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1. Introduction

D.J. Greenwood

Crop yields throughout the world are often severely restricted by lack of nitrogen.
This results partly from the high cost of increasing nitrogen levels in soil and partly
from the difficulty in forecasting how to adjust N fertilizer levels for differences in
crops and soils. In some areas too much nitrogen may be applied as fertilizer or as
organic manures and when this happens both yields and crop quality can be severely
depressed and the concentration of nitrate in the drainage water may rise sufficiently to
cause public concern. Thus, agronamic practices that influence the nitrogen status of soil
have both merits and limitations. Although much is known in qualitative terms about the
nitrogen cycle there is still no satisfactory way of choosing the best practice for any
particular set of conditions.

The most favoured approach relies on carrying out field experiments on the solls where
the information is most needed. Undoubtedly, considerable progress has been made in this
way but there are, nevertheless, serious difficulties. These stem form the critical depen-
dence of the results of such experiments on the weather conditions and the impracticabil-
ity of carrying out experiments that cover more than a few of the possible combinations
of crop, soil and weather. It is, therefore, necessary to extrapolate from the results to
a wider range of conditions which inevitably leads to much error and inadequate advice on
the choice of practice.

Much basic work has been carried out on the most important processes affecting the
levels of inorganic nitrogen in soil, and their influence on crop nitrogen nutrition and
growth. Considerable attention has been given to mingralization and immocbilization, trans-
port of water and inorganic nitrogen through soil and the mechanism of ion adsorpticn by
plant roots. The main processes are well understood in qualitative terms and models based
on this understanding have been devised for the day-to~day changes in soil nitrogen
status and in plant growth., Some of the models are aids to understanding, whilst others
aim to predict the benefits of different practices in varicus situations. Their develop-
ment is of much interest in many parts of the world.

Progress in the subject is undoubtedly hindered by difficulties in communication.
Models span many disciplines, are often complex, inherently difficult to understand and
are seldom described in the scientific literature in sufficient detail to be helpful to
other workers. The net result is that there are a range of apparently different models
purporting to do the same thing. Soame of the discrepancies may result from different
concepts for individual processes. But whatever the cause there is much misunderstanding



and need for discussion.

It is, therefore, very timely that the soil-plant group at ITAL with the support of
IUBS and SCOPE, should organize a small international meeting of scientists who have
modelled different aspects of the nitrogen cycle. The meeting was held in the Institute
of the ITAL Foundation, Wageningen, The Netherlands) from 28 January until 1 February 1980.

The first two days were spent in open sessions with all participants listening to oral
presentations of the models (working papers had been presented previously) and discussing
them in depth. Separate groups then discussed classification and soil physical, soil
microbial and plant physiological aspects of the various models. In these the "state of
art" was reviewed and the factors limiting progress identified.

The book brings together the results of this work. There is a chapter describing the
reports of the four growps, another summarizing the features of the models and others
describing each of the models in greater detail, It is hoped that this presentation will
help the reader appreciate the purposes, merits and shortcomings of the various approaches
to the simlation of nitrogen behavicur in soils and plants and will help him judge the
opportunities for advance.



2. Systematic comparison of the models
described

M.J, Frissel, G.J. Kolenbrander, I. Shvytov and C.F. Vasiliev

The aims of the models considered in this publication vary widely. Some models concen-
trate on a particular process, for instance on leachingor on losses by denitrification.
Other models try to cover a very wide field, but these models also differ considerably in
their underlying concepts, mainly because of differences in the significance attributed
to the tole of soil organic matter and of water regime. )

Table 1 indicates whether a certain process is included in a particular model or not.
The table does not provide information on the degree of sophistication. For instance,
mineralization/immobilization may be described by one single first-order equation or by a
whole set of equations. In either case the table simply indicates that miferalization/
immobilization is included in the model. Models which are based on similar concepts are
grouped together to improve readability. The first five models (section 4.1 - 4.5) are the
most general ones: the microbiclogical processes are described by rather simple equations.
The next four models (sections 4.6 - 4.9) take particular account of the role of micro-
organisms in mineralization/immobilization. The models described in sections 4.9 and 4.10
give special attention to dry matter production. The model of section 4.11 concentrates
on long term predicticn, and each of the last four models on one process only: volatiliza-
tion, leaching or denitrification.

There are other differences between the models. Some of them have been developed for
better understanding of the processes while others concentrate on prediction of available
mineral N or on overall management. These differences are indicated in Table 2, It is
realized that this division is rather arbitrary. Well developed 'better understanding
models' can for instance give results useful for 'management purposes', but the amount of
input data is often so large that this is impracticable.

Table 2 also provides information on the period for which the model is intended and on
the type of equations. This division is again arbitrary. Both the partial differential
equations and normal differential equations are often replaced in a computer program by
simple difference equations, so that the contrast between the various types of equations
vanishes,

This section alsc contains a short description of each model, all in a similar format.
Several models are included which were not presented at the workshop, but which were
analysed by Shvytov and Vasiliev for this workshop.
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K.K. Tanji, M. Mehran, S.K. Gupta
Water and nitrogen fluxes in the root zome of irrigated maize (sectlon 4 1.)

Processes
Physical processes; water movement in the soil in vertical dlrectlon, NH4 adsorption,
exchange, NH3 volatilization, nitrogen leaching. N uptake by plants is considered.
Microbiological processes: mineralization, immobilization, denitrification.

Teohniques
Time horizon is several months, Partial differential equations are used. Finite
difference approximation is applied.

Input
Water flow submedel: climatic data, number and depth of segments of soil, dates of
planting and harvesting, hydraulic conductivity.
Other sub-blocks of model need soil-physical and biochemical data.

Output
Dynamics of water content in the soil profile, dymamics of different nitrogen species
in the soil profile and amount of nitrogen leached.

Additional remarka
One of the main objectives is to simulate different irrigation schedules and leaching
patterns.,




R.J. Wagenet
Simulation of soil-water and nitrogen movement {section 4,2.)

Procecses
Physical processes: water movement and leaching in seil in vertical directiom, heatflux,
NHZ adsorption, exchange and fixation. Ammonia volatilization. Water consumption by
plants is consgidered.
Biological processes: denitrification, hydrolysis of urea and nitrificatiom.

TFechniques
Partial differential equations are used. Finite difference approximation is applied.
Three firstworder kinetic differential equations are used to describe the chain of
nitrogen transformations in the soil.

Tnput
Soil physical and bio—chemical data are required as well as data on rainfall and other
climatic data.

Outpus
Main output is soll-water pressure head, volumetric water contents, nitrogen species
concentrations and nitrogen uptake by plants.

Additional remarks
On the main objectives is to similate N leaching and uptake by plants after application
of urea. Irrigation is included.




P.S5.C. Rao, J.M. Davidson and R.E. Jessup
Simulation of anitrogen behaviour in the root zome of cropped tand areas receiving organic

wastes {section 4.3.)

Processes
Physical processes: vertical water flux and redistribution of water, NH4 adsorption
and exchange, leaching.
Microbiological processes: mineralization, immobilization, nitrification and
denitrification. Water and nitrogen uptake by the crop are considered.

Peohniques
Finite difference equations are used to model water movement and solute transport in
i the soil. Balance empirical relations are used te describe water and nitrogen uptake
! by plants. Nitrogen transformations are described by linear differential equatioms.

Input
Main inmput: climatic data and soil physical and bio-chemical data, Mapure and nitrogen
fertilizer application is also required 2s input.

Output
Dynamics of different forms of soil nitrogen. Water content in the soil profile and
water outflow, gaseous nitropgen losses and organic carbon content are calculated.

Additional remarke
Main objectives are simulation of nitrogen behaviour in soil and its uptake by crops
after application of fertilizer, animal manure or plant residues.




H.M. Selim and I.K, Iskandar
A model for nitrogen behaviour in soils irrigated with liquid waste (section 4.4,)

Processes .
Physical processes: vertical water flux, NH, adsorption, exchange, leaching is included.
Water and nitrogen uptake by plants is considered.

Microbiological processes: nitrification and denitrification,

Fechniques
Partial differential equations for ammonium, nitrate, and water tramsport in scil.
Witrogen uptake is calculated by simple equations as function of root density and
N-concentration in soil.

Input
Main input: wastewater application. Soil physical and bio-chemical data are required,
rate of N uptake by plants.

Output
Dynamics of water content in the soil profile, dynamics of different nitrogen species
in the soil profile, amount of nitrogen leached, plant uptaske of N.

Additional remarks

The model can be used to study the fate of fertilizer nitrogen applied to agriculture
land.




G. Kroh and E. Segall
Nitrogen dynamics in soil (section 4.5.)

Processes
Physical processes: vertical water flux, heat and gas flux; leaching can be caleculated.
Water and nitrogen uptake are included.
Microbiological processes: mineralization, immobilization, nitrification and
denitrification.

Techniques
The time horizon for this model is several months. Modelling of water flow is based on
an extended Darcy equation. Vertical flow of oxygen through the soil is modeled by
Fick's equation.
The rate of nitrification is approximated by a parabolic function of time. Denitri-
fication is described by modified first order kinetics.

Input .
Main input: climatiec data, soil physical and soll bio—chemical data. Many empirical
correlation factors are required.

Cutput
Main output: dynamice of soll water content, concentration of smmonia and nitrate in
soil, water and nitrate outflow.

Additional remavks
The model can be implemented to caleculate nitrogen leaching from root zone of cropland.
Further, the model can be used to estimate nitvogen fertilizer requirements under
various conditions.

10
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J.A. van Veen and M.J. Trissel
Simulation model on the behaviour of N in soil (section 4.6.)

Processes

Microbiological processes: mineralization, immobilization, microbial growth and death,

nitrification and denitrification. The physical processes used are smmonium adsorption

and exchange and NHg-volatilization. Leaching can be calculated.

Techniques
‘Zero—order rate kinetics, first—order rate kinetics, Monod kinetics. The soil organic

carbon is divided into 6 pools. For all processes, except denitrification, 2 multi-
layer approach is used. The denitrification model considers sets of concentric peels

to calculate the oxygen diffusion. Anaerobic conditions occur at locations where oxygen

consumption is higher than the supply of oxygen by diffusion., The link between the

denitrification program and other parts of the program is poor.
rd

Input
The main driving variables are manure, fresh organic matter and nitrogen fertilizers

application. Numerous other data are required. Secme of these, as e.g. microbiological
data are difficult to measure. Optional values are available. Heat= and water-flux
description are derived from the model of Beek and Frissel, 1973.

Output
Ammonium, nitrite and nitrate concentrations in the scil, microbial biomass,
denitrification and volatilization losses of nitrogen, leaching of nitrates.

Additional remarks
This model is designed to improve understanding of the nitrogen transformation pro-

cesses in the soil. It enables simulating various microbiological scenarios under
different natural and technological conditions. A program version which enables
following the fate of !5N within the s0il organic matter is available.

11



N.G. Juma, R,P, Voroney and E.A. Paul
Use of tracers and computer simulation techniques to assess mineralization and immobili-
zation of soil nitrogen (section 4.7.)

Processes
The change in biomass in relation to mineralization and immobilization is considered
in detail.

Techniques
Zero-order rate kinetics and first-erder rate kinetics. The soil organic carbomn is
divided into 7 pools, each having its own availability as substrate for micro-
organi.sms.,

Input
The main driving variables are manure, fresh organic matter~and nitrogen fertilizers.

Qutput
Ammonium concentration, N and C-content of different soil organic matter pools.

Additional vemarks
The model can be used to cbtain a better understanding of the nitrogen transformations
Jrz seil. A program version which enables following the fate of 15y and l4¢, besides
N and !%C within the soil organic matter is available..

12
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E. Bosatta
Plant soil syatem of an old Scots Pine forest in Central Sweden (section 4.8.)

Processes
Microbiological processes: mineralization, immobilization.
Physical processes: amonium adsorption and exchange, Leaching can be calculated. ARl
mineral nitrogen is assumed to be ammonium. Witrogen uptake by plants iz included,

Techniques
All processes are described by differemtial equations. The decomposition processes are
carbon and/or nitrogen limited, the C/N quotient is an important variable. N,~fixation
and incorporation of N into biomass is considered, adsorption and desorptiom of .
ammonium is ipstananeous. Uptake by roots is controlled by root geometry, diffusion of
ammonium and ammonium concentration.

Input
Soil temperature, water content and water flow are derived from ancother program (not
described here)., Microbioclogical data such as biomass production and mortality rates

are required. Driving variables are forest litter production and nitrogen in rain. Data
are required to split the litter im C-C and C-N compounds.

Output
Biomass, C-C and C-N compounds in soil. A verifisble parameter is the NH,, concentration.

Additional vemarks
The model considers trees, Verification of this model of a forest ccosystem is

significantly more difficult than of a model which describes a crop—system. The growth
season (April-November) of four different yvears was gimulated.

13



W.B, McGill, H.W. Hunt, R.W. Woodmansee, J.0. Reuss and K.H. Paustian
Formlation, process controls, parameters and performance of PHOENIX: A madel of carbon
apd nitrogen dynamics in grassland soils (section 4.9.) -

Processes

Microbiological processes: mineralization-immobilization. Two decomposer groups are
considered: bacteria/actinomycetes and fungi. Nitrification (with inhibitiom),
denitrification.

Plantphysiclogical processes: smmonium uptake, nitrogen uptake, senescence and death.
Physical processes: application fertilizers, leaching.

Techniques

Finite difference equations, Very extended-model, therefore most equations rather
simple.

Input
One of the most extended models, therefore many input parameters.

Output

Mineral soil nitrogen, dry matter production. Soil micto-organisms. €O, production.

Additional vemarke
Objective: exploration, through simulation modeling, the relationships among plant
processes and microbial processes and their effeect on plant production, microbial

secondary production and N-cycling. Emphasis on microbes, soil organic matter and
mineral M.

14




N.G. Seligman and H. van Keulen

PAPRAN: A simulation model of annual pasture production limited by rainfall and nitrogen
supply (section 4.10.)

Procasses
Microbiological processes: mineralization, immobilizatiom.

Plant physiological processes: root growth, dry matter productiom, water and nitrogen
uptake by crops. '

Physical processes: vertical water—flux and ammonium volatilization. Leaching can be
calculated.

Techniques
The time horizon is one (Israeliam) growing season, The growth of the plant is cal-
culated by difference equation. Driving force is solar radiation. Water and nitrogen
limit the dry matter production. Water and nitrogen transport through soil are
described as supply and demand balances. Nitrogen transformations in the soil are
modeled as balance processes dependent on soil physical and biochemical factors.

Input
Climatic, soil physical and biochemical data are required,

Ouiput
Dynamics of dry matter production, nitrogen content in various plant organs, soil
moisture content, mineral-N in soil, organic-¥ in soil.

Additional remarks

Main objective is to generate data on dry matter production function of water and

mineral nitrogen availability as a means for management decisions (semi-arid grass-
lands).

15




J.5. Ruasell
Models of long term soil organic nitrogen change (sectiom 4.11.)

Phoceases
Microbiological processes: mineralization, immobilization. Dry matter production of
crops is included.

Techniques
Time horizon: several decades. Linear differential equations solved pumerically.

Input
Plant yield data and soil bio-chemical data.

Output

Dynamics of mineral nitrogen in the s0il and plant yield.

Additional remarks ,
The model can be used for long term predictions of the organic-N content of soils.

16



W.J. Parton, W,D, Gould, F.J, Adamsen, S. Torbit and R.G. Woodmansee
NH3-volatilization model (section 4.12.)

Frocesses
Physical processes: gas-flux, ammonium adsorption and =exchange, ammonium volatiliza~-
tion. Hydrolysis of urea.

Techniques
Difference equation based on Michaelis-Menten kinetics diffusion equation. For several
ateps instantanecus equilibrium is assumed. Partial differential equation to describe
water flow.

Input
Soil physical and bio-chemical data,

Cutput
Data on hydrolysis of urea, NHgﬂvolatilization, water flow and leaching.

Additional vemarks
Main objective is to quantify losses of volatile NHy as function of environmental
conditions,

17



T.M, Addiscott
Leaching of nitrate in structured soils (section 4,13.)

Procgsses
Leaching, calculated from the vertical water—-flux, making allowance for mobile and
retained waterphases.
Mineralization (optional}.

Techniques
A multi-layer approach is used. During water flow, only nitrate in the mobile phase is
digplaced, with nitrate in the retained phase held back. When water flow ceases,
nitrate transfer between the phases may occur instantanecusly or by diffusion.
Mineralization is proporticnal to the square root of time,

Input .
Rainfall, evaporation. Points on the soil moisture characteristic or aggregate size
distribution and porosiby., Nitrate inputs from fertilizer and rain. Constant relating
mineralization to the square root of time, and its relatien to temperature (optional).

Output
Nitrate concentration in profile and leachates (drainage water).

Additional remarks
Main goal is to obtain understanding of the influence of soil aggregates on leaching
and to investigate how solutes held in soil aggregates may be protected from leaching.
The madel can conttect legching with either the water retention characteristics of the
s0il or with the mechanical characteristics of aggregation and porosity.

18




P. Leffelaar
Model to simulate partial anserobiosis (section 4.14.)

Prooeesee
Physical processes of water— and gas—-flux.

Techniques
Use of detailed geometrical models, difference equations.

Input
Soil physical data and oxygen consumption rate.

Cutput
Oxygen concentration in soil as funmction of envirommental conditioms.

Additional remarks
The model can be used to predict anaercbiopsis.

19



K.A. Smith
A model of denitrification in aggregated soils (section 4.15,)

Processes
Denitrification.

Techniques .
Equilibrium model. Differential equations for diffusion within aggregates and down into
the soil profiles. Equations are analytically solved by assuming certain steady atate
cages,

Input ’

Parameters for describing the soil aggregates, physical constants to describe oxygen
diffusion, oxygen-consumption rate of soil, concentrations and coefficients for
nitrate and the gaseous products of denitrificationm.

Cutpt

Fraction of soil which is anaerobic, denitrification rate.

Additional remarks
The model can be helpful in calculating denitrification. The model has not yet been
tested.

20



I.G. Burms, 1975
An equation to predict the-leaching of surface-applied nitrate. Journal of Agricultural
Science, Cambridge, 85: 443-4534. (Not presented at workshop.)

Processes

| Water and nitrate movement through soil., Nitrogen transformation processes are not
considered.

Techniques

The model assumes that rainfall will increase the water content of any soil layer until
its field capacity is reached. The fraction of nitrate leached is correlated with
fraction of water percolated.
The amount of nitrate leached below root zone is caleculated, assuming that the soil
solution of each laver is an equilibrium with water percolated.

Is

Input
Water drainage through the soil.

Cutput
The fraction of gsurface-applied nitrate leached below any depth.

Additional vemarks
Main goal is caleculating nitrate leaching under rainfall and irrigation conditions for

a wide range of fallow or cropped soil. The model might be a useful submodel in someone
else's model.

21



J, muffy, C. Chung, C. Boast and M. Franklin, 1975
A simulation model of biophysiochemical transformations of nitrogen in tile~drained corn
belt soil., Journal of Envirommental Quality, 4: 477-486. (Not presented at workshop.)

Processes
Water movement: unsaturated flow, saturated flow, water table fluctuations, tile flow
of water.
Nitrogen transformations and movement processes: nitrification, mineralization,
immobilization, denitrification, nitrate vertical movement, nitrate tile flow,
Crop growth: root growth, plant growth, nitrogen uptdke.

Techniques
Vertical multi-layer model. Water flow rate between levels is calculated according to
Darcy's equations. Zero and first—order reactions are used to model nitrogen trans—
formation processes. Scil moisture, temperature, nitrogen and light are taken into
account through Liebig's 'Law of Minimum Factors'.

Input
Main inputs are nitrogen fertilizers and rainfall.

Output
Main outputs are the amount of water leaving the field as drsin-tile effluent and
nitrate concentration in tile effluent.

Additional remarks
The model ‘is applicable to any typical field in the Corn Belt. It is possible to
predict nitrate concentrations in the tile effluent as a function of farm management

and climatic conditions.
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M.H. Frere, M.E. Jensen and J,.N, Carter, 1970.
Modelling water and nitrogen behaviour in the soil-plant system. Proceedings Surmer

Computer Simulation Conferemce: p. 746=760, (Not presented at workshop.)

Processes
Water balance processes: evapotranspiration, drainage.
Nitrogen balance processes: nitrification, mineralization, ammonification. Plant growth.

Techniques
Zero~order and first-order rate kineties. Water balence modelling technique assumes

that hydraulic gradient during drainage is independent of evapotranspiration. Accu-
mulated dvy matter during growing season follows an S—shaped curve. The rooting depth
increase follows the equation for normal distribution.

Input
Daily climatic conditions {rain, minimum and maximum temperature, solar radiatiom,
dew-point temperature, windspeed), irrigation water, nitrogen fertilizer.

Output

Nitrogen concentration in soil, soil water content, dry matter of crop, nitrogen
leaching from root zone of soil.

Additional remarks
Main goal 1s to obtain a better understanding of the behaviour of water and nitrogen

in the soil-plant system.
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H. Laudelout, L. Germain, P.F. Chabalier and C.N. Chiang, 1977
Computer simulation of loss of fertilizer nitrogen through chemical decompositian of
nitrite, Journal of Soil Science, 28: 329-339. (NWot presented at workshop.)

Processes
Ammonification, oxidation of ammonium in soil and chemical decomposition of nitrite.
Water balance processes are not considered.

Techniques .
First- and second-order rate kinetics are used. Competing microbiological systems are
considered.

Input
Main input Is nitrogen supplies,

Cutput
Concentrations of the nitrogenous species in the soil and nitrogen losses due to
chemical decomposition of mitrite.

'

Additional vemarks
Main goal is prediction of the rate of nitrogen loss from soil as a result of chemical
decomposition of nitrite. The model promotes understanding the role of two competing
reactions in which nitrite is biologically oxidized to nitrate or is chemically
decomposed at low pH.
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J.0. Reuss and G.C. Innis, 1977
A grassland nitrogen flow simulation model. Ecology 58: 379-388, (Not presented at the
workshop. )

Processes
Mineralization of soil organic nitrogen, oxidation of ammonium to nitrate, nitrogen
uptake by live roots, the transfer of nitrogen from the live top to the litter, the
transfer of litter nitrogen to soil organic matter, immobilization of nitrogen during
decomposition of roots, root growth processes, Effects of temperature and soll water
availability on the various processes.

Techniquas
Multi-layer model. All nitrogen flows are described as a function of time, soil
temperature, soil water content, nitrogen content, plant growth. Nitrogen uptake by
roots is sum of two processes, each of which is described by Michaelis-Menten
relationships,

Input
So0il water and temperature data are required. Initial levels of different nitrogen
forms in the scil.

Cutput
Plant biomass preduction and various nitrogen concentrations.

Additional vemarks
Main goal is to obtain a better understanding of grassland ecosystem processes and
fertilizer effects on grassland ecosystem.
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K.E. Saxton, G.E. Schuman and R.E, Burwell, 1977
Modelling nitrate movement and dissipation in fertilized 50113. Soil Sclence Society of
America Journal, 41: 265-271. (Not presented at workshop.)

Processes
The vertical water and nitrate ion movement in the soil; plant uptake of nitrogen;
nitrification, mineralization,

Techniquee
Multi-layer model. Soil moisture - tension - conductivity relationships are used to
describe vertical moisture movement. Nitrogen uptake from each soil layer is propor-
tional to both the water uptake and the nitrate concentration of the water in the
layer, 'The production of nitrate from applied ammonium fertilizer is uniform in the
upper 15 cm layer, .

Input .
Precipitation and runoff; pan evaporation; plant canopy development; nitrogen
fertilizer application.

Cutput

Dynamics of nitrate movement.

Additional remayks
Main goal is to obtain a better understanding of how to maintain optimum nitrate in
the soil for crop use and to minimize potential enviromment pollution. The model can
be applied to agricultural watersheds with permeable so0ils and high-yielding corn.
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M.J. Schaffer, G.R. Dutt and W.J. Moore, 1969
Predicting changes in nitrogencus compounds in soil-water systems, Water Pollution
Control Research Series. 13030 ELY, pp. 15-28. (Not presented at workshop.)

Processes
Mineralization, immobilization (both ammonia and nitrate), nitrification, urea
hydrolysis. Water balance not considered.

Techniques
Transformation rates are a function of urea concentration, NH,, orgamnic-N, NOB
C/N ratio, pH, temperature, moisture. A computerized multiple” linear regreSSLOn
technique was applied.

Input
Initial soil conditions and nitrogen additions (urea, ammonia, organic-N, nitrate}.

Cutput
Concentrations of the nitrogenous species in the soil with time.

Additional remarks
The model can be considered as a potential submodel for an integrated simulation model
of nitrogen leaching after combining with 2 water balance model.
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B, Singh, C,R. Biswas and G.S. Sekhon, 1978

A rational approach for optimizing application rates of fertilizer nitrogen to reduce
potential nitrate pollution of natural water. Agricultural and Enviromment, &4: 57-64.
(Not presented at workshop.)

Processes
Nitrogen fertilizer application, nitrogen uptake by plants, nitrogen leaching.

Pechniquee
Steady=-state model; grain yield and nitrogen uptake uptake for wheat and corn are
deacribed as a quadratic reaponae function of nitrogen fertilizer applied,

Input
Quadratic response functions.

Output

Relations between fertilizer applications, economic returns and nitrogen losses.

Additional rvemarks
Main goal is optimalization of fertilizer application with respect to economic returns
and permissible nitrogen releases.
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K.K. Tanji, M. Fried and R.M. van de Pol, 1977

A steady-state conceptual nitrogemmodel for estimating nitrogen emissions from cropped
lands. Journal Envirommental Quality, 6: 155-159. (Not presented at workshop.)

¢ Processes

~ Hydrologic submodel: irrigation water flow, precipitation, water inflow to root zone,
water outflow from root zome, evapotranspiration, surface return flow, seep perco-
lation.

- Nitrogen submodel: irrigation water nitrogen inflow, precipitation nitrogen inflow,

nitrogen fertilization, denitrification, nitrogen consumption by crops, nitrogen
leaching.

Techniques
Model is based on two principles:

steady state and mass balance. It has an annual or
growing season time scale.

Input

N in irrigation water, N in precipitation, applied fertilizer, N,

fixation, irrigation
) water—flux, precipitation.

Ouiput
Main output data:

— quantity of deep percolated water;
- nitrogen leaching losses.

Additional rvemarks

Main goal is prediction of nitrogen leaching losses on croplands under intensive

production, located in humid regions or where irrigation has been practiced for a long
period.
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M.F. Walter, G.D. Bubenzer and J.C. Converse, 1975
Predicting vertical movement of manurial nitrogen in soil. Transactions of the ASAE,
18: 100~105. (Not presented at workshop.)

Processes
Microbiological reactions: mineralization and nitrification.
Water balance processes: infiltration, percolation, drainage. Nitrate dispersion due
te mass flow of soil solution, Vegetation is not considered.

Techniques
Zerc—order kinetics were used te model nitrogen transformation processes. The
cne~dimensional unsaturated flow equation was applied to model water movement.

Input
Main input is manure application. .

Output
Dynamics of nitrate concentrations in soil.

Additional remarks
Main aim is predicting nitrogen transformations and movement in the soil, It can be
applied to lands with heavy applications of livestock waste in early spring.
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3. Status report on modelling of the
processes

31



3.1 Migration processes in soils

T.M. Addiscott, J.M. Davidson, K. Harmsen, P.A. Leffelaar, W.J. Parton, P.5.C. Rao,
J.H. Rayner, X.A. Smith, R.J. l\iagenet1

In general, it appears that our mathematical skills exceed our knowledge about the
biolegical system being described and the guality of input data available. Thus, care
should be taken when evalvating output from nitrogen models based on minimal knowledge
and inadequate input data.

WATER MOVEMENT

The physical processes respansible for the movement of water through weakly-structured,
non-swelling soils are understood sufficiently well to justify the use of mechanistic-type
models (Tanji, Wagenet, Selim, Iskander, Davidson et al.). However, these models are not
well suited for describing the entry and redistribution of water into well-structured
s0ils containing cracks or exceptionally large macropores that conduct water at much
larger rates than those in the surrounding porous medium. Scils of the latter type have
only recently been considered in sufficient detail, and a limited mumber of conceptual
models have heen developed to describe the phencmenon (Addiscott, Leffelaar, Smith,

Van der Ploeg, Bouma). Imput to drive these models generally involves bulk density, soil-
water characteristic data and aggregate size distribution (dry sieving).

Input data for the deterministic models should be obtained from in situ measurements
when possible, or from undisturbed seil cores. A sufficient nmumber of measurements should
be made to provide an estimate of the precision of each parameter or coefficient used.
Also, as far as possible, the precision associated with each input value should be kept
approximately equal. This, however, is frequently not possible owing to the spatial vari-
ability of field soils and frequency distributions associated with specific 5.0i1 property
measurements. For example, measurements of soil capacity terms (bulk density, soil-water
content, tension at a specific soil depth, sand, silt and clay contents) are usually
nomially distributed, whereas intensity parameters associated with rate processes (hydrau-
lic coﬁductivity, diffusivity and soil-water-flux} exhibit non-ngrmal (ususally log~
nomal) distributions. Thus, only a few samples are needed to describe the capacity
parameters, but several orders of magnitude more samples are needed to describe rate
coefficients with equal precision. This presents a serious problem to the modeler because
cost and time considerations usually prevent him or her from achieving the same level of

1Alphabe1:1'.1:3.]. order.
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precision for all model input parameters. The precision of the soil-water tramsport model
will, in general, be established by the rate-determining parameters used to drive these
models.

The resolution of most soil-water models should not be assumed to be better than that
which the parameters represent. For example, if the input parameters are measured at
depth intervals of 15 to 30 cm, the model should not be expected to quantify variations
occurring within a 5 cm depth with equal or greater precision than those between 15-30 cm
intervals.

Empirical models for describing soll-water movement using only capacity terms such as
maximm soil-water content and field capacity may be a reasonable compramise to the prob-
lems associated with spatial variability of rate process coefficients (Rao, Davidson,
Jessup, Addiscott). These types of technique are especially well suited for making
management-type decisions or for general forecasting. They alsc provide a sufficient
amount of output information to drive a solute transport model while requiring a mindimemn
mgber of basic, but readily available, input parameters.

SOLUTE MOVEMENT (NO; AND NH,)

The description of non-adsorbed solutes (C1™ and NOB")'through weakly-structured, non-
swelling soils can be described reasonsbly well with input from mechanistic or physically-
based soil-water equations (Tanji, Wagenet, Selim and Iskandar). Those solls which exhibit
swelling, or allow water to move rapidly through preferential éha]mels, are difficult to
treat analytically; for the same reasons, water movement through these soils is not well
described by existing physically-based models. Sclute movement in soils with well-defined,
structured soils must be treated differently from homogenous soils. Models for these types
of soils based on the scil-water equations have been used hy Passioura, Wieringa and
coworkers, but their solutions to these equations are complex. The problem also can be
approached using a model (Addiscott) which divides the soil solution into mchbile and non-
mobile phases, using data {ram either the soil-water characteristic or aggregate size
distribution. Sclute movement between the phases can be expressed simply as equalization
of concentrations, or more exactly as a diffusion controlled process. Such a model illus-
trates the broad principles of solute movement in structured soils, but is not mechan-
istic., It uses very simple inputs and is suitable for magenement purposes.

The hydredynamic dispersion coefficient in the solute transport equation has been
shown to be a function of soil-water content and pore-water velocity. It alsc has been
shown to be non-normal in terms of spatial sample frequency distribution. Inclusion of
the dispersion coefficient should be made in the sclute transport equations. However,
prior to this, the sclution to the solute transport equation should be evaluated to
ensure that mmerical dispersion is absent. Numerical dispersion is an inherent error in
certain finite difference solutions of the solute transport equation.

Classical iom-exchange equations, whose validity has been tested, should he used to
describe ion exchange during solute transport in soils. Ion exchange involving equal-
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charged cations can be described by Vanselow-type equations, using equivalent fractions
(or concentrations) in the adsorbed phase. Ion exchange involving caticnic species with
differently charged mmbers (e.g. Ca2+/Na+) can be described by Gapon-type or Vanselow-
type equations. Anicon exclusion should alsc be considered; the extent of exclusion can be
estimated on the basis of clay content, cation exchange capacity, etc. If appropriate icn
exchange equations are unavailable, simple adsorption models (for example, linear adsorp-
tion isotherms) may be used to describe the retarded movement of ions. Ionic composition
of the solution used to measure sorption isotherms should be similar to that encountered
in irrigation water or soil sclution.

Models to estimate soil pH or chemical processes influencing it are not well enough
established at this time tc be used in nitrogen models. Because of soil buffering, this is
not an envirommental property which would exhibit on a macroscopic scale wide swings
.during a growing season; thus, it can be considered a second order process for the present
time.

Use of nitrogen medels in salt affected soils or when salty waters are applied should
recognize csmotic effects on microbial processes., Description is necessary of all solute
concentrations so that a fwtal, and not just nitrogenous, solute presence is predicted
fer such cases. P

Because of the spatial variability asscociated with rate process parameters, a manage-
ment Ievel model using capacity coefficients may be an alternative approach (Rao,
Davidsan, Jessup). This type of model would provide less detail regarding water and
solute fluxes, but would provide reasonable estimates of the position and distribution of
soluble nitrogen species in the soil profile. Also the input parameters would provide
reasonably good precision without extensive sampling. Although not a scphisticated model,
it may be qualitative encugh for many management-type decisions. These capacity-type
models may in fact represent water and solute fluxes as accurately as the very mechan-
istic models which are limited by spatial variability of input parameters.

HEAT TRANSFER

Well defined, physically based mathematical models currently exist for describing
diurnal temperatures in the soil profile. These models have been verified through labora-
tory experiments. Thus, accepted research-level models for predicting soil temperatures
of selected soil depths are available for inclusicn in nitrogen models. These models
would provide temperature input information for biclogical processes. However, use of the
models is limited by the fact that soil surface boundary conditions are generally not
well defined and the heat transfer equations camnot be solved. Therefore, inclusion of
aurrent state-of-the-art heat transfer models may not be justified for inclusicn in nitro-
gen models at the present time.

In view of the importance of describing soil temperatures for use in solving biological
nitrogen submodels, it is suggested that an empirical approach be used for the present.
This procedure would be based on annual temperature profile information. From this, daily
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changes in so0il temperature could be made. This, however, would not be completely satis-
factory in many cases for the top 15 cm of the soil.

»

GAS DISFFUSION IN RELATION TO DENITRIFICATION

The theory of diffusion in porous media is well understood, and many studies from the
early 20th century onward have led to equations which closely describe experimental obser-
vations. Diffusion is the dominant process governing oxygen transport into the soil and
N0 and N, out, though mass flow may have some effect. Extreme limits for diffusion co-
efficients are well known from earlier studies.

The major problem in modelling the occurrence of anaerobiosis, and therefore the
occurrence of denitrification, is that of defining the physical environment, its gecmetry,
its dimensions, spatial variability, and three-phase composition in micro-enviromments.

Earlier models of diffusion considered the soil as a homegeneous, porous medium, and
thus they were one-dimensional, with concentration gradients in the vertical direction
only. The models for aggregated soils attempt to imvelve radial diffusion into aggregates
of different sizes as well as diffusion down the profile. It is agreed that this is a
better recognition of physical reality irrespective of whether spherical or other geo-
metric shapes are postulated. Aggregate size distributions are easily measured and con-
stitute some of the best independent data available for the model.

In sandy, structureless soils which are well aerated at depth, but where anaerobic
conditions can occur in the biologically active uppermost layers the simple one-dimen-
sional model concept is also inadequate. A possible approach here is to consider a layer
through which some larger air-filled pores run but which, because of the random distri-
bution of these pores, contain some zones sufficiently remote from them to allow
anaerobic conditions to develop.

Spatial varisbility of diffusion coefficients has not been adequately investigated,
but it is almost certain they are non-normal. This factor is as important as soil atmos-
phere gas concentrations of N,0 and N, in calculating fluxes from Fick's Law, and more
data are urgently required.

N,C in the gas phase is readily measured and N, evolved from added fertilizer N can be
identified by 5y labeling and mass spectrometry. However, the latter method does mot
measure N, from soil-derived sources.

Modelling of denitrification is at the research or conceptual level only, and is not
appropriate for management purposes at our present state of knowledge.

VOLATILIZATION CF N4
Significant losses of nitrogen from the soil can occur through volatilization of Mi,.
These losses occur when high concentrations of urea are placed on the soil surface. The

volatilization occurs from shallow soil surface layers (0-5 cam) while very little NH,
volatilizes frum deeper soil layers. The diffusion of N, through the soil can be modelled
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using Fick's diffusion equation. The major problem centers around estimating the diffusion
coefficient as a fumction of soil-water content and soil type; however, some information
is avajlable from the literature. Volatilization of NH, fram the top soil layers into the
atmosphere can be modelled using the diffusion equation. This flux is a fumction of the
boundary layer resistance which is controlled by wind speed and air stability. Information
about this for laboratory conditions is available in the literature.

N4 volatilization from the soil may not, however, be a loss from the system since NH,
can be adsorbed by the plant canopy. Scientific models for describing volatilization of
NH3 have been developed (Parton 1579, Van Veen 1978); however, these models are not
appropriate for field applications.

AMMONIUM FIXATION
Soils that have potential for ammonium fixation are rare, but if high charge 2:1 clay
minerals not saturated with K or M, are present, they must be included in any model at

the research level. In other cases, a suitable parameter in the ion exchange part of the
model will handle ammonium which is temporarily, but strongly, held.
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3.2 Soil microbiology

E. Bosatta, I.K. Iskandar, N.G. Juma, G. Xruh, J.0, Reuss, K.K. Tanji, J.A. van Veen

Micro~organisms in scils play a major role in the soil N-cycle, transforming N com-
pounds into available and unavailable forms, mobile and immobile forms, oxidized and
reduced forms, and gaseous and solute fomms. The N trensformations of interest to this
workshop were nitrification, denitrification, mineralization-immobilization, and biolog-
ical N,~fixation. ‘

Each of the above microbially-mediated reactions are examined relative to modelling
approaches, appraisal of mathematical modelling and validation and to the effect of envi-
rommental and soil factors.

BIOLOGICAL NZ—FIXATION

Modelling of biological Nz—fixation in ecosystems is compardtively rare, in spite of
the fact that in most natural terrestrial ecosystems this procesg is the principal exter-
nal N-source. The process is usually included in models by a s#ll assumed rate and the
fate of this fixed N, is usually not clearly modelled as tc its availability to plants.

Future modeiling effort on N transformations in soil should be directed much more
towards biological N-fixation than is done sc far, especially in view of its increasing

importance as an external N-source for agrc-ecosystems.
NITRIFICATION

Nitrification is usually modelled as the result of the activity of chemo-autotrophic
micro-organisms:

Nitrosomonae for oxidation of NHZ and Nitvocbacter for oxidation of NO,. Heterotrophic
nitrification is not explicitly considered in modelling.

Because only a few species of micro-organisms are involved the effect of the principal
envirommental factors affecting nitrification, temperature, pH, moisture and oxygen status
is well defined and is over a much narrower range as compared to other processes, where a
more diverse population of micro-organisms is invelved. Thus, modelling of the effect of
a particular environmental factor is comparatively easy and excellent fits with reality
have been obtained. However, the combined effect of several factors has not yet been well
defined. The lack of data and adequate mathematical expressions of the combined effects
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has appeared to be a very sericus limitation to modelling, not only of nitrification, but
also of the other N-cycle processes.

Another aspect which does not have had sufficient attention in modelling till now is
the impact of microsites on nitrification. Since nitrification and denitrification de not
occur simultaneously at a given microsite, the surface area of soil colloids and its
micro-envircment are of prime significance.

The mathematical medelling approaches to nitrification are the Monod (Michaelis-Menten)
kinetics, chemical kinetics, and empirical equations. The application of Monod kinetics to
soil nitrification was initially proposed by McLaren (1969). The more comprehensive Monod
kinetic model (Van Veen, Frissel, McGill et al.} invokes the following

-d(8)/dt = 1/Y.dG/dt (N

where S is the substrate (NHZ or NOE) concentration, t is time, G is biomass, and Y is
the yield coefficient. Increase in growth is described by

do/dt = uG p (2)
where v, the specific growth rate, is cbtained from

= 9/ (8) ©)
where u is the maximum specific growth rate and KS is the half-saturation constant. In
most of the existing models limiting envircnmental factors are introduced by decreasing u
by several methods: multiplicative reduction factors, Liebig's Law of the Minimm Factors,
and others such as the Arrhenius equation. However, it is well known that also the yield

coefficient and the saturation constant are affected by temperature and pi.
Equation (4) can be cbtained by combining equations (1), (2), and (3).

-dE)/dt = 1 GBIV (K, + (5) 4

Another approach, which can be derived from equation (4), assumes zero-order or first~
order chemical kinetic models:

1]
-~

-d(8)/dt = X, (5)

-d(S)/dt K, ()] (6)

vhere Ky and K, are respectively the zero- and first-order reaction rate constants. The

decision on using whether zerec- or first-order rate kinetics should, if possible, be based
on a comparison of the actual N-concentration and the saturation constant. For nitrifica-
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tion a wide range of values of the saturation constant have been reported from < 1 to
> 50 pg.g"I N with an average value of approximately 10 ug.g N. In some instances, the
two-step nitrification is modelled as one step, i.e., oxidation of NH:;r to NO,.

Empirtical rate equations have often been used when cause and effect relations are not
known or when there is an advantage in fitting a model to site-specific experimental data.
Some empirical models such as those advanced by Kruh and Segall have utility as they have
been widely tested. However, empirical models do not have wmiversal applicability as
kinetic medels do. In the mechanistic models the rate constants such as K| in equation (6}
have values over a restricted range. The rate of reactiomn, -d4{S)/dt, however, may vary
widely because of (S) or the environmental reduction factors. The Monod {(Michaelis-Menten)
kinetic models are theorstically sound and more complete since they are linked to micro-
bial biomass and enzyme-substrate kinetics. Such models have the capability to describe
the entire time course of change including the lag time. Biomass-based models, however,
require several parameters that are not commonly measured in soil N studies in the field
and it is difficult to measure and/or validate microbial biomass. On the other hand,
chemical kinetic models require minimal Input data and are suitable for low substrate
concentrations, but generally do not fit the entire time course of change. Another limi-
tation to chemical kinetic models is that they assume umlimited biological potential,
i.e., there are no upper or lower limits of control on the rate of reaction like the
parameter Mo in equation (3).

DENITRIFICATION

Since a diverse population of acrobic micro-organisms mediate NOE reduction under
certain 02-1in1ited conditions and in the presence of a wide variety of biodegradable
organic carbon as an energy source, denitrification is less defined than nitrification.
This is reflected in the present state of the mathematical models of denitrification.

Mathematical modelling approaches are similar to those for nitrification, including
biomass-based kinetics, chemical kinetics, and empirical equations. But, unlike nitrifica-
tion the physical environment also has to be modelled to establish when and where anoxic
conditions prevail, including the occurrence of microsites (Smith, Van Veen and Frissel),
Kruh and Segall). This physical modelling effort is discussed in section (3.1.) Alsc the
effects of envirommental factors are less defined as compared to nitrification because of
the diverse population of denitrifying organisms. Under optimum conditions, denitrifica-
tion proceeds rapidly until the substrate and/or cne or more envirommental parameters
become rate-limiting, Mathematical simulation of the cambination of envircnmental factors
is limited in the same way as for nitrification.

The Monod kinetic approach may consist of single or dowble Michaelis-Menten kinetic
medelling; as shown in equations 8 (Van Veen and Frissel) and 9, respectively.

A0/t = Ky (403)/ (g + (N03)) ®
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d(N0,)/dt = K . (NO,) /(KN03 + (N0,)) - (soluble Org.CJ/(KSoL'C + (Solwble Org. C))  (9)

where K, and K, respectively are the maximm denitrification rate, and Kyy and Kgpy ¢
respectively are the half-saturation copstant. Equations (8) and (9) may bé extended to
include biomass population and the specific growth rate.

Because it is difficult to ascertain the Michaelis-Menten constants and the denitri-
fiers, chemical kinetics are used by other modellers (Mehran and Tanji, Tanji et al.,

Rao et al., Selim and Iskandar, Wagenet, Krug and Segall). However, it is disputable
whether to use first- or zero-order kinetics with respect to Nog, on the basis of the
value of the saturation constant, Kyg , of which values have been reported from

0.00 yg.g”! N (for liquid cultures) up to 40 yg.g~' N (in soil). Some modellers explicitly
allow denitrification to occur only, when they assume, that anaercbic conditions exist
¢.g. when the pressure head is 15 am or less or when soil water content is 80% or greater
than saturated water content (Selim and Iskandar).

The Michaelis-Menten and chemical kinetic approaches of modelling have the potential
of simulating denitrification better than chemical kinetics if they consider soluble
organic carbon in addition to NOE. The former, however, assumes the rate of denitrifica-
tion to be bounded by the upper and lower biological limits, while the latter does not.
Van Veen and Frissel simulated the production of soluble organic C in their mineraliza-
tion-immobilization modelling and then assumed zero-order kinetics with respect to NOE.
Experimental validation of models for denitrification is hampered by difficulties in
direct measurements of the denitrification products as well as identification and counting
of denitrifiers. Denitrification cannot be accurately predicted without an estimate of
substrate availability, preferably solible C. This implies coupling of the N c¢ycle with
the C cycle. Unfortunately, soluble C estimation is probably one of the most difficult
aspects of C modelling.

HYDROLYSIS CF UREA

The hydrolysis of urea is a well documented enzymatic process. It is dependent mainly
on soil pH, urea concentration and soil temperature. In most cases, the ability of the
-50il to buffer against pH change will make umnecessary the description of dynamic soil pH
status as a mediator in hydrolysis. Urine patches and similar localized, highly concen-
trated organic concentrations represent special cases where this assumption may not be
valid. Michaelis-Menten kinetics are a reasonable and acceptable means of characterizing
hydrolysis as a function of urea concentration. Description of temperature fluctuations
in the surface soil needs to be provided in detailed models. This probably does not need
to be included in management-level models as the hydrolysis of urea is usually fairly
rapid, and description of the process as a function of temperature might therefore be of a
second-order resolution.
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MINERALIZATTON-IMMCBILIZATION

The process of mineralization and immcbilization are greatly determined by the large
diversity of the micro-organisms involved. This is also reflected in the effects of
environmmental factors. The processes occur over a very wide range of temperature, pH and
moisture content, and under both aercbic and anaerchic conditions.

Another determining factor is the strong relationship between the soil ¢~ and N-cycle.
The modelling apporaches can be divided into three categories:

1. Models which do not consider C decomposition and predict mineralization of N using
first-order kinetics (e.g. Tanji et al. or use a pseudo Arrhenius equation (Addiscott).

2. Models which consider C and N and use the C/N ratio of substrates as the parameter
determining whether net mineralization or net inmobilization occurs.

3. Models which consider C and N as substrates for the biomass.

In these models, the met mineralization or immcbilization is the result from the balance
of gross mineralization and gross immobilization rates. As these processes involve micro-
bial growth and decay, several approaches have been used in describing microbial activity:
a. The bianass is divided into two components: bacteria and fungi. These components have
different C/N ratios, which can vary within certain limits (McGill et al.).

b. The biomass has a fixed C/N ratio and the total biomass is involved in the decomposi-
tion of each of the different orgenic C-substrates [Bosatta).

€. The biomass is assumed to have a fixed C/N ratio and a fraction of the biomass is
invelved in the decomposition of each of the different orga.nie C-substrates (Van Veen and
Frissel).

d. The bianass is assumed to have a fixed C/N ratio and has unlimited biclogical potential
to decompose C-substrates under most conditions. Thus, it is the C-substrate concentration
rather than the size of biomass that is used tc calculate the amount of C decomposed

(Juma and Paul) .

In the comprehensive models which include biomass it is highly desirable to include
explicitly biomass turnover. Considering the fact that most of the organic material
entering the soil such as roots and litter as well as native soil organic matter is taken
up and transformed, albeit with very different rates, by the biamass, the dynamics of soil
organic matter are primarily determined by the growth and death of micro-organisms. How-
ever, the present knowledge on the quantity and the quality of organic materials being
released during biomass turnover is very limited and for the greater part derived from
laboratory or wastewater experiments.

In most of the cemprehensive models, the exogenous and soil substrates are divided
into several compoments. This approach attempts to divide the carbon substrates according
to their relative availability to the bicmass. Although this approach is very superior to
a description in which soil organic matter is considered to be an entity, it should be
pointed out that the possibilities to measure quantity and turnover rate of the several
soil organic matter fractions are limited. The decamposition of these substrates are
described by Monod (hyperbolic) kinetics and f£irst order kinetics.
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The advantages and disadvantages of these descriptions aré:

Monod model

In this model the values of wo and K_ are needed. The Mo and K_ values for various sub-
strates have been determined for wastewater treatments but with a few exceptions not for
soil. It sounds reasonable to assume that the maximun specific growth rate is of the same
order of magnitude for both the wastewater and soil system, because it refers to the
intracellular systems. However, the saturation constant as used in the soil organic
matter models is a conbination of two constants: (i) the affinity constants for the sub-
strate and (ii) a constant which accounts for spatial availability of the substrate. The
latter does not allow for a detemination of KS other than in the soil system itself.

First—order kinetie model

In these models the decomposition of C is limited by the substrate concentration and not
by the biological potential of the biomass. It is readily applicable to the soil system
as decay rate constants are available (Paul and Van Veen, 1978}. ,

As mentioned before, there is no upper or lower limit to the decomposition rate, which is
in contradictory to experimental results.

CCNCLUDING REMARKS

Modelling efforts on soil N transformations vary widely in their complexity and reso-
lution. Although the more simple chemical kinetic and some empirical approaches have
their uses, they usually do not apply over widely ranging conditions and/or time because
there is no explicit treatment of microbial activities. Therefore, the more comprehensive
Monod kinetic models have more biclogical significance and generality. Since microbes are
central to the dynamics of soil N, it is highly desirable to describe explicitly the
activity, growth, and death of the microbes in N transformations. In these comprehensive
models it is necessary to model not only the N-but alse the C-cycle, since the latter is
usually the rate limiting nutrient. This requires fractionation of soil organic matter as
the substrate :for micro-crganisms. Modern techniques of measuring the growth and activity
of the biomass as well as use of tracer techniques would provide further understanding
and a better data base for simulation modelling.

The degree to which envircnmental factors such as temperature, scil moisture, pH, etc.
affect microbial N transformations is strongly dependent upon the diversity of the
involved microbial population. If only a few genera are involved, as in nitrification,
they are much more sensitive to the envirommental factors, in contrast to the total
microbial population participating in immobilization. Hence, the more significant environ-
mental and soil factors should be considered in modelling seil N transfomations. Data on
the effect of a single envirormental factor are superfluous but data on the combined
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effects are hardly available, This makes equations which take care of combined effect in
simulation models rather arbitrary. This is considered to be one of the most serious
limits to the present models, ’

It is clear that the behaviour of soil N as affected by microbially-mediated reactions
is very sigmificant and canplex. It is also clear that mathematical and computer capabil-
ities are available but that the present knowledge on the various aspects is far from
complete.
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3.3 Soil-plant relations

H. Breteler, D.J. Greemwood, I. Petterson, J.S. Russell, I Sauerbeck, F. van Dorp,
H. van Keulen, H.G. van der Meer

ANALYSIS

The group considered the various plant processes in the models presented at the work-
shop, A classification of the main plant processes in the several models was made. This
classification is incorporated into Table 1. Bach of the approaches used for the different
processes was examined and compared for the different models. This was used as a basis for
identifying the limitations of existing knowledge and for pinpointing areas of greatest need.

ROOT GROWTH

Most of the existing models rely on some empirical relations and it is believed that
there is a considerable need for more mechanistic models for root growth. There is a
special need to devise means of taking account of the balance between root and shoot
growth and the effects of soil physical conditions on root distribution in the soil.
Attention should also be given to distinguishing between root weight or root volume and
root length. In our view the lack of validated root growth models is a major limitation
to the development of crop-soil models.

WATER UPTAKE

The treatment of water uptake has been based to a large extent on well established
principles about the movement of water through soil and plants. When the actual transpi-
ration rate is similar to the potential trmaspiration rate, almost all models, considering
water uptake, are based on Darcy type equations relating water flux to gradients in water
potential of the entire soil plant system. They rely on the root distribution and give
good predictions of the distribution of water beneath the crop. However, when the crop is
under stress and water uptake is less than the maximum, the models are rather more empir-
ical and thus may be of less widespread applicability.

We foresee there is a need to develop models which incorporate water potential within
the plant as a key feature. We alsc believe that there is a need to develop relationships
between water potential in the plant and photosynthesis, growth and the distribution of
assimilate.

45



NITROGEN UPTAKE

The treatment of the uptake of nitrogen by plant rocts is far less based on fundamental
concepts than that of water. Nevertheless the main factors that are known to affect
nitrogen uptake are incorporated in one model or another. These are (1) the dependence of
the uptake of nitrate on the presence of ammonium, (2} the effect of concentration at the
root surfaces on the rate of uptake and (3) the dependence of uptake on the demand of
the crop for nitrogen and the extent and distribution of the root system.

Much available knowledge, however, does not appear to have been fully utilized in the
development of the models. Especially important are:

1. A great deal of information exists sbout the effect of NHZ or NO_ concentration on the
uptake rate of the two ions. In particular the rate of NO uptake by plant roots is un-
affected by nitrate concentration over a wide range prov1ded this exceeds a very low
value of about 0.1 mM. It seems reasonable to consider nitrate uptake as governed by an
ON/CFF switch depending on the concentration at the root surface.

2. The absorption of No; increases pH and absorption of NH: decreases pH in ways that can
be readily calculated. The effects are very large and we believe that they could have
considerable "influence on root and microbial activity of the rhizosphere, particularly in
poorly buffered systems.

The group identified that progress could be much improved if there were better con-
ceptual sub-models for the following processes: "
~ The dependence of nitrogen uptake by crop roots on the N status and the physiological
condition of the plant.
- The transport of nitrate through the soil and especially the way this is affected by
soll water content and properties of the root-soil interface.
- The proporticn of rcots that must take up nitrogen to satisfy the needs of the whole

crop.
ROOT DEBRIS AND EXUDATION

Most models for roots take no account of the well established fact that a substantial
proportion of the roots is subsequentiy metzbolized by soil organisms. A considerable
proportion of the roots appears as inanimate material in the soil and as constitutents of
micro-organisms. We believe that it is important to incorporate some concepts representing
these processes into whole plant-soil models. There are two reasons for this view.

(1) Unless account is taken of the process, present concepts of partition of assimilate
between root and shoot will grossly overestimate the amount of active root which, in turn,
will have indirvect effects on predictions of water and N uptake. (2) Breakdown of the
roots greatly influences the size of the bicleogically active pool of organic matter in
thizosphere and soil and can thus have a considerable influence on processes such as
denitrification. Indeed we believe that this process could explain the difference between
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the nitrogen econamy of cropped and uncropped soils.
We recognize that to develop these concepts there is a need for further quantitative
experimental data.

DRY MATTER PRODUCTION

Several medels have related total dry matter production to the transpiration rate or
the ratio of actual to potential transpiration. The choice depends on the envirommental
conditicns, but with this limitation the models appear to give a good description of the
experimental data when yields are not limited by nutrients in general.

Nevertheless there are a number of ways in vwhich substantial improvements could be
made. These include the development of better quantitative theories for:

1. The influence of crop nitrogen status on photosynthesis, growth rate and the partition
of assimilate between different peols of the plant.
2. The interaction between N and water status on dry matter production and water use.

CONCLUSIONS
The general conclusion is that the understanding of water transport in soils and plants
is much greater than our understanding of root development, rcot finction and nitrogen

nutrition., It is recognized that major limitations to progress are the lack of technology
for studying roots in the soil and the problems of validating complex models.
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3.4 Model validation

M.J. Frissel

It was unanimously concluded that techniques for the validation of the models are in-
sufficient. Same particular problems which were discussed are:

1. Correctness of computer program, i.e. does the program really describe the concept?
Programning errors such as the use of a + sign instead of a ~ sign or the omission of a
correction factor which is close to 1 are difficult to eliminate. In case two modellers
use exactly identical concepts it is possible to use each others data sets. Errors may he
detected in that case. However, a plammed inter-model canparison failed because there
exist always small differences in concepts invoking different equations thus requiring
different data sets.

The preparation of a standard data set which covers these differences in concept (i.e.
contains optional parameters) and thus can be used by many modellers was highly recom-
mended. A few participants are working along this line.

2. Programs may be checked by simplifying the program so far that analytical soluticns
can he applied. Most nitrogen programs are, however, so complex that this techmique can
hardly be used.

Another check is the introduction of a summation procedure in the program of all N
present in the separate pools. The total amoimt of N should be constant with time. An
increase of a decrease indicates an error. Because, however, accumulated losses and gains,
e.g. from atmospheric nitrogen, also have to be included, this technique is not popular.
3. Experimental data which can be used for meodel validation are scarce. Model developers
are faced with the situation that their equations contain more unlnown parameters than the
mmber of independent data sets which are available. From a mathematical point of view
data sets of different years or plots, from the same experimenter, are often similar so
that they do not much contribute to the assessment of the parameters. On the other hand,
extreme conditions, which may be a flood for the one and a drought for the other, provide
a much better assessment of certain parameters. The only problem is that under such ex-
treme conditions the conceptual model, which was developed for non-extreme conditions,
may no longer be valid.

The aforementioned problems make a validation of models on N behaviour in soil diffi-
cult and questionalbe. It must, however, be stressed that the first ohjective of the
majority of the models is not prediction, but rather to obtain a better understanding of
the terrestrial N-cycle. The model is a tool in studying the complex interactions between
all processes which control the N behaviour in soil. Only when this state is passed and
mderstanding is sufficient predictive models could be developed.
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4.

Description of models
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4.0 Format of descriptions

ticns are separated into the following parts.

1.
2.
3.

8.

2.

10,
1.
12.
13.
14.
15.
16.
17.
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Name of medel or program
Systems modelled

Chjective

Time scale

Diagrams

Pools (levels)

Governing equations

Input parameters

Qutput, verifiable variables
Observations

Comparison results

Limits and limitations
Computer

Program language

Rurning time/cost

Users

Developer and principal contacts

With a few exceptions all models are described according to the same format. Descrip-
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4.1 Water and nitrogen fluxes in the
root zone of irrigated maize

K.K. Tenji, M. Mehran and S.K. Gupta

1. NAME CF MDLEL CR PROGRAM
UCD-RANN MCDEL

2. SYSTEMS MOLELIED
Corn field - irrigated and fertilirzed, one-dimensional transient flow, Mediterranean

climate,

3. MODELLING OBJECTIVES

a. Similate the physical, biological and chemical processes and coenditicns in the root
zone of corn fields.

b. Develop capability to simulate water and nitrogen fluxes over small time and space
increments for a growing season.

c. Verify the water and nitrogen submodels with data from the corn field trials at Davis,
California.

d. Utilize the models to interpret and evaluate expsrimental results such as spatial
variability of soil hydraulic conductivity.

e. Apply the model to other scil-plant-water systems where sufficient input data and
validation data are available.

4, TIME SCALE

This is a transient model designed to simulate changes in fractions of an hour to some
maximum time span desired by the modeller, provided the time variation of boundary con-
ditions can be handled by computer storage.

5. DIAGRAM
Figure 1. Simplified block diagram of the water and N transport submodels.
Figure 2. Mechanisms and processes modelled in soil N simulation.

6. POOLS (IEVELS)
Not applicable.
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DYNAMIC SIMULATION MODEL

Water Flow [ Water and
Submodel < Nitrogen

Inpuls

Infiltration
Redistribution
Tronspiration
Evaporotion

v

Soll Wotsr Contents :::':'“"f .
Root Water Enlroctlom Subm::ei
Woter Fluxes

\

Convective - Diffusion
Transport
N Transformations
Crop Uptake

V

Conc. of N Species

NH A & NOB Absorption

Nitrogen Fluxes

Fig, 1. A simplified block disgram of the water flow and N transport submodela,

7. GOVERNING EQUATIONS
a. One-dimenetonal noneteady flow of water (Gupia et al., 1978)

ceey 2 - 2 [K(h) gﬁz-] -8

where
C(8) = differential soil water capacity, %?I’ an® a3 em’!
& = volumetric water content, cm” an
h = pressure head, cm
K(h) = hydraulic conductivity, cm d”!
H = total head, h + z, am
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3 £
0 )
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Fig. 2, Mechanisms and processes modelled in the N transport submodel.

3 3 1

S = sink temm for root extraction, cm” cm - d
= time, d
z = s0il depth, am.

Equation (1) is subject to the usual initial and boundary cenditions including semi-
infinite scil depth (Cupta et al., 1978), and solved by an implicit finite difference
approximation method.

To campute 9 and water-flux (g) for each node, functional relations between 6 and h and
also between K and h were develaped. The measured field data on 8 and h was related by

o =by +b, logh +b, (log h)? @

Then a separate programn was used to estimate X from h extrapolating from the wet to
the dry range using the Millington and Quirk method (1961) along with the Jackson et al.
matching factor (1965). K and h was related by

log K =a;+a logh+a, (log h)? (3)

The sink term S for root water extraction in equation (1) was defined by the Nimah and
Hanks' {1973) macroscopic model
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h_-h
_ t RDF(z) .
§ = K(h) [WTZ] v e (4
where
h. = derived root water pressure at the root-soil interface, an
R = radius of water flow to roots, cm

RDF = root distribution fumction defined as the proportion of roots in 4z
4z = radial distance between roots, an
4z = so0il depth, om.

RDF is related to the root length density by
L

= (=) .
RDF(z) = —t (5)
v
where
Ly (gy = Yoot length density in z soil depth, cm a3
L, = total root length density in the root zone, am an
Lv(z) = 3.5 [1 - 1.0 exp (-0.02t)] (6)

for corn grown in the Yolo soil (Acevedo, 1975).
Radial distance between roots is computed from

H
v

Since Nimag and Hanks (1973) inputs RDF and assumes 4X to be unity, this model is an
extension of the former. Extraction is allowed to proceed between the prescribed limits
of saturation and wilting point, assumed to be 10 bars, as well as the imposed potential
evapotranspiration. ‘

The potential transpiration (E t} when soil moisture is not limited is estimated from
potential evapotranspiration (E‘I‘p) and leaf area index (LAI) by the Ritchie and Bumett
method (1971) -

E =Bl (-0.21 + 0.7 LAT%) (8)
bt~ p

over the range of 0.1 £ 1AI > 2.7 for com. When LAT > 2.7, ETP = Ept and when LAT < 1.0,
Ept is considered negligible.
The actual rate of transpiration is computed by assuming linear decrease (Thommthwaite

and Mather, 1955)
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T=E, [»5%] (9)

where
SWS = actual scil water stored at any given time in the root zone, wm
AW = so-called available water between wilting point and field capacity, cm.

The nonlinearity of equation (1) is treated by one of several iterative schemes (Gupta
et al., 1978). In this model, mass balance is used as an additional criterion for itera-
tion. At each time step, the total moisture content are compared between two independent
means: (1) estimated from predicted values and (2) estimated by mass balance, i.e.,
initial condition at each time step + inflow - outflow - extraction - evaporation. If the
absolute difference between these two are more than the prescribed limit (e.g., 0.1 cm},
the iterations are carried out with new values of K and C for each node. If the solution
does not converge within ten iterations, At is reduced in half and the whole process is
repeated. This model is also being used to obtain further insight into the complexities
of field soil water cycle (Biggar et al., 1977). One major application is the evaluation
of spatial variability of soil hydraulic conductivity. s

Simmons et al., {1979) amalysed heterogeneity of hydraulic conductivity by

= 2 B
K=o K explp(e - gyl (10)
where
o« = scale factor
K_ = scale mean hydraulic conductivity, am at
8, = saturated water content, en’ a3
g = location-dependent parameter.

And saturated hydraulic conductivity, K0 , 1s defined by
Ky = o K (11)

b. One-dimensional nitrogen flow (Temji and Mehran, 19789)

2
a(ec) _ , 8°c _ . o8c , Ci(z,t) _p 3E
3t Dazz Ve P T et S (12)

concentration of mobile N species, ug crn_3

apparent diffusion coefficient, am’ & !

LR o'
[}
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pore water velocity, am a!

soil bulk density, g an 2 _ “
concentration of N in the exchanger phase, ug g |

root absorption coefficient, dimensionless

n > I o «
1}

sources or sinks.

Equation (13) is subject to the usual initial and boundary conditions (Tanji and
Mehran, 1979).

The term 8, includes all of the transformations (Figure 3} contributing to c as sources
and/or sinks. Assuming that all transformations obey first-crder kinetics (Mghran and
Tanji, 1974) and that N-l;'l and No._; are the only mobile solute species, differential equa-
tions describing the rate of change of all N species under consideration are as follows:

) .
BA _ o 3°A _ _9A , AA(z,t) _ o
1+ Rf) 3E° DA 322 vt 3 [K](Z) + Kb(z)]A + KS(ZJ 5 F (13)
3B _ . 3%B _ _ 3B, BA(z,t)
E-DB;-;-E- Vg ¥ g = [Ky(2) + Ky(2)IB + K (2)A (14)
3E _ A
3T~ Kex 3t , (15)
aF ] ]
55 = K32 5B + K, (2) 3 A - K;(2)F (16)
3G _ 8
3t - KB 5B (17
where
A = concentration of solution N-IZ, wg N and
B = NOE concentration, ug N an >
E = concentration of exchangeable M{Z’ g N g-]
F = organic N concentration, ug g
G = gaseous N concentration, ug g'l
K,, = coefficient of exchange reaction, an’ g !
D, and D, = apparent diffusion coefficient for I\HZ and NO;, o d_i
Rf = pKex/e
K., K,, Ky, K, Kg = transformation rate constants for nitrification, denitrificationm,

immobilization of NOE, immobilization of N-IZ, mineralization, respectively, dat.
Prediction of nitrogen leaching losses at any depth for all time levels requires

simultaneous solution of the above differential equations. Equations (13} through (17)
are solved numerically using an implicit finite difference scheme. To ensure the accuracy
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of this numneric scheme, a check on mass balance similar to the watlér flow submodel was

carried out.
8. INPUT PARAMETERS

a. Water flow submodel

Nurber of nodes, depth segnents, and material properties (layers with distinct hydranlic
properties).

Crop data (dates of planting and harvest, read numher of days roots take to grow to
various depths). '
Read factors to convert daily PET to hourly values.

Read irrigation and rainfall (amount, time, and date).

Parameters for hydraulic conductivity (initial values of 8 and h, coefficients for equa-
tions (2) and (3), 8 at steady state infiltration, saturated and dry K}.

Moisture tension and water content limits (total initial 6, maximum depth of ponding,
maximm and lowest limits of suction, saturation and dry e).

Controlling factors for time steps and iteration (maximm time steps during irrigation
and nonirrigation periods, minimum limit of time step if mass balance or iteration does
not converge, maximm difference in mass balance).

Coefficients for spatial variability of K (¢ and 8 for equation (10)).

b. Nitrogen flow submodel

Requires output data from water flow submodel (o, q, S).

Initial profile distribution of solution and exchangeable Niz, NO;, organic N, and
gaseous N.

Number of nodes and depth increments.

Specification of initial time and space increments.

Root absorption coefficient for NHZ and NO,.

Apparent diffusion coefficient for I}lHZ and NOS.

Soil bulk density.

First-order transformation rate constants and ion exchange constant.
Applied concentrations of I\HZ and NOS in irrigation water and rainfall.
Applied fertilizer N.

9. OUTPUT, VERIFIABLE VARIABLES

Water content, water-flux, water uptake.
Concentration of all N species in the soil profile.
Mass of NOS and NHZ taken up by corn.

Mass of NO; and NHZ leached past the root zone.

10, OBSERVATIONS
This modelling effort {Tanji and Mehran, 1979) was supported by the Research Applied
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to National Needs (RANN) Division of the National Scierice Foundation (NSF) as part of a
larger research activity entitled Nitrate in Effluents from Irrigated Agriculture (Pratt,
1979) . The experimental data base for this simulation modellgin;c; was derived from a corn
monoculture field experiment conducted for five years at the Davis Caﬁ;pus of the Univer-
sity of California (Broadbent and Carlton, 1979; Biggar et al., 1979).

The irrigation regime consisted of 20-, 60-, and 100-am of sprinkler irrigation during
the growing season [May through September), which corresponded to 1/3, 3/3, and 5/3,
respectively, of the average corn ET at Davis. All plots were pre-irrigated prior to
seeding so that the surface 3 m of the soil contained 100 cm of water. Fertilizer was
applied at 0-, 90-, 180-, and 360-kg N/ha of (qu)zso@t planting time in the 5 an depth.
The 12 field plots (6.1 m x 9.1 m) were replicated four times. Each of the plots were
instrumented with soil solution suction cups as well as tensiometers. Water contents were
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Fig. 3. Root length density for variocus growth days of maize.
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measuved by & neutron probe. The tops were harvested for grain and stalk measurements.
The soil was sampled after each harvest.

11. COQOMPARISON RESULTS

The water flow submodel was used to simulate the 1/3, 3/3, and 5/3 ET treatments of the
1975 growing season, while the N flow submodel was used to simulate the 0-, 90-, 180-, and
360-kg N/ha treatments of the 5/3 ET irrigation regime of the 1975 growing season. In
addition to verified results, simulated results are presented herein to give a more com-
prehensive description of model capabilities.

Figure 3 gives the simulated root length density based on equation {6).
Figure 4 shows the simulated profile o .for the 20-, 60-, and 100-cm treatments.
Figure 5 contains plots of seepage at the 20-an depth along with depths of sprinkler
irrigétions biweekly.
Figure 6 presents the validation of simulated 0 for the three irrigation treatments at
selected days after planting. Note that similated values are well within the stapndard
deviations of measured data.

Table 1 summarizes simulated results evaluating the spatial variability of K. Scale
factor of 0.404 is greater than the mode but less than the arithmetic average while 2.364
represents 10% of the higher saturated K. g
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Fig. 4. Soil water content (cm3 c:m"3) simulation for the third irrigation eycle in the
three different treatments: A (5/3 ET), B (3/3 ET), and C (I/3 ET}.
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Table 1. Evaluation of spatial variability in soil hydraulic conductivity (equations (10)

and (11)1)),
100-cm irrigation 20-cm irrigation
{5/3 ET) {1/3 ET)
Scale factor a . 0.404 2.364 0.404 2,364
Saturated K, em d 2,0 63.3 2.0 63.3
Soil water after pre—irrigation, cm 105 105 105 105
Irrigation during cropping 101.9 101.9 20,1 20.1
Transpiration, cm 48,2 34,2 35.6 22.8
Evaporation, em 6.4 6.4 6.7 6.7
Seepage, cm 76.8 118.7 22.6 56.3
Soil water after cropping, cm 70,2 42.3 60.2 39.3
Table 2, Sensitivity analysis for mineralization in the 0O-kg ha~' N treatment.
Case Mineralization Nitri- Denitri- Uptake Nitrogen Residual Leaching
rate K, fica- fication coef- uptake inorganic losses
tion rate K2 ficient N
rate
!
- kgha ' W 7
Calculated:
1 10:2 A .005 1.00 48 139 169
2 10 N .005 1.25 57 134 159
3 0.5 x 10 o .005 1.00 31 87 117
4 K5 = 107% in top 30 cm, KS Wb .005 1.25 51.5 105 108
= 10" in 30~300 cm
5 1074 only in the top 30 cm .4 -005, 1.00 43 62 76
6 1074 only in the top 30 em .4 .005 ) 1.25 57 69 70
Measured:
77 117
Table 3. Comparison between measured and computed results for the 5/3 ET irrigation
regime in kg ha™' N.
Application Plant uptake Residual inorganic N Calculated
rate leaching
Measured Calculated Measured Calculated losses
0 77 57 117 69 70
%0 155 121 137 91 77
180 214 202 134 89 123
360 283 260 295 260 300
De - 13,0, K =5.8cmd’, 0 =35 em® cm .

2)

Only in the lower 150 cm of the soil profile,
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Table 2 presents sensitivity analysis to ascertain the most likely value for mineraliza-
tion rate constant. This parameter is of most importance in this soil because of the large
saurce of organic N, about 22,000 kg ha ' for a 3 m profile.

Table 3 summarizes the validation of computed uptake of N and residual inorganic N
while Figures 7-10 contain comparisons of measured and simulated Nog in the soil for the
0=, 90-, 180-, and 360-kg ha~! N rates , respectively, of the 5/3 ET treatment at ei'ght
selected days after planting.

OKg N/ho TREATMENT NOT-N CONCENTRATION, mg/|
010 20 .30 400 D20 30 400 0 20 30400 10 20 30 40
o T T T T T T T T T |

€
[5)
= 56
& 20 3040
o T 1

DAY 70 84 98 1}:4

Fig. 7. Measured (selid line) a!izd simulated (broken line) NOS concentration profiles at
different daye for the O-kg ha™ N treatment of the 5/3 ET irrigation regime in 1975.

12. LIMITS AND LIMITATICNS

Maximm time step during nonirrigation = < 1.0 d.

Maximm time step during irrigation = < 1.0 h.

Minimm limit of time step = half of existing At if mass balance or iteration does not
converge.

Maximum difference in mass balance of water = 0.1 cm.

Space step for water flow = variable (30-60 cm), depending upon availability of input data.
Maximum time step for N submodel = <_1.0 h.

Space steﬁ: for N flow = S cm used but can be variable.

The limits in 4t and Ax have not been fully explored for stability of numeric scheme, The
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NOZ =N CONCENTRATION, mg/I
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Fig. 8. Measured (sclid 1line) and simulated (broken line)*M0,; concentration profiles at
different days for the 90-kg ha~! ¥ treatment of the 5/3 ET irrigation regime in 1975.
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Fig. 9, Measured (solid line) and simulated (broken line) NO, concentration profiles at
different gays for the 180-kg ha™! N treatment of the 5/3 ET irrigation regime in 1975.



360 Kg N/ha TREATMENT ND" =N CCNCENTRATION, mo/I
0 20 40 60 80O 20 4C S0 800 20 40 60 8CO 20 40 B¢ 80
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Fig, 10, Measured (solid line) and simulated (broken line) N05 concentration profiles at
different days for the 360-kg ha”! W treatment of the 5/3 ET irrigation regime in 1975,

before mentioned limitations were mainly imposed for accuracy relative to checks on mass
balance for both water and N,

13, COMPUTER

At the University of California, this model was run on a Burroughs B6700 system, a
medium size computer. It has also been run on PRIME 480 system with some modifications in
plant uptake at the US Army CRREL, Hanover, New Hampshire by Mehran and Iskandar.

14. PROGRAM LANGUAGE
FORTRAN TV,

15. RUNNING TIME/COST

Water flow submodel N flow submodel

Quantity Charge Quantity Charge
Processor time (min.) 5,06 $10.12 3.45 $ 7.1
Virtual memory (kilowords/min.) 8.43 $ 0.67 21.12 $1.74
Save and buffer memory (kilowords/min.) 18,59 $ 2.97 12,48 $ 2.06
Other costs $ 7.77 $ 5.46
Total costs $21.53 $16.37
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The before mentioned total costs are based on use of a time-sharing terminal (DecWriter)
and for 131 daily outputs for water flow simulation and 9 output dates (0, 13, 26, 42, 50,
70, 84, 98, and 112 days after planting) for N flow simulation.

16. USERS

a. University of California, Davis for the RANN corn field irrigation-fertilization experi-
ment.

b. US Army Cold Regions Research and Engineering Laboratory (CRREL) at Hanover, New
Hampshire for simulating land application of secondary treatment mumicipal wastewater on
grass lysimeter plots.

17. TEVELOPER AND PRINCIPAL CONTACTS
Kenneth K. Tanji (for gemeral infommation)
Department of Land, Air and Water Resources
University of California

Davis, California 95616

USA

Sumant K. GQmta (for specific questions on water flow submodel)
¢/o Battelle Pacific Northwest Laboratories

P.0. Box 999

Richland, Washington 99352

WBA

Mohsen Mghran (for specific questions on N flow submodel)
Lawrence Berkeley Laboratory

University of California

Berkeley, California 94720

UsA
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4,2 Simulation of soil-water and
nitrogen movement

R.J. Wagenet

1. NAME OF MODEL
The model described in this discussion will be referenced by the name NFLUX.

2. SYSTEMS MODELLED

NELUX is a one-dimensional model designed to be used in the description of upward or
downward fluxes of nitrogen within the scil profile. As such, it can be applied on a
field or research plot basis where horizontal fluxes of water and solutes are not a con-
sideraticn. The model is currently structured to transport and transform urea, ammonium,
and nitrate.

In order to accomplish this, the processes of urea hydrolysis, nitrification, denitri-
fication and ammonia volatilization are considered. No mineralization of organic matter
is modelled. Plant extraction of water and nitrogen during transport and transformation
can be included or not depending on the case under consideration. Description of heat
transfer has alsc been included so that temperature effects on nitrogen transfommations
can be simulated.

3. OBJECTIVE

The current emphasis of the model is in the description of transient nitrogen fluxes
in agricultural systems. In the semi-arid western United States we are also concerned with
irrigation management and crop production. NFLUX is designed as a tool to be useful in the
study of urea, ammonium, and nitrate transport and transformation under field conditions
involving these considerations. Specifically we are interested in simulating two cases.
First, we are conducting small research plot {6 m x 6 m) studies of the concomitant
leaching of fertilizer and salts. NFLUX allows integration of the research results of
these intensive studies so that the effects of transient soil water contents and tempera-
ture can be related to nitrogen cycling. Second, we are using NFLUX in field studigs
{4t m x 120 m) of plant growth, nitrogen uptake and nitrogen leaching. Specifically, corn
is being grown under several irrigation management and nitrogen fertilizer regimes, with
field measurements tsken of both plant and soil parmmeters used in the model, We hope from
this data to develop functional relationships between transient soil nitrogen fluxes,
plant growth and nitrogen uptake.
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4, TIME SCALE

The model increments time based on water content changes (water-fluxes). As water-flux
increases, the model uses smaller time steps to minimize possible numerical dispersion.
The smallest allowable time increment is 0.024 hr and the largest allowable is 6.0 hr. The
model is usually executed for one growing season per mun, representing a simulation time
of 3600 hrs (150 days). The model can be executed for longer or shorter times as desired.

5. DIAGRAM

NFLUX is a vertical, multicompartment model (Tillotson et al., 1980), with water flow,
nitrogen flow, plant growth, and plant uptake linked in a series of sequential steps. The
specific processes inciuded and the mamner in which they are related is best understood
by the following sequence of NFLUX operations.
a. Using water content versus soil-water matric potential data (measured in pressure
plate-cutflow experiments) and saturated hydraulic conductivity, the soil's pressure
heads, water differential capacities, hydraulic conductivities and diffusivities as fumc-
tions of water content are calculated using the methods of Erh (1972) and Jackson (1972).
b. Time dependent potential evaporation and potential transpiration rates are calculated
from potential evapotramspiration data using the methods of Childs (1975).
Cc. Root growth (maximm depth of rooting, length of rooting per volume increment, and
proportion of active roots in a volume increment) is calculated using the method of
Davidson et al. (1978).
d. Hydraulic conductivities, time and space averaged, are calculated from the method of
Hanks and Bowers {1962).
e. The surface flux is checked. If the actual evaporation does not reach potential evap-
oration due to soil meisture constraints then the potential transpiration is increased
using the method of Childs (1975).
f. Root extraction of water is calculated using the method of Nimah and Hanks (1973).
g. Soil water contents and fluxes are calculated.
h. Soil temperature and heat fluxes are calculated.
i. Transformation rates (first-order kinetics} for the enzymatic hydrolysis of urea,
nitrification, and denitrification can be calculated as functions of water content, tem-
perature, or soil chemistry. At present the fimctional relationships for these calcula-
tions are not known, and the rates are therefore assumed to be constants, The values of
Wagenet et al. (1977) are used in the examples of section 11 of this discussion.
j. Nitrogen species urea, ammenium and nitrate are sequentially transported and trans-
formed (see Eq. 10-12).
k. Plant uptake of nitrogen is calculated. Ammonium and nitrate solution concentrations
are adjusted for plant removal.
1. Crop yield is calculated based on evapotranspiration predicted by the model. The
methods used are those of Hanks (1974). The effects of nitrogen fertility on plant growth
have not been included.
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6. LEVELS
See section 5.

7. GOVERNING EQUATIONS

a. Soil water fFlow
Transient fluxes of water are calculated using a finite difference solution to

3
e 2= % ke H 4 ai,0 (M
where
h = soil-water pressure head {cm)

t = time (hr)

Z = depth, increasing downward from the surface (cm)

K(0) = hydraulic conductivity (cm hr "}

H = hydraulic head (cm)

C(o) = differential scil-water capacity = 20/sh (cm_]) g

0 = velumetric water content (dimensionless) _

A{z,t} = rate of plant root extraction of water (hr_l) (see Nimah and Hanks, 1973).

Values for the nonlinear coefficients (K(8)) are obtained using the method presented
by Hanks and Bowers (1962). Values for C(¢) are detemined from the slope of the moisture
reiease curve. Using these approaches, and by collecting known and unknowns, a linear
equation of the form

3 3 i 2

Ahi_, +Bhi +Cl =D (2
can be developed, for each depth boundary, excluding the upper and lower. The coefficients
A, B, C, and D are all known. The linear system of equations preduced at a given time is
solved using the Thomas algorithm (Bruce et al., 1953). The Thomas algorithm solves the

system of equations produced by converting the tridiagonal coefficient matrix to an upper
triangular matrix and solving for the pressure heads by backsubstitution.

b. Upper and lower boundary flux of water

The upper boundary condition can change with time to simulate rainfall, irrigation, or
evaporation. Rainfall and irrigation represent positive flux of water and evaporation a
negative flux. This surface flux of water (EOR) is incorporated into the numerical solu-
tion of the water flow equation. Recalling Darcy's law and mmerically approximating it
gives
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where Ki:i is the hydraulic conductivity estimated at half time and depth steps from Hanks
and Bowers {1962). Recognizing that there is no (i-1) depth increment at the surface, the
value of EOR can be substituted into the differenced form of Eq. (1) to provide an equa-
tion of the form of Eq. {2), but pertaining only to the soil surface. At the scil surface
A(z,t) is assumed equal to zero.

For the lower boundafy condition the model can simulate no £lux (9H/%z = 0), a unit
hydraulic gradient (aH/8z = -1), a constant soil-water pressure head, and a watertable.

C. Solute flow
The diffusion-convection equation for a non-interacting solute is used by NFLUX as the
basis for transport of the nitrogen species. This equation is

a(ac) _ 3 5] _ 2
whete
c = concentration of solute (mg Y
D(8,q) = apparent diffusion coefficient (cm '
q = water-flux (an hr 1)

and the other terms are as defined above.
In the case of a solute that interacts with the soil surface or has sources and sinks
in the soil, Eq. {4) can be modified to:

3{ps) aec) _ 3 sc| _ 8
e e =gy | D) 57|~z @9) £ ¢ (5)
where

soil bulk density (g av )
mass of ion adsorbed per mass of soil

%]
]

source or sink of ion (mg &) Ar 1),

The description of nitrogen transport and transfomation is accomplished using three
equations of the form of Eq. (5). NFLUX first assumes a sequential transformation by
first-order kinetics from urea to ammonium to nitrate. That is,

k1 Kk, k

urea fum gaseous

products

+ nitrate ——=

C1 C2 C.3
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where

c, = concentration of urea
c, = concentration of ammonium
c, = concentration of nitrate.

The kinetics can be written as:

c

! -
=t © K% (6)
5c,
5t 7 Kty + Ky 0
ac,
=3¢ = k3¢ + Ky (8)

The ions urea and ammonium both undergo interaction with the soil surfafe that acts to
slow their movement through soil. For each of these interactions it was assumed that

where s; is the mass of ion i adsorbed per mass of soil and R, is a linear partition
coefficient (detemined in independent laboratory experiments) relating adsorbed to
solution concentrations. Using Eq. (5-9), a series of three solute displacement equations
can be written that describe the sequential transformation and simultaneous transport of
urea, ammonium and nitrate. That is

-a(psl) BEpC!) 3 8¢, 3
— e T (0] - 52 (e - ke {10)
alps,)  alec,) ac

2 2’ _ 2] _ 8 _
— e - [Pleag] - 5 () - ey e o
a(ecs) 3 acy 3
B [D(G’Q)Tz] "7z (a05) -~ kge0 * ko8 (2

Equations (10), (11) and (12) are solved by finite differencing using methods of
Bresler (1973) to calculate D(e,q) and to minimize mumerical dispersion. An equation of
the form of (2) is dbtained, which is similarly solved for concentration now instead of
soil-water pressure head.
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e. Upper and lower bowndary flux of solute _

The solute upper boundary conditions are the solute concentrations in the irrigation or
rain water. During evaporation the mass flow and diffusive flow of solute at the surface
are assigned values of zero in order to aveoid solute flux through the soil surface. The
solute lower boundary conditions are assumed equal to constant concentrations measured
deep in the soil profile.

£. Heat filow
The heat flow equation included in NFLUX is

T _ 2 aT
0.2p+0) &2 [Kq(e]sil (13)
where

s0il bulk density (g an )

p =

0.2 = specific heat of soil (cal g_I°C"I)

T = temperature (°C)

Kq () = thermal conductivity (cal‘cm_lhr_loc_l]

and the other temms are as were defined above.
Values of K (8) are calculated using the approximation tectmique (Hanks and Bowers,
1962) explained earlier in. the calculation of hydraulic conductivity.

g. Upper and lower boundary flux of heat
' The upper boundary conditions for soil-temperatures are calculated from the method

presented by Kirkham and Powers (1972). That is
T =T +ysin [ﬁ] (19)
s a D
where
T, = temperature at the soil surface (°C)
T, = 'average' measured temperature at soil surface (°C)
v = amplitude of sine wave (°C)
P = period of time in hours necessary to complete one cycle of the wave (taken to be
24 hrs)
t = time (hr).

! Equation (14) considers sinusoidal variation of surface scil temperature. Measured values

of T, and y corresponding to appropriate time intervals are provided as inmputs. These
values are expected to be measured by thermocouple just below the soil surface.
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The lower boundary condition is assumed equal to a constant temperature measured deep
in the soil profile,

h. Plant rooi growth

Using the root length distribution data of NaNagara et al. (1976) for corn grown under
field conditions, Davidson et al. (1978) cbtained empirical equations describing root
growth by 'curve fitting' measured distributions at selected times during the season.
These equations are used in NFLUX. The disadvantage to using these equatioms is they do
not consider envirommental effects (i.e. nitrogen fertility, water availability, salt

. concentration) on root growth. We have been unable to find substantial eaperimental data

pertaining to these points.

i. Plant nitrogen wptake
Nye and Tinker (1977) present an equation used in NFLUX to calculate nitrogen uptake.
That is

I = 2urca (15}
where

I = rate of nutrient uptake per unit length of root (mg am 'hr ')

r = root radius (am)

2nr = circumference of root (cm)

o = root uptake coefficient or root absorbing power (am hr'l}

¢ = nuirient concentration in solution during the uptake period (mg 1_1)

Estimation of the value of o is accomplished using the work of Wamcke and Barber
(1973) . For a study with corn they found that

log oy~ -6.81 - 0.63 log (NHZ) - 116.8 (N3} (16)
and
log “xo; ~ -6.80 - 0.61 log (NO) - 127.1 (NHD (17

where (NHZ) and [NOE) are solution concentrations in moles/liter.

The nitrogen species solution concentrations around the roots during the uptake period
are equal to the values predicted by Eq. (10-12). The plant root profile is partitioned
according to the volume increments established by the depth boundaries and area associated
with each plant. Plant extraction of a nitrogen species from a volume increment cannot
exceed the amount of that nitrogen species in that increment.

73




j. dmmonta volatilization

The dry, calcareous soils used in the application of this model exhibit substantial
tendency for NHZ loss via volatilization. NFLUX uses a first-order rake constant of
0.3 hr_l, obtained by extrapolating the work of Chin and Kromntje (1963) to dry conditions,
to decrease NHZ concentrations in the wpper 2 am of the soil surface.

k. Mineralizaiion and {mmobilizalion

The process of mineralization and the reverse process of immobilization are not con-
sidered in this modeljing effort. The experimental cases presented are soils low in
organic matter.

8. INPUT PARAMETERS

NFLUX requires the following inputs:
a., bata of volumetric water content versus soil-water pressure for selected points of
the moisture release curve (including h = 0 cam and h = -15,000 cm).
b. Depth boundaries.
¢, Initial soil conditions at depth boundaries of volumetric water content, urea,
ammenium and nitrate concentrations, masses of urea and amnonium, and temperature.
d. Surface boundary conditions of '
1. irrigation frequency, duration, rate,
2. concentrations of nitrate and masses of urea and ammonium in each irrigation water
increment,
3. rainfall frequency, duration, rate,
4, potential evapotranspiration rates and their appropriate times,
5. average surface soil temperature and duration.
e. The upper and lower limits of soil water pressure and water content (i.e. saturation
and air dry).
f. The upper and lower Iimits of scil water pressure from which plant roots may extract
water.
g. Maximum allowed water content change in the soil profile for a time increment,
h. Time to stop calculations (final end time}.

Urea and ammonium partition coefficients (R] and Rz) .
j. Functional relationships for nitrogen transfomation (if non-constant values of kl’
kz’ and k3 are desired).
k. Saturated hydraulic conductivity.
1. ' Soil bulk density.
m. Bottom boumdary conditions for water.
n. Crop factors related to plant growth (currently corn).
1. number of days to root profile maturity,
2. number of days to achieve total crop cover,
3. percent of bare soil cover at crop maturity,
4. planting density,
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5. nitrogen uptake fimctions (if different from Eq. 16, 17),
0. Physical constants used in heat transfer (if different from Wierenga et al., 1969).

9. VERIFIABLE OUTPUTS .
NFLUX provides as output soil profiles with time of the following potentially measurable

parameters:

a. Soil-water pressure heads.

b. Volumetric water contents.

c. Urea concentrations in solution and adsorbed.

d. Ammonium concentrations in solution and adsorbed.

e, Nitrate concentrations in soluticn.

f, Root distribution.

g. Root water extraction.

h. Root nitrogen extraction.

i. Soil temperature.
Nitrogen content of the plant as a function of time is also calculated.

10. OBSERVATICONS ,

Experimental design for validation or use of this model is limited to one-dimensional
water flow, uniform broadcast application (or incorporation) of nitrogen compounds, and
uniform sprinkler or ponding application of water. Data is most readily developed in ex-
periments that are designed to allow soil sampling, soil-water sampling, plant analysis,
temperature measurement and water content determinations during the course of the growing
season. We have used the line-source, continuous variable irrigation system of Hanks et al.
(1976) in conjunction with several rates of nitrogen fertilization in field studies of
corn growth and nitrogen. Neutron probes are used to measure water content, soil samples
are analysed for urea, ammonium (exchangeable and solution} and nitrate, and plant samples
are collected as the growing season progresses. Transient fluxes of water and solutes and
nitrogen uptake can be monitored in this design. Temperature measurements have not to date
been taken. On the small, intensively monitored plots mentioned in section 3, procedures
are adapted to use soil solution suction probes to measure solute concentrations, Periodic,
but much less repular, soil samples are taken. In both cases, evaporation pan and rainfall
data must be collected.

At present the best available data relating to root growth is that of NaNagara et al.
(1976) . If destructive sampling of above-ground corn is accamplished for N content,
valuable complementary data would be below ground harvest of root systems. At present man-
power limitations have prevented the collection of this data.

1. COMPARISON RESULTS

Predictions made by the model have been compared with one set of field data involving
the growth of a corn crop over a 120-day period. Planting density was 60,000 plants/ha,
with a broadcast nitrogen application of 500 kg/ha as urea. Irrigation was sprinkier
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DEPTH (ecm)

DEPTH (¢m)

applied as eight events totalling 18 cm over the first 105 days of the season. There was
also 21 an of rain. At several times during the season, measurement was made of soil water
content and soil solution nitrate concentrations. No measurements were made of urea and
ammonium. At harvest, the nitrogen content of the corn was determined.

Comparison between predicted and measured scil-water profiles at selected times during
the growing season (time = 0 corresponded to planting) were made using the model with a
soil-water bottom boundary condition at 150 cm of a unit hydraulic gradient. Water content
was measured with a neutron probe at three sites in the field at each depth. The agreement
between measured and predicted soil-water contents was satisfactory for all times during
the growing season. This indicated that the diffevencing techniques used were able to de-
scribe transient fluxes of water in the field. Using these same differencing techniques
in the solute flow equation was therefore not considered to be a source of any discrepancy
between measured and calculated solute values (discussed below).

Measured NO':,:-N concentrations were obtained by taking soil samples at three locations
in the field from depth increments of 0-30, 30-60G, and 60-90 an. The NO_T,,-N concentrations
predicted by the model were averaged over the intervals 0-30, 30-60, and 60-90 m to

NOB-N {mg/1) ) NOS-N (mg/t)
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Fig. 1. Comparison of measured and calculated soil solution nitrate concentrations for
four times during the season.

76




cbtain average values corresponding to the measured data. The ability of the model to pre-
dict the NO%—N profiles through a growing season was fair (Fig. 1), There was substantial
variation in nitrate values measured in differsnt areas of the field. The use of a single
averaged value of NO"-N concentration is deceiving as a test of the model's ability to fit
observed ND -N cancentratmns As more is learned of the spatial variability of nitrate
leaching and microbiological processes it is hoped to adapt the model(ﬁ)mg procedures. ,
Differences between the range of measured values and the predicted values probably resulted
from several assumptions that at this point represent model weakness. These included (1)
assuming the nitrogen transfommation rates to be constants with depth and time, (2) in-
correct partition ccefficients for urea and ammonium, (3) incorrect nitrogen species ex-
traction pattern by the crop, or (4) incorrect assumptions about mineralization and
immobilization of nitrogen. Measured urea and ammonium soil solution values during trans-
port and transformation were not available in this study but are needed to aid in se-
lecting the proper values for the kinetic nitrogen transfomation rates. Further investi-
gation under controlled conditions is also needed to relate values of the rate parameters
to dynamic situations of water content, temperature, organic carbon, salts and other
pertinent environmental factors. NFLUX is able to maintain a mass balance of nitrogen in
the system. ;

The kinetic transformaticn rates for urea hydrolysis, nitrification, and ammonium
volatilization in this modelling effort resulted in the disappearance of urea and azmonium
from the soil by 510 hours after the application of urea. The rate of disappearance of
urea and ammonium can be regulated not only by the values of the transformation rates but
also by the partition coefficients. The values selected for these parameters as well as
the denitrification rate and plant uptake pattern control the NOS-N s0il solution concen-
trations. Sensitivity analysis using hypothetical values of the rate coefficients has
shown that NO‘;—N soil solution concentrations are quite sensitive to changes in transfor-
mation rates used by the model. There therefore exists substantial opportinity to refine
our ability to predict transient nitrogen fluxes using this approach.

There is good agreement between the predicted and measured nitrogen content of the corn
plants at the end of the season (Fig. 2). The predicted nitrogen uptake pattern by a comn
plant is sigmoidal, as is generally accepted to be the nitrogen uptake. It is important
to realize that the signoidal pattern was not arbitrarily produced as a pre-designed
model input. It was, rather, produced as the result of integrating a dymamic nitrogen
transport and transformation description with root growth and nitrogen uptake models.

12, LIMITS AND LIMITATIONS

Time steps are variable between 0.024 hr and 6.0 hr. The user has no control over the
time step as it is detemmined by water content changes.

Depth increments should be kept as small as is economically possible. The divided
differencing technique used allows for unequal depth increments, but the size of these
increments should be 20 an or less.

The main limitation to program usage is the unknown nature of several fimctional rela-
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Fig. 2. Comparison of measured and calculated plant uptsake of nitrogen.

tionships. We recognize their importance but do not recognize their form. If the user is
willing to accept the empirical nature of the present form of these relationships, the
model can be used easily. However, the most important further work, in our opinion, needs
to be accomplished related to: :

a. Relationships between kl, k2, k3 and water content, temperature, organic carbon, and
s0il chemical properties.

b. The nature of o used in nitrogen uptake routine.

c. The effects of fertility, water management, and soil properties on root and extrac-
tion.

d. The importance of volatilization as a sink of applied nitrogen.

13-14. COMPUTER AND PROGRAM LANGUAGE
NFLUX is written in Tortran and is currently executed on a Burroughs 6700, It consists
of about 1200 statements.

15. RUNNING TIME/COST
A typical simlation mun of 3600 hours of transient fluxes and plant growth involves a
CPU time of 420 seconds which on our computer costs about §31.

16. USERS

At present the model has only been used at Utah State University. It has been desipgned
to be transferable to other situations of climate, soil, and crop, given appropriate in-
puts.
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17. DEVELCPER AND PRINCIPAL CONTACTS

Dr. R.J. Wagenet

Department of Scil Science and Biometeorclogy
Utah State University

Logan, Utah 84322

USA
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4.3 Simulation of nitrogen behaviour in
the root zone of cropped land areas
receiving organic wastes

P.S.C. Rac, J.M. Davidscn and R.E. Jessup

T. NAME OF MODEL
NITROSIM,

2. SYSTEMS MODELLED
Cropped land areas receiving applications of fertilizer N, animal manures and plant
residues.

3. OBJECTIVE P

Simulation of transport and plant uptake of nitrogen and water and transfoimations of
nitrogen and carbon in the root zone for agricultural fields receiving inorganic ferti-
lizer N, animal manure, and plant residue applications.

4. TIME SCALE
The program is designed to simulate an entire crop growing season (about 120 days).
Time resolution for various processes ranges from minutes to hours.

5. DIAGRAM
The model NITROSIM is modular in nature and consists of various submodels, each
describing a physical or a biological process (Fig. 1).

7. GOVERNING EQUATIONS

Two principal factors governed the development of NITROSIM. The input parameters nec-
essary for verification and subsequent use must be readily available or at least their
values can be estimated from existing data. The model structure must be simple encugh to
require minimum computational time and yet provide an accurate description of the dynamics
of water, nitrogen, and carbon in the root zone. This was accomplished by using various
simplified and/or empirical, but conceptually-based, relations in the model. The develop-
ment and verification of NITROSIM are described in greater detail by Rac et al. (1980).

The primary function of the water transport submodel is to update the soil-water con-
tent (07) and soil-water flux (qi) in each depth increment {i=1,2...n) and alsc to
account for scil-water extraction by plant roots. In this submodel, a simplified approach
was used, where water transport was considered to occur in the following three phases:
water input (infiltration), water redistribution, and no flow 7(static) . It was assumed that
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Fig. 1. Flow diagram showing inter-relationships between various processes included in the
model NITROSIM.

during a water input phase, water enters the soil surface at a steady flux (qI = g¢®) and
increases the soil-water contents in the wetted depth increments to 8=, Egs. (1)-{4) state
the algorithm for the watey input phase:

- , [ at . -
87 = ot 4+ gl - U Aty 87 <8, i
i _ i

87 =& (t + At) (23
1

a =4q° (3)
i+1 i A 1% i i .

ql = [ql - F}é_ (el - 91) _ U;: axl; 12 1. (4)

During the water redistribution phase, soil-water contents in the wetted depth incre-
ments decrease 'exponentially' to a 'field-capacity' value (8 fc)' Water drained from the
wetted increments increases the ¢ of lower depth increments. These depth increments also
i drain a later time. All calculations are perfommed on the basis of reduced soil-water
content (ri) defined as:

1 1
ot -8
T, = ——t (5
1 Bl-al
s fe
1%
* ot - e;c
TpTrp (A =g (©
et -8
8 fe
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The redistribution phase algorithm can be stated by the following relationships. For the
first depth increment (i=1),

q =0 (n

-
[}

] ®

N i
T, exp (~aat); & > Oee

For all other depth increments {i=2,3,...,n),

i i *

. rls C. S ch’ ri"] £ ri (103)
Ti =

* i i *

r, exp (-ast); ol > s;c; T 21y {10h)
e i
el = o' + q" (at/ax) (mn

s
_ i * i i *

Bax T Cgc * Ty (Bg 7 8pi 8y 20y (12)
, C ik .
q"” = (ax/at) (68 - ev) ¢ " {13)

AMlso, for all increments {(i=1,2,...,n), the evapotranspiration losses are accounted as
follows:

6" = o™ - U a (14)

The no-flow phase is reached when in all wetted depth increments & = o, . During this
phase, the only changes in soil-water content are due to plant rcot extraction. Thus,
- ke s

gt =8t - Ut At {15)

W

Transport of water-soluble nitrogen species (N03—N and NH A-N) was assumed to occur only
due to convective flow and the contribution of dispersive flow was neglected. Nitrate-N
was considered to be non-reactive, while the adsorption (or ion-exchange) of NHA-N was

described by a linear and reversible isothemm. The equation describing transport of N03-N
and I~H4-N is:

(ot + o) 6] - (oKt + ot ch) - £ (i) G - gt i (16)

;. : * . s %
By letting Mt = o'k + 91, and Mt = p'xt + gt

2
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. i i-1 i+] i .
Cl* _ 1 I:At g_C _ At q ¢, M Cl:l - an
M;E AX Ax t
. “

. In Eq. (16), subscripts k S.and 4 designate, respectively, NO,-N and N[-Ig,‘—N. Note that
k' = 0 for NO,-N, whereas K" Kll} for Nd,-N.

The decreases in soil-water contents in each depth increment owing to extraction by
plant roots in response to evapotranspiration demands were calculated by the Molz and
Remson (1970} model as modified by Davidson et al. (197!}) . Given the potential evapotrans-
piration demand (PET), the soil-water sxtraction temm U:; is calculated as:

1 1
Ut = (PET} (£ ST (18)
w v ok R ax
z s r
i=1

The factor fw in Bg. (18) is an empirical function that adjusts PET to actual ET
depending upon the soil-water status. The following equations define the f_ function:

n N .
_ or i i
We=z (o7 -8y &x (19
i=1 .
oy i i
Wa = §=] (efc - 915) Ax, and (20)
£,-W/0.2W), 0 f <1 @n

Empirical functions were used to describe nitrogen uptake by plant roots. It was
assumed that both NOB—N and NH,-N were taken up by plants. Simitar to PET in the water
uptake submodel, a potential maximum N-uptake demand (Qx) was estimated. This demand was
met only when the crop was neither under water- or nitrogen-stress. The crop was considered
to be under N-stress, when the soil solution concentrations of Ml 4N and N03-N decreased
below a pre-established critical minimum (C3“1 and Cz,m) . The N-stress factor, £ , was de-

N’
fined as:
b ZR A DS NS N S |

fN = [ax §=1 Rr EN] ; EN = E3 + Ea (22)

where,
i
: 0; C3 < C3m )
E, = (23a)
cr-¢,;Csc :
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B - (230)

The total N-uptake demand [Qx) was partitioned between NI, -N and NO3-N as follows:

i i i

U3 - Qx fw fN R, E3 (24a)

i i.i

U, = Q, f, fy R, Eg (24h)
The actual total N-uptake (QNJ is calculated as:

o e
Qy = (ax) §=1 ( 3 4] = Q. f, (25}

The concentration of NOB-N and NH 4—N are updated as follows:

i* i i LA
Gy =Cy - (Up at/e); €y 2 Cy p (26a)
i
. . U, At .
i* _ i 4 -
C, =C -——1—5C2C (26b)

1 >
(" + 0" Kp)

The potential N-uptake demand (QX) was calculated on the basis of experimental data for
com (Watts and Hanks, 1978) as follows:

3.00937 (FGS); 0 < FGS < 0.3 (272)
FINU =
-0.659 TGS + 3.48 (FGS)% - 0.929 (FGS) - 0.898 (EGS)*; 0.3 < FGS < 1.0 (27h)

vhere, FTNU = (QNU/TNU), FGU = (T/TMAX), and Q= g—T (FINI) .

Note that Eq. (27) represents a sigmoidal cunmulative N-uptaks curve, where the y-axis is
normalized by total seasonal uptake [TNU) and the x-axis is normalized by the length of
the growing season (TMAX). Eq. (27) is specific to comm crop and should be replaced by
appropriate functions for other crops.

The following equations for describing the changes in root density with soil depth and
time were developed using field data for corn reported by NaNagara et al. (1976) and
Watts (1578). The maximum rooting depth, Rd’ was calculated as:

Ry = 150/[1 + exp (6 - 12 1)) (28)
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where, r = T/80. Note that a fully grown root system is established in about 80 days
after planting. The root density was assumed to be maximum at the soil surface and de-

.

crease linearly with depth. Thus,
R = 0.173 [R, - (i - 0.5) ax] (28)

Again, Eqs. {28) and (29) are specific for corn crop and should not be used for other
crops.

In a soil ammended with organic wastes, the native soil organic matter and the added
organic waste contribute to the total soil organic N and C contents. Therefore, in simu-
lating C and N transformations, both these components should be considered. The transfor-
mations of waste organic G and N were described primarily based on the papers by Reddy
et al. (1980a,b). In our model, waste organic C and N are partitioned into ‘available’ and
'resistant' fractions. The 'resistant® fractions decomposs slowly similar to the soil or-
ganic C and N, while the 'available' fractions mineralize rapidly.

The carbon transformations submodel calculates the ‘'available' carbon content in each
depth increment at a given time as follows:

Cpe = (C/N) M (30)
Came = (£ * £) Gy, ' (31)
80 ]
3t -kcj Camc Epr 17 T, 2 (32)
5 -
E - [Csc (- fl - 2) Cmc] - ks gw [Csc - fl - f2] Crm::I (33
Cope = 24:5 +0.0031 [C__+ (1-£ = £,) C I (34)
C_=C_+C (35)
av 54¢ ame
1.666 653 0 < 6T < 0.6 (362)
& © , ;
1.75 - 1.25 6% 0.6 < 87 < 1.0 (36b)

The 'available' carbon content is used as an input in simulating denitrification losses.
The transformations of waste organic-N were described using the following equations:
For (C/N) £ 23,

—1
1]

Tm‘ [1-0.043 (C/N}] (37

—3
i

0.162 (T - T) {38)
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For (C/N) » 23,

T =0 (39}
T, = 0.162 T _ (403
T, = [In (C/N) - 1n 23)/k, (41
st = el/[1.0 - (ol/2.65)] (42)

0/6% < 0.783

gjw = 1,75 8 = 1,375; 0.783 < &% < 0.9 (43)

8.0 6 - 7.0; 0.9 < &% < 1.0

Il

Note that for wastes with (C/N) > 23, there is no 'available' or 'mineralizable' organic-N
(Tx) and all of the applied organic waste is considered to be 'resistant' and is treated
identical to soil organic-N. Also, following Stanford and Smith (1972}, we assume 16.2%
of the soil organic-N to be 'mineralizable’.

Nitrogen transformations considered in this model were: nitrification, mineralization,
of s0il organic-N to NH &—N, mineralization of waste organic-N to NOB-N, immcbilization of
NHA—N and NOB—N to soil organic-N, and denitrification of NOB-N to gaseous-N (Nz + NZO)'
A1l transformations were considered to follow first-order kinetics. The following equa-
tions describe N-transfomations in our model:

36

'a = - ——
w¢ (8Cy) =k oC, - ky6C, - pog + k Nop (44)
3 = - -
% (0, + 8C) = = k8C, ~ k,8C, + kpp Ny + N)) (45)
pg_t (Ns + Nm) = RZBCB + ki’iacl& - k3p [NS * Nm) (46)
aNx
ok Ny (47)
3G _
at kS Cav gdw b C3 (48)
8, =K, €, (49)
DEFINITION OF SYMBOLS USED
0 volunetric soil-water content (c:m3/c:m3)
q*  soil-water flux into ith increment (on/h)
x s0il depth, positive downward (cm)
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time (days)
infiltration rate or maximm soil-water flux (an/hr}
evapotranspiration rate per wnit depth thr™h
reduced soil-water content (dimensionless)
'field-capacity' soil-water content (Gna/cma)
'saturated' or ‘'infiltration' soil-water content ((:rnsfcrn3)
empirical time constant (hr_])
solute concentration (pg N/ml), k = 3 for N03, k = 4 for \H 4
NI,-N adsorption- partition coefficient (ml/g)
soil bulk density (g/cm’)
potential evepotranspiration demand (an/hr)
available soil-water in the root zone (cm)
total availsble soil-water in the root zone (cm)
empirical constant {dimensionless)
empirical constant {dimensionless)
'minimum' nitrate concentration {ug N/ml)
'minimum' ammonium concentration (ug N/ml)
teffective' nitrate concentration {ug N/ml)
teffective! ammonium concentration (pg N/ml)
root density factor (an root/ cm3)

E + B 4
N0, upta.ke rate [(ug N/om )/(Cm/hl‘)]
NHz. uptake rate [(ug N/ )/ (an/hr) ]
potential maximum N-uptake rate [(ug N/cm }/hr) ]

=Q, f o actual N-uptake rate
n1tr1flcat10n rate coefficient (hr™ )
NO immobilization rate coefficient (hr )
mnerahzatlon rate coefficient (hr }
NH4 immobilization rate coefficient (hr 1)
empirical constant similar to denitrification rate coefficient {(ug C.hr/gJ_II
manure-N mineralization rate coefficient (hr_l)
readily mineralizable soil orgé.nic-N content (pg N/g soil)
readily mineralizable manure/residue organic-N content, Phase I (pg N/g soil}
Phase II manure/residue organic-N content {ug N/g soil)
gaseous nitrogen species, N, + N0 (ng N/g soii)
adsorbed l\H content {ng N/g 5011)
total manure/reszdue—N applied (ug N/cm )
total Phase I manure/residue-N (ng N/om }
total Phase IT manure/residue-N (ug N/cmz}
carbon/nitrogen ratio of manure/residue applied
delay time in mineralization of manure/residue-N when C/N > 23 {hrs)

* delay time rate coefficient (hr )




empirical factor for adjusting k5 for water content effect on denitrification rate
(dimensionless)
C manure/residue total organic-C content (pg C/g soil)

M:c manure/residue total organic-N content (pg N/g soil)

Cyne rteadily available manure/residue organic-C content (ug C/g s0il}

f Y fraction available manure/resitue organic-C in Phase I

f2 fraction available manure/residue organic-C in Phase II

kcj organic-C mineralization rate coefficient; j = 1 for Phase I, j = 2 for Phase II

(day ")

C total soil organic-C content (pg C/g soil}

available soil organic-C content (ug /g soil)

g, empirical factor for adjusting kcj and ks for water content effect of organic-C
mineralization rate

K soil organic-C mineralization rate coefficient (day—])

FINU fractional cumilative N-uptake by plants

FG5  time for planting as fraction of growth season

T time for planting {days})

TMAX number of days from planting to harvest (days) 4
n number of depth increments in the soil profile
n nunber of depth increments in the root zone

6t degree of water saturation (dimensionless)
CNU amulative N-uptake by plants {pg N/crnz)
TNU  total N-uptske by plants by end of season (ng N/cmz)

8. INPUT PARAMETERS

The water transport submodel requires input values for Ogs Opos and By values for all
depth increments as well as the initial scil-water contents of the soil profile. Also the
values of TRD and q° should be provided. The initial values of the solution-phase concen~
trations of NO,-N and NH,-N and the ion-exchange coefficients K for NH,-N are required
in the nitrogen transport siubmodel. The soil profile distributions of soll organic~N and
-C, the C/N ratio and depth of incorperation of the organic waste, and all the rate coef-
ficients should be provided for the nitrogen and carbon transformations submodels. In the
nitrogen uptake submodel, the values of TNU, TMAX, C3m, and C 4m 2T needed. In order to
rmn model NITROSIM, the daily amownts of water (received as irripation or rainfall) and
fertilizer-N inputs should be specified. Also, the depth of incorporation, loading rate,
and time of application of the organic waste should be stated. Daily values of the poten-
tial evepotranspiration (PET} demand must be provided in a tabular form or can be calcu~
lated by a user-supplied submodel.

9. OUTPUT VERIFIABLE VARIABLES

The following variables are calculated as a function of soil profile depth and time:
solution-phase concentrations of NOS-N, ma-m, exchangeable M, -N concentration, soil
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organic-N and soil organic-C contents, and 'available' carbon contents.

For each day of the simlation peried, the total storage of ‘water and various nitrogen
species within the crop root zone as well as the cumilative outflows of water and nitrogen
are calculated. Acaumulated ET losses and total gaseous N losses due to denitrification
are also computed for each day. Thus, sufficient infommation is provided to prepare de-
tailed balance sheets for water and nitrogen on each day of the simulation period.

10. MOLEL VERIFICATION

Watts and Hanks (1978) . report data on the amounts and the rates of water and nitrogen
losses during a growing season fram the root zone of sprinkler~irrigated corn grown an
coarse-textured (sandy) soils of Nebraska. Their field study included three levels of
irrigation {'low’ 0.8 ET, 'medium' 1.15 ET, and 'high' 1.5 ET) and three levels of nitro-
gen fertilizer application (158, 250, and 324 kg N/ha); the nitrogen fertilizer was either
broadcast or was applied through the sprinklers with irrigation. Details of the experimen-
tal set up and tables of measured data are available in a Teport by Fischbach et al.
(1977) . We have used measured data from selected treatments (medium-N; low, medium, and
high irrigation) of this study to verify NITROSIM. End-of-the-season balance sheets for
water and nitrogen prepared using Watts-Hanks field data.and NITROSIM model similations
agree fairly well (Table 1).

Table 1. Comparison of measured and calculated balance sheets of water and nitrogen at
the end of corn growing season.

0.8 ET 1.15 ET 1.5 ET

Meas.]) Calc.z) Meas.l) Calc.z) Heas.]) Calc.z)
Water balance (em HgO)
Total input 64.7 64.7 78.8 78.8 94.9 94.9
Initial Hy0 in profile 21.4 21.8 20,2 20.6 18.6 18.8
Cumulative ET 60.0 59.1 60.0 59.5 60.0 59.7
Stored in profile {< 150 cm) 16.3 8.9 21.8 18.2 24,1 19.0
Cumulative outflow (> 150 cm) 9.8 18.5 17.9 21.7 29.4 35.0
Nitrogen balance (kg N/ha) )
Fertilizer-N added 250 250 250 250 250 250
Initial mineral-N 58 47 55 55 47 58
Mineralized from organic—N 34 80 84 80 84 80
Cumulative plant uptake 178 219 160 184 153 152
Mineral-N profile (< 150 cm) . 38 116 44 52 25 39
Cumulative outflow (> 150 cm)s) 50 43 55 150 122 198
Cumilative outflow (> 150 em)® 176 185 203

1)Experiments of Watta and Hanks (1978).
2)Calculated using model NITROSIM.

Calculated from measured water balance and NO3 concentration in cutflow.
#)Calculated from nitrogen balance equation.

90



Rolston et al. (1978) measured absolute amounts and rates’ of denitrification from a
Yolo loam under field conditions for different constant soil-water contents, organic car-
bon sources [animal manure or cropped) and soil temperatures, Direct measurement of de-
nitrification in these studies was made by monitoring the gas-flux (NZO and l‘E'N) under an
air-tight cover placed over the soil surface for short time intervals each day. Rolstom
et al. (1980) also measured amounts and rates of denitrification from cropped (peremmial
rye grass) Yolo loam field plots receiving three irrigation frequencies. These data from
the two California field studies were used to verify the carbon and nitrogen suhmodels of
NITROSIM. Total amounts of denitrification (obtained by integrating gaseous-N flux over
time) measured and calculated by NITRCSIM for twelve plots that were maintained at con-
stant soil-water contents (soil-water tension of 8, 15, 50 and 70 cm water) agreed well
(Table 2). Similarly, good agreement cen be found between measured and simulated fluxes of
(N2 * N20J from Yolo Joam field plots under three irrigation frequencies (Figs. 2 and 3).

Table 2. Comparison of measured and calculated denitrification from Yolo soil field plots
maintained at constant soil-~water contents,

Carbon and soil-water Total denitrification (kg N/ha) 4
treatment

Sumser (23 °C) Winter (8 °C)

measured D gimu latedz) measured D Eimulatedz)
Manure, h = -8 cm 33 52
Manure, h = -I5 cm 218 206
Manure, h = =50 cm 30 0.2
Manure, h = =70 cm 47 57
Cropped, h = -8 m 19 21
Cropped, h = -15 cm 40 47
Cropped, h = =50 em 2 0.7
Cropped, h = =70 em g ]
Uneropped, h = -8 em 0.4 3
Uncreopped, h = =15 em 10 15
Uncropped, h = =50 em 0.4 0
Uncropped, h = =70 cm 4 2

;gnata of Rolston et al. (1978).
Simulated using NITROSIM.

12. LIMITS and LIMITATIONS

The model was designed to 'provide a field-scale simulation of nitrogen and water be-
haviour in the crop root zone. Although much more refined 'research-level' models can be
devised (see Davidson et al., 1978}, their verification and use is limited owing to lack
of values for input parameters. Thus, the 'hybrid' model described here (NITROSIM) was
develaped as a compromise between complete empiricism and a totally mechanistic approach.
Most input parameters required in NITROSIM can be easily obtained. NITROSIM was designed
for well-drained soils. Hence, soil profiles with impeding layers that result in perched
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Fig., 2, Measured and calculated surface fluxes of denitrification products (N, + N,0) as
a function of time for Yolo soil field plots with and without straw incorperation. The
irrigation frequency was three per week., The solid lines are simulated using NITROSIM,
while the dashed lines simply comnect measured data points. Arrows indicate irrigatioms.

water tables or tiled-drained soils camnot be simulated with this model, However, water
and nitrogen dynamics in non-homogeneous and layered profiles can be described using
NITROSIM by specifying different parameter values for each soil depth increment. The N-
uptake, ET, and root growth submodels arve designed for com. For other crops, appropriate
submodels should be substituted.

13. COMPUTER

Amdhal 470 V/6-11 08/MVS computing system which is software-compatible with IBM 260/370
systems.
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Fig. 3. Measured and calculated surface fluxes of denitrification products (N2 + NZO) as
a2 function of time for Yolo soll field plots with and without straw incerporation. The
irrigation frequency was one per week. The solid lines are simulated using NITROSIM.
Arrows indicate irrigations.

T4. PROGRAM LANGUAGE
FORTRAN IV G Level 21.

15. RUNNING TIME & COST
0.18 CPU minutes processor time; Cost: $2.00 for simulating 122-day growing seasonm.

16, USERS

The program has been supplied to:

a. Dr. Wynn Walker, Dept. of Agr. & Chem. Engg., Colo. State Univ., Ft Collins, Colorado
80521.
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b. Dr. M.R. Overcash, Dept. of Agr. & Biol. Engg., North Carolina State lUhiv., Raleigh,
North Carolina. . :
c. Dr. D.R. Rolston, Dept. of Land, Air, and Water Resources, Univ. Galifornia-Davis,
Davis, California.

All three are using our model for simulating the fate of nitrogen in cropped land areas

#to which either animal manure or crop residues had been applied. Dr. Walker reprogrammed

NITROSIM to rum on a HP-minicomputer.

17. DEVELOPERS AND PRINCIPAL CONTACTS

P. Suresh Chandra Rac, James M. Davidson, and Ronald E. Jessiup
2169 McCarty Hall, Soil Science Dept., IFAS,

University of Florida, Gainesville, FL 32611

USA
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4.4 WASTEN: A model for nitrogen
behaviour in soils irrigated with liquid
waste

H.M. Selim and I.K. Iskandar

1. NAME OF MODEL
WASTEN

Z. SYSTEMS MODELLED .

This model was developed to describe the N behaviour in land treatment systems as
affected by physical, chemical and biological processes and environmental conditions. The
model is alsc capable of describing the fate of N in the soil profile during the growing
season .of agricultural crops. The region considered is a one-dimensional homogeneous or
multi-layered (stratified) scil profile bounded at some depth by an impervious layer, a
water table, or extends to a great depth.

3. OBJECTIVE

The objectives of developing the medel were:
1. To simulate the physical, chemical and biological processes of N transformation and
transport in multi-layered soil profiles irrigated with wastewater under slow and rapid
infiltration conditions.
Z. To enable prediction of NO';-N concentration in soil solution and leachate with time
and space.
3. To assist in estimating the application rate and schedule of water and N to a land
treatment system.

4. TIME SCALE

The model is flexible and can be used to predict the distribution of N species and N
transfomations and plant uptake for a part of a growing season. Time resolution is
specified by the convergence criteria for individual soils and boumdary conditions.

5. DIAGRAM

Figure 1 is a block diagram of the simplified N-model. In addition to the N model, a
water {low model describes wastewater infiltration, water movement in each layer of the
soil profile, and rate of plant uptake of water with soil depth and time was used. The
nitrogen model describes the transport and transformations of N species in each layer of
the soil as well as N uptake by plants. The water and N-models include several subroutines
for initial and boundary conditions, plant root distribution, soil water properties, and
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Fig. 1. Schematic diagram of the N-transformation processes considered in the N-model.

d

nitrogen transformation processes (ion-exchange, nitrification and denitrification).

6, 7. NITROGEN TRANSFORMATICN AND TRANSPORT EQUATIONS AND BOUNDARY CCNDITICNS

In the development of this model, three major appmxi.mations were made. First, the
nitrification process was considered as a single step, (NH + NO, J rather than a two step
process (NH + NO + NO, ) Such an assumption is con51dered adequate , since in most soils,
under neutral PH COIldlthl'lS NO is rapidly oxidized to NO3 Second, the organic-N phase
was not incorporated in the model. It was assumed that the net change in organic-N content
over a short period of time is small and/or the rates of nitrogen mineralization and im-
mobilization are extremely siow. Third, oxygen diffusion in the soil profile was not
incorporated. Therefore, denitrification of nitrate in the soil was assumed to be a func-
tion of the degree of soil water saturation only.

The nitrogen transformation processes con51dered were: nitrification of M. , to NO
denitrification of NOB and ion-exchange of 1\[-[ {see Fig. 1). The ion-exchange process
was assumed to be instantaneous, whereas the mtnflcatmn and denitrification processes
were of the first-order kinetic type {Selim et al. 1976, Selim and Iskandar 1978). A dis-
tribution coefficient KD (Cm3 g_l) was used to describe the instantaneous (reversible)
ammenium release from exchange sites to the soil solution. The first-order kinetic (ir-
reversible) rate coefficients associated with the nitrification and demitrification pro-
cesses were k1 and k2 (hr_l), respectively. The assumptions that these N transformation
processes follow first-order kinetic reaction were based on studies by Mclaren (1970,
1971), Mehran and Tanji (1974}, and Hagin and Amberger (1974).

Soil environmental conditions such as soil suction, aeration, temperature, organic
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matter content, and pH have significant effects on N transformation mechanisms. To incor-
porate these factors, the rate coefficients were expressed as (Selim et al. 1576).

-

where El and k, are considered constants for each individual soil layer and f and £, are
empirical functions which describe the influence of the envirommental conditions on
nitrification and denitrification rate coefficients, respectively.

The transport of NHZ-N and NOZ,‘-N in the soil solution cccurs as a result of molecular
diffusion, mechanical dispersion, and convection or mass flow. Molecular diffusion results
from the random thermal movement of molecules, whereas mechanical dispersion results from
the velocity distribution of water in the soil pore space. For all soil layers a single
dispersion coefficient D is commonly used which ccmbines mechanical dispersion and diffu-
sion. Therefore, the convective-dispersive equations governing M{}N and NOS—N transport
may be expressed as (Misra et al. 1974, Selim et al. 1976, Selim and Iskandar 1978):

a(eC) _ & 3G, _a(vO) _ P
ot - ez (D53 sz~ K0 - e gt o, ‘ (t
3ley) _ ) - -
T3 {eD z eklc skz‘f qu (2)
where

= soil water content (cm’ ar

= g0il depth {cm)

= time (hr)

= concentration of NHZ-N in seil solution (ug N a3 )

concentration of NOG-N in soil solutlon fug N an )

= solute dispersion coeff1c1en1: (c:m hr~ )

= Darcy's water-ﬂux {a hr )

= amount of NH, 4N in exchangeable phase per gram soil (wg g )

= so0il bulk den51ty (g an” .

k] and k2 = kinetic rate coefﬁcients for nitrification and denitrification (hr_l) ,

T W Ot B @
[}

respectively
Gy, 20d qNO = rate of plant uptake of N, 4N and NO -N per wnit soil volume
(ug o hrl).

The first two temms on the right hand sides of Eq. (1) and (2) account for solute
transport, and are usually teferred to as the dipersion and mass flow terms, respectively.
The third and fourth tems of Eq. (1) account for nitrification and ion-exchange of NHZ-N,
respectively. Similarly, the third and fourth terms of Eq. (2) represent the nitrification
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and denitrification processes, respectively. The ion-exchange process governing NHZ-N
adsorption-descrption was assuned to be of the linear Freundlich type, i.e.

§ =K, or 95/at =K, aC/5t (3)

where K, the distribution coefficient (r;m3 g_l) , represents the ratio between NHZ-N
adsorbed and NH 4-N in the soil solution. The terms Yy and g, 2T sink temms accounting
for Toot uptake of NHZ-N and NO';—N. 4 3

Rearrangements of Eq. (1) and incorporation of Eq. (3) vield a simpiified equation for
ammenium transpert and transfomation:

RaC/st = D 37C/sz” - (V/6) aC/oz - Kk, C - /%) )
where R is the retardation factor for ammonium exchange:

R=1+ pKD/B (5)
and V is expressed as

V=v-Dasfez (6]

Similarly, Eq. (2), after rearrangements, yields an equation for nitrate transport and
transformations:

S/t = D 82Y/ez2 - (V/0)aY/az + K,C - kY = (o /O (7)
3

In the case of multi-layered soil profiles, scil water and nitrogen transformation
parameters (¢(h), ¢, K(h), Ks ks ky, etc.) must be provided for each soil layer.

Prior to solving the NH 4-1\1 and NO;-N transport and transfommations Equatioms (1) and
(2), the water flow equation for milti-layered unsaturated soils must be solved. For ocne-
dimensional wmsaturated flow in the multi-layered soil profile the water flow equation (in
the I-th layer) is

3 3K
=L K 5D -t - Az, 0 <zl ®

where (omitting the T)

h = so0il water pressure head (cm)
K = K(h), soil hydraulic conductivity (cm/hr)
A(z,8) = soil water extraction (cm® an > hr™l).
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To solve the NHZ-—N and NOS transport and transformation equations simultaneously with
the water flow equation (Eq. (4), (7), and (8)), the initial and boundary conditions must
be specified. In this model the boundary condition at the soil surface-for the water {low
equation was considered to be either a water-flux (position for infiltration) or a water
heat type boundary condition. Tor the NH:;—N and N0;-N equation a third type of boundary
condition was chosen at the soil surface. For the bottom boumdary condition, a water table
at some depth in the soil profile was considered.

Water and nitrogen uptake by plants

Plant uptake of water and nitrogen is an important factor in the renovation of waste-
water applied to soil. Recent studies have shown that in a slow infiltration land treat-
ment system, a major portion of the applied wastewater N (up to 70%) was taken up by
plants (Iskandar et al. 1976, Palazzo and McKim 1978). Therefore, in modelling the rate of
nitrogen in soil it is important to incorporate a plant uptake model that accurately pre-
dicts the rate of plant uptake during the growing season. However, as Nye and Tinker
1977) pointed out, the major difficulties in modelling plant uptake of nutrients are the
lack of quantitative measurements of root development and distribution and the inaccuracy
of scil physical measurements.

There are two approaches to modeling plant root uptaké of water and nutrients in
soils: a microscopic' approach, where the water and nutrient flux to a single root is
considered (Nye and Marriot 1969, Claassen and Barber 1974) and a 'macroscopic' approach,
where the entire root system as a whole is considered (Molz and Remson 1970, Davidson
et al, 1877, Selim and Iskandar 1978). In this model the macroscopic approach is used to
describe the water as well as the N uptake by plant roots. The extraction or sink term
A(z,0) for water uptake (Eq. (8)) was represented as

L
A(z,6) = B R(z) K(h) / /[ R(z) KW} dz (9)

where L is the maximum depth of the root zone (cm) and E is the evapotranspiration rate
per unit area of soil surface {cm hr_l). The term R({z) is the root distribution as a
function of depth in the soil profile. Specifically, the reot distribution R(z} is the
length of the roots (an) as a function of soil depth. Equation (9) was proposed by Molz
and Remson (1970} as an empirical approach and was successfully used in predicting the
water uptake when the evapotranspiration rate T was met. Such conditions are satisfied
when high soil water contents (low suctions) are maintained in the seoil root zone, such as
in slow infiltration land treatment systems.

In order to account for the effect of the effect of the plant water uptske term on
solute concentration, the M{Z-N and NOE-N concentrations in the soil solution were ad-
justed such that

Y = Y' o/(0 - A(z,8) At) (10)
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and
C=20C" (o + pKD)/(e + pKD - A(z,8) at) (m

where C' and Y' are the ammonium and nitrate concentrations before adjustments to changes
in soil water content due to water uptake. These adjustments were carried out at every
time step, at, and were necessary in order to maintain a mass balance of each nitrogen
species in the soil matrix.

The terms . and Ay in Bgs. (4) and (7) account for the rate of uptake of NHZ—N and
NOE—N. Here the Michaelis-Menten approach was used to determine the rate of N uptake as a
finction of root density and concentration of ammonium and nitrate in the soil solution.
Therefore the rate of N uptake may be expressed as

1 C
Gy = = (12)
W, Ko+ €+
m
I Y
q - max 3
NO5 E+(C+1Y) I4
m

In Bgx. (12) and (13), I ax 1S the maximm rate of N uptake per unit oot length
(ug hr™" an”!) when the concentration of nitrogen in the soil solution is extremely high,
and the term K, is the Michaelis constant (ug ml_l) , which is the concentration of N at

1/2 Imax' Both I and K are detemined by measuring N uptake in sclution cultures

max
having different N concentrations ((laassen and Barber 1974}. In this model the values of
L ax and K were considered similar for both ammonium and nitrate uptake (Barber, personal

communication) .

8. INPUT PARAMETERS
The main feature of the computer program is that it is valid for umiform as well as
milti-layered or stratified soil profiles. In addition, the program is flexible and is
designed to incorporate the following (input) conditions as desired:
1, Rate of wastewater application, cm week
2, Duration of wastewater application, h
3. Depth of individual soil layers, om
4. Concentration of ammenium and nitrate in the wastewater, ng N ml”)
5. Wastewater application cycly, i.e. scheduling, h
6. So0il water properties and nitrogen tramsformation mechanisms for individual soil
layers
7. Plant root distribution and growth
8. Rate of nitrogen uptake by plants, ug an | Toots h_’
9. ZEvapotranspiration rate, cm h!
10. Tnitial distribution of soil water and N species in soil solution with depth.

101




9. QUTPUT

1. Soil water-flux and soil water content at any specified depth and time
2. Cumalative plant water uptake "

3. Cumtlative water percolated with time

4. Plant uptake of NH and NO -N with time

5. Concentration of NH -N and NO =N in s0il solution with depth and time
6. Total amounts of NH:,: and NO3 1eached to the water table.

10. (OBSERVATIONS

A lysimeter 91 cm in diameter, and 183 cm high was used to conduct the experiment for
medel evaluation. Camplete discription of the Iysimeter and access holes for sample col-
lection is presented elsewhere (Iskandar and Nakano, 1978). The soil used was a Windsor
sandy loam soil. The soil profile was 150 am deep, with A, B and C horizons 15, 30 and
105 cm thick respectively. A water table (zero water pressure head) was assumed at the
bottan (150 an depth) of the soil profile. The scil water properties for each soil layer
were described by mathematical expressions which provided 'best fit' of experimental data
(Iskandar et al., 1979).

Plant root distribution (R(z)) was assumed to be in th:_a form of an exponential expres-
sion

R{z) = 226 exp (-0.1 z) . (14)

This empirical relation was cbtained from a field study conducted on the same soil under
field conditions (Iskandar et al., unpublished data). Total root length per sample area
was 2260 cm em 2, However, same 78% of the roots were present in the top 15 cm, 17% of the
roots in the 15-30 com layer, and only 5% of the roots at 30-60 cm.

Wastewater was applied at a constant flux of 0.38 cm 2~ for a period of 10 hours. The
evapotranspiration rate (E) was (.5 cm day'l . The E was considered constant at all times
and was calculated from the water balance from several wastewater cycles. No attempts were
made to change E with plant age or clippings.

The schedule of wastewater application, the amounts applied each cycle and the concen-
tration of NH:- and, NOS—N used for model simulation were those of the experimental data.
They were calculated every 0.01 hour during infiltration and then successively increased
to a maximum time increment of 2 hours during water redistribution.

The N transport and transformation processes considered in the model are those de-
scribed earlier. For the nitrification kinetic reaction, the function fl which describes
the dependence of the reaction on soil envirommental conditions was expressed as a func-
tion of pressure head (Hagin and Amberger 1974).

The denitrification rate was considered to be very small, in the order of 0.01 K L.
Separate experiments on the same soils have confirmed this (Jacobson and Alexander 1978,
Iskandar et al. 1976). Plant uptake of N was assumed to follow the Michaelis-Menten

equation and was considered to be 0.0005 ug N an” ! roots h_l.‘ The change in root length
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during the experiment was assumed to be very small and was not accounted for. The maximm
specific uptake rate was taken as 1.0 ug ml™ .
The forage grass was clipped and removed from the lysimeters on days 14, 28, 42, 56,

70, 84, 112, 126 and 140 of the experiment.

11, COMPARISON RESULTS
a. Evaluation of water flow model

Comparison between model prediction of soil water tension as a fimction of time after
wastewater application with several experimental measurements (Iskandar and Selim, 1981}
showed adequate agreement between mode! prediction and measured soil-water pressure (data
not presented).

8, Volumetric Water Content {cm¥cmd}
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Fig. 2. Comparison between model prediction and experimental data of a soil water content
with depth for Windsor soil (Iskandar and Selim, 1981).

Figure 2 shows the measured and calculated soil water content with depths 4 days after
application of 3.8 cm of wastewater. Measured soil water contents with depth were obtained
gravimetrically. Comparison between measured and calculated results were carried out for
both Windsor and Charlton soils (Fig. 2 shows Windsor soil only). Good agreement between
medel prediction and experimental data was obtained for both soils.

Therefore, from the predictions of the soil water pressure as well as the scil water
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content distributions with soil depth, the water flow model was considered to be valid.
Validation of the water flow model is a prerequisite to describing nitrogen tramsport in
the soil profile. -

b. Bvaluation of plant uptake submodel
To validate the plant uptake submodel, cumulative plant uptake of N from the two soils
{Windsor) was campared with model prediction.
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Fig. 3. Comparison between model prediction of plant uptake of N and experimental data.

Figure 3 shows the cumulative plant uptake of N from the two soils compared with model
predictions for the Windsor soil. Plant uptake of N was similar for both soils, prohably
due to the abundance of N in the so0il root zone at all times. Since both soils received
the same treatments of wastewater (quantity and scheduling) and the cumulative uptake with
time is fairly linear, we conclude that the rate of N uptake was constant with time under
the controlled experimental conditions of this study,

However, the model slightly overestimated plant uptake of N after 60 days. It seems
that actuzl plant uptake of N decreased slightly with time after 60 days; probably due to
higher than optimum temperatures during July and August. Greenmhouse studies showed that
maximm uptake of N by those grasses occurred at 25 °C. During summer months the green-
house temperature reaches as high as 35 °C. The maximm difference between model predic-
tion and experimental data was 40 kg N ha”!, which cccurred at about 120 days and did not
exceed 15% of the cumlative measured N uptake.

Model prediction of plant uptake could probably be improved if plant physiological
parameters such as the effect of clipping on root uptake characteristics, uptake of NHZ Vs
N0; with time, and morphological root characteristics were included in the N prediction.
The fact that the plants were a mixture of three different species of forage grass having
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different morphological and physical characteristics may alse account for the small dis-
crepancies between predicted and measured plant N uptake with time.

C. Digtribution of Ny and WO, in soil solution

Experimental data showed that M{z-N in scil solution was very low at all soil depths.
The maximum concentrations of NHZ-N is soil solution in both soils did not exceed 1 wg N
mlat7.5 am depth even 0.5 day after wastewater application. This implies that applied
NHZ was removed largely by the soil matrix as well as by plant roots. Sorbed NHZ was then
slowly released.

The model, however, predicted much higher concentrations of l\Hjl in soil solution than
were measured (data not presented). As much as 6 ug M{Z—N 1111_I in soil solution was pre-
dicted at depths near the soil surface during the first day of application. However, this
decreased rapidly with time. The model also prediced no N-IZ-—N below 15 am depth at any
time.

Figure 4 compares experimental data for soil solution NOE and prediction. For all cases,
model predictions showed that fluctuation in NO -N concentration with time was pronounced
at shallow soil depths (7.5 and 15 cm). These fluctuations were mainly due to the fre-
quency of wastewater application as well as to the forms and amounts of N i/.n the waste-
water effluent. Such changes in NO‘S—N concentration decreased gradually with soil depth.

It is important to emphasize that varying the T€1 and KD values for individual soil
layers did not influence the model predictions. This is due to the fact that, for all
cases considered, applied NHZ-N did not penetrate beyond the first soil layer (15 cm).

With the exception of the sharp peaks at 30 and 150 an depth, model prediction (Fig. 4)
agreed reasonably well with the experimental data. Furthermore, better agreement was ob-
tained with increasing time (after 60 days}. The discrepancies between model prediction
and the experimental data were probably due to the simplifying assumptions inherent in
the model. The model did not include the influence of grass harvesting, during the time
period considered, on N-uptake or on roct density and distribution. In addition I was

max
considered constant at all times. The influence of temperature changes on nitrification

‘was alsc not included in the model. Nor did the model include nitrogen immobilization and

mineralization processes. In view of the above simplifying conditions, it is reasonable
to conclude that model predictions of NO}-N were adequate.

12, LIMITS AND LIMITATIONS

Time and space steps are dictated by the convergence criteria of the water flow and N
transport equations. Extremely small time steps were used at the early stages of infil-
tration. This was relaxed considerably (time steps up to 2 hrs were used) at later stages
of water redistribution.

Another restriction is the root uptake of water and nitrogen. The macroscopic appreach,
even through it provides good predictions, dces not include the physiological and physical
processes of root uptake. Furthermore, root death, senescence and proliferation were not
considered in the model. Further simplification of the model, once the system reaches a
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Fig. 4. Comparison between predicted and measured values of NOS—N concentrations in soil
solutions at different depths in Windsor sandy loam soil (Iskandar and Selim, 1981).

quasi-steady state, is possible but must be verified with experimental data.

13. COMPUTER

The model was developed using an IBM (370/3033) computer system and was adapted to

operate on a Prime (480) computer system. At the present time it is operational on both
systems.

14, PROGRAM LANGUAGE
The language used is FCRTRAN.
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15. RINNING TIME/COST
Approximately 12 minutes of CPU time for 120 days of simulation at a cost of $240.00,
IBM 370 with 3033 word processing at L.S.U. was used.

16. USERS
H.M. Selim, I.K. Iskendar and M. Mehran.

17. TDEVELOPERS AND PRINCIPAL CONTACTS
Developer of the model: Dr. H.M. Selim.

Dr, H.M. Selim

Agronomy Department
Louisiana State University
Baton Rouge, LA 70803

USA

Dr. 1.K. Iskandar

US Ammy Cold Regions Research and Engineering Laboratory .
Hancver, NH 03766 ‘

USA
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4.5 Nitrogen dynamics in soil

G. Kruh and E. Segall

1. NAME CF MCLEL
Nitrogen dynamics in soil {NDS).

2. SYSTEM MODEL

A two-metre-deep profile of a flat field. The system includes the processes plant up-
take, water, oxygen, heat and nitrate movement, and mineralization, nitrification and de-
nitrification of nitrogen.

.,

3. OBJECTIVES

The model calculates nitrogen leaching below depths of two metres from soil surface.
Simulating the behavicur of nitrogen under different possible fertilizer treatments, is
possible to estimate the mitrogen fertilizer requirements for various scil and climatic
conditions.

4. TIME SCALE
The model has been used for up to 200 days. A unsophisticated numerical integration
method gives a time resolution of 0.002 days.

5. DIAGRAMS

Figure 1. Ammcnification of organic nitrogen and oxydation of ammonia,
Figure Z. Oxygen movement.

Figure 3. Nitrate movement and denitrification.

6. 1EVELS

The equations representing different processes are integrated simultanecusly. The times
of relaxation of the processes included are very different. The mineralization of nitrogen
is slow relative to oxygen movement or denitrification.
The following integrals are considered in the model:
- water flow at 1 metre depth
- water content at every layer

l)'ljhia presentation is based on work reported in Hagin & Amberger (1974}, Kruh (1974} and
Kruh (1978).
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Fig. 1. Ammonification and nitrification of ammonium.
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- water inflow into the top layer of the soil

- water outflow from two metre profile

- water head on soil wmder flooding conditions

- heat content of each soil layer

~ nitrogen immobilized by lignin from organic materials

- nitrogen immobilized by hemicellulose from organic materials
- nitrogen immohilized by cellulose from organic materials
- nitrogen immobilized by sugars from organic materials

- N ammonification of components linked to lignin

- N ammonification of components linked to sugars

- N ammonification of components linked to hemicellulose
- N anmonification of components linked to cellulose

- nitrogen mineralized from humus

- somonium present in the soil at all times

- nitrates formed during nitrification

- oxygen concentration in soil water

- nitrogen loss by denitrification

- nitrates leached below a depth of one metre

- nitrate concentration in soil

- nitrate leached below a depth of two metres

- nitrate uptake by plants.

7. GOVERNING EQUATIONS
a. Mineralisqtion of organtic nitrogen fram soil, humus and manmures, ond nitrification of
amonta

From laboratory work, the concentration of nitrate due to mineralizatiom (1%10;]M in soil
treated with manure or without any treatment may be approximated by a parabolic fumction

of time:
- _ 2
MNog)y, = Ap + Bpt + Cpt (N

The differential fom of that equation is

d (NO;)M 2 -
2 -V 2o ac i, - 00, @)

where AP, ]3p and Cp are parameters estsblished experimentally. In fact this mineraliza-
tion occurs in two stages: production of ammonia, and oxidation of this ammonia to nitrate.
As the first step is muxch slower than the second, Equation (2) reflects the first step and
actually represents the rate of production of ammonia:
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d () 0 -
— = VBl - ac, 1A - (0 3

Amonium will be oxidized to nitrate. The production of nitrates {NOS) , as function of
time was formuilated by Iees and Quastes (1946) in the form of a logarithmic equation:

1o (NOB)N = =
g————=K{t-1) )
M- (ND:,’)N

Solving for (NOE) and differentiating with respect to time:

¢ (NO3)y M an 10,1087 P [raqoKlEmty) | goRlemtp),

dat [1 + mK(t—ti)JZ (5)
Substi tuting 10505753 by (NOD), /IM-(NOJ), 1, Equation (5) is reduced to:
d (NO;)N <o - P
—g = (n 10y . (NOD), M- QW) (6)

where K is constant, M is the asymptotic value of (NOSJN and t, is the time when
- _M H
MOy =7 -

Experiments showed that the rate ammonium leaves the system differs from the rate of
nitrate formation. The disappearance rate is:

d ()
a7 K, "

which Tepresents a zero-degree pseudo-kinetic equation. Therefore the total amownt of
ammanium is correlated with the {(initial) ammonium concentration in the soil (e.g. from
fertilizers, from the mineralization and from the nitrification. Then the total amount of
ammonium, M, can be calculated from:

t + +
Moo= Mg * 2 [CNH40M) - mém)t-m] (&)

where M, .
init

which is nitrified.

is the initial amount of ammonium fertilizers, and [NH4 ) teap 18 the ammonium
oM

b. Deniirification of nitrates in so0il
This process was treated as a first-order reaction



d (NO}) -

- —qp = kp BC,) : 9)
where kD is a function of various factors: temperature, pH, soil meisture, oxygen concen-
tration and availability of electron donors in seil (organic matter).

For an abundant supply of available organic carbeon the denitrification rate depends
entirely upon the nitrate concentration, expresed in Equation (9). In this case, the
availability of organic carbon does not influence the reacticn. If the supply of available
organic carbon is limited, however, the factor is less than 1. To emphasize this the de-
nitrification rate is expressed as function of available carbon in soil:

d (NO3) k' 1. ek, ot . ol 10
& [r.om} [ (G- 00 o

where

the denitrification rate constant for unlimitated available carbon

=
i t

the specific decomposition rate constant for the carbon fraction C

(@]
[l

the concentration of carbon component i.

C. Oxygen transfer -

Vertical flow of oxygen through soil air may be expressed by Fick's equation. To obtain
changes in the amowunt of oxygen per unit of soil volume the oxygen of soil air has to be
mltiplied by the volume of airfilled pores per unit soil volume (VaJ , and the amount of
oxygen dissolving in the soil water per unit time 85/3t subtracted.

aC a%c
a.pv 2. % (1)

Vaﬁ= a'a 2 9t

where C, = oxygen concentration in soil air, Da = diffusion coefficient in soil air,
Z = depth and t = time.

Similarly, the equation for the dissolved oxygen in the soil solution is:

V ¥ epy ¥ .3 (12

where Vw = volume fraction of soil water, C, = oxygen concentration in soil water,

Dw = diffusion coefficient in soil water, and R = amount of oxygen consumed by oxidation

of ammonia and organic carbon per volume of soil water and per unit time (oxygen sink).
" Because there is instantanecus equilibrium between water and air oxygen:

C.=K_ .G (13)
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where X__ is the distributicn constant of oxygen between air and water.
The guation describing the flux of oxygen in soil water is cbtained by substituting
Equation (13) into Bquation {11), adding Equation (12) and rearranging the terms:

2C. VD +K VD  9°C RV
-__W = ww aw a a . W _ w [14)
9t Kawva * vw 822 Kawva * Vw
where R, the oxygen sink is,
+
R=_30_2= Cooir , Ly e By 0.16+d(NH‘*) . 0.32 (15
at 3t st et tat Coat [T dt

where C is carbon oxidized from different sources indicated by the subscripts L - lignin;
C ~ cellulose; H ~ hemicellulose; S - sugars; and C
+
e
carbon, only 0.16 g is consumed.

g~ humMus.

For each gram of NH, -nitrogen oxidized 0.32 g of oxygen is consumed. For each gram of

d. Water, nitrate and heat transport in soil ’

This part of the program is based on the work of De Wit and Van Keulen (1972), although
additional phenomena have been incorporated. '

Water is added by rainfsll and irrigation, and lost by leaching, evaporation and up-
teke. Nitrates added to or formed in the upper soil layer are transported and lost by
diffusion and leaching, as well as denitrification. The effect of heat was also included
in this program. because the temperature of the upper soil layer strongly influences the
rate of nitrogen reaction there.

For deriving the different equations for leaching the soil profile is divided into a
number of homogeneous layers of equal thickness.

e. Water Flow through soil
The calculation of the rate of water fiow is based on an extended Darcy equation:

-v = D(8) ,g_% + k(8) (16)

where v = flow rate of water, D = diffusion coefficient, 0 = soil moisture, x = distance,
and k = hydraulic conductivity of soil.

Water addition by tainfall is simulated as follows:
Information on rain is arranged in the form of numerical triplets, with the first number
representing the time (days) when rain began, the second, the intensity (mm/d) and the
third, the time (days) when rain at stated intensity ended.
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Flow into the soil and possible flood-head formmation is considered under the four pos-
sible conditions'’: "
= Irrigation off, no rain, no flooding:
The flow is upward, equal to the rate of evaporation. This evaporation is limited by the

conductivity and diffusivity of the soil-air interface.

- Irrigation off, no rain, flooded:
The flow is limited by the diffusivity and conductivity of saturated soil, the limiting
infiltration rate. The hydraulic head is alsc diminished by evaporation.

- Irrigation on, and/or rainfall, no flooding:
If the rates of rainfall and irrigation exceed evaporation and the maximum infiltration
rate, flooding will occur.

- Irrigation on, and/or rainfall, flooded:
The flow is limited by the maximum infiltration rate into saturated soil.

Transpiration rates are calculated from the relation:

evapotranspiration transpiration
class A pan evaporaticn © evapotranspiration

Transpiration = Class A pan evaporation x .
The relevent parameters in this eguation are changed every ten days to allow for plant
growth and seasonal changes.

The rate of water uptake by roots is assumed to be proportional to the transpiration
rates and the water content of soil layers and distributed between the layers according
to root activity. However, if soil-moisture tension in a certain layer is above 2 MPa no
water is taken from it.

The net flow of water is calculated by subtracting the flow rates of water leaving the
last layer and water taken up by plants from the overall rate of flow through the soil
profile. Finally, the total amounts of water entering the soil at the surface and leaving
the last soil layer are calculated by integration.

f. Nitrate flow and uptake

Nitrates are assumed to be campletely soluble in water flowing through the scil pro-
file. The increase of nitrate in the profile has three sources;: inflow with irrigatien or
rain water, oxidation of ammonia in the first soil layer, and fertilizers. Nitrogen losses
occur by three.processes: leaching (below a predetermined soil depth), uptake by plants
and denitrification.

In each layer, nitrate accumulation rates are computed by considering interlayer mi-
gration, root uptake, and denitrification. In the surface layer, nitrate is also added by
1

Bunecff is not considered in the four possible conditions.
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oxidation of ammonia.

Interlayer migration is assumed to occur by diffusion of the salt through the soil
pores filled with water and/or water films and by mass flow. Dispersion of the sald with
the mass flow occurs because of the nop-uniform flow velocity in pores of varying size,

Diffusion flow is proportional to the diffusion coefficient and the nitrate concentra~
tion gradient between adjacent soil layers, and inversely proportional to the spacing of
the layer center lines. The diffusion coefficient for the soil water differs from that of
pure water (which is egual to cne): it must be multiplied by a tortuosity factor and the
water content.

The mass flow is proportional to the water flow, the concentration of nitrates in water
and a dispersion coefficient, which ranges from 0.7 an (for coarse sand} to 7 cm, accord-
ing to the pore-size distribution.

The rate of uptake from a soil layer is assumed to be the product of the amount of
water taken up from that layer and the concentration of nitrates in it. However, as con-
centrations may be rather high, especially in the upper layer, it seemed appropriate to
limit the uptake to a maximum concentration.

g. Heat flow g

The temperature of any soil layer is calculated by dividing its volumetric heat content
by its volumetric heat capacity. The volunetric heat content is calcuiated by integrating
the net heat flux in the layer, which is composed of the heat flowing with water from one
layer into anoﬂier, the heat lost with the transpiration current and the heat lost by
conduction. The heat flowing with water in the first scil layer is the product of the flow
rate of water in the first layer and the temperature of the irrigation water. For the
other soil layers, the temperature of the particular layer or that of the layer above it
is chosen according to the direction of the water flow. The transpiration loss is calcu-
lated in a similar way. Heat flow by conduction from cne soil layer into another is cal-
culated from the average heat conductivity of the two adjacent layers, the temperature
difference, and their center-line spacing.

For the first soil layer, the air temperature is taken from tabulated data, with suit-
able periodic changes. The heat conductivity of a scil varies with its moisture content
and may be represented as a function of scil water.

The volumetric heat capacity is the product of the heat capacity of soil minerals
(= 0.48, that of silicate minerals) and their relative content plus the heat capacity of
the water in the same soil volume.

8. INPUT PARAMETERS

a. Most important initial values

- Initial water content, cm3/‘cm3

~ Water conductivity at soil-air interface, cw/d
~ Water diffusivity at soii-air interface, an’/d
~ Intensity of irrigation in cm/h
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Tortuosity factor, assumed wmiform for all layers

Heat capacity of minerals, cal.d” l.an >

Initial heat content of soil layers, cal/am?

Initial temperature of soil layers

- Initial concentration of NHZ added to soil, wg/g

- Initial amounts of dry manure added to soil in tonnes/ha
- Oxygen concentration in soil water limiting respiration

~ Carbon fraction in organic matter added to soil

1

Carbon fraction in hums

~ Initial concentration of oxygen in water

Cellulose, hemicellulose, sugars and lignin percentage in organic material added to soil
Initial concentraticn of nitrate in soil.

b. Auxilziary values

- Soil-water conductivity as a function of water content, am/d

- Soil-water diffusivity as a fimction of water content, an?/d

- Heat conductivity of the soil at various water content, cal.am '.d™ 1.k~
- Asymptotic value of nitrification (M) versus NH: added rate constant of nitrification
versus asymptotic value of nitrification (M), a !
- Half-time of nitrification versus added NHZ

- Rate constant of nitrification versus temperature

1

- Half-time of nitrification versus temperature

- Rate constant of nitrification versus moisture

- Half-time of nitrification versus moisture

- Rate canstant of NH: oxidation versus added NHZ ng/g

- Rate constant of N oxidetion versus temperature

- Rate constant of NH; oxidation versus moisture

- Ammonification parameters (Ap, BP, Cp) versus tonnes of added dry manure
- Ammonification parameters (A_, B_, Cp} versus temperature

- Ammenification parameters (Ap, Bp, CP] versus moisture

- Denitrification rate constant versus temperature

- Denitrification rate constant versus moisture

- Distribution of oxygen between air and water as a function of temperature
- Oxygen diffusion constant in air as a function of temperature

~ Daily minimm and maximm air temperatures

~ Rain: begi_miing, intensity, and end of each rainfail

- Class A Evaporation

- Roots activities

- Ratic of evaporation to evapotranspiration

- Ratic of evapotranspiration to class A Pan Evaporation
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9. OUIPUT: VERIFIABLE VARIABLES
Concentration of NHZ and ND; in the soil
Soil moisture
Sail temperature
Water and nitrate outflow (if lysimeters are used)
Plant uptake.

10 and 11. OBSERVATICNS AND COMPARISONS
Experiments to verify the model have been conducted at laboratory and field scale.

Laboratory experiment

Results of incubation of a soil at different temperatures, moistures, and nitrogen
inputs were compared with results of programs simulating the basic processes.
Same of the results are described in Figures 4 and 5.

4807

SIMULATED NO3 -0
MESURED NO3 —e®

120t

0 8 12 24 32 40
TIME , days

Fig. 4. Comperison of nitrification results in laboratory with simmlation results.
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Fig. 5. Comparison of mineralization in laboratory and simulation results.

Field experiment

In a field experiment on cotten, ammonium sulphate was applied in amounts equivalent to
nitrogen dressing rates of 60, 120 and 180 kg/ha in winter and early and late spring. A
check treatment was included. Soil sampies to a depth of 120 cn were taken from time to
time, and moisture and nitrate concentrations were measured. For early-spring application,
the nitrate distribution in the so0il profile showed a maximum in the 20-40 cm depth. The
yield could be partly attributed to the nitrate distribution in the soil profile during
the early-growth pericd.

The computer program similated the nitrate distribution in the soil profile to an ac-
curacy within experimental error. Therefore it was concluded that this program could con-
siderably improve the estimation of nitrogen fertilizer requirements and the optimal
timing of applications.

The measured climatic data were used as input for the simulation program. The data in-
cluded maximm and minimum daily air temperatures, initial soil temperature and rainfail.,
So0il temperatures were calculated from these data. Some of the input on soil characteris-
tics was taken from experimental data. Input data for hydraulic conductivity, diffusivity,
and water retention were taken from measurements on samples of similar soil.

The fertilizer input into the simulation was equivalent to nitrogen dressing rates of
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180 kg/ha applied in November. This was in agreement with treatments in the field.

Figure 6 compares measured mitrate concentrations in the field six months after
(NH,),50, application with those calculated with the simulation program.

The agreement between measured and calculated values indicates the assumptions on
reaction kinetics and transport processes in the simdation program reflect field situa-
tions reascnably well when allowance is made for sampling variation.

After the program had been calibrated for the 24 November 1975 fertilizer dressings, it
was tried out for two other 4 March 1976 (Fig. 7) and 13 April 1976 (Fig. 8).

Most of the simulation results fit the nitrate-concentration curves of field dbservations.
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Fig. 6. Comparison of nitrate nitrogen concentrations (mg kg_l) in plots of the field
trial treated with 180 kg N as (NH,),50, on 24 November 1975 (4#:) and the simulation re-

sults (& ). The smmpling date compared is 18 May 1976,
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Fig. 7. Comparison of nitrate nitrogen concentration {(mg kg-l) in plots of the field trial
treated with 180 kg N as (NH,),50, on 4 March 1976 (@ ) snd the simulation results (& ).
The sampling date compared is %8 y 1976
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Fig., 8. Comparison of nitrate nitrogen concentration (mg kgul) in plots of the field trial

treated with 180 kg N as (N}I4) 280, on 13 April 1976 (@ ) and the simulation results
(A ). The sampling date compared is 18 May 1976.

12. LIMITS AND LIMITATIONS

Not all the processes included in the program are easy to verify with field data: the
extent of denitrification can not be directly measured in a field trial and calculation of
root uptake is oversimplified and the results are open to doubt.

Space steps were 10 ¢m intervals. Time steps, using Euler integration, ranged from
0.02 to 0.0002 days. An improved (CPU-saving) integration method was developed by Amdursky
! et al. (1980) using FORTRAN instead of CSMP.

13. COOMPUTER
IBRM 370/68.

14, PROGRAM LANGUAGE
cape 111,

15. RUMWNING TIME
Running the program for two hundred days tock 20 minutes of CPU-time.

16. USERS

The model is used at the Soil Science Division of Technion, Haifa, to predict the best
time to apply fertilizer to cotton in the northern part of Israel. A calibration of the
same program is used at Chapinge, Mexico, by Prof. R, Nunez to predict the movement of
nitrates in corn fields. At GSttingen, Federal Republic of Germany, Dr. M. Dianati.
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17. DEVELOPER AND PRINCIPAL CONTACTS

The program was developed by J. Hagin and A. Amberger and continued in collaboration
with E. Segall and G. Kruh.

The principal contact is Dr. G. XKruh, Soils and Fertilizers Laboratory, Technion-
Israel Institute of Technology, Haifa, Isrtael.
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4.6 Simulation model of the behaviour
of N in soil

J.A. van Veen and M.J. Frissel

1. NAME OF MODEL
M3, this name has not been used in publications.

2. SYSTEMS MODELLED
The model has been developed primarily, for intensive agricultural systems of North-
Western Europe. This system is characterized by a temperate climate and high N dressings.

3. OBJECTIVE

The primary objective of this model is to obtain a better understanding of the behav-
iour of N in agroecosystems and, thus, to optimize fertilizer use. Predictive cbjectives
are secondary. Emphasis is on the role of the micro-organisms. Since carbon is the main
limiting substrate in soil controlling the growth and activity~of the micro-organisms,
this model also aims to describe the impact of the soil C-cycle on the N-transformations.

The model is developed to be generally applicable within the mentioned limitations.
Thus the governing equations (see (7)) are site-independent; site-dependent variables
such as temperature, moisture content and pH are taken into account with reduction fac-
tors. This kind of description allows for study of (a) the validity of hypotheses which
are based on data obtained from experiments under controlled conditions jin laboratoria
and greenhouses, and which are applied for the similation of N-transformations under field
conditions and (b) the combined effect of envirommental factors such as temperature and
moisture content on several processes of the N-cycle.

4. TIMB-SCALE

Simuzlations have been carried out for periods in the order of months, up to Z years.
When integration methods with a fixed time step were used, this step varied from 0.1 to
0.C1 gay for the total model and all individual submeodels (see (5)) but the denitrifica-
tion submodel, where a time step of 0.001 day was needed.

5. DIAGRAM

A scheme of the model is shown in Fig. 1. All transformation processes presented in
this scheme are described in separate submodels. Submodels are: mineralization and immo-
bilization, nitrification, denitrification, volatilization of ammonia, ammonium fixation
on clay minerals and leaching. A detailed scheme of the mineralization and immcbilization
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Fig. 1., Scheme of model M3°

submodel in relation to NO, production and tramsport is presented in Fig. 2. M, is a
multi-layer model. The pools or integrals, described in section 6, are identical for all
layers. This holds also for all equations (section 7) except in case of the first or upper
and last or lower layer, for which adapted in- and output equations are used. The number
of layers as well as their thickness, depends on the situation under study. Besides the
vertical compartmentalization of the total model, in the submodel of denitrification a .
radial division of a soil volume arcund an air-filled pore is considered. In this descrip-
tion the mmber of layers is fixed (10), their thickness is calculated deperding on the
relative air volume in the soil (see (7]).

6. LEVELIS
The levels or integrals used in the model are:

A. WNitrogen (all concentrations in mg N.g_1 s0il)

Al: Ammonium

A2: Ammonium fixed on clay minerals

A3: Nitrite

A4: Nitrate

AS: Easiljr decamosable organic-N {pool 3, Fig. 2)
Ap: Resistent, active organic-N (pool 5, Fig. 2)
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Fig. 2. Scheme of the submodel of mineralization and immobilization in combination with
the production and transport of NO,.

A7: 01d, recalcitrant organic-N

B. Miecrc-organisme

B1: Heterotrophic

€. Carbon (all concentrations in mg C.g
C1: Basily decamposable plant residue-C
C2: Slowly decamposable plant residue-C

biomass (mg C.g

50il)
B2: Ammonium-oxidizing organisms (cells.g™!
B3: Nitrite-oxidizing organisms (cells.g '

s0il)
s0il)

! s0il)

C3: Nitrogen containing easily decomposable-C
C4: Fasily decomposable-C {microbial residues)
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C5: Resistant active-C (pool 5, Fig. 2}
C6: Recalcitrant, old-C (pool 6, Fig. 2)
C7: €0,
D. Other pools

D1: Oxygen in soil solution {mg Oz.n:m-B)

Interrelationship between the pocls is shown in Figures 1 and 2.

7. GOVERNING EQUATIONS

This section contains a short description of the submodels, which together form the total
model, Reduction factors for suboptimal environmental conditions (moisture, temperature)
are not shown.

Nitrifloation

Nitrification is considered to be the result of the activity of two genera of bacteria
Nitrosomonas which converts N-Iz into NOE and Nitrobacter, which transforms NO; into NO:;.
Heterotrophic nitrification is disregarded. p

The growth rates of both bacteria, are described with Monod-type kinetics as shown in

equation {1).

dA _ N

Ef—umax'fn-r_N‘A-kA'A (1
where

A = mmber of nitrifiers (organisms per unit volume)

Uoa = Maximm specific growth Tate @h

N = NHZ or NO'2' concentration

Kn = saturation constant

kA = decay rate constant (see section on mineralization and immobilization).

For calculation of the transformation rates of NHZ and NOE due to nitrification (dn/dt),
it is assumed that nitrogen is only utilized for energy supply of the nitrifiers (equation
(2)), i.e. incorperation of N in the cells is neglected. ’

dN _ 1 N

TV Cmax K TN A @
N n

vhere

Y = yield (cells.mg”’ N oxidized).
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Volatilization of ammonia

Volatilization of ammonia fram surface soils is assumed to be controiled by physico-
chemical processes. The concentration of ML, in the waterphase is calcylated from the
amount of free and exchangeable NHZ in secil, according to

s Ky 4g -
NH3 +HinNH4 + O (3)
where
NHZS = the concentration of I\HZ in solution
1\1I~13s = concentration of NH3 in solution
K = gquilibrium constant.

Then, the equilibrium between the content of ‘NH3 in the waterphase and NH3 in the gasphase
is calculated (equation (4)).

X
NHBS s NHBB . 4
where
NH?'g = concentration of M, in the gasphase (mg Nl ™l
K, = equilibrium constant.

The equilibria (3 and 4) are assumed to be instantaneous, with the equilibrium constants
K, and K, being dependent on temperature.

The dynamic step is the calculation of the amount of gaseous NH, which diffuses away
from the surface soil into the atmosphere, according to

dy _ g
- DNHS - M,/dx (5]
where
L.
%NE = rate of volatilization of ammonia
DNH3 = gas diffusion rate constant (@2, &°h
dxV = distace between the centre of the top layer and the surface (am).

To ohtain the correct dimensions conversion facters are used which take into account
the air-filled volume of soil depending on the moisture content.

130



Fixation of amonium on clay minerals
The fixation of ammonium ions on clay minerals is considered to be a purely physico-
chemical process described by the equilibrium equation:

K

+

NH:; {free) = NHZ {fixed) (6

This means that the fixation of ammenium is assumed to be a reversible process between
fixed NHZ and free NHZ (exchangeable and soluted NHZ) . The fixation and release processes
are described to be first-order rate reactions. It should be noted, however, that the
fixation rate constant is much greater that the constant of release of fixed NHZ. Gener-
ally, no dymamic equilibrium exists between fixed and free ammonium. The total amount
which can be fixed is a preset value.

Mineralization and tmmobilizatzon

The submodel for immcbilizaticn and mineralization has passed three stages during its
development, At the first stage the C/N ratio of the organic material was used to control
mineralization and immcbilization. In a second stage differences in the deﬁ:onposability of
the several campounds of plant residues were concretized and five types of organic com-
pounds were included: (hemi-)} cellulose, lignin, sugar, protein and biomass. Carbon-
nitrogen ratios of the organic matter were no longer used to control the decomposition,
but the uptake of carbon by the growing biomass was determining the decomposition rate. At
a third stage the substrate arrangement was revised so that it corresponded better with
organic matter distributions as they are used by soil scientists. In this paper only the
last version will be dealt with (Fig. 2). For the other two versions the reader is referred
to Beek and Frissel (1973), Van Veen (1977) or Frissel and Van Veen (1980). _

Mineralization and immcbilization are considered to be contrclled by the growth and
activity of the total microbial biomass in soil. Growth and activity of the biomass is
assumed to be limited by the availability of C and N as substrate. To recognize the differ-
ences in availability or organic matter-compounds as substrates for micro-organisms both
plant residues and soil organic matter are divided inte several components.

Crop residue-C is split into sugars and other well decomposable carbohydrates (pool 1)
and slowly decomposable material, mostly (hemi-) cellulose (pool 2). The third pool con-
tains all easily decomposable N-containing substances, proteins and amine sugars. The
fourth and fifth pool contain micrchial debris products and lignins, which thus provide a
base for chemical stabilization of organic matter.

Thos fractions can be considered to be the 'active fraction', according te Jannson's
(1958} nomenclature. The difference between pool 4 and pool 5 is based on the considera-
tion that material of pool § consists of organic matter which is adsorbed on clay minerals
or entrapped in soil aggregates, but which is chemically identical to the material in the
pocl 4 (Paul and Van Veen, 1978). On the contrary, the material of pcol 6 is considered to
be chemically resistant, i.e. recalcitrant, old organic matter.
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As soon as part of the carbon is used for the biomass synthesis, a corresponding quan-
tity of nitrogen (depending on the C/N ratio of the biomass and the substrate) is trans-
ferred to the mineral nitrogen pool. The nitrogen flux from the old organic matter to the
mineral nitrogen pool is the only one which is not controlled by the soil biomass and
biomass growth is not considered with carbon of this pool as substrate. The types of the
conversion processes in Figure 2 are indicated with 1 for processes described by first-
order rate kinetics and with M for those ones described by Monod-type kinetics.

When using Monod-type kinetics, the reaction rates depend on the amount of biomass
which is invelved in the utilization of a particular substrate, x. Therefore, it is
assumed that each of the carbon pools is utilized by a fraction of the total bicmass with
the fraction being proportional to the ratios of the amount of the particular carbon com-
pound to the total amcunt of carbon in peols 1-5.

A typical set of equations for the growth of that part of the biomass which is involved
in the decomposition of component x is thervefore, '

dB_/dt = u_.B . C/C, (N
where

u = relative growth rate of biomass on component x (d_l)

B = total microbial biomass (mg C.g_I soil)

Cx = carbon present in component x (mg C.g"1 soil)

C, = total carbon content in pools 1-5 (ug cog™) soil}

The relative growth rate is calculated by
u = vm,x/ (K px + C) . C . F(NOy,NI,) (8)

where V| _ is the maximum specific growth rate " ) and K, 15 the saturation constant
(mg C.g™ SN soil), f(N ) is a function which sets - to zero if neither NO,
available; if NOS a.nd/or NH is available f(NO3 NH!;) 1s set to 1.

The decay rate of the biomass depends on the type of biomass. The types which grow on
easily available compounds are assumed to have a fast turnover rate, the types which grow

3 nor l\H4 is

on the resistant fractions tumover slowly.
Consequently, the decay of the biomass is described with five equaticns of the type

dBD,x/dt = kD,x . Cx/CT . B (2}
in which kj Jx is the specific decay rate constant for the type of biomass which is in-
volved in the decomposition of component x. The specific decay rate constant is linearly

related to the 'maintenance coefficient'.
Fram the difference between de/dt {growth rate biomass) and dBD x/dt (decay rate bio-
3
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mass) the net growth of biomass component x can be calculated.

To obtain the carbon losses from pcols (1-4), it must be taken into account that part
of each compound x is used for biosynthesis and the other part for energy production and
related CO2 production. So the utilization rate of C for biosynthesis, dci/ dt, is

acl/dt = dB_/de (103
and the {I)z production equals

dCOz,x/dt = de/dt-U-Yx)/Yx (11}
where Y is the growth yield (mg blomass—c.mg t substrate-C) and the total utilization
rate of C, is found by summation of dC /dt and dOD2 X/dt

The rate of loss of C from pools 5 and 6 is calculated according to first-order kinet-
ics. So for pool 5 the rate of decoamposition dcsldt equals

dC./dt = kg . Cg {12)
r
where
k. = first-order rate constant (d™h

content of pools 5 (mg C.g | soil).

]
w
[}

The decamposition of compounds of pocl 6 is simlated in the same way. Growth of the
biomass on C from pool 5 is calculated by

dBc/dt = Y. . dCg/dt . (13)
where Yo is the growth yield. The COx-production is calculated by
dC{Jz/dt = (1-—Y5) . dCS/dt : a4

Finally, the nitrogen mineralization rate is calculated from the decamposition rate of the
N-containing components by dividing the carbon transfer rate by the C/N ratioc of the com~
ponents. The inmobilization rate is proporticnal to the growth rate of bicmass (expressed
in C equivalents) and is thus calculated by dividing the growth rate of the biomass by the
/N ratio of the biomass.

Denitrification
Denitrification is assumed to occur under anaerobic conditions. Therefore, besides the

utilization of NOE under anercbic conditions, also the occurrence of these conditions in
s0il is described. This means, in fact, a description of the behaviour of oxygen. In fully
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A

waterlogged soils supply of oxygen is thought te occur by diffusion through water-filled
pores from the atmosphere above the soil. Then transport of oxygen through the soil can be
described as a function of the concentration gradients (compare the migration of N0; to be
discussed later).

In non-waterlogged soils the oxygen supply occurs mainly via air-filled pores. The
model considers as rate limiting step the diffusion of oxygen from air-filled pores into
the surrounding soil. Based on Henry's Law,

P = h.k . X (158)
where
X = the molecular fraction of compound, X, in solution

o
n

partial pressure of X in the gasphase
constant

A

the oxygen concentrations in an infinitly thin layer of soil water around an air-filled
pore is calculated depending on the partial pressure of 02 in the soil atmosphere. Diffu-
sion of 0, in sclution through the seil aromnd the pore is calculated based on concentra-
tion gradients only (Fig. 3). So,

RA =Dy . £ 0L [0, - (0, )/ax, (16)
where
R4 = rate of diffusion of 0, (ng 0,.d )
D, - diffusion coefficient of O, in solution (em?. a”h
2
ft = tortuosity factor. This labyrinth factor depends on the water content, but is
less than 1 (Frissel et al., 1970)
) = water content of the soil around the air-filled pores (cmg-cm—a)

(Oz)n = Oz—concentration in layer n (mg Oz.cm-'3]
dxd = diffusion distance (cm)

A similar equation is used for the diffusion of NOS through the soil volume surrounding
the air-filled pores.

To calarlate the diffusion of oxygen from the air-filled pores to sites where oXygen
consunption occurs, the soil around the air-filled pores, which are considered to be
cylindrical-shaped, is divided into 10 concentric layers as shown in Fig. 3. The mmber
of pores per wnit volume of soil and their thickness depends on the moisture content of
the soil and its pF-curve. The mean pore radius at a certain moisture content is calcu-
lated according to
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R = 26/(S_ - 103) (7
where

R = pore radius (cm)

surface tension of water (dynes . an )

moisture suction (mbar). Sm can be derived from the pF-curve, pF being defined as
the negative logarithm of the moisture suction (an).

o3

m

The number, N , of air-filled pores per an’ is
N = V. /nR%L (18)
ol A
where
V, = total air-filled volum per an’ of seil
L = length of the pores = 1 an.

The thickness of the layers is

dxd = (v ”ﬁNP - R)y/10 £15)
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The consumption rate of 0,(d0,/dt) and (in absence of 0,) of No; (dNOE/dt), is assumed
to be propertional to the growth rate of the heterotrophic biomass (dB/dt) which is calcu-
lated in the submodel of mineralization and immobilization. So, ?

do
2 _ 1 dB
a8 ?—; - dt (20
and
dNO,
1 dB
3

where Y02 and Yo are the growth yields for 0, and NOS respectively (mg biomass-C.ng”’ 0,
consumed and mg bi"'cml.elss-C.mg_l NO3 consumed, "respectively).

Leaching
It is assumed that nitrate is the only nitrogen component which migrates, thus, trans-
port of NHZ is not considered. The simplified transport eguation is:

dNL/dt = DA . {Nn-Nn+l)/dx+Le.FL.(Nn+Nn+l)/2
where

dN_ /dt = amount which passes the boundary between the layers n and n+?

D A = apparent diffusion ccefficient

N = concentration of N0; in compartment n

dx = distance between centres of compartments n and n+1

FL = moisture flux

L‘3 = leaching efficiency factor
and

DA=B'FL'DN03+d'ft (23
where

9 = moisture content

f, = tortuosity factor

Dyq. = diffusion coefficient in water

3 . . -
d = dispersion distance.
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8. INPUT PARAMETERS

a. Initial values of integrals

The input parameters M, needs are:

1. Initial contents of the pools containing N as mentioned in section 6 wnder A (1-7).
2. 1Initial contents of the pools containing C as mentioned in section 6 under C (7-6).
The initial amount of 002 produced is always zero.

3. Initial nuber of nitrifying organisms as mentioned in section 6.

4. Initial biomass (mg C.g ' soil).

5. Initial O, concentration in the soil atmosphere (mg 0,. a3y,

b. Biologieal constants

1. Michaelis-Menten constants, i.e. maximm specific growth rate (d~') and saturation
constant (mg C or N. g_l s0il}, of nitrifying organisms and micro-organisms involved in the
decomposition of organic matter components of pools 1-4 (Fig. 2},

2. Growth yields or efficiency factors to calculate the production of cellular material
from the amounit of substrate which is utilized. For the nitrifying organisms growth vields
are in cells.mg-1 N oxidized and for the organisms involved in the decomposgition of organ-
ic matter of pool 1-5 (Fig. 2) inmg C.mg™' biomass.

3. Decay rate constants of the heterotrophic biomass and nitrifying organisms (d-l).

4, Decomposition rate constant of organic matter of pool 5 and 6 (Fig. 2} @h.

c. Other constants
1. EBquilibrium constants of the reactions presented as equation (3}, (4) and (6).
2. Diffusion coefficients (em?.d ) of gaseous N, (equation (5)), 0, and N0; in water
(equations (16) and (23)).
3. Tortuosity factor (equations (16) and (23)).
Henry's Law constant (equation (15)}.
5. Surface tension of water (dynes.cm ') (equation (17)).
Leaching efficiency factor (equation (22}}.

d. Other parameters not mentioned in the equations of section 7

1. Bulk density of the soil (g.cm o).

2. Cation exchange capacity (mg N.g ! soil).

3. pH.

4. Maximm fixation capacity of the soil (mg N.g~' soil).

5. C/N ratios of the proteins, biomass and pools 3, 5 and 6 (Fig. 2).

6. Coefficient to fractionate microbial residues in decomposable and recalcitrant cam-
ponents which are 'protected' and 'non-protected' in soil (Paul and Van Veen, 1978).

¢. JInput variables, independent on time
1. Functions to describe the effect of moisture and temperature on the activity of
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of nitrifying organisms.

2. Tunctions to describe the effect of moisture, temperature (‘Fig. 4) and oxygen concen-
tration on the activity of the heterotrophic biomass. )

3. Moisture retention curve (equation (17)).

4. Layer thickness (am).

temperature (C)
0 20 30 4p 50 60 70 80

] T T T T T T

temperature

relative reaction rate
n
=]

0 21000 ~2000 23000 ~4000
moisture stress (KPa)

Fig. 4. Reduction factors for the effect of temperature and moisture on the decomposition
rate of soil organic matter.

f. Input pavameters varying with time
1. Tenperature (°C).

2. Moisture content (em>.cm ).

3., Addition rate of plant residues.

9. OQUIPUE, VERIFIABLE VARTABLES

The potentially verifiable output variables are the values of the integrals listed in
section §. Although there are several fractionation techniques of scil crganic matter, a
precise measurement of the quantity of the organic matter components as indicated by pool
3-6 in Fig. 2, is very questionable. Thus, the main output variables, which are accessible
for experimental verification, are:
a. Inorganic nitrogen, NHZ {exchangeable and Fixed), NO_B, NOE.

b. 00}, O,
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c. Total microbial biomass.
d. Nitrifying organisms.
e. Crop residue components.

10. OBSERVATICNS

The experiments described here as well as most of the comparison results (secticn 11)
and the equations (section 7), have already been published elsewhere or are in press
(Van Veen, 1977; Frissel and Van Veen, 1978; Frissel and Van Veen, 1980 and Van Veen et
al., 1980).

The separate submodels were mainly tested on the base of data of experiments described
in Iiterature (Van Veen, 1977). Besides those tests of the submodels, two experiments have
been carried out to test the total model.

Experiment 1 which was carried out in cooperation with the Institute for Soil Pertility,
Haren, was a combined greenhouse/field experiment.

In the pot experiment 8 g of barley straw and 7.5 mg of {NH4)2SO4-N was applied per kg

soil (fraction of soil > 50 um 95%, organic C~-content 1.23%, organic N-content 0.06%, pH
(KC1) 4.6). The soil was kept free from vegetation. During the experiment the temperature
ranged from 20-26 °C and the moisutre content was kept at about 60% of the waterholding
capacity. The biomass, with the direct microscopy technique, the total N-content, N(); and
NHZ were measured at regular intervals.

Similar treatments were used in the field experiment. This experiment was carried out
in the same soil as was used for the pot experiment. Inorganic N-content, biomass and C17,
to measure transport, were measured every fortnight. Rainfall and groundwater level were
measured daily and the temperature of the atmosphere immediately above the soil surface
was determined continuously.

Another field test, experiment 2, was done on the base of data from experiments of the
1Jsselmeerpolders Development Authority, at Lelystad. Those experiments were carried out
from November 1975 to February 1977 at a recently reclaimed soil in the IJsselmeerpolders.
The soil was rich in scil organic matter. Before the cbservations started the area was
used for flax with the stubbles of flax being ploughed in. Each week the soil was sampled
(5 layers of 20 cm each), the samples were analysed for soluble nitrate and incidentally
for ammonium which was usually only present as trace. Therefore ammonium and nitrate were
determined together as mineral nitrogen. The most important additional observations were
temperature, soil moisture and rainfall. During the observation period the soil was kept
fallow.

11. COMPARISCN RESULTS

For similating the experiments 1 and 2 as described in section 10 M, consisted of all
submodels but the denitrification submodel, This could not vet be included because of
programning problems, which mainly dealt with the combination of descriptions on vertical
transport as used to simylate leaching, and radial or horizontal movement as used to
simulate 0, diffusion.
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When using the second version of the submodel of mineralization and immobilization, in
which only plant residue-C was considered to be available as substrate for micro-organisms
rather serious disagreements hetween experiment and model occurred as shown in Fig. § for
inorganic nitrogen. Similar disagreements were found when comparing the experimentally
determined and simulated biomass vs time. An inadequate description of the availability of
native soil organic matter, including microbial residues, as substrate for micro-organisms
was the main reason for those disagreements. Based on these observations the third version
of the mineralization and immobilization submodel was developed, which is described in
section 7.

When including this version of the submodel in M, a much better fit was cbtained as
shown for the inorganic nitrogen behaviour in the NS-treatment of the greenhouse experi-
ment in Fig. 5. Further testing of M with data from fallow, recently reclaimed soils of
the Lake IJssel-polders (experiment 2 see sectmn 10}, showed a satisfactory fit (Fig. 6)
but imperfections still remain.

inorganic N (mg N.kg"l soil)

40 |
30}
20 | . °
0’0_::_0-:7" K"x‘
x'

FJ.g. 5. Comparison of simulated and experimentally determined 1norgan1c-N concentrations
in soil vs time after application of gtraw and N {greenhouse experiment 1}.

0-0 experiment.

x~x simlation with second version of the model.

o—¢ simlation with third version of the model.

Verification of separate submodels has mainly be done based on data from 1iterature.
Excellent fits were obtained for nitrification in aquatic systems as shown in Fig. 7.
However, when using gruwth rates of nitrifying organisms as determined in soil, a very
delayed pattern of NH and NO oxydation is obtained, which does not agree with experimen-

tal results foumd in 111:erature. Including the submodel of nitrification in this way in M3
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inorganic N (kgN.ha™)
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g \

— T T
1-1-1976 1-1-1977
Fig. 6. Calculated (line) and observed (dots, see Figure 10). Incrganic nitrogen of the
top 20 cm in function of time as determined in experiment 2.

mgN . |-1

200 Ny /'—‘:;90'0—0

X |

e,
5 10
days
Fig. 7. Comparison of experimental and simulated data on nitrification in aquatic systems,
Solid line: simmlation; dotted line: experiment. we-e NHI; x-X Nog; a-o NOE.

141




-3

leaded to inacceptable discrepancies with experimental results. To our opinion, this bad
fit is mainly caused by errors in the determination of the values of the specific growth
rates of mitrifying organisms in soil. "

loss of NH;-N (%)
8ok

20}
pH?

pHS
[PHS

0 2 5 10 15
days

Fig. 8. Calculated loss of ammonia at different pH due to volatilization.

Figure 8 shows the computed effect of pH on the loss of surface applied nitrogen due
to ammonia volatilization. These results agree satisfactory with data of Mills et al.
(1974) who found wp to 17% loss of NH,-N at pH 7.2 but 63% at pH 8.0-8.5 during a period
of 7 days. ‘

Similar comparisons with data from literature are hardly possible for the submodels of
ammenium fixation and denitrification, because of lack of data suitable for comparison
(Van Veen et al., 1980).

The submodels of mineralization and immobilization and leaching have also been compared
separately with data from literature (Van Veen, 1977). However, for a judgement it is more
appropriate to consider the comparison between calculations and experiments mentioned in
section 10.

Further development of the model will include more experimental verification, including
plant growth and with respect to modelling aspects, the development of submodels of the
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effect of plants on the soil N-transformations and of Nz-fixation, while also priority
will be given to combine the submodel of denitrification with the other submodels. More-
over, laboratory and field experiments will be carried out to obtain more insight in the
value of data from laboratory experiments on micrcbial growth and to obtain appropriate
data on microbial turnover, which appears a major parameter in this model and, generally,
in the role of micro-orgapisms in nutrient cycles in soil.

12, LIMITS AND LIMITATIONS

There are no particular limitations to the model except the problems on combining de-
scriptions on vertical and horizontal transport processes as already mentioned in section
11.

13. CCMPUTER
Use is made of the DEC-10 computer system of the Agricultural University, Wagemingen.
The program is operational under the TOPS-10 operation system.

14. PROGRAM LANGUAGE
The language used is CSMP3, i.e. Computer Simulation Modelling Program/version 3.

15. RUNNING TIME/COST

The computing time for the separate submodels is less than 1 min. for a simulated
period of up to 10C days, except in case of the submodel for denitrification with a com-
puting time of approximately 1.7 min. for 3 days. To simulate experiment 1 for 200 days,
the computing time of M3 was approximately 6 min. The computing time of the program used
to simulate experiment 2 was approximately 2 min.

Although the simulated period was lenger in the latter case (up to 480 days) the dif-
ference in computing time is mainly caused by a smaller time step used in the former case,
0.01 day vs 0.1 day, and more compartments 13 vs 5.

One minute CPU time costs approximately 15 Dutch guilders = $7.50.

16. USERS

The model has been used in a variety of studies. Besides the ones mentioned in sections
10 and 11, it was used for studies on soil nitrogen transformations in arid areas, such
as Mali and the Sahel and in Canads and other European countries besides The Netherlands.

17. DEVELOPER AND PRINCIPAI, (QONTACTS
The authors of this paper are also the developers of the model.
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4.7 Use of tracers and computer
simulation techniques to assess
mineralization and immobilization of

soil nitrogen

N.G. Juma and E.A. Paul

1. NAME OF MODEL
TRAMIN ~ Use of tracer and computer simulation techniques to assess mineralization and

immobilization of soil nitrogen.

2. SYSTEM MODELED

The model describes the mineralization and immobilization of soil nitrogen during
microbial growth and decay under laboratory conditions.

. .

3. OBJECTIVES

The cbjectives of this investigation were to develop and test concepts of microbial
growth and decay in scil and to study the mineralization-and immcbilization of soil N
using tracer and computer simulation technigues.

4. TIME SCALE
The programme was designed to simulate the duration of the laboratory experiments which
lasted from 42 to 84 days. The time resclution was fixed at ¢.01 day.

5. DIAGRAM

The flow chart for transfer of { and N invelved in the mineralization and immobiliza-
tion processes is presented in Fig. 1. Four versions of- the model are available depending
on whether tracer '°N and/or %0 wore used. In the basic version, C and N behavior in the
mineralization-immobilization processes were simulated. In the other versions, the number
of N and/or € integrals were doubled wien t5N and/or 14C tracers were used.

6. LEVELS
See 7.

7. GOVERNING EQUATIONS

In models that describe soil organic matter turnover, the micrebial bicmass transforms
C substrates in soil {Paul and Van Veen, 1978) and is directly involved in the N mineral-
ization-immobilization processes. Microbial growth is primarily limited by substrate and
nutrient availability and by the physical conditimms prevalling in soil. Soil micro-
organisms grow on a variety of C substrates. For simulation purposes, the exogenous sub-
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Fig. 1. Flow chart for transfer of C and N involved in the mineralization and immobiliza-

tion processes.

strates added to scil can be adequately divided into the following categories: (1) decom-
posable fresh materials consisting of simple carbohydrates; (2) slowly decomposable fresh
materials such as cellulose and hemicellulose; (3) materials containing C and N such as
proteins, amino sugars, and other nitrogenocus compounds; and {4) complex materials such as
lignin. In the model, the soil C and N substrates were divided into active~(C#N), stabi-
lized-(C+N} and old-(C+N) (Fig. 1). The techniques and assumptions used to detemmine the
pool sizes are described elsewhere (Paul and Juma, 1980) and are summarized in Table 1.
The concept of an active and a passive organic N phase (Jansson, 1958) was incorporated
into the model. The active organic N phase was divided into three components: biomass,
active-(C+N} and metabolite-(C+N}. This was possible as the biomass and active N can be
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Table 1. Initiasl values of N pools and techmiques used for puol size determinatiom.

Pool MN ISN Technique
-1 .
{yg g soil)
Biomass 167 0.072 Fumigation incubation
Active fraction and metabolites 389 0.169 Isotopic dilution and curve peeling
0ld fraction 2073 0 Associated with old carbon (carbon dating)
Stabilized fraction 1496 0 By difference

measured using the techniques summarized in Table 1. The passive organic N phase was
divided into two components: stabilized N with a half life of 35 years and old N with a
half life of ~600 years. The dynamics of the mineralization processes are presented below:

a. Mierobial growth and N dmmobilization

The dynamics of microbial growth and N immcbilization were described by first-order
kinetics. In most cases, the decomposition of C substrates is independent of microbial
biomass size, In the model, the decomposition of C from any poot occurred if C was present

in that pool and mingral N was not equal to zero. Thus, ’

dcx/dt = XX - CX - WCOF - TCOF )
where

dCX/dt = the Tate of substrate decomposition (mg g ! soil d°')

KX = the decomposition rate constant for substrate CX (d))

X = the substrate C pool size (mg C g ' soil)

WCOF and TCOF = moisture and temperature reduction factors for sub-optimal conditions.
The values of these reduction factors ranged from 0 to 1 depending upon the
physical conditions prevailing in soil (Van Veen, 1977).

“! s0i1 d7Y was

The rate of C incorporation into the microbial biomass [CXINC; mg C g
CXINC = (YCOFX/100) - dCX/dt )

where YCOFX is the efficiency of utilization of CX. The rate of CO ~-C evolution (CXCO
mCg U soit d” ) during the decomposition of CX was:

CXCO2 = {1 - (YCOFX/100)) * dCX/dt (3
The rate of N incorporation into the microbial biomass (CNINC, mg N g ' soil d”!) was

CNINC = {dCX/dt) /(NB Y]
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(A

where CNB is the C:N ratio of the microbial biomass. Thus, the rate of N uptake during
microbial growth was equal to the gross immobilization rate.
b. Microbial biamass decay

The decay of the bicmass was described by first-order kinetics, i.e. the amount of bhio-
mass that decayed per unit time was proportional to its size. The decay C and N products
were transferred into the active (C+N) and metabolite pools. The metabolites were divided
inte two classes: those containing C and N (proteins, amino sugars) and those containing
C only (polysaccharides).

In the model, 50% of C and N of the micrcbial decay products were channelled into the
active (C+N) pool. The remainder of the N was chammelled into the metabolite (C+N) pool.
The amounts of the C entering the metsbolite (C+N) and metabolite C pools were calculated
as follows:

Assuming a C:N ratic of three, the amount of C transferred to metabolite (C+N) pool was
three times the amount of N transferred into it. The remainder of the C [50% of the total
microbial C decay products minus C transferred into metabolite (C*N)] was channeiled into
metabolite-C pool. )

C. Mineralization of ¥

Mineralization of N occurred during the decomposition of substrates containing C and N.
The rate of N mineralization was calculated by multiplying the rate of C decomposition by
the C:N ratio of the pool. Alternately, the rate of N mineralization was calculated by

- multiplying the decay rate constant (d_l) for the (C+N) pool by the N content of the pool

1

{mg N g” soil). The gross N mineralization rate was equal to the sum of the rates of N

mineralization from varicus (C+N) pools.

d. Stabilization of C and N

Part of the active-{C+N) is transformed physically or chemically into the stabilized-
(C+N). Further transformation of the stabilized-{C+N) results in the formation of recal-
citrant organic matter. The amounts transferred from one pool to another were described by
first-order kinetics.

8. INPUT PARAMETERS

The initial values, decay and transfer rate constants, efficiency of utilization of C
substrates and C:N ratios of various (C+N) integrals needed in the model are sumarized in
Table 2.

Temperature and meisture content were time-dependent variables.

9. OUTPUT VARIABLES

The basic version of TRAMIN evaluates the following variables that are experimentally
verifiable: biomass C and N, mineral N and C0,-C released during incubation. When tracer
]5N is used, the following additional variables are verifiable: biomass 15N, mineral 15N,
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Table 2. Initial values, decay and transfer rate constants, efficiency of utilization of C
substrates and C:N ratios of various (C+N) integrals used in the model.

14 15 Decay Efficiency of C:N

Pool € N N rate utilization ratio
constant of C
(g 8! soil) (g g | soil) (4 )

Biomass 1 1,000 167 72 0.0143 - 6
Active fraction 2,302 384 167 0.0037 40 4]
Metabolite-C 15 - - 1.0 60 -
Metahollte—(C+N)2 15 5 2 1.0 4 60 3
Stabilized-(C+K) 17,542 1,496 0 6,010 40 1t
01d-(C+¥) 24,455 2,073 0 3.0°10 - 1.8
Decomposable C 2 - - 1.0 60 -
Slowly decom—
posable © 50 - - 0.1 60 -
Mineral N - 21 9 - - -

1. Transfer rate constant of active materisl to stabilized fraction = 0.5* 10 fd ).
2. Transfer rate constant of stabilized fraction to old fraction = 3.0* 10_6 @anh.

active "N and active 1N, The model calculates the size of N integrals and their atom %
abundances.
When '*C is used, the following variables are verifiable: biomass MC, l40.0 -C, active
14 (sum of active (C+N), metabolite C and metabolite (C+N)). The model calculates the
size of C integrals and their specific activities.

When l':'C and ]5N are used all the above mentioned variables are verifiable,

10. OBSERVATICNS

Enriched °N soil samples were obtained from a field experiment conducted on Weirdale
loam, a Gray-Black Chemnozemic soil. These surface samples were incubated in the labora-
tory for 12 weeks at field capacity moisture content and 28+1 °C. During the incubation,
total N, biomass N, active N and mineral N and their atom & 13y abundances were determined.
Also, biomass-C and COz-C evolved were measured. Detailed experimental procedures are
summarized elsewhere (Paul and Juma, 1980).

”‘N, ]5N and C transformations.

The TRAMIN programme was used to similate the
11. COMPARISON OF RESULTS

The predicted values of total organic 13y remaining in soil and cumilative OO -C evolved
were slightly higher than the experimental values (Table 3); the mineral ]5N 1eve1 pre-
dicted was lower than the actual value. The other outputs were similar indicating that the
gross, transfer rate constants and peol sizes used (Table 2) were of proper magnitude.

The dynamics of various Ty and PN pools as predicted by the model are shown in Table
4. During the 12 weeks incubation, when nc exogencus C was supplied, the biomass with an
13y 71 soil and decayed by 76 ng”| resulting
in a final size of 53 ng g_l (Fig. 2). The metabolite N mineralized rapidly and constituted

initial size of 72 (ng g ') immobilized 56 ng
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Table 3. Comparison of experimental dats with simulation model outputs at the end of 12
weeks incubation. ’

Pool Experimental  Simulated

(ug g_1 soil)

Total or%anic ISN remaining in soil 0.203 0.211
Biomass—1IN '3 0.052 0.053
Active fraction + metabolite- "N 0.152 0.150
Stabilized-!9¥ fraction - 0.007
Mineral~'-N 0.045 0,039
Mineral-!%n 115 121

Cumulative CDZ—C evolved 938 1153

Table 4. Dynamics of various N fractions in seil during 12 weeks incubation.

Fraction Simulated values Experimental
value at end
Inital size Inputs Cutputs Size at end of 12 weeks

of 12 weeks
ISN (ng 9_1 soil)

Biomass-N 72 56 76 53 52
Metabelite~N 2 38 39 ’ i 152
Active-N 166 38 54 150 -
Stabilized-N 1) 7 0.1 7 -
Dld~N o] 1] il 0 -
Mineral-N 9 86 56 ~ 39 45
MN {ug g_I sotl)

Biomass-N 167 163 187 143 152
Metabolite-N 5 94 98 l -
Active-N 384 94 125 352 -
Stabilized-N 1496 15 35 1456 -
0ld-N 2073 0.1 0.4 2073 -
Minerali-N 2t 263 163 121 115

only a small pool at any time. The active N with an initial size of 166 ng By g_] in-
creased by 38 ng g_1 and released 54 ng resulting in a final size of 150 ng g-l . A small
portion (7 ng g"l) of the >N released from active-N was transferred to the stabilized
fraction while the rest was mineralized. At the end of the 12 weeks incubation, the N
content of the stahilized-N showed a net increase while the 13y content of bicmass and
active N showed a net decrease. During the 12 weeks incubation, the model predicted a net
mineralization of 30 ng g_1 I3\, The relative net changes of the 1y pools expressed as a
fraction of !°N mineralized were biomass (-63%), active-N (-53%), metabolite-N (-3%),
stabilized-N (+23%), old-N (0%). At present, it is not possible to measure the 3y in
stgbilized-N and old-N.

uring the 12 weeks incubation, the biomass with an initial size of 167 ug “*N g~' soil
immobilized 163 pg g_] and decayed by 187 ug g-] resulting in a net decrease of 24 ug ghl
(Fig. 3}. The metabolite-N and active~N with equal inputs also declined. The stabilized-N
showed a net mineralization of 40 ug ¢ | while the old N contributed 0.3 pg g '. Gross
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Fig. 2, Biomass-lSN: cumulative growth and decay rates.

mineralization during this period amounted to 263 ug g_1 , while the net mineralization was
100 ug N g-]. The relative net contribution of N fractions to mineral ll'N were biomass
(24%), metabolites (4%}, active-N (323), stabilized-N (40%), old-N (0.3%). At present, it
is not possible to determine the sizes of metabolite-N, active-N, stabilized-N and old-N.
The turnover time of any pool can be calculated from the tracer data provided the sys-
tem is in steady state conditions. The soil system generally is not in a steady state
condition on a short term basis. Therefore, it is necessary to use simulation techniques
to get a good estimate of the fluxes in and cut of various pools. In the present version
of the TRAMIN model, the C, MN and 17N transformations were simulated. The major advan-
tage of simulating the N isotopes separately is that it helps to quantify these fluxes
accurately. For any pool, the MN is a good indication of changes in size while the By is
an excellent index of the activity within the pool. Sensitivity analysis showed that the
decay or transfer rate constants used in the model had a very narrow range of values.
Jansson (1958) showed that mineralization and immobilization of N were continuous
processes and demonstrated the internal cycling of N. The model predicted that 13 in soil
undergoes rapid turnover. During the 12 weeks incubation, 36% (86 ng g_l) of the !°N ini-
tially present in soil was mineralized while 23% (56 ng g']) was reimmobilized. The ret
change of 30 ng g-l was n13% of the total !°N at the beginning of the experiment. Thus,
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Fig. 3. Total microbial bicmass-N: cumslative growth and decay rates.

net mineralization was 1/3 of the gross mineralization, i.e. of every 3 units of N that
were mineralized, 2 were reimmobilized, resulting in a net mineralization of 1 unit. There-
fore, the half life of 1§ in soil organic matter is very long due to the intemmal cycling
of N.

Jansson (1958) suggested that the active organic N phase was the major source of min-
eralized N. Stanford and Smith (1972) used long temm incubations and mathematical tech-
niques to estimate the size and decay rate constant of the mineralizable N pool for 3¢
s0ils which were in net mineralization conditions. Thus, the decay rate constant they ob-
tained was related to net mineralization only. The TRAMIN model after considering gross
mineralization and immobilization rates predicted that all the N fractions in soil con-
tributed te the mineral N. In this study the active organic N phase comprised of the bio-
mass, active-N and metsbolic-N and accounted for almost all of the 5y mineralized, but
contributed ~60% of the '°N mineralized. The stabilized-N and old-N accounted for the rest
of M4y mineralized. The model predicted that various organic N pools are mineralizable and
have different mineralization rate constants. Therefore, it is difficult to describe the
s0il processes involved in N mineralization by a single first-order decay equation, es-
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pecially when a net mineralization rate constant is used in the equation.

12, LIMITS AND LIMITATICNS

The model assumes aerobic conditions at all the times and does not consider nitrifica-
tion or N losses and gains. The N in soil was divided into biomass, active-N, metabolite-N,
stabilized-N and 0ld-N, although it is well known that the N compounds in soil form.a con-
timmum from simple scluble to recalcitrant compounds. These compounds were grouped into
the above menticned pocls based on the decay rates of the pools as determined by tracer
and isotopic dilution techniques. At present, it is not possible to measure the size and
decay rate constants of the stabilized-N and old-N, however, a wealth of information
exists in the literature which supports the concept that large pools or fractions with
Iong half lives exist (Oades and Ladd, 1977}.

The mineralization process described in the model assumes that when a substrate con-
taining C and N is decomposed, the N is first converted to NHZ. Thus, canpounds like sim-
ple amino acids and amino sugars are deaminated before being taken up by the biomass. The
amount. of N immobilized is governed by the amount of C incorporated into the biomass and
by the C:N ratio of the biomass.

13. (OMPUTER
IBM 360/370.

14. PROGRAMME LANGUAGE
CSMP III.

15. RUNNING TIME/COST
1.5 CPU minutes, cost $16.00 for simulating 84-day laboratory experiment.

16. USERS

The programme has been recently developed, however, the concepts developed could be
applied to other soil systems where the role of micro-organisms is explicitly defined in
the mineralization and immobilization of N.

17. DEVELOPERS AND PRINCIPAL CONTACT
Noorallah G. Juma and E.A. Paul
Department of Soil Science
University of Saskatchewan

Saskatoon, Saskatchewan

Canada S7N OWO
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4.8 Plant-soil system of an old Scots
pine forest in Central Sweden

E. Bosatta

1. NAME OF MODEL
NINIT

2. SYSTEM MODELLED
The plant-soil system (mor layer) of an old Scots pine (Pinus sylvestrie L.} forest in
Central Sweden.

3. OBJECTIVE

A great deal is Imown about separate nitrogen transfer processes in soil. The model is
an attenpt to synthesize some of the existing hypotheses on how nitrogen mineralization,
transport, adsorption and uptake by plant roots are regulated. The model was applied to
the mor layer of a forest site (Bosatta et al., 1980}, for which a reasonably camplete set
of empirical data exists on climate, soil processes and components. The aimwas to study
whether such an integrated model can accurately simulate nitrogen transfers to and from
the soil solution, as far as it can be tested from measured data and to identify possible
fimctions -in the system which are less satisfactorily described at present. The basic ob-
jective was to get an improved background as a basis for further studies on how soil fac-
tors regulate plant nutrient uptake.

4. TIME SCALE
Time span: one year.
Time resolution: one day.

5. DIAGRAM
See Fig. 1.

6. LEVELS

The litter and humus (HI) layers are combined, forming one functional structure. Decom-
posers are considered to utilize this structural substrate, which is made up of two sub-
strates that are divided over three poals:
= organic carbon in C-N campounds (substances such as proteins, which contain nitrogen
as a molecular constituent}
organic carbon in C~C compounds (such as cellulose)

[
|

]
1]
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Fig. 1. Flow diagram of nitrogen and carbon in the soil.

Ny, N; = organic and inorganic nitrogen pools, C; = organic carbon bound to organic nitro-
gen, C, = organic carbon not bound to nitrogen, B = decomposer biomass.

IC}, ICZ’ INI = rate of input of each element through litter fall and root litter formation,
ACI', ACZ’ Ay g = decomposition rate of each element and of total carbon.

Pr, Pys Py, = incorporation rate in biomass of total carbon, total nitrogen and organic
nitrogen.

Moo My = mineralization rate of carbon and nitrogen.

Mpis Mogs My, = decomposer mortality rate in terms of carbon and nitrogen.

J = nitfogen fixation rate, 7 = nitrogen immobilization rate.

T, L, U = rates of throughfall, leaching and uptake by roots, respectively, in terms of
nitrogen. The sums of flows going out from one point must equal the sum of flows coming
in: so, for example, Ag = AC] + ACZ must be satisfied at all times (from Bosatta, 1980).

N, = organic nitrogen in C-N compounds .

In the litter, the whole of the organic nitrogen is included in N,. However in the
humis, nitrogen associated with lignin is considered stable and is not included in the
model. The mineral nitrogen compartment (Ni) includes adsorbed ammonium ions and amnonium
in the soil solution.

The five campartments are expressed in units of g 2.

7. GOVERNING EQUATIONS

The model comprises three sub-models:

1. DBCOM which deals with processes such as mineralization, decomposition, assimilation,
production of decomposer bicmass, immobilization.

2, INORG which deals with adsorption of nutrients to soil particles, exchange, leaching.
3. ROOT which deals with uptake of nutrients by the root system.

To test different hypotheses alternative versions of a module have sometimes been used in
the model.
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b=

Four driving variables are comuon to all sub~models: D, = soil temperature °c), 0,
water content (volume fra.ctmn of water), D = water infiltration (1 m d ) and D

water percolation (1 m 24 )

DECOM aub-model

The theory of Parnas (1975) on the substrate exploitation strategy of decomposers has
been adopted for this model. The parameters are (Table 2}: G, = specific production rate
of decomposers in a reference state (d ), = ¢ content of deccmp.oser biomass (mass
fraction in dry matter), fN = N content of decomposer biomass (mass fraction in dry mat-
ter), e = efficiency of carbon utilization in decomposers' biomass production (production/
assimilation ratio), dB = specific mortality rate of decomposers (d-]) , © = fraction of
decomposers' biomass fixing nitrogen, Q = Q,q factor of temperature response of decomposer
production rate, and r, = 'critical' carbon-nitrogen ratic = fc/(fme) . Two awxiliary
variables are:

r(t) = (CI+CZ) /‘N1 the carbon-nitrogen ratio of the decomposing substrate and
r](tJ = C] /N1 the carbon-nitrogen ratio of the C-N compounds in the substrate.

7

The specific production rate, G {d_lJ, of decomposers is:

(D1-20)/10
5.5 (D) Q
G= (N
0 if carbon or nitrogen is depleted

where S(Dl') is the function shown in Fig. 2. From Equation (1), the specific rate will be
equal to G, when D, =20 “C and U, 1s in the optimal range (0.15~0.25).

s

15
10 | i
05} i
. .
0 0.15 0.25 0.40 D,

Fig. 2, The moisture scale function, S(Dl;)’ regulating decomposers specific production rate.
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The rate of production of dry biomass, P (g m 2 d_') , is defined as:
P=GB 2] (2]

Therefore the incorporation rate of carbon, Pos and the incorporation rate of nitrogen,

PN’ are:
PC = fCGB (3a)
Py = £, (3b)

The nitrogen fixation (N, fixation) rate, J (g w2 &y, is defined as:

3= ot B _ O

i.e., the required amount of nitrogen, PN’

gen. The remaining nitrogen, Py~J, must be partly supplied by the inorganic pool, N;.

times the fraction, @, of biomass fixing nitro
Therefore the nitrogen immobilization rate is:
i= (PN-J)N]._/ (Ni+N1D4) {s)

Note that not all N] is assumed to be equally available for inc;arporation as Ni’ and that

the factor defining this availability has been assumed equal to D4 , 1.e., the fraction of

the volume filled with water. The incorporaticn rate of organic nitrogen is (Fig. T):

Py, “ By~ 1 . (6)

The decomposition rate of carbon is:
Ay = Pfe = £0B/e M
and the respiration rate is

M, = AP, = (1-e)f B/e (8)

The decomposition rate A, (g m 2 d_lj of C, is given by Parnas (1975):
1

r]PNl ifr>r, (9a)

¢
Agcl/(clﬂzz) ifrsr, (9b)

i,e. when nitrogen is limiting (Equation (%a)), C] is decomposed according to the require-
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ments of nitrogen for production; when the energy is limiting (Equation (9b))}, C is de-
composed according to the requirements of carbon. The C, decomposition rate is:

A, = A -A (10)
N decomposition rate is:

Ay, = A /Ty (11)
and the nitrogen mineralization rate (g w2 qh s

= - P (12)

MN] ANI N
If now AC] is given by BEquation (9a), one can see that from Equation (11}, ANI = PNl and
thus MN] = 0. On the other hand (Equation (9b)), if the system is energy Ilimited, MNI will

be greater than zero.
The mortality rate of decomposers m (g m > d_ 1) is:

m= dBB (13)
where dB is the specific mortality rate (d_lj. If the carbon-nitrogen ratic of the C-N

campounds in the biomass of decomposers is 4, the transfers of carbon and nitrogen to
organic matter due to decamposers mortality are given by:

mcl = 4fm (14a)
mcz = (f,-4E)m (14b)
m, = £m (14c)

INORG sub-model

The parameters in the INORG sub-model are (Table 2): ¢y = concentration of inorganic
nitrogen in throughfall (rainfall reaching forest floor), g, = amount of ammonium adsorbed
to soil particles when the soil complex is in a given reference state, Ko = chemical po-
tential at the reference state, k = slape of the adsorption isotherm curve, and c, =
remaining ion concentration.

The throughfall input rate is defined as:
T = D.c (15}

770

where D, is water infiltration rate (1 m*d"y and ¢y is as defined above (g 1™, Simi-
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larly, the rate of leaching is:
L = Dge . (16)

where D is the percolatmn rate (Tm d-l) and c is the nitrogen concentration in the
s0il solutlon (g1 ) which is, in part, controlled by the exchange processes between
ammonium and the remaining ions occurring at the adsorption sites on the soil particles.

The exchange phenomenon is approached as follows: let g(c,c ) be the amount of inorgan-
ic nitrogen adsorbed to soil particles; then the following relatlon botween N;, ¢ and g
{all three, henceforth, expressed in (meq 1~ ) must be fulfilled:

N; = D,c + gle,e) {17)

and can be used to calculate the function c(t) if g(c,cr) is explicitly defined. The func-
tion g(c,cr], known as the adsorption isotherm, is cbtained by measuring the changes in
the amount of adsorbed nitrogen, with respect to a reference state, as a function of the
chemical potential in the equilibrium solution. Under conditions of chemical equilibrium
the adsorption rate equals the desorption rate, i.e., the ‘net rate of adsorption is zero,
and in this way the hypothesis that g(t] equals its value at equilibrium g(c,cr) , 13
equivalent to the adiabatic elimination hypothesis( e.g. Haken,. 1977).

The adsorption isotherm is expressed as (e.g. Khanna & Ulrich, 1973):
g= 30 + k(l-l-l-to) (18J

vhere g, (meq 17™h, g @ meq ') and k (meq2 J117Y are defined as above and the chemical
potential, p, is expressed as:

u = RD (3 In c* -Zlnil: (9

where R is the universal gas constant (7 meq L K}, D, is temperature (K) and c® and c: are
the chemical activities (dimensionless) of ammonium and remaining ions. These are defined
as:

¢ = £ 1073 (20a)

[g]
H

=3
2= £ 10 (20b)
where £% and fa henceforth assuned equal to one, are the activity coefficients (1 eq ).

Since the 1ogar1thm term makes it difficult to ocbtain ¢ directly from Equation (17), this
equation is differentiated:
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dN, = (D, + 3g/5c) dc = pde (2n

which gives the change induced in the concentration, dc, by a change dNi produced in the
time interval dt under the assumption that D, is kept constant during this interval. In
simulations with the model, a value is defined for c at the start and the successive in-
crements are calculated with an equation similar to Equation 21 (for more details see
Bosatta & Bringmark, 1976).

b, the linear buffering power of the soil, is the average of g over an interval of con-
centrations (c], Cz)' From this and Bquations (18), (19) and {21):

3kRD | C

- 2 _
b_D4+C_1-—{T2—1nEI_D4+bg {22)

If ¢, and ¢, are fixed at 0.15 meq 17! and 0.0005 meq 177, respectively, then bg s A
(Table 2). For values of c less than <y g(c) is fixed at zero.

ROOT

The parameters are: p = Toot density or specific root length {cn cm-3); a = root radius
(cm) , d2 = diffusion coefficient of the ammonium icn in free solution (cm2 d_l) , b =
a term in the linear buffering power of the soil (see Equation (22)). According to Baldwin
(1975), the amount of nitrogen taken up by the rcots in a time interval At is given by

2
-ZTn dzDAAt n

U=~ [Fq(a_/7.65) Ny (23)

where b = b_E+D4, a, = (ﬁp)_i is the effective radius of the soil cylinder surrounding the
root {cm), and N, is the ammoniim pool (g m‘zj . If At is one day, the temm in brackets can
be interpreted as the specific rate of nitrogen uptake (d_l) and, therefore, U is the
daily rate of nitrogen uptake by the roots (g w2 dly.

8. INPUT PARAMETERS
Initial values (Table 1}

The estimation of carbon and nitrogen in C-C and C-N compounds and nitrogen associated

Table 1. Initial values of soil compoments (g m_z) from simulations with the NINIT model.

Cl 02 Nl Ni B
213 659 22,6 0.025 5
C, = carbon in C-N compounds, C, = carhon in (= compounds, N. = nitrogen in C-N compounds,

. s . s 1
Ni = inorganic nitrogen and B ="decomposers biomass.
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to lignin was based on analytical data from Staaf & Berg (1977b) and Berg {umpubl.). Start
values on decomposers' biomass are transformed data from Clarholm (1977) for bacteria

summed with those for fungi (B3&th & SGderstrém, 1977). Soil animals wére not included as
a compartment. Data from Popovi€ (1976) and Bringmark (1980) has been used to estimate Ni'

Table 2. Numerical values and denotatioms for parameters used in the NINIT model. Para-—
meters of a purely technical nature are not included.

Module Symbol Meaning Value Dimension
DECOM
fc Mass fraction of carbon in decomposer biomass 0.5
fN Mass fraction of nitrogen in decomposer biomass 0.04
e Production/assimilation ratio 0,2
9 Mass fraction of biomass fixating nitrogen 0.02
Mess fraction of nitrogen in litter fall 0,003
Mass fraction of nitrogen in root-litter 0.006
formation
Mass fraction of c, in litter fall 0.15
Mass fraction of Cl in root=litter formatiom 0.15
Mass fraction of Cy in 1itter fall 0.36
Mass fraction of C, in root-litter formation 0.36 -1
Gm Specific productiofi rate of decomposers in a 0,08 d
reference state -1
dB Decomposer mortality rate 0.017 d
QlO Response of decomposer production rate to a 3.0
temperature increase of 10 eg -
INORG
e Input concentration of inorganic nitrogen 0.05 meq 1_
g Adsorbed at equiiibrium 0.03 meq 1_
kg Chemical potential at equilibrium =38 J m%q -1 -1
k Adsorption isotherm slope 0.017 meq- 1 " J
c, Remaining ion concentration 0.14 meq 17!
ROOT -3
o Root density 4.5 cm cm
a Root radius 0.03 oy g
d2 Dif fusion coefficient 1.3 em” 4
bg Buf fer power 4

{From Bosatta et al. 1980)

Auxiliary values (Table 2)

Parameters for carbon and nitrogen ratios of different litter inputs (Table 2) are
based on chemical analyses on a large mumber of field samples on different litter compo-
nents from a representative site. Figures from B2&th & SBderstrdm (1977) on mutrient con-
centration in fumgi were used for the decamposer biomass composition. Parameters describ-
ing moisture and temperature response of biomass production rate were taken from the cor-
Tesponding data for respiration from different substrates in controlled environments
{Clarholm, 1977; Rosswall, umpubl.}.
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Micro-organisms are considered to have a high production/assimilation ratio (e). For
mixed populations on a long-term basis a value of 0.4 (Heal & Maclean, 1975) or sometimes
higher than 0.5 (Kaszubiak et al., 1977) has been suggested. However, introduction of more
than one trophic level will decrease the total efficiency ratio, since each additional
level includes respiration losses. When this effect was taken into account the effective
production/assimilation ratio was estimated at 0.2,

No measurements exist on maximm production (Gm) or mortality (dB) rates of decom-
posers. Instead, it was necessary to determine them from the model's behaviour. Climatic
data from 1966 were applied to the model and the two parameters were adjusted to achieve
a steady state (Section 10) over one year in the carbon, nitrogen and decomposer biomass
components. The year 1966 was selected as the one corresponding best to mean monthly tem-
perature and precipitation data fromperiod 1966-1976.

The adsorption parameters 8y Moo and k have been determined experimentally by
equilibration of mor samples with weak salt solutions of different composition. The con-
centration of other cations (cr) has been given a value to meke {Cr/ 3) equal to the mean
value of Cx "Cc:a v’cMg, measured in water collected by tension lysimeters from the litter
layer during 1576. The diffusion coefficient for NH 4 (dz) has been taken from chemical
standard literature.

Root density (p) and root radius (a) are calculated as the mean of data from three root
samplings at the chosen site (H. Persson, unpubl.). The root density (< 1 mm diameter) ob-
tained for Scots pine has been miltiplied a factor 30 to get an estimate of total root
density, also including heather and cowberry.

Driving variables

- Litter fommaticn

Anmual figures for the root-litter formation and litter fall [Staaf & Berg, 1977a;
Flower-Ellis & Olsson, 1978; Persson, unpubl.) and chemical analysis of different litter
types (Bringmark, 1977; Berg & Staaf, unpubl.) were used to calculate a mean amnual influx
of chemical substrates to the soil. A litter-fall regime simplified from Flower-Ellis &
Olsson (1978) was used; one-third of the total annual litter fall cccurred in spring and
two-thirds in early autumn {Fig. 3}. Knowledge of the dynamics of root-litter formation is
poorly, so that a mean figure for daily input during the period May - October was used.

- Nitrogen in throughfall

A mean concentration of inorganic nitrogen in throughfall from the tree canopy {co) was
calculated fram the amounts of water and nitrogen deposited during 1976 (Bringmark, 1577).
The nitrogen deposited on the ground was then obtained by multiplying this concentration
with amounts of infiltrating water for each time step (day).
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Litter fall {g m2d)

Root litter formation (g m=2d™)

8
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Fig. 3. Litter fall and root-litter formation rates used as driving variables of NINIT
(from Bosatta et al., 1980).

- So0il temperature, water content and water flow
Soil temperatures and data on infiltration, percolation and soil water (Fig. 4) were

taken from simulations using SOILW, another model developed at the Swedish Coniferous

Forest Project (Haildin et al., 1980). Scil-water data were tested against manual measure-

ments of seil-water content from 1976.

Concn of water in soil (%}

40

— 1966
——1975
---1976

Sep  Oct
Menth

Fig. 4. Daily means of soil-water contents in the FH layer used as driving variables for
NINIT. Horizontal lines indicate optimal range for decomposer production (Bosatta et al.,

1980) .
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9, OUTPUT; VERIFIABLE VARIABLES
All variables shown in Fig. 1 are calculated, plus c, NH4 concentration in soil solu-

tion, g (see Equation (18)) and u (see Equation (19)).

10 and 11. OBSERVATIONS AND COMPARISON OF RESULTS

Most data comes from measurements carried out in the mor layer of a mature Scots pine
stand at Ivantjirnsheden in Central Sweden. The soil is an iron podzol and the mor is made
up of a litter layer (mixed with 1iving mosses and lichens) and a humus {FH) layer 5-8 cm
and 3«6 em thick, respectively. Scots pine (Pinus sylvestris L.), heather (Calluma vulgarie
L.), and cowberry (Vaecinium viti-idaea L. are the three most important vascular plants on
the site, and the trees and undergrowth are well developed. The biomass structure of the
latter has been described by Persson (1975). Fine roots (< 2 mm diameter) are mainly dis-
tributed in the H1 layer {Persson, umpubl.), and plant-nutrient budget calculations (Staaf
& Berg, 1977a) indicate that the main part of nitrogen mineralization and uptake in plants
occurs there too.

From the history of the stand and its old age, the energy and nutrient flow of the seil
is considered approximately balanced. In this study it is treated as a system in a dynamic
steady state.

Field data on inorganic nitrogen, decomposer biomass, carbon and nitrogen mineraliza-
tion and leaching from different years, mainly cbtained from 1976 from the mature stand of
Ivantjdrnsheden (Th V), were used to test the validity of the model outputs. Unfortunately,
uptake in roots in the field camnot be directly measured with existing techniques.

The NH, concentration measured in lysimeter leachates during 1976, collected & cm
below the humus layer (Bringmark, 1980), were of the same magnitude as those produced by
the medel for concentrations in water within the mor layer (Fig. 5). But the simulated
seasonal development of concentrations could not be detected in these lysimeter leachates.
Water percolating from the litter to the humus layer showed, however, a very pronounced
NH4 concentration peak in June - July, followed by low concentrations - in the pericd when
similated values are at a maximum (Fig. 5).

The total amount of inorganic nitrogen (Ni) , measured in the field 1974-76 by Popovid
{1976, 1977, 1978), was of the same magnitude as the model output. However, the seascnal
trend with high peaks in July - August produced by the model was not apparent in the field

. data on N, (Fig. 6}. Thus, different measurement methods provided contradictory results

for the seasonal dynamics of the inorgapic nitrogen. The annual differences in Popovié's
determinations of N do not agree with values provided by the model (Table 3).

The regulation of decanposer bicmass in the model is highly simplified since no
mechanistic formulation of consumption is included in it. Instead, a constant specific

165



Concn of NH; in soil sotution (meq )

0.02 - 0.30
Mor layer “ Litter layer
Mineral soil

i 1
_____ q 0.25
—40.20
0.01} —40.15

\_ 0.10

- 0.0%

—
Jut Aug Sep = Dct

Apr

Fig. 5. Comparison of measured and simulated NH, concentrations in the soil solution in
1976. The simulated concentrations are daily va?ues for the mor layer (——); the measure-
ments were made bi-weekly in lysimeter leachates from the litter layer (— — —} and in the
mineral soil (——-) 6 cm below the mor layer (from Bosatta et al. 1980).

Table 3. Amounte of inorganic nitrogen in the mor layer for snow-free periods in 1974-76

similated by NINIT and meassured by KAL (804)2 extraction (Popovié&, 1976, 1977, 1978).
Year Simulated Measured inorganic nitrogen (mg m_z) Number of measurement
inorgagic nitrogen occasions
(mg m “) min © mean max
1974 31 27 40 67 9
1975 62 15 17 22 4
1976 40 12 19 24 12

(From Rosatta, 1980)

mortality rate is assumed. A simulated regular biamass increase from May omwards to a
maximun during September - October followed by a decrease is the general result. Clarholm
(1977} reports from 1974 that the highest bacterial biomass was estimated in July - Sep-

166




Inorganic N (g m™2}
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Fig. 6. Total amount of inorganic nitrogen in the mor layer simulated (—) by NINIT and
measured (~ — ) after extraction using 17 KAL (Soq)z on mor samples (Popovié, 1978) (from
Bosatta et al., 1980).

tember, as apparent from monthly determinaticns in the A, and A, horizons. A maximm of

10 g m 2 was found in September and a minimm of about 2 gl m 2 in May. During the same
period the total fungal biomass was 20-40 g w2 (B33th & SBderstrm, 1977). A main problem
with these field results is to determine how large a part of the biomass is active.
Stderstrém (1979) found that of 21 samplings during 1975-1977, 2-4% of the total biomass
(stained with fluoroscein diacetate (FDA)) was in an active state. The seasonal course of
change in active fungel biomass also confirms, in a very rough sense, the model output

(Fig. 7}, but differences between years do not agree as well.

Realistic field measurements of nitrogen mineralization have proved difficult to per-
form. Popovi€ (1976, 1977) incubated humus samples from Ih V for six weeks at different
times during the years 1974 and 1975. He found the highest capacity of inorganic-nitrogen
accunulation in June - July; the model put it slighty later (Fig. 6). The net mineraliza-
tion of nitrogen (N) for an interval of 6 weeks was measured at less than 30 mg m—z, com-

167




Dry matter of fungal biomass {g m2)

15 - - 30
Active fungal Total decompoger
biomass biomass

rn
]
]
] p
1
]
[}
]
)
I
1.0 ! <20
!
i
t
! AN .
| ~
'
)
'
!
05 ' —10
/
/
‘-.a’ : \\ ,’ ! “
W
' 1976 1977
Year

1975

1. CMPUTER
POP 11/45 - RSX-11M.

12. PROGRAM LANGUAGE

ous Forest Project (Lohammar, 1979).

13. RUNNING TIME
About 50 seconds.

168

1979) for the same period (from Bosatta et al., 1980}.

Fig. 7. Total decomposer biomass (—=) in the mor layer for 1975-1977 as simulated by
NINIT and measured fluoroscein diacetate (FDA)~active fungal biomass {—) (SSderstrom,

pared to the mean model output of 6-7 mg w2 !, The methedological problems make it
difficult to cbtain accurate results from field measurements. Thus the data are not very
satisfactory for validating the ability of the model to simulate real conditions.

Fortran IV.
Integrations are done using SIMP, a simulation programme developed at the Swedish Conifer-
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Internally at the SWECON.
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Agricultural Sciences, 5-750 07 Uppsala, Sweden

L. Bringmark, and H. Staaf, Department of Plant Ecology, University of Lund,
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4.9 Formulation, process controls,
parameters and performance of PHOENIX:
A model of carbon and nitrogen dynamics
in grassland soils

W.B. McGill, H.W. Hunt, R.G. Woodmansee, J.0. Reuss and K.H. Paustian

1. NAME OF MOIEL

PHOENIX. For a camplete description of the model see 'McGill, W.B., Hunt, H.W.,
Woodmansee ', R.G., and Reuss, J.0., 1980. Dynamics of carbon and nitrogen in grassland
soils. In: Clark, F.E., and Rosswall, T. (Eds) Terrestrial Nitrogen Cycles: Precesses,
Ecosystem Strategies and Management Impacts. Ecol. Bull. (Stockholm).

2. SYSTEM MOTELED

Transformations ‘and transports of carbon and nitrogen in native grasslands are modeled.
The model represents a generalized plant canopy, bacteria, fungi, several organic frac-
tions of carbon and nitrogen, ammonium, and nitrate. Denitrification and plant and micro-
bial respiration are processes that represent gaseous losses. The model has been altered
by various means to represent perturbations such as fertilization, plowing, suppression of
bacteria or fungi, and addition of cattle wastes.

3. OBJECTIVES

The objective of this research was to explore, through simulation modeling, the rela-
tionships among plant processes and microbial processes and their effect on plant produc-
tion, microbial secondary production, and nitrogen cycling. Our emphasis was on microbes,
s0il organic matter, and inorganic N, which were modeled more mechanistically than were
plants. We required of the plant model primarily that N content and net production respond
realistically to changes in the availability of N; {inorganic nitrogen). Both carben and
nitrogen were treated because of their important interactions.

4. TIME SCALE

Most model components operate on a daily time step. Bacterial and fungal growth pro-
cesses, however, operate at 0.2 day time steps. The model has been used to similate system
behavior for up to two years.

5. DIAGRAM
Figures 1 and 2 show compartment diagrams for the model. There is one-to-one correspond-

1. This paper reports on work supported in part by National Science Foundation Gramt
DEB77-07229, Gaseous Losses of Nitrogen from Grassland Systems.
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Fig. 1. Compartment diagram for carbon flow. State variables are replicated by depth (0-2,
2-6, 6-14, 14-30 cm).

ence between state variables in the C flow and N flow submodels, except for ammonium and
nitrate in the N submodel, and the source-sinks in both models. State variables for below-
ground portions of the system are replicated in four soil layers. State variables are ex-
pressed as g N m 2 or g C m 2. The forked arrows in the figure represent flows, calculated
as a loss from one compartment, divided, and sent to two compartments. In many cases flows
are calculated on the basis of biomass, taken as carbon, with the fraction of N leaving
the compartment equal to the fraction of C leaving. The only exceptions are flows of Ny,
002 (respiration, and the death of shoots and roots, where the flow of N is relatively
less than that of C.

Litter (dead plant parts and dead microbes) is divided into two fractions (Figs. 1 and
2). The structural compenent is assumed to have a C:N ratio of 150 for plant parts and 30
for microbes. The metabolic camponent consists of menbranes, organelles, and cytoplasm and
is assumed to have a C:N of 5 and 3 for plants and microbes, respectively. The two classes
of substrate differ in their availability to microbes, in their C:N ratios, and in their
relationship to more resistant substrates (humads and resistant soil organic matter). The
C:N ratio of dying material, lying between that of the metabolic camponent and the struc-
tural component, determines a unique split between the two fractions.
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Fig. 2. Compartment diagram for nitrogen flow. State variables are replicated by depth
(0-2, 2-6, 6-14, 14=30 cm).

6. LEVELS
See section 5.

7. GOVERNING EQUATICNS

PHOENTX is constructed as a flow-oriented simulation moedel in which processes or 'flows'
between ﬁnmpartments (state variables) are expressed as finite difference equations. Flows
are presented as rate equations in algebraic form for purposes of description. The values
of the rate equations are used to computs a finite difference solution for the model state
variables. Processes are generally modelled by specifying a maximum rate and a series of
non-dimensional reduction factors. The reduction factors are formulated as '0 to 1" fumc-
tions, with the independent variable being an envirommental (i.e., temperature, moisture)
or biclogical (i.e., C/N ratio, population density) condition influencing the process.
Model flows are in g m e d.ely-1 for each of the soil layers described in the previous sec-
tion. Model processes are described within the following categories: inputs, decomposition
and uptake, respiration, ammonification, nitrification, denitrification, mortality, and
leaching.

Inpute
Atmospheric deposition and fertilizer addition are included at a daily time step. Ammo-
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niun is added only to the tap layer but nitrate, because of its greater mobility, is dis-
tributed among all the soil layers.
a. Ammonium input to the top soil layer (daily.time step)

1,=A, . P+ F/DI

where

I, =NI-Ng m day

A dep051t1m tate (NHA-N gm? e
P = precipitation (on day” )
E,
DI‘

NH,-N added through fertilization (g m )
time step (day).

b. Nitrate input to the top soil layer (daily time step)

12=D1 -AZ.P"'FZ/UI'
where
I, = NON g day”!
D] = distribution fraction (_non-dimensiml)
A, = atmospheric deposition Tate (NO;-N g m % an )
P = precipitation (cm day 1)
F, = NO,-N added through fertilization (g m2)

IT = time step (day).

C. Nitrate input to each of the second, third, and fourth soil layers (daily time step

I 3= D2 . A2 . P
where
-2 . -1
I,=N0;Ngm" day
D2 = distribution fraction (non-dnnensmnal)
A, = atmospheric deposition (NOS-N gmZanh
P = precipitation rate (am day” }

Decompoaition and upiake

Decomposition and uptake processes are modeled separately for each of the two decom-
poser groups, bacteria/actinomycetes and fungi, considered in the model. However, since
the functional forms are the same for both groups, generalized forms of the equations will
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be described here. Section 8 contains more specific information on the parameters used for
each decomposer group.

a. Decomposition of the structural camonent of litter (daily time step)

_ 1
b=
1+K1 . (M52

SB=T.W.R.M.®N.D
where
SB=Cgum? day !
T = effect of soil temperature on decawposition {non-dimensional)
W = effect of soil moisture on decomposition (non-dimensional)
(N = effect of micrcbial C:N ratio on decomposition (non-dimensional)
R = decomposition rate constant {day”))
M = microbial biomass (C g m %) ;
D = effect of microbial density on decomposition (non-dimensional)
S = structural biomass [C g m V)
K,, ¥, = constants related to substrate particle size (non-dimensional).

2

—

Microbial assimilation of C and N from structural decomposition is based on a utilization
fraction. The remaining C and N fractions flow to the humad components.

b. Decomposition of humad (daily time step)

P
Ch P] * [HC/Q) 2

]
f,
=
=
K

where
HB=Cgm 2 day
T = effect of soil temperature on humad decomposition (non-dimensional)
W. = effect of soil moisture on humad decomposition (non-dimensional)
M = microbial biomass (C g m2)
V,, = maximm rate of humad decomposition (day™ 1
K, = half-saturation constant (C mg liter )
€, = solution concentration of humads (C mg Liter )
H_ = humad carbon (g m )
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Q = s0il water for the layer (mlm )
P,, P, = parameters determining the solution concentration of humads .

Microbial assimilation of C and N from humad decomposition is based on a utilization frac-
tion. The remaining C and N fractions flow to the resistant soil organic matter component.

c. Decomposition of resistant soil organic matter {(daily time step)
Cr = RC/D

RB

T.W.V, .M.C

where

RB=Cgm? day !
effect of soil temperature on the decomposition of resistant soil organic matter

-
L}

{(non-dimensional)
W = effect of soil moisture on the decomposition of resistant soil organic matter
(non-dimensicnal)
= decomposition rate constant (n° g | C day )
= microbial biomass (C g w2
resistant soil organic matter carbon (g "
= resistant soil organic matter concentration (C g m_3)
= soil layer depth (m).

I I
I

Microbes assimilate all the C and N made available by the decomposition of resistant soil
organic matter.

d. Decomposition of metabolic litter camponent (1/5 day time step)

]
n

P, . (M /QF2

vV .G
MB=T.W.MWM =
m+m

where

T = effect of soil temperature on the decomposition of the metabolic component of
litter (non-dimensional)

W = effect of soil moisture on the decomposition of the metabolic component of litter

(non~dimensional)

micrebial biomass (C g m 2)

=
n
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maximm rate of metabolic decomposition (day™ D)

v =
K: = half-saturation constant (C mg liter™ }

C, = solution concentration of metzbolic component (C mg liter )

M_ = metabolic component carbon (g %)

Q = so0il water for the layer (ml m2)

P,, P, = paramters determining the solution concentration of the metabolic compoment,

Microbes assimilate all the C and N made available by the decomposition of the metabolic
component of litter.

e. Amonium uptake (daily time step)

6
10 .NH4.S

Cy =g

V.. C

Uy =T.W.Q .M. K:—”T:
-,
where

U, =Ng m 2 day-l
T = effect of soil temperature on uptake of ammonium (non-dimensional)
W = effect of soil moisture (non-dimensicnal)
@ = effect of micrche C:N ratio (non-dimensional)
M = microbial biomass (C g m_z)
V, = maximm rate constant for ammonium uptake (da.y_lj
K, = half-saturation constant (mg liter )
C, = solution concentration of ammonium (N mg liter D
§ = fraction of ammonium in solution (non-dimensicomal)
N, = ammonium (N g m_z)
Q = soil water for the layer (ml m"z) .

£. Nitrate uptake (1/5 day time step)

v. .G
- 1
Un - T - W . cNm . M . F’E"
where
T = effect of soil temperature on the uptake of nitrate (non-dimensional)
W = effect of soil moisture on the uptake of nitrate (non-dimensional)
N = effect of microbe C:N ratio on the uptake of nitrate (non-dimensional)
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microbial biomass {C g m )

maximm rate of nitrate uptake (day ')
half-saturation constant (¥ mg liter ')

solution concentration of nitrate (N mg liter V).

1] H H

AP gs =

Miorobigl vespivation (1/5 day tims step)
Release of C02 as a result of microbial respiration is modeled for both decomposer
groups. The functional form is the same for both, but parameter values are specific for

each group. A generalized equation for both decomposer groups is given below.

Rm= (1 "Ym} . Um"'Em-M.T
where
R =Cg m? day”!
Yﬂ1 = maximum percent yield of uptake carbon (non-dimensional fraction)
U, = microbial uptake rate of carbon (C g n~? day_])
E, = maintenance energy requircment constanmt (day™ 1)
M = microbial biomass (C g m 4
T = effect of temperature on microbial respiration (non-dimensional).

Ammont fleation (daily time step)

M=T.W.(‘Na.M.R

a
vhere
MM =Ngm? day’!
T = effect of soil temperature on ammenification (non-dimensional)
W = effect of s0il moisture on amonification {(non~dimensional)
(Na = gffect of microbial C:N ratio (non-dimensional}
M = microbial nitrogen (g m_z]
R_ = rate constant for amonification (day').

1)

Witrification (daily time atep)

Nitrification, in the model, includes the oxidation of ammonium used as an energy
source by nitrifying bacteria and the 'waste' oxidation of ammonium in the presence of the
nitrification enzymes. Principal influences on the nitrification rate include: temperature,
moisture, nitrifier population density, and the amount of inhibitory substances present.
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a. Formation of nitrification inhibitor

If =T ,W. Kf . R

where
I,=Cg w2 day”!
T = effect of temperature on the rate of inhibitor formation (non-dimensional)
W = effect of scil moisture on the rate of inhibitor formation (non-dimensional)
K. = rate constant for inhibitor formation (day”
R = root biomass (C g muz) .

b. Decay of nitrification inhibitor

Id=T'w'M‘Kd'Ic
where
P
I,=Cg w2 day”!
T = effect of soil temperature on inhibitor decay (non-dimensional)
W = effect of soil moisture on inhibitor decay (non-dimensional)
M = microbial biomass (C g m_z)
K = decay rate constant (ml g_l c d&y_]]
I_ = inhibitor solution concentration (C g ml_[] .

c. Nitrification

g

W, .C) (B +W
TLWL (MM auaunlE S cen . ¢,)

where
“Ngm? day

effect of soil temperature on the nitrification rate (non-dimensional)
effect of soil moisture on the nitrification rate (non-dimensional)

n

bl

]

effect of nitrification inhibitor (non-dimensicnat)

]

nitrifier nitrogen (g m"2)

maximm nitrifier nitrogen (g )

= maximm uptake rate [day-l)
half-saturation constant (N mg liter™ ')
maintenance energy rate constant (day ')
waste energy constant (day-lj

A

n

zsmnwud.ﬂzﬁz = = 3 5
1

n
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§ X! = half saturation constant (N mg liter )
: G, = solution concentration of NI (N mg liter V). -
1l

Dentirificotion (daily time step)

i
g v, . G,

D =T.W.M.F, ., /7
d K 4 + Cn
| vhere
E D =Ng m 2 day !
T = effect of soil temperature on denitrification (non-dimensional}
W = effect of soil moisture on denitrification (non-dimensional)
M = microbial biomass (g m_z)
I3 i fraction of bacteria which are denitrifiers (non-dimensional}
Vd = maximum rate constant for denitrification (day-]]
K 4= half-saturation constant for nitrate uptake (N mg liter_lj
Cn = solution concentration of nitrate [N mg liter-]} .
Mievobial mortality (daily time step)

Microbial mortality is modeled as a fimction of lethal stresses, such as drying and
freezing, and a density-dependent death rate due to biotic interactions. Although bacteria
and fungal mortality are modeled separately, the functional form described below applied
to both groups.

Micprobial death rate

lMt=M. [Tm.Dt+Wm.DW+T .W.D. (1 -Mn/M))
where
M =Cg m? day”!
M = microbial biomass (C g 2
Tm = effoct of soil temperature cn mortality due to freezing (non-dimensional)
D, = death rete due to freezing (day”')
Wm = effect of soil moisture on mortality due to drying (non-dimensional)
D, = death rate due to drying (day™ Y
T = effect of soil temperature on death rate (non-dimensiocnal)
W = effect of soil moisture on death rate (non-dimensional)
D = density-dependent death rate (day ')
M_ = minimm microbial population level (C gm ).
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Leaching losses

Leaching losses from the surface soil layer are modeled for all soluble materials (NHZ,
NOE , metabolic camponent of substrates and humads). The flow is dependent on the material
solution concentration and water flow through the soil.

L=C .WF
e
where
L = nitrogen or carbon leached (g m > day ')

= solution concentration of the material (g m_3)
WF = water flow from layer n to layer n+1 (cm day ™ V).

L}
|

8. INPUT PARAMETERS

Intital eonditione

Model state variables, shown in Fig. 1 and 2, are initialized in the model data section.
All state variable values are in g m_z. Belowground components are divided into four soil
layers (D) of 2, 4, 8, and 16 cm depth respectively. Model state variables and their defi-

nitions are given below:

X (D source-sink
X (@ shoot carbon (C)
X (3-6) root C by depth

X (11-149) bacteria and actinomycetes (C) by depth

X (15-18} fungi (C) by depth

X (21-24) resistant component soil organic matter by depth (C)
X (31-34)  humads (C) by depth

X (51-54) structural camponent or litter {C) by depth

X (55-58) metabolic canponent of litter (C) by depth

X (67) metabolic component of standing dead {C)
X (62) structural component of standing dead (C)
X (70) nitrification inhibitor source-sink

X {(71-74) nitrification inhibitor by depth

X (76-78) nitrifiers by depth N (C not modeled)

X (79 source sink for nitrifier N

X (811-14) nitrate (N) by depth

X (821-23) ammonium (N) by depth

X (831-34) humads (N} by depth

X (841-44}  root N by depth

X (851-54) structural component of litter (N) by depth
X (855-58) metabolic component of litter (N) by depth
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X (860) shoot N
X (861) metabolic component of standing dead (N}
X (862) structural component of standing dead (N) "

X (871-74) bacteria and actinomycetes (N} by depth
X (875-78) fumgi (N) by depth
X (891-94)  resistant component soil organic matter by depth (N)

Auxiliary parameters/process controls
Parameter values used in the model are listed with the FORTRAN-coded variable name,
definition, and wits. Paremeters used specifically in the producer submodel are not shown.

1. Atmospheric inputs

SRNC  atmospheric nitrogen deposition rate (g cm | H,0)

SSNNC  fraction of deposited N going to the top layer

STNNC  fraction of deposited N going to eachof the second, third, and fourth layers

2, Decamposition

ETB effect of soil temperature on bacterial decomposition and uptake (non-dimensional)

ETF effect of soil temperature on fingal decomposition and uptake (non-dimensional)

EWR effect of soil water tension (bars} on bacterial decomposition and uptake (non-
dimensional) :

EWF effect of percent soil water on fumgal decanposition and uptake

R fraction of decomposed humads utilized by microbes

FST™ fraction of decomposed structural litter utilized by microbes

HUBP1  maximum uptake rate constant for humads by bacteria (day"l)

HBPZ Thalf-saturation constant for bacterial humad uptake (C mg liter-l)

HWMP1, HIMPZ  Freundlich isotherm parameters for calculating the solution concentration
of humads

HUMAP  adsorption rate constant for mads of free meatbolic litter material (dayui}

LAPT effect of temperature on the adsorption rate by humads (non-dimensional)

MBP1 maximum rate of decamposition of meatbolic litter component by bacteria (day"])

MBP2 half-saturation constant for decomposition of metabolic litter component by fungi
(C mg liter ")

MCPt, MCP2 Freundlich isotherm parameters for calculating the solution concentration of
the metabolic litter component

MFP1 maximm rate constant for decomposition of metabolic litter component by fungi
(day™)

MFP2 half-saturation constant for decomposition of metabelic litter by fumgi (C mg
liter 1

RSOB1 rate constant for decomposition of resistant soil organic matter by bacteria (day_l)

RSOF1  rate constant for decomposition of resistant soil organic matter by fungi (day_]]

SBP1l" rate constant for decomposition by bacteria of structural litter (day_')
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SBPZ effect of bacteria C:N ratios on decomposition rate (non-dimensional)

SMPSU, SBP6U parameters for detemmining the effect of the bacteria population density
on decomposition {non-dimensional)

SFP1U rate constant for decamposition by fungi of structural litter (day_l)

Srp2 effect of fungl C:N ratio on decomposition rate (nom-dimensional)

SFP5U, SFP6U  parameters for determining the effect of the fimgi population density on
decomposition (non-dimensional)

3. Inorganic nitrogen uptake

MNIBP1 maximum rate constant for uptake of ammonium by bacteria (day-l)

NHBPZ half-saturation constant for uptake of ammonium by bacteria (N mg 1iter'1)
MHFP1  maximum rate constant for uptake of ammonium by fumgi (day_])

MHFPZ  half-saturation constant for uptake of ammenium by fingi (N mg 1ite1‘_1)
NH4BP  factor relating bacteria C:N ratio to inorganic N uptake rate (non-dimensional)
NH4FP  factor relating fungi C:N ratio to inorganic N uptake rate (non-dimensional)
NOBP1 maximun rate constant for the uptake of nitrate by bacteria (day_']

NOBPZ half-saturation constant for uptake of nitrate by bacteria (N mg liter_')
NOFP1 maximm rate constant for wtake of nitrate by fungi (day !) ’

NOFPZ = half-saturation constant for uptake of pitrate by fimgi (N mg liter_l)

4. Respiration

MERB  fractional rate of energy required for maintenance by bacteria (day ')
MERF fractional rate of emergy required for maintenance by fungi {day'lj
YB fraction of carbon uptake utilized by bacteria (% yield)

YF fraction of carbon wptake utilized by fimgi (% yield)

5. Ammonification

ABP1 effect of bacteria C:N ratio on ammonification rate (non-dimensional)
AMBPZ  rate constant for ammonification by bacteria (day” ")

AMFP1  effect of fungi C:N ratic on ammonification (non-dimensional)

AMFPZ  rate constant for ammonification by fimgi {dayﬂ)

6. Nitrification

U joint effect of soil temperature and soil water tension (bars) on nitrification
{non-dimensional)

KN half-saturation constant for ammonium uptake (N mg liter })

Kn2 half-saturation constant for 'waste' oxidation of ammonium (N mg 1iter_])

MERN fractional maintenance energy requirement for nitrifiers (day_')
NIHP1 rate constant for nitrification inhibitor formation (day ')
NIHPZ rate constant for nitrification inhibitor decay (ml g ' C day ')
NIM{  maximum nitrifier population level (N g )

WN maximm fractional growth rate of nitrifiers (day_l)
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7. Denitrification

DENP1  maximum rate of denitrification (day J "
DENP2 half-saturation constant for the uptake of nitrate by denitrifiers (N mg liter )
FDENI ~ fraction of bacteria which are denitrifiers

8. Mortality

BDRB  density-dependent death rate for bacteria {day )

BDRNF  density-dependent death rate for fingi (day )

BDRIB maximum death rate due to freezing for bacteria (day"])

BORIF  maximum death rate due to freezing for fungi (day_l)

BDRWB maximm death rate due to drying for bacteria (day ')

BDMWF  maximun death rate due to drying for fungi (day™ ")

DDD population density factor limiting mortality (non-dimensional)
ETDBP  effect of soil temperature om bacteria death rate (non-dimensional)
EIDFP  effect of soil temperature on fungi death rate (non-dimensional)
EWDBP  effect of soil moisture on bacteria death rate (non-dimensional)
EWDFP  effect of soil moisture on fungi death rate (non-dimensicnal)

Driving variables

Driving variables consist of a set of environmental conditions for each of the four
soil layers. Driving variables for the present model are supplied by a separate abiotic
model (Parton and Singh, 1976; Parton et al., 1978). Driving or decision variables to

allow 'management’ inputs (i.e., irrigation, fertilization, fumigation, substrate addition)

are also included.

1. Abiotic driving variables

TEMPE
AMN
AVIM
THETA
PRCIP

average soil layer temperature (°C)
average daily air temperature ‘o
average daily canopy temperature °cy
s0il water (fraction)

precipitation (cm da.y_]J

2. Decision variables

FNO3
FNH
IRRI1
FMB
FIMF
CELLU
GLUCO
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fertilizer nitrate addition (g m 2)
fertilizer ammonium addition (g o)
'flag' to initialize soil moisture values following irrigation (non-dimensional)
bacterial death due to fumigation {{raction)
fungal death dve to fumigation (fraction)
cellulose addition (C g )

glucose addition (C g m 2)




10. OBSERVATI(NS

Scarcity of complete sets of field data make rigorous validation difficult. Our most
reliable field data are for the shove-ground portion of grasslands. Some of the validation
data available allow only a qualitative evaluation of the model. The most rigorous valida-
tions are those involving perturbations. References for the observations and associated
experimental designs are given in references in section 11.

1. COMPARISON OF RESULTS

The simulated plant dynamics for one year are shown in Fig. 3. Peak crop for live
shoots occurs in August. The precipitous drop in shoot biomass, in October, results from
freezing. Peak root biomass occurs after the peak for shoots because the fraction of
photosynthate translocated te roots increases throughout the growing season.

Root N concentration decreases during the growing season because carbon is translocated
from shoots to roots faster than the plants can take up inorganic N. The increase in root
N concentraticn, during the rest of the year, results from continued N uptake, and from
our assumption that dying roots have less N than live roots. Translocation of N to shoots
in early April accounts for the dip in root N in April. There is very little data to con-
firm the predicted dynamics of root biomass and root N content. ”

Figire 4 gives predicted microbial biomass in the 0 to 2 am soil layer, which includes
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Fig. 3. Predicted shoot and root biomass and root C:N ratio in a blue grama sward during
a one-year simulation.
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Fig. 4, Predicted microbial biomass in the top two cm over a two-year period.

litter. Fungi are predominant but the model was not 'adjusted’ to make fungi dominant. Tt
was adjusted to give total microbial biomass compatible with estimates for grasslands
(Woodmansee et al., 1978), but there is little reliable information about the details of
wpicrobial dynamics in grasslands. Fungi peak earlier in the year than bacteria, which
agrees with the observations reported by Clark and Paul (1970). Microbes are less dynamic
than in Hunt's (1977) decomposition model, which distinguished an inactive population from
an active fraction with a high growth potential. The presence of a nitrification inhibitor
in the model is reflected in low N(J; (Fig. 5}. There is considerable controversy regarding
the presence of a nitrification inhibitor in grasslands. Cur intent in this model is only
to reflect the possibility of the existence of such campounds. Little or no NO'; is formed
below 2 an, where roots are more concentrated and the production of inhibitor is greater.
Inorganic N levels decrease dramatically in June - July, when the blus grama is growing
fastest.

Most of the C entering the humads component derives from structural litter (Fig. 6)
whereas the main supply of N to the humads camponent is fram metabolic litter, Direct
transfer of organics to humads from metabolic litter is independent of micrcbial activity
whereas structural litter is transferred to lumads as a by-product of decompesition. Only
5.6% of the N leaving the metabolic pool was transferred to humads, the other 94.4% was
transferred to micrdbes,
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Fig. 5. Predicted inorganic nitrogen in the 0-2 cm layer over a one-year period.
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Fi%. 6. Simlated rates of formatiogzangldecomposition of humads. Carbon fluxes (g C o2
¥ ') appear above those of N (g ¥ m “ v ).

Productivity The model output of 38 g and 44 g C m~ 2 maximm standing crop in the first
and second years, respectively, compares favorably with field dbservations at the Pawnee
Site, although the model was not tuned to a set of field data. Observed standing crops

187




i
|
1

during the actively growing season averaged 43 g C % and ranged between 30 and 55 g C m"2

(Clark, 1977) for individual blue grama patches. Maximm live standing crop was 30 g Cm 2
in 1974 and about 40 g Cm > in 1975 (Parton et al., 1978). Dodd and Lauenroth (1979) re-
ported total aboveground production of 100 g dry ash free biomass m? in 1973, which can
be comrertedzto 45 to 50 g C n~2. Our simrlated value for abovegromnd production in 1973
is50gCm .

Respiration Independent field measurements of soll respiration have been made but they
are infrequent and are not availsble for 1973, the year of the simulation. Evolution of CO
in other years is variable in the field and in the simulation runs. Simulated rates gener-
ally fall within the range of measured values but tend to be lower than average. Rates of
CO evolution, from roots and micrcbes in the model, show less response to moistening and
drylng than did respiration in the Hunt {1977) model.

Cumulative simulated total output of CO -Cfyear of 286 g Cm Z with 24% of the total
respired by roots compares with the estlmates of Coleman et al. (1976) who calculated
216 g C m 2 based on field measurements and corrections for temperature and moisture fluc-
tuations.

2

Top:Root ratios OGrasslands normally have higher root than live top biomass. Sims et al.
(1978) reported a root:shoot ratio of 10:1 for the arid grasslands modeled here. Their
measurements included all root materials, many of which may have been dead. Woodmansee

et al. (1978) calculated a live root:shoot ratio of 4:1 for the Pawnee Site. Our model at
peak standing crop predicts ratios of 6.1:1 and 5.6:1 for the two years, which were closer
to those of Woodmansee et al. (1978) than to those of Sims et al, (1978) Early and late in
the growing season the ratio of live roots:shoots according to the model was greater than
at peak crop. Field measurements would be expected to vary considerably over a growing
season.

Mineral N content of scil The mineral N level in dried soil samples on July 29, 1973
totalled 1.9 and 0.1 g N w2 as NH and N03, respectively {Woodmansee et al., 1978). The
simulated values for that day (0. 29 and 0.03 g N m % as N, and N0,
lower than those measured. This is not a serious problem for two reasons: (a) the data for
which information is available is when plant growth is causing a rapid depletion in the

respectlvely) are

soil mineral N; and (b) I\HZ was likely released upon drying. The model predicts mineral N
levels similar to those measured but gbout two weeks earlier. This may correspond to the
lag of about one week between dates of observed and simulated peak standing crop.

Purnover of microbes Turnover rate of microbial C can be calculated from the model output.
It is taken as Death (C)/Biomass (C) for each micrcbial group. The microbial population
turned over an average of 5.5 times. Fungal activity dominated with 7.7 gemerations while
only 80% of the bacterial population regenei‘ated in one year. Clark and Paul (1970) con-
cluded that the soil microbial population could reproduce only about 4.5 times per year.
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The model is consistent with their estimate but also suggests most of the activity is

fungal.

12, LIMITS AND LIMITATIONS

The model emphasizes the biological and biochemical soil-plant subsystem including
plants, microbes, organic residues and mineral N. Temperature and moisture are driving
variables. Less dymamic state variables such as soil pH, cation exchange capacity, texture,
mineralogy, and structure are not included explicitly; nor are soil animals.

The most mechanistic process treatments include nitrification, root uptake of inorganic
N, mineralization, immobilization, and humification. Treatments of plant growth, phenclogy,
plant response to N, and N redistribution during growth and senescence are treated suffi-
ciently mechanistically that the primary producer submodel can provide substrates to and
interact with the decamposition portion of the model. The treatments of denitrification
and leaching are simplistic, and biological di-nitrogen fixation is included with a general
atmospheric input function. Ammonia volatilization is not included, nor is non-exchangeable
NHZ fixation by clays.

Development of the model has shown a scarcity of infommation in the literature about
several processes., Among these are the mechanisms by which envirommental factors affect
microbial and plant growth, activity, and death in soil, and the fate of N in plant roots
upon their death in soil. No good treatment of NHZ diffusion to nitrifiers exists and no
good way has been reported to treat 0, supply and microsite spatial variability, which is
essential to understanding denitrification. Information is needed on trophic interactiomns
in so0il and good quick methods to measure live and active hiomass of specific taxa are
still lacking. There is still a lack of quantitative information about physical protection
of organics in soil. Ways to separate soil organic components into groups relating to
biological availability in soil await further improvement. At present the greatest overall
need is for data and concepts relating to control mechanisms in soil at the microsite
level, and for appropriate validation data. These questions have been dealt with at length
by Van Veen et al. [1980).

13. COMPUTER
Control Data Corporation Cyber 170 Series.

14, LANGUAGE

SIMCOMP 4.0, a FORTRAN-based simulation language develcped at Colorado State University.
We are converting PHOENIX to a new simulation package recently developed at the Natural
Resource Ecology Laboratory, Colorade State University, Fort Collins, Colorado, USA. The
new package provides the same support as SIMCOMP 4.0 along with enhanced output capabil-
ities. The simulation package allows models to be written in standard FORTRAN and the
simulation software has been designed to be as machine-independent as possible. The soft-
ware package is operational on CDC Cyber 170 and PDP 11 Series machines and will soon be
implemented on IBM 360 Series hardware. Other models of a similar size to PHOENIX have
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shown a substantial time/cost savings when converted from SIMCOMP to the new system. Over-
all run time/cost, including compilation, has been about 40 percent of that using SIMCOMP.
Model conversion is scheduled for completion by July, 1980. "

15. RUN TIME/COST _

For a two-year simulation run, present compilation time takes 70 CPU seconds and execu-
tion time takes 300 CPY seconds at an approximate cost of $6.00/minute of CPU time. See
also section 14.

16. USERS

PHOENIX is currently being used to support research at Colorado State University, The
University of Alberta, Edmontont, Canada, and the Swedish University of Agricultural
Sciences, Uppsala, Sweden. A version in which the time step for bacterial and fungal growth
has been converted to one day has replaced the decompesition (Huot, 1977) and nitrogen
(Reuss and Imnis, 1977} svbmodels of the grassland ecosystem model (EIM) at the Natural
Resource Ecology Laboratory (Innis, 1978}. The revised grassland ecosystem model (GEM) is
currently being used in several ecosystem level research projects.

17. TDEVELOPER AND PRINCTPAIL CONTACT
The authors of this paper are the developers of the model.
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4.10 PAPRAN: A simulation model of
annual pasture production limited by
rainfall and nitrogen

N.G. Seligman and H. van Keulen

1. NAME
PAPRAN: Production of arid pastures limited by rainfall and nitrogen.

2. SYSTEM MODELED
The model is applicable to a field of amnudl pasture or a small-grain crop growing in a
homogeneous soil in a semi-arid enviromment.

3. OBJECTIVE
PAPRAN has a dual objective:

a. Applied To detemine the biological and economic efficiencies of different crop and
pasture management systems in the fluctuating and uncertain climatic enviromment of semi-
arid regions. In particular, the purpose is to generate data that are difficult to obtain
by other means, e.g. data for a series of years long enough to characterize a region or
data that involve camplex measurement techniques and high costs even in a single year. It
is envisaged that it will be used to analyze different fertilization and grazing manage-
ment options for arid zone agropastoral systems.

As both water and nitrogen availability are among the major determinants of crop yield
and pasture productivity in the semi-arid zone, PAPRAN concentrates on these factors and
on the inter-relations between them.

b. Seientifie To test hypotheses relating to the water and mitrogen balance, plant
growth, seed production, grazing effects and secondary production in semi-arid environ-
ments. In particular - hypotheses on the relative importance of water and nitrogen under
fluctuating climatic conditicns; on the inter-relations between nitrogen and water supply
on the one hand, and dry matter and nitrogen distribution between seeds and other compo-
nents of the plant biomass on the other hand. The purpose is to identify and quantify
those processes which are particularly important in determining crop and pasture growth
vwhere moisture and nitrogen are limiting so that research, both field and more fundamental,
can be directed towards improved understanding in these areas.

4, TIME SCALE
Basically PAPRAN models one growing season (generally less than seven months between
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germination and maturity) with a time resolution of one day.

5. STRUCTURE OF THE MODEL

The main elements of the structure of PAPRAN are illustrated in a simplified relational
diagram {Fig. 1). They include compartments that represent the biomass and nitrogen con-
tent of an annual crop or pasture canopy, the soil (organic matter, nitrogen and water)
and the envirommental variables.
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Fig. 1. A simplified relational diagram of the simulation model PAPRAN (for the explanation
of symbols, see sections 6, 7, 8).

6. LEVELS

The plant dry matter is divided into (kg ha ', d.m):

1. WLVS leaves

2. WNLVS non-Jleaf vegetative material

3. WsDS seeds

4. DBIOM dead plant material

5. RIWGET roots

Nitrogen in each of the vegetation compartments is defined as follows (kg ha_], N):
6. TNLVS nitrogen in leaves
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7. TNNLVS nitrogen in non-leaf material
8. ANS nitrogen in seeds

9. NREM nitrogen in dead plant material
10, AART nitroegen in roots

The soil profile is divided into ten layers with variable thickness, IHCKNi. The number
and thickness of the layers can easily be changed. Soil nitrogen in each compartment is
divided into (kg ha~’, N}:

1. NHUM, nitrogen in stable organic material (‘*humus'}

12. FONi nitrogen in fresh organic material

13. ASLT; mineral nitrogen, expressed as nitrate

Nitrogen lost from the system is totalized in the following integrals (kg ha™?, N):
14, TNVOL ~ nitrogen lost by volatilization
15. TNLCH nitrogen lost by leaching

The organic matter fraction of each s0il layer is divided into two (kg ha™! , dom):
16. HOM, stable organic material
17. FOMl fresh organic material

S0il meisture is monitored in each layer (mm, H20)
18. WATERi s0i] moisture

The other elements of the water balance are totalized (in mm, H20) in the following
integrals:

19, TRAIN rainfall

20. TOTINF infiltration (runoff can be taken into account)

21, TDRAIN  drainage

22. TOTRAN  transpiration from vegetation

23, PPEVAP potential evapo-transpiration

24, TEVAP evaperation from bare soil surface

Some auxiliary varisbles are also defined as integrals:

25, CTRIEF  cumlative relative transpiration deficit (-)

26. TS soil temperature, 10-day nmming average of air temperature for total soil
profile (°C)

27. ™MPSUM  temperature sum from germination (day x °0)

28. MAX maximum assimilation rate (kg ha"] (leaf area) h™', €0,)

29, EFFE photosynthetlc eff1c1ency g ha~ ' W7 n?s™h

30. LFAREA 1teaf area (m ha )

31. SLOVR - offective soil cover by vegetation (m ha™')

32. DVS development stage of vegetaticn (=)
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33. RID rooting depth (mm)
34. RANO3 relative amount of nitrate in top scil layers (=)

7. GOVERNING EQUATTCNS

The concepiual basts of PAPRAN

Conceptually, PAPRAN is a soil-water balance model where plant growth is closely related
to water transpired and to the nitrogen status of the vegetation. The soil water balance
and the plant growth sections are developed as in ARID CROP (Van Keulen, 1975; Van Keulen
et al., 1980); the nitrogen uptake and redistribution in the plant is based on a relatively
simple representation of these processes as supply and demand balances (Seligman et al.,
1975); the nitrogen cycling between plant and soil as well as the nitrogen transformations
in the soil are represented as immcbilization and mineralization processes dependent on
environmental factors and on the C:N ratio of the organic material (Beek and Frissel, 1973;
Parnas, 1975).

The resclution of PAPRAN is determined largely by its cbjective: it is meant to simu-
late plant canopy growth in field conditions relevant to crop and pasture management. Thus,
the boundary conditions as well as the plant, soil and envirommental parameters for specif-
ic situations must be available or measurable by standard procedures. This means that mamy
of the processes cannot be realistically described as basic physical, chemical or micro-
biological reactions, but have to be mimicked, i.e. they have to be stated as essentially
black box transformations. Consequently, generality is reduced and the application of the
model is limited to situations which do not differ widely from those that have been used
for validation (or, in other words, those for which the model has been calibrated).

Processes
The processes that define the relationships between the state variables and their rates
of change are divided into the following sections:
A, plant growth,
B. mitrogen upteke by the plant,
C. socil organic matter and nitrogen transformations,
D. soil water balance.

A, Flant growth
This section has been described in detail elsewhere (Van Keulen, 1975; Van Keulen et al.,
1980}, so only the central concepts and processes will be recapitulated here.

Daily dry matter production: The calculation of plant grawth (= total dry matter produc-
tion) unrestricted by nitrogen shortage, is based on the fact there is a close relation-
ship between water use and plant growth when water is limiting and plant nutrients are not
(De Wit, 1958). The assumption applied in this model is that nitrogen deficiency in the
plant tissue reduces the growth rate without affecting plant water use. There are indica-
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tions that this assumption does not hold under all conditions (Goudriasn and Van Keulen,
1979} . The central equation is: -

AGRWR = TRAN * WUSEFF * REDENS n
whete

AGRWR = actual total daily dry matter production (kg ha”! day™ 1)

TRAN = daily transpiration by canopy (mm day™ H

WUSEFT = water use efficiency (kg ha @ mm )

REDFNS = reduction factor for nitrogen deficiency {-).

TRAN = £(APTRAN, RTL,, WATER,, TEC, CONC,) 73]

APTRAN = PTRAN * RFIVS (3

RFDVS = £(IVE) . @

PTRAN = f(VPA, MXT, MNT, WSR, DTR, LFOV, DAYL) ‘ (5)

where

PTRAN = potential daily transpiration rate (mm day_l}; calculated on the basis of
the Perman eguation (Penman, 1948)

VPA = vapour pressure of the air (mm Hg)

MXT, MNT = maximui and minimm air temperature (°C)

WSR = wind-Tun (i day”})

DTR = daily total global radiation (cal an 2 day ')

LFOV = fraction of sky that is overcast (-)

DAYL, = day length (h)

Vs = development stage of the vegetation, dependent on accumulated temperature

RFIVS = reducticn factor for potential transpiration which is reduced as the plants
approach maturity

RTLi = depth of root penetration in each soil layer {mm)

TEC = factor that relates root conductivity to soil temperature (-)

CONG, = salt (= nitrate) concentration, reducing transpiration rate at high values.

WUSEFF = PDTGR/PTRAN (6}

PDTGR = (PDTGAS-MAINT) * CONFS (7

PDTGAS = f{DAYY, LAT, LFOV, LAI, AMAX, EFFE) (8)
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MAINT = TDRWT * MRESF * TEFR (9)
where

PDTGR = potential daily growth rate (kg ha™! day™!, dry matter)

PITGAS = potential daily gross assimilation rate (kg ha™! day_l, (1,0) . Calculated with
an algorithm developed by Goudriaan and Van Laar (1978).

MAINT = maintenance respiration (kg ha~! day™’, 1,0

CONFS = conversion efficiency by weight from carbohydrate te structural plant material

DAYY = calendar day (Julian day)

LAT = latitude (degrees)

LAT = leaf area index (-)

MAX, EFFE = see section 5. In PAPRAN, both AMAX and EFFE can be reduced by water stress
due to prolonged drought; they can also recover after termination of the
drought.

TDRWT = total dry weight of live plant material, including roots (kg ha-l, d.m.)

MRESF = maintenance respiration requirement (kg (@,0) kg_l (d.m) dﬂy_l)

TEFR = temperature effect on maintenance respiration (Qm =2). ,

REDENS = 1.-v (1-y%) (10)

Y = (FNLVS-IN)/ (MNGLV-IN), 0 <Y < 1 (11
where

ENLVS = nitrogen concentration in leaves (kg (M) kg~ ! (d.m.))

MNGLV = leaf nitrogen concentration threshold for unrestricted growth (kg (N} kg_l
(d.m.})), function of DVS. The value declines as the plants age.

IN = leaf nitrogen concentration threshold below which there is no growth (kg (W)
kg ! (dam.)).

The reduction function is taken from Seligman st al. {1975) and is based on a qualitative
description of the process as suitable experimental data were not found.

Allocation of dry matter: The daily increment in dry matter is allocated to growth of
different plant parts: first, shoots and roots; then shoot growth is sub-divided into leaf,
non-leaf vegetative material and seeds. The allocation is governed by the development
stage of the vegetation, DVS. )

GROWTR = AGRWR * CSRR (12)

CSRR = £{DVS, FAMST) (13)
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where

i GROWIR = growth rato of shoot (kg ha ! day”!, dam)

CSRR = current shoot to root ratio (dimensionless); the amount of dry matter invested
in the roots decreases as the vegetation matures

FAMST = factor that reduces shoot allocation as water stress increases; dependent on
the relative transpiration deficit, RTRDEF (= (APTRAN - TRAN)/APTRAN).

l‘ GROWTV = CGROWIR * {1<FRTS) (14)
CRLVS = GROWTV * DISTF (15)
where

GRWTV = growth rate of vegetative parts (kg ha”! day"], d.m.)

GRLVS = growth rate of leaves (kg ha” ! day~!, dom.)

FRIS = fraction of dry matter allocated to seeds, dependent on VS

DISTF = fraction of vegetative growth allocated to leaves; dependent on DV5 and FANS.
The latter governs the influence of mitrogen stress on the partitioning of dry
matter between leaves and stems. FANS drops from 1 to 0.5 as the fraction of
nitrogen in the leaves, WNLVS, drops below the threshold for wnrestricted
growth of leaves, MNGLV, to the limiting nitrogen concentration for growth, IN.

The allocation of dry matter to seeds and non-leaf vegetative parts is thus GROWIR * FRTS
and GROWIV * (1-DISTF), respectively.

Death of vegetative tissue: Vegetative material can die as a result of stress due to
water or nitrogen deficiency or due to natural death of maturing anmual plants as develop-
ment is completed or the season ends. The death rate of leaves, RDLVS, and of non-leaf
material, RINLVS is calculated as follows:

ROLVS1, PCTRAN > TRAN
ROLVS = (16)
RDLVS2, otherwise
vhere
PCTRAN = potential cuticular transpiration, assuming fully closed stomata; calculated
by substituting cuticular resistance, RC, for stomatal resistance, RS, in the

_calculation of PTRAN. RC is assumed to be 20 * RS.

RDLVS1 = ROLVSX/TCDRL an
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where

ROLVSX = amount of dry matter in leaves that would have to be dehydrated in one day to
make up the difference between PCTRAN and TRAN

TCDRL = time constant that represents the buffering capacity of the leaf tissue to
dehydration. In PAPRAN, the time constant is taken as 5 days. Both TCDRL and
RC need to be verified experimentally, even though the present values simulate
actual drying situations reasonably well (Van Keulen et al., 1980).

RDLVSZ = AMAX1 (RDRD, RDEN) * WLVS (18)
where
RORD = death rate due to senescence, - 0 when VS < 0.7 then rises to 0.005 and when

WS > 0.9 it rises to 0.1

AMAXT = a function, which takes as output the maximum value of its argument.

ror = 0.3 * {(1- /1 - anZ ) y (19)

Y ~ see Eqn. (11).
Rate of dying of non-leaf material, RONLVS, is, in principle, calculated identically to
RDLVS, so that

RDNLVS = RDLVS * WNLVS/WLVS (z0)

B. WNitrogen uptake

It is assumed that nitrogen is taken up as nitrate and that the root system of the
canopy is dense and efficient down to the whole rooted depth {Van Keulen et al., 1975).
Consequently, nitrate is highly available to the plant, either by mass transport with the
transpiration stream or by diffusion of anions along a concentration gradient created by
low nitrate concentration at the root surface. Thus, the nitrogen demand of the plant can
be satisfied within a relatively short time. From experimental studies, it appears that a
time constant of about two days is reasonable (Dijkshoorn et al., 1968}.

The demand for nitrogen is created by the difference between the current nitrogen con~
tent of the plant and an optimum content. The latter decreases as the development of the
plant proceeds. The present version of the model assumes that under limited nitrogen
supply, the actual amount of nitrogen taken wp is divided between shoot and root in pro-
portion to their relative demands (Van Dobbemn, 1961}. Seed demand for nitrogen is met by
the vegetative parts of the plant, thus increasing the demand of nitrogen from the soil.
As tissuesbecome depleted, translocation to the seeds becames retarded and the demand for
nitrogen in the seed is not met, resulting in seed with a lower nitrogen content.

These processes are defined as follows:
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Uptake:

BNU = TNUM + TNUDEF ‘ zn

where

RNU = rate of nitrogen uptake (kg ha”! day_', N)

TNWM = nitrogen uptake from the rooted depth by mass flow, I RNIM, , dependent on con-
centration of nitrogen in the soil, CONC,, and the tramspiration stream, 1RR,,
from each soil layer

TNUDF = nitrogen uptake by diffusion from the rooted depth.

TNUDF = 3 (AMINT (RNUD,, ASLT,/DELY-RNUM,-RNAC,)) (22)
1 .

RVUD; = RNUDF * I (ASLT-RNAC * DELT)/TNRI) * (RTL,/THCKN,)) (23)

i

ENUDF = (PNUDP - 'TNLBM) (24)

PNUDP = AMIN1 (NDEM, TNRI/DELT, MUPTR) (25)

MIPTR = MNU * (1 - s * TVEGM/CF)

where

RWD, = rate of uptake by diffusion (kg ha”' day”', N), effective only when moisture
content in layer i is above wilting point

RNWM, = uptake rate by mass flow from each soil layer (kg ha™) day"], N)

RNAC, = rate of immobilization of mitrogen by decomposers (kg ha”' day *, N)

RNUDF = required rate of uptake of inorganic N by diffusion from the rooted depth
(kg ha™ day™!, W)

TMRT = total inorganic N in those layers where both roots and available moisture are
present (kg ha ', N) '

PNUDP = daily inorganic N wptake potential (kg ha ' day ', N)

DELT = time interval of integration (= 1 day)

TAUZ = time constant (= 2 days)

NDEM = nitrogen demand of the Vegetation (kg ha ' day ', N)

MUPTR = maximm uptake Tate of canopy (kg ha”! day™ !, N)

MU = maximm uptake Tate of closed canopy (= 9 kg ha™' day™!, M)

TVEGY = weight of vegetative mass, WLVS + WNLVS (kg ha™', d.m.)

CE = weight/area coefficient of vegetative mass (kg ha"I}s MUPTR represents the
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transfer tissue necessary to take up nitrogen, related to the vegetation cover
here, as a function of TVEGM/CF. A similar function has been used [Van Keulen,




1973), to represent relative vegetation cover of the soil. Here it is assumed,
that the tissue is proportional to the lateral extension of the roots, which is
probably greater than the vegetation cover; thus a lower value for CF is used.

Desnand:
NIEM = (SIEM + NDRT) * EOST
i., D8 < 1
ECSF =
0, otherwise
NDRT = (RIWGHT * MFRT ~ AART)/TAUZ
SDEM = NDLVS + NDNLVS

NDLVS = (WLVS * MXNLV - TNLVS}/TAUZ

NINLVS = (WNLVS * MXNNLV - TNNLVS)/TAU2

-1

SDEM = nitrogen demsnd of the shoot (kg ha™! day ', N)
where
EOSF = factor to prevent uptake after maturity

NDRT, NDLVS, NINLVS
respectively (kg ha ' day”!, N)

n

MFRT, MXNLV, MXNNLV
respectively, dependent on VS (kg (N) kg_] (d.m.})

Allocation:
RNUS = RNU * SDEM/ {(SDEM + NDRT)
RNULV = RNUS * NDLVS/SDEM
RNUNLY = RNUS * NDNLVS/SDEM
RNURT = RNU * NDRT/ (SDEM + NDRT)

RNS = WSDS * (ONC ~ INS) * RENS/TAUZ

(26)

(27

(28)

(29}

{30)

(31

nitrogen demand of the root, the leaves and the non-leaf material,

optimm level of nitrogen in roots, leaves and non-leaf material,

(32)

(33

(34)

(35)

(36)
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RANS = 1 - 1-y2 (371
where

RNUS, RNULV, RNUNLV, RNURT, RNS = rate of nitrogen flow to shoot, leaves, non-leaf
material, root and seeds, respectively (kg ha”! day"t, N)

ONC = optimumm concentration of nitrogen in the seeds, dependent on development stage

in the reproductive phase. ONC drops from the nitrogen concentration of young

tissue (0.045) to the nitrogen concentration of mature seeds optimally supplied

with nitrogen. This, too, is species dependent and is taken as 0.025 for cereals

and grasses,

fraction of mitrogen in the seeds (kg (V) kg ! (d.m.))

RINS = reduction factor on nitrogen flow to seeds dus to nitrogen deficiency in the

2

leaves; implies that flow is severely reduced when nitrogen concentration in the
leaves falls below the optimm for unrestricted growth.

Translocation: In PAPRAN, nitrogen supply to the seeds comes from the nitrogen in the
vegetative material and not directly from the roots. In reality this may not be strictly
true, but even with an integration step of one day the demand will be transferred to the
vegetative tissue and from there to the roots within a short time. The nitrogen is with-
drawn from leaf and non~leaf material in proportion to the amounts of nitrogen in each of
them.

Nitrogen in the ahove-ground live vegetative material is alsc withdrawn by dying leaves,
RNLD, and non-leaf material, RNLDN. The concentration of nitrogen in the dying tissue de-
pends on the cause of death: if the tissue dies because of water shortage or senescence,
the dead tissue nitrogen concentration is the same as that in the live tissue, FNLVS, or
FNNLVS; if the reason is nitrogen deficiency, the nitrogen concentration is the unextract-
able residual, IN. This is expressed as follows:

FNLVS, PCTRAN > TRAN or RDRD > RDEN
RNLD = ROLVS * (38)
LN, otherwise

The rate of nmitrogen loss from live non-leaf material, RNLDN, is calculated in the same
way, substituting RINLVS and RNNLVS for RDLVS and RNLVS.

C. BSotl organio matter and soll nitrogen transformations
a. Conceptual background:
The complexity and importance of soil nitrogen transformations has given rise to a

voluminous literature (Bartholomew and Clark, 1965; Tandon, 1974; Van Veen, 1877). This
can be used to design detailed models of the soil nitrogen system (e.g. Beck and Frissel,
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1973; Hagin and Amberger, 1974; Van Veen, 1977)., Van Veen (1977) has demonstrated that it
is useful to divide the overall model into sub-models that deal with the main states and
processes separately but still influence each other through the relevant state variables.
In such model the microbial biomass and its associated nitrogen are considered as separate
pools. However, because of serious methodological limitations (Van Veen, 1977) it is dif~
ficult to initialize the microbial biomass values (and even the easier-to-measure soil
organic matter components) for specific field situations. Also, in many crop growth models,
anly a few of the nitrogen states are of direct interest and the complexity of a general
model is sure to add a great deal of spurious detail. In order to include a soil nitrogen
section in PAPRAN compatible with the time-resolution of the other parts of the model, soil
nitrogen was lumped into three states only, - mineral nitrogen (including NHz, NO N03) ;
nitrogen in fresh organic material (including nitrogen in plant residues and in the micro-
bial biomass); and nitrogen in the 'stable' organic fraction, or the humus fraction. Thus
microbial biomass is not treated separately but is assumed to be part of the fresh organic
material. Consequently micrcbial nitrogen is part of the fresh organic nitrogen pool.

This approach necessitates lumping some of the processes and their associated para-
meters:
- immobilization becomes total immobilization of all mineral nitrogen by -the microbial
growth., The rationale for this simplification is based on the fact, that the microbial
population of soil, responsible for decomposition, is highly diverse and can easily adapt
itself to the source of mineral nitrogen.
- mineralization of nitrogen to M-I and nitrification to NO3 are treated as one transfor-
mation. The justification for so sweepmg a generallzatmn is based on the fact that in well
areated semi-arid soils the transformation N[-[4 > NO2 + NO3 is nomally not inhibited by
ervirommental conditions, or by lack of suitable oxidizing micro-organisms. Soon after the
microbial pbpulation is activated, the transformations proceed rapidly, so that there is,
in fact, practically no accmulation of NH+ or of NO_ (Van Veen, 1977). The limiting pro-
cess 15 generally the decamposition rate of the :Eresh organic matter. That is not always
true as recent experimental evidence from the Sahel (Krul, 1980) has shown that ammonium
may accumulate, especially after hot, dry periods, when there is apparently a depletion of
nitrifying organisms. This could possibly be caused by partial soil sterilization as soil
surface temperatures rise above 50 °c (Russell, 1958). Such situations are clearly not
covered by PAPRAN, because not only would it be necessary to separate the mineral nitrogen
inte its NHZ and NO; fractions, but the nitrifying micro-organisms would have to be treated
separately from the fresh organic matter decomposers - each with their own different re-
sponses to envirommental factors.

Lmnping microbial biamass with fresh organic material presents problems, e.g.:
a. how to deal with the lag caused by initial build up and subsequent adsptations of micro-
bial populations,
b. how to deal with the effect of dead micrchial biomass on the composition of the fresh
organic material.
With seasonal crop growth models, the first problem can generally be neglected (especially

203




in non-extreme situations), as the adaptation rate of the microbial population to major
changes in substrate is of the order of days (Van Veen, 1977). As a vesult initial mmber
of micro-organisms per se will not seriously limit decomposition on a Seasonal basis. The
controlling factors will then be temperature, moisture and available carbon and nitrogen
substrate. In PAPRAN the C:N ratio is used to reduce the decamposition rate of fresh or-
ganic matter when the C:N ratio exceeds 25. The available mineral nitrogen is taken into
account by including it in the calculation of the current C:N ratio of the decomposition
system. This approach is based on Parnas (1975).

The second problem is part of a wider one as the decomposition rate constant depends on
the composition of the fresh organic material. This is taken into account by changing the
rate constant sequentially as the more easily decomposable fractions of the fresh organic
material vanish. The switch for changing the rate constant can be adjusted according to
the camposition of the fresh organic material in question. As PAPRAN considers mainly the
re-cycling of natural plant residues with fairly constant composition, the swithching
function has been regarded as a constant too. It has been shown that when the soil is
rewetted after a hot, dry period, there is a flush of mineralisation. This is possibly due
to decomposition of microbial biomass, killed by partial sterilization before wetting. Thus
the composition of the lwmped fresh organic matter can fluctuate during the growing season.
This process could be treated within the general vesalution of PAPRAN, but has not yet been
incorporated.

- Volatilization of NHZ from the top soil layer is dependent on the ammonia concentration,
on pH and on temperature (Van Veen, 1977). pH is not simulated in PAPRAN, and so must be
regarded as constant. As the time constants of the chemical processes involved are much
smaller than the resolution of PAPRAN, volatilization is approximated by a mimicking pro-
cedure. This can be inaccurate when nitrogen fertilizer given as urea or ammonium sulphate
is applied to the surface of a pasture sward without thorough incorporation into the soil.
- Adsorption of NH: to the exchange canplex is disregarded because it is a relatively
constant fraction of the soil N and can have only a small effect on the seasonal nitrogen
balance. Fixation of NHZ into the clay mineral lattice is neglected as it is not signifi-
cant in most soils of interest in the arid 'zone (Feigin and Yaalon, 1974). Fertilizer
nitrogen is regarded as nitrate, on the assumption that applied ammonia is converted to
nitrate much more rapidly than the early season gemminating vegetation can take it up.

b. Soil organic matter transformations:

For each relevant soil layer, twe organic canponents are defined;
F(Mi fresh organic material, which includes roots of the previous year and other plant

and microbial residues (kg ha”!, d.m.)

HWM, stable organic material (kg ha !, dom.)

The decomposition rate of the fresh organic material is based on first-order kinetics,
modified by factors for moisture, temperature and the C:N ratio, where the available miner-
al nitrogen is included in its calculation. The rate constant depends on the composition

of the organic material. Beek and Frissel (1973), give the following values in day"l:
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sugars and proteins = 0.08; celluloses and hemi-celluloses = 0.005; lignin = 0.00095.

These are however, clearly too Tow by an order of magnitude (Hagin and Amberger, 1974;
Jansson, 1958).

In PAPRAN the rate‘is changed in a step-wise mamner as the original amount of fresh organic
material is reduced.

The equations are as follows:

DECR, = FOM, * RIECR, * TF * CNRF, * MF. (39}
i i i i i

RDCARB, FOM, /TFOM; > 0.8
ROECR, = {RDCELL, 0.1 < FOM,/IFOM, < 0.8 ‘ (40)
RDLICN, FOM,/TECM; < 0.1

RDCARB, RDCELL, RDLIGN are the rate constants for carbohydrates (an average for sugars
and proteins}, cellulose and hemi-cellulose, and lignin, respectively. In this formulation,
the three components are assumed to comprise 20%, 70% and 10% of the original material,

respectively.
Id
- * -

QWRE, = .693 * (ACNR, 25)/25’ CNRF, < 1 (41)

(Parnas, 1975)

ANR, = FRC * FOM, / (FON, + ASLT,) (42)
where

FRC = fraction carbon in fresh organic material

TF = temperature factor (Beek and Frissel, 1973) dependent on mean soil profile tem-

perature, an approximation that may not be appropriate for the top soil layer
MF = moisture effect on decanposition rate, dependent on fraction of available water.
Adapted from Hagin and Awberger (1974) and Been and Frissel (1973).

(NRF, = effect of averall ratio of carbon and nitrogen on decamposition rate, - reduces
the rate when the C:N ratio is above 25
ACNR; = the C:N ratio based on nitrogen both in the organic and inerganic fraction.

The stable organic material, which has a constant C:N ratio of 10, is decomposed at a
much slower rate, dependent on moisture and temperature conditions. A rate constant for
semi~arid conditions is adopted from Harpaz (1975).

There is also an accretion of humus due to the residual stable compounds left by the
decamposition process. In PAPRAN, this occurs after the C:N ratio is below 25. Cnly then
is mineral nitrogen released and of that, 20% is incorporated into the stable fraction.
Van Veen (1977) found values for microbial biamass 10-50 g m2 in the top 15 am soil layer.
This is about 1-5 g m 2 nitrogen. Fresh organic nitrogen added annually is in the order of
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1-10 g m2, These are similar values as for the microbial biomass. Of the latter, 253-60%
is incorporated in the biologically stable humic compounds (Mayaudon and Simonart, 1963),
with a relatively constant C:N ratio, This seems high for soils where the hunic fraction
is more or less stable. The C:N ratio of humus is taken as 10.

The net change in the amount of humus, IHLMi, is thus,

THUM, = 0.2 * RNRL,/NCH - RMIN; * 10 (43)
where
FNRL;, RMIN. = see Egns. (46) and (48)

NCH nitrogen content of humus {0.04).
c. Scil nitrogen processes:

Soil nitrogen is divided into three fractions: nitrogen in the fresh organic material,
in the stable organic material, and the mineral nitrogen. The change in fresh organic
nitrogen is calculated as follaws:

DFON; = RNAC; - RVRL; 44
wherte

RNACi = jmmobilization rate of mineral nitrogen by growing micro-organisms that
decompose the fresh organic material (kg ha™! day'], N)

RNRL; = rate of mineralization of nitrogen. Transfers N from FON to mineral pool
{nitrate-N) and to the stable organic fraction (kg ha™' day ', N).
RNAC, = AMINT (DECR, * (NREQ - IFmi/IRMi) ’ ASLTi/DEL'I‘) {45)

NREQ = 0.02 (= fraction C in F(M (=0.4) * biosynthesis efficiency (=0.4/C:N ratio of
microbial biomass (= 8)).

The biosynthesis efficiency of cellulose (S¥rensen, 1975) is between 33-46%; it is not
certain that it is a constant, but it is so used here. Bquation (45) states that decompo-
sition of 1 gram of fresh organic material (that includes the microbial bicmass) will have
to recruit (0.02 - IFON/IFM) g of nitrogen. In the case of cellulose-rich and nitrogen-
poor material, the nitrogen concentration, FNOM, is around 0.005, so that net release of
nitrogen will begin when RNQM = 0.02 - 0.005 = 0.015, which is equivalent to a C:N ratio
of 0,4/0.015 = 27, This is within the generally reported switching ramge for soil organic
matter. The higher the initial nitrogen concentration, IFON/IF(M, the higher the threshold
C:N ratioc for net release of nitrogen, which is accordance with data quoted by Van Veen
(1977). '
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Gross nitrogen release, RNRLi, is then:

RNRL; = DECR, * BNOM,

(46}

Gross release 1s thus dependent on the nitrogen concentration of FOM, but net release

of N is due to decomposition of the microbial component of the fresh organic material.

This assumes that the microbial population is in a steady state throughout the main decom-

position period and is not per se limiting the rate of decamposition.
Change in the amount of nitrogen in the humic fraction is:

-

DNH[Mi = (0,2 % RNRL]._ - H-JMIN]._ (47}
RHMIN, = NHUM; * DMINR * TF * MF; (48)
IMINR = mineralization rate constant .of stable organic material.
Change in amount of mineral mitrogen is:
I4
DASLT, = SLTF, - SLTF, . - RNIM. - RNUDB, + 0.8 * RNRL, - RNAC, + RIMIN, - RVOL, (49}
i i i+1] i i i i i i
SLTF, = RWE, * CONC, | (50)
SLTF, = NBR + FERTN (51
RHF, = AMAX1 (0., RAF, | - (FLDCP * THCKN, , - WA’IERi_I]/IELT (52)
RAF, = INFR (53)
RORAIN = RWF_ (54)
SLTFD = SLTF, | (53)
CCNCi = (ASLTi + (RWFi * CCNCi_] - RNACi) * DELT)/(WATERi + F&N’Fi * DELT) (56)
where
SLTF; = rate of flow of nmitrogen into soil layer i (kg ha ' day”', N). Flow into the
top layer is the sum of mitrogen borne in the rainfall, NBR, and fertilizer
nitrogen applied, FERIN.
RWF, = rate of water flow into compartment i (mm d;a.y_l » Hy005 equivalent to excess

above field capacity in previous compartment. Flow into first compartment is

the infiltration rate of rain water, INFR.
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OONCi = concentration of nitrogen in compartment i, that wil! flow out into the next
compartment, includes the inflow of nitrogen and water from the previous com-

partment "
RDRAIN = rate of deep drainage, equal to rate of water flow through last boundary
SLTFD = rate of leaching of nitrogen beyond rooting zone.

Volatilization rate of nitrogen, RVDLi, from ammonia in the top soil layer is calculated

by

a mimicking procedure:

RVOL, = (AMMI/TCV) * AMRF
A1 = ASLT, * (1 - RANO3)
AMRF = AMM1/INH, 0 < AMRF < 1

RANO3 = INTGRL (0., (1-RANO3)/TGN)

where

D.

where
TRR; = contribution of layer i to crop transpiration (mwm day !, H,0)
ER, = contribution of layer i to evaporation from the soil surface (m day ', H
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(57)

(58)

(59

(60)

AM1 = smount of ammonia nitrogen in top layer when urea or ammonia fertilizer is

applied (kg ha™!, N)

MMRF = ammonia availability reduction factor, reduces volatilization as amount of

ammonia in the top layer drops below a threshold level, INH4
RANO3 = ratio of nitrate to ammonia nitrogen in the mineral fraction
TVC = time constant for volatilization of ammonia in top soil layer
g6 time constant for mitrification.

Clearly, this representation of volatilization has very limited application and is
entered here only because of a specific problem that was encountered.

Sotl water balance

The conceptual background for the treatment of the soil-water balance in PAPRAN, is
given in detail by Van Keulen (1975). The rate of change in the water status of each soil
layer is:

U'-’ATi = RWF; - R‘.WFJ.__'_1 - TRR; - ER,

1

20) .



8. PARAMETERS AND FUNCTION TABLES

A. Sctil parometers and initial values

WLTPT
FLDCP
B
THCKN,

L

DRE,
i

IAS,
i
FOMI
FONI
HUME
NHUMI

DFFOMi

FRNF
FRC
NGIFT
NDAY
NCR
RDCAR
RDCELL
RDLIGN
DMEINR

wilting point, (:m3 cm_3 {= 0.075 for sandy loam, Gilat lcess)

field capacity, cn® ai ® (= 0.23 for sandy loam, Gilat loess)

soil surface water storage capacity, mm (= 5)

thickness of soil layers, mm (i]_m = 20, 30, 50, 100, 100, 5 * 300)

initial dryness factor - soil molsture in multiples of WLTPT

initial amount of mineral nitrogen (as nitrate), kg ha"], N

initial amount of plant residues, 'fresh organic material', kg ha ', d.m.
initial amount of nitrogen in fresh organic material, kg ha |, N

initial amount of stable organic material, 'humus’, kg ha~', d.m.

initial amount of nitrogen in stable organic fraction, kg ha_l, N

initial distribution of organic material and organic nitrogen among the layers of
the soil profile. It is assumed that no active organic material occurs below

600 mm depth.
initial fraction of nitrogen in the fresh organic material
fraction of carbon in the plant residues (= 0.4) /

rate of nitrogen fertilizer application, kg ha_], N

day of nitrogen fertilizer application

rutrogen concentration in the rain, kg mm U pa™! » N (= 0.02)

decamposition rate constant for sugar and proteins, day-] (= 0.8)
decamposition rate constant for cellulose and hemi-~cellulose, day_l (= 0.05)
decanposition rate constant for lignin, day_l (= 0.0095)

decomposition Tate constant for stable organic material, day | (= 8.3 * 107°)

B. Vegetation parameters ond initial values

IBIOM

initial biomass after establishment of vegetation at the beginning of growing
season, kg ha”!, d.m.

IWRT, WLVSI, WNLVSI ].I’]J.tla.l weight of roots, leaves and non-leaf material; functlons of

IRTD

IANS

MXRTD

IVSSF

EFFEB

MRESF
REFT

IBIOM, kg ha™ ', d.m.
initial root depth after establishment of vegetation, wmm (= 101}

initial amount of nitrogen in the seed; functicn of the optimum nitrogen concen-
tration in the seed and the growth rate of the seed, GRSDS, at the anset of seed
fill

maximum rooting depth, mm (1800 for natural vegetation)

daily maximm root growth rate, mm day ' (= 12.0)

development stage for onset of seed fill (— .65)

maximm rate of o, assimilation, kg ha”? {leaf) h~ 1 CO ( 40)

maximum eff1c1ency of radiation utilization (kg ha~ ) /(J me<s ) CO (= 0.5)
maintenance respiration factor, kg (0{20) kg (d.m.) (= 0.02)

reference temperature at which MRESF holds for maintenance respiration, °C (= 25)
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CCONFs

LFARRS

ONCH

(NCL
MNU

C. Coms
REFCF
IHVAP:
GAMMA
RHOCP

RS

RC

PSH

LNH4

D. Time
TAU2

TCV

TN

conversion efficiency of carhohydrate to piant dry matter (= 0.75)

fraction of water in dead plant biomass, kg (H,0) kg"'1 (dm.} (= 0.80)

standard leaf area ratio, m> kg | (= 20) N

threshold nitrogen concentration below which growth stops, kg (N} kg-1 (d.m.}

(= 0.005)

optimun nitrogen concentration in seeds at omnset of seed fill, kg (N) kg—l (d.;m.)
(= 0.045)

optimm nitrogen concentration in seeds at maturity, kg (N) kg-] {d.m.) (= 0.025)
maximam nitrogen uptake rate by roots when vegetation fully develcped ('closed
canopy') kg ha ' day”' (= 9)

tants: physical and biological ~

reflection coefficient of water (= 0.05)

latent heat of vaporization of water, cal m (= 59)

psychrametric constant, mm °C ', Hg (= 0.49)

volumetric heat capacity of air, cal an = °C7' (= 2.86 * 1079

stomatal resistance, day am | (= 18.5 * 1078 = 160 s !

cuticular resistance, day el (= 37 * 1077 = 3200 s m

psychrometric constant, mbar °C' (= 0.67)

threshold nitrogen content in soil above which volatilization is not restricted
by availsble amonia kg ha ', N (= 2.2)

constants

demand for nitrogen in the plant (= 2)

volatilization of ammonia applied as fertilizer to the surface soil layer (= 10}
nitrification of fertilizer ammonia (= 10)

TCDRL, TCDRNL dying rate of leaves and non-leaf material due to water shortage

E. Weather: entered as forcing functions dependent on time

ITR
MNT
MXT
WS
DPT8
DPTZ
RAIN
RADTB

daily total global radiation, cal a2 day-]

minimm air temperature, °C

maximm air temperature, °C

average daily windrin, kg day”’

dew point temperature at 08.00 hrs, °C

dew point temperature at 14.00 hrs, °C

daily rainfall, mm day '

total daily visible radiation on clear days as 4 function of latitude and time of
year, cal an”? day

These data are used to cbtain auxiliary variables applied in the model:

TMPA
EVAP
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F. Envirvmmental effects on soil and plant processee
These are entered in tabulated form:

a. Functions dependent on soil moisture

WREDT £ (MATERi) , Telation between fraction of available soil water and root water
uptake

EDPTFT (AWA’IERi) , effect of fraction of available soil water on root effectiveness for
water uptake

REDFDT ~ £(WCPR), (= dimensionless water content = (WATER /THCKN, - WCLIM)/(FLDCP - WCLIM)
‘where WCLIM = water content of air-dry soil) reductiocn of bare soil evaporation
due to dryness of the top soil layer

MFT f(!'«'ATE.R ), effect of soil water content on decamposition rate of fresh organic
material

b. Functions dependent on soil temperature

REDTTB  f(TS), soil temperature effect on root extension rate

TECT £(TS), soil temperature effect on root conductivity

TFT f(TS), soil temperature effect on decomposition rate of {resh and stable organic
material

c. Rmctions dependent on nitrogen concentration

ROSPT f(OONCi) , effect of ionic concentration in soil water on root water uptake

FANST £(N in vegetaticn), effect of nitrogen deficiency on partitioning of assimilate
between leaves and non-leaf material

d. Tunctions dependent on development stage of the vegetation

RFDVST  f(IVS), effect on transpiration as plant matures

DISTFT £(DVS), effect on distribution of assimilate between leaf and non-leaf material
CSRRT £{IWS) , effect on distribution of assimilate between shoot and root .
FIMT f(OVS), effect on dry matter content of the live vegetative biomass (phytomass)
RDRDT £{DVS), effect of senescence on the dying rate of live phytomass

MERTT £{IVS) , maximm f{raction of nitrogen in the root

e. Runctions dependent on air temperature
DVRT £(TMPA), effect of average air temperature on development rate of vegetation

f. Functions dependent on transpiration deficit

RDRAT f(CTRIEY) , effect of cumilative transpiration deficit on AMAX and EFFE

EAMSTT  f£(RTRIEF), effect of relative trangpiration deficit on partitioning of assimilates
between roots and shoots



g. Dmctions dependent on the vegetation canopy

FLTRT £(SLCVR) (= total area of live and dead leaf per hectare}, effect of canopy
closure on the amount of radiant energy that reaches the soil surface, calculated
as 1- C, where C = ¢ 0% * T (goudriaan, 1977)

h. Tuncticons dependent on radiation intensity and leaf area index

ALPHA  f(HRAD, LAT), effect of radiation and leaf area on the potential transpiration
demand of the canopy. This is entered as a two way table, derived from the plant
physioclogical model BACROS (De Wit et al., 1978)

9. OUTPUT: VERIFIARLE VARIABLES .

a. TADRN: Total above~ground dry matter as a function of time. In some situations,
validation data were available for final yields only, a serious iimitation in analyzing
deviations of model results from cbserved data.

b. WLVS, WMLVS and WSDS: the weight of leaves, non-leaf material and reproductive struc-
tures. These varizbles are generally available for crop plants but not for natural pasture
species (De Ridder, Seligman and Van Keulen, 1980).

¢. TNLVS, TWNNLVS, ANS: the total amounts of nitrogen in various plant organs. The sum of
these will give total nitrogen uptake by the above ground parts of the canopy.

d. W] Wlo" the moisture content of the various layers of the soil. Since soil water
dynamics are not treated in great detail in PAPRAN, it may be more realistic to use only
WIOT, total moisture in the potential rooting zone, for validation.

e. ASLTy - ASLTm: the amounts of inorganic nitrogen in the various soil compartments.
f. HiM, NHIM, FOM, FNOM: the amounts of organic matter in the scil and their nitrogen
contents (or C:N ratio) are available for validation also., A serious difficulty is that
the experimental techniques available for determination of these state variables, do not
in general permit a high accuracy. Since the amounts involved can be high (HWM = 28000 kg
ha”!, NHUM = 2800 kg ha”! in the Northern Negev) almost any mumber simutated will £ail
within the accuracy limits. The model may, however, give trends for the behaviour of soil
organic matter, which may be evaluated over a muber of years.

10/11. OBSERVATIONS AND COMPARISON RESULTS

The performance of the model was studied by analysing its behavicur under conditions
prevailing in the northern Negev desert of Israel. In this semi-arid region (average rain-
fall 250 m year_lj research has been carried out in the framework of a joint Dutch- !
Israeli project (Van Keulen and De Wit, 1975). TFrom this and earlier research {Tadmor
et al., 1974) results are available of dry matter yields in situations with and without
application of nitrogenous fertilizer. These experiments were carried out on the natural
vegetation of the area which is a mixture of plant species, typical of an abandoned crop
land vegetation (Van Keulen, 1975).

The initial conditions assumed in the model were identical for all seasons: at the cnset
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of the growing season a total amount of 3000 kg fresh organic material was assumed to be
present in the upper 60 cm of the profile. The average nitrogen content of the material
was set at 0.01 kg N kg-] (dry matter). When fertilizer was added in the model, this was
also assumed to be present at the onset of the simulation, in ammoniacal form, evenly dis-
tributed in the upper 10 an of the soil. The initial moisture conditions in the profile
were either those measured (1971/1972 - 1973/1974) or were estimated at an average value
(1966/1967 and 1967/1968}.

The results of the model are presented in Figs 2-6 in the form of results of fertilizer
experiments. The available experimental data are given for compariscn. This gross output
does not show a consistent picture:

- For 1566/1367, where only application-yield data were available, the yield without
additional fertilizer application is reasonsbly well estimated. The simulated response
curve deviates however from the measured one: at low application rates the effect of addi-
tional fertilizer is overestimated, whereas the maximm experimental yield exceeds the
predicted one. The latter value is identical to that cbtained from the model ARID CROP
{(Van Keulen, 1975) which assumes non-limiting nutriticnal conditions throughout.

MIGDA ,ISRAEL

al dry matter 1966 /1967
. 4 yield kemwx SiMulaoted
“‘~‘ tha «===r measured
n——'A'r:- 38 e ——
“-
k
2
:ENN\i_
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2
N-appiication N-uptake
| S— | = 1 L [

200 100 50 100 kg hal 150
kg ho'!
100 - |

kg b | N-applicetion

200 x

Fig. 2. Comparlscn between measured and simulated results of a fertilizer experiment in
the Northern Negev in 1966/1967.
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Fig. 3. Comparison between measured and simulated reaults of a fertilizer experiment In
the Northern Negev in 1967/1968.

- For 1967/1968, a lower rainfall year, the simulated yield-application curve is reason-
ably close to the measured cne over the entire range. Because of the drier conditions, de-
camposition of the added orgamic material is less camplete than in the previcus season and
consequently about 5 kg N ha”! less is available at zero-fertilizer application, resulting
in about a one ton lower dry matter production. '

- For 1971/1972 the various experimental treatments resulted in the uptake of varying
amounts of niirogen. A 'true' zero-treatment could not he analysed in that season, since
the experimental fields were all diskéd, thus incorporating into the soil substantial
amounts of accumulated sheep droppings from preceding seasons. The amounts and composition
of these droppings camnot be estimated, hence it is impossible to accomt for their
effect on the nitrogen balance. The simulated uptake-yield curve is situated within the
accuracy-limits of the measured data points. At the highest application rate the model
predicts a levelling off of the application-uptake curve, since the crop is 'aitrogen-
saturated' throughout the growing season. The predicted amount is again in reasonable
agreement with the experimentally determined uptake.

- For 1972/1973 the experimentally determined points of the yield-uptake curve deviate
considerably from the simulated curve. There is no obvious explapation for this phenomenon,
The measured maximumm uptake of nitrogen is about 25% higher than that predicted by the
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Fig, 4, Comparison between measured and simulated valués of dry matter production and
nitrogen uptake of natural vegetation in the Northern Negev in 1971/1972,

model, which was again dictated by the ability of the vegetation to absorb the element.

- Tor the 1973/1974 growing season only the fully fertilized treatment was analysed for
nitrogen at the end of the growing season. The point found there, shows a higher wptake
than the maximum predicted by the model, as in the previous seascn. In the lower region no
data are available.

More interesting than the gross output of the model at this stage, is the behaviour of
sane of its elements.

The fresh organic matter assumed to be present at the start of the growing season de-
canposes almost completely, 5-15% being left at the end of the growing period. It should -
be noted, that the relative decamposition rates of the various components, applied in the
model are an order of magnitude higher than those cited by Beek & Frissel (1973). Applica-
tion of their values leads to wnrealistically low decomposition rates.

Concurrently with the decomposition of the organic material there is a slow but gradual
release of mineral nitrogen when the original (protein) nitrogen concentration in the
organic material is 0.01 kg (N) kg_] (d.m.) . When material with a lower initial protein
nitrogen content (FNRF) is assumed, there is net immobilization at first, later followed
by net mineralization (Fig. 7).
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Fig. 5. Comparison between measured and simulated values of dry matter production and
nitrogen uptske of matural vegetation in the Northern Negev in 1972/1973.

An important question in this comnection is, whether it is possible to describe
quantitatively the nitrogen transformations in the soil, and their consequences for
the availability of the element for plant wptake, without explicitly describing the micro-
bial population. The problems related to the description of that part of the nitrogen cycle
have been mentioned before and have been discussed in detail by Van Veen (1977). Addition-
ally there is the inaccuracy of the experimental techniques for the determination of the
various camponents of the total mitrogen store in the soil, and the inherent hetercgeneity
of the system under field conditions. It is expected that current field experiments em-
ploying N'3 witd vield results, which will at least elucidate some of the problems.

The effects of nitrogen deficiency on various plant processes had to be estimated in
many cases on the basis of incamplete and qualitative rather than quantitative information.
At this stage no attempt has been made to test the sensitivity of the model to the various
estimated relations. Some temarks seem warranted however:

- the influences of nitrogen deficiency on dry matter accumulation is introduced as a
reduction factor on the growth rate. The underlying physiclogical reason, which could
gither be a direct effect of low N-concentration on assimilation, or an indirect effect
through accunulation of primary photosynthates in the leaf tissue, or a lower efficiency
of growth due to breakdown and rebuilding of nitrogenous canpounds; is not completely
understood, so that a more fundamental explanatory representation is not yet feasible.
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Fig., 6. Comparison between measured and simulated values of dry matter production and
nitrogen uptake of natural vegetation in the Northern Negev in 1973/1974.

The use of another relation between the relative death rate and the nitrogen content of
the vegetation (i.e. curvilinear in the opposite direction), resulted for the 1966/1967
growing season in decreased productivity at higher N-applications. This was caused by the
interaction between nitrogen and water: N-shortage early in the season resulted in dying
of part of the vegetation, leading to lower water extraction and increased growth at the
end of the growing period. The phenomenon as such has been discussed widely in commection
with dry-land agriculture, but for the 1966-1967 situation it is not confirmed by the ex-
perimental results, These results however underline the necessity for a more systematic
investigation of the relative importance of the variocus processes that play a role under
these conditions.

In conclusion it may be stated that PAPRAN does provide a useful framework for such an
investigation. It is realized, that at many points the model is descriptive rather than
explanatory and needs a more thorough validation before it can be widely applied.

12. LIMITS AND LIMITATI(NS

PAPRAN is meant to deal with problems relating to seasonal and interseasonal dynamics
of plant production processes. A time constant of days is 2 to 3 orders of magnitude
smaller than the seasonal relaxation time. That is just about the limit for feasible simu-
lation medelling of biclogical systems (De Wit, 1970). Accordingly the time step for PAPRAN
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Fig. 7. The influence of the initial nitrogen concentration of the added organic material
(FRNF) on the amount of nitrogem retained in the fresh organic fraction (TFON).

has been.set to one:day. It is a constant time step and camnot be varied without extensive
rewriting of parts of the program. As a result processes having a time resolution smalier
than one day camnot easily be incorporated into this model. If a given problem is criti-
cally dependent on the exact description of such processes, it would be necessary to
resort to another model, with finer resolution and more limited scope. The results of this
model could be later incorporated into the lower resolution model, according to the hier-
archical approach.

Finally, some processss have been ignored in PAPRAN:
- denitrification is disregarded because in semi~arid regions anaercbic conditions are
unlikely. The possibility that localised anaerchic pockets can develop as a result of
oxygen depletion due to intensive biological activity or localised waterlogging is recog-
nized but as the extent of these phenomena is not clear, they have not been treated as yvet.
In addition, the problem of simulating localised anaercbiosis in soils is particularly
canplex (Leffelaar, 1979).

13. COMPUIER

As the model is writtem in (SMP IIT, it can only be run on systems that have that lan-
guage available. These are generally IBM-machines except for sane cases where the language
has been specially adapted for a different camputer system.

218




14, PROGRAM LANGUAGE
The program is written in CSMP III, the Continuous System Modelling Program, developed
by IBM (1971).

15. RUNNING TIME

To simulate one growing season, about 40 secs CPU-time is required. This includes the
time needed for translation and compilation of the original CSMP Program. Rerums in the
same case take usually less than 10 secs CPU-time. In most installations the CSMP-program
can be stored in campiled form for running from execution phase. In that case CPU-time for
the first run is nearly the same as reruns within one case, i.e. about 10 secs.

Costs of a run depend on local billing arrangements, but in any case they depend very
nmuch on the amount of cutput required,

16. USERS

The model is still being developed and has been used only within the joint Dutch-Israeli
project: Actual and potential production from semi-arid grassland-phase II. It has also
been run on an 'explanatory basis within a companion project: Production Primaire au Sahel
(PPS), that is concerned with growth of Sahelian natural pasture in Mali.”

17. [DEVELOPERS AND PRINCIPAL CONTACTS
Dr. H. van Keulen
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4,11 Models of long term soil organic
nitrogen change

J.S5. Russell

INTRODUCTION

Long term soil organic nitrogen dynamics are of considerable interest in agro-ecosys-
tems. Aspects such as equilibriun levels, rates of decline or increase with time, crop
yvield trends and feedback effects of increased crop yields on soil organic matter due to
fertilizer addition are interrelated. Mathematical modelling has an important role to play
in understanding these interactions and in predicting consequences of land use practices.

There are a mmber of difficulties in modelling long tem soil nitrogen changes as
distinct from short texm changes. Not the least of these is the fact that the time span of
significant changes of 10 to 100 years makes experimental validation difficult. Also the
diversity of climate, soils, crops, cropping sequehces and cultivation and fertilization
practices makes generalization difficult. Even when data is available for a long period
fram research stations it is generally site and soil specific. Nevertheless an analytical
approach to such information is a starting point for defining factors affecting long term
50il nitrogen changes and for the establishment of relationships and parameters which can
be used in models. From there it is possible to move to relatively simple predictive
models which can be useful in suggesting the outcome of various land use options.

ANALYTICAL APPROACHES USING FIELD DATA

There is an extensive literature on mathematical expression of soil organic matter with
time (Jenny, 1941; Dawscon, 1950; Nye and Greenland, 1960; Henin et al., 1959; Bartholomew
and Kirkham, 1960; Russell, 1960, 1962, 1964, 1975; Jenkinson and Rayner, 1977).

The simplest model has been the differential equation:

d¥/dt = -K N + X, )

where N is soil organic nitrogen or carbon, X, is a decomposition coefficient and K, is an
addition term. This equation has been useful in situations where a treatment has been used
for a Iong period and where substantial soil changes have occurred e.g. grassland areas at
Rothamsted (Richardson, 1938).

Extension of this equation can move logically in twe directions. Firstly, a more sophis-
ticated model needs to consider separate soil organic matter fractions and examine inter-
actions and changes with time. Secondly to be useful, in land use terms, account needs to
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be taken of the interactions between crop-pasture sequences, soil organic matter and crop
yield.

Mathematical medels involving more detailed analysis of seil organic matter fractions
were proposed by Woodruff (1949) and Henin et al., (195%). However, field fractional soil
organic matter data was not available to develop these approaches further. Recently
Jenkinson and Rayner (1977) separated soil organic matter into five fractions, decampos-
able plant material, resistant plant material, soil biomass, physically stabilized organic
matter and chemically stabilized organic matter. They applied this approach to soils fram
Rothamsted classical experiments where soil analytical information is available over a
period of more than 100 years and where different cropping and manuring treatments have
been virtually continuous for longer than this. The model assumes that each of the frac-
tions undergoes biological decomposition by a first-order process. Fram this study the
authors were able to predict turnover of these fractions with time.

Soil organic nitrogen changes in crop-pasture sequences (Russell, 1975) were described
by the general eguation

dn/dt = -Kl(t]N + ](2 + Kggt)Y{t) @

s
where K, (t) is the decamposition coefficient which may change with time as land is used
for different crops and pastures. The. term K, represents additiens from non-crop sources,
including famyard manure. The term Ka (t)Y(t) represents addition due to plant residues
where Y(t) refers to the crop yield at time t and K3(t) is related to a specific crop at
time t.

The main advantage of such a model is that it can take into account the effects of
various land use treatments and crop yields within a rotation on soil organic matter
levels. Using plant and soil data it is possible to estimate the feedback effect of plant
yield on soil organic matter level.

Various restrictions can be applied to equation (2) in practice to reduce the mumber of
parameters to be estimated in fitting to experimental data. These can include assunptions
that; (a) K2 is zero, (b} the relationship between decamposition and addition coefficients
is the same for all crops in the system

i.e. that K3/Kl =3

where a is a constant, (c) K3 is the same for similar crops. Such assumptions can simplify
the model and reduce the mumber of parameters to be estimated in an analysis.

Procedures for fitting the model to plant and soil data were described by Russell (1975)
by making use of an iterative routine which numerically solves ordinary differential equa-~
tions from a set of initial values and parameters over a desired period (Ross, 1973) com-
bined with a routine which minimizes least squares for a set of actual data and calculated
values from the mathematical model (Ross, 1971}.

Given quantitative estimates of decomposition and addition parameters for different
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crops it is possible to simulate soil organic matter chamges with various crop sequences
and make predictions of long temm effects.

MCEDEL OF EFFECT OF CROP-PASTURE ON SOIL ORGANIC NITROGEN

Crop-pasture sequences are used in semi-arid areas where low and variable rainfall
limits the use of applied nitrogen (Russell, 1668). To increase crop yields fallowing] has
been practiced (Sims, 1977) to allow a longer period of nitrogen mineralisation and to
enable soil water from one season to be stored for plant growth in the following season.
Whilst this practice achieves, it results in increased rates of soil organic nitrogen loss.
A considerable number of field experiments have been carried out in Australia on the ef-
fects of crop-pasture sequences including fallow in different enviromments (Clarke and
Russell, 1977) in relation to crop yield and soil nitrogen change.

One of the oldest continuing experiments in the permanent rotation trial established at

“the Waite Agricul'tural Research Institute (lat. 34°58'S lomg. 138°38'E) in 1925, This Tn-

stitute has an annual rainfall of 629 mm, an amnual evaporation of 1580 mm and an annual
temperature of 16.4 °C. Rainfall is winter dominant with 77% falling in the period April
to Octcber, ‘

The permanent rotation experiment has included a range of sequences but the main em-
phasis has been on the effects of fallow, wheat and pasture and combinations of these.
Plant yield data has been meticulously recorded (e.g. variousWaite Institute reports 1925-
1975) but soil information is much less detailed (Greenland, 1962). Although this limits
the extent to which soil-plant parameters can be accurately estimated, parameter estima-
tion is aided by the very large changes in soil organic nitrogen that have cccurred with
time. Soil analyses in 1961 (Greenland, 1962) showed that some had Iost up to 50% of or-
ganic nitrogen in the surface 23.5 au. Soil analyses in 1973 (Russell and Oades, unpubl.
data) showed that losses of organic nitrogen were continuing on some sequences.

To obtain parameters of s0il organic nitrogen change size sequences of this experiment
were studied and a model of the form

dN/dt = -Kl(t)N + I{S(t)Y(t) (3

fitted to the soil data using annual plant dry matter yields. The sequences examined were
fallow-wheat (P‘W)z , fallow-wheat~pasture (FAP}, fallm—wheét—pasture-pasture (FWPP), wheat-
pasture-pasture (WPP), continuous wheat (WW) and continuous pasture {PP). Somg of these
sequences were continued over the period 1926-1973% but for others information was avail-
gble only for the period 1949-1973. Four parameters were estimated including decomposition

v;rheat (KW] and pasture (Klp) and a

coefficients (in temms of § year ') for fallow K,

general addition coefficient (in temms of % N ha year kg_] {dry matter) related to dry

1. Fallowing involves leaving land cultivated and devoid of vegetation for periods of up
to a year, prior to cropping.

2, Two plots of this sequence.

3. FW, FWP and WW were continuous.
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Fig. 1. Changes in the soil nitrogen contemt in fallow, wheat and pasture plots at the
permanent rotation experiment at the Waite Institute, Adelaide, Australia and estimated
changes using the fitted model.

matter production (K3 dm) . The model was fitted to the 0-10 cm soil nitrogen data using 18
total soil nitrogen percentage values for 19251, 1940, 1961 and 1973, Estimated values of
the coefficients were Klf = 0.0440, K]w = 0.0253, Klp = (,0270 and KBdm = 5.21'x 10-7. The
fit of the model to the data is shown in Figure 1. The model accounted for 99.0% of the
variation about the mean.

With the -coefficients it is possible to simulate the effects of variocus WP sequences
on s0il organic nitrogen. Assumptions have to be made concerning crop yields and these are
based on the long term [22-50 years) mean dry matter yields {Waite Institute Biennial Re-
port, 1974-75). Values in kg ha”! used in calculations were: wheat after fallow and after
pasture 5100, second year wheat 3900, continuous wheat 2700, first year pasture 6100,

1. Of the two 1925 FW values the high value similar to that of other treatments was used
for both W plets. The 0-10 cm portion of the 1925 0-23.5 cm values were estimated.
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second year pasture 8800, third year pasture 10400 and continuous pasture 11700. Using an
initial soil nitrogen value of 0.100% eleven sequences were simulated over a period of 100
years. The sequences were then ranked in order of decreasing soil nitrdgen content.

Table 1. Ranking of projected soil organic nitrogen values beginning with an initial soil
nitrogen content of 0,100% and ruaning the model for 100 years.

Crop Sequence ' Projected Soil
nitrogen percentage
after 100 years

PP 0.217
WPPP 0.146
WPP 0,129
WWPP 0.118
Wp 0,111
WWP - 0,101
WHWP 0.091
FWPP 0.085
FWP , 0.062
WW 0.059
™ ‘ 0.040°

Six of the sequences maintained or increased soil nitrogen content. None of the se-
quences containing fallow were in this category and the most drastic sequence in temms of
soil nitrogen loss was IW. The relative low value of continuous wheat is associated with
the low yields cbtained with this sequence. It is of interest to note the effect of higher
crop yields of this sequence as shown by equilibrium soil nitrogen contents i.e. when
dN/dt = 0. Equilibrium values with wheat dry matter yields of 3000, 4000 and 5000 kg ha™!
are 0.062, 0.082 and 0.103% N respectively. This indicates that soil nitrogen levels could
be maintained at 0.100% N in a continuous wheat sequence with dry matter yields of 5000 kg
ha”l, The sequences WP and WWP slightly increased or maintained soil nitrogen at 0.100% N
and given the relatively high rainfall of this station would appear to be satisfactory
cropping sequences fram the point of view of soil organic nitrogen maintenance and moderate
cropping intensity. '

FEEDBACK EFFECTS OF SOTI, ORGANIC MATTER IEVELS ON CROP AND PASTURE YIELDS

Although the model used to predict the effect of crop and pasture sequences on soil
organic matter is useful it does not take into account the effect of soil organic nitrogen
on crop yleld. Thus as the soil organic nitrogen levels fall the amount of availgble ni-
trogen mineralized amnually falls and in the absence of applied fertilizer or practices
such as fallowing crop yields decline. With declining crop yields the amount of plant res-
idues returned annually alsc decline and soil organic nitrogen levels continue to fall
wntil a new equilibrium is established. -

Lucas et al. (1977) presented a model of soil carbon feedback influences on maize yield
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response to nitrogen. Their Michigan data indicated that soil equilibrium carbon levels
ranged from a low value of 1.1% C {or 0.110% soil organic N assuming a C:N ratio of 10:1)
where no additional nitrogen was applied to a value exceeding 3.4% (or 0.340% soil organic
N} with intensive nitrogen fertilization. Equivalent maize grain yields in these extremes
were 3400 kg ha”! to 11300 kg ha™!. However the authors suggest caution in the interpreta-
tion of their projections particularly as the bounds of validity of the soil carbon-yield
potential relationship may have been exceeded. )

The relative beneficial physical effects of scil organic matter on crop yields as com-
pared with the chemical effects of nutrients released fram soil organic matter is likely
to differ for different soils. In particular the structural stability of a soil at differ-
ent organic matter levels is an jmportant consideration. Work at Rothamsted (Boyd, 1967)
on soils with relatively high structural stability has shown that yield differences in test
crops following pasture leys could be explained almost entirely in nutrient terms and
basically this came down to differences in nitrogen. On such soils application of equiva-
lent nitrogen could duplicate effects due to ley. On the other hand on soils with lower
structural stability (Greenland, 1971} there appear to be benefits on crop yield associated
with increasing soil carbon as distinct from effects due to additional available nitrogen.

I
MOIEL OF THE FEEDBACK EFFECT OF CROP YIELD ON SOIL ORGANIC NITROGEN

Soil organic nitrogen declines are currently occurring on cropped soils in the semi-
arid subtropics of eastern Australia (e.g. Martin and Cox, 1956). Many of these soils were
originally under natural grassland or forests of the leguminous tree Aeageia harpophylla
(brigalow). Virgin soil organic nitrogen levels were mostly in the range of 0.15-0.25% N
but in sane soils levels were higher than 0.40%. Little applied nitrogen is used on these
s0ils in the lower rainfall areas at present but as soil nitrogen reserves decline ques-
tions arise as to likely equilibrium soil nitrogen levels, the extent to which crop yields
will be affected and how changes in crop yield and soil organic matter levels can be in-
fluenced by applied nitrogen fertilizer or crop sequences.

Experiments were begun in 1967 at Narayen Research Station (lat. 25°41'S, long 152°52'E)
on cropping virgin grey-brown clay soils (vertisols) with grain sorghum (Sorghim bicolor)
as one of the treatments. This station has an ammual rainfall of 713 mm, an annual evapo-
ration of 1840 mm and an annual temperature of 19.7 °C. Rainfall is summer dominant with
59% falling in the pericd November to March. Crop yields were recorded amnually and soil
samples were taken biemnially. Substantial declines in soil organic nitrogen were found.

To examine relationships between crop yield and soil organic nitrogen change and to pro-
Ject future trends of both as affected by applied nitrogen a model of the form shown in
Figure 2 was used.

The equation for soil organic nitrogen in this model was:

dN/dt = KN + K Y(t) {4

1

vwhere the coefficients K] and K3 were similar to equation‘ (3) and Y{t) was the annual dry
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Fig. 2. Diagrammatic representation of the feedback relationship between plant yield and
soil organic nitrogen.

matter yield, The effect of nitrogen on crop dry matter yield was expressed as:
Y(t) =Y [‘I-exp{—c(KlN(t} + F(t3) 1] (5)

In this equation Y L Was taken as the maximm crop dry matter y131d (kg ha~ ) with ade-
quate rainfall and adequate nitrogen and Y{t) was the crop yield as related to soil l'l:l.'tTO-
gen content N(t) and F(t) was the amcunt of nitrogen added as fertilizer in kg N ha”l.

c and K were constants.

Equatmn {4} was fitted to the soil and sorghum data from Narayen over the 10 year pe-
riod 1967-1977 where N was soil organic nitrogen of the 0-10 cm horizon and Y{t) was the
sorghun above grownd dry matter yield in kg ha~'. Soil nitrogen values were initially high
(> 0.3% N) in this experiment but in the 10 year period they fell to Just ahove 0.2% N
(Fig. 3). Fitted values of the parameters were K, = 0.0492 percent vear K3 4.69 X 1077
percent N ha year -1 {dry matter) and the model accomted for 97.7% of variation about
the mean. ‘

For equaticn (5) the value of Yoax W8S taken as 10000 kg ha~ 1 and ¢ was 0,022, The
model was then used to simulate the effect of three different levels of amnually applied
nitrogen F(t), nil, 50 kg N, 100 kg N on soil organic nitrogen and crop yield levels over
a period of 100 years from an imitial soil level of 0.30% N.

The projections indicats that soil organic nitrogen levels will decline with continued
cropping to sorghum (Fig. 4). In the absence of applied nitrogen maximum sorghum dry
matter yields with adequate rainfall should also decline steadﬂy to 4000 kg ha! after
100 years (Fig. 5). ﬁppllcatlon of nitrogen of 100 kg N ha ! chould maintain crop yields
at close to 10000 kg ha” 1 and with 50 kg N ha” ylelds should be maintained above 8000 kg
na”!. However soil organic nitrogen levels will continue to decline to 0.055% N in the
absence of applied nitrogen. There is same feedback effect of increased crop yield on s0il
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Fig. 3. Changes In the scil nitrogen content of contimuous sorghum plots at Narayen Re-
search Station, Queensland, Avstralia and the estimated changes using the fitted model.

organic nitrogen due to the application of nitrogen fertilizer. If sorghum dry matter
yvields are maintained at almost 10000 kg ha™! by fertilizer nitrogen the soil nitrogen
levels will decline but only to 0.095% N in comparison with 0.055% in the absence of ap-
plied nitrogen.

As with any model the projections must be treated with caution. Changes in crop yield
have been related entirely to nitrogen and no account has been taken in the model of sea-
sonal differences. These could be expected to produce crop ylelds lower than the maximum.
Although the projected soil nitrogen values appear low, values less than this have been
found in soils that have been cropped for many years.

SUMMARY AND CONCLUSIONS

The conplexity of the soil organic nitrogen-crop relationships in ecosystems means that
modelling has to rely initially on empirical approaches. This places emphasis on the ana-
lysis of field situations and the slow rate of change of soil organic matter emphasizes
the need for consistent long tem data gathering in field experiments. Whilst this does
not reduce the need for more fundamental studies of soil orgamic nitrogen fractions and
nitrogen mechanisms it does suggest that much more information on the effects of different
soil and climatic parameters on soil organic nitrogen change is required if realistic
models are to be developed.

Examples have been given of two simple models using data from two Australian environ-
ments. Firstly the effect of crop-pasture sequences has been evaluated using soil and plant
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Fig., 4. Simulated change in soil nitrogen content at Narayen with sorghum at three levels
of applied nitrogen over a 100 year period,

data from a long-term experiment at the Waite Institute. From the estimated parameters it
is possible to project soil nitrogen changes with time and to indicate various cambinations
of sequences which should maintain so¢il nitrogen status. Secondly the effect of cropping
to sorghum and the feedback effects of crop yield on soil nitrogen levels at Narayen Re-
search Station were studied using soil and plant yield data. This analysis has suggested
that soil nitrogen will continue to decline with cropping to lower levels even though crop
yields may be maintained by applying nitrogen fertilizer. Feedback effects of increased
crop yields due to applied nitrogen on Soil nitrogen level is predicted.

A further step in the modelling process would be a combination of both of these ap-
proaches in a single model. Thus both the effects of crop-pasture sequences and the feed-
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Fig. 5. Simulated change in sorghum dry matter yield at Narayen at three levels of applied
nitrogen over a 100 year period.

back effect of crop yields and the effect of applied nitrogen needs to be evaluated but the
lack of long term experimental data is a limitation at present to the development of such
detailed models., Two areas where further research is necessary are firstly, the identifi-
cation of easily detemmined and meaningful soil organic matter fractions useful in field
experiments and secondly, definition of land treatment organic nitrogen parameters.
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4,12 NH3 volatilization model

W.J. Parton, W.D. Gould, F.J. Adamsen, S. Torbit and R.G. Woodmansee

1. NAME CF MOLEL
NLOS

2. SYSTEM MODELED

The model is designed to simulate the volatilization losses of NHS from cattle urine
patches. NLOS simulates the transformation and movement of urea in the soil and volatiliza-
tion of NH3 from the soil.

3. OBJECTIVE

The primary objective of the model is to better understand the envirommental and physi-
cal facfors which control the volatilization of NH3 from urine patches. In particular we
are interested in the effect of soil temperature, soil texture, pH, evaporation rate, and
soil moisture on the N, volatilization losses from a urine patch. It is anticipated that
a prediction model for field application will be developed by simplifying the NLOS model.

4. TIME-SCALE

The model is designed to run for time periods up to T4 days using one-minute and five-
minute time steps for the fast and slow components of the model. The slow part of the medel
includes the soil water flow model and the hydrolysis of urea, while the rest of the model
runs at the fast time step.

5. DIAGRAM

Figure 1 shows a flow diagram of the model. The major state variables include urea, NHZ
in soil solution (NH:) , NHZ adsorbed to soil colloids {Miﬁ_)_f NH3 in soil solution (M‘I;i),
and MH, gas in soil atmosphere CNH%) . The flows include hydrolysis of urea, establishing
an equilibrium between NI} and Ni,, N} and NH3E, and NHGE and NHS, and diffusion of NA,
gas from the soil. The model was set up for a 5-cm soil core, and the state variables are
calculated for each of the 6 soil layers (0 to 0.25.cm, 0.25 to T cam, 1 to 2 cm, 2 to 3 cm,
3to4 cm and 4 to 5 cm}. The state variables in the model are the amount in each of the
compartments (Fig. 1) and are calculated by multiplying the concentration (g.cm_3) of each
component by the volume of water, soil, or air that it is part of. The model also predicts
the flow of water within the soil and evaporation of water at the soil surface. The water
flow model considers both saturated and wnsaturated water flow. The model distinguishes
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between vapor and liquid flow of water and simulates the flow of soluble campounds [NHZ,
urea, and Migg) between soil layers. The model also simulates the flow of NH% within the
soil. '

6. LEVELS

The levels or integrals used in the model are:
a. Nitrogen {gm 2) for each soil layer

X{(1) = Urea

X(2) = l\HZ in soil solution

X(3) = NHZ adsorbed to soil colloids
X4 = N[-{3 in soil solution
X(5) = I\H3 in soil atmosphere

X(6) = N, in the free atmosphere
b. Soil water (cm HZO}
8; = Soil wator content in the ith soil layers.

7. GOVERNING EQUATIONS

The model includes a nitrogen cycling submodel and water flow submodel. The description
of each of the submodels will be organized aroumd the flows, with each of the flows repre-
senting a process ¢emsidered in the model (i.e. hydrolysis of urea).

Hydrolysis of urea

The hydrolysis of urea is calculated as a function of the contentration of urea in the
so0il (Cv], the soil temperature, and the pH of the soil with the following equations:

H=Vy.Cp M . P/ (K *+C) _ m
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where

= the hydrolysis rate (ug N.g '.sec™h

= the maximum rate of hydrolysis {ug N.g l.sec™!)
the Michaelis constant (ug N.g ')

the effect of soil moisture on hydrolysis

the effect of pH on hydrolysis.

Foﬂt‘s.‘;;?‘!z< =
"

Vy; increases exponentially as a function of temperature according to.the following equation:

¥, = A o T/¥D @
where

T = the soil temperature (°K)

Ea = the activation energy (9.8 kcal . mole—l)

R = a gas constant (1.98 x 1072 keal . mole ! . %1

a = an experimentally determined constant (A = 153980 ng.g '.sec D).

The effect of soil moisture [M ) and pH {P) on hydolysis are shown in Fig. 2a apd 2b,
respectively. The flow to soil solutlon NH is calculated by multiplying the hydrolysis
rate by the soil concentration of urea usmg a 300 second time step.

The pH of each soil layer is calculated as function of cuulative hydrolysis of urea
(Fig. 3). A's anmonia is volatilized the pH will tend to decrease as a result of dissocia-
tion of NH ion. ThlS effect is included in the model by subtracting the cuaulative loss
of NH gas (ug N.g~ ) for each layer from the cumulative hydrolysis of urea.

Equilibriun between NHB and Iu‘H
The model calculates an equlllbumn between NiT
the soil colloids {NHaj

4 in solution (NH 4) and NH adsorbed by

1

A

o | (3)

N 4

s
4
The equ111br1um constant K is calculated as a function of solution concentration (pg.ml™ )
of NH4 ((N—I 1), according to the follewing equation:

=D/ + K (#)

D= [NHZ) + 50 (5)

where K a (20 ug.ml_]) is the Michaelis coefficient. The model calculates flows such that
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the instantaneous equilibrium between NH and NH4 will be established. This series of
_equations was set up S0 that the fractlon of total NH in each soil layer that is adsorbed
by soil colloids will increase with solution concentratlon of NH Conceptually, this
equs.tlon includes the precipitation of salts and other fixation mechanisms in addition to
NH held by the cation exchange complex. Drying down of the soil is cne of the main pro-
cesses for increasing the solution concentration of NHa ion. This part of the model uses a

15-second time step.
Bquilibrium anong il » NHag and NHg

The model uses the chemlcal equ111bnum between NH and NHElg and an equilibrium between
NHE and NHS.

2
NH;'S +HO ¥ NHz + o (6)
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These equilibriums are solved simultaneously using the following equations:

N = X(2) + X(4) + X(5)

8
Ky/ () = QH,)/ (NH35) (9
Ky = O/ QHE) (10)
where
N' = the sum of X(2), X(4), and X(5)

K, and K3 = temperature-dependent equilibrium coefficients (Van Veen, 1977)

{H) = (M activity

(PE-!z) and {NH%J = concentrations (g.am > water) of NH: and Nﬁgg, respectively and (NH%}
is the concentration (g.cm > air) of NH%.
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((H) is calculated as a function of the pH according to the following equation:
@) = 108714+ P an

The temperature dependence of this equation is ignored because of its relatively small
effect. This part of the model uses a 15-second time step.

Solution transport of wrea, NHE, and Nﬂzg

Urea, NHZ, and l\lHi,'lg are in the soil water solution and are transported between soil
layers with liquid water flow. The scil water flow model calculates the water flow between
layers, and the fraction of the water flow in the liquid phase is a function of the soil
water tension. The fraction of water flow in the liquid phase is equal to 1 with soil water
tension greater than -3 bars and decreasing to zero at -15 bars water tension. The solution
transport is assumed to equal the liquid water-flux times the solution cancentration. A
300-second time step is used to calculate the flow.

Diffusion of Nﬁg

The model calculates the diffusion of NH, gas within the soil layers and the loss of
M, fram the top soil layer into the atmosphere. Diffusion of N, gas within the soil is
calculated according to Fick's law of diffusion.

= 5 - )
Fpo=[(N1); - (W3),] . D/ ax (12)
vwhere
E, = the flux of NH% from the ith layer to i-1 soil layer (g N.cm_z.sec_l)
D = diffusion rate of NHE in the soil (en®. sec”))
Ax = the distance between soil layers

3

(NH%) -1 and CNI-I%):.L = the concentrations (g.cm ~ air) of NH% in the soil atmosphere of

the i-1 and ith soil layers.

The diffusien rate of NH§ in the soil is calculated as a function of the porosity of the
soil according to the following equation:

D/n, = s'+33 (13)
where

S = the fraction of a soil layer occupied by air
D, = the diffusion coefficient of N, gas in free air (0.185 en’. sec™)).

This equation was developed by Millington (1959) and the value of Dy is based on the
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value used by Van Veen (1977).
Transfer of NHE from the top soil layer to the atmosphere is calculated with the fol-
lowing equation:

a g - &

B e reud . - w1/ y (19)
where

F® = the flux of NHa from the top soil layer into the atmosphere

Y the resistance to flow of NHg into the atmosphem
o }a1r and [NHg] = the concentratmn (goam a:Lr) of N]-Ig in the free air and the soil
atmosphere of the top soil layer.

v is a fimction of wind speed, increasing rapidly with low wind speeds. We assume that wind
speed is high enough to break up the boundary layer and is set equal to 0.4 sec.cm '. At
the present time the model only considers situations where N5 flows out of the soil. This
assumption is valid as we arée considering the volatilization of N]-lg from urine patches
where large amounts of urea are added. Diffusion of N]-Ig in seil is smmlated using a 15-
second time step.

Sotl water model

The water flow submodel considers both saturated and wmsaturated water flow. The satu-
rated water flow occurs immediately after the application of water to the soil. With the
saturated water flow, water is added to the top soil layer until it reaches the -.10 bar
water tension. Water not used to fill up the top soil layer is then used to fill up the
next lower soil layer until all of the water is allocated. Unsaturated water flow occurs at
water tension less than ~-.10 bars and is calculated with the equation suggested by Hillel
(1977). He combined Darcy's law and continuity equation to get the following equation for
the vertical flow of water in the soil;

d ] 8K :
F &P - (15)
vhere
g = the soil water content {an HZO)
Z = the soil depth
K = hydrolic conductivity {cm.sec”!)
¢ = soil water potential (um water}.

This equation is solved with the same finite difference scheme and boundary conditions
used by Hillel (1977). The bowndary condition at the soil-air interface is that water loss
by evaporation equals the potential evaporation rate until the top soil layer reaches the
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air-dry value of the soil (-50 bar water tension) and is then set equal to the rate that
water flows into the top soil layer from the next lower layer. Water 1oss from the bottom
of the soil profile is assumed to equal zero because of our present experimental condi-
tions. The potential evaporation rate is a function of the air temperature and wind speed
and is assumed to be constant for any given model run. A 300-second time step is used in
solving the water flow model.

8. INPUT PARAMETERS
a. Initial values of N state variables:

1. initial levels of NI-IZ, NHz and urea in each of the soil layers,

2. concentration of urea in the added soil water.

b. Initial condition for the soil water model:

1. initial soil water content of each soil layer (an H,0),

2. added soil water {am of H 0]

c. Constants for the N model:

1. equilibrium constants for equations (6) and (7) Van Veen, i977),

2, Michaelis coefficient for equations (4) a.nd (5),

3. diffusion coefficient of gaseous NH (un .sec } in:the soil (egquation (11)) and
resistance to flow of NH, gaseous (sec. cm” ] in the free atmosphere,

4, value for KIll and A used in equations (1) and (2) respectively,

5. pH of the soil as a fimction of cumulative hydrolysis.

d. Constants for the water flow model:

1. relationship of matric potential (am of head) to volumeter soil water content for each
soil layer,

2. relationship of hydrolic conductivity (cm.sec—]} to matric potential (cm of head) for
each soil layer,

3. depth of each soil layer {cm).

e, Driving variables:

1. soil and air temperature (°C),

2. maximm evaporation rate (am.sec” Y.

9. OUTPYT, VERIFIABLE VARIABLES

The main output variables which can be determined by e)q)eriinental determination are:
a. total NH (M-I4 + M ) on each 5011 layer (g.m )

b, urea N 1n each soil layer (g.m~ ),

c. MH, loss (g.sec”") vs time and cumulation Ni, loss (gm %,

c. soil water content on each soil layer (cm HZO).

10. OBSERVATIONS

The experiments that were used to determine parameters for NLOS included: an experimen-
tal determination of the coefficients used in the urea hydrolysis equations (1 and 2},
determination of the relationship between pH of the soil and cumulative hydrolysis of urea,
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and the laboratory detemmination of the relationship between soil matric potential and soil
water content.

Urea hydrolysis rates were measured by the procedure used by Gould et al. (1973), in
order to determine the value of Vy in equation (1). The constant A is calculated by insert-
ing the cbserved value of Vy at 25 °C into equation (2). The effect of temperature {equa-
tion (2)) was taken from literature data (Gould et al., 1973). One of the implicit assump-
tions is that the urease level in the soil remains constant.

The change in the soil pH resulting from urea hydrolysis (see Fig. 3) is determined
from an experiment where urea was added to the soil and the change of pH as function of
cimulative urea hydrolysis was recorded.

The relationship of soil matric potential and scil water content was determined using
standard pressure plate techniques, and the relationship of hydrolic conductivity to matric
potential are based on data published by Hillel {1977) for a sandy soil.

11, OMPARISON RESULTS

A detailed verification and validation of the model has not been performed at the pres-
ent time. Preliminary verification of water flow model has been performed and is presented
in Fig. 4. The results show the model does a good job of representing the change in soil
water content vs time. It is important to note that observed soil water data was partially
used in development of the water flow model. A similar verification of nitrogen cycling
part of the model has not boen performed at the present time. Figure 5 shows the results
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of series of model runs where the driving varisbles for the model have been varied. With
the control run the potential evaporation rate (PET) is .25 em day_] and the temperature
is 25 °C. The results show that NH., volatilization rate increased rapidly to a peak value
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after 18 hours and then decreased rapidly. Increasing the temperature without modifying
the evaporation rate (high T rm) causes NH volatilization to be increased substantlally
and the peak loss rate occurred 2 hours earller Decreasing the PET rate to .15 am day
causes the peak NH, loss rate to be delayed by 12 hours and the declme after the peak is
slower than the control run. Increasing the PET rate to .35 cm day causes the NH loss
rates to be greatly reduced and the time of the peak loss rate is 6 hours earlier than the
control. The percentage of added N that is lost through NH volatilization after 48 hours
for the different runs are 14%, 20%, 7% and 18% respectively for the control, high temper-
ature, high PET and low PET rums.

The only observed data we have is volatilization of NH, from urine added to a different
s0il type. With this experiment the temperature was 25 °c and maximm evaporation rate is
unknown. The results show that the time of the peak NH3 loss rate is similar to the control
run and that the peak NH, losses are 4 times smaller than the control run.

12. LIMITS AND LIMITATIONS

There are no particular limitations to the NLOS model other than the fagt that the NH3
volatilization part of the model has not been validated adequately. Within the next six
months we hope to have sufficient experimental data to validate the model.

13. CMPUTER
NLOS is runming on a CDC cyber computer at Colorado State University.

14. PROGRAM LANGUAGE
The program uses a fortran based simulation compiler (Simcom 4) which is only available
at Colorado State University.

15. RUNNING TIME/CCST
The program takes 40 seconds CPU time to run a two day simulation and the approximate
cost is §$6.00 a minute for CPU time.

16. USERS
The model is being developed and used by a NSF supported nitrogen cycling project at
Colorado State University.

17. DEVELOPER AND PRINCIPAL CONTACT
The authors of this paper are the developers of the model.
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4,13 Leaching of nitrate in structured
soils

T.M. Addiscott

1. NAMES OF MODELS (AND PROCRAMS)
SL3, SLD3.

2. SYSTEM MODELLED

Leaching of nitrate on plot or field scale in structured seoils, mainly to 0.5-1.0m
depth, occasionally to ca. 30 m.
3. OBJBCITVE g

Simulation of downward movement or loss of nitrate and other non-adscrbed solutes to
give predictions of solute concentrations in the profile and in drainage. The model is
particularly intended to make allowance for the holding back of solute in structural umits.

4, TIME SCALE _

(a) For simulations in shallow profiles (up to 1 m), the total period is usually 3-8 months
with computations made once per day when rain occurs.

(b) For simulations in deep profiles (e.g. 30 m} simulations have been made over an 18-year
period, with computations once per month.

5. DIAGRAM

This is a layer model based on the concept that water and solutes in the soil can be
partitioned between a mobile and a retained phase. There are thercfore two compartments
per layer and usually between 5 and 30 layers. During water movement, only the mobile
phase is displaced. In the simpler model (SL3), it is assumed that equilibrium is set up
between the mobile and retained phases when flow ceases. In the SLD3 model, solute moves
between the phases by diffusion when flow ceases. Solute in the retained phase is held back
against leaching in both instances.

Fig. 1 shows an outline flow chart applicable to both models and table 1 lists the
‘meanings of the variables to which reference is made. The simple calculations that are made
for the mobile phase of each layer are shown diagrammatically in Fig. 2a. If the amount of
displacement caused by rain (W) exceeds the amount of water in the mobile phase {WMi), the
model follows the fast leaching routine (Fig. 2b and section 7) in which it tests through
how many layers the mobile solution is displaced by suming the values of WM; downwards
ntil I WM, > W. The mobile solute & SM; for the layers for which W > £ WM, is stored in
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Fig. 1. Outline flow chart applicable to SL3 and SLD3 (Addiscott, 1977).
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Table 1. Meanings of variables

WM(T) Mobile water in layer (1}
WR{I) Retained water in layer (I)
CSM{T) Solute in WM(I)
SR(I) Solute in WR(I)
W Rainfall input
S(I) Solute input to I'th layer
SL(I) Solute loss from I'th layer
NIl Layer count for fast leaching routine, Number of layers for which
W o> & OWM(D)
WN L WM(I) as above
IX Layer at which W found to exceed WM{I)
Iy Variable ’
SMG, WMC Solute and water displaced from layers for which W > I WM(I)
M Number of bottom layer .
MX1, MX2, MX3 Layers at which it is required to interrupt the fast leaching routine
. R M
[l - I) w
Id
1
i [sr wr[smwm| 2 wW
S
3
{i+1) 4
A { |----
5
( i-1 ) B
Si = SL{i-1]

i s wmlo___
(New) SMi = (01d) SMi - SL; + Si

SLi=8SMi x W/WM;j
(i‘”) 5[i+|]=SLi

Fig. 2. Diagrammatic represemtation of calculations made in program. (a) When W < WM(I);
(b} When W > (WM(I)).
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the layer at which £ L P W. The solute input (Si) to the original layer is then distrib-
uted between these layers according to their VMi values (Fig. 2b) and 'the stored solute
distributed subsequently in the layers below.

Evaporation can be accumulated at the surface as a deficit and subtracted from rainfall
or treated as 'negative rainfall'.

In the SL3 model the equilibration between the phases after flow ceases is achieved
simply by making SMi/hMi equal to SRi/WRi (Fig., 2a). In the SLD3 model, the movement of -
the solute between the phases by diffusion requires that the phases have definite sizes and
geometry. It is assumed that the retained water is held inside the soil structural units,
which are assumod to be cubic, and that the mobile water flows in a film over the surfaces
of the cube. Each cube is divided into four concentric volumes (Fig. 3) for each of which
the surface area (A) can be calculated. The solute, which is a variable, and the volume of
water, which is treated as constant and calculated from the total volume and porosity of
the cube. The diffusive flux of solute is then calcutated by applying Fick's law in its
basic form (see 7).

haxd

Fig. 3. Two~dimensional representations of the concentric volumes in the cube. (Three-
dimensional in model)}.

6. LEVELS
The levels are in effect the compartments (See 5) and there are no integrations.

7. GOVERNING EQUATIONS
For solute movement between layers in mobile phase, see 5, especially Fig. 2a. The
operation of the fast leaching routine is not easily expressed other than verbally (see 5)

or in Fortran:
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Fast leaching routine

1

31

32

33

35

WN=WM (1)

I¥=I

1¥=I ,
IF(I.EQ.M.OR.I.EQ.MX1,0R.EQ.MX2.0R.I.EQ.MX3) G0 TO 34
IY=IY+

NT11=N111+1

WN=WN+AM(TY)

IF(W.GT.WN)GO TO 32

GO TO 34

IF(IY.EQ.M.OR.IY.EQ.MX1.0R.IY .EQ.MX2.OR.IY .EQ.MX3) GO TO 33
GO TO 31

NT11=N111+1

SMC=0.0

WMC=0.0

SMC=SMC+SM(T)

WMC=WMC+HM (1) p
SL(T) =5MC*S (IX)* (W-WMC) /W

SM(I)=S(IX)*WM(T) /W .

N111=N111-1

GO TO 4

The diffusion of solute between the mobile solution and the outermost volume of the cube

and between the concentric volumes within the cube is treated by Fick's First Law

- de
F_-D_CBE m

used in the following form, derived from eq. 4.15 of Nye and Tinker (1977}

~

AC
145 _ e
A" o E @)
where
A = surface area {mmz) (see 5)
45/4t = solute transfer per umit time (mg alor mg month™ 1)
D, = diffusion coefficient in free solution (u’ d”' or m’ month™")
] = volume fraction of water (which gives the cross section for diffusion through
solution)
£ I = impedance factor (which takes account of tortuosity)
AC]/Ax = concentration gradient in liquid phase (mg mm_a) .
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D] is known; A, & and ACt are calculated from other inputs; f1 is assumed to be similar in
value to 8; Ax is shown in Fig. 3. The model allows diffusion to take place in any muber
of time steps.

8. INPUT PARAMETERS

Both models: rainfall and evaporation (mm}, solute concentration in rainfall (mg 1_1),
initial solute concentrations in water in layers (mg 1_1) » bulk density of soil for some
conversions. SL3: soil moisture characteristics for layers from which the values of WM and
WR are calculated thus:

WM = [e{pF 1.7) - a(pF 3.3}1.d (mum) (3a)

WR = [0(pF 3.3) - 10@F 4.2)1.d  (mm) {3b)
where

8 = volume fraction of water

d = layer thickness (mm).

SLD3: aggregate size distributions for layers (nomal or log-normal) expressed as mean and
standard deviation. (Fram these the model devides the aggregates into four size categories,
each containing one quarter of the volume and derives a mean size for the category. Sepa-
rate diffusion calculations are subsequently made for each size category.) Porosity of
aggregates. Thickness of film of mobile water. (Not measurable; 'guesstiémte' needed.)

Note: Nitrate released by mineralisation of soil organic nitrogen has been fed into both
programs. Bxperiments have shown that the amount mineralised is often related to the square
root. of time by a constant (k) (Stanford & Smith), 1972) and that 1n k is proportional to
the reciprocal of the absolute temperature (Stanford et al., 1973). These relatiomships
have been used.

9. QUPUT; VERIFIABLE VARTABLES

{a) Amount or concentration of solute in water in each layer (can be converted to dry soil
basis}.

(b) Concentrations of solute in drainage resulting from each rainfall event.

10. OBSERVATIONS

{a) Small field experiment, not intended for testing of models, in which calcium nitrate
was applied to the surface of the soil or incorporated to a depth of 13 cm in edrly
October. 0-13 cm and 13-26 cm layers sampled until mid-January.

(b) Experiment in which chloride was applied in mid-October to the 20-inch and 40-inch
{approx. 0.5 and 1.0 m} Drain Gauges (lysimeters) at Rothamsted. Drainage collected daily
mtil the end of May and analysed for Cl.

250




NQ-N conc. {mg kg™')
120 {q)

[ T3

[ L3

100

80

0 20 40 & 8 100 120
time (d)
NO;N conc. (mg kg'}
120¢ (]
10ot” *
B
80

60

40

20

P

O 20 40 60 80 100 120
time {d)

Fig. 4. Measured (points) and simulated (lines) NO4—N concentrations (dry soil basis)
found during experiment described in section 10{a) in 0-13 cm {(—— @ and 13-26 em (=~ 0}
layers after (a) surface application or (b) incorporation of Ca(W0,) at 100 kg N ha .
Asterisk denotes that simmlation was outside fiducial limits (p <
centration (from Addiscott (1977)).
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Fig. 5. Relationship between chloride concentration and cumulative drainmage in Rothamsted
Drain Gauge experiment (section 10(b}). (a) 20-inch, (b} 40-inch gauge. —— measured, =--—
simulated. (Measured line as in Addiscott et al. {(1978), simulation obtained subsequently.)

11. QMPARIS(N RESULTS

Fig. 4 shows the simulation of the results of the field experiment (10a) and Figs.
52 and b the simulations of the chloride concentrations in the drainage from the Drain
Gauges (10b).

12. LIMITS AND LIMITATIONS
When rainfall is put in on a daily basis a layer thickness of 50 mm is appropriate. If
monthly inputs are used the layer thickness must alse be increased, to 500 or 1000 mm.
The models are intended mainly for structured soils and may not be so relevant in sandy
soils, where the model of Burns (1974) may be more appropriate.

13. CQMPUTER
The models have both been run in the Rothamsted ICL 470/472 system. SL3 has also been
nm in a Commodore Pet 8000 microprocessor.

14. PROGRAMME LANGUAGE
FORTRAN .
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15. RUNNING TIME/COST
SL3. For a 10 layer profile and 150 rainfall/evaporation events 1 ETU.
SLD3. For a 31 layer profile and 207 rainfall/evaporation events 34 ETU.

16. USERS
Model used so far only at Rothamsted.

17. TDEVELOPER AND PRINCIPAL CONTACT
Dr. T.M. Addiscott

Rothamsted Bxperimental Station
Harpenden

Herts. ALS 2JQ

1U.K.
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4.14 A model to simulate partial
anaerobiosis

P.A. Leffelaar

1. NAME OF MODEL
ANAER: Partial anaerchiosis in a model soil.

2. SYSTEM MODELED

A structured agricultural soil is represented by spherical porous equidimensional
aggregates in a hexagonal packing with inscribed porous aggregates in its voids. For this
geanetry water and oxygen transport properties ave modeled for the top 25 cm of the model
soil in view of denitrification. '

3. OBJHCTIVE _

To develap a mathematical approach to the problem of calculating partial snaercbiosis
in structured soils taking into account the inter- and intra-aggregate water distribution,
the oxygen transport fram the atmosphere into the soil and from the inter-aggregate pores
into the aggregates. PFurther to indicate deficiencies in the description of these processes
in view of future research.

4, TIME SCALE .
The model has been used to calculate the anaercbic soil volume before, during and after
short rain periods. Total simulated time is one day and the time step used was 1074 day.

5. DIAGRAMM

ANAER is a model composed of the submodels water flow, macro diffusion of oxygen from
the atmosphere into the soil, and oxygen diffusion from inter-aggregate pores into the
aggregates. In the following the main processes are described.
Water flow: from functions relating water content to suction and hydraulic conductivity
respectively, water flbws are calculated following Darcy's law and subsequently used to
calculate the new water content in each layer., The water flow submodel is based on a paper
by Van Keulen & Van Beek (1971). Rain is introduced as a forcing fumction. Water uptake by
roots 1s assumed to be homogeneously distributed over the profile. The ground water table
is situated at a depth of 50 or 100 am.
Maovo omygen diffusion: from a function relating diffusion efficiency to gas-filled poros-
ity and from mass transport of oxygen out of the profile due to air displacement by rain
water, oxygen flows are calculated and used to compute the new oxygen concentration in
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each layer.

Oxygen diffuston from inter-aggregate pores tnto the aggregates: functions relating water
content to air-exposed area for each aggregate diameter, and to the equivalent radius of
the water filled part of an aggregate were calculated. Diffusion of oxygen is taken pro-
portional to air-exposed area, and the equivalent radius is used to compute its ratio to
the critical radius at which just mo anaercbiosis occurs. This ratio i used in the steady
state solution to the diffusion equation for spheves to cbtain the anaercbic aggregate
volume (Currie, 1961). Respiratory activity is reduced in proportion to the anaerobic soil
volume fraction.

6. LEVELS
See 5.

7. GOVERNING EQUATIONS
The equations describing the processes mentioned have previously been derived (Leffelaar,
1977, 1979). The interested reader is referred to the original texts.

8. INPUT PARAMETERS

a. General inputs

- radius of equidimensional aggregates, om
- total pore volume, cn’.an >
- total depth of top laver, cm

- number of compartments.

b. Water fiow model

- initial water contents, cnc.an
- s0il moisture characteristic

- hydranlic conductivity as a function of water content {calculated according Green and
Corey, 1971)

- saturated hydraulic conductivity, cm.d”)

- root water uptake, an.d”

- depth of groundwater table, cm

- rainfall onset, intensity and duration as a function of time, d.

3

Cc. Oxygen flow model for transport of oxygen from the atmosphere into the soil

- diffusion efficiency factor as a function of gas-filled porosity (calculated according
Millington and Shearer, 1971)

- diffusion coefficient of oxygen in air, cm®. d !

- amount of oxygen in air, g Oz.cnf3

- oxygen consumption rate at the moment that no anserobic zones are present,

g 0.cn2.25 an depth™'.d”!
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d. Oxygen diffusion from inter—aggregate poree intc the aggregates

- air exposed area as a function of water content for each aggfegate c!.iameter

- equivalent radius of the water filled part of an aggregate as a function of water content
- anaercbic soil volume fraction as a function of the ratio of the equivalent radius to the
critical radius (calculated according Currie, 1961)

~ distribution of the oxygen consumption over the aggregates

- diffusion coefficient of oxygen in pure water, em?. a7t

- diffusion coefficient of oxygen in an aggregate, . 47! (calculated according Milling-
ton and Shearer, 1971)

~ critical oxygen concentration at which it is stated that anserchiosis occurs, g Oz.cm_
- relative solubility of oxygen in water.

3

9. - QUTPUT; VERIFIABLE VARIABLES

- Anaercbic soil fraction as a function of time.

- Apacrobic aggregate fraction for each aggregate diameter.
- Oxygen concentration in the inter-aggregate pores.

- Water content.

10. ORSERVATIONS
The model was used to indicate which problems need more attention by performing a
sensitivity analysis of the different variables, it was not tested experimentally.

1. COOMPARISCN RESULTS

Results are shown in Figs. 1 through 4, in tems of the fractional anaercbic volume of
soil (FANVOL) plotted against time for soil layers 1, 7 and 15 correspending to average
depths of 0.8, 1¢.6 and 23.7 cm, respectively. The diffusion coefficient in the aggregates,
and the rain intensity and duration were taken as 0.1272 am®.d”! and 9 an.d”' and 3 hours,
respectively.
' Figure 1 serves as a so-called basic run in which input data for oxygen consumption rate
and groundwater depth were taken 10 1 02"“—2' 25 em depth™'.d”} and 100 om, respectively.
input data used to produce Figs. 2, 3 and 4 have heen changed as compared te those in Fig.
1 with respect to either oxygen consumption rate (26.7 1 0, ;2,25 am depth_].d-i] , OF
spatial distribution of the respiratory activity, or groundwater depth (S0 <m), Tespec-

tively. Before rain is introduced, about 0.05 day is needed to adjust FANVOL to its right

initial value. It is seen that below a depth of 10 cm always some anaerchic microsites are

present indicating the soil to be a potential source of denitrification. Further a rain of

11 mm has a pronounced effect on anaerobiosis even up to about 20 hours after it ceases.
A more detailed discussion is given by Leffelaar (1979).

12. LIMITS AND LIMITATIONS
- Maximum time step equals 1074 day, caused by the small time constant of the macro oxygen
diffusion process.
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Figs, 1-4. FANVOL as a function of time for three_%ayers. From top to bottom 1: basic
program, run 1; 2: oxygen consumption 26,7 1 Op.m “. 25 cm depth” .d7°, Tun 2; 3: respira-
tory activity located in half the aggregates, run 33 4: depth of groundwater table 50 cm,
run 4. (Figs 1,2 and & from: Soil Science 128:110-120.Williams & Wilkins Co.Baltimore,USA)
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- Space steps were taken as the height of a unit hexagonal packing. When the dimmeter of
the equidimensional aggregates equal one cm this height is 1.633 am. *

- Minimum and maximun matric suctions are 1.017 and 2180 mbar, respectively, when the
diameter of the equidimensional aggregates is ome .

-~ Though the program may be used to investigate the relative importance of e.g. soil mois-
ture characteristics or other aggregate diameters on anaerobiosis, such action would de-
mapd sane recalculations of fumction tables.

13. COMPUTER

The model may be run on any computer that has a CSMP-III compiler available. These will
be in general IBM machines (series 360 and 370) but for some other brands the same package
is available (for instance TEC-10).

14, PROGRAM LANGUAGE
(SMP-I1I1. However, the program may be rewritten in FORTRAN-4.

15. RUNNING TIME/COST
Costs were not registrated, but a run tock about 120 sec CPU-time.

16. USERS
The model so far is only used by the developer.

17. DEVELOPER AND PRINCIPAL CONTACT
Department of Theoretical Production Fcology
Bornsesteeg 65, 6708 P Wageningen, the Netherlands
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4.15 A model of denitrification in
aggregated soils

K.A. Smith

1. NAME OF MODEL

No name has been given to this model’! hitherto, but the name AMAZON (A Model of the
extent of Anaerobic Zonmes in soil and the effects on Nitrogen loss by denitrification) has
now been coined and will be used in future developments of the model,

2. SYSTEM MODELLED

An asserbly of soil aggregates with log-normal distribution of aggregate sizes such as
occurs in field soils (Gardner, 1956; Allmaras et al., 1965; Smith, 1977, 71980). Relatively
better drainage and aeration occurs in the inter-aggregate pores than within the aggregates
(Avery, 1964; Thomasson and Robson, 1967), and if respiratory demarnx for oxygen exceeds
supply, anaerobic zones develop at the centres of the larger aggregates. Denitrification
occurs within these zonmes, resulting in the evolution of nitrous oxide and nitrogen (Smith
and Dowdell, 1974; Dowdell and Smith, 1974).

3. OBJECTIVE

To calculate the extent of anaerobiosis from given values of gaseous diffusion coeffi-
cients within and between aggregates, aggregate size distribution parameters, temperature
and respiration rate, and then to calculate the rates of denitrification occurring in
anaerobic zones.

4. TIME SCALE
The model in its present fomm is applicable only to equilibrium conditions.

5. DIAGRAMS

The pathways of gas diffusion in an assembly of soil aggregates are shown diagrammati-
cally in Fig. 1. There is a critical aggregate size for the development of an angerobic
zone; the fraction of the aggregate volume which is anaercbic rises rapidly with further
increase in size (Fig. 2).

1. The model presented here is an abbreviated version of the one published in Journal of
Soil Science (Smith, 1980), and iIs reproduced with the permission of the publishers,
Oxford University Press, Oxford.

259



I
i
[

Soil surface C0O2,.N,0. N,

Fig., 1., Diagrammatic representation of gas diffusion pathways in aggregated svil, leading
to the formation of anaerchic zones within the larger aggregates.

6. LEVELS
See 7.

7. GOVERNING EQUATI(NS
a. Diffusion within soil aggregates

The equation for diffusion of oxygen into a spherical aggregate is:
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Fig. 2. The relationship between sggregate radius and the fraction of the aggregate volume
which is anaerobic.

I ry/r; II: (¢ /Y3 = v _fv. .

(From Smith, 1937, ‘reproguced by permission of the Williams and Wilkins Co.)

dc 1T d 2 dc
af"_z'a'fE)ar & - Q O

r = the radius of the aggregate

¢ = the concentration of oxygen in the pore space

D = the diffusion coefficient within the aggregate

Q = the rate of uptake of oxXygen per unit volume of aggregate.

At equilibrium dc/dt = 0, thus
a [2de. @ o
dar ar D,
If the anaercbic zone at the centre of the aggregate has a radius T, c= 0 and
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dc/dr = Owhenr = 1 o Integrating (2) and applying these boundary conditions g.ives
S e
il (3)

where C is the concentration of oxygen in the pore space at the surface of the aggregate
(cf Currie, 1961; Greemwcod and Berry, 1962).
When the aggregate is just wholly aerobic, r, =0, and

1

6D C|®

- _ a
"""c‘[qj

r is therefore the radius of the largest aggregate which can exist in a wholly aerobic
state, for given values of b, C and . For water-saturated aggregates, C is replaced by
C.S, where S is the solubility of oxygen. The fraction of an aggregate of radius r that is
anaercbic is (ro/rja, where rolr is given by

r /T = -2 cos ofcos (u/-.'ﬁ) . (4

and where o = -sin” ! (r/1).
For a log-normal distribution, the fractional volume consisting of aggregates of radius

between r - g—r and T + g_r_ is given by

' )
1 (log T - log )
v = ——— exp |- sr (%)
T oér VZm |: 202 } )
where

the mean radius
the (log) standard deviation.

The fractional volume of soil consisting of aggregates of radius r that is anaerobic is
given by the product of {4) and (5), i.e. (ro/r)3 v_. The fraction ¢ of the total aggre-
gate volume which is anaerobic 1s obtained by substituting for v, and integrating:

- 3 _
r 2

6 = 1 [ Z e l:_(logrglogu)] dr )
r 20

-
e I (Smith, 1980} .

where, as above, T
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b. Diffusion of cxygen down sotl profile
The Telationship between oxygen concentration C and depth x in a uniformly respiring
soil is given by

4R (10 = 0 N

(after Radford and Greenwood, 1970).
In a profile containing anaerchic zones in which no respiration takes place, this becomes

22 (-eyg-0) ~ 0 ®

the inter-aggregate porosity
the mean diffusion coefficient along the vertical axis through a representative
cross-section of soil.

[u]
]

w)
I}

By integration, the relationship between C and x can be determined.

C. Diffusion of Fy0 and N2

Let the rate of formation of NZO/unit anaercbic volume = P, If the rate of formation of
N2 from N20 = P”, then rate of release of NZO =p-p.

At equilibrium, rate of entry of NZO into gaseous phase = rate of loss, and the rela-
tionship between concentration and depth is given by

2na -
dc” , (p-P7) (1-€)¢ = 0 (9}
dxz D
vhere
¢ = the anaerobic volume
e = the inter-aggregate porosity
C” = the concentration of nitrous oxide
D” = the mean diffusion coefficient for NZO along the vertical axis through a represent-

ative cross-section of soil.

The corresponding diffusion equation for N, is

2. -
e e (ae = 0 (10)
&
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where

C”” = the concentration of N2
D"

1]

the mean diffusion coefficient for N,.

d. Diffusion of nitrate into anaerobic uones ]

Assuming that the concentration of nitrate in the anaercbic zone is zero, the quantity
F diffusing into the zone per wnit time is given by the stendard equation for diffusion
through a spherical shell (Crank, 1975, p. 89}:

T T[‘o
F= 4T!DN I‘—:HT_‘ CN (11)

[+}

where

the diffusion coefficient for nitrate in solution
the radius of the anaerobic zone ’

T :
the concentration of nitrate near the outer (aercbic) surface of the aggregate.

Cy

u

Assuming that the rate of denitrification is equal to the rate of arrival of nitrate in
the anaercbic zone, this rate, per unit volume of aggregate of radius r,

rr 3 r
_ l_ o dnr _ o
- Gy | / | T My (12)

{r-r)

Thus the total rate for all aggregates of radius r is given by the preduct of (12) and v
(fram Equation (3))

T 2
= |- (og r - log W)~
- SDNCN o 1 exp l:_ log r - log u)

rz(r -T) sTY2m 202

and the total rate N for all aggregates is given by

SDNCN To (log r-log u)z
N = - d (13)
ovin [ 3 - T ) e |: 26° i
T

Thus an estimate of the total denitrification rate may be obtained which can be compared
with that derived from the gaseous diffusion equations.
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8. TINPUT PARAMETERS

c, ¢, ¢ concentrations of oxygen, nitrous oxide and nitrogen, respeactively

D, diffusion coefficient for 0, within soil aggregates [cmz.s )

Q rate of oxygen uptake per umt volume of aggregate (cm 0, s ].c:m_g)

b, b, D diffusion coefficients for 0 N o0 Ny, respectlvely, between aggregates
(i.e. through the soil profile)} (c:m .5 )

S solubility of oxygen in water (cm3. am )

T temperature [°C)

i mean aggregate radius (cm)

g (log) standard deviation of aggregate size distribution

inter-aggregate porosity (am3.em™3

£
c concentration of nitrate (g.cm )
Dy diffusion coefficient for mitrate in solution (am’.s™ )

9. OUTPUT VARIABLES

¢ the fraction of the total volume which is anasrobic

P the rate of formation of N,O B

P the rate of formation of N,

N the total rate of denitrification as indicated by the disapperance of nitrate

10. OBSERVATICNS
Theoretical model only - not yet tested experimentally.

12. LIMITS AND LIN[[TATIWS

D, is within the range 107% to 10- at.sL,

57! to 7.6 x 1072 cn.s
C is within the range 0 to 0.21 cm3.cm-3.

u, o, E, Da, D, Q and CN are assumed to be constant with depth.

D is within the range 7.6 x 10°¢ -1,

It is further assumed that the actively respiring soil is of sufficient depth to ensure
that the inter-aggregate oxygen concentration reaches zero.
The selection of values for the parameters above is discussed in Smith (1980).

13. COMPUTER
SYSTIME 5000 (based on PDP 11-34).

14. PROGRAM LANGUAGE
BASIC

15. RINNING TIME

Approx. 3 minutes (to give values of ¢ for 10 values of C). Should be similar for other
calculaticns - not yet run.
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16. USERS
Developer only, but usable by anyone.

17. DEVELOPER
K.A. Smith, Edinburgh School of Agriculture, West Mains Road, Edinburgh EH9 3jG, U.K.
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5.1 Some mathematical tools and
programming procedures for soil
simulations

V. Andursky, I. Tzur and A. Ziv

1. INTRODUCTION

Our aim is to describe certain mathematical tools which have been especially developed
in order to achieve short computer mmtime for a soil simulation.

The model used is the one described in J. Hagin and A. Amberger {1974), and in G. Kruh
and E. Segall (1980), which was originally programmed in CSMP.
We shall limit ourselves to the brief description of some mathematical tools which enabled
a reduction of nmtime by an order of magnitude, and in addition, enabled the obtaining of
results in situations which the former camputer program could not handle, independently of
runtime. The purpcse of this paper is mainly to represent 'recepies', and not to provide a
camplete mathematical background and justification.

We refer, however, to V. Amdursky (1980) where the underlying mathematical theory is
described, and which may be applied in case certain problematic equations of a different
character have either to replace or be added to the present ones.

Due to space limitations, only the main ideas will be presented, leaving aside technical
details of secondary importance.

2. SOURCES CF DIFFICULTY AND GENERAL DESCRIPTION OF THE PROGRAM

Although some of the equations appearing in the model are basically partial differential
equations, they have been discretized (in space) already in the previous CSMP program, and
we decided to accept this spatial discretization without amy modification, so that the
entire model is now fomulated as a system of ordinary differential equations, with time
as the independent variable. In attempting to solve these equations mumerically, the
following difficulties arise:

1. The presence of 'stiff' equations, in the ordinary sense.

2. The presence of highly oscillatory terms, on the right-hand-sides of some equations,
this being combined with 'stiffness’.

3. The necessity to handle quite many 'transition points', i.e., points on the time axis
in which a sudden discontinuity is introduced, and moreover, some of the expressions
appearing on the right-hand-sides are replaced by (more or less) different ones, thus
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:

intreducing sharp ‘boundary layers'. In our simulation, such 'transition points' are due to
the following:

a. The beginning or the temination of rain or irrigation.

b. The beginning or the termination of a state of flooding.

The latter situation is especially critical, since this implies a sudden drop in oxygen
concentration, and usually, a denitrification process resulting from it.

Cne point should be made clear at the very beginning: Even when treating the differen-
tial equations which exhibit ordinary stiffnmess, most of the difficulties are not due to
stability but rather to accuracy problems arising from the slow accumulation of errors over
a long period of time (100 days as a typical period). It is for this reason that ordinary
methods originally devised for stiff equations can be used only for some equatiocns, but
most of the dlfflcultles will still remain. Moreover, even for these equations the usual
methods devised for Stiff equations fail to handle the "boundary-layers® .

The main features of the present program are the following:

1. The simultancous usage of four different, specially tailored methods of integration.
2. The usage of a certain 'block' in the program, called 'sensors', whose task is to
predict~ahead the points in time where sudden (sharp) discontinuities or boundary-layers
are to occur, and to make all the preparations needed for tackling this situation.

3. SOME INTEGRATION METHODS

(A) We start by describing the method of integration which we apply both for the concen-
tration of oxygen and for the water content in the upper (1 & 2 in our case) layers of
soil,

Assume that we have to solve a system of eguations of the following type:

Y = A(t)-Y + B(t)
Y(t) =Y,

over a relatively 'small' time interval (to, T+ At) which, in turn, may be 'large' com-
pared to 1/x (» being any eigenvalue of A}. However, we seek a method which will have the
following properties:
1. The method should be applicable also in the 'boundary-layer' stage.
2. The method should be applicable independently of the size of ()) - that is - both
for small, medium or large values of A. We assume, however, that the values of A are always
non~positive, real mmbers.

Actually, A and B are not given as explicit functions of time; on the comtrary, they
depend both on time in an explicit way, and implicitly on it via some explicit definition
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in terms of the entire vector of unknown variables of the simulation, including Y itself
ana many other unknowns. We assume, however, on physical grounds, that A{t) and B(t) are
relatively 'moderately varying'. We shall come to this point later on. Meanwhile, let us
assume A, B to be given explicitly as functions of time. Moreover, we assume A(to) to have
a diagonal Jordan form:

Alt,) = vay™!

We now define the following
*
A= At)

AAE i1

*
B

Bt) - V(e 07l at - a7 v! [B'(t) + A'(t)Y,]

Let Z = Z{t) denote the analytical solution of the following linear equation with constant
coefficients:

o3 ,

[ar}
]
E*

Z(toj = Yo

We study the difference Y(t) - Z(t). Assuming V—l{to), V(to), B{to), B'{t), A'(t), B"'(t),
A"(t) to be 0(1) over (to, t,* at) (which we shall call 'nice behaviour'), and assuming
the elements of A to be non positive, one can prove the following (somewhat roughly
stated) assertion:

a. Beyond the boundary layer, we have Y-Z 0(At3) throughout [to, t, + at); this also
holds within the boundary layer in case A = 0{1).

b. Within the boundary layer we have at least Y-2 = O{Atz) , and even much better in case
the elements of A are all large.

It is because of these error estimates that one may use the analytical solution Z(t},
within [to, t, At), as a good approximation to Y(t), which meets our requirements (1),
(2} menticned before, and this is actually what we do in the program.

In order to obtain B'(to) s A (to) , we use, due to their 'nice behaviour', a backward inter-
polation & differentiation 1-order scheme, which is not very critical and this can be
justified since A"(t), B''(t) = 0(1). This is why the actual dependence of A and B on the
entire vector of unknowns does not bother us. It should be mentioned, however, that when
this 'nice behaviour' of A, B in (to, t, At) does not hold, one needs more clever
devices, but we shall not enter this matter here.

(B) Another difficult problem arises with the computation of soil temperatures over long
periods of time. Having introduced the spatial discretization, one encounters the following
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type of a scalar differential equation for the temperature of the upper layer of soil:

%% = A(E)Z + B(t) + A(D)T(L) "

where A may cbtain relatively 'large' negative values; B{t), A(t), A'(t) have nice behav-
iour, but T(t) is highly oscillatory on a long-period scale. This oscillatory nature stems
from the day-to-night changes in atmospherical conditions.

The numerical solution, even when using methods devised for stiff differential equations,
becomes rather problematic due te the accumulation of errors. One needs a rather accurate
method, on a local scale, in order to prevent this accumulation on a global scale.

Again, as in (A), the coefficients A, A, B actually depend on other variables appearing
in the system, bu}: mearwhile we disregard this fact.

We proceed as follows: T(t) is a priori given in the simulation via a discrete table of
(measured) specified temperatures. For a contimuous representation, we use a chain of
splines of the fifth degree, each spline serving over a period of 12 hours, This provides
a very good, detailed and smooth description of T(t) over the entire period. Assuming this
representation to be exact, the analytical solution for Z(t) is given by

t°+At
[ r(t)dr to+ at

t, t rat a(g)de
I(t, +at) =e Z(t) + J e’ IB(1) +A(®)T(1)] dr

t
[+]

write: Ay ﬁh(to) .
Then Z(to + At) may be written as follows:

t°+At
I (A(T)—Aojdr

t t +At _
A AL o . J o A (£ _*at T}

- e O
Z[to + At) = Z(to)e e e

t
(<]

_to+At
[ (D)2 s
T
. e [B{t) + A(x)T(x)] dr

Due to the nice behaviour of A'(t), B(t), A(t), we may very well approximate (A (T)—ko};
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to+At t0+At
(&)1 )de (A(8)-1 )de

e B(z); e A{1)

over {to, t, o+ at) by polynomials cbtained frcm backward inforration stored in computer's
memory, arnd these are denoted by M(r), A(t), B(tr) respectively.

Let P(t) denote the {picewise) polynamial B(c) + A(tr) . T(z). We are now faced with the
problem of camputing

t rat A (t +At-1)
e® © P(1)dr.

T
o]

Let P(1) be rearranged in powers of (t- (t°+At)) as
r
P(t) = % as('r—(to*'ﬁt))s .
s8=0
Successive integration by parts yields then the following exact formula:

t +At
0

A (to-hAt—'t) r f el r s ADAt g1
e ® P(dr+ £ GYAM™ I a(Die® -a)®1-a;]
=0 o 8=3 8] i
t J
0
so that
t +At
0 —
[ M(t)ds
t
A At [« r . r A At -
20t +At) % Z(t)e ° e vr G 1 a® . e (-at)¥ -]
a [o] 3=0 o a=j 8] 3

A careful error analysis shows that if A, B, M are approximations of order (0(.'_\.1:“]) over
(to, T+ at), then the error in Z is 0(At£+2), (and in case of large values of X it is
even better).

Certain precautions must be taken when changing from any spline to the next one, but we
shall not discuss this matter here.

(€} The third integration method which we use handles a system of ordinary differential
equations which arises from spatial discretization of diffusion equations:
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g{- = A(E)Y + B(E)

In this case, however, A{t) is a tridiagonal matrix. Again A(t), B(t} depend actually also
on the unknown variables of the simulation. We use a modified Crank-Nicholson scheme
("implicit trapezoidal’) as follows: the values of Y(t+at) are determined from:

Y(t+at) - Y{t) = {[A(E)Y(t) + B{t)] + [A(t+At)Y(t+at) + B(t+at)1} (at/2).

The values of B(t+At), A(t+At) are obtained from first-order extrapclation of backward
information, and the values of Y{t+At) are determined from the well known elimination
method existing for tridiagonal linear algebralc equations, which requires a computational
effort which is linear in the dimension of Y, This method is used both for the water con~
tent and for the concentration of oXygen in the layers of soil other than the 1 and 2, and
for the temperatures in all the layers exept the first one, It is stable and accurate to
the second order in At. Sharp bowmdary layers show up oniy in the upper layers, and these
are handled by other integration methods.

(D) The fourth integration which we use is a variable step Adams Bashforth method.

3. SME PROGRAMMING ASPECTS

The program is now written in Fortran. Due to the integration methods used, each time
step requires only a single computation of the right-hand-sides, which is done via a
separate subroutine. Each integration method appears as a separate subroutine, and the
same is true also for the 'sensors'. Backward infonmation is stored according to the in-
structions of a special 'block' in the program.
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