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ABSTRACT
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The fertilization reduction policy intended to pursue environmental objects and regional
watermanagement strategies to raise groundwater levels justify a thorough evaluation of the effectivity
of measures and reconnaisance of adverse impacts. A concise description is presented of the model
formulations as has been implemented in version 3.5 of the ANIMO medel. The model aims at the
evaluation and prediction of nutrient leaching to ground water and surface water systems under the
influence of fertilization, soil properties, soil tillage, cropping pattern and hydrological conditions. Some
model validations at field scale are discussed briefly and three examples of recent regional model
applications are presented.
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Preface

This report gives an account of the ANIMO model version 3.5. Earlier versions of this
model were developed since 1985 and were reported in intemal notes of the DLO
Winand Staring Centre only. The main part of this report comprises a brief description
of the model formulations, some field validations and some regional applications.
Currently, the ANIMO model serves as one of the parent models for the development
of the Dutch consensus leaching model STONE. STONE is regarded as the consensus
nutrient emission model for all governmental departments involved in environmental
policy making (National institute for health and the environment; Institute for Inland
water management and waste water treatment; Agricultural Research Department) and
will operate at a national and regional scale for global problems. For field scale studies
and for specific regional environmental problems however, the ANIMO model will still
be available in future.

DLO research programme 317 'Nutrient dynamics and management' takes the
responsibility for the maintenance of the model and software implementation. For
questions about the model formulations the reader is referred to the main author
(p.groenendijk @alterra. wag-ur.nl). Information on the programme code is obtainable
by contacting ing. J. Roelsma (j.roelsma@alterra.wag-ur.nl).


mailto:p.groenendijk@alterra.wag-ur.nl
mailto:j.roelsma@alterra.wag-ur.nl

Summary

The ANIMO model aims to quantify the relation between fertilization level, soil
management and the leaching of nutrients to groundwater and surface water systems
for a wide range of soil types and different hydrological conditions. The model is a
functional model incorporating simplified formulations of processes. The organic
matter cycle plays an important role for quantificating the long term effects of land
use changes and fertilization strategies. Attention has been paid to describe the most
relevant processes governing the organic cycle.

A concise description of the process formulations implemented in version 3.5 of the

ANIMO model is given. These include:

- Addition of organic materials and nutrients to the soil system by fertilization, root
residues and harvest losses and the redistribution of these matenals by tillage.

- Accumulation and decomposition of soil organic matter in relation to the quality
and composition of different organic materials.

- Crop uptake of nitrogen and phosphorus in relation to the nutrient status of arable
crops and grassland. Dry matter production of grassland is simulated by a dynamic
sub-model.

- Sorption of ammonium and non-linear time-dependent sorption of phosphate to
the solid soil phase.

- Nitrification and denitrification as a function of the oxygen demand of
transformation processes and the diffusive properties of the soil.

- Volatilization of ammonium and atmospheric supply by dry and wet deposition.

- Influence of environmental factors (pH, temperature, aeration and drought
condition) on the transformation rates.

- Leaching of different nitrogen and phosphorus species: ammonium, nitrate,
dissolved organic nitrogen, mineral phosphate and dissolved organic phosphorus.

The model generates material balances as well as time series of all relevant state

variables for a user defined number of soil layers and a user defined time interval.

The performance of the model with respect to nitrate leaching, phosphate leaching
and crop uptake has been validated for a number of field plots. Field validations of
the nitrogen related model outputs are presented in this report for:

- plots with forage maize and nitrogen catch crops on a sandy soil;

- a non-grazed grassland plot on a sandy soil;

- a winter wheat plot on an silty loam soil;

- a grazed grassland plol on a clay soil.

Field validations of phosphorus leaching have been conducted at:

- a phosphate saturated grassland plot on a wet sandy soil;

- aphosphate saturated flower bulb plot on a calcareous weakly humous sandy soil.
It has been concluded hat the model performance is acceptable, but some processes
requires further study and other sources of validation data (e.g. nutrient uptake by
arable crops, influence of preferential flow on water fluxes and solute migration,
assessment of initial phosphate distribution).
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The model has been applied at regional scale in a number of research projects aiming
to analyse the effects of different scenarios of fertilizer management on nitrogen and
phosphorus leaching. The impacts of a prohibition of groundwater withdrawal for
sprinkling of grassland and the regional environmental impacts of waterconservation
management leading to swamp conditions in future nature areas on the nutrient
discharges to groundwater and surface water have been analyzed in the Beerze Reusel
catchment in th Southern part of The Netherlands. A complete stop of sprinkling,
whilst equal fertilization doses are applied, will Iead to an increase of the average
nitrate concentration in groundwater in areas characterized by a relative high sprinkling
requirement. The raise of water tables due to the nature oriented water management
will lead to a considerable increase of P-discharge in the future nature areas.

In the framework of National Policy Documents on Water Management, the model
was applied to estimate the effects of fertilizer reduction on the nutrient leaching from
rural areas into regional surface water. The fertilization scenario aiming at a balance
between nutrient application, crop uptake and acceptable environmental losses resulted
to a long term reduction with respect to the nitrogen load on surface waters reduction
of about 50% relative to the leaching to be expected for the continuation of the 1993-
fertilizer applications. For the asssumed fertilization doses which aim at a balance
between fertilization and crop uptake, no reduction of phosphate leaching is expected.
The model has also been used in regional research projects studying the relation
between the phosphate saturation degree of sandy soils and phosphate surplusses on
the load on surface water systems (Central and Southern sand district). For the
scenario assuming a 40 kg ha' a' P-surplus, the long term load on surface waters
increased in time, whereas for the 10kgha' a™ P-surplus scenaria no further increase
is expected after 20 years. A tentative assessment was made of the effects of a
chemical treatment of strongly P-saturated soils to reduce the phosphate leaching. It
was concluded that in case of a larger P-surplus (40 kg ha a''), the positive effects
of chemical treatment are dimished by an increased P leaching from other soils.

Although the data acquisition requires considerable efforts and required skills to apply

the model instrument is high, the model has proven to be a useful tool in scenario
analysis and decision making.
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1 INTRODUCTION

Management of land and water resources has resulted in an increased need for
information on the environmental impacts of fertilization strategies, land use changes
and water management policies. Application of animal manure and artificial fertilizers
to mineral soils has resulted in an increased leaching of nutrients to groundwater and
surface water systems. In many cases the sorption capacity of iron and aluminium
minerals has been utilized to fix phosphates to such a degree that leaching of soluble
phosphate to surface waters can be expected. Legislation measures to control fertilizer
applications are currently considered at regional, national and international levels. Most
of the measures are based on rough risk assessments with regard to nitrate leaching.
It is not always clear what the short and long term effects of regulative measures will
be. There is a need to quantify the sources of nutrients which contaminate groundwater
systems and lead to eutrophication of surface waters. Quantification and evaluation
of strategies requires various climatic conditions, soil types, water management
alternatives, cropping patterns and agricultural technologies.

A thorough understanding of the transfer and transformation principles which lead
to contamination and eutrophication requires a comprehensive knowledge of processes
governing the changes in the soil-water-plant system. Due to the development of
simulation models, the interactions of different processes as influenced by farming
strategies and soil and water management can be studied. A simulation model enabies
the integration of knowledge of different disciplines and the analysis of short and long
term impacts of changes in farming strategy, climate and water management on the
environment. The aim of the ANIMO model is to derive cause-effect relationships
between fertilization rate, cropping pattern and water management and the nutrients
losses leaving the agricultural system. The model results act generally as useful guides
to support management decisions of soil and water resources.

The first version of the model originates from 1985 (Berghuijs-van Dijk et al., 1985)
and did not comprise a phosphate module. During the last few years, special attention
has been paid to the formulation of a submodel for transformation processes which
influence phosphate mobility and solute concentrations in soils. These processes have
been observed to proceed as a series of kinetic reactions. Model analyses have shown
that even when the use of manure is reduced to very low levels, it may last more than
a number of decades before the release of accumulated phosphate reduces to
acceptable levels. Desorption of phosphates, even when far-reaching measures are
implemented, may cause an exceedance of water quality standards for long periods.

The ANIMO model is a software package developed by the DLO-Winand Staring
Centre. It aims to be used for field and regional assessments with respect to
groundwater and surface water pollution by soluble nitrogen and phosphorus species,
originating from soil with agricultural land use. The model has been tested and the
overall performance has been validated for a number of ficld plots. A sensitivity
analysis of the model parameters and a tentative uncertainty analysis have been carried
out by Groenenberg et al., (1999).
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En the future, the model will be used as a parent model to derive simplified versions
in the framework of the national consensus model for all governmental departments
involved in environmental policy making.

The underlying report aims to give an account of the process descriptions implemented
in the animo model provides a description of the processes formulated in the ANIMO
and to give some insight in the capabilities and the performance of the model. Chapter
two provides a brief description of the present version (3.5), as it has been used in
the national Water Reconnaissance Survey in 1995/1996 (Boers et al., 1997). A more
detailed description of the formulations, backgrounds of the theories and ideas for
future developments can be found in Rijtema et al., (1999), Chapter three summarizes
how to use the model and chapter four provides a short description of model
validations at field scale. Chapter five gives some recent model applications at regional
scale.

For user guidelines and modellers instructions, the reader is refered to Kroes and
Roelsma (1998). More detailed information on the results of different research projects
for which the model was used can be found in a number of reports and publications
(Drent et al., 1988; Kroes ef al.,, 1990, Van der Bolt ef al., 1990; Hendriks ef al.,
1994; Schoumans and Kruijne, 1995; Hack-ten Broeke and Dijkstra, 1995; Van der
Bolt ef al., 1996b; Groenendijk and Van der Bolt, 1996; Kroes ef al., 1996; Kruijne
et al., 1996; Boers et al., 1997).

14



2 PROCESS FORMULATIONS

2.1 Hydrological schematization for local and regional applications

2.1.1 System definition

Water discharge to groundwater and surface water is schematized by a pseudo-two
dimensional flow in a vertical soil column with unit surface. This soil column is
schematized into a number of model compartments thicknesses related to the physical
dispersion which can be expected. The boundary at the top of this column is the soil
surface. The bottom boundary can be located in the unsaturated or in the saturated
zone of the soil. The lateral boundary may be formed by one or more drainage
systems. The position of the bottom and the lateral boundaries depends on the scale
and type of the application.

Hydrological data (e.g. water fluxes and moisture contents of the distinct soil layers)
are supplied by an external field plot model (SWAP; Van Dam et al., 1997) or regional
groundwater flow model {SIMGRO; Querner and Van Bakel, 1989). The vertical
schematization resulting from the spatial discretization as applied in the water quantity
model forms part of the input of the model (Fig. 1).

q

Fig. I Definition of a soil profile and the main terms of the water balance (q is a water flux in
m' m? 4 g, Is precipitation, q, is transpiration, q,, is soil evaporation, q, is surface runaff, q, is
vertical percolation, q, is leaching, q,, Q... q,; I5 drainage to first, second and third order
drainage system}

A water quantity model (e.g. SWAP) should simulate all relevant terms of the water
balance. Such a complete water balance for a soil-water-crop system can be formulated
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as:

L R R ST AP RV P AP NPT (1
Atpse;e.pe,irrtd,ld,zd,s

where:

AV: change in areic water volume during a time step (m’ m?)

AL time increment (d)

g, precipitation flux (m’ m? d")

g seepage flux (m* m?d™)

G5 soil evaporation flux (m* m? d")

Gep ponding evaporation flux (m* m™ d)

q.i interception evaporation flux (m® m? d)

4. transpiration flux (m* m”> d")

q, surface runoff (m* m? d")

a5 leaching across the bottom boundary flux (m’ m2 d")

Ga; 942 95  drainage flux to 1%, 2* and 3™ order drainage systems (m’ m? d”)

The nett incoming flux across the top boundary results from the precipitation minus
the interception and evaporation from the bare soil and the ponding layer, and minus
the surface runoff. The nett incoming flux across the lateral boundary of the profile
results as the difference between infiltration from and drainage towards surface-water
system(s). The nett incoming flux across the lower boundary results from the
difference in seepage from and leaching towards deeper soil layers below the profile.
Some models for water transport in the unsaturated and saturated zone have options
to simulate water fluxes to/from surface-water systems. In many water quantity models
this is not taken into account and therefore the model ANIMO has an option to simulate
water flow to/from surface-water systems. This option is based on a regional approach
for the surface-water system(s) which will be discussed in the next paragraph.

2.1.2 A regional approach for lateral flow towards surface-waters

For solute transport it is essential to take the discharge to drainage systems into
account since it reduces the load on groundwater systems and it may contribute
considerably to the solute balance of a soil system. The residence time of soil water
is strongly influenced by the spacing and the basis of the drainage systems.

2.1.2.1 Lower boundary

Groundwater flow can be divided into a local and a regional flow (Fig. 2). The
regional flow is not importani for the transport of substances from the soil surface
to a neighbouring surface-water system. The local flow however is the essential trans-
port route towards the surface-water system. To catch this local flow the positien of
the model profile should be such that it accounts for most of the streamlines
discharging to the surface water. In the ANIMO model this 1s achieved by a rule of
thumb stating the maximum depth of the local flow should be less than 1/4 of the

16



drain distance. If for example the distance between ditches is 20 m; the position of
the lower boundary should be at 5 m below the soil surface. Then, the mode] profile
will cover more than 85% of the local flow.

surface water

soil surfage system(s)

model profile

Iocal flow

Fig. 2 Schematization of local and regional groundwater flow and the position of a 1-dimensional
model profile to simulate lateral flow to surface-water system(s)

Once the regional and local flow have been segregated by the position of the lower
boundary, the lateral boundary can be used to simulate discharge to drainage systems.
Given water discharges and drain distances are used to simulate residence times of
water and solute in the saturated part of the soil profile.

2.1.2.2 Lateral boundary fluxes in a single drainage system

In humid climates like The Netherfands, with relatively low rainfall intensities
stretched out over long periods, most drainage problems can be solved by using
approaches valid for steady state flow between parallel drains with equal distance,
size and drainage level. A general equation to quantify a drainage fiux in such a
situation is:

h - h,;
q, = (2)
where
a4 drainage flux (m’ m? d")
T, drainage resistance of an open field drain or a tile drainage system (d)
hy drainage level (m)
h: phreatic groundwater level (m)
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With the assumption that the given drainage flux g, is determined by the precipitation
excess, it will now be explained how this drainage flux can be appointed to the lateral
boundary of a one dimensional model profile.

In a homogenous layer of constant thickness where radial flow in the surroundings
of the drains can be neglected, drainage water flow can be described with a stream
function (Fig. 3). For a two-dimensional transect between parallel perfect drains the
stream function can be given as a function of depth and distance (Ernst, t973):

P = - Ux(H-2) 3)
H
where:
¥(x,z): stream function as a function of depth z and distance x (m* m* d')
Gt precipitation excess (m’ m” d)
z depth below the soil surface (m)
x: distance relative to the water divide between 2 drains (m)
H. thickness of aquifer (m)
X xi_o X
/ 1
£
| "

Fig. 3 Streamlines as calculated from the streamfunction vy (after Ernst, 1973)

The vertical water fluxes g, and the horizontal flux g, are obtained by taking partial
derivatives of the streamfunction ¥. For g, holds:

- L P Ty o 4)
q, = ¥, (xz ™ (*2) 7 (H-z2)

The horizontal flux g, is given by:

v q
¢, = ¥, = ~Z-(0) = ¥ )

In the vertical column representing the soil system, the drainage rate &, (m’ m’ d')
is defined as the derivate of the vertical flux to z:

18



%p% ©)
Z

From the continuity equation it follows that the drainage rate is also related to the
gradient of the horizontal flux:

_ dqx _ Yne (N

This formulation is introduced in the general mass balance equation by means of the
sink term R, (paragraph 2.8).

The vertical flux g, in the one-dimensional model system can be formulated as a linear
refation with depth according to:

= -z 8
q, =4q,( H) (8

By means of the approach given above for saturated flow towards drainage systems
a pseudo two-dimensional transport is considered. In the one-dimensional model
system the water flux ¢, is divided proportional to the thickness of the model
compartments between the phreatic groundwater level and the lower boundary of the
model profile. The sum of model compartments from which water fluxes to and from
a drainage system are simulated is called a ‘model discharge layer’. The effect of
pseudo two-dimensional transport on the residence time of water particles discharging
to a drainage system will be explained by looking at a ‘model discharge layer’ into
more detail. A ‘model discharge layer’ and its water fluxes in a discharging situation
are shown in Figure 4a. For a system with one surface-water system the vertical water
flux is given as a linear function with depth (Fig. 4b).

The residence time of water particles in the one-dimensional profile is obtained by
integrating the vertical water flux over depth:

5
y =f3t1z_ 9)
%

where is 1, is the residence time (d) within one simulated time step for water particles
moving from depth z, (m) to depth z, (m), £ is porosity (m> m™). A combination of
the previous two eguations results in the following formulation for the residence time:

e, =2 (10)
d,4 4.,
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where:
qz.l and qz,Z:
H:

vertical water fluxes at depths z, and z, (m* m? ¢")
thickness of the aquifer (m)

This solution implies that the residence time of the water particles flowing vertically

downward increases logarithmic with depth (Fig. 4c¢). The hydrological model

schematization results in a similar expression for the relation between residence time
variation and depth in the soil profile as given by Ernst (1973).

Summarizing the following assumptions have been made:
- Dupuit-assumption: pressure head, groundwater level and equivalent thickness of

‘mode] discharge layer’, in the horizontal plane, are assumed to be equal;
- symmetric groundwater flow;

- equivalent thickness of ‘model discharge layer’ should be less than 25% of the
distance between the drains. If the equivalent thickness is larger than 25% of the
drain distance, than the lower boundary of the ‘model discharge layer’ is adjusted
until this conditions is met.

- radial flow near the drains is neglected.

G

—
-

Residence time
d
7
=]

i
o /
i
L]

Depth
Fig. 4 Model discharge layers and water fluxes in a discharging situation. a) Model discharge

layer with vertical flux q, , leaching flux g, and drainage flux g, b) Vertical flux q. as function of
depth; cj Residence time as function of depth

2.1.2.3 Lateral boundary fluxes in a multiple drainage system

Regional water discharges generally give a non-linear relation between measured dis-

charges and groundwater tables. This drainage concept is illustrated in Figure 5,
depicting a linear reservoir model with outlets at different heights.
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Drainage te {open
field drains

Regional fiow
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saturated
soil profile Drainage to
- canals

=

Fig. 5 Schematic representation of the regional drainage concept

The general shape of such a so-called g/h-relation is given in Figure 6a. The relation
can be schematized by distinguishing discharges with a low and discharges with a
high intensity. High discharge intensities with shallow groundwater tables are mainly
caused by shallow drains, such as open field drains and tile drains, with relatively
short residence times, whereas Jow discharge intensities with decp groundwater tables
are the result of drainage canals at larger distance, resulting in large residence times.

In the model schematization the g/h-relation is dissected into a number of linear
relations (Fig. 6b), each of them representing a certain type of drainage system. From
these schematized g/h-relations drainage resistances are derived and used as input for
the calculation of the drainage quantities per time step and per surface-water system,
as depending on the depth of the groundwater table and the surface-water level. Total
regional discharge i1s calculated by the expression:

n n -
9, = Xgq = Z M (11)

i=1 i=1 Ti

where:

gq.  regional drainage flux (m’ m? d”)

g4+  water flux flowing to drain of order i (m’ m? d")

i order of the drainage system (-)

n: total number of drain systems present (-)

T drainage resistance of system i (d)

h: height of the phreatic groundwater level midway between drains (m)

h;:  height of the water level in drain system i (m)
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Fig. 6 Relations between groundwater level (k) and regional discharge (q). a) Measured q/h-
relation (after: Emst, 1978); b) Schematized g/h-relation with 4 drainage systems

Drains continuously containing water will have an infiltration function when the
phreatic groundwater level is below the water level in the drainage system under
consideration. When the phreatic groundwater level falls below the pressure head of
the aquifer, leaching conditions are changing into seepage conditions.

In analogy with the situation with only one surface-water or drainage system, so-called
‘model discharge layers’ are identified from which water is discharged to
corresponding drainage systems.

In the current version of the ANIMO model, the differences in residence time of the
water particles discharging to the corresponding drainage systems have been taken
into account by assuming the thickness of the discharging layers (‘model discharge
layers’) proportional to the drainage discharges towards the corresponding drains, or:

(kH),, : (kH), = L, q,, : Lgq, (12)

where:

kH; the transmissivity of ‘model discharge layer’ i

L drain distance (m)

q;: drainage flux towards drainage system i (m* m? d"')

The product of L; and gq; equals the drain discharge flow. It should be noted that

according to the superposition principle, drains of a certain order also function as
drains of the superposed orders.
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The size of the discharging soil layers or ‘model discharge layers’ can now be
estimated, since the sum of the thicknesses of the ‘model discharge layers’ is
determined by groundwater level and lower boundary of the model profile. In most
cases, this surface is located at the hydrological base. The depth of the bottom of the
second and higher order systems follows from the ratios between the transmissivity
of the considered layer and the total transmissivity. The ratios between the
transmissivities can be calculated from the proportion between the discharges. In the
ANIMO model the ratio between the transmissivities is computed from the proportion
between discharges: )

L (13)

When the proportion between transmissivities has been assessed, the bottom of each

layer can be computed. Figure 7 denotes the calculation method for soil profiles with

heterogeneous conductivity distribution with depth.
0 Y kD

soil surface

Fig. 7 Bottom of model discharge layers as a function of transmissivities in a heterogeneous soil
profile

The depth of the bottom of a certain discharge layer (H,, H,) can be obtained by
interpolation in the cumulative kH-relation with depth.
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2.1.3 Upper soil storage and surface runoff

Animal manure and fertilizers can be applied to a field plot at any time. Most of the
added nutrients will be transported into the soil profile via percolating rain water, It
thus depends on the rainfall pattern whether and when the fertilization will be effective
for plant roots. To account for this phenomenon, an imaginary storage reservoir has
been introduced at the soil surface in which all additions are immediately dissolved.
In the model schematization, the solute migration within this reservoir is described
as a piston flow. The total quantity of added material in stock will be depleted after
a precipitation volume which equals the reservoir volume. The store of materials in
this artificial reservoir is evaluated each time interval by means of book keeping.
When the front of the piston flow breaks through at the bottom of the reservoir within
a certain time interval, the average input concentration to the first soil compartment
is calculated as a time weighted average of old and new concentrations in the surface
reservoir. The release rate can be manipulated by the choice of an appropriate
thickness Z,,,, of the reservoir. The release fraction within a time increment after a
rain shower is calculated according to:

My _ 9 4 (14)
M ZM
where:
M: quantity of material added to the surface reservoir (kg m™)

M,: quantity of material released from the reservoir to the first layer (kg m?)
Z..+ depth of surface reservoir (m)
gt cumulative rainfall volume since the addition of material (m)

The remaining store of nutrients not yet released is evaluated each time interval by
means of book keeping. The total quantity of manure material in stock will be depleted
after a precipitation volume which equals the reservoir volume.

Surface runoff may occur in situations where the precipitation intensity exceeds the
infiltration rate of the soil and in situations where the precipitation excess causes the
groundwater level to rise above the soil surface. In both cases the overland flow
transports solutes to the surface water that originates from one of the three following
pathways: direct precipitation, overland flow and interflow.

Diffusion and dispersion of solutes from the soil to the runoff water has been taken
into account, by supposing a part of the surface ranoff flowing through the first model
compartment. This may be of special importance in situations where a substance is
added to the top to the soil and the substance will only enter the soil with a
precipitation excess that follows the application time. During such events the runoff
water may contain high doses of the substance applied.

The runoff solute flux as determined by a hydrological model is subdivided into three
fractions., The load on surface water equals the sum of three different fluxes:

=4, Lfycy + fe + (I‘ﬁ)‘fl)cp } (15)
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J,:  runoff solute flux (kg m* d")

g, runoff water flux (m’ m? d*)

c,: solute concentration in the upper soil layer (kg m™)

c; solute concentration in the surface reservoir (kg m™)

Cpt solute concentration in rain water (kg m™)

fo fraction of the runoff that passes the surface reservoir (-)

I fraction of the runoff that passes the first model compartment (-)

The solute transport to surface water systems described by surface runoff sub-model
is illustrated in Figure 8.

Precipitation
a1-fo-rge
B L4

——fpm- Runoff

qrfrcy

Fig. 8 Schematization of surface water contamination by surface runoff
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2.2 Mass conservation and transport equation (CTE)

2.2.1 General equations

A mathematical description of transport processes in a soil system must obey the law
of conservation of matter and energy. For a substance in a soil system this law can
be written in words:

accumulation = inflow- outflow - sinks - sources (16)

Accumulation is the storage change of a substance and can take place in the liquid
phase as well as in the solid phase. Inflow and outflow of a substance occurs as a
solute flux across the boundaries of the system. The general formulation of the mass
conservation and transport equation reads as follows:

de* a"s
-—+R -R,-R -R amn
ot 9z ? ¢« "R R

c: mass concentration of a substance in the soil (kg m™)
vertical solute flux (kg m? d™")

R:  source term for production (kg m™ d)

R;  sink term for decomposition (kg m” d)

sink term for crop uptake (kg m” d')

R:  sink term for lateral outflow or infiltration (kg m” d*')

The mass concentration of a substance in a soil system equals the sum of the concen-
trations present in the liquid phase and in the solid phases:

¢"=0c +pX, + pX, + p,X, (18)
where:
e: volume moisture fraction (m® m?)
c: mass concentration in the liquid phase (kg m™)

ps  dry bulk density (kg m™)

X, content sorbed to the solid phase in equilibrium with ¢ (kg kg™)
X, content of non-equilibrium sorpiion phase (kg kg
X, content of the substance involved in precipitation reaction (kg kg™)

The solute flux through the soil system is the sum of a convective flux and a flux
caused by molecular diffusion and dispersional mixing:
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I =gc- epﬁ% (19)
2

where:

q: vertical water flux (m® m™ d*)

D,:  apparent dispersion coefficient (m”* d') which is the sum of the coefficients
for dispersion and diffusion of a solute in the liquid phase (D, = D,, + D).

By combining the continuity equation and the flux density equation a general convec-
tion-dispersion equation (CD-equation) is obtained:

A8e) axe+ ax,,+ aX, 3 dc (20)
=~ (qc-0D,°°)+R -R,-R, -
ar Py PGy TPigy T ag) KRR,

From this equation the concentration ¢ has to be found. Due to the second order partial
differential there are only a few analytical solutions available for a limited set of
boundary conditions. Therefore this type of CD-equations is mostly solved by
numerical approximation methods such as finite differences. The CD-equation is then
rewritten as an equation with differences instead of partial differentials. A numerical
solution scheme (explicit/implicit) is used o solve sets of (linear) difference equations.
Examples of models that use this approach are LEACHM (Wagenet and Hutson, 1992),
DAISY (Hansen et al., 1990), WAVE (Vanclooster et al., 1994). The numerical
approximations preferably use a solution scheme which eliminates or minimizes the
numerical dispersion and then reintroduce a physical dispersion.

The ANIMO model utilizes a semi-analytical solution of the CD-equation. The semi-
analytical approach is well known in modelling point sources of groundwater
contamination (Davis and Salama, 1994) and modelling pollutant transport in surface
water systems (Todini, 1996).

2.2.2 Relations between CTE’s of dissolved substances

The ANIMO-model distinguishes five leaching substances: three soluble nitrogen
substances (nitrate-N, ammonium-N, dissolved organic-N) and two soiuble phosphorus
substances (mineral-P and dissolved organic-P). The concentration of each of these
soluble species is solved using the general mass conservation and transport equation
(CTE) for each timestep (Table 1 and Table 2).
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Table 1 Conservation and transport equations governing the leaching of nitrogen compounds

Substance Conservation Vertical Lateral  Crop Decom- Production
transpori  outflow uptake  position

Dissolved

organic a0 Con = d Js.ON R

nitrogen: - " eon -R +R

' ot az dON P.ON
Ammonium: 08¢Cyy,  OX, yyy = 9, e R R R 4R
— He T uNHE U dNHe

FYRRAGEY 2z N . N PN

Nitrate: 99 Cyp; = 9, vos
Y] - 97 -R NG3 -R u,NO3 -R 4ANO3 +R 1.NO3

Table 2 Conservation and transport equations governing the leaching of phosphorus compounds

Substance Conservation Vertical  Lateral  Crop Decom- Production
transport  outflow  uptake position

Dissolved
organic J0 Cop = BJS'OP
phosphorus; NEYE - oz -R dop T Rp,OP
Dissolved aecpo4 aXe.PO4 = aJs.P04 R R R R
mineral 3 Py 37 - oz rpod T upos Rapost 'pPO4
phosphorus:

0 X, oy ‘0 BXP'P(M

I TERRLEFY:

Since many of the processes of the carbon, nitrogen and phosphorus cycle are
interrelated it is important to use an appropriate computation scheme. The calculation
sequence to solve the CTE within each timestep for all soluble substances is indicated
in Figure 9. From this figure it can be seen that each solution of the CTE implies
leaching of a soluble substance.

The CTE is first solved for the dissolved organic substances. Decomposition of organic
matter results in mineralization of ammonium (Fig.9, left). The decomposition of
ammonivm resulting from the next solution of the CTE is caused by nitrification and
produces nitrate. Solving the CTE for nitrate results in denitrification and the
production of the nitrogen gas N,. For phosphorus (Fig. 9, right) the sequence is
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analogous: firstly computing of organic-P rates, and secondly simulation of
conservation and transport of the mineral -P components.

a b
19: CTE other sinks

Dissoived organic
phosphorus

1%: CTE other sinks BOUTCES
Dissolvad organic
nitrogen

SOUICH5

Mineralization Mineralization

and- CTE olher sinks

Ammorium
Nitrificaticn

souress other sinks
Denitrification

Fig. 9 Calculation sequence to solve the CTE of the dissolved nitrogen (a) and phosphorus (b}
substances.

2.2.3 Numerical approach

Water balance

The spatial differential terms in Eq. 20 are developed as finite increments. The soil
layers with thickness Az are assumed to exhibit a uniform substance concentration
within the layer and to be perfectly mixed over the entire thickness. The incoming
flux g, . the outgoing flux g,,,. and the lateral transpiration flux g,, are calculated from
a waterbalance model. The transpiration flux g,, has been related to the transpiration
rate u, (d') as follows:

z+Az
q, = f u, dz 21)

z

A schematization of the fluxes has been depicted in Figure 10.
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Fig. 10 Schematization of water and solute flows (g,..c,, = inflow; g,.,c = outflow; o g,c = plant
uptake; q.c = outflow to drains; 6c = dissolved amount) in a perfectly mixed soil layer

The concentration in the inflowing water is defined as ¢, ,, so the chemical’s influx
is calculated as g, ,, ¢, ,. The solute outflux consist of the plant uptake stream ¢ ¢,, ¢
and the flux to downstream layers gq,,,. c. The value of ¢, is determined as the time
averaged concentration in the adjacent upstream soil layer. Since the water volume
is completely mixed, the chemical's concentration in the outflowing water equals the
concentration within the layer.

When appropriate layer thicknesses are chosen, the mathematical dispersion can be
used to simulate natural dispersion. The justification of this assumption is given by
the numerical analysis presented in Paragraph 2.2.4. The analysis has been performed
under steady state hydrological conditions and assumed zero decornposition en
transformation rates.

Conservation in aqueous phase and equilibrium sorption

Since the incoming and outgoing fluxes are constant with time during a time interval,
the soil moisture content varies linear with time according to: 0(f) = 0(z,) + ¢ ¢, where
0(t,) is the moisture fraction at the beginning of the timestep z, and ¢ is the moisture
change with time. This variable is calculated from data supplied by hydrological
models. The rate of change of the amount within the aqueous phase:

00c¢ dc
2 - (8( ) P 22
F» ((0)+q>)at+<pc (22)

The expression of the equilibrium sorption can be incorporated into the conservation
cquation by claborating the differential quotient 9X /9t

ax, dX. 5 3¢
o ey 9¢ _ g (o 9¢ (23)
Pag, = Pl ) 5, = PdKdO 5

where K c) is the differential sorption coefficient. The differential adsorption
coefficient is approximated by the average value K (c). This value is assessed by
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calculating the slope of the chord of the adsorption isotherm:

t

- 1 dX X,0-X,@p
= ¢ = e v 24)
K@= 5= c(to){ % " an

Although K {c) is a function of the concentration, its average value is considered to
be constant during the timestep.

Vertical transport

The second order partial differential equation is simplified to a first order equation
by eliminating the dispersion/diffusion term. The remaining first order differential
equation can be solved analytically. Diffusion/dispersion is then introduced by
choosing an appropriate value of the vertical compartment thickness. Justification for
this approach is the fact that measured values for diffusion/dispersion under field
conditions are difficult to assess. The transport term is approximated by:

od q;.1 q;.1 .
- s=——-a—(qc—BDE)z—zc -—2¢ (23)

Az YoAz

where g, ,, and g,_,, are the inflowing resp. the outflowing waterfluxes and ¢, , is the
concentration of adjacent upstream soil layer. The implications of these assumptions
with respect to the mathematical dispersion and numerical stability are discussed in
Paragraph 2.2.4.

Sinks and sources

All decomposition processes such as the transformation of organic compounds and
the nitrification of ammonium have been described by first order rate kinetics. The
liquid concentration or the solid contents of the substances itself are the rate limiting
factors of these processes. An exception has been made for the decomposition of
nitrate by denitrification (sec Par. 2.4.5). The gencral formulation reads:

R, -k 8,c (26)

where k, is the first order rate coefficient of the decomposition processes. Crop uptake
of nutrients is described proportional to the liquid concentration of the soil water phase
and the transpiration flux g, towards plant roots. A multiplication factor has been
introduced to account for preferential uptake when the nutrient availability is not
sufficient to fulfill the crop requirement by passive uptake with the water flow. The
general equation reads:

R =0 %c,. 27)
Z

where o is the selectivity factor to account for specific deficit or surplus situations.
The assessment of this parameters is given for nitrogen in Paragraph 2.4.3. and for
phosphorus in Paragraph 2.5.3.
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Sources are described as zero-order terms. In the carbon cycle, formation of dissolved
organic carbon from the solubilization of fresh organic matter and the formation of
the humus/biomass pool is described by zero-order kinetics. These processes have
also been described in the nitrogen and phosphorus cycle. The formation of ammonium
and mineral phosphate is considered as a zero-order process when one considers the
ammonium and the mineral phosphate balance respectively. Looking in detail to the
nitrate balance, the formation of nitrate through nitrification has been described as
a zero-order term.

Numerical expressions for the CTE
The conservation equation can be developed as follows when the expressions for the
average differential sorption coefficient and the first order rate sorption are substituted:

.16, .1
q; 2 i l_ql*-i __(qur

Az Az b Az

7 % _ (28)
{e(’°)+“’“"de}TzZ = ¢,k B¢t R -9c;

When precipitated chemicals are absent at low concentration levels the conservation
equation given in Eq. 28 can be rewritten as follows:

dc,
b A4 .- B 29)
@ o) +er+pK, 8(1) + 9t +p K,
where:
q'v-l
_ :2+04:r+k1§+¢ (30)
Az
4116,
B = 2 + (31)
Az RP

The moisture fraction 6 in the decomposition rate term of Eq. 28 is approximated
by the average moisture content 8. The general solution to this differential equation
reads:

Ci(t) = El(t) c;(to) + Ez(t)B (32)

The time averaged concentration ¢ can be determined by integration of Eq. 32 between
t =1, and ? = ¢, and dividing by the length of the time step:

¢, = {@e,t) + LB (33)

The functions £,(t), £,(t), () and L,(t) are defined in Annex 2.
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2.2.4 Numerical analysis

Numerical dispersion

The dispersion term of Eq. 25 comprises the physical (apparent) dispersion which
occurs as a result of a number of natural processes. In some model approaches these
natural processes are defined as the sum of molecular diffusion and dispersional
mixing. The numerical approach in the ANIMO-model assumes that dispersion is the
dominating process and diffusion is ignored.

The natural dispersion term resulting from physical processes in Eq. 25 is replaced
by a dispersion term which accounts for the mathematical dispersion. Neglecting sink
and source terms and focusing on the concentration in the liquid phase results in the
following equation:

dk__gdk p & (34)
ot 0 & " ag?

where D, is the numerical dispersion coefficient. When D, equals D, the equation

gives a good approximation of the convective and dispersive processes as has been

described by Eq. 25. The convection / dispersion equation is solved by means of a

pseudo-analytical method given by Groenendijk in prep. The computation scheme

yields the following sources of numerical dispersion:

- as a result of spatial discretization;

- as aresult of temporal discretization and the assumption of time averaged constant
concentration valugs within a time interval.

Groenendijk in prep. shows that numerical dispersion resulting from the computation

algorithm can be quantified under restricted circumstances. An expression for the

numerical dispersion coefficient D, is derived, allowing manipulation of model

variables such as time interval and layer thickness to achieve agreement between

physical and numerical dispersion.

In this analysis, steady state soil moisture flow conditions are assumed and the soil
profile is schematized to layers with equal thickness. The spatial term 8z is discretised
to finite increments with thickness Az. This results in a schematization of the
convective transport into a flow through a series of perfectly mixed soil layers. In
first instance, the dispersion term of Eq. 25 is ignored since computation algorithm
introduces a numerical dispersion, which is utilized to describe physical dispersion.

Both concentrations in the liquid phase of layer ¢ and of adjacent upstream layer i-1
are functions of time. This time function ¢, (f) is replaced by the time averaged con-
centration in the inflowing soil water from an upstream layer to facilitate the solution
of the differential equation. This results in the differential equation for layer i:

4 _ _q ¢, - L e (35)
dt 0Az © 0Az
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where Az is the layer thickness and the subscripts i and i-1 denote the layer numbers.
The averaged concentration is determined by calculating the integral and dividing by
the length of the time interval considered:

1,cAr

-~ 1

1 =2 [ cua (36)
b

The introduction of the time averaged constant value obeys to the mass conservation
law. Subject to the initial condition ¢; = ¢{t,) at ¢ = t,, the solution to this differential
equation reads:

-9 A -9 _ar 37
¢ = cfte %4+ (1-e 9% ) (37

At small values of A4, the resulting concentration ¢, will be determined nearly complete
by the initial value of the concentration. At large values of Ar, the resulting
concentration will approach the value of the forcing function ¢,,. This solution can
be considered as a combination of an explicit and an implicit numerical solution to
a finite difference computation scheme. The measure of dependency of the tnitial value
and the value of the forcing function is determined by the exponential function
exp(-gAtf0AZ) .

The residence time of the soil moisture in the layer considered can be defined as:

0 Az
trﬂ = —-—q— (38)

The term At{g/(6Az)) is a dimensionless constant and expresses the number of pore
water refreshments within a time increment. The product of the pore water velocity
and the layer thickness gA/® can be replaced by:

ar = (82) (39)

TES

@

After some laborious algebraic manipulations, the resulting expression of numerical
dispersion coefficient reads:

At
(o
p,= LT | = _ _lg. 4, (40)
Vs SA 20 g
1-e ™

For comparison, the relation between numerical dispersion and number of pore water
refreshments have been given for the cascade model TRADE (Roest and Rijtema, 1983)
and the ‘Mixing Cell’ model based on a finite difference approximation of the con-
vection/dispersion equation (Van Ommen, 1985). The numerical dispersion coefficient
in both mentioned models:
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Cascade model : D = 2 — = = (41)

Mixing Cell model : D, =~ 4 (A% - 4
)

n

=) (42}

The numerical dispersion coefficient can be multiplied by #,,./(Az) to obtain a dimen-
sionless entity. This variable is given as a function of the number of pore water re-
freshments in Figure 11.

DT/(sz)
]

0g 05 B 15 2
: At/T
—this study  —o'Mixing Cell' - Cascade model

Fig. 11 Dimensionless numerical dispersion as a function of the number of pore water refresh-
ments

The following conclusions may be drawn from this figure:

Numerical dispersion can be used to simulate physical dispersion by manipulating
the layer thickness when At and ¢,,, have been chosen.

The numerical dispersion derived in this study approximates the numerical disper-
sion in the Cascade model at small time increments. The characteristic length which
is used to quantify dispersion equals Az/2 at A#/f,, — 0.

The numerical dispersion in this study is always larger than in the Cascade model,
when equal thicknesses have been chosen in both models.

Plug flow (D, 9°c/@z* = 0) can not be simulated by the model presented in this
study. Neither can plug flow be simulated by the Cascade model, but in the Mixing
Cell model zero dispersion can be simulated by choosing the time step equal to
the residence time.

Stability of the mathematical solution

One of the most well-known procedures for stability estimation of finite difference
approaches is the Von Neumann-method. The method assumes the propagation of error
E. to be described by the computation rules for calculation the concentration ¢;. The
error E, in the concentration can be replaced by the expression:
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Ei = @Y plfdaz (43)

where

e: the amplification factor

B: frequency of the error

Y number of the time step since the beginning of the simulation
8: layer number.

The imaginary number i is defined as i’=-1. Substitution of this expression in the
discretisized form of the conservation and transport equation (Eq. 35) and further
elaboration yields the following expression for &:

_gat
8 =¢ baz 9

The mathematical solution is stable when the following condition has been satisfied:
18l <1 (45)

When the ratio (gAr)/(8Az) is greater than zero, the amplification factor © is always
less than one. It can be concluded that as long as the computation order proceeds in
the flow direction the mathematical solution presented in this study is always stable.
This condition is always met in the ANIMO model.

2.3 Organic cycle

Organic matter pools

Leaching of dissolved organic matter results from additions and dissolution processes

in the carbon cycle (Fig. 12). Four organic substances are distinguished:

- Fresh organic matter: This material consists mainly of root and other crop residues
after harvesting and of the organic parts of manure. These are materials that come
available at clearly defined points in time. Fresh organic matter is divided into
fractions (1-nf) characterised by a firsi order decomposition rate and a C-, N- and
P-content.

- Root exudates: These are organic products excreted by living roots and dead root
cells discarded by plants. These products are added to the soil continuously as long
as living roots are present.

- Dissolved organic matter: This soluble material is produced, because part of the
fresh organic matter passes the stage of solubilization.

- Humus, soil organic matter or living biomass. This material consists of dead organic
soil material and of the living biomass. This material is formed from root exudates,
dissolved organic matter and from part of the fresh organic material.
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Fig. 12 Relational diagram of the organic matter cycle described in the ANIMO-model

Decomposition of fresh organic materials results in dissimilation of organic carbon,
solubilization and transformation to the humus/biomass pool. Decomposition of
dissolved organic compounds results in dissimilation and transformation to the
humus/biomass pool. The humus/biomass pool decomposes to a residual fraction,
accompanied by partial dissimilation of these residues. This residual material has been
lumped with the humus/biomass pool, so only nett dissimilation of this pool has been
taken into consideration.

Characterization of fresh organic materials

The fresh organic materials can be applied to the soil system and can optionally be
mixed with the present organic materials in one or more top layers. These maierials
can vary strongly in quality. Fach kind of material is considered to exist of one or
more fractions with each fraction with its own decomposition rate and nitrogen and
phosphorus contents. The model requires a definition of the organic and mineral
(anorganic) fractions of the introduced materials. The decomposition of each fraction
is assumed to follow first order rate kinetics. In the ANIMO model, a fixed number of
possible materials consisting of a fixed number classes have to be defined by the
model user. This allows the mathematicai simulation of empirical decomposition
curves as given by Kolenbrander (1969) or Janssen (1986). When appropriate
parameter sets are chosen for combination of class-fractions and first order rate
constants of a certain organic material, the ANIMO concept is able to reproduce
equivalent relations to these empirical approaches. In the ANIMO model, decomposition
of fresh organic materials is described by:
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S S OM e 4 £ OMy(1ge ™ - 4 £ OM e
(46)
where:
M) organic part of the ™ type material (kg m™)
OM,.(1). guantity organic material attributed to the fn™ class (kg m™)
fip fraction of the fn™ class as a part of the i material (-)
Ky first order decomposition rate constant of the fn™ class material (d™)

When one wants to derive a parameter set for a certain material on the basis of an
empirical relation, it should be kept in mind that most of these relations describe the
overall decay. The capabilities of the ANIMO-concept to reproduce the Janssen-relation
is illustrated in Figure 13,

Residual fraction (-)

—--— Fragtion 1
— — - Fraction 2

084 ——- Humus-biomass
A Summed fractions
O Janssen-model (a=2 yr)

Time {yr)

Fig. 13 Simulation of the Janssen decay relation by an appropriate choice of parameters in the
ANIMO model

When a certain quantity of organic material has been introduced into the soil system,

only the quantities per class have to be simulated, because the schematization of
organic materials into certain defined classes follows a linear approach.
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2.3.1 Additions to the soil system

Fresh organic matter

Fresh organic materials and dissolved organic matter are applied as instantaneous
pulse-type doses. The organic part of the applied substance is divided over fresh
organic matter and dissolved organic matter.

The amount of fresh organic matter at the start of the time step is calculated by
summarizing the initial quantity and the applied dose (Fig. 12, relation 1):

O
M
OM,(1+1) = OM, (&) + (f,5~fig) f‘Az (47)

where:
OM,(t+1): volumic mass of organic matter class fnn after addition (kg m?)
OM_(1). volumic mass of organic matter class fin before addition (kg m™)
Jim fraction of the fn™ class as a part of material applied (-)
me: liquid fraction of the fn™ class as a part of material applied (-)
FAE organic fraction of the applied material (-)
M; areic mass of applied material (kg m?)
T infinite small time increment (d)

Residual root materials of arable crops are applied to the soil layers of the root zone
at the end of the growing season. During the growing season, the growth and
maintenance of the root system produces dead root cells and hair roots. These
materials are defined as root exudates which are described by a separate pool. The
ANIMO model comprises a sub-model for dry matter production and nutrient uptake
of grassland. In this sub-model grassroots die continuously throughout the year. These
dead grass roots are added to the soil system as one of the defined fresh organic
materials during each simulation time step. These dead grass roots are distributed in
the rootzone linearly decreasing with depth.

Dissolved organic matter
The impact of fertilization or other additions on liquid concentration of dissolved
organic matter is calculated according to (Fig. 12, relation 2):

nf
Cout*) = outh + 3 S SO @)
fr=1 z
where:
Comlt+1): concentration dissolved organic matter after addition (kg m?)
Con(t) concentration dissolved organic matter before fertilization (kg m™)
nf: number of organic matter classes (-)

Root residues

The process roots dying for grassland is described by a dynamic submodel (see Par.
2.4.3). Root material died during the previous timestep is added to the root zone at
the beginning of the current timestep. Dead roots are considered as a composition of
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two classes of fresh organic material. The first class has a high nutrient content and
the second is characterized by low nutrient fractions. The dead roots are divided over
these two materials subject to the condition that the nutrient content of the mixture
i ion accordance with the nutrient fraction calculated by the dynamic submodel. Since
the death rate has been modelled proprotional to the root mass, information is available
to distribute the materials with depth. Grazing losses and harvest losses of grass shoots
are treated in a similar way, but are added to the top layer only.

Dry matter production of arable crops is defined as input to the model. No specific
nutrient balances of roots or shoots have been formulated. By-products of root growth
are described as root exudates (see Par. 2.3.2) with fixed nitrogen and phosphorus
contents. At harvest, the root material is added to the root zone as a fresh organic
material. The nutrient contents are calculated from the realized dry matter production
and the cumulative nutrient uptake. The addition of dead roots and dead over-ground
parts are treated in a similar way as grass roots. They are considered as a composition
of two classes organic material and the division over these materials is calculated from
the defined nutrient fractions and the actual nitrogen fractions of the remaining plant
parts.

2.3.2 TAransformations

Organic substances can be transformed from one species into another with production
as a source and decomposition as a sink term in the general mass conservation and
transport equation. These terms will be given for the four organic substances: fresh
organic matter, dissolved organic matter, humus/biomass and exudates.

Fresh organic matter
The introduction of fresh organic maiter occurs by additions of manure, root materials,
grazing and harvest losses and any other organic materials defined in the input files.
Decomposition of fresh organic matter into humus (Fig. 12, relation 3) is described
by first order kinctics:

doM
= SJo_
Ryom-nv = ~ a5 Sy by py OM,, (49)
where:
L fraction of fresh organic matter which is not subject to solubilization (-)
k! first order rate constant of organic class fn (d')

P dry bulk density (kg m™)

Transformation into dissolved organic matter (Fig. 12, relation 4) is described:

, dOM |
Riom-poc = = 7;2 = (1-f) k, 0, OM,, (50)

where:
(1-f,): fraction fresh organic matter which is subject to solubilization (-)
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Dissolved organic matter
Formation of dissolved organic matter (Fig. 12, rclation 4) results from the
decomposition of the different fresh organic matter classes and is formulated as:

t, +Ar
dOcgy, 1 T X
= = (1-f) — k, OM, dt (L)

Decomposition of dissolved organic matter (Fig. 12, relation 5) is described as a first
order process:

dbc
= oM _
Rypoc = = — " =k, 8 coy (52)
where:
k. first order rate constant for decomposition of dissolved organic matter (d")

Cou:  concentration of dissolved organic matter (kg m™)

Exudates

Production of exudates (Fig. 12, relation 6) is considered for arable crops only. The
ANIMO model contains a sub-model for grassland which simulates dry matter
production of shoots and roots as well as the death rate of roots. For arable crops,
the exudate production has been formulated proportionally to the root mass increase.
The root growth characteristic has to be defined as model input and from these data,
the model calculates the increase of root mass during the simulation timestep. Within
the simulation timestep, the root growth is assumed constant. On the basis of scarce
literature data Berghuijs-van Dijk et al., (1985) derived an exudate production of 41%
of the gross dry matter production of roots. Hence, it follows:

-R
L QRPYH Ryai ™Ry, (53)
P dr At

Decomposition of exudates into humus (Fig. 12, relation 7) is described as a first order
PIocess:
_ dEX

where k., (d") is the first order rate constant for decomposition of exudates.

Humus/biomass

Production of humus/biomass results from the decomposition of fresh organic matter,
dissolved organic matter, exudates and an internal turnover of humus. The assimilation
process is accompanted by a dissimilation which requires most of the organic materiat
for energy supply of the living biomass. The assimilation ratio a is taken constant
for all organic matter pools. Up to ANIMO version 3.5, no distinction has been made
between the assimilation ratios of the different fresh organic classes, cxudates,
dissolved organic matter and humus/biomass.
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Production of humus/biomass as a result of the decomposition of fresh organic matter
(Fig. 12, relation 3) i1s given by the following equation:

f
R opsons = %f -f,a Y k, OM, at , (55)

Production of humus/biomass as a result of the decomposition of dissolved organic
matter (Fig. 12, relation 5):

1,+A

dHU 1
=a [ ks 8oyt (56)
4

R, poc-pv = a

Production of humus/biomass as a results from the decomposition of exudates (Fig.
12, relation 7):
_ dHU _

Ropmy = “ - = @ ke EX | 57

In the ANIMO model, no separate production of humus/biomass as a result of
humus/biomass tumover has been formulated explicitly, because the residual
humus/biomass material has been lumped with the total humus/biomass pool and the
rate constant has been formulated for the nett decomposition. The gross decomposition
rate and the formation rate of humus biomass can be written as:

[dHU] I W
dt decomp 1-a

(dHU] _ _a k,, HU
dt orm l1-a

(58)

The nett decomposition rate:

Ry = -k HU (59

2.3.3 Transport of organic substances

Inflow and outflow of disselved organic matter in a model compartment is described
by the conservation and transport equation. The mathematical solution of this equation
includes vertical mass transport in upward or downward direction (Fig. 12, relation
9.

Lateral mass transport towards surface water systems is formulated as a sink term:
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R . dBd _

=k c (60)
%,D0C dt d “oM

where k&, is the drainage rate (m’ m” d'). The drainage rate is given by the results
of the water balance simulations. If the lateral water flux is negative (infiltration) the
sink term turns into a source term.

2.4 Nitrogen cycle

Leaching of the dissolved organic nitrogen substances, nitrate and ammonium causes
contamination of groundwater and surface water systems. Since the nitrogen hehaviour
in soil is closely related to the organic matter transformations, organic nitrogen
processes are described analogous to the carbon cycle (Fig. 12).

Fig. 14 Relational diagram of the nitrogen cycle described in the ANIMO-model

2.4.1 Ammonium sorption

Ammonium may be adsorbed to the soil complex, consisting of the negative surfaces
of clay particles and humic compounds. The sorption process (Fig. 14, relation 16)
results in an equilibrium between ammonium in liquid and sorbed phase, an
equilibrium which is described by a linear sorption isotherm:
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Xonms = K nms Cyn (61)

where:
X, wnet sorbed ammonium content (kg kg™)
K st adsorption or partitioning coefficient (m’ kg')

Hoeks et al., (1979) showed the influence of the clay content on the adsorption affinity
of ammonium. Exploring the theory of cation exchange in multi-component systems,
a relation can be derived between the linear adsorption coefficient and the Cation
Exchange Capacity (CEC). The Gapon equation for NH,”  Ca® exchange:

PNH4 - KG (NHII) (62)
Fea v (Ca?)
where:
Fapas Tea ammonium; caicium complex occupation (meq per 100 g)
(NH,"); (Ca®): molar concentrations of ammonium and calcium (mol 1)
K Gapon exchange coefficient.

Assuming constant levels of T, and (Ca®*), the Gapon equation describes the linear
sorption of ammonium, where the linear sorption coefficient K, ,,, is related to the
Gapon coefficient according to:

T
K g = 10° Ky —%— (63)

V (Ca*)

Values of the Gapon coefficient are reported by e.g. Bruggenwert and Kamphorst
(1982) and Appelo (1988). From their data, a value of 0.5 {range: 0.3-0.7) was found
as a good approximation. In most soils having favourable pH-values for agricultural
production, calcium occupies the greatest part of the exchange complex (50 4 90%).
The ammonium concentrations only changes this occupation to a slight extent.

-2 CEC

y (Ca?")

K, g = 10° K, (64)

Where f, is the calcium fraction of the total adsorbed cationic composition. The
fraction shows a range from 0.5 to 0.9 and is highly dependent on pH. Inserting a
CEC-value of 5 meq per 100 g, a calcium occupation fraction of 0.7 and a calcium
concentration of 3 mmol 1" yields a K, yy,-value of 3-10™ m® kg'. When only data
on CEC-values are availabie, the relation K, v, =6-10° -CEC can be used as a first
esttmation,



2.4.2 Fertilization, volatilization and tillage

Fresh organic maltter-nitrogen

Fertilization has been described as a pulse-wise addition of materials with a defined
composition. The quantity of organic nitrogen after the introduction of a certain
organic material (e.g. manure application) is calculated by summarizing the quantity
before the addition and the applied dose (Fig. 14, relation 1):

0
fi M
ON,(043) = ONy() * fup Ui i) )
where:
ON(t+1): volumic mass of organic nitrogen after application (kg m”)
ON,(1): volumic mass of organic nitrogen before application (kg m™)
S nitrogen content of organic matter class fn (-)

Dissolved organic nitrogen
The concentration of dissclved organic nitrogen is calculated according to (Fig. 14,
relation 2): '

i M,
Con(B+T) = Copll) + AL | (66)
ont+%) = cal® * 32 Sunfin
where:
coft+th dissolved organic nitrogen concentration after addition (kg m™)
conlt): dissolved organic nitrogen concentration before addition (kg m™®)

Mineral nitrogen

Similar to the addition of dissolved organic nitrogen, the mineral compounds can be
added to the soil system pulse-wise. The nitrate content after an addition reads (Fig.
14, relation 13):

Tvas M,
Byt +T) = Beyosl) + A’% (67)
where:
Cros(1+TH nitrate concentration after addition (kg m™ N)
CroslL): nitrate concentration before addition (kg m’* N)
Svoss nitrate-N content of the applied material 7 (kg kg’)

Ammonium volatilization is assumed to occur momentaneously at the time of a slurry
addition and is defined by a fraction of the ammonium input by animal manure. This
fraction must be specified for each addition by the user in the model input. The
ammonium content after an addition reads (Fig. 14, relation [3):
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M.
(8 + pyK)cyyt+1) = (0 + p,K)) ey + (1-1,) f}v_fz,;_; (68)

Cradd1+T): ammonium concentration after addition (kg m” N)
Camd 1) ammonium concentration before addition (kg m™® N)
Swwas: ammonium-N content of the applied material i(kg kg ™)
L ammonium volatilization fraction of material i (-)

2.4.3 Crop uptake

Nitrogen uptake by grassland

Nutrient uptake by plant roots R, is described following a two-compartment model:
a soil compartment and a plant compartment, This concept accounts for the transport
of nutrients from the root system to the shoots. The nitrate concentration in the shoots
liquid fraction can be considered as the internal concentration of the plant. Plant
uptake is calculated by balancing the demand of the crop and the supply by the soil.

Nutrient availability of grassland soils
The calculation method of supply potential is based on the assumption that total uptake
is determined by the sum of convective flow and diffusive flow.

Ry=R,+*R, (69)

where the subscripts ¢ and d denote the convective resp. diffusive transport. The
uptake due to convective wateruptake of resp. nitrate and ammonium by roots is
computed by:

49 -
R, = Az Cnos3 (70)
- (1+ Pd 9 ¢ 71
R, =(1+ FKerm) Az i 7D
where:
g, : transpiration flux in a layer (m d")
Az : thickness of the layer (m)
K;: linear adsorption coefficient of ammonium (m’ kg')
C o3 And © g average soil moisture concentration of nitrate and
ammonium ( Jlc(z,)didz 7 AzAL ) (kg m™)

The diffusive nitrate uptake is determined by:
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- fN - min = fN.r,min
Choz” T Cy 1 Ry =0k, 4 (Cyg; — 7 o)
fN,s,min Nos,min (72)
- N,rmil . _
Chos< Ty ¢ Ry=0
fN,s.nﬁn

where the diffusion rate is proportional to a first order rate constant k,, ;- (d') and
the difference between the nitrate concentration in soil moisture and in plant roots.
The internal concentration in plant roots has been assumed proportional to the
concentration in plant shoots the and ratio between the nitrogen fractions in plant roots
and plant shoots.

In numerical computation schemes, the soil system is schematized to homogeneous
layers with thickness Az,. The nitrate uptake in layer i is then determined by (Fig. 14,
relation 23):

Diri = - I
R,=-Teo .. + 8.k .(Cugs: — 22=C,p) (73)
('] AZE NO3J i “gr, dif " NO3, Hisazin pl
The ammonium uptake reads (Fig. 14, relation 22):
_ Py dy; -
R,=(Q~ FKe.NH‘f) EZ’: Crnag (74)

The uptake process has been incorporated in the conservation and transport equation
by defining the uptake parameters Gy,,;, and Gy, ; per soil layer / and redefining the
zero-production term k, yo,. When the nitrogen accumulation has not lead to nitrogen
contents above a defined threshold level, the uptake parameters are defined by:

Az . Tn
Onos,y = 1+ 0,k gr— - and koxos,ii = Kopos,i * ik 1, - ot (75)
Qi N,s;min
P
Onagi = (1 5 Ko (76)

For situations where the nitrogen availability exceeds the requirement of the crop,
the ammonium uptake parameter will be cut off as will be explained in the following
sub-paragraphs. The internal concentration c,; of nitrate (kg m™) is calculated from
a relation between the concentration and the N-fraction in the shoots, based on
experimental data in Ruurlo. The internal plant concentration within the plant is
assumed to be proportional to the nitrate fraction of the shoots:

o, = Ju_ 1000 f,

77
pl 1 —fd; PLNO3

The nitrate fraction in the shoots is related to the total nitrogen fraction. In an
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analysis of experimental field data of Ruurlo, both the NO,-N concentrations (kg m™)
and the total nitrogen fractions have been calculated as a annual average values, based
on 7 cuttings per field plot (Fig. 15).

0.04 10
B 1980 ohserved

) =
= % 1981 observed o
= -8 -
— 003 -— cCalculated —
= la :E
< 0.02 =
2 1y
= 2
= 0.01 —
= 1z =
a

0 0

002 0025 003 0035 004 0045 005  0.055

N o ,cweight fraction

Fig. 15 Relation between nitrate-N weight fraction and total nitrogen weight fraction in grass
shoots

The nitrate weight fraction f,, v, is related to the total nitrogen fraction f,; ., according
to a fitted relation:

Frunor 0023 Jouwos = 0
0.023 < fy e S 004 fr405 = 45 (famo?sglo-m3 ) (78)
I  Ntor < 0.04 fpl,NO3 = -

1 + e(_]‘m&m*?)

The total nitrogen fraction f, v, of the shoots is calculated according to:

. Vo

Fragtor = (79)
Q0

where:

Uf(t). accumulated nitrogen uptake since the last cutting (kg m™)

0.ft): nett dry matter production of the shoots (kg m?)

The assessment of this fraction necessitates the simulation of the dry matter production
and the nitrogen budget of the plant system.

Nutrient requirement of grassland

The demand of the crop is computed by a regionalized dry matter production model,
assuming unconstrained nitrogen conditions. The actual daily production rate of the
shoots is given by the expression:
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. o0

dQ,® _ E, ™ Uy (80)
7 N E, P (1-e ) - W
Q[ : amount of dry matter in shoots (kg m?)
K: coefficient related to light absorption coefficient (-)
O, oy - reference value Q, related to x (kg m?)
Pt): gross photosynthesis under standard conditions (kg m?* CH,0)
Et, : real transpiration (m d)
Et,, : potential transpiration (m d')
K : coefficient related to light absorption coefficient (-)
% efficiency factor (-)
fu: shoot fraction (-)
W sink function expressing the uptake by grazing (kg m2d™")

For Dutch weather conditions, this equation holds within the period 10® april - 20%
nov. Nett shoot production is assumed zero between 20" nov and 10" april. The
standard gross dry matter production P(1) is calculated from a sinusoidal wave
function which is based on empirical data of De Wit (1965):

r+284
365

P®) = 0.0161 +0.0159/, + (0.0118 + 0.0092f, ) sin(2 = ) (81)

where f,, is the cloudiriess factor. The sink function for grazing W is expressed by:

1 14
W = N, 82
10000 1-f, 0 = ®

where N, is the average number of live stock units per hectare during the growing
season and f,, ., is the fraction of grazing losses. In most of the regional model
applications, N, has been taken as a regional secasonal average value. The daily
herbage intake per cow is set at 14 kg d'.cow ' and the factor 1/10000 accounts for
the number of live stock units per m®. During spring, when the shoot production is
insufficient to allow grazing, W is set to zero. The starting date for grazing is
determined by the model when a treshold level of O, =0.25 kg m™ is exceeded. When
this criterium has not been reached before 10" of May, grazing will start at this date.
The sward will be cut when a treshold level of 0.4 kg m? has been exceeded. A part
of this yield is considered as a loss and remains at the ficld (f,,,,,,). At the end of the
growing season (20" Nov.), the standing sward is cut and applied to the first soil layer.
In this regionalized approach, the swards always increase between two cuttings, due
to the low regional and seasonal mean value of live stock units.

The gross increase in dry matter due to transport of assimilates to the root system
is proportional to the gross production of shoot dry matter:
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dQ,(0 _ 1-f, (dQs(t) .

83
dt fa dt " ®)

A first order process is assumed for the dying of roots. The death rate is assumed
proporticnal to the actual quantity of roots. The nett increase of dry matter amount
in roots:

4Q® _1-fy 400
dt f,  dt

W) - k20 @, (84)

where k,, 4, 18 @ first order decay constant. Died roots and grazing losses are applied
to the soil continuously. Harvest losses are added to the upper soil layer when a
harvest event occurs.

Limited crop production of grassland
The nitrogen uptake under unconstrained conditions equals the mineral nitrogen
availability:

Uty + At) = Ulty) + @ppy + Py (83)

where the mineral nitrogen availability ts approximated by:

oAt N, N,
Form
Pros = f g(qcv,i"'kgr.dei“zi) Cno3,i () dt — ¢, f::: Zl k, 40,4z At
H T i=
fa+At N
_ - Py Py
‘DN}M - f 21( 1+ FKE,NH‘) Devi * kgf-dl:f(1+ FKe,N}M) e‘-AZ'.)CNH#(t) dt
n

(86)

The nitrogen requirement for plant growth is defined as the gross dry matter
production multiplied by the actual nitrogen content of shoots and roots:

tordt

- max U@ dQ,®)
Qy = la . +
¥ ( f NJ.IDiJJQs(t) +f N,r,minQr(t) ) fN { dt (87)
Srirain , 4QO
|l L AN LQ.(0)dt

Susmin Gt 8

When the nitrogen demand can not be fulfilled by the potential soil supply, the
reduction of crop growth is assumed proportional to the shortage. Under optimal
conditions, the factor for nutrient limitation f,, is set to one, but when the ratio
between U(f) and the minimum accumulation level in shoots and roots (fy, .., Ot}
+ furmn ©,(t)) tends to value less than unity, the value one for this ratio is maintained
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and crop production will be reduced by taking f,, a value less than one according
to:

NP
fN,q,minA Qs,gr + fN,r,minA Q".S‘f
where AQ, ,, and AQ, ,, are the gross quantities of produced shoot and root material

JfypWwithin the time increment under unconstrained conditions. The numerator is an
expression for the uptake during the timestep plus the accumulated surplus from
previous timesteps. The denominator is an expression for the required nitrogen supply
for growth of shoots and roots.

Reaction of grass uptake lo nitrogen excess and nitrogen deficit

The description given in this subparagraph applies to recent developments of the model
later than version 3.5. The new formulations were implemented on the occasion of
the Water Reconnaissance study in 1995/1996 (Boers ef al., 1997).

In situations where the mineral nitrogen availability exceeds the crop requirement,
the uptake parameter Gy, for ammonium will be adjusted on the basis of a defined
maximum requirement. Due to electro-neutrality considerations, a preference for nitrate
uptake is assumed. The maximum uptake requirement Q. and the mean uptake
requirement £ have been defined as:

N, mean

O oax = Q) fusmax * QD) fyypmax = Uty (89)
Qe = Qs(t)wﬁy-; - QW M - Uty (90)

Based on these defined uptake requircments and the availability of nitrogen, the
selectivity factor for ammonium uptake is determined. If the nitrate availability
exceeds the maximum requirement, no ammonium will be taken up:

Pros * Qymax = Oyme = 0 oD

If the nitrate availability is less than the maximum requirement, but the sum of nitrate
availability and ammonium uptake by convective transpiration waterflow is greater
than the maximum requirement, the uptake parameter is calculated as follows:
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grdt N,
vmax < Pos f E g, (1+ e,NH4) Cxpe DT -

5
QN.max - Dpos (92)

H,..<0Q

NO3

Onme = L he ,

P
f Elqm(l dK,NHl) Cnpa, DAL
‘0 I=

When the sum of nitrate availability and ammonium uptake by convective transpiration
waterflow is less than the maximum nitrogen requirement, hut greater than the mean
nitrogen requirement:

Lrar Ny

Qy mean<®ros * f Eqm(l e,NHot) Cnpe DAt < Qo = Opp=1 (93)
n =L

When the mean requirement is less than mineral nitrogen availability, but greater than
the sum of nitrate availability and ammonium uptake by convective transpiration
waterflow, the preferential parameter for ammonium uptake reads:

Al
Pros f E G, (1+ — e,NH4) a0 < Qypn < oz Py = (94)
B =1
Pg Az Qynean ™ Pros
Oppy = (1+ ) — K, vue) (1 +eakgr,dafq 2) 'm;"
evi N4

In all other situations the preferential parameter G, takes the maximum value as
defined in Eq. 77. The nitrate uptake parameters as defined in Eq. 76 are not adjusted,
because the feed-back of nitrate-status of plant liquid to the uptake parameters has
already been taken into consideration.

Tabel 3 denotes the set of parameters which has been used for Dutch climatic
conditions all the time since the development of this sub-model in 1987.
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Table 3 Parametrization of grassiand related parameters in the ANIMO model

Parameter Value  Unil
Q.r.ref 0.35 (kg m 1)
X 2.3 (-}

Jor 0321 &)

i 0.725 ()

X 0.62 )
kgr.dmm 0.0055 (dl)
fgr,!au 0.2 (‘)
fh{z,l’ms 02 (_)
threshold level Q, for harvesting 0.4 (kg m™)
remaining quantity of shoots after harvesting (non-grazed pastures) 0.075 (kg m™
remaining quantity of shoots after harvesting (grazed pastures} 0.165 (kgm?)
Ky 0.03 dh
fxs,miﬂ 0.019 )
fN.r,min 0.0076 (')
fN.J,max 0.05 (‘)

St max 002 (O

Jas 0.2 9]

Nitrogen uptake by arable crops

The nutrient uptake by arable crops has been described by a simple model. The growth
period has been divided into two periods. During each period the concentration in
the transpiration flux resulting in optimum growth is defined as:

U, U,
opi, i i t 95)
2 24,
1, t,

where:

Coprt> Copr2* optimal concentrations in the transpiration flux (kg m™)
Uy reference cumulative uptake within the time span (kg m™)
Zq,: expected cumulative transpiration within the time span (m)

t,: planting time (-)
t transition between both growing periods (-)
L : harvesting date (-)

The expected optimal cumulative uptake and cumulative transpiration flow are defined
by the user in the model input files. For years with higher or lower transpiration rates,
the total crop uptake will increase or decrease proportionally. Under optimal
circumstances, the plant uptake parameters O, ; and G, are defined as:

Copt,l __ Com2 (96)

0’ = 0 T e—
NO3 NO3
Cros(ty) xnos(l)

and:
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_ Capy r = Copm2 (97)

g = (1] =
NH4 NH4
CNH.;(to) CNH4(t0)

Under non-optimal conditions (excessive supply or uptake deficit), the parameters are
adjusted according to the hypothesis that actual crop uptake depends on both the soil
availability and on crop requirement. The mineral nitrogen requirement during a
simulation time interval is defined in three categories.

1. Demand due to deficit in N-uptake during previous time steps:

h N
Quir = X X Coplmi A - IZ; Z(CNO3,1+(1 +— e,Nm) Crpai) D BT (98)

1=, i=1
2. Demand due to dry matter increase of the crop during the time interval:

QN,ga" = Capr At Zl q!r,i (99)
i=

3. Luxurious consumption, which occurs under excessive supply conditions in the soil:

ZEC‘W%.A“C Athm

r-r i=1

X Pa (100)
30,4z, (cypy 0 +(1+=2 Ke,NH4) e ) 1-f
i=1 ds

N, 7

ds
1000fr,, E 9,- AZ,-
P

where fr,, is the nitrogen fraction in dry matter. A numeric value of 0.25 was found
by calibration for the factor (1-£,)/(f,, 1000 fr,). Soil availability of mineral nitrogen
is also determining the uptake of nitrate and ammonium. A preference for nitrate is
assumed, based on the condition of electro-neutrality, and availability of nitrate and
ammonium is considered separately. For arable land, the nitrate and ammonium
availability are defined by:

ty+ At N,
Pros = f 2 evi Cros, D) dt

to*-At N,
Pyns = f (1 _KeJVIM) Do Cna D) Gt

i=1

(101)

Combining both soil availability and crop demand, the foliowing definitions for the
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nitrate and ammonium selectivity factors can be given:

Quir* g Qs < Pros

Q. ..+0Q., +0Q (102)
O,y = —NAg___Ngr Nk A Oume = 0
NO3 D NE4
NO3
Qi Qg < Pros < Ouayr* Qe * Qe =
Q,,.0 (103)
- Aef "N, -
Ovnoz = —_d,""""“& A Oypg = 0
NO3
O pr s Pros < Qngr <Onmar Pros* Pame =
_ /\ _ nN,dq’ + QN,gr - ON,lmx ¢NO3 (104)
O 503 = O N max Onpa = )
NE4

{105)
Opmax( Pros* Cume) <Quar*Qwer = Ono3™ Onvpuax A Oyge= O N max

The uptake selectivity factor is bounded to a maximum value o, is cases where
the requirement exceeds a maximum level of the soil availability. In the national Water
Systems Reconnaissance study in 1995/1996, o, . was taken 5.0.

Crop damage due to unfavourable mineral nitrogen status of the soil is assumed when
the actual realized cumulative uptake is less than a certain fraction of the cumulative
uptake for optimum growth. The permittable nitrogen deficit is bounded to a maximum
value by adjusting the expected optimal cumulative uptake:

LrAt N,
O tormar = Siepauns Z Zcmqmiﬁt
1=z, i=1 (106)
n+ar N, p
d
- 2 ; (cypz+(1+ F‘Ke,NHJ) Cnngg) G A1
t=t, 0=

where Qy ... (kg m?) is the maximum uptake deficit and f,,,. (-) is the fraction
of cumulative uptake below which nutrient shortage results in unrecoverable crop
damage. The reduction of the potential uptake level is illustrated in Figure 16.
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Fig. 16 Reduction of the potential uptake level when the uptake deficit exceeds a defined
tolerance level

In the national Water Systems Reconnaissance study in 1995/1996, .., was taken
(0.9. The optimal expected N-uptake is adjusted according to:

i,+At N, LrAt N,
; gcmqmiAt i =t gcmq"’iAt - QNMM (107)
O adi T

This unrecoverable crop damage ratio is also applied to the optimal expected
phosphate uptake curve.

2.4.4 Mineralization and immeobilization

As aresult of organic matter dissimilation, part of the organic nitrogen is transformed
into the mineral status. Another part of the organic nitrogen remains in the organic
status in dead humic components. On the other hand, part of the mineral nitrogen can
be immobilized through the biomass-synthesis in the living biomass. Depending on
the assimilation ratio and the ratio between nitrogen content in parent fresh organic
material and the nitrogen weight fraction of the humus/biomass pool, the
iransformation yields or requires mineral N. The nett mineralization (Fig. 14, relation
10, 11, 12 and 15) has been formulated as a zero-order term in the CTE of ammonium,
defined by:
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ERY.Y:

1 .
Rp,NH4 = A_t f (ﬁle (fNﬁ,“ame)fhukﬁ. OMﬁ.(t) * (fjé—afN,]m)ks(eCOM) +108)
ty =
(fNﬂ—afNM)kaEX(t) +thukh“HU(t) ydt
where:
T nitrogen weight fraction of humus/biomass {-)

When the right hand side of the equation takes a negative value, ammonium is
immobilized. No immobilization of nitrate has been assumed. When the initial quantity
of ammonium at the beginning of the timestep is not sufficient to cover the total
immobihization requirement, the assimilation ratio is decreased and less humus/biomass
will be formed. In case of nitrogen shortage, the transformation occurs less efficient.

2.4.5 Nitrification and denitrification

Under (partial} acrobic conditions in the scil system, ammonium is oxidized to nitrate
(Fig. 14, relation 17). The production rate of nitrate is assumed proportional to the
liquid concentration of ammeonium. In the conservation en transport equation of
ammonium, this process has been described by a first order rate kinetics:

Ryvis = %O S (109)

where &, is the first order rate constant. Under complete aeration and other favourable
soil conditions, this constant equals the reference value as must be specified by the
model user. When the moisture condition in soil leads to {partial) anaerobiosis, this
constant is adapted by a multiplicative correction factor f,,. At complete aeration f,,
takes the value one, at complete anaerobiosis f,, equals zero. The numeric value of
this factor is computed in a sub-model which describes the acration process on the
basis of oxygen diffusion in air filled soil pores and in saturated soil aggregates (Par.
2.6.1). In the conservation and transport equation of nitrate, the production rate R,
equals the average decomposition rate of ammonium which is given by the expression:

frar

1
Ropos = 3, [ i © ey @ it (110)
4 ,

Decomposition of organic materials under anaerobic conditions can proceed if
sufficient nitrate-oxygen is available to meet the oxygen demand. At high nitrate
concentrations, the oxygen requirement of organic decomposifion processes is the rate
limiting factor. At low nitrate contents, the NO; concentration can be the rate limiting
factor for anacrobic decomposition. In the ANIMO model, it is assumed that
denitrification is governed by:
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5C(H,0, + 24NO; - 30C0O, + 18H,0 + 12N,t + 240H" (111)

The oxidation of one mol carbon requires 24/30 mol NO; and the weigth ratio
between nitrogen and carbon reads 14/12, If the carbon content of organic material
is taken as 58% on dry weight basis, it follows that the nitrate demand for
denitrification can be expressed by a zero-order consumption term:

10+At
24 14

Roan™ 038 35 12 frewro 34 f ( Z (1=@) Sk OM @) = (112)

(1-a)k (8cyy) +(1-a)k, EXQ) + k, HUQ) )dt

The factor f,,,.., has been introduced to account for the reduced organic matter
transformation rates when only nitrate oxygen is available, In many field validations
and regional applications, a value 0.5 has been assumed for f, .. In case the nitrate
concentration limits the decomposition of organic materials under anaerobic conditions,
the following first order rate expression has been defined:

Rigen = Kim © Chos® (113)

where k,,, is the first order rate constant to be defined as model input (d").
Determining which process rate limiting is done by computing both alternatives. The
process leading to the highest nitrate concentration at the end of the time interval is
subsequently selected by the model.

2.4.6 Transport of nitrogen substances
Inflow and outflow of dissolved organic nitrogen (Fig. 14, relation 9, 18 and 21) is

modelled in close relation to the leaching of dissolved organic matter substances. The
sink term for lateral mass transport towards surface water systems:

Roon =k con (114)
R, vy = Ka Cupy (115)
R, nos = k4 Cyos (116)

58



2.5 Phosphorus cycle

Leaching of the soluble phosphorus substances organic-P and ortho-P is formulated
as a part of the phosphorus cycle (Fig. 17).

P-cycle

dry and wet
dupositon

)i e ==
adsorbed-P
roots-P (aquilibrium)

‘sdsoroec-P
(kinetic)

18

humus-P

v
0 leaching

Fig. 17 Relational diagram of the phosphorus cycle described in the ANIMO-model

2.5.1 Phosphate sorption and precipitation

The Langmuir isotherm is derived from the assumption of a homogeneous monolayer
of adsorbate on the adsorbent. The Langmuir equation is used to describe
instantaneous sorption of phosphates to soil constituents (Enfield et al., 1981; Van
Noordwijk et al., 1990).

X _Kicpoe (117)

=X

e ¢,max, PO4
1+ K, cpoy

The amount of chemical sorbed to the soil matrix never exceeds the maximum sorption

capacity X,,.pos The formulations given above can be incorporated into the

conservation equation by elaborating the differential quotient 0X, p,,/0t:
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3%, pos X, p6s. ¥s04 Cpos
- = K (c (118)
a5, Pal dcpp, ) o T Pallorod

where K (cpq,) is the differential sorption coefficient. The differential adsorption
coefficient is approximated by the average value K (cpo,). This value is assessed by
calculating the slope of the chord of the adsorption isotherm:

_ X, pos® — X, po,(t)
e X pos _ Zerod® ~ Xepos (119)
{200 = CrodD - cm(to)f & ) P04 T T D~ Caodl)

Although K {cpe,) is a function of the concentration, its average value is considered
to be constant during the timestep. Schoumans (1995) established the following set
of parameters of the Langmuir-isotherm which describes the fast phosphate sorption
for a wide range of sandy soils: K; = 1129 (m,’ kg' P) and X, .. pps = 5.167 10° p,,
fAl+Fe] (kg ms'3 P) where fAl+Fe] is the aluminium + 1ron content of the soil in
mmol kg’

If equilibrium is not achieved rapidly enough compared to advective transport the
sorption process must be adressed by kinetic models (Pignatello, 1989; Selim and
Amacher, 1988). In such cases, sorption appears to be limited by a type of chemical
reaction rate or physical mass transfer resistance. Desorption of phosphates, even when
far-reaching measures are implemented, may cause an exceedance of water quality
standards for long periods. Although considerable efforts have been dedicated to model
phosphate behaviour in soils (Van der Zee, 1988; Van der Zee and Van Riemsdijk,
1991}, their theory defining the exposure integral as a variable characterizing long-term
sorption/precipitation has not yet delivered operational tools for prediction of leaching
after fertilization reductions. The exposure integral results from the so called
‘unreacted shrinking core model’ which is based on phosphate transfer in soil
aggregates by diffusion and the formation of solid phosphate minerals at the inner
boundary of the reaction-zone. The normalized exposure integral I is defined as:

f (c-c,)dt (120)

rro

where ct, is a reference value referring to experimental conditions. Empirical relations
are used to relate the exposure integral to experimental field data. Until now the
exposure intcgral appears not appropriate to describe the reverse reactions. Therefore,
descriptive formulations have been chosen which have also been utilized to adress
time dependent sorption behaviour of pesticides (Boesten, 1986). The diffusive
transition zone is described by one lumped first order rate equation and the chemical
fixation by a Freundlich sorption isotherm. The Freundlich equation represents a
composition of Langmuir-curves. An individual Langmuir-curve describes the fixation
of a chemical substance to a sorptive medinm of limited capacity. Therefore, the
Freundlich relation appears more suitable for a heterogeneous soil medium, composed
of a finite number of homogeneous soil aggregates. The general formulation of a first
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order rate sorption (chemical nonequilibrium) model is:

' 80X, pou
f{epod > X, pos Pa Py = Pakoas ( [{Epod — X pos) 121
0%, e (121)
f{cppd < X, oy Pa—>, = Pakes ( flCpod ~ X, pod)

where k,, and k, (d') are rate constants and f(cp,,) is the solid phase solute
concentration determined by equilibrium adsorption isotherms. The difference between
the equilibrium concentration which is reached in the steady state situation and the
actual solid phase concentration is considered as the driving force for mass transfer.
In the case of kinetic phosphate sorption, the rate equation is defined as follows:

X
Pa—22 = by (knaokoed) (ks = X, 00) (122)

When appropriate parameters are choosen, the formulations given in the preceding
section can be utilized to simulate the phosphate diffusion/precipitation mode!l
presented by Van der Zee and Bolt (1991) and Van der Zee and Van Riemsdijk
(1991). Mansell er al., (1977) applied a rate dependent model to describe non-
equilibrium behaviour of phosphate sorption in sandy soils.

The ANIMO-model describes the rate dependent phosphate sorption to soil constituents
by considering three separate sorption sites:

3
= py Y P = o 3 Ko i) (K€t ~Xopoy)  (123)

Pa ot i=1 dt i=1

In a validation study for a wide range of Dutch sandy soil, Schoumans (1995) assessed
the following parameters for Eq. 125:

Table 4 Parameters describing the rate dependent phosphate sorption for a
wide range of Duich sandy soils (after Schoumans, 1995)

Sorption Parameter
class { -

kﬂd.i,l KF.-‘ NPOJ.A
(d" (kg m,”) (kg m,”*)™ )
1 1.1755 11.87 10° p;* {Al+Fe]® 0.5357
: 0.0334 4.667 10°° p, [Al+Fe] 0.1995
3 0.0014382 9.711 10° p, [Al+Fe] 0.2604

?  dry bulk density in kg m?
®  aluminium and iron content in mmol kg’

Data on the first order rate coefficient of the desorption relation &, , are still missing.
Numerical elaboration of the rate dependent sorption equation requires an expression
for the differential quotient. This expression can be obtained by taking the value of
the time averaged concentration instead of the concentration cp,(f) at time = .
Integration of the differential equation between limits ¢, and ¢, + At and dividing by
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the time increment Af yields:

fg+at
1 dX nPO4 1, X, podtotAr) = X o6, (%) (124)
At dr At

%

where X, ;1) is the amount of chemical bounded to non-equilibrium sorption sites
at the beginning of the time interval. In order to calculate the amount of chemical
assigned to X, ,,, at the end of the time interval, the function which describes the
exchange between solution and time dependent sorption phase f,{c) is linearized. The
function f(¢) is approximated by f,(c) where ¢ is the average concentration during
the time-interval.

90X, ros

2 < Rogrhae) (FCr00 = Xopod) (125)

Although the average concentration is unknown at the start of the computations, ¢ p,,
can be considered as a constant. The following sclution can be derived subject to the
condition X, p,, = X, p,(1,) at the beginning of the time interval.

X, podo*AD = £Cao) + (X, polty) ~fiCpop) ¢ bt & (126)

In order to obtain an expression for Eq. 123, Eq. 126 can be rewritten as:

X, rodty* A8 - X, 20ty ™ Uraarkes) A b
At At

(127)

= (£Co00) ~ Xppodty)) L5

For concentration ranges below the equilibrium level of phosphate precipitation
processes, the following conservation-transport equation holds:

4,16, 4, 1
d0(f) cpo () — dcpo(t) e 0,4,
.————u——dt +dea(cP04) 7 = Az A Po‘(t)— Az CPOJ(t) (128)
2 = Ny (11— Catfamd B8y
klﬂ(t)cm(t)-v-Rp +Py E(Xm’i(to)-lfmcm‘ Po4iy v
i=l

Phosphate precipitation takes place when the concentration of the bulk solution
exceeds a defined equilibrium concentration . The precipitation reaction is modelled
as an instantaneous reaction (Fig. 17, relatlon 19). The reaction occurs immediately
and complete when the solute concentration exceeds the equilibrium concentration
¢, The precipitated minerals dissolve immediately when the concentration of the water
phase drops below the buffer concentration. When the store of precipitated minerals
has been exhausted, the term d X, ,,/d ¢ equals zero. In most of the application of
the ANIMO model for Dutch sandy soils, the parametrization of the model has been
restricted to the instantaneous precipitation formulation. For establishing the
equilibrium concentration, the following relation between pH and c,_has been utilized:
While applying the model in combination with the instantancous precipitation reaction,
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¢,, = 0.135 . 35pH 100447 PH+1516 (129)

While applying the model in combination with the instantaneous precipitation reaction,
four situations with respect to the concentration course with time within a time
increment are relevant to consider:

1) 1, time SIHAL Cppy < C,p X, pos = 0,0X, pp /0t = 0;

2) 1< time <} Cpog < Cogs X, pos = 0,0X, pp /0t = 0;
LS time SHAL Cpgy = €, X, pos 2 0,0¢p,/01 = 0;

3) 1,< time <t Cpos = Cop X, pos > 0,0¢p0/08 = 0;
1,5 ime SLHAL Cppy £ €,y X, poe 2 0,0X, 5,01 = 0;

4) 1< time <t+AL Cppy = € X, pos > 0,0¢0,/0t = 0.

eq?

The four possibilities to consider are explained in Figure 18.

. ..

v

concentration
concentration

concentration
As"

concentration
£}

Fig. 18 Four possibilities of the concentration course with time within a timesiep At establishing
an eventual exceedance of the equilibrium concentration c,,

In the 2™ and 3" situation the time interval has to be split up into two parts. The
length of the first part ¢, is calculated from its specific conditions combined with the
conservation equation.

Under the presence of precipitated phosphate, the concentration ¢ft) as well as the

average concentration ¢ equals the equilibrium concentration ¢, (d¢p,/d¢ = 0). Then,
the conservation equation reads as follows:
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dXx q,'_i Ci-l q;'+..l.

POS 2 2 Opq,
Py ;t " i CpolD) - Az”cm(t)—kle(t)cm(t)+Rp
(130)
3 _ _ -(kmj,kmj)nt
* Pg .EI(X ,i(tu)_KF,icmNm") (-¢ A )
i=

2.5.2 Fertilization and tillage

Fresh organic matter-phosphorus

Similar to the nitrogen sub-model, fertilization has been described as a pulse-wise
addition of materials with a defined composition. The quantity of organic P after the
introduction of a certain material is calculated by summarizing the gquantity before
the addition and the applied dose (Fig. 17, relation 1):

o
L fOM,
OP(t+7) = OP,(®) + fop Fipa=figd IAZI (30
where:
OP,(t+1): volumic mass of organic phosphorus after application (kg m™)
OF, (1) volumic mass of organic phosphorus fin before application (kg m™)
Jrs phosphorus content of organic matter class frn (-)

Soluble phosphorus compounds
The concentration of dissolved organic P is calculated by (Fig. 17, relation 2):

o fo M
.
Coplt+T) = cppll) + E Som Fign LI (132)
fa=1 0Az
where:
Coplt+1): dissolved organic phosphorous concentration after addition (kg m™)
coplt): dissolved organic phosphorous concentration before addition (kg m™)

Similar to additions of other dissolved substances, the mineral compounds can be
added to the soil system pulse-wise. The mineral phosporus concentrations after an
addition read (Fig. 17, relation 13):

K, cp  ft+7)
Ocpp lt+T) + PdXeMmﬂ_=
14K, cpy dt+T)
(133)

K, €poy®) SoosM;
BCP(M(t) * deCMMI+K c (t) + AZ
L™ PO4

64



where:

Cpoq(t+71): phosphate concentration after addition (kg m* P)
Cpoqlt): phosphate concentration before addition (kg m?> P)
fros phosphate content of the applied substance M (kg kg')

If the liquid concentration tends to exceed the buffer concentration, cpq(1+1) takes
the value of the equilibrium concentration and the remaining part of the addition is
added to the precipitation pool:

8 X Kicw 4 -
C.t Py PO T, o + pm(t+t) =
Leq (134)
K. c [t M.

POLIE ] + K, Cppd Az

2.5.3 Crop uptake

Phosphate uptake by grassland

Uptake of mineral phosphate by plant roots has been described in strong relation to
nitrogen uptake. However, for phosphorus no accumulation for future growth has been
assumed.

Rp = 05 2 cpol) 135)

The selectivity factor o, is defined on the basis of soil availability and crop
requirement. Soil availability of phosphate is calculated as the sum of the amounts
present in the liquid phase, the fast sorption pool X, (equilibrium) and the precipitation
pool X,. The phosphorus uptake under unconstrained conditions equals the mincral
P availability:

Uty + Aty = Uty + ®p, (136)

where the mineral phosphorus availability is approximated by:

it N
- P
®ros = f 2 (L foi,) ;s Cpos ) ot (137)
i i=1 i

with K% as the apparent linear sorption coefficient defined by:

X.+X

ap  _ i i
Kd,i = & M {138)

Cpod;

The phosphate requirement for plant growth is defined as the gross dry matter
production multiplied by the actual phosphorus content of shoots and roots:
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U@) ) fosmi
Jpsmin®s®) +p ;i@ (O

"'*f‘" 4QO . Jromn 420 do ()
dt

Q, =max(l,

(139)

W + kg, Q)
Ps,min

The P-fractions relate to the total N-fractions according to an empirical relation given
by Rijtema ef al., (1999):

fro = 0.0318 (fr,)** (140)

Based on the demand and the availability, the plant uptake parameter 6, is defined
by:

Q
©.>Q, = o= 3’-’ (141)

Q> 0py®p = 0p = Opo (142)

In the Water Systems Reconnaissance study (1995/1996) the maximum value of the
plant parameter (o,,,,) has been taken one.

Phosphate uptake by arable crops

P-uptake by arable crops has been described similarly to the nitrogen uptake. The
model user has to define expected optimal cumulative uptake quantities for two periods
of the growing season. Optimal uptake concentrations are demived from these
quantities. The uptake parameter o, is defined as the ratio between the optimal uptake
concentration and the current liquid concentration in the root zone. An unfavourable
nutrient status can thus lead to an increased value of this parameter 6. The value
of 6, 1s bounded to a maximum due to limited soil availability.

Three types of crop demand have been identified: luxurous demand, growth and
maintenance demand and a demand induced by an uptake deficit:
1. Demand due to deficit in P-uptake during previous time steps:

r

L N
Qpir = 2 3 Coptli A1 - E Z(1+ LKD) Cpous Gy At (143)

t=t, i=1 =, i=1

2. Demand due to growth during the time interval:
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Nr
= 144
QP.gr'coprtiz‘;q:r,i (144)

3. Luxurious consumption, which is assumed to take place under excessive supply
conditions in the soil:

=

r Nr
Qi = captqw.AHcaP‘Atgqmi .
=

.,
M-
T

=

p (145)

6,821+ -2 K% cpoy (8)) 1,
N, S

1000fr, ¥ 6, Az,

i=1

-
]
—

where f7 is the phosphorus fraction in dry matter of productive parts and K;* is the
apparent linear sorption coefficient as has been given in Eq. 138. Based on the crop
requirement and the soil availability, the following selectivity coefficients are
calculated:

QP,dq' * QI-’,,,gr * QP,M (146)

C, > Qpurt Qp,, + Qpps = Op= >
P
Qpap + Qpyy < @p< Qo+ Qp + Q. = 05 = 1 (147)
Q Q Q Q
(Qpur * Qpg) O, < Qpyr + Qpy, op = rdg * Vg (148)
UP,lnu P

In all other situations, the selectivity factor takes the maximum value Gp,,..

Crap damagc‘ due to limited P-availability is estimated similar to the crop response

to a shortage of mineral nitrogen in the root zone. If a certain threshold phosphorus
deficit is exceeded, the expected optimal cumulative uptake is adjusted:

toras N, qtAt N, 149

Pa rrap (149)

Dy tepmax = Saegmax > Zcoprqw,iAt - Z E (1+ _B'Kd ) Cpoyg;) 4, A2

l‘=ly i=l t=tp i=1

where Qp ;-0 (KE m?) is the maximum uptake deficit. The optimal expected P-uptake
is adjusted according to:
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LAt N, LrAr N,
[ 2 Z Capt qtr,i At ] = 2 E Cop! qrr.:' Ar - QP,de_f,max (150)
adf

=t, i=1 t=t, i=1

This unrecoverable crop damage ratio restults also in a reduction of the optimal
nitrogen uptake curve.

2.5.4 Mineralization and immobilization

Mineralization of organic phosphorous and immobilization (Fig. 17, relation 10, 11,
12, 14) of mineral phosphorus compounds is formulated analogous to nitrogen
mineralization and immobilization. Depending on the assimilation ratio and the ratio
between nitrogen content in parent fresh organic material and the phosphorus weight
fraction of the humus/biomass pool, the organic transformation processes yield or
require mineral P. The nett mineralization has been formulated as a zero-order term
in the CTE of mineral phosphate, defined by:

LAt '
R, pos = Ait f (f,,zl Ue = afp ) frukpn OMy, () + (Fr ~afpp)k(Ou) *(151)
LRI

(o~ Ofop K EXA) + [, Ky HU() )dt

where:
Jen: phosphorus weight fraction of humus/biomass (-)

When the right hand side of the equation takes a negative value, phosphate is
immobilized. In case the initial quantity of readily available phosphate at the beginning
of the timestep is not sufficient to cover the total immobilization requirement, the
assimilation ratio is decreased and less humus/biomass will be formed.

2.5.5 Transport of phosphorous substances

Inflow and outflow of dissolved organic phosphorus (Fig. 17, relation 9, 20) is
modelled through the leaching of dissolved organic matter substances. The sink term
for lateral mass transport towards surface water systems reads:

Roor = k4 Cop (152)

R pos = kg Cpoy (153)
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2.6 Environmental influences on transformation rates

Transformation rate coefficients decomposition of fresh organic materials, dissolved
organic matter, exudates and humus biomass and the nitrification rate coefficient are
defined by a reference value £, . Environmental influences are taken into account by
multiplication factors for reduced acration at wet conditions, drought stress at dry
conditions, temperature and pH. For organic transformation processes:

k = fac,OM Jfr fo Jfoa quf (154)

For the nitrification process:

k = foo FrJo Lot Koyt (155)
where:
k: actual transformation rate (d")
L reference value of the rate constant under optimal conditions (d')
L. factor accounting for of the availability of atmospheric oxygen (-}
Soeomt factor for the combined effect of the oxygen availability and the

nitrate availability on organic matter transformations (-)

Ifr: factor accounting for temperature (-)
fi: factor accounting for dry conditions (-)
Jou factor accounting for the influence of pH (-)

2.6.1 Aeration

Partitioning between aerobic and anaerobic phase

Acration has a major influence on transformation rates of all micro-biological

processes in agricultural eco-systems. Since one of the model aims is to evaluate the

environmental impacts of water management for a wide range of soil types and a wide

range of hydrological conditions, a detailed sub-model describing oxygen diffusion

in the soil gas phase and in soil aggregates has been implemented. The aeration

fraction f,, depends on a number of factors:

- Oxygen demand, as a result of organic transformations and nitrification. Oxydation
of other reduced components (e.g. sulphur) have been ignored;

- Soil physical constitution;

- Hpydrological conditions (partitioning between soil moisture and soil air).

The aeration factor f,, has been formulated as an multiplicative factor. At f,, = 1,

organic transformation and nitrification processes are optimal (Fig. 19). For sub-

optimal conditions (f,, < 1), the diffusive capacity of the unsaturated zone is

insufficient to fulfill the oxygen requirement. In situations where partial anaerobiosis

occurs, the oxygen demand for the organic transformations is met by atmospheric

oxygen as well as by nitrate-oxygen. The nitrification rate will be sub-optimal. Under

these conditions, the available nitrate will be reduced partial or complete

(denitrification). Under unfavourable wet conditions the upper layers consume all
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oxygen which can enter the soil profile by diffusion and the atmospheric oxygen will
not penetrate into the lower part of the unsaturated zone.

Aerobic conditions (f,, = 1)
additians

Grganic matier
IC.H,O.N,P)

additions, additions,
crop uptake g crep uptake ™

o,

minaralization

nitrification

cutflow culflow outflow
Anaerobic conditions (f,, = 0) addiions, additions,
additions crop uptake inflow crop uptake inflow

mineralizatign

Organic matier
IC.H.ON,P)

denitriticaticn

NO.-O,
-w -
sutflow cutflow outflow
i iosi <f, < 1
Partial anaerobiosis (0 f" J additions, edditians,
agditions crop uptake o0 crop uptake

inftow

02 ‘.‘02
Organic matter Ml .
IG.H O/ NP} T?n.mer-a mitrification de_mtrTf\cElwg
; lization N_Q Q.
PR T .3.. 2 ...............
outfiow outlow outllow

Fig. 19 Atmospheric oxygen and nitrate oxygen related processes in the ANIMO model

The partitioning between the aerobic soil fraction and the anaerobic soil fraction is
determined by the equilibrium between oxygen demand for organic conversion
processes plus nitrification and the oxygen supply capacity of the soil air and soil
water system. Both the vertical diffusion in air filled pores and the lateral oxygen
diffusion in the soil moisture phase are taken into consideration. Figure 20 shows the
separation of both diffusive transports schematically.

Fig. 20 Schematic representation of diffusive oxygen transport in the aeration module
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Diffusion in soil gas phase
The vertical diffuse transport of oxygen in the airfilled pores in the soil system is
described by:

06 ¢ ) dc
e - 9|p "% | - £ 2564103(T+273.15) Q (156)
at az( J Bz] L I ) s

where Q,, is the demand for atmospheric oxygen. The factor 2.564 107 (T+273.15)
results from the Law of Boyle Gay-Lussac. The diffusion coefficient D, is described
as a function of soil moisture:

D
it} =p1(ew_e)“z (157)
DO

Several expressions can be found to relate the diffusion coefficient in the soil gas
phase to the diffusion coefficient in air. In literature different relations between the
diffusion coefficient and the volumetric gas content can be found, but the formulation
given in Eq. 160 has been chosen for reasons of data acquisition. Bakker et al., (1987)
provide a review on different formulations and experimental data.

Table 5 Parametrization of the relation between the oxygen diffusion coefficient and volumerric
guas content according to Bakker et al., (1987)

Sail type P: P
Poor loamy and humusless sands 1.5 3.0
Structureless loamy sands 7.5 4.0
Weakly aggregated topsoils of loamy sands, light clays

and humous sands, subsoils of light clays 2.5 3.0
Aggregated light clays 20 2.5
Dense clay soils 0.3 1.5

In most regional model applications, the diffusive properties of soils have been
schematized to three classes: good, moderate and bad capabilities for oxygen diffusion.

Table 6 Assumed parametrization of the relation between the oxygen diffusion coefficient and the
volumetric gas content in some regional studies

Diffusive property < P, Soil units according ‘Staring Reeks’
Good 0.3 1.5 BO7, B9, B10, B11, B12, B1é, B18
Moderate 20 25 B03, B04, BOg, B13, B14, B15, B17
Bad 235 30 BO01, BO2, BOS, BO6

Organic decompostion as well as nitrification require oxygen. Stoichiometric factors
are based on the assumption that these transformations are governed by:
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CH,0 + 0,1 ~ H,0 + CO,1

, + 40,1 -~ 2H,0 + 2NO; + 4H’

(158)
2NH,

The oxygen demand which results from nitrification and acrobic decomposition of
organic materials is expressed by Q_:

3;058(2 (1-0)f, Kk, OM(®) +(1 -a)k, EX(t) +

fr=l (159)

(1-a)k,(Bcpp(D) +h, HU(D)+ -@k B D

The oxygen requirement of respiratory processes of living roots has been neglected.
When the defined oxygen requirement can be fully satisfied by supply from the
atmosphere, the factor f,, takes the value one. However, when the diffusive process
in the water filled aggregate pores 15 not fast enough to create complete aerobic
circumstances, part of the soil layer will be anaerobic. The oxygen consumption of
such a layer will be smaller than Q_,. Under these circumstances nitrification docs
not occur and it is assumed that the activity of the organic biomass is less and that
the transformations occur at lower rates.

Q- 32058f,,,,m,(2 (1-2), k,, OM@) + (1 - a) b, EX() + (160)
Sn=1

(1-a)k (8¢ 1)) +k, HU()

where f;,,..., 18 a factor accounting for the lower transformation rates at unfavourable
circumstances within the anacrobic part of a soil layer,

The introduction of the reduction factor f,, enables the calculation of an oxygen profile
on the basis of actual oxygen consumption rates. Under field conditions, the oxygen
transport in the soil gas phase will be in equilibrium within a few hours. The diffusion
coefficient of oxygen in air will take the value 1.64 m* d"' at 10 °C. Taking p )3 and
p, as 2.0 and 2.5 and assuming a volumetric gas content of 10% yields 10% m* d”'
as the value of D,. When the layer thickness equals 0.1, the factor D /(Az) will
amount 1 d”. For longer time increments (e.g. 10 days) equilibrium will bc achieved
within a fraction of the time step and the diffusion process can be approximated by
steady-state diffusion profiles. Such a diffusion equation reads:

d . . de §
L(D.—8) = £ 256410 (T+273.15) Q (161)
2 Pe ) “far ( ) Q,

The factor £, is a function of the oxygen concentration in the gas phase, the potential
oxygen consumption rate and soil moisture conditions related to the soil type.

The soil system is divided into a number of layers, each with its own thickness. The
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diffusion coefficient D, and the oxygen consumption rate b arec considered to be
constant per soil layer and per timestep. Since the factor f,, is dependent on the oxygen
concentration, an iterative computation scheme is required to determine its valoe. In
the first iteration round, the factor is set to 1 and oxygen concentrations are calculated
using the vertical diffusion model. Then new values of f, are calculated per layer
using the radial diffusion model. This model uses the calculated oxygen concentrations
and the potential oxygen consumption rate as input. After determining f,,-values, a
new computation round starts. The iteration procedure will be terminated when the
cumulative difference between old and new values is less than a certain criterium.

When solving the differential equation for vertical diffusive transport, two boundary
conditions can be identified. At the ground surface, the soil air concentration equals
the concentration in the free atmosphere. At the groundwaterlevel, a zero-diffusion
flux is assumed. If the diffusive capacity is not sufficient to satisfy the oxygen
demand, anaerobic conditions in the unsaturated layers above the groundwater table
can occur. In this case, the effective diffusion depth can be calculated from the
condition that both the diffusion flux and the concentration take the value zero.

Partial anaerobiosis fraction :

The partial anaerobiosis fraction £, is calculated utilizing a sub-model which describes
the radial diffusion in soil water around a pore. The general equation for cylindrical
diffusion:

B _ 1 3 Bl 36y) _ 0, (162)
ot ror A, oOr
in which:
C, aqueous oxygen concentration (kg m,,”)

,,; moisture fraction at saturation (m,’ m,?)

D, oxygen diffusion coefficient in water (m* d™)

A tortuosity factor for diffusion in saturated soil particles (m,, m.")
r distance from the centre of air filled pores (m)

A default value 0.3 has been assumed for the tortuosity factor A,. Under normal field
conditions, 8,,D,/A, takes the value 7.5-10° - 8.0-10® m® d"'. The average radius of
an aerated around an airfilled pore amounts less than 10* m, so the factor 6D /(A7)
will be greater than 10. The oxygen profile around an air filled pore will be at
equilibrium within one hour. This allows a steady state approximation of Eq. 73:

(r 8D, &] =Q, (163)

This equation is subject to the following boundary conditions (Fig. 21):
- The agueous concentration is in equilibrium with the concentration in air filled
pores at the air-water interface (r = r,, - ¢, = c,,).
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- At the outerside of the agrobic zone, hoth the flux and the concentration equal
zero (r = r,,, — de fdr=0).

Fig. 21 Schematization of an aerobic and an anaerobic zone around and air filled pore

The solution which satisfies the zero flux condition at r = r,,, and the concentration
condition at r = r,,,, combined with the zero concentration condition at r = r,,, yields

pD]"

an expression from which the variable r,,, is determined:

0Dy _ O _ Tarypyy Teryy _ (Tarye g (164)

2
A, Qw, Toor por por por

4

The equilibrium concentration at the air-water interface can be calculated from the
oXygen concentration in gas:

_ %g
2.564:107 (T +273.15)

r= rpo, = Cw

¢ (165)

where o is Bunsen's coefficient of solubility (m’ m™) and the denominator is a factor
to convert from volumic concentration to mass concentration, as can be derived from
the rule of Boyle Gay-Lussac. Both the diffusion coefficient of oxygen in water and
the Bunsen's coefficient depend on temperature. Tabel 7 represents data reported by
Glinski and Stepniewski (1985).
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Table 7 Diffusion coefficient in water, Bunsen's coefficient of oxygen and surface tension of water
as a function of temperature

Temperature Diffusion coefficient Bunsen's coefficient Surface tension
O (m* d) (m’ m?) ( m?

0 8.554-107 0.0489 7.56-10*

4 7.50-10

5 1.097-10" 0.0436

10 1.331-10* 0.0394 7.42-10?

15 1.572-10" 0.0360 7.27-10°

20 1.814-10" 0.0333 7.11-107?

25 2.056-10* 0.0309 6.95-10°

30 2.307-10" 0.0290 6.79-10°

The average radius of air filled pores r,,, follows from the relation between suction
and height of capillary rise in thin tubes at static equilibrium. In general:

r= i_ﬂ (166)
P
in which:
n: surface tension of water (N m™)

Ap : pressure difference between air phase and water phase in a soil pore (Pa)
If y is the suction in cm's water pressure in the soil layer, the corresponding smallest

air-filled pore radius r (m) can be calculated as:

L

When the air entry point of the soil is at suction y, (cm), the corresponding radius
of the biggest pore equals r, (m). The average radius r,, of the airfilled pores is
assumed to equal the geometrical mean of r, and

0.0015
;= (168)
N T

From Eq. 166, the acrated radius r,,, can be solved. For a soil system containing one
pore, the aerated area around the pore A, per surface unit can be calculated as follows:

AM = n(rjer_rpof) (169)

If the volume per unit depth of a pore in soil layer is estimated as lv.n.rpgf and the

soil moisture difference between the suctions y, and y is A0, the number of airfilled
pores can be approximated as:
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(170)

where A, is a factor accounting for the tortuosity of the air-filled pores. If all air-filled
pores would be regurlaly distributed, without any interference, the aerated soil fraction
would be:

2
AO T 7
f“=NWA“=T__’_P°' (171)

v r

In practise, the distribution of the pores is random. Assuming a geometric distribution
of air-filled pores, the aerated soil surface per square unit can be expressed as the
sum of a geometric sequence with first term A,, and ratio (1-A4,,). In other words, when
the chance that a new airfilled pore interferes with an already aerated soil part is
defined as being proportional to the aerated part, the total aerated soil fraction will
be:

(172)
fop = A+ (L-A DA +(1-A VA, ++(1-A )™A =1-(1-4,)"

In anaerobic part of the soil, the oxygen demand for organic matier transformations
is met by the utilization of nitrate oxygen (Par. 2.4.5). It has been assumed that
organic matter transformations proceeds slower when only nitrate oxygen is available.
Therefore, a factor f,,,.,, has been introduced to account for the reduced process rates
(see Eq. 112). The multiplication factor for the combined availability of atmospheric
oxygen and nitrate oxygen on respitory acitivities has been formulated as:

At

1
“[\}f Ryien @t (173)

Froor = Joe * (1 -f,)min(1, 1‘; )
plen

The minimum function in the right hand side of the equation expresses the selection
of the rate limiting process. When ~fR¢ 2en d11 (AL R, ,,.) takes a value less than one,
the nitrate availability seems to be rate limiting.

2.6.2 Temperature

The correction factor for temperature (fy) is described by an Arrhentus equation:

cexpl-P (1 1 (174)
& CXP[ RM[T+273 T,ef+273]]
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where:

pL: molar activation energy (J mol™)

R, gas constant (J mol’ K™

T.: r1eference temperature at which the conversion rates have been determined (°C)
T: actual soil temperature (°C)

In all model simulation up to version 3.5, the molar activation energy was taken as
74826 (I mol™). The gas constant equals 8.314 (J mol ' K'). A reference temperature
(T, of 11 °C is applied in the model, being the average annual temperature for the
Dutch climate. Substitution of these values leads to an aiternative formulation:

fr = 111877 (173)

The soil temperature at a certain depth (z) from the soil surface and at a certain day
of the year can be given as input to the model or can be simulated using a sinus wave
submodel with a damping effect for depths below the soil surface:

= -z - 176
T=-T +A, e.xp( Dm] cos[m: + & D,,,] (176)
where
T temperature at depth z and time t (°C)
T, avaerage yearly temperature (°C)
A, amplitude of the temperature wave (°C)
D,: damping depth {(m)
z: depth below the soil surface (m)
t time as daynumber (d)
@: frequency of the temperature wave (rad d)
o: phase shift (rad)

Due to the limited heat diffusivity of the soil, the amplitude of the heat wave decreases
with soil depth. This phenomenon is accounted for by the introduction of the damping
depth D,, which is the depth where the amplitude of the temperature fluctuation has
decreased to A Je = 0.37 A,. The damping depth depends on the thermal properties
of the soil and on the angular frequency of the temperature wave:

D, - \ZD" with: D, = 2 (177
" « Yo,

where:

D,:  heat diffusivity (m*d")

C,  differential heat capacity (J m? °C")
A,:  heat conductivity (J m? d' °C™")
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2.6.3 pH

For the effect of pH on reaction rates only one function for the organic transformation
processes and the nitrification process has been formulated. The multiplication factor
for the influence of pH f; is given as:

1
= - - 178
Jn 1 + g-23(H-5) (178)

Time indepent pH-valtues are defined by the user for each soil horizon. It has been
assumed that under optimal agricultural practises, the pH-value will not change and
the seasonal fluctuation has been ignored.

The relation is based on soilwater quality data, so pH-values have to be considered
as pH-H,O values. In most model applications, only pH-KCl values are available from
soil information systems. A linear relation has been fitted between pH-KC1 and pH-
H,0 values which yielded the following set of regression coefficients.

Table 8 Transfer functions for assessment of pH-values from soil chemical properties

Soil type Relation Soil units according to ‘Staring recks’
Sandy soils pH=0.7262pH-KCl+2.1160 B7, B§, B9, B1{, B11, B12, B13, B14
Peat soils pH=0.8510pH-KC1+1.3842 Bl, B2, B3, B4, BS, B6

Sandy loam soils pH=0.7819pH-KC1+1.9772 B15, B16

Dense clay soils pH=0.7623pH-KC1+2.2517 B17, B18§, B19, B2Q, B21

2.6.4 Soil moisture content

The reduction in the transtormation rate coefficients under wet conditions is generally
caused by dilution effects and lack of atmospheric oxygen in the soil system. Both
effects have been treated by the CTE and influence of aeration. Drought stress of
micro-organisms has been described by the multiplication factor f,. The pF-value has
been used to describe the drought respons of micro-organisms, based on the analogy
of the root activity respons to dry conditions. Below wilting point, the function of
micro-organisms are disturbed. Based on experimental data from Ruurlo and model
calibration it has been assumed that within the rootzone between the values pF 3.2
and pF 4.2 the multiplication factor f, decreases linearly from 1.0 to 0.2. The
influence of the moisture content is described by:

pF < 3.2 = fo=1
32<pF<42 = f, =1-08(pF-3.2) (179)
pEF>42 = fé = 0.2

Below the rootzone, no adaptation for dry conditions is considered.
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2.7 Initial conditions

2.7.1 Soil organic matter

The model requires initial values of soil organic matter contents for each disinguished
class of fresh material, the humus/biomass pool, the exudate pool and the dissolved
organic matter pool. In general, the exudate and the dissolved organic matter pool
are defined as rapidly decomposing substances. Input errors with respect to the initial
contents of these pools will not affect the final results of the model simulation to a
large extent. The initial estimates of fresh materials and the humus/biomass pool
however, can have a great influence on the mineralization.

Field validations

In most validation studies, the distinction between initially present fresh organic matter
and humus biomass has been based on a rule of thumb resulting from the model
calibrations of Berghuijs-van Dijk er al., (1985). They derived a fractional division
of 90% assigned to humus/biomass and 10% attributed to fresh organic matter within
the rootzone. The model calibation was conducted using experimental data from a
lysimeter experiment with high doses of pig slurry (Steenvoorden, 1983). This ratio
has been adopted in nearly all the model applications. The assignment of 10% fresh
material to the distinguished classes has been done on arbitrary basis. In most of the
simulations the assigment of organic fractions in the subsoil was based on the
assumption of an increasing stability with depth. The upper soil layer contains more
readiliy decomposable material and the deeper soil layer shows a decreased average
decomposition rate.

Regional applications

In regional applications of the model, an initilization procedure has been developed
to describe the initial situation with respect to fractional distribution of organic
materials and mineral phosphate attributed to the fast and slow sorption pool as a
function of land use and model parameters. For the year the historical run starts (e.g.
1941), organic matter contents resulting from a soil chemical schematization of the
region are defined for each simulation plot. The fractional division between the
different classes has been done for field validation studies. Then, simulations were
carried out with an assumed historical fertilization practise. The results of these
historical simulation runs allow verification to measured field data and provide insight
in the overall performance of the model.

2.7.2 Root residues and produced dry matter

The schematization of organic materials allows the definition of a material representing
root residues. To facilitate a flexible model use, a simulation can start at any day of
the growing season. The initial produced quantities of shoots and roots dry matter
(Q,(2,) and Q,(z;)) as well as the initial quantities of N-uptake U,(#,) and P-uptake
Ug(t,) should be specified by the user in the model input.
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2.7.3 Nitrogen

Organic nitrogen contents are defined by their weight fractions in the distinguished
organic pools. The C/N ratio is a common figure in soil data systems and can easily
be abtained from the analysis of soil samples. The model user can verify his choice
for either the initial contents of organic pools or his assignment of nitrogen weight
fractions to the organic materiais by comparing the resulting C/N ratio to field data.
The C/N ratio follows from:

il
0.58 (Y OM,@) + EX(p) + Ocoylty + HU(t) )
frel

o
ﬁ>.:1 S OMt0) + fy EX () + Ocop(t) + frpnHUR)

CIN = (180)

The input of mineral nitrogen compounds are given as initial liquid concentrations
of nitrate and ammonium. Due to the high reaction rates of these compounds, input
errors with respect to the initial conconcentrations of NO, and NH," do only affect
the final results of the model simulation to a small extent.

2.7.4 Phosphorus

Input of initial organic phosphorus contents follows a procedure similarly to the
organic nitrogen content. The model user must attribute phosphorus weight fractions
to the organic materials. The result should be verified by comparing the resulting C/P
ratio to field data. The C/P ratio follows from:

id
0.58 (Y OM, (1) + EX(ty) + 8cgyfty + HUQ) )
CIP = o (181)

l :
g__:l Jom OMg(2)) + fp EX(t) + Ocpplty) + fp, HUL)

For mineral phosphorous, the model user should use one of three options for the
description of the initial phosphorus contents. The first option should be selected if
the contents of all individual phosphorus pools (liquid concentration, fast sorption,
time dependent slow sorption) are known from lab-experiments or model simulations.
The second option should be chosen if total P-contents P,, (kg kg'') and the liquid
concentrations are known. The third option should be used when only total P-contents
are known.

In the initialization procedure, the total phosphate stock is distributed over the pools.

With option 2, the liquid concentration is known and the fast sorption pool can be
estimated from the liquid concentration:
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Ky Crofty 182
e,PO4( e,PO4.max1 + K Cm(t 0) ( )

The sum of the slow sorption fractions is calculated as the remaining part. For the
estimation of the quantities assigned to slow sorption fractions, a hypothetical
equilibium concentration c'eq occuring during the last years is assumed. This
hypothetical equilibrium concentration can be calculated from:

K, conlt
0P - 80ty - p,X Kicrolly) (183

3
N,
K, (¢",, )™
de;l F,a( eq) d e,PO4,mu1+KLCPO4(t0)

The value of c‘,q is obtained by a Newton-Raphson iteration procedure. The resulting
value 1is used to calculate the initial quantities X, 5,, (#,) in the slow sorption pool
according to:

Xn,POﬂI{tO) = KF,:’ (c ‘eq)Nm (184)

In the third option with only total P-contents known, the slow sorption is assumed
to be at equilibrium. Both sorption pools can be written as a function of the liquid
concentration. The sum of all pools should equals P,

K, cpn (1,
Ocpolty) + P4X ePO4max y +cm(t:)) pd;, CM(tO)Nm = gl (185)

The value of cpq,(?,) is obtained iteratively by a Newton-Raphson procedure. After
assessing this value, the quantities in the fast sorption pool and the time dependent
slow sorption pool are determined straight forward.

2.8 Boundary conditions

Boundary conditions are input to the model and have to be specified for all soluble
substances for the boundaries at the top, lateral and botiom of the simulated soil
system. The boundary concentrations are applied to all soluble substances described
by the ANTMO model: dissolved organic compounds, ammonium, nitrate and mineral
phosphate. '

The boundary condition at the top is given as a concentration of the incoming
precipitation water flux, or:

Jp =9, ¢, (186)
where:
J,,.  solute flux across the top boundary (kg m~ d)
g,  precipitation water flux (m’ m? d)
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CP:

concentration of the precipitation water (kg m™)

In case part of the precipitation water consists of irrigation water, the concentrations
in the rain water should be calculated as a mixture of the rainfall concentrations and
the concentrations in irrigation water, proportional to the originating volumes.

The boundary condition at the lateral sides of the model system is given as a
concentration in the incoming (infiltrating) surface-water flux, or:

Ny
J, = E du; i (187)
I

The boundary condition at the bottom is given as concentrations in the incoming
seepage water flux, or:

Js = 45 < (188)

where:

J..» solute flux across the lateral boundary (kg m*d™)
J.;  solute flux across the bottom boundary (kg m? d”)
N,: number of different surface-water systems (-)

gy infiltrating water flux from surface-water system i (m’ m™ d")

g,  seepage water flux (m’ m? d")

¢,#  concentrations in the infiltrating water from surface-water system i (kg m™).
¢,: concentration in the seepage water (kg m™)
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3 CONCISE PROGRAMME DESCRIPTION

3.1 General data flow

The model requires a number of input data files and, after execution of a simulation,

generates a set of output data files (Fig. 22). Hydrological parameters must be supplied
by a hydrological model.

—[=] [=] (=)
(=7
|

ANIMO 3.3

Lll—

=/ [E] [=]

i

Fig. 22 Flow chart of the input and output data of ANIMO version 3.5

A general data file includes settings of model options for the simulation period, the
choice of hydrological model for pre-processing hydrological input data, the simulation
of the phosphorous cycle and the type and structure of model output. Soil physical
and soil chemical data should be supplied as well as data on boundary and initial
conditions and additions (including tillage). Default data are required for matiecrials
and plants. Materials are substances with a predefined composition which can be added
to the soil system,
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3.2 Model structure

In order to provide model users some insight into the model structure, a flow chart
of the main module is given in Figure 23. This flow chart will be used to give some
insight in the core of the model and explain the model structure. A more description
can be found in Kroes and Roelsma (1998).

Initialisation is the first step in the flow chart and in the ANIMO-model, It results in
an initial distribution of organic matter and mineral N and P over the model
compartments. The simulation then enters a loop with time-intervals, of which the
size (e.g. 1 day) is defined by the results of the hydrological model. Results of the
hydrological model are read as a terms of a complete water balance for the soil-water-
plant system. Next follows simulation of shoot and root development by the ANIMO-
model. Soil temperatures are simulated with a sinus wave sub-model. Additions and
tillage arc executed pulsc wise at the beginning of a certain timestep, as defined in
the model input. The nitrogen and phosphorus uptake rates are determined as sink
terms for the transport and conservation equation (CTE). Reaction rates (sink and
source terms) are corrected for the environmental influences of oxygen availability,
temperature, dry conditions and pH.

Oxgen is required for the decomposition of organic matter and for nitrification.
Therefore, before the process parameters of the conservation and transport equation
can be assesses, a good estimate of the oxygen profile has to be made. This is done
by a separate module which solves the CTE with optimal values for transformation
parameters for all dissolved organic matter and nitrogen substances in order to
compute a potential oxygen demand. In the acration module, the diffasive properties
of the soil are taken into account to reach an actual oxygen demand. From the ratio
between actual and potential oxygen demand reduction factors for organic matter
transformations, nitrification and denitrification follows.

Once the sink term decomposition of dissolved organic matter is known, the CTE can
be solved and the mineralization of dissolved organic compounds can be computed.
In addition to this process, mineralization is computed in the same module, after which
the CTE is solved for ammonium. From its solution the source term nitrification of
the nitrate CTE follows; next the CTE for nitrate can be solved. Optionally the
phosphate CTE will be solved similarly to ammonium.

At the end of each time-interval, nutrient uptake is integrated and prepared as initial

conditions for the next time-interval. Mass balances are verified and results are written
to output-files.
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Fig. 23 Flow chart of main module of ANIMO version 3.5

3.3 Inputs and outputs

Application of ANIMO version 3.5 for a single field or subregion requires a minium

set of 10 files (Table 9).
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Table 9 Summary of inpui-files of ANIMO version 3.5

Name of input-file Content

GENERAL.INP simulation- and outpui-optiens

MATERIAL.INP standard data on materiais (composition,reaction rates)
PLANT.INP standard crop data (plant growth and uptake parameters)
SOIL.INP soil chemical and soil physical data

CHEMPAR.INP soil chemical data for phosphorus

BOUNDARY .INP boundary conditions

INITIAL.INP initial conditions

ADDITION.INP data concerning additions and tillage to the soil system
SWATRE.INP and SWATRE.UNF waterquantity data from 2 multi layer model {(e.g. SWAP)
or:

WATBAL.INP and WATBAL.UNF waterquantity data from a two-layer model (e.g. WATBAL)

Hydrological data must be supplied by a hydrological model prior to the simulation

with the ANIMO-model. Two options are available, representing linkage with two types

of hydrological models:

- A detailed multi-layer model (¢.g. SWAP-model; Belmans ef al., 1983; Feddes et
al., 1978; Van Dam et al., 1997).

- A two-layer model (DEMGEN; Abrahamse et al., 1982; WATBAL; Berghuijs-van
Dijk, 1985)

If a multi-layer model is used for preprocessing hydrological data, then a file
{SWATRE.UNF) must be be created containing all required hydrological data, including
data about model-geometry. Additional information is required (file SWATRE.INP) on
the kind of crop grown and on the maximum depth of the root zone. If a two-layer
hydrological model is used (file WATBAL.UNF), then a more detailed hydrology- related
input is required (file WATBAL.INP) to allow ANIMO the data processing from a two-
layer system to the multi-layer system.

Linkage of the ANIMO model to a regional groundwaterflow is also an option (Van
der Bolt et al., 1996). The hydrological model should generate information on water
fluxes of the vadose zone and the upper groundwater zone of each subregion in a
series of files with a similar layout as described above. An extensive description of
the input-files has been given by Kroes and Roelsma (1998).

Standard output has been organized in three files: TOUT.OUT, INITIAL.OUT,
MESSAGE.OUT. All other output-files are optional. The file TOUT.OUT gives output of
input and an optional output for each timestep from each subroutine and facilitates
the modeller in his examination of the model performance. The file INITIAL.OUT
contains the results of all the state variables at the end of the simulation in the same
sequence as the input-file INITTAL.INP and can be used to initialize a restart-run. The
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file MESSAGE.OUT comprises warning messages on the performance of the simulation
error-messages.

Optional output consists of water and material balances from a user defined number
of model-layers and a frecly choosen simulation interval. In addition to these balances
the model can also generate time series of output for each model-layer.



4 VALIDATION AT FIELD SCALE

4.1 Introduction

The ANIMO-model has the ability to make reliable predictions for a wide range of
different environmental conditions, This is illustrated by a number of case-studies
which include comparisons between measured and simulated values of the soil-water-
plant system at field scale. In some case-studies a separated calibration and a
validation phase was distinguished, whereas other studies combined both phases.
Validations on the scale of submodels or process formulations are not available, In
this report, the more practical perspective of model validation has been adopted.

The ANIMO-model was initially developed as a leaching model for nitrogen and
therefore the first validations mainly focused on the leaching of nitrate (e.g. Kroes,
1988 and Reiniger ef al.,, 1990). Recent validations include other processes of the
nitrogen cycle and a validation of the leaching of mineral P and total P. In this
validation procedure, results of field experiments at different locations in The
Netherlands have been used. A prerequisite of an appropriate validation is a good
description of water and nutrient movement in the soil. Due to the huge amount of
data required for this type of dynamic simulation models, complete sets of field data
are scarce and the opportunities to conduct a thorough model validation are often
limited. Examples will be presented of recent validations using data-sets from different
Dutch field experiments (Fig. 24). Jansen (1991a) applicd the model using data-sets
from different European countries.

Fig. 24 Location of field experimenis used to validate the ANIMO-model
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Depending on the availability and the suitability of experimental data, the behaviour
of one or more substances in the modelled soil-water-plant system was validated
(Table 10). At some locations other entities were measured (total-N, ammonium-N,
P-uptake, etc) and used to validate the model. Due to their incidental measurements
they have been left out of this report, but have been described in the pertinent project
Teports.

The description in this report is limited to six locations covering a fairly wide range
of landuses on different soil types.

Table 10 Validated variables of ANIMO model at different locations in The Netherlands

Experiment Soil-water-plant system

nr  Location Soil Ground water Surface water Plant

1 Heino mineral-N nitrate-N N-uptake
2 Ruurlo mineral-N nitrate-N N-uptake
3 Nagele mineral-N N-uptake
4 Lelystad nitrate-N

5 Putten sorbed-P ortho-P ortho-P

6  St. Maartensbrug total-P total-P

Locations 7, 8 and 9 (Fig. 24) refer to other recent validations:

- location 7a and 7b {Vredepeel and Borgerswold): Different management options
within integrated arable farming affecting nitrate leaching (Dijkstra and Hack-ten
Broeke, 1995} (ANIMO version 3.4);

- location 8 (Cranendonck): high doses of cattle slurry applied in forage maize on
sandy soil (Kroes er al., 1996) (ANIMO version 3.5);

- location 9 (Hengelo): Effects of different management options for grazing cattle
within dairy farming (Hack-ten Broeke and Dijkstra, 1995) (ANIMO version 3.4).

In all validations data (water fluxes and leached quantities) from long-term field
experiments at different fertilization levels were used. The field experiments differ
in soil type, land use and fertilizer management (Tahle 11). The experiments in Heino
and Ruurlo were used to validate the model for the leaching of nitrate, crop uptake,
and mineral N-storage in soil for grassland and forage maize. The experiment at
Nagele was used to validate arable crop uptake of N and soil storage of mineral N.
The experiment in Lelystad was used to validate leaching of nitrate to surface waters
under grassiand. The experiment in Putten validated leaching of mineral phosphorus
to field ditches. The experiment in St. Maartensbrug validated the leaching of mineral
phosphate and dissolved organic phosphorus in calcarous weakly humous sandy soils
to tile drains and open field drains.

Each experiment was modelled by separate simulations for the hydrological and
nutrient cycle of the soil-water-plant system. All hydrological simulations were carried
out using the SwaP-model (Belmans et al., 1983, Feddes er al., 1978, Van Dam et
al., 1997). Results of the hydrological simulations were used as input to the ANIMO-
model. Unless explicitely given, all simulations have been carried out with version
3.5 of the ANIMC model.
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Table 11 Main characteristics of field experiments used to validate the ANIMO model

Experiment Soil texture Land use Groundwater  Artificial Animal Number
- Ievel fertilizer level fertilizer level of
nr location (m-surface) (kg ha' a) (kg ha' a') wvariants
1 Heino sand forage maize 0.5-1.6 20- 140N 180 N 9

2 Ruurle lpamy sand grassland 0.2-1.7 0-160 N 0- 400 N 8

3 Nagele silty loam winter wheat 0.6 - 1.5 118 - 150 N

4 Lelystad clay grassland 05-20 ON 220N 1
(grazed)

5 Putten sand grassland 03-13 P 45 P 2
(grazed)

6 St Maartens- calc. weakly flower bulbs 0.6 - 1.0 0P op 2

brug humoys sand

! some plots combined forage maize with a nitrogen catch crop in winter,

4.2 Forage maize and catch crops on a sandy soil

4.2.1 Introduction

Between 1988 and 1994 research at the experimental farm in Heino was performed
to establish the impacts of a nitrogen catch crop after forage maize on nitrate leaching.
Field data were reported by Schrider et al., (1992) and Van Dijk et al., (1995). Nitrate
concentrations in soil moisture were analyzed and the nitrate leaching mass flux was
computed by model simulations of combined water and nitrogen transport. A detailed
report of the validation was presented by Kroes et al., (1996). Paragraph 4.2.3 presents
results of the comparison between simulated and measured values.

4.2.2 Method

Hydrology was simulated by the sSwaP-model using measured groundwaterievels as
a lower boundary condition. Soil physical propertics were partly measured and partly
derived from standard soil moisture retention curves for the three distinguished soil
horizons. The hydrology of the soil-water-plant system was simulated for three
different cropping patterns:

- forage maize;

- forage maize with grassland as catch crop;

- forage maize with rye as catch crop;

Hydrological simulations were validated by comparing the simulated and measured
pressure heads at a depth of 15 cm. The simulation of the nutrient processes was
performed in two phases: a calibration and a validation phase. During the calibration
phase only one field plot (forage maize without catch crop, fertilization level of 180
kg ha”' N) was simulated and input parameters were adapted to obtain a reasonable
fit of the simulation results. Only those parameters influencing denitrification and
mineralization needed to be adjusted.
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During the validation phase the other variants were simulated keeping process
parameters identical to the calibration phase, except of course the site specific
meteorology and fertilizer input data. Simulation results were evaluated by comparing
between measured and simulated values of:

- nitrate concentrations at a depth of 1 m below the soil surface;

- crop uptake by forage maize (nitrogen in harvested parts of crop);

- mineral nitrogen present in the upper 60 cm of the soil.

4.2.3 Results

Some results of the calibration are presented in Figure 25. Simulated mineral N in
the layer 0-60 cm below soil surface (Fig. 25a) showed a fairly good comparison
between simulated and measured values; largest deviations occur in the summers of
the first four years. Simulated nitrate concentrations (Fig. 25b) at 1 m below soil
surface are on average 9% below the measured values. Simulated crop uptake of
nitrogen is in good agreement with the measured uptake, only in the wet year of 1993
the simulated value is too low. From a statistical evaluation (Kroes ef al., 1996) it
appeared that the average deviation for mineral-N, nitrate-N and crop uptake is
respectively 33%, 65% en 12%.

Results of the validation are presented in Figure 26 as time averaged results of
simulated and measured values for the whole period 1988-1994. Mineral-N and nitrate-
N are based on comparisons for those time steps where measurements took place; crop
uptake is based on a comparison of annual harvested crop yields. Computed average
nitrate concentrations (Fig. 26b) shows a good agreement with the measured values.
The largest deviations are found for variants with high inorganic fertilization levels,
where a4 maximum overestimation of 28% occurred. Simulated mineral-N (Fig. 26a)
and crop uptake (Fig. 26c) tend to slightly underestimate and overestimate
measurements at resp. low and high fertilization levels. Other validations for forage
maize (Kroes ef al., 1996) did not confirm this pattern. It has been concluded that
the model performance is satisfactory, but the nutrient uptake by arable crops requires
further study and an extended validation.
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Fig. 25 Calibration on Heino field experiment data: measured and simulated mineral N in 0-60
cm below soil surface (a), concentration of nitrate at 1 m below soil surface (b) and uptake of N
by crop (c); forage maize without caich crop and with a fertilizer treatment of 200 kg ha' N
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Fig. 26 Validation on Heino field experiment data with different catch crops and different
 fertilizer treatmenis: measured and simulated mineral N in 0-60 cm below soil surface (a), nitrate
concentration at 1 m below soil surface (b) and N-uptake (c)

4.3 Non-grazed grassland on a sandy soil

4.3.1 Introduction

Between 1980 and 1984 field research at an experimental farm in Ruurlo aimed to

quantify the influence of different application techniques on soil fertility, crop yields

and nitrate leaching. The data sets have been utilized by Jansen (1991b) to evaluate

the performance of the ANIMO mode! within the framework of a comparison of six

nitrate leaching models. The main characteristics of the Ruurlo field plots are:

- soils are classified as loamy sand soils;

- different fertilization levels and application techniques (both injection and surface
applications of slurry);

- land use is grassland without grazing;

- high water holding capacity.

Field data were collected during the period 1980-1984, extensively published by Fonck
(1982a, 1982b, 1986a, 1986b, 1986c), Wadman and Sluysmans (1992) and Jansen
(1991b). Nitrate concentrations in soil water were measured and the nitrate leaching
mass flux was computed by means of model simulations of combined water and
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nitrogen transport. A more detailed report, of the validation was given by Jansen et
al., (1991b) and Kroes et al., {1996).

4.3.2 Method

Hydrological simulations were carried out by Jansen (1991a) with the swAP-model.
ANIMO simulation results were verified with measured values of;

- nitrate concentrations at 1 m depth;

- N-uptake as found in all grassland cuttings;

- mineral nitrogen present in the upper 50 cm of the soil.

Nitrogen simulations were calibrated using the data of one fertilization experiment
(800 kg ha' N; 50% as artificial fertilizer and 50% as animal manure). The animal
manure (cattie slurry) was injected into the upper 10 cm of the soil. The data of the
other seven experiments were used for model validation. Most important parameter
adaptations during the calibration phase were related to decomposition of organic
matter in the subsoil.

4.3.3 Results

Results of the calibration phase (Fig. 27) generally exhibit a good agreement between
simulated and measured values. The time series of mineral nitrogen (Fig. 27a) shows
some deviations during peak periods but the average values fit well. The difference
between measured and simulated nitrate concentrations at 1 m depth (Fig. 27b) does
not exceed 11%, which is acceptable. The calculated cumulative nitrogen uptake by
the grass shoots are in good agreement with the measured data (Fig. 27¢). A more
detailed comparison of 33 grassland-cuttings (Kroes et al., 1996) has proved that
relatively large deviations per cutting for the year 1982 can occur, but the average
measured and computed values differ only 9.5% and is therefore gquite acceptable.

Results of the model validation are given in Figure 28 showing the comparison of
time averaged simulated and measured results with respect to N-mineral, NO,-
concentration and N-uptake. The data telate to the whole experimentation period:
1980-1984. The storage of mineral-N in the toplayer (Fig. 28a) is simulated fairly
well; only two variants exhibit a deviation between measured and simulated values
greater than 20%.

The overall performance of the mode] is quite acceptable. Measured and simulated
values at these plots are still below the EC drinking water standard (11.3 mg.1" NO,-
N). N-yield of the grassland-cuttings is simulated fairly well. The model shows a slight
tendency to overestimate crop uptake. A more detailed validation study (Kroes et al.,
1996) comprising all individual grassland-cuttings showed that relatively large
deviations can occur, but the average values fit fairly well.
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Fig. 27 Calibration Ruurlo: measured and simulated mineral N in 0-30 cm below soil surface (a),
concentration of nitrate at 1 m below soil surface (b) and uptake of N by crop {c) during period
1980-1984; variant with subsurface injection of cattle slurry 80 1on/ha and artificial fertilizer of
400 kg ha' (iotal fertilizer level of 800 kg ha' N)
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4.4 Winter wheat on silty loam soil

4.4.1 Introduction

Data of extensive field experiments were collected by Groot and Verberne (1991).
The objective of these experiments was to obtain reliable data sets on soil nitrogen
dynamics, nitrogen uptake, crop growth and crop development in different nitrogen
treatments for winter wheat during the growing secason. Data from two experiments
were used to validate the ANIMO-model on crop uptake by winter wheat and storage
of mineral nitrogen (Rijtema and Kroes, 1991). A summary of the validation using
data from the field experiment in Nagele (Fig. 24) is presented.

4.4.2 Method

The experimental fields at Nagele can be characterized as:
- soil unit: silty loam;

- groundwater level: 0.6 - 1.5 below surface;

- fertilization level: 110 and 150 kg ha’ N, applied as artificial fertilizer.
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Crop and soil samples were taken at three week intervals before anthesis and at two
week interval after anthesis. Groundwater levels were measured during the growing
season of the year 1984. Daily weather data were available from the nearest
meteorological station. Soil moisture retention curves and hydraulic conductivity data
are reported by Groot and Verbemne (1991). At each sampling date 0.5 m” crop was
harvested in eight replicates for detailed plant analyses.

The swAP-model was applied to provide the hydrological data required by the ANIMO
model. For this purpose measured soil physical data have been used as input. The
SwAP-model was applied using measured groundwaterlevels as a lower boundary
condition. The nitrogen dynamics was simulated with version 3.0 of the ANIMO-model.

4.4.3 Results

The measured and simulated uptake of nitrogen during growth is presented in Figure
29a for the field with a fertilizer level of 110 kg ha™ (N1). It appears that measured
and simulated nitrogen uptake during growth agree reasonably well. The total mineral
nitrogen present in the soil of the N1 field during growth is given for the layer 0-40
cm in Figure 30a and for the layer 0-100 cm in Figure 30b. Figure 31 exhibits the
measured and simulated data separately for NH,-N (Fig. 31a) and NO,-N (Fig. 31b)
for the layer 0-100 cm. Attention is focused on the fertilizer addition of 60 kg ha'!
N applied at daynumber 132 which is not followed by an increase in mineral nitrogen
1n the measured data. The simulated data, however, show an increase in total minerat
nitrogen immediately after the application, followed by a sharp reduction in the days
after application. Next to an increased crop uptake after this N-dose also an increased
denitrification caused by temporal anaerobiosis due to heavy summer rains reduced
the quantity of mineral nitrogen in the soil. The calculated total reduction in mineral
nitrogen in the soil follows the measured data reasonably.

Results of measured and simulated nitrogen uptake of two experimental field plots
are presented in Figure 29b. The two fields (N2 and N3) received fertilized equal
doses of nitrogen {150 kg ha'). The measured data of both fields have been plotied
in Figure 29b to give an impression of the spatial variability of the measured data.
The simulated data fit reasonably well with the measured results. Figure 32a and 32b
depict the mineral nitrogen storage in the soil profile for the layer 0-40 and 0-100
cm respectively. The duplicate measurements give also an indication of the spatial
variability in measured mineral nitrogen data. The simulated data appear to describe
the temporal variation in mineral nitrogen in the soil following the fertilizer additions
of 60 kg N at daynumber 132 and of 40 kg N at daynumber 172 correctly as compared
with the measured data.

The overall performance of the ANIMO-model was jugded to be good, but the
simulation of reduced concentrations after fertilizer application in june 1984 failed.
The most reasonable explanation for this phenomenon was the acclerated growth of
living soil biomass, which has not been formulated in the model still.
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Fig. 32 Measured and simulated soil mineral-N at Nagele, fertilizer level of 130 kg ha' N; soil
layers 0-40 cm (a) and 0-100 cm (b)

4.5 Grazed grassland on clay soil

4.5.1 Introduction

A research program at the experimental farm Waibhoerhoeve (Lelystad) aimed to
analyse the influence of white clover on nitrate leaching and soil fertility in grazed
grassland. An important feature of the research program was to compare two complete
dairy systems: a grassland and grass/clover system. The experiments were conducted
with different mixtures of grassland and white clover and during the period 1991-1994
the nitrate leaching was determined by incidental measurements of subsurface drain
water discharges and nitrate concentrations (Schils, 1994). To verify the preliminary
results and to analyse the nitrate load on surface water by different grass/clover fields,
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an additional research programme was conducted to quantify the nitrate leaching
during the season 1993/1994 (Kroes et al., 1996). Results of a comparison between
simulated and measured nitrate sub-surface discharge from a grass/clover pasture are
presented.

4.5.2 Method

The experimental fields at Lelystad can be characterized as:

- s0il unit: clay;

- groundwater level: 0.5-2.0 m below soil surface;

- fertilization level o artificial fertilizer and 220 kg ha' N by animal manure.

Quantification of mass-discharges of nitrate by subsurface drains was conducted by
sampling of discharge proportional water volumes and analysis on nitrate (Van den
Toorn et al, 1994). The hydrological input required by the ANIMO model was
generated by the SwaP-model utilizing the soil physical properties derived from
standard soil moisture retention curves (Wisten et al., 1994) for the four distinguished
soil horizons. A number of calibration runs are carried out with different values of
the saturated hydraulic conductivity and lower boundary condition until the measured
and simulated data with respect on groundwater levels and drain water discharges
fitted well.

Nitrogen dynamics was computed using the ANIMO-model version 3.4.2 Due to an
insufficient number of replicants, no data were available for an independent field
validation, so only the ability of the ANIMO model to reproduce the dynamic behaviour
of nitrate leaching as influenced by climatical conditions could be verified. The
empirical parameters p, and p, describing the vertical oxygen diffusion in the soil gas
phase were adapted to obtain a good fit between simulated and measured values.

4.5.2 Results

Verification of nitrogen simulations took place by comparing the computed results
with the measured data. A fair agreement between the simulated and the measured
results was achieved for both the individual results (Fig. 33a) as well as for the
cumulative results (Fig. 33b). The largest deviation occured in the month of April
1994, where model simulations overestimated the water discharge. This deviation is
most probably caused by an overestimation of the saturated hydraulic conductivity
which incidentally caused an overestimation in simulated drain water discharge. It
has been concluded that the ANIMO model is able to reproduce the dynamic behaviour
of the nitrate leaching reasonable. Better results can be achieved by implementing
preferential in both the hydrological and the nitrogen model.
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Fig. 33 Validation Lelystad: Measured and simulated nitrate drain discharge of a field cover by a
mixture of grass and clover in Lelystad; cumulative (a) and daily (b); period Jan.1994-April 1994

4.6 Phosphorus leaching from grassland on a sandy soil

4.6.1 Introduction

Intensive land use with high fertilizer levels resulied in high leaching of phosphorous
compounds to surface water and groundwater systems. During the years 1989-1994
the DL.O Winand Staring Centre carried out a research programme to evaluate several
options to reduce phosphate leaching. Within this framework Kruyne et al., (1996)
validated the phosphate leaching as simulated by the ANIMO model.
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4.6.2 Method

The phosphate adsorption formulations were based on and parameterized by data
originating from laboratory experiments (Schoumans, 1995) and implemented in the
ANIMO-model version 3.5. The new formulation was calibrated on measured data on
the penetration depth of the adsorbed phosphorus front and on the phosphate
concentration in the liquid phase of the soil. Measured data were obtained at the
experimental location in Putten (Schoumans and Kruijne, 1995). This field is
characterized by:

soil unit: ‘Beekeerd soil’;

groundwater level: 0.3 - 1.3 m below sail surface;

P-fertilization: no artificial fertilizer and 45 kg ha' P as animal manure.

The validation was carried out by comparing simulated phophorus mass discharges
towards a field ditch with measured data. Quantification of mass-discharges of P took
place by analyses of P-concentrations in discharge proportionally collected water
samples. A historical period of 45 years was simulated to initialize the ANIMO-model
and achieve a good approximation of the initial phosphorous sorption front. The final
results of this initialization period were the starting-point for the calibration and
validation phase. The hydrology was simulated with the swAP-model using the second
year to calibrate and the third year to validate on measured ground water levels and
water discharge to the ditch. Calibration was conducted by adaptation of the bottom
boundary conditions, the drainage parameters and the soil physical parameters (Kruyne
et al., 1996).

4.6.3 Results

The calibration phase resulted in an acceptable fit of model results to the measured
data with respect to the sorbed phase and the liquid phase of the soil. Results of the
sorbed phase are presented as measured and simulated fractions of phosphate-sorption
in relation to depth in the upper 80 cm of the soil (Fig. 34a). Simulated and measured
values are presented as averaged values for the year 1992. Calculation of standard
deviation has been based on more than 20 measurements. Results for the liquid phase
relate to ortho-phosphate concentrations which have been presented as a function of
depth (Fig. 34b).

The model validation was performed by comparison of calculated ortho-phosphate
loads towards the ditch with measured values. Measured loads relate to loads as could
be determined as P-discharges at the end of a field ditch. The results of this validation
(Fig. 35) show a fair agreement between simulated and measured values. Other results
have been presented by Kruyne et al. (1996).
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4.7 Flower bulb soils

4.7.1 Introduction

Flower bulb cultivation in The Netherlands can be characterized as an intensive form
of agriculture with intensive use of fertilizers and pesticides. An important part of
this cultivation is situated at vulnerable weakly humous calcareous sandy soils.
Average phosphate surplusses during the eighties have been estimated at 220 kg a™'
PO, (Steenvoorden ef al., 1990). Environmental risks are considerable and research
has been conducted to gain quantitative insight to assess these risks. Part of this
research programme was a laboratory study of phosphate reactions in calcarcous sandy
soils (Schoumans and Lepelaar, 1995) resulting in an alienative sorption/ precipitation
formulation to be implemented in the ANTMO model by an appropriate choice of the
input parameters. The formulation was verified on laboratory experiments and
validated under field conditions (Dijkstra ef al., 1996).

4.7.2 Method

At first, laboratory research employing batch experiments yielded information on the
sorption/precipitation mechanisms. The resulting model formulation has been verified
in column leaching experiments with two soil samples. Field data on phosphate liquid
concentrations in soil, groundwater and drainwater have been used to validate the
model under field circumstances.

Two different soil types have been identified as the most important groups to describe
the phosphate behaviour in flower bulb cultivated sandy soils: mud-flat sands and
coastal dune sands. Laboratory research yielded the parametrization of the Langmuir
relation describing the equilibrium sorption (Table 12).

Table 12 Parametrization of Langmuir equation describing the equilibrium sorption of phosphate
in calcareous sandy soils

Soil type K, X, mas. P00 Explained variance
(1 mghH (mmol kg P) (%)

Mud-flat sands 0.101 0.79 B8

Coastal dune sands 0.144 0.43 85

Laboratory data supported the assumption that the sorption/diffusive precipitation
reaction can be modelled according to a rate dependent Freundlich equation:

G - ky (K [CaT"™ (P - XP)
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[Ca] : calcium concentration (mol 1)

[P] : phosphate concentration (mol 1)

XP content sorbed / precipitated phophate (mmol kg P)

Kogs rate coefficient (d')

K, : sorption/precipitation coefficient (nmol kg'P)(mol I"'P)™ (mol I'P)™
N, P-concentration exponent (-)

N, Ca-concentration exponent ¢-)

Seven soil samples have been treated in a series of experiments. The quantity of rate
dependent phosphate sorption / precipitation was determined from the total P-fixation
minus the calculated quantity assigned to the equilibrium sorption phase. For the
assessment of the parameters describing the rate dependent formulation, no distinction
could be made between the two soil types. The resulting parametrization reads: K
= 600908, k,, = 0.02529, N, = 1.024 and N, = 0.732 and the percentage explained
variance was 89,5% (Schoumans and Lepelaar, 1995).

Verification of these parameters was performed by comparing simulated and measured
effluent concentrations of a leaching experiment. Two soil samples have been loaded
by flushing with a phosphate influent concentration of 50 mg.l" P (pH=8). After
saturation, the equilibrium sorption phase was removed by leaching with a zero-
phosphate concentration. This experiment was simulated by the ANIMO model using
the data concerning the experimental circumstances as input data and assuming that
the influence of the organic phosphate cycle could be neglected. The rate constant
refers to the adsorption reaction, whilst the backward reaction was assumed to be zero.

© _Pconceniration (mgM 3%
241
40 1
33 7
30
221
20

T 1
0 \ - T T v 0.00 240 4.80 7.0 9.60 12.00

0.00 240 4.80 7.20 5.60 1200
Number of column refreshments

Fig. 36 Breakthrough curves of phosphate leaching experiments conducted with two soil samples
originating from 0-25 cm depth (left) and 52-72 depth (right)

The results show a fairly good performance of the model. The simulated concentrations
agree reasonably well with the measured values. It can be concluded that the proposed
process formulation and derived set of parameters is able to describe the average
phosphate concentrations in homogeneous calcareous sandy soils.

Field measurements included collection of hydrological data and data concerning
nutrient concentrations in soil moisture and drain water. The hydrological conditions
of the experimental field are characterized by a groundwater level at 0.6-1.0 m depth,
a drain spacing of 5 m and sprinkling during spring and summer season. Once in four
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years, a six week inundation period of the soil profile is established to remedy
biological soil contamination. No animal manure is dosed for fertilization, but organic
compost is applied to prevent wind erosion of soil particles. During winter time, the
fields are covered by straw to protect young flower bulbs for freezing.

In this study, the soil management, the material inputs and the nutrient extraction by
the flower bulb crops were quantified and the initial condition with respect to the
phosphate content of the soil was estimated from soil analyses.

4.7.3 Results

Simulation runs for validation purposes were carried out for a two-year period.
Hydrological input data to the ANIMO mode] were generated by the SWAP model using
measured moisture retention curves and measured hydraulic properties. The lower
boundary of the model was described by the drainage characteristics as found in the
field. The ANIMO model was calibrated on the basis of a qualitative comparison
between simulated and measured values. Results of the phosphate concentrations of
the soil water phase at different depths in one of the two soil profiles at the St.
Maartensbrug site have been depicted in Figure 37. Only minor adaptations of the
initial distribution between the quantities present in the equilibrium sorption phase
and the rate dependent sorption/precipitation phase were applied.

+ 0.4 mobserved 0.4 m simulated
* 0.6 mobserved —~---— 0.6 m simulated
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Concentration , Concentration N
PO,-P (mg.dm™) Organic-P (mg.dm™)
31 %423 3 1
2 2

+
Q

T v v 0
1992 1993 1992 1993

Fig. 37 Measured and simulated ortho-phosphate and dissolved organic phosphate concenirations
in soil water at 40 cm, 80 cm, 100 cm and 140 cm depth

The dynamics of the simulated ortho-phosphate concentrations at 40 and 60 cm below
soil surface agrees fairly well with the measured values, but dynamics of the the ortho-
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P concentrations at 100 and 140 depth could not be reproduced. The organic-P
concentrations are described satisfactorily by the model.

The field validation was carried out by an evaluation of the simulated drainwater
concentrations (Fig. 38). Both the measurcd and the simulated concentrations are
within the same range while the measured concentrations show a greater variation.
The dynamic behaviour of the simulation run is mainly caused by the dynamics of
dissolved organic phosphate. This agrees with the dynamics of the ortho-P
concentration in the upper groundwater zone. The model was unable to simulate the
measured short term dynamics of phosphate concentrations in drainage water. For the
purpose of long term predictions, the model performance is judged to be usefull.
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Fig. 38 Measured and simulated rotal-P concentrations in drainwater of a 5t. Maartensbrug
flower bulb field plot

Validation on the concentrations of another drain situated at a distance of 200 m
relative to the experimental drain considered in this paragraph resulted to a worse
result. This may be due to the soil heterogeneity within the catchment area of the drain
tubes and due to the uncertainty of the initial occupation of the soil complex with
phosphate and the initial distribution of sorbed phosphate.

108



5 REGIONAL MODEL APPLICATIONS

5.1 Introduction

The aim of the ANIMO model is to serve as a tool for evaluation of fertilization
strategies and water management measures on nutrient leaching to groundwater and
surface water systems at a regional scale. Soon after the first field validations became
available in 1987 and 1988, the model was applied at the regional scale (Drent e? al.,
1988). Regional applications nearly allways included comparisons between measured
field data and simulated values, but at such a scale only a tentative verification has
been possibie rather than a thorough validation due to the enormous data requirement.

The model was applied for different Dutch conditions with respect to climate, soils,

cropping pattern and fertilization strategies on a regional scale which varied from the

whole of The Netherlands to specific catchments. Figure 39 refers to the regions where
the ANIMO model has been applied. In this chapter, three examples of model
apphications will be treated:

- National study on leaching of nutrients to groundwater and surface water in
the framework of a water management policy analysis in The Netherlands.

- Regional study on leaching of phosphate from P-saturated soils in the Eastern,
Central and Southern sand districts of The Netherlands (Fig. 39, left).

- Regional study on the load on groundwater and surface water systems as
influenced by fertilization levels differentiated to different land use types from
the point of view of town and country planning and water management in the
Beerze-Reusel catchment in the Southern part of The Netherlands (Fig. 39,
right).
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Fig. 39 Four regional applications of the ANIMO-model in The Netherlands: phosphorus leaching
Jfrom sandy soils (left); nutrient leaching in the regions Berambacht, Schuitenbeek and Beerze-
Reusel (right)

Other regional studies pertain to the Southern-Peel region (Drent et al., 1988), the
Schuitenbeek catchment (Kruijne and Schoumans, 1995) and the peat pasture area
in the Bergambacht polder (Hendriks et al., 1994) are not mentioned in this discussion
for reasons of conciseness.

5.2 Leaching of nitrogen and phosphorus from rural areas to surface
waters in The Netherlands

5.2.1 Introduction

In the framework of the Policy Analysis of Water Management in The Netherlands
the ANIMO-model was applied twice: for the Third (NW3; Uunk, 1991) and for the
Fourth (NW4,; Boers et al., 1997). National Policy Document. In both applications
the model was used to analyse the effects of different scenarios of fertilizer
management on nitrogen and phosphorus leaching from rural areas into Dutch surface
waters. Both studies were initiated and funded by the Institute for Inland Water
Management and Waste Water Treatment (R1ZA, Lelystad, The Netherlands) and aimed
at a reduction of eutrofication of surface waters. The leaching studies were carried
out in close cooperation with R1zA, and the DELFT HYDRAULICS. The results from these
studies have been used by DELFT HYDRAULICS and RIZA as input information in models
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describing the distribution of surface water and the quality of major surface water
systems in The Netherlands.

5.2.2 Methodology

A model instrument consisting of a schematization procedure, a static model for
fertilizer additions and dynamic models for water transport in soil (DEMGEN) and
nutrient leaching to groundwater and surface water (ANIMO) (Fig. 40) was developed
and applied. The fertilizer distribution model predicted the impact of policy intentions
on the short term and long term field additions. Dynamic models for water and nutrient
behaviour in soils were inevitably required because of the combined impact of seasonal
variations in meteorology, hydrology and timing of fertilizer applications, which is
essential for the leaching of N and P to surface waters.
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Fig. 40 Model instrument and main data flow

The first step in the application of the model instrument was the determination of a
spatial schematization. Basic data related to meteorology, geohydrology and drainage
conditions originating from the Institute for Inland Water Management and Waste
Water Treatment and data related to soil physics, soil chemistry and land use
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originating from the DLO Winand Staring Centre were used to arrive at a set of
calculation units (plots). Once the spatial schematization was established, the hydrol-
ogy of the soil system for each plot was simulated by the DEMGEN model. The
fertilizer distribution was assessed by the DELFT HYDRAULICS. Results of both types
of computations were transmitted to SC-DLO, who applied the nutrient leaching model
to simulatie the behaviour of N and P in the soil. These simulations generated N and
P mass balances of each plot. The N and P loads towards surface water systems could
be derived on the basis of these results.

The ANIMO model requires a good estimate of the initial distribution of N, P and C
compounds in solid and liquid phase of the soil system, because poor initial conditions
will cause error propagation. However, it is almost impossible to estimate the initial
penetration of N and P fronts in the soil and the distribution of compounds over dif-
ferent pools of organic matter (including characteristic C/N and C/P ratios and decay
rates). Therefore the decision was made to simulate a historical period from 1940 to
the year which served to evaluate historical simulations results to let the nutrient model
generate its own initial conditions. Evaluation years were 1985 for NW3 and 1993
for NW4. Results of the evaluation year were used to verify the initial conditions by
making a tentative comparison between mecasured and sitnulated data and were utilized
as initial conditions for future scenarios (untill 2045). Results from the hydrological
model for the period 1971 to 1985 were used as input for nutrient simulations of
history and scenarios. The fertilizer distribution model produced types and level of
annual fertilizer applications. Data with respect to the time of application and the kind
of fertilizer management were collected by SC-DLO and processed to generate yearly
input files. Finally results were analysed using general statistics, in the latest NW4-
study within a GIS environment.

5§5.2.3 Results

This paragraph describes results of the most recent study performed in the framework
of the Fourth National Policy Document on Water Management in The Netherlands
(NW4). Validation of initial simulations to assess the environmental pollution and
the store of minerals in soils in the evaluation year was conducted by comparing
simulated and measured concentrations in groundwater and surface water systems.
Special attention was paid to the validation of the discharge to surface water systems.
Therefore three regions with different soil units were selected: a clay, a peat, and a
sandy region. The nutrient leaching model does not include the hydraulic, chemical
and biological processes taking place in surface water systems. During the winter
period, low temperatures will prevail and process rates will be low. Relatively high
discharges in winter cause low residence times and will minimize the influence of
processes in the surface water. Consequently, a comparison of winter discharges to
the surface walter system with measured concentrations in the surface water system
can be made more safely than a comparison of summer discharges. An example of
a validation result of the nitrogen concentration in the sandy region ‘Schuitenbeek’
focated in the central part of The Netherlands is given in Figure 41.
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Fig. 41 N concentrations (mg I’ N} in water leaching during the winter periad from the soil
towards surface waters (simulated) and concentrations in surface walers (measured) in the region
‘Schuitenbeek’

Five fertilizer scenarios were simulated. Only three will be briefly discussed here:
two extreme scenarios and one scenario representing, as good as possible, the present
policy as formulated by the Dutch Government in 1995 (scenario ‘policy’). One ex-
treme scenario represents a continuation of the fertilizer use in 1993 (scenario
‘present’), the other extreme scenario represents a prohibition of fertilizer use (scenario
‘zero’). The scenario ‘policy’ is aimed at reaching a balance between fertilizer levels,
crop uptake and an acceptable loss of nutrients. In the fertilizer distribution model
these acceptable losses were converted into fertilizer levels by adding estimates for
crop uptake.

Computed nitrate concentrations in groundwater as a result of the scenario ‘present’
and the scenario ‘policy’ are given in Figure 42 for 1985 and in Figure 43 for 2015.
The European nitrate directive for drinking water will be exceeded in 30% and 10%
of the rural area when the fertilization scenario ‘present’ respectively scenario ‘policy’
will be implemented.
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Fig. 42 Nitrate concentrations in groundwater in 1985 as a result of historical land use
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Fig. 43 Nitrate concentrations in groundwater in 20135 as a result of fertilization according 1o the
scenario ‘policy’

Scenario resuits pertaining the nitrogen and phosphorus leaching from soils to surface
water systems in The Netherlands are depicted in Figure 44 and Figure 43. To minimize
the fluctuations caused by different metcorological conditions, the results are presented
as a ‘running’ average over periods of 15 years.
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Fig. 44 Nitrogen leaching (kg ha' a’ N} from soils of rural areas to surface water systems in
The Netherlands as calculated for the scenarios: ‘present’, ‘policy’ and ‘zero’
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Fig 45 Phospharics leaching (kg ha' a' P,0;) from soils of rural areas te surface water systems
in The Netherlands as calculated for the scenarios: ‘present’, ‘policy’ and ‘zero’

The difference between the nitrogen results of the scenarios ‘present’ and ‘zero’ is
large. Results from ‘present’ for the year 2045 show a leaching of nitrogen which
is six times higher than the leaching from ‘zero’. The same scenarios show that the
leaching of phosphorus in the ‘present’ scenario is about twice as high as that of
‘zero’. These scenario results indicate the maximum reduction that can be achieved
if fertilization is stopped. In the year 2045, the scenario ‘policy’ resulted in a leaching
of nitrogen of about 50% of the leaching that resulted from scenario ‘present’. The
phosphorus leaching from ‘policy’ is about 70% of the leaching from ‘present’. The
phosphorus leaching from the scenario ‘policy’ is almost constant from 1985 onward.
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5.3 Simulation of phosphate leaching in catchments with phosphate
saturated soils

5.3.1 Introduction

Some rural regions in The Netherlands show an intensive agricultural activity with
very high livestock densities. Especially on sandy soils which are characterized by
a small buffer capacity for phosphate, high doses of animal slurries and manure lead
to substantial phosphate surpluses. As a result, present phosphate leaching in these
area exceeds threshold values for surface water quality and adverse effects on the
surface water quality occur. To investigate whether the phosphate leaching can be
decreased by limiting the allowed P surplus, a modelling study was carried out to
evaluate the effects of different fertilization scenario's (Groenenberg et al., 1996).

5.3.2 Methodology

To estimate the phosphate leaching from soils in the area with sandy soils and a
manure surplus in The Netherlands, simulations were carried out with dynamic models.
The hydrology was simulated with the simple, two layer dynamic WATBAL model
(Berghuis-van Dijk, 1985). Nutrient related processes were simulated with the ANIMO
model. Computations were made for about 2100 units unigue in soil chemistry, soil
physics, hydrology, historic phosphate load and land use. After initialization of the
models with the historic phosphate loads, twe different scenario's were run for a period
of 60 years.

The methodology and models were verified on the Schuitenbeek catchment. In this
catchment, measurements of phosphate leaching and phosphate concentrations were
available for the period 1990-1993 which allow a comparison of simulated with
measured values. Results of the verification show that the simulated phosphate satura-
tion as a function of soil depth was within the range of measure values. Results,
however, also indicate that the simulated phosphate front is sharper than the measured
one which causes leaching and concentrations of phosphate that are somewhat lower
than the measured data, especially for groundwater regime class V/V*. The comparison
was hampered by the fact that the hydrologic years 1990-1993 were not in the
meteorological data set used to compute the hydrology.

5.3.3 Results

In the first scenario, a phosphate surplus of 10 kg ha' P,O; was used whereas in the
second scenario a surplus of 40 kg ha' P,O; was used. The effects of the scenario’s
was evaluated on some selected plots. From these plot calculations it can be concluded
that leaching at the level of the average highest ground water level (GHG) tends to
the level of the added surplus. Leaching fluxes towards surface waters increase with
the +40 kg scenario, with the + 1 kg scenario leaching fluxes are stabilized. Results
of the scenario runs for the entire sandy area show that almost all evaluated units,
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the units with groundwater regime classes I up to V', have a phosphate saturation
higher than 25% which means that these units are phosphate saturated. This is in
accordance with results from Groenenberg et al., (1996). Phosphate leaching and
phosphate concentration for the +70 kg scenario hardly increased between year 20
and year 50 (Fig. 46) of the scenario run. For the +40 kg scenario, however, an
increase in time for both concentration and leaching is simulated.

A first tentative assessment was made of the effects of a chemical treatment to reduce
the leaching of phosphate, by assuming that this treatment was applied on all strongly
P saturated soils in each catchment. In field experiments (Kruijne et al., 1996) it was
shown that this treatment reduces P leaching by about 70%. Results showed that such
a measure can only reduce P leaching on catchment level if a scenario with a low
P surplus for the other soils (with a P saturation < 75%) is used. In that case a
reduction of maximal 20-30% in phosphate leaching was calculated. Higher reduction
percentages are possibly only feasible in small {(sub) catchments. In case of a larger
surplus (40 kg), the positive effects of a chemical treatment for very strongly P
saturated soils are diminished by an increased P leaching from other soils.

xghe ' (PO
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10-25
25-40
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Fig. 46 Phosphate leaching (kg ha’ a’ P,0;) from sandy soils of rural areas to surface water
systems as resulting from a scenario with 50 years of phosphate surplus of 10 kgha.a® P,0..
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5.4 Beerze Reusel catchment

5.4.1 Introduction

Prohibition of groundwater withdrawal for sprinkling of grassland is considered as
a combative measure to the regional lowering of groundwater levels. However, arise
of the water table possibly implies undesirable environmental impacts. Also, the raise
of surface water levels which lead to swamp conditions are considered as possible
measures to stimulate the evolution of former agricultural soils to wet nature areas.
However, this type of water management can yield an undesirable increase of the
nutrient leaching to surface water systems.

The study aimed at the quantification of the differences of nutrient discharges to
groundwater and surface water as a consequence of the water management
interference. In the framework of a regional study in the Beerze Reusel catchment
in the southern part of The Netherlands, the impact of raised waterlevels were studied
in the Beerze Reusel catchment in the Southern part of The Netherlands

5.4.2 Methodology

Nitrogen and phosphorous balances and nutrient loads on surface water systems were
computed for different types of water management measures with integrated regional
models for water management and groundwater flow. The regional groundwaterflow
model SIMGRO (Querner and Van Bakel, 1988) was used to simulate the weekly water
balances of 189 subregions for a meteorological series of 15 years. The SIMGRO model
is an integrated hydrological medel which comprises the unsaturated zone, the
saturated zone and the surface water system. The saturated zone module consists of
a quasi-three dimensional finite element model using an implicit calculation scheme.
The saturated zone is subdivided into aquitards with vertical flow and aquifers with
horizontal flow. In the top layers of the saturated zone different drainage systems can
be introduced. The unsaturated zone is modelled as two reservoirs: one for the root
zone and one for the subsoil. The storage of water in the root zone is considered along
with extractions and inflows. From the subsoil waterbalance, the phreatic surface
elevation is calculated using a storage coefficient. The unsaturated zone is related to
land use on a sub-regional level. Subregions are chosen to have relative uniform soil
properties and hydrologic conditions. The discharge from the saturated zone is
influenced by the hydraulic properties of the surface water system by means of storage
function and a discharge function which relates the drainage level to the discharge
of a subregion.

In the Beerze-Reusel model, each sub-region was covered by maximal 10 types of
land uses. The results of the SIMGRO model were verified with a limited number of
groundwater elevation time series and estimated annual water discharges of some sub-
catchments. A qualitative verificalion was conducted by a comparison of simulated
and measured groundwater elevation maps for two points in time. The results were
used as hydrological input to the ANIMO model.
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Since the ANIMO mode! only describes the nutrient leaching as a local flow through
a vertical column, the set of models was extended by a nutrient model simulating the
transport of nutrients in deeper regional flow systems. Interactions between subregions
via the groundwater system are accounted for by linking the ANIMO model to the
model AQUIMIX (Fig. 47) which has been developed for the transport of N-compounds
and phosphate in the aquifer system. It considers the reduction of the nitrate
concentration in the aquifer oxidation of organic matter and pyrite. The AQUIMIX
model calculates per nodal point and per layer the regional solute transport and the
geochemical processes in the saturated zone with time steps of Y2 to 1 years. The
calculated concentrations in the top layer of AQUIMIX at the end of the time step are
the input concentrations for upward seepage in the ANIMO model.
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ANIMO
|
|
|
|
!
|
b 4,: B |
Layers — e 1 — I,—_',, . — . First aquifer
AQUIMIX Aquitard
I - - | - o
— — e —— — * Second aquifer
.l — ' e __._....x..T, e e m—————
“Arer influenee 17T T T
1

nodal point

Fig. 47 Linking of the ANIMO model to a groundwater quality model AQUIMIX to account for
regional interactions between infiltration areas and exfiltration areas

The historical and the future fertilizer applications were simulated by the SLAPP model
(Van Walsum, 1988), which is based on linear programming principles and some
assumptions with respect to the mineral requirement of crops and to the activity of
nutrients in different types of manure.

This model configuration has been used to evaluate the environmental impacts with
respect to reductions of permitted fertilization levels, the creation of new nature areas
by the abolishment of fertilization (topic related to town and country planning}, and
water management strategies such as the prohibition of groundwater withdrawal for
sprinkling purposes and the raise of the groundwater elevation to stimulate the
generation of new nature areas. The rescarch project was carried out in four phases:

1.  Data-acquisition, schematization of the region and simulation of hydrology (Van
der Bolt et al., 1996a).
2. Estimation of fertilizer distribution and stmulation of historical mineral charging

of soils and present environmental pollution by nitrogen and phosphorus
compounds (Van der Bolt ef al., 1996b),
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3. Prediction of environmental impacts as caused by the reduction of fertilization
levels. Effects of differentiated permitted fertilization levels with respect to land
use types as defined by the town and country planning by national and
provincial authorities were studied (Van der Bolt ef al., 1996¢).

4. Prediction of the nutrient load on groundwater and surface water systems as
influenced by a set of water management measures (Groenendijk and Van der
Bolt, 1996).

5.4.3 Results

Results presented below are refated 1o the fourth phase of the research project which
studied the impact of hydrological interferences. One of the hydrological scenario’s
contained the prohibition of groundwater withdrawal for sprinkling purposes. In the
reference situation, only dry sensitive pastures were irrigated during drought periods.
On sandy soils which are sensitive to drought, the sprinkling prohibition results in
a rise of the groundwater. A complete stop of sprinkling, whilst equal fertilization
doses are applied, will lead to an increase of the average nitrate concentration in
groundwater in areas characterized by a relative high sprinkling requirement (Table
13). The moisture deficit causes a decrease of crop dry matter production and as a
consequence also a diminished mineral uptake by plant roots. The extra nitrogen
surplus leaches to the groundwater zone and causes a slight increase of the nitrate
concentration.

Table 13 Average nitrate concentration of groundwater in areas covered by grassiand, classified
by the average annual sprinkling requirement

Sprinkling requirement Nitrate concentration {mg.]”’ NO,-N)
(mm a}
Sprinkled Sprinkling prohibited
0-50 3.6 35
50 - 100 14.3 14.7
> 100 16.9 20.2

In the brook valleys with shallow groundwater levels, the nitrate concentrations
were already low and change is expected. It was concluded that fine tuning of farm
management and fertilization strategies on water management measures are necessary
to avoid adverse environmental impacts.

Another water management scenario was defined to study the impacts of raising
groundwater levels by water management. Within the future nature areas, the bottom
of field ditches raised and in the agricultural areas water conservation measures were
applied. Water conservation was assumed by weir management during the spring and
the summer season. These types of hydrological interferences are relevant as a measure
to prevent negative effects on ecology.

A special variant of this hydrological scenaric comprised the restauration of the

historical flow regime properties of semi-natural streams. The bottom of the streams
were raised and the hydraulic resistances enlarged by an increased length of the stream
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bed. Results of the simulated groundwater levels during spring time are depicted in
Figure 48. Compared to the package of hydrological measures to raise groundwater
elevations by less favourable drainage conditions, the restauration of the historical
stream properties leads to an additional raise of groundwater levels. Conveyance of
the precipitation surplus through the drainage system will be hampered and will lead
to an additional raise of water levels in canals and field ditches.

> 180

Hydrological reference Swamp conditions and waterconservation Restauration of historical flaw regime of streams
Mean level dunng spring (cm-ss) Raise ot spring level {cm) Raise of spring level {cm)
0 - 40 - -
4¢C - 80 - -
£4 80 - 120
120 - 180

Fig. 48 Mean groundwater level during spring (left) raise of spring level resulted from the raise
of third order drainage leveland the weir management during summer (middle) and the additional
raise of the spring level caused by the restauration of the historical flow regime of streams

The raise of groundwater levels induces wetter soil conditions which results in an
increase of denitrification and to a decrease of mineralization. The additional increase
of the groundwater elevation by the restauration of the historical flow regimes of
natural steams leads to an additional decrease of nitrate concentrations (Fig. 49).

Based on the results of each sub-area, the results with respect to the P-leaching to
surface water have been aggregated to sub-catchment level. All sub-catchments show
an increase of P-discharge to surface water (Fig. 50). The phosphate load on surface
water in these areas is 5 times as high as the P-discharge outside the stream valleys.
The raise of water tables due to the nature oriented water management will lead to
a considerable increase of P-discharge in the future nature areas. Higher groundwater
elevations lead to an increase of shallow water discharge through phosphate rich soil
layers. The raise of groundwater generates adverse conditions from the point of view
from eutrofication by phosphates. The additional raise of the groundwater clevation
which is accompanied by the retardation of surface water discharge leads in some sub-
cattchments to a slight decrease of phosphate leaching, compared to the phosphate
discharge which results from the water management package without the adjustment
of the flow regime of the streams, while in other sub-catchments a slight increase will
occur, The average P-load on surface water systems shows an increase from 1.0 kg
ha'a'to 1.4kg ha'a' as a result from the water management measures, while the
additional raise of groundwater elevations causes a counter balancing effect and the
average P-load amounts to 1.2 kg ha' a™.
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Effects of increased mobilization of disselved phosphate compounds induced by soil
chemical reactions which will occur under these anaerobic circumstances have not
been taken into account. Therefore, the calculated increase of phosphate leaching has
to be considered as a prudent prediction.

Hydrological reference Swamp cenditions and waterconservalion Festauration of historical flow ragims of sirams
Nitrate (mg.I” NO,-N) Dacrease of nitrate (mg.1' NO,-N) Decraase of nitrte {mg." NO;-N)

Fig. 49 Nitrate concentration in the reference situation predicted for areas covered by grassland
(left) decrease of nitrate concentration as resulted from the raise of third order drainage leveland
the weir management during summer (middie) and the additional decrease of the nitrate
concentration caused by the restauration of the historical flow regime of streams (right)

Hydrological referance Swamp conditions and waterconservation Restauration of histarical low regime of streams
Pieaching (xg.ha'.a"} Increase of P-leaching {kg.ha'.a™) Change of P-leaching {kg.ha'a ")

0.0-0.1 ' 0 - 0.05 increase
01-6.3 t4 0 -0.05 decraase
03-05
05-0.7

=07

Fig. 50 P-leaching to surface water in the reference siation (left), P-discharge as resulted from
the raise of third order drainage leveland the weir management during summer {middle) and the
additional raise of the spring level caused by the restauration of the historical flow regime of
streams (right)
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Annex 1 List of symbols

a assimilation efficiency (-)

A constant in the numerical solution of the convection dispersion equation (d”)

B constant in the numerical solution of the convection dispersion equation (kg m* d"')
A, aerated area (m?)

A, annual temperature amplitude (°C)

c, differential heat capacity of the soil (J m® °C™")

Coq phosphate liquid concentration equilibrium (buffer concentration) (kg m™)

Cu dissolved oxygen concentration in the saturaied soil phase (kg m™)

Che dissolved oxygen concentration at equilibrium with oxygen in soil gas phase (kg m™)
c content of a substance (kg m™)

hypothetical equilibrium concentration for computation of phosphate distribution over
rate dependent sorption sites (kg m}

c, liquid concentration in the surficial reservoir (kg m?3}

c, liguid concentration in the first soil layer (kg m™)

<, liquid concentration in precipitation water (kg m*)

Cpr liquid concentration in plant tissues (kg m?)

Cope 15 Copiz optimal concentrations in the transpiration flux (kg m™)

Com liquid concentration of dissolved organic matter (kg m™)

Con liquid concentration of dissolved organic nitrogen (kg m?)

Crma liguid concentration of NH,-N (kg m™)

Cros liguid concentration of NO,-N (kg m™)

Cop liguid concentration of dissolved organic phosphorus (kg m™)

Cpo liguid concentration of PQ,-P (kg m?)

Cis liquid concentration in an adjacent upstream soil layer (kg m™)

i lime averaged liquid concentration in an adjacent upstream soil layer (kg m™)

c; liquid concentration in soil layer ¢ (kg m™)

; time averaged liquid concentration in soil layer { (kg m™)

<, oxygen concentration in soil gas phase (kg m?)

CIN carbon nitrogen weigth ratio of organic compounds (-)

C/P carbon phosphorus weigth ratio of organic compounds (-)

D, oxygen diffusion coefficient in the soil gas phase (m* d")

D, oxygen diffusion coefficient in free atmosphere (m* d')

D, oxygen diffusion coefficient in water (m? d*)

D, damping depth of heal transport in soil (m® d')

D, coefficient expressing the numerical dispersion {(m? d)

D, heat diffusivity (m? d')

Dy, apparent dispersion coefficient (m? d'')

D, natural dispersion coefficient (m® d'}

Dy, diffusion coefficient (m® d)

E, error propagation factor according to Von Neumann-method (-)

EX content of root exudates (kg m'™)

Ex,, real transpiration {m d')

Et,, potential transpiration (m d)

Fo multiplication factor for the influence of limited soil aeration (-)

A multiplication factor for the influence of temperature (-)

fs multiplication factor for the influence of drought stress (-)

Lo multiplication factor for the influence of pH (-)

fo fraction of the runoff that passes the surficial reservoir (-)

£ fraction of the runoff that passes the first model compartment {-)

Jim weight fraction of organic material i attributed to class fi (-)

ke first order rate coefficient for decomposition of organic class fr (-)

i weight fraction of dissolved organic matter of applied organic material §
attributed to class fn ()

e organic fraction of the applied material J (-)

I fraction of fresh organic matter which is not subject to solubilization (-)
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L,

ratio between organic transformation rate when only nitrate-oxygen is available and the
transformation rate under [ufly aerated circumstances (-)

weight fraction of NO,-N of the applied material (-)

nitrogen weight fraction of organic material assigned to class fn (-}

weigth fraction of NH,-N of the applied material (-)

volatilization fraction of ammonium (-)

minimum nitrogen weight fraction of grass roots dry matter (-)

minimum nitrogen weigth fraction of grass shoots dry matter {-)

maximum nitrogen weigth fraction of grass shoots dry matter (-)

nitrate-N weigth fraction of grass shoots dry matter (-)

total-N weigth fraction of grass shoots dry matter (-)

reduction factor for limited dry matter production due to lack of nutricnts (-)
cloudiness factor (-)

shoot fraction (-)

dry matter weight fraction of biomass (-)

fraction of grazing losses (-)

fraction of harvest losses (-)

nutrient stress tolerance factor (fraction of cumulative uptake below which
nutrient shortage results in unrecoverable crop damage) (-)

apparent adsorption isotherm, used in the non-lingar kinetic sorption formulation
of phosphates (kg kg™)

nitrogen weight fraction of dry matter of productive parts of arable crops (-)
phosphorus weight fraction of dry matier of productive parts of arable crops (-)
phosphorus weight fraction of organic material assigned to class fir (-}
mirimum phosphorus weigth fraction of grass shoots dry mauer (-}
minimum phosphorus weigth fraction of grass roots dry matter (-)

drainage level (m)

height of the phreatic groundwater level at half of the drain distance (m)
height of the water level in drain system i (m)

phreatic groundwater level (m)

thickness of the homogeneous soil layer (m)

content of organic material present in humus/biomass pool (kg m?)

counter (-)

runoff solute flux (kg m? d?)

vertical solute flux (kg m? dh)

flux of dissolved organic nitrogen (kg m? d')

flux of ammonium-N in the liquid phase (kg m? d")

flux of nitrate (kg m? d)

flux of dissolved organic phosphorus (kg m” d'')

flux of phosphate-P in the liquid phase (kg m? d")

water flux (m d)

transmissivity (m* d'")

counter (-)

reference value of first order rate constants (d7}

Langmuir sorption coefficient (m® kg)

Freundlich sorption coefficient (...)

apparent linear sorption coefficient (m* kg™)

first order rate constant of adsorption (d)

first order rate constant of desorption (d™)

drainage rate (m® m? d")

first order rate constant of decomposition of dissolved organic compounds (d™)
first arder rate constant of decomposition of exudates (d)

linear adsorption coefficient (m® kg'")

first order rate coefficient of decomposition (d7)

zero order production term (kg m” d'™)

rate constant accounting for nitrogen diffusion to grass roots (d"')

first order rate constant for death rate of grass roots (d)

first order rate constant for nitrification (d")

drain distance (m)
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release of material from the surficial reservoir during the time increment (kg m™
dose of material application (kg m?)

number of live stock units (-)

number of soil pores in a unit volume ¢-)

total number of drain systems present (-)

number of compartments in the root zone {-)

dry matter weight of material ¢ (kg m?)

dry matter content of organic class fn (kg m™)

dry matter content of organic nitrogen assigned to class frn (kg m?3)
dry matter conient of organic phosphorus assigned to class fn (kg m™)
pressure difference between air phase and water phase in a soil pore (Pa}
parameters of the function describing the diffusion coefficient as a
function of volumetric gas content (-)

total phosphor content (kg m>)

standard dry matter accumulation (kg m?¥)

nett precipitation excess (m’ m? @)

water flux (m® m? d?)

precipitation (m' m? d*)

transpiration (m’ m? d'*)

soil evaporation (m® m? d'%)

surface runoff (m* m* d')

vertical percolation (m? m? d)

leaching (m* m* d')

drainageflux to first, second and third order drainage system (m®* m?*d")
waterflux in the z-direction (m® m? d'")

waterflux in the x-direction (m® m2 d")

regional drainage flux (m' m?* d")

drainage water flux (m’ m?d™"

vertical water flux in soil compartment (m® m? d"")

water flux, inflow from adjacent upstream soil compartment (m* m? d)
water flux, outflow to adjacent downstream compartment (m* m? d™)
accumulated dry matter grass shoots in the time interval (kg m™)
accumulated dry matter grass roots in the time interval (kg m™)
expected cumulative transpiration flow within the time span (m)

dry matter accumulation of grass shoots (kg m?)

reference value of dry matter accumulation, related to light absorption
coefficient ¥ (kg m*?)

dry matter accumulation of grass roots (kg m?)

average radius of an air filled soil pore (m)

radius of the aerobic zone (m)

gas constant {J mol’ °K)

production rate (kg m™ d'")

decomposition rate (kg m? d*)

uptake rate (kg m> d™")

lateral outflow rate (kg m™ d)

dry matter quantity of crop roots at the end of a time interval (kg m?
dry matter quantity of crop roots at the beginning of a time intervat (kg m?)
residence time (d)

planting time (day number) {-)

transition between both growing periods (day number) (-)

harvesting date (day number) (-)

time increment (d)

temperature (°C)

reference temperature (°C)

annual average temperature {°C)

transpiration rate (d'%)

cumulative nutrient uptake (kg m)

expected optimal cumulative uptake within the time span (kg m™)
change in areic water volume during a time increment (m’ m?)



=

sink function for uptake by grazing (kg m* d")

distance relative to the water divide between 2 drains (m)

quanltity of substance sorbed to equilibrium sorption sites (kg kg™)
quantity of substance sorbed tot non-equilibrium sorption sites (kg kg'")
precipitated quantity of a substance (kg kg")

quantity of ammonium-N sorbed to equilibrium sorption sites (kg kg'')
P04 quantity of phosphate-P sorbed to equilibrium sorption sites (kg kg'')
P04 quantity of phosphate-P sorbed tot non-equilibrium sorption sites (kg kg)
P04 precipitated quantity of a substance (kg kg™

maximum sorption capacity of equilibrium sorption sites (kg kg™)
thickness of soil compartment (m)

depth below the soil surface (m)

thickness of surficial material reservoir (m)

a A

]
Z
£

NN D Be 3 > Be e pe e
= g

Bunsen's coefficient of solubility (m® m?)

frequency of the error (m)

number of the timestep since the beginning of the simulation (-)

layer number (-)

porosity (m® m™¥)

actual volumetric moisture fraction (-)

volumetric moistuire fraction at saturation {-)

volumetric soil air content (-)

soil moisture difference between actual value and value at air entry point (-)

change of volumetric moisture content (-)

phase shift {rad)

nitrate availability (kg m?)

ammeonium availability (kg m™?)

phosphate availability for plant uptake (kg m™)

amplification factor (-)

% efficiency factor for dry matter production of grass shoots (-)

E 1), E;(1) time dependent functions for computation of the resulting liquid concentration
used in the numerical sclution of the convection dispersion equation {-), (d)

L) Lu(1) time dependent functions for computation of the average liquid concentration

during the time interval used in the numerical solution of the CDE (-), (d)

®

r DD DO 2R
o™ §

2
k=
%

tepoce
g5

K light absorption coefficient (-}

Ay termal heat conductivity (J m* d"' °C"")

A, tortuosity factor for diffusion in saturated soil particles (m, m,")
A, factor accounting for the tortuosity of air-filled pores (m m'*)

m molar activation energy (J mol™)

04 dry bulk density (kg m™)

n surface tension of water (N m™)

G selectivity coefficient for plant uptake (-)

Onos selectivity factor for nitrate uptake (-)

Gnrre selectivity factor for ammonium uptake (-}

O mar maximum value of selectivity factors for nitrogen uptake (-)

Gy selectivity factor for phosphate-P uptake (-}

Op mar maximum value of selectivity factor for phosphate-P uptake (-)
1 infinite small time increment {d)

@ frequency of temperature wave (d7)

Q, uptake requirement (kg m™)

Qe maximum uptake requirement (kg m?)

Q mean mean uptake requirement (kg m'}

Qs nitrogen demand to recover from nitrogen deficiency (kg m?)
Q0 nitrogen demand for growth and maintenance (kg m™?)

Qp nitrogen demand for luxurcus consumption and accumulation (kg m™®)
LS e — maximurmn value of nitrogen uptake deficit (kg m™)

Q, phosphate uptake requirement (kg m?)

Q,,, phosphate uptake requirement for plant growth (kg m?)

Qi e phosphorus demand to recover from phosphorus deficiency (kg m?)
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phosphorus demand for growih and maintenance (kg m?)

phosphorus demand for luxurous consumption and accurnulation (kg m?)
maximum value of phosphorus uptake deficit (kg m'%)

demand for aitmospheric oxygen (kg m? d')

stream function ¥ (m® m' @)

s0il moisture suction (cm)

soil moisture suction at air entry point (cm)

drainage resistance of an open field drain or a tile drainage system (d)
drainage resistance of drainage system ¢ {d}



Annex 2 The coefficients &,(t) and &,(1), {,(t) and {,(t) in the

equations to compute the resulting and the average
concentration (Par. 2.2.3)
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and  {y(cp) = y

(A1)

(A2)

(A3)

(Ad)

(AS)
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Ifo+0and A=0:;

B =1 and Ech) = Ll o0 PaklO) ek (AS)
? 0@ )+p & Lc)
(ieH =1 and
— - A7
cen < L ﬂ(to)+pdka(0)+tpt] 00 + 0, E)+0r) @7
e ot 8(zy) + p, ()
Ifo=0and A =0
E(eh) =1 and EfeH) = —L ¢ (A8)
e(to) Py ka(c)
Ll =1 and  Cyfcd) = 1 . (A9)
2(8(t)+p, k,(c))
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