j-1, it means that transport of soluble organic
material plays an important role. 1

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, S and &

Before the simplified model with which the other 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 (1783)
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 1277.
From these profiles it can be concluded that:

~ there is a kind of basic TOC concentration of about 30 g
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m—3 in all columns, which cannot originate ‘¥¥am'/the slurry
additions, because in column 5 the water front from the
precipitation surpus has not reached the bottom of the
column after the 3 years of experimentation. We shall
ignore this low concentration, probably consisting aof a
slowly decomposing material.

— The formation of OMS continues after the first year of
addition of slurry, because the TDC coancentrations in the
toplayers are higher after 4 gifts than after 2 gifts,
although, certainly in column 4, the vearly 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, otherwise the TOC
fronts would show a much greater increase in concentration
through the years.

The total amount of aorganic matter per addition was 1350 g
m—2. Oosterom and Steenvaorden (1980) give the COD (Chemical
oxygen demand) of cattle slurry before and after centrifuga-
tion. The COD is proportional to the TOC. After centrifuga-
tion, 404 of the COD was still in solution. If the same
applies to pig slurry, it means that at least 4071 of the
organic matter will be solubilized during the first year
(236 g). After one winter, the precipitation front in column
2 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 solution is about
150/0.58#0.2#1.5 g = 77.4 g. 1If the 236 g would be all the
OMS production of the first winter after an addition, ae can
be calculated from:

—ac#t
OMS (t) = OMS5 (D) %xp
77.4 -2
—as#t = In{-——-) = 2.49 and as = 1.36#10 d-1 = 4.97 j—1
9346

for the winter period. When temperature effects are consi-
dered, and when more than 40% of the obrganic matter solubi-
lizes, as will be greater.

1f the 40% organic matter would not immediately be available
for decomposition in pig slurry, but produced during the
first hal¥ year, the rate constant ae would even be higher.
If we assume that 40% organic matter comes available in
solution at a constant rate of production k; we can derive:

d0OMS
- = k — as#*0MS
dt
k —as#t
oMs = ——#(1 — B y = 77.4 g
as
36
with k = ——— we find as M 0.046 d-1 = 24,1 -1

1B

From these two calculations we estimate as in the order of
15 j—ln

57



From fig. &4.1.we see that the net decomposition of manure
during the first year is about 50%. When no solubilization
would have taken place, and all the material would directly
be transformed into either CO2 or soil organic matter, this
would mean a decomposition of the fresh organic material of

3
Dom = —#50% = 75% when the assimilation factor would be 1/3
2

Because solubilization has taken place, it means that the
50%Z loss is caused by both decomposition and transport from
the topsoil. The experiments of which Kolenbrander (1%2&6%)
reports, mainly concern analysis of the top 10 to 20 ¢m of
the spnil. So the total net decomposition may be less than
S0%, due to humus production in deeper layers, in which case
also the decomposition of fresh organic material would be
less than 79%. At 75% decomposition, a first-order decompoe-
sition rate would be 1.39 i-1. If several fractians in the
organic material are distinguished, their separate decompo-
sition rate contants can vary around this number for manure.
Johnen (1974) gives decomposition rates ot pure organic
materials in the soil:

cellul ose 1.39 j-1
hemicellulose 2.30 j-1
lignine 0.632 ;-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 chaoose values for the parameters an,
meeting the criterium:s

an >= 0.1 j-1

Because we have mere data about manure than about the other
materials in fig. &.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 Z:Us(fn,t=1 y) £ 75%
n :

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 ANIMD, 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 the 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 lavers

— rate constants for organic matter transformation processes
are redured in the wintertime and increased during the
summertime as compared to their yearly average values.

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

Choose parameter values

Simulate the lysimeter experiments of Steenvoorden

(1987} with HISTOR

Simulate the decompasition of manure with HISTOR

Comparison of TOC profiles measured and calculated in

step Z.

S. 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.

[

b 1d

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 materials of fig. 6.1i., and for those materials we
only have to find the parameters an(fn? and nifr{(fn).

The description of the processes in the medel 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#*¥0s{(+fn)

—an*t
Bs(fn,t) = Os(fn,0) *e

Formation and decomposition of OMS for layer 1 during
summertime:

d s{fn) 1 dOs(fn)
——————— = — ———#%—————w—— - asks(fn)
dt L%#© dt
an#*0s (fn,0) —an#*t —as#t —as+*t
s{fn,t) = -——m—m————- *(e - e ) + s(fn,0)#*e

(as — an)*_%0
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* Exudate production and decomposition during summertime: as
in par. 5.1.

# Soil organic material production and decomposition for laver
1 during summertime:

from OMS:
dHs (fn)
——————— = | #D%aracH#s (fn) — ah¥#Hs
dt
—ah#*t —as*t —an#*t — ah#*t
an#*0s(fn,0) #akas e - e e - e
Hs{fn) B e —————— ¥ ———— + ———_——————————
as — an ah -~ as ah — an
L¥o*arasis (fn,0) —askt ~ah*t —ah»t
+ e *(e - e ) + Hsi{fn,0)»e
ah - as

from exudates: as in par. 5.1.
Total soil organic matter layer 1:

H{t) = Z:Hstfn,t) + E(t)
fn

* Decomposition of OMS for the other layers in summertime:

d s{(+n)
——————— = —as¥*s(fn}
dt
—as*t
s{fn,t) = s((fn,0)*e

# Formation and decomposition of soil organic matter for the
other layers during summertime:

dHs (fn)
——————— = L#P#a*as#s(fn) - ah#*Hs
dt
L#E#atacsHs (fn,0) —as#t —ah#*t —ah#t
Hs{(fn,t}) = ~——"m—m——————— *(e - e ) + Hs{fn,0)*a
ah — as

Total soil organic matter other lavers:

Ht) = z:Hs(fn)
fn

* Nitrogen mineralization layer 1 during summertime:
Mh(l) =

Z{ni-Fr(fn)*(Ds(-Fn,O) — Os(fn,t) + L*¥0#s(fn,0) — L*O*s(fn,t))2
¥n

+ nifrbu*{Hs(0) — Hs(t) + He(0) — He(t)?
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+ nifrex#{E(0) — E{(t) + ke*t}

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

Mnd{i) = nifrhux{H(D) — H(t)3J

+ z:{nifr(fn)*(L*e*s(fn,O) - L¥8s(fn,t))32
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{+n) 1 dOs{fn) f
——————— = — ——#——————— — as¥#s{fn) — ———#s(fn)
dt L= dt L%S
an¥0s{(fn) —an#*t —{(as + f/L/06)x»t
s{fn,t} = ---——H—H—-"Ho——/———— % (e - g )

iLxox(as + £/L/6 — an)

—{as + f/L/0) %t
+ s(fn,0) *e

Decomposition of exudates during wintertime:

—ap#*t
E(t) = E(Q) e

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

from OMS:
dHs (fn?
——————— = akacH*L#0#s{(fn) — ah*Hs
dt
asas*an#*#bDs (fn,0)
Hs (fn) = - -
as + £/L/6 — an
—ah#t ~(as + f/L./©)*t —an#*t —ah»t
e - @ e - e
#* {————————————— + ———————————— >
ah — as — f/L/6 ah — an
L¥onarxacHs (fn,0) —{as + f/L/8)xt —ah#t
+ - ———# (B - e 3

ah — f§/L/6 — as

—ah#*t
+ Hs(fn,0) *e
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from exudates:

dHe —aeg+t
——— = a#ae#E(t) — ah#*He(t) = axae®*E(0D)#*e -~ ah=®He (t)
dt
asaexE (Q) —ae#*t —ah#t —ah#*t
He(t) = ————————— #*(e - e )} + He(0)#e
ah — ae

Total soil organic matter layer 1:

Hit) = E:Hs(fn,t) + E(t)
+n

The average DOMS—-concentration of layer 1 during the winter is:

f t
&(fn) = ——»{s(fn) dt
Fs O
in which:
+ = steady state percolation flux during
wintertime {(m d-1)
Ps = precipitation surplus (m)
f an#0s (fn)
B{(fn) = e e
Ps L®6%(as + $/L/6 — an)
1 —an#t 1 -({as + f/L76)x%t
* {(—*%(1 — e ) - *(1 - e )3
an as + £/L/8
¥ s(fn,0) -(as + f/L/Q)*t
+ R ———— #(} — e )

, Ps as + f/L/0

Formation and decomposition of OM5 in the other layers
during the winter (with layer indices i):

ds (fn) f +
—————— = —mm—————#¥ (fn,i—-1) - --———— s(fn,i) - as#*s(fn,i)
dt L*9(i~1) L#& (i)
f/L/6{i-1)#&(fn,i—-1) —~(as + f/7L/76(1))*t
s{fn,i,t} E e #(1 — e )

as + f/L/76(i)

~{as + f/LL/9(i))xt
+ s(fn,i,0)%*e

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

f t

B(fn,i) = —#[s(fn,i) dt
FPs O
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f f/L/7€(i-1)#¥{fn,i~1)

B(fn,i) = —— %
Ps as + £/L/6(i)
1 —{as + f/L/78)*b)
#{t + ———————— * (e - 13
as + f/L/6(i)
f slfn,i,0) —(as + £/L/©(iN#t)
+ *(1 - e )

Ps as + f/L/6(i)

#* Exudate decomposition during wintertime:

—ae#*t
E(t) = E(O)*e

Formation and decomposition of sovil aorganic material
other layers during wintertime:

" fram 0OMS:
dHs (fn)
——————— = t#0(i)raxas#&(fn) - ah#*Hs
dt
Lxo{i)xa¥asx&(fn) —ah#t -ah#*t
Hs (¥n) e e *(1 — e Y + Hs(0)#e
ah

Total so0il organic matter other layers:

H(t) = ZHs(fn)
fn

Nitrogen mineralization layer 1 during wintertime:

Mn (1) = }L{nifr(fn)*(ﬂs(fn,O) - Os(fn,t) + s(fn,0) — s(fn,t))?2

fn
+ nifrhux{Hs(0) — Hs({t) + He(0Q) — He(t)}
+ nifrex+*{E(0) - E{(t)Z}

- zi{ni+r(fn)*{*g(fn)*t}
fn

Nitrogen mineralization other layers during wintertime:
Mn (i) =

2£{nifr(fn)*(s({n,0) — s(fn,t) + Ft*(B(fn,i-1) — &(fn,i))?
n

+ nifrhuX{Hs(0) — Hs(t)?>

From some orienting runs with HISTOR 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 aor 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 HISTOR 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 experiments of Steenvoorden (1983).

According to the Handboek voor de Rundveehouderii (1980),
the stable-manure production is S0O00 kg per cow per 1B0O
days, including the approximately 1.5 kg straw added per
day. The organic matter content of this manure is 14%.

This means that the straw content in the organic material is

1.5#180
_________ = 0.3B6 or 54 kg
SB000#0.14

Table 4.3 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 (1926%9)
for animal slurry.

Table 6.32. Conversion of the decomposition curve of stable
manure to that of faeces.

Years after Remaining amount per 1000 kg manure or 140
addition kg organic matter

Org. mat. Org. mat. Straw Faeces Faeces

A kg kg kg %

(¢ 1.000 140.0 54.0 B&.O 100.0
1 0.4%9 4B. &6 19.0 42.6 57.7
2 0.3& S0.4 11.1 I2.32 45.7
3 0.33 446.2 8.9 27.3 43T.4
4 0,30 42.0 7.9 34.1 9.7
S 0.25 35.0 7.3 27.7 32.2

The results of the parameter fitting are presented in table 4.4.

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(fn), 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 S50% mineraliza-
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tion in the first year, even with a = 0.25. It is, howe-

‘'ver, not clear on which experiments this ‘practice’ value
of 50% is based. A value of a = 0.25 for the assimilation
factor was thought realistic, because the conditions will
not always be optimal.

Theé results for the other materials are given in table 6.5.

Some remarks on these fittings:

- In these runs of HISTOR the values of
ah = Q.02 j-1
ag = 30,0 j-1
a= 0.25
as used for animal slurry, were also taken

—~ For these materials the nitrogen content of the fractions
cannat be determined with the help of mineralization data.
Thei 2fore it seems suitable to divide the total nitrogen
content of those materials inversely proportional to their
decomposition rates. The total nitrogen contents of the
different materials should be given in the input data.

— Only #for peat the constraint an »>= 0,1 j—-1 was not taken
into account; it was assumed that this material already
tontains a fraction of humus-like material.

— For crop residues % grass and for straw it was not possi-
ble to choose the parameters in such a way that after 7
years less than 16% 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 HISTOR 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. Comparing
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 &.4. Inputs and results of parameter fittings for
decomposition of animal slurry with the model HISTOR
(Simulation of measurements given by Kolenbrander (194%)).

Farameter values: *

FR{1) = 0.1 FRCA(1) = 0.1 al = 1.0 nifr{il) = 0.07

FR(Z2) = 0.7 FRCA(2) = 0.05 az = 0.6 nifr(2) = 0.05

FR(Z) = Q.2 FRCA(3) = 0.0 at = 0.1 nifr(3) = 0.01
ah = 0.02

a= 0.25 as = 30.0

# not used because this fraction is completely in solution;
dummy wvalue

Moisture fractions of the layers:
Layer nr. Moisture fraction
0.17

0.18

0.19

0.21

0.24

Mb AN -

Precipitation surplus: 0.Z30 m j-1

A. Simulation of slurry decomposition curve

Year Remaining organic matter (%)
Corrected observations Simulated values
1 57.7 635
2 a45.7 494
z 43.4 : 4046
4 39.7 348
S 32.2 310

Percentage mineralization in first year = 40
B. Simulation of lysimeter experiments (Steenvoorden,1783)

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% and probable organic matter
content of 7.8%4, resulting in an addition of 23400 kg ha-l
organic matter each time

Times of addition: spring 1977, falls of 1977 through 127%

Comparison of measured and calculated TOC-profiles (kg C m—-3)
in layers of 20 cm, using data of column nr. 4.

Layer Profile spring 1978 Profile spring 1980
nr. Measured Simulated Measured Simulated
i 0.234 0.3%10 0.339 0.412
2 0.194 0.377 0.403 0.442
3 0.243 0. 205 0.217 0.241
4 0.221 0.114 0,252 0.134
b} 0.138 0.060 ©.150 0.071
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Table &.5. “imulation results for the other materials of
figure 6.1.

Cr :p residues Straw Foliage Pine Peat Sawdust
and grass needles

Parameter values:

FR(1) 0.05 0.0 0.05 0.05 0.0 0.0
FR(2) 0.70 0.70 0.35 0.40 0.40 0. 80
FR{(Z) 0.25 0.30 0. 460 0.55 0.460 0.20
FRCA{1) Q.05 6.0 0.05 0.05 0.0 0.0
FRCA (2) 0.0 0.0 0.0 0.0 0.0 0.0
FRCA (3) 0.0 0.0 0.0 0.0 0.0 0.0
al 1.0% 1.0 1.0% 1.0# 1.0% 1.0
a2 2.0 1.00 0.460 0.70 0.40 0.23
al 1.7 3.50 0.350 0.30 0.045 0.33
* = doummy v :lue

Fitting results: residue after

0.5 year hlé « 650

1 year . 281 . 352 - 624 - bbb .BbE& .Bl4
2 years . 192 224 -438 . 499 772 <671
3 years 177 . 185 . 331 - 3924 . 704 . 5462
4 vears .172 170 - 269 . 329 . 653 477
S years . 148 . 165 . 232 . 285 613 411
4 years : 164 161 . 210 « 253 . =SB0 . 360

Table &.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
S

total : 2.74 %10 kg ha-1
or ca. B.9% of dry matter
C/N guotient H 13. &
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 clear that a difference
should be made between effective rooting depth Lre and
"standard" rooting depth development in time, Lr{(t).

Because in the future the model ANIMD will be applied to the
southern Peel region, where the ICW carries out a project
"Optimization of regiaonal water use", in table &.7 effective
rooting depths, used in the regional water quantity model
FEMSAT-P (Querner and van Bakel, 1284), for different types
of land use and far different soil physical units present in
the southern FPeel area are given. In practice, for every
subregion to which the model is applied, the maximum possi-
ble rooting depth has to be determined.

Table 4.8 gives root development data for different crops,
derived from different literature sources; these data can be
used as "standard" development data; sometimes data from
different authors were averaged; sometimes interpolation has
been done between the data given by an author; sometimes
extrapolation was necessary to get a complete data-set. Data
on root length and —mass data are given as a function of the
daynumber in a year and not as a function of the time after
sowing, because it is assumed that when the sowing is done
later then 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 to be estimated from vague indications.
Data on root mass were not always available in the desired
form (kg ha-1). When they were given as km m—-2, they were
transformed as follows:

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, whicth was
subsequently applied to the other root amount data.

The presented data should not be taken too absolute, because
they were mostly derived from single experiments on one 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
to the sowing date.

The list of crops for which the data are given, is not
complete, although it contains the main crops grown in the
Netherlands.
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Table &.7. Effective rooting depths (m) used in the model
Femsat-FP (Querner and van Bakel, 1984).

S8pil physical uwunit

1 2 2 4 S &

Boil use

Horticulture 0.25 Q.23 0.30 0.40 0.25 0.40
Fotatoes 0.25 0.25 0.30 0. 60 0.25 0.&60
Cereals T G. 30 0.25 Q.40 0.80 0.30 0.B0
Maize Tty 0.30 0.29 0.40 Q.80 0.30 0.B0O
Grass .29 Q.20 0.30 0.50 0.25 Q.60
Natural areas: 0.25 0.20 0. 30 0.50 0.29 0.460

Forest PR 1.00 1.00 1.00 1.00 1.00 1.00

Table 6.8. Root development data for different crops

Between parentheses the sources are given; see the list at the
end of the table. If a source is given for one number of a
column only, it applies to the whole column, until another
number appears. Sources named in the time-column only apply
to the sowing and harvesting dates.

Dry
Kind of crop Time Rooting root mass
(day nr) depth {(m) (kg ha-1)
Maize
sowing time 115(2) - -
120 0.05(3,7) 8C(7)
151 0.20 120
l1bb 0.35 400
i81 0.57 18BO
1246 0.75 3200
212 0.85 4400
232 0.90 4800
harvest time 258(5) 0.790 44600

Early potatoes
planting time o(B) - -

130 0.30(7) LF7(7,8)#
140 0.3X85 880
153 0.60 9?77
174 Q.65 1200
181 0. 62 1500
194 0. 460 2200
212 Q.60 4500
24% 0.4&60 7400
26% 0.60 7700

Late potatoes = censumption?
planting time 113(3) - -

130 0.04(3) 697 (7,B) %
140 €. 05 880
15% 0.07 Q77
174 0.34 1200
181 0.45 1500
194 .09 3200
212 0.460 4500
243 0.&0 7400
263 0.60 7700

# = roots and tubers; at harvest, BO%Z of the material is tubers
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*

Winter cereals
sowing time

harvest

Summer cereals
sawing time

data for summer wheat

average of: 1400 (8)
1000 (B)
1400 (8)
1200 (B)

nn

L

Sugar beet
sowing time

*

Cauliflower
sowing time

harvest

kg ha-1/(km m-2)

Pea
sowing time

harvest

far
for
far
for

calculated with transformation factor

70

281 (&) -

0 0.30{(&8
31 0. 40
o9 0.55
20 0.80
120 1.05
151 1.07
171 1.09

212 i.12
227 (5) 1.13

&64(1) -

21 0.10(3)
110 0.20
115 0.25
121 Q.30
127 0.40
135 0.50
145 0.40
1564 0.70
182 0.85(?)
195 1.00
237 (3) 1.00

summer wheat

summer barley
pats

rye

21(1) -
120 Q.13 (8)
151 0.50
181 0.73
212 1.10
243 1.15
273 1.20
288 (5 1.20

derived from total root mass assuming dry matter

ZB(10)
50
6%
100(&6)
350
1050
1300
1600(8)
1600

20(10)
100(7) %
200
00
400
&20
B850

1050
1370
1580
1250 (10) =

300(10)

600

700(1) %
4800
7700
2700
10000

20%

g% (4) - -

129 0.114) 0.260(4) %

151 0.50 26.7

174 0.80 278

174 >=0.80 572

212 »=0.80 1000 (8)
= 1000/11.9 = B4

FO(7) - -

135 0.45(7) 571 (7)

158 0.75 738

170 Q.75 271

123 .70 465

214 0.60 534

iB1 (1) ? ?



Lettuce

e

CODNCU BN =

(LI I T O 1A | I IO

sowing time 100(4)
133
158
174

Akkerbouwprakti jk ¢1230)
Becker (1976)

Feddes (19835)

Breenwood e.a. (1%G032)

Van Heemst e.a. (i778}
Jonker (1238)

Van Lieshout (1%5040)
PAGV—-handboek (i5C:1)
Schuurman and Knai . 1970)
own interpretati-;.
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&.2%2. 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 not complete; for simulation of
some crops additional data will have to be found or calcu-
lated from additional literature data.

6.5.1. Nitregen 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 crop or group of crops) are used
in all (also economical) calculations; table 6.%2. (Reinds,
1985) gives these data. For waterquantity calculations, it
may be necessary to distinguish between different crops per
technology, due to differences in fertilization and rooting
depth. For instance, large scale outdoor harticulture in-
cludes spinach with shallow rooting depth and fertilization
of 200 kg N ha—-1 as well as garden peas with rooting depth
ca. 0.75 m and no N fertilization. Fertilization data per
crop can be found in Kwantitatieve informatie (17835).

6.3.2. Maximal N uptake

For the nitrogen uptake model described in par. 5.4, it is
necesary to know the value of Nmax, the total maximal N-—
uptake per crop, 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. &.3.

Corresponding data for some crops are given in table 6.10.
To determine Nmax values from these data, they have to be
related to maximal productions. Van Heemst e.a. (17978B) give
maximal yields for diftferent crops under dutch weather con-
ditions and optimal nitrogen and moisture supplies. These
are the yields at t = t3. Following the calculation scheme
of Van Heemst e.a. (1?278), we can also determine a maximal
vield at £t = t1. This calculation scheme consists of:
Maximal dry matter production per month = potential produc-—
tion of the "standard crop" during that month (see table
6.11), reduced for a possible period with incomplete soil
cover. Table &.12 gives the calculations leading to the
maximal dry matter productions at ti1 and t3.
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Table &6.%. Nitrogen fertilization as used in the Southern
FPeel study (Reinds, 19B3).

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

total inorganic

Horticulture

under glass 1000+ 800

outdoor small scale 250 150

outdoor large scale 200 100

remaining 150 73
Cereals

100% N-level bb 52

7574 N-level o0 46

50% N-lavel Ay 33
Row crops

100% N-level 162 =)

79% N-level 121 52

504 N-level 81 20
Gilage maize

level 1 250 a0

level II 450 =0

level 111 B50O 50
Grassland with

Dairy cattle level 1 &00 360

Dairy cattle level 11 470 270

Rearing cattle 200 180
*# = For horticulture under glass the N fertilization

often largely exceeds the N-need {ca. 9500 kg ha-1).
Also, the fertilization widely differs from case to
case, so that specification per crop is not really

necessary.



The dry matter yields at t3 are either calculated as
vield = grain yield # (1 - moisture fraction) / harvest index
(summer cereals and winter cereals), or as

vield = D.m. harvest (Aslyng) # Epot (dutch)/ Epot(Aslyng)
+ harvest residue (Aslyng)

(s. rape and f. beet)

I+ we divide the growing period in the periods t0 to t1 and

tl to t3, we can calculate the corresponding Nmax1l and Nmax?2
+or these periods as is done in table 6.13%, using the maxi-

mal yields and the values of cl and c2 of table 4.10.

The concentration with which at potential evapotranspiration
Epot (m2 ha-1), Nmax (kg ha-1) is reached, can now be calcu-
lated as:

Coptl = Nmax1/Epot (tO-t1)
Copt2 = Nmax2/Epot (t1-t3)

Fotential evapotranspiration values and resulting Copt va-
lues for the different crops are calculated in table &4.14.
The effect of this way of period division is that if at t1
Nmaxl is reached and the uptake after tl1 is also maximal
(with the lower Copt2), the Z N in the plant will indeed
slowly decrease in the direction of c2. If at t1 Nmaxl is
not realized, the model gives the possibility of uptake of
higher concentrations than CoptZ, even after tl1, until the
maximal possible uptake (calculated for each timestep) is
reached.

If no informaticon of the kind presented in table 6.10 is
available, Nmax (total) can be estimated from knawn 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 year)/Erealized.
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Figure 6.3. Percentage N in the plant at which the N-uptake
stops (from Aslyng and Hansen, 1982).
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Table 6.10. Maximal percentages of N in different crops
{(from Aslyng and Hansen, 1982).

At onset of growth At end of growth
Fat | c1l JiY c2
Crop days ZN days %N
Winter wheat 15 4.3 20 1.4
Summer barley i5 4.3 20 1.6
5.7 rape 15 4.3 20 2.0
Fodder beet 20 4.3 20 2.0

Table &4.11 . Potential dry matter production of the
"standard" crop in kg ha-1 (from Van Heemst e.a., 1978).

April 5500 August 6400
May 7100 September 4700
June 7600 October IZ200
July 7300 Total 41800
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Table &.12, Maximal dry matter productions at t1 and t3 for

different crops.

Data used from van Heemst e.a. (1278)
Crop
Winter cereals summer cereals s. rape* f.beet#

t1 15/4-30/4
“spil cover
during ti1 25
D.m. yield at
t1 (kg ha-1) &87.5
t3 15/8
Grain yield

(kg ha—-1) at
t3 10400
Harvest index 0.4
% Moisture 15

in grain

Max. d.m.
harvest#%
{kg ha-1)

Epot {(tO-t3) %
{mm)

Epot (t0-t3)
average dutch
(see table &4.14)

Crop residue
(kg ha—-1) *»

Max. dry mat.
yvield at t3
(kg ha—-1)
whole plant

L 4
5

nou

22100

data of sugar beet used
data given by Aslyng and Hansen

1/5-15/5

700

4]

15

20600

.4

(1982)

Table &.13F. Calculation of Nmaxl and Nmax?

Max. d.m.

prod. (kg ha-1)

Crop t0 - t1 0 - t3 t1 ~ t3
w.wheat 688 22100 21400
s.barley aBss 20600 12700
s.rape 444 16900 16500
f.beet 1013 28000 27000
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c
4
4
V.1
4

“Nmax

i c?
.3 1.6
=~ 1.6
= 2.0
.3 2.0

10/53-25/5 1/&6-20/4

12.5 20
444,0 101=
2578 Z1/10
1464600 23400
2B4 284
255 328
2000 1000
16700 28000
Nmax (kg ha-—1)
Nmax 1 Nmax 2
?29.46 Z43
3B8.2 15
19.1 230
43.6 oS40



Table &6.14. Calculation of Coptl and Copt2 (data adapted
from van Heemst e.a., 1%278)

Epot (m3 ha—-1) Fraction Epot (m3 ha-1) Copt
at full soil soil for this crop (kg m—3)
cover cover period cum

winter cereals

Feriod

april 146-30 1BS 0.25 446.25 446.25 0.640=Coptl1
may 1-15 495 0.5 247.5 293.79

may 16-31 4935 1.0 495.0 788.75

Jjune 1160 1.0 1160.0 19248.735

July 1120 1.0 1120.0 I06B.75

august 1-195 450 0.50 225.0 329FT.79 0.106=Copt?2
summer cereals

may 1-15 495 0.25 123.75 122.75 0,209=Copt1i
may 16-31 495 Q.50 247.35 371.25

June 1140 1,00 1160.0 1531.25

July 1120 1.00 1120.0 2651.25

august 1-10 200 1.0 200,0 2951.25

august 11-25 450 0.5 225.0 . R176.25 0. 103=Copt?2
S.rape

may 11-25 472.0 0.125 5%.9 59.9 0.319=Coptl1
may 26—-321 159.7 .25 39.2 2.8

June 1-10 Z86.7 0.25 2b.7 1246.5

June 11-25 580.0 Q.50 290.0 4B46.59

june 2630 193. 3 1.00 193,35 &79.8

July 1120 1.0 1120.0 1797.8

august 1-2%5 730 1.0 750.0 25492.8 0. 129=CoptZ2

f.beet

june 1-15 580 0.25 145.0 145.0

June 16-20 1923.3 .50 946.7 241.7 0.180=Coptl

June 21-30 386.7 Q.20 123.3 8435.0

July 1120 1.00 1120.0 1555.0

august 30 1.00 220.0 2485.0

september 540 1.0 940.0 3045.0

october 230 1.0 2Z0.0 I275.0 0.1465=CoptZ2
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6.3.3. Nitrogen contents of crop residues

In the model ANIMD crop yields are not caiculated. Impaortant
is the amount of crop residues, coming available for decom-
position at the harvest, and their nitrogen content. Whereas
crop yvields are strongly dependent of weather and nitrogen
conditions, for root’yields this is less the case. Table
6.15, adapted from PAGY handboek (1981) gives the amounts of
crop residues staying behind at the harvest.

Nitrogen contents of these materials are influenced by fer-
tilization. Therefore in table &6.16, presenting nitrogen
percentages of crop residues, fertilization data are given,
if mentioned by the authors. This table is also far from
complete.
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Table &4.1%5. Crop residues

Crop

wheat
wheat
barley
barley

Winter
Summer
Winter
Summer
Oats
Rye
Sweet maize
Silage maize
Potatoes

Sugar beet
S.beet incl.
heads + leaves
Cabbage
Sprouts

Pea

Pea inclusive
foliage

*

Table &6.16.

Erop

Barley

Beet

Butter bean
Broad bean
Carrots
Cauliflower
Celeriac
Curled kale
Endive

L eek

FPea

Pea
Potatoes

Red beet
Red cabbage
Rye

Savay cabb.

Residues at harvest (kg d.m.
Bel owground

1600
1400
1400
1000
1400
1200
2000
1500

1000
1000
400

400

N contents of

(from:

Aboveground

F600
3800
3600
3200
2600
3600
5000

500

4000
oS00
100

1600

tuber crop residues, brought to the topsoil at

PAGY-handboek,

198B1)

ha—-1)

crop residues at harvest

part %N
in dry matter
abovegr. 0.94
abovegr. 1.00
abovegr. 1.07
root 0. 40
stubble 0.74
stubble 0.78
stubble 0.88
leave 3.5-5.0
foliage 0.18%
foliage Q.27%
foliage Q.41
abovegr. Q.48+
foliage 0.25#
abovegr. 0.51%
abovegr. 0.27%
foliage 0.34+
whole pl. 1.5-2.3
foliage+pods O.48x
root 0.7%9
root 0.93
root 0.83
foliage 1.59
foliage 2.02
foliage 2.07
tuber 1.4
top 0.17
foliage 0. 20%
foliage 0.51%
abovegr. 0.58+*
foliage 0.55%

7%

N-ferti-
lization
kg ha-1 y-1

0
&0
120
0

&0
120

180
340

180
3460

Total#*

harvest

spource

MR RNR WA AN :g NMENERRRRKN AW W WA
*



Spinach

Sugar beet
Swedish turnip
Sweet maize

Tomatoes
White cabb.
Wint. wheat

*
*
R

nwwn

Sources:

1. Greenwood e.a.
2. de la Lande Cremer & van der VYeen,

X. Verveda, 1984

leave

0ol .+heads
fol.+heads

whole pl.
whole pl.
leave
foliage
abovegr.
abovegr.
abovegr.
root
stubble
stubble
stubble
straw

, 1985

on fresh weight basis
dependent of species
at 80 silk stage

Qr

* x O

L] [ ]
= N

e DN =0 DR
ARNAON DWW D

I
NN

|
* [~

0.80
1.02
1.06
1.17
0.51%

<o

224

&0
120

&0
120

19B2

B G G ] Gl G G N Y ) T RN

*
*
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7.

CONCLUSIONS AND RECOMMENDATIONS

7.1, Contlusions

About the modelling of nitrogen behaviour:

1.

To 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 forms of nitrogen in soil.

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

Especially for long-term prediction purposes, it is
necessary to include the transport of organic material in
solution in the model, and this has been done in ANIMO.
In other models, it has not been done often before be-
cause of lack of konowledge. McBill e.a. (1981) included
it in their model, but give no experimental data to
compare 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.
Denitrification is a process which is gqualitatively un-
derstood; quantification is difficult because of the
dependence 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, too,
the modelling is tentative.

About the possibilities of the model:

1.

4

The model ANIMO can be used for predicting the nitrogen
load on surface- and groundwater and the development of
organic matter properties of soil profiles as influenced
by land use, water management and environmental factors.
The model can be used on field scale; extension to regio-
nal use is being worked out.

Because no complete test results are available yet, it is
not possible to draw conclusions about the working 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 faorm is operational for arable
land; the modelling of grassland and of natural areas
with a permanent vegetation should be included. Some
ideas about this extension are given in Appendix E.

More information about the quantitative aspects of deni-
trification would be useful. A laboratory incubation
experiment investigating the decomposition of low—C so0il
with added known C—components and the disappearance of
nitrate influenced by high, low, intermediate or control-
led alternate moisture content, high and low nitrate
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supply could answer qguestions 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 N7? (this is
assumed to be so in the model). If not, 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 comparable to denitrification under alternate high
and low moisture conditions? {(Is partial anaerobiosis
in space comparable to that in time?)

Much more information should become available concerning

organic material in solution (OMS). FProduction— and

decomposition rate of OMS could be studied for instance
in incubation experiments of slurry with soil, by separa-
ting solution from dry matter at different points in time

(sacrificing a soil sample each time), analysing a sub-

sample of the splution, and adding the solution 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
occurring.

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, not only for

checking the amount of M taken up by plants, but also for
checking the amount of N denitrified, which is often
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 method of determining the N content of roots when

the recovery of that method is determined in advance by a

single experiment camparing the rough and a precise

method.

More quantitative data should be collected about the

processes of volatilization and exudate production— and

decomposition.
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AFFENDIX A
Format of input files

The model ANIMO uses a number of input files:

GEN. DAT contains general data for a run of ANIMO

GENAR. DAT contains general data of the subregion

INI.DAT contains initial data of the subregion

CROP.DAT contains crop and fertilizarion data for the subregio

and one aof the following files:

FEMSAT.DAT contains moisture data calculated by the model
FEMSAT-P. This file is needed when the model
ANIMO is used on regiobnal scale

WATRAL . DAT contains moisture data calculated by the model
WATBAL. This file is needed when the model
ANIMB is used an 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 FEMBAT-P or
WATBAL .

There is no prescription for the format of parameters,
extept 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 %' before 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 NO3 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. O0f course these files have different names; a
procedure still has to be worked out through which they get
the name BENAR.DAT or INI.DAT at the moment they are needed
for input.



The input file GEN,DAT:
This {ile is read once in a run,

Nex
line
used

L

]

¥

Dimension

LI — Sl — Sy |

Description and remarks

Indicator for type of waterquantity model] used
1¥A = 1 FEMSAT-P

1HR = 2 BATRAL

Husber of areas (subregionsi (max. 40)

Nusber of fractions in fresh and soluble organic material {max, J0) -

Nusber of materials defined (max. 5)

Fraction of nitrate-N in the saterials | to KM
Fraction of ameonium-N in the saterials 1 to KM
Fraction of organic material in saterials | to NM
Length of tiaestep

Tise of the year when simulation starts
Yearnuaber when sipulation ends

Yearnuaber when sisulation starts

Fraction of fraction nuabers | to NF present in organic
part of material MN

Part of organic fractionz 1 to nf of material MK which
is in solotion

Exasple; FRU1,3) = 0,3 and FRCA(1,3) = 0,05 aeans that
0.3 - 0,05 = 0,25 of the organic saterial consists of
solid fraction 3, and 0,05 of the organic material
consists of soluble fraction 3

In eath run 5 crops sust be defined (if lesss are needed,
duagies or

duplicate crops can be introduced)

Number of data on root amount given for crop KC

Rusber of data on root length given for crop KL

Valuve nr. N of root sass for crop KC

Value nr. N of length of roots of crop KO

Value nr. N of time for which value of rootlength for crop KC
is given

Yalue nr. N of time for which root mass is given

N.B. The data sust include zero root length and mass at TIHA
Tine of sowing of crop KO

Tise of harvesting of crop KC

Anpunt of tubers harvested

Maxinal uptake of N by crop K€ in {irst period

Maximal uptake of N by crop XC in second peried

Sus of mazieal evapotranspiration in first period for crop KO
Sue of maximal evapotrancpiration in second pericd for crop KC
Timg after sowing when mavimal uptake rate of N by crop KC alters
Fraction of added NH4-N that velatilizes

Amaoniua-N concentration in precipitation

Ritrate-N concentration in precipitation

Nitrogen fraction in exudates

Nitrogen fraction in soil organic material (humus)

Nitrogen fraction in fractions 1 to NF of organic material

For the following rate canstants, positive values must be piven.

Parameter name Type
in ANIND in this report
LT - I
NA - 1
NF ni l
NH ne 1
FRNT(MR=1-NH} - R
FRRE{MN=1-NHR) - R
FROR{MN=1-NH) - Rk
57 t R
TIN] - R
YREA - 1
YRK] - !
for MN=1 to MM
JFR{MN,FK=1-NF) FR{sn,fn) R
for Mh=t to WM
lEEPﬁlHH,FN=1-NF1 - R
For KL= to 5
NUAMRD(KC) - I
NULNEB [KC) - |
for N=1 to NULNRO
AMRDTT(KC W) - f
LNROTI (KC,K} - R
TIAMRDLKC \H) - R
TILKRO(XC N) - R
TISDUKE) to Rk
TIHA{KC) t3 R
TUTD - R
GPNIMAT KDY Naaxl R
UPKIHAZ(KC) Heay? R
SUEVHAS (KC) Epot (L0-t1IR
EUEYRAZLEC) Epot {t1-t3IR
L TTUPI (KC) t1 R
FRYD - R
COPRNR - R
LOPRNT - R
NIFREX nifrex R
NIFRHU nifrhu R
NIFR{{-NF) nifrifn} R
RECFEXAV - R
RECFHUAY - R
RECFAV{1-KF} - f

y-1
y-l

y-1

Decosposition rate constant for exudates; average year-value
Decosposition rate constant for soil organic material;
average year-value

Decoaposition rate constant for fractions | to NFj

average year-values



RECFCAAY - R y-1 Decosposition rate constant for organic material in solution;
average year-value

RECFNTAY - R y-1 Ritrification rate constant; average year-value
BFCFOINAL]-5) - R 02 4-1 Values | to 5 of diffusion coefficient of orygen
in water

Values 1 to 5 of tesperature for which dit{fusion
coefficients of oxygen in water are given

]
=0
Lo |

DFCFOXRATE (1-5)



The input file BENAR.DAT:
This file is read apain for every simulated year of a rum,

ASFA a R -
NL - I -
AFTE ] R C
AVTE Ta R C
DRADNH(1) Rd R -
DRADNHINL) Rd R -
FOTE " R rag d-1
HE(1-RL} L R [
113 - R s-l
11 - R a-1
1] 4 - R a1
AR (AR} - R B?
TESHCF 3 R 52 d-]
& PMDF1 pl R -
PHDF2 p2 R -
AIENSCPF ¥ R ca
MOFRPF1{1-101 - R -
SCPF1{1-10) - R e
ROFRPF2(1-10) - R -
SCPFZ{E-10) - R ch
HOFRWIUN - R -
KOFRSARD - R -
HOFRSAUN - R -
CDSA - R a d-1
LKk - I -
ROFADCRY - R -

Assimilation factor

Hunber of layers (wax, 100}

Aaplitude of yearly tesperature Wave in sinus mode]

fiverage yearly tesperature

Distribution ratio for assonium in rootzone

Distribution ratio for amsoniue in the subseil

Frequency of yearly tesperature wave

Height of the layers | to HL

Density of drains of third order (trenches, ditches, field drains)
H.B. For interflow jt is possible to define a “aodel® trench
{not really existing}, but only if this has also been done in the
water quantily medel

Density of drains of second order (ditches, drains)

Density of drains of first order (canals)

fAcreage of subarea nr. AW

Theraal ditfusivity

Paraseter in calculation of diffusion coefficient

for oxygen in airfilled part of spil (see par, 5.3, page 33
Paraseter in calculation of diffusion coefficient

for oxygen in airfilled part of soil (see par. 5.3,page 53}
fir entry value of pF curve of the rootzone

Moisture fractions § to 10 of pF curve of the rootzone
{fros lon to high)

Suction values ! to 10 of the pF curve of the rootzone
Koisture fractions 1 to 10 of pF curve below the rootzene
{fros 1ow to high)

Suction values | to 10 of the pF curve below the rontzone
Roisture fraction at wilting point below the roctzone
Heisture fraction at sateration in the rootzone

Moisture fraction at saturation below the rootzone
Hydrautic conductivity of the rootzone

Layer nusber froe which a reduction in spil organic aatter
decomposition occurs

Reduction factor for soil organic satter decosposition for
the layers LR and deeper



The file INI,DAT:
This file is clesed after reading.
year are stored.

KOFRO(NL=1-KL} 0
EX{NL={-NL} Ex
HUEY (NL=i~NL) He
CONH{NL=1-KL) £nh

CONI (NL=1-NL) -
for LR=] to ML
£ |DS (LN, FN=1-KF} 0s

for LN=1 to KL
+ [HUDS (LN, FN=0-NF)  Rs

for LN=1 to R
1 |COCAILN,FN=1-NF)  sifn)

H.B. For MDFRD zero's can be given, The first initial values are calculated from the waterquantity sodel data {see input

files WATBAL.DAT or FEMSAT,RAT),

Values for D% and HUBS can be derived froe previous runs with RISTOR {see appendix L), making sure that the suz over the
fractions fn of HUDSILN,FN) pluc DS(LK,FH) equals measvrements of total organic satter in layer LN at the starting tise of
sisulation with ANIND. If the cropping history is unknown, but if seasurements of organic € and N are available, and the
R-gineralization during the previous year can be ectieated from the H-uptake by an unfertilized crop, it is also possible

At the end of the simulated year it is opered again and new initial data for the next

= ;o= ™

R

kg -2
kg e-2
kg o3
kg s-3

kg &-2

kg -2

kg B-3

Moisture fraction of the layers | to Nl

Exudate content of the layers 1 to AL

Soil organic material content of the layers 1 to ML
Concentration of aemonius-N in the layers 1 to NL
Concentration of nitrate-N in the layers | to NL

fmount of fresh organic material in the frackions 1 to NF
presert in layer LR

fsount of soil organic saterial froe fresh organitc
saterjal fractions | to NF present in layer LN

Concentration of soluble organic eaterial frartions
1 to NF in layer LN

to take all the orgamic matter present ac one 05-fraction {divided in amounts per layer) with one M-content and one

decoaposition rate, in accordance with these meeasurpeents, This method is such easier, perhaps less accurate, but for

calculation of long-tere effects on manured fields it aight work,

For CACE zero's can be given, because the ascunts of soluble organic saterial are usually neqlegible cospared to the other

fores o organic eaterial,



The file CROP.DAT:
This file is opened once,

for each year of the
KiCR
RN

LNNARD
TINEAD
HVTE

Only if HYTE = 12

and contains data for one subarea for all years; each sisulated year part of it is read,

run:
- I - Kind of crop grown
- 1 - Nusber of the material defined as root material
Because at harvest, root residues are automatically added tc the
profile)

N.B. This material should have FROR = 1, because the root eass
ANRDTI is expressed as dry satter.
FRNI and FREH of this material should be zerc.

- 1 - Number of tayers in the effective rootzone
- R d Tine of next addition (first addition of the year)
- I - Indicator for kind of tesperature eodel to be used:

BVTE = | means tesperatures are known and given in the input; use
Fourier sodel for this year )
HYTE # | means no tesperatures given; use sinus model for this year

t |TINIAITE - R d Daynuaber of first temperature measuresent
AITE(]-32) T{0,i) R C Weekly measured air teaperatures
For each planned tine of N.B. Al) amaterials other than root mass resiues

addition (additien,
fertilization, ploug
+  [NUAD
for each addition
] HTHU
UMY
EYAD

should be given as input here

king)

- I - Husber of additions [actions) (max. 3 at the same tiee)

an I - Material nugber

- R kg ha-1 Aeount of material added

- 1 - Way of addition = nusber of layers over which the addition

is distributed.

WYAD = 0: addition on top of tayer | = addition to layer | ¢
volatilization

WYAD = I: addition to layer 1 (no volatilization)

BYAD = 2: addition te layers I and 2,

etr.
- 1 - Huaber of layers to be ploughed
- R d Tine of next additien



The file WATEAL,DAT or FEMSAT.DAT:
Each simulated year part of this file is read.

Initial values for the first year, first tisestep:

MOCORD Vri®) R (]
WALE hio R 2
MODEUN - i B
Per timestep:

| TIwk - R d

EVHA - R 8 d-1

PR Pr R a d-1

EV Er R ad-t

Fé fg R 8 d-1

FS fs R B 0-]

F¥ fk R k-1

PE - R s d-l

LEAK {1 R 8 0}
MOCORQT Vrit) R B
jEEET hit) R [

Moisture voluse of rootzone
froundwater level
Moisture deficit below rootzone

Tine in waterguantity model {not used)

Maximal evapotranspiration flux

Precipitation flux

Evapotranspiration flux

Fluz to trenches (Ird order drainage systes)
Flux to drains/ditches (2nd order drainage systee)
Flux to canals (st order drainage systeam)
Fercolation flux fros rootzone (not used}
Discharge flux to aquifer

Moisture voluee of rootzone at end of timestep
Depth of groundwater table at end of timestep

N.B. Dusey values can be given for TIWE, EVHA and PE; they are not used in ANIMD presently.



AFFENDIX B
Description of the computer program

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

Before 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 NO3-N conctents per layer will be
given, to get a better insight in the terminology of the program.

Description Name of wvariable used for value at
Beginning Average End
of timestep of timestep
Moisture fraction MOFRO {LN) MOFR (LN) MOFRT (LN)

Fresh organic mate-
rial per fraction OS5 {(LN,FN) - RSOS{LN,FN)

Total fresh organic
matter TODS (LN) —= suos

Organic material
in solution (OMS)

per fraction COCA(LN,FNM) AVCOCA(LN,FN) RSCOCA{(LN,FN)
Total OMS COCATO(LMN) AVCOCATO (LN) RSCOCATO (LN)
Humus from OMS

per fraction HUDS (LN ,FN) - RSHUDS (LN ,FN)
Humus from exudates HUEX(LN) - RBHUEX (LMN)
Total humus TOHU (LN) - SUHU (LN)
Exudates EX (LN} - RSEX (LN)
MHA4-N concentration CONH({(LMN) AVCONH (LLN) RSCONH (LN}
NH4-N at complex CXNH(LN) - RSCXNH (LN)
NOZ-N concentration CONI {LN) AVCONTI (L) RSCONI (LN}

Soluble species in
general (subroutine
TRANSFORT) COTO(LN) AVCO (LN) CO(LN)



The order of treatment of the program parts is:

1.
2.

-

.

4.
S.
&a.
7.
B.
.
10,
11.
12,
13,

14,

Main program ANIMO

Subroutine
Subroutine
Subroutine
Subroutine
Subroutine
Subroutine
Subroutine
Subroutine
Subroutine
Subroutine
Subroutine
Subroutine
Subroutine

INIMO
BAL ANCE
ROOT

ADDIT
TEMPER
MINER_1
TRANSPORT
MINER_2
PLANT
DENITR
MASSEALANCE
CONCDRAIN
OuUTPUT

1. Main program ANIMO

Specification statements:

The file COMMON.FOR contains a declaration 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 arguments)

as COMMON.

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

Number of timesteps per year:
Note that a possible rest of the division 363/5ST will not be
used.

Maximal nitrate concentration for uptake per crop:

This is the calculation of Coptl and Copt2 as described in
par. 4.3.2, from the input values for Nmaxl, Nmax2, Epot (tO-
£1) and Epot<(ti-t3).

Converting year—data to day-data:

Most rate constants are known as year—rates and can be given
in the input as suchi here they are transformed into the
units used in the model.

Combination with waterquantity model:
I+ 1WA 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.

Initial data of the subarea from the file INI.DAT;:

See appendix A.

This is a file from which the initial data are read in. At
the end of a simulation year, the new initial data for the
next year are written into it, and the old values disappear.



Crop and fertilizer data of the subarea for / this year from
the file CRDFP.DAT:

See appendix A.

This file is opened once in a runi 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 bottom of each layer from soil surface, EO,
and that of the middle of the layer, DP, are talculated.

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

Initial moisture data calculation:

When, in the first year of simulation, calculations for a
subarea start, the initial moisture distribution over the
layers is calculated from a few extra moisture input data
(see subrpoutine INIMD).

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
anly two numbers have to be given in the input.

Parameters for temperature models:

Damping depth DMDF: see par. 5.05.

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(1) = 7 etc. means that later on in
the program, when temperatures are calculated for a time of
the vear TI, in the Fourier formula the term TI - TIMIAITE -
7 has to be used.

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

Caleculation of average distance between drains:

The distance between drainage systems is calculated as
distance = 1/density; for trenches {(3rd order drainage sys—
tems) it is assumed that the canals and drains/ditches
(first and 2nd order drainage systems) also have a dewate-
ring function of a trench (3rd order drainage system); for
drains/ditches (2nd order drainage systems}) it is assumed
that a canal (lst order drainage system) 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:
KC is used in indices instead of KICR.
SUUPNI, SUUPNIMA and RD are put at zero to avoid the use of



values stemming from another subarea.

Calculate situation subarea AN after one years:

Here the time-leoop starts. The number of timesteps NEST in a
vear is calculated before. Formulated like this, calcula-
tions for the subarea are always performed for a whole year,
irrespective of the starting time TIMI. The variable TI gets
values from TIMI to TIMI + NST*5T, and can become greater
than 265 if TIMI is not equal to the beginning of a calender
yearj the variable TIYR represents the daynumber of the
current year, and cannot become greater than 3é&5.

Moisture contents and fluxes:

Depending on the type of waterquantity model, moisture data
are either read from FEMSATF.RQUA or from WATEBAL.DAT.

N.B. The values TIWA, EVMA and PE are not used in ANIMD
presently; dummy values can be given in the input (see
appendix A).

The subroutine BALANCE calculates from these data the mois-
ture contents of all lavers and the fluxes between the
layers and in and out of the soil system from each layer.

Root production and exudate production:
See par. S5.1.3..

Fertilization, harvest, ploughing:

All these actions are described in the subroutine ADDITS
they are only performed when the time for the next "addi-
tion", TINEAD, bhas been reached; specification of which
actions are performed at each TINEAD, is given in the input
file CROP.DAT (see appendix A).

Temperature:
Temperature of all the layers is calculated using either the
Fourier—analysis— or the sinus model.

Production rate of organic material in solution:
The rate constants kO{(OMS) per fraction are needed for the
next part:

Transport, production and decomposition of arg. mat. in
sol.:

The subroutine TRANMSFORT, applying the transport—- and con—
servation equation to the layers in the profile, is called
separately for each fraction of organic material, because
each fraction has its own nitrogen content, so that the net
released NH4 can be evaluated for each fraction later on.
After each call the results are stored in the appropriate
variables for OMS (RSCOCA and others).

Formation and decomposition of humus; decomposition of fresh
organic material; production rate of NH4:

The following lines of the program until

"Carbon and nitrogen balance" correspond with the calcula-
tion scheme given in figure S.4.

Carbon and nitrogen balances:
This is a check on the correctness of calculations performed
on C and mineral N.



Concentration 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 timestep)

Write fipal data subarea AN year YR to file INI.DAT:

The file INI.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 subarea)

The calculations of the average concentration in the deep
drainage water and in the deep aquifer have not been warked
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 ali the years per subarea.

After these calculations the year—~loop ends (go to next
year)

When all the years have passed, the simulation ends.

2. Subroutine INIMO

From the 3 initial moisture data MOCORO, WALE and MODEUN
(cee appendix A) which this subroutine reads from WATEAL.DAT
or FEMSAT.DAT the initial moisture distribution is
calculated using the same procedure as in subroutine
BALANCE.

2. Subroutine BALANCE

In this subroutine the moisture deficits per laver, the
thickness of the layers discharging te 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 fractians per laver:

Rootzone:

I¥f the phreatic level is below the rootzone the moisture
fraction is considered constant with depth in the rootzone.
I¥ the phreatic level is in the rootzone the moisture frac—



Figure A.1. Schematic relationship of moisture fraction with
depth.

Case a: Linear relation below rootzone

Case b: Non-linear relation below rootzone.

g %/ Noz hostore

db Mgy = Moisture
deficit below
rootzone

Phreatic level

calculation the saturated part ot the rootzone is multiplied
by the factor KF. The equivalent flux density FEKMD fpllows
then as the ratio of FMK and LEMK.

Using this #lux density below the rootzone and the product
of KF and FEKMD in the rootzone the 1st, 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 + HD).
In subroutine FLUX that is called 3 times the discharge
fluxes to the 3rd order drains FLG(LN), 2nd order drains
FLS5(LN) and 1st order drains FLK(LN) are calculated for each
layer. In FLUX dummy names 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,
HSR or HKB

U for the lower boundary of the discharge layer HGO,
H80, HKO

F LN for the discharge flux per layer FLG(LN), FLS(LN),
FLK (LN)

Calculation of evapotranspiration fluxes:

Far sach layer the evapotranspiration flux FLEV(LN) is cal-
ctulated. Below the rootzone (LNMARD layers) FLEV(LN) equals
zero.

Calculation of fluxes per layer:

For each layer the vertical incoming flux from above
FLAB(LN) is evaluated and using the water balance of each
layer the vertical outgoing flux FLBE(LN) is calculated.
These quantities are considered positive when downward.



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.1):

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 restriction 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-
tionship of moisture fraction with deptbh MOFRBORO. I 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 MOFRBORO 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 i=s calculated.

Thickness of layers discharging to drainage systems:

Because a canal (1st order drainage system) has also the
dewatering function of a drain (2nd order drainage system)
and also receives surface runoff and interflow (Ird order
drainage system) LG is increased with the length of drains
{Znd order) and canals (1st order). The total length of
drains LS is inereased with the length of canals, LK. Taking
the total length of canals LK as a reference the discharge
rate to drains (2Z2nd order) with a length of LK can be calcu-
lated: FMES. The discharge rate for surface runoff and
interflow (3rd order) is ewvaluated 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 spnil system. If the
waterlevel is in the rootzone a correction for the flux in
this saturated part for the t(higher) permeahbility is made
with the parameter KF (ratio of hydraulic conductivity of
rootzone and that of the subsoil).

First the lower boundary HKO of the canal discharge layer
(ist order) is evaluated as the minimum of the lower bounda-—
ry af the model scale BO(NL) and (1/4 % AK + HDK) where AK
is the average distance between canals and HDK is the bottom
level of the canals. Based on the phreatic level and the
value of KF the equivalent thickness LEMK of the saturated
snil system discharging to a canal is calculated. In this



Starting point of the calculations is the incoming flux of
the first layer ({(precipitation FR) and endpcint is the
outgoing flux of the last layer (= leakage LEAK). Next the
fluxes as required for the transport and conservation egua-
tion are calculated:

FLIO(LN) incoming flux from below (zerp when downward,
positive when upward)

FLIB(LN) incoming flux from above {(zerao when upward,
positive when downward)

FLID{LM) incoming flux from the drainage system (zero when
drainage takes place; positive when infiltration
takes place)

FLOUC(LN) 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. &4.2.;3; 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 em is smaller
than the interpolated value {(see par. 5.1.3.):

LNRO = MIN(BO(LNMARD) + 0.10, 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,
NURDO, 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(N). At attempted extrapolation the program execution
stops. The argument K stands for ‘kind of crop’: each crop
has its own X~ and Y-arrays.

S. Subroutine ADDIT

This subroutine is used whenever a special action takes
place: harvest, ploughing, additicon of fertilizer, or
addition of crop residues or other organic materials.
See also par. 9.7.

Harvest:
At harvest time the root mass AMRO of the crop comes availa-
ble for decompisotion, and is automatically ‘added’ as fresh



organic material to the spilj division over the layers
follows from the root mass distribution RO(LN), except when
a tuber crop is concerned. In that case, a ‘standard’ har-
vest of tubers TUTD is subtracted from the total root mass
AMRO, and the rest of the material, AMORMT, is incorporated
in the first (few) layer(s) of the soil NURQO, 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 other
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,FN) gives the distribution of organic mate-
rial of the roots over a number of fractions, FRCA{(RM,FN}
gives the distribution of the material over soluble frac-—
tions. The root material is thought to consist of organic
material only; therefore no fractions NG3-N or NH4-N are
calculated.

Read the data concerning additions:

Addition data are given in the input file CROP.DAT (see
appendix A). Action is taken when the last TINEAD (time of
next addition(s) is reached {(or just passed; the addition
data do not have to coincide with timestep boundaries). A
maximum of % additions per timestep can be performed. 1t
should be stressed here too, that crop residues, other 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 outj; ploughing can be done after each
separate addition.

Divide the material in its anorganic and organic parts:

The fractions AMOR(FN) in the total organic material AMDRMT
are determined. These fractions will be divided over one or
more layers.

Then the way of addition is considered; addition ‘on top of
layer 1’ (WYAD = 0 )Ymeans addition to the contents of layer
1 and velatilization of a part FRVO of the ammonium added,
if present; addition to one aore more layers (WYAD >= 1)
means equal distribution to WYAD layers. The only difference
between WYAD = 1 and WYAD = O is the volatization.

Addition on top of layer 1i:

The fraction nitrate—-N FRNI is contributed to solution; the
fraction FRNH ammonium—-N is divided between solution and
soil complex.

The fractions of {(soluble) organic matter are added to the
amounts already present.

Addition to one or more layers:

The material is equally distributed over the WYAD layers,
proportional to their heights HE; the partition factor for
each layer LN for addition number 1 is HE(LN)/BD(WYAD(I).

Floughing:

First the materials present in the layers to be ploughed FL
are accumulated, resulting in the values for the SU-variables.
Then they are equally distributed again, proportional to the



heights of the layers HE, except for nitrate; all layers get
the same concentration SUNI/SUMO. The NH4 is distributed
over solution and complex.

4. 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
DF(LN) is calculated. For years with known air temperatures
(HVTE = 1) the Fourier analysis model is used. For other
years the sinus model is used. See par. 5.5. In the Fourier
model, AVTI - TIMIAITE + 7 has to be used instead of AVTI
itself, because of the phase shift applied in calculating
the Fourier coefficients.

7. SBubroutine MINER_1

The calculations about mineralization are divided over two
subroutines; this is done because the subroutine TRANSFDRT
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 before 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 S5.4., and explained in the
paragraphs 5.1 through 5.6.

First the influence of temperature (par. 5.9), 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.&4. 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 specification per crop has to be given). The
calculation of RDFAMD itself is also an interpolation, only
here extrapolation is allowed, as long as RDFAMO >= O.

Calculate reduced rate constants for all lavers:

The apprapriate 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.



B. Subroutine TRANSFORT

Because subroutine TRANSPORT is called several times a num-
ber of variables receive dummy names through the argument.
Based on the flow direction of water the sequence of calcu-
lations is determined (see chapter 4.4),.

The caleulation of concentrations for each layer takes place
in subrotine TRANSSUE.

In TRANSSUR the parameters HV (change of moisture fraction
with time), HV1 (= A in chapter 4.4) and HVZ (= B in chapter
4.4) are calculated. The functions FEONIT 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.

@?. Subroutine MINER_Z2

When the concentrations of OMS at the end of the timestep
and the totals of OMS influx and outflux are calculated with
TRANSFDORT, the results for organic material dissociation per
layer can be assessed.

The remaining amounts of so0il 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 disspciation of organic materialj total mineralization
of nitrogen; production rate of NH4: see par. 5.2,

With the production rate for NH4 and the nitrification rate
under aerobiec ctonditions, only influenced by temperature and
suction, TRANSPORT can be applied to NH4; when the resulting
MH4~concentrations have been calculated, the oxygen demand
for nitrification can be determined.

10. Subroutine FLANT

The selectivity constant for uptake by plants of a soluble

species has a value other than 1 when:

— there is no crop present

— organic matter is concerned. This is not accomplished in
this subroutine, but simply by putting RD = 0 in the
argument when TRANSPDRT is called for organic matter. The
RD for NH4 and NO3X 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.



10. Subroutine DENITR

The calculations performed by this subroutine are described
in par. 5.3%. mainly; same parts of 5.2. and 5.5. are used
{indicated in the following text}.

Oxygen demand for complete aeration:

This is the oxygen demand resulting from oxydation of orga-
nic material and from nitrification.

O¥XFDRA is the ‘production’ rate of aoxygen, 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 pore; DXDDRA 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 ozygen distribution in the snil gastilled
pore 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. 5.3.3 these two
formulas are combined in the calculation of DFCFDOXAI.

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 pore.

Vertical oxygen distribution in pore air:

The definitive oxygen profile is determined after a number
of iterations including the next sections {(until ‘extra
denitrification ...’). The iteration scheme is given in fi-
gure 5.7%. At the First iteration the reduced oxygen demands
RDOXDDRA and production rates RDOXFDRA are still equal to
their maxima OXDDRA and OXPDRA. FPer iteration with new
RDOXDDRA-values the vertical profile is calculated in this
section, according to the scheme given in figure 5.2. The
last calculated oxygen profile OXCDZ is stored in 0OXCO1,
because iteration {(over the sections mentioned) is stopped
when the difference between these two is small enough (sum
of squares of differences SUSODI < 1.E-4, see end of this
section).

Water—satuwrated layers are assumed to be completely anaero-
bic.

Reduced oxygen demand per layer as a result of partial
anaerobiosis:

Calculations according to the formulas given in par. 5.3.
The calculation of the equilibrium concentration 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 pore RIAE with Newton—-Raphson iteration, is a value
interpolated between RIAE-results obtained with extreme
values of OXDDRA/ (2#DFCFOXS0) and CV, in calculations per—
formed beforehand; in the interpolation (three-dimensional
lingar) the actual values of RDOXFDRA/ (2%¥DFCFDXS50) and CV
are used.



The extreme values (FAA, FR, 01 and 02) and results (R1
through RB) are given at the beginning of the subroutine in
a DATA statement.

FUN is the fupction for which the zero has to be found, DIFU
is its derivative.

With the new values for RDOXDDRA another vertical exygen
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 to precipitation
surplus:

TIAN is calculated for each layer in the rootzone according
to the theory given at the end of par. 5.3ZE.

Reaction coefficients for NH4 and NOZ:

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), REKOMI, can be calculated for each layer,
according to 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 performs the calculations described in par.
S5.9. Sometimes the formulation is not exactly the same as

in this paragraph, because totals of fresh and soluble
organic matter are used which do not 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.

1Z. Subroutine CONCDRAIN

In this subroutine the concentration 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, OUTFUT is
called. The argument NUFA causes a jump to a certain part of
the subroutine, where the output aof the calling subroutine
is given, after which a return to that calling subroutine
follows.

o~



AFFENDIX C
Using the model HISTOR

The model HISTOR uses a input file HISTOR.IN, in which the
following data should be present in the order given here:

Farameter Type Units Description

ASFA R - Assimilation factor

NL I - Number of layers (always 5)

NF I - Number of fractions
{always 3)

FR{(1-3) R - Fractions in the organic
material

FROR R - Fraction of added material
that is organic

FRCA(1-3) R - Fractions of scluble organic
material in the added mat.

HE R m Height of the lavyers

MOFR{(1-5) R - Moisture fractions of the
layers

NIFR(1-3) R - Mitrogen fractions in the
organic material fractions

NIFRHU R - Nitrogen fraction in soil org.mat

NIFREX R - Mitrogen fraction in exudates

FPR5U R m Yearly precipitation surplus

QUMT R kg ha-1 Yearly amount of material added
(dry matter)

RECFEXAWV R y—1 Average vearly rate constant

for decomposition of exudates
RECFHUAY R y—1 fAiverage yearly rate constant
for decomposition of soil
organic matter
RECFAV(1-3) R y—1 Average yearly rate constant
for decomposition of fresh
org. mat. fractions

RECFCAAV R y—1 Average yearly rate constant
for decomposition of OMS

RO R kg ha-1 Yearly amount of roots at
harvest

ST R d Length of timestep (always 1B3)

NY I - Number of vears to simulate

NUADS I - Number of additions in spring

NUADW I - Number of additions in fall

If yearly additions are wished for the whole simulation
period, NUADS and/or NUADW = NY
FE 1 - Perind to start simulation
FE 1 summer period
FE 2 winter period

The output file has the name HISTOR.OUT. It produces per
timestep of half a year the values:

NS I Y Number of summer peripds passed

NI I 4 Number of winter periods passed

TDOM R kg m—-2 Total organic matter layer 1
(0S—fractions + TOHW

0s5(2) R kg m—-2 Fresh organic matter fraction 2

in layer 1
(only layer 1 contains 0S)
0s(3) R kg m-2 Fresh organic matter fraction X



in layer 1
TOHU (23 R kg m—2 Amount of soil org. mat. laver
COTCTO(1—-4) R kg m—3 Concentration of organic

carbon in solution

N.B. COTCTO # COCATO

Here, COTCTO = O.5B*COCATOD
TOMNNI (1-—-4) R kg m-2 Total mineralization of N

in the layers 1 thru 4

but other output values like TOHU{(Z-5) 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 crop with different rooting depth and root
mass.

Exampl e:

The effect of Z0 years of history of the following field

should be simulated:

— 20 years of grassland with yearly spring additions of
manure Ml

— 5 years of grassland with yearly spring additions M1
and fall additions of manure M2

— 5 years of maize with its own spring addition of manure MZ

The following runs should be done:
1. Effect of spring additions to grassland

QUMT = M1

NUADS = 25

NUADW = 0

PE = 1

NY = Z0 (no additions of this kind for the last 5 years)
RO = Q.

HE = 0. (example of depth of incorporation of manure)

FR(1-3}, FRCA(1-3), and A(1-3} : values for manure (table 6.4)

2. Effect of fall additions on grassland

QUMT = M2

NUADS = a

NUADW = =

PE = 2

NY = 10 (5 years with additions M2, 5 years with no

additions M2 during maize)

RO = 0.

HE = 0.2

FR(1-Z), FRCA(1-3), and A(I-3F) : values for manure (table 4.4)

. Effect of grass roots and -exudates

QUMT = 2#%average root mass {(see appendix E)
NUADS = 0
NUADW = 25 (roots considered to become available in fall
in this model for grass roots top; in ANIMO this
must be modelled in a different way (see appendix E)
FPE = 1
NY = I0
RO = 2+#average amount of roots (see appendix E)
(used for exudate production calculations)
HE = 0.3

FR(1-3), FRCA(1-3), and A(1-3) : values for root materialj
this is not determined in table &.5; an average curve can be

-



taken in between that of crop residues and that of straw.

4., Effects of spring additions to maize
QUMT MZ

NLUADS
NUADW
FE

NY

RO

HE . 2

FrR(1-3), FRCA(1-3}, and A(1-3) : wvalues for manure (table &.4)

o wn

=)
O
1
o
o
Q
R

S. Effect of maize roots

QUMT = amount of roots formed by maize (added to profile
in fall)

NUADS = O

NUADW = =]

FE = 1

NY = 9

RO = amount of roots formed by maize (used for exudate

production calculations)
HE rooting depth of maize
FR(1-3), FRCA{1-3}, and A(1-3) : values for root materialj
this is not determined in table 4.35; an average curve can be
taken in between that of crop 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 HISTOR have te be transformed into ANIMO
input data taking into account differences in layer
thicknegsses used inanimo and in the separate runs of
HISTOR.

2. HISTOR always works with one kind of material at a timej;
for ANIMD more materials and more fractions can be used.
Fer kind of material 2 or 3 fractions are needed; the
fraction numbers can be defined as follows for the
example above:

HISTOR ANIMO
fractions 1-3 for manure fractions 1-3
fractians 1-% for root material fractions 4-6

|

HISTOR stops when NS = NY and NW = NY. Dependent on

the value of FE and the time of year the ANIMO-run should
start, not always the last output line of HISTOR is the
line to be used.



AFFENDIX D
List of symbols used

N.B. Layer indices n or k are not always used in the text
N.B. Some csymbols are used for different purposes. In that
case, behind the description of the less frequent used
one, 8 paragraph number is written.

Symbol units description

A - Farameter used in par. 4.4 (no physical
meaning)

a - assimilation factor

a cmZ2 s—1 thermal conductivity (par. 5.3)

mz d-1

a, a’ kg m—3% d—-1 oxygen production rate (par.5.3.)

Adn) - coefficient in Fourier analysis

ain) - coefficient in Fourier analysis

AD C amplitude ot yearly temperature wave

AE - aerated fraction of soil layer

ae d-1 first—-order rate constant for root exudates

ae m2 aerated area per pore (par. S5.3.)

Ag m average distance between trenches (3Zrd order
drainage systems)

ah d-1 first-order rate constant for soil
organic material

Ak m average distance between canals (lst order
drainage systems)

an d-1 first—-order rate constant for fraction fn
of fresh organic material

As m average distance between drains/ditches (Znd
order drainage systems)

as d-1 first—order decomposition rate constant
for soluble organic material

Ar kg m-2 amount of roots present in profile

2 - constant used in par. 4.4. (no physical
meaning)

b, b’ mZ m—3 d-1 oxygen consumption rate

b(n) - coefficient in Fourier analysis

c cal cm—3 C—-1 specific heat (par. 5.5)

cin,t) kg m—3 concentration of a species in layer n at
time t

&(n) kg m—3 average concentration of a speries in
layer n during the timestep

c1 4 maximal N-content pof a plant in the
first growing period

c2 A maximal N-content of a plant in the
secand growing period

ca m3 m—3 oxygen concentration in atmosphere

ce kg m—3 concentration in evapotranspiration flux

cg kg m—3 concentration in trench (3rd order
drainage) discharge water

ci kg m-3 concentration in incoming flux

cid kg m-3 concentration in infiltration water

ck kg m—3 concentration in canal (1st order)
discharge water

cnh kg m—3 ammonium—N concentration

gnh kg m—3 average ammonium—N concentration

during timestep
cni kg m—-3 nitrate-N concentration



Eni

co
Copt

cp
ce

Cw
cwe

DO

Da
Dg

Dm
Dn

dp (n?

Dr
Ds

E{t)
Epot
Er

fa
fb
fe

fg

fg(n)

fi
fib
fid

fio
fin

flkin)

f1
fn
fo
fou
FR

f=

f=(n)

fub
fuo

kg

kg
m3
kg
kg
mz2

m22

m

average nitrate—-N concentration
during timestep

concentration in outgoing flux
optimal mineral N concentration for
uptake by plant roots

okxygen concentration in pore air
concentration in drain/ditch (2nd order
drainage) discharge water

oxygen concentration in soil water
equilibrium oxygen concentration in
solution at water/air boundary
diffusion coefficient of oxygen in
airfilled pore system of soil
diffusion coefficient for oxygen

in atmosphere

diffusion coefficient for oxyen in air
thickness of the layer discharging to
the 3rd order drainage system
thickness of the layer discharging to
the 1st order drainage system

damping depth

kg m—3% d-1 pitrate-N demand for denitrification

m

m
m

38333333 %
o
3
1

3

3 3

3
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=

o
[Ny

depth of middle of layer n from soil
soil surface

thickness of rootzone

thickness of the layer discharging to
the 2nd order drainage system

amount of exudates in a layer

potential evapotranspiration
evapotranspiration flux

steady state percolation flux

discharge flux from the previous lavyer
discharge flux to the next layer
evapotranspiration flux

total discharge flux to trench (3rd order
drainage system)

discharge flux to trench (3rd order
drainage system) from layer n

total incoming flux

downward flux from layer n—-1 to layer n
infiltration flux from the drainage
systems

upward flow from layear n+l to layer n
incoming flux in the unsaturated zone
total flux to canals (l1st order drainage
systems)

fluy to canals (1st order drainage
systems) from laver n

discharge flux to or from the aquifer
fraction number

outgoing flux

outgoing flux of the unsaturated zone
name of a matrix used in fraction divi-
sion of fresh organic matter

discharge flux for ditch/drain (2nd
order) discharges

discharge flux for ditch/drain (2nd
order) discharges from layer n

upward flux to the previous layer (n—1)
downward flux to the next layer {(n+l1)



fz

H({t)
hit)
He{t}

Hs {(¥n,t)

HV
Is

kil
ke
knh

kr
ks(1)
Li{n}
Lr
Lre
m

Mn
mn

N

n

n

na

n+
nifr(fn)

nifrex
nifrhu

nl
Nm

nm
Nmax

nr
Nre
OMS
Ds{fn,t)

P
pl
p2
Pr
Ps
G

kg m—2
kg m—2

kg m—2

kg m—-2

kg m-2
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kg m—-2

kg m—-2

kg m—2
kg m—-2

atm

m d-t

kg m—3

d-1 zero—order rate constant

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. 4.1)

d—-1 zero—-arder rate constant for a soluble

species

first-order rate constant for a soluble
species

for produc-
tion of exudates

first-order rate constant for nitrifica-
tion

d-1 production rate of dead grass root mass

saturated conductivity of layer 1

height of a layer

rooting depth

effective rooting depth

number of moles

ammonification rate

material number

number of airfilled pores

layer number

number of Fourier coefficient (par. 5.3)
number of aerated layers

number of fractions

nitrogen fraction in organic material
fraction ¥n

nitrogen fraction in exudates

nitrogen fraction in s0il organic mate-
rial (humus)

number of lavers

maximal cumulative N uptake of N by the
crop for the timestep

number of materials

maximal uptake of N by the crop during 2
favourable growing season

number of lavers with roots

realized cumulative N uptake by the crop
organic material in solution

amount of a fresh organic material
fraction +n

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
s0il system



q — part of a layer discharging to a certain
drainage system

qnh kg m-2 amount of NH4-N adsorbed in a layer

R({t) kg m—2 amount of roots in a layer

R m radius of aeration of a gasfilled soil
pore

r m radial distance from centre of gasfil-
led pore

r different rate of a process (par. 5.35)

Rd - distribution ratio for ammonium

Rg 1 atm C-1 mole—-1 gas constant

rv m radius of gasfilled pore

s - selectivity constant for uptake of
solutes by the plant

si{fn,t? kg m—3 concentration of a fraction of soluble
organic material

&({fn) kg m—3 average concentration of a fraction of
spluble organic material

T C temperature

t d time, timestep

t - fraction of timestep for temporary anae-

robiosis

Ta C average yearly temperature

Us kg m-2 amount transported cut of 2 layer during a
timestep

Vin) m average moisture content of a laver n

Vin,t? m moisture content of a layer n at time t

v 1 gas volume

Vb m moisture volume below rootzone

Vr m moisture volume of rootzone

z different constant in law of Arrhenius (par. 5.5)

Z{k) m depth of the bottom of layer k from soil
surface

z m depth

A - labyrinth factor

A cal cm—1 s-1 C-1 thermal conductivity (par. 3.3.)

[]] rad phase shift

0{n) rad Fourier coefficient (par. 5.9}

e - moisture fraction

8o - moisture fraction at the beginning of
the timestep

o+ - increase of moisture fraction from Bav
to air entry wvalue

2av - average moisture fraction during
timestep

eg - gasfilled fraction

osat - saturated moisture fraction

Y cm moisture suction

w rad d-1 frequency of temperature wave



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: preofile properties, botanical composition, age, cutting
regime, time of the year, fertilization and watermanagement
(Dirven and Wind, 1982). It will be clear that precise
modelling of this amount is too complicated in this stage. z
When new grass is sown, the amount of roots will generally '
increase during the first & to B years, after which a cer-
tain stabilization takes place (Schuurman, 19273). When fer-
tilization takes place, the equilibrium can be reached soo-
ner (Schuurman and Knot, 1970). During one year, however,
there is also a general trend in root mass fluctuation. This
is illustrated in fig. F.1. (Schuurman, 1273). When the
growth is not interrupted, maxima occurr in may and septem—
ber. When the grass is cut more often, the first maximum
becomes smaller and the second disappears (Schuurman, 1273).
Therefore 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 15%:

2%
Ar = Arlav) + 0.13%Ar (av)¥sin(——-*(daynr. — 4&))

3465

The average amount Ar (av) can be determined by measurements.
Measurements of root mass amounts mean measurements of the
net result of formation and decomposzition rates; they do not
give information about these rates separately. Troughton
(17B81) 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 Ferenne. For culture
grasslands this means that the root mass is renewed twice a
yvear; 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 (av) O.Bl¥*Aar (av)
kr = ——————— (root mass) and ke(grass) = ~——————————— (exudates).

in which:
kr = production rate of dead grass root mass .
{kg m—2 d-1) ]

The fluctuation of the root mass during spring and summer is
generally explained by assuming the growth rate is initially
bigher 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. 5.95).

The epasiest way to describe dead grass root mass production



in the model ANIMD is by considering the amount formed
during & 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 (Os), although the "addition" really is a continuous
process.

Beside the temperature dependence 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

production)



Figure F.l1. Variation in root mass during a year dependent

on frequency of cutting (Schuurman, 1973)
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